ALV DooLAanllit ALY
DEVELOPMENT REPCURT

PROJECTED LAB-E DICHROMATIC ELECTRONIC

DETECTOR FACILITY*

B. C. Barish, J. F. Bartlett, A. Bodek, K. W. Brown, D. Buchholz,

F. S. Merritt, F. J. Sciulli, L. Stutte, H. Suter+

California Institute of Technology

Pasadena, California 91125
and
E. Fisk and G. Krafeczyk

Fermilab, Batavia, Illinois

October 9, 1974

Spokesmen: B. Barish and F. Sciulli

Abstract
We describe here the detection system as envisioned to pursue
dichromatic V-physics in the new Lab E facility at Fermileb. Physics

proposals to use this facility are described in separate documents.

*¥ Vork supported in part by the U.S. Atomic Energy Commission. Prepared
under Contract AT(11-1)-68 for the San Francisco Cperations Office,
U. S. Atomic Energy Commission.

1 Swiss National Fund for Scientific Research Fellow.




(I) Introduction

Two years ago the first neutrino interaction had yet to be observed
at Fermilab. It was not known at that time whether the cross section
would continue to rise sbove 10 GeV (in fact there were indications from
cosmic ray experiments to the contrary), or even whether a W-boson might
eiist with a mass of séy 2.5 Gerce.

Put in this perspective the progress in neutrino ﬁhysiCS'has been
truly outstanding. Let us just revieﬁ'briefly the primary reéults so far -
reported by the Caltech-Fermilab group. The physics can be divided into
two parts: (A) the study of the structure of hadrons (deep inelastic
scattering) and (B) the study of the weak interaction at high energies.

(4) HADRONIC STRUCTURE |

(1) Tests of Scaling and Point-Like Structure: Qualitatively it

is clear that v-N collisions at least approximately behave like
point-like interacﬁionseven for Ev~ 100 GeV. This is implied botﬂ
© from the magnitude and the at leést approximate linear rise of
the cross sections. More quantitatively we have performed a test
of scaling by including a propagator in the fit to Q2 distribu-
tions. The result is no "scaling” breakdovm with 90% confidence
for A > 10.4 CeV/c® . The sensitivity of this scaling test is
comparable to the best tests that have been reported: deep
inelastic e-p from SLAC; and u-p inelastic results from NAL
(however, the latter indicatesa possible violation).

(2) Antiquark and/or Non-Spin }/2 Scattering: In the simple quark

picture of the nucleon the neutrino mainly scatters from spin 1/2,

guark-like constituents. This picture is confirmed by our
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Vv .
measured ratio 2; = 0.33 * .08, This ratio being so near 1/3
. . o .
places severe limitations on the amount of non-spin 1/2 and

antiquark scattering allowed (~ 25% and 10% respectively).

(3) Charge of the Constituents: The magnitude of &, + G vhen

compared with electron scattering determines the mean square

- charge of the constituents. The mégnitude of the cross sections

measured by the Caltech-Fermilab group implies a mean-square

fractional charge, and is inconéistent with integral'charge

constituents.

WEAK INTERACTIONS

(1) W-boson: A direct search for production of W-bosons by
looking for the W = pv decay mode has yielded a limit Mﬁ,? 8 GeV.
Also, the test for a propagator in the Q2 distribution can

be interpreted as yielding M, > 10.4 GeV with 90% confidence.

(2) Gauge-Theory Heavy lepton: Gauge Theories predict the

existence of'heavy leptons, neutral currents; or both. Ve have
conducted the most sensitive search by far for these hgavy
leptons. In a search for the leptonic decay of this particle,
it is determined that its mass would be in excess of 8 GeV
unless the branching ratio were extremely small. More recently;
a search for the hadronic mode combined witﬁ the previous result
requires M > 7.5 GeV independent of decay branching ratio. This
result, though negative, is highly significant, since it rules
out a class of Gauge Theories (i.e. Georgi-Glashow) and puts
severe constraints on any future theory of the weak interaction

requiring new leptons.




(3) Our search for neutral currents in the reactions Vv + ¥ = v 4+
hadrons and V + N =V + hadrons was carried out in March As
reported in London and Erice we believe the experiment provides
conclusive evidence for neutral currents near the reported levels.

These are the primary results to date. We have gained a great deal
of experience in obtaining them.;_we are extremely excited at the: prospect
of pursuing these interesting physics qﬁestions further, énd feel that wer
understand much betﬁer‘how @9 answer those questions.

A major upgrading of the experiment over the next ¢ouple of years will
enable us to continue to carry out a very produective physics program. Most
of our plans represent significant improvements where the experiﬁent has
its major limitations. These plans, as outlinéd 5elow3 are in the context

of relocating the experiment in a new location at the end of the neutrino

berm.



- (II) Beanm

VWe are presently engaged in a systematic bean design for a more
acceptable dichromatic beam. This new beam, in order to incorporate
features that will overcome the most serious present limitations, must
have

(1) Good solid angle acceptance.

(2) Reduced wide-band neutrino background from deéays_prior to the

decay-pipe entrance. |

(3) Clean dumping of the EPB at all secondary energies.

(4) Good momentum definition without compromise of solid

angle accepta ce.

Table IT.1 gives the parameters of a preliminary version from this
séudy compared with the present beam. The major new features include
(2) somewhat larger targeting angle; (b) intermediate focus; and (c) use
of quadrapole triplets. Figure II.l shows the distribution in neutrino
energy to be expected, compared with a typical distribution from the
present beam. The beam in its final form will allow secoﬁdary'momentum
resolution to * 5%.

Initially, serious attempts were made to construct a satisfactory
beam inside the constraints of the 200 foot long target tube. It is clearly
apparent at this point that such a beam cannot bé built in less than 300 feét.
(The Cern dichromatic beam requires > 330 ft. longitudinally.) This means
that the correct dichromatic beam will require some physical modification

to the targeting (v-hall) region.




Table II.1l

Comparison Qf Present and Tentative Dicromatic Beams

Property _ i _ Current Beam New Beam
Iength ~ 200 ft. ~ 350 f%t.
Maximum Momentum ~ 200 Ge-V/c 300 GeV/e
Targeting Angie 6 mrad . 11.5 mrad
Production ;t\ngle Y _ : 0 |

Angular Acceptance:

Horizontal . * 3.04 mr % 3.55 mr
Vertical : 1.22 mr + 2.27 mr
Solid Angle Acceptance 11.63 psr 25.32 psr
Momentum bite best + 18% Intermediate Focus
(defined by co];imaﬁors) to maintain reasonable + 5% or larger
| solid angle
Beam properties at end of decay pipe for A——% = * 5%
Beam Width t+ 8,4" ' ‘ + 2.34"
Horizontal Divergence + 0.55 mr - 10.254 mr
Beazﬁ Height + 3,3" ' + 4.33"
Vertical Divergence + 0.16 mr | +0.34 mr
Spot Size at Target
Horizontal 070" 079"

Vertical .118" | 079"
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(III) Nev Building (Lab-E)

The Lab-E facility that is planned for dichromatic neutrino physics
is located immediately downstream of the neutrino dirt shielding, about
100 feet upstream of the 15' bubble chamber (see figure IIT.1l). This
location compromises sqmewhat the solid angle subtended by the detector, but
removes one major problem that-has beset the experimeﬁt--lac:k c;f adequate
shielding. Ihe present wonder building location is to be used by the neutrino
laboratory for tests of magnetic shielding. | |

Figure III.i shows the geometry of the new building. With a concrete
floor, overhead crane, and larger transverse dimensions » the fleﬁ.biiity and
maneuverability which were so lacking in the wonder building should become
re.zality.' The hadron beam to the 15' bubble chamber passes fhrough. the east
side, allowing testing of calorimetry modules there. We are j_)resently
investigating the potential for bringing muons into the apparatus, either
from the hadron beam, or by deflecting the muon beam further upstream. This
is an essential feature which will provide important alignment information.
Also, muons interacting via'y + N = u + hadrons’ can provide much more
direct calibration of calorimetry with hadronic final states similar to tﬁat
coning from neutrino-induced reactions. This is especially important if the
hadronic final states begin to provide a@ditional informatiop to that presently
used (see section V.). - |

The ability to move both target and magnet transversely to the beam
direction provides the additional ability to utilize thé high energy kaon
neutrinos, while reducing the lower energy pion neutrinos (see proposal. No. 320)
By moving the apﬁaratus instead of mis-steering the beam, the hadron beam will
remain centered in the decay pipe so fhat loss of decay path and background

from interaction in the decay pipe walls will present no problem.
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(IV) Spectrometer Assembly

The specﬁrometer assembly that is planned'for the new building consists
of two toroidal iron core magnets and a multiwire spark chamber array. Each
magnet is 8' long and has a diameter of 11.5'. The magnet windings go through
a 10" diameter hole in the center of the magnet. The magnet steel is cut
in half along aﬁ entire horizontal diameter. A 3/8" air gap maintained by
aluminum shims separates the two halves of each magnét. The air gap allows
a direct measurement of the magnetic field B as a function of fadius; One of
the magnets has been constructed and is ready to be assembled in the new
building. Bids fof the construction of an identical second magnet have
been sent out.

The magnet windings consist of 48 water cooled copper tubes. The
magnet will be driven at 1200 amperes for a total of 60,000 amp~turns. The
two magnets can be‘satisfactorily driven by a single NAL Trans-Rex 500 KW
power supply.

The calculated field in each magnet is approximately constant to
ilO%(the field varies from 17.1 kilogauss at the magnet edge to 21..3
kilogauss neér the center). The variation in the fiéld isinot_important
because the value of the field will be directly measured by the peres
which can be inserted in the gap. Using the median field of 19 kilogauss
we obtain_jﬁB dl = 46.4 kilogauss-meters for each magnet. The bend angle

for a muon of momentum p traversing both magnets is given by B = 2'73 Eg:%;ans) .

The error in the determination of the muon momentum is dominated by multiple
scattering in the magnet steel. The fractional error due to multiple

scattering is independenﬁ of momentum and is about * 9%. -



The above spectrometer assembly should be compared with the present
setup which éonsists:of a single 5' diameter, 8' long magnet with an average
field of 15.5 kilogauss (12,000 amp-turns). The error due to the multiple
scattering in this magnet is about * 18%. There is an additionel * 8%
error due to the uncertainty in the value of the magnetic field.

In addition to reducing the error in the detérmination of the momentum
of the final state muon, the new spectrometer assembly will substantially
increase the acceptaﬁce for detéction of large angle moné. Both improve-
ments are necessary for adequate measurements of cross-sections and inglastic
structure functions at higi';er energies. This is illustrate_d in figures
IV.l and IV.2. Figure IV.l shows the available Q.2 and V region for an .
incident neutrino energy of E\) = 100 GeV. Lines of the secondary muon
ar':gle B“ are shown for 59 and 100. The interestihg la.fge Q2 events are also
the large angle events. More important is the fact that aﬁ improved
acceptance at. large angles is essential in ‘th;e determination of whether the
interaction was caused by a neutrino originating from kaon or pion decay.
This ambiquity can be resolved if the total final state energy is determined
to an accuracy of 30%. When the muon misses the magnet, the ambiguity can
be resolved by the determination of the hadronic state energy alons only if
the la;'ge angle muon carries less than half the energy. For a given incident
neutrino energy E v’ there is an angle @ above which the energy of any final
state muon is less than (1/2) K . This angle is calculated as follows. At
the angle ¢, the highest energy of the secondary muon occurs at the elastic
peak or at E’ = F/ [1 + (ZEV/M)singa/Q]. setting E) = (1/2)R, ve obtain

a = 2 aresin (M/ZE‘\'). This angle & as a function of Ev is showmn in figure



Figure IV. L1

- Kinematics of V + N2 K+ hadrons
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IV.2. For our experiment to adequately measure fhe total neutrine cross -
section down to E = 80 GeV we need a spectrometer that has a réason&ble'
acceptance up to angles of about 100.

Figure IV.3 shows one proposed configuratien of the new epectrometer
assembly with respect to .the present tafget calorimeter. Figure IV.4 shows
the geometrical efficiency for the detection of final state muons as a
function of angle. Also shown for comparison is the efficiency had the old
5' magnet been used in the same configuration. It is clear that the‘emall
magnet is not adequate. The target fiducial volume that was'used in the
calculation was z = 41, x =.50" and y = 50", The new larger magnet
assembly will allow us the option of increasing the x and y fiducial volume
to 86" x 86" (by the replacement of the. present S‘ x 5% target modules with
larger 8' x 8' modules) without appreciable loss of efficiency.

The new spectrometer assembly provides two independent momentum deter-
minations; one from each magnet. .This way we will be able to identify
events for which the muon experienced a large scattering or energy:loss in
one of the magnets. Although small in number, these events, if not identifieqd,
could distort the measured distributions in x at the high x ;egion where -
counting rates are low.

For experiments such as the investigation of neutral currents, W-boson
and heavy lepton searches, the acceptance for detection of large angle muons
can be increaeed at the price of reduced moﬁentum resolution. This is
accomplished by placing additional target modules in the 5' gap in front
of the first magnet. The error in the determination of the momenﬁﬁm is
dominated by multiple scattering (*9%) if the lever arm between spark chamber
planes is sufficiently long to permit a good determination of the entering
and exiting angles. The configuration shown in figure IV;3 yields an error

due to track reconstruction which is negligible at small momenta and is



Muon angle, Q, beyond which more than half the

neutrino energy goes into hadrons.

Figure IV.2:
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equal to the mulﬁiple; scattering eri'or at a momentum of 340 GeV. Were the
air gap in front of t:,he first magnet replaced with target modules, then the
determination of the momentum of high energy small angle events will be
primarily accomplished with the second magnet. A momentum measurement based
only on the second magnet will have a 12.7% error due to multiple scattering
and error ‘due to track reconstruction which is equal to the multiple
scattering error at a momentum of 230 GeV. A momentum measuremen;c based
only on the first magnet will also have an error.of 12.2% due to multiple
scattering, but an error dud' to track reconstruction which is about twice

as large at a momentum of 230 GeV.

Both magnets will be placed on rollers such that they could be moved
out of the neutrino beam line. This will allow us to expioit ‘wide~angle
kaon neutrinos (see section III) and to calibrate the spark cila:hber posi-
tions using straight-through muons. Similarly, a check on the calibration
of the magnets can be accomplished by moving -the magnets into the hadron
beam which passes within the ﬁew building boundaries, and using the muon

component of that beam.



YRV

(V) Target-Calorimeter

The present calorimeter detector has worked substantially as expected.
Figure V.l shows the energy resolution on incident protons for 30 GeV énd
200 GeV protons; After two years experience with this device, where it
has proved invaluable for understanding the qualitative aspects of charged
and neutfal current neutrino reactions, we see quite specific areas for

improvement.

(1) Improved overall resolution, especially at lower energies.

A substantial improvement can be made by a moderate reduction in
spacing between samples (from 4" to 2" spacing).
(2) Larger transverse dimensions to better contain hadronic showers,
to allow better fiducial volume cuts for neutral currents, and
to increase the solid angle at the new experimental location.
(3) Use of spatial information on the hadron shower tq'overconstrain
 the kinematic variables, and substantially improve the resolution
in some kinematic regions. |
(4) A most important consequence of larger transverse dimensions
would mean that we would identify all except very low energy muons
from charge current reactions, regardless of angle, by penetration.
Presently, we can only identify a muon by longitudinal penetration.
This will substantially reduce the charged current background in -
a neutral current experiment.
The first two are straight forward extensions of the present arrange-
ment. Ttems (3) and (4) will require substantial detector development and
a ﬁore detailed understanding of the development of the hadronic shower.

The general idea was discussed in a communication to the PAC last summer.
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Thé.t note discussing the various kinematic variables is included again,
here. How weil one c:an acﬁua.]_ly do in practice and what instrumentation
is required is now being studied.

The problem is an obvious one for the neutral current reacti;)ns » vhere
no information is available for the outgoing lepton. Therefore, the
kinematicA description relies entirely én the narrow band beam (for the neiltr:‘mo
energy) and on the hadronic final state. But there also exists certain
difficulties fof charged currents. This is illustrated in figure IV.l showing
the region QQJV plot accapééd by even the new spectrometer magnet. Lines
of constant muon angle, 67, are shown. The events at the largest Q2 are
invariably et the largest angles; the prospect of measuring their energies
wilth conventional magnets requires huge expendlitures _for steel. For
example, an 18 foot diameter magnet in our apparatus would still capture
only those muons with 8° < 0.3 rad. Even when the events have their muon
energy measured, rééolution on Q2 = 2 EE’ (l—cose ‘) and x = Qé/% represents

a serious difficulty. From the uncertainty in the muon energy, we have

This means that at the largest x-values, some non-—'trivial fraction (dependent‘

on resolution) of the events will appear to lie outside the kinematic range.
We feel that for this kinematic region of large @, spatial information

on the hadron system might ul_timately be a superior approach. Of course for

studying the details of neutral currents it is the. only approach.

Much work needs to be done before we will be able to precisely define
the features of this new calorimeter-detector. Prototype work for
instrumentation, test calorimeter studies, and various monte carlo calculations

are underway. This note only describes the kinematical ideas.




- RESOLUTIONS, OVERCONSTRAINTS, AND TilE MEASUREABLE PARAMETERS

IN NEUTRINO DELEP IMELASTIC SCATTERING

For neutrino scattering from heavy targets, in deep inelastic reactions of

the type

vu + N~-1~ + hadrons

!
the variables which have generally been considered "measureable" are
E = energy of outgoing muon;

Eh = energy of hadron shower;

LY

Gu = angle of outgoing muon;
E = enexgy of incident neutrino.

v
" The last can come independently of the others from speci;(ic (narrow band)
beanm setups. In principle, the measurement of the above constrains, even over-

constrains, the problem. The variables of interest usually are

2
Q~2E E (l-cos 8 ) o
v ou u and \)=E{1
” .
or <=L y=¥

2Mv-

However, with finite resolut:ion on the measureables, very pqo;.' resolution may

result on, for example, x or y. Im addition, practical solid anglé acceptance
of a real apparatus will result in events (often the mos‘t interesting events)

with one or more measureables unobtained.

In terms of %, y, and Ev, the measureables are approximately

= 1- =F -
Eu Ev (1-y) Fv v
Eh = Ev y =V
92 = zﬂ 3.(.).’_ = _._._Q_z___.
o Ev l-y Lv(E‘.v-v)
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2
For example, the very exciting prospect of using the largest Q events means

one must go to very large v as well.

Note: for Q2 -» 02 max "
E ' .
vV - E,
then E - o
u
®
B - af0
u

and events miss a finite-size magnet.

For these very events for which n‘ve.have no measure of Eu, we must measure
v and Q2 relative to zero (with Eh and %2 ). -This can result in very poor
accuracy.

W@ suggest that there are other variables which can be megsured in the hadrc'm‘
shower. This follows up on a technique devised by R. 'Walker and A. V. Tollestrup
for detection of 7°'s.

Consider the production of a hadronic final state in a neutrino collision, of
R ,

invariant mass,¥W, and mean vector momentum, Ph’ at an ahgle, eh, relative to the
< ‘

direction of the incident neutrino.

The invariant mass can range over the value
M<u< { 214\'), i.e. up to 20 GeV for a

200 GeV necutrino interaction.

Shower




By sampling the subsequent shower development as a function of the transverse
coordinate, p, at different z position, the appropriate first and second moments

can be obtained:

-\

< 9h> = mean direction of the hadronic state relative to’
the neutrino direction . . N\
and < ¢2h> = mean square angular deviation of hadronic energy
-
relative to Ph._

It is estimated at this time that it is practical to achieve with standard calori-’

meter techniques for say v = 200 GeV, roughly

<eh> to + .005 ' )

< ¢h2> to ~ 2 x 1072

These new measureables provide independent measures of the kinematic variables

2
W 2M
<¢h>¢s 5 By (1-x)
v
2 M x(l-y)
Bh =5 Ty
5 y

For example
Wz s 2 My -2Myx
2

~ 2
= Quax - Q

. . 2 . .
measured directly the difference of Q from its maximum value.

. : 2 2
Similarly, for x—» 1 (Q° - Q max) '
2 2
1-y=5% B0
2M x M
2
. 2
E - Ehk', E__V___ eh
v 2M

- gives E. relative to its maximuim valuc.

h
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Quite definitely, measurement of these additional parameters will provide

greatly improved resolution of the kinematic variables.

Calculations of the intrinsic calorimetry limitations in the moments are
proceeding. At the same time, the various technical possibilities for the
position dependence (proportional chambers, spark chambers, ion chambers)\are

being investigated. . -



VI. Summary

When the narrow band beam was proposed four years ago, it was primarily
envisaged as the most promising avenué for measuring accurate total cross-
sections in the high energy regime. In the first short test with this
measurement, done lesé than a year ago, the expectations were more than
fulfilled. With the crude, phase-0 version of this beam, measurements were
made at one energy to typical accuracies of 20%. This was better ’:;y 50%
than we expected for this first look. Iater this year, with some improve-
ments in monitoring and with more statistical precision, we expect to do
+ 15% measurements with the same beam. 7

During this périod, it'has become generally recognized that a narrow>
band beam can be of much moi'e genera.l'.use than simple measurements of total
cross-sections. The sensitive heavy lepton search, and definitive coOYro-
boration of the neutrai current phenomena attest to this fact. That this
is recognized can be seen in the enormous effort that Ceril is putting into
the construction of a good dic.hromatic beamn.

A true d.ichromatic beam with detector improvements such as we havé
described here should definitely be capable of the objectives described in
the attached proposals. But, with judicious design for the target-
calorimeter, a large range of new possibilities may also occur:

(1) v, +¥=e + hadrons

(2) vpil-e--' po + Vg

(3) v+ e'—*vu +e

(4) ©Neutral and charged current four-fermion reactions
e.g. \)u+Z—*u-+u++\)”+Z

Fach of these processes is important for understanding the nature of
the weak interactions. The main thrust of these remarks is to indicate that

we believe that the future possibilities in this new facility (Lab E) are




-17-

very rich. There is great flexibility and the apparatus can evolve to

respond to the physiés needs. Rather than take the "shotgun" approach,

however, we have attempted to focus on the primary objectives on which we

have focussed in the past:

(1)

(2
(3)

Measurements of the differential distribution from deep inelastic
scattering;
Measurements of the total neutrino cross-sections}

Measurements of inclusive neutral current processes.

A qualitative improvement in the first two goals will be obtained

with the spectrometer and beam changes described in this report. For goal

No. 3, we feel that a substantial modification to the target-calorimeter

is required. With a favorable construction schedule for the beam and new

building, we could meet the following timetable:

September 1974--August 1975

(1) Complete objectives in present Wonder Building location

with present narrow band beam.

(a) E 320
() E 22 ,
(c) E 306

(2) Construct Leb E Building and dichromatic beam.

(3) Design new target-calorimeter.

May 1975--September 1975

(1) Move to new Lab E and install new dichromatic beam.-

September 1975--September 1976

(1) Phase 1 experiments in new building. (Attached)
- dofax dy
" %ot

(2) Build and install new target calorimeter.
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September 1976
(1) Neutral current experiments with new targeffcalorimeter. (attached)
(@ 7 ‘
This schedule would permit true exploitation of the narrow band cohcept
at Fermilaﬁ in a wié.e variety of possible experiments. Our own emphasis has
been on the charged and neutral current processes, but there remain rich |
fields to be exploréd. We consider this to be an open facility, and welcome
involvement by others. in the. developmeﬁt of the new calorimeter-detector.
' Lab-E can evolve into a highly flexible, mobile, and precision detector.
Together with a good dichromatic beam, ILab-E will insure the Fermilab of |

_accu.rate and exciting neutrino physics for many years to come.




