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Abstract

A muon spin rotation (uSR) technique has been used to place limits on
right-handed weak currents in p* decay. A beam of almost 100% polarized
'surface' muons obtained from the TRIUMF M13 beamline was stopped in
essentially non-depolarizing >99.99% pure metal foils. The u* spins were
precessed by T70-G or 110-G transverse fields. Decay e* emitted within
225 mrad of the beam direction and with momenta above U6 MeV/e were
momentum-analyzed to 0.2%. Comparison of the uSR signal amplitude with
that expected for (V-A) decay yields an endpoint asymmetry EP,6/p>0.9951
with 90% confidence. In the context of manifest left-right symmetric
models with massless neutrinos the results imply the 90% confidence
limits M(W,)>381 GeV/c2 and ~0.057<<0.044, where W, is a predominantly
right—hanﬁed gauge boson and ¢ is the left-right mixing angle. Limits on
M(W.) for M(vuR)aO are also presented. The endpoint asymmetry is used to
ded@ce limits on the vy, mass and helicity in n* decay, non-(V-A)
couplings in helicity projection form, and the mass scale of composite

leptons,
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Chapter 1
Introduction

In the course of more than a decade of remarkable agreement with
experiment the Glashow-Weinberg-Salam model"’), based on the gauge
group SU(2)y,xU(1), has become accepted as the 'standard model' of
electroweak interactions. Despite its outstanding success the standard
model does not explain the left-handed character of the charged current
weak interactions such as g and decay. Instead the left-handedness is
built in a priori by allowing only the left-handed components of
fermions to couple to the charged gauge boéons. Shortly before Weinberg
and Salam unified the weak and electromagnetic interactions, Lipmanov“)
asked |

"...whether the nonconservation of parity in weak interactions is

not a manifestation of a violated (ViA) symmetry of these

interactions, with (V-A) dominance... It is possible that the
coupling between the weak interaction currents is mediated by
intermediate vector bosons., Then one can imagine that there exist
intermediate bosons of two kinds, w(V-4) and w(V+A). which mediate
the (V-A) and (V+A) couplings, respectively. If the mass of the

W(V-R) ang w(V*A) yere equal, there would be no experimental

manifestation of parity non-conservation. However, the latter

effect appears if there is a mass difference for the two
intermediate bosons. The effective current-current Lagrangian for

the weak interactions... has the form (for q2<<M2):

Ly = (G/v2)Jd(V-R) j(V-a)* (G, /v2)J(V+A) g(V+A) *



"

where G/V2 = ungZ/va_A) , G, /V2 = Hngz/Miv+A)

Lipmanov went on to show that the electron emission asymmetry in
muon decay provided an estimate G, s 0.12G, and that the pu* from =¥
decay would be partially depolarized, with longitudinal polarization
Pu-1-2c,2/02.

The more recent left-right symmetric theories’v‘), in which the
standard electroweak gauge group is extended to SU(2),xSU(2)gxU(1),
embody the spirit of the Lipmanov formulation. Although completely
left-right symmetric at the Lagrangian level these theories admit
asymmetric solutions through spontaneous symmetry breaking which
violate parity’). In particular, the Higgs mechanism can impart a
larger mass to Wp than to Wi thereby suppressing the right-handed
currents at low q2 while retaining parity conservation for q2>>M2(wR).

This thesis presents the results of a search for deviations from
the (V-A) prediction for the e* asymmetry in polarized u* decay at rest
by means of a muon spin rotation (uSR) technique. The recent
development') of 'surface' beams has provided muon beams with
essentially the polarization intrinsic to pion decay at rest.
Naturally, right-handed currents may contribute at each step of the
n+y+e decay chain thus enhancing the experimental sensitivity.

The experiment was operated in two modes, each sensitive to
right-handed currents but with different major sources of possible
systematic error. In each case the u* beam was stopped in metal
targets. In metals, unlike many other materials, the ut are thermalized
in a quasi-free state instead of as muonium (u*e”) where hyperfine

transitions rapidly reduce the muon polarization by 50%. In the first



mode®) the spins of the stopped u* were held in a 1.1-T field which
quenches muon depolarization in any residual muonium through the
Paschen-Back effect. Measurement of the momentum spectrum endpoint
decay rate opposite to the u* spin, which vanishes for a purely (V-A)
interaétion. allows limits to be set on any right-handed current
admixture. In the second mode, which provided the data presented here,
the u* spins were instead precessed by 70-G or 110-G fields transverse
to the beam direction. The time variation of the e* emission rate near
the beam direction as the u* spins precess constitute the uSR signal.
Limits on right-handed currents are set by comparing the uSR signal
amplitude with that expected for a (V-A) interaction.

The experiment was conceived in mid-1980 and most of the apparatus
was constructed during 1981. The data presented in this ;hesis was
accumulated during the three running periods of experiments E185 and

E247 at the TRIUMF cyclotron during 1982-4,



Chapter 2
The Standard and Left-Right Symmetric Models
2.1 The Standard Model: A Brief Review

The gauge group of the standard electroweak model is Su(2)xU(1)y
with coupling constants g and g' respectively. The leptons and quark

weak eigenstates are assigned to left-handed SU(2) doublets

o), B

L» Lreee L, Lyeeo

and right-handed singlets.
The simplest Higgs assignment required to break down the symmetry
to U(1)gy» thereby guaranteeing the masslessness of the photon, is the

scalar SU(2)j doublet

Minimizing the Higgs potential yields a non-zero vacuum expectation

value solution

-

which imparts masses to the W and Z bosons and the fermions. With the
>

Weinberg angle @, defined by tang,=g'/g the gauge fields W=(W! W2 ,W%)

and B, associated with SU(2)y, and U(1)y respectively, become the

physical boson eigenstates

Wt = (W'FiW?)/V2 Mi - geve/2



Z = Wicose, - Bsiney Mi = (g2+g'2)ve/2

Y = W'sine, + Bcose, My = 0

Comparison of single W exchange in the low-energy limit with the
corresponding four-fermion contact interaction gives gZ/BMH2 = Gp/v2
where Gp is the Fermi coupling constant. In addition, the form of the
electromagnetic current allows the electronic charge e = vY(4na) to be
related to g and g' by e = gsine, = g'coséy,. Then to lowest order and

ignoring radiative corrections the standard model predicts

1 ma |1/2 37.3
M sing, [GFJZ] siney GeV -
and
M
My, = w T4.6 Gey

cos6,  C0S20y

Table (2.1) shows the experimental masses from the UA-1'°) and
UA-2'!) collaborations at CERN together with the standard model
predictions of Marciano and Sirlin"). The theoretical predictions use
sinzew-0.21710.01u obtained from deep inelastic vy scattering and the

e-D scattering asymmetry after applying radiative corrections.

UA-1 UA-2 Standard Model
M, (GeV) 80.911.522.1  81.0£2.541.3 83.0_3’?
Mg (GeV)  95.641.5:2.9  91.941.3#1.4  93.8007

Table (2.1)

The minimal standard model has one as yet unobserved physical



neutral scalar Higgs with a mass My not predicted by the theory.
However, stability of the physical vacuum requires My > 7 GeV and the
weak interactions are predicted to become strong at high energies

unless My < 1 TeV.

2.2 Left-Right Symmetric Model: An Introduction

The gauge group of left-right symmetric models is
SU(Z)LxSU(Z)RxU(l)B-L with coupling constants g, 8R, and g'
respectively. Only manifest left-right symmetric models, for which
gL=8p=8, are considered here. Compared to the standard model, the
left-right symmetric model requires an extra set of gauge bosons and a
more complex Higgs structure to produce the fermion and gauge boson
masses. The left- and right-handed fermion components are assigned to

isospin doublets y, g with the indicated quantum numbers (T, Tg, B-L):

D T g g

(1/2,0,-1) (0,1/2,-1) (1/2,0,1/3) (0,1/2,1/3)

The generation of Dirac masses, =(Yp¥ *¥LVR), for the fermions
requires Yukawa couplings to Higgs multiplets with quantum numbers
(1/2,1/2%,0) since the mass terms in the Lagrangian must be Lorentz

scalars. The required multiplets of complex scalar fields are

° +
¢, ¢, - "
¢ = _ . ® = 12 1,
¢ ¢



Additional Higgs multiplets are needed to complete the symmetry

breakdown to U(1)em. The simplest choice is the doublets

X, Xp
XL = Io" XR = ?
with quantum numbers (1/2,0,1) and (0,1/2,1) respectively. Although
the classical Higgs potential is symmetric under Xp+*XRg, SenJanovic")

has shown that for a range of coefficients an asymmetric solution

0 k O
<XL> = 0, <XR> = [V]' <P> = [0 k']

emerges as the absolute minimum of the potential.

The gauge fields Wy, WR. and B associated with Su(2), SU(2)g, and
U(1)p-L, respectively, combine to form the mass elgenstates Wi, Wt
Z,, Z, and Y. In general, the Higgs mechanism which gives masses to the

gauge bosons also produces a left-right mixing. The physical charged

bosons are
W, % cosy sing||wWy |2
W, ~sing cosg||Wg

where wf.g - (wﬁ,R*iwﬁ,R)//z and tan2y = -4kk'/v2, The experimental
constraints that g is small and M(W,) >> M(Hi)'[section (2.5)] imply

v >> k,k', and then

M2(W,) =~ g2(k2+k'2)/2

M2(W,) =~ g2(v2+k2+k'2)/2

With 8,', the analog of the Weinberg angle, defined by

sinzew'-g'z/(ga+g'2) the physical neutral bosons are



Y = (H; + w;)sinew' + B/ (cos26y')

z - wicosew' - w;sinew'tanew' - Btan,,'v/(cos28y')

3
z, = wR/(coszew')/cose"' - Btaney'

with masses M(Y) =0
M(Z‘) o M(W;)/cosew'

M(Z,) = M(W,)cos8y'//(cos26y’')

In addition, for the above choice of Higgs multiplets, there remain
six neutral and four charged physical Higgs scalars. In the model of
Senjanovic'®) one neutral Higgs has a mass -(M(W,)) and the rest have -
masses ~(M(W,)).

In the 1imit M(W,) + = the predictions of the left-right symmetric
model are identical to those of the standard model for bbth the charged
and neutral currents. Also, in the limit {0 but with M(W,) finite both
models make identical predictions for the parity violating neutral

currents.

' 2.3 Neutrinos: Dirac or Majorana?

The v, of the standard electroweak model may be either Dirac or
Majorana particles. In the Dirac case v and vg are different helicity
states of the same particle, and vy is assigned to an SU(2) singlet.
However, for Majorana neutrinos v, and vg are different particles, and
vg 1s absent from the standard model.

The situation is more complex in the left-right symmetric model

where, depending on the choice of Higgs structure, the neutrinos may



acquire both Majorana and Dirac masses. As will be seen below this
provides an explanation, first proposed by Gell-Mann, Ramond and
Slansky’“), fqr the smallness of the vy, mass. It also has a major
impact on the observability of right-handed currents in low-energy
processes [section (2.4)].

The Dirac and Majorana mass terms have the structures and

(T, Tg,B-L) quantum numbers:

Dirac: (GRv ) (1/2,1/2,0)

L ¥ VLVR

-c - ¢ ~-c - ¢
Majorana: (vaL + vaL) and (vR\:R + vRvR) (1,0,-2) and (0,1,-2)

Only Dirac mass terms, through Yukawa couplings to the multiplet ¢, are
possible for the Higgs assignment of section (2.2).
Mohapatra and Senjanovic") have proposed a model in which two

Majorana neutrinos v and N are assigned to the lepton doublets

eL o NeR

eL.... eR'o-o

prior to spontaneous symmetry breaking, and the Higgs multiplets xL,R
are replaced by 4p(1,0,2) and Ag(0,1,2) which generate the additional
Majorana mass terms. The new Higgs structure is somewhat more

complicated with

++

. s*1/2 s
ALR= | o +
6 82|, .

With an analogous pattern of vacuum expectation values, <Ap>=0 and



<AR°>-V, the Majorana mass term for vy, vanishes while that for Ng is

~M(W,). The off-diagonal Dirac mass terms (~My for f=e,u,t) cause a

slight left-right mixing so that the mass élgenstates v; and v, are

\U cosé siné v
vz -sin§ cosé| |NR
2
with masses M(vg,) = Mg/M(W,)

M(vg,) = M(W,)

and mixing angle & ~ Mg/M(W,)

Here the small mass of the predominantly left-handed neutrino v, is

clearly related to the suppression of the right-handed currents through

the asymmetric vacuum expectation values <Ap>=0 and <AR°>-v.

2.4 The Low-Energy Hamiltonian

In the case of Dirac neutrinos m(vg)=m(v}), which is known

experimentally to be small. The effective low-energy Hamiltonian for

charged current processes is then

g2 + 2 2 t 2 2

= - <+

Herr ;;Ez;—; {JLJL (cos ¢ + e3in ) JRJR (sin ¢ €COS8 [
]

t t
+(JLJL + Jpdp Y(1-¢)singcosg}

where the mass-squared ratio e = Mz(w,)/Mz(w,) and the left-right

mixing angle r are small. Retaining only the leading order terms

2
. _E& t t t t
£ (4,3, 7+ edgdp+ e(J dp+ Jpdy )}

(2.1)



In the Majorana case described in section (2.3) the predominantly
right-handed v, is too massive to be produced in low-energy processes.
The effective Hamiltonian is now different for leptonic and
semileptonic processes since right-handed currents are suppressed by a

factor of sin§ at the leptonic vertices:

Semileptonic:

2

Hepr -—L& Tcosé(coszc + esinzc) - Jod Tsinc(sinzc + ecoszc)
2 L°L R'R
2M™(W,)
+ (J J Tcosé -J.J fsiné)(1-e)sin;cos;}
RL L™R .

Leptonic:

2
Hepp = ——%———— {J J Tcoszé(coszc + esinzc) + J JRTsinzc(sinzc + ecoszg)

2M7(W,) L'L R

t t ~
(JRJL + JLJR )(1-¢)singcosésingcos)

Then to leading order in € and f, but neglecting terms in §:

2
Semileptonic: Hefr = —£ s v cJRJRT]

2
Leptonie: Heppe = £ 54T

Thus if the v, are sufficiently massive, purely leptonic low-energy
processes such as muon decay give no information on e and ¢ regardless
of M(W,), while semileptonic processes still yield information on z.
The non-leptonic low-energy Hamiltonian is unchanged from equation

(2.1).

11
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2.5 Limits on Right-Handed Currents

The already exisitng experimental 90% confidence limits on the
mass-squared ratio ¢ and the mixing angle ¢ are displayed in Figure
(2.1). The allowed regions are those which include e=¢=0, i.e. the
(V-A) limit. Only the limits from the y distributions in wN and WN
scattering (double lines, Ref. 16) are valid irrespective of the vg
mass. The other limits assume massless or very light vg. Muon decay
contours are derived from decay-rate measurements opposite the u* spin
direction at the spectrum endpoint (bold curve, spin-held data from the
present experiment, Ref. 9); the product of the asymmetry parameter and
the u* polarization, aPu (dotted curve, Ref. 17); and the Michel
parameter p (solid curve, Ref. 18). Nuclear 8 decay contdurs are
obtained from the Gamow-Teller 8 polarization (dot-dashed curves, Ref.
19); the comparison of Gamow-Teller and Fermi B polarizations
(1ong-dashed curves, Ref. 20); and the 1%Ne asymmetry A(O) and ft
ratio, with the assumption of conserved vector current (short-dashed
curves, Refs. 21 and 22).

AQditional model dependent limits, independent of the vy mass but
assuming the same left- and right-handed quark mixing angles, are set
by semileptonic decays?®) [|g|(1-€)<0.005], current algebra analysis of
non-leptonic AS=1 weak decays") [|c|(1—e)<0‘00u, and M(W,)>300 GeV if
t=0], and the Ki-Kg mass difference®®:26) [M(W,)>1.6 TeV]. Without the
quark mixing angle assumption the KL—Ksimass difference provides a

general limit?7) M(W,)>300 GeV.
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M(W,) (GeV/c?)
300 250 220 200

I | I
0.15 =!
=
01 —
L Al

£ = (W_ - W,) mixing angle

-0.05

-0.15

€= M (W,) / ME(W,)

XBL 853-10140

FIGURE (2.1). Experimental 90% confidence limits on the LR
mass-squared ratio € and the left-right mixing angle ;. The allowed
regions are those which include €=;=0. The sources of the limits are

described in the text.



Chapter 3
Muon Decay
3.1 Four~Fermion Contact Interaction

The muon differential decay rate for an interaction mediated by a
heavy vector bosdn, W, differs from that for the corresponding
four-fermion coﬁtact interaction by terms?*) of order (mu/M")Z. These
terms are -1076 for M, =80 GeV/c2 and are negligible at the present
level of experimental precision. Consequently it is legitimate to
treat muon decay as a contact interaction.

The u* decay probability, integrated over e* spin directions, for
the most general four-fermion contact interaction with masSless

neutrinos and in the absence of radiative corrections 1s”a’°)

2
3§5%3£§37 « (x2-x§)1/2{9x(1—x) + Zp(ux2-3x-x%) + 9nx,(1-x)

' (3.1)

+ acose(xz—x§)1/2[3(1-x) + 26(ux-3‘mex,/mﬁ)]}

Here 6 is the angle between the p* spin direction and the e* momentum
direction in the u* rest frame, x is the standard reduced energy
variable x = Eg/Eg(max) where Ee(max) = (muz-mez)/Zmu = 52.831 MeV, and
Xo = Mg/Eg(max). The values of the muon decay parameters2®+2°) p, n,
£, and 6 depend on the relative strengths of the scalar, pseudoscalar,
vector, axial-vector and tensor interactions allowed by Lorentz
invariance. Table (3.1) shows the (V-A) and (V+A) values of the decay
parameters, together with their already existing experimental
values®'). The values assumed by the parameters for more general forms

of the interaction are discussed in section (3.5).

14



Decay Parameter (V-A) Value  (V+A) Value Experimental Value
p 3/4 374 0.7517 ¢+ 0.0026
n 0 0 0.06 + 0.15
£ 1 -1 gPy: 0.972 3 0.14 "

EP,6/p: >0.9959 (90% C.L.)
8 3/4 3/4 0.7551 + 0.0085

Pu is the muon longitudinal polarization from x* decay at rest.

Table (3.1)

3.2 Muon Decay Asymmetry

In this section the muon decay asymmetry for arbitrary values of
the decay parameters is compared to the (V-A) prediction and is then
related to the parameters ¢ and g which characterize the left-right
symmetric model.

From here on the term involving n is assumed to be negligible. In
addition to n being small experimentally [Table (3.1)], the term is
suppressed by the factor x,~0.01 and vanishes at the momentum spectrum
endpoint. To simplify the discussion further the approximation mg=0 is
made temporarily, yielding

d2r

dxd(cos8) = x2{9(1-x) + 2p(U4x-3) + Ecose[3(1-x) + 25(4x-3)1} (3.2)

.

If the u* spin direction is precessed in a magnetic field the rate
at which e* are emitted in a fixed direction becomes time-dependent

through the time-dependence of cos6. The instantaneous decay rate,

15
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normalized to the time-averaged (cos9=0) rate, is

3(1-x) + 26(4x-3)

R[x,8(t)] = 1 + S5y 2,(0x-3)

Ecose(t)

The corresponding normalized rate for a purely (V-A) interaction

(p=6=3/4, g=1) is

RLx,0(t)] ) = 1 * Sogg C0SO(t)

The maximum time variation of the rate, and hence the greatest
experimental sensitivity to the degree of parity violation, is attained
at x=1 and for maximal variations of cose(t). The spin-precessing
magnetic field should therefore be perpendicular to the ut spin
direction. The decays of most interest are those in which the et is
emitted with x near 1 in a direction close to the u* spin precession
plane.

The amplitude of the resulting uSR signal, normalized to that
expected for pure V-A muon decay, is

R(x,6(t)] - 1

A(x) = R, 00Ty a0y - 1

and with the definitions X = 1-x, § = 1-46/3 and p = 1-4p/3
A(X) = (E6/p){1 + 2x[8/(1-2x) - 3p/(1+2x)1} (3.3)

In the (V:A) limits A(X) = ¥1. For small x the (V-A) values of p and §
may be inserted into equation (3.2) provided g is then replaced by A(X).
An additional modification to equation (3.2) is required because

the incoming u* spin direction cannot be observed experimentally.

However, in the (V-A) limit with massless neutrinos angular momentum
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conservation requires the y* from x* decay at rest to be emitted with
their spin and momentum directions anti-parallel. Deviations from this
limit can only reduce the longitudinal polarization Pu' With @
redefined to be the angle between the observed u* and e* momenta,
equation (3.2) becomes
d2r 2 -
Ixd(eosey = * {(3-2x + P, A(x)cose(1-2x)} (3.4)

The quantity PuA(i) is the amplitude of the uSR signal normalized
to that expected for (V-A) decay of p* with Pu-1. In the context of
left-right symmetric theories values of PuA(§)<1 imply the existence of
right-handed currents or m(vu)>0.

The remainder of this section is devoted to relating PnA(i) to the
mass-squared ratio e = M2(W,)/M2(W,) and mixing angle ¢ of the
left-right symmetric model. Following Beg et al.’?), the effective

low~energy Lagrangian may be written as

Lerr = "(Gv/Z)[VA.rVA + naaAA?AA + nav(VATA" + Avax)]

where ¥ and A are the vector and axial-vector parts of Ji, and Jg.

With M; - M(W,), and Mz - M(WQ):

G/V2 = (gZ/BME)(cosc-sin;)2 + (32/8M§)(cosc+sinc)2
naa = (M + M)/ (M2 4 WD)
Nay = -K(Mf - Mf)/(xznf + Mf)
x = (1+tang)/(1-tang)

The muon decay parameters are now:

p = (3/8)[(1+ng2)2+1n2, 1/ (1402, 4202, ]
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n=0
2 2
£ = -2nay(1+naa)/[1+naa *2nay]

§ = 3/4.

and to leading order £E6/p = 1-252

- 2
p = 27

The p* from n* decay at rest have the polarization characteristic

of Gamow-Teller B decay:

P, = -2(naa/nay)/[1+(naa/nay)’] = 1-2(e+g)?

Equation (3.3) may now be rewritten in terms.of e and [:
- 2 2 - ~ .
PLA(x) = 1 - 2{2e° + 2eg + ¢ [1 + 6x/(1+2x) 1} (3.5)

Each value of PuA(§)<1 {s associated with an elliptical contour in the

real e¢-z plane. Thus measurement of PuA(i) constrains both € and g.

3.3 Radiative Corrections

Radiative corrections to muon decay have been evaluated in detail
only to order a. The first-order corrections are given by the virtual
photon diagrams in Figure (3.1)(a)-(c) and the inner bremsstrahlung
diagrams (d) and (e) corresponding to the radiative decay u * evvY.
Fischer and Scheck”) have calculated the radiative corrections for
(V-A) decay in the case where the electron polarization is not summed
over. The corrections independent of electron spin direction are
unchanged if the (V-A) interaction is replaced by a more general vector

and axial-vector interaction in charge retention form. Florescu and



=1

()

(e)

XBL 853-10141

FIGURE (3.1). First-order radiative corrections to muon decay from
virtual photon diagrams (a)-(c¢), and internal bremsstrahlung diagrams

(d) and (e).
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Kamei®*) have calculated radiative corrections for a general Fermi
interaction. Including order a radiative corrections for (V-A) decay

and finite electron mass equation (3.4) becomes??s*°)

2
dxd?cgsej « (1—xf/x2)1/2{[x2(3’2X‘X%/X) + fe(x)] (3.6)
2,.2,1/2

+ PyA(X) (1-=x5/x7) [x2(1-2x+mex,/mu) + fg(x)]cose}
where
fo(x) = (a/2n)x2{2(3-2x-xf/x)R(x) - 3%nx
+ [(1-X)/3x2][(5+17x-3ux2)£n(mux/me) + 2x(17x-11) ]} 37
£o(x) = (a/2m)x°(2(1-2x+meXe/m)R(X) = 2nX (3.8)
- [(=x)/3x210(1+x+34x2) 0 (m, /g ) +3-Tx-32x°+4(1-x) A0 (1-x)/x])

R(x) = [zn(mux/me)-l][zzn(x-1-1)+3/2] + 1n(1-x)[2nk*1-x-1] (3.9)
3.9

- 4nx + 2L,(x) - 12/3 - 1/2

X -
and the Spence function La(x) = -I t 1!.n(1--t.)dt.
[ .

It should be noted that R(x), and hence f,(x) and fg(x), diverge
logarithmically as x»1. Qualitatively, the infrared divergences in the
virtual photon diagrams are no longer compensated by those of the inner
bremsstrahlung diagrams since the phase space for radiative decay
vanishes as x+1. These divergences may be eliminated by including
multiple soft-photon emission. The main effect near x=1 i3 to replace

210)

1+(2a/w)[2n(mu/me)-1]!n(1-x) in R(x) [equation (3.9)] by

eXp[(Za/w)tf.n(mu/me)ﬂ]!.n(1~x) - (1-x)(2°/“)[9‘n(m“/me)-1]

which vanishes as x+1 instead of diverging. It follows that an

approximate correction of order a2 may be made near x=1 by replacing
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R(x) with
R2(x) = R(x) + (2a/7){2n(1-x)[&n(m,/mg)-1]}2 (3.10)

although, of courge. R,(x) still diverges as x-1.

The data analysis uses equation (3.6) together with the radiative
corrections of equations (3.7) through (3.10) to represent the ut
differential decay rate. Figure (3.2) shows the resulting e* momentum
Spectra parallel and anti-parallel to the yu* spin. The radiative

corrections are clearly not negligible.

3.4 Effects of Intermediate Vector Bosons

As noted in section (3.1) the y* differential decay rates for the
(V-A) contact interaction and the W -mediated interaction differ by
terms of order (mu/Mw)Z. The effect may be approximated by modifying

the decay parameters as2®)

Ew = 1 + 3m,2/5M,2
Py = 3/4 + m 2/3m,2

and the decay rate as rw’1 - 101+ 3mu2/5Mw2)

In addition the order a radiative corrections contain extra
terms®®) of order a(mu/Mw)z. These effects are all negligible in the

present experiment.
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FIGURE (3.2). The (V-A) u’ differential decay rate parallel
(backward) and anti-parallel (forward) to the u* spin direction, and
for unpolarized ut. The effects of radiative corrections are also

indicated.
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3.5 Lorentz Structure

Mursula and Scheck®®) have recently obtained limits on non-(V-a)
couplings using a helicity projection form of the muon decay flavor

retention contact interaction:

H = (G,//Z){h“(s+p)ev (s+p) + h,,(s+p)(s~p) + h,,(s-p)(s+p)
e vy
* hy,(s3-p)(s-p) + g,,(v3+aQ) (v +a,) + 812(v3+a%)(vy-a,)
* B21(v®-a%)(vyray) + g,,(VE-a®)(vy-ay) (3.11)

+ fxx(tas*t'aa)(tus*t'as) + fzz(tcs"t'ae)(tas‘t'as) + h.c.}

where sy = ¥i1¥g, pyy = Vs Vi - V1Y afy = B,
tfﬁ - E}(o“s/lé)wk, t'?ﬁ - Ei(oaBY,/JZ)wk and the particle indices are
as indicated in the h;, term.

The pure (V-A) interaction is very simple in this form: only 8220,
The combinations of covariants in each term project onto states of
definite helicity in the limit of massless particles, and eliminate
interference terms except between (scalar + pseudoscalar) and tensor
interactions.

The deviations of the muon decay parameters from their (V-A) values

p-3/4 = '(12/A){|8;z|2*|811|2*2|f1;I2+2|f33|2+Re(h11fxx**hz;fzz*)}

6-3/4 = (36/AE)([812|%- |821|%-2] 1, |%+2|f 22 [2Re(h, st *hyatsa™))

€1 = B/ (U(|811 |%42] 812 | % @21 )+ [ny |24 |0a s |28 14 |216] 20 )2
- 8Re(h, £, % ~h,.1,,"))

ns= (8/A)Re[821(hzz**6fzz*)*812(hx1**6f11*)*822hz1**811h12*]

2 2
where A = “{“(Igzzlz*lgxx|2*|81z|2*|821|2)*|h11|2*|h12|2*|h21| +|ha22 ]

SREA I ENTINLY
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The couplings are related to equation (3.3) by equation (3.12):

2 2 2
_ 8|8, | +2|h,, | *2|h,,-2f |
"”(1811|2*|821|2)+|h12|2+|h21|2+|h11'2r11|2*|hzz’2fzz|2

A(O) = g8/p =1

Measurement of PuA(o) < A(0) therefore allows limits to be set on the
couplings g;,, N1y hzy, @and £y, Limits from the present experiment
are presented in section (9.6).

Several constraints are imposed on the couplings ir it is assumed
that (i) the charged weak interactions are mediated by heavy bosons
with spin 0, 1, or 2, (ii) the vector and tensor boson couplings are
e-u universal, and (1ii) the scalar boson coupling may instead be

proportional to the lepton mass (weak universality):

h,,, h,, real, positive semi-definite
* 2

hzz=h;, with lhlll =h,zN3.

€.1, 822 real, positive semi-definite

821=812% with |812|2'811821

fzz'fxx*

Limits on g,:, h1is ha1, and £, therefore constrain other couplings.
It should also be noted that any deviation of § from 3/4 would indicate
a violation of e-u universality.

Two special cases are of interest:
1) In the standard electroweak model where the charged weak
interaction is mediated by a single heavy vector boson W which couples

universally

2 2
A(0) =1 - 2|811|2/(|811| +|82217)

and more significantly Py = (82,8117 (822%811)



so that PL,A(0) = 1 - 28,,/8,,

2) In the context of the left-right symmetric model g,, and g,, provide

measures of ¢ and .
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Chapter M4
Muons in Matter
4.1 Muon Deceleration and Thermalization

The deceleration and thermalization of p* in matter has been
reviewed by Brewer et al.”) The main energy-loss processes depend on
the u* energy. For kinetic energies E>2~3 keV the energy loss is by
scattering with electrons. The u* beam is partially depolarized through
spin exchange with the unpolarized electrons of the medium"). The
calculation in section (4.2) shows the depolarization to be 7x10“" for
surface muons. In addition, multiple Coulomb scattering from nuclei,
which is non-relativistically spin conserving, misaligns the u* spin
and momentum directions. At E=2-3 keV the u* velocity is comparable to
that of the valence electrons of the medium. The u* then begin to
capture and lose electrons rapidly, forming a succession of short-1lived
muonium (u*e”) states. Again energy is lost in collisions with
electrons. Below E=200 eV stable muonium is formed, and the energy
loss is due to collisions of muonium with atoms and molecules. The time
spent by the decelerating u* in muonium states is too short for the
hyperfine transitions to cause any appreciable depolarization.

In many non-metals the pu* are thermalized as muonium. In others,
muonium with E=1-20 eV participates in 'hot atom' reactions where the
u* become incorporated into molecules. The stopping targets in the
present work'were either metals or liquid helium. The u* are
thermalized in metals in a quasi-free state because the high conduction
electron concentration effectively screens the p* from interactions

with individual electrons. In liquid He the energetically favored final
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state is the molecular ion Hep* with binding energies”) of 1.9 eV for
the ground state and 1.2 eV for the first vibrational state. Muonium is
strongly disfévored in the final state due to the large difference
between the ionization potentials of helium (24.6 eV) and muonium

(13.5 ev). However, if any muons are thermalized as muonium they may
survive in this form for a considerable time because of the
improbability of encountering a He* ion with which to recombine as

He* + y*e™ + Hey®*.

4.2 Muon Depolarization in Scattering from Unpolarized Electrons

Ford and Mullin®®) have shown that when non-relativistic u*, with
velocity B8 in the laboratory frame, scatter with unpolarized e~ through
a center of mass angle 6 the probability that the final p* spin
direction is parallel (e=1) or anti-parallel (e=-1) to the initial spin

direction is:

1+¢ m2 y 2 y 6
Q(e,0) = 5= = € —5-8 [sin“(8/2) - sin (8/2) + sin (8/2)]
u

where m=my and u=m,,.
If the muons are initially fully polarized the final polarization

after one scatter through o is

2 )
Py=1-2 ‘—“5 e"[sinz(e/z) - sm"(e/z) + sin6(9/2)]
u

The corresponding fractional energy loss is

W o= %-stin2(e/2).



With APu = 1—Pu the 'depolarizing power' of a given fractional energy

loss is
AP
—;E - 2'% 82[1 - sin2(6/2) + sinu(e/Z)]
AP
and d M. oM a2r-1 + 2s1n°(6/2)]
d(sin2(8/2)] ¥ u

The depolarization per unit energy loss is maximized for 6+0 and m,
and is reduced by.25% at the 8=n/2 minimum. In the non-relativistic
1imit the scattering cross section o -~ cosec"(elz). Then considering
only small angle scattering the polarization after one scatter is

2

-1 -28 gY%in%(er2)
2

Py

with corresponding energy-1loss
2 2
dE = ~Ew = -p(Y-1)w = -m(Y-1)8"sin"(e/2)

The number of such scatters resulting in an energy loss §E such that

dE << 8E <K E is

SE _ §E
dE m(Y—1)8231n2(e/2)

N =

and the polarization is then

2
[1- 2 95 8'sin?(er2) 1

P, ( 6E) "
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The depolarization of non-relativistic (yY=1) muons is therefore almost
independent of their energy and proportional to their energy loss.
Surface muons "initially have E=4.1 MeV and Y=1.04. Using AE=4.1Mev

and Y=1.02 the depolarization when the p* are (almost) brought to rest

is

1-Pp, - o B Y 4 - 7.3 x107Y
22

4,3 Spin-Lattice Relaxation

In order to obtain the most precise value of the measured muon
mean-life Ty to use in fitting the uSR data one would like to include
information from the spin-held mode of the experiment. However, muon
spin-lattice relaxation in the spin-held mode conspires with parity
violation to change the measured Ty from its true value.

It should first be pointed out that while the 1.1-T spin-holding
field is sufficient to quench p* depolarization in muonium, it cannot
'hold' the spins of quasi-free muons in the metal targets. The energy
difference between states where the mucn spin is parallel and
anti-parallel to the 1.1-T field is only AE = 6.2x10"7 eV, whereas the
room temper;ture thermal energy is kT = 2.6x10"2 eV. Relaxation of the
muon spins toward the equilibrium situation, where the numbers of spins
anti-parallel and parallel to the applied field are almost equal,
requires the presence of oscillating magnetic fields with frequency
w = 9x108 s~1. Such fields are provided by the nuclear magnetic dipole

moments and the lattice vibrations associated with low frequency

acoustic phonons. The stopped muon polarization decays exponentially

toward thermal equilibrium with the characteristic spin-lattice
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relaxation time constant T,.
Now consider a p* with its spin anti-parallel to the beam
direction. According to (V-A) theory the probabilty that the decay et

is emitted along the beam direction is enhanced by a factor of

E(x) = tA%(I-x»

if the muon spin direction is reversed. The decay time spectrum becomes
N(x,t) = Noexp(-t/1,){exp(-t/Ty) + E(x)[1-exp(-t/T¢) 1]}

If Ty is much longer than the observation time the decay spectrum
appears almost exponential with an effective measured muon mean-life

Tu' given by:
TUT1
T - CE(x)-1]T1,

T, (4.1)
Thus -ru'>1u for x>1/2, and the effect increases rapidly as x-+1.

The spin-held data from the second running period ('Run 2') with
x>0.88 is shown in Figure (4.1). The fitted muon mean-life is
T, - 2.214 + 0.004(stat) us and the fitted background of 1.2 : 9.8 per
time bin 1s.consistent with zero.

Figure (U4.2) shows the t1,' of the spin-held data fitted as a

u
function of the decay e* momentum. The background, which was found to
be consistent with zero throughout the x range, was fixed to zero. The
Run 2 and Run 3 aluminum target data has been combined. Different ut
lifetime clocks were used in each of the three running periods, and the
lower statistics Run 1 data has been omitted since it covered a shorter

X range than the Run 2 and Run 3 data. The curves are fits to equation

(4.1) with finite angular acceptance effects included in E(x) and
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FIGURE (4.2). Fitted muon mean-life ru' versus decay positron

momentum for spin-held data from aluminum, copper, and gold targets.

The target material nuclear magnetic moment in units of nuclear

magnetons (n.m.) is indicated. The correlation between the putative

spin-lattice relaxation times Ty and the nuclear magnetic moments

suggests a real spin-lattice relaxation effect.
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assuming the true muon mean-life ru-2.197 us. The best fit spin-lattice

relaxation time constants of T1-2.1:8:g ms for Al, T1-2.2:8:g ms for
Cu, and T1-15,6:T1.1 ms for Au correlate with their respective nuclear
dipole moments of 3.6, 2.3, and 0.1 nuclear magnetons. This correlation
suggesﬁs the effect is due to spin-lattice relaxation rather than some

residual background problem. In principle the foregoing method provides

a means of measuring u* spin-lattice relaxation time constants T1~103ru.

In conclusion no spin-held data muon lifetime information is used
in fitting the uSR data, which is time-average unpolarized, since the

two data sets do not necessarily have the same apparent Ty

4.4 Spin-Spin Relaxation: uSR Signal Damping

The spins of muons stopped in the target material précess under the
combined influence of the external transverse magnetic field and the
randomly oriented internal local fields produced mainly by the nuclear
magnetic dipole moments. The muon spins therefore precess with slightly
different Larmor frequencies resulting in a loss of phase coherence.

The decay of the spin phase coherence is observed experimentally as
-a dambing, G(t), of the uSR signal amplitude. This is seen in Figure
(4.3) which displays data from the second run period. Although the uSR
signal damping can yield much information about the environment in
which the u* are brought to rest, it is clearly an unwelcome nuisance
in an experiment where one would like to measure a uSR signal amplitude
determined solely by the weak interaction. If the exact form of G(t)
were known the desired amplitude would, in principle, be simply the

time t=0 amplitude obtained from a fit to the uSR data. Unfortunately,
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FIGURE (4.3). The uSR data from Run 2, contributing 73% of the
total data base for the final results, with spin-precessing fields
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signal amplitude.
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there is no 'magic formula' for G(t) which describes exactly the signal
damping observed in real, i.e. imperfect, materials such as metals
which contain; to some degree, impurities and lattice defects.

However, it will be seen in the following discussion that approximate
expressions for G(t) can be obtained if certain simplifying assumptions
are made.

A wealth of general information about spin depolarization in uSR
experiments can be found in the proceedings of recent topical
conferences"®). The recent review of transport mechanisms of light
interstitials in metals by Richter*') summarizes much useful
information.

In metals with large nuclear dipole moments such as copper and
aluminum the local dipole fields are a few Gaﬁss at the interstitial
lattice sites occupied by the muons. The u* spin phase coherence decays

according to the ensemble average
t .
G(t)exp(iwot) = <exp[i w(t')dt']>
0

where w(t) = wo+w'(t) with we the Larmor frequency in the external
field alone and w'(t) the frequency shift due to dipolar interactions.
An approximate analytic expression for G(t) can be obtained by assuming
(1) that the frequency modulation w'(t) is random, (ii1) that it is a
Gaussian random process so that only the second-order cumulant, or
correlation function of w'(t) with w'(0), need be considered and (1ii)
that the correlation function decays exponentially with a correlation
time 1, characteristic of the time a u* resides at a lattice site

before diffusing to another. The correlation function becomes



<w'(t)w(0)> = <w'(0)2>exp(-t/tc) - 202exp(-t/tc)
2.2
and then G(t) = exp{-20 tclexp(~t/10)=1+t/1cl} (4.2)

Equation (4.2) is the Kubo-Tomita“2) or motional-narrowing form of the
spin relaxation function.

In the limiting case of immobile u* G(t,1o0®) = exp(-oztz), while
for extremely mobile p* the local field fluctuations are averaged and
motional-narrowing occurs: G(t,1o*0) = exp(-Zoztct). For intermediate
values of 1, equation (4.2) provides a useful interpolation between the
Gaussian and exponential limits.

The static linewidth 02 is related to the random local dipole

fields AB by

02 = Yﬁ<Asz>/2 (4.3)

where Yy = 8.5x10u radians/sec-G, and is given by the van Vleck

formula“®)

6

3 (4.4)

02 - (52/6)Y2Y§I(I+1)2(1-300326 )2/r
M j J

whefé ry is the distance of the uy* from the nuclear spin IJ. 83 is the
angle between ;J and the external field direction, and Yy and Yy are
the gyromagnetic ratios for the u* and nuclei, respectively.

Acccording to equation (U4.X) 02 depends markedly on the crystal lattice
orientation relative to the external field. However, for the small
external fields used in the present experiment (=100 G) the orientation
dependence is reduced strongly by additional interactions between the

nuclear quadrupole moments and the electric field gradient produced by
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the muon.

The main shortcomings in the assumptions used to obtain G(t) in
equation (4.2) are now considered. Kehr et al.""“) have shown that
inclusion of.only the second-order cumulant leads to a more rapid
damping than that exhibited by their more general Markovian-random walk
formulation. Although the precession frequency shifts w' are different
at each interstitial site there are correlations between the w' at
neighboring sites because the ﬁ* is subject to some of the same nuclear
spins. This effect can be treated approximately by using a correlation
time 1, longer than the mean u* residence time at each site. In
addition, since the pu* has been regarded. as a classical particle
localized at specific sites, possible delocalization effects have been
neglected.

The preceding discussion has also ignored the possibility that ut
become trapped at lattice defects. The defects may be impurities such
as oxygen or nitrogen atoms which trap u* below about 80 K, lattice
vacancles or dislocétlons which trap y* up to about room temperature, .
or larger voids in which the surface electric dipole layér and image
force can produce a deep trapping well®®). Kehr et al.**) have also
constructed a Markovian-random walk theory of spin depolarization for
diffusion in the presence of traps. They consider a two state model in
which the y* is either trapped for an average time 1, during which
G(t)=exp(-02t2), which is the simplest approximation corresponding to
muons at fixed sites in the traps, or is untrapped for an average time
t, during which G(t) is taken to be their result in the absence of
traps. The contributing random walk processes are summed in integral

equations which are solved by Laplace transform and inverted
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numerically to yield G(t). It should be noted that the initial
conditions are not equilibrium condition8 since the u* are stopped at
random sites. If .the concentration of traps is c then at time t=0 the
fraction of y* in traps is ¢, while under equilibrium conditions the
fraction i3 1,/(1o%*t;). At room temperature equilibrium should be
established in times short compared to the mean ut lifetime.

The observed uSR signal damping, in principle, has a small
spin-lattice relaxation component. Any non-uniformities in the applied
spin-precessing field By also contribute.

It should now be clear that the G(t) of equation (4.2) can provide
only an approximation to the true form of the uSR signal damping.
Therefore fitting the SR data assuming equation (4.2) to be valid may
lead to a fitted time t=0 amplitude either smaller or‘larger than the
true amplitude. The approach taken in the data analysis discussed in
Chapter 7 is to use the Gaussian limit of equation (4.2) and then try
to show that this underestimates the true time t=0 amplitude. This

procedure yields more conservative limits on right-handed currents.
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Chapter 5
The Beamline and Apparatus
5.1 The Beamline

The TRIUMF M13 beamline“‘) shown in Figure (5.1) is a low momentum
(20-130 MeV/c) pion and muon channel viewing the 1AT1 production target
at 135° with respect to the primary proton beam. The secondary beam is
transported through two 60° bends, the first right and the‘second left,
to a final focus (F3) nominally 9.4 m downstream of the production
target. The symmetric quadrupole triplet (Q3-Q5) produces a relative
inversion of the images at the intermediate foci F1 and F2, thereby
ylelding an achromatic focus at F3. The symmetric configuration of the
beamline elements also suppresses second order effects and produces a
magnification of unity at F3. The beam phase space is governed by the
setting of the horizontal and vertical jaws (J) upstream of the first
dipole (B1). The momentum bite is restricted by the horizontal
components of slits SL1 and SL2 at the intermediate foci F1 and F2.
With the exception of Bl in Run 1, the dipoles were NMR-monitored.

Figure (5.2) shows the positive particle fluxes obtained in the
beam tuning studies of ref. (46). For data collection in the present
experiment the beamline was tuned to 29.5 MeV/c, i.e. 1% below the
29.8 MeV/c surface muon edge. This allowed a 2% Ap/p momentum bite
during occasional periods of low primary proton flux, although a 1%
Ap/p was normally used. Under normal running conditions 100 uA of
500 MeV protons incident on a 2 mm thick carbon production target
yielded '|.8x10'4 u*/sec at the stopping target. The u* beam spot rms

spatial and angular dimensions were typically 6 mm and 35 mrad
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horizontally, and 5 mm and 70 mrad vertically.

Beam et pass through the stopping target and do not satisfy the
trigger requirements. Beam protons are stopped far upstream, mostly in
the beamline vacuum window. The pulsed nature of the primary proton
beam allows prompt n* and p* from n* decay in flight to be eliminated
by timing cuts relative to the cyclotron rf cycle.

Approximately 2% of the u*t flux originates from #* decay in flight.
These 'cloud' u* are, on average, far less polarized than the surface
muons. As an extreme example, the (V-A) backward decay of an 81.0 MeV/c
a* yields a forward moving 29.5 MeV/c u* with parallel spin and
momentum directions, thereby mimicking a (V+A)-produced surface muon.
However, efficient transport of cloud muons to the stopping target beam
spot (F3) requires the in-flight n* decays to occur close to the
production target, i.e. to be prompt. The primary protons arrive at the
production target in bursts of 2-5 nsec duration 43 nsec apart. In
Figure (5.3)(a) the exponehtial decay of n* at rest (t,=23 nsec)
underlies the time distribution, relative to the cyclotron rf cycle, of
29.5 MeV/c u* arriving at the stopping target. The residual cloud u*
and prompt n* peaks are clearly visible in the Figure (5.3)(b) arrival
times of 30.5 MeV/c beam particles. Events with beam particle arrival
times in the shaded regions of Figure (5.3), which contain 98% of the

cloud p*, are rejected in the data analysis.

5.2 The Apparatus: An Overview
After traversing the beamline the besam passed through a 2 mil mylar
vacuum window and entered the apparatus shown in Figure (5.4). Beam pt

were stopped in either a metal foil or liquid helium target positioned
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at the center of the upstream section of the solenoid. The amount of
material upstream of the stopping target was estimated to be 50 mg/cm2
in Run 1, 54 mg/em? in Run 2, and 55 mg/cm? in Run 3.

Decay e* emitted within 270 mrad of the beam direction were focused
by the downstream section of the solenoid into a horizontally focusing
cylindrical dipole spectrometer for momentum analysis. Multiwire
proportional chambers and drift chambers in the target region measured
the incoming beam u* and outgoing decay e* trajectories. Tracks
recorded by drift chambers located near the conjugate foci of the
spectrometer allowed reconstruction of the decay e* momentum. The
amount of material downstream of the stopping target and upstream of
the spectrometer was estimated to be 186 mg/cm2 in Run 1, 193 mg/cm2 in

Run 2, and 216 mg/cm? in Run 3.

5.2.1 The Solenoid

The solenoid consists of two co-axiél sections essentially
decoupled by the intervening septum. The two water-cooled coils of the
upstréam section produce the longitudinal field for the spin-held mode
of the experiment. They have inner diameter 6", outer diameter 10",
length 2", 29 turns/coil, and a center-to-center separation of 7". The
pole faces and coil separation were designed to minimize radial field
components over the target region. Computer simulations using the
program POISSON indicated that within a radius of 1" and within 10.25"
longitudinally of the nominal target position the field direction is
axial to within 2 mrad.

The vertical transverse field used in the uSR mode was produced by



an additional water-cooled coil. The uSR coil consisted of a single
turn of 0.125" x 0.5" copper having four horizontal sections transverse
to the beam direction with centers 1.125" above and below the beam axis
and 1.9““ upstream and downstream of the nominal target position.
Studies using the program POISSON indicated that within $1" of the beam
axis and within #0.7" longitudinally of the target position the
longitudinal field component did not exceed 1.0% of the transverse
field. Field measurements made with the coil outside the solenoid
indicated field strength uniformity of 10.4% within 0.75" of the beam

axis at the nominal target position. Transverse fields of T7T0-G and

110-C were obtained with coil currents of 475-A and 750-A, respectiveiy.

A residual longitudinal field of about 40-G remaining at the target
position after the upstream longitudinal field coils were turned off
was nulled to within 2-G by applying a small reverse current to the
coils. The null condition was indicated by a maximal ratio of events to
stopped u* in Run 1, and by field measurements in Runs 2 and 3.

The downstream section of the solenoid has three coils each with
irner diameter 4.5", outer diameter 10", length 6.25" and
120 turns/coil.

Table (5.1) shows the on-axis longitudinal flelds calculated by
POISSON for the spin-held (Bp) and uSR (Br) modes. The stopping target
position is at zero, with downstream positions being positive. The
field»values assume 1.31x105 A-turns/coil downstream, and

5.u5x1o“ A-turns/coil upstream for Bj. For z>11.25" By,=Brz.
L Lz*°Tz
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z Bpz(z) Bry(2) z Byz(z) Bry(2) 2 Bz (2)

(inch) (Gauss) (inch) (Gauss) (inch) (Gauss)
-4.25 283 6.50 5439 5412 22.25 8828
-4,00 388 6.75 6034 6011 22.50 8730
-3.75 528 7.00 6569 6550 22.75 8600
-3.50 719 7.25 7081 7064 23.00 8usy
-3.25 1028 7.50 7522 7507 23.25 8291
~3.00 1538 7.75 7894 7881 23.50 8110
-2.75 2385 8.00 8217 8205 23.75 7910
~2.50 3627 - 8.25 8491 8480 24.00 7691
~-2.25 5429 8.50 8721 8711 24.25 7451
-2.00 7358 8.75 8913 8903 24.50 7191
-1.75 9035 9.00 9073 9064 24.75 6912
-1.50 10268 9.25 9204 9195 25.00 6611
-1.25 11014 9.50 9315 9307 25.25 6293
-0.75 11654 9.75 9406 9399 25.50 5956
-0.50 11754 10.00 9480 9473 25.75 5610
~0.25 11801 10.25 9533 9526 26.00 5256

0.00 11811 0 10.50 9580 9573 26.25 4895
0.25 11805 1 - 10.75 9617 9611 - 26.50 4527
0.50 11763 2 11.00 9648 9642 26.75 4168
0.75 11668 3 11.25 9674 9668 27.00 3821
1.00 11450 6 11.50 9690 27.25 3483
1.25 11038 11 12.00 9728 27.50 3159
1.50 10300 21 12.50 9755 27.75 2847
1.75 9079 34 13.00 9771 28.00 2559
2.00 Th21 56 13.50 9788 28.25 2295
2.25 5523 . 89 14,00 9794 28.50 2048
2.50 3765 138 14,50 9794 28.75 1819
2.75 2587 206 15.00 9788 29.00 1613
3.00 1821 290 15.50 9782 29.25 1428
3.25 1406 387 16.00 9770 29.50 1260
3.50 1214 505 16.50 9758 29.75 1109
3.75 1170 654 17.00 9738 30.00 974
4.00 1208 831 17.50 9712 30.25 855
4,25 1323 1050 18.00 9676 30.50 749
4.50 1525 1321 18.50 9637 30.75 656
4,75 1803 1649 19.00 9588 31.00 572
5.00 2146 2030 19.50 9531 31.50 435
. 5.25 2564 2475 20.00 9458 32.00 333
" 5.50 3059 2990 20.50 9367 32.50 259
5.75 3596 3542 21.00 9251 33.00 220
6.00 4184 4142 21.50 9110 33.50 174
6.25 4805 4772 22.00 8932 34.00 139
36.00 65

Table (5.1)
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5.2.2 The Spectrometer

The spectrometer consisted of an NMR-monitored horizontally
focusing cylindrical dipole magnet with drift chambers located near its
conjugate foci. The magnet was originally used by Sagane et al.*?) in
measurements of the muon decay p parameter. The flat pole faces have a
diameter of 37" and were separated by a gap of 14.5". When operated at
125-A the water-cooled coils produced a central field of 0.32-T, a 980
bend angle for x=1 decay e*, and a momentum dispersion of 1.07%/cm.
Enclosing the particle trajectories by a vacuum box with 5 mil mylar
vacuum windows positioned close to the conjugate focal planes minimized
momentum resolution l1oss due to multiple Coulomb scattering. Drift
chambers D3 and D4 [Figure (5.4)] were mounted to the vacuum box

immediately upstream and downstream of the vacuum windows, repectively.

5.2.3 Proportional Chambers

The proportional chambers P1, P2, and P3 each had one horizontal
and one vértical wire plane separated by a grounded 0.5 mil double-side
aluminized.mylar sheet. The anode wires were 0.5 mil diameter gold-
plé;ed tungsten with 2 mm spacing. Cathode signals obtained from the
0.5 mil single-side aluminized mylar chamber windows were used in the
tr{gger.

Chamber P1 had circular aperture and 32 wires per plane. The
windows and ground blane were 4 mm from the wire planes. Chambers P2
and P3 were of identical construction with square aperture and 30 wires
per plane. The windows and ground plane were 2 mm from the wire planes.

In Runs 1 and 3 the proportional chamber gas was 92% methane/8%
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methylal, and in Run 2 magic gas: 69.7% argon, 30.0% isobutane and 0.3%
freon,

The operating voltages, applied to the wires, were 3500 V for P1
and 2500 V for P2 and P3 when using methane/methylal; and 2950 V for P)
and 2050 V for P2 and P3 when using magic gas. Amplifiers for the wire
and cathode signals were positioned close to the chambers. The mean
efficiency of the wire planes was >99.5% per plane.

An additional chamber, denoted 'A' and identical to P2 and P3, was
positioned between P1 and P2 in Run 3 in preparation for a measurement
of the decay parameter § where the extended data momentum range
(20-53 MeV/c) made highly efficient rejection of 'straight-through'

beam e* events essential.

5.2.4 Drift Chambers

The planar drift chambers D1-D4 [Figure (5.4)] were composed of
Sub-units each containing two planes of horizontal or vertical sense
wires., The sense planes were staggered by a half cell width to resolve
left-right ambiguities. The cell geometries used in D1, D2 and D3, and
D4 are shown in Figure (5.5). The sense wires were 0.5 mil diameter
gold-plated tungsten and the field wires were 3 mil diameter
berylium-copper.

D1 was of conical geometry. The wire spacing within each plane was
0.400" and the spacing between planes was 0.35". In downstream order
the two vertical and two horizontal sense planes contained 3, 4, 4 and
5 wires. The chamber windows were 0.5 mil aluminum.

D2 was cylindrical with a 7" diameter aperture. Each wire plane
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contained 8 wires spaced by 0.875". The separation between planes was
0.250". The shortest, and potentially least efficient, edge wire in
each sense plane was 3 mil berylium-copper to render it completely
inactive. The chamber windows were 0.5 mil aluminized mylar.

D3, located at the spectrometer entrance, consisted of 3
cylindrical chambers similar to D2 except that the aperture diameter
was 11" and there were 12 wires per plane. D3 thus had a total of 6
vertical and 6 horizontal sense planes. The three chambers were
separated, except for a narrow outer annulus, by 0.25 mil aluminized
mylar windows.

D4, located at the spectrometer exit, had a rectangular aperture
aqd contained a total of 6 planes of 32 vertical sense wires and 4

planes of 24 horizontal sense wires. The sense wire spacing was 24 mm.

The drift chamber gas was 92% methane/8% methylal. The chamber high

voltage was applied to the sense wires of D1, and to the field wires of

D2, D3 and DU. The operating voltages were +2900 V for D1, -2900 V for

D3, and -3000 V for D2 and D4. The efficiencies of the sense planes was

equalized by applying +260 V to the sense planes closest to the chamber

windows of D2, D3, and DA4.

Chamber signals above a 250 uV threshold were amplified by shielded

LeCroy Model 4292 amplifier/discriminator cards mounted close to the
chambers. Each chamber had a mean efficiency of at least 97% per plane
except in Run 1, where D1 and D2 had mean efficiencies of 77% and 83%

per plane respectively.
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5.2.5 Scintillators

Scintillators St and S2 were 5 mil and 10 mil NE102A, respectively.
Just upstream of él and downstream of S2 were veto scintillators V1 and
V2 each of thickness 0.125" and inner diameter 1.5".

Scintillator S3, which covered the downstream area of drift chamber
D4 consisted of 3 horizontal strips 39" long x 8" high x 0.375" thick.

S1, S2, Vi, V2 and each strip of S3 were viewed from left and right

by photomultipliers.

5.2.6 Stopping Targets

The muons were stopped in metal foils of >99.99% purity or in
liquid He. Because foils of optimum thickness were unavailable the
stopping targets were composite, consisting either of two back-to-back
foils or a single foil preceded and followed by 1 mil aluminum foils.

The stopping target thicknesses are tabulated in Table (5.2). The
compositions of targets having 1 mil Al foils are listed in upstream to
downstream order. The target material calculated to be encountered by
decay e* emitted by a mean range y' is listed as 'residual thickness.'
The residual thickness is also tabulated in terms of calculated p* rms
range straggling lengths. The effect of the 1% Ap/p momentum bite has
been included. Column (a) gives the number of straggling lengths to the
downstream surface of the target. Column (b) gives the number of
straggling lengths to the closest interface between foils, the + (-)
sign indicating that mean range u* stop beyond (before) the interface.
Comparison of the calculated ranges with an experimental range curve

taken in Run 2 indicates that the error on the number of straggling
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Target Run Thickness Residual Thickness Residual Straggling
(mg/cm?) (mg/cm?) Lengths
(a) (b)
Ag 1 2x 136.5 96 8.1 3.4%
Total 273
Al 1,2,3 150 35 4.6 3.7°
an* 2 2x 142.5 17 22.6 3.6%
Total 285
Au 1,2 6x 6.6 Al 53 Au 4.1 3.47
193 Au 6.6 Al
6.6 Al Total 60
Total 239
Cu 2 6x 6.6 Al 16 Cu 2.5 1.67
110 Cu 6.6 Al
6.6 Al Total 23
Total 156
cu* 1,2 2x 111 81 8.3 3.1
Total 222
He 1 38 Al 86 He 17.2
150 He 38 Al
38 He Total 124
Total 226

Table (5.2)

lengths is unlikely to exceed 10.5. The Ag and He targets were used

onlj in Run 1. The residual thicknesses and straggling lengths for the

other targets apply to Run 2. The change of proportional chamber gas

from methane/methylal to magic gas for Run 2 and the presence of an

additional proportional chamber upstream of the target in Run 3 alter

the residual thicknesses. In particular for the Al, Au and Cu* targets

in Run 1 the number of residual straggling lengths in column (a) should

be reduced by 0.5, and reduced (increased) in column (b) for a - (+)



sign. For Run 3 the number of residual straggling lengths for the Al
target should be increased by 0.1 in both columns (a) and (b).

Muons stopping in the air between or beyond the foils, or in the
foils' oxidized surface layers are likely to form muonium and
depolarize. Column (b) indicates that the Cu target is too thin. The
other targets most likely to have thickness problems are cu* in Run 2

and Au in Run 1.

5.3 The Trigger

The essential features of the trigger logic as it existed in Run 1
are shown in Figure (5.6). Changes made to the logic in Runs 2 and 3
are described later in this section. |

The inputs to the trigger logic were signals from the proportional
chamber (P1-P3) cathodes, scintillators (S1-S3) and scintillator vetos
(V1,V2) described in the preceding sections and shown in Figure (5.4).
The notation P1U, P1V etc. denotes the cathodes associated with the
wire planes measuring the horizontal and vertical track positions
respectively. S1L and S1R etc. denotes photomultipliers viewing the
scintillators from left and right repectively. The three horizontal
scintillator strips of S3 were viewed from left and right, and in top
to bottom order, by photomultipliers denoted by (G1,Gd), (G2,G5), and
(G3,G6).

Three triggers were used: the straight-through trigger for

spectrometer momentum calibration with beam e*; the py-decay trigger for

normal data taking; and the pulser trigger for online diagnostics such

as checking ADC pedestals and searching for 'hot' or oscillating
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FIGURE (5.6). Essential features of the trigger logic during Run 1.

Subsequent minor changes are described in the text.
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wire-chamber channels.
Beam particles reaching the stopping target region have the

signature
Beam = P1.P2.S81.V1

Particles leaving the stopping target region and traversing the Sagane

spectrometer have the signature
Sagane = P3.S2.53.V2

The straight—through trigger seeks to identify single beam particles
which traverse the whole apparatus, and thus requires a coincidence

bgtween Beam and Sagane:
Straight-through = Beam.Sagane

The u~decay trigger requires the signature of a u-stop in delayed
(0.1-10 ps) coincidence with that of a decay e*. The p-stop requirement

that the beam particle stops in the stopping target is

p-stop = Beam.y-stop veto

where u-stop veto = P3.S2,V2

The decay e* requirement that the outgoing downstream particle

originates in the stopping target is

Decay e* = Sagane.y-decay veto

where u-decay veto = P1.P2.V1

In Runs 2 and 3 P1 and P2 were removed from u-decay veto and were

replaced by the ability to make software cuts on events with P1 or P2



signals near the u-decay time. The u~stop time was provided by S1 and
the y-decay time by S2.

An important feature of the logic is the ability to tag, and later
reject in software, almost all events where the decay e* could have
originated from extra u* rather than the pu-stop muon. This is crucial
in the uSR mode of the experiment since extra p* arriving at random
times have correspondingly random precessed spin directions with
respect to those of the u-stop.muons. They are therefore equivalent to
an admixture of unpolarized muons and thus mimic right-handed current
effects. The arrival of each beam particle sets a 10 us latch. If a
u-stop occurs within the 10 us latch the event is tagged as an
'extra-before'. In addition the arrival times of 'extra-after' beam
particles arriving in the 10 us following the u-stop were recorded.

A high incidence of false extra-after signals due to P1 and P2

after-pulsing following the p-stop were largely eliminated by inserting

dead-time notches in 'extra-after'. The resulting 'extra-after-1' and

'extra-after-2' were'active from 0.6-10 us and 0.85-10 us in Run 1, and

from 0.3-10 us and 0.5-10 us in Runs 2 and 3 respectively. The 1/4 OR

of P1 and P2 cathode signals in Extra was replaced in Run 2 by either a

2/4 or a 3/4 coincidence, the choice depending on the proportional
chamber cathode efficiencies. In Run 3 the role of P1 and P2 in Extra
was assumed instead by the additional proportional chamber A between P1

and P2.
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5.4 Data Acquisition

Event data was read from the CAMAC electronics into a circular
buffer of a PDP-11/34 computer using the data acquisition program DA.
The data was written to tape after several events were accumulated in
the buffer. The program DA also supplied event information to the
online analysis program MULTI.

Drift chamber time information was obtained using a LeCroy System
4290. The TDCs were operated in the common-stop mode, with the stop
being provided by the trigger. Digitized time information was
transferred to the memory unit which then sent a LAM signal to the
PDP-11/34. In addition the PDP-11/34 read TDC and ADC information from
the proportional chambers and scintillators; TDC 1nformatidn on the u*
arrival time relative to the cyclotron rf cycle, p* lifetime, and
extra-after times; latches set by proportional chamber wire signals and
trigger logic elements; event scalers; and NMR-monitored fields in the
‘beamline dipoles and spectrometer.

The CAMAC electronics were gated-off for 5 ms (reduced to 200 us
during Run 2) while the PDP-11/34 read the event and cleared the CAMAC
electronicé. In addition a computer 'busy' signal gated-off the trigger
logic to prevent another trigger being received until the CAMAC
electronics were cleared. It should be noted however that the
extra-before latch remained operational during computer 'busy’'.

Online information provided by MULTI included histograms of
wire-chamber plane illuminations and multiplicities, the beam spot and
angular distributions, the event time spectrum, scintillator and
proportional chamber TDC and ADC distributions, and the proportion of

events with extra-before and extra-after beam particles.
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Typical event rates with 100 uA of protons incident on the
production target were 60-70 Hz in the uSR mode and 25-30 Hz in the
spin-held mode. The uSR data presented here were obtained from 1.5x107

raw triggers. The cuts described in Chapter 6 retained 5.6% of the

events.
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Chapter 6
Event Reconstruction
6.1 Wire Chamber Alignment

The relative positions of the wire chamber planes transverse to the
beam direction were determined from the mean residuals of reconstructed
beam e* tracks. Straight track segments were fitted to hits in the
horizontal and vertical wire planes of the chamber groups P1, P2, P3,
D1 and D2; D3; and D4 [Figure (5.4)] with the solenoid off and no
stopping target between P2 and P3. Alignment of wire-chambers P1-D2 as
a single unit ensured that the ut and e* polar angles 8y and 8 were
measured relative to a common axis. The chamber planes were thereby
aligned to within 50 um, while the rms residuals were typically 300 um

in the drift chambers.

6.2 Muon Track Reconstruction

Straight muon tracks were fitted to hits in proportional chambers
P1 and P2. A valid hit was defined to be a signal from at least one,
but no more than three, adjacent wires in the same plane. The track was
assumed to pass through the center of the hit pattern. One and only one
hit was permitted in each plane of P1. One plane of P2 was also
required to have one and only one hit, while either one or two hits
were allowed in the other plane. The correct muon track was assumed to
be the one agreeing most closely with the outgoing positron track in
stopping target position. Events with reconstructed co0s6,<0.99 with

respect to the beam direction were rejected in the analysis.



6.3 Positron Track Reconstruction

Straight e* track Segments were fitted separately to hits in the
horizontal and.vertical projections of the wire-chamber plane groups:
P3, D1, D2; D3; and D4, Resolution of the left-right ambiguity
associated with each drift chamber hit relied on the staggered cells of
adjacent sense planes. The first sought track segments of acceptable
straightness and slope were those with a hit in each of the constituent
wire-chamber sense planes. In segments where such tracks were not found
the number of sense planes required to have a hit on the track was
progressively decreased. If more than one track was found with hits in
the same number of planes the track with the best chi-square was
accepted. Tracks in all six segments were found in 99$Aof the triggers.

To guard against fake tracks from spurious hits, cuts were made on
the total number of hits in the wire chamber groups. The number of hits
in the 10 planes of P3-D2 and in the 10 planes of D4 were each required
_to be $18; and in the 12 planes of D3 to be $22. Furthermore, the
horizontal and vertical track projections in P3-D2 were each required
to have hits in at least 3 of the 5 constituent planes; in D3 to have
“hits in at least 4 of the 6 planes horizontally and 3 of the 6 planes
vertically; and in D4 to have hits in at least 4 of the 6 planes
horizontally and 3 of the 4 planes vertically. In addition only.one
hit, as defined in section (6.2), was permitted in each plane of P3.

The e* tracks through P3-D2 are not straight because of the
longitudinal field in the downstream section of the solenoid. The P3-D2
track space points were refitted to a curved track based on the
first-order optics of cylindrically symmetric fields described in

Appendix A. The best fit tracks were obtained using field values 95% of



those in Table (5.1).

Approximate space:time relations were obtained by integrating the
drift-time distributions of cells almost uniformly jilluminated by decay
e* in uSR runs with the downstream solenoid off. The e’ curved track
residuals were used to dynamically fine-tune the space:time relation
for each drift chamber plane in each run. The space:time relations for
the various planes were stored as arrays of drift distances for each of
512 1-nsec wide drift-time bins. The first 3000 events on each data
tape, typically containing 1.2x102 events, were used for the
fine~-tuning after which the tape was rewound and the analysis
restarted. If for the i'th drift-time bin a residual r was obtained,

the drift distances for the i-8 to i+8 time bins were changed by

A(i+k) = (sign)rW[9-max(k,1)]/200
for 0S itk s 512 where 0 S k 5 8,
1.0 if |r| < 0.1 cm
W= <0.5if 0.1 cm < |r| < 0.2 cm
0 if |r| > 0.2 cm
and +1 if track coordinate > wire coordinate

sign =
-1 if track coordinate < wire coordinate

The changes are therefore largest for the i'th and it1'th drift-time
bins and then decrease linearly away from the i'th bin. The procedure
converges after about 1500 events.

The drift-chamber rms residuals are shown in Table (6.1). The

larger rms residual in the D1 vertical projection is not well
understood. The 3% of events with e* tracks in P3-D2 with reduced x2>20

were rejected.
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Drift Chamber RMS Residual (um)
D1 (horizontal) 325
(vertical) 600
D2 325
D3 250
Dy 250

Table (6.1)

The e* track segments fitted in P3-D2; D3; and D4 were required to
satisfy several continuity criteria. First-order optics .(Appendix A)
extrapolations of the tracks in P3-D2 and D3 into the solenoid bore
were required to have both radial agreement, AR, and azimuthal
agreement, RA¢, <2 cm. Extrapolations of the tracks in D3 and D4 into
the spectrometer were required to agree to within 4 cm in both vertical
position and impact parameter with respect to the magnet axis, and to
agree to within 0.08 in vertical slope. The horizontal position of the
e’ track determined by the S3 scintillator pair time difference was
reqﬁired to agree with the extrapolated DU track to within 10 cm.
Evenfs in which more than one of the three S3 scintillator pairs fired
were rejected.

.Aperture cuts were made in the solenoid and spectrometer. Events
with e* emitted from the stopping target at radii >1.8 cm or with
€038 6<0.975 were rejected. The e* track radial position at the exit of
D2 (aperture radius 8.86 cm) was required to be <8.5 cm. The maximum

track radial position in the solenoid bore (aperture radius 11.1 ecm)



was required to be <10 cm. The presence of gas lines (Runs 2 and 3) and
a helium bag (Run 2) in addition to D2 signal cables within the
solenoid bore made necessary tighter radial cuts of 8.5 cm in Run 2 and
9.5 cm in Run 3. The vertical position of the track at the spectrometer
exit (vertical aperture +16.8 cm) was required to be within $15.5 cm of
the median plane. Additional vertical cuts were made at +(6.4-9.4) cm
around two horizontal ribs supporting the vacuum window between the

spectrometer and D4.

6.4 Extra Muons

Most e* originating not from the decay of the observed stopped ut,
but from the decay of another u* were eliminated by fejecting events
with 'extra-before' or 'extra-after-1' [section (5.3)] beam particles.
The small fraction of events with e* originating from untagged extra ut
was reduced by requiring continuity between the e* and u* tracks at the
stopping target. Requiring track separations <4.5 mm rejected 78% of
uncorrelated py*-e* events and 14% of correlated u*-e* events.

Positrons from extra u* with random arrival times constitute a flat
background to the observed ut decay time spectrum. A comparison of the
background levels before and after the cuts described above therefore
provides a measure of the efficiency of those cuts. Figure (4.1) shows
the Run 2 spin-held data time spectrum after the cuts were made. The
fitted background of 1.329.8 per time bin corresponds to (3:22)x10’5 of

the time t=0 rate. Before making the cuts a spectrum with a similar

number of events at early times had a background of about 1600 per time

bin, or 3.6x10"2 of the t=0 rate.
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6.5 Momentum Reconstruction

The momenta of e* passing through the horizontally focusing
cylindrical dipole spectrometer were obtained to first order from the
sum of the horizontal coordinates at the conjugate foci. A nominal x=1
calibration point was provided by the sharp edge at the endpoint of the
uSR data. The spectrometer momentum dispersion was measured to be
approximately 1.07%/cm using e* beams obtained at several settings of
the beamline elements.

Empirical ad hoc corrections were introduced to make the
reconstructed uSR data endpoint independent of impact parameter with
respect to the magnet axis, mean squared (vertical) deviation from the
median plane, and vertical position at the spectrometgr exit. This
procedure was repeated at several spectrometer settings to obtain
corrections appropriate for x=1 at the standard spectrometer setting.
An additional correction eliminated a residual correlation between
cosée and the reconstructed endpoint, which amounted to Ax=0.001
between the c0s8,=0.975 and cos6,=1 endpoints. The resulting momentum
resolution was better than 0.2% rms.

The spectrometer was re-calibrated with e* beams obtained at many
beamline settings. In Run 3 two sets of calibration data were taken
with the spectrometer at 42%, 50%, 60%, 72%, 86%, and 100% of its
standard setting, while in Runs 1 and 2 only the standard setting was
used. After allowing for a most probablé et energy loss of
1.75 MeV-cmz/g in the material upstream of the spectrometer, the e*
momentum was assumed to be proportional to the beamline dipole
settings. Any apparent non-linearities or offsets were attributed to

the spectrometer. With the coefficients of the linear and quadratic
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FIGURE (6.1). Momentum correction versus nominal measured momentum
required to yield linear momentum scale with x=1 unchanged. The curves
are quadratic fits to the points. Additional points with x>1.05 in

calibrations (c)-(e) were included when determining curves (c)-(e).
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dispersion terms allowed to vary linearly with spectrometer setting it
was found that:

(i) the effective field integral for particles with a 98° bend angle at
the various spectrometer settings increased (0.22:0.02)% more rapidly
than indicated by the NMR probe in the central field region;

(11) the linear dispersion increased by (1.1+0.2)% between the
Spectrometer U42% and 100% settings;

(ii1) the quadratic dispersion.was consistent with being constant.

An independent calibration, incorporating the above spectrometer
behavior, was performed using the reconstructed uSR data endpoints at
several spectrometer settings. The result was consistent with the
beamline calibrations, thereby indicating that the beamline did not
deviate appreciably from the assumed linear behavior.

The calibration data displayed in Figure (6.1) shows the correction
required at the standard spectrometer setting to convert the original
momentum scale to a linear momentum scale leaving the nominal x=1 point
unchanged. The mean 6r the five curves in Figure (6.1) was taken to be
the required momentum correction.

Conversion of the linear momentum scale to an absolute momentum
scale is illustrated by the following exmaple. The endpoint of the Run
3 Al target data was at x=1.0030 on the linear momentum scale. Allowing
for uniform energy-loss in the material upstream of the spectrometer
the expected endpoint is at x=0.9916 on the absolute momentum scale.
Thus a factor of 0.9886 converts the linear momentum scale to the
absolute scale. For data fitting, uniform energy-loss was added back on
to superimpose the data on the energy-loss straggled theoretical

spectra (Appendix B). Since the calibration beam e* and the decay e*



traverse similar amounts of material, the likely error in estimating
the uniform energy-loss has negligible effect on the momentum
ultimately attributed to the decay e*.

The 10 possible systematic error in the momentum calibration was
taken to be the standard deviation of the corrections given by the five
curves in Figure (6.1). They are shown in Table (6.2) for the centers

of the momentum bins used in the data analysis.

Momentum x Standard Deviation in Correction Ax
0.89 | 0.00066
0.9 0.00053
0.93 0.00040
0.95 0.00029
0.97 0.00017
0.99 ’ 0.00006

Table (6.2)

The above momentum calibration systematic errors are to be added in
quadrature with a likely error of 10.0001 in determining the uSR data
endpoint .

Events with x<0.88 (x<0.92 in Run 1), which have lower statistical
power and larger possible systematic errors in momentum reconstruction,

were rejected in the analysis.
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