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Proposal to Study

Nucleon Structure Functions at High Q2

Abstract

The ultra small distance structure of the nucleon is to
be measured by studying high energy deep inelastic neutrino-
nucleon scattering in the Flash Chamber - Proportional Tube
calorimeter located in Lab C. The fine grained sampling of
this detector allows both the energy and angle of energy flow
of the recoil showers to be determined. Thus the structure
functions of both neutral current and charged current inter-
actions can be measured. These measurements enable a
determination of:

1) The Lorentz structure of the weak neutral current.

2) The Q2 evolution of the structure functions up to

high 2.
This will test gauge theories of electro weak interactions and
confront the QCD theory of strong interactions in a new high

energy range.



Nucleon Structure Functions at High Q2

P (NG - FNAC, T, M,

N3 Ungv-
1) Introduction:

We propose measuring the nucleon structure to ultra small
distances by studying high energy deep inelastic neutrino - nucleon
scattering in the Lab C Flash Chamber - Proportional Tube Calori-
meter. The High Q2 region < 400 (GeV/c)2 unveiled by the Tevatron
will allow structure ‘in the range > 10'2' fermi to
be explored.

With the fine grained shower sampling capability of the Lab C
detector, it is possible to measure both the energy as well as the
direction of the recoiling hadron shower. This allows a complete
reconstruction of the kinematics of both charged current and neutral
current deep inelastic neutrino scattering in the narrow band
neutrino beam. Hence the Lab C detector can determine the scaling

variables x = Q2/2 m E. and y = Eh/Ev for both of these inter-

p
actions.
A measurement of the four deep inelastic cross sections: EE%%
(=) (-) ‘
—dg (3) * - -
(vu + N » vu + x) and dxdy ( vu + N> u + x) (N=nucleon-isoscalar

target) at the highest possible range of Q2, x and y, will enable the
following tests of our understanding of weak and strong
interactions:

1) A comparison of the Lorentz structure of the neutral
current interaction at high center of mass energies W v 30 GeV)with
that at low energies will extend the tested range of gauge theories.
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In particular this will allow a determination of Sin“6, of the

Weinberg-Salam theory in a new high energy regime.



2) A measurement of the Q2 evolution of the structure
functions F, and XF 4 for both neutral current and charged current
interactions up to high Q2~r 400 (GeV’/c)2 is an excellent test of the
currently popular QCD theory of strong interactions. Furthermore, a
detailed comparison of the neutral current structure functions with
the charged current structure functions tests that the nucleon
structure is independent of the probe and gives a sensitivity to
small differences in the strange and charm sea of the nucleon.

Experimentation at FNAL and the SPS has shown that violations
to Bjorken scaling at large Q2 are consistent with the predictions
of QCD. However various theoretical ambiguities exist in an inter-
pretation of the data. First order terms in QCD to determine g4s, the
strength of the strong interaction coupling constant, are ambiguous
to a scale factor. Second order terms must be included to determine
the scale of the Q2 dependence of age This requires experiments at
high Q2. Comparisons of the data at low Q2 with the QCD theoryhave
further difficulties of interpretation. Higher twist effects can
account for the scale violations at low Q2. These effects are very
poorly understood but are believed to fall with increasing Q2 as an

inverse power of Q2. Hence only high Q2 > 10 to 20 (GeV‘/c)2 data can

be used to unambiguously confront the QCD theory.!' ?

Various probes can be used to study the small scale structure
of the nucleon. The probe can be a virtual photon in deep inelastic
electron or muon scattering. This probe couples to the charges of
the quarks and has a l/Q4 propagator dependence which gives a large

suppression at high Qz. Only two structure functions of the nucleon



are determined by this type of experiment. For deep inelastic
neutrino scattering, because of the large mass of the exchanged wt
boson in charged currents or the £° boson in neutral currents, one
expects almost no propagater effects at finite Q2. (Q2 < 400
(GeV‘/c)2 propagator effects are ~ 10%). Hence the_scattering cross
section does not have the strong falloff at large Q2. Futhermore,
since parity is violated in the weak interaction, there are three
structure functions in the deep inelastic scattering cross sections
which enable one to directly probe the valence quark structure of
the nucleon.

Although the structure of the nucleon is believed to be
independent of the probe, (good evidence exists en, un vems vn
charged currents) model independent checks of this assumption can
be made with an experiment which can simultaneously measure the
nucleon structure functions as probed by the neutral current with
those which are probed by the charged current. Subtle differ-
ences are expected to e;ist between the structure functions of
these two probes, which depend on the difference between the charm
and strange quark sea.?

At this time, it is  believed that there are 6 point-like

Gth quark is

quarks; 5 guark flavors have been detected and the
being intensly searched for. There are many questions about the
fundamental structure of matter. Why are there different flavor
quarks? Is there another level of structure of matter - a subquark

which is used to build quarks? 1Is color an exact symmetry? Can

color be excited and fractionally charged quarks be resolved into



integrally charged quarks of different colors? A subquark
structure would give rise to an enhancement of do/dxdy in the low x
region at high Qz; A color excitation would make the deep inelastic
cross section rise at large Q2. These questions demand further
experimentation at the highest Q2. Since the Tevatron will allow a
new high range of Q2 and W to be explored, there is the exciting
possibility that some fundamental revelation in our understanding

of the structure of matter will occur.

II) Structure Functions - Theoretical Formulation

In this section we present the theoretical formulation of deep
inelastic neutrino - nucleon scattering for both the charged
current and the neutral current interactions. We will use-this
formulation to simulate the response of the detector to neutrino
events in the narrow band beam.

a) Basic quark model theory:

A neutrino (antineutrino) may interact with a nucleon by
exchanging charged heavy bosons Wi, or a neutral heavy boson z°. In
the quark-parton model of the nucleon, this scattering process
takes place by the heavy gauge boson interaction with one of the
quarks inside the nucleon. These processesare depicted in figure
1. The charged current is flavor changing and pure V-A, and the
neutral current 1is believed to be flavor diagonal to a good
approximation and contains a mixture of V-A and V+A amplitudes.

The Lagrangian for the charged current interaction as given

in the standard notation of the quark model is:



cc

L =}%«a(vya (1 + vy o)u) (dc Yo (1l + ¥ g)u) + h.c. (1)

2 and dc =

where G is the universal fermi constant = 1.17 x 107> Gev™
d cosb , + s sinec, ec=Cabibbo angle, and u(x) is the'probability
that a u flavor quark has a momentum fraction x of the nucleon
momentum, etc.

In the SU(2)x U(l) gauge theory of Weinberg-Salam there are
two components to the neutral current: the photon and the 2° boson.,
These two amplitudes are mixed by an angle w- Hence the neutral
current Lagrangian is given by (in the notaﬁion of Sakurai and Hung"
(assuming no flavor changing neutral currents):

Lne j% Vry (Ltyg)v {1/2 [ by, (a+Byg)u - vy (a+Byg)d] (2)

+1/2 [y, (y+8yg)u + 3y, (y+8y )d] + S(y'+8'v,)s
+ possible cc, tt, bb terms} .

For pure V-A,o =8, andy =6, but in general we have in the W.S.

model:

@ =1- 2 Sin%6w B =1

(isovector-vector) (isovector - axial vector) (3a)
Yy = -2/3 sinew § =0
(isoscalar - Vector) (isoscalar - axial vector)

(3b)

and with the GIM mechanism:

y' = =1/2 + 2/3 sin26 w, (3c)



§* = -1/2 (3d)

Thus the neutral current interaction is in general not pure V-A
since Sinzew#O.

These interactions lead to the following cross sections for an
isoscalar target? (The threshold effects for charm_production and

quark flavors beyond charm are neglected). For charged currents:

v 2
H G"mE
(ggdy ) ce T T m . [ [xa(x) + xs(X) - xc(x) ] +
(4)
(1 - y)2 [x3(x) + x&(x) - x5(x)]

v 2
(dXdY ) cc W . [[X§(x) + x5(x) - xo(x)}+
(l".Y)2 [(xa(x) + xc(x) - xs(x)] (5)

For neutral currents:

v
do ¥ _ G°nE 2 2 2 . 2 2
(dxdy ) nc - Y { xV(x) [61 + 52 + (63 +54 ) (1-¥)7) (6)
+(xu(x) + xa(x))[ 612 + 622 + 532 + 642](1+(1-y)2)

+ (xs(x)+xs(x)) [522 + 542] (1 + (1'Y)2)

+ (xc(x) + xc(x)) [612 + 632] (1 + (1—-y)2)}



and
v 2
G"mE
ag ¥ _ v 2. .2 2 2. . 2
S e v L e aen® s syt )
+oxugx) + x300) [ 6,2 + 6,2 + 557 6,211 + (1-)?)
+ (xs(c) + xB(x)) [6,%6,°] (1 + (-1
+ (xe(x) + xc(x)) [8,% + 8;2] (1 + (1 -
where: §y = 1/2 - 2/3 Sinzew = u = 1/4 (a0 +y+8) (8a)
s, = -1/2 + 1/3 sing w = d_=1/4(y-a+5-B) (8b)
§3 = -2/3 Sinzew = up = 1/4 (o +y -8B -8) (8c)
84 = 1/3 sin®ow = dy = 1/4 (y+g -a -8 ) (8d)
and

V(x)= u (x) + d,(x) = q(x) - q(x)

a(x) = I qi(x) , q(x) =1 qi(x)
1 1

These cross sections may be written in terms of the familiar

structure functions Fl' FZ' F3 as follows:

do _ v {(l—y)FZ(X.QszyzFl(X.Qz)t(l—z)xyF3(x,Qz)}
: 2
(9)



Neglecting quark transverse momentum and assuming the Callen-Gross
relations. (2xFl=F2) we form the following table of structure
functions in terms of the scaled quark and antiquark momentum

distributions.

Table 1
charged current neutral current
5 2 2
- 2 2
Fy' XE (%) =xq (%) +xq(x) xE(x) [67746, 46,3546, ]
N 2,2 .2 .2
+xA (x)[al +6, 8,7 -8, ]
5 2
v 2,.2 2
xF3v xV(x);xAN(X) XV(X)[Gl T, - 85 - Sy ]
=xq(x)-xq(x)F (xc(x)-x5(x)
+xc(x)-xs(x))

We note that xF; is for both neutral current and charged
current interactions a flavor nonsinglet and is a measure of the
valence quark x distribution. On the other hand F, for charged
currents is a pure flavor singlet, the neutral current, however,
contains bothasinglet (xI)and a non-singlet term(xA N)(expected to

be small) and measures the total quark distribution.

b) QCD corrections to deep inelastic scattering

Quantum chromodynamics (QCD) is an SU(3)c color gauge
theory which models the interactions between quarks and gluons -
the mediator of the strong interaction. 1In this theory, quarks are

arranged in color triplets and have distinct flavors. The strong



coupling constant as(Qz) becomes weaker at high Q2 due to an anti-
shielding of the gluon field around the bare gquark color charge.
This antishielding makes perturbation calculations of the theory
more reliable at high Qz.

Holding Q2 fixed and measuring the structure functions versus
x, determines the nucleon structure at a given distance scale.
when a 2z° or W® boson strikes a quark at ever increasing Qz, and
thus at ever smaller distances, a quark can be resolved into a quark
plus a gluon, and a gluon into a quark-antiguark pair or a gluon
pair. These radiative corrections to a quark or a gluon are
depicted in figure 2. Hence the scaled quark, and antiquark
momentum distributions will depend on Q2. Since these radiative
processes tend to soften the hard boson-quark scattering at high
Q2, one would expect the large x 2 0.4 values of the structure
functions F, and xF5 to decrease and the small x ¢ 0.2 values to
.increase with increasing Qz. This qualitative behavior has been
verified by extensive experimentation.

The Q2 evolutions of the singlet structure function Fz(x, Q2)
and the nonsinglet structure function xF3(x, Qz) are expected to be
different. To leading order, xF3 can evolve by only gluon
radiation (figure.Za), whereas F,(x, Q2) is sensitive to both
gluon radiation and quark-antiquark pair production (figure 2b) as
well as indirectly dependent on the triplet gluon process (figure
2c). Hence Fz(x, Qz) at small x is expected to grow with increasing

Q2 more rapidly than xF3(x, Qz).
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The behavior of xF3(x, Qz) does not provide an incisive test
to distinguish between different theories of strong interactions,
but does provide a necessary consistency check of QCD. However the
singlet structure function Fo(x, Qz) can distinguish between

different theories by the Q2 behavior of the n=2 moment:
1 2 2
IO F,(x,07) dx = < x 5(Q7) >,

Only QCD predicts that this moment should decrease with increasing
Qz. Since this behavior is consistent with experimental data,
certain other proposed theories are excluded.®

QCD makes predictions on the moments of the structure func-
" tions F2 and xF3. These have been extensively measured and
compared with good agreement to theoretical predictions.
However, certain ambiguities remain in the interpretation of these
data. These ambiguities involve extending the theory to low Qz.
What remains to be measu;ed? There are several contributions that
a Tevatron experiment can make:

1) Measure the Q2 evolution of F2 and xF3 up to the very
highest value of Q2. Higher twist terms should be small and thus
the theory can be directly tested.

2) Compare the neutral current structure functions with the
charged current structure functions. This tests that the structure

functions are independent of the probe and checks that the xAn (x)

term is small.
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3) Estimate the wvalue of R =F_/F,(F (x,Qz) = F (x,Qz) -
LV"2,7L 2

2xFl(x,Q2)) as a function of x for wvarious values of Qz. This

ratio is sensitive to the triple gluon vertex. Since F, alone has

little sensitivity to the triple gluon vertex there are few other

ways of measuring this important aspect of the theory. The

measurement of this quantity is very difficult, however.
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II1) Experimental Interpretation

(-) (-)
. do
The simultaneous m»aiyfement of 3?3? ( v u+ N » vu + Xx)
(neutral current) and 3;%? (vu + N » ui + x) (charged current) will

allow a determination of:

2

4 } and thus the

1) The couplings (612‘+ 622) and (632 + &
Weinberg angle.
2) The structure functions Fz(x,Qz), xF3(x,Q2) for both the
neutral current and the charged current interaction.
To extract the information above, we formulate two tests of
the data. The emphasis is on the x distribution of the neutral

current, which to date has been rather poorly measured.” ®

a) Test 1

The ratios of the neutral current cross sections to the

charged current cross sections determine the couplings (512 + 522)
2 2
3t Yy
uncertainties in the incident neutrino flux. Any deviation of these

and (¢ ). This determination is independent of
ratios from a constant indicates the presence of the antiquark sea
or unexpected structure in the neutral and/or charged current pro-

pagators at large Qz.
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Neglecting strange and charm quarks, and separately integrating the

numerator and demon.inator over y we have:

dovu(nC)
R M(x) = 9% = a + x3(x) 4/3 (b-a)
doVu (ce) X : q (10a)
do q(x) + 1/3 xq(x)
ax
and:
) dc”u(nc)
v =— : - - -
R u(x) = dxv = 3a + xgq(x) (4/3 b'4f) (10b)
do Hice) 1/3 x g(x) + xq(x)
dx
where:

- 8 2 2 2
a =8, +8,%+1/3 (8,2 + 8%
- 2 2, 2 2
a =1/3 (61 + 62 ) + 63 + 54
2 2 2 2
b = 61 + 62 + 63 + 54

The values of these ratios at large x determine the couplings

2
3

the Weinberg-Salam model, the value of Sin%)w. In terms of the

(6,2 + 8,°) = 3/8(3a-3) and (55> + §,%) = 3/8(33-a) and hence, in

coupling constants of Hung and Sakurai (equation 2), this ratio

test gives:



.
+ 6,2 = 1/8 { (at )2 + (y + 6)2 } and

= 1/8 { ( a-B )2 + (v - 6)2} . Hence a2 +

+
(o)
I

Bz+ Y2 + 62; and oB+yd are determined. There remain two ambi-
guities: 1) vA o« 8, y + 6§, and 2) 1isoscalar - isovector
@ <> vy, B ++ §, which have to be resolved by other experiments?
More importantly, the establishment that these ratios are constant
shows that the x dependence of the neutral current structure
functions are the same as the charged current structure functions.
This test is free of flux normalization uncertainties.

The antiquark remainder terms can be measured by observing any
deviation of the ratios from a constant at small x where the xq term

is expected to be at its maximum. However if Sin2

ew = 0.25, then
a =0.297, a = 0.130 and b = 0.320. Thus 4/3(b-a) = 0.031 and
4/3 b-4a = 0.093 and consequently the xq term is suppressed offer-
ing little sensitivity to the antiquark sea. Thus the ratios
should be quite constant.
b) Test 2

By computing the sums and differences of the neutral current
and charged current neutrino and antineutrino cross sections, the
structure functions Fz(x, Q2) and xF3(x, Q2) may separately be

determined for each interaction. Referring to equation 9 and Table

I, we have (assuming R = 0)°
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Charged-Currents:

- (11a)
d dg ¥ G mE, 2 2
di%f + dxgy — Fol(x,07) (1 + (1 - y)7)
agV do% szEv .
dxgy T dxdy ~ T = xFy(x) (1 - (1-y)7) (11b)

Neutral Currents:

- 2
dov + do” - G mEv (612 + 622 + 532 + 642)F2(X,Q2)(1+(1—y)2)
dxdy dxdy m
(1l2a)
ag’ ao’ GnE, 2 2 2 2 2 2
dxdy ~ dxdy - w817+ 87 - 87 - 8, xFy(x,0%) (1-(1-7)7)

(12b)

Since (612 + 622) and (632 + 642) are computed by Test 1, the
structure functions for the neutral <currents are completely
determined. These tests depend on the relative flux normalization
between the neutrino and antineutrino narrow band beam exposures.
This relative normalization should be good to v 3%, and in fact the
measurement errors of this test should be dominated by statistical
uncertainties?

We can integrate dg/dxdy over x to formulate another ratio
test. By computing gg(skc /égfv)cc, we compare the y dependence
of the neutral currei{ scattéi%ng to that of the charged current
scattering. This comparison determines again the coupling con-

2

stants (512 + 522) and (53 +642) as well as the ratio of the
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“total antiquark momentum fraction to the total quark momentum
fraction. However this information can be extracted from Test 1
and 2 above. Hence this y dependence ratio test will only serve as
a useful consistency check.

The results of Test 2 directly confront QCD. This analysis
will provide a direct test of the 02 evolution of the structure
functions for both charged current and neutral current

interactions,
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IV. Design of the Experiment

a) Method

The incident neutrino energy must be known to determine the
neutral current kinematics. Thus the data have to be taken in the
narrow band beam. The calorimeter will determine the energy and
angle of the recoil hadron shower and the recoil muon momentum in
the case of the charged current event. This information determines
the compléte neutral current kinematics (0c £fit) and over
determines the charged current events. The kinematics for 500 GeVv
incident neutrino energy - a typical value, is shown in figure 3.

To reduce the uncertainties in the comparison of charged
current events with neutral current events, a subclass of charged
current events will be analyzed with the same cuts which are
applied to the neutral current events. Since the kinematics of
this subclass of events 1is overdetermined by wusing the muon
momentum, an important check of the method of analyzing the neutral
currents can be performed. |

In the narrow band beam, the energy of the neutrino is fixed by
measuring the angle of the neutrino about the K/mmomentum direc-
tion. The K/n ambiguity for neutral current events is resolved by
demanding that the recoil hadron energy of the event be greater
than the neutrino energy from w+ pv decay at that particular angle.
This results in a y min Cut at low y. The incident neutrino angle
is measured by the radius of vertex of the neutrino interaction and
the average distance of the K/n decay .point from the neutrino

detector.
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A Monte Carlo simulation of the energy versus radius of the
proposed narrow band beam D-61G is shown in figure 4. This was
computed by taking the K/n momentum to be 600 GeV/c and assuming
gaussian angular and momentum divergences of o¢(6 )v0.05 mrad and
op/p v 5% respectively. The corresponding energy resolution versus

radius is shown in figure 5.

b) Resolutions:

The kinematic variables of interest are x = Q2/2mth,
- 2 - ' - 1 ] t 1 [}
y = Eh/Ev and Q¢ = 2Eva (1 Cosev ) (Ev and ev + Eu ' ep
respectively for charged current events.) By the small angle
approximation:
2 2
0? =~ Eva'Gv'z ~ Bhon) , thus x = Bhon
(1-y) 2mp(l—y)

The resulting errors in x are then:
_q§2=»' 2 4 1 5 0Eh2+_y_2_9222
X 8 (1-y) Eh (1-y) EV
and the corresponding measurement errors in y are:
A 2 ) GEV 2 + cgg 2
¥ EV

Only the hadron shower energy and angle are measured 1in

neutral current interactions. Figures 6 and 7 show the hadron
energy and shower angle distributions respectively for accepted
neutral current events. Approximately 70% of the events have a

hadron energy below 200 GeV. Good angular resolution at "low"



-19-

energies is important even at the Tevatron. The energy and angle
resolutions are discussed in Appendix A.

The resolutions in x, wusing o(eh) given by figure A6 for
various values of y at E,, = 500 GeV as shown in figure 8. The

primary error in g is caused by the uncertainty in R The

X
resolution in x degrades as y increases. The contribution due to
Fermi motion of the target nucleons is estimated to be Qﬁ—-:lS%.
Hence the uncertainties in X are primarily caused by the
uncertainty in 6y, over much of the y region. Estimatingg (EV)/Ev «
10% and o(Eh)/Eh w\%%%i for E, > 200 Gev (proportional tubes pulse
height) and ¢ (Eh)/Eh v 7% for Eh <200 Gev (flash chambers cell
counting), we obtain the resolution in y given by figure 9.

In section VI we will show by a Monte Carlo simulation that
these x and y resolutions are adequate to discern QCD effects in the
Q2 <400 (GeV/c)2 range, and to make a good comparison of the

neutral current structure functions with charged current structure

functions.

c) Beam Enerqgy:

A K/7 momentum of 600 GeV/c is chosen to compromise between
high energy (large Qz), and event rate. The Q2 - y values for
various choices of x are given in figure 10. We see that Q2 < 400
(GeV/c)2 is accessible. 1In figure 11, we have plotted the hadron
mass distribution for neutrino-neutral current events. Masses up

to +30 Gev/c2 are accessible.
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V) Event Rates:

The event rates in the narrow band beam D-61G (L. Stuttesoin a
100 fiducial ton (340 Ton total) lab C detector are given in Table

II1 . The K/7 momentum was chosen to be 600 GeV/c at the Tevatron

operating at 1000 GeV. The beam exposure was taken at 4.4 x 1018

protons on target for antineutrino running and 1.0 x 1018 protons

on target for neutrino running. This corresponds to one year of

13

beam at the "standard" Tevatron delivering 10 protons on target

each 60 seconds. Both the neutral current and the charged current
event rates include the yxnin cut to separate neutrinos for K decay

from neutrinos from w decay. No y cut has been applied to the 7

min
decay events.
Table II
K w Total
v 5600 3960 8960
Neutral
Current g 1000 4920 5920
v 16700 12000 28700
charged
current g 2900 14500 17420

grand total 61,000

With this beam exposure, the number of events per 12 GeV2 bin
. 2 . . .
in Q" is shown in figure 12. Thus, the measurable Q? range extends

to Q% » 400 (Gev/c)2.
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Vi) Monte Carlo Simulation

a) Me thod
In this section we describe the results of a monte carlo
simulation of the neutral current and the charged current deep
inelastic scattering in the narrow band beam. The object is to
generate events with QCD effects, experimental uncertainties, and
the statistics imposed by the event rates cof Table II.
The elements of the simulation are:
1) The narrow band beam D-61G with PK/n = 600 GeV/c,
o(6)= 0.05 mrad, op/p v 5%. (See figures 4 and 5).
2) The experimental uncertainties of the hadron energy and angle
determination given by figures 4 and 6 of Appendix A.
3) The shower containment requiring 99% longitudinal and 95%
lateral (see figure 3 Appendix A) containment.
4) The neutrino-nucleon cross sections given by equations 4

through 7, but neglecting the strange and charm sea.

sin®p = 0.25.
W

5) The QCD effects are put into Fz(x,Qz) and xF3(x,Q2) using the
parameterization of Buras and Gaemersl! R = FL(x,Qz)/Fz(x,Qz)
is taken to be 0.

6) The statistics imposed by 5000 neutrino events and 1000

antineutrino events.
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The simulated data are analyzed to extract a cross section

g%E§ corrected for experimental effects as follows:
dN
_g_g__ _ dxdz do
dxdy = _aM (dxdy theory)
dxdy

where a%g; = accepted Monte Carlo events with QCD effects, experi-

. , aM
mental measurement uncertainties, and shower containment; dxdy =

accepted Monte Carlo events without QCD, but everything else

mentioned above, and E%%? theory = monte carlo generating function

aM
dxdy”

roughly independent of the choice of

(x and y distributions) of The "measurement" should be

dM do
dxdy dxdy

and its generator
theory.
b) Results

The results of Test 1, where we compute the ratio of neutral
current cross sections to charged current cross sections for both
neutrino and antineutrino interactions, are shown in figures 1l3a
and 13b. From this ratio test, we determine the value of(Gl2 +
522)= 0.29 ¢+ 0.01 and (532 + 642) = 0.035 + 0.008, and finally we
retrieve Sinzew = 0.25 + 0.01.

The extraction of the structure functions F, and xF, in Test 2
is accomplished by taking the sum and differences -of the neutrino
and anti-neutrino cross sections and is therefore subject to the
neutrino flux .normalization errors. These errors have been
estimated to be «» 3 % ..> The results of this test are shown in
figure 14 for the neutral current interactions and in figure 15
for the charged current interactions. The lines through the data

are the input functions with QCD effects according to Buras and

Gaemers.



To see the 02 evolution of - the structure functions more
directly, we plot Fz(x,Qz) for a given constant wvalue of x
versus Q2. These are shown in figures 16 and 17 for neutral
currents and charged currents respectively. The lines through the
data are the input functions of Buras and Gaemers. The data follow
the input functions quite closely, showing that the measurement of
the structure functions is limited by statisticaland not systematic
errors due to resolution smeafing effects. From these graphs it is

evident that most of the Q2 dependence is 1in the region

Q2 < 50 (GeV/c)z. Above Q2 v 100 (GeV/c)z,Fz(x,Qz) for constant x
is almost flat.

Since the QCD effects are logarithmic, the variation with Q2
of Fz(x,Qz) for Q2 between 50 (GeV’/c)2 and 400 (Gev/c)2 is
typically less than « 20%. Hence, in the high Q2 region, scaling
should again be approximately true. Any deviation from the
predictions of QCD should be quite striking. In fact, boson
propagator effect should be « 10% for Q2 v 400 (GeV’/c)2 and should
eventually dominate the QCD effects at high Q2.

Finally, to make the comparison between neutral current
structure functions and the charged current structure functions
more explicit, we plot the ratios of the two. This is shown in
figures18 and 19. Hence, detailed compariséns of the two inter-

actions will be possible, and in particular the smallness of the

term xAN (x) (see Table I) can be measured.
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Multi-lepton Events and New Phenomena

Some hints that there may be interesting new phenomena
lurking at higher energies is given by the observation at
Fermilab of some extraordinary events that do not readily
fit into the accepted mold. These "super” events have visible
energy greater than 100 GeV and are characterized by extremely
high muon energies. 1If these events do in fact represent a
new interaction seen at Fermilab and not at CERN because of the
somewhat harder neutrino spectrum, then the Tevatron neutrino beam
could be an extremely copious source of these events. Any attempt
at estimating the rates are highly conjectural but if we assume a
phase space type excitation with a threshold of 10 GeV then we
might expect several hundred such events in our detector in a
year's time.

We emphasize that our detector has excellent angular resolu-
tion (vlmr) and good Py resolution of the hadrons (v0.5 - 1.0 GeV/c)
permitting detailed analysis of these new events that could lead to

an understanding of their origin.

VII) Requests:

To achieve adequate momentum resolution at Tevatron energies,

we require drift chambers between the toroids as described in

Appendix A. We require v one year of narrow band beam at v 1013

18

protons/spill, 1 spill/minute, (5.4 x 10 protons on target) on

the narrow band beam train.
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VIiI) Conclusions:

We can measure the nucleon structure function for both charged
currents and neutral currents to very high Q2 and thereby test QCD.
In addition, we will test the Weinberg-Salam Theory in a new energy
range. The very fine granularity of the detector will allow many

details of the high energy neutrino interactions to become visible.



1)

2)

3)

4)

5)

-26—
Footnotes and References

J. Ellis; "Status of Perturbative QCD", Photon-Lepton
Conf. Fermilab (1979).

R.M. Barnett; "Testing QCD with Structure Functions at
Tevatron Energies", Fermilab Tevatron Muon-Neutrino
Workshop (1980).

A.J. Buras; Fermilab - Pub - 79/17-thy

J.J. Sakurai; International School of Subnuclear Physics,
Erice, Sicily (1976).

In the Monte Carlo calculations of this proposal, we
have assumed that R = FL(x,Qz)/Fz(x,Qz) = 0. However,
there are good theoretical reasons and some experimental
data to believe that this assumption is not true. In
fact, the Q2 evolution of FL(x,Qz) depends critically on
the gluon density. This in turn depends on the gluon
self coupling (figure 2c), which is a crucial element of
the Yang - Mills structure of QCD. Hence there is a
strong motivation for attempting the difficult
measurement of this quantity. (See E. Reya; DESY 79/15,
and G. Altarelli and G. Martinelli; Phys. Lett. 76B,

89(1978)).



6)
7)
8)

-~27-
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- 2
dg¥ v G mE, 5 '
dXdY +d}d{gy = T FZ(XIQ ) [l + (l—y)z - Ryz]

at a fixed x and Q2, while varying y. Thus, the incident
neutrino energy must be varied while holding E, constant.
This procedure is aided by the wide range of energies in
the Tevatron narrow band beam.
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Figure Captions

The charged current interaction: flavor changing
The neutral current interaction: flavor diagonal
gluon radiation by bremsstrahlung
quark-antiquark pair production

gluon triple vertex

Neutral current kinematics for a typical neutrino
energy.

The energy versus radius for neutrinos from K and
from nm decay. PK/n = 600 GeV/c

The neutrino energy resolution for the proposed
D61G beam with Qg v 5% andO(g)v 0.05 mrad.

The expected hadron energy distribution of
neutral current events in the neutrino narrow
band beam.

The expected polor angle distribution.

The resolution in x = QZ/ZmPEh as a function of x
for various values of y. The resolutions in qﬂ
E,, are given in Appendix Aa. E, = 500 GevV.

The resolution in y = Eh/Ev as a function of y.
Q2 versus y for various values of x for E, = 500
GeV. Q2 values up to 400 (GeV/c)2 are accesible.
Cuts in a given 02 range limit the x range, é.g.

low x are inaccessible at large Qz.



Figure 11:

Figure 12:

Figure l3a:

Figure 13b:

Figure l4a:

Figure 14b:
Figure l4c:
Figure 14d:

Figure l5a:

Figure 15b:
Figure 15c:
Figure 15d:

Figure l6:
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The hadron mass distribution for Pk/“= 600 GeV/c
narrow band beam neutrino events.

The experimental deistribution for neutrino and
antineutrino exposures.
The results of Test 1: The ratio of neutral
currents to charged currents for neutrinos.

The result of Test 1 for antineutrinos.

The current structure

reconstructed neutral

functions for 2 < sz_ 40 (GeV/c)z. The solid
line is the input function for Fz(x,Qz) and the
dotted line in the input function of xF3(x,Q2)
from Buras and Gaemers.

40 < in 80 (GeV/C)2

80 < 0% < 180 (Gev/c)?

180 < 0% < 500 (Gev/c)?

The corresponding structure functions for the
charged current events analyzed in the same
manner, with the same cuts as the neutral current
events. 2< Q2 <40 (GeV/c)2

40 < 0% <80 (Gev/c)?

80 < 0% <180 (GeV/c)?

180 < 0% < 500 (Gev/c)?

Fz(x,Qz) for neutral current events for a
constant x versus Qz. The lines through the data

are the QCD input functions of Buras and Gaemers.



Figure 17:

Figure 18:

Figure 19:
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Fz(x,Qz) versus Q2 for constant x for charged
currents,
The ratio of F, - neutral current to F, - charged

currents for given Q, bins

‘The ratio xF4 - neutral current to xF, charged

currents for given Q2 bins
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APPENDIX A: THE APPARATUS

I. INTRODUCTION

The Lab C flash chamber - proportional tube calorimeter
is well suited for Tevatron era neutrino physics. It is ideal
for studying neutral and charged current interactions, v-e
scattering and beam dump Vo physics. The calorimeter is fine
grained (~400,000 flash tube cells) with a sampling step every
3% of an absorption length and 22% of a radiation length. It
can distinguish electromagnetic from hadronic showers and has
good energy and angular resoclution for both. It has an excellent
pattern recognition capability. Good muon momentum resolution
at Tevatron energies is achieved by the 24' and 12' iron toroids

which will be instrumented with drift chambers.

Ii. DESCRIPTION OF THE CALORIMETER

A, Arrangement of the Calorimeter

The flash chamber - proporticnal tube calorimeter is 60
feet (18 meters) long comprising 340 metric tons (see Fig. 1).
The flash chambers are arranged in three views (X, Y and U) with

© and 100° relative to horizontal (see

cells which run OO, 80
Fig. 2). Each flash chamber is sandwiched by a sand plane and

a steel shot plane. These target—absorber planes are made from
extruded acrylic plastic sheets with 5/8" x 5/8" x 12' vertical
cells filled with either sand or steel shot. Table I shows the

arrangement of the target-absorber planes within the flash

chambers and lists the corresponding absorption and radiation



lengths. The proportional tube planes are located one every
16 flash chambers. Hence between adjacent proportional planes
are 0.5 absorption lengths (64 g/cmz) or 3.5 radiation lengths.

The proportional tubes are alternately vertical and horizontal.

B. General Properties

The average density of the calorimeter is 1.40 g/cm3.
The average nuclear charge Z is 19.1. This low average Z was
obtained by using sand as a part of our target—-absorber and
allows us to measure the angle of electromagnetic showers well.
The average collision, absorption and radiation lengths in the
calorimeter are 51.8, 83.1 and 11.7 cm respectively. The size
of hadronic showers in the calorimeter, or more precisely the
dimensions required for containment of the shower energy, is
given in Fig. 4. The curves in Fig., 4 were obtained using
shower depth calculations in liquid scintillator by the HPWF
group.1 The hadronic shower resolutions, discussed later,
demand at least_99% of the shower is contained in the calorim-
eter longitudinally and at least 95% laterally. The calorimeter

properties are summarized in Table II.

C. The Flash Chambers

There are about 600 flash chambers, each with approximately
650 5 mm x 5 mm cells. This fine granularity of the flash
chambers allows a small sampling step of the recoil showers
leading to excellent energy and angle determinétion, pattern

recognition and muon track finding. The flash chambers are made



of extruded black polypropylene with aluminum foil electrodes
glued on both sides. Each flash chamber has an active area of
12' x 12' (3.66 m x 3.66 m). Standard spark chamber gas: 90%
Ne, 10% He, is circulated through the cells.

When an event is detected, a high voltage pulse of 4.5 kV
is applied across each chamber for 0.5 usec. During this high
voltage pulse, a plasma discharge is developed in the hit cells
of the flash chambers. This plasma discharge propagates down
the full 12' length of the flash chamber cell and into a read
out region at the end of each cell. A copper strip for each
cell is glued over this 2-ft long read out region and develops
a current pulse when the cell is hit. The current pulselis.

then read out by magnetostrictive techniques.

D. The Proportional Tubes

The trigger and energy determination at large energies are
provided by planes of proportional tubes. There are 37 such
planes, each containing 144 tubes. The planes are made of
extruded aluminum. Each tube is 1" x 1" x 12' and is strung
with a single 2 mil gold plated tungsten wire. Four tubes are
connected to one amplifier to reduce the cost of electronics
while still maintaining'adequate-granularity for triggering
purposes.‘ An argon-ethane (50%-50%) gas mixture is used to give
fast drift times (5200 ns) needed to form the trigger within the
flash chamber sensitive time.

The trigger will be baséd on the total energy deposition

and on the topology of the energy deposition. Discrimination



in the trigger between electromagnetic and hadronic showers
will be accomplished using the shower length ({(the number of
proportional planes hit) and the shower width (the separation

of hit channels within a plane).

E. Scintillation Counters

Liquid scintillation counters with a 12' x 12' sensitive
area are placed every 80 flash chambers throughout the calo-
rimeter. The most upstream counter serves as a front wall veto
counter. The other scintillation counters will be used for
efficiency measurements and corroberative information on
hadronic shower energy deposition. They will also provide

time of flight information.

F. The Muon Spectrometer

The muon momentum for charged current interactions and
multi-muon events will be measured in the muon spectrometer at
the rear of the apparatus (see Fig. 1). There are three 24-ft
diameter by 2-ft thick iron toroids immediately downstream of
the calorimeter and four 12-ft diameter by 4-ft thick iron
toroids behind these. The muons travel through the equivalent
of approximately 13 kG in 5 meters of magnetized iron, corre-
sponding to a P, kick of about 2 GeV/c.

The toroids are instrumented with scintillation counters
to supply trigger information regarding the presence or absence
of a muon in the toroids. Behind each of the seven toroids

wili be four planes of drift tubes. The planes are made of



extruded aluminum, each tube having a 1" x 1" cross section.
Two of the four planes‘will have vertical tubes: the tubes of
one plane being offset one-half of a tube with respect to those
of the other plane to resolve right-left ambiguities. The

other two planes of the set of four will have horizontal tubes.

III. RESOLUTIONS

A, Energy Resolution

The hadronic shower energy is measured by the flash chambers
at low energies and the proportional tubes at high energies (see
Fig. 4). Because of their fine grained sampling, the flash
chambers provide good resolution as low as 10 GeV. At high
energies (above 200 GeV), where multiple hits per cell degrade
the flash chamber resolution, the proportional tubes provide a
good energy measurement. Figure 5 shows the electromagnetic
shower energy resolution determined only by the flash chambers.
For both kinds of showers, the flash chamber energy measurement
is determined by cell counting. The proportional tube energy
measurement is determined by summing the analog signals from all
the wires.

The preliminary flash chamber energy resolutions in Figs. 4
and 5 were directly measured in a hadron and electron beam using
our test calorimeter.’ The test calorimeter was made with plastic
flash chambers, smaller in size and number than our Lab C cham-
bers, and read out optically. The longitudinal sampling of the

test calorimeter: 3.5% Aabs and 24% X, was almost as good as



the Lab C calorimeter. Therefore only corrections for the
limited hadronic shower containment of the test calorimeter
were made to the measured resolutions. The proportional tube
resolution of Fig. 4 was estimated by scaling Anderson et al.?

to our sampling step, giving

o(r,)  loas
Ey VEy

B. Angular Resolution

The hadronic and electromagnetic shower angular resolutions
determined by the test flash chamber calorimeter are shown in
Figs. 6 and 7. The angular resolutions depend critically on the
spatial resolution of the shower vertex. The angle of the
showers is computed by first locating the vertex and then using
the "center of gravity" of the shower as a function of shower
dépth.

Because every cell of the test calorimeter ran_horizontal,
the sampling step per view was approximately a factor of two
finer in the test calorimeter than in the Lab C caiorimeter.

By ignoring every other plane in the test calorimeter's angle
measurement, therefore, we were able to plot the expected angu-
lar resolution of the Lab C calorimeter. The test calorimeter
confirmed the expectation of good angular resolution at low
energies: an important feature for beam dump physics. Figure 8
shows test calorimeter showers at all energies. Note the good

vertex determination even at low energies.



C. Pattern Recognition

We will be able to distinguish electromagnetic from
hadronic showers by their size, shape and structure. This is
an important capability for the study of v-e scattering where
hadronic backgrounds are large. As seen in the test calorimeter
showers of Fig. 8, electromagnetic showers are easily distin-
guished from high enefgy hadronic showers by differences in
their size. We distinguish low energy hadronic from electro-
magnetic showers by the presence of large angle secondaries in
the hadronic showers. Also, unlike electromagnetic showers,
tracks are visible within the hadronic showers. Using the test
calorimeter in a hadron beam wifh about 1% electron contamina-
tion, we were able to experimentally confirm that less than 1%
of hadron showers are misidentified as electron showers.

We will also be able to observe and locate the muon track
in charged current interactions. We expect a very small amount
of charged current interactions posing as neutral current inter-

actions because the muon could not be seen.

D. Muon Momentum Resolution

Figure 9 shows the muon momentum resolution we expect to
achieve when the 24 and 12-ft iron toroids are instrumented with
drift tubes. The drift tubes will provide position measurements
with an estimated 0 of 1 mm. The flash chambers will supply
infqrmation regarding the muon's trajectory at the point of
entry into the first toroid. The resolutions correéponding to
the drift tube and flash chamber position measurements, as well

as multiple scattering were used to produce the resolution shown.



IV. PERFORMANCE OF THE CALORIMETER

A. Flash Chamber Performance

We have debugged and operated 320 flash chambers. From
our experience we find that the flash chambers have performed
well.” Using cosmic ray muons, we have measured their efficiency
at the proportional tube trigger time delay (650 ns from the
event to the time high voltage appears across the chambers) to
be between 80 and 90%. The multiplicity (cells lit per flash
chamber per cosmic ray) is 1.3. Adequate recirculation of the
neon-helium gas was found to be 1.5% of the volume per minute.
For the entire detector, this implies a recirculation rate of
900 liters per minute. The high voltage plateau region is
broad: 3.5 to 5.5 kV (see Fig. 10). The signal-to-noise ratio
of the amplified signals on the magnetostrictive lines is 10:1.

Our maximum repetition rate with almost no cell reignition thus

far is ~1 flash per second. We have not added any electronega-
tive gas to try to improve this.® The readout dead time (up to
the computer) is ~70 ms. Because data transfer time to the disk
is 50,000-80,000 words per second, the computer cannot handle
much more than one event per second. If we wanted to take data
at a faster rate, we could transfer data without the disk by
obtaining much more addressable core memory (such as a VAX) or
by using a 6250 BPI tape drive.

Figure 11 shows a cosmic ray muon in 160 of our chambers.
(Offline alignment corrections have not yet been made.) In Figqg.
12, a cosmic ray muon initiated an electromagnetic shower. In
Fig. 13, which shows a cosmic ray muon interacting, 320 of our

chambers were in operation.



B. '~ Proportional Tube‘Performancé

The proportional tubes have also performed well. Using
50% argon - 50% ethane gas and running at a high voltage of
2000 volts gives us a gas gain of about 2000 and drift times
of 2200 ns. The amplifier gain is 1 mV/fC. A minimum ionizing
particle gives a signal of 8 mv: a factor of 8 above noise.
The linear swing is 0-4 volts or 0-500 particles. This is a
factor of 2 or so above the largest number of particles per
channel expected for Tevatron energy showers. The tube to tube

uniformity has been measured to be very good: a plot of Cd109

oe

peaks for a large sample of tubes shows a ¢ of 55

V. CONCLUSION

The flash chamber - proportional tube calorimeter is a
high tonnage, fine grained device with good energy and angle
resolutions for both hadronic and electromagnetic showers., It
has a good hadronic-electromagnetic shower distinction capa-
bility and a low average Z, making it ideal for the study of
v-e scattering. Its good vertex determination and good muon
momentum resolution make it ideal for studying charged and neutral
cuirent interactions. Its good pattern recognition and angle
determination at low energies make it an excellent beam dump
detector. It will be a powerful device for studying a number

of interesting physical processes at Tevatron energies.
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TABLE I

Arrangement of Calorimeter Components

flash chambers: U X Y X o o .
4 4 4 4
absorber planes: shot sand shot sand
absorption lengths: 3.7% 2.5% } 6.1% per view (7.2 g/cmz)

radiation lengths: 36% 8% } 44% per view




TABLE II

General Properties

Tonnage: 340 metric tons

Fiducial Tonnage for a
Neutral Current Experiment: 100 metric tons

Fiducial Tonnage for a

V-e Scattering Experiment: 225 metric tons
Average Density: 1.40 g/cm3.
Average Z: 19.1
Average lCOLz 51.8 cm

)\ABS: 83.1 cm

X = 11.7 cm

o
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Physics Goals

The small distance structure of the nucleon is to be
measured using high energy neutrino deep inelastic scatter-
ing in the fine grained flash chamber - proportional tube
calorimeter in Lab C. The calorimeter allows a determina-
tion of the structure functions of both charged and neutral
current neutrino interactions. These measurements will test
gauge theories of electroweak interactions and confront QCD
theory in a new high energy range.

Afterwthis proposal was made in April 1980, extensive
data in both a broad band neutrino beam (1981) and a narrow
band beam (1982) have been taken. These data have demon-
strated a good signal for the process vu+e—+>vu+e and will
yield the x-~dependence of weak neutral current structure
functions. In addition, the detector has been calibrated
with beams of hadrons,‘electrons and muons in the energy
range 5 to 125 GeV. (See the Avpendix for calibration beamn
results).

Resolutions

Because P-649 was proposed before the flash chamber-
proportional tube calorimeter was completely constructed
and before it was calibrated, the resolution in the res-
olution in the scaling variable % = Q2/2MpEH for neutral
current events in the narrow band beam has to be re-examined.
The resolution in this variable arises from the hadron shower
energy resolution, the resolution in the angle of hadron

energy flow and on the incident neutrino energy. Using the




resolutions from the 1980 calibration given in the appendix,

we obtain the resolutions for E,=500 GeV compared to E,=150 GeV.
This is shown as a ratio in Figure 1. There is little dif-
ference between the two energy regions. Furthermore, the
achieved resolution in x is close to that used in the Monte
Carlo simulation given in P-649. The corresponding ratio

for charged current events is shown in Figure 2.

The resolution in the other scaling variable y, can
also be calculated. The ratio of the y resolution for
neutral current interactions at 500 GeV beam energy com-
pared to 150 GeV is shown in Figure 3. The corresponding
result for charged current interactions is shown in Figure
4. We see no degradation at the new energy region offered

by the Tevatron.

Present Status of the 400 GeV Narrow Band Data

At this time, data are being taken in the narrow band
beam. During the run we have made checks of the quality of
the data.

Perhaps the most significant of these is the reconstruc-
tioﬁ of neutrino energy for charged current events. Figure 5
shows the reconstructed neutrino energy for +165 and -165 GeV
narrow band momentum. Similar plots exist for the other ener-—
gies we have studied. These plots indicate that the muon
momenta as well as hadron energies are being measured properly.
All resolutions appear to be consistent with expectations at

this stage of the analysis.
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Abstract

The onexation of a large flash chamber
neutrino detector at Fermilab is described.
The detector consists of 608 flash chambers,
and 37 proportional chambers with an active
area of 12'x12'. Planes of sand and -steel
shot =are interleavad with the flash chambers
and proportional chambers to provide .2 fine
grain sampling of recoil showers. The mass
of the detector is 340 tons. The calibration
of the instrument for electrons and hadrons
in the energy range of 5 to 125 GeV 1is
described. .
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Introduction
To study neutrino-induced weak neutral
current interaction it is necessary to have a
massive neutrino detector capable of
measuring both the energy and the direction
of the reaction products. pattern
recognition capability of the showers
resulting from the primary neutrino
interaction is also a useful design
consideration, and allows the study of rare
processes. To realize these latter
capab1‘1r1os, the rﬂutwlno detector must be
fine grainesd. In this pan2r we describe such
a fine grained daterO” yh‘“q we have built
at Fermilab. The detector is Dbased on

polypopylene flash chambers and proportional
tube chambers. These devices allow a very
high degree of segmentation in both the data
as well as selectivity to rare procésses in
the trigger. The LAP&"lGUC“ we have obtained
in long period operation of the detector in
guadrupole triplet and 51ngle horn neutrino
beams and the results of a calibration of the

detector for electrons, -hadrons and muons
will be deseribed in this paper.
fhe Detector-General Description

The flash chambe - proportional tube

Calor*nptor is 60 feet long (18 3m) and has a
12'%12' (3.66mx3.66m) cross section and a
nassz  of approxlmately 340 metric tons. The
flash chambers are used to determine +the
pattern of the neutrino reaction products
thereby furnishing an identification of the
event type as well as determining the energy
dnd angle of energy flow. The proportional
tube chnanbers are used to trlgger the flash
“nimhers and to provide another measurement

G the energy of the shower. The layout of
the detector is shown in Figure 1.

The flash chambers are arranged 18 tlr&e
siews  (x,y,u) with cells which run 0 BoY,
100 reilative to the horizontal plane
regspectively. BExch fiash chamber plane is

0018-9459/82/0200-0363500.75©
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Fig. 1:
sandwiched between a sand filled plastic
extrusion plane and a steel shot plane. The

flash

The

chambers are read
details o} this
described earlier

out electronically-.
system have been

The proportional tube planes are located
every 16 flash chamber planes (one nodule)] 1in
an alternating horizontal - vertical pattera.
Each module weighs approximately 9 tons.

The proportlonal tube chambers are
instrumented with an amplifier for every 1
wires with a wire separation of 1 inch
(2.54% cm). This high level of segmentation

ives pattern recognition at the trigger
evel as well as a2nalog information on fhe
energy deposition of the shower profile.

flash chambers -
chambers - sand and steel
radiation length of 12 cm
by the flash chamber and

This arrangement of
proportlonal tube
shot has an average
sampled every 22% X

everg .5 X by “the groporulonﬂl tube
chain ers. T e, average absorption length 1@
83 em {116 g/en®) and is sampled everx 4A by
the flash chambers and every by the
proportlonal tube gambers. The average
density 1is . g/cm and the average Z is
approx:natoly 21. This properity of 1low
density and low Z is meortant in achieving
good energy flow measurements for hadron
showers.
Downstream of the flash chamber -~

tube
muon

proportional
iron toroid

chamber calorimeter is an
spectrometer. This

©1982 IEEE : 363



rumented with double
be chambers and is
elsewhere in this

spectromaeter is inst
plane proportional tu
described in detail
conference.

In addition to the
chambers there are e
scintillation counters. One planc is at the
upstream end of the detector to act as a
charged particle veto, one plane is
downstream of the muon spectrometer, and one
plane is laced every 80 flash chamber
planes. ghey are used to provide an
independent muon trigger of the calorimeter
for dignostic and monitoring purposes.

proportional tube
12'x12°* liquid

The pattern recognition capabilities of
the detector are evident in Figure 2, which
shows an online display of a high energy
neutrino interaction taken durin% the spring
1981 engineering run. Shown are the 3 views
of flash chamber planes (x,us;y on the
display). FEach dot drawn on the display
represents a struck cell in the calorimeter.
The total number of struck cells is shown as

the quantity HITSUB, which is 1036 in this
event. (There are roughly 400,000 cells in
the calorimeter.) Since the total number of
hit cells is proportional to the ener%y of

the shower, we estimate the energy of this
event to be -~'25 GeV. ’ ’ .
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Fig. 2: Typical high energy charged current
neutrino interaction. The high

degree of segmentation of the data 1is
evident.

Also shown in Figure 2 are the pulse
heights of the proportional tube planes ﬂhlch
provided the trigger of this -event. These

ulse heights appear as bar graphs along the
ower edge of the picture for the horizontal
(H) and wvertical (V) plane orlentation. The
lateral profile of energ{ deposition of the
150 GeV shower is evident.

The toroids are shown at the right of
Figure 2. The "+" signs indicate the Lrack
of the muon through the spectrometer_  in the
horizaontally ({bottom) and vertically (top)
oriented proportional planes,

We have operated the calorimeter for two
major running periods. The first period was
April to June 1980 during which time 180 tons
of the detector were instrumented. Data were
taken during this running period on neutrino
interactions in the quad-triplet beam and the
response of the detector was measured to a
test beam consisting of electrons, muons, and

hadrons. The second running period was
January to May 1981, during which time 210
tons of the detector were instrumented. The
detector was exposed to a single horn wide
band neutrino cam. Various selective
triggers were developed during this period

and data were accumulated on_deep inelastic
neutrino scattering as well as various rare
proeesses.

1) Operation of the Flash Chamber

The flash
calorimeter has
the gas systen,
systém, and 3)

chamber systenm of the
three major components: 1)
2) the hi%h voltage pulsing
the readout system.

364
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1) Operation of flash chamber gas system

The gas mirxture and the gas puprlty
affect the efficiency, reignition probability

and the sensitive time characteristics of the
flash chambers. Owing to the diffusion of
the gasses through the (0.5mn thick)
polypropylene walls of the flash chambers,
and the long tern outgassing of the
polypropylene, it is necessary to change Lhe
gas in the flash chambers at a rate of
approximately one chamber volume/hour. The
gas is recirculated and purified by a two
sieve gas purlfication system, whiech can
purify up to 5.1Ux107 liters/hour.

The initial operation of the flash
chambers was  carried out with a standard
Ne-He (90%-10%) mixture. (Under 1long term

operation conditions this %as mixture changes
to 96% Ne, 4% He bg the diffusion of He gaa
out of the system. This mixture gave a good
HV plateaun with good efficiency versus dela%
characteristic, and was used during the 198
run. However, the reignition probability
that 1is the probability that a2 given hi
cell in the flash chamber will refire, was
rather high (6 to 8%), and gave rise to an
after~imaging of the »previous event, even
with a time between events of 10 seconds.

Considerable
invested in
probability.

a) By introducing a small ‘azmount of
argon at the concentratiocn of -0.2% of the
Ne-He gas content the long lived meta-stablc
excite states of Ne were de-excited by th»
Penning effect. The exact amount of Ar was
determined by the chamber performance, and by
the practical constraint that too much Ar
would vrapidly contaminate the cold sieve of
the gas purification system., The addition of

experimentation  was
reducing this reignition
A two phase solution was found:

the Ar gas makes the plasma discharge
stronger at a given high voltage and
therefore allows the high voltage operating

point to be lowered. Measurements have shown
that the reignition probability is unaffected
by the addition of Ar at a given HV, but
since the Ar allows the operating point to be
lowered a reduction in . the reignition
probabiiity is achieved.

b) A small amount of electronegative gas
wvas introduced into the Ne-He-Ar mixture.
This was accomplished by passing roughly 1/3
of the recirculating gas back into the
chambers without geing through purification
by the gas system. The electronegative gases

were the 05, N, &and H,0 which naturall
contaminate® the” flash ghamber gas throug
diffusion and outgasing. - The

electronegativity was controled by monitoring
the 0,, N and Hz0 ccntent with a gas
chroma%ogra h. The“gas mixture returning to
the flash chambers was %Ne, U He, 0.17%
Ar, 0.10% H,0 and 0.04% 0, and H,.

The flash
various gas

.chamber characteristies for
mixtures are shown in Figure 3.

is evident from this Figure that +the
reignition probabilit¥ is  mot reduced at a
fixed high voltage by the addition of the Ar

gas alone, but by the lowering of the high
voltage operating point allowed by the 1lover
HV characteristics of the Ne-He-~Ar mixture,
and by the addition of small levels of
€l€ctronegative gases, the reignition
grobability is reduced from 6 to 8% to 1  to
4 at a 10 second repetetion rate. The
efficiency remains the sanme under this
condition. The addition of too muech Ar or
too much electronecgative gas  degrades the
uniformity of the single muon efficienc

across the 12' sensitive area of ‘the flas
chambers.

Othef gas mixtures wusing a different
ratio of Ne to He were investigated. It was

found that the flash chauwbers work well for a
mixture of 304 HNe and 70% He with roughly
0.17% Ar. This gas mixture is less expensive
than the 90% Ne-10% He, bult the gas losses
from He diffusion are greater, making gas
replacement larger. More experimenfatlon
using this gas mixture is plannecd.

The various chamber characteristics wvere
measured throughout the run, and were found
to be reasonably stable. The chamber
efficiency was slightly affected by the




ambient humidity, degrading.by roughly 1.4%
for every addifional g/m3 "of H,0 "in the
surrounding air. fThis smal) variztfon can beo
contrelled by air conditioning.
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2) Operation of the HVY Systenm

o

Each flash chamber is eguipped with a
pulse forming network (pfn) (see Figure U)
whiech generates a high voltage pulse of
roughly 60 nsec rise time, 4.5 kV magnitude,
and 500 nsec duration. The pfnts are
triggered roughly 700 nsec after the event.
In order to maintain consistency in the .HV
pulse  quantity, a computer based monitoring
systen was designed.

The system measures the total charge in
each of the high voltage pulses applied to
the chambers, checks the front-edge timing,
and verifies that no spurious pulsing takes
place between triggers.

system, shown in Figure 5a has a

jof honitoring 64 channels and
of 8 special crates of electronics
d by an LSI 11-23 based computer
Fach of the crates holds a crate
r module and five data mnodules.
6
g

nodule contains the electronics . to
[ 5 an 8 bit serial

s

pulsers as well
ister readout

5 em shown in
The inputs t
G

£
the data modules
n
4

from a monitor output nnector on each
voltage pulser via RG-17h4 coaxial cable
are derived from the high voltage pulse
suph a 100 to 1 resistor voltage divider.

10y

[¢]
1

THE HIGH VOLTAGE FULSE FORMING KETWI

92 HiGH VOLTASE PULSE

. N
2510 i
EaneR j’.:__‘—.::ﬁ—tl.\k———— jlr»ﬁl; I
d ) gy
UIPUT ) ﬁMg} S L
. inn 5in I LTS f
HIGH b S Aty .2:0 [A
YOLYAGE — 2m 1 rves
th spARK o4 “l 0:,‘3”.'- TERMHIATOR
! ! [ A = py
£ FLASH 31
T v # ?-QT 20uehs ciEnER oF
w7y R
e

th

Fig. W4: Circuit diagram for the HY pulses
(pulse forming networks -pfn).

The high voltage pulsers, shown
schemabtically in Figure 4, upon receiving a
trigger, switch the charge stored in their
capacitors (99 nF) across the chambers. The
pulse monitor system: then a) checks whether
the front edges arrive in proper synchronism
with the trigger, b) determines whether there
is spurious puising, and c¢) measures the
total charge in each pulse.
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Fig. 5:The HV monitoring system.

a) The front edge arrival time is
considered satisfactory ifr the pulse
amplitude exceeds a preset comparator level
by the time a signal derived from the trigger
arrives at the crate controller, A channel
with a bad front edge is flagged by setting a
bit in a storage register for later readout.
The comparator level for all 80 channels in a
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crate is set by adjusting a ten-turn
potentiometer on the controller nmodule.

b)Y To
(ruraway)
medule contains two
The dinput to each
YOR" of 8 adjacent

check for spuriously firing
spark gays each 16 channel data
' "bit "run-on" counters,
of these is the logical
monitor channels. This
arrangement results in the run-on counters
containing a count of 1 if the pulsers have
worked properly. In the event of a spurious
discharge of any of the 8 pulsers being
monitored, the count in the run-on counter is
increased by 1. Thus, a runaway pulser can
easily by located éo a group of eight from
vhere it can be spotted visually.

¢) To measuie the total charge in the
high voltage pulse, the monitor. signal for
each channel 1is integrated with a resistor
capacitor combination and then digitized
asing an bit analog - to -~ digital digital
converter (ADC). The details of this
circuitry are shown in Figure 5. A single 40
pin integrated circuit contains the necessar
analog multiplexer and ADC to service a 1
channel . module. The voltage across the 16
integrating capacitors are digitized in
succession with e€ach conversion taking about
100 Usec. The capacitors are allowed to
discharge during this process with a time
constant of 50 msee, a rate that insures
complete discharge by the time the next pulse
arrives (> 10 sec). No dispersion in the
measured pulse-~heights is introduced by the
capacitor discharge since the digitization of
the charﬁe is always done at the same time
relative to the monitor pulse.

The information from the three - pulse -

analysis section in a data module is read
into.the computer by a single shift register
bit serial data path linking all the modules.
The program used for data acquisitioy and
displa{ is an RT-11 version of MULTI® with
specia data handlers to accomodate our
hardware configuration. Further details of
this readout systen can be found in
reference”.

3) Operation of Flash chamber Readout Systenm

The flash
read out
There are
and 2

chambers are electronically
using a magnetostrictive systen.
1216 magnetostrictive amplifiers
corresponding number of

diseriminator-comparator circuits. Proper
operation of this system 1is maintained by
assuring that the magnetostrictive wire
magnatization remains constant. This is
achieved by automatically pulsing a
solenoidal magnet wrapped around each

magnetostrictive wand every 200 flash chamber

pulses. The locations of the fiducial
markers on the magnetostrictive outputs are
nmonitored and are found to be stable to

within -2 mnm (1 digitizing clock count) over
long periods. This readout system, once set
up - and tuned, requires very little

maintenance.

Calibration of the Calorimeter

The energy and angle resolutions of the
calorimeter were determined by measuring the
response to beams of known properties. The
calibration .beam contained electrons, muons
or hadrons with electrons identified by  a
Cerenkov counter. The energy range of the
calibration data was 5 to 125 GeV.

1) Electrons
The angle resolution of electron showvers

is _shown in Figure ba. The electron shower
angle was computed by a weighted least

squares method wusing the flash chamber hit
cell information. The weights in +the fit
vere determined by the average shover
characteristics and the statistics associated

with the hit cells.

The electron energy resolution is shown
in Figure 6b. he electron eneérgy has been
computed by counting Lhe nunber of hit cells

in the shower. We have conpensabted for the
saturation effect caused by more than one
particle going through a given c¢ell by

estimating the "actual number of particles
given through each cut from the local density
of hit ceclls. This compensation makes the
energy response of the detecltor nearly linear
and improves the energy resolution.
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Pig. 6: a) The prejected resolution or
electron showers and mnuon tracks
versus energy. A fit to the electron
resolution is o(8,)= 3.5+53/E)
mrad.. b) The erectron energy
resolution. ¢) The projected hadron
shower angle resolution. A fit te
the data is 0(8y)= (6+640/E) mrad..
d) The hadronic ehe”gy resolution.

2) Muons

The muon angle resolution is shown in
Figure 5a. The muon ahgles were compubted by
a least squares procedure with a weighting
along the track length determined by multiple
scattering. ~ The observed resolution 1is in

close agreement with the 1limit set by
multiple scattering and the finite flasnh
chamber ceil size (0.577 cm}. The muon

momentum resolution has not yvet been measured

but is estimated to be Ap/p = 15%.
3)  Hadrons

The hadron shower angle resolution is
shown in Figure 6c¢c. This is computed in the
same way &as the electron shower angle
resolution but with different weights
determined by the much larger fluctuations.
The quoted resolutions are the average

r.m.s, resolutions of the x and .of the y/u

views.

The hadron shower energy resolution 1is
shown in Figure 64d. he hit cell saturation
effect was compensated for as in the electiron
shower case. This made the energy response
of the calorimeter linear and improved the

energy resolution by almost a factor of 2 at
high energies. The calorimeter energy
response Lo electrons and hadrons as well as
the saturation - corrected response is shown
in Figure 7.

The electron energy and angle

resolutions are roughly what was predicted by
a small lest calorimeter. The hadron energy
and angle resolutions are somewhalt degraded
from the test calorimeter prediction because
of an overly optimistic compensation of the
shower noncontainment effects in the test
calovimeter. %,
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Eﬁz/ 2. Analog Multiplicity (AM,):
: ' ' ) : his, &5, 8n analog stgnal with a
- - - se heig equaling a constant (60
25 50 7S 00 125 . ) mV) times the number of FO above éhe
E «SéV) dlscrlmlnator threshold of 20 mV in
. plane 1i.
Fig. 7: Flash chamber energy response. . 3. Single (S;): -
This .outbup is the logical M"OR" of
Operation of Proportiona! Tube Chambers all discriminated FO0 in_ plane i.
The _single plane efficiency for a

The proportional tube chambeérs 12'x12" single muon at the 20 mV operating

extruded aluminum planss with 1"x1" cells. threshold is 80%.

Each cell has a 50 m gold-plated tungsten

wire ganged four Ffo each anplifier. The . $ﬁ§38h033€ tho §§SV1); 1 .

system was operated at 1650 v corresponding generated P when thg Ogégizggl°e
to a gas galn of approximately 3000. The gas pattern width in plane i 1??
used égdtgese ggimberﬁ is the stanggrd "P“to" deternined to have exceeded a
gas 4 Ar -~ ¢ methane. The entire system rogrammed i ipl
consists of rougnly 5,300 wires and 1,300 gegﬁents). width (2 multiple of 4v
amplifiers. The gains bof thekproportional

tubes were mwmonitored A takin source T re-tri i .
calibration datab of the end of evirv spill. égg z?rgigggfgegfr§EUl€§§egﬁ (gl demiyds that
The pedestals wars mOQiEOT?d every 2 F?h‘” abovel a common thgeshold 0? 58 mg Sgiih ?g
U™ 1hi enpiratare ang barometric prossure  SyiERtly bolow the minimun fonizing particle
influerces on the proportional tube gains ' T

were monitored in the calibration cyecle. cnp]oThg simplest secon? %evel eriterion
X ] ) \ . iploye in an event rigger was &
Event Trigpering and Electronics . requirement that the total %glse ;eié;%

Minimizing the respounse time of the §§2$Zd Sg;gm iiée?gﬁp9”té°“ié p%?nes (ZL) be
detector to neutrino-inducad events is a key This  is esgentigllﬁlng rquiiggégt lggelé
consideration in the design of a trigger. minimum energy deposition The level was
Further, in order to trigger the detector chosen by the pequiremeﬁtq of the h g';g
vith many interactions occuring din a given reaction of interest and the recuiﬁamgng‘lc}
spiil reguires real-cvime pattern recognition vinimizing the additional dea Line fpgv
capabilities. In this section we describe a cosmic rays and  spurious coix;éidenc;x
igség?ig%312%p:§e grggeggigggi tubes designed triggers. These false triggers contributed

-1lsfy these requirements. %Bqut 8% g?g g% respectively to the low-bias

rgge . b= .

The funadamental constraint on a ggT;.Yl . 750 mY. . A
proportional tube based trigger system is the ; is unique, versacile triggering systen
fluctuations in the tinme responss due to the al%gﬁs the = exploitation of “trigger-time
different drift times of different through g? Lern recognition required for minimal dead
particles. Ve have reduced these ime in  rare-reaction searches.
fluctuations to =a minimunm by emplo{ing a Summary
simple and Tfast pre-trigeger. The ‘'higher
level® (and slowar) logic then follows the The flash chamber-proportional tube
satisfaction of the pre-trigger requirement calorimeter has been calibrated, has taken
allowing for signal development without data in avn engineering run, and has remained
introducing further significant delays. stable for long periods of time. Various

Each of the 36 15 £ n 1 . . ﬁgegovggggts ;gethe zg%p%ping chgricteriigigs

ach o @ > anplifier channels in > ma . ditional ata wi e
proportional plane is capable of generating a taken with the full 608 flashlchambers - 37
fast, differential anzlog oubtput pulse (FO0). proportional tube chambers in operation in a
The trigger electronics ars block-diagrammed narrow band neutrino beam during 1982.
in Figure 8. Fast processing electronics on B
each plane distriminates these 36 FO signals References
with respect £o a programmed threshold. 1 o
These discrininated FO signals are then . F-E-8T3Y10P et al., IEEE NS-25, 312
combined to generate the several analog and (1978).

10310 signals used in an event trigger. L
brief desceription of each follows: ?i%éoiaylor et al., TERE HNS-27, 30
. L.):

1 Sumout (ZI;) , 2.. ﬂg I()z;g%%%tt et al., TIEEE NS§-26,
+ - T

This signal is the linear sum of the :
undiscrininated individual _ FO 3+ Dukg fdponds et al., "4 High Voltage
signals from plane i making a single Chamber ggs%ggnosyg g?ctggr" atglagh
Py . Sa g A cte €
arialog output pulse for each plane. published in NEEl@EE_léﬁEEEEE“?S

and Methods. 1987
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(I) Physics Goals

In Experiment 649 we will probe the structure of the nucleon
using the deep inelastic scattering of neutrinos and
antineuvtrinos through the neutral current process. We will
compare this structure with that determined by the charged
current process Ffrom data to be taken simultaneously. The
kinematical variables of tfthese neutral current events will be
reconstructed from the recoil hadron shower information gathered
in the flash chambevr—-proportional tube calorimeter located in Lab
C. A narrow band neutrino and antineutrino beam will be used to
fix the incident neutrino beam.

Although the observed structure of the nucleon 1is believed
to be essentially independent of the probe, it is important to
make model independent checks of this assumption. In fact,
subtle differences are expected to exist between the nucleon
structure functions as determined by the two weak gauge bosons
probes since the charged current interaction must transform the
charge (weak i;oépin) of the struck quark and thus couple
different quark flavers. whereas the neutral current interaction
is believed to be “flavor diagonal" and does not couple different
quatk flavors. In addition to searching for differences of the
structure functions in the context of the standard model, there
ctould be some as yet unobserved quark structure which interacts
preferentially with the weak neutral current. These quarks could

be heavy and thus would appear at high Q.2
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Since the outgoing 1lepton can not be detected in weak
neutral current deep inelastic scattering, as it is in electron
(muon)— nucleon scattering., the kinemaf@cs of a given neutral
current neutrino event have to be reconstructed by measuring the
Trecoil hadron shower energy and angle. The energy versus radius
correlation of the narrow band neutrino beam is used to estimate
the incident neutrine energy.

This measurement requitres a special kind of neutrino
detector which is both massive and highly segmented to allow both
the vrecoil shower energy and angle to be measured. The technique
presents & considerable technical challenge since the recoil
hadron shower is difficult ¢o define owing to intrinsic
fluctuations in the the shower development. Figure 1 shows a
deep inelastic charged current event and a deep inelastic neutral
current event. The segmentation of the detector is 5 mm lateral
and 1.4 cm longitudinal which corresponds to 3% of an absorbtion

length and 12 L of a radiation length.
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A list of our physics goals for E-64%9 is given below.

1) Determine both <the neutral current and the charged
current structure functians.

2} Measure the electro-weak coupling parameters at high
energy accessible in deep inelastic scattering with an isescalar
target.

3) Measure the total neutrino cross section as a function of
energy.

4} Bearch for anamolous events occuring only at high energy
or high Q?

The high energy of the Tevatron neutrino beam and the large

mass (340 Tons) and the fine granularity of our detector are

ideal for such a search.

Secondary physics opportunities will arise from actually
using the flux monitoring data we will take with a quasi-elastic
nevutring nucle@n scattering trigger. Within +this data sample
will be events of the inverse muon decay process. A measurement
of these events in the narrvow band beam will allow +the absclute
CTross ;ectian to be determined and will lead to limits on V+A
interactions and right handed neutrinos. A signal of roughly 50O
events from this process have been observed in the E-35924 narrouw
band data. A comparable data set 1is expected to be obtained

during the E-649 beam exposvure.
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(II) Comparison with Other Experiments

There is no other massive, fine grained calorimeter at the
Tevatron that wilL address the neu;:al current structure function
measurement. Hence there is no experiment in direct competition
with E-&49. The closest comparable experiments are the CHARM I
and CHARM II detectors CERN. The CHARM I detector has been used
to measure the neutral current structure functions in a 200 GeV
narrow band neutrino beam as well as neutrino ~ electron elastic
scattering in a broad band beam at CERN. The CHARM II detector
is an upgraded wversion of the CHARM I detector and will be wused
to study neutrine - eléctron elastic scattering and inverse muon
decay at the CERN SPS5. We do not know if <this <collaboration
plans te study deep inelastic scatteving with their upgraded
detector. In their proposal: the CHARM II Group emphasize the

purely leptonic reactions. The comparison of these detectors is

shown in Table I bhelow.
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Table 1

Comparison of E-64%9 with CHARM I and II

+ o+
E-&49 CHARM I CHARM I1I
Mass 340 180 &18
Lateral
sampling 0.5 cm 1% cm scint. 1 cm streamer tubes

or
2 cm prop. drift tubes

Longitudinal

sampling 124 Xo . 10074 Xo 33%4 Xo
Target
material sand and shot marble glass

+ A N Diddens, et al.;NIM 178 (1980) p. 27

++ C.Busi, et al.;CERN/SPSC/83-24 April 1984
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(IIT) Test Results

There are no test results from E-64%9 since there has not
been a high energy calibration run or any neutrino data taken by
this experiment. However there are results from the proceeding
experiment E-594, which wused the same apparatus and which
measured the deep inelastic neutrino and antineutrino nucleon
scattering at the 400 GeV machine. The E-594 physics goals were
much the same as the goals of E-4649.

The essence of the neutral current experiment is to be able
to measure the angle of the recoil hadron shower since the
Bjorken—x scaling variable of the neutral current events 1is
determined by the expression below (using small angle

approximations):

X< Eh92
l1- Eh 2
(1- Eh ) Mp

Eq

Hence the x 1resolution depends critically on the recoill hadron
shower ?angle resolution. To demonstrate +that there 1is a
measurement of the hadron angle, we look at the transverse
momentum balance for charged current events where we can compare
the +transverse momentum of the hadron shower to that of the

outgoing muon. Figure 2 shows the transverse momentum
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cﬁrrelgtfon Eetﬁe;n ’éhe muon énd £he recoil hadron shower. We
see that there is an evident correlation indicating that there is
a measureﬁent of fhe recoil hadron shower angle.

In the predecessor experiment E-594, we have measured the
ratio of the neutral current4deep inelastic x-distribution with
that of fthe charged current neutrino — nucleon scattering. This
is called TEST 1 in +the E-644% proposal. The ratio directly
compares the charged current structure functions with the neutral
current structure functions. The preliminary results from E-594
are shown in Figure 3 for each of the 4 secondary beam settings
of our data set. The detted 1line 1in +the figure are the
exrpectation from a monte carlo simulation of the experiment. We
see that fhe ratios are rToughly flat and a detailed analysis is
under way to determine the shape parameters of the neutral
current structure functions. We expect that the results of E-&49
will have a comparable statistical weight but be of higher
energies and é2 values and thus extend the range of comparison

between the two interactions.

Doy
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(1Y) thgdule for Construction and Instéllation

The basic calorimeter is completely constructed and has been
used to gather narrow band neutrino data at the 400 GeV machine.
The only major upgrade of the +Fflash chamber—proportional tube
calorimeter planned for E-449 1is the installation of drift

instrumentation in the proportional tube chambers in the iron

toroid spectrometer. At this time, the 127 chambers are
constructed and installed. Tests of their spatial resoclution are
underway. Drift planes are being installed in the rear of the

calorimeter Jjust upstream of the 24 toroid magnets te furnish an
accurate entrance position and angle of muon tracks. These will
be <tested during this calibration rtun (Spring 1984). The
construction and cosmic Tay tests of the 24’ planes will take
place this summer. Since the drift system has to work for the
E~733 experiment, it should be well understood and tested for the

E~&4% effort scheduled to take place a year and half from now.



(V) Requests

i1
No major construction is forseen for E-694. To maintain and
perform small but important upgrades necessary to have a
successful experimental program, we Tequest continuved technical
support for the work in Lab C.
be tested and the flux

developed

The new dichromatic beam has to
monitoring
and

instrumentation
tested. We

has to
Trequest

be

that a sustained effort be

exerted on this very necessary part of the experiment.
we request

fall and

Finally.,
that the calibration beam presently being commissioned
be maintained and made available for at least 2 months during the

wiﬁter

of 1984-1985.

Wit

There is a further possibility
that we will require a check of our calibration at the
of the

beginning
narrow band running presently scheduled for the fall and
winter of 1985-1286.

A continuing effort is underway to upgrade
instrumentation. We are

the
examining

calorimeter
the

possibility of a gain
proportional tube

control feedback sus

tem for the

planes i
calorimeter, and studies ate in progress to improve the operation
of the flash chambers.

in the
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Figure Captions

Figure

Figure

Figure

R Y

A typical charged current and a typical neutral current
event in the lLab C neutrino detector. These events were
taken in the 1982 narrow band neutrino beam exposure.

The transverse momentum of the outgoing muon in deep
inelastic charged current scatfering is plotted against
the transverse momentum of the recoil hadron shower. The
momenta are correlated, indicating that the hadron angle
can be measured. Also shown is the difference of
projected momenta in comparison with the monte carlo
simulation.

The ratio of the x—distribution of neutral current events
to that of charged current events for data taken in the
19282 narrow band beam exposure of E-5394 is shown. The 4
plots are for the 4 secondary momentum settings of the
narrow band beam. The dotted line shows the monte carlo
simulation.
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Summary:

High energy neutrino interactions induced by a dichromatic
(anti)neutrino beam are to be studied using the 340 ton fine grained
calorimeter located in Lab C. The calorimeter is instrumented with
plastic flash chambe‘rs and proportional tube chambers endowing it with
good pattern recognition capabilities. An iron toroid spectrometer
located at the rear of the calorimeter is instrumented with drift
chambers to give good muon momentum resolution on the outgoing muons
from deep inelastic charged current interactions. With data taken in a
dichromatic neutrino beam we are able to reconstruct the kinematics of
both neutral current and charged current events. Emphasis will be on the

study of the neutral current. The structure functions will be determined,

and a measurement of sin?ey and p will be performed. The total

neutrino-nucleon cross section will be measured up to 500 GeV.
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(1) Introduction

Despite the great success of the Standard Model of electroweak
interactions, there remain parts of the theory which are poorly
understood. The Higgs sector of the theory is free, and there is no
explanation for the different quark and lepton generations. There may be
supersymmetric companions to the spin 1/2 particles, and quarks and
ieptons may really be composite. Some glimmer of light may be shed on
these questions by a careful measurement of high energy neutrino
interactions.

The dichromatic neutrino beam at the Tevatron offers the exciting
possibility of studying high energy neutrino interactions undef controlled
conditions. In this beam the energy and flux of the incident neutrinos can
be absolutely determined. The hard energy-spectrum of the dichromatic
beam allows deep inelastic scattering through the weak neutral current
interaction to be studied. Therefore a new probe of the nucleon structure
using the weak neutral current becomes ava;lable in an unexplored region

of ’higher energy and smaller distances.

By taking data in the narrow band beam, the following topics will
be addressed:
(1) Measurement of the total neutrino - nucleon cross section up to 500
GeV. Is there a threshold opening up at high energy? Does the cross

section continue to grow in a linear fashion at high energies?

(2) Precision determination of sin?6,y and p under controlled conditions.

The systematic errors arising from event-type confusion and charmed

quark production in the charged current interaction become small at high
energy. Is sin2ew independent of Q2 and Ey?

(3) Determination of both the neutral current and the charged current




structure functions. Are there any observable differences between the
x~dependencies of the two interactions?

(4) Search for exotic final states, such as heavy neutral leptons, which
could be pi'oduced in deep inelastic scattering. The energy constraints
of the narrow band beam will allow a measurement of the missing
neutral energy. Limits on the mass and lifetime can be set. The fine
granularity of our calorimeter will allow the associated event topology

to be observed.

we have used our detector to explore neutrino interactions in the
narrow band beam during the 1982 exposure at the 400 GeV machine.
From these data we have addressed the following topics: (1) Compared

the neutral current structure functions with those of the charged

current!, (2) Determined? sin%e,, and p, (3) Measuredd the total
neutrino-nucleon cross section oy, (4) Extracted the value of the mean
parton p; in deep inelastic*charged current scattering?, (5) Set a limit on
Oy 7> Oy oscillations®, and (6) Tested® the standard V-A theory of
weak interactions by the reaction: uﬂ+e’—>p'+oe.

We believe that another dichromatic neutrino run is necessary to
complete our program. The narrow band beam technique is the only way
to study the x-dependence of the neutral current interaction, to

determine the absolute normalization of the total neutrino cross section,‘

and to measure sin2ew with small systematic errors. The higher energy

available at the Tevatron will significantly extend our previous

measurements.




(11) Theory
(1) General:

The nucleon presents a rich structure when it is examined on any
distance scale. At short distances, the nucleon contains quark-antiquark
pairs of various flavors. On the long distance scale the nucleon may
contain intrinsic heavy quark flavor states’ as well as the three valence
u and d quarks. These heavy quark states may account for the like sign
dimuons seen in high energy neutrino-nucleon scattering. They may also
lead 1o exotic heavy baryons which can be produced in both neutral
current and charged current scattering.

In the Standard SU(2)eU(1) Model, the neutral current Z%-quark

coupling depends on the weak isospin, the quark electric charge, and
sini’ew. The basic neutral current interaction is believed to be an elastic
scattering process which is flavor con'"serving and has no energy

thresholds associated with the mass of the participating quark. In deep

inelastic neutrino-nucleon scattering the Z0-nucleon coupling is given by
(g/cosey) Z, <4, | T3 - Q%sinZe\y| q,> (1)
where Tz is the weak isospin of the quark of flavor «, and Q™ is the

quark electric charge. The mixing parameter sinzew is free in the Model.

[n contrast, the charged current interaction is flavor mixing and has
an energy threshold associated with the light to heavy quark mass

transitions. The W* - nucleon coupling is given by
(g/V/2) Zocf <q0<|U°<5 l ag> | (2)
where U*P is Kobayashi-Maskawa matrix. The threshold suppression for

the terms in the cross section associated with the light-to-heavy quark

‘mass transitions is accounted for by changing the scaling variable x =

()2/2l‘1gED into the so-called slow rescaling variable &= x + m32 /2MYE,,.




In the expression for &, mg is the mass of the final state quark, M Is

the nucleon mass, £, is the incident neutrino emergy, y = (E-M)/E,,

where E, is the energy of the hadronic recoil system. The components of
the cross section associated with the light-to-heavy quark transitions
have a threshold factor (1-y+xy/&) which suppresses the heavy quark

production near threshold. Figure 1 shows the basic neutrino-quark

scattering for the two interactions.

(2) The Cross Section and Structure Functions:

The deep-inelastic scattering cross section is given by the

following:

020/ dxdy=(G¢2ME /(1 —Y)F (%, Q2+ | (,Q2)£(y-y2/2xF 2,02 (3)
where the structure functions Fi(x,QQ) contain the information of the

quark distributions inside the nucleon. We assume the Callan-Gross

relation 2xF, = F». By using the couplings given above but neglecting the

heavy quark thresholds, we express the charged current structure

functions for an isoscalar target as:
Fo®(x.Q2) = x2(x,Q2) = xq(x,Q2) + xq(x,Q
XF2C(x,Q2) = xV(x,Q2) * 2(xC(x,02)-x5(x.Q2)) (4)

xV(x,Q2) = xq(x,Q%) - xq(%,Q?) |
where xC and xS are the charm and strange quark x distributions. The

corresponding neutral current structure functions are:
anc(x'QZ) = ( U2L + d2L + U2R+ OZR ) XZ(X,QZ)
- (U3 - 4%+ u2g - d%R ) 2(xC(%,Q2)-xS(x,Q%))

xF3(x,Q2) = (U3 + d?4 - ulg - d%R) xV(x,Q2) (5)




wnere U 1s the left-nanded Z0-quark coupling and is given Dby
TS-Qsmzew. T3 fs the weak isospin assignment of the charged 2/3
quarks. d; is the corresponding coupling for the charged -1/3 quarks. up
and dg are the right handed couplings.

The charged current Fo C is a pure isosinglet, and xF3"C is a

function of only the valence quarks and the weak neutral current
couplings. Significant differences in the two interactions arise from the
fact that the neutral current has both a V-A interaction as well as a
small but finite V+A interaction.

The presence of these extra V+A terms has the consequence that the
neutral current - nucleon deep inelastic  scattering has a larger

contribution of sea quarks than the charge current cross section does.

For sin%e,, ~ 0.23 we expect:

Fol(%,Q2) /xF3"(x,Q2) = 1.2 Fo"%(x,Q2)/xF 3°%(x,02) (6)

This greater coupling to the sea quarks in the neutral current cross
sections would be interesting to observe in E-649. In particular we
expect that the neutral current structure functions should have a
somewhat stronger Q2 dependence through QCD effects than the charged

current structure functions.




(111) Design of the Experiment

(1) Narrow Band Beam Settings:

The choice of the narrow band beam (NBB) setting of the E-649 data
riun involves a compromise between optimizing the high energy neutrino
flux and the overall event rate. The physics of interest is at the highest
incident neutrino energy where the large values of Q2 and W2 become
accessible. But the flux of energetic pions and kaons which are allowed

to decay to produce the narrow band beam decreases as a steep function
of the scaling variabled x¢ = xg = £ /(v/5/2) as (1-xg)"™3,

The energy of a neutrino in the narrow band beam arising from the
two body decays 1= -> p* + vy, and KT ->p*+ vy, Is given by:

Ey = (m2 - muz)/(m-?/P + Poy?) (7)
where m is the pion or kaon mass, P is the narrow band beam central
momentum, and ©,, is the angle of the neutrino with respect to the
parent beam direction.

There is sizable folding of the decay kinematics at high energies

when the neutrino angle 6,, subtended by the detector can become larger

than m/P. For angles above this limit the mean neutrino energy

decreases for increasing P, whereas for angles below m/P the incident

neutrino energy increases for increasing P. This broadens the accepted
neutrino spectrum at a given train setting. Consequently, only a few
settings of the NBB train are necessary to cover a wide neutrino energy
range. The neutrinos from the kaon band are a much bigger fraction of
the flux at the Tevatr‘on than at the 400 GeV machine. Figures 2a, 2b,

and 2c show the energy versus radius (angle 6,) correlation for

secondary momentum settings of 300 and 500 and -300 GeV/c

secondaries, respectively.




(2) The Number of Events:

Putting all of these factors together we compute the neutring event
rate as a function of P. Figure 3 shows the results for two different
values of the accelerator energy. We note that the 800 GeV setting has
roughly a factor of two fewer neutrinos per incident proton on target
(pot) than the 1 TeV setting. Hence our choice of beam settings depends
somewhat on the accelerator condition. In this design we will assume
that the energy of the accelerator is 900 GeV. Examining the neutrino
energy spectrum and the event rate versus P, we find that the settings
of 300 GeV/c and 500 GeV/c allow a smooth coverage of incident
neutrino energies up to =500 GeV.

As a practical experiment we assume a neutrino beam exposure of
Sx10'7 pots (the last E-733 beam exposure accumulated 4x10'7 pots)
with the time split in the ratio of 1 to 4 for the 300 and 500 GeV beam
settings, respectively. Using a fiducial mass of 100 tons corresponding
to a radius of 1.35 m about the beam axis, we will obtain the following
number of events.

Table Ia

Number of Neutrino Events

Po(GeV/c) T +K T-Band K-Band
NC+CC NC cC NC CcC
300 3050 1327 4423 762 2538

500 23200 2354 7846 3000 10000




To compliment the neutrino data, an antineutrino beam exposure is
proposed. The number of accepted events for Sx10'7 pots at a train
setting of -300 GeV/c is given in the table below.

Table Ib

The Number of Antineutrino Events

Po(GeV/c) T+K T1-Band K-Band
NC+CC NC - CcC NC CcC
-300 7424 1514 3986 9530 1394

For a total beam exposure of 1108 pots we can accumulate 32,250
neutrino events and 7,424 antineutrino events. The corresponding number
of events in E-594 was about 15,000 in the neutrino beam and 3,000 at
the antineutrino setting. A fiducial mass of 55 tons was used for the
E-594 analysis. The smaller fiducial tonnage was choosen in E-594 to
reduce the kaon neutrino background in the pion band neutral current
analysis. With the E-534 tonnage, the number of events in E-649 would
be reduced from the figures above by only about 17%.

The energy spectrum for accepted charged current events is shown

in Figures 4a and 4b for the neutrino and the antineutrino beam exposure,

respectively. The corresponding distributions in &, and Q2 for the three

narrow Dband beam settings are shown in Figures Sa and 5b, respectively.

(3) Kinematic Regions:

The study of the weak neutral current depends on controlling the

background events. These come from charged current events which are




confused as neutral current events, from neutral current events which
are induced by the three body kaon decays K3 and K}ﬁ , and  from sz
decays which are not kinematically separated from the pion band
neutrinos.

By making kinematic cuts and defining three regions in the plot of
hadron energy-versus-event radius the backgrounds can be reduced and

understood. The pion band neutral current events are required to satisfy

an upper Y, < 0.8 cut, where the incident neutrino is assumed to come

from the pion band. This will eliminate most of the charged current

events which are misidentified as neutral current events. The kaon band

neutral current events are required to satisy Yy >1.2 and y¢ < 0.8. Since
the kaon neutrino flux increases with increasing radius, the pion band

region is cut into two radial regions which will have two levels of KpZ
background. The Ty region is defined for the event radius r,,<40cm and

the Ty region for 40cm<r,, <1335cm. Figure 6 is a schematic illustration

of the three kinematic regions.
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The defining cuts and the major backgrounds for each region are

summarized in the following table.

Kinematic Regions of the Neutral Current Analysis

EyMy>10 Gev

clean ﬂ’pz data

~10% Kliz background

equivalent’ to E-594

By Mp> 10 Gev

Yy < 0.8

40 <r,,<135cm

EpMy>10 GeV

Ygr > 1.2

NC events =18%

Ke3*Kyu3 background

11




The corresponding number of accepted events for event type for each
energy region is given in the Table 1.
' Table 1]

The Number of Accepted Events for Neutral Current Analysis

P =300 GeV/c NC cC
74 Region 496 1633
75 Region 462 1467
K Region 576 1582

70y Region 1619 5368
75 Region 631 2038
K Region 1897 9235

7(; Region 979 1639
75 Region 486 1392
K Region 271 598

2. 5681 217343
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{(4) Separation of Neutral Current from Charged Current Events:

One of the main experimental problems in studying the weak neutral
current is to separate them from charged current events. Our fine
grained calorimeter enables the event type to be separated on an
event-by-event basis with a small error. To determine how well this
separation operates at high energies, we have performed a Monte Carlo
simulation of the experiment in which actual hadronic showers were
generated in the calorimeter according to the expected distributions
determined by the physics, the narrow band beam, and the detector
properties. The Monte Carlo events were analyzed with the same
programs that will be used on the data.

The major correction in the neutral current data comes from
misidentified charged current events which are concentrated at high .
The Monte Carlo calculation of the charged current identification
efficiency as a function of the energy of the outgoing muon is shown in
Figure 7 for both E-594 and E-649. We see from the figure that the
identification efficiency is a function of the muon energy and is not very

strongly dependent on the hadron energy or the incident neutrino energy.

Taking EJJ > 3 GeV to be the region where the efficiency becomes

high, we observe that the corresponding y range where charged current

events are mistaken for neutral current events is reduced by a factor of

2 in going from E-594 to E-649. Thus, the overall detection efficiency-

increases with increasing neutrino energg. Consequently the systematic
error associated with misidentified events will decrease in E-649. Given

the y cuts defined in Table Il above, the fraction of misidentified

charged current events is roughly <1% for the 71, region, <S% for 705, and

<7% for the K region.

The fraction of neutral current events which are misidentif i‘ed as

13




charged current events has been measured using our hadron calibration
data. Figure 8 shows this background as & function of hadron energy. Wwe
note that over the energy range of the experiment that this background is

always less than 4%.

(5) Kinematic Reconstruction:

The kinematics of the neutral current deep inelastic scattering
events are reconstructed by measuring both the energy and angle of the
recoil hadron shower. The incident neutrino energy is inferred by the

energy-versus-radius correlation in the narrow band beam. The Bjorken
scaling variable x = Q2/2MyE,, is computed by Ep, and 6y, observable in a
neutral current event: |

x = En0p2/2M(1-y) (8)
and the inelasticity is given by:

y = (E - M/Ey(r) (9)
where E,(r) is the energy of the incident narrow band beam given by the

energy versus radius correlation. Figure 9 shows the deep inelastic
scattering kinematics in terms of the energy and angle of the recoil

hadronic system.

The x resolution depends strongly on the hadron angle resolution

through the 6,2 dependence. The En and E,, dependence makes the
g h h )

resolution become poor as Y approaches 1. Therefore the y < 0.8 cut,

which has to be imposed to reduce the number of confused charged
current events, has the added benefit of avoiding this poor
x-resolution-region.

Contributions to the % resolution smearing come from the hadron
energy resolution and the incident neutrino energy resolution. The later

arises from the intrinsic width of the energy-versus-radius correlation

14




determined by the two body decay kinematics and the momentum

dispersion of the narrow band train and from ambiguous neutrino
parentage such as the K u2 background in the TT1 region. (See Appendices
A and B.)

The x-resolution may be estimated by:
(0 /%2 = 4(ag/0)% + (1/(1-y)UOpn/EN? + (4/(1-u)A(CE, /)2 (10)
A typical value of the x resolution when all of these effects are put
together is O, = %. The treatment of this smearing is the central
experimental challenge in the measurement of the neutral current
structure functions.

The deep inelastic charged current scattering events are

reconstructed either as neutral current events after the calorimeter

energy of the outgoing muon track has been removed or as a charged

current event using the measured muon momentum. The charged current

events can be used to check the neutral current x reconstruction

resolution.

<15



(IV) The Total Charge Current Cross Section
(1) Physics:

The total deep inelastic scattering cross section in neutrino
physics is analogous to the ratio R in e'e” physics. Given a new energy
regime in either physics setting there is an imperative to measure these
fundamental quantities. The measurement of the total cross section, as
the determination of the ratio R, is one of the fundamental experiments
in the exploration of a new high energy frontier.

The recent total cross section analyses of E-616 at Fermilab and
the new data from the CDHS collaboration at CERN are now in agreement
after a long and difficult period®. Our own result from E-594 is
forthcoming'0. These measurements reach only to 300 GeV incident
neutrino energy. The Tevatron offers a factor of two in incident neutrino
energy and E-649 will be able to extend the measurement of the total
cross section up to 500 GeV.

In the quark-parton model, the total neutrino-nucleon charged
current cross section is dependent on the number of quark flavors and is
controlled by their scaled momentum distribution inside the nucleon. If
the quarks are point-like spin 1/2 particles, the elementary

neutrino-quark scattering will be given by

do/dy = (Ge2ME,/T0) v v qoryq scattering

do/dy = (Ge2ME,/T)(1-y)? ... v qor U qscattering (11)

By summing over all the quarks and antiquarks inside the nucleon, the
total neutrino-nucleon charged current cross section is given by the

following:

Gt :(GfQMED/Tf)J’ J-(] /(1 +Q2/MW2)2{( | ‘Q)Fz(X,Qz)*‘ngF 1 (X,Qz)

+{y-y2/)xF3(x,Q2)}dxdy (12)

16




where the scaling variables are defined by x=Q2/2MyE,, and y=(E,-M)/E,,

Mw is the vector boson mass. The structure functions F2, xF], and xF3

contain the sums of the quark and antiquark scaled momentum
distributions.

In the absence of heavy quark production, the total neutrino-nucleon

cross section will have an exactly linear energy dependence in E,, if the

boson propagator mass is infinite and if there is no Q2 evolution of the

structure functions. However these two Q2 effects are expected to

become significant at high £, and will make an observable distortion of
a naive linear E,, dependence. In Figure 10, the deviation from the linear

Ey dependence from the propagator and the QCD evolution of the

structure functions is shown. We note that. the distortion from linearity
is a 12% drop of the cross section over the E-649 energy range. The
major part of the effect is in the QCD evolution of the structure
functions, with the boson propagator effect contributing only 4% to.-the
12% deviation. A measure of this deviation from linearity will roughly
determine the QCD scale breaking parameter A, with certain model
dependent assumptions, without measuring structure functions.

This deviation from linearity would be difficult to see in lower

energy data since the energy range of the measurements is limited and

pion band - kaon band relative flux normalizations contribute a

significant error. The kinematic folding of the neutrino energy spectrum
at the Tevatron will make the flux normalizations easier since the
neutrino data can be accumulated in only two narrow band train settings.

It is interesting to ask why the QCD effect diminishes the cross
section rather than increasing it. At these energies and Q2 values the
major part of the structure functions is still associated with valence

quarks which can only evolve by gluon emission. The fraction of the

<17




nucleon’s scaled momentum carrisd oy the valence quarks decreases with
increasing Q<. The minor part of the sfructure functions associated with
the quark sea term comes from quark-antiguark production which grows

with increasing Q2. Thus the averall eff

Y]

ot iz o3 slower than tinear

[ &l
fy]

growth of total cress section. This will be an inferesting effect to

absarve in E-545,

(R )
(W)

The production of heavy quark flavors of second order we
interactions, such as the production of the Higgs scalar, would increase
Ty, These processes, even 17 they exist, are expected fo have gquite
small cross sections. Figure 11 shows the increase in Oy when a gquark

fass of 10 Gevdc? 1s produced as a heavy charmed quark with the same

-1 mixing terms. The resuiting increase m Ty iz only 2% up to 500 Ge¥
and would be very difficult to observe.

(2% Method:
The calculation of the fofal neutrino-nucleon cross section is

parformed by taking the ratio of the observed number of svents over the

rt.

oredicted incident neutring flux, The difficulty of the fechnigue involves
the determination of the neutring flux. We envision that this be dane in
the same manner as swas E-S947E-701 during the 1982 narrow  band
run.® (See R. Blair et al., NIM 228, p281,(1584))

Figure 12 is 3 schematic of the manitors used in the previous data
run. The jon chambers and RF cavity which were used to manitor the sum
af the pion, kaon, and proton beam are suitable for Tevatron use.
However, the Cerenkov counter will have to be rebuilt since the old
counter has insufficient resolution in £ to resolve pions from kaons at
500 GeV/c. Appendix C gives the desigh parameters for this counter,
Previous experience indicates that the incident neutrino flux can be

infarred to ah accuracy of about S¥. We think that we will attain the

18




same accuracy in £-649.

The measurement of the total neutrino-nucleon cross section in
E-649 will extend the present measurements by roughly 200 GeV. The
comparison of the observed energy dependence with our expectation will

be quite interesting.
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(V) Determination of sin2eW and p

The electroweak coupling parameters sin2e,, and p control the

strength of the neutral-current neutrino-quark coupling. Considerable
experimental effort has been expended in the measurement of these
fundamental parameters of the Standard Model. These measurements
range from the very small Q% region of the atomic physics experiments
to the CERN SPS Collider experiments which have actually produced the
weak bosons themselves. ' |

Recent high statistics measurements of deep inelastic
neutrino-nucleon scattering at the CERN SPS have pushed the

experimental errors to new low values.!2 Our own measurement in E-594

has used tight kinematic cuts to reduce the Kez and charged current

background in the neutral current data sample.? (See Appendix D). The

present world’'s data is in general agreement with a unique value of

sin29w within the Q2 dependent renormalization corrections. S0 why

measure these parameters again?

A measurement of sinzew at the Tevatron will extend the tested

energy range of the Standard Model by a factor of 2, and the systematic

errors will be reduced by a factor of 2. All of the machinery of the

Standard Model has to be assumed in extracting sinzew in deep-inelastic

neutrino-nucleon scattering. Thus the measurement is a sensitive

integral test of the Model.
Certain possible deviations of the Standard Model can be considered.
For example, if there were a heavy quark species which coupled

preferentially to the weak neutral current there would be a deviation of

sin2ew from prediction as the threshold for the new quark flavor is
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encountered. This could make sin26w depend on Q2, the incident neutring

enerqy, or the recoil hadron energy. The extended energy range of the

Tevatron will allow a search for such possibilities.

The most statistically potent values of sin?6,, and p come from the

analyses of the ratios R, and Ry in deep-inelastic neutrino-nucleon

scattering data. However, in the present world's data there are
significant theoretical corrections that have to be applied which arise

from the limited range of the incident neutrino energy. These

determinations of sin?6y, and p come from neutrino experiments

performed in narrow band neutrino beams. The pre-Tevatron data are
therefore limited to energies of about 75 GeV for the pion band events
and 150 GeV for the kaon events. Given the nature of the narrow band
beam technique, most of the data is in the pion band.

The kaon band data can be used to increase the energy range of the
experiment, but neutral current events in that kinematic region suffer

from a rather large (20%) background of electron neutrino charged

current events. The electron neutrinos come from K,z decays.

Therefore one is forced to use the pion band for the most part. At

this low incident average neutrino energy the magnitude of the charged

current cross section is dependent on: (1) How the charmed quark:

threshold suppression is calculated, and (2) The magnitude of the strange

sea. Should the mass of the charmed quark be m. = 1.5 GeV/c2? Should "

it evolve with Q2?7 The specific choice of the charmed quark mass

significantly affects the value of sin%e,.

To see why charmed quark production is important in the extraction

of sin%w, we will now consider some aspects of heavy quark production

in deep inelastic scattering. The kinematics of heavy quark production
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nas peen worked out by Barnett!3, and Kaplin and Martin.'® The definition

of variabies is illustrated below.

—Xm  E
1‘ 4 |
§p. P

Heavy Quark FProguction
Since the mass of the heavy quark is given by: m2 = p2 = (q+ &p )2, the

scaling variable which accounts for the quark mass m can be expressed

as: & = x+ m2/(2MDEUg), where E;, is the incident neutrino energy, My is

the nucleon mass, and U:(Eh‘mp)/Eu- The heavy quark production

threshold requires & < 1 resulting in the x and y regions being confined

to the region: :
X <1 - m2/(2MDEU) and y > m2/[2MDEU(1—x)]. (13)

These limits suppress the component of the cross section which
corresponds to the production of the heavy quark flavor of mass m. In
our calculations below we will assume that the heavy flavor is charm.
Bottom quark production should be strongly suppressed by kinematic

factors and K-M matrix terms.
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The charged current c¢ross section including the strange sea and
charmed quark production is expressed by using this modified scaling
variable & for the quark components which involve the heavy quark

production. For neutrino scattering off an isoscalar target:
do/dxdy = (G2MGEy/T0) { [xu *xd + (T + x@)(1-Y)?|Uyq |2
+2x8 |Uyg |2+ (\T +XT)(1-4)2 | Uyg | 2
+2%xc(1-9)2([Uge |2 + |Uge| D) (14)
+(Eu +£d) |Ugq| A 1-y+xy/E)e(1-8)
+285 | Ueg | 21-y+xy/8)e(1-8)
where the terms U4 etc. are the K-M matrix terms. A similar

expression pertains to the antineutrino-nucieon scattering.

The charged current deep inelastic scattering cross section given
above will be smaller than the naive quark-parton cross section by the
inequality:

(xu +xd)|Uyg|? + €U +Ed) | Uge| 2(1-yrxy/2)e(1-E) < (xu +xd). (15)
These complications are coﬁf ined to the (anti)neutrino charged current
scattering. No such kinematic suppression is expected in the neutral
current cross section since the neutral weak current is flavor diagonal

and there are no mass thresholds to overcome.

To estimate the sensitivity of sin2ew to the charmed quark
threshold we note that the NC/CC ratio R, decreases with increasing M

sin?9yy Dby roughly the amount dR,/dsin?e\, > -0.7. Taking the CDHS
determination’ for the magnitude of the strange sea 2s/( T +d) = 0.52 +
0.09, we find that the ratio R, changes by about 3% for the pion band
data, where k., ® 75 GeV, making a 5% increase in sin2ew.

The charm quark production energy threshold becomes a smaller



effect with increasing incident neutrino energy. With the narrow band

beam at the Tevatron, the ambiguity in sin2ew becomes roughly one half

of its value in the present world's data set. The uncertainties associated
with the strange quark sea and the neutral current - charged current
event separation also become smaller. Figures 13 and 14 show the
diminishing systematic error associated with the magnitude of the
strange sea and the charmed quark production threshold, respectively.
One might expect that QCD effects will become important at the
higher Q2 values of the Tevatron. These effects arise from the slightly
different couplings of the neutral current to the valence and the sea
quarks compared to the corresponding couplings of the charged current
interaction. Since the sea quarks and the valence quarks evolve

differently with Q2 there can in principle be a Q2 dependent correction

to sin?6y,. However the estimate of this effect using the Duke and

Owens QCD parameterization!® indicates that it is quite small.

Therefore, the Tevatron narrow band beam will in principle enable
sinzew to be measured with greater precision than before.

The comparison of the theoretical and experimental uncertainties in
the determination of sin26w in E-594 with E-6438 is shown in the

following Table. The E-594 experiment had an average neutrino energy of
about 75 GeV which is typical of all narrow band pre-Tevatron

experiments.
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Table IV

Estimated Errors in the sin6,y Determination

Error source E-594 E-649
NC/CC separation +4.2% +2%
muon track elimination 2% 1%
2s/(U + @) =0.5£2 +0.4% +0.13%
QCD A = 200 +200 -100 Mev/c +0.1% +0.1%
charm quark mass 2% +1.2%

me=1.520.4 GaV/c?

we see that the total error in sin29W is reduced by a factor of 2 in

E-649 relative to E-594. The higher energy has the benefit of reducing
both the experimental and the theoretical uncertainties.

To estimate the statistical and systematic uncertainties in the

determination of sin?6\y and p in E-649 we have performed a Monte Carlo

simulation of the experiment with the expected number of accepted

events given in Table [l above. Using an input value of sin29w=0.246 in
the Monte Carlo we find by using both the neutrino and the antineutrino
data in only the 7y and Ty regions that sin29w=0.25110.011i0.006
(tstatistical :systematic) for the single parameter fit and
sinzew=0.246t0‘03110.008 and p=0.994:0.02:0.013 for the 1two

parameter fit. IT there were no antineutrino beam exposure we would not

be able to determine p, but our single parameter sin?@, errors would



be the same. By including the K regions and correcting for the Kgz

background in the NC events, we reduce the statistical error on sin2ew

to 0.008 for the single parameter fit and 0.023 for the double parameter
fit.

The statistical errors are comparable to or lower than what we
achieved in E-594 and the systematic errors are reduced by 1/2. For
comparison we note that the CDHS collaboration quotes #0.004 for the
statistical error of their latest narrow band beam data and a
systematic error of +0.003. It would be hard to match their statistical
error by running at the Tevatron. But it is important to observe that
their systematic error is on corrections which can be as large as 20%
(for the NC-CC event separation) at an incident neutrino energy where
the charm quark mass threshold is a large effect. The E-649
measurement would extend the tested energy range of the Standard Model
by a factor of two and will be in an energy range where the systematic

errors are in principle smaller.
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(V1) The Neutral Current Structure Functions
(1) General:
The weak neutral current provides a method of investigating the
nucleon structure which does not involve quark-flavor transitions. Most

of the determinations of the Z0-quark coupling in neutrino physics have

been through integral tests of the theory. The measurement of sin29w is

such a test. These experiments probe the overall strength of the neutral
current coupling, but do not measure the detailed structure of the
neutral current interaction.

The measurement of the y-dependence of the neutral current
interaction determines the integral of the quark x-distributions and
therefore the overall strength of the left-handed to the right-handed
coupling terms. But again this differential test does not approach the
details of the actual Z0-quark interaction. That level of experimentation
can only be done by the measurement of the x-dependence of the neutral
current structure functions themselves. |

Only the CHARM collaboration at CERN'? and our effort E-594' have
published high statistics results on the nucleon structure using the 20 as

a probe. Since the details of the neutral current neutrino-quark coupling

become visible in this type of experiment, the data will be useful in

extending our understanding of the structure of the nucleon.

Certain questions can be addressed: (1) Is there some neutral

component of the nucleon that the neutral current preferentially couples
to? (2) Does the scaled momentum distribution probed by the neutral
current agree with the predictions from the charged current data? It is
interesting to continue these tests with higher statistics and at higher

energies. This is one of the major physics goals of E-649.
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(2) The Ratio Test:
To directly compare the x distributions of the neutral current with

the charged current interaction we compute the ratio:

Ry(x) = [INDC/dxI/IaN/dx] = oo #N->0#X)/G (0 sN->p+X)  (16)
This will reduce our sensitivity to possible systematic errors associated
with hadron energy and angle scale errors. By explicitly expressing the

the couplings u; ,etc. in terms of sinzew the ratio Ry (x) above is:
Ry(x) = 1/2 - sinZe, + (20/27) sin20y
+ (40/81) sinte,, xqx)/( xq(x) + xq(x)/3 ) (17
Re(x) = 1/2 - sin?0y, + (20/9) sin?6y
- (40/27) sin%(x) xq(x)/( xq(x}/S + xq(%) )

Thus we expect that the neutral current/charged current ratio should be
approximately flat except possibly at small x where the xq(x) term
could be important. The antineutrino ratio should be more sensitive to
this term than the neutrino ratio. The presence of the sea term will
make the antineutrino ratio increase slightly as one increases x from x =
0, whereas the effect on the neutrino ratio is to make a slight decrease
in going from low x to high x. |

© An estimate of the magnitude of this effect at Q2 = 11 (GeV/c)?

for E-394 indicates that the neutrino ratic decreases by only about 1%,

whereas the antineutrino ratio increases by 8%. Resolution smearing and
finite statistics make the effect less obvious. The higher Q2 range of
E-649 should increase the effect and make this low x-dependence of the
ratios an interesting feature to search for.

In E-594 we measured the NC/CC ratios given above. (see Appendix
E). The results are shown in Figures 15a and 15b. We note that the ratios

appear to be roughly flat within the expectation of the Standard Model.
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we conclude that at the mean Q2 = 11 (GeV/¢)? of our E-594 data the
xalx) remainder term in the ratio is relatively small.

To quantify the difference between the neutral current and the
charged current x distributions, we performed two different fits. In Fit1
we assumed that the valence distributions for both the neutral current
and the charged current had the form:

” xV(x) = Ax'/2(1-x)B (18)
and the nonstrange sea quark distributions by the form:
2xq(%) = C(1-%)7. (19)
The strange sea was assumed to be 0.52 xu(x). InFit2 we changed the
assumed form of the valence distribution to:
XV(X) = 3T(oct B+ 1)/T(IT(B* 1)xX(1-x)8. (20)
The line through the data in Figure 15 is the result of both Fits1 and 2

for the neutral current structure functions xFz(x) and xq(x). The details

are given in Table Il of App endix E.

E-649 will carry these ratio comparisons to a higher incident
neutrino energy and Q2 region. Figure 16 shows what we expect the
ratios to look tike in E-649. For simplicity no QCD evolution effects
were included in the simulation. The results of a Monte Carlo simulation
with the expected statistics given in Table Il is shown below. For the
charged current structure function parameters we have assumed that

A=3.28, x=1/2, B=3, and C=1.0.
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Table V

Neutral Current Structure Function Fits

300 A 2.47+.43 2.80+.75 2.90+.33
500 B 2.45+.28 2.84+.48 2.74x.19
-300 C 1.13%.19 1.19+.26 1.01£.13
300 A 2.26+.67 2.26+.64 2.50+.54
500 2.32+.43 2.38t.44 2.52+.33

1.26+.39 1.29+.,45 1.24+.30
300 x 0.38:.07 0.58+.10 0.44+.05
500 B 2.24+.37 3.59t.55 2.60£.29

No Tits were performed for the cases left blank.

The 71y region alone has a statistical error comparable to E-594.

The fits using all three kinematic regions have a statistical error of

about 1/2 of our earlier experiement. We note that the antineutrino

exposure helps reduce the overall error. The fits using only the neutrino
data have errors which are =1.7 times larger than those using both the
neutrino and antineutrino data.

In E-594 the systematic error of the fils was calculated to be
roughly the same as the statistical error. The corresponding systematic

error in E-649 will be roughly 1/2 of the E-594 value primarily due to
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the diminishing errors in the neutral current/charged current event
separation. Thus the systematic error should track the increased

statistical power of E-649.

(3) Unfolding the Neutral Current Structure Functions:

The effect of the resolution in the measured variables Eh and O

which are used to reconstruct the neutral current kinematics is to
smear the reconstructed Bjorken scaling variable x. To see this
resolution smearing we plot in Figure 17 the true value of X and the
experimentally reconstructed value of x. A resolution tail at high x is

quite evident. The x-resolution depends on several variables but it has

the rough value of ¢, = x. With such a large smearing it is important to

consider the bin-to-bin correlations in the _x-distribution.

The resolution smearing and accebtance corrections can be
represented by a smearing matrix A, j which transforms the exact x
distribution X] into the observed distribution b;. The transformation is
given by:

bj = 2A ] (21)

The smearing matrix A can be calculated by Monte Carlo methods,

using the detector resolutions as input without requirihg any a priori'

assumptions of the shape of the true distibution xj. The true x.

distribution can be obtained by inverting the matrix A by the following

equation:

xi = 2A 1) (22)
as long as the matrix A can be inverted. However the solution gives large
correlations in the errors of the components of x; which mask the true

resolving power of the experiment.
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[t is therefore more instructive'® to examine the X2 function
defined by:
X2 =3 (]/O’iz)(bi - ZAinj)z (23)
By this definition, the solution x; which produces the minimum at X2 =0

is the same as that obtained by solving the inversion equation given

above. But in a more general sense, we have determined the x; which

gives the minimum in X2 , and we now have the ability to look at

variations of %2 about the minimum.

The x; which gives the minimum in X2 is the solution to the

equation 9X2/dx, = 0. Thus:

Z( ZAiink/diZ) Xj = ZbiAik/diz (24)
By defining the matrices:

Hik = 2 AjjAiK/ 0
R = 2 bjAy/0? (25)

we see that the x; are solutions to the equation:
2 Hjxj = R (26)

The matrix ij contains the information about the variation of X2

about the minimum. The multidimensional surface representing a unit of

increase of X2 is an ellipsoid centered about the minimum. The principal

axes of this ellipsoid are in the direction of the eigenvectors of H with

lengths proportional to the eigenvalues.

The solution x; which minimizes the %2 function can be expanded as

a series in the eigenvectors of H. In this orthogonal basis, the errors in

the coefficients are uncorrelated. The solution Xi can then be

constructed as a sum of uncorrelated components, each with a specific
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contribution to the ¥2. The eigenvectors with the largest eigenvalues
have the largest statistical significance and will make the largest
contribution to the ¥2. The eigenvectors with the smallest eigenvalues
represent the high frequency structure, which after resolution smearing,
tend to contribute little to the observed x distribution.

The resolution of the detector provides a cutoff in the expansion of
significant eigenvectors, where we find that the higher frequency
components represent the unresolvable structure in the true distribution.
The point of truncation can be determined by Monte Carlo simulation.

The truncated eigenvector expansion is a visual display of the
unfolded distribution. The full summation is the exact solution to the
complete unfolding problem. Therefore, any fits to the unfolded
distribution must use the complete series.

We have applied this method to both-the E-594 data (in progress)

and to the E-649 simulation. We give our result in terms of the cross

section integrated over y by the structure functions F, , where F, is
defined by the following:

do/dx = (Gf2l"|/27f) Fi(x). (27)
Note that the neutral current structure functions FtnC contain the

coupling constant terms. See Equation S.

The preliminary deconvoluted x-distributions'd (not normalized) for

E-594 are shown in Figure 18. These plots represent about 1/3 of the

neutrino data and all of the antineutrino data.

The deconvoluted E-649 Monte Carlo simulation is given in Figure
19. In this figure the expansion of the eigenvectors has been truncated
at the point where additional terms contribute a neglectable amount to
the %2 of the fit. The line in the figure represents the exact structure

functions used in the Monte Carlo simulation.
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we have also fit the unfolded structure functions F:,_(x) of the

simulation above in terms of the valence and sea parameterizations. In
these fits the full expansion was used. The results are: « = 0.50+0.057,
B =3.16£0.33, and C = 1.03 + 0.10. These errors are comparable to those
given in Table V of the ratio test described above.

The method has been carried further to actually deconvolute the
neutral current valence and sea distributions as well as Fy and xFz. The
results of the Monte Carlo study are shown in Figure 20. We see that

these separate distributions can actually be resolved. The errors

represent the sum of the statistical and the deconvolution errors.
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(VI1) Exotics

(1) General Remarks:

Often discoveries are made when small discrepancies are observed
in a physics setting where there is a "good” understanding. The Standard
Model is mature and thus there are many well defined predictions to test
with the data. In this section we consider the possibility of detecting
heavy neutral leptons and exotic hadronic states. These objects may be
produced in a high energy deep inelastic neutrino-nucleon scattering. The
narrow band technique will enable certain kinematic constraints to be
imposed which will enhance the detection of such objects and increase

the possibility of understanding them.

(2) Heavy Neutral Lepton Search:
In certain extensions of the Standard Model there may exist heawy

neutral leptons.2® These objects may be produced in a neutral-current
deep inelastic neutrino-nucleon scattering if there is a sufficiently large

mixing between the ordinary neutrino and the heawy one. The production

threshold EDth will be given by:
Epth = my + m 2/2M (28)
where m; is the heavy neutral lepton mass, and M is the nucleon mass.
In the narrow band beam at the Tevatron, the maximum energy in the
center of mass is v's ® 30 GeV,and thus quite massive objects mg <J/s

in principle can be produced.
[f the heavy lepton is, point-like, it will have an excitation curve

relative to deep inelastic scattering which will go roughly as E(s) =

(s—mLQ)/ S.
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For a certain range of masses and lifetimes it will be possible to
observe the heavy lepton in our calorimeter. We would see the decay of
the object as a shower located downsiream of the primary vertex of the
interaction. This shower could be electromagnetic, or hadronic. The
decay could also be into muons.

The fine granularity of our detector will allow the decay products
of the heavy lepton to be observed down to rather low energies which we
estimate to be on the order of 2 to 3 GeV. Furthermore, the construction
of the detector permits hadronic showers to be easily distinguished from
electromagnetic showers. Therefore some of the details of the decay
would be accessible.

The phase space available for the heavy neutral l‘epton search is
controlled by the length of the calorimeter, and the average length of the
recoil hadron shower. Our detector is about 20 meters long, and the
average shower length is about 480 cm. Therefore laboratory lifetimes
in the range of 25 to 50 nsec can be observed.

To study the electromagnetic decay signature of the heavy lepton,
we have performed a Monte Carlo simulation. In this calculation, the
heavy lepton of some chosen mass has been allowed to decay into an
electromagnetic shower at some distance from the primary
neutrino-nucleon interaction vertex determined by the dilated lifetime. A

typical Monte Carlo event is shown in Figure 21. We note that the

downstream electromagnetic shower points back to the primary vertex.

and is easily visible.

As a first pass estimate, the detection efficiency as a function of
mass and lifetime was determined by scanning these Monte Carlo events.
Other mass-lifetime combinations were scaled from the original Monte
Carlo curve. The results are shown in Figure 22. We see that the
detection efficiency is never more than about 55%. This efficiency is

determined by both the random location of the primary interaction vertex
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and the finite length of the recoil shower.

The sensitivity of the heawy lepton search can also be estimated by
using bremsstrahiung showers along the outgoing muon track in ordinary
deep inelastic charged current events. By removing the muon track but
retaining the electromagnetic shower, the electromagnetic decay
signature is simulated. Figure 23 shows a typical bremsstrahlung event.

On the basis of the Monte Carlo simulation of the experiment we
estimate that for a total of 5700 deep inelastic neutral current
scattering events, the S0% confidence upper limit for the
non-observation of such objects corresponds to a probability of < 6.5
107", The kinematic region in mass-lifetime which would be excluded
can be estimated from Figure 22.

If we were to be so lucky to see a statistically significant signal,

the ratio of m | /T could be determined by the data. The energy of the

scattered lepton is fixed by the hadronic shower energy and the energy

of .the incident neutrino (to within the K-1t band ambiguity) by: E| =

Ey(r) + M - B, Therefore the measured length distribution of the

downstream vertex can be scaled by the computed outgoing lepton energy

to give a curve characteristic of the mass and lifetime of the object:

dN/(ELdy\) = NO exp(-)\(mL/'cO C)) (29)

where A = L/E| is the scaled length. Background vertices coming from

neutral hadrons boiling off the primary hadronic shower will not give a
universal slope in A. Thus the A distribution could help in discriminating
against background events.

The muonic decays of a heavy lepton can also be detected. Figure 24
shows a candidate event with a very low hadronic energy and two muons
coming from the primary vertex which could be a heavy lepton event.

The data of E-649 will be scanned for strange topologies. The hard




energy spectrum and kinematic constraints of the narrow band beamn

make it a good place to search for heavy neutral leptons.

(2) Exotic Hadronic States:

It has been suggested that the nucleon contains intrinsic heawy
quark states.” These states have been postulated to account for the
same-sign dilepton puzzle in neutrino scattering and the large
diffractive production of charmed hadrons at large longitudinal
momentum in high enegy proton-nucleon scattering and pion-nucleon
scattering.

The same-sign dimuon signal has been observed by several
experiments and has been found to be quite small, < 1074 of the ordinary
charged current events. At this level there would be only a few of these
events in the narrow band beam exposure. But there is the possibility of
observing the hypothetical intrinsic heavy quark states in another mode.

In the narrow band beam the mass of the hadronic recoil system can
be calculated for both charged current and neutral current events. The

mass W of the system is given in terms of the observables by:
We = M2 + 2M(E -M(1 - x) (30)

A hadronic resonance would appear as a perturbation in the otherwise
smooth W2 distribution. However, the x resolution smearing, especially
in the neutral current analysis, will make the mass resolution rather
poor. A better chance of observing some anomaly occurs if one assumes
that the x distribution of the exotic hadronic state is peaked near x = 0.

Thus solving the equation for the recoil energy we fing:
Ep = M+ (W2 - M2)/(2M(1-x)) (31)
Therefore the hadronic energy distribution will develop a step

corresponding to the threshold of the production of the new hadron state.

Since the detection of the step involves the measuring of only the
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hadronic energy En, the resolution of the effect should De better than

actually trying to measure W.

Because of their large masses, the heavy quark states will carry a
large fraction of the nucleon's momentum.” Using the slow rescaling
phenomenology given above but assuming that & is peaked near 1, (x can
still be near 0), we can simulate the perturbation of the hadronic energy
spectrum corresponding to the production of some hypothetical object.
The recoil hadronic energy spectrum for the excitation of a mass = 3
GeV/c? state is shown in Figure 25. We expect that the width of the
energy spectrum distortion will grow as the incident neutrino energy
increases, but the lower edge will remain fixed.

The recoil hadronic energy spectrum in deep inelastic scattering is
determined by the y-distribution and the incident neutrino spectrum and
therefore should be known. Small corrections of the event-type confusion
have to be made, but they should be easy to control given various Monte
Carlo studies and self consistency checks of the data.

A search of this kind is more difficult in the wide band beam
because the neutral current - charged current event separation is more
uncertain. The control over the incident neutrino energy spectrum is lost
in a broad band beam s0 that the excitation curve of the object can not
be studied. '
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(Vi) Requests
Beam:

(1) To perform this experiment we need at least Sx1017 pots with the
narrow band train transporting positive secondaries for neutrino running,
and Sx10'7 pots with negative secondaries for antineutrino running.
Since the neutrino beam is a tertiary beam, there is considerable
benefit in operating the accelerator at the highest available energy. Even
though the event rates are low in the narrow band beam, we wduld like
the beam to be delivered in a multi-ping mode to keep our deadtime to a
minimum. A rate of 4 to 6 pings evenly distributed over the 20 second
flat top is ideal.

(2) A hadron calibration beam of variable energy from 20 GeV to
400 Gev operational during the neutrino déta taking will enable us to

continuously calibrate the detector under various conditions.

Technical Support:

(1) we would like to have technical support for the beam monitoring
system. This includes the design and construction of the new Cerenkov

counter and the reinstallment of the narrow band beam monitoring

system. We would like to collaborate with the Laboratory on this

important aspect of the narrow band beam program.

Since the Cerenkov counter is large and complex it would be wise

to build and test it before the narrow band data run. If the construction
of the device is started now (March 1986), it could be installed in the
the decay pipe and tested during the next running period using the
protons that are transported to the Nwest area.

(2) Continued technical support is needed for the design and
installation of the new magnetostrictive magnetizing circuit. This

system will enhance the operation of the‘f lash chambers.
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Online Computer Upgrade:

we would like to install a MicroVaxZ computer to augment our
PDP-11 online computing capability. The new system would be dedicated

to monitoring the narrow band beam operation.
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Figure Captions:

Figure 1a: Feynman diagram for the charged current interaction.
Figure 1b: Diagram for the neutral-current interaction.

Figure 2: The energy-versus-radius correlation for the three setting
of the narrow band beam in E-649.

Figure 3: The neutrino and antineutrino event rates as a function of
the narrow band beam train setting. The rates are for a
100 ton calorimeter at Lab C.

Figure 4a: The incident neutrino energy spectrum for accepted
charged current events. The two beam settings
are indicated as well as the combined distribution.

Figure 4b: The corresponding antineutrino energy spectrum.
Figure 5a: The hadron energy spectrum 1 or the three beam settings.
Figure Sb: The Q2 distribution for the three settings.

Figure 68: A schematic representation of the three kinematic
regions used in the neutral current analysis.

Figure 7 The detection efficiency as a function of EJi for charged

current events for a typical E-594 setting compared
with a typical E-6549 setting. The efficiency as a
function of E M appears to be independent of the beam

setting. Monte Carlo simulations were used for this
estimate.

Figure 8: The misidentification probability for neutral current
as a function of hadron energy. Calibration data was
used in this estimate.

Figure 9: The deep inelastic scattering kinematics in terms of the
observables of neutral current events for an incident
neutrino energy of 150 GeV. Typical resolutions of &y,

and Eh are shown.




Figure 10: The effect of the vector boson propagator and the QCD
evolution of the structure functions on the linearity
of the total charged current cross section.

Figure 11: The effect of the a heavy quark flavor of 10 GeV/c?
produced as the charmed quark of the strange sea. The
same KM mixing terms which are operational in charmed
quark production were used.

Figure 12: Schematic diagram of the beam monitoring system used
in the 1982 narrow band beam run.

Figure 13: The systematic error in the determination of sin26w
arising from the ambiguity in the strange sea.

Figure 14: The systematic error in sinZGW from the ambiguity in the
charmed quark mass.

Figure 15a: The ratio of the charged current cross section over the
neutral current cross section as a function x measured
in E-594.

Figure 15b: The corresponding antineutrino ratio.

Figure 162 The simulated E-649 ratio for all of the neutrino data.

Figure 16b: The corresponding antineutrino ratio.

Figure 17:  The unsmeared x-distribution is compared with the
smeared distribution from the E-649 Monte Carlo

simulation.

Figure 18a: The preliminary deconvoluted E-594 F, (x) structure
function for both charge currents and neutral currents.

Figure 18b: The corresponding antineutrino function F_(x).

Figure 19:  The results of the eigenvector expansion of the
deconvolution of the E-649 Monte Carlo. The line
represents the input x-dependence.
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Figure 20:

Figure 21:

Figure 22:

Figure 23:

Figure 24

Figure 25

The deconvoluted valence and sea distributions in . 44
E-649. Also shown are the structure functions
F2 and Xk . The errors represent the statistical and

unfolding errors of the deconvolution procedure.

A typical Monte Carlo event for the production of

a heavy neutral lepton. The downstream electro-
magnetic shower is clearly visible. The Monte

Carlo was actually performed for the E-5S84 conditions
but the detection efficiency should not be very
sensitive to the incident neutrino energy.

The detection efficiency for a heavy neutral lepton
for several fixed masses as a function of life time.
The results were obtained from a scan of Monte
Carlo events.

A typical bremsstrahlung shower after the muon has
been removed. These events can be used to simulate
the heavy lepton events.

A dimuon event with very little hadronic energy. This
is the signature for a heavy neutral lepton decaying
into a neutrino and 2 muons.

The hadron energy spectrum for a 9 GeV/c? ob ject
produced with a & distribution near 1. .
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AP?ENDIX A: THE NCI DICHROMATIC BEAM TESTS

INTRODUCTION

The new dichromatic tr'ain1 was designed to meet a variety

of goals:

1. Reach secondary beam momenta up to 750 GeV (xF=3/M).

2. Dump the non-interacting fraction of the primary
proton beam cleanly in external dumps at all secondary
momenta.

3. Reduce the wide-band background component of the beam
as much as possible (better or at least as well as the
old beam).

4y, Obtain an energy resolution dE/E approximately 10% at
all secondary momenta for radii up to one meter in the
neutrino detectors.

5. Obtain the highest flux of secondaries possible while
keeping the momentum bite of the beam at approximately
10%.

6. Contain the physical size (both longitudinal and

transverse dimensions) of the beam layout in order to
minimize costs.

As iIn &ll design efforts, some parameters must be.
optimized at the expense of others. The NCI design was chosen
to emphasize increased flux as the most important of the above
list, since, even with large mass detectors, the event rates
are limited to a few events per pulse. (See Figure A-1, which

gives event rates at 1 TeV, as a function of secondary momentum




selected.) As a consequence, wide-band background rejection
and energy resolution at the detectors are not optimum, but are

still within the design goals.

A conceptual layout of the NCI dichromatic beam is shown
in Figure A-2. All magnets wused in the beam have large
apertures (6-3-120 dipoles, and 4-Q-120 and 8-Q-32 quédrupoles)

in order to obtain the maximum possible flux.

The beam bends in both the horizontal and vertical planes
in order to minimize wide band background; the secondaries only
point toward the neutrino detectors when momentum and sign

selection are complete.

The first bend after the target (8.67 mr) and the 1length
of drift spaces determine the maximum momentum acceptance of
the train, which is about 15%. This parameter was chosen to
maximize flux, while still maintaining reasonable energy
resolution at the neutrino detectors. The production spectrum
at higher secondary momenta reduces the momentum bite of the
beam to about 8% at 600 GeV.

Beam defining liner's2 are - installed in the first two
dipoles after thé target. These liners, along with the two
collimators shown iIn the figure, are used to remove off~aiis

particles which contribute to the divergence of the beam. It



is important to minimize the beam divergence 1in order ¢to
provide good energy resolution at the neutrino detectors, and
to insure that secondary particle fractions can be measured for

a flux determination, using Cerenkov counter techniques.

A large engineering effort went into the design and
construction of two 70 ton dump modules3, to contain the
non-interacting fraction of the primary proton beam. These
dumps had to Dbe large enough to prevent ground water
activation, and to protect workers who may "have to work on

near-by equipment; but also had tolbe transportable, since

other neutrino beams may be installed in the target hall.

The NCI dichromatic train was assembled in 1983, and
installed in Enclosure NW1 for the first 800 GeV run of the
Tevatron, in order to get a first look at the properties‘of the
trainu. For most of this run, the train was used to provided a
passive transport for the primary beam to the NWest test beam
production target. Some 60 hours were scheduled for
dichromatic tests in order to measure the momentum bite and the
angular divergence of the train. Accelerator performance and-
other equipment failures allowed only a fraction of this test
time to be obtained. The results of those measurements are

detailed in the following sections.




Figure A-3 shows an overall layout of the equipment used
for the tests. Intensity information was obtained from a SEM5
placed in the primary proton beam upstream of the target, and
from a large ion chamber6 placed downstream of the train in the
secondary beam. Primary beam shape and position were monitored
with SWICs (segmented wire ion <chambers) located at the
entrance to the target hall (2 mm wire spacing) and Jjust in
front of the target (1/4 mm wire spacing). The secondary beam
had two SWICs, both located about 1000 feet from the target.
These were used in the angular divergence measurement. One
SWIC had variable wire spacing7 (6 mm in the center and 10 mm

8

near the edges). The other SWIC~ had 0.240 inch copper etched

strips separated by O0.040 inch gaps (approximately 7 mm

9 used in the

sampling). A differential Cerenkov counter
momentum bite determination was at the same z location. Data
from all these monitors as well as the currents of all the pre-
and post-target magnets were recorded on magnetic tape after

each spill.

MOMENTUM BITE MEASUREMENT

Figure A-4 shows a layout of the Cerenkov counter used in
this measurement. This counter was constructed to operate in
the previous generafion dichromatic neutrino beam. Because of

the high instantaneous rate of secondary beam particles (about



1013 /sec in a 1 msec fast spill), the signal output from the
phototube was integrated over the spill time, thus providing a
relative measure of beam particle composition. Although these
tests used 20 second slow spill and utilized 100 times fewer
protons on target/pulse than during previous neutrino data
taking, the phototube output was still integrated over the

entire spill.

Radiated Cerenkov light follows the optical path shown in
Figure A-4. The parabolic mirror M1 has a 305 cm focal length.
Located about 5 cm beyond this focal plane is a rotatable disk,
labelled 'iris', with a selection of apertures, allowing light
of selected angular range to reach the phototube. Annular
rings which subtended angular ranges of 0.7-1.0 mr and 1.7—2.0
mr (used in these measurements) as well as a variety of
circular penetrations are available. As the pressure of the
radiator 1s increased, the phototube sees Cerenkov 1light from
pions, then kaons and finally protons. The Cerenkov phototube
output at each pressure point is then normalized to the
secondary beam flux as measured by the ion chamber. The
particle fractionsiare obtained from the relative area under

each peak of the response curve as a function of pressure.

Also shown in the figure is a shutter which can be closed
so that light produced in the main body of the counter can not

reach the phototube. One then has a measure of béckground




light produced outside the radiator, but seen by the phototube.
Shutter closed points were taken at a few randomly selected
pressures for each momentum. This background is measured to be
independent of pressure and has been subtracted from the data

to be shown.

One can approximate the Cerenkov relation as:

902 = 2KP -(m/p)? ,

where 60 is the angle of Cerenkov light, K is the gas constant
per unit pressure, P is the pressure of the radiator (here, He
gas), and m and p are the mass and momeﬁtum of the radiating
particle, respectively. Because of the presence of the second
term on the right hand side of the above equation, for a beanm
of finite momentum bife, ;he larger the mass of the particle,
the broader the Cerenkov response. Thus, by measuring the
width of the proton peak as a function of pressure, one obtains

a measurement of the momentum bite of the beam.

Data were taken at secondary momenta of 200, 400, 500 and
600 GeV, in order to investigate the effects of particle -
production on the momentum bite. These data are shown in
Figure A-5. It should be emphasized that this counter was
designed to operate in a lower energy range, and thus is unable
to resoclve pions from kaons above secondary momenta of

approximately 250 GeV.




The results of the momentum bite determination10 are given

in Table A-I, along with the Monte Carlo prediction, as a
function of secondary momentum. Errors quoted for the momentum
bite are determined by <chosing the minimum chi-squared from
successive fits as the Monte Carlo input momentum bite was
distorted in 2% stéps from 96% to 104%. At all secondary

momenta, the data are within 2% of the prediction.

It should be noted that an absolute pressure calibration
(and thus an absolute momentum determination) was not
available. The true pressure was obtained by scaling the

measured pressure from the following formula:

P (P + (0.9 +/- 1.4))%(0.880 +/- 0.017) torr

true ~ meas

This is the best average fit to all U4 data sets.

OTHER TESTS USING THE CERENKOV COUNTER

It was found empirically during previous neutrino running
with thisterénkbv counter that small adjustments (about 5 cm)
to the iris z position relative to the focal plane of the main
mirror resulted in improved pion-kaon separation. The reason
for this is that the small but finite secondary beam divergence
makes it appear as 1if the beam is originating from a point
source in the vicinity of the production target. By the thin

lens formula, then,




1/f = 1/s + 1/1
where f is the focal 1length of the mirror, s is the source
distance, and i is the image distance. Since the source point
of" this +train is at a distance which is large compared to the
focal length of the mirror, the sharpest image does not appear

precisely at the focal plane, but slightly beyond this point.

Because only a limited amount of time was available for
these measurements, the z position of the iris was not adjusted
to optimize pion-kaon separation. The NCI beam has a different
effective source point than the previous train, and so the iris
was not located at the optimum position.' Indeed, the counter
had been moved several times before this measurement, so that
it was decided to fit the 1iris location by minimizing
chi-squared to each of the fits at all secondary momenta. The
final value which gave‘the best overall agreement was Ziris =
303.5 +/- 0.5 cm.

Alignment of the counter relative to the beam c¢can also
affect the width of +the pion peak, and thus the pion-kaon
'.separation. When time permitted, we did zslign the counter with
the secondary beam by setting the pressure so that the pion
light ring was slightly bigger than the iris aperture, and then
adjusting both the x and y alignment of the counter to minimize

the phototube output.




Since these tests were parasitic, the SWICs 1in the
secondary beam were centered on the line pointing toward the
NWest production target, about 0.5 mr off from the 1line
pointing toward the neutrino detectors. It was decided to
.conduct the measurements with the seqondary beam also pointed
toward the NWest target, in order to avoid lengthy accesses to
move the SWICs. For some of the data, not enough time was
available ¢to both align the counter and take a pressure curve,
so the counter was aligned parasitically to the 800 GeV primary
beam running to the NWest target, and this approximate
alignment was used for the pressure curve. Subsequent checks
showed that although pion-kaon separation was not optimum, the

momentum bite determination was not affected.

As mentioned previously, because of the finite angular
divergence of the beam, it appears to originate from a point
source near the production target. Because of the specific
optical design of this train, the location of the apparent
source point of the horizontal plane 1is at a different =z
pqsition from that of the vertical plane.

T that a third quadrupole located at

It has been suggested
the end of the train could be used to reduce the qifference in
the z positions of these apparent source points, and thus give
an improved pion-kaon separation. - Monte Carlo calculation

showed this to be true, giving about a 17% improvement in the
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effective beam divergence as seen by the Cerenkov counter, with
only a 2% degradation in the energy resolution of the neutrino

beam at the detectors (see Figure A-6).

Measurements taken with this quad at the theoretical value
were indistinguishable from those taken with the quad off. The
finite 1length of the counter (which causes diffraction
%)

broadening non-optimized 1iris position and approximate

alignment could all have contributed to a null result. This

measurement should be re-done with the new Cerenkov counter-12

before data taking begins.

Particle fractions determined from these data are given in
Table A-II, along with predictions from a particle production
model13. Only the proton fractions and, at lower momenta, the
pion fractions should be taken sériously. Even so, the

agreement with prediction is remarkable.

ANGULAR DIVERGENCE MEASUREMENT

Figure A-7 illustrates why it is important to have small
angular divergence 1in a dichromatic beam. For low secondary
momenta, the divergence of the beam is a small contributor to
the neutrino energy resoclution at the detectors compared to the

momentum bite of the beam. For momenta in excess of U400 GeV or
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so, the beam‘divergence plays an increasingly important part in
this energy resolution. In fact, for 600 GeV secondaries, a
0.2 mr divergence produces an unacceptably large resolution at
large detector radii, even for a beam with no momentum spread.
In addition, 1if one wuses a Cerenkov counter to determine
particle fractions in the beam for a flux determination, small

angular divergence is crucial for pion-kaon separation.

As part of the initial set of tests of the new dichromatic
train, it was thus appropriate to measure the angular
divergence of the beanm. The techniqug used 1is graphically
shown 1in Figure A-8. A (16 inch x 16 inch) 10 foot long steel

14 with a 1/2 inch square hole running down its axis

collimator
was placed in the pa;h of the secondary beam just before the
final set of Dbending magnets. The collimator was aligned
parallel to the trajectory of the central ray. The size of the
beam at this point was approximately 6 inches high by 3 inches
wide, primarily determined by upstream magnet apertures. This
collimator (czlled the Hole Collimator) wazs swept across the
beam horizontally in 1/4 inch steps and vertically in 1/2 inch
steps, sampling small segments of the beam phase space at each-
position. (Originally it was also planned to utilize 1/4 inch

steps vertically, but time did not permit +this fine a grid

search.)
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Located about 825 feet downstream from the Hole Collimator
in the Expansion Port were two SWICs, where beam profiles from
each individual grid point were recorded, along with primary
and secondary beam intensities. Because of inherent design
features in the SWIC readout system, 5 scans in time were taken
across the spill. Figure A-9 shows these scans for one of the
SWICS on a collimator out spill. Scans 2-4 were subsequently
combined for this analysis. Because the distance between the
Hole Collimator and the SWICs was so large, one can effectively
think of each grid point as a point source of particles, and
thus the spatial distributions measured by the SWICs can be
tranformed into horizontal and vertical angular distributions
of rays from each sampled region of the beam. The individual
angular distributions, weighted by the intensity in the
secondary beam for each point, can then be combined to give a
measure of the total angular divergence of the béam. This
technique has been used in the past15 to measure the angular

divergence of a previous dichromatic beamn.

Several problems complicated this measurement:

1. Monte Carlo study has shown that the angular divergence of
the secondary beam is a strong function of the proton beam spot
size on target. Figure A-10 shows that this effect is much
stronger for a large horizontal extent of the beam than it 1is

for a large vertical extent. Indeed, for horizontal beam sizes
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above 1 mm (half width at the base), the divergence rises
linearly with beam size. Unfortunately for these measurements,
the pre-target optics were constrained by the slow spill test
beam program, and the spot size on target was limited to
approximately 3 mm H x 1.5 mm V, (see Figure A-11). Subsequent
to taking this data, the switchyard optics have been re-done.
With this new optics, a horizontal spot size of less than 1 mm
can be achieved. Because of this inherent problem, final
results for the angular divergence of the beam can not be
stated, as they are so strongly coupled to the horizontal beam
spot size. Instead results will be presented comparing the
data to a Monte Carlo which also had a comparable proton beam

spot size.

2. As had been mentioned previously, these data were taken
with the secondary beam pointed toward the NWest production
target. The bend needed to steer the beam this direction
introduced an additional small angular divergence to the beam.
This effect was 1iIncluded in the Monte Carlo calculations for

purposes of comparison.

3. Because of the large mass of the Hole Collimator, several '
support mechanisms were attempted before one was found which
allowed the collimator to retain the same spatial alignment
over its entire field of travel. The final modification was
made in situ, and was such that the bottom 1/2 inch of the bean

phase space could not be measured. This will be corrected for
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future studies. In addition, the final support system was
installed near the end of the run, when accelerator failures
were increasing due to lead problems in the super-conducting
magnets. These time constraints, along with proton economic

constraints, limited data taking to one 8-hour scan.

§, It was discovered prior to the Hole Collimator scan that
the stepping motor control circuitry for positioning the
collimator was strongly temperature dependent, and thus led to
a day-night difference in actual movement for a fixed number of
input steps (see Figure A-12). Since it was important to
sample the beam phase space uniformly, a C-BASIC program was
written which operated on the EPICS control system and used the
position read-back to correct for this temperature dependence.
This technique worked extremely well. For future studies,
however, the control electronics should be modified to correct

this complication.

5. Probably the most serious problem encountered which
compromises analysis of these data is the lack of redundancy in

beam ~monitors. Part way through the scan, electronics

associated with the ion chamber (the secondary beam intensity -

monitor) failed in such a way that the outputs for both the
signal and for an off-spill pedestal varied by several times
the typical signal 1level (see Figure A-13). Since these
fluctuations were so large, only approximate point ¢to point

normalization 1is possible. This anomaly is evident in about
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1/3 of the data taken. At the time, the variation in beam
intensity was attributed to mis-steering of the primary beam,
as no other monitors were available for cross-check. Time ran
out before the affected part of the scan could be repeated once
the electronics had again stabilized. In addition, the 6 mm
SWIC located 1in the Expansion Port did not give reliable
profiles (many missing wires) at the low intensities
encountered during the scan. Thus, this analysis is done

solely with the 7 mm strip SWIC.

6. Proton economics also contributed to the complexity of this
analysis. Initial calculations showed ‘that about 5 1012
protons per pulse were the minimum needed for the scan. Most

12 protons per pulse.

of the data were taken at about 2 10
Figure A-14 shows the signal to noise inherent in the data for
a point near the edge of the beam phase space, where the
intensity is quite 1low relative to the center of the beam.
More protons would have enhanced the signal to noise, however,
low 1intensity points such as this one may never be analyzable.
It should be noted that in addition ¢to a beam-off pedestal
pattern made by averaging over all beam~0off pulses in the.
course of the scan, a flat background was subtracted from each
SWIC display before comparing the data to Monte Carlo
prediction. For asymmetric profiles, this will introduce av

bias in the tails of the distributions. Probably more

sophisticated background methods can also be developed 1in
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future, utilizing a different background level for each side of

the peak.

7. The Hole Collimator was not located at the end of the train
where the beam is most parallel, in order to utilize the B-dl
provided by the  final set of dipoles to sweep away any
off-momentum particles created by scraping in the collimator.
At this intermediate 1location, the beam still has some
divergence, so that not all of the particles which enter the
upstream of the collimator aperture are transmitted through to
the end. Unless one is able to use a grid whose steps are
smaller than the hole size, one obtains an under-estimate of
the beam divergence. Time constraints did not permit 1/4 inch
sampling in the vertical direction. To compensate for this,
the Monte Carlo calculations included a cut on the positions of
the rays at the downstreém end of the collimator in order to
simulate this effect. In future, more points can be taken, or

a shorter collimator (of Tungsten) can be used.

For purposes of presentation, the data were divided into 9
roughly equally populated regions in x and y. Figure A-15
shows this division. A representative 1individual point from
gach of the 9 regions is shown ip Figure A-16 (a-i), along with
the Monte Carlo predictions for a 1 mm and a 3 mm horizontal
proton beam spot size on target. As can clearly be seen in the

figures, the 3 mm spot more <closely approximates the data.
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Also evident 1is the increase in the beam divergence, in both

the horizontal and vertical planes, for the larger spot size.

Because of the problems inherent in background
subtraction, a measure of the width of each curve should
provide a more meaningful comparison between the data and the
Monte Carlo prediction than the tails of these distributions.
For each grid point, both the data and the corresponding Monte
Carlo distributions were fit with a gaussian. The ratio of the

sigmas of these two fits provided the figure of comparison.

Table A-III shows this ratio averaged over each of the
nine regions for both the vertical and horizontal planes. The
data and the prediction are seen to agree within about 10% for
the horizontal plane, and within about 35% for the vertical
plane, with the horizontal pPlane data being slightly smaller
than the prediction, and the vertical plane data being larger
than the prediection. Figure A-17 shows a sum over all 9
regions of these ratios, both unweighted, and with each'grid

point weighted by its intensity as seen by the ion chamber.

It is possible that a quadrupole had been incorrectly set
during the scan. A subsequent study of the magnetic field in
one of the 4-Q-120 quadrupoles from the train showed that the B
vs I response of the quad was within 2% of the theoretical

value. It was discovered, however, that the transducer used to
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measure the current in the quad had a non-linear response for
small currents compared to a precision shunt which gave a
linear response with input setting (see Figure A-18). An
incorrect current in this quadrupole of up to 10% can not be
ruled out. Indeed, a Monte Carlo run with a 3 mm horizontal
spot and 7.5% less current than design gave slightly Dbetter
agreement with the data (see Figure A-19). The readouts for
all power supplies on the train will be modified for the next

run to better measure the actual current.

SUMMARY

The initial tests of the NCI dichromatic train showed that
the momentum bite was within 2% of design. Though the data is
by no means definitive, the particle fractions measured at 800
GeV are reasonably close to those predicted from ﬁOO GeV data.
A first look at the angular divergence of the beam showed it to
be within 10% of design in the horizontal plane and about 35%
greater than design in the vertical plane. Several problems

were discovered which will be corrected before the next run.
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TABLE A-T.

Momentum Bite Measurement

Train Momentum Measured Momentum Bite Predicted Value
GeV 4 %
200 14,1 +/- 0.3 13.8
400 11.1 +/- 0.3 11.4
500 10.4 +/- 0.3 10.2
600 8.9 +/- 0.3 8.7
TABLE A-II.

Particle Fractions (pion:kaon:proton)

Train Momentum Measured Fractions Predicted Values
Gev % %
200 58.6 : 5.7 : 35.7 57.9 : 6.6 : 35.5
400 20.2 : 1.6 : 78.5 19.5 : 3.1 : 77.4
500 7.8 : 1.0 : 91.2 8.1 : 1.6 : 90.4
600 2-1 . 0-6 97-2 2.8 : 007 . 96-4
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for the Angular Divergence of the Beam

EAST

1.30
1.43
1.31

EAST

1.27
1.03
0.99

VERTICAL

CENTER
1.34

1.53
1.43

HORIZONTAL

CENTER

1.11
1.09
0.99

 WEST

0.80
1.28
1.13

WEST

1.09
0. 81
0.80
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Figure Captions

Figgre A-1: Neutrino event rates (cec + nc) per hundred tons per
10 protons in a detector of 1.35 m radius located at Lab C.
Rates are shown for pion and kaon (+/-) parents as a function
of parent momentum for 1 TeV on target.

Figure A-2: Layout of the NCI dichromatic train, vertical and
horizontal projections. The third quad located at the end of
the train, used in some of the Cerenkov counter tests, 1is not
shown.

Figure A-3: Layout of the Neutrino area from NW! to the end of
the decay pipe, showing the location of the NCI dichromatic
frain and various monitors used in the test.

Figure A-Y4: Schematic of the Cerenkov counter used in the
tests.

Figure A-5: Various pressure curves taken during the tests, for
200, 400, 500 and 600 GeV secondaries. The 200 and 400 GeV
curves were taken with the 2 mr iris, while the 500 and 600 GeV
curves used the 1 mr iris.

Figure A-6: Effects on the actual secondary beam divergence and
the effective divergence as seen by a Cerenkov counter placed
at two different z locations, as a function of field in a third
quadrupole located at the end of the train.

Figure A-7: Energy resolution versus radius at the detectors of
neutrinos from kaon decay as a function of secondary beam
divergence and momentum bite, for secondary momenta of 400 and
600 GeV. :

Figure A-8: Schematic of the Hole Collimator measurement,
showing the 10 foot <collimator with the 1/2 1inch square
aperture used to select small segments of the beam phase space,
the ion chamber used to measure secondary beam intensity, and
the strip SWIC 1located at the Expansion Port where beam
profiles were accumulated as a function of collimator position.

Figure A4-9: Five separate SWIC scans during one accelerator
spill from the strip SWIC, showing the entire beam profile.
(Hole Collimator out data ).

Figure A-10: Secondary beam divergence as a function of spot
size on target shown separately for increasing horizontal (H)
and vertical (V) size.
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Figure A-11: Proton beam spot size on target for these tests,
as recorded by a 1/4 mm SWIC located 0.5 feet in front of the
target. Note the 2 hot wires on the vertical display and the

missing wires in both the horizontal and vertical displays.

Figure A-12: Variation in the Hole Collimator motion for a
fixed step size as a function of time, showing the temperature
dependence of the positioning electronics.

- Figure A-13: Variation of the pedestal signal from the 1ion
chamber as a function of time. Plotted for reference is the
Hole Collimator horizontal position, indicating about 4 of the
12 scans were .affected.

Figure A-14: Vertical and horizontal SWIC pictures and the
corresponding Monte Carlo predictions for a low intensity point
during the Hole Collimator scan.

Figure A-15: The division of grid points taken during the Hole
Collimator scan into 9 aggregate regions.

Figure A-16 (a-i): Vertical and horizontal SWIC pictures
selected at random from each of the nine regions. Also
included are Monte Carlo predictions for the corresponding Hole
Collimator positions, showing separately the predictions for a
1 mm horizontal and a 3 mm horizontal proton beam spot size on
target. Note the hot wires at the right side of some of the
vertical traces. This affected about 2/3 of the data, and was
subtracted for the analysis.

Figure A-17: Histograms of the ratios of sigmas of fits to data
divided by sigmas of fits to the 3 mm Monte Carlo cut ¢to
simulate the same Hole Collimator position, summed over all
collimator positions, for vertical and horizontal data,
separately. Data are entered unweighted (left graphs) or
weighted by the secondary beam intensity observed for each
point (right graphs).

Figure,A~18: Nonlinearity in the current readout as a function-
of current for one of the train quadrupoles. )

Figure A-19: Ratios of sigmas of fits to data / fits to a 3 mm
Monte Carlo which also has one of the train quadrupoles set to
7.5% 1less current than design: vertical and horizontal,
unweighted and weighted by beam intensity. The high tail on
the vertical histograms arises mainly from the bottom sections
of the scan.
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Figure A-16 a.
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Figure A-16 b.
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Appendix B:
The Apparatus and Calibration Data
(1) Ihe Apparatus:

The construction and some of the operating characteristics of the
Lab C calorimeter are described in the attached IEEE article. Since that
article was written there has been a significant upgrade of the detector
for the Tevatron-era experiments. The charge-division readout of the
toroid spectromenter has been upgraded to a drift system. Furthermore,
drift planes have been installed in the rear of the calorimeter to give a
good angle definition for the muon track as it enters the toroid system.
The spatial resolution of the drift system is about Zmm. This will
provide a muon momentum resolution of 10 to 15% over the momentum
range of E-649S.

The magnetizing system for the flash chamber magnetostrictive
readout system will be upgraded to operate after every event. This
should improve the uniformity of the detector and the reliability of its
operation.

Another upgrade will be to construct a new double plane front veto
counter. By operating the planes in coincidence, the accidental veto rate
from the beam associated soft background (from neutrons?) will be
reduced.

(2) calibration Data:

During 1984 and 1985 the calorimeter was recalibrated up to 400
GeV. The energy response of the flash chambers is shown in Figure B1
and the corresponding plot for the proportional tube calorimeter is given
in B2. We see that the flash chambers are linear (after the statistical
enhancement technique has been applied) up to about » 200 GeV. Above

that enerqgy there is a 5% nonlinearity up to 400 GeV.




The preliminary energy resolutions are shown in Figures B3 and B4
for the flash chamber system and the proportional chamber system,
respectively. The angle resolution using the flash chambers is shown in
BS.

In general we find that the new calibration data agree with our
earlier results. Work is continuing on both hardware and software
impovements which will enhance our energy and angle resolutions. For
example, we are combining the flash chamber and the proportional
chamber calorimetry information. This will help to compensate for the
nonlinear response of the flash chamber calorimeter and should improve

the resolutions at high enerqy.
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and 37 roportional chambers with an actlive
area of 12'x12"'. Planes of sand and steel
shot are interleaved with the flash chambers
and proportional chambers to provide a fine
gratn sampling of recoil shovwers. The nass
of the detector is 340 tons. The calibration
of the instrument for electrons and hadrons
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Introduction

To study neutripo-finduced weak neutral
current interaction it is necessary to bave a

massive neutrino detector capable of
‘measuring both the energy and the direction
of the reaction products. A pattern
recognition capability of the showers
resulting from the primary neutrino
interaction is alsc a useful design
consideration, and allows the study of rare
processes. To realize these latter

capabilities, the neutrino detector must be
fins grained. In this paper we describe such
a fine grained detactor which we have built
at Fermilabd. The detector 13 based on

oclypopylene flash chambers and proportional
gubs chambers. These devices allow a very
high degree of segmentation in both the data
as well as selaectivity to rare processes in
the trigger. The experience we have obtalned
in 1long period operation of the detector {n
quadrupole triplet and single horn neutrino
beans and the results of a calibration of the
detector for electrons hadrons and muons
will be descridbed in th{s paper.

The Detector-General Description

The rflash chamber - progort onal tube
calorigeter i3 60 feet long (18.3m) and has a
12'x12* (3.66mx3.66e) cross section and a
mass of approximately 340 metric tona. The
flash chambers are used ¢to determine the
pattern of the neutriro reaction products
Lhereby furnlshln% an fdentification of the
event type as well a3 determining the energ

and angle of energy flow. The propor:iona{
tubs chambers are used to trigger the flaah
ahambers and to provide another measuranent
of the energy of the shower. The layout of
the detector {s shown in Figure 1.

Th flash chambers are arranged 15 tgrse
Yieys ?x.{ u) with cells which run 0Y, o,
100 rela {va to the

respactively. Each flash

horizontal plane
chaaber plane i1
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Fig. 1: Layout of the detector.

between a sanéd filled plastic
plane and a steel shot plane. The
electronically.
have been

sanduiched
extrusion
flash chambers are read out
The detalls of this system
described carlier ..

The proportional tudbe pilanes are located
every 16 rflash chamber planes (one module) in
an alternating horizontal -~ vertical pattern.
Each module welighs approximately 9 tons.

tube chambers are

amplifier for every U
separation of t ineh
high level of segoentation

ives pzltern  recognition a4t the trigger
level a3 well a4 analog information on the
onergy deposition of the shower profile.

Yhis arrangement of flash - chambers -
proportional tube chambers - sand and steel
shot has an average radiatiod length of 12 cm
sampled _every 22% X by the flash chamber and

The proportional
instrumented with an
wirea with a wire
(2.54 ¢ca). This

every 3.5 X_ by “the roportional tube
chambers. fhe, average agaorptxon length {a

3 ca (116 g/ca®) and is saopled every 11X by
the flash chanbhers and every 50%¢ by the
proportional tube chambers. “The average
density IR 1.8 g/cnm and the average Z i3
approxfiaately 213, This properity of low
denaity “and low Z s faportant in achleving
good cnergy flow oeasurenments for hadron
showsara.

Nownatrean of Lhe
?rowort{nnnl Lube
iron toroid Qzuon

flash chamber. -
chamber calorimeter {23 an
spectrometer, Thia




apectrometer is 1instrumented
plane proportional tube chambers
described in detail elsevhers
conference.

In addition to
chambers there are
saintillation counters.
upstream end of the detector to act as a
cglrged particle veto, one plane is
downstream of the muon spgctrometor, and one
plane is laced every 0 flash chamber

lanes. hey are used to provide . an
Yndependent muon trigfar of the calorinmeter
for dignoatic and monltoring purposes.

The pattern recognitlon capabilities of
the detector are evident in Flgure 2, which
shows an online display of a high energy
neutrino intaraction taken during the spring
7981 enginecring run: Shown are the 3 views
of flash chamber planes (x,u,y on the
display). Each dot drawn on the display
represents a Struck cell in the calorimeter.
The total number of struck cella is shoun as

the quantity HITSUB, which is 1036 in this
event. {There are roughly 400,000 cells 1in
the calorimeter. Since the total number of
hit cells is proportional to the ener;y of
the shower, we estimate the energy of this
avent to bes -"25 GeV.

is
this

and
in

the proportional tube
12'x12' 1liquid

One plane 1s at the

METIO
., teow

2: Typical high energy charged current
neutrino interaction. The high
degree of segmentation of the data is
evident.

Fig.

Also shown in Figure 2 are the pulse
heights of the proportional tube planes which
provided the trggger of this event. These
heights appear as bar graphs along the

¥UI3° horizontal

dgs of the picture for the

gyara:dsvertical %V) plane orientation. The

lateral profile of energ{ deposition of the
150 GeV shower i3 evident.

The toroids are shown at the right of
Pigure 2. The "+" signs indicate the track
of the muon through the spectrometer in the
horizontally (bottom) and vertically (top)
oriented proportional planes.

We have operated the calorimeter for two
running periods. The first period was
880 during which time 180 tons
of the detector were instrumented. Data were
taken during this running period on neutrineo
{nteractions in the quad-triplet beam and the
responae of the detector was measured to a
test beam consisting of electrons, muons, and
hadrons. The second running geriod was
January to May 1981, during which time 240
tons of the detector were instrumented. The
detector was exgosed to a single horn wide
band neutrino eam. Various selective
triggers were developed during this period
and gata were accumulated on deep 1inelastic
neutrino scattering as well as varlous rars
processes.

1)

ma jor
April to June 1

Operation of the Flash Chamber
The flash

the
1)
pulsing

chamber system of
calorimeter has three major components:
the gas system, 2) the hi%h voltage
system, and 3) the readout system.

wiiﬂu doubi;.

1) Operation of flash chamber gas system

The gas mixture and the gas urity
affect the efficiency, reignition probability

and the sensitive time characteristics of the
flash chambers. Owing to the diffusiocn of
the gassea through the (0.5omm thick)
polypropylene walls of the flash chambers,
and  the long tern outgassing of the
polypropylene it 13 necessary to change
gas in ‘the flash chambers at a rate
approximately one .chamber volume/hour.
gas 1s recirculated and purified bx a
sleve gas purificgtion systeam, which
purify up to 5.U4x10" liters/hour.

the flash
a standard

The 1initial operation of
chambers was carried out 'with

Ne-He (90%-10%) mixture. (Under long term
operation conditions this %as mixture changes
to 96% Ne, 4% He by the diffusion of He gas
out of the system. This mixture gave a good
HV plateau with good efficiency versus delax
characteristic; and was used during the 198

run. . However, the refignition probabiligit

that 1is the robability that a given
cell in ggehflas chamber will refire, was
fn

rather (6 to 8%), and gave rise to an
after-imag g of the previocus eveant, even
with a time between events of 10 seconds.
Considerable
invested in
probability.

a) By
at

experimentation was
reducing this reignition
& Lwo phase solution was found:

amount of
-0.2% of the
meta-stable
of Ne were de-excited by the
The exact amount of Ar was
the chamber performance, and by
the practical coastraint that too much Ar
would rapidl{ contaminate the cold sieve of
the gas purification systes. The addition of

introducing a  small
argon the concentration of
Ne-He gas content the long lived
excite states

Penning effect.
determinsed b

the Ar gas makes the lasma discharge.
strongsr a a given hig voltage and
therefore allows the high voltage operating

point to be lowered. Measuremsents have shown
that the reignition probability is unaffected
b{ the additlion of Ar at a- iven HV, but
since the Ar allows the operating point to bhe
lowered a reduction in - the reignition
probability is achieved.

b) A small amount of electronegative gas
was 1introduced: into the Ne-He-Ar mixture.
This was accomplished by passing roughly 1/3
of the recirculating gas back nto the
chambers without going through purification
by the gas system. The electronegative gases
were the 0, N, and H,0 which naturallg
contaminate® the® flash ghamber gas throug
diffusion an outgasing. The
electronegativity was controled by monitoring
the 0,, N and H,0 content with a gas
chromagogra h. TheTgas mixture returning to
the flash chambers was 96%Ne, He, 0.17%
Art 0-’0; Hao and 0;0”; 02 and Nz-

The flash chamber characteristics for
various as mixtures are shown in Figure 3.
It §s evident fros this Figure that the
reignition probabilit{ 1s not reduced at a
fixed high voltage by the addition of the Ar
gas alone, but by the lowering of the high
voltage operating point allowed by the 1lower
HY characteristics of the Ne-He-Ar mixture
and by the addition of small 1levels o
eléctronegative gases, the retgnition
5robability {s reduced from 6 to 8% to to

2 at a 10 second repetetion rate. The
efficiency remains the same under this
condition. The addition of too much Ar or
too much electronegative gas degrades the
uniformity of the single umuon efficienc
across the 12' sensitive area of the flas
chambers.

Other gas mixtures usinf a different
ratio of Ne to He were investigated. It was
found that the flash chambers work well for a

mixture of Ne and 70% He with roughly
0.17% Ar. This gas mixture is less expensive
than the 90% e-10% He, but the gas losses

from He diffusion are reater, making Tas
replacement larger. ore experimentation
usling this gas mixture is planned.

The various chamber characteristics were

measured throughout the run, and were found
to be reasonably stable. The chamber
efficiency was slightly affected by the




for every add nal g/m
surrounding air. This small variat
controlled by air conditioning.
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characteristics for various gas
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2) Operation of the HV System

Each flash chamber 1is e?uipped with a

forming network (pfan} (see Figure 4)
which generates a high voltaﬁe pulse of
roughlg 60 nsec rise time, 4.5 kV ma$nitude,
and 500 nsec duration. The pfn's are
triggered roughly 700 nsec after the event.
In order to malntain consisteney 1in the HV
pulse quantlt{, a computer based monitoring
system was designed.

The a

pulae

stem measures the total charge in
each of he high voltage pulses applled to
the chambers, checks the front—ed%e timing,
and verifies that no spurious pulsing takes
place between triggers.
The system, shown in Figure 5a, has a
capacity of mnmonitoring channels and
consista of 8 special crates of electronics
controlled by an LSI 11-23 based computer
system. Each of the crates holds a crate
controller wmodule and five data modules.
Each data module contains the electronics to

monitor 16 pulsers as well as an 8 bit serial
shift register readout aystem shown in
Figure Sb, The 1nputs to the data modules

coms from a monitor output coanector on each
high voltage pulser via RG-174 coaxial cable
which are derived from the high voltage pulse
through a 100 to 1 resistor voltage divider.
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voltage pulsers, shown

Figure &, upon receiving a
trigger; switch the charge stored in their
capacitors 98 nF) across the chambers. The
gu se monitor system then a) checks whether
he front edges arrive in proper synchronism
with the trigger, b) determines whether there
is spurious puising, and c¢) measures the
total charge in each pulse.
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a) The front edge arrival
considered satisfactory ir
amplitude exceeds a preset comparator evel
by the time a signal derived from the trigger
arrives at the crate controller. A channel
Wwith a bad front edge i3 flagged by setting a
bit in a storage refister for later readout,
The comparator level for all 80 channels in a

time is
the ulse




ad justing a ten-turn

crate is. set
controller module.

1
potentiometer on he

b) To
(runaway)
module contains two

spuriously firing
each 16 channel data
61t "run-on" counters.
The 4input to each of these 1s the logical
"OR" of 8 adjacent . monitor channels. This
arrangement results in the run-on counters
containing a count of 1 if the pulsers have
worked pro?erly. In the event of a spurious
discharge o any of the 8 opulasers being
monitored, the count in the run-~on counter is
increased by 1. Thuae a runaway pulser can
o)

check for
spark gags

easily by located a grouf of eight fram
where it can be spotted visually.

¢) To measure the total charge in the
high voltage pulse, the monitor signal for
each channel 1s integrated with a resistor
capacitor combination and - then disitized
using an 8 bit analog - to - digital igital
convertar (ADC). The detalls of this
circuitry are shown in Figure 5. A single 40

pin integrated circuit contains the necessar
analog multiplexer and ADC to aervice a 1
channel module. The voltage across the 16
integrating capacitors are digitized in
succession with each conversion taking about
100 wusec. The cagacitors are allowed to
discharge during his process with a time
constant of 50 msec, a rate that insures
complets discharge by the time the next pulse
arrives (> 10 sec). No dispersion in the
measured pulsse-heights 1s introduced by the
capacitor discharge since the digitization of
the chargs is always done at the same time
relative £o the monitor pulse.

The information from the three —~ pulse -
analysis section in a data module 1s read
into the computer bg a single shift register
bit serial data path linking all the modules.
The progras used and
displa is an RT-11 version of MULTI® with
specia data handlers to accomodate our
hardware configuration. Purther detalls of
this readout aystex be ° found n
reference”.

3) Opération of Flash chamber Readout Systen

for data acquisitiog

can

The flash chambers are electronically
.read out using a magnetostrictive system.
There are 1216 magnetostrictive amplifiers
and a corresponding number of
discriminator-comparator circuilts. Proper
operation of this system 1is maintained by
assuring that the magnetostrictive wire
magnatization remains constant. This is
achieved by automatically pulsing a
solenoidal magnet wrapped around each
magnetostrictive wand every 200 flash chamber
pulssas. The locations of the fiducial
markers on the magnetostrictive outputs are
monitored and are found to be stable to
within ~2 mm (1 digitizing clock count) over
long periods. This readout system, once set:
up and tuned, requires very little

maintenance.
Calibration of the Calorimeter

The ensrgy and angle resolutions of the
calorimeter were determined by measuring the
response to beams of known properties. The
calibration beam contained electrons, muons
or hadrons with electrons identified by a
Cerenkov counter. The energy range of the
calibration data was 5 to 125 GeV.

1) Electrons

The angle resolution of electron showers
shown 1in Figure ba. The electron shower
angle was computed by a weighted least
squares method wusing the flash chamber hit
cell information. The weights in the fit
were determined by the average showver
characteristics and the statistics associated
with the hit cells.

is

Yy resolution i3 shown
in Pilgure - The electron energy has been
computad by counting the number of hit cells
in the shower. We have compensated for the
saturation effect caused by more than one
particle going through a given <cell by
estimating the actual number of articles
glven through each cut from the local density
of hit cells. This compensation makes the
enargy response of the detector nearly linear
and {mproves the energy resolution.

The elggtron ener

<o) ELECTRONS ¢} . HADRONS
5 Anquiar Resolution 601~  Anguiar Resoldtion
CE‘ . ¢ Electrons 5
mrod 4 Muong
‘°~
’.
-8 of $ .
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0
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ENERGY .

’

projected resolution of

showers and wmuon tLracks
A fit to the electron
is o(6_.)= (3.5+53/E)
The efectron energy
¢) The projected hadron
shower angle resolution. A fit to
the data is 0(8,)= (6+6%0/E) mrad..
d) The hadronic eRergy resolution.

6: ‘The

a)
electron
versus energy.

Fig.

resolution
mrad. . b
resolution,

2)  Muons

The muon angle resclution 4is shown in
Figure 6a. The muon angles were computed by
a least squares procedure with a welghting
along the track length determined by multiple
scattering. The observed resclution 1is in
close agreement with the 1limit set b
multiple “scattering and the finite flas
chamber cell size (0.577 cm). The nuon
momentum resolution has not yet been measured

but is estimated to be Ap/p = 15%.
3) Hadrons

The hadron shower angle resoclution is
shown in Figure 6c. This i3 computed in the
same way as the electron shower, angle
resolution but with different weights
determined by the much larger fluctuations,
The quoted resolutions are the average
r.a.3. resolutions of the x and of the y%u
views:

The hadron shower energy resolution is
shown in Figure 6d. The hit cell saturation

effect was compensated for as in the electron
shower case, This made the energy response
of the calorimeter linear and improved the
energy resolution by almost a factor of 2 at
high energies, The calorimeter energy
response 0 electrons and hadrons as well as
the saturation - corrected response 13 shown
in Figure 7.

The electron ener%y
resolutions are roughly what was predicted by
a small test calorimeter. The hadron energy
and angle resolutions are somewhat degraded
from the test calorimeter prediction because
of an overly optimtatic compensation of the
shower noncontalnment effects {in the test
calorimeter.

and angle
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Dperation of Proportlonaitube Chambers

The proportional tube
extruded
Each cell has a 50 m
ganged four

system Was operated at

wire

to a gas
used
gas 903

consists

amplifiers.

were

calibration

The pedesgals were monitored

-an

The temperature and barametric gressure
u

tutes

hours
10%.

influences
were monitored in the ca

chambers 12'x12'
planes with 1"x1" cells.
gold-plated tungsten
each amplifier. The
1650 v corresponding
gain of approximately 3000. he gas

aluminun
to

n these chambers is the standard "P- gn

Ar - 10% methane.
of roughly 5,300
The galns
monitored
data of

The entire s¥stem
wires and »300
of the proportional
by taking source
the end of everz spill.
every to &

were found to be stable to within

on the progortional tube gains

ibration cycle.

Event Triggering and Electronics

Minimizing

detactor

consideration in the

Further,

with many interactions occur
requires real-time
capabilities.
usin
to satisfy these requ

spill

aysten

The

the response time of the
to neutrino-induced events is a key
design of a trigger.
to triiger the detector

ng in a iven
attern recegnition
In this section we describe a
the progortional tubes designed
rements.

in order

funadamental constraint on a

roportional tube based trigger system is the

luctuations in the time response due to
different

articles.

luctuations
simple and
(and
satisfaction of the

level™

allowing

the
of different through

. reduced thess
to a miniamunm

by emplog;ng a

fast pre=trigger. The ™higher
slower) loglic then follows the
pre-trigger requirement
signal development without

times
We ' have

drift

for

introducing further significant delays.

Each of the 36 amplifier channels

roportional
g differential analog output

ast,
The

in Figure 8.
plane distrim

res
These d

each
with

combined
loglic

trigger electronics are

signals

in a
lane is capable of generating a

n ulse (F%).
lock-diagrammed
Fast Eroceasing electronics on
nates these 36 FO signals

ect to a programmed threshold.
seriminated FO signals are then

to generate the several analog and
used in an event trigger. A

brief description of each follows:

1.

Sumout (Zi):

This si%nal i{s the linear sum of the
undiscrininated individual FO
signals from plane i making a salngle
analog output pulse for each plane.

CALORIMETER TRIGGERING _SYSTEM
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Analog Multiplicity (AM;):
This 1s an analog a§3n31 with
pulse height equaling a constant (
mV) times the number of FO above t
diseriminator threshold of 20 mV
planc i.

Single (S;):
This output
all diascriminated

The single plane
single nmuon at the 20
threshold is 80%.

Fat Showver Veto (FSVi):
This output is a
generated when the
pattern width in plans i 4is
determined to have exceeded a
programmed width (a multiple of ir
segments).

a
60
he
in

13 the logical "OR™ of
FO in plane 1.

efficiency for a
mV operating

logic pulse
onization

The pre—trifger requirement (M) demands thnat
the I, signals of any two or more planes be
above™ a ‘common threshold of 50 mV which is
slightly below the minimum ionizing particle
pulse height. :

The simplest
enployed in an event trigger was the
requirement that the total  pulse height
summed from all proportional planes (LL) be
above some predetermined threshold 1level.
This is essentially a requirement of a
minimum energg deposition. The level was
chosen by e requirements of the physics
reaction of interest and the requirement of
minimizing the additional dea time from
cosmic rays and . spurious caincidence
triggers. These false trig%ers contributed
about 8% and 2% respectively to the low-bias
trigger with XI = 750 aV.

This unique, versatile triggering system
allows the exploitation ofgstrisgerztime
gattern recognition required for minimal dead

ime in rare-reaction searches. - :

Summary

The flash chamber-proportional
calorimeter has been calibrated,
data ‘'in an engineering run, and has ‘remained
stable for Jlong periods of time. Various
improvements in the operating characteristics
have been made. Additional data will be
taken with the full 608 flash chambers - 37

second level criterion

tube
has taken

proportional +tube chambers in operation in a
narrow band neutrino beam during 1982.
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Appendix C

Design of the Cerenkov Counter

(CI) General Considerations:

To calculate the neutrino flux from the narrow band beam, it is
necessary to measure the particle fractions in the momentum analyzed
secondary beam. It is proposed that this be done by a Cerenkov counter.
This technique has been used successfully in the narrow band beam at
the 400 GeV machine. However the extension of this method to the
energies of the Tevatron is a significant extrapolation and therefore
deserves considerable study. In this Appendix we examine some of the
design characteristics of a Tevatron Cerenkov counter. Other preliminary
design studies have been performed on this subjeét‘ and we find that we
are essentially in agreement with them.

Since we want to operate the narrow band train in the S00 GeV
energy range, the separation of pions from kaons involves distinguishing
differences in particle velocities which are very small. The difference

in the pion and kaon velocities is given by the following:
AB =By - B ® (M2 - m2)/2p2 = 45x1077  (C1)
This is the major consideration in the design of the counter,

Neglecting the diffractive broadening effects for a moment, the

Cerenkov light is emitted at a characteristic angle:
cos 6. = 1/8 n (€2)
which is conveniently written in the small angle limit as:
6c = [ 2(n-1) - m2/p2 172 (C3)
Since the meaurement of 8 is accomplished through the measurement of
O, the maximum dependenée of 6. on the particle mass m occurs at low

refractive indices near the Cerenkov threshold. The dependence of the




Cerenkov angle on the particle mass m is given by:
~ —m/n2
d8./dm = -m/p?e.. (C4)
This requires the counter to be operated at smatl Cerenkov angles which
decreases the amount of light emitted and increases the sensitivity to

beam angle divergence. Studies indicate that the Cerenkov angle 6.

should be less than 0.3 mrads to get sufficient discrimination of pions

from kaons. At 500 GeV/c, 6. < 0.3 mrads gives 3 times better

discrimination than 0.3mrads < ¢ < 0.6 mrads.

A further complication arises from the diffractive effect in the

angle pattern of the emitted Cerenkov light2. This effect tends to

broaden the characteristic angle 6.. The emission of Cerenkov light is a

coherent process where the wavelets are added over the entire length of
the radiator resulting in a characteristic diffraction pattern. The
controlling parameter in this addition is the ratio of the wavelength of
the emitted Cerenkov light A to the length of the radiator L. Even for
visible light where X = 500 nm and for a Cerenkov counter measuring
meters, this diffraction effect is important.

The number of Cerenkov photons emitted per wave length A at an

angle © is given by:
d?N/drdcose = 27te(L/A)? [sin(x)/x]? sine/A (C9)

where x = TL/A[1/8n - cos © ]. In the small angle approximation the
variable x is given by x = mL/A [ m2/2p2 - ¢ + 62/2 ], where ¢ = n-1,
Thus the width of the Cerenkov angle peak will be given by the

following:

DBpeak * V2A/L6 . (c6)



Hence operating at small GC makes further demands on the length

requirement of the counter.

Figures Cla and CIb show the diffraction pattern for a 1.5m long
counter and a 20 m long counter operated at 500 GeV at a constant
pressure of S0 mm of Hg helium gas. Note the difference in the angle
scales. It is appearent that the 1.5m long counter has a very wide
pattern of Cerenkov light making it of limited use in separating pions
from kaons.

Operating the counter at such low Cerenkov angles requires that the
refractive index of the gas radiator be carefully controlled. For example
to separate pions and kaons at 500 GeV to an accuracy of 1/10 of the

difference in velocities, the refractive index of the gas radiator has to
be set to an accuraég of* An/n = (1/10)( B - By )/8 = 4.5%x1078. To

estimate the pressure steps this corresponds to we note that the
refractive index of the gas radiator is dependent on the gas density by
the following relation: ,

(N2 -1)/(n? + 2) = (R/M) p (C7)
where R is the molecular refractivity of the gas, M is its molecular
weight, and p is the density. In the limit of small pressures the
refractive index of the gas is given by: n -1 =€ = (3/2)(R/M)p and thus
n will be linear in the pressure of the gas. For He at 440 nm the
refractive index of the gas is approximately n -1 = ¢ = 32.67x107% x
(P/760), where the pressure P is in mm of Hg. Thus 1 mm Hg steps of "
pressure will change the refractive index by 4.3 x 1078 which is the
desired accuracy discussed above.

Dispersion effects in the emission of the Cerenkov light also
degrade the resolution in B. The characteristic Cerenkov angle will
change with the wavelength of  the Cerenkov light by :
de/dx = (1/6) de/d\. The dispersion becomes large at short wavelengths




A < 280 nm, and if the counter is operated in the wavelength range of
280nm to 440nm, the Cerenkov angle will change by about 0.2 mrad. This
is sizable when the operating range is < 0.3 mrad. This effect suggests
that longer wavelengths be used where the dispersion effects are
smaller. Band pass filters can also be employed to limit the wavelength
range of the Cerenkov light and minimize the dispersion effects.

Another loss of accuracy in the separation of pions from kaons at
high momentum is caused by the beam momentum and angle divergence.
Simulations of the narrow band train ( see Appendix A) indicate that the

momentum bite of the beam is op/p = 10%, and the angle divergence is

approximately d®, = 0.065 mrads and ceu ~ 0.048 mrads. The angle

and momentum divergences are correlated. (See Appendix A.)
The momentum Dbite affects protons to the greatest extent since

the change in the Cerenkov characteristic angle is given by

Ad. = (1/6.) (m2/p2) (Ap/p?). The resulting spread in the Cerenkov

angle for a 10% momentum bite at 500 GeV is given by: 1) pions A8 =
0.026 mrads, 2) Kaons 0.32 mrads, and 3) protons 1.2 mrads. Thus the
momentum bite is significant for the proton Cerenkov peak and
contributes to the width of the Kaon peak. This sensitivity to the proton
momentum can be used to actually measure the momentum bite of the
beam.

The angle divergence smears out the Cerenkov angle peak by an
amount proportional to the divergence. But some of the divergence is‘
attributable to a roughly pointlike source in the narrow band beam
optics. By refocussing the Cerenkov optics, some compensation can be
made for this effect. In fact, compensation for the difference in the
longitudinal position of the source in the x and y coordinates can be
achieved by making the Cerenkov parabolic mirror slightly off axis

making the resulting astigmatism partially cancel this effect.’




(CI) Monte Cario Simulation:

To simulate operation of the Cerenkov counter we have written a
Monte Carlo program which generates the angle distribution given by
equation CS5 above. The particle fractions were taken from our
measurements in E-594 for 400 GeV incident proton energy. The beam
momentum and angle divergences were approximated by gaussian

distributions. For the momentum bite we assumed op/p =10% . and for

the angle divergences we took Gepolar = 0.1 mrad. Different counter

lengths L, wavelength ranges AX were taken to study the dependence on
these parameters.
The particle fractions used in the simulation are given in the Table
below. These were determined in our E-594 narrow band beam exposure.
TableCl

Particle Fractions

Momentum(GeV/c) m-fraction K-fraction  p-fraction

165/330 29.010.3% 4.15:0.2% 66.6:0.6%
200/400 18.9+0.1%  2.83:0.1%  78.2:0.2%
250/500 7.75:0.2%  1.35:0.06% 90.9:0.2%
-165/-330 90.0:0.4%  5.9:0.3%  1.2:0.3%
600" 2.80%  0.7% 96.5%

* These numbers are from the Atherton parameterization scaled to a
800 GeV primary proton energy.
| We will concentrate on 500 GeV/c where the separation of pions
from kaons is the most difficult. A typical Cerenkov pressure curve is

shown in Figure C2 where the pressure has been varied in 1 mm Hg




steps. The length of the counter has been fixed at L=40m and the
wavelength range was 400nm <A< 600nm. The pressure response is
shown for each particle as well as the integral pressure curve. The
Cerenkov light within measured angle (including the beam - angle

divergence) of 0.3 mrads has been integrated. There are roughly 0.1

photons per particle at ©,~0.3 mrads, so that at 10'" particles per

burst there is plenty of Cerenkov light.

As a figure of merit we computed the ratio of the kaon peak to the
valley between the pion and kaon peak. In Figure C3 we plot this ratio
as a function of the beam angle divergence. It is appearent that for
angle divergences of < 0.1 mrads the ratio P/V is not strongly affected.
In Figure C4, the figure of merit P/V is plotted as a function of the
counter length L. We note that there continues to be improvement even
at counter lengths of 80 meters. Practical considerations will
ultimately limit the length of the counter L. Note that operating at
shorter wavelengths has the same effect as lengthening the counter.

For comparison, the simulated E-534 P/V ratios for +165 GeV/c and
+250 GeV/c¢ are 10 and 3, ;espectivelg. Under these conditions we were
able to determine the kaon fraction to about +5%. Thus we believe that
the same accuracy will be obtained in E-649.

The estimated Cerenkov response for the 300 GeV/c setting is
shown in Figure CS. The corresponding plot for - 300 GeV/c is given in
Figure C6. The demands on the technique are considerably less at the-
lower momentum settings. In our simulation, we think that it is
possible to operate the counter at 600 GeV/c. The P/V ratio there is
estimated to be 11:1 compared to 25:1 at 500 GeV/c for a 40m long
counter. The corresponding pressure curve at 600 GeV/c is shown in
Figure C7.

Another figure of merit was used to study the separation of kaons




from pions and protons. For this measure we took the ratio of the pion or
proton light within the 95% containment bounds of the kaon peak. The
results are given in the table below.

Table Cll

Separation of the Kaon Peak

Po (GeV/c) /K p/K
~300 0.087% 0.00173%
300 0.34% 0.078%
500 0.91% 1 .65%
600 1.3% '5.2%

The background rises rapidly with increasing Po, but remains small over
the proposed momentum range. The momentum dispersion was taken to be
10% and the angle divergence 0.1 mrad.

We have seen that a pressure curve in steps of Imm Hg is necessary
to determine the particle ratios at S00 GeV/c. For 100 points this would
require 1.7 hours of steady beam operation. Taking both beam shutter
open and closed points at each pressure will double the time. Further
requirements are imposed on the stability of the beam by alignment data
and various cross checks which are necessary to insure the quality of
the data. ,

Therefore it would be convenient to have a light transducer which
would diminish the sensitivity to beam instabilities. A CCD array would
allow the beam center to be experimentally determined for each beam
pulse by finding the center of the focused Cerenkov ring of light. Cuts
on the radius of the ring would be equivalent to any light collimator size
allowing considerable flexability in the Cerenkov angle selected. The CCD

technology is now mature and suitable devices can be purchased at a




reasonable price®. Back sided illuminated CCDs would extend the
response into the blue wavelength region with good quantum efficiency.*

A schematic design of thé counter is shown in Figure C8. The
counter will be at least 40m long and will probably be located in the
Expansion Port. The sensitive optical elements have to be mounted on a
rigidly supported table to be insensitive to pressure changes as the
Cerenkov curves are taken. An investigation is underway to see if it is
possible to use the old 400 GeV/c counter optics with the radiator
extended to = 40 meters.

The preliminary design of the Cerenkov counter indicates that it
will separate pions and kaons up to 500 GeV/c. But since the design
involves a considerable extension of technique, it would be advisable to
test its main components before the narrow bahd beam data run. This
could be accomplished in the 800 GeV/c primary proton beam which is

used for the NW test beam.
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Figure Captions:
Figure Cla: The diffraction pattern of Cerenkov light for a 1.5 meter

long counter operated at 20 mm Hg exposed to a

500 GeV/c pion beam.

Figure C1b: The same conditions but for a 20 meter long counter.

Figure C2a: The pressure curve for pions for a 40 meter long

counter operated at ©. < 0.3 mrads at 500 GeV/c.

Figure C2b: The pressure curve for kaons.

Figure C2¢: The pressure curve for protons.

Figure C2d: The composite pressure curve.

Figure C3:

Figure C4:

Figure C5:

Figure C6:

Figure C7:

Figure C8:

The P/V figure of merit in separation  of the kaon
fraction from the pion fraction as a function of the beam
divergence. A momentum bite of 10¥ was assumed.

The P/V ratio as a function of counter length.

The composite pressure curve for the +300 GeV/c
setting.

The composite pressure curve for the -300 GeV/c
setting.

The composite pressure curve for +600 GeV/c
secondaries.

The schematic design of the Cerenkov counter.
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Appendix D

Determination of sin%QW and P

in Deep-Inelastic Neutrino-Nucleon Scattering

Physical Review Letters
Volume 55, Number 19
4 November 1985
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