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Probing flavor changing interactions in hadron collisions
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The subprocesggat?+t_c in the two-Higgs-doublet model with flavor-changing scalar couplings is ex-
amined at the one loop level. With the perturbative QCD factorization theorem, the corresponding cross
sections for hadron-hadron collisions are computed numerically. The results are applicable to the whole mass
range of the weakly coupled Higgs bosons. In case we could efficiently exclude the severe backgrounds of the
t?(ﬁ:) production signal, probing the flavor-changing top-charm-scalar vertex at hadron colliders would be
very promising and accessible experimentally.
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[. INTRODUCTION simultaneously to couple to more than one scalar doublet. In
the framework of this model the effects of the FCNC inter-
There are stringent experimental constraints against thactions involving the heavy quark will be enhanced.
existence of tree level neutral flavor changing interactions, Now the top quark has been observed and a unexpected
especially for light quark$l]. This leads to the naturalness very large mass,=173.8-5.2 GeV(world average value
to suppress the flavor changing neutral current interactionsas been recognizg¢8]. This “extraordinary” mass scale of
(FCNCs for all kinds of model building studies, that is re- the top quark may have many important implications pertain-
alized in terms of the Glashow-lliopoulos-MaiafGIM) ing to many outstanding issues. One of them is to test the
mechanism in the standard mod&M). FCNC processes requested in model Ill. Namely, it is a
The two-Higgs-doublet modeldTHDMs) are extensions “good place” to observe the facts of model Ill for the FCNC
of the SM in which one more scalar doublet is added. Ininteractions. The measurement of FCNC processes involving
order to forbid possible tree level FCNCs to appear in theop quark would provide an important test for the discrimi-
models, Glashow and Weinbelg] proposed a neutral flavor nation of various models. In the THDM Il one would expect
conservationNFC) condition by imposing discrete symme- that large effects of the FCNC interactions could manifest
tries on the models. The common THDMs with the NFCthemselves in the cases involving the massive top quark.
condition can be divided into two categories, i.e., model ITherefore testing the existence of the flavor changing scalar
and model II. In model I, both the up- and down-type quarksinteractions involving top quarks are clearly important. At-
couple to the same one of the Higgs doublets, but in model IWwood et al. [10] presented results of a calculation for the

the up- and down-type quarks couple to the two Higgs douprocesse*e™—tc (or tc) in the THDM llI, and they ob-
blets respectively. In fact, the suppression facts of the FCNGainedR!°/\* to be in the order of 10° with proper param-
processes in the cases involving the light down-type quarkters. Recently, Jiangt al.[11] studied the production rates
sector have been observed experimentaly whereas those e*e”— yy—tc+tc for the NLC and found that this pro-

relevant to the up-type quark sector have not been EEStat%'ess is more promising than the straight productiorevia

lished so well. Therefore the so-called model Il of the . ; ; :

) . . co . .
THDM is proposed and it allows FCNC Yukawa couplings II|S|o|ns fF)r proplng the FCNC interactions Abrghatra!
which have the character that the couplings are related to tt{éz] also investigated t_he anomalous|y coup_llng_s via
masses of the coupled flavors even at the tree [l single top quark production processes by considering effec-

As pointed out by Cheng, Sher and other autt6es9), tive Lagrangian of the lowest dimension wighy coIIi_sions,_
the Yukawa couplings are typically proportional to the and found the processes woqld be observable Wlth suitable
masses of the coupled fermions at the vertices, it is rathet’€ngth of anomalous coupling as long lasagging and
natural to imagine having such Yukawa couplings for theStitablé kinematic cuts are taken properly. ~
FCNC interactions instead of placing the constraints on the After the termination of the running of the CER&'e
theory. In this case, low energy limits on the FCNCs may beeollider LEP2, the Fermilab Tevatron and CERN Large Had-
evaded, because the flavor changing couplings to the ligP" Collider (LHC) will be the only machines in searching
quarks are small, and the suppression of the FCNC processi¥ FCNC processes. It is believed that more experimental
involving light quarks can be automatically satisfied. Then€VeNts involving top quark will be collected in these had-

the imposition of discrete symmetries to obtain the NFC conlonic machines. It will give a good chance to study the phys-

dition, therefore, is unnecessary, which is normally invokedCS relevant to the FCNC processes of model Ill. In this paper

in common THDMSs to prevent the FCNC interactions at the"/€ &€ to study the problem and present a complete one-loop

tree level. In the literature such a THDM without the NFC calculation for the subproceggg—tc (or tc) to the order
condition is called as the “third” THDM(.e., THDM [ll)  O(mym./m3,) for the THDM model IIl. In fact, the obtained
[9], where the up-type and down-type quarks are allowedesults in the paper are applicable to the whole mass range
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for weakly coupled Higgs bosons. The production cross sec: A%

o AN ££GG6066——"
tions of pp(p)—gg—tc+tc+X are also given for the  ergaaaagry——tot 10 £rgggaE—— ! t—\AO o
. . t s
Tevatron and LHC. The paper is organized as follows: The A [
details of the calculation are given in Sec. Il. In Sec. Il ergggagrl———— <0 e gggaor——t——— ° = geaeet—— °
numerical results, discussions and a short summary are pre (1,234 (5,6,7.8) (9,10,11,12)
sented. Finally, the explicit expressions used in the paper ar'gfmm* 1 , e 6040ae , e raaea—, ,
collected in the Appendix. | 0 ] T
28 L o ¢ :A°,h°
<] [ AN ’
[l. CALCULATION ££G6G6—— © £ FGEEEEN—S—— © erGo66or——L—— ©
. . (13,14,15,16) (17,18,19,20) (21,22,23,24)
In the third type of the two-Higgs-doublet model, the up- ,_ . . .
type and down-type quarks are allowed simultaneously to %a_, ) U’J@% . el
couple to more than one scalar doublet. Since there is nc [ >——— @c&"”””’ J
global symmetry that distinguishes the two doublets in the g (25.26.27.28) c e0(&S (20.30) c
model, we will assume that only one of them,() develops T . ’
. A h
a vacuum expectation value and the second opg (re- £y, S~ 2y, 1
mains unbroken: i.e., gy & A %y
@6‘;@99999999 @6‘;@99999999 < e
(68 (&8
0 2o (3132) ¢ sl 3338 S
(b1)= oiV2)’ (¢2)=0, ) @ AL
wherev =246 GeV. The physical spectrum of Higgs bosons AL £ 7666000 ——*
consists of two scalar neutral boson% andH®, one pseu- g’mm‘-'c—'-'r‘*- 10 2rge6e6y———! I
doscalar neutral bosoA® and two charged Higgs bosons P L/
H*: 2766666 ———— ¢ O 2rggaer———L—— ° = gaggeel—— ¢
(1,2 3.4 (5,6
0_ 0_ Oci
H = \/E[(Regbl U )COSQ"’ Re¢23|n 0[]1 gf““‘fb%—’— t 27666666 —— * gf““‘f—’b—i—’— t
/H+ CJ l
. 4 b H*
ho= \/5[—(Re¢2—v)sma+ Reqsgcosa], ¢ A
&FG6G6G—— © £7G66666" ¢ ££GG6666Y ¢
A%=\2(—Im ¢9) (2) 7.8) ©,10) (11,12)
= 9.
gUJJ@ . t
The masses of the five neutral and charged Higgs bosons ar ”%@,,ﬁ,,,, E
the mixing anglea are free parameters of the model. The . m@d’»‘“ b .
Yukawa couplings to quarks afg] (3
-
\U~TT DA Un_ DA Yy ! ty !
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where the first two terms give masses of the quark mas:

(14

(15)

H

eigenstates, an@h’ and gP are the X 3 matrices which give ®)

the strength of the flavor changing neutral scalar vertices. FIG. 1. (a),(b) The Feynman diagrams of the subprocegss
The ¢és are all free parameters and can be constrained by the ¢,

experimental data. If we negleC€tP violation, theés are all

real. We will use the Cheng-Sher ans&ESA) [8] and let The subprocess producirtg (tc) via gluon-gluon colli-

sions,

gg—te(tc)

can be induced through one-loop diagrams at the lowest or-
der, and the Feynman diagrams are drawn in Fi¢®. dnd

o Vmimj)\ 4 1(b), where the contributions from the one-loop diagrams
§j=9——\. (N ; :
My involving neutral and charged Higgs bosons are presented,

respectively. The contributions from the figures of Fi¢h)1
Comparing it with the usual gauge couplings $1(2)  with the charged Higgs boson in loops being replaced\by
XU(1), one has\=1/y/2. In our calculation we us&  boson is much smaller due to the Glashow-lliopoulos-Maiani
=1/y2 and note that there is no theoretical bound on thgGIM) suppression and Yukawa coupling. We can omit this
coupling factorA. part in our calculation. The diagrams exchanging the two
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external gluon-gluon lines are not shown, but are numbered 1 -~ — 1 = —

in Fig. 1(@ and Fig. 1b). Fig. 1@ (1-12 and Fig. 1b) Et=§(\/§+(m5—m§)/\/§), Ec=§(\/§—(m5—m§)/\/§).
(1-6 are the self-energy diagrams, Figail (13—20 and @
Fig. 1(b) (7—10 are the vertex correction diagrams, Figa)l

(25-34 and Fig. 1b) (13-13 are thes-channel diagrams, p, andp, are the four-momenta of the initial gluons and are
Fig. 1(a) (21-24 and Fig. 1b) (11-12 are the box dia- expressed as

grams. Note that in the present case at one-loop level the

ultraviolet divergence would be canceled automatically, if all 1 ~ 1 = 1 = 1 =

the one-loop diagrams at th@(mtmclm\z,v) order in the p3=(§\/;,0,0§\/;), p4=(§\/;,0,0,— 5‘/;) ®)
THDM Il are included. In this work, we perform the calcu-

lation in the 't Hooft—Feynman gauge. The corresponding matrix element for all the diagrams in

To simplify the calculation we set=0 and let all scalar Figs. &) and 11b) is written as
bosons be degenerate, i.8,0=mpo=my== Mg whereM

is the common scalar mass. The contribution from the cou- M :Tr(TaTb),sjlM§1+(fabc-r_cl)|\/|§z
pling involving HY is suppressed due ®=0. R e
In the calculation for thes-channel diagram§Fig. 1(a) (T To M (Th Ta MY, 9
(25-28], we take into account the width effects of th&
and A° propagators. The decays bf to WW andZZ are The upper indexes;, s,, t andu represent the ampli-

suppressed, because of the factoresiim the h"WW and  tudes corresponding to tisechannel diagrams Fig (@) (25—
h°ZZ couplings, anch® decay toA°A° is also forbidden due  2g), s-channel diagrams Fig(d (29—34 and Fig. 1b) (13—

to the case of the degenerate massds’aindA°. Note that 15), t-channel andi-channel diagrams in Figs(d and 1b),

the pseudoscalak® does not couple with gauge boson pair. respectively. TheT?(a=1—-8) are theSU(3), generators
Therefore only the decays &i° and A° to final states);q; introduced by Gell-Mann and,,. are the antisymmetric
need to be considered, whege and q; represent quarks of SU(3) structure constants. The subscript{j,|=1,2,3) of
flavori andj, respectively. The decay width for the scatdr T2 represent the color of final state top quark and charm

can be written a$13,14 quark, respectively. The variablest andu are usual Man-

) delstam variables in the center of mass system of gluon-

— 3g°m luon. Their definiti
(h0—qq) = g h20 mq(l—4m§/mﬁo)3’2 gluon. Their definitions are
32mMyy p 2 2 3 2 2
S=(p1tP2) =(P3t+pa), t=(pP1—P3) =(P2—Pa)*
and R
u=(p1—Ps)?=(p2—p3)*. (10
0. ied e 3g°myo 272 7302 - . .
I'(h%—tc+tc)= >2mme[ 1 —(mg+mc)“/mio] We collect all the explicit expressions of the amplitudes
TV w appearing_in_Eq(g) in the Appendix. The total cross section
X[l—(mt—mc)zlmﬁo]l’z. (5)  for gg—tc+tc can be written in the form
The decay width for the pseudoscalst boson can be rep- o(5) = 2 f‘:dilﬁlz (11)
resented by exchanging exponents«3/2/2 andmyo«>Mmpuo oL = 16782 = '

in Eq. (5). Whenm;+m.<Mg<2m;, the dominant decay
modes ofh® and A° are h%,A°~cc,bb,tc+tc, whereas where |M|2 is the initial spin-averaged matrix element

whenM g >2m;,, the final statét decay channel is open, and squared ancﬂi=l/2(mt2+m§—§)t \/Etz—_mf\/g The cross

their decay widths are rather large due to the large masses of | . . . .
M, andm, . section forpp—gg—tc+tc+ X is conveniently written in

We denoted as the scattering angle between one of thef©'Ms Of the rapiditiey, andy, of the two jets(finial states

gluons and the final top quark. Then we express all the four‘:’md their common transverse momentpi. nge We ne-
momenta of the initial and final particles in the center-of-gl_eCt the intrinsic transverse momentum carried by partons.

= tis
mass(c.m.9 by means of the total energy/; and the scat-
tering angled. The four-momenta of top quark and charm do
quark arep; andp, respectively and are read

p,=(E;,VE{—m{sin,0,/Ef—mZcosé),
po=(E.,— VEZ—mZsin,0,— VE;—mZicosh),

7T7'pT

dy,dy,dpr

fg(x1,Q%)fg(x2,Q?)
X o(gg—tc+tc at s=7s), (12
(6) where /s and \'s denote the proton-proton and gluon-gluon
c.m. energies respectively asesr. fq(Xi ,Q?) is the dis-

where tribution function of gluon in proton.
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Defining 100 ¢
. 1 10 ¢
y :E(Y1_Y2) (13 o i
c
= 1F
and 3 i
P R
1 5 g
yboostzz(yl"')/z)- (14 g 0.01
2
We may write g 0001 -
4p? N i
ap} . 0.0001 = S
= Tcosh’-y (15) 5 L
1x10‘5 TR TR | | [TV AR BRI S
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X1= \/;-eyboost' Xp= \/;e_yboost_ (16)

FIG. 2. Total cross sections of the subprocggs%?—%?c as

In our numerical calculation we adopt the Martin- function of M. The solid curve is for\/§: 200 GeV, the dashed
Roberts-Stirling(MRS) set G parton distribution function cyrve is for /=400 GeVv and the dotted curve is foys
fo(Xi ,Q?) [15] and let the factorization scal®?=s. The =500 GeV.
numerical calculation is carried out around the Tevatron and, ,
LHC energy ranges. tions will be enhanced by the s-channel resonance e_ffects,
and the width effects become stronger, sincethd’—tc

+tc channels are opened. In Fig. 3, we can see that the

i , , curve forM¢ =500 GeV shows a sharp peak around the po-

In the numerical calculation we take the input parameters . . =

[4] asm,=4.5 GeV,m.=1.35 GeV,m=175 GeV, My, sition at \/;:500 GeV due to thes-channel resonance ef-
. y c . 3y H

=80.2226 GeV GF:1166392< 1075 (GeV)72 and « fects a-nd Iarge width effects (bio andAO.
—1/128. We adopt a simple one-loop formula for the run- In Figs. 4 and 5 we show the transverse momentum spec-
ning strong coupling constant, as trum of the top quark at the Tevatron and LHC energies,

respectively, where we assume the off-line analysis will re-

Ill. NUMERICAL RESULTS AND DISCUSSIONS

ag(my)
33— 2n, 1
+ Tas(mz)ln(m—z

as(p)= , 17

wherea(my)=0.117 andh; is the number of active flavors

at energy scale.

quire at least the event selection criterion of involving one
isolated highpy track with the cut of pseudorapiditys|
<2. Again, the peaks on the curves Bf;=250 andMg
=500 show thes-channel resonance effects, whekég

= Mpo= Mpo~ \/g

100

Figure 2 shows the cross sections fpgy—tc+tc as a
function of the masses of the Higgs bosdvig. The cross
sections are displayed with the three values of the gluon-
gluon c.m.s. energy 200 GeV, 400 GeV, and 500 GeV, re-
spectively. Because there is no stringent bound on the Higgs
bosons masses, we choddgg in the range from 50 GeV to
800 GeV. The peak of each curve comes frerohannel

resonance effects, wheid ¢=myo=muo~ \/§ From these
curves we find that the cross section can be obviously en-
hanced wherv 4 gets close to\/g.

Figure 3 shows the cross sections gj—tc+tc as a
function of \/g and the three curves correspond to We
values 100 GeV, 250 GeV, and 500 GeV, respectively. For
M¢=100 GeV, the effects of the widths of the Higgs bosons
are not obvious, and s-channel resonance effects are sup-

pressed, sinc&@ is far beyond the Higgs boson maséés.
Therefore the curve of its cross section is relative flat with

the increasing Of\/g. When\/g approaches the value dfg,
such asM¢ =250 GeV andM¢ =500 GeV, the cross sec-

10 F

01 b

o(gg -> tbar c+t cbar) in fb

001 |

0001 7”‘.\H"\H.‘l‘.‘.\‘.‘.l.u\h,‘ Lo ol
100 200 300 400 500 600 700 800 900 1000

Js (GeV)

FIG. 3. Total cross sections of the subprocgss—tc+tc as

function of Vs. The solid curve is foM <=100 GeV, the dashed
curve is for Mg=250 GeV and the dotted curve is fdvlg
=500 GeV.
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FIG. 4. The transverse momentum spectrum of top quark for the

Tevatron at 2 TeV. The solid curve is fal;=100 GeV, the
dashed curve is foM ;=250 GeV and the dotted curve is fbtg

=500 GeV.
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; Ms=100 GeV MS=25069V
Ms=500GeV
o \ T R RS SR
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FIG. 6. Total cross sections of the procw—>gg—>t?+ﬁ: as
function of s at the Tevatron. The solid curve is faWl,

=100 GeV, the dashed curve is fbt;=250 GeV and the dotted
curve is forM =500 GeV.

In Figs. 6 and 7 we show the cross sectionpgf—gg

—tct+tc+X as a function of center-of-mass energy of W+
. . —W'h.
electron-positron systery's. The cross section may reach
0.83 femtobarn wheM =100 GeV andy/s=2 TeV at the
Tevatron and 131 femtobarn whé =100 GeV and\/s

In the tc—~W*bc—|*vbc detection mode, the

backgrounds are mainly fromtt_HWHets and tt
—WWhbb-1"vqq’bb processes. The calculation shows

—14 TeV at the LHC. For the Tevatron at 2 TeV we can that the cross section of top pair production will reach about
expect about 4 raw events whéi,=100 GeV if we as- 5 Pb at the Tevatron fof's=1.8 TeV and about £0pb at
sume 5 fb! integrated luminosity, and for the LHC at 14 the LHC for Js=14 TeV. If we use thetc+tc
TeV we can expect about 23L0" raw events if we assume —|epton+jets detection mode, the production rate taf

100 fb ! integrated luminosity. Since the cross section of
this process is roughly scaled by, if we letA=1, the cross

section will be 4 times larger. There are several potentially,
severe backgrounds from the SM to the signal. A top quar

with a mass about 174 GeV, decays dominantly tto

001 ¢

0.001

0.0001 ¢

T

1x107° |

do/dp_ (pb/GeV)

1x10°® |

1x107

PRI IR EVENIE R SEETE AT A

Js=14TeV
In| <2

P -

0

50

100 150 200 250 300 350 400
P_(GeV)

o(pp -> gg -> thar ¢ + cbar t +X) (fb)

140

130
120
110
100
90
80
70
60
50

—W*bc—1*vbc can reach about 0.1 fb at the Tevatron
and 14 fb at the LHC, while the possible background from

t—WWbb—1"vqq’bb would be about 0.8 pb at the Teva-

30 b

a0 [

Ms: 100 GeV

M =250 GeV .-

e M =500 GeV

10 105 11 115 12 125 13 135 14

/s (Tev)

FIG. 5. The transverse momentum spectrum of top quark for the FIG. 7. Total cross sections of the prOCng%t?"rTC as
LHC at 14 TeV. The solid curve is favi;=100 GeV, the dashed function of \/5 at the LHC. The solid curve is favl;=100 GeV,

curve is for Mg=250 GeV and the dotted curve is fdvlg

=500 GeV.

M.=500 GeV.
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In summary, from our calculation, we can conclude that if
we could efficiently exclude the severe backgrounds of the APPENDIX

tc(tc) production signal, it would be possible at the Teva- L
We adopt the same definitions of one-loop A, B, C, and D

tron and the LHC that the proces§)—>.gg—>tc'+tc .COUId integral functions as in Refl16] and the references therein.
be used to probe the flavor changing interactions in the cont " jimensiorD =4 — e. The integral functions are defined
text of the THDM Il

as
|
L
AO(m)_ 71_2 f d q[qz_ m2] !
(2mu)4P {1;0,:9,.}
B1:B,;B.,}(p,my,my)=———| d° — '
(BaiBuiBu(pom M) = J [a*~m{][(q+p)*~m]

{COYC,U. vc,uv ;C/va}(pl ’ p2!ml!m21m3)

_ (277,41,)4_DJ’ " {130,900 5 Gt
[a2—mZ][(g+py)2—m3[(g+py+py)2—m3]’

i 772
{DOYD,u ;D,uV;D,qu;D,u,vpuz}(pllpZIpS!mlvm21m31m4)
_@mu)*®

i w2

X[(q+py+p2)2—m3l[(a+py+pa+pa)®—mil} 2

f qu{lqu 1q;/,v ;qMVp ;q,uvpa}{[qz_ m%][(q—'_ pl)z_ mg]

In our calculation we take the strange quark mags-0. TheM®t andM*2 in Eqg. (9) can be written as

L2
. iaig _
Mslzmmt\/mtmce,u.(p3)ev(p4)u(pl){2ah0mt2(co+ 4C—4C23)[P3, — P1— P2, M, M, M¢]
T Vi

X (PYpi+PiPs+ Pips+P4Ps) + 2an0migH  (Bol — pr—P2,my,M]—[(P1+ P2)- PsCot4Ca4]

X[P3, = P1— Pz, M¢,Mg,M])+2ianom;Col p3, = P1— P2, My, My, mJe* " “Pys(pp5+p3p5)tu(pa), (AL
where

1 1
apo= = ., ap=rx :
h° S— mﬁo+il“homho o S— mf\0+iFAoon
; iaggz — v v
MS2=——————mVmMc€,(Pa) €,(Pa)u(P1){— 16m(Cy3— C1o+ Co1— Cog)[ — P1,P1+ P2, Ms, My, mJ(PYP2— P1P5)
128m2Mg;s

+(8[2C 4+ M (Co— C11+ C1p— Coy— Copt 2C55) — 2(P1- P2)(Copt Co) [ — P1,P1+ P2, Mg, My, my]
+4m?B4[ — p1,Mg,Mg]—4mmB4[ po,me , Mg+ 4miBy[ — p;, My, Mc]+4mmcBy[ p2, My, M]

+mBy[ — p1,My,Mg]—mmcBy[ pa, My, Mg]—mZBy[ — ps, My, Mg]+memBy[ po,my , M])(y*Ps — ¥*pi+ y"ph
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— Y*py+g* hs) +{—4(2mCpy— 2MICo+ M M+ 2(P1- P2) —4(P1- P3)](C11— Cpt Cort Cpp— 2C0)

+4(pz- P3)(McC1a—MCopt MCo0))[ — P1,P1+ P2, Ms, My, M ] = (MeMZCo+ 2MCoyt MY(Cyy— Cipt Cop+Cop
—2C33) +2m[(P1-P2) —2(P1- P2) J(C11— Cyat Copt Cop—2C3) +4(P2- P3)[McCrpt My(Co3— C22) Il —P1.P1
+P2, Mg, My, Mp]—M¢B4[ —py, My, Mg]+mZmeBa[ pa,m, Ml —myBy[ — py, My, M)+ (Mcm¢+2mepy - p,
—4mcp1- P3) B[ P2, My, Ms])g#”—4my(Cy1— Ciot Co1— Cog)[ = P1,P1+ P2, Ms, My, Mp](PYP2— P1P5 + ¥5P1P5
— y5P4P3) + (2[2C 4+ MM Co—M{(Cy1— Cp+ Cort Cop—2C29) — 2(P1- P2) (Coo— Co9) I — P11

+P2,Mg, My, My]+4mBy[ —py, My, Mg]—4memBy[ pp, My, M) (¥ P5 = ypi+ ¥"p5 — y*ps+ g’ Ps)
—[MemZCo—2m,Cpy—MP(C 13— Cpt Cort Cop—2Cp0) — 2M[(P1- P2) — 2(P1- P2) [(C11— Co+ Cort Cpp—2C00)
+4(p2° P3)McC1z~Mi(Ca~ C22) 1L~ P1.P1+ P2, M, My My ] 759"+ ([4C24— 2McmCo— 2M{(C13—~ Caz+ Coy
+C2~2C20) +4(P1- P2)(Co3~ C22) L~ P1.Pa+ P2, Ms. My, My])+ 2MEB [ — Py, My, M]

—2memB4[ po, My ,M]lys(y" Pl — ¥*p1+ v"Ps — ¥*Pa— 9" b3) v (py). (A2)

The amplitude oM can be written as

Miz

64m°M3,

iaggz Y. KAV KAV VM KAV VM LRV VM ey
meymimee,(P3) €,(PAU(PL) (F1prp1+ fopipa+ fapips + fapsps+fsy pi+ fey pi+ 7y ps + ey p;
+ iy y"+ 10y v* + F1103pTP1+ F1obspi Po+ f1303P1P5 + Frapaps P+ Fasbsy Pl + faghs v Pi+ f1absy ps

+ Faghay“pat frabay* v + foobay” v+ T1ysPIPI+ T2 ysPiPa+ faysPips + T4 ysP5Ps+ f5ysy PY + T6vsv!p1
+12ysy P+ Tays v pa+ foysy" v + fioysy v+ f11¥sP3pi P+ f1o¥sP3PI s+ F15¥sP3PIP5 + f14¥sP3P5 P;

+f15vsb3y Py + T 16vsP3 ¥ P1+ T 17vsP3 ¥ PS5 + T 1gvsPa v Pa+ f1o¥sba v v + fo0vsbsy" ¥*)v(p2), (A3)

where thef;s andf;s are expressed explicitly as

f1=4[my(D3g— D310 + M(D3p— D3 I[P3,— P1,— P2, My, My, Mg, my], (A4)

fi=f1(m——my)+8my(D1;— Do+ Dyy— Doy~ Dost Dog)[P1, — P3, — Pa,Ms,my,my,me], (A5)

fy=4a;(mCy— mC1o— miCyo3)[ — Pg,P2, My, My, Mc]+4[M(D 39— D30

—My(D2;~Daet D3g—Dag) I[P3, — P1,— P2,Mp, My, Mg, M ], (A6)
fo=fo(m— —my)+8a;mCyi —p2,Ps,Ms,m;,M]—8My(D 12+ D2y D2e)[P1, — P3, — Pa, Mg, Mg, My, my], (A7)
f3=4[my(D39— D37) —M(D316~ D3g) I[P3, — P1,— P2, My, My, Mg, mg], (A8)
f3=Tf3(m——my)—8my(Dys—Dye)[P1,— P3,— Pa,Mg,m,m,m], (A9)
f4=4[m(D33— D37) + M(D 23— Dyg— D3igt D3g) I[P3, — P1,— P2.Mp, My, Mg, my], (A10)
fa="fa(m— —m)+8mD,d p1,—P3,—Pa,Ms, M, M, My, (A11)

fo=— 2a2a3mt281[ —Pp1,My,Mg]— 231az[mt2_ 2(p1-P3)1Bi[ = P11+ P3, My, Ms]—2a;asmcmB4[ py, My, Ms]

+28,[MMy(Co+2Cy1+ Cp1) — 2C,4)[ P1, — P3, M, My, My] + 28] — 2C54— MECo+ ME(Cop—2C53) —McmCyp
+mZ(Cya+ Ca) +2(P1- P2— P2+ P3)(C1a— Cio+ Cor— Cp9) — 2(P1- P3)(Ciat+ Co) Il — Pa, P2, My, My, M ]+ 2[ 2D 5,
+2D 315+ M3D g — MZD 25— MMy(D 55— Dog) + 2(P2- P3) (D 25— D2e) I[P, — P1, — P2, My, My, Mg, My 1, (A12)
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f5=fo(me— —my) +4azazm?Bo[ — p1,m;, M)+ 4a;a,mBo[ — p;+ p3, M ,Mg] —4a;asm?Bo[ p2,m; ,M]
—48,m?(Co+Cyp[p1, — Pz, Mg,m;,m]—4a;m? —p,,ps,Mg,me,m]+4mZ(Do+ D43~ D1a)
X[p1,—P3,—Ps,Ms,m,m;,me], (A13)

fg=2[4(D 311~ D31p) + M3(D 13— D) — M(D 37— Dag) + M7 (D3~ D3g) +2(Py- P2)(D3g— D10

—2(p1-P3)(D2y—D2s— D34+ D3g) +2(Pp1- P2)(D3s—D31g [ P3, — P21, — P2, My, My , Mg, my ], (A14)
fe="Te, (A15)
f=2[ — 4D 313~ MiD 13+ MZD 35+ MeMD 53+ M7(D 26+ Dg) + 2(p1 - P2) (D 3+ Do)

—2(p1-P3)(Dost D3yt Dagt Dsy) I[P3, — P1,— P2, My, My, Mg, my], (A16)
f7=f7(m——m)—4mD14p;, — P3, —Pa,Ms, M, Mg, m(], (A17)
fé=—4a1(p1~pg)(C12+Cz3)[—p4,p2,mb,mb,MS]+2[2(D27+2D311+D313)+m§(D0+Dll)

_mg(Dzs"' D37)_mt2(D22+ D3e)[P3,—P1,—P2,Mp, My, Mg, My ]—=(P1-P2) (D26t D3ig)

+2(p1-P3)(D1o= D13+ 4D ps—DogtD3g) +2(p2- P3)(DostDss) [P3, —P1, — P2, My, My, Mg, my ], (A18)
fo=— azaam?Bl[ —P1,My,M]+2aa,Mc(P1- P3)B1[ —P1+P3, My, Mg]—a,m[2C,,— mtz(CO+ 2C11+Cy)

+2(p1-P3)(Cot+C11+Ciot Coa) [[P1, — P3,Ms, My ,m ] —2a1mMc(P1- P3) Cad —Pa, P2, My, My, M]

+(4mg(D 313+ MiD 13— MZD 33) + My 2D 57+ 4D 395+ M(D g+ D 1) — MZ(D 25+ D 30) — M(MD 35— MyD 5~ M;D3y)]

—2(p1-P2)(MD gt MD g+ mMD3gg) +2(p1- P3)(McD 1~ McD 13+ MD 316+ MD s+ miDge)

+2(p2- P3)(McD 37+ mMD s+ mMD319)[ P3, — P1,— P2, My, My, Mg, mg], (A20)
fo=Tf4(mM— —my) — 2a,83M Bo[ — p1,M; ,M]— 4a,8,mi(ps - P3)Bol — P1+ P3,M;,Mg]

+4a,m(p1-P3)Col P1,—P3,Ms,my,m]+4a;m(ps-P3)Col — P2,Pa, Mg, my,m;]

+4m(D 27+ D311~ D319[P1, — P3, — Pa,Ms, My, M, mye], (A21)
f10= —2(McDa1gt MD319)[P3, = P1,— P2, My, My, Mg, Mp], (A22)
f10=f1o(mMg— —m) —4mDo1 p1,— P3, — Ps,Ms,m;,mg,me], (A23)
f11=4(D22— D24— D34t D3g)[P3, —P1, — P2, My, My, Mg, Mp], (A24)
=", (A25)
f15=4(D13—D1p— 2D 4+ 2D 6+ D310~ D3s)[ P3, — P1,— P2,Mp, My, Mg, My ], (A26)
f12=f12, (A27)
f13=4(D310— D3s)[P3, —P1,— P2, My,My, Mg, my], (A28)
f13="113, (A29)
f14=4(D23— D35~ D35t Dg7)[P3, — P1,— P2,Mp, My, Mg, Mg ], (A30)
f14="114, (A31)
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f15=—2a,m(Cy1— C1pt Cp1— Coa)[P1, — P3. Mg, My, M ]+ 2[M(D 13— Dot Dyg)

+m(D2o—D24) I[P3,— P1,— P2,Mp, My, Mg, My ], (A32)
f15="fi5(m— —my)+4a,mCqq[ p1,— P3,Ms,m;,M]—4my(D 13— D13)[P1, — P3, — Pa,Ms,my,my,me], (A33)
f16=2[Me(D 25— Dog) —M(D o= D2a) I[P3, — P1,— P2, My, My , Mg, my ], (A34)
f16=f16(M— —my) +4m(D11—D1p)[P1,— Pz, — Ps,Ms,my,me,m], (A35)
f17=2[mMD 23— mM(D25— D26 ][ P3, — P1,— P2, My, My, Mg, My ], (A36)
f17=f1Am——my)+4mD1d p;1,—pPs,— Ps,Ms,m¢,m;,my], (A37)

f16=281(McCo— MC1o— MCo3)[ — Pa, P2, My, My, Ms]+2[Mc(D 25— D2g)

+M(D 12—~ D13t Dosg=Dog) IlP3, = P1, = P2, My, My, Mg, Mg, (A38)
f1g="f1g(M— —my) +4a;mCay[ —p2,ps,Ms,m;,m]—4mD 1A p1, — P3, — Ps, Mg, mg,mg,m], (A39)
f1g=—a,a3M{By[ — Py, My, M]—as8,[m{ —2(py- p3) 1Bl — Py + Pa, My, M]—asa3memiBy[p,, My, My]

—ap[2C4— my(MCo+mCyy+mCo) +2(Cyot Co2)(P1-P3) I P1, — P3,Ms, My, My]

+a3(—2Cp4— MCo+ MZ(Cpp— 2Cp9) — MM, C 1o+ M(Cyy+ Cop) +2[(Py- Pa)

—(P2-P3)](C11— C1ot Co1— Ca3) = 2(P1- P3)(C1at+ C20))[ = P4, P2, My, My, M¢]

+[4(D27+ Dayy) +2mi( Do+ D1y) = 2M(Da+ D7) — D1gMemy — My (D 12+ Doz+ D)

—2(Pp1-P2) (D12t 2D 26+ D310 +2(P1- P3) (D12t 2D 24+ D3g) + 2(P2- P3) (D3t 2D 25+ D3g) |

X[P3,=P1,~ P2,My, My, Mg, mp], (A40)

f19= f1o(M— —my) + 2a,a3MBo[ — p1,M; ,M]+2a,2,M7Bo[ — p1+ Pz, My, Ms] —2a,8,m7Bo[ p2, M ,Mg] — 2a,m{ Co[ ps ,

2 2
_p31M31mt1mt]_2almtco[_p21p41M31mtamt]+2mtDO[plr_p31_p4!MSImt1mt1mt]1 (A41)
f20=—2D31 P3,— P1,~ P2,Mp, My, Mg, mp], (A42)
f20= 20, (A43)
where
1 d 1
a;=x 21 azzﬁ an a.3: 2 2
t— m; —mg my —mg
MU=Mi(pgespy, e v, i ). (A44)
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