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Effective weak mixing angle in the MSSM

A. Dedest* A. B. Lahana$" and K. Tamvakis*
IDivision of Theoretical Physics, University of loannina, GR-45110, Greece
2Physics Department, Nuclear and Particle Physics Section, University of Athens, Athens 157 71, Greece
(Received 28 January 1998; published 10 December)1998

The predictions of the MSSM are discussed in the light of recent LEP and SLD precision data. The full
supersymmetric one loop corrections to the effective weak mixing angle, experimentally determined in LEP
and SLD experiments, are considered. It is demonstrated, both analytically and numerically, that potentially
dangerous, large logarithmic sparticle corrections are cancelled. The relative differencé\fabtietween the
mixing angle defined as a ratio of couplings and the experimentally obtained angle is discussed. It is found that
Ak is dominated by the oblique corrections, while the nonoblique overall supersymmetric EW and SQCD
corrections are negligible. The comparison of the MSSM with radiative electroweak symmetry breaking to the
LEP+SLD precision data indicates that rather large values of the soft breaking paraetén the region
greater than 500 GeV are preferr¢80556-282(98)04713-4

PACS numbgs): 11.30.Pb, 12.15.Lk, 12.38.Bx, 12.60.Jv

I. INTRODUCTION theory (GUT) scale in conjunction with experimental data
for the strong coupling constant lsk; and radiative breaking
The electroweak mixing angle $ify,, defined as a ratio of the electroweak symmetry impose stringent constraints on
of gauge couplings, provides a convenient means to test unihe extracted value for sifi,. However, siRé,, is plagued
fication in unified extensions of the standard md@W) [1]. by large logarithms lod{,/Mg), whereMg is the effective
This quantity is not directly measured in experiments. In-supersymmetry breaking scdldJnlike sirfé,, the experi-
stead, LEP and SLD studies employ an effective couplingnentally determined st#'%/"°"is not plagued by such poten-
sirfg°" determined from on resonance asymmetries whoseally dangerous large logarithms due to decoupling. There-
value is known with excellent accuraf®-5]. This effective  fore, the difference of the two angles is not numerically
mixing angle has been studied in detail in the context of thesmall any more and sté,, cannot be directly used for com-
SM at the one loop level in various renormalization schemegarison with experimental data. Thus, in supersymmetric
with the dominant two loop heavy top contributions andtheories the precise relation between the two angles is highly
three loop QCD effects taken into accoydt—8|. Due to  demanded. The nondecoupled supersymmetric corrections to
large cancellations between fermion and boson contributionsinzeff?w” are expected to be small of ordeMg/Mg)2.
occurring at the one loop level, in thdS scheme, these are However small these contributions may be, they are of par-
the dominant contributions to the difference %iff'™" ticular importance, since the experimental accuracy is very
—sirf8,~O(10™%) which is less than the error quoted by high, and these corrections can be larger than the SM correc-
the experimental groups. Therefore, although conceptuall{ions occurring beyond the one loop order. Moreover the
different the two angles are very close numerically. The mix-€ffect of the one loop supersymmetric corrections may not be
ing angle is sensitive on the values of the Higgs mislgs ~ Necessarily suppressed in some sectors, such as the neu-
and top massmy through the quantitie$rw and Ap and tralino and Chargino sectors, which are characterized by a
carries an uncertainty of about 0.1% from its dependence offlatively small effective supersymmetry breaking scale for
the electromagnetic coupling(M). From the predictions Particular inputs of the soft supersymmetBUSY) breaking
of Sinzgff?ton andA p one can draw useful theoretical conclu- Parameters. Motivated by this we undert_ake a complete one
sions concerning the Higgs as-boson masses having as Iopp study of '_[he supersymmetric correctlons.to t_he effet_:tlve
inputs theZ-boson mass, the value of the fine structure con/MiXing angle in the context of the MSSM which is the sim-

stant and the Fermi coupling constant which are experimerPI€St supersymmetric extension of standard theory.
tally known to a high degree of accuracy. Although there are several studigB0] in the literature

In the framework of supersymmetric extensions of the Smconcemning the value of the weak mixing angle’sjpin the

[9] the situation changes since %y as well as Si?ﬁef?ton MSSM and other unified supersymmetric extensions of the
€

receive contributions from the superparticles in addition to>™: only a few have tackled the problem of calculating the

. . 2
ordinary particles. Coupling unification at the grand unifiedCOMPléte supersymmetric correcgc{gst/MS) to the ex-
perimentally measured angle %ﬂif? . In Ref.[11] the ef-
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*E-mail: tamvakais@cc.uoi.gr in Ref.[10].
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fective mixing angle is calculated in particular cases and the 0.238
decoupling of large logarithms is numerically shown. In that 0.237 b
calculation all the one-loop corrections, including the non-
universal supersymmetric vertex and external fermion cor-
rections, for the leptonic effective mixing angle were consid- 0.235 |-
ered. The nonuniversal corrections were found to be small.

0.236 |-

S 0o34f

In other studieg12—14], the serious constraints imposed by 3 , i

g . — . @ 0.233 - ]\/[0 = A() = 200GeV A
unification and radiative electroweak symmetry breaking
[15] have not been considered. Instead the MSSM param- 0.232 tanff = 4 .
eters are considered as free parameters chosen in the optima 231 my = 174GeV i
way to improve the observed deficiencies of the SM in de- 093 Lk . . . . . . .
scribing the data. 7100 200 300 400 500 600 700 800 900

In the present article we show explicitly how the cancel- Mz (GeV)

lation of potentially dangerous logs takes place and perform .

a systematic numerical study by scanning the entire param- FIG. 1. The values of the running weak mixing angfeat M,

eter space having as our main outputs the effective weaik the DRscheme defined as a ratio of gauge couplings for various

mixing angle, the values of the dfiresonance asymmetries input universal soft gaugino massds , for particular input oM,

measured in experiments, as well as the value of the strong, tang, andm,. The strong dependence s# on M, nearM is

coupling constant a1, . In each case we also give the the- due to the presence of sparticle thresholds.

oretical prediction for th&\V-boson mass through its relation

to the parameter rho and the weak mixing angle. where
It is perhaps worth noting that nonuniversal corrections,

claimed to be small, are dominated by large logs. These logs -~ . ;M2 TIyw(M3)

cancel at the end, as expected. Nevertheless, their presence p T=1-Ap=1- M2 + M2

dictates that nondecoupled terms of ordér,(Mg)2 may be z w

of the same order of magnitude as the corresponding terms 5

stemming from the universal corrections and cannotabe AT :HWV\/(O)_HWW(MW) 3

priori omitted. Knowing from other studies that universal w M2, Ve

corrections tend to decrease the value of the effective mixing

angle by almost six standard deviations from the experimen-

tal central value it is important to see what is the effect of the o= YEM ) (5)

nonuniversal contributions. We take into account all con- 1-Aa

straints from unification and radiative EW symmetry break-

ing. These constraints, along with the experimental bound§l’s are the transverse gauge bosons self energies evaluated

for the strong coupling constant and @fﬁ‘on, may restrict in the DRscheme. Explicit forms for these self-energies can

N )

4

further the allowed parameter space. be obtained from Refl1]. The weak mixing angle obtained
from Eq.(2) although it plays a crucial role in the analysis of
II. FORMULATION OF THE PROBLEM grand unification, it isnot an experimental quantity. Actu-

o _ _ally, it is obtained after fitting experimental observations
The value of the weak mixing angle, defined as the ratiyith o\, andG¢ as accurately known parametéfsr more

of the gauge couplings, is details see Ref18]). The radiative corrections st involve
two subtleties:(i) the renormalization scheme dependénce

iy
$2(Q)= 9 %(Q (1) and(ii) the dependence on the mass of the top quark, Higgs
~5 (Q)+A'2(Q)' boson, masses, and superparticle masses which depend on
9 9 the supersymmetric breaking parametérs,, M, andA;.
- - Py
whereg andg’ are the SU(2) and U(1)gauge couplings. As we can see from Fig. 5/ takes large values when we

Throughout this paper the hat refers to renormalized qu(,j“.]til_ncrease the masses of the soft breaking parameters. In other

ties in the modified DRschemd 16,17. These couplings are WOrds, the soft breaking parameters do not decouple fom
running in the sense that they depend on the sal®ar- This is due to the fact that the net effect of the contributions
ticularly for the electroweak processe3,is chosen to be (3), (4), (5 to Eq. (2), contains large logarithms of the for.m
M . There are many sources for the determination ofthe 19g(Msusy/Mz). On the other hand, the LEP'CoIfIaborzatmn
Fr(Z)m muon decay, for instance, and knowing thdt [.2] e_mploys aneffective weak mixing angleln_zeeff_zsf,

— 91 1867 0.0020 éev a :1’/137 036. and G first introduced by the authors of Reff4], which is not
1 1'6639_(1)'><10‘5 Ge\,/’z \ENMe get in t.hemchemeF plagued by large logarithms due to decoupling. It is a com-

Ann TAEM
3202:

2 ~_~ ~ 2 2We are working on the modifieBR scheme of Refl17] which
V2Mm zGr(1-Aa)p(1—Ary) preserves supersymmetry up to two loops.
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mon bellef among GUT theorists that these two angfes agree with those of Ref11]* and[19]. We need also calcu-
ands?, although different conceptually, are very close nu-late theZ-y propagator corrections, the wave function renor-
merically [5]. Nevertheless, this is not true in the MSSM malization of external fermions as well as tEdf vertex
since there are large logarithmic dependencies of the weakorrections which contribute tak;. The supersymmetric

mixing angles?. contributions to last two were found to be negligible, for the
The tree level Lagrangian associated with #fé can be ~eptonic case, in the minimal supergravity model studied
written in the form in Ref. [11]. Including all these corrections in E(Q), we

expect that the effective weak mixing angié, does not
o i suffer from potentially large logarithms log(M3,s/M3).

Ll =—=7, Fy"[(TL—252Q") — y5TLIf, (6) At this point we should say that when the electroweak
2cs symmetry is broken by radiative corrections, the value of the

‘. ] . ] parameteru, which specifies the mixing of the two Higgs
whereQ' is the electric charge arit} is the third component  myitiplets within the superpotential, turns out to be of the
of iS(.)Spin of the fe.rmi0n$. Ele.CtrOWQak corrections in Eq order of the Supersymmetry breaking scale in most of the

(6) yield the effective Lagrangian parameter space. Under these circumstances it is not only the
_ large logarithms log{1%,s/M2) which should be cancelled
/lﬁffff:(\/EGF P12, f (T —28%kQ") — ys TS1T, but also logarithms involving the paramefer
(7

which is relevant to study neutral current processes on thél. DECOUPLING OF log (Msysy/Mz) IN THE EFFECTIVE
Z-resonance. Then, the effective weak mixing angle is sim- MIXING ANGLE

ply defined from Eq(7) as In this section we will first show how the potentially dan-

gerous~log(M 1 ,/M7),log(n/Mz) from the contributions
of the neutralinos and charginos are cancelled in the expres-
sion for sirfd[; when the soft SUSY breaking parameter
M, is large M2, 5y>M32). There are three sources of large
éogarithms which affect the value of the weak mixing angle
nzeeﬁ (i) Gauge boson self-energies which feed large logs
to the quantitie\ryy, p, andAKk;; (i) vertex, external wave
function renormalizations, and box corrections to muon de-

, cay which affectAr,, throughsse®; (iii) Nonuniversal ver-
tex and external fermion corrections Zd f coupling which

s?=5%k;=s(1+ Aks). (8)

The anglesf can be compared directly with experiment

while s? can be predicted from a grand unification analysis
The LEP and SLD average gives the value 0.2315
+0.00023[3] for the s’=sir? 4", Since

C

. $?
cf=c? 1- Ak

one obtains by making use of Eq®) and (8) affects Ak;. We shall see that the correctiofi$ are can-
celled against large logs stemming from the electromagnetic
- magy(1+Ak)[1— (8%/¢2)Ak(] coupling (My). (ii) and (iii) are cancelled against them-
StCy = 2 ~ = = , 9 selves.
V2MZGE(1~Aa)p(1—Ary) In order to prove the cancellation of the large

log(Mgysy/M2) terms among the dimensionless quantities
Arw, p, Aks, and (M), through which sifg’ is de-
M\ZN ) fined, it suffices to ignore the electroweak symmetry break-

where

. cllz(MY)- l7,(0) | ac?
Akf _AZ
s MZ TS

— ing effects, e.g{HY)=(H3)=0. In this case the masses of

2
M charginos and neutralinos take the simple form

z

~ Vi(M2)+ okgSY. (10 mo=My, M, u —u (1)
47s i
The functionV;(M2) can be obtained from Re4].3 5k7VSY
denotes the nonuniversal supersymmetric self-energies and
vertex corrections te? .

In order to study MSSMor SM) corrections tosf, we
need calculate first th& and W gauge boson self-energy

corrections which contribute tb andAFW. Our expressions

mXi+=M2! M- (12)

A. Vector boson self-energy corrections

The contributions from the chargino/neutralino sector to
the vector bosons self-energies are

3|£ the casef=bottom, the important top quark corrections t0  4To match our conventions with those of REL1] we have to
Zbb vertex should be added ¥ . replace their matrices with the followingl—©T andU—U*.
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~o 2 ~ 2 2
ma = = T H —+4|lc—— =— —]log| — —
2 16772[2 (g, ) = c 20) Aa 3. Iog( o +log > (29
, 1 (. 1)\?
+ u B, ) 34-4 c—— A .. .
c 2c The angled,, is the weak mixing angle defined through ra-
tios of couplings in the DRscheme and, is the on shell
+282H(My, M) + 482M2Bo(M 5, M) mixing angle defined by st,=1—M3/M2. In the equa-
tions abovec,, =cos(@y), Spq,=SiN(2hy) with similar
(13 definitions forcz(,w,szﬂw.
. Plugging all that into Eq(9), we find thatsc2 is cor-
0 rected as
M = 5 H(p) +20Bo(p, 1)
167
+2H(M,,M,) +4M3Bo(M,,M5)], (14 , ,  magy 8 @
A(Seﬁceﬁ): 2 § 4_ y (20)
V2M2Gg 9\ 47

¥
I
sz

whereg=e/s is the running DRSU(2) gauge coupling.
In order to calculate the dependencesbfon Mo/ we

+ €QCyy
Ix; ~
= —— 4Bl ) + P?Bo( 1t 1) ]
16m“c

o which at one loop order is independent of large logs. It must
2egc_ be noted that this result is also independent of the siga.of
+_16 2[4322(M2,M2)+szo(Mz,Mz)], P %
T

However, this finite correction vanishes when the next to

15 leading terms in the expansion Bf, are considered.
15

B. Vertex and box corrections from muon decay

make use of Eq€3—5) and reduce all functions appearing in ~ The nonuniversal contribution tdryy, which_ contains
the expressions for the two point functions above in terms o¥ertex and box as well as external wave function renormal-
the basic integral®\,,B, (see Appendix B Isolating the ization corrections, is divided into two parts

logarithmic dependencies dvi; o/ we find that

Syg=Oun+ oy, (21)
. a M3 2
fw=g- = 1+2Iog(—22 +log ”“—ZH (16)
™ 3s Q Q The standard model part appears in Réf. The supersym-
R ) metric contributions can be found in Refd1,20. We re-
-~ a - s M5 produce the results of Refl11] for the wavefunction and
Ap=7— 92 1+2¢3,,*6clog Q? vertex corrections here,
~ ,u2
+3cC2,/00 —) , 7 s2c? 1 1
Yo Q2 oopSY=— - M2Rea;+| v+ 50Z+ E(szve>
A a 2 cotéy ~ A % 1 1
Akfz — E ? 329W+ ngwtanew+ 3829W|Og( ?) + 8U#+ z 5ZM+§ 5ZV ) , (22)
M
~ ,u2
+ 3¢y, tandylog I (18 ) .
w Q where the wave-function and vertex corrections are

2 4
167262, = _21 |a;(i+VeEL|ZBl(0,m;(i+,mgL)—]2::1 |a;(?ye;e|281(0,m;?,m;e), (23
2 4
167725262 _;1 |a}re;e|281(o,m}r,m;e)_gl |a}?e~‘q_|281(0,m}?,ﬁlél_), (24)
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2 4
2
167725ve=i2 Z N vee, 830 eq{ \/;afo WM+ oCO(m“eL,m}r,m;(JQ)

1

Bo(0, .+ m~o)+rr‘r Co(mgL - m~o)—§H

f v
4
Z Z i Ve & "e"e[ \/;b x +Wm +m~OCO( m + I’TT;(?)

1 1
+\/_Tga 05w Bo(0, I+ m~o)+m~ Co(rrr ;. m;‘?)_EH
4
1 *
+§,Zl 806 &x) Ve[ Bo(0.mg .1y, ) + m~0c:0(m~o Me M)+ 51, (25
|
and the nonvanishing couplings are givert by In all expressions above the functiog,,C, are considered

with vanishing momenta squared and their analytic expres-

, (26) sions in terms of the masses involved are given in Appendix
B. We recall that we have ignored EW symmetry breaking

A effects so thalm;(gz My, myo= M,, and m;, =mg =Mf.
A dvere= eq =~ 5A0 27 we have compared these results with those of Ra€fl and
we have found agreement. Dangerous large log corrections
are contained only in the second and third part of the Eq.
(22). For these terms we obtain

T+ T =att+ =
aXl Vel axl evy

0>l >

azo (28

Xvere  AxJeq T E

1 1 1 a ) 2 1,
5ve+§529+§62,,e - 2las 2M2C0(ME,Mz,Mz)_M{CO(ME,Mz,Mz)+ZMZCO(MZ,ME,MI)

a2

1 ,s s? 11 ¢
- ZMle_ZCO(Ml,M]: ,ME)_Bo(O,Mz,M2)+ Z 1- ? Bo(O,MI ,ME)"‘ §+§ 1- ?
3 §2
+35 B(OszML)‘i” B1(0M1,M7) . (29
|
Using Egs.(B7)—-(B10) we find that the expression above C. Nonuniversal corrections toAk;

involves no large logarithms. Also as said before the first
term (Rea;) in Eq. (22) contains finite parts which go as
~Mz/Mgysy. Thus no large logarithmic terms arising from &

the wave function and vertex corrections of the muon decay i —= y*(F{P = ysFy, (30)
and the decoupling of large logarithmssh appear. 2sc

The Zff vertex corrections can be written as

where F{") [F{") denote the vector and axial couplings, re-
spectively. Incorporating the tree level couplings we can

To conform with the notation of Ref11] we use the couplings write this vertex in a slightly different form as

&9 w=09P5, by -w=9P% . P andPf are given in Appen-

dIX A [see Eqs(Al3)]. Also the lepton, slepton, chargirfor neu-

tralino) couplings in Eqs(25)—(28) differ in sign from those given We follow the notation of Ref{13] which will be useful in what
in Eq. (A20). follows.
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e
i gw(uﬁpﬁugm), (31
where
g FE 32
u =u 162" (32
Ug=u +1Rf) (33
ROTR 1672

In the equations abovg ,ug are the tree level left and right
handed couplings respectively related to the vectoand
axial a; tree level couplings by;=u  +ug, a;=u,—Ug.

F{" denote the corresponding one loop corrections to the (b)
aforementioned couplings, with the coefficient 1#f6fac- L
tored out for convenience. These are relate@{8,F{" of 4
Eq. (30) by \/\/\/vv\/\/\/v\(:\ g
CAN
F(f)EL(F(f)-I— F(f)) (34) (©)
V=gt L R )

1
(= _~ (p(_g®
Fa=Te2(FL ~Fr): (35

(d

As a result the corrections thk, are given by
FIG. 2. (a) Self-energy chargino and squark corrections to the
Zbb vertex.(b) Chargino and squark contributions to theb ver-

tex. (c) Supersymmetric QCD corrections to tﬁeﬁvertex from
gluino and squark contributiongd) Self-energy gluino and squark

Ake=— ! ! (u FR —ugF"), (36)
16m2 2Qs(u —ug) = " L

and are equivalent to the well known expression contributions to theZqq vertex.
N 1 Vit pling of large logarithmic terms arising from the neutralinos
Aki = == Fv -z Fa'l (37) exchanges proceeds in exactly the same manner
25%Q; ay gesp y :

We will first discuss the self energy correctionsZzbb
In Eq. (10) we have denoted bgk?VSY the supersymmet- vertex. From the diagrams of the Figap we obtain’ in an

ric contributions toAk;. Here we consider the example of

the decoupling of large logs i6k?"S" in the case where the

fermionf stands for a “down” quark denoted Hybeing in "The functionsb, ,c, used throughout this section which are de-
the same isospin multiplet with the “up” quark denotedtby fined below should not be confused with the Passarino-Veltman

In this case we have functions [21] which are commonly denoted by capital letters.
These are actually the reduced Passarino-Veltman funcfi2iis
1 1 defined as
a2

UL=—§+§S , (38)

by(my,m;,q)
1. 1 Xm2+(1=x)m2—g?x(1—Xx)—ie
uR:§s2, (39 Efodxxlog ! ;2 ,

Co(mMy,my,mg)

1
Qi=— 3 (40) _ foldxfol_xdy

The cases of other fermion species are treated in a similar ) )
manner. In what follows we will consider only the chargino Xlog(l—x—y)ml+xrr1§+ym§—(1—x—y)(x+y)mb—xyP2
corrections to vertices and external fermion lines. The decou- Q? '
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obvious notation, ) )
I:L == = P Cs(mTk:m}i,m}j)
FO= 3 3 bym,my myufaifz (41
i=12j=12 _ - ~ .AL
2 CO(mTK!m;(iiij)
FQ'= by (e mp)uglb?Y2 (42
R ig,zjg,z il i o) Url i} 42 +m}im}jcz("ﬁk,m}i,m}j)ARij thath*,
From Appendix A[see the discussion following Egs. (49
(A19)] we getath g, abtx— h, and bth——hb. All
other couplings vanish When the electroweak symmetry F(Rb>=—_ Z 1 cha(r‘rrtk,m;(i,rm(,)
breaking effects are ignored. Thus we get Lik=12 :
1
FI¥'=u [g?by (M ,M5,my) +heby (M, ,mp) ], 5~ Colm, M., ) | AR
(43
o~ - bty bty
F = ug[h2by (M, 1, mp) . (44) o M, T Ca M, i ) AT ]b b
On the other hand, from the first triangle graph of Fig. (50
2(b) we obtain whereP is the momentum carried by theboson. The cou-
plings A%, AR can be read from Appendix fsee Egs.
(b) _ (A17)]. In the absence of electroweak symmetry breaking
FL i,j,k2=1,2 CO(mk’mi’mti) effects the only nonvanishing couplings are
2. 1 ALy =c?= ARy, (53)
3 25— K,tf K}l t"ab‘)(*, (45)
1
Abp=c?— 5= AR, (52
FO = Co( M, , M, M.
R i,j,k2=1,2 ol M TR, 15,) Thus, we obtain
205 1 g T ) bttty F(®) =g282c,(m: ,M,,M,)+h? ¢ ! Co(MT )
x| 3876 = S KIT Kjy [bRMbg™ , (46) L =97 Col My, M2, V2) Ty 2 | Col Mg, s ),
(53
which, when the electroweak effects are ignored, have the 1
following form: F(Ff’)zhﬁ(éz— E) Col My, 4, 0. (54)
m_ (2212 i he di fFi d b
FP= §5 -3 g CO(MZ,m;L,th) Summing up the diagrams of Figsia2 and Zb) we get
2., FiP= —1+1s [9%01(m , M2, M) +hZby (Mg, i, mp) ]
+ 3 S*hEco( M, M), @n 't 2 1(M M2, M)+ Ny (M My
2., 1
b 2,\2 1 2 + 532_5 QZCo(Mz,rTTfL,mEL)
F(R)=(§S —E)hbco(ﬂ,nﬁL,ﬁﬁL)- (48)

2. -
+ = s?hZcy(w,m;_, M) +g2c?co(my. ,M,, M
The calculation of the second diagram of Figb)2give$ 37 ol Mgy M)+ G ol M M2, Mz)

o[ 21
+ht c _E CO(rn{Ry/J«uU«)a (55)
% ca,cel(my,my,mg)
(b) 1. 2. 1)
- [ o] 3100 FiP)= 5 S22y (1, my) + | 552 5 | Wco(w. )
X ! ofnp 1
(1—x—y)mZ+xm2+yma—(1—x—y)(x+y)mi—xyP?—ie +hpl ¢ _E) Co( MM, 4. 14). (56)

015019-7



A. DEDES, A. B. LAHANAS, AND K. TAMVAKIS PHYSICAL REVIEW D 59 015019

In the limit of qzzmgz_oy PZ=M5—0 or M2<M% sy, The one loop correction t@qq vertex [see Fig. 2c)]
the following useful relations hold: where two squarks, which are coupled to theoson, and a
_ gluino are exchanged yields for the left and right handed
Co(My, Mz, M3) =by(Mz, My, 0), (57) couplings defined in Eq$30)—(33),

Co(mMy, My, mgz) —b;(my,m,,0)

16 S
2 i
m) 1 Fi¥=>2(4 K KiALC
= ————| mim3log —; —-(mi+md)|. (59 L =3 WaS)i:ELZj:ELZ J11 g 24
2 2 2
Using these we have for the expressionsFgt; above X(mg, M2, mg; M3 Mg, M) (61)
F®=h?0| — | +g%0| — (59) 16 o e
2 *
MZ M3 F(Rq)=§(477as)i:212]_:212quzKiquJa'CM
and
2 X(mé,Mi,mé;M—g,nﬁi,nﬁj). (62)
F'=hZo| — |, (60)

In these, the coupling\éI is given by

which is independent of large logs and the decoupling of
terms logMgysy/Mz) is manifest. B L L

So far we have considered the cancellation of potentially Al = uLqu*lKiqlJr uRqu*zKi“‘z,
large logarithms involving the soft SUSY breaking scale d
My, and the mixing parameter which arise from the neu- yith K9 the matrix diagonalizing the squatkmass matrix.
tralino and chargino sectors whe,,;>Mz. A similar  the fynctionC,,, with momenta and masses as shown, is
analysis can be repeated for the corresponding contributionge coefficient 0fy,,, in the tensor three point integréthis is

of the squark and slepton sectors, whose masses depend & ; oo @
on the soft SUSY breaking parametdvty. when M, gets b%onoted byCyo in Ref.[24]). The contribution oF ™ to the

large. We have carried out such an analysis and found thdp'M factor Ak, is free of large logarithms. In order to un-
the decoupling of large logarithms does indeed occur Whe,qers_tand this COﬂSId?I’}hE case of vamshmg qgark eSS
these parameters get large values. It is not necessary to this case the matrlKiqj becomes the unit matrix. It is easy

present the details of such a calculation here. We merelyp see that the contribution t@Rq, as this is read from Eq.
state that large logarithms arising from the vector boson self¢36), is proportional to the difference

energy corrections which contribute to the quantitlas,,,
- P : - Cos(mZ M2, m2;M2 mé m?)
p, andAk; cancel against those froeM ;). Also, the large 24810 M Z 2T Vg g, g,

log contributions from the muon decay amplitude, which af- 2 52 2 2

fect the effective mixing angle throug#>", cancel among —Cadmg Mz, mg ;Mg mz_,mg ).

themselves. As for the large logarithmic contributions to the o _

weak mixing angle from the nonuniversal corrections to theln this difference the leading log terms cancel each other.
factor Ak, these are found to be cancelled in exactly theNote that it would vanish if the left and right handed squark

same way as in the case of the neutralinos and charginos. fields happened to be degenerate in mass. Due to their mass
splitting, however, the result is not vanishing but at any rate

D. SOCD corrections toAk small. In general the SQCD vertex corrections turn out to be
' f smaller than the corresponding electroweak corrections, as
The last corrections to be considered are the SQCD norwe have verified numerically.
universal correction$23] which, due the largeness of the  As for the external quark contributiofisee Fig. 2d)] we
strong coupling constant, are naively expected to yield confind
tributions larger than those of the electroweak sector. This
case is of relevance only when the external fermions in the
Zff vertex are quark fields and is of particular interest for
the bottom case whose measurement of the forward-
backward asymmetry [ ® yields the most precise individual
measurement at LEP.

8 2 2
=2 (dmau (8, (m M2 12 )

2 2 2g2 2
+7B,(m2, M2, m? )], (63

8 2 2
Ff:zq)zg (47Tas)uR[SzBl(m§ ’Mé ’mﬁl)

%The Iogarlthmlc corrections of the Higgs sector to Heb vertex + CzBl(mé , M2 ,mg )]. (64)
and externab lines are cancelled in exactly the same manner. g9’ 9
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In the equation above=KY,, s=KY,. Their contribution the effective weak mixing anglef . In addition, the value of

to Ak, is free of large logarithms and small due to cancella-the strong QCD coupling, as it is calculated in tMS
tions of the leading terms exactly as in the case of the verteRcheme aMz, is among our outpuf27]. Note that we have
corrections discussed previously. In fact in the limit of van-used as inputs the parametergy, Mz, andGg which are
ishing quark mass the self-energy correctionsqu is pro- experimentally known to a high degree of accuracy, as well
portional to the difference the masses of IAeptons and quarks. A

The factorAk; needed to pass from th&(M5) to the
effective angl&f(Mz) receives universal corrections, from
the y-Z propagator, and nonuniversal corrections arising
from vertices and external wave function renormalizations.
which vanishes when the squark masses are equal. Therefole find that the nonuniversal electroweak supersymmetric
following the same arguments as in the vertex case, we areorrections are very small. Although separately vertex and
led to the conclusion that SQCD contributions from the ex-external fermion corrections are large they cancel each other
ternal quark lines are small. yielding contributions almost two orders of magnitude

In addition to the cancellations discussed above whictsmaller than the rest of the electroweak corrections. The non-
lead to relatively small SQCD vertex and external fermionuniversal SQCD contributions althoughpriori expected to
corrections, these two contributions tend to cancel each othéo be larger than the Electroweak corrections turn out to be
since they contribute with opposite signs. This results in veryeven smaller. The reason for this was explained in the pre-
small overall SQCD corrections mkq almost one to two vious section. In fact they are found to be one to two orders
orders of magnitude smaller than the corresponding nonunPf magnitude smaller than the corresponding electroweak
versal electroweak corrections. We shall come back to thigorrections. We conclude therefore that at the present level
point later when discussing our numerical results. of accuracy one can safely ignore the supersymmetric non-

In the following section we shall discuss our numericaluniversal corrections to the factorsk;. The situation is
results concerning the predictions of the MSSM for the ef-very clearly depicted in Table | where for some characteristic
fective mixing angle and asymmetries. We will also preseninput values we give the contributions of the various sectors
the corresponding_ theoretica! predictions for the mass of thgy Ak,, as well as their total contributions, and also the
W-boson through its connection to the parameter rho and thgorresponding predictions for the values of the effective mix-

2 2 2 2
Bl(m(zl ,Ma1rr}al)_Bl(m§,Ma,maz)

effective mixing angle. ing angle and the asymmetries. Concerning the values dis-
played in Table I, in a representative case, a few additional
IV. NUMERICAL ANALYSIS AND RESULTS remarks are in ordeii) The bulk of the supersymmetric cor-

rections toAk; is carried by the universal corrections which

For a given set of pole masses®®, mf°, mP°® we , , hien .
) given. P . e ° i are sizable, due to their dependence on large logarithmic
define the DRYukawa couplings aM,. To start with, we . A
terms. These cancel similar termssh

~ . "2_ .
set a test value for the? (i.e, s°=0.2315) and we define the (i) The contribution of Higgs bosons, which is small,

DR gauge couplingg; andg, atMz. The numerical output  mimics that of the standard model with a mass in the vicinity
is independent of the starting value &. Fors? around the of =100 GeV.
value given above the number of iterations needed for con- (iii) Gauge and Higgs boson contributions tend to cancel
vergence is minimized. Then we use the two-loop renormalfarge universal contributions of matter fermions. Concerning
ization group equationg25] to run up to the scaldgyr  the gauge boson contributions note that they are different for
whereg; andg, meet. AtM g7 we impose the unification the different fermion specielsc,b. This is due to the fact
condition that their nonuniversal corrections depend on the charge and
weak isospin assignments of the external fermions and on the
~ A oA mass of the top for when the external fermion is a bottom.
96ur=91=92=0s- (65) (iv) The slepton universal corrections are suppressed rela-
tive to their corresponding squark contributions. This is due
Assuming universal boundary conditions for the soft break0 the following reason. The couplings of the left and right
ing parameterdly, My, andA,, we run down toM, and  handed sleptons to the neut&boson depend on the angle
find the couplings and the soft massedviat which are in- s? and would be exactly opposite # happened to bé.
puts for the self-energies of the gauge bosons, wave funckhus their contributions to the-Z propagator would be ex-
tions and vertex corrections and they define the sdwrhe  actly opposite if their masses were equal leading to a vanish-
whole procedure is iterated until convergence is reached saitig slepton contribution. The fact that=0.23 is close tc
isfying the full one loop minimization conditions in order to in conjunction with the fact that the left and right handed
have radiative symmetry breaking observing the experimensleptons are characterized by small mass splittings leads to
tal bounds on supersymmetric particles. For the calculatiofthe conclusion that universal slepton contributiona g are
of the one loop integrals encountered we have made use gfnall.
the FF library [26]. The conversion of the “theoretical&? In Fig. 3, we display the effective weak mixing angle
to the experimentad? through Eq.(8) gives our basic output: s?(M), obtained from the verteX—I*—1~, and the weak
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TABLE I. Partial and total contributions tak; (f=Iepton,charm,bottom), for two sets of inputs shown
at the top. Also shown are the predictions for the effective weak mixing angles and the asymmetries. In the
first five rows we display the universal contributions td £k of squarks §), sleptonsT), neutralinos and
charginos Z,C), ordinary fermions and Higgs bosgthe number shown in the middle below the “charm”
column refers to “lepton” and “bottom” as well In the next five rows we display the contributions of
gauge bosons as well as the supersymmetric electro(@&k and SQCD vertex and external fermion wave
function renormalization corrections to *0AKk.

My=200 M,,=200 A,=200 Mo=400 M.,=400 Ay=500
m,=175 tarb=4 u>0 m=175 tarnb=4 u>0
lepton charm bottom lepton charm bottom
q -6.6206 -8.8188
T -0.3123 -0.3791
Z,C -4.4892 -9.6138
Fermions 4.6573 4.5103
Higgs -0.7312 -1.0113
Gauge -3.1782 -3.6272 2.2911 -3.1128 -3.5572 2.2822
Vertex (EW) 1.2324 3.5581 12.7641 2.2825 4.8539 18.1519
Wave (EW) -1.3209 -3.5208 -12.9598 -2.2973 -4.8422 -18.0059
Vertex (SQCD 0.2110 -1.1129 0.2361 -1.1166
Wave (SQCD -0.2103 1.1012 -0.2359 1.1135
AK(X 10%) -1.0763 -1.1085 -0.5412 -1.8440 -1.8858 -1.2888
Sirtg; 0.23134 0.23126 0.23259 0.23145 0.23135 0.23276
Alg 0.1485 0.6684 0.9348 0.1476 0.6681 0.9347
Alg 0.0165 0.0744 0.1041 0.0163 0.0740 0.1035

mixing angles?(M) as functions of the soft gaugino mass dently of the value ofM,. It must be noted that, when
parametemM ;,, the soft parameteM,, A, as well as the Mi12=Mz andMy=200 GeV, the values of the two angles
parameters ta@ andm, inside the region which is indicated are equal, i.e.s7(M ;) =s*(M;)=0.2310. We have also ex-
in the figure. Nonuniversal supersymmetric vertex and exterplored the case where the Higgs boson mixing parameter is
nal fermion corrections have been taken into account. As igegative u<<0). In this case, abl,,, tends to larger values
well known there is a discrepancy between the LEP and SLIM1,—900 GeV, s’ (M) approaches the value 0.23145
experimental values af;. The LEP averageZ,=0.23199  which means that, for large values Mf;;,, /(M) is inde-
+0.00028 differs by 2.8 from the SLD values?, Pendent of the sign of. as it is expected from the decou-
=0.23055-0.00041 obtained from the single measuremen®!ing shown in Sec. lll. The sign gi does not affect either
of left-right asymmetny[3]. The LEP+SLD average value is the s*(Mz) value for largeM .. The effect of the sign ap-
s24=0.23152+0.00023. We observe tha?(M,) takes on Pears in the lower values oMy,. In the region My,

the “theoretical” values?=0.2377 forM,,=900 GeV and ._>MZ’ the value ofAk (|2 eiz # 7) I? always Qe_g_aﬂve
becomes larger and larger due to the fact that it contain¥! the_ casqu<0 and thuss;<s". Thgre IS no possibility of
large logarithms. Manifest cancellation of large Iogarithmicequallty szetween the tWPZ angles in th|§ case. The largest
terms is obtained in the extracted value of the effective wealf@lue ofsj(Mz) =0.2315[s%(M2)—0.238 is reached when
mixing angle as we have analytically demonstrated in thé¥z2—1200 GeV. Just above this value no radiative sym-
previous chapter. In Fig. 3, the dispersion of the values ofm€lry breaking occurs. The lowest value of (M)
$2(M) in the lower region oM, is caused by the presence =0.2305 [s(M;)=0.2303, for u>0, and s}(M;)

of the finite parts of orde@®(M,/Mgysy) in the expression =0.2309[s*(M,)=0.2316 for <0, is bounded by the
(8), which become very important whekll;,~My~M;  new experimental limit on the chargino mass which is
(case which is preferred by SLD datand contribute posi- around~84—86 GeV[28].

tively to Ak. WhenM,,,—900 GeV(a case which is rather In Fig. 4, we plot the values orf;? for the fermionsf
preferred by LEP dajathen s,Z(MZ)HO.23145 indepen- =c,b. In the large SUSY breaking limit, where all superpar-
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0.238 T T 0.2324 — T . . T T T T
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0235 v ¢ 0.2316
< Ay =0 —900GeV
0.234 - 7 tan f = 2 — 30 4 S 02314
© =
& my = 175+ 5 GeV -
%f 0.2312 My =170 -900GeV
0.233 | o n>0GeV - Ao = 0 — 900 GeV
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FIG. 4. The effective weak mixing angleg ands:. In the
~ . region M,,,—900 GeV, the two angles are separated from each
to the weak mixing angle*(M) versusM ,;, when the soft param-  gther. The dispersion of points around the central valueMgy,
etersMo, Ao vary in the indicated regions. The width of each - 200 GeV is due to the variation of the top mass. For the limiting
branch is due mainly to the variation oMo, for low My,  pehavior to be more clearly exhibited, in this figure and in Figs. 3,

<200 GeV, and to the variation of the top mass iy, 7 and 8 we do not display the dispersion of points
>200 GeV. The effect of the variation &,=0—-900 GeV and ~gog Gev.

of tang=5-28 ons? is negligible. The error bar show the mea-
sured value ofs,2=0.2315& 0.00023, obtained at LEP and SLD.
The MSSM value is in agreement with the LEBLD data for the
bulk of the values in the soft parameter space.

FIG. 3. The effective weak mixing anghﬁ(Mz) in comparison

case. Radiatively corrected light Higgs boson masses are also
shown in Fig. 5. Figures 6 and 7 display the range of predic-
tions for the mass of thév-gauge boson in the MSSM. As
one can see, th&/ mass is in agreement with the presently
experimentally observed valu®l,,=80.427-0.075 My
=80.405+0.089) GeV obtained from LEFCDF,UA2,DO

ticles are quite massiveM4,—900 GeV), we obtain for
the central values?=0.2330 ands?=0.2314. In the light
limit, My,=My=M,, they take on the values§=0.2298
and s2=0.2308. The main effect in the extracted values of

the effective anglez;|2 is coming dominantly from the varia- 2328 | ' ' 'AD:AJO:zu'w = 600 Gel’ _

tion of M, and secondly fronM,. If My, is kept constant, 2 o= M= M Y SED o

the variation ofM, from 100 to 900 GeV, changes by 02310 i

+0.0005. In addition, the effect &, on the effective angle 02515 _ )

is negligible. The effect of the independent parameteiBtan 02814 | ) i

is also negligible if it remains in the region t@a=5—28. 02313 | My = 1S £7GeV’

Large loop corrections to thie-Yukawa coupling(or to the 02812

bottom pole mags which are proportional to the term 0.2311 |-

wtang, affect the obtained values &f in the large targ 0231 tanf =4, 5> 0GeV

region[29]. 0.2309 b ~ A
There is a strong correlation of the output value of the 0.2308 |- M= 108£5GeV

effective weak mixing angle with the top quark mass asitis 307 L L ! ! L

shown in Fig. 5. In this figure, we have chosen two charac- 170 175 180 185 190

teristic sets of input valuesy,=My=M,,=600 GeV and e (GeV)

Ap=Mo=My,=200 GeV. It is clear that the first case is  FIG. 5. MSSM predictions fos? as a function ofm, for two
most preferable if one assumes the HEFLD data, where different characteristic values of the soft breaking parameters. The
S|2= 0.23152:0.00023. The present combined CDF/D&)]  corresponding values of the light Higgs boson mass and their errors
result form;=175+=5 GeV, is also compatible with the first due to the variation o, are indicated.
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FIG. 6. MSSM predictions for physical mass of théboson as
a funcion ofm, for the same inputs as in Fig. 5.

experimentd 2] for rather low(high) values ofM, in the
region of m;=175+5 GeV. Variation of m; equal to
+5 GeV leads to variation oM, equal to+0.032 GeV
while the effect ors? is —0.00017.

The left-right asymmetries are given by the effective La-

0.17 T T T T T T T
0.165 My =70 -900Gel™ -
Ap = 0—900GeV
tan 3 =2 - 30
0.16 | -

0.145

LEP+SLD Average

my =175+ 5 GeV

1> 0GeV

100 200 300

grangian(7) with

2U gﬁ/afeﬁ

Alg=Al=—————
LR 1+ (vigale)?

(66)

FIG. 8. The left-right asymmetrj. in the MSSM as a function

500 600 700 800 900

My, (GeV)

of My, when we varyMg, Aq, tangB, andm,;.

where

81

80.9

80.6

My (GeV)

80.4

80.3

80.2

80.1

FIG. 7. MSSM prediction for the mass of thégauge boson as

5 %@&w@o ®
<A

K<~

My=70-900GeV o
Ay =0—900GeV
tan 3 =2 — 30 -
my =175 £ 5 Gel”
1> 0Gel .

100 200 300 400

My, (GeV)

500

600 700 800 900

a function of the independent soft parametitg,, My, andA,.

The experimental

parison.

value M,=80.427:0.075 (M,y=80.405
+0.089) GeV obtained at LERCDF,UA2,DO) is shown for com-

f _—f 2~ f
Ve= 13— 25;Q",

alg=T5. (67)
As is depicted in Fig. 8, the MSSM prediction far® agrees
with the LEP+SLD average value 4 ¢=0.1505+0.0023)
when bothM 1, and M, take on values arounil,. In the
heavy limit (large M4,5), the MSSM agrees with the LEP
value A°=0.1461+0.0033. Note that aM;,—900 GeV,
the value of A€ tends asymptoticallfwhich means that
large logarithms have been decoupled from the expression
(66) ] to the value 0.1476 correspondingsﬁ): 0.23145(see
also Fig. 4.

In the results shown in Figs. 3—8, we have not considered
the constraint resulting from the experimental valuengf
In Fig. 9, we have plotted the acceptable values of the soft
breaking parameterd ;,, and M,,'° which are compatible
with the LEP+SLD (ag=0.119+0.004, s2=0.23152
+0.00023)[3] and the CDF/DO(m;=175+5 GeV) [30]
data. The trillinear soft couplings as well as the parameter
tanB(M,) are taken arbitrarily in the region (O
—900 GeV) and (2 30), respectively. As we observe from
Fig. 9, MSSM with radiative EW breaking is valid in the
regionM,=500 GeV andVl,;=70 GeV!! In this region,
the physical gluino mass is above 1 TeV, the LBRe of the
neutralino$ is =200 GeV, the chargino masses g,

Owe examine the region wheks,, Mgy, M;,<900 GeV.
The requirement that the LSP is neutral puts this bounign
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900 FT . . . o 060 ©J ' N ing paramete, which in the constrained MSSM with ra-
S O o> /”l’
A .. . . . . .
800 | LEP+SLD Average ¢ §%<§ ° °<><>0<>%— diative symmetry breaking, is large, is obtained in the same
S O . .
700 s = 0.23152 & 0.00023 & %@@oiogoog So 60 manner. The cancz'allat'lon of potentially dangerous terms also
o QZ%M o © e & holds for the contributions of the squark and slepton sector.
600 -« (Mz)=0.119 £ 0.004 O@b @@%@ o %o_ i 2 2 i
o ) ICYPA S8 The cancellation of the log(5,sy/M7) terms in the DR
g 0 me=lmEsGe %? 2. 2o %Z' scheme had been shown only numerically in previous stud-
o & .
= 400 00?8 4 i&%}; > Q@_ 1es.
300k ©>0 N Q%% I G It must be noted that there are large logarithmic terms in
& & ] 1 H ” . .
200 | S0 000,060 S04 the “nonoblique” supersymmetric wave function renormal-
o ¢ %0 Yo 0 ization of external fermions and vertex corrections of the
100 | 669 6O & — .
TR R S R S Al A E vertex Zff. Nevertheless, we have analytically proven that
100 200 300 400 500 600 700 800 900 .
M, 2 (GeV) they get decoupled fromk; and, hence, from the effective

weak mixing angle itself. In addition to the analytical results
FIG. 9. Acceptable values in thd,,-M, plane according to the described in Sec. Ill, we have also displayed representative

LEP+SLD data. The values of tghrandA, are taken in the region numerical results in Table | in two particular cases of the
2—30 and 0-900 GeV, respectively. Only large values Mgy, MSSM.
are acceptable. We have also presented analytically, the decoupling of the

large logarithmic terms fromf2 in the case of the nonuniver-
=650, 370 GeV, the top squark massesrare,=1000, 790  sal SQCD corrections. Besides the self-cancellations of this
GeV, the shottom masses ang, = 1000, 960 GeV, the terms from the relevant diagrams Figgc)2and 2d), there
slepton masses are; =340, 210 GeV, the sneutrinos are are additional can.cellation.s fro'm the summation of these dia-
m=330GeV and the radiative one-loop corrected Higgs grams 'due to their opposite sign. We have fou.nd that these
masses areM;,Mu p 1.=108, 780 GeV, respectively. corrections are very small and co_uld be safely ignored from
Thus, we conclude that the recent LEBLD and CDF/DO  the analysis in the present experimental accuracy.
data analysis favors the MSSM with radiative symmetry We have further proceeded to a numerical study of the
breaking only in the heavy limit of the sparticle masses. ~One loop corrected effective mixing angle having as inputs

the values ofagy, Mz, the Fermi coupling constar@,

and the experimental values for the fermion masses. Assum-
V. CONCLUSIONS ing coupling constant unification and radiative breaking of
he electroweak symmetry we have scanned the soft SUSY
tions to the effective mixing anglef which is experimen- reaking parametric space an(_j _given theoretical predictions
tally determined in LEP and SLD experiments from mea-for the value_ of the effective mixing angles, the value of the
surements of on resonance left-right and forward-backwardt"ong coupling constant 8 and the value of thé\-boson
asymmetries. This effective angle differs from the corre-mass as this is determined from the parameteand the
sponding mixing anglé? defined as the ratio of couplings effectlve wgak mixing angle. Wezﬂnd th:;lt t.he large logarith-
which is useful to test unification of couplings in unified Mic corrections of the form loddsysyMz) indeed get de-
schemes encompassing the standard model. The differenggupled from the extracted value of the effective weak mix-
of the two angles, while very small in the standard model, ignd angle in the region of largeM,, and My (Fig. 3
substantial in supersymmetric extensions of it due to largéollowing our analytical calculations. The predicted MSSM
logarithmic logM2,s/M2) dependences . Thus, al- values of the effective angles are in agreement with the LEP
+SLD data(Fig. 4 as well as with the new CDF/D@B0]
results for the top mase,=175+=5 GeV (Fig. 5 in the

We have considered the supersymmetric one loop corre

thoughs? is a useful theoretical tool to test the unification of
couplings, it is not the proper quantity to compare with ex- =" . . . .
perimental data which have already reached a high degree gggion where all sgperpartmles are quite massive. In this re-
accuracy. Therefore, the relation between the two definition§!0N: MSSM predicts values of th#/-gauge boson mass

is of utmost importance for phenomenological studies of suWwhich are in agreement with the ng&] CDF,UA2,DD av-

persymmetric extensions of the standard model. erage value 80.4050.089 GeV(Figs. 6 and J. Large loga-

In this article we have calculated all corrections to thefithms are also decoupled from tHeft-right asymmetry
factor Ak; relating the two angles? and 8 including the value A°. eMSSM seems to prefer the experimental LEP
nonuniversal corrections from vertices and external fermivalue of A”, rather than the average value from LEBLD
ons. WhileAk; is plagued by large logarithms in the limit (Fig- 8. Finally, values ofMy, which are greater than
where the supersymmetry breaking scale is large, the effe@00 GeV are favored by the MSSM if one assumes the
tive weak mixing angle does not suffer from such large logafresent LEP and CDF/D@ata fors{, a5 andm; (Fig. 9.
rithms. In fact, we have proven that there are no dangerous Note addedAfter submitting this article for publication
logarithmic corrections lod¢1,/M3) from the chargino- we became aware of the paper by P. Chankowski and S.
neutralino sector to the effective weak mixing angle. ThePokorski[31] where corrections to the leptonic mixing angle
decoupling of large logarithms involving the Higgsino mix- and predictions for th&V boson mass are presented.
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APPENDIX A: QUICK REFERENCE TO NEUTRALINO/CHARGINO AND THEIR INTERACTIONS

In theB, W®, iH?, iHY, basis the neutralino mass matrix is

v CoSfB vsing
M 0 ! _ !
1 99— 99—
v COsSB v sing
0 M —
2 ’ g ’ 2 Al
My= v COSf3 v cosB 0 ~ ' (AL)
99— 9—> M
,vsing v sing B 0
|
The mass eigenstateg, 3 ) of neutralino mass matritty v sing
are written as M, -9
V2
o MC: COSB . (A6)
N B v
X1 B -g M
| [we "
Ol <ol =| =0 (A2) Di lizati  thi L
X ifo iagonalization of this matrix gives
X P m, 0
UM V= (A7)
0 m,
and
Thus,
T —Ai ~ ~ -
@ MNO—dlaQXrn;(ci,ng,ng,ng), (A3) e __ _
chargino§~ — My, X1X1~ My, X2X2- (A8)
where O is a real orthogonal matrix. Note that when elec- ) ) ~ .
troweak breaking effects are ignorétakes the form The Dirac chargino stateg, , are given by
N g
L 0 X1E(—_)' X2= —_)- (A9)
1 1 )\1 )\2
02 = = . + o+
O= V2 2|, (A4)  The two component Weyl spinois;, are related toW™,
iH,, iHJ by
1 1
V2 2 TR WD G
\Y e =) (W™, iHD)UT=(\], \)).
The chargino mass matrix can be obtained from the fol- 2 ? (A10)
lowing Lagrangian mass terms:

The gauge interactions of charginos and neutralinos can
W be read from the following Lagrangid®.
::r;%srsginos:_(w_!iH]T)Mc<iﬁ+) +(H.0, (A5
2

~ _ ~ 2In our notatione= electron’s charge just opposite to that used
where we have defined/* =WV iw®)/,2 and in Ref. [24].
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L= g(W*J“+W J4)+eA I +Mz J2. (A11)

uYem

L=ix%(PLalT+Pebl T

+ixi(PLall + Pebf )T * +He  (AL9)

Also,
d ¢ s\ /w® In this, x;(i=1,2) are the positively charged charginos and
M~ M c . . A X
(A ) =l . . B (A12) xi the corresponding charge conjugate states having opposite
s -s ¢ m charge.f, f' are “up” and “down” fermions, quarks or

leptons, whilef;, f/ are the corresponding sfermion mass
eigenstates. The left- and right-handed couplings appearing
above are given by

The currents)y , J&, andJ7 are given by

=Xy P PL+PRPRIY a=1...4, i=12,

(A13) 3
T — _h,,
whereP_ =175 y5/2 and gV* Kll hVi: KJZ’ bj hy 'zKll’
1 f?’ ?’
PL=+ EO4aVi*2_02aVi*1: 9U|1KJ1+ hs U |2K,2, bij = hsVizKj;.
1 In the equation abovk;, h;, are the Yukawa couplings of
PR=——"—0;,U%— 0,,U¥. (A14)  the up and down fermions, respectively. The matrikés’
V2 which diagonalize the sfermion mass matrices become the
_ ) unit matrices in the absence of left-right sfermion mixings.
The electromagnetic curredf, is For the electron and muon family the lepton masses are
L taken to be vanishing in the case that mixings do not occur.
JE=x1Y X1t X227 X2 (A15) In addition the right-handed couplings, are zero. The corre-
sponding neutralino couplings are given by
Finally, the neutral currenty can be read from
- L=iy (PLa”+P ) £
o= ﬂ[PLAlj_l—PRA”]X] : o
—— - +|X %P.al] Py b "V F*+He  (A20)
+ X [PBay* PrBRulxe,  (AL6) : '
The left- and right-handed couplings for the up fermions,
with sfermions are given by
AL—“25--—EV- \Vie f Kt
ij = C"0ij 2 Vi2Vja aaj:\/— ng02a+9 2 Ola jp T h OAaK121
AR=¢25. — Eu. u* > Yie
A baj= ﬁ( —9'7%) Kfz = hiOuakK]y,
1 . . . .
BL == (032035 04a0), \tly;”e those for the down fermions and sfermions are given
BR=-B%,. (A17) 4

~ Y
78 _ 5 3 f £ £/
aaj = 2<ng’OZa+g,7013>KJ1 - hfrO3aK1'2,
Note that sincé85,= — BL, the neutralino contribution td4
can be cast into the form

!

rYfC ! f!

bl =2

1 = ~
Jz=—5B (XS ¥ xp)- (A18)
. . . APPENDIX B: PASSARINO-VELTMAN FUNCTIONS
For the supersymmetric external fermion corrections we
need know the chargino and neutralino couplings to fermions All functions appearing in the propagator corrections in
and sfermions. The relevant chargino couplings are given bthe main text can be expressed in terms of the basic
the following Lagrangian terms: Passarino-Veltman integrals,,B, in the following way:

015019-15



A. DEDES, A. B. LAHANAS, AND K. TAMVAKIS PHYSICAL REVIEW D 59 015019

1 m2 lations are useful in order to express the contributions to
Ao(m)=m? :+1—In§ , (B1) Ve~ in terms of the masses of the particles in the loop
€
Bo(p,m¢,m
opm Bo(0 ) 1+1+| i + m I m
my,my)=— n—|+———linl —|,
1 (1 (1—x)mi+xmi—x(1—x)p?—ie O m3/ mi—-ms \m:
€ 0 Q2 (B7)

(B2)

where 1£=1/e— yg + In4ar. This reduction can be done with

2 2 2
the following identities(in what follows we made use of _1 E Q_ my
. ) B,(0m;,my)=—= =+ 1+In +| ———
these functions only p mg mi_ mg
H(p,my,my) =4B,(p,m;,my) m3\ 1/ mi+mj
XIn| < | +=| ——1 |, B8
+(p?=mf—m3)Bo(p,mg,my), (B3) mZ) 2\ mi—mj (59
~ 1,
B2o(p,m,m)=— 5P Bo(p,m,m)
1 1-x
L1, Cotmy.m,my)=— [ ax| ay
~1gP +§[m +m°By(p,m,m)—Ag], 0 0
1
(B4) . (BY)
B max+ may+m3(1—x—y)
B,y(0,m,m)=0, (B5)
m?s p?
Bo[p.mm] — —In(m%Q?). (B6) 1 m2 m2
. CO(ml’mZVmZ): 2 2+ 2 2.2 IR
For the vertex and box corrections to muon decay we need mi—m; (mi—mj) mj
the functionsBy,B,Cq at zero momenta. The following re- (B10)
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