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We study vertex corrections to the leptonic electroweak observables in the general minimal supersymmetric
standard model at tgB=<35. In particular, we address the question of whether supersymmetry can be respon-
sible for the observed® deviation from the standard model prediction in the invisible width ofzhé/e find
that the presence of a ligkround 100 GeYchargino and sleptons hinted by thg—2 measurements makes
the agreement with experiment slightly better and improves the electroweak fit.
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[. INTRODUCTION ticular, the invisible width of the&Z boson. Motivated by the
supersymmetric explanation of the BN—2 “anomaly,”
The recent Brookhaven National LaboratgBNL) mea-  our study is focused on the question whether or notZhe
surements of the muon anomalous magnetic moment havavisible width “anomaly” can be explained with the same
bolstered interest in supersymmetric modédls These mea- mechanism. In our analysis we perform a global fit to all
surements appear to deviate from standard m¢slel) pre-  relevant electroweak leptonic observables such aftpa-
dictions by 2.6r [2]. A conclusive statement can be maderameters
only after sufficient statistics have been accumulated and the
status of the SM theoretical uncertainties has been deter- NS ( h2 +h2
mined unambiguously3]. However, should this deviation _ I'(Z—hadrong _ Ne
persist and its error shrink, new physics would be required to Ri= r(z—1"1") h2 +h2
explain it. Among the candidate models for new physics,
supersymmetric models seem most promigizig o 5 2
In addition to this possible deviation, there are a number I'Z—vv) hVL
of other discrepancies of similar size between the SM pre- Rye= I(Z—e e ) = W2 +n2
dictions and the experimental values of the electroweak ob- e e
servables. In particular, there is a more long-standipg
“anomaly” [4,5] which manifests in a 24 deviation of the

combined left-right asymmetry id—bb decays measured h2 —h2
at the CERNe" e~ collider LEP and SLAC Large Detector
(SLD) from the SM prediction. It has been argued that such
a discrepancy is unlikely to be a result of a statistical devia-
tion (see e.g. the work of Chanowitz in Ré¢d]). The possi-  and the forward-backward asymmetries

bility of supersymmetric origin of this “anomaly” will be

pursued in a subsequent paper. In addition, there isra 2 3

deviation in the invisible width of th& boson[5], which Ars(l)=7AA, (4)
appears as a deviation of the effective number of neutrinos

from three:

the left-right asymmetries

()

A = ]
" h2+ng

whereh, L are th<=ZI,_ rlL rcouplingsand=e, w, 7.The
N,=2.9835+0.0083. (1 20 deV|at|on in RV,e is related to the~20 deviation in

Ohad—= 127-r1“el“h/mZ 7. We remark thatR,,, is not mea-

Implications of these results for various models of new physsured directly but rather calculated from tEeline-shape
ics have been considered in R€f8-9]. In particular, it was observables. In principleR,,. could be affected by super-
found that models wittR-parity violating interactiong6], symmetry(SUSY) contributions tol'(Z— hadrons); for ex-
two Higgs doublet models at large t8n[7], models with  ample, a light bottom squark may improve agreement with
large extra dimensiong8], and models with an extra experimen{10]. In this work, we concentrate exclusively on
U(1)g_3. gauge bosom9] not only fail to mitigate but in  the leptonic sector.
fact exacerbate the problem by generating radiative correc- We isolate the effect of the vertex corrections which are
tions of the “wrong” sign. This observation has resulted in sensitive to the lepton/chargino-neutralino sector of the mini-
stringent constraints on such models. mal supersymmetric standard mod#MSSM). The oblique

In this study we analyze the effect Bfconserving super- corrections are parametrized in our fit but not used to con-
symmetry on electroweak leptonic observables and, in parstrain the model due to their significant model dependence,
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e.g., they depend sensitively on the Higgs sector, squark/herecz);(R) denotes all the scalars of the theory which trans-
masses, etc. In addition, we let(M;) float in our fit since  form under SW2) as doubletgsinglets. We generally allow

its SM value is extracted frorR,. This strategy has been for nonuniversal gaugino and scalar masses. Note that as a
used previously and proven useful in placing generic conresult of the S(2) symmetry different isospin components
straints on complicated models of new physi6s-9]. We  of the doublets have the same soft masses at the high energy
incorporate the electroweak data reported during summeicaje, whereas there is no similar requirement for the sin-

2000 conferences in our numerical analysis. __glets. At low energies this degeneracy will be broken by the
We present general formulas for the vertex corrections iny|octroweak effects.

terms of the low-energy quantities such as the chargino In what follows we use ta,my,,A,,M; as input pa-
.. . ’ arf ra 1

Masses and mlxmgs,_lgft and right gle.pton masses, etc. V\{%\meters and obtain low energy quantities via the MSSM

then impose the condition of the radiative electroweak sym-

metry breaking and analyze the grand unified the@WT) \r;nonrahzanon groudp iz_quatllo r\if{GE) gllven n Rtef.[; 4 Ki
scale MSSM parameters which improve the electroweak fit, € also assume radiative electroweak symmetry breaking,
£ that the magnitude of the parameter is giveriat tree

However, we stress that our conclusions are independent b
the assumptions about the high energy structure of the theo ﬁvel) y
and can be formulated purely in terms of the low energy

guantities. , ,
An analysis which addresses a somewhat similar question , MH, ™ mHztan?ﬁ 1
but with an emphasis on the effect of the oblique corrections | ul =w— Emz' ()

has recently appeared in Réfl1]. We also find a partial
overlap with earlier wor{12]. Earlier calculations of one-
loop vertex corrections in the MSSM may be found, e.g., in
Ref.[13].

The paper is organized as follows. In Section Il we
present our SUSY framework. In section Il we calculate the@nt: . . L .
supersymmetric vertex corrections and study the decouplinPe AF low energies the charged gauginos and Higgsinos mix,
behavior of the SUSY contributions. In section IV we dis- cading to the following mass matriwe follow the conven-
cuss the fit and our numerical results, and in section v wéions of Ref.[15]; however, we correct their sign error in the
make concluding remarks. In the Appendices we list our Con_superpotennal
ventions and relevant Passarino-Veltman functions.

The phase oj(¢,,) is an input parameter and is RG invari-

Il. SUPERSYMMETRIC FRAMEWORK

M, V2M wsing
We will study supersymmetric models with the following M += .
superpotential V2Mycosp K

©)

This matrix is diagonalized by a biunitary transformation

and the high energy scale soft breaking potential U* M. V‘1=diag(mxl+,mxz+), %)

Vsg=(Mgo) b bt (MG,)2pe* do— (BuHiHo+H.c)

+(AYLHT ek A+ AgYSH g, d5 i — A YU Hoq, UE:
(ArYijHalierj+ AgYijHa0uidR = Ay YijH 0L U, whereU andV are unitary matrices. The mass eigenvalues

1 - o a are defined to be non-negative amg-=m, +.
FH.C)= 5 (MahahatMaAohy+ Makahy), © Similarly, for neutralinos we have i
M, 0 —MgzsinéycosB  MzsinfysinB
0 M, M,cosfycosB  —MzcosbhysinB
Myo=1 M ,sin 6,,cosB M ,cos6,coss 0 —u
MzsinfysinB  —Mycos6ysinB — W 0
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This symmetric matrix is diagonalized by a unitary matxix Neglecting the lepton Yukawa couplings, we have the fol-
lowing SUSY interaction's[15]:
N* Mo N —d|agmxg,mxg,mxg,mxg), 9

Li+=—9g[(UTx7 +Usx3)PLvel + (Vi °
where again the eigenvalues are defined to be non-negative

andm,0=m,o=> ... . The chargino and neutralino spinors +Vix; )PLev* J+H.c,,
can be split into the left and right components in the usual -
way: Lii0== V202 TPrY[TL1sN;z~ tanfu(13= QN3]
LX), (x
e Sl ER v 3 (10) +\/—gtan¢9w2 IPTRQON +H.c., (14)
i i

Concerning the slepton spectrum, the “left” and “right” g o /R 4
charged sleptons also mix at low energies. However, their® 2x " x~ = cosfyy coson’ 2 X" 7*(Off Pt O Pr)X;
mixing is proportional to the lepton masses and is negligible
unless tarB is very large. Neglecting lepton masses, the low

energy mass eigenstates are L z,0,0= Zcose 2 X0y “(Of]LPLJF O*PR)X]
me =m?+M>2 —l+sin20 cos 28 9 T ST
e ' ZA ) w ' L=~ Z#(Ig—Qsinzaw)l* Il .
COSO\y
ng:mg— M%SihZHWCOS 28, (11) Herel ; andQ are the lepton isospin and charge, respectively,

and the superscriat stands for a charge conjugated spinor.
The vertex structure®;; are given by

1
2 2 2
m-=m; + sMzcos 28,

2 , 1 .
O/ =—Vi Vi — 5 ViaVip+ Sijsirt oy,
wheremT2 andmg are the mass parameters appearing in the
1
low energy analogue of E@6). Oi/jR: ~URU;, - > ZURU L+ 5.,Sln20W,
Ill. SUSY VERTEX CORRECTIONS (15
. . . . OHL__EN_ N*+EN. N*
In this paper we will concentrate on t@= 35. It is quite ij = o i3 5 NialN 4,
difficult to achieve radiative electroweak symmetry breaking
for greater taB, so such an assumption can be justified. At O”R: —Q'L* = OJ'-'i"-

tanB=35 the gauge couplings dominate the lepton Yukawa !

couplings, so only the gaugino parts of the charginos and'hese interactions are to be expressed in terms of the two-
neutralinos couple to leptons with an appreciable strength. Isomponent spinors. The implementation is trivial for all in-
addition, one can neglect the left-right slepton mixing in thisteractions except fof 7,+, which becomes
regime(as will be clear below, each relevant diagram would
require two left-right mass insertions, so the effect of this £, += —g{¥| (Uiixirt Usixar)e +elioa Vi xi)*
mixing is further suppressed _

We perform our calculations using the two-component +Vou(xa)* Tv }+H.c. (16
spinor techniqudésee Appendix A for the notation and con-

ventions. The result is expressed as a correctiéy _to ~ We remark thaty™ denotes a Dirac spinor with a positive
the tree level couplingy; _ defined by ' charge (not to be confused with a Hermitian conjugated
L,R

spinop.
The Z— x°— x° coupling can be simplified by taking ad-
_ 9 9 5 [hf Loﬂfﬁhf fLO-MfR]a (12) vantage of the Majorana nature of the neutralino. For Majo-

COSO\y rana spinorsj, and ¢, we have
with P17, PLibe=— 2y, Prif1. 17
hfL: | 37 Q SinZGW,
(13) IThis corrects an error in Reff15] in the expression for the neu-
. tralino coupling to right-handed leptori€77), i.e. N, should be
h,=—Qsir’fy. N,
i
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b .-

oy

(2) (b) () (d) () (b) (0) ()

FIG. 1. Chargino-sneutrino corrections to the e, vertex (in FIG. 2. Chargino-selectron corrections to the, v, vertex.
this and other figures the wave function renormalization diagram
with a loop on the upper fermion leg is not shgwn

L A. Chargino contributions

Using this identity as well a@{}R= —Oj~, we obtain

In this subsection we list expressions for Feynman dia-

9 Z 0 _uAR0 grams containing charginos in the loop. Since the Higgsino
Lzyo0= cos@WZ“ o XiRT Oij Xjr coupling to leptons can be neglected at/n35, the chargi-

nos induce corrections to the left-handed couplings only. Be-

low we present our results in terms of the corrections to the

tree levelZ—f —f,_ couplingshy (see Fig.

__ 9
cosfy,

Z“iEj ;ioL;MOiHjLXjOL . (18

she

(1a): 92%‘, Off Vi Vsl (2= d) Cogt MICoq) (M7 m, e m, ),

(19

(1b): g2% oi/jRVerjlmXi+ij+C:0(M§;m; ,mXi+,ij+),

(10): =22 [Via?ColMZ;m, -, ),

1
(1d): _92< - §+Sin2¢9w) ; |Vk1|251(0;mX:,m;)-

Definitions of theB and C functions can be found in Appendix B. We note that in addition to Fig. 1d there is another wave
function renormalization diagram with the loop on the outgoing electron leg. The corresponding correction is the same as for
the diagram in Fig. 1d, so we do not list it separately. The contribution of the wave function renormalization diagrams to the
total correction comes with a factor of 1/2, so in effect the total correction is simply given by a sum of individual contributions
in Eqg. (19). The analogous contributiofsee Fig. 2 to the (left-handed neutrino final state is

sh!:
(2a): _92; O/ fURU [ (2—d)Coyt M%ézﬂ(Mi;méL,er,er),
(2b): —92; Oi’jLUJ*lUilermXJfCO(MZ;mgL,mXJf,er , (20)
(20): —g%(=1+2siP0w) 2 Uil *CodMZimy:,me, ),
. 1 2 2 .
(2d): = 5972 [Uia*Ba(0my:, g, ).

The resulting total corrections are
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5héL: g ij ij

iEj OV Vi1[(2—d)Cout M3Cosl(MZ;nT; My M)+ ; o,Aerlvjlereréo( M2:n; MM, )

. 1
- |vk1|2<:24<M%:mX;,rn;.rn;>—(—§+smzaw)§ Via *B1(0;m, 1) |, (21)
ah;z—gZ[; O/FURUAL(2 ) ot M2Eoa (M m, -.m, )

ij

+ 20 O URUimymy Co(M g My oy )+ (— 14 25irP0) 25 |Unal*Cod MZimy e, g )

1
5 2 [Ual*BuOimy e ) | (22
These corrections are finite as they should be. This can be seen from the relations
> O/tvEV =D, O/RUX U, = —1+sirPe
] ij VitVij1l g ij jivil W
(23)

Ei Vi*lvik:Z UiiUi= 61k

and the fact divC,,) = —1/2 div(B,;) while C, andC; are finite.

B. Neutralino contributions

Because of theiB-ino component, neutralinos induce corrections to both the left and right couplings of the leptons. Starting
with the correction to the right-handed charged lepton coupleg Fig. 3, we have

5th:
ij

(32): —2g%tarffy>, Off N{iNji[(2—d)Coyt- M3Col (M7, m,0,m,0),
ij !

(3b): 2thanzaW% O NjiNiam,om, 0Co(MZ g . m,0,m,0),

(24)
(3¢): —4g”tart Oysir? 6,2 [Ni|*Cod( M3 im0 Mg, Mg, ),
k
(3d): —2g2tarfOysirt oy >, Nia|*B1(0;m,0,m ).
k
The corrections to the left-handed charged lepton cougkeeg Fig. 4 are given by
shg,:
g . .
(42): =5 2 Off(Njp+ tanfuNfy) (Niz+ tan i) [(2-6) Caut M3Coa] (M3 .mye,m, ),
g R
(4b): 5 ; o;]R(Ni*2+tanQWNi*l)(Nj2+tan0WNj1)mXiomXJoCO(M%;mgL,mXio,mXJo), (25
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1 R
(4c): —gz(—§+sm20W)2k |Nk2+tan6WNkl|2C24(M§;mXE,méL,méL),

2
g 1
(4d): —?<—§+smzaw)§k: |Nk2+tan0WNk1|zBl(0;mXE,méL).

Finally, the neutrino coupling correctiorisee Fig. % are

Shl:
(50): -_2 Offf(Nf,— tan N} (Niz— tan fuNip)[(2— d) Coat MZCosl (MZ i ,m,0,m,0),
(5b): g Z OfR(Nf,—tan 6Ny ) (N, —tanyN;)m,, om OCo(Mz, 75, 0,M,0), (26)
2
(5¢): —?2 N2 tan Ny [°Coi(MZ;m,, 0,NT;,,NT;),
.9 28.(0:
(5d): = 7 2 INe— tan wNia|*B1(0:m,0, ;).

The total corrections are given by
she, =—2g’tarf 9W[ > OENEN [ (2= d)Cogt MEC ol (M2 T M0, M, 0)

—E Of N{iNiam,om, 9Co(MZ Mg m,0,m,0) + SirP 6y, > [Nia|*{2C24MZ:m,0.me Mg ) +By(0;my0,mg )} |,
k

(27)
2
shy =& >, OFR(N%+tangyN7) (Nip+tan oyN;1)[ (2— d) g+ M2C 3] (M2 [T My, m,0) = 2 Of(N
e 2 ] W i2 WiNi1 24 Z¥23 Z Xi
1
+tangywNiy) (Njo +tan6yN;1)m,om oCO(MZ,rrr m,o mXJo)+ —§+sm20W > |Ngo+tanfyN,q|?
k
x{2Co4(MZ;m,0,m e )+Bl(0;mxg,rrréL)}}, (28)
5h’;:_g7 E O"R(N tanewN )(N|2 tanede [(2 d)C24+ MZC23] MZ’ leQ,mXiO)
_2 O”R tanewN )(NJZ tanawle)m Om OCO(MZ, m 0 ,m 0)+ 2 |Nk2 tanakaﬂ
x{2Co(MZ;m,0,mm; ;) + By (0;m, 0,5} (29
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(a) (b) (0) (d) (a) (®) (©) (d)
FIG. 3. Neutralino-selectron corrections to tegeg vertex. FIG. 5. Neutralino-sneutrino corrections to the, v, vertex.
These expressions are finite due to the relations contracted wittV};V;,, the Higgsino component drops out of
all expressions in the decoupling limit, as expected. Denot-
2 O{]LNﬁ(N“:O (k1=1,2), (30) ing by m a heavy scalar mass and b§ a heavy fermion

] mass, we can rewritéh, as

S OIRNEN, =0 shy =g?si’ Oy {[(2—d)Cast M5C3](0;m, M, M)

ij A~

A +M2Cq(0;m,M,M)—B,(0;M,m)}

and the fact that the combinatiorC2,+ B, is finite. Note

that the dlagrams in Figs. _3a, 4a, 5a are individually f_|n.|te. —92:[(2—d)(A:24+M§flz3](0;m,M,M)

The reason is transparent in the weak eigenstates basis: only

the Higgsinos couple t&@, and we retain only the gaugino 9 A R

coupling to the leptons, so a mass insertion is necessary on +M“Co(0;m,M,M) +C34(0;M,m,m)

each fermion line to complete the diagram. 2
M2 )
mgusy

In this subsection we demonstrate explicitly the decou- 0. (32)
pling of heavy SUSY particles. As the SUSY mass scale
increases, the gauginos and Higgsinos become approximaiach of the expressions in the curly brackets vanishes; see

+0

1
— =B4(0;M,m)
C. Decoupling of heavy superpartners 2

mass eigenstates aMjU can be chosen such that Appendix B. Note that even though the corrections in Eq.
(31 are linear inMz/mg,s,, the SUSY contributions de-
Vi +O Mz U8 +0 Mz couple quadratically, as they should. Similarly, for the neu-
e susy susy trino final state we have
1 oh! = —g%sirty{[(2—d)Cout M2Cyp3](0;m,M,M
O —(—1+5iM6y) 5115, + —§+sin20W> 8126, =~ O ST (2 ) Cart MZCasl( )
+M2Co(0;mM,M)+2C,,(0;M,m,m)}
Mz
+0 , (31 ) R 2a
Msysy +g% [(2—d)Cpst M2C53](0;m,M,M)
1 o o
O = (—1+sirffy) 8181+ —§+sin20W>5i25j2 +M?Co(0;m,M,M)+Cp4(0;M,m,m)
1 M2
M i . z
Lol Mz ) SBUOMm) 0| — )
Msysy Susy
—0. (33

In the expressions for the vertex structu@"]s, the factors in
front of the Kronecker delta symbols represent the 9augiN&oncerning the neutralino contributions, let us first consider
and Higgsino couplings _t°~thé boson. _'t 1S clgar tha®y, shg, . Since the mixing between the gauginos and Higgsinos
corresponds to the gaugint(") Z~coupl|ng, whileOy, cor-  \,anishes in the decoupling limit, we have

responds to that of the Higgsintn{). SinceOi’j is to be

Mz
er NilH5i1+O y
e .- Msusy
va‘\’\ b M (34)
) E oi’gL—>(’)( Z) for i,j#3,4.
“ Msysy

(a) (b) (e) (@)
As a result, the combinatio®{{"N;N;; vanishes in this

FIG. 4. Neutralino-selectron corrections to the e, vertex. limit. Therefore
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sh! = —Zgztar?ewsinza\,\,{2624(0;M .m,m) However, not every low energy set of parameters can result
R from some high energy boundary conditions, especially con-
2 sistent with radiative electroweak symmetry breaking. To
+B1(0;M,m)}+0 > z ) cite just one example, heavy gluinos and light squarks at low
susy energies are inconsistent with high energy boundary condi-

tions if we are to avoid color breaking mininga9]. Thus, to
be safe, we will generate each low energy set of parameters
via the RG running.
NumericallyR,,¢ is sensitive to the vertex correctioah;
and much less sensitive to the oblique corrections:

—0.

Again, the combination in the curly brackets vanislisse
Appendix B. The same arguments are valid for the neu-
tralino corrections to the couplings of the left-handed lep-

tons. SR,je=7.965N,+8.500, —7.33h, +1.1755%, (36)

IV. NUMERICAL ANALYSIS where s?=sir?4,,. Similarly, for the left-right asymmetries

To separate out the effect of vertex corrections, we pursu/® have
the strategy of Ref§6—-9,14. That is, we utilize only those
observables which can be expressed as ratios of the weak
couplings. The effect of oblique correctiofis7] then either ) . )
cancels in the ratios or can be absorbed into effectiviggin  Since the SM prediction R, is above the measured value
In the fit, we leave s, as a free parameter and parameter-WhereaS that for the _Iepton asymmetries is below the mea-
ize the vertex corrections a#, ,sh; , andsh, . In addition, sured valuesghe, <0 is favored by botfR,/e andA; . Ars .
we retainag(My) as a free parameter since its value is de-AS shown belowsh, in the _MSSM is typically larger than
termined fromR, . The fit value of8(sir?4) is not used for ~ 6h, and she_. To get a feeling for the value foshe pre-
constraining the model due to its model dependence. Specifierred by the fit, seth,= ohe =0 and fitR; ,A; ,Agg With

cally, &(sir’éy) depends on the Higgs, squark, etc. massegnree parametersih, , ders, andds2. The best-fit values are
and thus is not particularly useful in our general analysis. -

SAc=—3.640h, —4.230h,_ —7.8755%. (37)

We impose the followingdirect searchconstraints on the She, = —0.00165- 0.00096,
SUSY spectrunj18]: L
M=99 GeV, das=0.024+0.014, (39
m;=96 GeV, 8s2=—0.0002+0.0005.
m-=87 GeV R,/e strongly pullsﬁheL to be negative, resulting in a large
(35) correction toR; which is in turn compensated by a large
nr,=43 GeV, dag. In addition to a genuine shift ig, our “effective”
dag parametrizes potential corrections IyZ— hadrons)
m0=36 GeV, from the squark or Higgs sectors. This is, of course, just a
“toy” fit. As we will see below, for a viable MSSM model all
m,+=94 GeV. the shifts are much smaller. Qualitatively, however, the pic-

ture remains the same—a negati&le{aeL is preferred by the
We assume that the lepton parameters are generatiogyig
independent since lepton-universality breaking corrections ¢ qnsider now the lepton vertex corrections in the MSSM.
are quite constraine@ee, for example, the second reference,, Figs. 6-9 we display the vertex correctioffs, , sh,, , and
. ’ eLl

in [6]); in any case this assumption is not important for our .
;nz[allgl)sié y I umption | 'mp a 5heR as functions oM, and tang. Note thatsh, and 5heL

Before we proceed, a few comments are in order. Firstare quite sensitive tM,, whereas its effect onh,,_ is neg-
note thatu is determined by a particular combination of the ligible as it arises only via the RG running. In most of the
Higgs mass paramete(se. mﬁl— mﬁztanzﬁ). Thus having  parameter spacéh, dominates the other corrections; it has

fixed u, the squark masses and the “orthogonal” combina-the right sign (negative to mitigate the invisible width
tion of the Higgs mass parameters remain free. This freedortfenomaly,” especially for the positive sign of thg term
results in the uncertainty in the oblique corrections men<{which is also preferred by thg, —2 measurementWe find
tioned above. However, to be specific, we will fix them in that the regions of the parameter space where SUSY contri-
our numerical analysis still assuming the freedom in the obbutions improve the agreement with the measured values of
lique corrections. Second, our results are presented in terngg,—2 andR,,. are generally compatible; see for instance
of the high energy parameters. Since we do not generalliRef. [20].

assume a particular framework or relations among the soft In Figs. 10 and 11, we display the corresponding shifts in
breaking parameters, one might wonder why not interpreR,,. as functions ofM, and tan3 (keeping sifé, fixed).

our results directly in terms of the low energy quantities.Varying M, from 135 to 250 GeV corresponds to varying the
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<
73]
-1}
2
-15 |
_2 L I _2 Il 1 1 Il
135 185 235 3 8 13 18 23
M, (GeV) tanp
FIG. 6. Vertex corrections to théff couplings as a function of FIG. 8. Vertex corrections to th@ff couplings as a function of

the GUT scale parameteM, for ¢,=0. 1-6h,,2— 5heL,3 tang for ¢,=0. 1-6h,,2— 6heL,376heR. The other GUT scale
—dhe_. The other GUT scale parameters arg=10 GeV,nm parameters are=10 GeV, ;=85 GeV, M;=100 GeV, M,
=85 GeV,M;=100 GeV,M;=200 GeV,A=100 GeV, taB =135 GeV,M3;=200 GeV,A=100 GeV. The other scalar mass
=3. The other scalar mass parameters are set to 100 GeV and tRarameters are set to 100 GeV and @ phases are set to zero.
CP phases are set to zero.

in the M,—0 approximation and the resulting contribution
light chargino mass from 95 to 180 GeV. Figure 12 showsto R, is very small[Eq. (36)]. Alternately, if the chargino is
the dependence &,,, on the GUT left slepton mass param- a pure Higgsino, the corresponding couplings are very much
eter my; its range 10—-200 GeV translates into the sleptorsuppressed and the resultidiR,,. is negligible. One thus
massni; range of 104-225 GeV. expects the largest correction when there is a large splitting

The error bar foR, . is 0.008(see Tables | and)Jso the ~between the sneutrino and left selectron magsesch is
supersymmetric contributions can only be responsible for th&€verely bounded by the £2) symmetryl and/or when the
shift of about 0.2 This suppression results partly from the chargino is a gaugino-Higgsino mixturélg/p~1)."
cancellation of the neutrino and left-handed electron contri- The dependence on other input parameters is significantly
butions. Indeed, if the chargino is a pure gaugino and th&veaker. An increase iM; affects theu term via the radia-

sneutrino and left selectron masses are egsia)= — sh, tive EW symmetry breaking condition, which in turn results
“ in heavier charginos and neutralinos. The effeckgfis not

significant due to the subdominant role of the neutralino con-
05 3 tributions. For the same reason the dependence on the
masses of the right sleptons is weak.

0 1 For completeness, below we provide representative
low energy parameters for our studies. The GUT scale
parameters mj=10 GeVm;=85 GeV, my=100 GeV,

© _os M;=100 GeV, M,=135 GeV, M3;=200 GeV, A
: 2 =100 GeV,¢,=0, wheremy is the mass parameter for the
5 scalars other than sleptons, lead to the following low energy
-1 spectrum:
-15 erz(372,95 GeV, mXioz(374,353,96,38 GeV,
- nm,=75 GeV, rrreL:104 GeV, Mg = 101 GeV,
135 185 235
M, (GeV) and the following mixing matrices:
FIG. 7. Vertex corrections to théff couplings as a function of
the GUT scale parameteM, for ¢,=m. 1-—6h,,2—sh,,3 U:(O.34 0'94)’ V:(O.19 0'98)’
—6he,. The other GUT scale parameters arg=10 GeVm; 0.94 -0.34 0.98 -0.19
=85 GeV,M,;=100 GeV,M;=200 GeV,A=100 GeV, tarB (39
=3. The other scalar mass parameters are set to 100 GeV and the
CP phases are set to zero. 2This was also noted in Ref11].
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_ FIG. 11. ShiftinR,, due to the vertex corrections as a function
FIG. 9. Vertex corrections to theff couplings as a function of of tang. 1— $,=0,2—¢,=m. The GUT scale parameters arg
tang for ¢, =m. 1—0oh,,2— 5heL,3— 5heR. The other GUT scale =10 GeV, m;=85 GeV, M;=100 GeV, M,=135 GeV, M,
parameters are=10 GeV, ;=85 GeV,M;=100 GeV, M, =200 GeV,A=100 GeV.
=135 GeV,M;=200 GeV,A=100 GeV. The other scalar mass
parameters are set to 100 GeV and @ phases are set to zero. left as free fit parameters, which means that the Higgs and
the squark sectors “adjust” themselves so as to give the best

fit results.
0'11_ 0'26_ 0'67_ 0'69_ To determine if there is any improvement over the SM,
0.05i —0.081 —0.70i —0.71i we perform a fit for the SM under theame circumstances
N= 0.15 095 —-022 012 |° i.e. lepton vertex corrections set to zefs? and Sas free to

account for a variation in the Higgs boson mass agdThe

—-098 011 -015 0.06 standard model fit gives

x>=11.44(degrees of freedom12—2),
We now turn to the discussion of the fit. In Table Ill we

present our fit results for different values Mdf,. That is, we dag=0.0020+0.0039, (40)
fix the lepton vertex corrections using our GUT parameters
in the fit and calculate the correspondig (degree of free- 5s2=—0.00103+ 0.00020.
dom =12-2). The parameterds® and (effective Sag are
-0.0005
0
2
-0.0005 | ] °
\2—//—- G:; -0.001
g (Z=]
i /
w0 1
-0.001 ]
1
-0.0015 ' L L
10 60 110 160
~0.0018, T 235 m, (GeV)

M, (GeV) n | |
FIG. 12. Shift inR,,e due to the vertex corrections as a function
FIG. 10. Shift inR,, due to the vertex corrections as a function of the GUT scale slepton mass parametgr(this corresponds to
of M, (this corresponds to the range of the light chargino mass fronthe range of the slepton masg, from 104 to 225 GeY. 1-¢,,
95 to 180 GeV. 1— ¢,=0,2— ¢, =m. The GUT scale parameters =0,2—¢,=u. The other GUT scale parameters are;
are m=10 GeV, m=85 GeV, M,;=100 GeV, M; =85 GeV, M;=100 GeV, M,=135 GeV, M;=200 GeV, A
=200 GeV,A=100 GeV, tarB=3. =100 GeV, tarB=3.
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TABLE |. LEP/SLD observables and their standard model pre-
dictions. The data are from Ref&] and[23]. The standard model
predictions were calculated usirgrITTER v.6.21 [24] with m,
=174.3 GeV,my=300 GeV, andag(m;)=0.120 as input.

Observable Measured Value zrITTER Prediction

Z line shape variables

PHYSICAL REVIEW B5 033005

TABLE Ill. The quality of the fit x? as a function of the GUT
scale parameteM, (GeV). For comparison, the standard model
gives x?>=11.44(degrees of freedon12—2). The corresponding
fit values ofa and sirf4,, are also displayed. The other GUT scale
parameters are;=10 GeV, ;=85 GeV, M;=100 GeV, M,
=150 GeV,A=100 GeV, tarB=5 and the scalar mass param-
eter (except for sleptonsis set to 100 GeV.

my 91.1876:0.0021 GeV input M,=150 M,=170 M,=190 M,=210
r, 2.4952+0.0023 GeV unused
oo 41.5410.037 nb unused X 11.09 11.30 11.40 11.48
R, 20.804- 0.050 20.739 SagX 10° 3.9£3.9 3.4-3.9 3.+3.9 2.8:3.9
RM 20.785+0.033 20.739 52 104 -99+20 -10.1+x2.0 —-10.2-2.0 —-10.3+2.0
R, 20.764£0.045 20.786
Arg(e) 0.0145+0.0025 0.0152
Ara(n) 0.0169+0.0013 0.0152 corrections of the right sign to improve agreement viRth,
Arg(7) 0.0188+0.0017 0.0152 and the leptonic asymmetries. As a result, the electroweak fit
R,/e 1.9755+0.0080 1.9916 is improved fromy?=11.44 (SM) to x?>=11.09 (MSSM).

o This required a light 100 GeV) chargino and relatively
7 polarization at LEP light (100—250 GeV sleptons.
Ae 0.1498+0.0048 0.1423 Although the improvement from statistical point of view
A; 0.1439+0.0042 0.1424 is not very significant, it is quite encouraging since in the
SLD left-right asymmetries same r(_agion of the.p&}rameter spaceghe 2 d_iscrepancy is
ALr 0.1514+ 0.0022 0.1423 also mmggted. This is to be contras'ted with a number of
A 01544 0.0060 01423 “new physics” models cqn5|dered earI!Eﬁs—g], all of which '
Ae 0142+ 0.015 01423 mad_e the_ electroweak fit worse. The |mpr0vement_of thg fit
A” 0.13610.015 0'1424 requires light superpartners which can be detected in collider

T

If the chargino is light(100 GeV}, the MSSM fit givesy?

=11.09. We see that the SUSY vertex corrections indeed

improve the fit due to the improvementRy),. and the lepton

experiments in the near future.
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the SM as the chargino mass increases. We note that the best

fit value of 8s? for both the SM and the MSSM significantly
deviates from zero because of the SLD asymmetries, whic
signifies that the light Higgs boson is preferred.

V. CONCLUSIONS

h APPENDIX A: NOTATION AND CONVENTIONS

We use the followingchiral) representation of the Dirac
matrices:

We have analyzed leptonic electroweak observables in the

general MSSM. We find that supersymmetry can mitigate
some of the discrepancies between the standard model pre-
dictions and the observed values. Namely, it produces vertex

o 0

0

0 ou C0.1.2.3 -10
Yu=|— sy =l 1,(Al)

TABLE Il. The correlation of theZ line shape variables at LEP. The correlationRyf, with Agg(e) is
+0.28, while its correlation with thee and = observables is negligible.

mz I'z Re R, R, Arg(€)  Arg(n)  Ars(7)
m; 1.000 -0.008 -0.050 -0.073 -0.001 -0.002 -0.015 -0.046 -—0.034
ry —-1.000 -0.284 -0.006 -—0.008 -0.000 -0.002 -0.002 -0.003
(rﬁad —-1.000 -0.109 -0.137 -—-0.100 -—-0.008 -—0.001 -0.007
Re —-1.000 -0.070 -0.044 -0.356 —0.023 -0.016
R, —-1.000 -0.072 -0.005 -0.006 -—0.004
R, —-1.000 -0.003 -0.003 -0.010
Arg(e) —-1.000 -0.026 —0.020
Ars(1) ~1.000 —0.045
Arg(7) —1.000
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wherec#=(1,0) ando*=(1,— o). The left and right com-

PHYSICAL REVIEW D 65 033005

Bo(p%my,my,)

ponents of a Dirac spinor and the corresponding projectors

are defined by

The charge conjugated spinor is given by

Y=CyT, C=—iy%P, y=y"°

dd 1
(2m)4(k2=md)[(k+p)2—m3]’

=i M4_dJ

éo(pzaqzy(p_q)z;mlam21m3)

(A3) —i f

(A2) (BD)

d*k 1
(2m)A(K2—m)[ (k+p)2—m3][(k+q)2—m3]’

In terms of the two-component spinors this corresponds to

—io?y
v ,

o2y

= (—i0?),Yi(ia?)).

Free fermions satisfy the following Dirac equation in the

two-component notation:
(k- o) ¢ =My,
(k-o)pr=my_,
The corresponding propagators read

k-o K-o

(Y lﬁI):iW, (YR lﬂe):im,

m
(o i) =(dr W) =iz

m?’

The general form 0By is given by

-1
(4m)?

Bo(pziml,mz):

(A4) m2In(m?/ u2) — m2in(m2/ i
1 1/ 1) —maIn(ma/ 1)

€

2 2
m;—m;

+1+F(p%my,m,)

The following identities are useful for calculating Feynman

diagrams in terms of the two-component spinors:

2 T 27— 2T 2
oc‘0,0°=0,, 0°0,0°=0,,
o’oto,=(2—d)o*,

(p-o)ot(p-o)=—p?a*.

APPENDIX B: FEYNMAN INTEGRALS

Here we make explicit our notation for the scalar and
tensor integrals that appear in the calculation. The definitions
of the integrals are slightly different from those of Rgf1].

The hat on the tensor integrals serves as a reminder of these

differences.

1. Scalar integrals

We define the function8, andC, by

(A5)
whereA = 2/(4—d)— yg+In 4m, and[22]
13 m?2\ 1
F(pz:ml,m2)=1+—(——A)|n — |- >J1-25 A2
2\ A m% 2
1-3+1-23+A?
(AG) XIn (BZ)
1-3—1-23+A?
with
m3+m3 m2— m2
5122’ E122 B3)
P P

The functionF (p?;m;,m,) vanishes in the limip?—0. The

general form of theC, function is fairly complex and we
refer the reader to Reff21]. The special case relevant for our
calculations is

(A7)

Co(0,0Q%m;,my,mg)

1 (1
= d
(477)210 Y

y(y—1)Q2+(m3—m3)y+m3
y(m3—m?)+m} '

22 2
mz—mi—yQ

XIn

(B4)

2. Tensor integrals

The definition and general form &; is
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d% k
. . 4-d lad
B.(pimy,mp)=ip J(zw)d(kz—mf)[(kan)z—m%]

(BS)

Bi(p%my m2)=—EBO[p2'm1 m;]
H 1 2 1 1

1 (mi—m%
(4m)?\ 2p?

+ )F(pz:m1-mz)-

Note the following useful relations among tBefunctions:

0=By(p?%my,my) +By(p%my,my) + By (p%;my,my),
(B6)
0=(mf—m3) Bo(0;my,my) + (m3—m3) By(0;m,,mg)

+(m3—m3) Bo(0;mg,m,).

The definition of theC functions (note the difference from

the definitions in Ref[21]) is
Cu(plq;mlvm21m3)
J' d*k K,
=i
(2m)* (K2=mi)[(k+p)?=m3][(k+q)>~m3]

Epuéll"‘ quélzy
(B7)
C,LLV(pvqa ml 1m2 1m3)

d
=iu“*“f d
(2m)¢

" K.k,
(K2=m?)[ (k+p)2—m3][ (k+q)2—m3]

= p,u,pV621+ q,qu622+ (p,uqv+ q,upv)623+ g,u,V624'

For the purpose of this paper, we will only need to evaluate ~
these functions fop?=q?=0 (we neglect final state fermion
masses Q%= (p—q)%=—2p-q will then be the invariant
mass squared of the initial vector boson. For this parameter
choice, theC functions can be expressed in terms of Be

functions an(fjo as
. 1 2
Cllz_&{BO(O;ml'mZ)_BO(Q ;m2’m3)

—(mi— m%)éo}

PHYSICAL REVIEW B5 033005

. 1
Caz=~ 7 {Bo(0ims,ms) - Bo(Q%mz,ms)

—(m2—m2)Co},

A 1 2 2 2\ ~ B8
Ca4= 5| ~Ba(Q7 Mz, mg) +(my—m3)Cyy
+m2C ——zl
Mit0™ 2(4m)2)
(d—2)624_Q2623
== By(Q%ima,my) — (M= m§) Cort 57—

We do not list expressions f@ﬂ or 622 since we do not use
them in this paper.
3. Decoupling limit

Below we list approximate formulas valid in the decou-
pling limit p2/m§’f—>0. Heremg and m; denote the scalar
and fermion masses, respectively. Omitting tﬂ(apzlmif)
terms, we have

[(d—2)Cys— P?Cp3l(0,0p% mg,m ,my)
1 |1 m?

_(47T)2 E AE—InE

C24(010!p2;mf 1mS1mS)

+f(x)

1 1(A Im?) ]
~ — — —In—1 - X
2(477)2 2 € MZ g( ) ’
m? Co(0,0p% mg,my ,my) (B9)
m_(4ﬂ_)2[f(x)+g(x)]’
é]-(O;rnfims)
! 1(A N 1)
(4,”_)2 2 € nMZ g(X) )
where
- T (21
f0== e 12,
1 1 (B10)
9(X)=—§Inx+m[—(l—x)(l—Sx)
+2x2Inx],

for x=m?Z/mZ.
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