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CHAPTER 1

Neutrino—Nuc1eon'Reactions and Dimuon Final States

1.1 Introduction

The neutrino was first hypothesized by Pauh‘1 in1933 in order
to conserve enefgy—momentUm in beta decay. About twenty years later,

reactor neutrinos were used to directly observe the inverse processes:?

vt (A, Z) ~ ef+(A,Z—1)

The existengé of a secohd type of neutrino, the muon neutrino,
was demonstrated in the first accelerator neutrino experiment using
a neutrino beam generated from pion aﬁd'kaon decay:®

vu(GL Y+ N> p@t) + hadrons.
The absence of electrons in fhe final state of the reaction provfded
evidence for the existence of two neutrino types, the electron and
muon neutrinos. Subsequently the neutrino-nucleon reaction hés become
an important tool in the study of nucleon structures, weak inter-
actions, and the fundamental quantities characterizing matter.

In the early 1970s and continuing to this day, neutrino nucleon
together with electron and muon-nucleon scattering revealed evidence
for hard scattering from point-like constituents by the phenomena
called scaling, whereby the shapes of the differential cross sections
become independent of energy,“ This was consonant with the develop-

ments of the quark model of hadrons and its evolution into the



quark-parton constituent model,® and finally to a proposed field
“theory of quarks ahd g]uohs currently being studied (quantum chromo-
dynamics, or QCD).”

Concurrent with nucleon structures were a series of discoveries
about lepton final states in neutrino scattering.  The first was the
discovery of ? neutral current reaction:

+ hadrons®

v (T, )+ Ny, @)

which was predicted by'a gauge theory that attemted to unite weak
and electromagnetic interactions by a common spontaneously broken
symmetry.® .Secondly was the’dfscovery of opposite sign dimuons fn
the reaction:'® |

v(v) + N > yuji+ hadrons (1)
In addition evénts of the form:''

v({) + N»put + et + k + hadrons , (2)
were discovered. In the bulk of these events, the extra or e

occur from the production of a charm meson and decay:'?

D> u + v+ hadrons

> e + v + hadrons

Following the discovery of dileptons, other multilepton channels

were searched for. Events with three muons in the final state:®

v + N > pup + hadrons ‘ - (3)

were found, followed by evidence for promptly produced same-sign



dimuon- events:!*
v(v) + N->piut+ hadfons (4)
and tetra]epton.even'ts:15
VN f‘2+£+2+£" + hadrons | (5)

This study will thus be devoted to measuring and comparing the
rates and properties of opposite sign dimuon events with the mechanisms
hypothesized to exp]éin them. In particular, the existence of the
reactions (3)-(5) would imply multilepton production mechanisms
different from (1)-(2), which may also cause some component of
dimuon production.

Sections 1.2 and 1.3 of this chapter will be a digression
describing the general features of inelastic neutrino nucleon scatter-
ing, of nucleon structure, and of models of quarks, 1eptons,vand the
weak interactions which ére neceséary for a discussion of sources of
dimuon events. Using the background and language of sections 1.2 and
1.3, section 1.4 will then describe the primary source of dimuon
events, namely weak charm production and decay, followed by section
1.5 which will discuss other possibilities for opposite sign dimuons
production and their relationships to other multilepton topologies.
Sections 1.4 and 1.5 thus constitute a theoretical basis for a search
for dimuon events, and a measurement of their properties. 'Section 1.5
in particular provfdes a motivation to search for dimuon sources

beyond single charm production as described in section 1.4.



Chapter II discusses comparisons of data and predictions,

“followed by a conclusion.

1.2 Inelastic Neutrino-Nucleon Scattering

1.2.1 Kinematics
The diagram in figure 1.27a describes the dynamics of the

reaction:

v+ N->u+x[k+p->k'+p' (four-vectors)]

via the weak charged current w(w-prbpagator). Three Lorentz scalers

can be defined from these variables:

)

Q2 = -q? = ~(k-k)? = 4EE sin*¢/2 (lab)

1

v p-q x,M(Ev - EU) = MEH .(1ab)

where Ev’ E EH’ are the neutrino, muon and hadron energies in the

ua
lab, © the muon polar angle, and m the nucleon mass (figure 1.2.1b).

In the (Q%, v) plane, Q% < 2v + m%2. Note that

Q? = mass of propagator
W? = mass of hadronic system
v = energy transfer in lab

Instead of Q2, v the equivalent dimensionless (scaling) variables

can be defined:



x = Q*/2v & 2(E11 + E,) sin’0/2  (lab)
| ME,,
y = v/kepz (B -m)/(E +E) (lab)

Note that x is the fraction of nucieon momentum struck, while in the

C.M. of xP and the neutrino

il

¥ = (1 - coso*)/2

or, in the lab, y is the inelasticity,

y = Ev - Eu
Ev

= v/Ev

(figures 1.2.1b,c). Two useful relations are:
xy = Q%/s (1 - x)yzw?/s

1.2.2 Nucleon Structure Functions

For the charged weak current reaction (figure 1.2.1a)Athe most
general form for the inclusive cross section can be found from require-
ments of lorentz invariance and from assuming an effective current-
current weak interaction with a V-A structure for the lepton current.!®

In terms of 3 dimensionless structure functions this is:

Tndy - 5 EFL * Fp (1 -y)* + 2F (1 ~‘y)§
—_ 1.2.1
425V GFZ 2mE ( )

g ~ 2 .
dxdy T gfL (1-y)*+ FR ¥ 2Fs (1 y)g



G- is the Fermi weak coupling constant (10 ° GeV?). The structure

F
functions F are functions of (x, Qz) and the subscripts L, R, S refer
to left, right and scalar couplings. These cross sections are in the
high energy Timit where m/E goes to zero. Since mE is approximately
s/2, the cross section rises as the square of the invariant energy

(point-like coup]fng limit). Table 1.2.1 constitutes a review of

deep inelastid neutrino scattering, 1listing various relations

" among the kinematic quantities and structure functions including
the usual connection with the structure functions F; of electromag-
netic scattering (in the neutrino case there is an extra parity

violating F3).17

1.2.3 Scaling and Scale Violations

It has beeh conjectured that the neutrino scattering is the
incoherent sum of scattering from point-like centers (partdns) in the
nucleon, and thus by dimensional argumenfs the.structure fuhctions
are independent of energy.!® The more precise statement of this is
that x remains finite as Q? and v + =, and the structure functions
become functions only of x, and not x, Q*. The structure functions

thus have an interpretation as the momentum fraction density functions

of the quark-partons which comprise the nucleon:
F(x, Q%)= xq(x, Q%) = xq(x)

where g{x, Q%) is the number density of a quark of momentum fraction
x. Referring to figures 1.2.1c and d, scattering by like-helicity

particles is allowed for all ©* (v + g, V +q), and scattering by



opposite helicity particles at 0 = ¢ is forbidden (v + g, v+q)
by angular momentum conservation. Thus, in this.pipture of
Vneutrino nucleon scattering the following is equivalent to
relation 1.2.1;

dzo,\)N GF2 - -
Tdv— = op 2nxE {q(x, Q*) + (1 -y)® qlx, Q%) +

2(1 - y) 2lx )6

where q refers ﬁo lTeft-handed currents and charge f1/3 quarks, q
refers to right-handed curréents and charge -2/3 antiquarks and %
refers to possible longitudinal (sca]af) constifuehts. For v, q
and q interchénge,‘and with charge +2/3 quarks and charge +1/3
anti-quarks . ‘In the scaling limit (free quarks) q{x, Q%) -g(x)
and 2(x)~=+0. Note that 2mxE is s of v-gq subprocess.

The quantity R is defined as the ratio of longitudinal {trans—
versely aligned or sca]ar boson propagator) to transverse { longitu-

dinally aligned propagator) cross sections:
— 2 [e ]
R = UL/GT for g© -

(see table 1.2.1). R is non-zero only if there are apparent non—Spinbr
scattering centers in the nucleon, which could be, for example, spinors
with a momentum component transverse to the nucleon momentum.!® In
other words, R # 0 implies 2(x, Q ) # 0. Experiment]y, the following

relations in terms of the standard F1 - F, are true to about 10 - 20%:

3



2x(F'1'c:. Fos R20 (Callan-Gross)
—2xF1c:F3 (maximal V-A interference),

the q content of the nucleon is about 10%-15% at 100 GeV (refer to table
1.2.1). o

Up to this point in the discussion quarks are considered to be free,
and the nucleon is composedvon]y of massless quarks and qg pairs. None
of these statements are cohp]etely correct. The quarks are neitHer
free‘(?)2° nor massless (?)?!, and simple sum rules compared to
data have shown that it is inconsistent to require thét quarks
carry all the momentum of the nucleon (only about 50%).22 In addi-
tion there is a progressive, although gent]e, change in the struc-
ture functions with-E and Q%, and R 0.1 - 0.2.22

To explain these objections (deviations) to simple scaling,
and hadronic physics in general, there is some evidence (hope) that
a non-abelian gauge theory of quarks dnd gluons may be a theory of
hadronic matter (QCD).?*® It is analogous to fhé QED theory df elec-
trons and photons, except that the photbn is charged (gluon). 1In
the case of ﬂeep inelastic scattering, th%s tneory presumably explains
the logarithmic Q* dependence of the structure functions and the
presence of antiquarks in the nucleon. At large Q*, the current can

always "resolve" a quark into a quark and a gluon (the Uncertainty
Principle) as in figure 1.2.2, thus sharing the momentum fraction x
between the quark and the gluon, and thus causing the quark densities'

to appear at lower x as Q® increases. In addifion, the theory has



the property that the effective coupling constant o decreases in
strength as Q* increases, thus explaining the approximate scaling

behavior at-highienergy, since the quarks appear to be quasi-free

from the other quarks (asymptotically free).®* (In the Tow Q% Timit

it is conjectured that this behavior reVerses and the quarks are
confined: infgared slavery.) A gluon can always be resolved by

a current (wtbgson) into a pair of quarks (figure 1.2.3) and thus

at larger W* and Q2, the nucieon appears more as qd pairs of any
flavor at low x since they share the x\of the gluon. This exp]aihs
especially the g peaking at x - 0. The g]uonsbtan also be identi?ied
as carrying the "missing" momentum of the nucleon not cafriedAby
quarks. Finally, the quark—g]uon interactions give fransverse

components to the quark momenta, inducing an effective R [2(x)].

In summary: . .

1. The nucteon structure functions in deep inelastic scattering scale
approximately |

2. Charge symmetry (v -V structure function dffferences) appears to
be a valid symmetry, at least at higﬁ-energy.

3. R is small=0.2

4. The total cross section rises with energy for E < 400 GeV

5. The number of valence quarks is 3 (quarks not pairable in gq pairs)

6. F2 in electromagnetic and weak interactions is similar up to dif-

ferences in‘quark charge

7. The auarks carry half of the nucleon momentum
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Theré are systematic QCD effects in Q?, E, which effectively change
the quark content of the nucleon, causing the structure functions to
peak at lower x and allowing gluons to carry nuc]eonvmomentum.

However a note of caution should be intérjécted. Radiative
corrections a?so induce Q? effects.2?* Massive quark production alters
simple sca]in% behavior with Q2 due to threshold effects.?® (The
whole subject of the role of quark masses as “constifuent" quarks,
and as "current" quarks in scattering is poorly understood.?® Care
must be taken io remove these effects in the study of QCD by deep
inelastic scattering. | ‘

Finally, one of the beautiful aspects of QCD from a lepton
scattering point of view is that it allows the nucleon to serve as
a target of quarks of any flavor as the lepton energy increases. The

subject of quark flavors is discussed in the next section.
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1.3 Quarks and Leptons and the Weak Currents

1.3.1 Weak Currents

The neutrino nucleon cross section for energies small with re-

spect to GF'l/2

can be derived from a current-current V-A interaction,
implying a total cross section linear in s, whfch evéntuaT]y violates
the unitarity bound for s-wave (pointlike) interactions.?® However,
this interaction predicts to a high degree of accuracy many of the
low energy decay phenomena. Fortunately the effective current-current
interaction lagrangian can be derived as a low energy limit of a spon-
taneously broken gauge theory SU(2) x U(1) (Weinberg-Salam) of both |
electromagnetism and the weak interactions.® The point'coupling ié
replaced by heavy propagators (W, ZO) wﬁich'together with the photon
aquire their masses from the effects 6f the symmetry breakfng.27 This
theory is assumed to be a correct description of the weak interactions
for the purposes of this work.

It is the 3 heavy propagators W=, 7° connecting the quarks and
leptons, and in particular, the neutrino and the quarks, which are

the source of the weak interaction. Because the boson masses are
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large (more than 75 GeV), the cross section is undamped in 02 by
propagator effects for the energies under consideration (unlike
electromagnetism).

The basic effects of the weak interaction in neutrino scatter-

ing can be summarized as follows:

1. undamped by propagator effects, leading to high Q® events

2. highly inelastic - flat y - distribution for 1ike helicity
particles, and Targe scattered Tepton momenta perpendicular
to the beam direction | .

. large hadronic masses (W? large)

S W

. non-conservation of some hadronic quantum numbers

. parity violation terms

(&3]

6. quarks have equal weak charges

1.3.2 The andamental Fermions

Under the charged current, the quarks and leptons are grouped
into left-handed mixed doublets. It is believed that there are at

least 6 quarks and 6 leptons forming 3 generations?®:

The d', s', b' are the "Cabbibo" rotated states, each dominated by d;
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s, b quark contributions. (Note that t, V. have not been directly
- observed.)
The charge changing interaction can be described by the hadronic

current:

/d
J (u, c, t)Als
i b
i |
where A is a 3 x 3 unitary matrix

c -5.C. -5.S
A= slc C.C,C ~§ 2 e"i6 C.C,5 iSBC e'ié
1% 192637%2%3%__ 192°37°2%3°
5,55 €18,C5*C S 48 €15,557C,C 48

and c; = cos@i, Sy = sinei are generalized Cabbibo angles and 6§ is a

complex phase. 1In principle § can be adjusted to explain CP violation
16 |

effects (k% - X% system); it is consistent to set e 'z 1. The quark

doublets become

u .
( d(cl) - 3(51c3) - b(slsg))L

c ‘ A
{ d(slcz) + s(c1c2c3 - 3233) + b(clczs3 + 52c3) )

X )
\ - _ :
( d(slszl + 3(015203 + c253) + b(C15253 c203)

The angle 91 controls the relative strength of u +> d transitions

to the strength of(u, d)++ (notAd, u) transitions. Angle 62 controls

the relative shring of u > s; b while 93 controls the relative sharing
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of d > ¢, t. Since the 4-quark udsc GIM model works well, o, =

14

1

eCabbibo and cosez’:cosez’;&-l. A complete discussion on the sizes

and properties of the angles can be found in reference 29. The

contraints are:

6,%06 = .05

2

17 7¢ ?1

52_2 < 0.1

532 <0.3
Making a simplve assumption that Ol = 02 = 93 = OC, sinzei = 1/20,

1, c,ose)2 = 00503 = -1, the quark doublets are approximately:

2
cos @l

]

' u : . C . t
(dis/ 20-b/20) (-d/ 20 + s-2b/ 20) d/20 - 2s/ 20-b

from which the relative transition probabilities can be corﬁputed.
Note that the allowed maximum rates for u - b=1%, ¢ » b 50%, while
s+c¢c~1.0,d~ c= 5%.33

The Iépton doublets are not mixed to any known degree, presum-
ably due to the masslessness of the neutrinos.®? The mass scales for

the quarks in some models is taken to be roughly:
m{u:d:s:c:b:t) > 1:1.2:3:9:27:81, with Mcﬂl.S GeV.3!

1.4 Dimuons from Charm

In the 1imit of C, = cé'::—l, the source yielding the highest rate

of dimuons is the direct production and prompt semileptonic decay of
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1012 17 This occurs for (V)v nucleon collisions

charm particles.
mainly by (d,s) d, s transitions to c(¢) QUarks as shown in fig-
ure 1.4.1a,b. Noté that charm dimuons for V occur only from ocean
quarks. In addition, chafm quarks in the ocean can lead to dimuons
from the "leftover" quark as shown in figure 1.4.1c. This diagram
is not expected to contribute significantly to the rate due to the
(1 - y)* factor and the assumed weak enerdy transfer mechanism to
the left-over charm quark, yielding lower energy muons relative to
the other diagrams. |

In the Timit of no quark mass effects and ignoring the effect of

cc pairs in the ocean, the cross section above threshold in the "fast

rescaling” Timit are

d20' - .szE s 2 24

Sy~ - T (x) {d sin 0. t s cos ec)
.

dZO'\“' = GZmE - 2 < s

axdy —— (x) (S cos”®_+d sin’e )

For practical purposes, the term a'sihzﬁc can be ﬁgnored, relative

to's coszec. Note that the convention on isoscalar targets is:

d = dp‘+ dn = dp U, =

u=upt u, = up + dp = d
s = spt s, = 2sp = an =g
U=Tp+0 =20p=20 =d

c = 2cp=2¢c = c A
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‘A more complete model for dimuons includes the following five

elements3?:

1 the duark densities d(x), &kx), s(x), E(x), (c(x), c(x))
T slow rescaling and threshold effects, with x replaced by
‘x' = X + MCZ/(ZmEy), M, being the mass of the charm quark
III fragmentation of the charm quark into a charm meson with
momentum fraction z of the quark momentum
IV transverse momentum distribution of the charm particle with
respect to the W boson direction - |

V muon kinematics from charm particle semileptonic decay

The quark densities are given by the first article in reference

33 for valence V and sea S as:

XV(x) = 3.62x%  (1-x)® -3.59x%  (1-x)° + 14.79x 85(1-x)®
xS(x) = 0.202(1-x)° . (sea)

and '(Jo’l xSdx)/ ({1 xVdx) = 0.06

The remaining articles in reference 33 give various parametizations,

approximately as:

1

xW(x) = (1-x)3x7?
xS(x) = (1-x)°°

with overall percentages of momentum carried by the ocean quarks vary- ‘
ing between 5-20%. For this work, the former densities are used and

SU(3) symmetry assumed. Discussion of these densities are also found
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in reference 32. The question of flavor symmetry in the ocean is
an open and important question. Presumably at iﬁfinite energy, the
ocean arising from gluon processes is SU(N) symnetric, N = number
of flavors. At the energies relevant to this experiment, since the
symmetry is broken by the quérk massess (?), both kinematic and dy-
namic suppregsion of the heavier quarks in the ocean may occur.3*

‘ The Teads to the rescaling of the cross section for charm pro-
duction. Since the mass of the quark absorbs a large part of the
phase space above threshold the terms in the differentfaT Cross- sec-
tion referring to charm quark production ére recast by the substitu-
tion of x' for x as defined by II above. The differential cross sec-
tions for charm quark production become®®:

426" _ szE§i -y +yx {(x") (d(x*") sinzec + s(x') coszec)
dxdy T \ X

1

)

d?c” szEg} -y + yx S(x'), (3(x') cos?e
= JSX )

dxdy m X ¢

As can be seen from the defintion, as.E + o, X' +'X. The overall
effect of this "slow resca1ihg“ is a more gentle 1ncréase of the
dimuon rate with neutrino energy. |

Thé ﬁfragmentation" of the charm quark into a charmed particle.
is described by a probability (or "fragmentatién”) function D('z) where
Z= ED/EH. Here, ED = energy,of a D meson, EH = yEy is the energy
absorbed in the quark transition, and z is thus the fraction of the

energy of the charm quark retained by the charmed hadron. In the
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production of light particle (pions, Kaons), the probability density
D(z):f‘e—sz.36 Rather~adhoé arguments based on intuition about QCD
favor flatter [D(z) zconstaht] or even rising [D(z)::2]37 Z distri-
butfons, for charm fragmentation.

The momentum of theAD meson perpendicular to the W-direction
is taken from the Ptrdistribution in the production of high mass

states in hadr@nic collisions 32 as dN = and

~am
S o2 e T, a= 3-6
PN VZ. dP

D-decays are taken as D = K(K*)uv 50% K, 50% K* analogous to

kaon decay3®:

—_—

EKdEu

dN ﬂZEuEV - MD(WK - EK)

~ - { - 2 -
g;Ef = 2E E, - My Eva) + Mo (W = Epi)/ My
K*¥ ™ u

where»wi = (MD2 + MT.2 - Muz)/ZMD' The average muon energy for the K*
decay mode is about 20% lower than the K decay mode due to the K,K*
mass differeﬁce; The branching ratio of D » u is betweén 8% and
15%, with a preferred value of about 10%.*°

In principle, by comparing the neutrino and anti—néutrino dimuon
rates relative to single muons, the fractional momentum carried by the

‘strange ocean (s,s) can be approximately determined relative to valence

quarks integrated over x and y as:

w

_— = 20
tan OC R

D 1

(Rz - Rl)
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~——

where Ry = 05 » R2 =_BY = (o2y/ olu)ﬁ
- v (o2u/ ol u)
Vv
and Q =Sxg(x)dx
The values o5 ' sinz@c = 0.054
—— = 0.48 +.03 ? :
o, .

are used.*! This approach will be an underestimate of the strénge

~ sea as threshold effects require an X'min to make D mesons of

¥ - 2 2
= m -m
S

min D
2mE

X
H

which is not an "automatic" requirement in single muon events. - This
underestimatz can be as large as 50% without slow rescah‘ng“‘2 If
charm quarks are included the ratio S/D » (S + g@)/D

In addition, by integrating the differential cross sections over x,

y and using the previous defintions of Rv, RV

RY = § ':032@C + D sinzeC + 1/3 C b
(D+s) +1/3(T+7T) CE

v:? 2n N 4n2

R S cos Oc + D s.? @Q:f 1/3 § ) _9,
/3 (U+C)+(D+59) €

it

where b = branching ratio charm > u
e = experimental efficiency factor typically .=1.8 - 2 %3
Note that the terms 1/3 C and D sinzeC can be taken as small. By

using the shapes of the y distributions defined by BY, BV (table 1.2.1)
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and the assumption that ocean -sinzeC:LO, the following relations

can be derived*3:
~—+ SR\)ZI/3+}_L§_\)§
U+ C - 14pY)P

S+ D sin’, +1/3 T = R"gl/3 + 1-89(
D+S. 1+8Y b

;

Thus using measurements of the dimuon ratio RV, RV relative to

single muons, information about the relative quark contents of the

nucleon can be extracted. It is to be emphasized, however, that
energy dependent rescaling modifies these simple predictions by as
much as 50%.

In summary, the rate of dimuons given by:

do (N +-u+u-x) =

do (VN = ucx) - charm quark production
x D(Z) dz fragmentation

X P(mT) dp 2 p w-djrection

X g%g (D » ux) D-decay

This overall rate is about 1-2% asymptotically, with no experimental
cuts.

Because of the 3—body'D decay and the Z—distribution,Athe muon
from the D-decay will be soft relative to the initial muon from the

lepton vertex. The second MUon will follow the W-boson direction up




21

to a Pt reflecting My and heavy particle production. In an
experiment, cuts in momentum are always made to ensure, for
example, good acceptance and muon identification. Cuts are
described further 1in Chapter 3. With a 4-5 GeV minimum muon
energy cut, typically 40-50% of the events are lost. A detailed
comparison of the events expected from a charm Monte Carlo will

be presented in Chapter 4.

1.5 Dimuons from Sources Beyond Charm

1.5.1 Sources of dimuon events are basically Timited only to the
inventiveness of pﬁysjcists. However,‘sources of dimuons are bon-
strained by properties of other lepton final states: same sign
dileptons, trileptons, tetrdeptons, and so forth. Sbufces for 2 muon
events must not yieid too Targe a relative rate for other measured
topologies. These rates are:

we s it
T_{ﬂ‘ﬁ'-— _ﬁﬁ‘%-

S

-5 » ) ‘
3) x 1077, P . > 5 GeV

B
|E
2
>
+

5
2) x 10 , Pmin > 4.5 GeV |

—_ 16576
U 16 °, Pmin > 3 GeV

quoted for typical high energy beams with E primary > 400 GeV. Con-

versely sources for other topologies must not create dileptons with

high rates, or unusual properties.

For the present purposes, the dimuon signal is c1assified into

6 cateqories:
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. weak charm production and decay
backgrounds: w,k decay, and accidentals
. electromagnetic processes '
hadronic charm pair production

. weak heavy quark production

N S W N

exotic processes: production of heavy']eptons, gauge
particles (Higgs), etc.

Process 1 has already been discussed in section 1.4 and process 2,

backgrounds, are discussed in Appendix XII and chapter 3 and 4.

1.5.2 Weak-Electromaanetic Processes

Process 3, electromagnetic processes is subdivided into 4 cate-
‘gories.

1. standard trimuons with a missing muon due to acceptance
(figure 1.5.1a) '

2. neutral current radiative corrections
{figure 1.5.1b)

3. neutral current direct muon production
(figure 1.5.1c) '

4. weak-electromagnetic "coherent"scattering (4~fermion)
(figure 1.5.1d)

The standard trimuon mechanisms are discussed in reference 45.
The "feed-through" from standard trimuons to dimuons via the loss of
a mucn through momentum cuts is calculated to give a rate of less
than 0.5 x 10 ° persingle muon event using the models shown in figure
1.5.1a, and assuming that the lost muon must be less than 4.5 GeV."®

(Note that this model sca]es up the calculated direct pair contribu-
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tion by a factor of 3 to explain the trimuon rate.)

The neutral current radiative processes are about a factor of 3
larger per neutral current interaction than the corresponding charged
current trimuon processes as there is no interference between dia-

grams.*®

However, the neutral current/charged current ratio lowers
this relativeito single muon events. The neutral current difect muon
pair processes should occuratasimilar rate per charged current inter-
action as the corresponding rate in trimuons. Thus the overall di-
muon rate per single muon event from neutral current induced electro-

magnetic processes is similar to or slightly lower than the trimuon

rate for events with Pmin > 4.5 GeV: u'u+z p+u‘ <5 x 10°%. These

SR
events are characterized by very low invariant masses of the muon

pairs, averaging about 750 MeV, and have low E visible due to the
missing neutrino. |

In addition, direct muons in neutral current events can occur
from véctor meson production. This dimuon rate is also estimated to
be < 10° % per single muon event from vector meson production cross

7 These events are also char-

sections and muonic branching ratios."
acterized by Tow pair masses and 1owvtota1 energy due to the missing
neutrino. |

The weak-e1ectromagnetic process is characterized by very low
hadronic energy EH. The signal is also very small, having a rate

(proportional to 72?) of about 2-3 x 107¢ per single muon event for

an average Z of 20.%2
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In general, all the electromagnetic and direct muon processes,
will not contribute substantially to opposite sign dimuons having
rates proportional to G%a? implying ratios less than 5 x 10°° per
single muon event or about 1% or less of the expected dimuons from

charm.
4

1.5.3 «c¢C Pfoduction

From beam-dump results and hadronic collisions with single
lepton final states, charm pair pfoduCtion is estimated to be about
50 ub/nucleon or about 10°% per interaction.*® Assuming that the

W is 1ike a quark beam, cC vroduction in v reactions may occur at

the 102 level of the total cross section. This gives rise to multi-

lepton events as jllustrated in figures 1.5.2a~-d. A crude estimate
of the dimuon rate would be 10 %b/e with b = 10%, e (efficiency) = 2

if ¢, € decay is like direct charm with a 4-5 GeV P cut.

min
The cCT processes gives both a same sign and an opposife'sign
dimuon rate of 5 x 1073 per single muon event, compatible with the
same sign rate. One diagram of a model for cC production by gluon
bremmstrahlung is shown in figure 1.5.3. Calculations for this con-
tribution are lower than the observed rate by an order of magnitude
or more.®® It should be noted that in the hadronic direct muon con-
tribution to the trimuons, a naive calculation using pion beam data

for muon pair production is too low by about a factor of 3 if the

whole of the 3u rate is to explained by radiation and direct muon
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pair production. Charged current charm pair production causes.
trimuons at a rate 2 x 107 per single muon event from both
particles' semileptonic decays ( figure 1.5<2d) thus making a fhree
source interpretation of trimuons somewhat more compétib]e with
data and providing a nétura1 explanation bf the like-sign dimuon
rate. At this time, it appears to be virtually impossible to dis-
tinguish ctC fndﬁced obposite sign dimuons from ordinary direct
cﬁarm production from the characteristics of the events, except if
accurate models for D(z) and F(Pt) can be formulated, or if thres- '
hold effects can be investigated. Charm_pair production by neutral
currents probably can be ignored due-to ]ow>mbmenta and energies,
as well as the low rate.

Several interesting points can be made about cT production
and direct muon pair production by neutrinos. vBéth processes
involve correlations bétweenfquarks in the same hadronic system.
Referring to figure 1.5.4a, once a quark of momentum fraction x has
absorbed a cu%rent producing a quark q' of momentum fraction x', the
q' with which it annihilates can only have an x'distribution which -
ranges from O to fl—x), since the sum of all x in any hadron is
bounded by 1. Similarly (refer to figure 1.5.4b) a ¢ quark of energy
fraction z necessarily bounds the € to a z of 0<2Z é(]—z). in.
order to correctly calculate these processes, joint quark probab%i—
ities must be known, which is contrary to the foundations of the

parton model, namely incoherence. However, it is interesting to
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speculate that QCD may provide mechanisms to calculate these effects,
since the q arise from gluons. Indeed, it may be argued that quark

confinement is ultimately a correlation.

1.5.4 Heavy Quark Production

Heavy quarks, b and t, can be producéd by the weak current anal-
ogously to direct charm production but with an additional phase space

suppression estimated to be a factor of 3 for b-quarks over charm.®! | L

The t quark production, with my greater than about 14 GeV , will not ~

be considered here. The b-quark can be produced by the following

processes:

—

— - ~— +
vi-+u b Vy-s>u b

— - +
ve-+u b vwvec->u b

Both are (1-y)? distributions. Note that only in the v case can
production occur from valence quarks (reverse of charm). For Ju +
lﬁ'b, the mixing angle bounds imply a maximum allowable ratevof 0.3%
of the charged current rate, and for VU'+ u_'g; about 0.03 - 0.1%
above 100 GeV, implying a maxiQO contribution to v dimuons of 3%
and to v dimuons of 0.3 - 1% via semileptonic decay’

(Figure 1.5.5a).2%>%' (Note that the mixing angles were discussed

in section 1.3,) The c-b transition rate may be as large as 50%,
implying at high energy a dilepton rate as high as 10-20% of the
~direct charm production assuming an SU(4) symmetric ocean. This

is not likely. The most favored parameters in the Titerature’® favor

a dimuon rate from b-production of 0.1% of the charm rate. Note that
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b -+ ¢ cascades can'occur yielding a source of trimuons by an
additional semi-Teptonic c decay (figure 1.5.5b) with a rate lower
than the-b—quark dimuons by a factor of at least 20 or more, compat—
ible with the trimuon rate. Both figures 1.5.5a,b can give rise to
extra muons by "leftover" charm quark decays which presumably will
give inly softgmudns. It is interesting to speculate that thié "Meft-

over" quark decay may be a source of tetra1eptons, as its overall rate

- 2 ,
SR 2
roughly 1like the observed tetralepton réte assuming 5% charm ocean.
Since the contribution to the overall fate of dimuons is small
_ for heavy quafk productidn, the most reasonable tests for‘b—quark
production and decay are by the kinematic properties of the decay muon’.
These are calculated analogously to direct charm production,.requiring
D(z), F(Pt) and:b-quark decay kinematics. For the purposes of calcu-
lation this work uses 50% charm - 50% up quark deéays. The decay muon
will reflect the mass of the b-quark, causing.the second muon to reach
larger values of momenta transverse to the W-boson direction than charm

decays for equal numbers of events.

1.5.5 Heavy Leptons and Other Exotics

A heavy L~ with masses less than 14 GeV have been tested by sev-
eral experiments and ruled out to the 1% level.5® However, three

experiments have reported weak evidence for an L% with a mass between
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1.5 -2 GeV5*, one by L% » um, and 2 by 1%+ pev. Tests for

dimuon production by 1% o+ ypv (figure 1.5.6) would be®®:

1. a higher probability than charm for the 2 muons to have

similar momenta % < P1 / P2 < 2.
2. the second muon not following the apparent w-direction
3. invar%ant muon pair massless than m o

4. small difference in the azimuthal angles of the 2 muons about

the beam direction.

Other sources (Higg's particles , axions, etc) will be ignored

in this analysis. A reivew of some of these mechanisms can be found

in reference 56.
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Table 1.2.1. Formulae for deep inelastic v scattering.

dzo\)'v= GmE {(1—y)F2 + xyzF1 ) x(y—y2/2)F3}_
dxdy m

FLp = 2XFp 2 xF

S 2 1 2 =.RF2/(1+R)

R= fF2 dx / s 2xF1dx -1 =og/ot=f (FS/Z(FR+FL))dx

ke
i

= -1/(1+R) B= - xF3dx/ fFde

BV. BV'= 27 x(s-c)dx/ sx(url+s+c)dx

xFy¥ = x(d+s-T-¢) F)) = x(dts+i+c)
xF3y = x{u+c-d-3) F;; = x(utctd+s)
On an isoscalar target: wu=u _tu =u_+d =d

_pnpp
d=d _+d =d +u _=Uu
P npp

§=5=25 , €=C=2¢C
p p

let G'= n/ GmE ;

36, de’ . do° . 3 1 - 1, v eV
s (gt oy )= 3 fptg xFpg(xFyT xR
30 de” de L 1 e ey L

> G (-a; - I ) = ~2( XF3 + xF3 ) = x(u~u).
1 do” dg”

2

Ol & )T (ywr2)el (8% BY)(y-y2/2)
+ py2/2 }

Fractional momentum in quark: Q¥a?f F2dx = f(q+q)dx

Callan- Gross relation (not assumed): 2xFiz F2

Gross-Llevellyn Smith sum rule :7 Fydx=3
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Figure 1.2.3
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CHAPTER 11
APPARATUS

1. Introduction

This chapter briefly describes the experimental apparatus and
terminology pertaining to it for reference-on Tater chapters. " Details
and expanded descriptions concérning the cohstrucfion, céTibrétion |
and use of all phases of the experimental equipment are found in the

appendices.

2. Experiment Design

An event is defined by the kinematic variables discussed in
chapter I for deep inelastic scattering. These variables imply that
measurement of the total hadronic energy EH, the muon momentum Pi’
and fhe muon polar angle © are necessary and sufficient to measure
deep inelastic differential cross sections. Fof multimuon events all
muon momenta P2 e PN must be measured. Thus highly detailed informa-
tion about each hadron in the events can be given up in order to obtain
large target masses, ensuring a large sample of events and thus the
ability to search for and to measure properties of rare multimuon
processes, even though the neutrino total cross section is small

(1073® Ev cm? GeV ™ 1).
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The design philosophy then was to break the requirements of
hadron energy and muon momentummeasurement into separate parts, but
to combine the apparatus into a target - detector. The apparatus
thus consists of four basic parts:

1. neutrino beams
2. calorimeter targets

3. muon spectrometer
4. trigger, logic and aquisition systems.

A schematic of'thé'target - detector is shown in figure 2.1. In total

it was about 100' long x 24' high x 24' wide, excluding optics and

electronics, and weighed about 1,500 tons.

3. Beams

The tertiary muon (anti) neutrino beams were generated from the
leptonic decays of the secondary pions and kaons produced by the
targetted 400 GeV proton beam extracted from the synchrotron at
Fermilab. Two high flux (= 10° neutrinos/burst) broad band beams were
employed, where the secondaries traversed one of two magnetic lines:
a magnetically focused quadrapole triplet beam (QT) or a bare target
magnetically sign selected beam (BTSS). The QT beam provided a beam
of neutrino and antinéutrino with the event rates in the rafio of 6:1
and average energies of 90 and 60 GeV respectively, with useful neu-
trino flux past 200 GeV ( about 10% of the events). The BTSS beams
provided purer beams of either neutrino or antineutrino with energy

spectra similar to the QT but lower event rates per incident proton
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targetted. Typically the accelerator delivered 10'*® protons to
the target over a 2 msec "spill" with a repetition rate every 10
seconds. Details concerning the beam spectra, the beam lines and
other information are found in Appendix I. Figure 2.3 shoWs a

.schenatic of the beams.

4. Calorimeter - Targets

As can be seen in figure 2.1, there aké 3 targets: 1) én
upstream solid iron block or iron target (Fe tgt), cleaved into 3
parts separated by scintillator counters, 2) a pure liquid caloriQ
meter (Liq Cal), and 3) a 1liquid-iron calorimeter sandwich (Fe Cal).
The fiducial (total) masses are 198(250),36(60L’§nd42(150) metric tons
respectively, with hadron.absorption lengths of 31, 120, and 61 cm.

The calorimeters measure EH by totally absorbing the hadronic
energy and sampling the resulting fonization in liquid scintillator.
The total Tlight from the scintillator, measured using pﬁotomu]tip]ier,
is therefore approximately proportional to EH. The energy resolution
for the liquid and iron calorimeters is about 10% and.ZO% respectively.
The iron target was a compromise to obtain large target mass at Tow
cost to search for rare processes; the counters installed are used
for monitoring events.

Details concerning the calorimeter construction, calibration,
energy resolution and measurement can be found in Appendices IT and

IX.
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5. Muon Spectrometer

The spectrometer consists of track following wide gap optical

- spark chambers (WGOSC), and solid jron toroidal bending magnets. The
muon toroids are built in two sizes: 3 Targe muon angle 24' diameter
toroids, followed by 4 high momentum 12' diameter toroids as shown

in figure 2.1. For tracks traversing the entire spectrometer these
proVided aboﬁt'30 kG—m and 70 kG-m ofvbending. The spark chambers

are placed in planes behind each toroidal magnet to measure the
positions and angles of the bending muon tracks traversing the magnets.
The spark shambers are also interspersed throughtout the calorimeter
to measure the initial muon trajectories and to record event origins
from the hadron showers. The sparks are recorded in 3 stereo views
using film registration, with the cameras viewing the chambers through
a folded mirror optical system. The resolution of the spectrometer

is about 12% 8p/p. A complete description of this apparatus, its

construction, and its use can be found in Appendices III - VII.

6. Trigger Counters

Planes of liquid scintillator counters were placed in various
positions in the apparatus, the information from which was used to
tag events and to decide whether to "trigger" the data acquisition
sequence (firing the spark chambers and recarding the calorimeter

and counter data on magnetic tape). These counters are shown
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schematically in figure 2.2. Counter A was a veto counter, to

ensure that only neutral particles entered the apparatus. Coﬁnfers
F1, F2, F3 monitored the iron target events. Counter T was formed

by the logical AND of the last 2 counters in the iron calorimeter
19 + 110, monitoring calorimeter events. In the 24' magnet a multi-
muon position hodoscope was installed. It consisted of 2 crossed
planes of Horizontal and‘Vertica1.counters. Each counter plane
provided 20 strips 1.2' wide, 24' long, and were divided into 2 banks
each giving 4 counter banks: HU (Horizontal Up), HD (Horizontal
Down), VU (Vertical Upstream) and VD (Vertical Downstream). HU, HD,
VU were placed in the first gap of the magnet and VD was placed in
the second gap as shown in figure 2.2. Counters B and C were placed
behind toroids 1 and 2 of the 12' magnet for muon tagging. AConstruc~

tion details for these counters can be found in Appendices II and VIII.

7. Triggers and Logic

This section briefly describes fhe motivations and essentials
for accepting (triggering) an event. The spabk chamber dead time,
the fiducial flash time and the camera advance time 1imit the appar-
atus to one event per accelerator spill. Therefore a trigger system
was devised to enhance the multimuon events and at the same time to
accept a relatively unbiased sample of neutrino events. Basically
4 elements were used in various combinations for trigger require-

ments: a beam-on signal, no counts in the veto A, hadron energy,
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and counts in the muon counters T, H, V, B, C. The beam gate was
generated by the accelerator controls group (which also provided
information on the targetted proton flux). By knowing the length

of time of the "spill" (protons targetted), the spill could be

.sp]it into two parts. The first part, Spill 1, was used for an
enriched sample of multimuon events, while the second part, Spill 2,
was used for relatively unbjased charged current events of all kinds.

This was accomplished by switching between the following (simplified)

triggers:
A-F- H,V, (Fe tgt Dimuon Trigger) active full spill
A-F-Elig. HV, (Liq cal " ") " P
A-F-Efe-HyV, (Fe Cal ) " " !
R-F-Eliq- HY (Lig Cal single muon trigger) "
A’ . '['_: s Efe » HY (Fe Cal n " 1" ) ] " 1"
A— . l—:- ' B'C T (Quiet " 1] 1 ) " 1" i

where H2V2 requires at least 2 cells in the crossed H and V counters
to be hit, F is the logical or of F1 - F3 counters and Elig and Efe
require energy deposition in the calorimeters above a threshold.
Spill splitting was done only for the neutrino running. During the
antineutrino running, due to the lower event rate, all events were
accepted (Spill 2 was the entire spill). An A-B-C through-going

muon trigger was used 10% of the time as a monitor of the calorimeter

and counter response. Details concerning the Togic and triggers can
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be found in Appendix VIII.

8.  Data Logging

Details concerning the time sequence of events and the informa-
‘tion recorded can be found in Appendix VIII. The time sequence is
started by the accelerator and ends when the computer finishes rend-
ing data from the aquisition electronics. During this time the spark
chambers fire and are recorded on film along with fiducial marks and
frame numbers. Information written on tape includes hodoscope hits,
trigger counter hits, time-of-flight (TOF) of counters and triggers
with respect to the trigger, spill time and intensity,'counter and
trigger scalers, and the pulse height (ADC) information from the
calorimeters. |

In addition to data recording, the computer system provided
diagnostic displays of single events and histograms of accumulated

TOF's, hit patterns, and Landau distributions for the calorimeters.

9. Recapitulation

The salient features of the apparatus can be briefly summar-

ized:

A) large muon angular acceptance averaging about 600 milliradians
B) muon momentum resolution of 15% Ap/p

C) hadron energy resolution of 10% - 20% AE/E
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D) angle and position information in 1 spark chamber of + 10
milliradians, + 1 mm.

E) repeated sampling if muon track position and dE/dx.

F) redundancy from counters, calorimeters, and film for event
selection and background rejection

G) time resolutions of 100 nsec triggers, 200 nsec calorimeters,

- 2 usec spark chambers .
H) 3 target densities
1) 275 tons fiducial mass

J) wide band high intensity beams
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CHAPTER III
DIMUON ANALYSIS

3.1 Introduction

This chapter describes the analysis of the dimuon sample.
Section 2 summarizes running conditions; section 3 discusses trigger
rates and counter efficiency; section 4 describes the dimuon scan;
section 5 describes event processing and cuts; section 6 describes
corrections to the data sample and displays the correcfed data;

section 7 discusses backgrounds to dimuon events.

3.2 Summary of Data and Rumning

The data in this experiment was taken between August 1976 and
“July 1977. Table 3.2.7 is a summary of this data. During the Quad
Triplet (Q.T.) and Bare target sign selected (BTSS) neutrino running
the spill was split as described in Appendix 8 and Chapter.Z. During
the BTSS antineutriho running, spill 2 only ("unbiased” trigger) was
used due to the smaller event rate in the targets. For all running,
the average trigger rate was at most about 1 event/2 spills, implying
a dead time of less than 30%. A run was normally defined as 1 roll
of film, 1300 frames.

The magnet'current in the toroids was set to focus the single
muon events in 80% of the QT data, 50% of the BTSS antineutrino data
and 0% of the BTSS neutrino data. Periodically, magnet-off runs

were performed for alignment purposes.
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Running conditions were checked as descfibed in Chapter and
Appendix 8, as well as by visual checks of the spark chambers.
Changes made during data taking conditions were relatively minof
as the apparatus was tuned during early running; run numbers for
dimuons were from 111 through 148 QT, 214-274 BTSS antineutrino,
275-292 BTSS neutrino, with some runs removed for magnet-off,
tests or minor errors. One troublesome aspect was spark chamber
noise which reset or caused spurious signals in the acquisition
electronics.

A change was made in the timing of the T counter after run 230,
discussed in the next section. Since the trigger rates in spill 1
and spill 2 were not measured separately after run 230 as described
in the following subsections, the overall rate.of neutrino dimuon
events relative to single muon events will use only QT data.

Appendix XI summarizes the single muon events.

3.3 Triggers and Counter Efficiency

During the tune up runs, the stray magnetic fields in the 24°
magnet were discovered to have a large effect on the horizontal and
vertical (HV) counter tube operation, especially on V. Extra shielding
measures were initiated (Appendix 8) and the voltage on the vertical
counters was increased to raise the pulse height. After this the
efficiency was checked using BCT cosmic ray triggers with the magnet
on/off and the AND/OR circuits which combine tube signals from oppos-

ing hodoscope tubes either set to AND or OR (Appendix 8). The results
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are shown in Table 3.3.1. To maximize the efficiency of triggers,
the tubes were left on OR; however, this gave a singles (noise) |
rate in V of about 1 mHz. Thus a dimuon (Dimu) trigger (HZV]-PH]VZ)
(subscripts are hit multiplicity) was abandoned in favor of H2V2 to
reduce spurious noise triggers. This also reduced the trigger
acceptance for dimuon events for those triggers requiringvDimu
since dimuon tracks opening close to-the horizontal or vertical
directions might hit only 1 horizontal or vertical counter cell.
For good dimuon events in running not requiring the dimuon triggers
| (spil1 2 calorimeter eyents), 76 + 14% of the events had H2V2'1atched,
while 16+ 4% had (HZV] + H1V2) - only latched. This variation is
consistent with geometrié efficiency studies of the acceptance
using real events and taking into account counter efficiency. The
efficiency for dimuon events in the apparatus is discussed later
in this chapter. After run 230, the dimuon requirement added
Hp -VU; - VDy, 2 horizontal hits and 1 in each of the 2 vertical
counter banks to form H2V2. The efficiency of H, V for the data
set was determined from good BCT triggered events to be 96% each.
The efficiency of B, C and T counters was deterﬁined by events
which had good muon tracks in B, C, and T to be 95%, 87% and 96%,
respectively, after run 230. Before that time, the bottom half of
the T counter was out of time. By taking a large sample of single
muon events distributed throughout the cross section of the appara-

tus, the efficiency of T was determined to be as shown in Figure 3.3.1.
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The smooth curve is drawn to guide the eye; in monte carlo studies

a simple interpolation is made between points to correct the daté.
The energy trigger efficiencies were measured by using a sample

of events with the HV counters set and determining whether or not

the energy triggers appeared as a function of measured energy.

These turn-on curves are shown in Figure 3.3.2; again a simple inter-

polation was made between points in the monte carlo of the triggers.
In the QT and BTSS neutrino running the spill split was. adjusted

so that roughly an equal number of triggers were taken in each spill.

Experimentally, by turning off spill 1 or spill 2 it was determined

o!3 pot (protons

that the number of triggers in spill 1 was 0.25/1
on target) and 0.97/1013 pot in spill 2. The subsequent splitting
varied somewhat over the running of the experiment (see Appendix 11),
yielding an average of 38% spill 1, 62% spill 2 triggers.

The overall trigger fractions for the split spill are shown by
the QT data given in Table 3.3.2 for each trigger. These varied by
about 10% from run to run, depending somewhat on conditions of
entering muons from other beam lines. The total average trigger rate
was 0.48/1013 pot, consistent with the spill 1-spill 2 splitting.
Note that in spill 1, the raw triggers follow roughly ratios of
the target masses, which is to be expecfed as all trigger§ require
2 muons in the hodoscope (except for acceptance and energy thresholds),

whereas in spill 2 the liquid and iron calorimeter (Lig & FeC)

events nearly follow the ratio of target masses and the Dimu trigger
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from the iron target (FeT) should be related to the overall dimuon
rate to single muon eVents. In this crude approximation the dimuon
rate would be =2%, close to the eventual answer. |
In the single spill 2 BTSS V running, the trigger fractions

changed somewhat when the bottom of T was retimed after run 230.
~ The trigger rates before and after T was fixed are summarized in
Table 3.3.2 together with the trigger fractions for the BTSS v.
The overall trigger rate for the BTSSV was 0.]7/1013 pot and for
the BTSS \),'0.4/10]3 pot. About 10% of the BCT triggers were
attributable to through going muons which missed vetos; these
"events" do not have a large effect on the triggers requiring
energy and are attributable to cosmic rays and remnant muons from
other beam lines. Of measured good single muon events, 25% were
BCT only, with the remaining being calorimeter events.

For good dimuon events after cuts the trigger percentages
are shown 1in Table 3.3.3 for QT and BTSS ﬁeutrind spill 1 and
spill 2, and BTSS antineutrino (spill 2). The differences in
2 between neutrino.and antineutrino are consistent with the error
in T before run 230, as QT is the bulk of neutrino running.
Latched counter data is summarized in Téb1e 3.3.4 for good dimuon
events after all cuts and is basically consistent with the trigger
information in Table 3.3.3. Note that T is efficient in the
latched data, but is‘part]y out of time in the formation of the

BCT trigger in the early running.
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3.4 Dimuon Scan

Raw dimuon candidates were selected by visually scanning the
spark chamber film. A1l film was scanned twice, once by physicists,
and a second time by professional scanners at University of Wisconsin
or Fermilab.

The general criteria were for 2 or more muon-like tracks
penetrating many interaction lengths past the hadron shower with
no obvious scattering. The first scan had no specific rules; for
the second scan, after the hadron shower, each muon track was
required to pass through at least 5 calorimeter chambers (4-5 fnter—
action lengths), or 1 calorimeter and 1 magnet chamber. The
requirements were kept deliberately very loose in order not to
reject rare events early in the analysis. For dimuon events, there
was no requirement that the tracks come from a common vertex but
comments were required for all doubtful events. Table 3.4;] lists
the scanning efficiencies for all raw candidates and for dimuon events
after all cuts. The cuts will be described in the next section; how-
ever, the momentum of each track must be more than 4.5 GeV.

A search was made for scanning inefficiency as a function of
kinematic quantities, and there is only a small effect. For events
with one of the muons with a momentum between 4.5 and 10 GeV, the
overall scanning efficiency is 97 +2% for neutrino data and 99 £1% for
antineutrino data. Table 3.4.2 lists the average values of the
minimum momentum and Evis for all .events and events in scan 2.

Within errors there are no differences.



3.5 Event Processing

After scanning, the sparks on film were measured and recon-

structed

in space as outlined in Appendix 6. The efficiency for

reconstructing measured sparks is above 99%.

ATl

events were then examined by physicists in order to match

sparks between the stereo views and to reject spurious events. An
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Q|
interactive program fitted simple polynominals to tracks and allowed

several cuts and information to be imposed before final fitting for

momentum.
1.
2.

These were:
rejection of sparks not associated with a muon track
matching corresponding sparks in different views and
different chambers and labeling them as a track
rejection of portions of a muon track after an inelastic

scatter

. rejection of "events" which could not verticize in any

portion of the apparatus--for example, entering muons
from other sources

assignment of momentum by range to tracks which range out
(stop in apparatus) and which fail the momentum fitting
program calculated by curvature.

rejection of events for which the sign of the muon charge

is undertermined.

Examples of points 3, 4, 5 above are shown in Figure 3.5.1 in

reduced versions of the interactive display.

of candidates was due to events where the muon(s) range out before

In general, rejection
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entering the magnets, events which had uncontained hadron showers
close to the edges of the targets or were far outside the fiducial
region, events which had a scattering track (not a muon) in the
calorimeters, and false dimuon events due to multiple reflections
of a single track in the chamber windows, stray tracks from chamber
breakdown, or entering muons accompanying a single muon event.
At this point 55+ 6% of the QT, 43+ 6% of the BTSS neutrino and
27 + 3% of the BTSS antineutrino raw candidates survived scrutiny
and were matched.

Events were then fitted for momentum as outlined in Appendix VII.
Those events failing to fit were re-paired-and-re-fit, and/or
massaged. The later procedure was a visual inspection of the event.
Sparks which contributed a Targe amount to the chi-squared per degree-
of-freedom (DOF) of the attempted fit were either removed from the fit
or were used in the fit including only position information, and not
angles. In addition, the initial quess of momentum and charge could be
changed. Those events which had a chi-squared DOF - Chi—squared DOF
track 1 = chi-squared /DOF track 2 Tlarger than 12 were rejected (see
Appensix VII, X) unless they would be accepted by range with their
sign determined by the magnet chambers. This introduces a small error
with respect to the single muon events which are cut at chi-squared
DOF ; preéumab]y a dimuon event has twice the probability to be
rejected on a chi-squared /DOF of 6 cut. On the other hand, since each
dimuon is inspected and paired, it may have a iarger probability to fit.

In any case, this is a small effect as can be seen from the chi-squared
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distributions shown in Figures 3.5.2a and 3.5.2b. Only 1% of the
tracks have a chi-squared/ DOF greater than 6, and only 5% of the
events have a total chi-squared/ DOF between 6 and-12.

After the above procedures the op/p calculated by the fitting
program was 16+ 16% for all events and 12# 12% for events with

Pmin larger than 20 GeV, consistent with the single muon sample.

The fitting efficiencies are shown in Table 3.5.1 as a function
of the number of magnet chambers included in the track. Also shown
are the percentages of events as a function of magnet chambers
included on a track which would be measurable (recovered) by range
as indicated by the trajectories computed by the pairing program;
i.e., the pairing output indicated that the track would stop inside
the magnet toroids, assuming that the chambers were fully efficient.
A comparison is also shown for the single muon fitting efficiency;
this data has a lower efficiency because each event is not measured,
examined or spark matched by hand. About 3-4% of the inefficiency
for 3 or more magnet bends is due to events in the hole. The
effect of the range measurement is small. For a momentum cut of
- 4.5 GeV, only 34% of the events with a 1 chamber track which fit
pass this cut and only 6% of all the events with a 1 chamber track
are recovered by range above this cut of which over 60% were of the
wrong muon sign. For all events above all cuts, 3% 1% of the
neutrino events and 2 * 2% of the antineutrino events were recovered
by range. About 2% of the events were judged in need of remeasure-

ment and were remeasured.
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At this point, each dimuon event was then combined with the
on-Tline data for that event. The hadron énergy’EH was calculated
from the ADC information as discussed in Appendix 9. The energy
information counter settings and relative T.0.F. of trigger and

counters were combined with the 2 muon momentum vectors py and pj

to form a data summary set, to be used in the f011owihg analysis.

A vertex was calculated by extrapolating the tracks to the
transverse plane of the start of the event as indicated by the
counters, weighting each extrapolated point by 1/(§p/p) calculated
by the momentum fitting program and averaging the 2 projected points
to form a vertex. Energy loss (dE/dx was added to each muon momentum
from the vertex to the start of the fit.

The events were then cut on 4 quantities:

1. P minimum >4.5 GeV. This cut was chosen somewhat arbi-
trarily to ensure good acceptance and positive muon identi-
fication while retaining a large fraction of the charm
dimuon phase space. It also matches cuts used in other
experiments, to facilitate comparison of data.

2. vertex fiducial region transverse to the beam direction
of #1.5m (iron calorimeter, iron target) or * 1.3m (liquid
calorimeter) about beam center to ensure containment of
the hadron shower.

3. opposite sign on the muon charges.

4. time of flight of counters relative to the trigger within
accepted ranges, to remove possible single muon events

with an accidental.
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A summary of the total fitted events and cuts applied is shown
in Table 3.5.2 for the combined neutrino sample and the antineufrino
sample. Except where specifically noted, this sample will be used
in the remaining analysis.

The vertex distribution transverse to the beam is shown in
Figure 3.5.3 for neutrino and antineutrino events. The target module
of the vertex indicating the origin of the event aléng the beam
direction in the apparatus and the transverse vertex distance D
between the extrapolated points in the target module are shown in
Figures 3.5.4 respecfive]y for both neutrino and antineutrino. Of
the events with vertex distance D greater than 40 cm, 85% are iron
target events, not unexpected with the longer extrapolation distance.
Of the 6 calorimeter events with D greater than'40 cm, 4 were liquid
calorimeter events and all had one track with &p/p larger than 17%,
averaging 31%. Events with a projected vertex distance D greater
than 40 cm were checked in the pairing information for the fitted

vertex using the spark positions.
3.6 Efficiency

3.6.1 Geometric efficiency. The events were corrected for
geometric acceptance by randomly rotating the momentum vectors of
the events about the neutrino direction (z axis), translating the
events randomly throughout the apparatus, transporting them through
the apparatus including energy loss and then deciding whethef the
- events would be accepted as dimuon events. For two muons entering

the maghet, table 3.6.1 lists the average purely geometric
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efficiency for all events translated to the 3 targets and requiring
1 or 2 magnet chambers. Also listed are the efficiencies requiring
the tracks to pass through the last calorimeter chamber C9 before
the 24' magnet. This is done for a 4.5 and 10 GeV minimum cut on
muon momentum. The efficiency for each event is equal to the number
of times an event is translated-rotated divided into the number of
times it then passeé the criteria for acceptance. In Table 3.6.1
the events were translated-rotated 300 times in each target. The
low efficiencies in the iron target are mainly dué to range losses
from calorimeter events just above the momentum cut translated ‘
into the iron target.

The efficiency of each event was determined by introducing
the trigger efficiency, the spark chamber efficiency and the relative
fitting efficiency by chamber per track into the geometric translation-
rotation. This was necessary as the fitting efficiency depends on
the number of chambers on a track and hence also on the kinematics
of the events. The overall spark chamber efficiency was 95% for
dimuon events, including obscured tracks. This was measured by
counting chambers inside the endpoints of a track and the chambers
which had a useful spark. For events in the iron target, when
translating to the calorimeters to compute an efficiency, no energy
requirements were included in the acceptance. Assuming that iron
target events are similar to calorimeter events, this is a small
effect for dimuon events as can be seen from the EH distributions

shown later in this chapter.
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After each event was translated and rotated, it was transported
through the apparatus including energy losses and bending. Each
chamber and counter were set according to their efficiencies.

It was then decided whether the event would trigger the apparatus
and would be measurable. Figures 3.6.1a, b, ¢ show the efficiency
in a particular target for all events translated into that target.
Figures 3.6.2 and 3.6.3 show the efficiencies for events ofiginating
in each target translated in that target for neutrino and anti-
neutrino. In thevabove Figures 3.6.1-3.6.3, whére appropriate, the
calorimeter spill 2-spill 1 events are apprqximate]y indicated by
the wavy line shown on the graphs. (The events in spill 2 have

high efficiency since they only require 1 muon in the hodoscope. )
The average efficiencies are stated on the graphs.

An overall efficiency of an event can thus be defined by
Weighting the efficiency of the event in each target by the
fraction of total fiducial mass in that target and summing the
efficiencies of all targets. " For variables not requiring EH, this
is done including all targets. For variables requiring EH, only the
2 calorimeters are used for the total ffducia] mass. Events are
then weighted by the reciprocal of the appropriate overall
efficiency.

This overall efficiency is rigorously correct only if all
dimuon events are independent of target density, which is not true

due to pion and kaon decay background (Appendix XIT and section 3.7).
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On the other hand, for prompt dimuons (object of the experiment),
- which are independent of the target density, this is a more correct
procedure to obtain a true efficiency for these events, since the
truz rate of production of these events in a targét is proportional
to the target mass., while the acceptance is dif%erent for each
target. If the statistics were "infinite", the acceptance would
not matter, but this is an experiment with small statistics,
especially for calorimeter events. This is most troublesome in the
calculation of the true dimuon rate relative to single muon events
as a function of energy. since this rate involves a subtraction of
background from pion and kaon decay. However, the difference in
using overall efficiency or individual target efficiency is small.
in the calorimeters. This 1is because the efficiency of events in
a given calorimeter target is within at most 7% of the efficiency of
those events translated into the other ca10ﬁjmeter as shown in |
Table 3.6.72. Thus, whatever the error in qsing overall efficiency
for the rate calculation, it will be small compared to the uncertain-
ties involved in the background calgu]atign, the statistics, and
the input data to the efficiency program.,. The overall efficiencies
for all targets (no EH variables) and for calorimeter events is
shown in Figure 3.6.4 and 3.6.5.

The effect of the weight can be seén in Figures 3.6.6-3.6.15
where the distribution in py, py. EH and Evis are displayed, as well

as a scatter plot of py vs. py. All are shown weighted 1 with the
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unweighted data plotted on the same scale (except Py VS pp no
weight). The effect of the weight on the shapes of theée distribu-
tions is gentle and grow less important with Targer values of each
variable. The curves shown on the figures are for a charm monte
carlo, discussed in Chapter 4.

No large effect was found between events in spill 1 and spilliz. -
Table 3.6.3 Tists the average values for py, pp, Evis ahd EH for
(anti) neutrino, and spills 1 and 2 weighted and unweighted.

The overall efficiency correction is model independent only
if there are no dimuon events which never meet the acceptance
criteria independent of their position in the apparatus; i.e., that
there are no "blind" regions in the dimuon phase space. For the
models which are beihg considered, particularly the charm model, a
large fraction of the total rate (50-60%) are above the cuts
imposed on the data by the apparatus (4-5 éeV Pmin, 6<400 mrad).
Events above these cuts have good acceptance, and theré are no blind
regions for these models. On the other hand, it is possible that
there are mechanisms which produce a majority of events outside the

cuts, and this experiment is "blind"” for these processes.

3.7 Dimuon Backgrounds

The two most important backgrounds for dimuon events are pion
and kaon decay, and accidentals from 2 superimposed events or from

entering muons. Appendix XII discusses the calculation of both of
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these backgrounds.

Pions and kaons produced in the hadron shower can decay
before they are absorbed, yielding dimuon events. Therate per single
muon event varies approximately inversely with the absorption
length of material traversed by the shower. This rate corresponds
to 24+ 6% and 16 + 9% of the neutrino and antineutrino dimuon events
in the calorimeters respectively, and falls to about 8% and 5.5%
respectively in the iron target. The overall rate per single muon
event s 5x]0"4 and 3x10'4 per single muon event for the QT neutrino
and BTSS antineutrino in pure iron for a 4.5 GeV ppji, cut. There
are 25% uncertainties in the calculation, as discussed in Appendix XIT.
In the calculation of the dimuon rate, this background will be
subtracted.

For comparisons with the shapes of distributions with charm,
this background will have a small effect due to: a) the overall
statistical power of the experiment and the uncertainties inherent in
the charm model, and b) this background in many respect resembles
charm as it is hadronically produced and occurs from a meson
decay. Figures 3.7.1-3.7.3 show the distributions in Evis, EH and
py and pp for pion, kaon decay superimposed with a charm monte
carlo, normalized to give the proper relative number of events from
charm, and pion and kaon decay. Distributions that require EH have
a larger pion and kaon contribution due to the Tonger absorption

length in the calorimeters. The effect in antineutrino is similar.
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Basically, the shapes of these distributions are only marginally
affected. The effects on other distributions will be discussed
wheré appropriate in the next chapter.

Accidental dimuons are superimposed single muon events: two
single muon events which occur at similar positions within the
time resolution of the apparatus, or a single muon event with
an entering muon which appears to form a vertex and enters within
the time resolution of the apparatus. As discussed in Appendix XII,
this rate is estimated to be less than 1% of the observed dimuon

sample.
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Table 3.2.1. Summary of Data

Run Type Number of Protons Events in
(x 1018) Calorimeters
Quad Triplet 0.8 21,000
BTSS Antineutrino 2.4 7,000

BTSS Neutrino 0.5 ' 8,000



Counter

H*V
H*V
H*V
H*V

=T e T

Table 3.3.1. HV Counter Efficiencies

Magnet ON/OFF

OFF
OFF
ON
ON
OFF
OFF
ON
ON

AND/OR

AND
OR
AND
OR
AND
AND
OR
OR

Efficiency

OCOOOODOOO

2+
91+
.63+
.90 +
.86+
.82 +
.97 +
.94 +

.01
.02
.03
.02
.02
.02
.02
.02
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Trigger

E 1iq Cal
E Fe Cal
BCT

DIMU

Table 3.3.2.
QT
Spill 1
25%
40%

n.a.
457.

Inclusive Trigger Rates

Spill 2

30%
39%
50%

8%

BTSS Antineutrino

R 230 R 230

14% 25%
20% 33%
58% 62%
13% 5%

(9 of all triggered events)

BTSS Neutrino

Spill 1

27%
43%
n.a.
36%

Spill 2

26%
31%
55%

5%

6L



Table 3.3.3. Triggers from T.0.F. tags for cut +- dimuon events

Triggers
Neutrino QT+BTSS

Dimu  EFeC  EligC  FeC*LigqC  LiqC*Dimu  Dimu only FeC only Lig only

Spill 1 (62%) 43% 35% 33% 8% 2% 40% 23% 25%
111 events

Dimu EFe Elig BCT Dimu only FeC only Liq only BCT only Fe*Lig
Spill 2 (38%) 32%  52% 23% 35%  30% 23% % 6% 12%
69 events

Antineutrino BTSS ,
Dimu EFe Eliq BCT Dimu only FeC only Liqg only BCT only Fe*liq
Spill 2 (100%) 29%  41% 27%  76% 4% 4% 6% 20% 10%
51 events

9/



Table 3.3.4. Latched Counter Data for Cut +- Events

% of events with
counter set B C T H2 9

anti neutrino 954  82% 100% 92%  92%
neutrino 95%  93% 97% 86%  93%



Table 3.4.1. Scanning Efficiency Dimuon Candidates and Events

Total Raw Fitted After Events
Candidates = € € Cuts Scan 2 only  ©7 €5 €
482 QT 76 2% 73+£2% 94+ 1% 122 13 0% 79%  98%
442 BTSST  81+3% 66+3% 9 :1% 57 6 89% 80% 98%
294 BTSSv 90+ 1% 76+3% 99z 1% 58 6 90% 77%  98%
Table 3.4.2 A
Average Values
4.5 <pps, < 10GeV u -
£ = £ Evis all 123+61 98z 39
v 88%6% 76%7% 97%2% ’ (GeV) Scan 2 134+ 92 104+ 39
v 89:7% 89:7% 991% | Prin all 1920 20% 20
(GeV) - Scan 2 19%17  23+20

8.



Table 3.5.1. Fitting Efficiency

Dimuon Recoverable Single muon
Events with Fitting by range in fitting
bending: Efficiency pairing prog. efficiency
1 toroid 61 +10% 92% 50%
2 toroids 86+ 5% 60% 72%
3'or more 95+ 2% | n.a. 93%

toroids



Table 2.5.2. Fitted Events

S=same sign dimuon cut
P=pmin =4.5 GeV

CUTS: F=fiducial volume cut
T=time of flight cut

total fitted S P S*p F FxS F*p T TS T*P  T*F

Neutrino 357 19% 12% 7% 1% 0% 1% 5% A 1% 1%
Anti - .
Neutrino 103 15% 16% | 6% % 0% % 5% 2% 4% 1%

Neutrino after above cuts: 180 total , 111 in calorimeters

Antineutrino after above cuts: 51 total , 35 in calorimeters

08



Targets
FeTgt

Liq Cal
Fe Cal

Table 3.6.1. Avera?e Geometric Efficiency ( %)
3

M1
87+ 20

99+ 10
100

1 events translated to each target

Requirements: Ml=track traverses 1lst toroid 24'
' M2=track traverses 2nd toroid 24'
C9=track traverses last FeCal chamber

4.5 GeV P min 10 GeV P min
M2 M1*C9 M2*C9 M1 M2 M1*C9 M2*C9
8028 60%28 55+ 32 89+ 4 99x5 7620 7620
99+ 4 9410 93x11 99+ 1 99+2 97+ 7 96+8
99+ 2 99+ 3 99z 2 100 100 99+ 2 9%+ 2

L8



Average Efficiencies

Calorimeter events
translated in:

Table 3.6.2.

FeCal
FeCal Events 88%
LigC Events 79%
FeCal Events 97%
LigC Events 98%

Liq Cal

82%
74%

96%
94%

Neutrino

Antineutrino
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Table 3.6.3.

P1 (GeV)
P2 (GeV)
EH (GeV)
Evis(GeV)

Averages of Measured Quantities

Weighted and Unweighted by Spill

S1

no wt
49.9 £ 37
22.8+ 22
55.4+ 39

125.0+ 55

Neutrino

S2

no wt
57.9%53
19 1+19
51.7+ 46

123.5+ 71

S1
wt
48,9+ 38
20.1+ 21
55.3%£40

123.1+ 55

S2
wt
55.0£52
17.2+ 17
51.8+ 46

120.3+ 71

S1=Spi1l 1
$2=Spill 2

Antineutrino

S2 S2

no wt wt
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CHAPTER 1V
DIMUON CHARACTERISTICS

4.1 Introduction

This chapter compares the opposite sign dimuon events with
the theoretical framework set up in Chapter 1. Section 2 describes
the charm monte carlo. Section 3 compares the charm monte carlo with
data and discusses the dimuon rate with respect to single muons.
Section 4 describes characteristics expected from other sources of
dileptons and their signals in the data. Section 5 is a summary

and concluding remarks.

4.2 Charm Monte Carlo

The charm monte carlo consists of 6 basic elements, which
fb11ow from the discussion in Chapter 1. These elements are:

1. (anti) neutrino energy generation

2. x and y generation

3. z generation

4. py generation

5. D decay

6. experimental resolution and cuts

The (anti) neutrino energy of an event was generated according
to the flux distributions shown in Appendix I, assuming a linear

energy dependence of the cross sections. The wrong sign backgrounds
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were measured to be about 1 in 6, 1 in 6, and 1 in 20 for the QT,.
BTSS ¥ and BTSSv respectively. Since the QT and BTSS data are
combined, the neutrino monte carlo uses the fluxes of the QT and
BTSS running weighted by the integrated intensity for each beém.

The shapes and relative normalization of the fluxes are important,
but absolute normalization is not important for the purposes of this
monte carlo.

The x and y distributions were generated by monte carlo
integration of the differential cross section 2 /dxdy discussed
in section 4 of Chapter 1, using slow rescaling and an SU(3) symhetric
ocean.

The z and Py distributions were taken from a variety of

. . . . 32,36, 37
parametrizations, as discussed in Chapter 1: 77

D(z) = e—3z, flat, z, §(z-.75)

F(Dt)ﬁe'3mT, e 0MT, ¢PL/.5

1

where my = (m2 + ptz)z. The direction of the D meson is emitted
randomly around the w-direction; i.e., the distribution in the
azimuth angle ¢w about the w direction of the D is flat.

The D decays were discussed in Chapter 1. To a good approxima-
tion, these decays can be generated by sequentially generating a
é body phase space decay with an effective mass for the (uv) system,

D>k + (uv), followed by generating a second 2 body decay (uv)-> u+v

and then weighting the decay by the subsequently calculated matrix
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element. The decay used m; = My = 1.87 and 50% K, 50% K*,*°
) and

the muon momenta angles and magnitudes are smeared by the momenta

The observed hadron energy (EH = E -Py -P, -E, decay
and energy resolutions, and the total energy Evis = EH + Ey + B
recalculated. In comparing with data, the appropriate cuts Pg;, <
4.5 GeV and the polar angles <400 mrad. Unless explicitly stated
otherwise, muon 1 is the (positive) negative muon for (anti)
neutrino, and muon 2 is the (negative) positive muon for (anti)
neutrino. Since neutrino and antineutrino dimuon events cannot be
realiably distinguished on an event by event basis, the "wrong-sign"
events generated in the monte carlo (i.e., antineutrino in the
neutrino sample) have muon 1 and muon 2 interchanged so that monte
carlo events are treated like the data.

The curves overlaid on Figures 3.6.6-3.6.15 in the previous
chapter show the first results of this monte carlo for Evis, EH,
py and po normalized to the same area as the corrected data. The
agreement is good; correction due to pion and kaon decay can be
seen from the figures‘in section 3.7 and is small.

For the majority of characteristics, a flat z distribution,
F(pt)::e‘(3’6)‘mT describe the data quite well. The data is
relatively insensitive to variations in z and Pt distributions due
to the 3 body D decay which automatically pushes p, to low average
values and causes py to reflect the mass of the D. Where appropriate

in the following sections, monte carlo differences in various
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characteristics due to varying z and py distributions will be

indicated. tffects of pion and kaon decay will also be indicated.

4.3 Characteristics of Dimuon Events
and Charm

General. The characteristics of the data which can
be compared to charm basically follow from the observation that
P 2 1ies along the W-boson direction up to a p; reflecting the
3 body deﬁay of the D and heavy particle production.

As there are 3 "quantities" measured in this experiment, ﬁame]y

P], P2 and EH, there are a variety of variables that can be formed
from these quantities to test theoretical predictions for dimuon -
production models. For variables defined using only components of
muon momenta, all dimuon events can be used; for those requiring
EH, only calorimeter events can be inc]uded. Chi-square tests
comparing monte carlo and data and quantitative information are
discussed in section 4.3.10 after the introduction to the various
distributions. For reviews of the uses and interpretations of the
characteristics discussed in the following sub-sections, see the

articles in reference 32.

4.3.1. 4 The 2 muons from a charm model tend to be
emitted opposite to each other, projected into the plane perpendicular
to the neutrino direction. The variable A¢, defined as the differ-

ence in the azimuthal angle of the 2 muons (i.e., the angle between
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the components of the momenta perpendicular to the neutrino direction),
is depicted in the perspective view of Figure 4.3.1. This variable

is peaked toward 180° as shown in Figures 4.3.2 and 4.3.3 for neutrino
and antineutrino. The contribution of pion, kaon decay is indicated
along with the total monte carlo for charm. A softer z distribution
causes A to peak less strongly toward 180° as shown by the 2 monte
carlo curves (including background). Qualitatively, since the charm
quark is emitted along the W direction, and Pw and Py "kick" transverse
to each other (v—-W +u) this behavior is expected from charm. Changing
the p, distribution to exp(-3my) makes 1ittle difference in this

variable.

4.3.2 o . The decay muén generally occurs at a much lower
momentum than the primary (lepton vertex) muon. This is shown most
easily by an asymmetry parameter
=P -P

Py + Po

where 1, 2 refer to the lepton, hadron vertex respectively. The
distribution for this parameter is peaked toward o« = 1 as shown in
Figures 4.3.4 and 4.3.5 for v, v. The effect of the wrong sign
background is shown in Figure 4.3.4.  The monte carlo indicates
that a cut of a<-.3 removes between 90% and 95% of the wrong sign
background in the dimuon Sémple. AThis cut will be used later 1in
calculating the charm dimuon rate relative to single muons. The

effect of pion, kaon decay is shown on Figure 4.3.5. It is mainly
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restricted to positive values of a. Note that the curves are Tabeled

with the z and py distributions used in the charm contribution.

4.3.3. Poyp- The production plane is defined as the plane

containing the incident lepton, the outgoing lepton, and the W-boson
momentum vectors. P out is defined as the component of momentum of

the second (decay) muon perpendicular to the plane:

P out = i P2 - (fj " Py;

‘P] X P

\Y

. _) . :
This is shown schematically in Figure 4.3.6. Note that Py 1s defined

by F; ='?‘1 +_§w, and.-F\’w = (’Px]’ —Py1, Evis - Pz]) for Py = Eufa
In the case of dimuons, this is an "effective" definition, since
there is a missing neutrino, Towering Evis. The comparison between
P out and the charm monte carlo are shown in Figures 4.3.7 and
4.3.8 for‘ v,v corrected data. As would be expected, the momentum
out of the production plane is bounded by about 2 GeV, reflecting
the charm mass and hadronic Py production. The figure for neutrino
shows the difference between exp[(-3, -6) m¢] , which is quite small.
There are a small number of events with P out larger than
2 GeV. For neutrino this corresponds.to 2+ 1% (weighted) of the
events, and 4 £2% of the events with Evis greater than 100 GeV. For
antineutrino, this corresponds to 4=+ 2% of the events.and 7+ 5% of

the events with Evis greater than 100 GeV. However, if one requires

a >0, then only 1% of neutrino and 0% of antineutrino events have
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P out above 2 GeV (including wrong sign background), so this slight

excess is not significant.

4.3.4. Pyy. Using the definition of PW given in the previous

section, th is defined as the component of momentum of the second

muon transverse to the W-direction:
2 %

P = [P2] 0= (Pypy /] Pul [P 1%
shown schematically in Figure 4.3.9. In a charm model, this is also
bounded by charm mass and P{ production like P out. Data for neutrino
and antineutrino are shown with monte carlo curves in Figufes 4.3.10
and 4.3.17. Since the second muon can lie close to the production
plane, Py, s a somewhat more sensitive test of production models
than P out. On the other hand, P out requires only muon momenta,
while Py requires EH in order to find PW' Thus P out distributions
include iron target events, while Py distributions cannot.

It isvinteresting to remark that F(Py) = exp(-3, —6)mt changes

the P, distribution slightly as indicated in the exp(—3mt) may be

W
slightly preferred.

As in the P out distribution, there are a small number of
events with Py greater than 3 GeV, corresponding to about the

same fractional excess. Again, this is only a very slight excess

over the charm predictions, at the 1% level, and not significént.
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4.3.5 _Efﬂ . The variable 44y is shown schematica1fy in
Figure 4.3.9. It is the difference in the (azimuthal) angle between
the 2 muons projected into a plane perpendicular to the W direction.
For charm, this shou1d be a flat distribution; i.e., the charm particle
should be emitted isotropically in ¢ about the W. Figures 4.3.12 and
4.3.13 show the distribution in Ay for v,9. In the monte carlo,
there is a slight rise toward 0° due to the wrong sign background
and smearing, which is basically consistent with the data. This
distribution requires hadron energy, and is restricted to calorimeter

events.

4.3.0. Mo - Another variable which is useful to test models

is the invariant mass of the muon pair.

2
" = 2 mZ o+ 2 (E4Ep- Py- Py).
In general, this will be large, having average values of 2.9 GeV for
Vv and 2.4 GeV for VU since the muons are emitted from different
vertices (lepton, hadron) in a charm model. The distributions with
the monte carlo curves are shown in Figures 4.3.14 and 4.3.15 for

neutrino and antineutrino, with good agreement.

4.3.7. z,5 . The variable z,, is an effective z defined as
Py /(P2 + EH), since this is a quantity similar to z =.PD/?yEv ) but
measurable by this experiment. The Z2 distributions for v and V are

shown in Figures 4.3.16 and 4.3.17 with a flat z monte carlo. In
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both cases there may be some excess in the data at higher values

of z,5, perhaps indicating a “"harder" z distribution. Figure 4.3.18
shows four different z distributions superposed, normalized to the
same area. The 2 harder distributions D(z) =z, D{(z)=8(z-.75) are
not substantial improvements. A theory for D(z) would be useful,
.however, D(z) has only mild influence on charm as a source of
dimuons for the bulk of the events. For example average 2,0 for

D(z) = exp(-3z) is .2, D(z)=flat is .25, and D(z) = 6(2—.755 is .31.

3.8, x.. S T i '
4, Xyis> yv1s’ Q vis® W vis The effective scaling
o 2 2 .
variables Xyiss Yvigo and Qvis’ wvis are defined as
2
Qvis

*vis © ZAp(EH T P)

yViS = (EH”FPZ)/EViS = \)V]'S/Ev-is
2 B . 2

Qvis = 4P] EV1S sin 91 /2

NZ- = 2mp E Yoo (1-x...)"
vis vis Jvis vis

Distributions with the monte carlo overlaid are shown in Figures
4.3.19-4.3.26 for v, v in x, v, Q%, W? respectively. The agreement
between theory and experiment is generally quite good for all of

these. The monte carlo predicts x,;, for Vv to have peaked somewhat’
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more strongly towards x = 0, since v charm production proceeds only
from ocean quarks,perhapsindjcatinng(x)~(1—xy ratherthan(]—x)933
However, the overall T shape is peaked more strongly at low x than
the y sample as shown in the figures. A "harder" z distribution
(rather than flat) would not have agreed as well with the y distribu-
tions? The pion, kaon background contribution for the y distribu-

tions is shown for v, V, having a quite different shape for v

versus v .

4.3.9  Dimuon Rates. The dimuon rate relative to single

muon events is found by using the corrected single muon data dis-
cussed in Appéndix X1. For the rate calcu]ation, only events from
the calorimeters were used, with fiducial volume cuts chosen
equally to those used for the single muon sample. Background
dimuon events from pion, kaon  decay were subtracted, as discussed
in Appendix XII and Chapter 3. In addition, the samnle was cut

by restrict{ng a‘tO be greater than -0.3 to obtain a purer samp]e_
of v or vV . Assuming charm is a correct déscription, this causes
a loss of no more than 5% of v or v depending somewhat on the para-
meters of the model.

The corrected rates RV = 5%5131.’ o= o(mu)

for v and v as a function of energy are shown in Figures 4.3.27,
4.3.28. The monte carlo curves shown are for 2'branch1ng ratios

for D~>uKv, 10% and 15%.°* Note that the errors quoted are statis-
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tical only, and do not take into account systemétic errors in the
m,K decay calculation (est. 25%) or the acceptance corrections for
dimuon and single muon events (est. 10%).

The rates are somewhat high for v, since the preferred value
of the D branching ratio is 10+ 2%, however, both v, V are both
compatible with charm predictions. The rise in the rate with
Evis s mainly an artifact of the experimental requirements, in
particular Pp;, 4.5 GeV. The rates with no cut and without slow
rescaling are 1.5-2% for v and 1-1.5% for v (depending on the
branching ratio) well above charm threshold.. Including slow
rescaling and cuts implies an experimental loss of 40-50% of the
events above 100 GeV due to events below the momentum cut. As
discussed in reference 32 of Chapter 1, ft is possible to increase
the effective rate of dimuons somewhat by using a z distribution
more strongly peaked toward z = 1, since the second muon will then
have a higher average momentum. This would allow the neutrino
sample to be more consistent with a lower muonic branching ratio..

The slow rescaling monte carlo predicts
R, = RV/RV = 1.1

for E between 110 and 200 GeV. This experiment measures R2 =

Vis
1.1%.52, in excellent agreement. However, lower energy points
are larger than the predicted values, as shown in Figure 4.3.29,

but agree within errors.

While this data is compatible with the SU(3) symmetric ocean
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and slow rescaling in the monte carlo, using the formulae

discussed in Chapter 1:

p -1 -1
S/D = tan?e. Ry(Ry™'-Ry)
: v
Ry = 2
0_\)
Q = qu(x) dx
imply that S/D = .06+ .04 , above 110 GeV. This formula is

expected to be low by as much as 50% as it does not take the
threshold effects into account; however, it is consistent with
the assumed quark dehsity parametrization.

Although this data is consistent with an SU(3) symmetric ocean,
it is interesting to speculate on the possibility of an SU(4)
symmetric ocean. As discussed in Chapter'l, the dimuon data is
not very sensitive to charm quarks in the ocean due to the (1—y)2
cross section dependence, and the probably weak energy transfer
mechanism to the charm quark which is left to decay (Figure 1.4.1c).
In a crude approximation, assuming "left-over" charm particle
production Tlike (1-xF)6 , where Xp is Feynman x, these consider-
ations would lead to an average z relative to the other charm
mechanisms for the leftover quark of about 0.07 versus 0.5 for
a flat z. Hence an SU(4) symmetric ocean would not affect the
dimuon rate significantly for this experiment, above the experimen-

tal cuts. This possibility will have interesting consequences
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- for b-quark production. It is suspected that the ocean is broken
in the same way that "quark masses" are for constituent quarks.

However, the notion of quark masses, especially in a dynamical

25,34

(current) situation are 111 defined.

4.3.10 Summary of Charm Dimuon Distributions. Slow

rescaling charm production from an SU(3) symmetric ocean exp]ajns
the shapes of the distributions of many experimental quantities
measured in dimuon evenfs from neutrino and antineutrino. A
consistent z distribution is D(z) constant, although for some
distributions a harder distribution may be preferable.

Chi-square tests are shown in Table 4.3.1 comparing dimuon
events and the area normalized charm predictions for several of
the preceding sections of this chapter. The bin sizes were
chosen from the distributions for the Chi-square rule of thumb
criteria:

1) equal probability/bin

2) at least 5 points/bin

3) size consistent with resolution

and

. ) 2
XZ - :E; [Data (binj) - Theory (bin;)]
! [Data (bini)]

the agreement is good, although fine details of shapes are masked

by low statistics, especially in antineutrino.
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“Table 4.3.2 lists the average values of a variety of quanti-
ties, both for all Eyj5 and selected quantities for E, ;. larger
than 100 GeV. The Charm predictions are listed in brackets.
The + errors are simply the standard deviatiohs of the averages.
Note that quantities like Pgyt . and th change little with energy
(al1 E, E >100 GeV) as expected from charm decay, while others
like A¢ ,myp and o move to higher values as expected from neutrino-
nucleon scattering kinematics with charm production. The gross
features of the shapes remain similar above 100 GeV. Most values

are in reasonable agreement with the charm predictions.

4.4 Dimuons from Other Sources and Charm

4.4.1. Introduction. This section discusses the ways the

experimental distributions of the previggs»sectjon would change
when additional sources are added to the charm contribution.

Only 2 sources will be considered, b-quark production and an L0

of mass = 2 GeV, as was discussed in Chapter 1; A simple attempt
is made to show that charm is consistent up to statistical accuracy

with essentially the entire data sample.

4.4.2. b-quark and L% monte carlo.  The b-quark and L°

monte carlo used the same calculation apparatus set up for the
charm monte carlo. For the b-quark production, simple approxima-

tions were used: 50% ocean, 50% valence for v, 100% ocean for v,
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2 y distributions, and b-decays to 50% u, 50% ¢ quarks.

(1-y)
For the L9, the decay was generated like charm 3-body decays
weighting the decay by the V+ A matrix element from the references
in section 1.5.5. As the L° mass used was only 1.8 GeV, no attempt
was made to recalculate the double differential cross section; a
simple energy threshold of 30 GeV was used. For this monte carlo,

V+ A have only small differences. Table 4.4.1 lists averages of

selected variables for b-quark and L° production.

4.4.3. Comparisons with charm. Six of the experimental

quantities discussed in section 4.3 are shown in Figures 4.4.1-4.4.6
for all 3 monte carlo normalized to the same area for neutrinos.
These variables are a, A, Fgut’ th, Ady and M- For the
purposes and assumptions of this work, neutrino and antineutrino
shapes are very similar to each other for b-quart and L0 production
reflecting more the masses and properties of the particles produced.
For L° production by antineutrinos, the muon spectra can be harder
than for neutrino L° production if the assumption of (1—y)2 is
used for antineutrino. The rates for b-quark production, of course,
depend on the quark content of the nucleon, and can be quite
different for Q, V.

Figure 4.4.1 shows that the distribution is basically not

a sensitive test for either b or LO, while Ad, Ady, and Mo

(Figures 4.4.2-4) are sensitive to (° production. Similarly P out
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th (Figures 4.4.5-6) have sensitivity to b-quark production.

A chi-square test can be made of the goodness of fit of charm
together with varying amount of b-quark or L% to the v data shown
in section 4.3:

2

¥ 2 _ zi (Dj -Acj -Btj)
{ ( Dy )

where D;  is the number of events in bin i
¢; s the fraction of charm generated
events in bin;
t; is the fraction of LO or b-quark

generated events in bin i

and A+ B = ifiDi, the total number of events. Thus the percentage

of charm dimuons to all dimuon events is a
Fc = (A/Z[%) x 100,
[

Figures 4.4.7 through 4.4.10 show the unnormalized chi-square as é
function of FC, the percentage of charm dimuons with either L® or
b-quark contributing (1004FC) percent to the total events, for 4
of the most sensitive distributions. Only charm with L® favors any
LO contribution, being 98% charm, 2% L°. A1l the others (Pout’

Piw> le) favor 100% charm, 0% other. However, it is important

to note the following:
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1) The statistics of the experiment basically limit the
usefulness of this test to the 10%-20% level as there
are only at most 180 total events in these plots. This
is partially reflected by the change of slope of these
chi-square distributions between 80%-90% charm. For
v data, the statistical power is a factor 2 worse,

and not useful.

2) In both P out and Pyy tests, events with values of these
variables larger than 2.5 GeV and 3 GeV respectively
were left out of the fits as there were too few events
per bin. These events will be used to put Timits on

b-quark production and mixing angles.

To further search for any extra contributions to dimuon
events, events with E ;. greater than 100 GeV were used in 3

scatter plots: P against A¢ (Figure 4.4.11), Mo against

out
P out (Figure 4.4.12), and P, against P, (Figures 4.4.13 and
4.4.14°" For the first 2 plots, the fraction of events from each
source (Data, charm, b-quark, L®) out of all events of that
source are shbwn in each bin. There are 8 v and 17 T events

with Evis ” 100 GeV, yielding a marginal statistical power for

vV which are shown as number of events in brackets, not as frac-

tional total events. For example, if b-quark production were to

~contribute 10% to the total rate, 0.1 times the percentage of
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b-quark in each bin +0.9 times the percentage of charm in each

bin should equal the percentage of data in each bin. There is no
evidence in Figures 4.4.171 and 4.4.12 within the statistical power
of the experiment (10%-20%) for any b-quark or L° production.

In figures 4.4.13 and 4.4.14 (P] Vs PZ) an excess of events between
the lines P2 = 2P] and P2= (%)P] would indicate 1° production.s5
The approximate charm boundaries for 500 events in ¥ and 1000 events
in » are also indicated by a aline on each plot. In each case only
1 event could be considered outside this boundary, and is not
significant considering the statistical fluctuations of the moﬁte
carlos.

In summary, no compe11ing evidence exists for a source of
dimuon events other than charm generated by v, v+ N collissions in
this data. Howevér, it is interesting to attempt to place an
upper Timit on the mixing'ang]es of b-quarks. "If one assumes that
all events with P+ larger than 2 GeV and Piw larger than 3 GeV
are due to b-quark production, it is then possible to contrive a
Timit on the b-quark mixing angles subject to further assumptions

about the nucleon quark context.
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If events with E > 100 GeV and with Pout > 2 GeV, th > 3 GeV in v,

vis
V are ascribed to b-quark production and decay, these events constitute
about 1% of the v and 2% of the v events, removing a residual 1-2% charm
contribution. In b-quark production, at most 10% of the resulting 2u
signal is above these limits in Pt’ implying a b-quark dimuon signal of
10% in v and 20% in v, above 100 GeV under the assumptibn given above.

This is unlikely, but compatible with the shapes of distributions shown

previously. If this b-quark signal were true, it implies that

o(Du > bii) + o(Vc > bji) B(b>p+x)1 =«
o(ON ~ i) e

(6.6 x 10" %) x 20%,

with e 23 for b relative to c production B= 0.1, the muonic branching
ratio of b. If cC is negligible in the ocean, then the above implies

that

gzub< 0.04

g 4yp<0.2

where 9ub is the u-b coupling strength relative to GFn This is a factor
of 2 larger than known limits on Iub® ruling this possibility out.

If the ocean contains €C pairs, then

o{ve +_B§).B(B +u + x) 14(6 x 10°*) x 10%
og{VN » u £

implying that

g%, £ 0.02/(c/D)
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where Ieb is the c-b coupling strength and ¢, D the integrated c,d
densities. Since gzcbﬁ.O.S from known limits, then setting gzcb = 0.5
gives C/D £ 0.04. If 92Cb < 0.5, C/D can grow proportionally. The
effect in v is similar.

To check this possibility, charm ocean quarks give rise to like-
$ign dimuons via ve =+ u b > ¢ »yu cascades. With B(b » c) = 0.5,

B(c + ) = 0.1 then o(p u }/o(u )= (1-3) x 107" depending on acceptance
corrections for the cascade, and using gzcb = 0.5, C/D = 0.04. This

is barely compatible with the Tike-sign rates quoted by this experi-
ment (4 x 107*), especially considering the possibility of c€ produc-
tion. However, it is interesting fo note that C/D 1is not inconsistent
with being as large as 4-5% at high energy. Note also that threshold
suppression will be higher for c-b transitions than for u-b transitions
since the remaining ¢ quark must be from a charm particle.

As discussed in the first chapter, both the rate of cC production
in hadronic (and presumably neutrino) collisions, and a large charm
ocean are unexpected in the most simple QCD calculations, even above
thresholds. However, ccC production does indeed seem to occur at the
10" % level in hadronic collisions, and it would be interesting if there
is a relationship between cC production and a chérm ocean. Finally,
comparison with muon induced multimuon eventssmay shed light'Onhthis
problem, since muons couple as the square of the quark charges via a
neutral current (i.e. photon) while neutrino reactions treat quarks
equally (up to threshold effects), and in charged currents, change

their flavor.
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4.5 Discussions and Conclusions

This experiment measured properties and relative rates of opposite
sign dimuon production by neutrinos and antineutrinos. No conclusive
evidence for any prompt source for these events other than weak charm
production and decay ( with background) was found. However it is still
possible that b-quark production or other phenomena occur at the 10-20%
level of the dimuon signal.

The data'and its interpretation raise many questions:

1. What is the proper explanation for the charm fragmentation
function, if it is flat as appears 1in the data, and can it be
calculated? Does it have bearing on the properties of hadronic
cc production? :

2. What are the effects of including more sophisticated quark den-
sity parametrizations, with Q® and energy dependencies as would
be expected in QCD calculations?

3. What is the charm sea, if any, and how does it relate to other
phenomena? What is the symmetry breaking in the sea, and how
is it related to quark masses?

4. Can cC production or neutral current direct muon prbduction be
distinguished from charm in opposite sign dimuon events? Are
there better ways to extract b-quark production ?

(and so on.) Perhaps some of these questions can be answered with
higher statistics experiments; certainly the other multilepton top-
ologies and other experimental techniques (eg. bubble chambers) are
jmportant to these questions; different reactions (eg. uNfBa1so bear
on these questions. Finally, at higher energies, we may look forward

to interesting dimuon data with neutrino beams and nucleon targets of

many flavors.
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2

Table 4.3.1. Unnormalized x~: charm- data

) \V] AY)
variabie x? DOF x? DOF
a 1.0 7 4.1 3
A® 0.8 5 1.92 3
ity 1.3 4 1.74 3
Pry 0.4 4 0.48 3
Pout 1.8 6 0.9 3

1.6 5 4.0 5

ey,
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Table 4.4.1. b-quark, L°

Average Monte Carlo Values E> 100 GeV

b-quark L°
My, (GeV) 3.3+ 2.0 1.3+ 0.8
¢ (deg) 105+ 51 48 + 44
o 0.38+0.45 0.0+ 0.4
Pout (GeV) 0.89+0.7 0.89+ 0.85
o, (deg) 87 + 52 36 * 37
Py (6eV)  1.4+0.8 2.8+46
Ay 0.21+0.16. - N.A.

vl
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Figure 4.3.1
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APPENDIX I BEAMS

The experiment used the N@ beam lines at the Fermi National
Accelerator Laboratory. The 400 GeV primary protons are resonantly
extracted, split 3 ways and transported by a standard FQDO line to a
12" Be0 (or Alumina) target. Typically under good running condi-
tions each burst (spill) contains 10'? protons and lasts between
2-10 msec with substructure in time resembling the 53 mhz main ring
RF. The repetition rate for spills varied slightly, but typically
was 10 sec.

The protons produce pions and kaons in the target and these

‘secondaries together with the untargetted protons then enter 1 of

2 magnetic lines. The first is the Quadrapole Triplet (QT) consist-
ing of 2 sets of quad doublets and a quad singlet. The currents

are set to focus point to parallel, the target being the focus, for
225 GeV positive and negative hadrons. The second is the Bare Target
‘Sign Selected (BTSS) beam, consisting of 2 dipoles and a beam dump.
The first dipole bifurcates the beam by charge and the second is used
to direct the secondaries of desired charge toward the apparatué,
while the wrong sign secondaries are then dumped.

The secondaries from these two lines then enter a 1300 m drift
tube where about 10% of the pions and kaons decay into pv. A 1 km
earth shield (berm) absorbs the remaining hadrons and filters out
the muons by range. The beam emerging from the berm consists of
about 10° neutrinos and an "equilibrium" muon flux, normally less

than 10 per spill from neutrino regeneration in the end of the berm.
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Both the QT and BTSS beams are high intensity and broad band;
no narrow momentum selection is made on the secondaries. The fluxes
as a function of energy are shown in figure for neutrinos and
antineutrinos in each beam. The utility of the QT is the enhance-
ment of the high energy neutrino flux over a bare target. The BTSS
beams, on the other hand, produce relatively pure beams of either v
or v. The event rates for v relative to v are 6:1 QT, 1:6 BTSS v
and 20:1 BTSS v.

A general feature of these beams is that the v flux coming
from the positive secondaries is higher in energy than the V flux
from the negative secondaries due to diffractive production of
positives. For example, in the QT, the average (anti) neutrino
energy interacting is 60 (90) GeV. The event rates for QT neutrinos
and BTSS antineutrinos are given in Appendix 12 on the single muon
data.

The beams were monitored by a secondary emission monitor (SEM),
a 90° monitor (9OOM), and segmented wire ionization chambers (swxc).
The SEM measured the total protons delivered tobthe target integrated
over a spill. The SWIC's and the 90°4 moni tored targetting. The
90°M was a counter placed at 90° to the target, measuring the flux
of secondaries. If the target integrity and beam targetting remain
stable, the 90° monitor should also remain stable. The SHIC'S :
measured the heam profile and position in (x,y) before and after the

target and allowed vernier steering of the incident protns.
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Appendix I
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Figures

Al.1 Schematic of QT and BTSS beam lines.

A1.2 Beam spectra for QT and BTSS »,¥ beams.
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APPENDIX II

Calorimeter Construction and Electronics

1. Liquid Calorimeter

The 1iquid calorimeter consists of 12 equal slabs of liquid
scintillator (Table A2.1), each 18" thick, 11.5' x 9.5' transverse
to the beam. The slabs are held in 6 tanks consisting of a square
steel channel frame with 3/8" steel plates bolted to the frame
transverse to the beam. The plates are coated with a tef1on.f11m
(n=1.35) to utilize total internal reflection to pipe the light
to photomultipliers. There are 12 5" photomultipliers!, 6 on each
of 2 opposing sides of the frame as shown in figure A3.1. They
view the 1iquid through lucite windows and are optically coupled
with a silicone fluid.

The H.V. is ditributed to the tubes with booster supplies on
3’of the dynodes in addition to a resistor-divider chain to pre-
vent the tubes from sagging under the large light levels attain-
able in a hadron shower. The tubes on each side to a module are
daisy-chained ‘using anode and last dynode signals on twinax® from
tube-to-tube. The tube signals on opposing sides of a module are
then passively added, amplified 5X, split, one signal attenuated
40X, and both digitized. The splitting was done to achieve a
larger dynamic range in energy, from about 100 MeV minimum ion-

izing to 40 GeV per module deposited. The twinax provides common
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mude noise rejection during signal travel to the electronics
house. Figure A3.2 shows the schematic electronics for these
calorimeters. An internal pulsed 1.e.d. system was used to

balance the tube H.V. on each module.

2. Iron Calorimeter

The iron calorimeter (Fe Cal) was constructed of alternating
slabs of iron and liquid scintillator, interspersed with spark
chambers. There were 10 slabs of flame cut iron, 4" thick, lé‘
square. . Ten planes of 2 Trigger Counters per plane were installed
between these plates to sample ionization.

Two Trigger Counter modules are shown in figure A2.3, used
as an Fe Cal plane. Each module is a welded tank constructed of
1/8" sheet steel 6'x12'x4'. The inside walls were also coated
with teflon film to facilitate light collection. The Tight was
sampled in 5 strips formed by optical dividers running the long
length of the tank as shown by the dotted lines in the figure.
Fach strip was viewed by a 2" photomultiplier® on each end. Tetra-
hedral mirrors.adiabética11y collected the Tight fron the strip
to the tube face. FEach tube was coupled to the lucite windows
through a spring compressed gel “"cookie" and a lucite cylinder
which contained Am?*! (alpha source) and scintillator for tube
balancing and calibration. A standard resistor-divider base with

a variable drop between dynodes 2 and 3 for balancing powered
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these tubes. The signals were daisy-chained in twinax and handled

virtual]y identically to the 1liquid calorimeter signals.

3. General

The total masses of these 2 calorimeters are 60 tons liquid
calorimeter and 150 tons iron calorimeter. Their use as energy
measurement devices is discussed in Appendix IX. Using liquid
scintillator required special handling in the form of cleanliness
and dry conditions. Water at the 100 ppm level will turn the min-
eral oil based scintillator milky. In addition, as light was
collected over 12', filtering to remove dirt and dust was essen-
tial. A pump equipped with anhydrous seepage tanks and micron
filters was used for the above purposes. Under good working con-
ditions, light was attenuated by about a factor 7 from end to end
and minimum jonizing particles corresponded to about 10 photoelec-

trons on a tube at the far end of the counter.



198

Appendix I1:

References
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4. Nuclear Enterprises NE235A

Figures

A2.1 Liquid Calorimeter module.

A2.2 Liquid Calorimeter electronics.

A2.3 Iron Calorimeter module= 2 trigger counter modules.



Table A.2.1. Properties of Liquid Scinti11ator4

Hydrogen/Carbon Ratio

Index of Refraction -

Optical Absorbtion Coefficient
Density -

Absorbticn Lengthv

Radiation Length

Mean DE/DX (minimum ionizing)

1.93 .05
1.47
.58/Meter
.858 g/cms
84 cm

53 cm

1.79 Mev/cm
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APPENDIX III

Spark Chambers

The spark chambers were widé gap optical spark chambers (WGOSC).
They were used to determine the muon track positions and, to a lesser
degree, the origin of events by recording the hadron shower tracks.
Their special utility was the ability to determine angles as well as
'positions from the wide gap sparks. The chamber positions in the
apparatus are shown in figure 2 of chapter 2. There were 9 chambers
interspersed through the calorimeters and planes of chambers were
placed behind each magnet toroid.

Each chamber consisted of a central —HV}e]ectrode plane sand-
wiched by 2 ground electrode planes to make a 2 gap chamber. The
5 cm space between planes was covered by %" lucite windows to view
the interior. ¢Etach electrode plane was constructed of an Al skin
over Al honeycomb 1.3 cm thick. The chambers in the 24' and Tast
4 chambers in the 12' spectrometers were 3.1 x 3.1 m in size; the
remaining chambers were 3.7 x 3.7 m?. In the 24' magnet, 4 3.1 m
chambers were staggered together to cover the useful area of the
toroids so that each chamber could be viewed directly from the side
and top without looking through another chamber.

Each chamber had fiducials attached to it (figure A3.1). These
consisted of a light box with a cross machined in an Al plate. They
were attached to the chamber Tooking along the light path to the

cameras in the 15° (front) and 90° (top) views. The back and bottom
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fiducials were mounted so that the cross was viewed by the cameras
looking through both windows of the chamber in a particular view.

The front and top fiducials were flashed for 1-2 seconds for each

event. The back fiducials were used for optical alignment.

The fiducial positions in space werevknown to first order by
 survey and ruler measurement. The fiducials on each chamber were
measured relative to 2 fiducials; these 2 fiducials were then sur-
veyed using theodolites and tapes from several floor positions to
determine positions relative to the magnets, aided by a preciﬁion
Tine surveyed on the floor by the Fermilab survey crew. Prior to
final survey the chambers were plumbed and rotated slightly until
"they were aligned aling the optical paths, then clamped into pos-
ition. The (x,y) positions transverse to the beam were finally
aligned chamber-to-chamber by straight-through muons taken with the
magnets off. This procedure allowed a final alignment (shifts) and
typically amounted to several millimeters. In addition this proce-
dure helped to smooth out miscalculated optical distortions in the
apparatus (Appendix VI). The final accuracy of the positions of the
chambers is estimated to be about 2 mm, which in general is samller
than the multiple scattering error for momentum measurement.

The chambers were connected to a gas plenum which circulated
fresh 80% Ne + 20% He at 2 cm®/sec. About 2-3 weeks from air condi-
tions were required to sustain good sparks (with a higher flush rate).

An event trigger causes a NIM pulse to actuate a spark gap

driver, which in turn fires a thyratron across a capacitor bank. The
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resulting 7.5 kV pulse triggers a 3 stage Marx generator for eacﬁ
WGOSC. Each stage is charged in parallel to -11 kV and switched
in series by 3 spark gaps fired by the 7.5 kV pulse.  The resulting
-33 kV pulse is connected to the center electrode of each chamber.

Sparks are then produced along the ionization trail by charged
particles trasversing the chamber. The maximum time between the
passage of a particle and the appearance of the 33 kV pulse for the
production of a good spark was about 10 psec (the ion recombination
time). To improve this time resolution and reduce the number of
extraneous tracks, a 200 V/cm ion clearing field was applied between
the center and outer electrodes. The resulting live time was about
2 usec.

The chamber labels are C1-C9 for the upstream to downstream
calorimeter chambers and M3-M9 for the upstream-downstream magnet

chambers.
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Appendix TIT1:

References
1. Scientific Accesories Corp. 002A.
2.EG &G Model HY-62.

3. F. Messing, unpublished thesis ,U of Penn., 1975.

Figures

A3.1 Schematic of chamber and fiducial construction.
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APPENDIX IV

Muon Spectrometer Construction

The Muon Momentum Spectrometer consists of spark chambers
and an allied optical system to record tracks and solid iron
toroidal magnets to bend the muon tracks. The spark chambers and
optics are described in Appendices III and V. The muon toroids
were constructed in 2 types: 12' and 24" diameter magnets.

The 12' magnet consisted of 4 toroidal sections (figure A4.1).
The‘sections were made by stacking together 6 flame-cut solid iron
toroids (discs) each 20 cm thick, inner radius 15 cm, outer radius
183 cm (6'). The magnet sections were energized by 144 turns of
hollow water cooled copper conductor, cross section about 2 cm?
arranged in 12 coil bundles of 12 coils each. The magnets were
driven into saturation at about 800 amps, the normal running cur-
rent. Hall probes could be inserted into 3 mm radial gaps in each
iron section to measure the magentic field produced.

The 24' magnet was of similar construction, with 3 sections,
each section consisting of 3 20 cm thick toroidal discs, inner
radius 15 cm, outer radius 365 cm (12'). It also had 3 mm radial
gaps for field measurement. Each section had 84 copper water
cooled coils arranged in 7 bundles of 12 each, powered to 800 amps
by standard beam line type power supplies?. The total I®R power
dissipated by both magnets was abut 400-500 kwatts. The low con-

ductivity cooling water was ciculated through cooling coils outside
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the experimental hall at 90 psi, 120°F.
The magnetic field is given by
B = pu(H)H.
Under the assumption that there are no air gaps and that the field
lines are circles,
H=1/27nr
with v in meters, B in k Gauss, and u, the permeability of iron
is a function of H. With a small radial gap of width 1, the mag-
netic field becomes
B = ul/(2mr + ul/u°)

The fields were measured by commercially available Hall probes’
and calibrated with permanent magnets, the calibration being good
to at least 0.1%. The calibrated fields are shown as solid lines
in figures A4.2 and A4.3 for the 12' and 24' magnets respectively.
The circular points are data points and the agreement is good to
better than 5%. The relatively larger disagreement in the 24'
magnet is probably attributable to worse radial gap tolerances
and registration among iron pieces in construction, and also iron

filings in the gap.
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Appendix IV:

References

1. A. Benvenuti et al., N.I.M. 125, 457 (1975).
2. Transrex Corp, or LING Corp.

3. Bell, Inc.

Figures

Ad.1 12' magnet perspective view.

Ad.?2 Magnetic field vs. radius 12' magnets; curve calculated.

A4 .3 Magnetic field vs. radius 24' magnets; curve calculated
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APPENDIX V

Optics

The spark coordinates and directions were recorded on film
using a folded mirror and camera system to view the chamber volume
through the lucite windows (%" on 12' chambers and %" lucite on
10' chambers). 1In order to reconstruct tracks on sﬁace and remove
ambiguities, each chamber was photographed in 3 views.

Two of the views were from the side of the apparatus with
the optic axis located 7.5 degrees in the verticle direction
(around z axis) from the horizontal (x axis). Positive xis toward
the center of the camera lenses of these 2 views, called the 15°
top and bottom views. The beam is the z axis, downstream being
+z. Positive y is up. }The third view, the 90° view "looks" along
-y, down toward the floor ofvthe apparatus from near the roof of
the Hall. An equivalent system is shown in figuré A5.1.

There were 2 mirror systems to image the 3 views onto cameras,
the 15° optics and the 90° optics. The 15° optics imaged the 2
+7.5° side views onto one film plane on 1 film transport {(camera)
through 4 lenses. The 150 mirror system, shown in figure A5.2,
collected and folded the light paths from each chamber so that the
chambers appeared to be adjacent to one another on the film with-
out modules or toroids between themn This saved space on the film
and made photographing such a large apparatus possible on one film

plane. The collected light was reflected as shown intc the sets of
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stereo mirrors, schematically indicated as a box in figure A5.2,

inclined at theAproper angles to create the +7.5° angles of view

(figure A5.1). In the 24' magnet the +7.5° view is reﬁ]aced by a
0° view due to space limitations in the Vertic]e direction.

The 90° mirror system is shown in figure A5.3. 1t imaged the
chambers onto 2 cameras, one for the calorimeters and one for the
spectrometer.

Table A5.1 shows the path lengths and lenses for each system.
The film transports were surp]us.aircraft cameras, modified to
accept 500' reels of 70 mm sprocketed film, and were electrically
driven, using pressurized air and vacuum to protect and clamp the
film during the winding sequence.

In such a large optical system,_optica1 distortions become a
serious limitation to ultimate performance. These come from sev-
eral sources. The most important is from non-planar mirror éurfaces,
followed by camera lense optics, measuring optics and chamber win-
dows. To help remove these in the reconstruction precision grids
were constructed, mounted on the chambers and photographed. Since
the relative spacing ‘between crossings on the grids is known, the
relative optical error in spark position along the chamber is then
corrected for in reconstruction. Corrections overall were typi-
cally about 1-2 cm, or 1% of the chamber size. The back and bottom
fiducials were used to correct the optic axis positions as well
as distortions. The lucite windows are also included in the optical"

paths during the determination of the spark positions. A discus-
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sion of the reconstruction is in the following appendix.

Finally, a data box for each camera displayed run and frame
numbers with an L.E.D. array, updated on each frame during the
fiducial flash. Figures A5.4 and A5.5 show the film from the 90°
view and a magnified portion showing the resolution between sparks

for an unusual trimuon event.
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Appendix V:

Figures

A5.1 Equivalent optical system for 3 views.

A5.2 Schematic of 15 optics.

A5.3 Schematic of 90 optics.

A5.4 90 view of an unusual 3 muon event;

A5.5 Magnified portion of A5.4 showing separation of

closely spaced tracks.
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the data box.

A1l Tenses are set to F16.

Table 5.17.

Path Lengths

24'
36"
33!
23"

73!

73"

44.9'

47.9"

53!

- 55!
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Lens Focal Length
105 mm
| 80 mm
135 mm
105 mm

300 mm
150 mm
105 mm

Same lens as 24'
magnet (105 mm)

Same lens as 24!
magnet (105 mm)

210 mm

The fifth is for
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APPENDIX VI

Reconstruction in Space

The spacial reconstruction of the spark coordinates relative
to the apparatus, and ultimately relative to the magnetic fields,
first required 2 factors to be known: tk location in gpace of the
fiducial marks on the chambers (Appendix I1II), and a measurement
of optical fidtortions and the optical paths (Appendix V).:

The reconstruction procedure is then the following. The film
for an event was digitized by image plane machines at University of
Wisconsin or by SAMM! at F.N.A.L., taking 6 (x,y) points on each
sprak in each view and 1 on each fiducial. The sparks in each view
are labeled and, for dimuon events, matched from view-to-view and
chamberfto—chamber into tracks by measures. The three stereo images
of a spark are then converted to real space projections on the fidu-
cial plane in each stereo view from knowledge of the fiducial posi-
tions, optical distortions and the optical axes. Projective rays
are then traced from the camera position through the planar spark in
each view. The distance of closest approach of these rays from each
other is then calculated. The spark in space is then defined as the
skew 1ine segment which minimizes the distance of closest approach
between it and all of the projected rays. This procedure is illus-
trated in figure A6.1. Except for calculated sparks outside of the
chambers, all combinations of (x,y) coordinates and (a,B) direction

cosines for the skew segments are then published on the reconstruc-
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tion output for each calculated spark. A degree of optimization
is attempted by trying to match planar sparks in the 15° viewsAby
similar projected ray slopes.

The resolution on individual sparks was about 1 mm for position
and about 10 mrad for spark angle. Measurement error contributes
typically less than 1 mrad.

A final step considered as part of reconstruction for multimuon
events was to manually match reconstructed sparks into tracks from
chamber to chamber. This was accomplished by a Pairing Program by
displaying on a video terminal all the reconstructed sparks in the
90° (plan) and 15° (elevation) views. A physicist then picked out
the proper total trajectory in each view. A spark associated with
the trajectory in one view but not in the other because of amniaqu-
ities in the reconstruction could then be eliminated by noting the
position of a given reconstructed spark relative to the trajectory
in both views. In addition, the pairing program fitted preliminary
trajectories through the selected sparks enabling further judgment
for proper tracks,. This was -especially useful in the calorimeters,
where the large number of sparks associatedwith hadron showers made

the combinatorﬁal problem for automatic track matching intractable.
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Appendix VI:

References

1. D. Bogert et al., Proc. Oxford Conf Comp. Scanning, (1974).

Figures

A6.i Schematic of the reconstruction strategy.
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APPENDTX VII

Momentum Fitting

The momentum fitting procedure requires 2 preliminary pieces
of information. They are the values of the magnetic field B in
. space (Appendix IV), and the matched spark coordinates and direction
cosines (Appendix VI).

A charged particle moving in vacuum through a constant magnetic
fie]d'é with.momentum'ﬁ will traverse a circular helix which is ob-

tained by solving the Lorentz force law

w—tn

7= a(B x B)

c:_}o.

where é is the velocity and B is the field. The helix is given para-

metrically by

x = (-1/k) sin (¢o - ks cos)) - sin b T X,
y = (1/k) cos (¢O - ks cosA) - cos oy t Y,
Z:

S si + z
STnA o

where B is locally (0,0,B), s is arc length, X is the dip angle and

¢
given by k=1/p and p=qBp/cosA. An orbit is shown in figure

O‘is the azimuth angle of'ﬁ at s=0. The projected curvature k is
In the case of solid toroids, energy loss must be added to the anal-

ysis. The equation of motion becomes

P - qF xB) + B
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e is a retarding force in the direction of p. By assuming a re-
lation (p/po) = (R/RO)OL where p_, R are the momentum and range at

the beginning of the track, o = R dp, s is the distance along the
. p dR

track, and s/R0 = w, the equation of motion then becomes:
p d’x | dp dX' s qB (QXTX'E) + R _€p
dw? " dw dw  Co' ‘dw 0

The exact solution for a constant field is essentially a
slowly expanding helix for momenta above about 3 GeV. Over small
"boxes" in the magnet the field can be taken as uniform, the energy
Toss is small and the trajectory in a "box" is computed.

To fit for the momentum of a track, an iterative scheme was
programmed to minimize the function:

Xz(px, pys PZ: XO, yO) =

SC_ Cyo SC Cy2
(Xi - Xi ) ,+ (yi - yi )

ox? ay?

i i y
2 2
O, Og
where p = (px, py, pZ) is the initial momentum and Xo» ¥, are the

transverse coordinate of the muon track at some arbitrary z point,
usually at chamber 7. The sum over i is over all the spark chambers

in the fit. The measured spark transverse coordiantes and direction

. . .th
cosines for a spark in the i~ chamber Xisc, y‘sc =€ s¢

1
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read in from the reconstruction program. The corresponding var—'
iables with superscript ¢ are calculated variables at each chamber

and are a function of p, x_ and Yo where the value of B for the

0
helix is locally calculated along with the enerngIOSS in the iron.
The values of p, Xo and Yy, are fed in from the previous iterations.
The initial guess for p is obtained from a circle fit to the first
sparks of a track, the radius being roughly proportional to the
momentum.

In obtaining the best fit, the program a]so‘aftempts to mini-
mize x? by dropping altogether a spark with a large contribution
to x2, or by using just either spark position or direction.

The output of this program PFIT, written by Don Reeder, is'ﬁ
and X, the momentum at a point in the apparatus, normally at chambérs
C6-C9 at the end of the apparatus. The final value of the momen-

tum is then given by adding the range between the event origin and

X, normally being less than 5 GeV.
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Appendix VII:

References

1. R.P. Shutt, ed., Bubble and Spark Chambers,vol. 2, pg 3,

‘ Academic Press, 1967.

Figures
A7.1 Orbit of a negatively charged particle of constant

energy in a uniform magnetic field.
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APPENDIX VIII

Trigger Counters, Trigger Logic and Data Aquisition

1.  Trigger Counters

The trigger counter modules for the Fl’ F2, F3, T, Hand ¥V
counters are liquid scintillator counters constructed idenfical]y
to the modules in the iron calorimeter. See Appendix 2 and figure
A2.3 therein. The H and V counter phototubes have additional wag-
netic shielding in the form of iron cylinders and 2" Jong lucite
spacers to move the tubes further into the iron shield. The HY
counters also have X8 amplifiers directly mounted on the tube base
with coaxial cable runs. The V (vertical) counters, mounted in
the 24' magnet so that the tubes and strips are verticé1, have
coniéa] Tucite window inserts protruding into the liquid to increase
optical coupling and to reduce the effects of oil films, dirt and
air bubbles on the windows: _

The vertical and horizontal (HV) counters form a crossed hodo-
scope with 1.2' resolution in space, placed in the 24' magnet.
They are shown in figures A8.1 and A8.2 and are formed from 4 trig-
ger counter modules each. There are 20 vertical and 20 horizontal
strips each 23.5' long when overlapped. Due to space limitations
the vertical counter was split into upstream (bottom) half, VU, and
downstream (upper) half, VD, inserted into the 2 gaps of the 24'

magnet respectively. The sfrips were read out by actively adding
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the pulses from opposite tubes. 'The H counter was immediately
logically combined into 20 strips while the vertical counter was
read out as 40 VU and 40 VD strips. The hits in the strips were
latched in CAMAC as well as being formed into the trigger logic.
.Figure A8.4 shows the hodoscope logic. The AND/OR circuits were
used in OR for the vertical counters during the data analyzed
in these runs.

The F1 - F2 counters installed after the 3 blocks of the iron
target, were also identical to the Fe Cal slabs, but each were seg-
mented by reading out as 2 sets of 4 horizontal strips in the bottom
and-middle and one set of 2 horizontal strips at the top. These
were then combined logically to form an F counter signal. The top

strip, F was also used as part of the veto in some of the trig-

top
gers, as this portion of the iron target was higher than the liquid
calorimeter.

The T counter was the Togical OR of the last 2 iron calorimeter
modules and has no segmentation.

The B,C counters were liquid scintillator counters constructed
of 3 tanks as shown in figure A8.3, measuring 3.6 x 1.2 x 0.1 m,
viewed on each end by 4 phototubes (8/tank). These bottom, middle
and top (BB etc) sections were separately read out and latched,
and fanned to the trigger logic as B and C signals. Counters A,

the veto counter, was identical with B,C except for an extra

tank (4 altogether), and the cracks were covered by strips of
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plastic counters. Thus A had 5 signals latched, Abb‘ Ab’ Am’ At

and Astrip'

2.  Trigger Logic

The overall trigger system was described in the introduction
to the apparatus (Chapter 2, section 5). Figure AB.4 explains the
logic to derive subtriggers DIMU and HV. DIMU basically requires
2 or more muons in the hodoscope in order to enrich the multimuon
sample, while HY requires a 2-fold coincidence in the hodoscope.
Figure A8.5 shows the analog and threshold logic for the 2 calor-
imeters. The Fe C used module Fe C (1-8) only to form a trigger,
to minimize events which would cause hadron punch through into'the
spectrometer. Figure A8.6 shows various simple sub-logic parts
for the trigger counters. Figure A8.7a shows the timing sequence
of spill splitting: the targetted protons are divided logically
into spill 1 and spill 2. Figure A8.7b shows how this was used
to fedefine HY as DIMU for spill 1 and HV + DIMU for spill 2, to
enrich the multilepton sample in spill 1, and to obtain an unbiased
sample of events in spill 2.

The event triggers are shown in figure A8.8. The ABC trigger
was used every 10 spills to obtain Landau distribution muons through
the calorimeter, where the "test" signal was generated via the
aquisition program. A' BCT was used in 5pi11 1 to obtain a sample

of events with low hadron energy, basically low y events. (Also
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called "quiet" muon events.) Since nearly all the neutrino energy
is carried by the muon at Tow y, the muons will be at small angles
and magnetically stiff, penetratihg to the B and C counters. The
next trigger, A T' DIMU, is a dimuon trigger from the iron target
Since single muons are basically not useful from the iron target,
this is the only iron target trigger. In addition; this trigger
~is active in both spills thus providing a monitor for the spill
splitting. The last 2 triggers, requiring energy, do not require
deep muon penetration in the spectrometer (reguiring only the hodo-

scope) and are thus sensitive to high y events. These triggers

Fe 1-8
enrich the dimuon sample in spill 1 since HV - DIMU as described

are A' Eliq HV and A' E HVT. In addition, these 2 triggers
above. The last 2 logic cells shown are A’ EF 1-5 DIMU T and
AT'DIMU F3_1p> which were latched in an attempt to monitor the be-
haviors of the dimuon triggers (EF 1-5° F3;10 are shown in figure

A8.5), however these were unreliable as they had no TOF's.

3. Data Acquisition

Figure A8.9 shows the aquisition logic, and figure AS.1U shows
the time sequence of events. The Main Accelerator Control (MAC)
system generated a beam gate about 2-5 msec before the neutrinos
arrive at the target-detector Tasting between 2-5 msec during which
time events were accepted. If triggered, a veto locks out further

triggers (Event Veto). CAMAczgates were then generated, recording
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the appropriate delayed ADC, TOF, Pattern Unit and Hodoscope infor-
mation. Subsequently the spark chambers were fired and about 25 usec
later (due to RF noise and ringing) a computer interrupt (A) was
generated, causing the CAMAC informatiqn to be read into a buffer
spare (about 1 msec). During this time a fiducial flash and camera
Vadvance sequence were initiated. At the end of each spill regard-
less of an event occurring a second interrupt (B) was generated,
buffering apparatus scalers and the beam monitoring information
(SEM, 9OOM) from CAMAC to the computer. The computer system con-
sisting of a D.E.C. PDP-11 interfaced with a BISCN Box (interrupts)
and an E.G.G. BD@11 to an A-1 type crate cohtro]]er (CAMAC) then
wrote the buffer onto magnetic tape. The disc operated system -
allowed use of a FORTRAN program to perform diagnostics between
spills. Landau Distributions, TOF histograms, and bit patterns
helped in the checking of tubes and logic. After each run, a sum-
mary was generated. Table A8.1 is a complete list of TOF, P.U.

and Scaler information recorded, and figure A8.11shows a typical

event display.
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Appendix VIII:

References

. RCA 8575.

. CAMAC is a bus-oriented, modular digital data acquisition

system supported by the NIM conmittee, and described in the

IEEE tutorial issue on CAMAC (1970).

Figures

1 Schematic of the Verticle hodoscope.

2 Schematic of the Horizontal hodoscope.

3 B,C counters.

4 Hodoscope logic.

5 Calorimeter analog and threshold 1ogic..

6 Sub-logic for counters and triggers (2 pages).

7a Time sequence for spill splitting.

.7b Spill 1 HV, Spill 2 HV+Dimu definition.

8 Event triggers.
9 Acquisition logic schematic.
10 Time sequénce of data taking.

11 Event displays, reduced from computer output.
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APPENDIX IX

Calorimeter Calibration and Energy Measurement

The calorimeters were calibrated in two ways. The first was
a relative calibration using through-going muons, and the second
was using mono-energetic hadrons.

The relative calibration was used during running conditions
as a check of the operation of the apparatus and to keep. the tubes
balanced relative to each other. Typically one ABC trigger was
taken every 10 spills to generate a sample of nearly minimum jon-
izing events from muons transversing the calorimeters. (dE/dx
increases by 50% from minimum by 50 GeV, however this represents
only about 50 MeV pér module.) The pulse height distribution
(Landau) was then used in the measuremenf of the hadron energy.
The muon provides a Tlight source corresponding to a known energy
loss (minimum ionizing) which could be calculated from the known
properties of materials and the dimensions of the apparatus. The
ADC channel (intégrated charge) corresponding to the peak of the
Landau distribution thus corresponds approximately to an energy
Toss given by dE/dx for minimum ionizing. A pulse height could
then be converted to the units of the Landau peak-pedestal separ-
ation giving energy in units of minimum ionizing. The peak was
found by fitting the ADC channel distribution with a Landau con-
voluted with a Gaussian 2 bins wide.

An absolute calibration of the energy was achieved without
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reference to calculated data on materials by using hadron beams
of known momentum. The iron target was removed and a beam line
set up as in figure A9.13 (For the iron calorimeter calibration,
the Tiquid calorimeter tanks were emptied.) Momentum in the beam
ranged from about 10-100 GeV with a bite of 0.5%. Steering ver-
niers allowed beam movement of +1 meter at the apparatus both
horizontally and vertically, normally incident within 3-4 degrees.

Showers starting in Tiquid calorimeter modules 2 and 3 were
used for the calibration. This maximized longitudinal containment.
Figure A9.2 is a histogram of the integrated charge (pulse height)
converted to minimum ionizing particles for a 50 GeV positive
hadron beam.

The conversion to minimum ionizing particles was obtained by
taking Landau data with muons from the beam, generated by placing
a polyethylene hadron filter in the beam (figure A9.3). The peak
was then extracted by subtracting the pedestal and fitting the ADC
pulse height distribution convoluted with a Gaussian with o = 1 bin.

The transition curve as a function of depth (in units of Tig-
uid modules) is shown in figure A9.4 for 50 GeV positives starting
in module 2. As shown in the figure, the showers were not fully
contained. The pulse height in the Fe Cal was added to the Liq
Cal weighted by the ratio of ratios of (enerqy/pulse height). The
ratio of the beam energy to integrated charge is shown for 7 ener-

gies in figure A9.5a taken with positive and negative hadrons. The
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function which gives energy from pulse height is thus approxi-

mately linear with a small exponential piece below about 20 GeV:
E=0.094M (1 + 0.477 exp(-0.009M))

where M is the total pulse height in units of minimum ionizing and
E is in GeV.

The energy resolution in the liquid calorimeter is shown in
figure A9.5b as a function of the width of the pulse height spectra.
As expected it is nearly constant over the energy range measured
at about 10%. The transverse uniformity was studied by scanning
across the face of the 1fquid calorimeter within‘the fiducial vol-
ume (+ 120 m). This was uniform to 10%.

The iron calorimeter was studied in a simi]ér fashion. A typ-
ical pulse height spectrum and transition curve are shown in figures
A9.6 and AY9.7, with a Landau distribution from the calibration beam
shown in figure A9.8. Note that the showers are essentially fully
contained. The ratio of energy to pulse hgight and resolution vs.
energytare shown in figures A9.8a and b. Since the iron ca]orimetér
was optically segmented, there is some variation in the vertical
direction which'explains the 15% difference between positive and
negative hadrons which were inadvertently steered into adjacent
strips. The energy (GeV) from pulse height (minimum ionizing)

function is

E =0.175M (1 + 0.345 exp(-0.0113M))
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The resolution reflects the error in adjacent strips by adding in
quadrature the standard deviations of the pulse height spectra

with the 20% variation between adjacent strips.
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Appendix IX:

References
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Figures
1 Schematic of the calibration beam line.
2 Liquid calorimeter pulse height spectrum for 50 GeV
positives.

3 Liquid calorimeter Landau.

.4 Liquid calorimeter transition curve.

ba,b Liquid calorimeter energy per charge, and resolution
as functions of energy.
6 Iron Calorimeter pulse height for 50 GeV neg. hadrons.

7 Iron calorimeter lLandaus.

.8 Iron Calorimeter transition curve.

.9a,b Iron calorimeter energy per charge, and resolution

as functions of energy.
10 linearity for iron and liquid calorimeters as functions

of energy.
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APPENDIX X

Spectrometer Calibration

Monochromatic muons were transported to the apparatus by the
calibration beam usingapolyethylene absorber (Appendix IX). Figures
A11.1a and Al11.1b show the fitted momenta for 50 and 75 GeV incident

muons, taking into account the range in the calorimeters.

By making a'X? cut of 6 per degree of freedom, the fits remained
fairly stable. Be1ow'X? of 6, the width of the momentum histogram
did not decrease significantWy, while above‘X? of about 6, the width
increased by more than 10%. This behavior was also checked before
the calibration by examining the film and correspdnding fitted single
muon events. This X? cut was then used for single muon events amd thus
the relative normalization for’sing1e and multimuons will be insensitive
to the X2 per track. The average fitted momenta after this cut are
51.0 and 76.4, within 3% of the caiculated values from the beam tine.
The half widths at half max are 12%, which is consistent with muitiple
scattering errors. The spectrometer momentum resolution expected

from multiple scattering is

a(p)/p = (28 R/L)
where B is in kG, L is the muon path Tength in meters, R is the

radiation length of iron in meters (0.018). For a 5 meter path

and 18 kG, o(p)/p = 9%.
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Appendix X

Figures

A10.1a, b Distributions in fitted momenta for 50 and 75

GeV muon beams.
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APPENDIX XI

Single Muon Data

The single muon events were measured on an automatic machine
SAMM at F.N.A.L. No events originating in the iron target were
“included. A1l sparks and fiducials in each view were digitized.

Since the event topologies for Single muon events are relatively
simple, an automatic procedure was set up to match sparks from
chamber to chamber. This algorithm was 90% efficient.

After measurement, the events were then fit for momentum, Qsing
sparks from calorimeter chamber 7 on downstream. The coordinate of
the vertex in the z (beam) direction was determined by the start of
the hadron shower.

Events which failed to fit were inspected. Events with incor-
rect spark matches were corrected and refit. After this "massaging”
procedure, the yield of good events with 2 magnet chambers was 72%,
with 3 or more magnet chambers, 93%. About % of these inefficien-
cies were due to events in the hole of the magnet or sparks missed
by SAMM. Events with fewer than 2 magnet chambers were rejected as
they had a very low efficiency.

Good events were required to pass several cuts:

1. verticize within 3 meters square in the iron
calorimeter and 2.4 meters square in the 1liquid
calorimeter

2. start after liquid module 1 and before iron
module 7
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3. muon track transverse the last calorimeter
chamber and 2 magnet chambers

4. normalized chi-square less than 6

The events were then geometrically corrected using the counter
efficiencies and the acceptance criteria when rotating ahd translat-
ing the events in the apparatus. For events in the calorimeters
with EH above 6 énd 12 GeV respectively, the efficienéies were above
90% for the energy triggers. Combining these with BCT triggers gives
an overall efficiency of about 90% for all events with Pmin greater
than 5 GeV in an unbiased fashion with respect to EH and kinematic
quanitites associated with it. These events were then compared to
the number distributions in the scaling variables x and y predicted
by scaling models. Figures All.1 and Al11.2 show the X distribution
for v and the y distribution for v together with simple fits over
several energy ranges. Figure All.3 shows the limit curves for accept-
ance in X and y.

To obtain the dimuon rates, the total corrected numbers of
neutrino and anti-neutrino events for dimuon running are required.
The number distribution as a function of energy for the anti-neutrino
running is shown in figure All1.4. In the QT running, since the
"spill" was split into multimuon (spill 1) and unbiased (spill 2)
triggers, only events in spill 2 were measured fof single muon data.
Thus, to extrapolate to the entire spill the (protons on target in
spill 2) = (SEM2) must be found, in order to compute

(events/proton on target) = (events spill 2)/(SEM2).
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The quantity SEMZ2 was found using the approximation:

(Spill 1 triggers)iz,(3p111 1 triggers/SEM) (SEM1)
(Spill 2 triggers)  (Spill 2 triggers/SEM) (SEM2) (1)

where SEM1, SEM2 are protons on target in spill 1 or 2. Using the
relation:

SEM = SEM1 + SEM2 | ' (2)
with the previousAapproximation, the SEM2 can be solved for in any
given run by measuring the relative numbers of triggers. In spill 1
and spill 2 (LHS of (1)), and the total SEM, if the trigger rate§
per SEM of each spill are known. The trigger rates of spill 1 and
spill 2 per SEM were measured independent]y early in the experiment
by turning off spill 2 or spi11‘1 and taking the entire spill using
one or the other trigger, thus measuring the rate per SEM directly

during Tow intensity running. These rates are:

0.25 + .05 events/10'% p.o.t.

+

f

(Events Spill 1)/(SEM)

fl

1+

(Events Spill 2)/(SEM) = 0.97 + .03 events/10'® p.o.t. (3)

Relations (1) - (3) are then used to find the SEM in spill 2 for a
sample of runs in the QT. The number of corrected events per SEM

can then be found for these runs from the measured spill 2 single
muons. This is summarized in table All.1 along with the spill split-
ting. Extrapolating this rate = 207.1/1016 p.o.t. to the entire QT
dimuon data set (0.84 x 107 p.o.t.) gives 17,400 single muon events.

This is done as a function of energy in figure Al11.5. Figure Al1l.6
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shows the ratio of SEM1/SEM2 as a function of integrated total
SEM from the start of the experiment. On average of all events
there were about 40% spill 1 events, 60% spill 2 events, with an

average (SEM1/SEM2) of 2.3 = .7.
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Appendix XI :
Figures

All.1 x distribution for neutrinos.
Al11.2 y distribution for antineutrinos.
A11.3 1lines of constant (60%) acceptance at E=80 andA
100 GeV, and x-y resolution at E =50 GeV.
A11.4 Number distributions as a function of energy
for anti-neutrino eveﬁts in BTSS running.
A11.5 Number distributions for neutrino events in both
spills in the QT, plotted as a function of energy.
A11.6 Spill splitting in the QT; SEM 1 / SEM 2 as a function

of energy.



Run

118-119
127-31
132

138

139

140-3
144
148

Table A 11.1 Event Rates: Negative Muons in QT

| 16 Events Spill 1
Events SEM(x107") Events Spill 2 SEM 2

367 3.6 0.69 0.96
161 2.7 0.60 0.96
359 3.6 0.36 1.49
414 8.4 0.46 2.96
448 7.4 0.58 2.23
379 5.8 0.63 1.65
271 4.4 0.74 1.11
373 7.8 0.70 2.0

16

Event rate = 207 per 10°° p.o.t.

Events/lOleot

383
167
241
140
201
230
244
186

GL¢
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APPENDIX XII
DIMUON BACKGROUNDS

This appendix estimates dimuen rates relative to single muon
events from background (uninteresting) sources. These are

divided into two categories: accidentals, and pion and kaon detay.

Accidentals

A dimuon event may be simulated by a single muon event with
a superimposed muon. This can occur by 2 single muon events occuring
in the same vertization volume within the resolving time of the
spark chambers. This gives a maximum dimuon rate of about 2x10'5/
single muon for caloimeter events and 5x10’5/sing]e muon event for iron
target events. This is a conservative estimate, as it does not
include counter timing cuts or any allowance for visual inspection.
Iron target events have an additional source of background dimuons
from entering single muons. This was measured by scanning for
calorimeter events in the QT with an entering muon from the iron
target, giving 8 muons per 2100 events. A1l of these events had
out-of-time counters set. Assuming these are random in transverse
position, this gives a rate inside a transverse 1 m2 area of

llx]O"4 before fiducial volume, triggering, pattern recognition
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In addition, a further check on iron target events was performed
by fitting the dE/dx of the muons as measured in the calorimeters
for 1 muon and 2 muon hypotheses. Muons entering 6utside the 200
nsec resolution of the calorimeters should then cause false dimuons in
the spark chambers which have only single minimum ionizing traées
in the calorimeters. The results of these fits are shown in
Figure A12,1.as the chi-squared per DOF of lmu vs. 2mu hypotheses
for each event. As can be seen, all iron target events have a lower
chi-squared per DOF for the 2mu hypothesis ekcept for one borderline

event.

Pion and Kaon Decay

Dimuon events can occur by single muon events with a pion or
kaon decaying into a muon. This background was calculated by
monte carlo for neutrino and anti-neutrino beams. The monte carlo
generated events according to the energy, x and y distributions,
and then generated hadron showers from inclusive distributions.

The showers were then propagated with the particles in the shower
having probabilities to interact and produce more particles, or
to decay into muons.

The showers were generated by using measured inclusive distri-
butions for hadrons produced in bubble chambers by neutrinos. These
are given in the variable z, the fraction of the hadron momentum
along the shower direction to the total hadronic energy. For z

above 0.2 at an average neutrino energy of about 100 GeV, these
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distributions are well parametrized by the forms:

a8 2 -6.72
iz 16 e
dN™ -8z
- = 12.9 e

normalized to the total positive and negative multiplicity. For

average E, of 50 and z above 0.2,

+
%g_ _— e—5,3z
gg— = 6.0 e702

The difference in these two parametrizations contributes to the

monte carlo error. Uncertainty in the very low z region also con-
tributes to errors in the monte carlo; however, this is a small effect
for-muons above the momentum cuts. The z distributions are almost
independent of Ev W, and Q2 for z>0.1. The multiplicity varies
slowly with log WC.

The measured z distributions did not distinguish between pions

and kaons, and so electroproduction data was used:

K/t 0.2 z>1/3

it

0.2 z2 2 < 1/3

giving about 0.13 K/event, similar to observed K9 production fn



neutrino reactions.3 Since protons are at very low z (z<0.15) the

background calculation is basically not sensitive to subtracting

them from the + distribution.
Secondary hadrons were generated in the cascading by using

. . . . . . . R 4
the inclusive x distributions for secondaries in the reactions:
at p+1r+x =TT prT X

Tr'p—>1r+x

1

1r+p~> T X
K'p + K*x = K'pr K'x

where the R.H.S. is assumed from the L.H.S. data. Each secondary
particle was assigned a weight equal to the product of the parent
weight, the charge multiplicity and the f]avor; The particles
continued to interact until all were below the minimum momentum
cutoff, or until they decayed into uv.

The secondary particles were assigned a py according to an
exponential distribution with an average value of 300 MeV. This
was used for generating distributions used in the comparison of

charm.

285

Estimates of the contributions to the error in the monte carlo

are:
D (z) 20%

hN=h'N 10%

absorption lengths  10%
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giving an error of about 25%.

The results in pure iron for a 4.5 GeV cut are summarized
in Table A12.1 per 104 (anti) neutrino interactions. To compute
the background in each target, the ratés in iron are scaled by the
absorption lengths-in the target. In the calorimeters, the total
background rate relative to all events was 25+ 7% for neutrinos, and
16 + 9% for antineutrinos. These rafes fall to about 9% and 5.5%
in the iron target. If the momentum cut is raised to 10 GeV,

the rates fall by a factor of =3.5.
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Appendix XII:

Tables

A 12.1 Event rates from pion and kaon decay

Figures

A 12.1 1 muon vs. 2 muon hypotheses for dE/dx in calorimeters
from iron target dimuon events
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Event Rate of Pion and Kaon Decay

in pure iron per 104 interactions
to give +- dimuons, pmin=4'5 GeV

Neutrino QT+BTSS BTSS
Energy(GeV) neutrino antineutrino
20-50 1.9 .9

50-100 4.1 1.8
100-150 6.1 3.5
150-200 7.0 4.7
200-250 7.6
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