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ABSTRACT

We have calculated the one-loop radiative corrections to the muon decay life-
time in the most general version of the minimal global N = 1 SUSY SUs; X
SU,; X Up theory with soft SUSY and R-invariance breaking terms thus giving
predictions for My, and 30 given M7. We also calculate the longltudmal polar-
ization asymmetry A, on Z° resonance (¢* = —M2) inete™ — p*yu~ and the
forward-backward asymmetry Arp. We study the shifts in these quantities from
their values in the standard model when the parameters appearing in the SUSY
theory are motivated by coupling to N = 1 supergravity where the gauge sym-
metry is broken with a sliding singlet. The shifts are largest (6My, ~ 700 MeV'
to 1 GeV and 6A,, ~ .045) for large top quark mass (M; ~ 230 GeV ) and
small gravitino mass (m3/2 < 100 GeV') and My, and Ay are larger than in the
standard model in this case. The shifts can also be substantial for smaller Myop
and My and A,, can even be smaller than in the standard model in certain
cases. These effects can be tested at the SLC and/or the LEP1 indirectly via
a careful comparison of the precise Z° mass with the polarization asymmetry
in ete™ — putpu~ on Z° resonance and might be visible in the neutrino-anti-
neutrino on electrons asymmetry RSy,
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I. Introduction

One of the most important objectives of physics today must be to answer the
question; what is the effective low-energy gauge theory of electro-weak interac-
tions? The standard model [1] (GSW) is so successful phenomenologically that
any successful theory must give at least approximate SUs X SUs X U; at low
energies. There are, of course, many possible generalizations; SUs X SU; X Uj
with more particles, larger gauge groups such as SUs X SUy;, X SUsp X U; and

supersymmetric (SUSY ) extensions.

In general, these more general theories introduce many new particles which
must be heavier than ~ 20 GeV in order to have escaped detection. There
are then two ways to test these theories; discover the extra particles with new
accelerators or see the effects of the new particles via radiative corrections to
low-energy phenomena in experiments of accuracy better than ~ 1%. It must
be kept in mind that one cannot really draw positive conclusions (e. g. SUSY is
right) from comparison of model dependent radiative corrections with experiment
but rather negative conclusions (e.g. SUSY is wrong). Thus, we view radiative
corrections as having the capacity to eliminate models from consideration rather

than to vindicate any particular model.

We will examine in this paper the effects of radiative corrections of a class of
global N = 1 SUSY models whose parameters are motivated by considerations
of N = 1 local SUSY (supergravity) or SUGRA where the gauge symmetry
is broken by introduction of a ‘sliding singlet’. We will examine the so-called

‘renormalization group equation’ (RGE) models in a later paper.

The purpose of this work is clearly to provide a test of the N = 1 SUSY
standard model at the one-loop level. Any test of the one loop structure of
electro-weak theories must be free of theoretical uncertainties due to strong in-
teractions. This suggests that we limit ourselves to purely leptonic processes or
the measurements of the masses of electro-weak particles themselves or certain

. asymmetries in which strong interaction effects cancel in the ratio of cross sec-



tions. Another criteria must be that the experimental precision must be better
than ~ 19%. Both of these criteria eliminate neutrino-hadron scattering as a
precise test of the theory. For example, the ratio of charged to neutral neutrino-
hadron scattering suffers from theoretical uncertainties [2] which are liable to be
much larger than the one-loop SUSY corrections. Thus, the p parameter, which
is usually defined in terms of v-hadron scattering may not provide a good test of
the N = 1 SUSY theory and this is why we have not considered it [3]. Instead
we have used a renormalization prescription where p = 1 to all orders. We will
show that deviations from GSW due to the SUSY radiative corrections could be
detected at the SLC and/or LEP1 by a careful comparison of the precise Z° mass

to the longitudinal polarization asymmetry A,y on 2 ° resonance [4].

This paper will be organized as follows. In Section II we will give the N =1
SUSY model for minimal SUs X SU; X Uy . We will also calculate all one-loop
corrections due to the SUSY part of the model to 7, My, 83 and Ay, (ete” —
T p™). The complete one loop standard model predictions for sg My and Ay
may be found in Tables I, I, Il in reference {4]. In Section III, we give motivation
for the many parameters in the N = 1 global SUSY model by coupling it to an
N =1 local SUSY model which uses a sliding singlet to break gauge symmetry
[5]. Section IV has the numerical results for the shifts in My, s3 and Apop due to
the one-loop effects of SUSY partners.

II. The Model, Renormalization, Muon Lifetime, Polarization Asymmetry
2.1 MINIMAL N =1 SUSY SU3 X SU; x Uy
We consider the N = 1 SUSY version of minimal SU;z X SUs X Uj with the

following superfields (we use a” to denote superfields) {6].

W, (3), B, (1),
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where we have indicated the representation of SUp and n =1, 2, 3 is a generation
index. We also implicitly assume N = 3 colors for quarks (and squarks) and an
octet of gluons (and gluinos) transforming under SUs. .. This last, however,
will not be explicitly needed and we will not refer to the details of the strong

interaction sector further.

The coupling constants for SUs and Uj are go and g; respectively and the
scalar potential is presumed engineered so that this breaks spontaneously to U
with (H) = v, (H') = ¢ real and {¢,) = {3,) = 0. Further, we add the H H'

mixing term and soft SUSY and R-invariance breaking terms.

A s 1 =1 = 1 o~
Lero =0 [ 40 H H’—[E My W W+ My BB + c.c.] 2)

as well as SUSY breaking mass terms for the scalars.

There are then two 4-component charged fermions and four 2-component
neutral fermions (winos,) besides the quarks and leptons. Explicit diagonalization
of the wino mass matrices (given below) depends on M;, M, u and cos 8 =
cg = vf(v? + 2)% and is long winded and not particularly interesting and has
been done numerically. The model also has squarks ¢,, and sleptons £, which we
take to be approximate mass eigenstates ezcept for the top squarks with weak
eigenstates U; = (ﬁ; , ﬂgT). These have a 2 X 2 mass-squared mixing matrix MZQ
diagonalized by a matrix T.

T

Lioss =Us M2 Uz ; TM?T'= diag (Mf1 , Mi) (3)

tmass
where T depends on an angle cos @« = ¢4. Finally we add in the rest of the
standard model. In the Higgs’ sector the combinations k!, = cgHy+s ﬂH’i and
hh = V2 Im{cgHo + sgH}} are Goldstones and are eaten by the W% and Z.
Then

2
ME =2 P+vh)  Mi=(B+ed P4V @)

and we have the weak mixing angle cos 8y, = ¢y = My, /M.



For simplicity, we will assume that the combinations h(l), hY = Rehg,hg =

Imhg, h* are mass eigenstates with

kY = /2 Re {cpHy + sﬂH(')}
ho=—sgHy + cgHj (5)
hy =—-sgHy + cﬁH'i
We identify h? with the GSW Higgs’. These, of course, are statements about the
scalar potential.

2.2 ONE-LOOP MUON LIFETIME

The one-loop radiative corrections to the muon life-time 7, were first calcu-
lated by Sirlin {7] in GSW. Following his example we calculate 7, in the N =1
SUSY SU3 x SUy X Uy theory above using a renormalization prescription with
the masses My, Mz, M; (set of scalars), M, (set of fermions) and the electric
charge aem (0) as renormalized input data. The counter-term sector is used to
enforce the definition.

(95 +97)?
and relations (4) to all orders. This is possible because only scalar doublets got

v.e.v.’s.

The precise definition of the muon decay constant G is
GZ M} a (25 M,
-1 B #
LT TP [ + 27r(4 T ) (1 + "Me

X 1—8M62 1+3M’%
M3 5 M2

(7)

We note that part of the one-loop QED corrections with virtual internal photons
and the bremstrahlung diagrams have been included in this definition - the ‘tra-

_ditional photonic’ corrections — and we must be careful not to overcount. Then



G, = (1.16634 £ .00002) X 10~% GeV~2. A comparsion of this definition with
the one-loop matrix element yields

Gu _ 9

75 = gz (1+ A7 (8)

where Ar is a complicated O{aem) function of the input data. Using gosy =

gicg = e and eq. (6) we may manipulate this into a relation between the W

c2=M3’—1+11-— e (9)
=Mz 2 2\ MI1-arn

with 4g = %"G—: = (37.281GeV)%. Thus if we know My and Ar we have one-

loop predictions for My, and sg. Ar is the one-loop contribution to 7, and is
the object of our calculation. Because we evaluate aem and 7, at g® = 0 while
My, and My are obviously evaluated at high g2 there will be large logs Ar ~
aemfn(Mg / Mf2) with My a quark or lepton mass. Marciano and Sirlin (7} have
shown that one sums in 7, all terms in higher loop orders alV+1 gnN (M% /Mf)
by renormalization group equation (RGE) methods by writing the mass relation
as in (9) where the quantity (1 + Ar ) has been replace by

(1-Ar)7L

We now calculate Ar in the N = 1 SUSY model above. We divide Ar into

two parts

Ar = Argsw + Arsysy (10)

where Arggy is the result of Sirlin [7] for the standard model and Argygy is
due to the rest of the model (excluding the GSW contribution).

We have displayed in Tables II and I of reference [4] the numerical results of
Sirlin’s formulae for My, and sg for various values of Mz, M, o (Higgs’) and M;
(top quark). These are given for reference so that we may study the results of

. adding all the extra SUSY partners, extra Higgs’, etc.



Explicit formulae for Argysy are given below in terms of the (huge number
of) free input parameters of the theory. These are (‘d;’ for ‘data’)

{di} = {aem(0), 7, Mz, cg, M1, Mo, p, My, My, Mpo, Mp,}  (11)
Here M fn(M]'n) are lepton and quark (slepton and squark) masses forn =1,
2, 3 generations while Ml?,-( 7 = 1,2,3) and M}, 4 denote the 3 neutral scalars
and charged scalar masses. M) and Mj are gaugino masses from the soft SUSY
breaking terms and p is the H jig mixing. To the above parameters must be
added mixing angles from the squark, slepton and quark mass matrices. All
parameters are taken to be real for simplicity. Note that the only free parameter
(since aem and 7, are known) in tree-level weak processes involving the known
particles is Mz and variations of M7 within the allowed UA1/2 range 90 GeV
< Mz < 98 GeV affect many processes dramatically [4, 9]. In particular, we
have shown elsewhere that the polarization and forward — backward asymmetries
Apo and App in ete™ — ptu™ on the Z resonance are very sensitive to small

changes in Mz and will serve as very precise tests of the standard model {9, 4].

2.3 RENORMALIZATION OF N =1 SUSY SUj3 X SUs X U; WITH HIGGS’
DOUBLETS AND Argysy

We now outline the renormalization of the theory where only Higgs' doublets
get v.e.v.’s so that p = Mz_%; = 1 exactly {10]. We also calculate Argygy ,
the effect of the SUSY partners on muon decay.

The physical content of electric charge renormalization is the Ward identity

for the Uy hypercharge group
5o
Zg g = 0 (12)

with Zp the B, (hypercharge) field wave function renormalization and g?(gl) the

bare (renormalized) U; coupling constant.

Equation (12) may be re-written to one loop.

1 8
b4 + (265 —1) b= + Sy (0)— —Lymzg (0)= (13)



after we have used the counter-term sector to force the ZA mixing to vanish and

the photon (A) residue to one at g2 = 0. Here

b, ]
242
g2 O

5:h=l

: (149

with 9(1) = g1+ dgy, gg = go+6go. The 7's are sums of vector boson one-loop self-
energy 1 PI graphs (no counter-terms) which in the Euclidean metric of tHooft
and Veltman [11] (¢° = ¢® — g3, {7u, W} = 26 and 1z =3 (1 £ %5), 75 =
717277374) are given by /

Tuviab = 6uv7l'ab(q2) - qit‘Ivﬂ{,,b (92) (15)

With (13), gosy = g1cs = e is now the electric charge of the positron. We
may now force ¢y = My, /M7 with M, and M, the physical masses and thus

determine 4 uniquely

1 Tww(—Mg) 7rzz(—Mg)]
- =— Re LR 16
4s% [ Mg M? (16)
Armed with these definitions we have
Ar = A"'vac.pol + Aryertices + DTpozes (17)
0go 1
Arygepol = E + ]*\Tg [ﬂ'ww(o) — Re ﬂ'ww(—M,%)] (18a)
¢§ p [Tww(—M2) “zz("M%)}
- Re[ - — ' 4(0)
82 M M}
+-2% 1 (0)+— [7r (0)— Re (—MZ)] (185)
cg—]w‘g ZA ﬁg ww ww w

The vertex contribution is gotten by using the counter-term sector so that
external muon and electron lines are uncorrected; note that we must now correct
external neutrino lines. With definitions of the muon one-loop 1PI self-energy

parts (no counter-terms)

TMp) = t F v+ AL +i gy-AL + M, CH (19)



and the 1PI muon-muon neutrino - W vertex part (no counter-terms)
Vy—p—w 2'92 —_f—
Y Y = /2 (yay4 ) TPATHETY (20)

We have the vertex contribution

0

1 1 o
Arvertice.s = § Ai + 2M# HPTC” <+ _Ai“(()) +FVp p—w (21)

a2

+ similar term for electron-electron neutrino - W vertex.

The expression Ar is UV and IR finite with quadratic divergences (in dimen-
sional regularization with d — 4) I'(1—d/2) cancelling within vector self-energies
and logarithmic divergences I'(2 — d/2) cancelling among 1PI parts. As a fur-
ther check on gauge invariance we note that all dependence on wavefunction
renormalizations Z have cancelled in Ar . We have included all one-loop vertez,
self-energy and boz diagrams in the calculation of Ar both in 7y and the renor-
malization of the parameters (like aem (0)) entering 7,. Explicit expressions for

Argsw have been given in the standard model by Sirlin [7].

We now give the results for Argysy with Ar = Argow + Argysy . With
the soft SUSY breaking terms and H jid mixing terms given in ( 2 ) the charged

wino mass matrix is

[Mz gzv] w_ (220)
my = ~
gv p JH_

where (H) = v,(H') = o' are taken to be real as are Mj, M, and p. This is
diagonalized by the matrixes Y and V.

Uosmy o3V = diag(myy, myg)=my, (£=1,2) (226)



For convenience we define the 4 X 4 matrix

c 1 [—iUQU iUQv] ( )
V2l oy
0 03 my 03
C Ct = diag(—mg,—my1, myy, myo)
03 My 03 0
= myk (k=1,4) (22d)
The neutral wino mass matrix is
W, B b, I
[ —g2v g2V ] -
My 0 Vi Ve | Ws
v —gt| B 23a
mg = M V2ovE o (234)
Hy
0 —up
symmelric 0 | HIO

which is diagonalized by N mqg Nt = diag (mg;, mga, mq3, mo4) = mo;;J =
1,4. With these definitions, the real matrices ct and N1 are returned by the

standard numerical matrix-diagonalization subroutines such as (NAG) FO2ABF
. or (CERN) EISRS1.

10



Now form some coefficients

. — 1 . —_1nas. .
(4x1): A = 2Nj1"zggl_2Nj2 E; —‘ENJI"?ggl_zNﬂ
. ——_1 . =1 0.
FJ - ﬂ 71 HJ - \/:__)CJ

P; =—g1/g2 N9
(2X2): 7, =—cgb¢y + 2%‘,”(2um2 )‘E—m="506£m + 2}:_0 Veo V2

(2X4): Zy= % VeaNia + Ver N1 th=""\;§u82Nk4 + UnNi

(4Xx4): Yi= o NjaNpg Yi = 2 NisNia
Zy= ﬁ i4Nk3 + Cj3Np Xjk="%Nj4Ck2 + N;1Cpq
Q= C;3Ck3
{,m=1,2
jk=1,4

We assume that the mass eigenstrates in the Higgs’ sector are

hy = —83 H, + cs H:,t
(25a)
ho = —sgHp + ¢cg H(’)

with 2 = Rehg and hg = Im hg having, in principle, different masses. Here

cosg = cg = v/(v? + U'Q)% and we identify the combination
B = ﬂRe[cﬁHo+sﬁH6] (25b)

with the standard-model Higgs’ scalar; thus it doesn’'t enter our calculation of
the SUSY -partner of the theory. The orthogonal combinations to the above
_were the Goldstone bosons and were eaten by the W# and Z. We identify the

11



combinations of coupling constants XAy, Ao, A3, A\g and 32 2 X 2 matrix T

Ny == 2—1y No = 283
Cyg 309
_ 2_ 2

Ag= 20 A= 2% (26)
609 Cg

where vy = 433 — 1. The matrix T diagonalizes the (2 X 2) top squark mass
matrix Mzz

~+ ~ctia 2 fU3) . Ca 8
Lfmass = (ug’ug )MZ (ﬁg) ’ T = ( a)

—8a Ca

TMIT = diag(Mi ,Mi )

We will write expressions where all other squarks and sleptonsin n =1, 2,
3 generations are mass eigenstrates but it is a trivial matter to include possible

mixings there as well. The doublets are

N un - (Un
Qn=((~in) ; fn—(én) (28)

with singlets @¢ , d, & (and ¢ decouples completely).
nr» &n, €p n p

The contributions from the eztra particles (SUSY partners plus eztra Higgs’)
appearing in the NV =1 SUSY version of the theory may then be written down.
We use N, = 3 the number of squark colors. All form factors used in this section

_are carefully defined in the Appendix.

12



2
SUSY g ”
T74 = ﬁ q2{280)\4313(h+, hy)— 489(W£; + W[( )B3(m+(, my¢)

2s s ds d

889

- - c . -
—3 M Bis(i;, 4;) + 4\3 53313(05 ) U5)

8s -~ ¢ - -
— —3—9>\1313(t1 1) + 403 éBIS(tZ , tz)]

. 433 — -
+ 2894 B13(€n , €n) —070313(631,63)} (29q)
1SUSY e
TAL = {‘BIS(h+»h+) + 2B3(myp, mye)

1 ~e =~ 1 -~ 4 - -
- NC[gBIS(dSL ,dfz) + §Bl3(dn ydn) + §Bl3(un yUn)
4 e -
+ 5 Bialas, )|

~ Bia(én &) = Bia(6, &)} (200)

SUSY _ 9% [p 0 0
Tow = W{Bﬂh yh4) + B7(h3, hy) + (23, + X2 Bia(me, mox)
+ Zg X, myg mog Bo(myg, mog) + 2N Br(i;, d;) + ¢ Byt , d3)

+ 82By(ly, d3)] + 2Bs(n, an)} (29¢)

13



2
g 1 2 _2
r9Y = DNiBilhe, ha) + 5 Brlh A) + [V + Y5 1Bua(moj, mar)
6
+ Y Yy mojmor Bo(moj, mog) + e + Xz ) Bus (mq, mok)
+ N \gkm +emok Bo(m g, mox) + Nc[x§th«”in ,dn) + \3Br(dy , dp)
ANIB(it; , it;) + AN3B (i, 48) 4 4(M1c2 + N982) 2 By(ty , ¢
+ AN{Br(g;, ;) + AN5By(uf , u]) + 4(hcg + Mosg) “ Br(ty, 1)

+ 40 = M)6E By (i, o) + 400 + hocd) 2 Brllz, )|

. ¢ = 1 .
+\Br(én, on) + DB (E ) + 5 Bilon, )
6
(20d)

The contribution to vertices and boxes are evaluated at g2 = 0. We assume

p — e universality and so have

2

g . . -

AT hes = mfrg {_F3234(31,m+j) — AZBy(ir1,mq;) — H? By(Dy,m4;)
— E2 By(81,mgj) + 44; E; Cy(mq;, &, 1) — 4F;H; Coy(m 5, 01, €))
+4V2F; X j ExCy(i1 , mop, myj) — 4V2 A; Z 3 Hy,

X 034(61 y Mk, mOJ)} ‘q2=0

(30)
The boxes are also evaluated at g% = 0 and give
SUSY g 2 2
Afhozes = g2 M {Fk E? D37 (moj, myy, &1, €2)
o (31)
+A§H D27 (mgj, myg, V1,02 }qu_o

14



In the above we have used m_, = my 1, myg and my = —m, o, —myy, my,

m4o. Repeated indices are summed over the ranges

t,0=12
k=14
n=13

We then form the total correction to muon decay.

SUSY + ArSUSY

vertices bozes

SUSY
Arsysy = Art)ac.pol + Ar

2.4 POLARIZATION ASSYMMETRY e+e;o, —utp~

The Z° mass will be measured to great accuracy in the near future [12, 13].
Unfortunately, the W mass will not, so that the shifts §M,, computed in the
previous part of this section will probably be of academic interest until W's can
be produced in pairs. Other calculations of one-loop effects in N = 1 SUSY
[3, 12] concentrate on corrections to the p parameter or v-hadron scattering and
properly conclude that the corrections are not observable in these processes in
the near future. Fortunately, the longitudinal polarization asymmetry A,y in
ete,; — putp~ will be measured to +.01 or better at the SLC [13] (or in the
7~ polarization in ete™ — 77~ at LEP and/or the SLC) and so a test of the
model, and in particular the corrections from the SUSY part is forthcoming. Ay
is defined for left-handed (e7) and right-handed (eg) polarized electrons as

do

op =g (€Tep — u¥p7) (32a)
do + - +. -
OR = 75 (eTeg ~u7p7) (32b)
J&"do [E, deosblo] — o
Apilg? 2) =29 201 = (oL —oR) (320)
Jo" do [Z,dcosb(ogp + o)
This will be measured at the Z° resonance (g% = —M%) where statistics are

_good. The radiative corrections to A, in the standard model were calculated in

15



a previous paper [4] and the one-loop GSW results are presented in Table III of
reference [4]. We will now calculate the one-loop deviations from the results of
Table III ref. [4] due to the N =1 SUSY SUj; X SU; X U; theory given above.
We define the shift from GSW as [9].

2
gt = Apollg® =—M3,1)|N=1 sUsY —Apails® = ~MZ, Dz, (33)
There will be three sources of radiative corrections in A‘,,O,(q2 == —M%) Hav-

ing eliminated My in favor of 7, as an input parameter, we have A, as a

function of the data (11). At tree level (on Z° resonance)

—29
tree [/
— 34

with 9y =4 §g—1 evaluated using ég in the N = 1 global SUSY model calculated
in the previous subsection. Thus, there are shifts in A,, due to the shifts in ég

salt) —

pol )‘polA"SUSY (35a)
—6454c2
Mpol = o2 . )" (35b)

where sg may be evaluated in X, using the tree-level data (which depends only
on Mjy).

The second source of shift due to radiative corrections in A, is from the

Z — A mixing graphs in the asymmetry itself.

[ (1=26)) Re(ﬂéfi“( —M}) _ cp mu™ (=M3)

6A(2) = o
ol 8gC¢ M% . 8 M3

(35¢)

89 M2

- when the last two terms come from the counter-term in Z — A mixing.

16



The third source of radiative corrections is from corrections to the e — Z

vertices. This gives

540 _ (2s§ - 1)2Re (Fe -z _ fe ) (35d)

pol = co
with the f‘i defined below. Putting this all together yields

SASTY = NpaiArsysy + Absysy ) (36a)

(1—2s) e 1555 Re(—M3) c,,yrggSY (—M32)

Absysy =
sY sgCq M} 85 M; -
co 759 (—M3) N (1 —2s3)sy (7 _ e z)]
8y M% cg +
Note that we have used the fact that
7557 (0)=10 (36c)

in Absysy - The shift in the asymmetry 6A4,, may be re-written

A — s Rl_Tiz (= M2)+wt§%“<0)+(1—2sg)w§£{5”( -M3)
pol pol M2 Mz% s9¢g Mz

1—250\2 -2 -eZ
SUSY e e
- ﬂJAA ( ) + Arvertzces + A"bo:ces + (TQ) (F - F-f- )]
(37a)
where the one-loop 1 PI corrections to the electron-Z° vertex which enters into

the calculation of the asymmetry of itself is defined as (no counter-terms)

282 — 1\._._
re- Eg; 'Yx{( % )Fi Zny + 8512 ’r—} (37b)

which after inclusion of the e — Z vertex counter-term gives

X _ 2
i =157 +{al + oM p G, (37¢)
pr== n

17



with A4 and C* coming from the muon self-energy (see eq. (19)). Note that box
diagrams in the asymmetry itself do not contribute to Ay, on Z° resonance to the
required accuracy but that box diagrams in muon decay do. All box diagrams
involving exchanges of a Z° and photon have been included in A,y lgsw. A

thorough discussion of eq. (37a) has been given elsewhere [9].

Expressions for all one-loop quartities due to the SUSY part of the model

.. . .. . . ~eZ .
appearing in 6A,, are given earlier in this section except I‘i . These are easily

computed.
~eZ
| ——'I——Q'P]P Cﬁ(mojaelvel)|q2—-Mz (38(1)
I:eZ= 92 {E206(m0 é1,61) + ——— — —H? Ceé(myj,V1,01)
+ 1671'2 71 €1 2 __1 J 7

(38)

2
C
(282 )2Q]kH HkC'?(Vl y My g, m+k)} g?=—-Mz2

with the form factors defined carefully in the Appendix. This completes the
calculation of My, sg and Ay to one loop in the NV = 1 SUSY standard model
presented above. Equation (18b) and (29) to (38) are the main results of this
section. We will evaluate the shifts in My, sg and Ao numerically in Section
Iv.

III. N =1 Local SUSY

Clearly, the number of free parameters (11) in the N = 1 global SUSY
SUsz X SUy X Uy theory above with the soft SUSY and R-invariance breaking
terms is much too large; we need some motivation for them. This we take to
be given by coupling the gauge theory to N = 1 local SUSY (SUGRA )[6]. We
do this not so much because we believe any particular model but rather to get a
feel for the possible size of the effects of such models on low-energy phenomena.
We will show that, for at least some models, the radiative corrections calculated
in the last section give effects which can certainly be seen experimentally in the
next generation of accelerators (LEP1/SLC) and maybe in neutrino scattering

_ experiments in the present generation (CHARM II).
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The effect of the breaking of N = 1 local SUSY via the super-Higgs’ mech-
anism is to induce in the flat space hmit certain soft global ]‘1 = 1 SUSY and
R-invariance breaking terms in the effective theory at low energies. We now
describe briefly what happens in this scenario [14]. In the simplest case, local
N = 1 supergravity is coupled to a Yang-Mills gauge theory based on the local
semi-simple gauge group G and one chiral N = 1 scalar superfield Z = (z, x).

The generalization to the product of groups SU3 X SUs X Uy is straight forward.

Z is to transform as a singlet under G. The coupling of this to N = 1
SUGRA with vierbein eyq and massless gravitino ¢, {2-components each) and
to the vector superfield V;, = (V,f,)\‘) as well as the chiral scalar superfield
#; = (y;, x;) with ¢ an index for G has been given by Cremmer et. al. [14] and
depends on the gravitational coupling k? = 87G with G Newton’s constant.
The super-Higgs’ mechanism will cause 1, to eat x thus acquiring a mass m3/o
and breaking local SUSY . Since 9, transforms under R-parity this also breaks
R-invariance. The result in the flat space limit & — 0 will be certain soft terms
which break the rigid N = 1 SUSY and R-invariance. The price of this is the
extra scalar z but it will decouple completely as does ¢, and ey, in the flat

space k — 0 limit from the effective low-energy gauge theory with broken global
N =18USY.

The classical N = 1 SUGRA Lagrangian of Cremmer, et. al. is given as a
certain function of two arbitrary functions §(z,y;) and f,4(2,y;) where a,b are
G indices. In our SU3 X SU; X U theory there would be three functions f;.
In order that the scalar kinetic energy terms be of canonical form , we require
G,22* = g,y’_y; = —%KQ where the notation §,,,» = 82§/820z* has been

introduced. The potential for the scalars is then
1 _g(72 2 1 _
V=rge g(p 9,24, =3+ 38 i 9, y}‘) +5 (Ref) D°Db  (394)
with the ‘D-term’

1
D* = —Z96¥}(T%);j y; (300)
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T?® and g are the generators and gauge coupling of G. In order that the low-
energy gauge theory decouple from 2 in the k£ — 0 limit they choose the Kahler

potential

1 1
§=—5 k2> — Sk iy — tnp1(2) - tn p2 (v:) (40)
The function p;(z) is chosen so as to force V > 0 everywhere
2 "
Fjgyzg)z _320 (41)

with the minimum Vg = 0 occurring at the classical values

z2=0 42a

(424)

D*=0 (42b)
1 1 9po

9,y;=—§k2y? - p_zé?/— =0 (42¢)
)

This last equation is made more transparent by writing

pa(y;) = ezp (K°h (yi)/2m3 ) (43a)
so that
_ 1 k2 .
i = g O020; + mape vi]=o0 (43t)

with h(y;) the super potential for the global N = 1 theory in the flat space
limit. The graviton mass mg /2 is the coefficient in the local SUSY theory (with
e = /det eyq)

¢! LS[.JG'RA = 6—9/2 171,, oY Yy + A Mab)\b + ——— (45)

where p; is chosen such that Go = G(z = D* = §G,y; = 0) # oo at the
minimum Vg = 0. The standard example is

pa(e) = kmajo (2 + )eas| k(1 V) (46)
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but beyond the requirements (41) and that Go 7% oo it is not necessary to specify
pi(z) -
The gaugino mass Mg is gotten from

1 -3 -3 1
MO = — 2 k% 5/ (Ref)a? (Ref)yf D*D* — 5550 51%G, 20 fup/ d

. (47)
553 e =9126,y; 8f.b/dy;i

and since D?® = 0 at the minimum we need the derivatives of f;; non-zero there.
The simplest choice is (f,; real gives CP conservation in the pure Yang-Mills

sector)

M,
fab = bap CIP[\/g ;"_55 kz] (48)

Then the k% — 0 limit is taken keeping mj /2 and M fixed. The Lagrangian
becomes in the x = 0 gauge (of local SUSY )

Lsygra — ILale, ¥y, 2) + Lg (49)

where I, describes a theory of a massless graviton, a massive gravitino ¢, (which
has eaten x) and a massive scalar z whose mass depends on the choice of p;.

These are completely decoupled from the rest of the theory in the k¥ — 0 limit
Lo=-1F8, F3, —~ 35° pxe
G =" 4w T 9 ,D

—-;- MR 2 + ' MY xd + 25 M™\¢

-V
(50a)
_ 1|0k *IQ 1, [+a.]2
M= _§a2h/ayiay i (50¢)
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M = igou} TS (50d)

with h(y;) the superpotential of the global N = 1 theory. The reader will
recognize L as the Lagrangian for the global N = 1 SUSY gauge theory with
gauge-group G and R and SUSY breaking parameters Mg and mg /2

Note that because of the addition of the SUSY breaking terms m% /2 to all
scalars’ (mass)? the gauge group G will no longer obviously break spontaneously

to SU3 X Uy at low energies. There are two ways to handle this:

i) the addition of a ‘sliding singlet’ chiral scalar superfield N with an F-term
in the super potential h{y;) {5].

i) to regard the theory Ls as an effective theory at scales Mpj,p or M;
(unification) whose parameters d;(Mp;) are evaluated at this high scale.
Then we use the renormalization group equations (RGE) to show that
the parameters of the theory at low energies di(My) do indeed break G
spontaneously at scale ~ M,,. Usually, this involves a heavy top quark
[15].

In this paper, we shall examine the radiative corrections to 7, and Apy in a
large class of sliding singlet models and show that these effects can be large. The

radiative corrections in RGE models will be examined in a later paper.

Perhaps the simplest sliding singlet model is due to Cremmer et. al. [5].
They introduce a singlet field N (under SUsz X SUp X U;). The relevant terms

in the super potential are

W=2oh HHN + o N + ——— (51)
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The potential (50b) for the scalars may then be written (we drop the " when

referring to the scalar components of a superfield)

1 2 2. (9% +g? 2
V(H, B, N) = o300 1P = 1 B+ S g e
h 2 1k 2
+ |§NH + m3/2H'| + I§NTH’ + mgpoH (52)

1 2
+ 3 Ia + hHH' + m3/o NTI + squarks, sleptons

We are looking for solutions where {¢,) = {fn) = 0. The first two terms are

D terms and from (42), forcev =1/ , 85 = ¢ = % We choose {N) real for
simplicity. Then the 3rd and 4th terms may be re-written

1 2IH + H’ 21H — H’
Thus the theory chooses the value A{/V) such that, say,
1
mzie + §h(N) =0 (54)

so that the fields f(H + H') act as Goldstone bosons after spontaneously sym-

metry breaking and become the longitudinal components of the W* and Z as
well as the GSW Higgs'. The orthogonal combinations get masses

Mj, = M + amj, (55a)

Mo =MjZ + 4m}, (55b)

with the mass Mhz,ﬂ a free parameter. Note that the net effect of the sliding
singlet IV has been to generate the term pH H' with

p=—mg (56)

(the sign a matter of convention). Otherwise it decouples completely from the
- rest of the theory to the required accuracy.
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The squark and slepton mass matrices become

m,+ Mgy (A—1)mgo My,
' (A - 1)m3/2M 3/2 + M
with A = 3 a consequence of the type of local SUSY breaking chosen. The free

parameters in the theory are then
Qem (0)> Ty, MZ) m3/2; Mf,,y Mh(l)’ th; Ml, M2 (58)

where of the fermion masses M , only M; (top quark mass) is unknown if we
limit ourselves to 3 generations. Since we have identified h? with the GSW Higgs’
it doesn't enter our calculation of Argysy or 64,.

IV. Results

In this section we present the numerical results of the formulae in section II
with the sliding singlet model of N = 1 local SUSY considered in section III used
as motivation for the parameters of the theory. We now briefly summarize the

program of calculation.

After elimination of My in favor of 7, as renormalized input data, the pa-

rameters of the theory which enter into our one-loop formulae are
Mva3/2)Mt)Mh3°7MlyM2 (59)

since the values of aem, 7, are known. Clearly, only M7 will enter into tree-level
predictions of the theory for interactions of the known particles. The one-loop
predictions for sg, My, and A, in the standard GSW model are given in Tables
I, I and III of reference [4]. We then have the one-loop shifts due to the SUSY -
partner part of the N =1 global SUSY theory given above.

[
o, Table I, ref .4 — )‘RA"SUSY (60a)

bs3 = 8% |susy — $3lcow
5My = My |susy — Mu|Zeae el — Moxy, Argysy (60b)

lTable II, ref 4 _

6A pol = pollSUS'Y Apo pol(ArSUSY + Absysy ) (60c)
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where the coefficients
8% ¢
\p = —4"-51’7 (61a)

Ay = M (61b)

Npol = 61
Pl = T o) (61¢)

with vy = 453 — 1 and the one-loop formulae for Argysy and Abgysy given

in Section II are to be evaluated using the tree-level expression

1 1/, 44\
=551~ ﬁg) ] (622)
A2 0
A’ = 1_—_A_:c:§w_ ~ (38.66 GeV) (62b)

with cysy > 0. Note that we have included the largest standard model corrections
(from lepton and quark contributions to vacuum polarization graphs) in Argsw

in our ‘tree-level’ data.

The formulae (17) and (36b) for Argsyrsy and Abgysy have been evaluated
numerically. We find that the results are essentially independent of M, o the
second neutral scalar mass. Thus, the results are displayed as functions of the

parameters
m3/g, Miop, M1, M2 (63)
only and were evaluated for
Mz =94 GeV (64)

The shifts due to SUSY radiative corrections in My, sg and A, for the precise
value of Mz within the allowed UA1/2 range 90GeV < Mz < 98 GeV [16] must

_of course be re-evaluated once this is known. They will change by almost 10%
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within this range. We display the results for 633 and 6My, in Figures 1 to 4 for the
sliding singlet model of Cremmer et. al. for various values of M; = Mj, LD
and for M, = 30, 130 and 230 GeV. All masses are in GeV throughout this
paper. In order to see clearly the effects of the parameters, we try M; = M,
initially in Figures 1 to 9 for simplicity. We will explore the region of parameter
space M)  Mj in Figures 10 and 11. In order to avoid fine tuning between
the F-term and mg /2 SUSY breaking we explore mg 12 < < 250 GeV. Further, we
explore Miop < 230 GeV so that the top Yukawa coupling remains perturbative.

Some comments on the Figures are in order here.

In order that radiative corrections be large, a remnant global SUs symmetry
must be broken [4, 10, 8, 9]. An example would be a large top-bottom quark or
squark splitting. This means that 630, and My and 6A,, will be completely
insensitive to Mh3° and the effect of this parameter may be neglected. Radiative
corrections will also be small for very large M3y OF M; and My because the
global SUj is restored in that limit. Large My, will break the global SU; flavor
symmetry ( < b) for small mgy. For small my/9, M) and M; there is a compli-
cated non-linear interplay of effects from winos, sleptons and squarks in one-loop
vertices, boxes and self-energies. We note with interest, that for small M; = M»
and ms3/o the shift in My, may be large in magnitude and either positive (larger
than in GSW, the wrong way for UA1) or negative (smaller than GSW, the right
way for UAL).

For large M; 3> Mz and small m3;, < Mz (fixed M; < Myz) the corrections

are huge. This is because

N.a M2

A ~ - 65
TSy, _n?gM (65a)

in this region. Note that this is the same direction (and magnitude) as the

quadratic blowup

Nca Mt
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pointed out by Sirlin [7] so that low-energy experiments should be even more
sensitive to very large Mo, in the SUSY SUz X SUz X U; model than in the
standard model.

The reader may worry that radiative corrections, (or variations in the N =1
SUGRA model) will cause deviation from v = ¢/ and ¢g = —\—15 We therefore
include Figure 5 where the shifts for My = M) = —mg/y with v 5# v/ and
cg = .99 and cg = .999 are displayed to demonstrate that even large changes in

v/v' do not affect our results.

We now indicate how these effects might be seen experimentally. The Z°
mass will be measured to great accuracy at LEP and at the SLC [12] and so this
is a very good input parameter. We have given precise predictions for M, and
sg through one-loop in this paper by calculating the known muon decay lifetime.
Unfortunately, the W+ mass will not be measured with great precision soon and
thus this prediction is really for future reference. We have, however, succeeded
in eliminating My (and sg) as a free parameter of the theory. Note that we
will then have predictions for the tree-level results of all electro-weak processes

involving the experimentally known particles once Mz is known.

A true test of the theory will be given by the polarization and forward -
backward assymmetries Ay, and App in ete™ — putp~ on Z° resonance where
the statistics are very good [13]. We have shown elsewhere that these experiments
are very sensitive to small changes in the input parameters like M7 (and 33) and
to one-loop corrections (especially for large M; and Mpyiggy) in the standard
model [4, 9]. This is because Ap, and the forward-backward asymmetry Arp
are proportional to vy and vg respectively at tree level where vy = 433 — 1 and
sg is close to 71{ Thus, these experiments will also be very sensitive to the SUSY
-induced correction 63% of this paper. Of course we really need complete one-loop
corrections for the asymmetries themselves to make a test of the N = 1 SUSY
models considered here. The complete one-loop shifts in A, due to the SUSY
- partner part of the N = 1 SUSY model considered above are displayed for
various values of M3z My = My, and M; = 30, 130 and 230 GeV in Figures
-6, 7, 8 and 9. Of course our previous comments about global SU; breaking apply
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here as well. The experimental proposal at the SLC [13] indicates that it may
be possible to measure Ay, to +.01. This standard deviation from A, has been
indicated in the Figures. We show in Figures 6 to 9 that deviations in A, due
to the SUSY part of the SUz X SUy X U; theory can be much larger than this.
This is especially true for large My,p where the radiative corrections in the SUSY
part go in the same direction as in GSW for large M;,p.

In fact, for M; > My, M5 &« Mz we find

a 4N,s} Miz

~—— Y i 66
This is to be compared with the result of reference [4]
GSW o 4Ncsg Mt2 (666)

oA~ T AT R M

Thus, deviations for large M; from Agfw calculated for M; = 30GeV should
be twice as much for SUSY theories as for the standard model. We note that
the coefficient of quadratic blowup with large Mzz in (66a) is smaller by a factor
s%/c% ~ .28 (for sg = .22) than that which would be inferred from (36a) and
(65a) by dropping the corrections to the asymmetry itself (dropping the term
Abgygy ). This illustrates the dangers in relying on the result of partial calcu-
lations. Note also that of the (dimensionless) parameters 633, 6My [ My, 6Ap,
(and even the p parameter) which all blow up quadratically with large My, 64,
blows up by far (factor 2.5) the fastest. It is therefore the best place to look for

large M; effects [9)].
We explore in Figures 10 and 11 the effect of allowing M; ## Mj. Note

from Figure 10 that it is My which can contribute large radiative corrections in
the wino sector, but for My = —55 GeV really only in the exceptional region
mg/y A2 125 GeV. This may be understood as follows. For v = v/ = M,,/g>, the

charged wino mass matrix (22a) develops a zero eigenvalue when

My = MZ/p (67)
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Since we have u = —mg/g (56) from the sliding singlet model considered here,
this means that the photon vacuum polarization ﬁASZSY (0) in eq. (29b) will
develop an infra-red mass singularity as m4; — 0 which feeds into the one-loop

corrections 8A4,, and 6My, as

6Apol

(68a)

- _B_Mzsgl(:gl M%
m41—0 371’2(2s3—1) mﬁ_l

6My, (68b)

with the light charged wino mass m4; — 0 as My — — ,%/m3/2. The complete
one-loop radiative corrections to 64, in this region for various M have been
plotted in Figure 11. Of course, lower bounds to charged wino masses can be set
phenomenologically from other data, but it is interesting that a lower bound can

be gotten in principle from 6Ap, as well.

The figures cover a huge range of spectra for SUSY partners. The combi-
nations of parameters M;, my /2 M;, M; and cg displayed in the figures were
chosen in such a way that the radiative corrections for other values of these pa-
rameters can be easily estimated from combinations of figures. In particular, if
M; = 40 + 10 GeV as may be indicated by CERN data, the small M; regime
may be explored by use of the figures when we note that the radiative corrections
change little as M; changes form 30 to 50 GeV. However, if the top quark has
been discovered at CERN, it should be remembered that our results also apply
to a 4" sequential generation quark doublet or (with a factor %) lepton doublet
in which the mass matrix breaks global SU, very badly; e.g. My > Mz > M.

It is interesting to see what spectrum might be indicated if large radiative
corrections 84y, were observed. We therefore include here in Table I the spectra
for models 1 to 5 for the points indicated in Figures 6 to 11. Note that it is
pcssible to have a SUSY spectrum well above anything observable in the next
generation of accelerators and still have observable éA,,;. This means that it is

- possible to set limits (even upper limits) on various parameters appearing in the
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N =1 SUSY model we have been studying by a precise measurement of A,y

It therefore can serve as a powerful constraint on model building.

Any substantial improvement over o(A,,) = +.01 by, say, a factor two,
would obviously be highly desirable. 0(A,,) is liable to be limited by systematic
effects, notably the calibration of the electron polarization, rather than statistics

since SLC expects roughly 30,000 muon pair events per year [13].

Another possible test of these effects could be in the forward-backward or
charge asymmetry [4, 12, 13] in ete™ — ptpu~. This is defined in terms of ,
the angle between incoming electron and outgoing muon as

fg” dolf§ — f_o;,]dcosO(aL +0oR)

2 —
Arp(g®, z) = szr do|[§ + J‘Ez]dcosﬂ(aL +oR)

(69a)

The one-loop GSW prediction on Z° resonance was calculated in ref. [4] and is
displayed in Table V there. Deviation from these results for the N = 1 SUSY

model above are given by the formula

5A A 9 M2 ) A M Table V,ref .4
FB = App(9° = —M3, )”{E} — Arp(¢? 7 )GSW 55

pol 6Apol

Since Ay, is itself suppressed by a factor of vy = 430 — 1, these deviations
0App are liable to be smaller in absolute magnitude than in the polarization

asymmetry.

It is also possible that an experiment in neutrino-electron scattering at CERN
by the CHARM 1l collaboration might see these effects [19]. They claim to be able
to give an effective measurement of sg to £.005 via the neutrino anti-neutrino
on electron asyrnm‘etry R{y5. Since it involves comparison of purely leptonic
processes, this asymmetry will be free of strong interaction uncertainties. One
difficulty, however, is that the ratio of neutrino to anti-neutrino fluxes must
be known to great accuracy. Nevertheless, we have shown that changes in sg

due to the pure SUSY part of the N = 1 SUSY standard model could also be
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detected within the standard deviation quoted in Ry and this has been indicated
in Figures 1 to 5. Of course we need a complete calculation of all one-loop

corrections in Rfy itself in order to make direct comparison with experiment.

A more detailed comment on why we have considered only purely leptonic
processes or direct measurements of My, and M as tests of electro-weak theories
at the one-loop level is in order here. We concentrate on the determination of
sinZ 6y, by comparison of charged to neutral neutrino-hadron scattering at low

g% by way of illustration [2].

It has been shown that v scattering on non-isoscalar hadronic targets suffers
from irreducible theoretical errors ~ 10% from higher-twist effects within the
framework of QCD. C. H. Llewelyn-Smith has shown that this can be remedied
to a great extent by turning to isoscalar targets but there are then other sources
of theoretical uncertainty to contend with. In the Kobayashi-Maskawa mixing
matrix (which enters into tree-level charged scattering) uncertainties in |Ugs| can
give an uncertainty in s3 of As3(1) = +.008. Further, uncertainties in |Uy,]|
and |Ug,| can give an additional Asg(2) = 4.004. These might be improved
with a good measurement of the b lifetime. There are also uncertainities due
to strong interaction dynamics; notably a chiraly symmetry breaking parameter
¢ which can give Asg(3) < +.002 and isospin-breaking one loop electro-weak
corrections which combined with strong interactions might give Asg(4) < +.002.
Further, S. Gupta and H. Quinn [17] have given arguments why perturbative
QCD itself may break down for massive quarks at the few percent level due to
non-perturbative effects ~ mg/A%CD which do not fall off as inverse powers of

g%. These effects might be minimized in fotal cross sections. These sources of

theoretical uncertainty in s% are small but may add up. The present quoted
experimental error-in sg is from neutrino scattering is +.015 which is quite large
for our purposes. However, with both theoretical and experimental work, it may
(or may not) be possiblé to deal with all of these errors and extract accurate
information about electro-weak physics from semi-leptonic experiments. These
arguments might eliminate the p parameter from consideration though unless

- it is re-defined in terms of purely leptonic processes such as v, +e — v, + e,
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Dy+p— Dy+porvy+e— Dy + e. Radiative corrections to the p parameter
in N =1 SUSY have appeared in the literature [3].

On the other hand, the tree-level predictions for 7,, My, sg, and A,, are
completely free of strong interactions and Kobayashi-Mashawa angles and so they
will, in principle, be theoretically clean. There ¢s a one-loop strong interaction
uncertainty even for purely leptonic processes associated with the hadronic con-
tribution to the photon vacuum polarization 7, ,(0) see eq. (18b) which appears
in 7, and A, via electric charge renormalization. This has been discussed else-
where. The upshot is an uncertainty (in Arggw) which has been estimated a

number of ways [18].

6(Argsw) lhadrons < £ .002 (70a)

This will give strong interaction uncertainties.

6(6Mw) |padrons < + 36MeV (700)
8(52) |hadrons < =+ 00066 (70c)
6(6Apot) |hadrons < & 0052 (70d)

These theoretical uncertainties must be kept in mind when making comparison
between our results and experiments. It is possible that these uncertainties can
be improved by a factor of two by using more recent data in ete™ — hadrons

near the p threshold.

In conclusion, we have calculated the one-loop corrections to the muon- decay
life-time in the most general version of the minimal N = 1 global SUSY SUj X
SUy X Uy model thus giving a prediction for M, (and 33). We then calculated
the shifts in the longitudinal polarization asymmetry A,y in ete™ — utpu—on
Z° resonance. Motivation is given to the parameters of the theory by coupling it
to N = 1 local SUSY (supergravity) using the super-Higgs’ mechanism to break
SUSY and R-invariance via the gravitino mass mgz;, and gaugino masses Mg
and a sliding singlet to break the gauge symmetry. We have shown that these

- radiative corrections can be large compared to the quoted experimental error for
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Apol(q2 = —M%) and could be detected at the SLC and/or LEP for a large class
of models of N =1 SUGRA .

Note: After this was finished, we received a preprint by K. H. G. Schwarzer [19]

which examines SUSY corrections to My, as well as to neutrino-hadron scattering.

Acknowledgements: The author would like to thank C. Y. Prescott and SLAC
for hospitality during the summer of 1984. He would also like to thank R. G.
Stuart for the use of his computer programs in the numerical evaluation of the
form factors used in this calculation.
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Appendix

We need some form factors from Veltman and Passarino and Consoli [20].

First the two-point functions with arguments e.g., By(¢?, m1, mo)

d%k 1; ky; ky ey
By; quBy; 6y Boo + B=/. A AR — (a.1
0 w15 Opr B2 ¥ Qpdo52 nr?[k2+m%—ce][(k+q)2+m%-—:e]( )
and the combinations
B _po.R p o 2p .1 2n _ 1, 2%p
By =By + B DB14=q"Db3 + gmyb] — gm{Dy
By =By + B; (a.2)
Bis=B3+1By  B; =—g¢°Bi3 + 1(m} — m3)(2B; + By)
Explicit expressions for the By, By, By are
2 _ =y
Bn(q vml)m2) —'n + 1
(a.3)

X [A — tn(—q% —ie) - Jé:l(t’n(l —zj)+F(n+1,2j ))]

d
for n =0,1,2 with A = 7272 (2 - g) The z; are the roots of the equation
—¢%22 + (g% + m? — m?)z + m? — ie = 0 and the function F(n, z) is given from

1

(n+ l)/d:t 2" fn(z — 21) = fn(l —z;) + F(n + 1, z;) (a.4a)
0
F(n,z)= ——:c"fn(l - 1) —gnl_ lz""Q —_—— l
T 2 n
(a.4b)
=Ly gy
n+1 n+2

We will sometimes use a more streamlined notation in which the argument g2 is

suppressed in the B’s. For example

B7 (q2’ M'é,.v Mf/n) = B7 (En’ D) ((15)
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We will also need the 3-point functions with arguments e.g. Co(p/, ¢; my, mo, m3)

Co; uy Caq+ terms pqu ...

_ / d%k 1; ky ky
T i (k24 mf €] [(k + )2 + mE —ig] [(k + P’ + q) + m§ — i¢]
(a.6)
with p = p’ +¢. These need be evaluated only for p/ 2 = p? = 0 with g% 5£ 0 for

our purposes. Then we find that we can write all of the necessary 3-point form

1
Cos = Z{l + a Cp+ B Bo(g?, mg, m3)

(a.7)
+ 7Bo(0, my, m3) + 8By(0, my, mz)}
with coeflicients
6 = (mf —mi)/g’ 0 = (m}—mi)/¢’
Nn=6+o f=-20—0+1 (a.8)
o = ~mi(B+ 1) — miy — 6m3
To evaluate Cg we need the Spence functions
spla)=~-[ ? tn (11 (0.9)
as well as the coefficients
i = ¢?/m? c=a—-b+¢?
a=(m§—m%)/m% d=b+1
b= (m§ — m?)/m? s=>b/¢° (a.10)
h=as-1 e=238§’+c
f=—§%s?—cs+d =%+1
Now define the roots of the equation (with Re y; > Re ys)
P +ey+ =0 (a.11)

37



and the combinations (with € > 0 a small real infinitesimal)

(A+s—ig/yy  uwp=(s—ie)/y
(14 s+ 1€)/y2 ug = (8+1€)/yo (a.12)
u7 = (e s —1i€)/h ug = (a(l + 8) — t¢)/h

Then
1 2 . .
Co= P[{en(-— g° —te) + tn(—y; — te)
+ tn(—yg + i€) — n(—h — ie)}ﬂn t (a.13)
+ Zk 1 1) Spl “k)]
1t is convenient to define
n(my, ma) = By(0, my, ma) + B1(0, m;, ma) (a.14)
and the UV finite form factors
1 1
Cﬁ = 2024 - §n(m‘21 ml) - '2"7(m31 ml) (015(1)
C7 = —miCy — 2C24 + Bo(q?, ma, m3)

1 1
- 5'](""1, m2) - §f](m1, m3)

(a.15b)
The ¢ = 0 limits of Cg and Coq are easily written down with Cg = Cp(q® = 0)

and CYy = Cyy(q® = 0)

CQ(my, mo, m3) =(m

(a.16)
084("‘1 , Mg, m3) = (m5 — mj



We will use the more streamlined notation e.g.
Cs(v, 9, moj, Mz, Mz)) = Co(mq;, &1, &1) (a.17)

We will need to evaluate box diagrams only for muon decay (g2 = 0) since Apol
is evaluated on Z° resonance. Therefore, we need 4-point functions only in the

limit where all external momenta are zero
Suy DYy = / ‘_’d" k2 +m? — i k2 mZ—ie]™! K2+ m2—ig]™!
inl

X [k%+m%— i tkuk,

Ds-{m1,mo _ 1 2 -
27( 1, h,mg,m4) __( 5 m%) 1
(a.18)

X {m3 CQ(mg, m3, my) — m§ C§(my, m3, my)}
The form factors above are well documented in the literature [8, 10, 20]. We
have however included in this Appendix all formulae necessary for evaluating the

form factors needed in the calculation of 7, and A,y to one-loop in any gauge

theory.
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Table 1
Spectra of Models labelled (1) to (5) in Figs. 6 to 11

Shifts in 82, My, Apo

(1) (2) (3) (4) (5)

1,4 180, 280 80, 180 5,55 20,240 205,255

other squarks 50 50 25 110 25
sleptons

charged winos 97,97 72,263 66, 101 5,170 45,125

50, 50 50,78 10,25 15,55 25,55

neutral winos
107,107 240, 268 77,112 110,180 55,135

8s3 —.016 —-.006  —.002 .0008 ~.020
6My 836 307 112 —.041 1.059
8Ap01 036 .015 .010 —.013 044
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