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QCD and SUSY QCD corrections to the three-body decay of the charged Higgs boson
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The O(as) QCD corrections to the three-body decay width of the charged Higgs dogen —W™* bE) are
discussed in the MSSM. Our calculations indicate that the standard QCD corrections to the three-body decay
mode raise the width by about 12% and the supersymmetric QCD correttiomsog,t,b exchangescan be
comparable to or even larger than the standard QCD corrctions in some regions of the supersymmetric
parameter space. This is mainly due to the effect of large left-right mixing of the top squjark could
significantly affect the phenomenology of the" search.

PACS numbgs): 14.80.Cp, 12.38.Bx, 23.78j

[. INTRODUCTION three-body decay channel should also be taken into account,
which, so far as we know, is absent in the literatures. In this
Despite the great success of the standard m@shel) in ~ paper, we present the calculations of the QCD and supersym-
elementary particle physics, one important aspect, the Higggetric (SUSY) QCD corrections to the width of the three-
mechanism, of the model has not yet been experimentallpody decayH * —bbW" within the MSSM. We also calcu-
verified, and there is plenty of room for extensions. The SMiate the one-loop corrections from charged Higgs particle
possesses the minimal Higgs structure of one doublet anghich may be important for small tgh
only one neutral physical Higgs boson is left after spontane- The paper is organized as follows. In Sec. Il, we present
ous symmetry breakingSSB. One of the most interesting most of the formulas in our calculations and show some
versions of the extended SM is the minimal supersymmetriémportant analytical results. We also discuss the arrangement
standard modegMSSM) which demands two Higgs doublets of the ultraviolet and infrared divergences. Some relevant
and predicts a charged Higgs paiit) [1]. The search for formulas are given in Appendixes A and B. In Sec. lll, nu-
the charged Higgs boson will give bounds on the parametemnerical results and discussions are presented.
space of new physics models. Several groups have analyzed
their experimental data and give lower bounds on the Il. ANALYSIS AND FORMULAS
charged Higgs boson mag,3]. . .
The top quark decay provides a promising laboratory to We shall perform the calculations mainly in the MSSM.

look for the Higgs boson because the top quark-HiggsThe related pieces of Lagrangian are given in Appendix A.

Yukawa coupling is large. Thel™ search strategy in top- oF Simplicity, we neglect terms directly proportionalrg,
quark decays has been based on the distinctive features of tRit ©f course keep those terms which are singular in the
channelg—bH* —b(r* .cs), compared with the standard vanishing mass limif~ In(my)]. In the final results after we

e ) include real gluon emission, such singularities are cancelled
model decayt—bW" —b(lv,7v,q'q), which assumes that oyt As a result of takingn,=0 in the MSSM, only the

the dominant decay channels of the charged Higgs bOSOI'%ft-handed bottom squarib() enters our calculations while

below thetb the threshold aréi™— r*v andH* —cs [4]. . iy = o
) the left-right handed mixing of the top squark, (tg) is
Recently, another important three-body decay channel of thfﬁcluded in the calculations.

Higgs bosonH™ —bbW" has been proposed by Met al. First we define several quantities and symbols

[5]. They found that the above three-body channel is domi-

nant forH* =140 GeV and tag<1 while the 7" » mode g?m, ,

dominates at large tg®. Thecs mode is relatively small at G= mCOtﬁ|Vm| , (1)

all tang for H* =140 GeV. This can significantly affect the
signature for top quark products.

Accurate predictions of charged Higgs boson width in- A1=u(p2)éPLv(py), 2
cluding O(«y) corrections to the above processes are impor- .
tant to the phenomenology of thé" search. The one-loop A,=u(py)psPLv(pl)ps- €, 3

effec\tzgstrong and electrowealon the decay—H"b and
t—b have been discussed in detail in Rd®] and[7], —T

respectively. The leading QCD correctionse{to1 the [pr]ocess Aa=U(p2)PsPLV(P1)Py- €, @
H* —csis taken into account by substituting the quark masswvhere cofB=v,/v, is the ratio of the vaccum expectation
parameters by the running masses atkiie mass scalg8]  values of the two Higgs boson double¥s, is the Cabibbo-
which changes the charm quark mass from 1.5 to 1 GeV anHobayashi-Maskaw&CKM) matrix elementg is the polar-
considerably reduces the width of the —cs process. Cor-  ization vector of W* boson, andp;,p,,ps are the four-
respondingly, the leading QCD corrections to the aboverector momenta ob, b, andW*, respectively.
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FIG. 1. Tree-level diagram for the three-body decay of the

charged Higgs bosoH * —W*bb.
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FIG. 2. Diagrams relevant for the calculation of {8¢a;) QCD
corrections to the width of the three-body deday— W' bb.

where the indicegy and g refer to the gluon and gluino

correctionsF (%9 — F{99 are functions of various kinematic
(5) invariants, which include the two-point, three-point, and
four-point functions as defined in Reff10]. We give the

explicit forms of F {99 — F{9:9) in Appendix B. It can be seen
from above that the amplitudes for the loop diagrams in Fig.
3 have the same structures as their counterparts in Fig. 2.
Now we turn to the mass and wave-function renormalization
due to Figs. fa) and 4b). The self-energy parts can be writ-
ten in the form

(6)

(o) 9s 2 02 32 2 02 32
wheres,, S,, ands,y are the four-momentum squared trans- —ix@= 3 {p[1—2Bo(p%,my,\%) —2B1(p*,my,A%)]

ferred to the corresponding particles By [9].

The one-loop QCD and SUSY-QCD corrections to the

+[4Bo(p®,mg \?) —2]mg}, (11)

process arise from the diagrams of Figs. 2 and 3, which

involve virtual gluon and gluino exchanges. The self-energy
corrections of external legs make no contribution to the
width and we do not depict these diagrams. The amplitudes

for those diagrams in Figs. 2 and 3 are

B S =1 (1)
37 (pf-mp)?

Mgg'g):G 1AL

- g 1 - -
M l(39,9): G— —[F(zg'g)Al"' F(gg'g)Az]y
37 (pf—mp)
- a -
M(Q,Q)ZG_S [F&g*g)Al],
¢ 37 (pf—mp)

- a -~ - -
M gg,g): G ﬁ[Fég'g)Aﬁ FgQ,Q)A2+ |:(79,Q)A3],

—i3@=—ifpz@(p?)P, + 3@ (p?)Pe]+3@(p?)1,

(12
3@ (AP EP(p?)Pr
@) — 2 {2[c030P, +Sir? 9Pg]B (p?,m? mE )
+2[SiIP 6P +Co$ OP]B,(p?m:,m? )}, (13)
®) i
SO (p?) = > {msin 26 Bo(p?,mE m? )
9 2
- Bo(Pz,nngz,maz)]}, (14

where we have introduced a gluon mas$o regularize the
infrared divergences and is the mixing angle of left-right
(100  handed top-squark defined in Appendix A.
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We shall use the on-shell
throughout the papdrl]. From Eqgs.(11) and(12), we can
easily derive the mass counterterds,

a
om{P) ==~ mg[ 2Bo(mg,m3,0) — 2B,(mg, mZ,0) — 11,

(19
@_%s 2 2 2 2 2 2
Ny
9 2 2 2
+ mqsm 26[Bo(mg My ,mal)
—Bo(mg.ﬁé,mgz)]], (16)

and the wave-function renormalization constants

Qg
5289): 5{1_ ZBo(mé ,mg A2 — ZBl(mé ,mé A?)

+4m[ DBo(m;,m5 \?)—DBy(mg, ma A?) 1},

17
s70=30+m(3@+3@)+2m3 9, (19)
SZ@=3@+m(3@+3@)+2m 3O, (19

with X=dX/dp?. In the above expressions we denote

Byx(X=0,1) as the two point functions ardBy as the de-

renormalization scheme H*
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FIG. 3. Diagrams relevant for the calculation of tii¥ «g)
gluino corrections to the width of the three-body dechy

—~W"Dbb.

To remove the ultraviolet divergence of the amplitude for
Fig. 3(@), we introduce the following counterterm which cor-
responds to Fig. &):

579+ 529

5 +om@|.

(24)

i| p(SZ{IPL+ 6Z{VPr) —my

There is another way to get the same results. If we only

rivative of By with respect to the momentum squared. Wegyptractsm from the self-energy functior®. at the mass
give the related two point, three point, and four point func-gne|, the remaining ultraviolet divergences will disappear

tions in Appendix B.

automatically after we add all the amplitudes for loop dia-

The counterterms for the coupling coefficients of thegrams (including the self-energy diagrams of the external

Higgs-top-bottom vertex and top-bottovidi¥ boson vertex
are

Sith="— 5':;{9) + %( 529+ 5%, (20)
6§S%v:%<52§9>+62ég’), (21)
5= 5mﬁa) = %( 5209+ 679, 22
5£%>W=%<52§§>+52é?’>. 23

legs and the mass counterterms related with khetb ver-

tex. TheO(as) contributions to the three-body decay width
are given by the interference terms between higher order
amplitudes and tree-level amplitude: i.e.,

>

q é q

(b) (c)

The amplitudes of the diagrams containing above counter-
terms will cancel out the ultraviolet divergences contained in  FIG. 4. Diagrams relevant for wave-function and mass renor-

the amplitudes for Figs.(B),2(c) and Figs. &),3(c) com-
pletely.

malization in the calculations of th@(as) QCD and SUSY-QCD
corrections to the width of the three-body deday —W*bb.
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FIG. 5. Diagrams for real-gluon emissiéf” —W"bbg. The infrared divergence terms contained in E2f) is
oT = f 2 Re( > MEIMmg ], (25) dag 2pip; AAE? dI
phase space €,C,0 3—| 1 Vi In 2 —. (31)
T My N dsyds,

wheree represents th&/-boson polarization and @; repre-

sent the color and spin df andb, respectively.

The above results still contain infrared divergences whic
are cancelled out by the infrared divergences in real gluo
emission given by Fig. 5. In our calculations of the real
gluon emission contributions, we closely follow the proce-
dure discussed in Refl10] where an energy cutofAE is

The infrared divergences in Eq26), (27) will cancel out
the the infrared divergences containeddA(® and that in
rJFq. (28) will cancel out the infrared divergence coming from
the contribution of the box diagram in Fig. 2. This can be
seen from the analytical form afz{?

2 2
adopted to distinguish soft and hard gluon. The soft gluon (9 _ %s| _ } _ )_ M
contribution is calculated by soft gluon approximation and oZp 37 €+In4w ve| =2 ln?ﬁ Inmﬁ 4
the hard gluon contribution is calculated by Monte Carlo (32
methodq12,13. The contributions of soft gluon emission of _ _ ) )
Figs. 5a),5(b) are whereD=4-2¢ is the space-time dimensiong the Eul-
er's constant, ang. the 't Hooft mass parameter in the di-
dr® as dr, mensional regularization scheme. The divergent part of the
——— =gl (26) amplitude for the box diagram is contained in the folowing
dsydsy 37" Tdsdsy integral:
dr® s dr, @ dPk
— —_ lyy——, 2 R_~_S 4-D | —
ds,ds, 37 Zdsds, @0 MF=Gg (2mu) e
respectively, while that of the interference term between » u(p2)2mps £p,PLv(py)
Figs. 5a) and 3b) is (K= AA)[(p—k)?=mZI[(pa+k)*—mZ](p —my)
drme)  2q  dl _ . @5 —4mp;-pou(py) PV (py)
— =32l —, (28) =G5 PR,
ds,ds, 7T dsyds, ™ Py —m;
where XCO[mg!mga(p1+p2)21m§1)\2|m§]- (33)
Pk 2 The analytical expression @, can be found in Ref[14].
L :f A & (290  We can thus easily obtain the infrared part contained in the
I Jik=ae 20k (piK)(pjk) contribution due to the box diagram in Fig. 2:
W[th w = K>+ )\.2 and AE_ the cutoff parameter. Th.e ex- dl(box) —4ay mﬁ A2 dry
plicit form of I;; is given in Ref.[10]. The infrared diver- ~ n In . (39
gence terms contained in Eqg6), (27) are the same ds,ds, 37 2P1-P2 2P1 P2 ds,dsy
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FIG. 7. Comparision of the tree-level width with those including

the standard QCD or gluino corrections . The parameters taken in [||. NUMERICAL CALCULATIONS AND DISCUSSIONS
gluino corrections arer(qL,mé ,m,A)=(200,400;-300,200). ) )
We now turn to the numerical evaluation of the corrected

It is evident that all the infrared divergences are cancelledvidth. We have tested the results in a number of ways. We
out completely. found that the results are reliable since they do not depend on
At last, we consider the charged Higgs boson loop correcthe choice of the 't Hooft mass parametes in the
tions to the width because we are interested in the largg cot dimensional-regularization scheme and the fictitious gluon
region where the coupling of charged Higgs boson to tognassx. We also choose different energy cutoffs in the cal-
quark and bottom quark is large. The corresponding diaculation of soft gluon emission and find the results are inde-
grams are shown in Fig. 6. The substraction procedure igendent of it to a satisfactory precision. The cancellation of
standard 11]. We will discuss the numerical result for it in In M, is examined too.
the next section. The whole analysis will depend omny+,tang,w,A
(=At),m§,mgL(=m5L), and .. For simplicity, we have

500 —————— 3 assumedm; =nm;_ in the calculations. We takfVy,|=1,
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FIG. 8. Contour lines of éI'(gluino)/T (tree) for FIG. 10. Contour lines of éI'(gluino)/T (tree) for
(mH+,m§,th)=(15O,4OO,280) GeV and t@#®=1 in the Au (my+,mg,A)=(150,420,300) GeV and tg=1 in the M-y
plane. plane.
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FIG. 11. Contour lines of 6I'(gluino)/T (tree) for
my+, &,z ,A)=(150,—300,280,300) GeV in the tgB-m; plane.
( H+s M T ) ( ) w— {o] p mH+(GeV)
m=180 GeV, m,=4.8 GeV, my=80.4 GeV, sifty FIG. 13. The ratio of the gluino corrections to the three-body

=0.23, a=1/128, a;=a4(150 GeV)=0.113, and m, decay width to the width of the two-body decai {— 7" ») for
=91.2 GeV. The SUSY parameters are constained to satisfym+,m; ,mg,u,A) =(150,200,400; 300,200) GeV.

the lighter top squarkn;la 90 GeV.

~ The effects of the standard QCD and SUSY-QCD correc-sy (gluino)/I'(tree) in the A-u plane for tagB3=1 and
tions of Eqs.(8), (9), (10), and(11) can be seen in Fig. 7, in (Mmy+,mg,mg =nT; )=(150,400,280) GeV. This correction
which we take (m; ,mg, 1, A)=(200,400:-300,200) GeV. ¢ 5 sirong dependence pn It changes sign neai~0

The results show the QCD corrctions raise the width bygeyv. We can see for the chosen values of masses it can
about 12%. The gluino corrections can raise the width byeach about 12% whea is near+450 GeV andu is near

about 9% if we take the parameters listed above. +450 GeV.
In Fig. 8, we show the contour lines of |5Fg 9 we show the dependencedf(gluino)/T (tree)
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FIG. 12. The ratio of the three-body decay width including the  FIG. 14. The ratio of the the three-body decay width including
standard QCD corrections to the width of the two-body decaythe standard QCD and charged Higgs boson corrections to the width
(H*—cs, 7" v) for my+=150 GeV. of the two-body decayH " — 7" v) for my+=150 GeV.
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as a function ofA andnmy for tang=1 and (y+,mMy,u) APPENDIX A

=(150,420,300) GeV. We can see the gluino correction can |, this appendix we list some relevant pieces of the SUSY
be about 15% wheA is negative and; is about 100 GeV. | agrangian. The charged Higgs boson coupling to top and

In Fig. 10 we show a contour plot (ﬂF(qumo)/F(tree) bottom quarks is given by
in the sy plane for tang=1 and (y+,mg,A)
=(150,420,300) GeV. We find the corrections can reach
20% whenu = —500-400 andrrrtL is about 100 GeV. 9V,

. . t T T

In Fig. 11 we show a contour plot @fl"(gluino)/I"(tree) L=——H"*[m,cotBtP b+ mytanBbPxt]+H.c.,
in the tans-mg plane for (my+,u,my ,A)=(150, V2my, (A1)
—300,280,300) GeV. Divided by tg#=1.1, the left part of
the graph is similar to the right part. The correction rises
when tarﬁ deviates from tagg=1.1. Given a taiB, the cor-  \yere P_r=4(17 ys) are the chiral projector operators,
rections increase up to abouty=650 GeV and then de- cotg—y, v, is the ratio of the vaccum expectation values of
crease afsy, Inceases. the two Higgs doublets and,, is the CKM matrix element.

The reason for the large contribution &1'(gluino) is The squark couplings to the charged Higgs boson, gluino,
mainly because the vertex correction part of the gluino—4nq\wW* boson are given by

exchange corrections is proportional to tHetb coupling

which can be enlarged greatly if tftemixing parameterg\
and u are large. _

In Fig. 12, we show the ratio of the three-body decay LCion= 9 (m2,sin 28— m2cot—mitanB) Z2. !,
width including the standard QCD corrections to the width of V2my, e
the two-body decay H™—cs,7"v), in which we can

clearly see the corrected three-body decay rises sharply with th Zg Z% ,+my(A¥cotB— )z zkl)_
increasingmy+. It can reach more than 8 times the size of sin2p .
the two-body decay in the given area.
In Fig. 13, we show the ratio afT"(9, the corrections due +mp(AptanB— u*)Z3Zy; | VDI H ™ +H.c.,
to gluino exchanges, to the width of the two-body decay
(H*—7"v), in which we take (0 ,mg,«,A)= (200,400, (A2)

—300,200) GeV. These curves |nd|cate that the ratio tends to
be smaller when taf increases while it can be large when
tang is less than 1.

Finally, we have calculated the dominant terms from the
Higgs boson loop corrections in Fig. 6. We find the Higgs
boson corrections are relatively small, which can lower the
width by about 0.6%cdé8 when my+=140 GeV, and the
ratio of the Higgs boson corrections to the tree-level contri- *Ta~a bx p
bution decreses whemy,+ increases. Therefore, the Higgs Lig=0s\2b! T — 23 PL+ Z35} Prlb+H.c., a0
boson corrections can be neglected if gais not too small.

In Fig. 14, we show the ratio df g+ oT(©@+ 5T ") (the
width including the standard QCD and charged Higgs cor-
rections to the width of the two-body decayH(" — 7" v). If -g

we measure the three channéls —7"», H* —cs, and Loiw= 2

H* —W*bb simultaneously and obtain tgh of the two-
Higgs doublet model of type Il froml" /T ,+,, we can
check the validity of the two-Higgs doublet model of type Il respectively, in whichy, is the QCD coupling constang, is
without supersymmetry by comparing the experimental dataghe EW coupling constant, an@® is the matrices of the
for I'3/T" .+, with theoretical results similar to those in Fig. SU(3) generators in the three representation:
14.

In summary, we have performed complete calculations of
the O(«a,) standard QCD and SUSY-QCD corrections to the

width of H" —bbW™". We have found that the QCD correc-
tions raise the width by about 12% and the SUSY-QCD cor-
rections can be comparable to or even larger than the stan-
dard QCD corrections and change signsgavaries. This
prov|des an effective way to d|5t|ngu|3h the two- H|ggs dou- andZ” are orthogonal matrices which dlagonallze the mass
blet model of type Il from the MSSM. matncesM andM of the squarks:

‘Cht’ta:gs t*Ta a[ Z PL+Z R]t+ HC,
(A3)

— 25,25 V(B 7¥T)W, +H.c., (A5)

(A6)

cosf —sind
“\sing cosé
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L[ mimi03smicosB)  —my(A+pcotp)
M= 2 2 2 ' (A7)
—m,(A;+ u cotB) m;R+ m;+0.15mz cos 23)
. mgL+ m2— 0.42m3 cos 28) —my(Ap+ x tanB)
Mg= 2 2 2 ' (A8)
—my(Ap,+ utanp) mBR+ m;—0.08 m3 cos 26)

when we neglect the mass of bottom-quark, the last mass matrix reduces to

m%L —0.42m3cos 28)

2
M2= . (A9)
b mﬁR— 0.08 m3cos 28)

APPENDIX B
In the expressions belowr,r;,=m,;l andZz;;(i,j=1,2) represent the elements of matfixdefined in Appendix A.
F{9=—2m3+2m?Bo(0,m?,0) + 2my(m?2+ s5)Bo(Sp,m?2,0), (B1)

F{9 = —m[1-2By(m32,0m?) + 2(m2,— Sp) Co(Ma,, S5, Mz ,m2,mZ,0) + 2(m2,— 2s5) C1 (S, m3,,m2,0mZ, m2)

+2(m,— Sp) Ca(Sp, My, M3,0m¢ ,mp) + 4Co( Sp, MGy, mMp,0mZ ,m) 1, (B2)
F =4am[Cy(sp,mdy,m3,0m?Z ,md) + Cyy(sy,mg,,mz,0mZ,mg) + Cyaf Sy, Mgy, m3,0mZ ,ma) 1, (B3)

2 2 2 2 2 2 2
F{®=—2m{1-2By(m+,0m?) — (ma—sp— Sw) Co(Sp, M5+ ,m2,0mZ,m2)
2 — — 2 2 2 2 2 — 2 2 2 2
—(Miy+ Sp—Sp— Sw) C1(Sp, M+, M5,0mMg, M) — (M= Sp— Sw) Co(Sp, M+, M, 0mE ,mi) 1, (B4)
_ 2 2 2 2 2 > 2 2 o 2 2 2
F(Sg)—zthO(mw,Sw,mH+,mt ,mb,mb)—thSWDo(mb,mW,mH+ ,mb,Sb,Sw,o,mb,mt ,mb)
2 _ _
—2mysyD1 (Mg, mg,,m, ,mg Sy, Sw,0mz ,mZ,m3) + 2my(Sp— Sp— Sw)
2 _ 2 _
X D,(M3, mG, My« M3, Sy, Sw,0m3 ,mé,m?2) — 2mysyD (M3, mg,,my, ,m3 , Sy, Sw,0mg ,mZ ,mp)
2 2 2 2 2 2 2
—4mD oo My , My, , My, + .My, Sy, Sy, 0mp , Mg, my), (B5)
_ > 2 2 2 2 2 2 2.2 2 9 2 2 2
FE=—amD,(m),my,mf ,m5 S, Sw,0m5,mZ ,mg) —4mD (Mg , M, my; . , Mg S5, Sy,0mp , M7 ,mp)
2 2 2 o 2 2 2
_4mID22(mb 1mW1mH+ 1mb ,Sb 1SW101mb 1m’( 1mb)1 (BG)

_ 2 2 2 2 2 2 2 2 2 2 2 2 2 2
|:(79)_4mtD2(mb,mW,mH+ ,Mg,Sp,Sw,0.my ,mg ,mg) +4mD,5(mg ,my,,my,+ ,mMg, Sy, Sw,0mg ,mg ,mg), (B7)

3 2 2. 2 2 2 2., 2 . 2
F{9= mBo(0,mg ,m; ) (mg— m{i)(zii +275) —Bo(Sp My 1m{i)(m§mtzii +MSpZ3i— mtmfizii —2MgM{ZyiZy

. 2 2
—2MgSpZ1iZi+ mg,thEi +mSpZ5— mtm;izgi), (B8)
q . 2 2 2
FE=am( Codmg, miy o, mg ,mg,m; ) Z3;1, (B9)
3 2 2 2 2 2 2 _ 2 2 2
,:(39):4zli[mtclz(m§,m\2,\,,sb,mé,mB,rn;i)ZliertCZZ(mﬁ,m\z,\,,sb,rna,rn~b,rn;i)+rrrgco(m\2,\,,sb,m§,r‘n,;,m;i,mé)ZZi
2 2 2 2 2 2 2 2 2 2
"‘macl(mbvvaSBvm(_;,a”%vrrﬁi)zzi‘Fcz(mb,mw,SB,mé,mg,m;i)(mazzﬁ‘mtzli)], (B10)
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g _ 2 2 2 2
FO=— — [sC,(so,m5.,m2,m,me,
4 thOtB[ b l( b H+ b 9 ti

+my(AcotB—u)Z5i], (B11)

2 — 2 2 2 2 .
M) Zy; + MM, Co( Sy, My, MG Mg, M3 M) Z5; ][ (i sin 28— m{ cot B) Zy,

9 — 2 _ 2 2 2 2 .
Fgg):WDoo(mﬁ,m\zN,mm,mﬁ,sb,sw,ma,nr,rryi,mB)Zli[(m\stm2,8—mtzcot,B)Zli+mt(Acot,8—,u)ZZi],
(B12)

Fgg):m{Dz(mﬁ ,m2,,m7, s ,m2 ,sg,sw,mggJ mg m;z ,mg)Zli[(m\ZNsin 2B8—m? cotB)Zy;+ my(AcotB— ) Z,i]
It 1

2 2 2 9 2 2 2 2 2 ’
*+ DMy, My, My My, Sp, Sw, Mg, Mg, M, M) Zyi[ (M SiN 28— my COtB) Zy; + my(ACOtS— 1) Zi]
2 2 2

+ D oo MG, My M-\, S5, Sw, MG, Mg M M) Zy [ (Mysin 28— MEcotB) Zy, + m(AcotB—m)Za 1t (B13

Q 4 2 2 2 2 .
|:(7g):—mt ol Do(mZ,m2,,m7+ ,m2, S5, Sw Mg Mg my M) Z;[ (MG sin 28— m¢ cot B)Zy; + my(AcotS— p) Zy;].
(B14)

The relevant scalar fuctions are defined as follows:

Bo(p?,m3,m3)=(im?)~Y(2mu)* P f d°q{(q?~m)[(q+py)2—m2]} %, (B15)

Co(p3,P12,p3,mg,ms,md) = (im?)  *(2mpu)* P J d®q{(q?—md)[(q+p1)?>—miI[(q+p,)2—m3]} %,

(B16)
Do(pi,pu,pza,p%,pé,plg,mé,mi,mé,m§)=(iwz)‘l(Zm)“‘Df dPa{(a*~mi)[(a+py)>—~miI[(q+py)®—m3]
X[(q+paz)2—m3]} 1, (B17)
dBo(p?,m2,m?)
DBy(p2,m2,m?)= O(pl—fl (B18)
Jp7
in which p;; = (pi—p;)*.
The definitions of the tensor-integrals and the relevant decompositions are given below
Qmaw)* P o Guy U,
Ty g (P PN=1 Mg, My—g) = —— jd 95,0, - Dy’ (B19)
with the denominator factor®,=q?—m3, D;=(q+p;)2—-m? (i=1,... N—1)
B,u: leBl' (BZO)
2
C=P1uC1+P2,Co= 2 PiuCi, (B2Y)
C.v=9,,Co0T P1,P1,C11F P2,P2,Coot (P1,P2, T P2,P1,)C12 (B22)
2
:gwcooJrijE:l Pi.P;»Cij » (B23)
3
DM=;1 pi.Di, (B24)
3
Duv:ngDooJrijZ;l Pi .P;.Djj - (B25)
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