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The production process for the charged Higgs boson associated wit leson via gluon-gluon fusion at
the CERN large hadron collidétHC) in the minimal supersymmetric standard mo@SSM) is investigated
with one-loop diagrams of both quarks and scalar quarks. We find the contribution from the scalar quark loops
can be comparable with those from quark loop diagrams and could decrease or enhance the cross section
substantially in some parameter space. The results show that this cross section can be about 45 fb with our
chosen input parameters at the CERN LHC. The analysis opthdistribution shows that the line shapes
partly depend on the virtual scalar quark contributions. The numerical analysis of their production rates is also
carried out in the minimal supergravitMSUGRA) scenario. We find that the supersymmetric contributions
can reacht+56% of the total cross section in the MSUGRA-inspired MSSM.
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I. INTRODUCTION loop gg—H'"H™ [11] at the LHC. Since the heavid™
bosons decay dominantly into quark pairs, the pair produc-

The minimal standard mod€MSM) [1,2] has been con- tion process is always accompanied by serious QCD back-
firmed by experiments as a very successful model of particlgrounds too. Therefore, the production of the heavy charged
physics in the past decades. But until now the symmetryHiggs bosons associated with™ bosons seems to be an
breaking structure of the electroweak interactions has not yettractive way of searching for thé= bosons, because the
been directly explored experimentally. Therefore the exploW™ boson’s leptonic decay may be used as a spectacular
ration of additional Higgs bosons will be very important in {rigger. From above discussion, we can see that the phenom-
probing the extended Higgs sector. As we know, any enenological relevance qip— (bb,gg)—W~"H ™ +X only re-
largement of the Higgs sector beyond the single SY(2) ally applies to the case of heavy charged Higgs states when
Higgs doublet of the MSM necessarily involves chargedMy==>Mi+my.

Higgs bosons. Like the general two-Higgs-doublet model, Recently Mgretti and Ogagiri found that the simileptonic
the minimal supersymmetric standard mo@diSSM) [3—-5]  signature ‘bbW*"W~—bbjjl + missing momentum” is
also has two Higgs doublets and includes charged Higgdominated bytt events[12]. It seems that it may be hard to
bosons, which is not involved in the MSM. Therefore, ex-disentangle theNV“H™ signal in the decay mode of the
perimental discovery of a charged Higgs bosth will be heavy charged Higgs bosdd ™ —tb at the LHC. In Ref.

the direct verification of these extended versions of the Higgflz] they stressed also that charged Higgs boson production
sector. _ _ in association withw* at hadron colliders, represents a

In the future multl-Te\_/ hadron colliders such as the ngyel mechanism, whose decay phenomenology is largely
CERN large hadron collide(LHC), the search for the ynknown and that should be investigated further. Therefore
charged Higgs bosons and other neutral Higgs bosons, anghe may consider the possible dominant MSSM decay chan-
the study of their nature are the most important tasks. Ahels of the heavy charged Higgs bosons, involving squarks,
hadron colliders, there are several mechanisms which Caleptons, and gauginos, as signal processes.
produce charged Higgs bosof@]. If my=<m—m;, the The production of charged Higgs bosons in association
charged Higgs bosons can abundantly be produced in decaygth W gauge bosons at the LHC involves several subprocess
of top quarks(top antiquarks[tt—bH"(bH™)] produced both at the tree and one-loop level. [Ih3] Dicus et al. nu-
by a parent production channep—tt; i.e., the LHC experi- merically calculated these association productions at hadron
menters will never need to resort pp— W H* associated colliders for vanished bottom quark mass. These processes in
production for charged Higgs boson searches. The dominaifte MSSM are further studied by Barrientos Bendezu and
decay channels in this mass range IarJe(H*)—;vT(r;T). Kniehl in Refs.['14,1ﬂ. In above references the guthors ig-
For the large mass charged Higgs bosonsHfiebosons are nored the contrlbutlorls from the squark loop diagrams for

. — Sy the subprocesgg—W~H™, and their results show that the
mainly produced by gb(gh)—tH (tH") [7], gg . . —

— = — T cross section contributed by the tree-level subprodsss
—tbH"(tbH") [8], and qb(gb)—a'bH™(a'bH") 9] \n*{+ is apout one order larger than that by the one-loop
The sequential decays " —tb are known as a preferred gg .W*HT. Of course the consideration ignoring the
Channel f0r Charged HIggS boson SearCh. But these Signghuark |00ps in SubproceggHWiH: is reasonab'e When
processes appear together with large QCD background. The masses of supersymmetric particles are very heavy, and it
charged Higgs boson pair can be produced by the Drell-Yafeads to the cross-section contributions from squark loops
processqg—H H™ [10] and gluon-gluon fusion at one- being very small due to the decoupling theorem. But in the
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MSSM theory the nondecoupling squark masses are als@iass eigenstates, and g, are expressed in terms of the
possible, thereby the effects from the squark loop d'agraméurrent eigenstates, ,dr and the mixing angle, with the
could be important. Recently, Yarg al. calculated the su- C P-violating phasezﬁ, They read a
persymmetric electroweak correctionsitb—W=H™ at the a
LHC [16]. . . G1=0, CoSfy€'Ya—Qgsindse ' %,
In this paper we give the calculation of the procegs
—gg+X—W*H*+X at the CERN LHC including the

— H I =1
contributions, which arise from both quark and squark loop 0> =0, Sinfqe' o+ dr cosdge” ' 28
diagrams in the framework of the MSSM. We arrange thisand
paper as follows. In Sec. Il we present the analytical calcu-
lation. In Sec. lll we give some numerical presentations in- 2la /m
cluding the results from the input parameters of the minimal tan qu:%. (2.9
supergravity(MSUGRA) scenario[17], and discuss these M~ Mag

numerical results. The conclusions are contained in Sec. IV.
Finally, some notations used in this paper and the explicit

Then the masses af, andq, are
expressions of the relevant form factors induced by the loop oh q2

diagrams are collected in the Appendix. , 1, 5 ) 5 )
= - _ 2 2271/
(mg g )= S {mg +mg FLmg —mg )2+ 4fag|?mg] 3
Il. THE CALCULATION OF pp—gg—W*H +X (2.10

In the MSSM theory every quark has two scalar partners,
the squarks), andgg. If there is no left-right flavor mixing ~ ~
in the squark-sector, the mass matrix of a scalar quark in
cluding CP-odd phases takes the following forrh8]:

In this work we ignore th&€ P violation and take all those
P-violating phases being zero. In this case the cross section
of pp—gg+X—W H'X coincides with the procespp
—gg+X—W"H +X because of charge conjugation in-
variance. We are now ready to calculate the progegs
—gg+X—W?"H™ +X. Unless otherwise stated, the calcu-
~ |+ 2D |aton in Sec. Il is specified in this process only, whereas
IR numerical results of the total cross section in Sec. Il involve

2

m- a;m T
~ ~ a. q''lq qr
aq mq dr

~ ~ . both processes, i.epp—gg+X—W=*H*+X. Hence our
whereq, andqg are the current eigenstates. For the up-type,merical results of total cross section contain a factor of 2

scalar quarks, we have in contrast toW*H~ production only.
In our calculation, we perform the calculation in the 't

ms :|\7|é+ m§+ m§ %—QqS\ZN) cos 28, (2.2 Hooft_-Feynman gauge. As the subproc«g;_s;—>W+H‘ ig
L loop-induced, the one-loop order calculation can be simply
2 o 5 - carried out by summing all unrenormalized reducible and
mg =M+ mg+Qqmzsy, cos 25, (2.3 irreducible one-loop diagrams and the results will be finite
and gauge invariant. The generic Feynman diagrams contrib-
aq=|aq|e*2‘¢’q=ﬂcotﬁ+A§I\7l. (2.4) uting to t_he subprocess in the MSSM at _one-lqop level are
depicted in Fig. 1, where the exchange of incoming gluons in
For the down_type scalar quarksy Fig. 1(a.1-9, Fig. 1(b.2), and Fig. 1(c.1 and 2 are not
L shown. In  Fig. 1, UU)=u,ct(uct), D(D)
2 _ 92 2_ 2 = 2 =d,s,b(d,s,b). We found that diagrams like Fig(i.2) do
Mo Mot m—mz 2 +QqSW) cos 2B, 29 not contribute to the cross section and are thus excluded in
, - the form factor expressions in the Appendix. In our numeri-
rr‘ER=M%+m§+ QqM2sy, cos 28, (2.6)  cal evaluation we consider only the contributions from the
third generation quarks and squarks, i.elJ(U)
aq=|agle %= p tang+A% M, 2.7 =t(t), D(D)=b(b), due to the feature of the Yukawa

coupling strength.
whereQq (Qp= —1, Qu=3%) is the charge of the scalar We divide all the one-loop diagrams in Fig. 1 into three
quark, M3, MJ, and M3 are the self-supersymmetry- groups:(1) box diagrams shown in Fig(a.1-4, (2) quartic
breaking mass terms for the left-handed and right-handetnteraction diagrams in Fig.(B.1-3, (3) triangle diagrams
scalar quarks, andsy=sinféy, cw=sinfy. We choose shown in Fig. 1c.1 and 2. We denote the reaction 9§ H "~
Mo=My=Mp=M. A,-M is a trilinear scalar interaction production via gluon-gluon fusion as
parameter, ang is the supersymmetric mass mixing term of Wt .
the Higgs boson. The complex valiag can introduceC P 9Py, p)9(p2, B, v) =W (kg MH " (kp). (2.1

violation. "lgenerfjrdl_ andgg are mixed and give the mass wherep,,p, andk, ,k, denote the four momenta of the in-
eigenstates); and g, (usually we assumet; < maz). The coming gluons and outgoingv® and H™, respectively,
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FIG. 1. The Feynman diagrams of the subprogass-W*H ™. (a.1-9 Box diagrams(b.1-3 quartic interaction diagraméc.1 and 2
Triangle diagrams.

while a,p are color indices of the colliding gluons. The |n the above equation, we také™=[(m3+m3—Ss)

Mandelstam variables are defined as - J(mﬁ+m€r 52— 4mZmZ]/2. The bar over the sum
3= (D +D)2= (ki k)2 T=(D —K:)2=(Do—ko)2 means the average over the initial spin gnd_color. It leads to
S=(P1tpa)"=(kitko)™,  t=(p1—k)"=(P—ko)%, the color factor in the cross section which is equal to 1/32

and arises from

U=(p1—ko)*=(po— k). (212

The explicit expression of the corresponding matrix ele-
ment can be found in the Appendix. The parton level cross }} S (T, T )]2:} } }8: 1 (2.14
section at one-loop order with summing all the spins of final 88 43 a'hB 884" 32 |

states and averaging the spin and color of initial states can be
obtained from
A The total cross section of th@*H~ production via gluon
Jﬁd”t i | M2 fusion at hadron collider can be obtained by folding the cross
16ms?J)i- ' section of the subprocess(gg—W"H~) with the gluon-
(2.13  gluon luminosity.

(s,gg—WH )=
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o(s,pp—gg—W'H") TABLE I. The squark masses with input parametéts-220
dL GeV, ©=300 GeV, and mixing angleé;=0, ;= m/4.
1
_ 99~ - a2
—fmwmmdz iz o(gg—W™H at s=2z%s), tanp Mg, mg, g, m,

Js 1.5 220.593 GeV 223.111 GeV 240.846 GeV 313.758 GeV
(2.15 6 221.389 GeV 227.509 GeV 165.324 GeV 356.069 GeV
30 221.462 GeV 227.911 GeV 156.523 GeV 359.725 GeV

where/s and /s are thepp andgg c.m.s. energies, respec-

tively, anddLy4/dz is the gluon-gluon luminosity at proton-
proton collider, which is expressed 0] whereag(m;)=0.117 and; is the number of active flavors

at energy scale.

dLgg 1fldX1 f f z The supersymmetric input parameter sector is given in
dz  2), x; o(X1,Q) g x_l’Q two ways. First, we run the package®ecay [22] in the

MSSM mode by choosing tah (ratio of the vacuum expec-
z Q)f (x Q)} 216 tation values of the two Higgs fieldandmy+ (pole mass of
Xy gL ' the charged Higgs bospras the input parameters of the

Higgs sector, we obtain the masses of the neutral Higgs bo-

The differential cross section fqup—gg—W'H ™ +X is  son, (M,0,Myo,Mao), decay widths 1o, o,I" a0, as well as
conveniently written in terms of the rapiditigg andy, of  the mixing angle &) of the neutral Higgs bosor® andH®.
the two jets(finial stateg and W-boson transverse momen- |n fact, our input value of tag varies in the range of 1.5—
tum pr. Here we neglect the intrinsic transverse momentung2, andmy,+ from 100 to 1000 GeV. For the scalar quark

+ 1,

carried by partons. It is sector, we choose the supersymmetric mass parameter of the
q 2 Higgs boson and self-supersymmetry-breaking nmidsss
g a ~
= Aprg(Xl,Q)fg(xz,Q) n=300 GeV andV =220 GeV and take the mixing angles
dy,dy,dpr s 6;=0 and ¢;~ /4, so that the masses of top squark pair
- e A split remarkably, while the split of the bottom squark masses
Xo(gg—W'H" at s=2z%), (217 s minimized. With the input parameters mentioned above,

the masses of scalar quarks can be obtained from(B@3—

fq(Xi,u) is the distribution function of gluon in proton. De- (2.10. We list them in Table I,

fining The cross sections for the subprocgss— W H ™~ versus
L, 1 1 gluon-gluon c.m.s. energ)/é is shown in Fig. 2. The input
Y*=5(y17Y2), Yboos=5(Y1tY2)- (218  jarameters are set to typical values of gan1.5, 6, and 30,
while my+=150 and 600 GeV, respectively. There are some
We may write peaks on the curves which reflect the resonance effects in top
a2 quark and top squark/bottom squark loops, respectively. For
22=%cosl‘? y* (2.19 instance, let us look at the dashed line (gan
Xq=2z@&/boost  x,=ze Yboost (2.20 09 3 §~;_Etanﬂ=1.5 _________ m =150 Gev
08 7 ——m _, =600 GeV
I1l. NUMERICAL RESULTS AND DISCUSSIONS 07 [ H
In this section, we present some numerical results of the £ 06 3
total cross section from the quark and squark one-loop dia- T :
grams for the process@mp—gg+X—W H~* +X. The SM 3 051
input parameters are chosen a®=175 GeV, my o4l
=01.187 GeV,m,=4.5 GeV, sif ,=0.2315, andagy 8 |
=1/128[19]. We adopt CTEQ5 of the parton distribution o 03 i
functions proton(set ) [21] in integrating the parton level 02 F i v 0 N
cross section, and take the renormalization scale and factor- ;
ization scale to be the identical value @& Q=my,+ my+. 0.1 i
We adopt a simple one-loop formula for the running strong e £ I
12 1Ga\N
as(myz) : -
ag(u)= 33-2n , (3.2 FIG. 2. Cross sectlops of the subprocggs—~W"H™ as func-
1+ —fas( mz)m(i) tion ofggc.m.s energy\/;. Note thatW~H™* production rate is not
6w mz counted here.
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FIG. 3. Transverse momentum spectraia/dp; of pp—gg FIG. 4. Total cross sections of the procepp—gg+X

+X—W*H7+X at LHC with \/s=14 TeV and the cut of pseu- —W*H"+X as function ofm,+ at LHC with \'s=14 TeV. The
dorapidity| | <2. The upper three curves are foy,-=150 GeV, curve labeled “quark” denotes the contribution from quark loops
tanB=1.5,6,30 respectively. The other three curves arenfgr only.

=600 GeV.

b; (i=1,2) in loops could slightly increase the cross section
at large charged Higgs boson mass region of approximately
mp, +m;, ~460 GeV tonmg, +ny ~540 GeV, due to top

squark—bottom squark loop diagrams Fig$a.?, 1(a.4),

resonance effects of thg loop together with the top quark and 1b.1). -

loop, 512, “t'z loop diagrams, respectively. Fon,+ =600 In Fig. 5 we present the cross sectiond/¢fH™* produc-

: tions versus tap with \'s=14 TeV and the mass of the

] ~ charged Higgs boson is chosen as 100, 300, and 1000 GeV,

=2n;, is from thet, resonance effect. respectively. Our calculation shows that since the couplings
The p; distributionsdo/dp; with \'s=14 TeV is shown of Higgs bosons to quark or squark pairs are related to the

in Fig. 3 with the cut of pseudorapidityy| <2. Again the six  ratio of the vacuum expectation values, fashould effect

curves correspond to the parameter sets of3tarl.5, 6, 30, the cross sections substantially. When the ratio of both

and my+=150 and 600 GeV, respectively. Because of thevacuum expectation values tgnis in the low value range,

contributions from the scalar quark loop diagrams, fhe the cross sections for those three curves can reach their maxi-

distributions have some structures at the regions wiyen mum values.

~380 GeV andp;~180 GeV, on the curves fom,+

=150 GeV with tar3=6,30, respectively. The curves for
my+=150 GeV with tan8=1.5 has a small peak at about \\¥_//
pt~180 GeV only. For the curves ofmy+=600 GeV, ;‘\

there is no obvious structure on their line shapes.

Figure 4 displays the integrated total cross section of
W*H™ production at proton-proton colliders versus the mass
of H* with \/s=14 TeV. There we can see the sophisticated
structures on all curves. For comparison we plot the curve
for tanB=1.5 with only quark loop contributions too. We
can see that the cross sections are enhanced by the scalar
quark loop contributions. The increment can reach 70%
comparing with the cross section with only quark loop dia-
grams. In Fig. 4, all these structures come also from the i
contributions of threshold effects at the vicinities where [ e e T
M+ =g +mg, (i =1,2) andmy+ =m+my from loop dia- — —
grams. At some of these positions the threshold effects are
not so obvious for the parent process. Whenganl.5, the
cross section could reach up to 45 fb in the vicinity of FG 5 Total cross sections of the procepp—gg+X

my+~210 GeV. Note that the heavy scalar quatkand —W<H¥+X as function of tarB at LHC with \/s=14 TeV.

=6, my+=150 Ge\}. The obvious peaks at the vicinities
of \/§=2ma12 (q=1,b) are from the enhancement by the

GeV, the only kinematically allowed sharp peak e(t:s

_
o

=100 GeV
H' =300 GeV
----- m'""=1000 GeV

a(pp->gg->W H ™ +X) [fb]
o
L
33

o

o

-
T

tang
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FIG. 8. Total cross sections in MSUGRA scenario as function of
FIG. 6. Transverse momentum spectrudv/dp; in the  tang at LHC with Js=14 TeV. Dotted curves denote the contri-

MSUGRA scenario opp—gg+X—W*H™+X at LHC with /s  bution from quark loops only.

=14 TeV and the cut of pseudorapidity|<2. The three curves

are form,,- =300 GeV, targ—2,6,32 respectively. run back tom,, again taking threshold into account. In these

figures we plot the curves contributed tsyquark loops and
Figures 6. 7, and 8, which correspond to Figs. 2,3, and ST 0 S8 e Ee Son e e by the
{ﬁ:pf(ia\;:élviﬁly,tarerworkted out in the '\AASU?RA sce dnar.lo. Ofsupersymmetric contributions obviously. In Fig. 6, we find

/€ Input parameterstp, M, Ao, tanB, and sign o 'soaiar quark corrections can be either positive or nega-
of w) in this theory, we taken, ;=120 GeV,A,=300 GeV, e \when the value df\-boson transverse momentusy is
u>0. my is obtained from the choser_l valL_les rof,+. All getting rather large, the scalar quark contribution is becom-
other MSSM parameters are determined in the MSUGRARg negative. The supersymmetric correction to the trans-
scenario by using program packageJeT 7.44. In this pro-  yerse momentum distribution can be more than 80% of the
gram, the renormalization group equatidRGE'’s) [23] are  total momentum distribution. Figures 7 and 8 show that the
run from the weak scalen; up to the grand unified theory squark loop correction increases with the increment of the
(GUT) scale, taking all thresholds into account in order tocharged Higgs mass, and decreases with the increment of
get the low-energy scenario from the MSUGRA. It uses two-tang in the region of tagg>10. It exceeds+50% of the
loop RGE's only for the gauge couplings and the one-looptotal cross section for small tghand large charged Higgs
RGE's for the other supersymmetric parameters. The GUTnass. Even when tgd=2 andmy+=550 GeV, the super-
scale boundary conditions are imposed and the RGE’s argymmetric correction reaches56%. Compared with previ-
ous figures with non-MSUGRA parameters, we observe less
obvious scalar-quark contributions in some parameter space,
10 | —quark +squark which is partly suppressed due to decoupling scalar-quark
. masses and partly due to constraints to scalar quark coupling
strength.

In order to check our calculation, the comparisons of our
results with those reported in Refd.3] and[14] are made,
respectively. With the same input parameters as in R&i.
and ignoring the squark loop contributions, we can reproduce
the results of theirs very well, while if we use the input
information from Ref[14] and assume having a decoupling
scalar quark interaction, our cross sections are exactly one
half of their corresponding values in R¢fi4]. During the
revision of our manuscript, we acknowledged another paper
which appeared on this subjg@4]. We made further com-
parison with the results in this paper. Our calculation shows

o (pp->0g->WTH™ +X) [fb]

150 200 250 300 350 400 450 500 550 600 that if we use their input parameters, we get again exactly
one half of their corresponding values in Rg24].

m.. [GeV]
o ) , IV. SUMMARY
FIG. 7. Total cross sections in MSUGRA scenario as function of
my= at LHC with \/s=14 TeV. Dotted curves denote the contribu-  In this paper, we studied th&=-associated production of
tion from quark loops only. charged Higgs bosons via gluon-gluon fusion in the MSSM
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at the LHC. Numerical analysis of their production rates is C?} =Cij[Ka, — P2, My , My, My ],
carried out afs)quark one-loop order with some typical pa-

rameter sets. With our input parameters the contribution 4—c. [k
from virtual scalar quarks are obvious in most parameter Ltz
space regions and cannot be neglected. We find the contri- .

butions from the scalar quark loops are comparable with that ~ Cij = Cij[Kz, = P1, My , My, M, ],
from quark loop diagrams and can either decrease or enhance

the cross section substantially. In the MSUGRA scenario, the Cﬁ- =Cij[ka, = P1,Mpy , My, My,
squark loop contribution can even rea¢fb6% of the total
cross section. Our results demonstrate that this cross section my(l 2
can be about 45 fb with our chosen input parameters at theVhtxt [ (5_ 55\2,\,) sin(a+ B)
CERN LHC. The analysis of thpy distribution shows that Cw

_pz,n]By, tx s tx]

its line shapes depend partly on the virtual scalar quark con- mt2 2m,
tributions. — ———cosa |U%U; +i| =—s3 sin(a+
Mysing |- 1= 3g, SwW a+p)
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+Lsin UXUq —i ﬂs2 coga+ B)
APPENDIX mysing SN |UiYy—l 5 - sweosat B
In this appendix we list the form factors for the one-loop mt2 m,
diagrams of the third generation quarks and squarks. The + Wsma Uz Uy~ m

notations used in this section are defined as below:

1
P :’\ L
A S—mA02+ionFAo mz 1 2 )
Vib b =1~ |57 3 Sw|sin(a+B)
X7y CW 2 3
Ph= ! Py= ! 2
n S th +|mh0Fh0 H %—onz-I—imHoFHo, &Slna D*D .
My CosB =
Pp=P,coda— B)sina— Py sin(la— B)cosa, 2
pil -2 o sin(a+,6’)+Lsina
P,=P}, cog a— B)cosa+ Py sin(a— B)sina, 3cy W My COosB
t_ _ b_ _ my .
Bo=Bol —P1.m¢,m],  Bo=Bo[ —p1,My,mg], XD%Dyj— m( A, sina+ u cosa)
T
BO_BO[pl""pzymb(ymfx], X(D;iD1j+DfiD2j)y
BS=Bol P+ P2, My, M), mpf1 1
Vb5, =1 —(———s\z,v)cos(a+/3)
Cutj:Cij[_pz,_plymt,mt,mt]. cwi2 3
b mi
Cu=Cij[_P27—p1,mb,mb,mb], _—bCOSa D%Dy;
myy COSB =
CItJ:Cij[_pZ’ P, My, My, Myl [ my mg
B co§a+fB)+ ————cosa
5 ey W myy, COS
Cl =Cij[ = P2, = P1. My, My, M, w wCosh
. b .
Cij = Cijl ka ke My .M, M ], X DD~ S ogp (b COSat usina)
i =Cijlkz ke, Mpy My, Mgy ], X (D%Dy;+D%Dy)),
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m
Viit,p, =~ —sin 28— (mtans

V2

mmy,

Va2my

+m? cotB)/mGJUTDyj+i ——

><(tan,8+cot,8)U2,D2J

fw

X(pu—Ayp tan,B)UllDZJ

J_W

X (u—Accotp)UsDy;,

\ Wb :_iDIxuly/\/E-

2
Falfoxy)1=4my 2 f(x,Y)Vui b Vwii,
xy=1 y

2
FoLf(xy)]=4my 2 F(X,Y)Vii b Vi, »
xy=1 yox y

where the indicex,y(=1,2) of U andD label squark mass

f§=—2Ptmtzcsc,8(Bt—

PHYSICAL REVIEW D 63 015002

f5=—2Pm? cscB(CH+4C!,+4Chy) +2P,m3

X secB(Ch+4C,+4Ch,) +4imy,
2
X 2 [Pncoda=B)Viig,

B)\Vii 1 1(Clp+Ch

B)Vhbb tPusin(a—

+PH Sin(a—
+[PhCOE{a’—

><(C 2+C 3,

+2Pbm§sec,6’( ——C0 sCP,— 4C24)

2

S t
ECO SC2 4C

B)Vhbp, ]

+imy, 2 [Pncosa—B)Viig,+ Pysinla—B)Viig ]

X (BL—4CL)+[ Py cos a—

xsin(@— B)Vii 5 1(B3—4Chy),

eigenstates. The elements of the transform matrix between

squark current eigenstates and mass eigens@igs(Q
=U,D) are defined as
_ cosfye '%a sing.e '

—sinfe'?a  cosfye'?a

1 1
f§=5FalCo+Clil— 5 F2[Co+Cryl.

B)Vib,b, + Ph

For box diagram§Fig. 1(a.1-4], we define the following

notations:

Dbl Dlj[klv P2,=P1, Mg, My, My, mb]

The matrix element corresponding to Fig. 1 can be written

as
M:Mb+ Mq+M31

where the contribution of the-channe[Fig. 1(b.3), (c.1 and
2)] to the matrix element is

i 8,5€"(P1) €' (P2) €M (—kq) 0202
B 1
M= 1672 oy : e(p1+p2))\{fi€;wp1p2

+ fngMplv+ fgg,uv}

The contribution of quartic diagrams Fig(bll and 2 to
the matrix element is

'5aﬁfﬂ(p1)fv(p2)f)\( kl)gsge
My= + ..
a= 16m2my f3(ps P2)\0u

The form factorsf; (i=1-5 are expressed explicitly as

follows. g represents the coupling constant for the strong

interation andy, for electroweak interactions:

f$=—2iPA(m? cot BCh+m?2tanBCY),

Cr}l:Cij[_p2a_p11mbamb!mb]i
Db3 Dij[K1, = P1,—P2,M;, My, My, My ],
Cit}szcij[_pla_pZ!mb7mbamb]a
Db5 Dijl = p2.Ky, = P1, Mg, mg,my,mp],
Cﬁszcij[kl,_plymtvmb:mb],

Dibjk b(k U(tesb),

DSl Dlj[kl! pz,_pl.nﬁy,mBX,nTBx,me],
D= Djj[Ky,— Py, — P2, Miy , My, My, My ],

DSS Dlj[ p21kl! P1, tyvmyimBX!mEX]i

DSk DS(k l)(t(—;B),

: (k=2,4,6)

T,=m?tang.

With replacement betweenchannel andu channel, the

contribution from box diagrams is

015002-8
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10,5€"(P1)€"(P2) N~ kl)gsge

b= 1919,0K1,F 929, P1,F 9390 K1+ 949, P2,.+ 959,400 10 + 969 ,.0P20
16’7T mW

+097€40p,p, P10t I8€00p,p, P20+ Do€k, uin T 910€uunp, T 912€ unp, + 9126k np,p, 9 T 913€k; vpyp,Ipun

+ 0146k, up,p,don T 915€0npyp, K1 T G16€k, unp, Kiot 9176k, unp,Kiot G18€,np,p, K1y T 9196k unp, P1ut 920€k, urp,P1v
+0921€0p,p, P10t 9226k, nwp,P1n + 9236k, vp, P2x T 24€k, vp,P2x T 925€k wap, P2, T 926P10P 10 P2, + 927P 1P 2, P2x
+ 028K1,.K1,P 1) + 920K1,P1,P1x T 93cK1s - P1rP2, T 931K1,.K1,P2) + 932K ,P1,P2) + 933K1,P2, P20}

T (P1= P2, uev,teu).

Now we give form factors for box diagrams. Terms of or@(rmﬁ/mtz) or higher are omitted to avoid over lengthy
expressions. However, we included all terms in our numerical calculation:

S
Dgl—zogu

2 2 S z .
mt—mW+§+2t+2u

T S . . S . .
91=§t’082—20ﬁ+ —m\z,\,+§+t+u D7+ —mtz—m\2/v+5+t+u D3t

S . . - A .
+(—mé,+s+0)DY3+sDbs+ 2m§—m$v+§+t+2u DY+ (—mé+s+1)DE3+ (t+0)(D5+D5%) + (m3,+t

+20)D55+UD5%+ (5+U)D52+ (5+20)Dh5 + D5 — ma,(D5: + D5L) + S(D52+ DOE) + (s+1) (D52 +2D52

—mg(D33+D35) —2mi(D35+ D) + 2D3; — 6D 37— 4D33+ 4(D3yy— Dg%ﬁ'Dslz]+F1[D§%+D§21J_F2[D%
5

+D31,+ D53,

2 u
(3mi)/2+ 5

2 u
- mW/2+ E

. u
g2=5‘ —Cg+Ch3+C5+2C3+(m/2+u/2) Dy + m\zN/Z—E)-DBSJr D31+ D2

+(—m&+Uu)D5+ mW/2— =

5 D5+ m2(D5—DbY) + (m?— 1) D22+ (- 2m?+ m3,—s—t—20) D25+ (m3,—s— 1)

X (D53 + D52+ 2D5%) — Do — (t+U) D52+ (2m3,— s—2U) D5+ (m3,— S)D5:— U(DY3+ D5E+ D5%) + (m3,—s

—0)D52+ (—md,—t—2u)D52+2(D52+ D52+ D55) + 4(— D51+ D52,— D5 J— D$2,+F,[D5i,+ DS
T S s . s S
g3=5‘[—c32+ e+ myy— 5 D81+ — Myt 5 +0 | Dg+ 3m§v—§)Dﬁ— m\z,v+2 D22+ m2(D21 4+ D22) + (—m?,
. s . .
+0)(D%+ D55+ D5:—D5%) + —2m§v+§+2u DB+ (—m2,+1) (DB +D5) +s(D%%+ D) + 2m3, (D5 — D5?)

—D32)+sDje+2D5;—2D57+ 4(DY5+ D3}~ D311+D312J+F1[D§27+D§2iﬂ_F2[DS+DSE7)+D 1+ D3

T . t t .
g4=§t[2C81—C35+CE}—Ckﬁ+ —2m{—my/2— 5 —U|Dg"+ | m¢+mi/2+ 5 D35—<5m\2,v/2+§+u D1
t . t S .
3mW/2—§—u DY+ (—mZ+mé,—2u) DY —m2D5%+ 3mW/2+2 DY+ (2md,—s—2t)D53—sD%+ (—mj,

+1)(D5— D5+ D5%) + (m§—u)(D53+ D53+ u(D 5+ D5%) — (D52 + 2D, — 2D%Z) — sD 92— 2D 55— 4(DY;

— D57+ D33+ D51, Dgfz}—Fl[D§§+D§212]+F2[D§%+D§ +D33,+ D31l
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2 u
(—3mj)/2— 5

TI u u R
9s=% chr+chl-cha+ —m\zN/Z—E DB+ Db+ mgv/z_z Db2.+ (m2,— ) D23 — m2,/2(DBS

u AN A A ~A~ o~ ~
D§’§)+E(Dg5+02§)+(m\2,\,—s—t—u)D —m?(DY*+ D) — m?DP2+ (m2,—s—1) (D5 - DB2) + (—mé,— )D5E

+(mg,— ) Dg+mi (D92~ DY2) +u(DY3+ D52+ DY) — 2(D55+ D53+ DY) + 4(— Diig+ D52~ DY; ]—Fl[Dai

+F,[ D315+ D3,

2 t
_mW/2+ E

t t
2

(DY +D%%)+(mg—s

t ~ ~
96=% Coo+Chl—ch?2+ mW/2+ D +| —mZ+m3/2—s— = —u|Dg%+

2

- t . A A
—0)(DR}— D)~ | miy/2+ 5 +U DY —mID 35+ (mf,—s—1)(D35+D35) + my( D33~ D3~ D35+ D33~ D3

—6D%5— (D33 + D53+ D5, — DY~ D5%) + (s+1) D55 — 4(D 5%+ D35, + D5, D312} Fi[D35,]+F,[D35+D3,
o3
;=iT(D%+D%%+D5+D5+D55

. b5, b5 b2, ~bl, ~b2, b5 b1, b2
9g=iT(Dg>+ DI — D93+ D53+ DY+ D3+ D2+ D3+ D5%),

S s -
2 2 bl b5 2 2 b2 2
—mi—my+ 5| Dy + Do+ —3mW+ D11+ mW+§ Dif+(my—u)

2

T, s .
b2 - mi 4+ =
gg—|2|: Co mW+2+u 5

> S -
—2my+ §+2u

bl_ b5, bl Hb2 b5 2 _3y/pbly nb2, b1y 2nb5 2 (bl ~b2y , aryb5
X(Dj3—D3+D5;+D5)) + D5+ (my—t)(D35+ D55+ D13) +sDj3—2my(D35;+D57) +sD5g

+2(D5%+D5? }

T a a U u
O10=i 5 | C8"+Ch3+C3+| —mf—miy2—5 | DY+ | —mi/2+ 5| DE>+ 3mW/2—— DY+ | miy/2— 5 | DY +(mfy
U . . . .
— DY+ | —mi/2+ 5 | DY~ (Mf+1)Dig+(mf—mf) D5+ (—miy+s+0)Di3+(mf,— D35+ (my—1)D33

+SD 33— 2miD35— 2m{yD 58 + (my— U) D3g+ (M, — U)D35+ (—miy+U)D3g— 2(D37+ D37+ D37 ] :

t) b5 t
=|DE* = 5ma/2+ = +u

—2mZ—m3,/2— m?2+ma,/2+ 5 5 Db

G)Dgl—

A

N| —>
|

T
gu=i 5‘[ 2CH+ 208+ CRP+Chi+Ch2+

S
—| my/2+ 5 +u

5 D25+ (2mé,—s—2t)D%+(m3,—s—t)D5%+(m3,

DY+ (md,—2u)D5—uD?2 (SmW/2+

2

—1)(D3+ D3¢+ D3g) + (M~ U)(D3;+ D35~ D33) — 2miy( D33+ D33) + D33~ m{DY;+ m{D3 — 4(D37—

o]
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_ _ _ _: Ty b1l b5 b1l b2 b5
J12= —013= —015= — 025~ | E(Do +Dg +D31—D31+D33),

Ty
014=0o3= —1 E(Dgl—DBS—FD?%—FD?f—D?g )

o b1 b1, b2, b5, ~bl, b2, b5
O16= —iTy(Dg +2D31+ D31+ D13+ D3+ D31+ D33),

g17= —iT(Dg'+ D+ 2D+ D% +2D 35+ D3j+ D57+ D53),
Ty
g1 11~ DY+ DYDY DY 203~ 2015 DIE+ (D% 4 DI+ DYDY D DI+ DI+ DI+ DD,
910=iT(D}3+ D33+ D3+ D32+ D5%),
T b1 b5 b1l b2 b5 b1 b5 b1l b2 b5
9202_922:'5[[)0 +Dg + D11+ D11+ D33 +2(D33+ D3+ Dos+Dos+Dog) ],

U21= —iT(D5+ D33+ D33~ D35~ Das—D3g),

G¢= (DY + DI+ DY+ DY+ DIf+ DY+ DI+ DB+ DB+ DB,

g26= T\ D95+ D35+2D3;— 2D 53+ 2D33+ D32+ D25+ D3+ 2(D37+ D5 —D33) 1+ F1[ D33+ D3l — Fo[ D33+ D35+ D5
+D3],

927=T{{Dg’+ D3y~ D33+ Dig+ D13+ 3D15+ 5D+ 3D 55— g + 2(Das+ Dgg— Dg) I+ Fal D35+ Dgl — Fo[ D33
+2D3+D3g+ DR+ D33l

26~ TIIDB -+ 2D+ D + DY+ 2D 8- 2D+ D3+ DY + DY+ 4D3— 4D8% + 2D + 2D3 — 208 + 2D%] + F[DF
+2D35+D35] — Fo[ Di3+ 2D 35+ D3g+ D3s+ D3gl,

920~ Ti[ — D13~ D13~ 2D33+2D33— 2D55~ Dog— D3~ D5~ 2(Dgy— D7+ D3g) |~ Fu[ D33+ D7l + o[ D3gH D3
+D3+ D3

G5 [~ Db+ DYDY~ DY 2(D4+ DB~ DY~ 2(D3 + DR+ D35)— (D%~ DY+ DYDY+ DY - D
+ D36+ D3io~ D3tot+ D3io) |~ Fal D33+ D35+ D3g+ D3fol + Fo[ Dis+ D35+ D35+ D3g+ Do+ Do,

O31=T[DY*+ D5+ 2D+ DY+ 2D8] — 2D%2 + 4DB5+ DY+ D52+ 3D 55+ 4D — 4D52 + 2D53 + 2D 53— 2D 52+ 2D 53
+Fa[D3+2D 33+ D3]~ Fo[ DI+ D3+ D53+ 2D3;+ D53+ D3, + D,

932=%[D81—D85+ D11+ D3;—Di3—2D13— 2D 15~ 6D 33— 2D 55— 2D32— 4D35— 4D35+4D 58 — 6D 3¢ — 4(D310— D3
+ D359~ F1[ D35+ D3iol + Fo[ D3+ D33+ D3g+ D3+ D3io+ D3iol,

so= Ti[ ~ DY~ DY*~ DY D~ DY~ 3084+ 2D - 3D33— 2084+ 20% - 3D5%-+ D~ 5D% - 2( DL+ DE- D]
—Fy[D§3+ D33+ D35+ D3]+ Fo[ Di3+ D33+ D33+ D3+ 2D 3+ D3+ D5l

In the above expressions we adopted the definitions of one-loop integral functions {f2hefnd definedd=4—¢€. The

numerical calculation of the vector and tensor loop integral functions can be traced back to four scalar loop fiedgls

Cy, Dg as shown in the Ref26].
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