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Improved full one-loop corrections to A°=¥,f, and F,—T,A°
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We calculate théull electroweak one-loop corrections to the decay of @Rodd Higgs bosom® into
scalar fermions in the minimal supersymmetric extension of the standard M8&M). For this purpose
many parameters of the MSSM have to be properly renormalized in the on-shell renormalization scheme. We
have also included the supersymmetric QCD corrections. For the decay into bottom squarks and tau sleptons,
especially for large ta, the corrections can be very large, making the perturbation expansion unreliable. We
solve this problem by an appropriate definition of the tree-level coupling in terms of running fermion masses
and running trilinear couplingé\;. We also discuss the decay of heavy scalar fermions into light scalar
fermions andA®. We find that the corrections can be sizable and therefore cannot be neglected.
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I. INTRODUCTION mions due to their large Yukawa couplings and left-right

mixings. SinceA® couples only tof -f (left-right states of

The search for a Higgs boson is the primary goal of all 0 A0 % . .
present and future high energy experiments at the Fermilap’ a’?d due to th€P nature ofA”, A" —1if; van|shes(Th|_s
Tevatron, CERN Large Hadron CollidétHC) or ane*e™ IS valid also beyond the tree level for real parameters in the

Linear Collider. Whereas the standard mot@M) predicts MSSM. We will calculate.thefull electroweak corrections in
: . . .. the on-shell scheme. Owing to the fact that almost all param-
just one Higgs boson, with the present lower bound of its

massm,=114.4 GeV(at 95% confidence leve[1], exten- eters of the MSSM have to be renormalized in this process
. . ; and hence a large number of graphs has to be computed, the
sions of the SM allow for more Higgs bosons. In particular,

the minimal supersymmetric standard mod@SSM) con- calculation is very complex. Despite this complexity, we
tains five physical Higgs bosons: two neutP-even (° have performed the calculation in an analytic way. We have

and H), one neutralCP-odd (A%, and two charged ones @S0 studied the crossed chanfgh-f,;A°. Some important

(H*) [2,3]. The existence of a charged Higgs boson or anu.merical re§ults, especially for the decaysf&finto the
CP-odd neutral one would give clear evidence for physicsth'rd generation squarks and the corresponding crossed chan-
beyond the SM. For a discovery precise predictions for itd'€!S; have already been shown[it?]. _ o
decay modes and their branching ratios are necessary. If suy- 1"iS Paper has three new elements. First, we give in the

persymmetriqSUSY) particles are not too heavy, the Higgs Appendixes all analyti(_:al formula_ls needed for th_e Calcqla-
bosons can also decay into SUSY particléseutra- tion. Second, we describe in detail our method for improving
the full one-loop calculation. As pointed out j&2], in the

linos X7, charginosy, , sfermionsT,), H® A=Yy} g g

o ~ i~ case of the decay oA’—b;b, or A°>~'7,7, the deca
X(i,j=1,...,4),H A=Y (k1=1,2), HOA0 €@ ay 192 Of 172 | Y

o = L~ = widths can receive large corrections, especially for large
—fnfn (MN=12), H"—x xi, H —ff,. At the tree  ang. This makes the perturbation expansion unreliable. In
level, these decays were studied[#5]. In particular, the  some cases the width can even become negative in the on-
branching ratios for the decays into sfermiord?,A°  ghell renormalization scheme. We present here a detailed de-
—T.f, can be sizable depending on the parameter spacgeription of how this problem can be solved by an appropri-
[6,7]. The SUSY QCD corrections to the decays into sfermi-ate definition of the tree-level coupling in terms of running
ons have also been calculatg8l9]. The corrections to the fermion masses and running trilinear coupliag(f=b, 7).
decays into neutralino§10] or charginos[11] due to For consistency between the on-shell and the dimensional
fermion/sfermion exchanges have also been found nonreduction DR) running parameters an iteration procedure is
negligible. _ . necessary. Moreover, in addition to the numerical results

In this paper, we study in detail the dg:ay of @B-0dd  ghown in [12] we present here new results fAP—>TlT_2,

Higgs bosom? into two sferm~ion~sA°—>f£f2. In particular, ~ A°_,j b, A°-7#7, and the corresponding crossed

the third generation sfermionts,b;, and 7; are interesting channels.

because one expects them to be lighter than the other sfer- The paper is organized as follows. In Sec. Il we summa-
rize the tree-level formulas. In Sec. Il the full electroweak
corrections are presented for which the explicit analytic for-

*Electronic address: weber@hephy.oeaw.ac.at mulas are given in Appendixes B, C, and D. In Sec. IV a
"Electronic address: helmut@hephy.oeaw.ac.at detailed description of the method to improve the one-loop
*Electronic address: majer@hephy.oeaw.ac.at calculation is presented. In Sec. V the numerical treatment as
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well as numerical results are shown. Section VI summarizes Ill. FULL ELECTROWEAK CORRECTIONS
our conclusions. . L
The full one-loop corrected decay width is given by

2 2 2
NEk(m2o,me ,me
ck(Mpo fy fz)

167 mio

Il. TREE-LEVEL RESULT

The sfermion mixing is described by the sfermion mass [(A°=T,T))=
matrix in the left-right basisf( ,fg), and in the mass basis
(,.7,), T=tbor7

X[|GL42+2M(Gl 3 AG D1, (3.1

2

2 . . T .
, My agmy I L U The (UV finite) correctionsAG! ,, consist of the vertex cor-
_ (ROt f . 7 : : .
M= 2 | =(R) 2 |[RY (2D rections5G!Y (Fig. 12 below, wave-function corrections
agmg - Mg Mg g

2 and the coupling counterterm correctiof@ () owing to the

7o . L ) shift from the bare to the on-shell values,
whereR;, is a 2X 2 rotation matrix with rotation anglés,

which relates the mass eigenstatesi =1,2 (m;1< m;z), to

. -1z selmacigraciyrocly. @2
the gauge eigenstatés, a=L,R, by f;= Rifafa and

The renormalization procedure with the fixing of the coun-

m% _ M{% T_‘}"’(' 3L esiR0y)cos Bmi+m?,  (2.2) terterm.s is g|v~fen in12]. The explicit 'formulas for the vertex
L ' correctionssG!$) as well as the various contributions to the
2 2 . wave-function correctionsG!¥ |
m; =M 51E+efsm20\,\,cos 28mz+m?, 2.3 123
~ 1 ~ ~ ~
8GO =—m[ 621+ 625+ 62451G,s, 3.3
af=Af—,u(tan,8)_2'?L. (2.4) 12375 [6Z1, 22 33/G123 3.3

can be found in Appendixes B and C. For the explicit formu-

masses4 is the trilinear scalar coupling parameterjs the  las for the self-energies needed for the calculation of the
Higgsino mass parameter, t8rv,/v4 is the ratio of the counterterm correctionéGfl(z‘g) [see Eq.(23) of [12]], we
vacuum expectation values of the two neutral Higgs doubletefer to Appendix D.
states[2,3], I?" denotes the third component of the weak Due to the diagrams with photon exchange we also have
isospin of the fermiorf, e; is the electric charge in terms of to consider real photon emission corrections to cancel the
the elementary chargs,, and 6,y is the Weinberg angle.  infrared divergence&Fig. 12. Therefore the correctedV-

The mass eigenvalues and the mixing angle in terms o&nd IR-convergentdecay width is

Mg, Mg, Mg, Mg and Mg are soft SUSY breaking

primary parameters are

2, 2 _ 7 2
m: +ms +\/(mf —mfR)2+4a?mf2), (2.5

(0<@i<m), (2.6

and the trilinear breaking paramet&f can be written as

(2.7

mA:=m’,+m -
tAr=mig+mu(tang) ™ <t

. 2 2 .
with m?g= (¢, —mg )sin Gcos;
At the tree level the decay width #€—T,f, is given by

2 2 2
NEk(mSo,me me
ck(Myo fy fz)

e AT, ¥,) = GL4% (2.8

167m3,
with «(x,y,z)=(x—y—2)?=4yz and the color factoN¢
=3 for squarks and\lézl for sleptons, respectiverGifj3
denotes the\’-f; -f; coupling as given in Appendix A.

T AT T,) =T (A°—T,T,) + T (A°—T,T,7).
(3.9

Throughout the paper we use the SUSY invariant dimen-
sional reduction as regularization scheme. For convenience
we perform the calculation in the 't Hooft—Feynman gauge,

e=1.

IV. IMPROVEMENT OF ONE-LOOP CORRECTIONS

It has already been pointed out[ih2] that in the case of
bottom squarks and tau sleptons, especially for largg8tan

the corrections to the decay widtha®—b,b, and A°

—7,7, can be very large in the on-shell renormalization
scheme. If the corrections are negative, the one-loop cor-
rected width can even become negative and therefore un-
physical. Hence the perturbation expansion around the on-
shell tree level is no longer reliable. It has been shown in
[13,14] that, in the case of decays into bottom squarks, the
source of these large corrections is mainly the counterterms
for m, and the trilinear couplind\,, in particular the SUSY
QCD corrections. However, despite the absence of strong
interactions for the decay into tau sleptons, the corrections
become extremely large. We show that this problem can be
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solved by defining an appropriate tree level in terms of runthe counterternvm,,. The large counterterm caused by the
ning values form; and A¢. The expansion around this new gluon loop is absorbed by using SM 2-loop renormalization
tree level then no longer suffers from bad convergence.  group equations in the modified minimal subtractiovS)
scheme[14-16. Thus we obtain the SM running bottom
A. Correction to my, quark massn,(Q)sy:

First we review the improvement of the perturbation ex-
pansion by using)_R running bottom quark masses, follow- b(Q) Vs @.1)
ing [14_16 b(Q) m (m )M_S b( b) . .
If the Yukawa couplingh,, is given at the tree level in plTbIsM
terms of the pole mass,,, the one-loop corrections become
very large due to gluon and gluino exchange contributions td'he ratlo[mb(Q)SM/mb(mb)SS] can be expressed as

cs(alP(Q)/m)

B e e (Mp<Q=my),
my(Q)%s | cs(@P(my)/m)
mp(mp) s | ce(@P(Q)/m) cs(ald(my/m) (Q>m)
t)
co(@P(m)lm) cs(al?(mp)/m)
|
where we have used the functions In the MSSM, for large tap the counterterm tan, can be
very large due to the gluino-mediated grdiB,17,18. Here
23 |\ 1223 we absorb the gluino contribution as well as the sizable con-
Cs(X)=| 5 X (1+1.175)  (mpy<Q=my), tributions from neutralino and chargino loops and the re-
maining electroweak self-energies into the Higgs-boson-
7\ 47 sfermion-sfermion tree-level coupling. In this way we obtain
cs(x)z(ix) (1+1.39&) (Q>my), the full DR running bottom quark mass
and the 2-loop renormalization group equationsdg16], Mp(Q)mssm= Mp(Q)smt IMy(Q). 4.9
The explicit form of the electroweak contribution to the
Q)= 12w countertermém(Q) is given in Appendix D 4.
° (33-2n9)In(Q%/A})
B. Correction to Ay, ,
2 2
~ 6(153-19ny) InIn(Q*/Aq) The second source of a very large correctionthe on-
(33—2n)2 In(QZ/Aﬁ ) shell schemgis the counterterms for the trilinear coupling
f Ay, [see Eq(2.7)],
4.2
SMig Mg oMy,
with ng=5 or 6 form,<Q=m, or Q>m,, respectively. For Mo, = My, My, My, Foptanpt potans.
the SMDR running bottom quark mass at the sc@le-m; (4.6)

we use theMS equation ) . , ,
Again, the big bottom quark mass correctiém,, contributes

(2)(m ) agz)(mb) 21-1 to Ay, but the counterterm of t2he left-right mixing elements
q(—> } of the sfermion mass matribxdm; g, also gives a very large
correction for higher values of tgh In particular, in the
(4.3 case of the decay into staus, this is the main source for the
bad convergence of the tree-level expansion. As in the case
of the large correction ton, we redefine the Higgs-boson-
sfermion-sfermion tree-level coupling in terms BR run-

ning Abyr(on). Because of the fact that the counterterms
mb(Q)SM_< b(Q) ) My ( b) S(Q) My - 6Ay, . (for large tanB3) can become several orders of magni-

mb(mb)s,\,I tude larger than the on-shél, , we useAb,T(on) as input
(4.9 [14]. In order to be consistent we have to perform an itera-

TREIL

mb( mb)SM My o

with K,=12.4 and then convert tOR using one-loop run-
ning a4(Q):
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tion procedure to get all the correct running and on-shell,2 b m m = Mot oMy . B -
masses, mixing angles and other parameters. This proceduréi(Q)' Q) M(Qussm. Mz(Q)=m; 2 BQ=H

is described below. + 6B and By = Oy — (1/sinGy)(My/my— dmy/my) into the
equations

V. METHOD OF IMPROVEMENT

: . : . . . MZ=m? coSg;+m: sirf6;—m?
In this section we will explain in detail how we can im- Q 1 2
prove the perturpa@n calgulatlon for the bottom squark and _ m%cos %(I?L—etsinzew), (5.5
stau cases by usir@R running values fom, andA,, , in the
Higgs-boson-sfermion-sfermion tree-level couplings. Since
=) - A A - M2 =m? sir?6;+ m: co26;—m?
we takeDR running values foA, and A, as input and all (VA T, T

other parameters on shell we will have to pay attention to the ) ]
bottom squark and stau sector in order to get consistently all —m3cos 28e;Sir’ Oy . (5.9
needed running and on-shell masses, mixing angles and other

parameters. Here we adopt the procedure developétdin  For the running value of\, we use[see Eq(2.7)]
and also extend it to the electroweak case.

. . L, ., SiN20; .
A. Calculation of running and on-shell parameters A= (mg —m; )———+u cotp, (5.7
1 2 m
1. Top squark sector ‘

We start our calculation in the top squark sector. Becausghare we have taken the running.(Q) = .+ (5X)
all input parameters in the top squark sector are on shell w 0,21] =

obtain the on-shell masseg , My, and the top squark mix-

ing angled; by diagonalizing the top squark mass matrix in 2. Bottom squark sector

the t -tg b.a.3|s; see Sec. |I. The running top squark masses |, yo jyottom squark sector we have given all parameters
i, and mixing angled; are calculated at the sca@=Q7  on shell except the parameter for the trilinear coupling,
=/m;,m;, by adding the appropriate counterterms to theA (Q), which is running. First we calculate,(Qg)mssm

on-shell values in from Eqg. (4.5 at the scaleQp=/mp ng,. From the top
s ) ) squark sector we already know the running values of
ms (Qt) =g +omg, (5.) Mg, tanB and u. Then we diagonalize the bottom squark

mass matrix usingn,(Qp)mssm,Mg,tanB,u and on-shell

5m;2_=9%H?i(m;2_), (5.2 Mp, whichis near its running valuéls , to obtain the start-

ing values forrAm;i and 9,3 The on-shell bottom squark
massesn, and the mixing angl&;, are calculated from their
running values by subtracting the appropriate counterterms,
ie. mgizﬁ}gi(Q)—m%i, 0= 0;(Q)— 56;. Now we can
compute the running value foviz . Using the relatiorfsee

Eq. (2.3)]

0:(Qq) = b+ 565 . (5.3

The electroweak parts of the sfermion self-ene@[ésﬁm%)

are given in Appendix D 6 and the SUSY QCD contribdtions
svsY an(m%) are given in Eqs(25)—(27) in [8]. Here and

in the following all running parameteps(Q) are related to M

their on-shell valueX by 5((Q) =X+ 6X, with 6X being the
full one-loop counter term—also including the SUSY QCD
parts. The mixing angle is fixed HyL9]

= mglsin295+ mﬁzcoszﬂs— Mj— mZCos 26e,sin’ fyy
(5.9

2
D

we getMp=(M3+ sM3)¥2~M5+ sMZ/(2Mg) with

1 i F
80=—( 5212_ 5221)

2 2 . 2 2 2 .
4 5M5:5m513|n205+ 5rn52005265+(n151—rn52)3|n 265665,
1 . - _ _sm2 |
O T m(ng(m%Z)Jeru(m;zl))- (5.4) 2m,dm,— Sm5cos 28e,,sirt by
m: —m: . . .
(¢, —ms, +2m3sin 288 8€,Sir? 6y — M2cos 28e, 6 Sirf Oy,

For DR runningm;, we use the formulas from Sec. IV A with 5.9

the obvious substitutionsn,—m; and K,=10.9 for the R
topquark-case. Next we evaluate the running parametemnd édm,=my(Qp)mssy— Mp. Because the parameters in-

l\7|5(Q) and l\7|[,(Q) by inserting the running values volved in these calculations are very entangled, &g,
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depends on thém;, which themselves depend &g, we | END | | START |
have to perform an iteration procedure.

comparc
1y, Mp

3. Iteration procedure

. . . . . ﬁl?‘ = m?‘ + 67712‘
Here we will describe in detail the procedure for obtain- 6= 6, 60,
ing all necessary on-shell and running parameters. For con-

venience, we briefly denote all masses, parameters, cou-
plings etc. for a certaim=1 in the iteration byﬁc(”). As
starting valuest®) we take on-shell masses and parameters

(exceptAb which is running and the couplings derived from
these quantities. The only exceptions are the standard model

running fermion massesi”)=m;(Q)sy. M stands for the

full DR running fermion masses)(Q)yssw-

The single steps of the iteration procedure are the follow-
ing:

(1) The running top squark masses and the top squar
mixing angle are calculated as explained above by

my=my +6my,
Sy =Sy + 05y

2 _ o2 2
me =mg —om:
5 T, b

m%(”) m+5m(")(2t‘” ) and&t(n)—éwr 5&(”)(;%” 0y,

2 m" )_mt sut om{V (A1),

©) m(Z")zm +omiP(X" ) and sk =sirPay FIG. 1. Simplified flowchart for the iteration procedure. For
+5Sin26§,'\1,) with 5Sin26$,'\1,)=—cos7'0w(5rm\,/m,\,—5n‘lz/ details, see Sec. V A.
mp) (X" ).

(4) The running value oftag, tanB™=tang (14) In the sneutrino sector we calculate the running
+ stanB™, with sneutrino  massm: 2(“) rrr +5m(n)()c(” 1y and MZ(”)

m{"cos 28(”), see also Eq(5.5).

(15) In the stau sector the values for runniﬁﬁ”) r?r(Tn
I

21
VT

StanB™ = (1/m,sin 28)Im I yo0( X"~ D)tang [22]. )

(5) M= p+5u™ with SuM = 5X (A1), etc. are calculated as in steps 8—13 in the bottom squark
(6) The soft SUSY breaking massMs( . are calculated ~ Sector with the evident substitutidn- 7 for the correspond-
from m¢ (”) (”) , my(Q7)™, m(n) szdN) and tang(™. ing parameters anfls— M7 ,Mp— Mg.

(16) All couplings are recalculated with the new running
(7) We compute the running, by using running values in parameters— A"

Eq. (5.7: Al =(m"™ —m?™) sin 287 + 2Ocot B0 The iteration starts witm=1 and ends when certain pa-
(8) In the bottom squarl2< sector we obtaﬁn(") from the rameters are calculated precisely enough for a given accu-
racy, i.e.|1—x(”)/x(”‘1)|<s for x={m, ,Mg,m,,Mg}. For

)
running values already calculated in steps 1-7, hb@ & we choose:=108. We have checked the conS|stency of

2(n)
65" orm{", and the remaining masses, couplings etc. fromm,s procedure by computing the on-shdlls and running
X(” b, Mg from the bottom squark sector by using

9 m( )=n My, sm+ 5m
(10) We obtain the running bottom squark massa‘é)

2
and the mixing angleﬁ%) by solving the mass eigenvalue M5= rrr sm205+rrr 005205 m; — Mcos 28e,Sin’ b,
problem with the running values dﬂg‘), Mg1 v mg”), .19
A,, 1™ and tanp™.
M _ 2™
(11) The on-shell bottom squark masseg . . P P
Hé' , M %z mglco§6g+ mgzsinzég— m3

(”)(Q(”)) at the scaleQ\” = \/r?r%:)ﬁ%';), and &
9 5ot —m3cos 28(13-— eysirt ), (5.12)

(12) 5|v|2(“) 2(”)S|n26g+m\5( )co§0+(mB ma)
which are equalup to higher order correctionso the on-

: ) _ (n)_ )
xsin 26506 — 2my(T —my) — amg® cos ZBeOS|n20W+2m§ shell inputM and runningMg from the top squark sector.

Xsin Zﬂéﬂ(“)eosinZQ\N—nﬁcos PBe,osintd).  (Remember For easier reading the single steps of the iteration proce-
that the values without a caret are on-shell ones. dure of the top and bottom squark sectors are depicted in the
13 M =Mz +(1/2)sME" M5 . flowchart in Fig. 1.
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[Ty T :

T 4 -

% =

= 3 [

2 3 0.8 | ) ] L L 1 !
-400 -350 -300 -250 -200 0 5 10 15 20 25 30
u [GeV] tan g8
FIG. 2. Tree-level widtidotted ling, full electroweak corrected FIG. 4. tang dependence of the tree-levadotted ling, full
decay width(dashed lingand full one-loopelectroweak and SUSY  electroweak correcteddashed ling and full one-loop corrected
QCD) corrected width(solid line) of A°—1,t, as functions ofu. (solid line) decay widths oft ,—t,A°.
B. Numerical results about— 7%. At u~ — 242 GeV one can identify the pseudo-
In the following numerical examples, we take for the stan-threshold coming front,—ty).

dard model parameters m;=91.1876 GeV, my, Figure 3 shows the tree-level, the full electroweak and the

=80.423 GeV, sifgy=1-my/mz, a(mz)=1/127.934,m,  full one-loop correctedelectroweak and SUSY QQRiecay
=1743 GeV, m,=47GeV, m,=18GeV  and widths of A°>~t,t, as functions of the lighter top
My, Mg, Me,Mc,Ms, M} ={4,8,0.511,1300,200,196 MeV  squark massm; , where Mg is varied from 200 to 450

for 1§t and. 2nd generafuon fermion®l’ is fixed by the GeV. As input parameters we choosEmao,u,A,M}
gaugino L_mlflcatlon relat_lom/l’=(5/3)tar?9WM; therefore ={900,250,300,120GeV and tam3=7. Again, in a large

the  gluino mass is related toM by My - region of the parameter space the electroweak corrections are
=[ag(mg)/ a]sir’yM. In order to reduce the number of pa- comparable to the SUSY QCD ones. The pseudothreshold at
rameters in the input parameter set, we assiiege=Mg, m; ~304 GeV originates fromt, ~33 in the wave-

- (lO/Q)ME’a: (1011 CI MI3: ME3: MQLZI_ MDLZ function correction.

=Mp, ,=Mi ,=Mg, ,for the first, second and third genera- |, Fig. 4 the dependence of the crossed channel decay
tion soft SUSY breaking masses as wellA&sA=A,=A;  idth, I'({,—T,A°), as a function of tag is given. We see

for all (s)fermion generations, if not stated otherwise. that the electroweak corrections have different signs com-
1T " pared to the SUSY QCD ones and go up to 10%. As input
- 10p squark case parameters we have chosémao,u,A,M,Ma}={170,500,

In Fig. 2 we show the tree-level and the corrected widths—390,250,35p GeV as well asM U,=450 GeV to get an

to A°-T,1, for tang=15 and {ma0,A,M,Mg}={700, acceptable top squark mass splitting.
—500,120,30p GeV as a function of the Higgsino mass pa-  Figure 5 shows the decay widii(t,—t;A% as a func-
rameteru. The electroweak corrections are almost constantion of m;,, varying Mg, from 200 to 460 GeV. To get a

! —4
= —
<) e
= <)
S — .
(] o
+ <
I:-;S‘ t+
ey T
1 5 ]
%/ o
|
0 1 I 1 1 1 1 1
150 200 250 300 350 400 250 300 350 400 450
m;, [GeV] mg, (GeV]
FIG. 3. Tree-level widthidotted ling, full electroweak corrected FIG. 5. g, dependence of the tree-levelotted ling, full elec-
decay width(dashed lingand full one-loopelectroweak and SUSY  troweak correcteddashed lingand full one-loop correctesolid
QCD) corrected width(solid line) of A°>—1t,t, as functions ofmg,. line) decay widths oft ,—t,A°.
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12 F " ! ! ! ! ! ' 4 T T T T
%
3 S| ]
= S
S 2
S —
+ = 2
-y -y
iy T
1 & !
2% =
= 0 '-
.g L ] L ] 1 ] 1 \ \ ) ]
5 10 15 20 25 30 35 5 15 25 35 45
tan 8 tan g

FIG. 6. Two kinds of perturbation expansion: the dotted line G, 8. tang dependence of (b,—b,A% for two kinds of
corresponds to the on-shell tree-level width, the dashed and OlasEerturbation expansion. The dotted and dash-dot-dotted lines corre-
dot-dotted lines correspond to electroweak SUSY QCD on-shelspong to on-shell tree-level and full one-loop widths, respectively,
one-loop widths, respectively. The dash-dotted line corresponds the dash-dotted line corresponds to improved tree-level width and
the improved tree-level and the solid line to ttfall) improved  the solid line shows the full improved one-loop width.
one-loop widths.

second method of perturbation expansion is given by the

larger mass splitting for the top squarks, we relax the condidash-dotted and the solid lines, which correspond to the im-
tions for 3rd generation squarks and takMg ,Mp_} proved tree-level and improved full one-loop decay widths,

~{500,300 GeV. All other SUSY breaking masses are respgctively. Here we take. the same input parameters as in
fixed at 300 GeV. For the remaining input parameters wdhe first case but with running=—500 Gev.
choose{myo, u,A} ={120,~ 400350 GeV and tarB=7. In Fig. 7 we show the decay width(A°—b;b,) as a
function of DR running A for {muo,u,M,Mg}={800,
—300,300,30p GeV and tar3=30. The dotted line corre-
2. Bottom squark case sponds to the improved tree-level width, the dashed line cor-
: . . . responds to the improved SUSY QCD one-loop width and
n Flg(') 6~WS—ShOV\_I two kinds of perturbation expansmnthe solid line shows the full improved one-loop width. For
for T'(A"—biby) with {muo,u,A,M,M3}={800,~300, pegativeA the electroweak corrections decrease the decay
—.500,.200,30}) GeV. FII’St. we show the tree-leyel width, width by ~20%, whereas for positivé the SUSY QCD
given in terms of on-shell input parametédotted line. The  ¢orections almost vanish and the electroweak ones go up to
dashed and dash-dot-dotted lines correspond to the on-shelo,

electroweak and fullelectroweak plus SUSY QQDone- Figure 8 shows the behavior of the decay widtkb,

loop widths, respectively. For both corrections one can . o )
clearly see the invalidity of the on-shell perturbation expan-—P:iA°) for large tanB. As in Fig. 6 two kinds of perturba-

sion, which leads to an improper negative decay width. Thdion expansion are given. The dotted and dash-dot-dotted
lines correspond to the tree-level and full one-loop decay

7 1 1 ¥ L] 1
% 6 ] L) Ll | ] ]
O _
= >
s 5 3
o oy
Rl
1) ©
WS 3 +
[T
oT 2 «©
1 1
~ 0 OS,
[
-500 -300 -100 100 300 500

A [GeV)

tan B

FIG. 7. Perturbation expansion around the improved tree-level
decay width(dotted ling of T'(A°—b,b,) as a function of the FIG. 9. On-shell tree-leve(dotted ling and full electroweak
trilinear couplingA. Dashed and solid lines correspond to the im- on-shell corrected decagdashed ling widths of A°—~7,7, as a
proved SUSY QCD and full improved one-loop widths, respec-function of tan3. The dash-dotted and solid lines correspond to
tively. improved tree-level and full improved one-loop decay widths.
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Iz[? I\:‘
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< =
g
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ma A
FIG. 10. myo dependence of the improved tree-levebtted FIG. 11. A dependence of the improved tree-leyabtted line

line) an~d~_full one-loop correctedsolid line decay widths of and improved one-loopsolid line) decay widths for,— 7, A°.
F(AO—>7'17'2).
VI. CONCLUSIONS

widths in the pure o.n?shell scheme. Fo_r Iargeﬁamne can We have calculated thtelll electroweak one-loop correc-
clearly see the invalidity of the perturbation series, leading to. i 0 =% - = o
a negative decay width. In the second case we show thfions to the decay width&\"—1,f, and f,—~ ;A" in the
expansion around the tree-level decay width, given in term n-shell scheme. We have presented all formulas required for
. . ' e computation. It has been necessary to renormalize almost
of running A, andm,,. The dash-dotted line corresponds to .
: . . all parameters of the MSSM. We have also included the
the improved tree-level width and the solid one to the onéyg gy QCD corrections which were calculated&). For the
loop W|dth. Up t.o tarB~ 30 the corrgctlons stay relatively decay into bottom squarks and tau sleptons for larggtan
;mall, which mdu_:ateg that already thgwprovc_ad tree level  jynrovement of the on-shell perturbation expansion is nec-
is a good approximation fdr (b,—b;,A”). As input param-  essary. We have worked out an iterative method to improve
eters we take the values{muo,u,A,M,M5}={150, the one-loop calculation. Thereby, the tree-level coupling is
—220,500,200,300GeV andMp, =500 GeV for kinemati-  redefined in terms oDR running masses and runnirg .
cal reasons. We find that the corrections are significant and in a wide
range of the parameter space comparable to the SUSY CD

3. Stau case corrections.

In Fig. 9 theA® decay into two staus is given as a function
of tan3. Despite the absence of SUSY QCD corrections the ACKNOWLEDGMENT
perturbation expansion around the on-shell tree-level width
(dotted lin® leads to an improper negative decay width The authors acknowledge support from EU under the
(dashed lingcoming from large®(h3) corrections. As input  HPRN-CT-2000-00149 network program and the “Fonds zur
parameters we take {mao,x,A,M,Mg}={800,400, Forderung der wissenschaftlichen Forschung” of Austria,
—500,120,30p GeV. The dash-dotted line corresponds toProject No. P13139-PHY.
the improved tree-level width and the solid line shows the

improved one-loop width for the same input parameters as
above and runnindh=—500 GeV. APPENDIX A: NOTATION AND COUPLINGS

Figure 10 shows the decay width Bf(AO—GfTZ) as a For the neutral and charged Higgs fields we use the nota-
function of the mass of the decaying Higgs bogdhfor the  tion H?={h® H° A°,G®%, H,={H*,G",H~,G"} andH,
improved perturbation expansion. The dotted and the 50|id—=(H;)*={H‘,G‘,H+,G+}. t/t stands for an up-type

lines correspond to thémproved tree-level and full one- (/fermion andb/b for a down-type one. Followinf2,3] the

loop widths, respectively. In the whole region of the param-Hi s-boson-sfermion-sfermion couplings for neutral Higgs
eter space shown thelectroweak corrections decrease the 99 b ping 99

on-shell width by 15%. As input parameters we choose?0soNs G, , can be written as
{,AM,Mg}={—450-500,120,26p GeV and tapg=7.

In Fig. 11 we show thé\ dependence df (7,— 7, A%) in
the improved case. For negative valuesAathe corrections - _ - - -
increase the on-shell width by 20% whereas for positive Gl =G(HJI}T)) =[R'G[g (RNT;. (A1)
values ofA the corrections are negative and go up to 15%.
The input parameters are taken as folloysio, u,M,Ma} ~
={150,400,300,300GeV and Mg, =500 GeV for an ac- The 3rd generation left-right couplings| g for up- and
ceptable stau mass splitting. For jauwe take the value 30. down-type sfermions are
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3L 2 hy
- \/Ehtmtca—"_ 9zMz(17"—esSw)Sa+ g — —=(ACyt uS,)

: i
Glr1= : (A2)
- \/_%(Atca+ MSy) —\2hmec, + meZetS\zlvsa+,B
3L 2 hy
V2hpmys, +gzm; (15— epS) S, g E(Absaf—’— HC,)
Glri= A : (A3)
b
E(Absa_FMCQ) \/Ehbmbsa+gzmzebs\zl\lsa+ﬁ
G G with a—a—7/2, (A4)
LrR2™ OLR1
i
LRS \/—ht i ) (A5)
E(Atcﬁ_l— /.LSﬁ) 0
i
0 - E(Absﬁ+ uCp)
LR3 \/_hb i ) (AB)
Glra=Glrs with g—p—m/2, (A7)

where we have used the abbreviatisgs sinx, ¢,=cosx ands,,=sin 6. « denotes the mixing angle of t4&° H°} system,
andh, andh, are the Yukawa couplings

m,
h=—ot -9 (A8)

P2mysing’ ° J2mycosB

The couplings of charged Higgs bosons to two sfermions are givemh=b¥,R)

Gl =G(HTrT) =G = (R'6IL (R, (A9)

. gmy . .
— hpympsin 8+ him,cosf— —sin28 hy(Apsin B+ u cosp)
GtLt:—{’l: b'!lb ﬁ thht B \/E :8 b1/ , (AlO)

h;(A;cosB+ u sinB) h;mycosB+hymsin g

hymgsin B+ h;m;cosg— ﬂNsin 28 hy(AcosB+ using)

Glhi= t V2 Gk 1)T (A11)
hp(Apsin B+ u cospB) hmy,cosB+h,m;sinB
Tf/ i _7
GiLr2= GLRl with  g—p 2" (A12)

f’ denotes the isospin partner of the fermfone.t’ = b,Ei’ =1, etc. Note that only the angje explicitly given in the matrices
above has to be substituted; the dependenge iofthe Yukawa couplings has to remain the same.

The HPHTT; interaction is given by
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1 F B T e ~
L==3 Z [hfck & +a?(cp—ci)ef IHPHTTT,

1
& — Esin 2a 0 0
1
— Esm 2« cofa 0 0
b
C= 1
0 0 sitg — 5sin2p
1
0 0 — Esm 28 cosp
1
cofa Esm 2a 0 0
1 .
Esin 2 sirfa 0 0
Ctk|: 1 3
0 0 cogp 5sin2s
1 .
0 0 Esm 28 Sire
ef

1 ~ o~ ~ o~
L= =03 —esh)RLR +esiRLR] 1.
2Cy

For theH; H, Tf; interaction,

L

> Ef: [hfzdlil(RifZRJfZ_F RifiR]Ti)+gz(dE|_d&|)f{j]H;Hr’fi’<Tj ;

we use the coupling matrices

. 1
sirB — Esin 23 0 0
1
—5sin2B cogpB 0 0
dtk)|: l !
0 0 sirtB8 - Esin 28
1
0 0 — Esm 28 cospB
1
cosB 5sin2p 0 0
1 :
5sin2 sir'g3 0 0
dtk|: 1 ’
0 0 coép 5sin2
1 .
0 0 5sin2 sir?3

093011-10

(A13)

(A14)

(A15)

(Al16)

(A17)

(A18)

(A19)



IMPROVED FULL ONE-LOOP CORRECTIONS T@%—f, ,. . .

= 1
fl= F[(—Ichos 20— es2)RY, Rf1+ eis2R, sz].
W

(A20)

For the Higgs-boson-fermion-fermion couplings the interac-

tion Lagrangian reads

2 4
L=, stHIff+ >, stHIf°f
k=1 k=3

2

+ > [H t(yPPr+ylP)b+H.c]  (A21)
=1
with the couplings
- micosa  hy
1= "9 mesing \/Ecosa’
b mpSin a hy
517 9 mycosB \/_sma
B msinae  hy
S, —gm——ﬁsma,
b mpcosa  hy
S;= meWcos,B_ \/Ecos,a,
¢ . mgcotg  hy
SS_IQW_IECOSB
b . Mptans E
53—|g—2mw —|\/§sm,8
m, h;
|92mw \/_sm,B
m h
b_ _jg—2 = _j-L2
S4 Imew |\/§cos,8,
mcotB
t t
= =h,cosg,
y1=9 \/Emw tCOSf3
mptanB
b b .
= =hysin g,
Y1=9 JEHMN b B
=g£=hsin,8 yb——g Mo = —hycosp
\/Emw t L \/Emw ° .
(A22)

PHYSICAL REVIEW D68, 093011 (2003

2
9 ~o_.9 _ 0
L5 3 HFmXis 2 X Finrsx

N

—92 HkX| (FIJKPR—}_F]IKPL)};—

.gz HOXi (FiPr+FicPUXT

_92 [HkX| (FRPr+FiPOXI+ Hel (A23)

with
€
Fimk= [lezmz+ ZnzZip—tanOw(Zi3Zmi+ZmzZ1) ]

dy
Y [Z1aZmot ZmaZiz—tanOw(Z1aZ 1+ ZmaZi1) |

=F? (A24)

mlk

Fik= \/—(ekVIlUJZ dVi2Uj1), (A25)
and
1
Fie=dks2| V 1Z|4+E(Z|2+Z|1ta”9w)vi2:
L 1
Fik=—€x+2 Ui12|3—E(Z|2+Z|1tanﬁw)ui2 :

(A26)

U,V and Z are rotation matrices that diagonalize the
chargino and neutralino mass matricdg.and e, take the
values

dy={—cosa,—sina,cosB,sinB},
e.={—sina,cosa,—sinB,coss}. (A27)
The coupling of the vector bosod’ to two sfermions,

L=—ig,z}, 20T "1, with g,=gl/coshy, is given by the
matrix
z,=CIROR!, + CLRLR!, (A28)

with Cl =13"—e;s2, andCL= —e;s?, .

The interaction Lagrangian for Higgs bosons and gauginos is For the interaction of a vector boson with two gauginos

given by

we use the couplings
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APPENDIX B: VERTEX CORRECTIONS

1
Oij =Zi2Vj1 \/52'4\/12’ O'J ZiUpnt = V2 ZisUj2, Here we give the explicit form of the electroweak contri-
(A29)  butions to the vertex corrections which are depicted in Fig.
12. For SUSY QCD contributions we refer t8].
1

'L \y T\ ) o2 ~ ~ — -~ o~ - ~ ~ —~—
Oij =—ViaVia 2V|2VJ2+5IJSW’ (A30) 5GHY) = 5GHLHT 4 sGHETHH) 4 5GHLATN 1 56T )

, 1 + 5G"f(v,V)+ 5GHw. 4 5Gf(v HD 4 5GTw.AD)
Oin:_UuUil_EUizujPL 8iiSt» (A31) o 128 128

+ 8GR (B1)

n__Z7 7 +-7 7 —=_0Q'R . I . .

Oij = 22,3ZJ3+ 2214214 Oy (A32) The single contributions correspond to the diagrams with

three scalar parucles&@fl(z%'*”) and 6G'&%"H) | three fer-

The interaction Lagrangian of the chargino-sfermion- fermlon . T(0.xf0) f(v 3%
couplings is given by I’f]S (6G153 and 5G;; ), fonf(? vector fpar?cle
(8GI%Y) or two scalar partmles&Gl(zv3 ) and 5G15H0y
—t(| PR+k PUX; b +b(| PR+k POX; T in the loop. 5Gf(” AZmX) denotes the correction due to the

_ - T(u,AG) ; : ;
=<5 5 ~  ~1oi ; ~y mixing of A° andZ® and 6G%;"® is the Higgs boson mix-
+x; (5 PL+ K PRItE! + x; (15, PL+ kj; PR)b ] ing transitionA%-G°.

(A33) As shown in[12] we can sum up thé\°Z° and A°G°
transition amplitudes which leads to

with the coupling matrices
- _ _ B ) ) | )
||t] 9V11R,1+h VJ2R|2, |ﬂ:—9Uj1Rib1+ thjZRinv 5G§_(2%AZ)+ 5G§_(ZU§AG):_m_ZHAz(mio)G§_24. (BZ)
kiti hpU; 2R|11 kibj = hthZRibl' (A34)

_ _ _ _ The explicit form of theA%-Z® self-energy,ITaz(m3o), is
For the neutralino-sfermion-fermion couplings the Lagranggiven in Appendix D 1. The vertex corrections from the ex-

ian reads change of one Higgs boson and two sfermions are
L=1f(a}Pr+ bl POXI i+ xo(al P+ b PR fTF o 1 2 4
(A35) SGHEHT - _ > 2 GheGluGhic

with the coupling matrices

=h{Z,R |2+gf |l* bifk:hfzkaifl+gfkaRf2

(A36) 1 é E G G"f'f/ fo,
" (477)2 mn=1 k=1 mn3 imk“2jnk
fli= \/—[(Ef—lfL)tanﬁvakl-i-lf Zys], XCO(m%-’miO!mf?_,ma+, 2/ , ) ©3)
i i . m
=— \/EEftan HWZkl- (A37)

with the standard two-point functio@, [23] for which we
x takes the value$3,4} for {down, ug-type cases, respec- follow the conventions of24]. The graph with 2 Higgs par-

tively. ticles and one sfermion in the loop leads to
1 g,m 2 4 4 2
T(o, THH) _ _ 2’z T ~f 4 2 2 2 2 2
G153 (4m)? 2 mEzl kzl |:23 GimiGmijiAk -2 kz Z kaleI k-2 | Colmg Ao’m?j'm?m'mHE’mHP)

2
ff’ 2 2 2 2 2 2
gmz [G ]mZC (m?i’on,m?j'm?r;q,mHJr ymG+)

|
(477)2
Glszfmlco(m" on,mg m"f'r ,mG+ ,mH+):| (B4)
with

093011-12



IMPROVED FULL ONE-LOOP CORRECTIONS T(AO‘;E:L fzz. .. PHYSICAL REVIEW D68, 093011 (2003

il
xa 0 770, g+ .7
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7 0. i’
 C— » ! H (L — .
~ \:/‘\\ : Hia Gi 0 0 SN
fn: fn *\\\ ~ A ? G ;
2
+ crossed graph
R, HY; //fl //fl
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N
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FIG. 12. Vertex and photon emission diagrams relevant to the calculation of the virtual electroweak corrections to the decay width
AO—;flﬂfz.
—cos2B8sin(a+B) —sin2Bsin(a+B)
. . B5
cos 28 coq a+ B) sin2B cog a+ B) (B5)

For the gaugino exchange contributions we get

A=

4

2 2 2 f fonf of of i
> E(mE,me,m? ,mro,my,m; sk, —sh bl al.af ,bf)
(477)2k=1 ;7 A f]. Xk 3 3 Mik Ak 1Ak Mk

2

2 2 T T T
any? gl F(m;i,mio,m;j,m;,mfr g ist = sy K K (B6)
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4
5Gf(” 00 = 5 > F(m%_,mio,rrrfg_,mf,m 0,my0; [igFPa, — |gF|k3,b “,b )
(477) k=1 i i
2 ~ ~
2 2 =
+ 5 > F(me,mao,me ,mg, e, my+igF s, — |gF,k3,k|k,Ifk,ij,,ka,), (B7)
(4m)° ki=1 i j k [

whereF( .. .) isshorthand for
F(mZ,m§,m3,Mq,M1,M5;08,96,07,91,05,95) = (hyM 3+ hyM,)Bo(m3, M2, M3) + (hoMo+h; M) Bo(mZ, M3, M?)
+(hoMo+haM2)Bo(m3, MG, M3) +[2(d59595 + 959193) MM 1M
+hoMo(M3+M3—mg)+h;My(MG+M3—m)
+h,My(M3+M3—m$)]Co(mF,m3,m3,M3,M2 M3) (B8)

with the abbreviation8io = (g59595 + 959195) . h1 = (959595 + 959795) andh,=(g59195+959705). For up-type sfermions

F,3=F 3 and for down-type sfermions chargino indices are interchariggg= F 5. We split the irreducible vertex graphs
with one vector particle in the loop into the single contributions of the photonZ theson and th&V boson,

5GIV = 56 + 561D + 5GIHLW (B9)

In order to regularize the infrared divergences we introduce a photon malsus we have

—

1 T 2 2 2 2
565.(2% 7) (477_)2 (eoef)ZG§_23V(mfi 1mi0 1mfj|)\2;rn~ lrr]-f- )1 (Blo)

f(v,2) _ 2 2 2 2 2
Gl(23 )= gZ 2 Gmn3Z|manV(m?i'mA01m?.=mZ7m'f' 1m?)

( 2

2 2 2 2
(471')2 2 kE Gm]kZIlek(a’_B)V(mAO1n].ijmfiamZ:mHE!mfm)

i
(477)2 2 k,m

E G.memJle(a ﬁ)V(m F maomZ,me | mio), (B11)

k

T % 2 2 2
SGILW — E G 1R 1V(mfi,on,m;j,m\2,\,,

5_:3N
3

. 2
I g ’ ’
_ W > Gl R lRf1V(m~ mio,m\zN,m;Z[,n M), (B12)

where we have used the vector vertex function

V(mi,mg,m3,M3,M%,M3) = —Bo(m3,M%,M3)+By(mZ, M5, M) +Bo(m3,M§,M3)

+(—2m3+m2+ms—MZ+ M3+ M3)Co(m3,ma,m5, M2, M3, M3) (B13)
and the rotation matriR,;,
CoS¢ sing
R = . B14
k() —sing cos/, (B14)

For the vertex graphs with 2 sfermions in the loop we obtain
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T 1) _ 2 o 7 2 2
sGH = _ v 7T)Zh m?i Gl m[RIJmn+RmnIJ+NC(RmmJ+R Jm)]BO(on,m;m,m;n)

292 2 Gnms”( — (217 —ep)esy RIL +efsWR

(4 ) m.n=1 mn (NE+1)+(| _ef)efSW[Nc(Rumn""ernnij)

ijmn
2

1 2 2
)— ——NEheh; .6 T (R LRTE B oMo, Me ,M: ). (B15)

ijnm imn
n ( ) ] ]

For various products of sfermion rotation matrices we have introduced the short forms

2
+ lenmj+ Rf ]ln]} BO(mAO ,mfm.

§N

z - e e -
R.JLkl = RflR 1RL1R|f1' Rukl RifleflRﬂlefza
R.ﬁq = szR RIRI, Rk = RR,RIR,. (B16)
Note that the last term in EqB15) originates from the mixing of 2 squarks and 2 sIeptons whedenotes the “family

partner” of the fermionf with the same isospin and from the same generanont e, or ‘7,=b;. The diagrams with one
Higgs boson and one sfermion in the loop lead to

4 2
ol = (477)2 2, 2, Cindhi Feikons+ 0%(chichoel 1Bo(mjo mio s )
2_ 2 _ 2_ 2 H
o 7o (h?—g?/2)cosB—(h?—g?/2)sir’B o
™4 | (h?+hZ,—g?)sinB cosp ; mitL
+hihys 8oRIR! [Bo(m2e,m H+,m;2r,n)—mj. (B17)
|
with h;={h,0} andh ={hy,h_} for the decay intdsquarks, - 2
sleptons, respectively. The Higgs-boson-sfermion coupling 5Z§éf:— 2 Z NCG

2 4 nmS
matricescy, andej; can be found in Appendix A. (4) mn=t

: 2 2 2
XBO(mA()lrn.f 111 )1 (C3)
APPENDIX C: DIAGONAL WAVE-FUNCTION m

CORRECTIONS

For the diagonal wave-function renormalization constants -
we use the conventional on-shell renormalization conditions 5z§é>( 5
which lead to (4)

- 2 2
g z Fkl3)2[ Bo( mio , m}g ,m}lo)

. = et o 229 2 2 2
5zg3:_9{1]'3"3(mi0), 5z{i:_g{H{i(n1%i), (C1) X[(Myo—my0)“— Mo Bo(on.m}E,m;(lo)],

_ (C4
where the overdot ifl;;(k?) denotes the derivative with
respect td?. In the following we list the single contributions
of the wave-function correctiongigs. 13 and 14

2

9> X {((Fia)*+ (Fiia))
(47)%° KT=1

1. Higgs boson part '

2 2 :
X[(m;(;+m;(l+_mio)30_ Bo]

£(55)2[Bo(mizo, M7 ,m?) bt a2 2 2
_4m}:m}l‘*’Fk|3F|kgBo}(mA0,m}; |m';(|+)y
+mioBo(Mio. M7 m?) 1, (C2) (C5)
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FIG. 13. Diagonal Higgs boson self-energies.

1 [g,m,\2& &
z'z
6zZ5H=— > 2 (Aci-2)?
2 K=11=3

(4m)?

. 2 2 2
XBO(on,mHE,mHIO)

gMmy
_(477)2 ( > ) BO(mAO,mH+,mW+) (Co)
1 g2
5= © 2 (Rida—B))?
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FIG. 14. Diagonal sfermion self-energies.
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2. Sfermion part
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APPENDIX D: SELF-ENERGIES AND COUNTERTERMS

Here we give the explicit form of the self-energies needed for the computation of various counterterms for the one-loop
width A°—F,T,.

1. AZ mixing
The scalar-vector mixing self-enerdy,»-(k?), is defined by the two-point function

A® ___>_)__ ZE M= —ikH HAZ(k2) éz(k) .

The single contributions from the particlgsare denoted by

the superscripk in I, (see Fig. 15 I ,=- 4 )229922 Nc221G123
2 2
f i . Y X (Bo+2By) (Mo, mz ,my ), (D4)
HAZ:_—sz sin 2,32 NclfhiBo(myo,my,mg),
(4) f i g%m 2 4
DY 1f,= > E 2 Axi-2Rk1-2(B~a)
(4) k=11=
L i o " X (Bo-+ 2B1)(Mjo,Myo o), (D5)
Az= (472 ggzk,|:1 kI3¥) _ ,
2 2 2 12 L G 2a—2)
~ ~ = — a_
X[mXPBoJr(leO—m;g)Bl](on,m;lo.m;g). A2 (4mr)2
(D2) ’ s 2
X 2, (=1 (Bo~By)(Migo,mo,m3). (D6)
. 2
~ | .
Hfé: ﬁZQQZ > [(FisOfe - F&solrkR)m}r(Bo+ B1) 2.W¥ self-energies
k,I=1 .
(4) For the calculation of the mass counterterm of a gauge
+(F;ISOIIKR_FIJIr<30|,kL)m}+Bl](m,2A0vm;2(+ ,m;2(+), boson V(V=W*,Z%, 6m3=RII|,(m?), we need the
K : k transverse part of the vector self-eneidy, (k%) (Fig. 16
(D3) from
|
k,
Vi Vo M= i (k) (¢TI (8 + bk TR, (k) (K). (D7)
Sy 1 1 Ao(mg )
=— > NEfh? st,B +hf cos BBo(miy.mf ,mf )
My (471')2 gen. fT
9° g°
— —5 Boo(myy,mf .mf )+ =-By(my,mf mf) |, (D8)
My
(5m"v> = 2 N E (R1 R )2Bog(m2,m2 ,m? ) (D9)
My (477)2 m2, en. Cminzq  mLonds POOTEWT T

Heref, andf, denote up- and down-typ@)fermions of all three generations, respectively.
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(5mw)f:( 1 g S AL (ﬁmw)"' 1 ¢ (i

2
Ag(Mio)+2 3, Ag(m?-)
k k=1 k

My 417)2 4m\2N gen. My :(477)2 8m\2N k=1
2 (D13
X 2 (Ri)*Ao(m; ) (D10)
= Smy Vs 1 gz 2
(m_w> T (4m? 2 2, Rada=p))*
smyl¥ 1 g2 & & LR X Bo(M2, M2, m2) + 2 2 2 2
ZTw) 2 ~ yMo, M) + SEBo(mMyy, miy A 4)
~((Of)?+(Of)?) (B, + oy +55vt\2/v50(m\2;v,m\2/vym§)} (D14)
+Ao(ME+) = 2Boo) [(mg, ,meo M 1) (D11)
Xk X X Smy VV+V+ghost
( My
Smy HH 1 gz 2 1 P
(—) =————=5| 2 (Ri(a—p))? _ 9
Mw (4m)° 2my [kI=1 (4m)% 2mg,

X Boo(m\2/v7mal+ ’mi‘g) + B My, M2+ ,Mao) X [s2,(8Bgo+ 7m3Bo+2maB1)(ma,,m3, A ?)

+CQy(8Bgo+ 7mMGBo+2mG,B,) (Mg, mg,,m3)

+Boo( M3y, M3+ ,M20) (D12)

— S3AN(N?) — CiAN(MZ) — 3A(mi) . (D15)
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3. 7 self-energies

According to Eq(D7) the mass counterterm contributions

to the gauge bosoR® are (see Fig. 17

smy 1 g2
(m—z) (4m)? 2 NE[2C{ Crm{By
—[(cL>2+(cR>2]<Ao(mf>+m?Bo
—2Bgot m3By)J(mZ,mf,m7),  (D16)
@)fm:_ 1 29¢5 o )
(mz T 2 Ne 2 (2
X Boo(m3,m;_,m¢ ), (D17)
5m2)? 1 g% f 2 2
— = N C R
(mz G me > Ne, [(ClRm)
+ (CRRI) 1AG(M? ), (D18)
gL
( mz (4m)% m3 kI21(

~ 2
><[(m;(g+ mX|0)m;(|OBO+ mzB,

+ Ag(IM0) =~ 2Bogl (M5, Mo, M), (D19)
k k |

(amz>?*_ 1 ¢
mz | (4m)?

2

rL ~
2 klEl [204 Oy - M+ Bo

—[(O¢h)?+ (ORI [m3By +me B
2 2 2 2
+Ag(M=+) —2Bgol J(MZ, M=+ ,m=+),
Xk Xk Xj
(D20)

with

II(k)=KP_IT"(k) + KPRITR(K) + ITSY k) P, + TSR k) PR.
(D25)

Thus the counterterm for quarks and leptons is given by
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et LSS —aF
( - = (477)2 2| ¢ Z 23 [Ri—2(B—a)]
XBOO(mg’mHE’mHlo)

2
+co§(2ew)k§_)1 Bo(,(mg,mﬁ|k+ ,mﬁ,;)}

(D21)
sm M1 gi [ )
( mz ) - (41r)2 8m§[k21 AO(mHE)
2
+2co2(26y) > Ao(mﬁﬁ)}, (D22)
k=1 k

sm 1 (g
(m_zz> (477)( sinf(a— B)Bo(mzamho,mz)

2
+ %cosz(a—,@)Bo(m% ,m,2_|0 ,mi)

2
+gsyBo(mZ ,mév,mén) : (D23
5mz WW+ W+ ghost
( mz)
! gZCZ [48 B > ’B
= +mgBo+ zm
(477)2 00 MwPo™ 5 111zBo
+mM3B1— 2A0(My) | (M2, M, ,m).
(D24)

4. Fermion self-energies

In our notation, the fermion self-enerd¥ig. 18 is de-
fined by

f M = i a(k) TI(k) u(k)

1
5mf=§iﬁ{mf[HL(mf)+HR(mf)]+HSL(mf)+HSFimf)}
(D26)
Note that for quarks and leptoigsnlike charginoy the left-

and right-handed scalar parts bf(k) are equal,ITSY(k)
=II5Rk). The single contributions tém; are as follows:
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FIG. 18. Fermion self-energies.
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S ‘ f'wW g2 5

a7 _ 7 2 2

( mf ) (4’7T)2 2 Bl(mf 1mfr ymW)' (D33)
5. Chargino self-energies

Since the Higgsino mass parameteris fixed in the
chargino sector, the counterterfipe reads[20,21]

2
1
Sp=Xor=>5 ”2:)1 UiaVjo(IL s+ T+ T+ 117
(D34)

with the chargino self-energid$;; =Hij(m~)2~(_+) (see Fig. 19

J
U andV are two real 22 matrices which diagonalize the
chargino mass matrix,

|0
UXVT=Mp=

0 My

The single left- and right-handed parts Idf; can be found
by comparing the coefficients according to ED25).
For the fermion-sfermion contribution,

2
Lt 2y f ?i ?l 2 2 2
i (k%) (4m)? Z Ncmzzl [k Ba(K®,mi Mz )
7o f 2
+|rgi|n§j51(k2,m?l,mfm)],
2
B = —— S NS [T By m? e )
J (@m?2 F =y mimi 1
70 2
+ KKy Ba(K?m? m )],
2 - o~
SL L2 f ff 2 m2 m?
117~ (k%) (4)°? 2f NcmE:1 [melmikijO(k ’me'm?lm)
g KT Bk m? m?
mfl mi' mj O( !mfl'n}f}m)]’
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f T 2
IR kz)— Z NE 2 [ kitd s Bo(kZ,m? . )

fT t 2 2
+m; ImlkaJBO(k ,m? ,m;m)].

(D35)
For the Higgs-boson-gaugino contribution,

0
I (k)
4

2
1
= (477)2 Z kE (FiFikiPLt FriF i Pr) By

2
—nm +E (Fk|IF]kIPL+FiJIr<IFI:—jIPR)BO

4
2 2
+m};|=23(|:|ri|':j+k|PL+FdeF;ﬂPR)Bo (kz,m};,mHlo),
(D36)
H K
I (k)

4 2
= 59 E E K(F{F ki PL+ FiiiFiiPr)B1
C4m? & e

mO(Flk|F]k|PL+F|kIF]kI R)Bol(K?, m~o M +).

(D37)

For the vector-gaugino contribution,

Y 1 2 2 2 2
Hij(k)=—(47)226 6,][kBl+2m;(]+Bo](k ,m’)'(r,)\ ),
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=— 292 k(OL.OL P, + ORORPL)B
(477)291;1[(1« kiPLt OkiOyjPr)B1

+2m3o( OO P+ 0§ Of Pr) Bol (K, %, mj).

(D40)

6. Sfermion self-energies

(D38)
o For the fixing of the sfermion mixing anglé; we need
Hﬁ (k) ) the off-diagonal elements of the sfermion self-energigg.
1 , , 20), If; =11 m?). In the following, Y , denotes the weak
=~ =263 [KO{-O(P +O[fOPRB, ) 11 =11, (). In the following, Y1 e ,
(4m) k=1 hyperchargeY/{ ,r=2(13-'R—e;). The short forms for vari-
'w , ous products of sfermion rotation matrices can be found in
'rRAL 'R 2 2
+2m§;(0ik Okj PL+OikOkJ Pr)Bol(k ,m};,mz), Append|x B. Add|t|onally, we use the abbrewatldﬁlfjka,
(D39 =R Rf RI,RY,
|
~ o~ 4 ~ ~ ~ ~
Y= - 2 [(@@ji+bib) - (Ao(mo) + Ag(mf) + (mo-+ mi —m; ) Bo)
+(a|fkb}(k Ika]k) Zwomeo](m m"o m)
2 ~
5 2, LKk 1 o)~ (Ao(mE )+ Ag(mi )+ (mé - +mf, —m? )Bo)
47)2 (=
+(kk| k+||kk k)'zm}+mf'Bo](m$,m’2‘+,mf2/), (D41)
k i X
- - 4 2 B 2 2
i = Gl WGl Bo(m? . mE mo) + GG Bo(m? m2, \m2.), D42
. (4)? 121 mzzl mikGjmiBol fi7 " m (471-)2 kgl mzzl m'k imiBol i Hk+) (D42)
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< 1
ifj’yf:_ )2(eoef)25ij[2Ao()\2)—Ao(m%i)+(4m$i—)\2)Bo(m;2i,rn;2i,)\2)], (D43)
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(471-) m=1 m j m j m
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L-’Wf:—m g 12 (Rin) 2L 2A0(my) — Ao(mi, ) +(2m; +2mmf, —mi)Bo(m; ,mf )], (D45)
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Hifj’f_(4 )2h22 [NC(RJmm|+ er1’1|]m)+R]|mm+ RInm“]AO(mfm)
1 2 (1 f
(477)2922 ——(2If —ef)esy “mm+efsWR“mm (Nc+1)
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2 2
rary] 1 1 g
T _ T 9
IL; _(477)2 mmD]|+h ij?m)AO( f’) (4m)2 4
2 —~——
fr:2 il ff| 2 it £/ o fryfpf T
><m§=‘,l{Nc[(t\,VYLYL —DRLL R YRYR erﬁm—Y YRR ~Yi YRRmmf;I]JrzR]mgm}Ao(m ),  (D47)
~ s N 2 2
ff_ f ff Tt 9 i 2
Hij (477)2NCmEl |Jr§m+R]mﬁm)+ ler;m AO(m}m)
.g2 2 )
Tt f i off ff off ff
—(477) P ViR —vivER(e —vIVERID +yLYE “rgm]Ao(m ), (D49)
5 1 i g2 2 ﬁ/ 2
) R 2 L ‘
1_[|J (477)2 C 4 mzl RjimmAO(m?r’n)
(477) E [viY{'R Jmﬁm‘Y [Yk R,.n?m—Yf vi R;:n[}.+YRYf ,.rﬁm]Ao(m ). (D49)

The contributions from first and second generation sfermiﬁn,s, are given by

niF=ntfi-r), ntf=

1
'I'II)
Bt

Pt —F), off=nltd—F, (D50)

ny'(f—F), I i

where the superscrifit denotes values belonging to first and second generation scalar fermions with the same isoépig. as
F,={u,,c,} for the top squark cageF’ sfermions with different isospin etc.

4
~ 1 - -
= G2 2 [hZch s + g%, (c— Cad JAo( M)
(4 )2 2 [hf’d l+h2d fRf2+ng (d d&k)]AO(ma;)a (D51)
o

~ 1
V= 4(eger)?5ijA0(N?) +

29%R1, Rl Ay(m2) + ' 4 2[(CHZRT, R+ (CL)2RLR!,JAq(m2)
ij (472 (4m)? 1Rj170 (4m )2 9z i1 R Rj2]Ao(my).

(D52)
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