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The one-loop supersymmetii8USY) QCD radiative correction to thgb—tH ™~ cross section is calculated
in the minimal supersymmetric standard model. We find that SUSY QCD is nondecoupling if the gluino mass
and the parameteys, A,, andA, are of the same order and get large. The nondecoupling contribution can be
enhanced by large tgh and therefore large corrections to the hadronic production rates at the Fermilab
Tevatron and CERN Large Hadron ColliddrHC) are expected in the large t@nlimit. The fundamental
reason for such nondecoupling behavior is that some couplings in the loops are proportional to the SUSY mass

parameters.
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I. INTRODUCTION [8—10Q showed that SUSY QCD may be nondecoupling in

some processes involving Higgs bosons. As is well known,
Although the standard modé&M) is phenomenologically the decoupling theoreifil] states that, under certain condi-
successful, it is arguably an effective theory and new physic§ons in a given quantum field theory with light and heavy
must exist at high energy scales. Among the elementary paparticles, if the heavy particles are integrated out to all orders
ticles predicted by the SM, the top quark and Higgs bosorn perturbation theory, the remaining effective action that is
may hold the key to new physics since they are most relatedalid at energies much lower than the heavy particle masses
to electroweak symmetry breaking. An intensive study of thedoes not show any trace of these heavy particles. If SUSY
properties of the top quark and Higgs boson will be one ofQCD is nondecoupling in some cases, we need a proper un-
the primary tasks of particle physics in the new millennium.derstanding and thus we need to further investigate this non-
So far the most intensively studied new physics model iglecoupling property of SUSY QCDyb—tH™ is an ideal

the minimal supersymmetric standard mod®ISSM) [1].  process for this purpose.
This model predicts the existence of five Higgs bosbifs This paper is organized as follows. In Sec. Il we present
h®, A° andH*, all of which couple to the top quark. Com- the formula for the one-loop SUSY QCD corrections to the
pared to the couplings in the SM, the couplityH~ is a  9b—tH™ process. In Sec. Iil we scan the parameter space of
completely new coupling. Studi¢&] show that this coupling the MSSM to estimate the size of SUSY QCD corrections. In
is sensitive to quantum corrections and may be a good probgec. IV we study the decoupling behavior of SUSY QCD. A
of the MSSM. Although this coupling could be measureddiscussion of how the decoupling and nondecoupling take
from the top quark decay process-H*b if the charged place is also given. Finally, the conclusions are summarized
Higgs boson is sufficiently light, the direct production of a in Sec. V.
top quark associated with the charged Higgs boson through

the subprocesgbh—tH™ at hadron colliders will be a good Il. CALCULATIONS
probe fortbH™ coupling[3,4]. In this work we calculate the B
one-loop supersymmetri¢cSUSY) QCD corrections to this ~ 1Nhe subprocesgb—tH™ occurs through botls channel

process with the following motivations. First, if the charged@ndt channel. The tree-level amplitude is given by

Higgs boson is heavyn,+>m;+m,, as a mainH* pro-

duction channe[5], the procesgb—tH ™~ will provide a Mo=M§+M{, 2.1
sizable cross section at the Fermilab Tevatron and CERN

Large Hadron CollidefLHC). The supersymmetric radiative WhereMgs) and Mg‘) represent the amplitudes arising from
corrections, especially the SUSY QCD corrections, to thisghe s-channel diagram shown in Fig(al and thet-channel
high energy process may be significant, as was found fodiagram shown in Fig. (b), respectively. Their amplitudes
other similar processg$—10]. Second, some recent studies can be expressed as
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FIG. 1. Feynman diagrams of
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(9) (h) (%) (i)—(m) are self-energy diagrams;
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wherePgr | =(1=* ys5)/2, andp;, p,, andk are the momenta of the outgoing top quark, the incoming bottom quark, and the

incoming gluon, respectivels andt are the subprocess Mandelstam variables defines=b§p, + k)?= (p;+ py-)? andt
=(p;—k)?=(py-—pp)?. T? are the SU(3) color matrices and t@rv, /v, is the ratio of the vacuum expectation values of
the two Higgs doublets. The constanjg, are defined byy,=m,tang and »,=m; cotp.
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The one-loop Feynman diagrams of SUSY QCD corrections are shown in Kgs.1({). In our calculations we use
dimensional regularization to control all the ultraviolet divergences in the virtual loop corrections and we adopt the on-mass-
shell renormalization scheme. The renormalization condition for the coupling comgtamsimilar to that for the coupling
constante in QED, i.e., the coupling of the photdgluon) to a pair of fermions is required to recover the tree-level result in
the limit of zero momentum transfer. This condition yields

2,

1
—- — g
R (2.4

where 5gs and Z§ are the renormalization constants deflnedgﬂyzger 895 and AO—\/—A with gS denoting the bare
coupling constant andg bare gluon fieldgcolor index suppressed
Including the one-loop SUSY QCD corrections, the renormalized amplitudglfestH™ can be written as

Men=ME+MP+ sM, (2.5
where 6M represents the one-loop SUSY QCD corrections given by

SM = SM V1) + SMV28) + SM ) + SMPOX+ sM V1D + sM V2D 1 s\ SO, (2.6)

HeresMV1® sMV2(®) and sM3® represent the renormalized vertiggisb andtbH ~, and the renormalized propagator in the
s-channel diagram, respectively. Similar definitions exist &V sMV2() and M in the t-channel diagram. The
contribution of the box diagram is denoted B1°°*. EachéM' can be decomposed as

iggsT
M'= 16};‘ “’ U(p){F)y*P+Fby"Pg+ FLpfP + FhpLPr+ FEpLP, + FyplPr+ FLy kP + Fhy*kPr+ FLpLkP,
W
+FyopfkPr+ FipfkP+ FIlZp{LkPR}u(pb)sM(k): (2.7

where the coefficient€' and the form factor§ 'n are given explicitly in Appendixes A and B, respectively. We have checked
that all the ultraviolet divergences cancel as a result of the renormalizability of the MSSM.
The amplitude squared is given by

> IMen2=2 IMP+MP|2+2ReX, [((MP+ME)ToM], 2.9
where
= 29293 Vyp|?
> IMP+MP|2= Nsmz i m2)2[<n§+n?><pb-kpt~k+2pb~kpb~pt—mﬁpt-k—mﬁpb-po
clly — My

1
+2mbmt(pb k— mb)] W[(ﬂb ﬂt)(pb Kp; k+mtpb k— mtpb pt)+2mbmt(pt

1
—m?)]+ —[(m, + 70) (2P Kpy- K+ 2Pp-KPy+ Pr—2(Pp- P0)? — Mppy- K+ mipy-K)
(s—mp)(t—mp)
+2mim{(pe- k— pb~k—2pb-pt)]], (2.9
_ 2 12
S (MP+MP) M= Gl '+ ——hO|CIF, (2.10
64N 7?m3, =1 | s—m? t—m?

Here the color factoNc=3, andh{® andh{" can be found with

in Appendix A. - 1o, .
The cross section for the parton procegs—tH ™ is tmaxmin=5 {M; + M- =S
o (e 1 = . +\[5—(m+my-)2][5— (m—my-)2].
a(s)=ft"‘ax J2di, 2.1 [s—(m+my-)°][s—(m—my-)<]}
min (212)
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The total hadronic cross section fpp(or pp)—tH~ trilinear termH,QD (H,QU) in soft-breaking terms ang
+ X can be obtained by folding the subprocess cross sectiois the bilinear coupling of the two Higgs doublet in the su-
o with the parton luminosity: perpotential. Thus the SUSY parameters involved in top and

bottom squark mass matrices are

1 dL. .
S)= | dr——o(s=s7), 2.1
o(s) LO Tdrcr( 7 213 mg,mg,mg, A, Ay, u,tan.

wherero=(m,+my-)?/s, andsis thepp(or pH) center-of-
mass energy squaredL/d7 is the parton luminosity given
by

The mass-square matrices are diagonalized by unitary rota-
tions (Q=t or b)

dL

id
——J TR QM(XQ) +Hgb)], (214 Rq=( (33

_ cosfy  sind,
dr

—sin Hq cos¢9q

wheref} andfg are the bottom quark and gluon distribution ) ~
functions in a proton, respectively. In our numerical calcula-Which relates the weak eigenstateg (qr) to the mass

tion, we use the CTEQSL parton distribution functidd®]  eigenstatesd ,q,). Then the top and bottom squark masses

with Q=m,+my-. as well as the mixing angles are obtained by
To show the size of the corrections, we define the relative
guantity L
_ T2 2
O— 0 mal,z_z[maL—i_maR
Asqeo=——» (2.19

0
= J(mE —m? )2+ am2X3],
whereay is the tree-level cross section. R (3.4

IIl. NUMERICAL RESULTS

2mgXq

Before performing numerical calculations, we take a look tan 20, = m —-m
at the relevant parameters involved. aOr
For the SM parameters, we took,,=80.448 GeV,m,
=91.187 GeVm,=176 GeV,m,=4.5 GeV, and used the To determine the mixing angles completely, we adopt the
two-loop running coupling constamty(Q). convention in[14] which sets§,= /4 if mg, = Mg, and
For the SUSY parameters, apart from the charged Higgghifts #/2 to 6, if g >m;_. Thus 6, lies in the range
boson mass, gluino mass, an_d Mrthe mass parameters of A< g,<3. - R
top and bottom squarks are involved. The mass-square ma- To fing the size of the one-loop SUSY QCD effects, we

trices of top and bottom squarks take the forg={ or b) performed a scan over the nine-dimensional parameter space

[13] mg, mg, Mg, A¢, Ay, @, tang, my-, my. In scanning we
m mxt restrictedmy -, A¢, Ay, and u to the sub-TeV region and
2 a a™q required m,->150 GeV. Other mass parameters are as-
ME_ mx. m |’ 3. sumed to be smaller than 5 TeV. In addition, we consider the
4 IR following experimental constraintg1) «>0 and a large
Where tang in the range 5<tanB=<50, which might be favored by
the recent muorg—2 measurementl5]. (2) The CERN
e"E~ LEP and Collider Detector at Fermila}cDF) lower
2 2 s o1 : mass bounds on gluino, top and bottom sqUas
mg = Mg+ mg—mz §+eqsm20W cog2p),
) 5 ) 5 . m;,=86.4 GeV, mp =75.0 GeV, my=190 GeV.
Mg =g 5+ Mg+ eqmyz Sirf 6y, cog2R), (3.2 3.5
Ai—pcotpg  for g=t, The scan results are plotted in the plane@fcp versus

q 0, in Fig. 2.

From Fig. 2 one can see that in most parameter space the
2 2 : . mixing of bottom squarks is small while the one-loop SUSY
Here Mg Mo, andmg are~so.ft breaking mass term~s for the QCD effect can be quite large. In some part of the parameter
left-handed squark doubl@}, right-handed up squatif, and  gpace, the correction size can be larger than 20%, which
down squarlD, respectivelyAy (Ay) is the coefficient of the cannot be neglected in the study of this process at the LHC.

Ap—utang for q=b.
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FIG. 2. The scatter plot in the plane Afsgcp versusé,. The FIG. 3. Nondecoupling behavior oAgocp with mg=mg
scan was performed over nine SUSY parametgyss in unit of 7. =mp=my=A,=A=u=mg and for different values of ta@.
Corrections at the Tevatron witfis=2 TeV (solid lineg and at the
IV. DECOUPLING PROPERTY OF SUSY QCD LHC with \/s=14 TeV (dashed linesare plotted.

To find out if SUSY QCD is decoupling from the process
gb—tH™ in the large limit of SUSY mass parameters, we
fix the charged Higgs boson mass rag-=250 GeV and
consider the following scenarios.

(1) Scenario AAll squark (collectively denoted byng)
and gluino masses and or A parameters are of the same
size and much heavier than the electroweak scale, i.e.,

volved and complicated. For the parameter values chosen in
our numerical examples, the corrections are enhanced by
tang.

(2) Scenario B The gluino mass ang are of the same
order(collectively denoted byng) and get much larger than
squark masses and the electroweak scale: i.e.,

Mg~ Mg~ u>mMg~mg~mp=Mgy. 4.2
Mg~ Mg~ Mg~ Mz~ N
~wp or Ay or Apg>Mey. (4.2 To keep top and bottom squark masses from getting large,
we can setA.=pu cotB, Ap=putang. In this scenario, no
mixings occur in the bottom and top squark sectors. Apart

In this case, MIXINGS 1n both the pottom and top squark S€Com the vertex correction discussed in scenario A, the terms
tors reach their maximal values, i.@,~ * 7/4, 6,~ £ 7/4.

. 3 T such asa;;A5-®DJmy in the box contribution(see Egs.
As:srlown n Eqs(AS-) (AS), the cquplmgmu |n-the-vertex (B8) and (C10] do not vanish either since the four-point
H™tib; are proportional to the linear combination of

. . 2 2,1 22
+AptanpB and u+ A.cotB. Considering that the couplings !nter?_ral funCt'r?nSD(ovﬂ)Hllmé_(l_1’2d’3) thn%>hs.' Eif
a; are proportional tang as u or A, , gets as large agis, in this case the SUSY QCD is nondecoupling. This differs

. 4
and the loop scalar integral functi@®, goes to—1/2m% as  rom scenario A wher® o y)— 1/mg .

mg>s [see Eq(C4) in this paper and EqB8) in Ref.[9]), di Although ttrf:_e nondet%oupllng effe;:s can arise from mo_reA.
one can infer that the terms{ijAz(L'R)CgrrE which arise iagrams in this case, the reason is the same as in scenario A,

I . . o~ .

from the vertex correction thl~tb do not vanish but gotoa I-€. the couplingsH™t;b; are proportional tqu. To prove
nonzero constant, showing a clear indicationnohdecou-  this point fully, now let us focus our attention on the terms
pling behavior. In fact, such nondecoupling behavior will arising from the corrections to thgbb and ggg vertices,
happen as long as the gluino mass andr A parameters are which are also likely to give contributions to the nondecou-
of the same order, not necessarily degenerate. Actually, froraling effects in both scenarios we discussed. First, for ex-
the expansions of the three- and four-point loop integrals irample, we consider the term

the asymptotic large mass limit in Appendix C, one can see

this fact.

As illustrative examples, we plot the dependence of the -3 ntC%4—317t[m§C§—2C§4+ 1/2]
SUSY QCD correction tggb—tH™ on the common SUSY
parametemg in Fig. 3. From this figure one can see that the 1672
nondecoupling behavior indeed happens. As for the depen- + n28ZY (4.3

: L o 2
dence of the nondecoupling effects on @t is quite in- s
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FIG 4. Behavior ofAsocp in the largen limit with fixed _ FIG. 5. Behavior ofAgqcp in the Iargg squark mass limit with
mg=m =A,=A=p=1 TeV and for dlfferent values of fixed mg=A,=A=u=1 TeV and for different values of tg.
tan 3. The SO|Id and dashed lines correspond to corrections at théhe solid and dashed lines correspond to corrections at the Tevatron
Tevatron withys=2 TeV and at the LHC with/s=14 TeV, re-  With Vs=2 TeV and at the LHC with/s=14 TeV, respectively.
spectively. .

cause in this case the couplingg in the vertexH ™ t;b; and

in Fl(s) From Eqgs.(B9), (C2), (C4), (C5), (C7), and(C8), the mass of the gluino are both fixed, so that the SUSY QCD

2 2
we draw the conclusion that the term indeed cancels ougorTection varies as- Ciy—(1mg)log(myjm).
Further, it is easy to find that all terms related§ are zero Some remarks on the SUSY QCD correction to the pro-
in the asymptotic large mass limit. This is also valid in sce-c€ss ofgb—tH™ are in order.

nario C and scenario D that we will study. Second, we ex- (1) From the above analysis we find that the fundamental
amine the terms such as, Al(L R)D m in Eq. (B8). The reason for such nondecoupling behavior of SUSY QCD in
j

asymptotic form of the funct|ol0 in the large mass limitis the procesgb—tH " is that some couplings likel - Fib_J are
alwavs proportional to m and different fromD2 . which is proportional to SUSY mass parameters. This is similar to the
ys prop ' nondecoupling property of the heavy top quark in the SM,

proportional to ]Jh in scenano B. So the terms do not causewhere the top quark Yukawa couplings are proportional to
nondecoupling elther the top quark mass.

(3) Scenario C Only the gluino mass is very much larger  (2) The nondecoupling behavior shown in Fig. 3 is in
than other SUSY parameters and the electroweak scale. bgreement with previous studies of SUSY QCD corrections
this scenario, to simplify the calculation we assunted in some decay processg8,9]. In particular, the correction

=mp=mg=mp=pu=A=A,=1 TeV.As shownin Fig. 4, Agqocp shown in this figure as a function of the common
the SUSY QCD decouples The reason is that the couplingscalemg and tang looks quite similar to the corresponding

a;; in the vertexH ™ 1, b are fixed, and in this case a scalar corrections in the partial decay widih(H " —tb), as given
function such a<C§ is proport|onal to (]m)log(né/m)[l in Fig. 2 of Ref.[9]. The same kinds of similarities are also

found between Fig. 4 here and Fig. 6 of REJ], and be-
+s/2m~] Whenm~>s [see Eqs(C4),(C12]; thus the SUSY tween Fig. 5 here and Fig. 7 of Ré¢B]. Although the pro-

QCD correction varles as (rihg)log(nﬁ{m) cesses are different, the fundamental reason for such nonde-
In this scenario, since can be up to the large collider coupling behavior is the same.
beam energy squareinot only the logarithmic dependence  (3) From Figs. 3—5 one sees that the size of SUSY QCD
on the large mass parameter but also the large collider beanorrections can be quite large for large farNote that when
energies are responsible for the slow decoupling of thene-loop effects are too large, higher level loops must also be
gluino, especially at the LHC, as shown in Fig. 4. This iscalculated. We refer the reader to Ref7] where some tech-
different from the previous studies of various decg8s10. niques of resummation for better convergence are proposed.
(4) Scenario D The squark masses are of the same order (4) As shown in Ref[4], the genuine QCD corrections to
(collectively denoted bymg) and very large compared to this process are also sizable, which can enhance the produc-
other SUSY parameters and the electroweak scale. As showion rate by 40%—-80% when the charged Higgs boson mass
in Fig. 5, the SUSY QCD also decouples. In this case, itand tang vary in the ranges 180—-1000 GeV and 2-50, re-
decouples much faster than in scenario C where only thepectively. It is clear that the SUSY QCD corrections evalu-
gluino mass gets large. This can be understood easily beted in this work are comparable in size to the genuine QCD
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corrections. It is noticeable that the genuine QCD corrections
are always positive whereas the SUSY QCD corrections are
negative in most SUSY parameter space.

V. CONCLUSIONS

In this work we evaluated SUSY QCD radiative correc-
tions toghb—tH ™ at the Tevatron and LHC. We found that in
some parameter spaces the one-loop SUSY QCD correction
can be quite large and cannot be neglected. We discussed in
detail the decoupling behavior of the corrections in the large
SUSY mass limit, and found that with fixed gluino mass the
one-loop SUSY QCD corrections decouple; while nondecou-
pling occurs when the gluino mass apdor A parameters
both get large. The nondecoupling behavior of the SUSY
QCD corrections in the proceggh—tH™ is similar to the
ones found in the literature for the Higgs particle and top
quark decays. We pointed out that such nondecoupling be-

havior arises from thed ‘TiEj vertices, which are propor-
tional to SUSY mass parameters, as stated in some previous
work [8—-10]. Such large nondecoupling effects may play an
important role in the indirect search for SUSY from the pro-
duction of a top quark associated with a charged Higgs boson
at the Tevatron and LHC.
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h®)=4mn(2py-k—p"- pp)
—4my (P pe+ py- k),

h{=27,(2py- kpy- pi— mzp;-k
—2p")- pppp- py)
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[ (.
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p®&=py, pO=p;.
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APPENDIX A

Here we list the coefficient§', scalar function$!’, and
vertex V(H " t;b;) =iga;; /\2my (i,j=1,2) needed in our
calculations.

CoefficientsC':

where

Ly-1p=

9 -
J \/E—rnwaij (I,j—1,2), (A3)

t* b tx b tx b
aj=RiI R0+ R RL0rrT RiTR201R

j
+R{3 ijlgRL (A4)
gLL=—ma,sin 28+ m?2 tanB+m? cot 3,
Orr= MpyMm;(tanB+cotB),
(A5)
gLr=Mp(p+Aptans),

grL=M(u+ A cotp).

APPENDIX B

with
CcV(s) = _ 1 cV(t) —_ 1
s—m: t—m?
CS(S): A;, Cs(t):,\;,
(s—mp)? (t—m})?
(AL)
chox=1,

Scalar functions(:

The form factorsF! arise from the renormalized vertices
and propagators of the channel and channel, as well as
from the box diagram given as follows.

The renormalized vertices afchannel:

015007-7



GAO, LU, XIONG, AND YANG PHYSICAL REVIEW D 66, 015007 (2002
F1= — 3 p,{Alimgpy- KCy+ AR my[SCE+ m(Ch+ACH;+2C}y) + 2py- k(Cly+ 2C1,+ 2Chy) — 2mECG— 1+ 4C,

1. ~1 4 5 2 167 b b
+mppp-k(Co+Cr) It + 3 Abi MMpCoy— —— mMyp(Zg— 0Z[),

S

2
F3i= 3 nd ~[M3(Clyt C3) + Py-k(Clzt Cha) + il + ALMgmy(C+ Chy) + 25 Cat Py k(Cl+ Ch 1)

2
—37{[M3(CH+2C+ C5) + miCH—2C5,+ 1/2] + 2A5mpmg(C3+ CTy + 2A5 [m3(CH+2CT,+C5y)

2 1672 )
—m:Cg— 1/2+2C5 A 7 72628,

1 3
F719= 5 m(Cha 2A%C39) — 5 ndME(C3y— C8) + 2Py K(Cy+ Cha) —mECE+2C3,— 1/2— 2A5 mymgC (8D)

1672

2
—2AZ[m3(C3+2C2,+ C5)) + 2py,- k(C3,+ C39) — macg— 12+ 2C3 1} + —5— ndZ3,
S

Vi(s) _ V (s)
FZ,ELS 1137(77t<_’ Mh s AbI*) AbI,R<—>L)

Fvl(S): l _ 1 1 Al 1 2A 2 2 1 _ 2 2

9 3 7ol —My(C1+Cop) + bimé(co+c D)+ 2A%my(2CT,+ 2C35— C1y— C3p)]— 37 My(C,+C3)
+AgMgCEy+ 2A5my(CE,+ C5,— 2CT,— 2C5y)],

F?L/é_(s) Vl(S)( 77 N 77{ 1Ab|_) A |)

where the Feynman integrals are defined @%EC(pb,k,mBi,mé,mé), CZEC(—pb,—k,mé,mBi,mBi), C3=C(—p;,
_pr’mé’m“i’mBj)’ and

8
F?L/Z(S): §aijAlpr kClZ! (BZ)

F\Z/Z(S) — F?L/Z(S)( R— L),

8 1672
FXZ(S):gaij[Ai]]Lmbciz+A Rm(C3,—C3) — WAZLCO]_ o 7t

t b om
SZL+ 5Z° +2— (B3)
t

4 16m* [1 1 sm
Vals) _ b, oM
F77% = — g ay[ A myCl+ AFm(Cy— Cl) — ATrmgCal+ —5— - [ 5 0Zpt 5 070+ m }
S

om, 5mb
ReL,m—mp,———
mg my

Va(s) _ £ Va()
Foa=F )2

Here Af; pyi=(—1) sin 26, A% 1y =3(—1) cos Hyp. A;j are defined ad\'"=2R[,R’,, A"=2R[;R";, AJ"= —2R[,R;,
andAZ"= —2R{;R?, .
The renormalized vertices of thiechannel:

4 ~
Fvl(t) = §At| 77'[th24+ 3ndmp;- k(Cg-i— C?l) +Aﬁmépt- kCg— Aﬁ mt[th-i- mtz(C8+ 4C§1+ chl) —2py k(C?f" ZCEZ

2

167
+2C35) —2MECG— 1+4C3,]} - P mmy(8Z—6Z}),

S
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2
Fo0= 2 md ~[MA(Ciy+ C3) — piK(Cly+ C) + Chl + Almgmy(CG+ Cy + 2A2[ — Cy pr-k(Chp+ C39) T}

— 3y {m?(C3+2C3,+ c§1)+m§co 2C3,+ 1/2+ 2Aimmg(C3+ C3p) — 2A%[ m?(Ca+ 2C3,+ C3y)

2 s s 1672 ¢
_m§C0—1/2+2C24]}—?77t25Z ,
s

1 3
\% 2
F7H0= 3 m(Chut 2A8CE0) + 5 mdmP(CY— C3) +2pe- k(CEy+ C39) + MECH— 2C3,+ L/2+ 2AEmmC

2r 2,5 5 5 5 16 t
—2A5[mf(Co+2C3+ 021)—2pt~k(C ot C23) m-C 1/2+ 2C24]}+ > NOZR, (B4)
Os

Va(t) _ pValt
Fz,le(,g 1%5(7)(77t_’77b Au—’ At|aR<—>|—)

1
F\lli(t): §7It[mt(c‘111+ Cgl)_A'ﬁma(Cg—i_Cil)_ZAﬁmt(ZC ,+2C35—CH—C3) 1+ 3n m(Co+ Cgl)—i_AﬁmE]Cil
+Af2m(C3;+C5,—2C3,—2C3y)],

Vq(t Vq(t
Fj_%() l()(nt_>77b A“_) Ab|)

where the Feynman integrals are defined a&'=C(—p;k,mg,m;,m;), C°=C(—pk,m;,mg,mg), C°
=C(=Pp,Pn-,Mg,Mp,,nT;,), and

8
Vo(t
Flz()=—§aijA p'[ kclz,

Fy20=F2Y(R-L),

16472
V.
F;“)— o [Almy(CY, c?2>+AﬁRmtc‘iz—AﬁLm§cg]—?m

SZL+ 570+ 2% (B5)
R L mt ’

2
FYa®— _ fau[A%Lm (C8,—C8)+AFRm,C8 — A m:Co1+ —— 16m |2 74 52"
7 3 ik b\ ™~11 12 ij "Mt~12 ij 1''g~0 gz 2 2

s t

5mt}

omy  om
Foa =Fs3 | RoL,m—mp, tt—> mbb

The renormalized propagators of teehannel:
2 2

167 A 167
Fi= o2 7 2MpPy-k(3P+39)],  F§¥=
S

S

nt[2(§2b+ mbE )+4mb25]

(B6)
2

167 . ~
A L M= C YR

S

The renormalized propagators of thehannel:
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1672 SO 1672 o - .
FiO=——-ml2mp kE{+39],  FV=—pl2(t2x+ mZ]) +4mixy],
S S
(B7)
s(t) 16 - St 23t 23t s(t) s(t)
FV=——FntSpg+tmiZ +2mZg],  Foge=FleAm— mp,ReL).
S
The box diagram contribution:
1 1
Fo= gauAiljR{9 D37t 5 (M{D3y+ MED3) — i KDyt (Pr-k—Po- K)D3st (Pr- Pyt pr-k—mf)Dg
1 1 1 241 2
—Pi-k(D1~ D) — 5MgDo| — D27
1
F5o*= §aij{_ 9[Aileme%3+ Ailijt(D%S_ D3e) _AiszméDia] +AﬁLmb(Di3— D}~ D3,— D35+ 2D3%)
_AﬁRmt(D%‘L D35~ D3y +Ai2ij§(D(2)+ D3, D3},
1
F5°= 3 ej{9[Ajj my( D35~ D3¢) — Aj'm(D3,+ D35~ 2D3¢) + Af Mg (D1,~ D1g) |+ Aj-my(D 35— Do)
—AlfmD3+ A gD, (B8)
3
Foo= — 2 ij [Ailemei3+ AﬁRmt(Diz_ D1s) _A%L"rgD(lﬂ,
box__ 1 1R 1 1 2 2 2 2 2 2
Fo = §a’iinj {—=9(D23— D35 + D13~ D1,~ D34~ D33+ D35+ D3,
1
Fop*= §aiinljR{9[Diz_ Dis+ D3t D34~ D35~ D36]D55— D3,
F5%681017 F1%6791(R—L),
|
where four-point  functions are defined asD? g2Ce 9B 9B
=D(K,— Py, — Py, Mg, M5, M; NG, ), D?=D(—py, 67b=—= my| 2m, — — AL =2
g g s Tl MM, L 1672) TP b2 oM bi ) 2
—k,pu-,myg ,mgj,mgj,m{i). Note that in the above formulas 4 Pb Pb pa=mi
we take the convention that repeated indices are summed
ovel . . +(1-2A2)By | (pE,m2,m? ),
All other form factorsF,, not listed above vanish. Note ! 9" b,
that the contributions from diagrams Figsi)11(j), and 1k)
just give the renormalization constadZg, which is can-
celed out bydg, due to the renormalization condition in Eq. 6ZL=6ZL (AZ——A2),
(2.4). (B9)

The renormallz_atlon constants appearing in the above 5232 5ZE(A§i_)_A§i)1
form factors are given by

g2C B B smy/ gch(B méAls)( 2 m,m’)
F my/my=——| B;— —A; mem?),
o7 =~ == | m| 2m—; —meAL—; I o2 | 1m0 (P M
167 e P | 22
Py =m;
2
QSCF( mg ) , 2 2
2 2 Smy/my= B.——A;B e ,
+(1-2A%)B; (pf,mé,m;i), My/Mp= 5| Br i, AbiBo (Pp, Mg, M)
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where the color factoCr=4/3, and the renormalized self- (

A 2
energy contributions from quarks are as follows: — p_, o—1,
2 12m?
A + 3+ p* 6—0
= —+t-—+— —
o2, Bi={ 3+3 3me" , (C2)
=22 gAle,rrrm- Btrrrm—
5= T m, Al Bom?mg.mp) — Bl ), s
—_—t -4 — — 0,
(277 om
N gs F My ~ 2 Note that in the casé—o mj, in Eqg. (C2) should be re-

For the three-point functiorC g 24(py,p2,m3,m3,m3)
we expand them as follows:
Case Amp=m;, m*=m3=m3+A2:

St—— 9:C =2 (1-2A2)By(1,m?, m? )-8z} ,
1672 S O S S
= —{ — —— 1N
(B10) 0 m2|1-6 (1-6)2
. +p2 5+5 N 25+1 ns
R — n
$P=— = (1-2A%)By(5,m:, me )~ 82}, 214(1-06)°  2(1—8)*

1672

A? 4
m, mp

=S{(AF—~—AD), €3

c 1A+ 3-6 . 26— 67 ns
=— n
247 8(1-6)  4(1-6)2
AZ AZ
SUAG— AL, p?2 [2+55-82 66
+ > T 2Ino
24m; | (1-96) (1-96)
APPENDIX C
AZ p4
In this appendix we give the expansions of the scalar loop +0| — | +0| —
integrals in the asymptotic large mass limit. The definitions mh mh
and conventions of the Feynman loop integral functions can
be found in[18]. The integrals are performed in4e dimen- h ot In th totic | limit
sions and the divergent contributions are regularizedAby \C')ng.ﬁ P=P1¥p2. In the asymplolic farge mass fimit we
=(2/€) — yg+ log(4m) —log(m¥/ u3) with m;, being the corre- :
sponding mass of the heavy particle in the loops agdhe
regularization scale. 1 p? A2 p
Under the assumption ahf=max@)>p;-p;(i,j=1,2;k -—|1+—=+0 —"; +0 —4) 61,
=1,2,3), we consider special cases used in our calculations. . 2my, 12m;, Mh my
For the two-point functiorB,(p?,m?,m?), we obtain Co= 1 m p? A2 p*
|1+ ——+0| 3| +0 —4) , 6—0.
my, M 2my, h my
(C9
B ! A+ 370 +25_52' o1 +0 P
== 10 -
172187209 T(1-6)2 " 2 L A2 o
(cy A+ ——+0| —|+0| =/, 6—1,
4 a8m? m; mp
Cos= 5 2 4
3 p m p
—_— _ A+ o+ —+0| — |+0| —]|, 0.
where 6=m;/m;. Therefore, the asymptotic form can be 4 8 12m? mj, mp)
expressed as (CH
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Case Bm=m;,m,=my,=mjs:

c 1 1+ 5 | p? 1+55+52+25|5+O 4
=——{—= no+—; n — >
" m2|1-6 (1-6)2 m2[4(1-6)3 2(1-6)* m?
(C6)
c 1A+ 1-36 5 NS p? |1-56—26° 652 nsleo p*
=— - n - n — .
747 8(1-0)  4(1-6)2 24m2| (1-8)°  (1-o)* my
The asymptotic form is given by
1 2 4
o LN L o1,
2mz 12m? mp
Co= (C7)
p’ p*
- 1+—2+O _4) ) 0—0,
my, 4mp, m,
2 4
Aol X, o,
4 48m? mp
C24= 1 p2 p4 (CS)
A —— —1|, é&—0.
4A+8+24mﬁ+0 )

For the four-point function®g 1(p1,p2,Ps,M7,M3,m3,m3) with the assumption ofif;=maxg)>p*=max@-p;) (i.j
=1,2,3k=1,2,3,4), we consider two special cases used in our calculations.
Case Amp=my,m=m,:

D ! 1-‘_5+5I6+(’)2+(’)p2
= n — — ,
" mZm2|2(1-6)2 (1-6)° m2 m2
(C9)
D L [2+56-0° 39 In6+0 r2“+o P* Dy 2Dy, Dy—oD
= n —_— —_— s = — , = —
11 mﬁmlz 4(1_5)3 (1_5)4 mﬁ mﬁ 12 3 11 13 3 11
where A2 = max(m;—mj|,|ms—n),Jmé—mg)). In the asymptotic large mass limit we obtain
111 1)1 1o p? 51
————— J— —
6'8'12' 24/ m2/ | ’
D = (C10
01112137\ 0 1 1 4y o 02 o
2238/ mm| T \m) | T

Case Bmp=m;=m,, m’=m3=m;+A2:
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1 2 1+6 A2 p?
DO=__4 2+ In5+(’)—2 +O—2 ,
mpy [(1-6)? (1-6)° m, m,
1| 9+38 &%°-26-2 A2 p?
D11:_4 3+ 4|n5+0 _2 +O _2 y
(C1y
1| 5+6 1426 2 p2
D12:_ 4 3+ 4|n5+0 _2 +O _2 ,
1
Dis= §D12-
In the asymptotic large mass limit we obtain
1111110A20p2 51
— == 0| 1+ 0| = |+ 0| — —1,
6'8'12' 24 mﬁ mﬁ mﬁ
(0,11,12,137 5 5 ) (C12
11 m m p
~1-1-1-5]—In5|14+0| 5 |+0| ||, -0
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