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Abstract

3 Bubble chamber to study v(v) interactions.

We propose td use the NAL 30m
The scheme proposed in NAL Proposall#2l to obtain incident neutrinos with known
momentum and angle is employed. qu will cover the energy region 30-80 GeV using
pion neutrinos and simultaneously the region 80-200 GeV with kaon neutrinos.
The experiment is capable of the followiﬁg physics: A
I) Stﬁdying in an unambiguoﬁs and systematic free way the behavior

of Ootal VE* Ev from 30-200 GeV by using hydrogen in the Bubble Chamber.

v II) Making meaningful and clean comparisons of ovp : ovn : GGP H Gvn
cross-sections by comparing hydrogen and deuterium and reversing the polarity of
the hadron beam. 5

. . : s . do .
III) Studying details of the inelastic scattering 5&2331 both with
good statistices in neon, and with poorer statistics in hydrogen, which is free of
A-dependent effects. Detailed information on the final hadronic state will be
obtained.
IV) If the W-Boson exists and can be produced, information on its

decay modes will be obtained.

We request 250K expansions, each, for the chamber filled with hydrogen,
deuterium, and neon. This will enable us to obtain ~ 5% measurements on the

various total cross-sections and about 100K inelastic events in neon.

Experimenters: B. Barish, F. Sciulli - Caltech; A. Maschke - NAL.
Correspondent: F. Seiulli - Caltech.
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I. Physics Justification

A) Introduction

We propose to investigate neutrino physics in the energy region 30-200

GeV using the NAL 30m3

bubble chamber. Recently, due to muon shielding problems,
it has been proposed to position the bubble chamber n 1000 meters downstream of
the decay tunnel. This allows the use of an earth shield for the chamber.
Placing the bubble chamber far downstream of the decay tunnel has opened up the
possibility of using a "monoenergetic" neutrino beam. \

The technique deseribed in NAL Proposal #el-itho be used to define the
incident momentum and angle of the neutrinos.. The largest source of error in this
method comes from the paréllax at the apparatus, introduced by the long decay
" tunnel. By placing the bubble chamber 1000 meters downstream this error has been
minimized. In this proposal, in contrast to NAL #21, we emphasize the use of both
pion neuﬁrinos and kaon neutrinos.o The piontneutrinos give larger event rates;
howevef, the energy of thé incidént neutrino is lower and resolution poorer.

Much of the physics for Ev > 30 GeV in the bubble chamber cannot be done
by simply filling the chamber with hydrogen or deuterium. Extra information must
be obtained and various possibilities have been propoééd (plates in the chamber,
hjdrogen—neon mixtures, or external hybrid equipment). Using a v beam of kgown
energy reduces the reliance on external informafién to resolving a simple
ambiguity. Other advantages of a narrow band beam include simple monitoring
_of the flux aﬁd much s¢aller systematic errors. -

Although some of the physics goals overlap the counter éxperiments, we

stress below important questions which will not be easily answered in the counter

experiments. These goals for different chamber fillings include:
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1) Hydrogen exposufe: Op VS. Ev can ﬁe.measuredaon protons in a way free
of systematic errors. TFor each event, details of the interaction including
the behavior of the hadronic system can be studied. Since event rates
are low for couﬁter or buﬁble chamber experiments in hydrogen, it seems
reasonable to obtain as much information as possible aboﬁt each event.

I1) Deuterium exposure: By using neutrinos and antineutrinos, a clean compar-
ison of Ovp POt o;p : 0, cen be obtained.

III) Neon exposure: A large number of inelastic events will be obtained with
the advantages of a bubble chamber.‘ For example, there is a uniform |
solid angle acceptance, and thg ability té.éee the vertex and study
details of the interacfion. If the W exists and can be produced, details

of the decay modes will be learned.

Belov are brief discussions of the physics of these measurements.

B) O VS, Ev on Hydrogen

(1)

Following Bjorken and Paschos the cross-sections for v + p + § + hadrons

can be written in terms of form factors Wl, W2, and w3

2 2 '
dog E-v G 28 2. 29 2 2 E-v 2
dqedv =5 on cos" 3 [%zfq ,V) + 2 tan 5 (Wi(q ,V) + i W3(q ,v)l] (1)

Bjorken and Paschos show that integrating over the differential cross-section
an&Aassuming that Wz(qz,v) is scale invariant (i.e., W, is function only of Eg—)
leads to a linearly rising cross-section. |
Experiments at’CERN(E),using a heavy liQuid bubble chamber measured the
total cross-section up to 12AGeV, which’are shown in Fig. 1. A linear fit to

the events with Ev > 2 GeV gives
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Op = (0.51 0.13)‘§;-ME/nugleon

vhere the errors are statistical only. As one goes to NAL energies it is important

to determine whether o_, continues to rise linearly.

T
A turnover in the rising cross-section could be caused by a W-Boson.
For example, if the W exists it has a propagator term and é -+ iv;—ag7ﬁ;§
in Formula (1). This term damps %%5- at high q° and therefore will affect the
total cross-~section. Figure 2 shows the effect of this propagator on the total
cross-section as a function of ‘S/MS where § = 2 MpEv .
A turnover might also result from a breakdown of scale invariance which

‘would reflect on the basic hadronic structure.

A measurement of the total cross-section is not easy:

In wide band beams, the foliowing problems arise. Preliminary to any

neutrino measurements, the hadron flux must be measured accurateiy at all eneréies
and production angles from thé same target that is used for the neutrino beam.
At CERN, this measurement was ultimately done by putting the target in the bubble
chambér(s). The hadron flux is then folded into thé acceptance of the focussing
system 1o be used and one thains‘the predicted neutrino flux. The resulting
neutrino flux curves are expected to fall rapidly wit£ energy. A smail s&s?ematic
error in energy for observéd neutrino events creates a rather large flux, and.
hence cross-section, error. The narrow band beam nicely eliminates these problems.
Also ;onitoring the beam becomes both simpler and more direct.

A second serious difficulty which exists is the use of A >> 1 targets.

The A-dependence of the cross-section for neutrino scattering is completely

unknown. Experiments show‘thét the total photon cross-section on nuclei is prop-



N RN PO WS N

(S.LINO AUVLL

E i)

N

#ren

/

A

aenoans

an
on
_/:z
O
L0
o

D

LEETe

' o)
m..,...
i
2
W
(S
g
~
I
(P
A% i

- o)
| fo i



(J?, using PCAC, has predicted a differ-

ential cross-section at zero degrees should be proportional to A2/3. However,

(6)

ortional to ~ A'J at 20 cevi4). Adler

,» using a different version of PCAC, get a cross-section

(7)

Lovseth and Froyland
proportional to A. Attempts have been made af CERN to measure the A-dependence
at low energies but the results are rather inconclusive.  In view of all this
it seems very important to do the total cross-section on hydrogen to obtaiﬁ
unambiguoué results. |

We propose to obtain this energy dependence on hydrogen and with a momentum
defined beam. We will be able to obtain>& 5% measurements at 30, 50, and 80 GeV

with ~n 50K, 25K, and 50K expansions respectively, and simultaneously with kaon

neutrinos v 10% measurements at ~ 80, 125, and 200 GeV.

C) Comparison of cvp PO 03P : c:u Using Hydrogen and Deuterium

Reversing the polarity of the hadron beam negative pions are selected and

thereb& make a beam of anfineutrinos. It should be noted that the unique sign
selection in our hadron beam makes the v contamination in the Vv beam negligible

~and vise versa. Filling the chamber with deuterium and hydrogen and reversing
' 0

the polarity of the beam enables us to measure cvp POt GGP P O3, at the

»

same incident energy with little systematic error.
A variety of predictions for these ratios and certain sum rules have

been obtained from different models of highly inelastic neutrino scattering. For

example, parton models(S) predict
o > o-
v -
and
2
G ME
‘ + - +0- <1,72 ——
ch %on + va %%n < 1.72 -



.
w1

: e “oM_v :
Drell's field theory parton model(g) for ‘the rggion T o= -gg—- >> 1 predicts
(dﬂ;/dw) ,
Tas jaw) =3 for e L.
v ' _
In contrast diffraction modelstu» predict o = 0o = g- = - in the
vp vn vp vn

If the leading trajectories continue to dominate
is scale invarlantf This leads to the result 73537557 =1

region where the models are valid.o

for w s> 1, A

for w >> 1,

(1)

Harari's model, where only the Pomeron contributions are scale

invariant and vW3 + 0 for q2 large, prediéts o, =035 over most of the physical
region. | -’

It is apparent that information on thé relations between these cross-
sections is very important in determining the nature of the basic hadronic structure.
Unraveling these cross-sections in the counter-spark chamber experiments is very
difficult since it is hard to distinguish an,A-dependent effect from a difference

in scattering off neutrons and protons. Using hydrogen and deuterium as téfgets

is ideal for making unambiguous measurements.

D) Deep Inelastic Scattering

Information oﬁ the distriﬁution of events as a function of q2 and v
will result from the hydrogen measurements. Although this sample will 6nly consist
of ~ 1-2K events it will be valuable since it is free of all A-dependent effectis
and will have very good resolution in q2 and v. Details about the final hadron
state can be studied, for example, the multiplicity as a function of q2 and v and
momentum and angular distributions of the pions, etec.

The exposure in neon will present & sample of events with all the advan-

tages of the bubble chamber and good statistics (nLOOK events). Acceptance over
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q2, v will be uniform, resolution good, and details about each event available.
Questions about whether the cross—section goes to zero or remains finite at w >> 1

can be investigated (within the limitations of A-dependent effects).

E) W-decay Modes

If the W-Boson exists and can be produced at Ev ¥ 80 GeV, details of
‘the decay modes could be determined in neon. (A 5 GeV W-Boson would give n 10K
events into all decay modes.) Detection of W =+ ev would be very clean in the
bubble chamber and information on the hadroﬁic decays coﬁld be determined. The
very fundamental question of the coupling of the wesk intersaction currenfs to
hadronic systems can be investigated by measqring the branching ratios of the

decaying boson to hadrons.

.F) Conservation of lLeptons

Using the two neutrino hypothesis we define a muon number
H U

v + N >y + hadrons
v + § »+ pt 4+ hadrons

Conservation of leptons can be tested bj measuring
This ratio can be measured with great accuracy in this experiment, where the
energy is high and w—decayAbackgrounds from hadrons in the reaction are small
and where v beam contamination is very small.

The two neutrino hypothesié‘itself can be éensitively tested at very
different energies from the original experiments. ‘

If there were 6nly one kind of neutrino Ve T vu then the reactions
v + N+ y + hadrons

v+ N> e + hadrons




]

would be equal., Since vuﬁ# ve and théﬂﬂéutrinos are mainly mw-decays, the first
reaction predominates. A small limit on this ratio can be made in the neon

exposure.

G) Neutrino-Lepton Scattering
The single example thus far observed of a purelyvleptcnic interaction
is p-e + v + v. Such interaétions are the cleanest means of investigafing
the current-current hypothesis and the detailéé form of the lepton current.

A very general form for the hamiltoniancug for this process is

- g ' ~ " o ) )
=3 (e(c; + ) 7)) Pi”)(“’u r, v,) +h. c. ] (1)

ude

where the sum extends over the Various-types‘of coupling (S,V,T,A,P).

. Present‘experimental evidence(ﬁg is such that‘admixtﬁres of scalar (pseudo-
scalar) and tensor amounting to[SO% of the vector-axial vector part are
possible. Moreover, it has been shoqnﬁjg that, even if all the decay para-
meters from p decay were measured to afﬁiﬁrary precision and found to agree

with the p?edictions of V-A, in fact the hamiltonian would only be restricted
to the form V%RA,where A could be measured in p~decay only by observing decay

(14)

neutrinos. It is possible to remove this uncertainty by measuring the

[

angular distribution for the reaction
vyt e v (2)

»

We estimate that we will obtain approximately 300 events of the purely
- leptonic process (2) in our neon exposure. Figure (3) shows the angular

distribution expected for varidhs assumptions concerning A.
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This process presents a formidable(yroblem of background separation,

since the background from inelastic scattering from the nucleus is expected

to be about 300 times as large. The handles which we can bring to bear are:

(1) The observation of only a p coming from the vertex. If we
assume that only inelastic evenis with v € 330 MeV  will produce no
observable charged prongs, this will reduce the background (Ev = 50 GeV)

by a factor of 150.

(2) 'The lack ofﬂconseévation of visible energy for the process (2)
over most of the range of muon energies.

(3) Two-body kinematics: Qp and Pp on the outgoing p predict

the incident neutrino energy which we have independently measured.

It should be mentioned that events of the type vu +e e 4+ vp
woﬁld also be visible in thié expefiment. Such events would be evidence for

neutral lepton currents.
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I1) Experimental Method

A) Introduction

The method used for,obtaining the neutrino beam is similar to NAL #21.
We briefly review the method.

In the target box & simple beam fransport system which selects hadrons
with ~ % 5% momentum bite, forms a parallel beam and sends it down the decay
tunnel. Because of the narrow momentum acceptance this hadron beam is both smaller
in transverse dimensions and angular divergence thﬁn a wide-band system. |

The pions and kaons that decay in the beam tunnel yield neutrinos whose

-

energy is correlated with théir,lahoratofy angle.

0
v

lab
angle

Accepted
decays

°hEbeam

pion

‘# neutrinos .
neutrinos

kaon
neutrinos

If the experimental spparatus can be placed so that ev is well determined,
. then the energy of the neutrino is also determined accursately. This was done in

NAL #21 by placing the detection apparatus far downstream of the end of the




-1

decay tunnel. This minimized the largeéflgburce of ﬁncertainty, the parallax
due to the long decay tunnel.

Recently, for other reasons (muon.shieidiﬁg), the proposed bubble chamber
position has been moved far downstream. The new geometry is quite favérable to
determining ev accurafel& and, therefore, Ev'

In order to perform the experiment some external information may be
useful or necessary.

(1) External detection of a neutrino interaction would be helpful,
sincevthe hydrogen rates are low and the number of pictures tgken could be sub-

-

étantially feduced.

(2) Rough measurement of the energy into neutral pions would help
distinguish vhether events came from pion or kaon neutrinos in ambiguous cases.

(3) External detection of which interacting particles are muons

again will eliminate ambiguities.

B) Beam and Rates

The rate calculations are based on the following parameters and results
are shown in Figure 4 for pions and Figure 5 for keaons.

Primary Proton Beam:

400 GeVv
13 . .
2 x 107~ interacting/pulse
o " k20 pulses/hour

Hadron Beam:

% 40
P
AQ = 16 usr

()

Yield curves of Awschalam

(i.e., 50 pions/GeV/sr/int. proton at 120 GeV/c)
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A 0.38 mr

I
I+

ehoriz

A8 =% 0.14 mr
vert .

Neutrino Beam:

400 meter decay tunnel
1000 meter muon shield
3 meter diam. apparatus and
1.4 meter diam. apparatus (repreéenfing fiducial area cut for
 better resolution)
A description of a possible beam design‘for the target box was given in
NAL Proposal #21 and we will not repeat it here;’ &he number of pions/pulse sent
down the decay tunnel is sﬁown in Figure 4. The numﬁer of pions/pulse that
decay to give neutrinos is also shown. Finally, those decay neutrinos that strike
the sensitive volume of the bubble chambe: is ahowu.  Similarly the results for
kaons is shown in Figure 5.
Figure 6 shows the number of neutrinos interacting in the bubble chamber
per hour for the chamber full of liquid hydrpgen and for neon. Note that there is
roughly an event every 3 pulses in neon‘and every 50 pulses in hydrogen. Simul-~

taneously point A (B or C) is measured for both pion and kaon neutrinos.

C) Resolutions
The use of the neutrinos from pion decay, rather‘than those from k-decay,
giveé'somewhat poorer resolutién on the neutrino energy. Figure 7 shows the
' ;standard deviation on Fhe neutrino energy (30 < Ev < 80 GeV) as a function of
energy. The standard dgviaticn ranges .07 < Ov/Pv < ,18. At the lowest energies,
this comes primarily from the finite (% .05) épread in pion energies in the hadron

beam and at higher energies, the parallax of the decay region as viewed by points
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* inelastic scattering. The most commonly used are y =

-13-

near the outside edge of the bubble chaﬁﬂé;l
This latter error may be somewhat reduced by choosing a smaller fiducial
- volume inside the bubble chamber. For example, a 1.4 meter diameter fiducial
volume gives a standerd deviation at E, = 80 GeV of lepv = 0.15. Even
though this fiducial volume contains less than one quarter the volume of hydrogen,
the useful rate is 0.60 of the unrestricted fiducial volume. This is due to the
sharp radial distribution of neutrinos in a'monoenergetic beam.

Also of consequence is the resolution on kinematic parameters for deep
R
Ev
f .
where q2 = 2 EvEu(l*COSQ) . These cover the range 0 < x <1, 0 <y <1,

2
and x = q /2M(Ev—Eu),

Becéuse we use the bubble chamber to measure thé outgoing muon, the resolution on
its momentum and angle should be quite good. ' In estimating the expected
resolutions on these parameters, we have assumed

(1)4AEu/Eu = ,03 is the standard deviatioh on the muon energy;

(2) the resolution on E, is given by Figure 7 for the entire bubble chamber

- fiducial volume;

(3) the resolution on 8 is set by multiple scattering consideraﬂions and the
standard deyiation for point measﬁrements ih the bubble chamber is 0.33 mm.

(4) The finel hadron system, whose charged component is measured to sbout
+ 3%, is assumed to be measured in hydrogen to t 20% overall.* This would be
substantially improved in neon.

The multiple scattering error on 6 means that there is a minimum detectable

.2 . ’ . .
g and x. The errors in energy measurement create an error in 4y and a fractional

*
Substantial improvement could be expected if peripheral equipment, such as that
described in Proposal 9A, is employed to measure the electromagnetic component.
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error in X. 'These errors are functions’dffy onlyf Figure 8 shows typical
resolutions as a function of y for Ev =‘50 GeV.

It should be noted that thg kaon neutrinos produce considerably smaller
errors. Figure 7 shows the error in neutrino energy as a function of energy.

The resolution on the kinematic parameters (x,y) is proportionately better.

D) External Equipment Required

The experiment requires some information obtéined exterﬂal to the bubble
chamber itself, but no médifications to thé chamber.

For the neon running possibly nothing external is required. »The rate
is high enough to take a-picture every expansion, fPion and kaon neutrinos éan
be separated by meashring the visible energy iﬁ the chamber and muons from the
interacﬁion could be distinguished from pions since the chamber is sbout six
interaction lengths for pions. An external plate woﬁld, however, better enable
us to distinguish muons and thereby use the whole chamber for interactions.

For hydrogen or deuterium running certain external information is valuable
or necessary.

A simple system to detect that an interaction took place in‘the chamber
will reduce the number of pictu%eé taken for 250K expansions to less than 10K.

Distinguishing pion neutrinos from kaon neutrinos and thereby determining
the neutrino energy might be smbiguous ifAjust the visible energy in the chamber
is used. A rough measure of the energy in neutral pions will eliminate this

problem. This could be done externally with a coarse external Pb-Scintillator

‘sandwich array or if a device like the w° Quantameter for NAL Proposal #9A is

built into the chamber it could be used.

For high energy mugné, a possible ambiguity with pions exists which

3
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requires ex£ernal apparatus. The tracks'%&ll have to be followed through many
interaction lengths of material to pick o;t the muons unambigucusly. This

could bé done using the calorimeter from one of the proposed counter-spark chamber
experiments or the hadrometer proposed in NAL B.C. Proposal #9A or a plate in

the chamber as proposed in NAL #53.

It should be emphasized that the requirements on the accuracy of these
external measurements is not great. They are only used to distinguish ambiguities
and do not directly affect the accuracy of the experiment. We would hope that
no large external apparétus be built specifically for this experiment and either
pieces from the counter exﬁeriments or equipmgnt such‘as that proposed for NAL

#9A be used.

E) Experimental Needs

1) Monoenergetic beam.
- 2) Equipment external to the bubble chamber.

3) Bubble chamber. |

4) Analysis facilities.

- A monoenergetic beam facility at NAL will broaden the potential of
‘Area 1. It can be used for bbth bubble chamber and counter experiments and has
other assets, such as producing a good muon beam. We would like to strongly
participate both in the design and implementation of such a facility.

The usefulness of this type of béam in the bubble chamber has been
presented in this proposal. We plan a broadened participation in actually carrying
Vout this experiment. &he external‘equipment to be used has been left somevhat
open. It will be equipment suc£ as is suggésted in other bubble chamber proposals

and a collasboration quite likely could be formed.
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Measuring facilities will be gvéfiéble at Caltech to analyze the film.

A POLLY film digitigzer, which will be operational during 1971, is presently

being constructed.

F) Conclusions

We propose here an exposure using the NAL 30m

3

bubble chamber.

unique feature of the experiment iz the use of a momentum defined neutrino beam.

This helps simplify the "hybrid" nature of studying high energy neutrino collisions,

and makes the experiment easily and reliably interpretable. Some simple external

apparatus is still needed to eliminate certain ambiguities.

A summary of the number of events expécted in an experiment of the size

proposed is given in the table below.

Assumes o = .6 10—38 x E

] *%
Incident Momentum (GeV)  Liquid Expansions Events
Particle v v in B.C. v v
' T k T k
v 30 8o Hydrogen TOK 500 165
‘ |
50 125 oK 620 310
| 250K |
80 200 TOK 580 550
- > .
v 50 TOK 600 -
v 50 125 Deuterium 90K 2800 1400
-
v 50 160K 2500 -
v 50 125 Neon 250K 71,000 35,000
*
Assumes ov = o;
%
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