E1A’s muonless events...

Its massive, totally-active calorimetry leads to
MACRO monopole search,
IMB & K supernova neutrinos,
Oscillating atmospheric neutrinos.

“The discoveries of weak neutral currents in the US”

Dedicated to the contributing physicists now in the heavens:
Norman Ramsey, Sam Treiman; Tim Toohig, Bob Wilson;
Alberto Benvenuti, Dave Cline, Al Mann;

George Charpak; Chuck Hurlbut; Hans Weedon

By L. Sulak, with recent input from E1A collaborators W. Ford, R. Imlay, J. Pilcher, D. Reeder, P. Wanderer
“50™ Anniversary of Neutral Currents”, Orsay, December 6, 2023



Bon apres-midi, mes amis de Paris, et de plus loin.
Merci a Guy et a Michel pour I’invitation de vous parler ic1 a Orsay.
Cet apres-midi,
je vous propose une visite a mes archives personnelles,
de I’année ‘70 jusque I’arrét de I’ Accelerator NAL de Noél '73,
quelques 126 documents, pour la plupart des notes internes.
Tous est en anglais.

Donc...

Vas-y !



C'etait l'année ‘70...A Paris, le tube de
[’éte, « La chasse au boson intermédiaire

Aux USA, Leon: 2 types de neutrinos,
I’un qui se transforme en muon,
I'autre en électron.

= 1) un courant neutre,
= 2) un boson intermédiaire.

= un accé¢lérateur a I’énergie
beaucoup plus haute.

« Chaque PI droit écrire

une proposition. B iiva of
, . : & JUl INVENDS
C’est obligatoire ! » B lta LEcall

50 LCUL INT

...Alors, en anglais... . EGRAL? ®
SI J'AI LE

“70 Archives LRS SCEMIIL

»
»*




Let’s scan through some of the 126 documents, touching upon:

Conceiving experiment E1A

Measuring the v fluxes

Determining required characteristics for each detector element
Inventing technologies for massive scintillation calorimetry
Calibrating timing, energy, angle

Recording data

Analyzing & simulating events

...using many figures from my seminars at Harvard & MIT in October ’73.

Legacy of E1A: it spawned several detectors...discovering neutral currents & more.
4



June 1970, HARVARD-PENNSYLVANIA - WISCONSIN NEUTRINO

_ _ DETECTOR (SCHEMATIC)
First proposal to National Accelerator Lab

(NAL...now known as Fermilab): ~ Cameras for calorimeter
spark chgu;nben

Dave Cline & Al Mann’s “E1”’: Magnet !

|

|

Three stacked Pb, !
scintillator . !
|

|

Three sections with

spark chambers between
sections

Enter Carlo Rubbia. modules

His genius #1: Hadron target/calorimeter:

... “E1” morphs into “E1A”.

v,V

H, TARGET CALORIMETER IRON CORE MAGNET

-
> v + p—> X +u'

Flg 1
What about the accelerator?



PROTON SWITCHYARD HADR
_ o ) EXTRACTED PROTON !(-REGION_)I(— MUON SHIELD _"l
Bob Wilson, DG of NAL, promising? |— BEAM f NEUTRINO
TARGET DETECTOR
<—MAIN RING OF THE O| L1 £50l0
NAL 300 GeV ACCELERATOR SCALE (METERS)
We at E1A commit to designing & building in 2 years.
- OPTICAL SPARK J ¥ v v v v v v v
CHAMBERS 1. IRON CORE TOROIDAL MAGNET

Let me describe the detector. O JrOTOIRLTIPLERS LA S S
) _ °| [o[o[d]o]llio]olofblfllo]o|ofolfiio]ofofo|f ’ °
1) A totally-active Hcal tracking target: o (o1019190elererelie o (et e Ol J w:
o| lo|ololojiilojololofiiojelojoliiiojojo]o|k “ i
- . . 7 ° olo ololo|o|lllo|ojo ofoloTolmir = - -— — =il
2) A magnetized iron toroidal tracker: *7**" & 125lo[allololololllololololllo|o[o|ol: \ﬁ
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A A SR Y re K
ANTICOINCIDENCE CALORIMETER TARGET DETECTOR v
COUNTER, A MJ CLARS TRIGGER COUNTERS
PSR ETIGN
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Agreement

\]Im PIICher + LRS Tiiis is an agret?ment between the Na.lt:i.onal Accelerat.or Laboratory
Wooed by ,V S & Carlo tO Harvard as ASS t Profs and Professors D. Cline of. the University of Wisconsin, A. Mann

of the University of Pennsylvania and C. Rubbia of Harvard

\]Im tO Commute from CERN tO Harvard, ‘. UniverSity to aC)compliSh a Neutrino Experiment. It is understood
bringing back to Carlo ELA memos & news. 2", o i 0 i
LRS to fOCuS On ElA in Boston’ : enumeration of the major items needed for the proper execution

of Phases 0, I and II of Experiment 1A, ‘as expressed in the
& tO teaCh Carlo’s Classes When nOt there, proposal for the experiment, the draft ag:;:eement and subseguent
. communications. ‘Appendix I defines the physics objectives of
__Phases o, 1-, II and III of this exper;[ment as expressed by the.
experimenters. Phase III is not covered by this agreement.

3 A. Manpower

July 26, 1971 T 2. e D, ssperinmtars commitied to thta enpesioant sse:
Carlo & I go to NAL to confer with Bob WilSon. 2 o o e . v wemsgrvmnta.

C. Rubbia, L. Sulak, Harvard; A. Mann, Pennsylvania.
-Graduate students from Harvard, Penn ;and Wisconsin will
Result Of meeting’ this Agreement: - . also par.ticipate in the experiment.
2. D. Cline is the scientific manager.
3. The presently assigned liaison physicist for NAL is
F. Nezrick.
B. Beam and Egquipment
1. The experifnent will initially use a monoenergetic neutrino
beam in the Neutrino .Labora..tory. -It will be designed and

equipped with appropriate cellimators, quad;upbles, bending

The maln rlng Soon to be turned On magnets, etc., by NAL. Later it is expected thaf an
Must deS|gn prototype & bU||d ElA / . "un-focussed wide b.and system will be available.



Criteria for detector design: width, depth, granularity, resolution?
Big jump from 28 GeV protons of Brookhaven to 350 GeV of NAL!
= Must measure pion production!

Carlo’s brainchild #2:
Collide proton beam with an internal target: Measure =° production via of ys, scale to m*

RF PICK-UP AND CURRENT TRANFORMER
POLYETHYLENE FOIL

TARGET (3 )
[[k [ 19ns > /
[ 7
o = =
CIRCULATING I00mrad /7
PROTON BUNCH . MAIN RING
% / VACUUM
- REMOTELY CHAMBER
: CONVERTER ; ADJUSTABLE
. COLLIMATOR
LEAD GLASS y
CERENKOV -~A 22.5ns

| (...but Pb glass turned brown!)



...nevertheless, already enough data for the very first physics from NAL

Detailed 7° flux cross-sections (x, S, ELaps E,):
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(...Fast forward...then back)

Proceedings of the
XVlinternational Conference on High Energy Physics

Parallel Sessions:
Strong Interactions

Volume 1

Very first, & only physics results from NAL:

“Photon production at Hi Energies & scaling”

Scientific Editors
J.D.Jackson
A. Roberts

Technical Editor |
Rene Donaldson

Reported (LRS) at Chicago ICHEP, July1972:

PHOTON PRODUCTION AT HIGH ENERGIES AND SCALING { #4177}

Presented by L, R. Sulak
Harvard University
Cambridge, Massachusetts

We present results from an NAL e:rj:om'imeut:1 in which photon production in nucleon-nucleon
collisions has been explored over the energy range 28-300 GeV. This experiment has two useful
features: )

1. The polyethylene foil target interacts with the internal NAL proton beam during the -
whole acceleration so that data over the entire s range are taken at every machine cycle.

2. We exploit the Lorentz transformation from cm to laboratory in order to transform the

variable x inte the longitudinal laboratory momentum P
[x] = 2P "IN = E (B, - cos SL)IMP = W) sin’(0; /2).

The scaling hypothesis predicts complete independence of the photon energy spectrum from the
energy of the incident protons,

We have performed measurements at a fixed laboratory angle BL =175", corresponding to
P i from 0 o0 40 MeV/c and fractional longitudinal momenta from 0 to 4, and our data therefore
reflect directly the x dependence at Pl =0, N ‘

Our results are in excellent agreement with the scaling assumption, as shown in Fig. 1
where the gamma yield for fixed x is plotted as a function of the incident energy. Figure 2 shows
the photon energy spectra for various bombarding energies. Our lower energy results are in
excellent agreement with the extrapolated values of the experiment by Fidecaro et al. z who have
measured the gamma yield for 24-GeV incident protons. Results at all energies are well
described by the thermodynamical model of Hagedorn and Ranft. 3 However, they are i.u apparent
disagreement with the fit of Neuhofer et al. % of the gamma yield at the ISR, who find an x depend-
ence roughly twice as fast as ours. The discrepancy could be due either to experimental errors
or to the fact that the assumption made in Ref. 4 about independence of the variables Py and x is
not valid (recall that the present experiment covers a range of P not previously explored at high
energies). Relevant to the reliability of our data are the facts that 1) a C]?s‘2 - C subtraction yields
the same spectra as the C‘}';r2 alone, with 35% of the events coming from the hydrogen in the poly-
ethylene, and 2) energy calibration in the lead glass blocks has been made (in the forward
direction geometry) using the known muon line.
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Wlth ﬂuxe81 begln deSIQnIng the detec.tor ’  HARVARD UNIVERSITY

DEPARTMENT OF PHYSICS LYMAN LABORATORY GF PHYSICS
CAMBRIDGE, MASSACHUSETTS 02138

Transverse size of the v hbeam? ~4m oetoper 1, 1971

Technical Memorandum

- the detector transverse Size / Subject:. Liguid Scintillator Seals in the Calorimeter

From: J. Pilcher, C. Rubbia, L. Sulak
Neutrino energies (~40 GeV)? Fluxes?

In the present liguid scintillator calorimeter there

e the maSS Of the Hcal (~1OOT) are seals between modules, between cover plates and modules, |
to yield SuﬁiCient Statistics and between the plexiglas windows and modules. They must

satisfy five requirements:
. 1 1) light tightness (secal t be
= dynamic ranges of electronics. {one tgntmens (eal must be opade)
2) chemical inertness in both mineral oil and 1,2,4
trimethyl benzene; i.e., mechanical properties
must not deteriorate with time and, most importantly,

But hOW tO hOId & Seal in 100 T Of SCinti Oil’ the seal must not contaminate the scintillator

- - - 7 3) liguid tightness
Wlth WaIIS Of mlnlmal maSS H 4) elasticity to survive transport between installation

at Harvard and arrival at NAL

Aluminum honeycomb walls between Al sheets 5) reasonanle cost
N .alrcraft Wlng teChnOIOgy. An exhaustive search for one material that satisfies

all five requirements has been unsuccessful, prineipally

because the chemical activity of 1,2,4 trimethyl benzene is

Oct 1 “71



BT

- ALAS
Preliminary Draft

HARVARD UNIVERSITY

What will the data rates be at 350 GeV? = L R,

Using the internal target data,

LRS’s new student John Osuch re-simulates.

Nov 12 °71:

...meanwhile, Wisconsin is machining magnet cores...

November 12, 1971
Technical Memorandum
Subject: Rate Calculations for the NAL 350 GeV Beam

From: John Osuch

Introduction

The rates for the four-fermion interaction, w+ production
and total interactions have been calculated for the 350 Gev.
proton beam, updating :the estimates in the original proposal

made for a beam with 200 GeV protons. The following assunip-

tions are applicable to all of the calculations: Fictor
: foalish:c tam-m vt
1) EP = 350 GeVv 116 = I1SVGev 2
¥
2) 104 machine pulses/day 20 ‘e
y ' L
3) 2x l()l‘:3 protons/puls ) /su. A 10 =30

LXK 1%/ 300 3 2xi" pfec
4) Hagedom-Rgnft Porticle Production Model CKe

5) 50 ton fiducial volume of liquid (of 96 tons total)

* and 250 ton fiducial volume of lead (of 560 tons total)

Determination of the Flux and Flux Factors

Two sets of calculations have been made in each case,
one assuming the NAL two horn focusing system, and a second
assuming no focusing, which will be the case during the first

few months of operation. Because of the limited amount of



Early 1972:

Knowing width & depth from fluxes,

magnet first to arrive at NAL ~1

4 soft-iron magnet cores: -

Positioned inside E1A “tent frame,”

before installing plastic walls.

Reeder




We did get diverted? ...once...

Should we insert lead sheets to see electrons?

Oct4 71

DEPARTMENT OF PHYSICS

L-G?Afﬁkxiéiﬁihd

HARVARD UNIVERSITY

LYMAN LABORATORY OF PHYsICS

CAMBRIDGE, MASSAGHUSETTS 02138

October 4, 1971

Technical Memorandum
Subject: Lead Plate Calorimeter Scheme

From: J. Pilcher, C. Rubbia, L. Sulak
We present the design philosophy and a parameter list
for the lead plate calorimeter. Also included are some of

the mechanical drawings for a 10 ton prototype.

Design Philosophy

Pl

The basic problem is to support a 12 £+, x 172 £+, =
lead surface (1.05 tons) so that an inter-plate spacing of
%+ inches is accurately maintained. We have considered a

number of possibilities:

1. Use smaller plates 12 ft. by 4 ft. which are easier

to handle. A frame around the reduced periphery
would maintain the spacing. Place the 12 foot
dimension horizontal since there must be vhoto-
tubes on either end. Stack three modules, one on

top of the other to obtain a surface 12 ft. x 12 ft.

The drawback of this method is the support
of the modules. The lead plates of the lower
~ module cannot directly hold the weight of the

above modules. Reinforcement of the lead with thin

sheets of aluminum cladding is ruled out because
of cost, so a heavy superstructure must be built.



; ////.

Electronics? Whats the required performance?

DEPARTMENT OF PHYSICS LYMAN LLABORATORY OF PHYSICS

Nervous, more event rate studies...

Jan 3 °72...working thru the holidays

o/ Custh

HARVARD UNIVERSITY

CAMBRIDGE, MASSACHUSETTS 02138

Januvary 3, 1972
Technical Memorandum
Subject: Neutrino Evént Rates for Barly Operation of NAL

From: J.E. Pilcher, C. Rubbia, L.R. Sulak:

A. Scope

A number of important factors have changed since the first
approval of neutrino experiments for NAL. Firstly, the neutrino
beam line and detectors have taken tangible form. Secondly,

the projected machine intensity and energy, for the first

‘months of operation, will be significantly lower than anti-

cipated. In light of these facts we have undertaken to review
the possibility of doing neutrino physics during the early
months of machine operation.
B. [The Broad-Band Detec.tor

Since our detector must operate in a neutrino beam with a
bfoad and an initially poorly known energy spectrum it has been
designed to give maximal energy resolution. The first version
consists of a calorimeter of 70 tons of pure liquid-scintillator
followed by a 4-section %ron core magnet. The calorimeter
can be roughly considered as a tank of liquid 12 ft. x 10 ft. x

24 ft. long with wide-gap spark chambers following each quarter



Confirmed, a ~100 Ton Hcal, totally-active target/detector: How to make it?

My wife’s good cooking to rescue:
Teflon’s all the rage, nothing sticks to it, but Teflon sticks to the aluminum of pans!

Shock #1: n = 1.35 = total internal reflection vs n = 1.47 mineral oil scintillator!

WALL

NOWESIVESZLLL L L1/ LSS0k
TEFLON—=_ n=l35 Gool”
\ LIQUID SCH\T]LLATOR b - f

= .n=147

N\

\T1e
ALUMINUM—~ )
. COATING ijﬁ V)77

Shock #2: Teflon comes in sheets, can be flashed with aluminum, then adhesive on the .béckl

Figure

Attaching to aluminum walls? wet Al, strip off the backing, squeegee water out thru Teflon pours!



A “prototype”, a section of the anti-counter ...

Try Teflon technology on counters:

X=0 .
- -
= COUNTER —WN\ PM 2

82 O /,_j—‘)

—O iG] |

a

L/

: |

O FRAT TOPHA 2
Vi Vo

\,f] ~ A-Bx Vo~ AeBlL-x)

...and compare pulse height from 2 ends to get track position.

Figure 19



Finished, stack of 3 trigger counters,
red, from the side:

Just after 4 magnet cores (brown):

Magnet energizing conductors (white): | &

Magnet design & implementation by Reeder.
Fred Messing in pix.



Does that prototype counter work?

Equalize PM tubes with %°Co source.

2/11/72 Pilcher on shift:

Put external cosmic ray counters at 45°.
pulse height uniformity 10%

time resolution = 1.5 ns

Hu’fe LM\v
/72

A,
%;gwﬁ/ %/M/WJ/M

_/M/%Z/ W /78

Tt tsgledion. /S matc. ﬁ/w/ﬂu/“/
Ymm

W%Mh?,éw [ e

Jzéwo %z‘% %W&,Mﬁ/k/z
degly - finol. THonde” 4%&7‘ /MV{;Z

ol o Covidawi s



[ I [ 1 I

TIME RESOLUTION

More detailed test of Teflon performance? o~ - 21t Frow goce o
. ' e 46 CHANNELS __J| 2.9 ch/ns
1.0 ns timing... | i

L~ CALIBRATION

vs 19 ns between v bunches, rf structure of ring.

g]SO—— ]
S
Yes, will cut 19-fold any background slower than “¢” | |
e.g. the anticipated neutrons. | | s
Note very little tails: } -
| N nen |
20 40 60 80 100
CHANNEL
Figure 5

20



How to design/build the electronics? ...

Bubble chamber & beamline rf noise:

PM {
RCA 8055

> TWINAX
PMS 7-12 e TR

Carlo’s brilliance #3: Figure

How making pms & insensitive?

Twinax...twisted pair inside a shield.

Getting those signals to coax? LRS job.

LRS 22
s | CAMAC

INTERFACE

A ferrite coil to couple Twinax to coax.

TO PDP-II
s COMPUTER
|_abc

How delay signals to enable processing?
Acoustically, 0.3 usec. LRS job

Figure 10



Functionality required of Hcal electronics?

Timing to 20 ns, the proton spill period.

0.5 nsec least count for x-localization.

2 ADCs, hi & lo for full dynamic range,
10s of GeV shower, to min ionizing p.

LRS |

' DYNODE
PM 10
7

FIRST
EVENT <
TIMING

SECOND J
EVENT
TIMING

ENABLE

START OF
BEAM GATE

DISCRIMINATOR

COARSE

STOP (20ns) START

VERNIER

STOP (0.5 ns) START

PHA <

ENABLE
COARSE
STOP START
ENABLE
VERNIER
STOP START |
LINEAR DISABLE
HIGH ADC
GATE
LINEAR DISABLE
LOW A DC
GATE

Figure 3



Draft of electronics, DAQ, PDP11:

Original, LRS
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HARVARD UNIVERSITY

DEPARTMENT OF PHYSICS LYMAN LABORATORY OF PHYSICS

What about first segment of Hcal? | | e

September 20, 1971

Technical Memorandum

Exce“ent performance | Subject: Tests of Prototype Calorimeter Module

:

From: J. Pilcher, C. Rubbia, and L. Sulak

Introduction

We have tested the following characteristics of a
12'x10'x1%"' calorimeter tank fully eguipped with 12 five-
inch photomultipliers and filled with liquid scintillator:

1) response of a single phototube to cosmic rays passing
through the counter at various positions

2) uniformity of the response derived from mixing all
12z phototube ouipuis for cosmic rays passing throuyh
various positions in the counter

3) pulse height distribution for minimum ionizing particles

4) fraction of line width arising from photoelectron
statistics .

5) time resolution and effect of active and passive
signal mixing

6) evaluation of mechanical design with respect to
assembly, £illing, liquid tightness, phototube
optical coupling, nitrogenation of scintillator,
electrical noise pickup.

Results

1) Single Tube Response

For this and the following test the two large surfaces
of the calorimeter tank were chalked out in grids of 5 vertical
and 6 horizontal lines.. A pair of 15 inch square scintillation
counters, one on either side of the tank, was used to select
N cosmic rays passing through the grid intersection points
Sept 20 71 . within an angle of incidence of 9. Coincidences between

4 the two counters gave a count ev o seconds, as expected
for this geometry. The output from one of the 12 phototubes
mounted on the calorimeter passed through an amplifier, linear

Let ’S See t.he I”@SUIfS Ofthe teStS,,_ gate, stretcher and finally a pulse height analyser (PHA) .



Is the pulse height resolution of the Hcal sufficient?
Test with constant height fast blue LEDs: just fine.

800 r SINGLE TUBE RESPONSE TO LIGHT-EMITTING DIODE

500 - N ' 5
» Pedestal = 14.5
g 400 Most Probable = 55.5-14.5=41.0
© O = 2.8 channels
e 300k {n> = 225 photoelectrons
b »
0
g 200}
3 N |

100+

Y
O : 1 1 1 1 ] 1 1 1 1
0 20 40 60 80

PHA Channel
FIGURE 6



Tests with vertical cosmic rays...

Is Landau distribution good?

Lovely:

6000

5000

4000

3000

Number of Counts

2000

1000 F

12 TUBE RESPONSE TO VERTICAL COSMIC RAYS

Pedestal = 6.5

Most Probable = 34.5-6.5=28

OrwHM = 7.3 channels

dE . _660 MeV
dx

T s Gl T T T T T

1
20 40 60 80
~ PHA Channel

FIGURE 5



 ACICRRAINSS: [CIERI A T

TIME RES@LUTION

Is timing sufficient from a 4m long scintillator?  2so/= 2ft. FROM _EDGE Of
. 46 CHANNELS | o9 S,,E,T,IER
16 nsec o =1.0ns
200}
o — FOR TIME
It is! oc=10ns - |1~ CALIBRATION
@ 150 X '
5
3
100 {—
2.4nsec
- FWHM
sop- 7
| T | %
20 40 60 B0 100

CHANNEL



' 240 T T T T T

Pulse height uniformity RESPONSE OF CALORIMETER

over full width? 20 | 4
E l (a) 1 PM TUBE 2
‘ (b) 12 PM TUBES MIXED
o _ 60 | (c) 1/RZ VARIATION 1»
Only 6%, minimal correction £y
MOST PROBABLE MOST PROBABLE
SIGNAL 120 SIGNAL

AMPLITUDE

Calibrate pulse height for s (12 PM TUBES)

(1PMTUBE) -
all 16 Hcal segments
with blue LED. u

40

68 |
: x (inches) —*
Move everything to NAL ... FIGURE 3
Sept 20 71



All in place, efpd 1972. L A — - ——

| ROBBINS*MTERS |
m‘i, tg}-;"ﬂ
11/

Toroidal magnets (brown)

Spark chambers (silver) —




Looking from side:
liquid scintillator target-detector:

In red, Aluminum Hcal segments —

Black phototube covers —

Low mass honeycomb wall (silver) —

Spark chamber (hidden)

Designed & built with help from D. Hanna, P. Meyers,
Osuch, W. Smith




Jan 1973: Couldn t thread beam through all the ring magnets!

1) Something blocked beam when magnets energized.
A trained ferret scampered around the vacuum chamber to find Bob Wilson

a razor blade accidentally left behind stood up upon magnetization!
2) Helen Edwards, Savior, personally aligned each quad...Voila!

Tim Toohig & | survey parallel beam lines, to E1A & bubble chamber.

31



100+~

Jan ‘73 Beam on! ~No cosmic vertices in Hcal! ‘L
80~ TIME DISTRIBUTION
2 timing gates to evaluate cosmic background: OF TRIGGERS
1) beam-on, 2 ol
L)
(&)
2) cosmic rays, e.g. out of time §
& _
40 ,
% 'Uc- (esmic rm/} h.?t&q hm{
% (L (,léu.r Uh’{‘r;)( E"!IS"JQ \']'W,- +{1pnd,d“
= |
=
20~ \ .
0.5 1.0 1.5 2.0 25 3.0

0] . . .
fe————BEAM-ON CGATE ——=———COSMIC-RAY GATE—

imi [ imi TIME (ms)
Fast timing essentially eliminates all background. oo cvenrs ME T



MAGNET Focus _+

Scanning spark chamber pIX?

SHOWER | SPARK CHAMBERS
. . 90° | £ | X | a2 [3]a]s
3 independent scanning tables at STEREO [ 5 [-60| B =[7[7 I
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measured particle tracks, consistently
reproducing all events.
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FIG. 2

First physics plot from v data: s e DISTRIEUTICN Por A sz
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Writi ng the fi rst E 1A P R L: EARLY OBSERVATION OF NEUTRINO AND ANTINEUTRINO EVENTS

AT HIGH ENERGIES

“Early Observation of vand anti-vevents . Berventi?, D. chang’™, D. Cline”, W 7. Ford®*,

R. Imlay’, 7. Y. Ling' ', A. K. Mann' ", F. Messing’'", J. Pilcher ‘¥,

at ngh Energles " , D. D. Reeder’, C. Rubbia'® and L. Sulak'" ‘\ i “-“-j G ;“].)‘

+ .
+Depa.r*t:men‘t of Physics
Harvard University™
Cambridge, Massachusetts 02138

+++Departmen‘t of Physics
University of Pennsylvania
Philadelphia, Pennsylvania 19104

+Depar'1:nen‘t of Physics
University of Wisconsin®™
Madison, Wisconsin 53706

ABSTRACT

Presented here are preliminary results cf two short runs with a broad
band neutrino-antineutrino beam at NAL incident on about 120 tons of tar-
get which is part of a detector consisting of an ionization calorimeter and
a muon magnetic spectrometer. These results include (i) the observed dis-
tribution in transverse muon momentum, dN/dPAL’ (ii) the average neutrino
cross section at a mean neutrino energy of roughly 30 GeV, and (iii) the
ratio of the antineutrino to the neutrino total cross section at a mean

Sadly, Pilcher, my only partner, left for Jim PeUETInS eneriy of A0 St
Cronin’s U. Chicago. I had to take sole lead
on the ground . *Supported in part by the U. S. Atomic Energy Commission

. / 1 ko
Apr 16 ,73 $K\“ V\LQA« ) L/\f\i(vy\uv~7’)\ t @\‘7 g/q/vﬁ‘)).r



Within a week PRL publishes our paper!

Apr 23 °73

Vorume 30, NusmBrr 21

PHYSICAL REVIEW LETTERS

21 May 1973

nate radius.

Hartle and Thorne' found, for rigidly rotating
neutron stars, a maximum mass enhancement
of 1.31. Their rotation was limited by equatorial
shedding, rather than instability. Hence, the dif-
ferential-rotation mass enhancement of 1,5 (o
1.7 is only a slight increase over the rigid rota-
tor. It may be noted, however. that the rotatic
al enhancement found by Hartle and Thorne is
strongly* dependent on the equation of state and
central density, while with the differential rota-
tion the mass enhancement is a weak function of
density and equation of state.

I would like to thank R. V. Wagoner, J. LeBlane,
M, Alme, and R. Ruifini for helpful discussions.,

“Work performed under the auspices of the U. §.
Atomic Energy Commission.

'J. B. Hartle and K. §. Thorne, Astrophys..J. 153,
807 (1968). -

J. P, Ostriker and J. L. Tassoul, Astrophys. J. 155,
987 (1960). T

%I. M. Bardeen and R. V. Wagoner, Astrophys. J. 167,
359 (1971). _

*J. R. Wilson, Astrophys. J. 176, 195 (1972,

'J. R. Wilson, Astrophys. J, 163, 209 (1971).

Early Observation of Neutrino and Antineutrino Events at High Energies*

A. Benvenuti, D. Cheng, D. Cline, W, T. Ford, R. Imlay, T. Y. Ling, A, K. Mann,
F. Messing, J. Pilcher,i D, D, Reeder, C. Rubbia, and L. Sulak
Depavintent of Physics, Harvavd University,t Cambridge, Massachuseits 02138, and Depovtment of Physics,
University of Pennsylvania,t Philadelphia, Pennsylvania 19104, and Department of Physics, Untversity of
Wisconsin, | Madison, Wisconsin 53706
{Received 23 April 1973)

Presented here are preliminary results of two short runs with a broad-band neutrino-
antineutrine beam at National Accelerator Laboratory incident on about 120 tons of tar-
get which is part of a detector consisting of an ionization calorimeter and a muon mag-
vetic spectrometer, These results include (i) the observed distribution in transverse
muon momentum, d.\’/n'_gu, {il) the average neutrino cross section at a mean neutrino en-
ergy of roughly 30 GeV, and (iii) the ratio of the antineutrino to the neutrino total cross

section at a mean neutrino energy of 40 GeV,

The energy (300 GeV) and intensity (~ 1012 pro-
tons per pulse) of the external proton beam now
available at the National Acceleratar Laboratory
(NAL) are sufficiently large to permit the obser-
vation of a substantial number of high-energy
neutrino interactions, even without any focusing
of the secondary pions and kaons which, through
their decays, produce the neutrino beam. In
order to provide an early description, albeit
crude, of neutrino interactions in this new ener-
gy region, we report here the preliminary re-
sults of two short runs (approximately 10** inter-
acting protons on target) with such a broad-band
neutrino-antineutrino beam incident on about 120
tons of target-detector. ’

The experimental arrangement is shown sche-
matically in Fig. 1(a). The hadron-producing
target (a collision length of iron) on which the
extracted proton beam impinges is about 1400 m
from the accelerator. The secondary hadrons
travel unvexed through a drift region 350 m in
length and 1 m in diameter. The drift region is
in turn followed by a muon shield, primarily of

1084

earth, about 1000 m long, at the end of which
our neutrino detection apparatus is located.

The main outlines of the target-detector are
sketched in Fig. 1(b). The neutrinos are incident
on an ionization calorimeter (IC) consisting of
four main sections in series along the beam axis,
each main section of cross-sectional area 33
m? and length along the beam of 1,8 m, and con-
taining about 15 metric tons of mineral-oil-based
liquid scintillator. Each main section is divided
into four optically separated subsections viewed
from two sides, as indicated in Fig. 1(b), by
twelve photomultipliers (5-in. diam). There are
wide-gap optical spark chambers of area 3 <3 m?
after each main section of the ionization calori-
meter as shown in Fig. 1({b). Immediately down-
stream of the IC is a magnetic spectrometer
made up of four units of toroidal iron magnets,
one behind the other along the beam line, with
narrow-gap optical spark chambers following
each magnet unit. The toroids have an inside
diameter of 0.3 m, an outside diameter of 3.6 m,
and are 1.2 m long; they are driven into satura-
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Spark chamber photos: How look during this first run?

Most images are as expected:

2 stereo pix of ~40 GeV shower in Hcal: |

at 90°

XX.

XX x'x

26 7.8 3

N~ oEs
— 4 HEX

at 15°. — - ° = ::=5

XX

XX

2 stereo pix of a muon in the magnet: .~

Richard Imlay aligned mirrors to get all sparks
I‘

o
Heal,

RX S
%x b Xx

Xx_.x .

into one frame!

xx 3

Coxx KEXXXXXK ey

XX :
X2 :
. TN XX XX XXXR

g 0
- . X : i
[ TR °

Cat90° — -
+~-—.‘_(—at 15°.
- |

B
Magnet

. XX XX
)‘KJK :



...but something terribly wrong...

= - 'N.x'__ ”"I .‘ “*'“'ﬂxa | ;Lx“xx xxn;lj"*
1 of 3 of events have no muon!i! P
How could our chambers be ’

missing all those muons???

Leon’s well-known chambers:

Triple scanned.

Evaluate muon detection efficiency using data itself. o

We go back & check absolutely everythi‘ng\.\;.



e
Are showers from both types of events the same?
ENERGY DISTRIBUTIONS
OF
HADRON SHOWERS

| BEFORE CUTS
_ _ 40+ 40 |-
Vs energies? No differences:
WITH NO
_ - 30F
2 VISIBLE -  VISIBLE
E MUON MUON
Wi 201 .. 20 |
‘>,
- |
10f 10+
e .
0 1 e O i | ;

O 50 100 150 0O 50 100 150
HADRON ENERGY (GeV)
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Are shower angles the same?

DISTRIBUTIONS OF MEAN ANGLE OF HADRON SHOWER

: _ IN VERTICAL PLANE
No difference, with a u or not:

o5 - BEFORE CUTS25
. 20r WITH R NO
No showers entering from  VISIBLE VISIBLE
outside. 0151 MUON =15 -, MUON
= 0= Uomad \ | |
Ll
@10l . ‘ —10
5| “ﬂ | -9
0 M ﬂ | : I-LI 0 rrl l i ﬂﬂ 1
-0.2

| T
0 +0&2 =02 0 +0,2

Chicago (JP) MEAN PROJECTED ANGLE (rad)
Harvard & MIT (LRS) 1F HApeOns eaTerine 3IE , EFFELTVE TRANSVEKSE ATTEVUANON
Oct *73 B ey -

LACK OF EnganceminT RERL ENGES = D YAVPRINS TROM SiXS



Are events flat in depth: without & with muon?

Events would appear muonless
If muon escapes
out the edge of Hcal or the magnet,
would have losses with depth.

Neutrinos from both 300 & 400 GeV protons,

have flat Z distributions!

End of the year 1973 runs:
300 GeV 236 total v events

400 GeV 87 total v events

300 GeV 400 GeV
Ep=300GeV Ep=400 GeV
CORRECTED CORRECTED
EVENTS WITHOUT MUON | . EVENTS WITHOUT MUON
I 68 EVENTS 34 EVENTS
15 -
no mu .
5
S 0 ] 1 ]
w Ep=300 GeV Ep=400 GeV
‘CORRECTED CORRECTED
EVENTS WITH MUON EVENTS WITH MUON
168 EVENTS 53 EVENTS
with mu 4o o
20

TARGET SEGMENT NUMBER



EVENIS WITH A SINGLE POSTITIVE MUON

i-neutrinos: 0  — EVENTS ¥
Anti-neutrinos: v i 34 EVENTS
|—-no EVENT
| |

T L

Visible energy: Are anti-vevents similar to »events? 1o i -
EVENTS WITH A SINGLE NEGATIVE MUON

in 287 EVENTS 3

100 .

Neutrinos: B -

S e :

& H 3

Fake mu’s from pion punch-through of deep showers. £ | |

l.e. apion could mimic a muon?  No... > ol p

< 1% of events have di-muons. ¥ d

20 :

0 T T T T
: . EVENTS WITH ONE NEGATIVE AND ONE POSITIVE MUON
Di-muon events: s 2 EVENTS g
2+ - 2 EVENTS 4
! : oL 1 | i | |
(Detailed punch through evaluation, Imlay, Aug 3 PRL) 0 5 100 150 200 25

TOTAL VISIBLE ENERGY (GeV)



NEUTRINOS ANTINEUTRINOS
vN — 1~ X TN —pu*Xx

Ey >70GeV

const.

Ey <30GeV

Are Y distributions as expected,
e.g. scattering from spin Y2 particles?

1) flat for neutrinos:

2) (1-y)?for anti-neutrinos:

%z 4 e 80 8 10
- - Ez <70 GeV
Both at low & at hi energies? 4
Yes & yes. e
g
.8 10
y ~ (0500
Oct ‘73 seminars: Harvard & MIT (LRS) Angular i cribalions  These of  spin o partides

Chicago (Pilcher) (though Jim left HPW in Apr.) (2 opresed to adti paricles)



Hcal spark chamber signatures: any different between the,2 types of events?

EVENT DISTRIBUTIONS IN SPARK MULTIPLICITY

20 20

WITH NO
VISIBLE VISIBLE
© 1o MUON 151 MUON
No: = 1
o 10k (=752 10k (ny=8.0+3
5,,_ UL’ . . . 5_.
0 a‘ S | S e e
04 812 04 812

SPARK MULTIPLICITY
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Lack of muons also at higher energy »s? T T [T A noE FiRen s006ev.

L

A FIRED, 300 GeV

NAL ups proton E, from 300 to 400 GeV,
more, & higher E neutrinos...

Anticounter “A” does its job....
Rejects incoming charged particles
in time with beam.

L/
- e -
Ay } | Bl S | ey

A FIRED, 400 GeV { } A NOT FIRED, 400 GeV _

All background gone after hcal segment #1,

- r- 4 & 3
1 absorption length. 3 )

Events flat in z, as neutrinos should be

Aug‘73PRL ' ']T’TFIJ-_I*'TL.m.m TR TN ST PR

4 8 12 1 4 8 12

TARGET SEGMENT NUMBER
(a) (b)




Losing muons near the edges?

No.

Transverse distribution of vertices:

LRS plot for Aug 3 PRL,
with fiducial cuts.




Are vertex distributions flat transversely?
for both muon & muonless events?

Yes.
To fully contain showers, we make fiducial cuts:

Vertex must be within

first 12 of 16 Hcal segments,

0.5 m from 4x4m? Hcal edges.

We record

1116 triggers & 236 events at 300 GeV,
368 triggers & 96 events at 400 GeV.

Aug ‘73 PRL:

METERS FROM DETECTOR CENTER

(VERTICAL)
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L T T T g T T ﬁ‘
Are muon angular distributions as expected? R b o

AFTER CORRECTION FOR ACCEPTANCE |

Yes . 100 - RELATIVE GEOMETRIC

Data & expectations of muon agree: ;|

What about muon momenta?

Fits.

b)

Inescapable: ~1/3 of events are missing a muon. ‘s

Aug 3 <73 PRL: e



Summary of analyses.

3 independent analyses, 2 different beam energies:

All yield muonless/total » events con5|stent with 0. 29 at 5.2 standard deV|at|ons1

'TABLE I, (I) Analysis ofgtotality of events  (II) Analysis with angular
requirements in one plane  (III) Analysis with angular requirements in both planes
Target Proton Visible .N? prcess Purity §ta§1§t1ca1 Ratio of
muon visible | UME | muonless significance .
segments energy ) of sample cross-sections R
events muon events of effect
(GeV) (1) (2) (2)/(1) s.dev.
I 1-6 300 52 59 41 18 257 2.1 0.20 + 0.12
400 27 23 20 3 ) - 0.5 0.06 £ 0.14
7-12 300 72 53 28 25 507 4.0 0.25 £ 0,10
400 21 23 10 13 : 3.3 0.42 £ 0.23
7-12 | 300 + 400 93 76 38 38 507% 5.2 0.29 £ 0.09
combined
IT 1-12 300 56 54 24 30 567% 5.1 0.29 * 0.10
IIT 1-12 300 13 11 1.9 9.1 837 6.7 0139 *0.19

No choice: must publish!

Table from Aug 3 °73 PRL




After exhausting all alternatives... . THOET-OETEOR | MION SRESTRNETER

1458912113“5l (‘I—j—l—ﬂﬂ
Bill Ford & Richard Imlay come to Harvard. ' |

Extensive re-checks, re-scans & re-simulations.

——

W

Find nothing wrong, nothing disturbing. ] 1 L[
e
QSE_,__, SC1 SC2 SC3 SC4 SC5 SC6 SC7 SC8
Telephone Pls, they concur by phone: % veTERS @) -

Cline in middle of moving from Wisconsin to Hawaii. 2 N
Carlo exiled from US for insulting Border Control .

Agent working exclusively at CERN =

Mann at Penn. By, " g e L

SC1  SC2  SC3 SC4 SC5 SC6 SC7 SC8

(b)
...PIs agree to submit our research to PRL.
i

10
”ﬁﬁ‘
RS | S T WS

1745 89 113 16
TARGET SEGMENT NUMBER

ENERGY
DEPOSITION (GeV)

LRS original for PRL:




Original manuscript muonless paper:

Hand delivered Aug 3 ‘73 by RS

the printed submission date of publlcatloin

Denouement:
Carlo calls Mann from CERN.

Mann goes to PRL; they agree to hold prlntlng

With no physics justification whatever!!!

i
|
I
i
|

|
i

Another hue & cry from all the worker bees

Neutral currents oscillate?...NO, CR oscillate%? '

PRL printed, unchanged, Feb 74

i
i

!

" OBSERVATIOI OF MUONLESS NEUTRINO-INDUCED
INELASTTC INTERACTIONS ’

A. Benvenuti, D.C. Cheng, D. Cline, W.T.:*Ford, R, Imlay, T.Y. Ling,
*
A.K. Mann, F. Messing, R.L. Piccioni, J. Pilcher ), D.D. Reed:or,
C. Rubbia, R. Stefanski and L. Sulak
. K . )
Department of Physics, Harvard University

Cambridge, Massachusetts

' *%
Department of Physics, University of Pennsylvania )

Philadelphia, Pennsylvania

.
*%)

Department of Physics, University of Wisconsin

Madison, Wisconsin

National Accelerater Laboratory,

Batavia, Illinois

ABSTRACT

Ve report here the observation of inelastic interactions induced by
high-enargy neutrinos and antineutrinos in which no muon is observed in
the finz1 state. A possible, but by no means unique, interpretation of

this effect is the existence of a neutral weak current.

{Submitted to Physical Review Letters)

8/5 13



Life goes on...
Original run plan for first data (LRS)? Teugy appavites on coen? wihe farge omerd
cl{b}?os.“{;.bc}w?*\ C\oalh:msfhw o )bok ﬂ\zh -(m A Tk)(,‘ka, 9'21(”1
Loo\i (L* Ao‘}*Y.'Igukms

l,) 0oy tex al% bean, — l/‘/’l)(;t‘rm

7\) UMWL‘LX Yansyerse b Yeam
Vo “F‘JW'\ > \ﬂw ’f/‘q’& a‘SsTumc jwizs

%> O«Maﬂlav Jighy butions - No Loenlts Qam s’)Jz

But \AWJA omgle  Mugns ]os'i’ ~40% .
\> ?rt lbm\q,{a .W\Zaﬂxwomoq,* .

...conclusion from first 2 runs: R= p22 % po? ( stabsshal swiwr 0:,17)
{Ex? ~ 40 (oV > Pre l&m’ma»-(’bb Y g

...our response to first results: 2 Rebutt & pmimg L afciacn by C}'Q\Lm;,\? I ~85%
\oda hncvaas.‘n(? goruJ a/t\?(e o‘F gr)owk o bers

. ‘< 6—);7 ~ ]DQ%V ) f/z A,c-m.‘nanH‘a 7 }Ma/w,
Oct *73 Harvard & MIT seminars, LRS:



Leon s spark chambers too small transversely?
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After submitting our Aug 3 PRL, -

we again challenge everything...

Electron-neutrinos mimicking
muonless?

Could our event rates be off?

Are our neutrino spectra incorrect?

No.

Aug 18 *73:

DEPARTMENT OF PHYSICS

HARVARD UNIVERSITY

CYCLOTRON LABORATORY
CAMBRIDGE, MAss. 02138

* August 18, 1973

J. Pilcher, C. Rubbia,
L. Sulak

Technical Memorandum

UNFOCUSED NEUTRINO SPECTRA FROM SCALING

We .have evaluated the neutrino yield for E_ = 300 GeV and E_ = 400 GeV

P P
protons incident on a 1 collision length thick aluminum target. The cal-
culation divides naturally into three separate phases!
i) Determination of K+, wt yields
ii) corrections for thickness of the target
iii) calculation of the v-flux from the K+, nt yields
The basic idea behind this determination is that the overwhelming
majority of neutrinos come from kinematical regions for which the validity of
the hadronic scaling has been firmly established by ISR and NAL results.(l)
The very simple geometry of the unfocused beam (unvexed, as Prof. Mann
would most certainly say) makes the connection between the hadron and neutrino
yields very direct and related only to very elementary, geometrical trans-—
formations.
The dependence of the calculated flux on the scaling variable P, of the
parent hadrons is shown in Fig. 1. Particles with P, > 0.3 GeV do not contri-
bute to the neutrino flux. V ‘

The dependence of the v-flux on the scaling variable

x is shown in Fig. 2. Values x < 0.1 and > 0.75 do not contribute to the neu-

trino flux.



HARVARD UNIVERSITY

: : : /
We continue rechecking everything: — bt

Neutrino & anti-neutrino fluxes right. |

J. Pilcher, C. Rubbia, L. Sulak

Technical Memorandum

TESTING THE NEUTRINO FLUX CALCULATIONS WITH THE GAMMA RAY YIELDS OF EXPERIMENT 120

A crucial step in the determination of the neutrino spectrum is an

Got to make Sure muonless events nOt experimental test of the overall validity of the assumptions used in the
e I eCtrOn_neutri no i nd uced . calculations. The traditional I‘nethod used at CERN consists in comparing

the muon distribution inside the shielding with the predictions of a calcula-
tion using identical production spectra, beam geometry and particle degra-
dation throughout the shield.

In the case of the high energy unfocused beam atvNAL, the beam gecmetry
is considerably simpler, since we now have a naked target and no focusing
element. On the other hand due to the higher energies and to the actual ge-
ometry of the shield, the analog study of muon diffusion is extremely diffi-
cult and probably not very useful since masked almost entirely by multiple
Coulomb scattering effects.

In the present application almost all uncertainties come from the produc-
tion spectra since parent particles travel "unvexed" and the beam geometry
is relatively simple and exactly known. Under these circumstances a very
valid test of the v-flux calculation can be provided by comparing the expe?i—
mentally observed yield of y-rays from 7° decays with the prediction of a
parallel calculation starting from the same initial production spectra.

Obviously the egperiﬁent tests almost exclusively the‘w-grcduced neutrinos,

with tha= additional assumption that the m° spectrum coincides with the sum of the

Aug 18 *73:



Data confirms calculation of fluxes.

STTTOBSERVED  ENEXGY  DISTRIBUTIONS B

40t .

2 17X
’

Orp  S0LIp BrlE ) Frpmill QE _mygn 1w AR

NEUTRINOS _

176 EVENTS

204

: ; - ; r& n—— ‘-_1 _..-J
=0 100 150 200 25'0 3o
v ENERGY
ANTINEUTRINCS
056 EVEnTs

| IL'—"_,:‘ —-—-L — i i sl
Y+ Ioo M‘o 175) 50 300
7 ENERGY (G"c..\f) : ~




Are we losing muons out the sides? No.
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Do muon angles agree with expectation? Yes.
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The dependence of the neutrino total cross section 0, on neutrino energy has been mea-
sured up to 160 GeV. The data are consistent with a linear dependence with slope (0.58
#0.25)x107% em®/GeV. The ratio of the antineutrino to the neutrino total cross section
. 0y/0, has been found to be approximately constant up to 70 GeV at a value which is con-
sistent with the numerical value of § expected for the scattering of neutrinos and antineu-
trinos by relativistic pointlike spin-} fermions.

We discuss here the observation of events of
the types v, (9,)+ N—=u"(u*)+ hadrons, from
which are obtained (i) a measurement of the de-
pendence of the neutrino total cross section o, 0on
neutrino energy E, up to 160 GeV, and (ii) mea-
surements of the ratio of antineutrino to neutrino
total cross sections o;/0, up to 70 GeV.

Details of the experimental arrangement were
described previously.! Briefly, useful neutrino
interactions occurred either in a liquid-scintil-
lator ionization calorimeter, or in the first sec-
tion of an iron magnetic spectrometer located
immediately downstream of the calorimeter. For
all events the vector momentum and sign of
charge of the secondary muon were measured in
the magnetic spectrometer. In the temporary
absence of other information we assume that neg-
ative and positive muons are produced in neutri-
no and antineutrino interactions, respectively.
For interactions occuring in the ionization calo-
rimeter the energy of the hadron cascade, E,,
was also measured. The detector was activated
by either of two coincidence modes: (i) a muon
traversing the entire length of the magnetic spec-
trometer, or (ii) a muon traversing at least the
first section of the spectrometer in conjunction
with various preset minimum depositions of en-
ergy in the calorimeter. Data were taken with
primary proton energies E, of 300 and 400 GeV.

We plot in Fig. 1 the observed distributions in
momentum p, and angle §, for muons of negative

Bl o R e A e

1 are Monte Carlo distributions calculated by as-
suming scale invariance and form factors ob-
tained from electroproduction? and low-energy
neutrino data.® The calculation includes the geo-
metric and magnetic-focusing properties (detec -
tion eéficiency) of the detector, and an incident
neutrino or antineutrino spectrum.® The geod
agreement between the observed and predicted
distributions in p, and 6, indicates the approxi-
mate validity of the combined input to the Monte
Carlo calculation.

In Figs. 2(a) and 2(b) are shown the observed
and Monte Carlo calculated distributions in had-
ron energy E, for interactions that occur in the
ionization calorimeter. The agreement on aver-
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FIG. 1. Observed distributions (histograms) in muon
momentum py, and angle ¢, for antineutrinos and neutri-
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Dave Cline presents a seminar at NAL, Dec 7 ‘73

Cline reiterates Aug 3 submission to PRL.:

Then reaffirms it with different fiducial cuts
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...then, one week later,
Cline circulates the slides from his talk: _ December 13, 1973

SUBJECT: Data Reported at NAL Talk, December 6, 1973

FROM: D. Cline

To minimize confusion concerning the data presented at my
talk of December § at NAL, I have reproduced some of the figures

and include them here. The only experimental number reported was

CLINE RETRACTS the raw ratio of yless to p events in the appropriate fiduecial
HIS ERRONEOUS OSClLLATlONZ region of 0.25 * .02.

His E1A collaborators,
who did all the work,

were again furious.



Improvements accomplished:

A pion focusing horn is installed.
An additional iron filter after Hcal for muon ID.

We verify muon detection efficiency:
Universal agreement:
4 different ways of v beam focusing, &

3 different muon identifiers:

All consistent with, muonless/with muon ~0.29

; Summary of data for the four neutrino

beam configurations.

Data Sample

Number of

Muon Detection a R
aventa Efficiency*
L
M ' Ha
Mixeq Morn Off 255 .86 |.77 | .74 |0.74 + 0.06 | 0.18 + 0.05
Beam  yorn on 283 .89 |.81 |.80 |0.45+0.06 |o0.22¢0.05
Sign-selected (x ,K)_ 100 .93 <87 .83 0.12 % 0.05 0.34 # 0.12
[Sign-Selccted (:!,K)+ 188 .93 .87 .83 0.98 + 0.01 0.13 + 0.06

MUON IDENTIFIERS : )*’1 ‘}‘1 }*z'
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POST LOG U E I : > 1 year Iater y INSTITUT NATIONAL DE PHYSIQUE Nl;ﬂllli ET DE PHYSIQUE DES PARTICULES

LABORATOIRE DE L’ACCELERATEUR LINEAIRE

Feedback from Bernard Auber back in Europe: ... ..
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>’73->74: Harvard shops keep humming,
simultaneously with E1A data & analysis,

adapting E1A technology to

v p— v p elastic scattering...
with »and anti-neutrinos.

For ~1.5 GeV low energy neutrinos
With a target-calorimeter of

high granularity along, and | to, the beam line.
adhesive Teflon & oil again

Large area drift chamber trackers... the first ever

Scaled Charpak’s 5x10 cm? up 100x to 4x4 m?.

87% ethylene, 13% Ar |

3 cm/usec drift speed with 300 v/cm

CALORIMETERS
AR A A O O S B S S )

|
I.: t - 1
DRIFT CHAMBERS

SIDE VIEW

TOP VIEW



At Brookhaven in ’74, using refined E1A technology:

Discoveries of more neutral currents:
v, p—v,p elastic scattering

...just like y p — y p...clectro-weak unification!

Also discover the anti-neutrino counterpart,

anti-v, p — anti-v, p

Egelman, LRS, J. Strait, W. Kozanecki & Yudis.
Not shown: G. Gollin, D. Hanna, M. Levi, J. LoSecco, P. Meyers,
L. Rivkin, W. Smith; Al Mann, Brig Williams, A Enterberg,




POSTLOGUE Il 32 years later,

Sam Ting sends unsolicited letter for public display

at my festschrift, stating:

“Your work with a calorimeter at
Fermilab in the 1970s has led to the
discovery of neutral weak currents

with neutrino beams.”

Oct 15, 2005:

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Laboratory for Nuclear Science

CAMBRIDGE, MASSACHUSETTS 02139

October 14, 2005
Professor Lawrence R. Sulak
Chairman
Physics Department
Boston University
Metcalf Science Center
590 Commonwealth Avenue
Boston, MA 02215
Fax: 617 353 9393

Dear Larry:

Please accept my sincere congratulations on this great occasion. I have treasured your
indomitable spirit, your dedication to physics and your true friendship for over thirty years.

Some time ago I booked a flight to Boston specifically to attend this important occasion.
However, because of the great uncertainty prevailing with NASA shuttle flights to transfer AMS to the
Space Station, I must attend a meeting with the Head of the Italian Space Agency this weekend and

therefore may not be able to congratulate you in person. I have the following comments:
Your work has fundamentally changed our knowledge of modern physics.

Your work with a calorimeter at Fermilab, in the 1970s, has led to the discovery of neutral
weak currents with neutrino beams.

Your work with a massive ring-imaging Cherenkov detector to search for proton decay has
recorded an inexplicable absence of atmospheric neutrinos.

You and Masatoshi Koshiba deserve major recognition for extending your original work at the
Kamioka mine, which led to the verification of the initial observation of a deficit of neutrinos.

Your work at MACRO, in the g-2 experiment and in CMS is a testimony of your ingenuity in
instrumentation and your insight in physics.

1 am confident that with your foresight and intelligence, you will continue to do excellent
physics, inspire many more students and provide many stimulating discussions with your colleagues.
Susan and I send our congratulations and warmest wishes to you and Beth.

Sincerely yours,

Sor—

Samuel C.C. Ting

Samuel C.C. Ting, Thomas D. Cabot Professor, AMS Principal Investigator
MIT - Building 44-114, 51 Vassar Street, Cambridge MA 02139-4308 - Tel: 617 253 5065 Fax: 617 253 4100



Summary: daunting challenges facing E1A builders ...

Spectra of neutrinos at hi E? Only 28 GeV protons known, not the anticipated 350 GeV:
Measure m*...via m°®—yy = lateral size of trigger counters, Hcal, spark chambers, magnet
Need Hcal with good o
Mass of target-detector for sufficient rate?

Scintillator? How capture light at 4m distance?

How withstand 4m hydrostatic pressure with little mass?

How track the muon, with lateral spread of 4 m?

How get inexpensive nanosec timing on Hcal re: rf beam structure?
to kill neutrons slower that neutrinos from target, and cosmic rays

How to delay signal from hadronic showers until after fast trigger decision?

How get enough BL2for sagitta resolution?

How to identify muons, and measure their angular distribution?

...yield discoveries in the US of “muonless” events, i.e. neutral currents.



