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We study the Yukawa corrections to the yy — bb cross section in the topcolor assisted technicolor
models at the photon-photon colliders. We find that, for the favorable parameters, the relative corrections
from pseudo-Goldstone bosons give out a 3.2% ~ 5.9% decrement of the cross section from the tree level
when /s = 500 GeV, the contributions from new extended technicolor gauge bosons Z* and colored
gauge bosons B are negligibly small, and the relative correction arising from new color-singlet heavy
gauge boson Z' is less than —3.2%. Therefore, the total relative corrections are significantly larger than the
corresponding corrections in the standard model, the general two Higgs doublet model, and the minimal
supersymmetric standard model. Since these corrections are obvious for the International Linear
Colliders, the process yy — bb is really interesting in testing the standard model and searching for the

signs of technicolor.

DOI: 10.1103/PhysRevD.78.035007

I. INTRODUCTION

The collisions of high energy photons produced at the
linear collider provide a comprehensive laboratory for test-
ing the standard model (SM) and probing new physics
beyond the SM [1]. With the advent of the new collider
technique [2], one can obtain the high energy and high
intensity photon beams by using Compton laser photons
scattering off the colliding electron and positron beams,
and a large number of heavy quark pairs can be produced
by this method. The photon energy spectrums show that
there are many relatively soft photons, and the production
of heavy top quarks will be suppressed for reduced colli-
sion energies, but no such suppression affects the relatively
light bottom quarks [3]. Therefore it is worthy to inves-
tigate the production of the bottom quark pairs in the
photon-photon collisions.

In the SM, this process has been calculated and the QCD
threshold effects of the process also have been examined
[4]. Reference [5] has investigated the Yukawa corrections
to this process in both the general two Higgs doublet model
(2HDM) and the minimal supersymmetric standard model
(MSSM), which shows the relative corrections to the total
cross section of the process ete™ — yy — bb are less
than 0.1% for favorable parameter values. In the paper,
we present the calculation of the Yukawa corrections to this
process in the topcolor assisted technicolor models, which
arise from the virtual effects of the third-generation quarks,
charged psuedo-Goldstone bosons (PGBs), and new gauge
bosons in photon-photon collisions. It is organized as
follows. In Sec. II, we present a brief review of the original
topcolor assisted technicolor (TOPCTC) model and the
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(TOPCMTC) model. In Sec. I1I, we give out the analytical
results in terms of the well-known standard notation of
one-loop Feynman integrals. The numerical results and
conclusions are included in Sec. IV, and the form factors
appearing in the cross section are presented in the
Appendices A and B.

II. GENERAL CHARACTERISTICS OF THE
TOPCOLOR ASSISTED TECHNICOLOR MODELS

As we know, technicolor—a strong interaction of fermi-
ons and gauge bosons at the scale Atc ~ 1 TeV—is a
scenario for the dynamical breakdown of electroweak
symmetry to electromagnetism [6]. Based on the similar
phenomenon of chiral symmetry breakdown in QCD, tech-
nicolor is explicitly defined and completely natural. To
account for the mass of quarks, leptons, and Goldstone
“technipions” in such a scheme, technicolor, ordinary
color, and flavor symmetry are embedded in a large gauge
group, called extended technicolor (ETC) [7]. Because of
the conflict between constraints on flavor-changing neutral
currents and the magnitude of ETC-generated quark, lep-
ton, and technipion masses, classical technicolor was
superseded by a “walking” technicolor and “multiscale
technicolor” [8,9]. The incapability of explaining the top
quark’s large mass without a clash of either cherished
notions of naturalness or experiments from the p parameter
and the Z — bb decay rate by ETC [10] led to the original
topcolor assisted technicolor by C. T. Hill [11] and the
multiscale walking topcolor assisted technicolor model
[12].

The original TOPCTC model assumes [11,13,14]:

multiscale  walking  topcolor assisted technicolor (i) electroweak interactions are broken by technicolor;
(i1) the top quark mass is large because it is the combina-
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fundamental component em,(g ~ 0.03-0.1), generated by
ETC; (iii) the new strong dynamics is assumed to be chiral
critically strong but spontaneously broken by technicolor
at the scale ~1 TeV, and it generally couples preferen-
tially to the third generation. This needs a new class of
technicolor models incorporating ““topcolor” (TOPC). The
dynamics at ~1 TeV scale involves the gauge structure

SU(3); X SU(3), X U(1)y, X U(1)y,
— SUB)qep X U(pm (D

where SU(3); X U(1)y,[SU(3), X U(1)y,] generally cou-
ples preferentially to the third (first and second) generation,
and is assumed to be strong enough to form chiral (7r) but
not (bb) condensation by the U(1)y, coupling. A residual
global symmetry SU(3)’ X U(1)" implies the existence of a
massive color-singlet heavy Z' and an octet B. A
symmetry-breaking pattern outlined above will generically
give rise to three top pions, 7, near the top mass scale.

The couplings of gauge bosons Z’ and B to bottom quark
given by the topcolor interactions which for the process
vy — bb can be written as

_ 1 1
Z'bb: g8 cotd' y* L — 381 cotd'y*R, 2

_ 1
Bbb: §g3 cotdAYyH, 3)

where L, R = (1 & y5)/2 are the left- and right-handed
projectors, A? is a Gell-Mann matrix acting on ordinary
color indices, g3 (g;) is the QCD U(1)y coupling constant
at the scale ~1 TeV. The SM U(1)y field B,, and the U(1)’
field Z,, are then defined by orthogonal rotation with
mixing angle 8 (0"). If we take

g3cot’6 glcot?d’
K= K ==,
477 ! 47

“

Ref. [15] shows that the value of x must be approximately
2 and k; is assumed to be O(1).

There exist the ETC gauge bosons Z* including the
sideways and diagonal gauge bosons in this model. The
coupling of Z* to the fermions and technifermions can be
found in Ref. [16]. For the sake of simplicity, we assume
that the mass of the sideways gauge boson is equal to the
mass of the diagonal gauge boson, namely mz:, so the
Z*bb coupling by the ETC dynamics can be given by

Z'bb: —

em,; e Nc 1 o
1671, SWCWI:NTC+1€:[(§I + &) Et]yﬂLr
5)

where Nyc and N, are the numbers of technicolors and
ordinary colors, respectively; sy = sinfy and cy =
cosfy, with Ay being the Weinberg angle; &, and &, are
coupling coefficients and are ETC gauge-group-
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dependent. Following Ref. [16], we take &, = 1/ V2 and
&, = 0.028&; 1.

In this TOPCTC model, there are 60 technipions in the
ETC sector with decay constant f,. = 123 GeV and three
top pions 7Y, ;" in the TOPC sector with decay constant
fx, = 50 GeV. The ETC sector is a one-generation techni-
color model [7]. The relevant technipions in this study are
only the color-singlet 7 and color-octet 7g. The color-
singlet (octet) technipion-top (bottom) interactions are
given by

NGl

_ _ 1 _
e [ity5t77° + itystm + —=1(1 — ys)ba™
1

2em,[ .. A? 0 L = A? 3
I zty57t778 + zt757t778
1 _ A 1 - A¢
+ =1 — ys)=—bmwi + —=b(1+ —m*], 7
\/z ( yS) 2 8 \/5 ( 75) 2 8 ( )

with the coefficient ¢, = 1/+/6.
The coupling of the top pions to the top (bottom) quark
has the form

(1 —&)m,

V2fa,

1 -
+ b+ yS)m;]. )

_ 1.

The interaction of the gauge boson vy and the top pions
v .
;o is

i,
Eg(p pH, 9)

which p’, p denote the momentums of 7;” and 7, , re-
spectively, and the coupling constant g is defined by g =
e/ sinfy,. More detailed Feynman rules needed in the
calculations can be found in Refs. [17,18].

For the topcolor assisted multiscale technicolor model
[12,19], it is different from the original TOPCTC model
mainly by the ETC sector. In the original TOPCTC model,
the ETC sector is the one-generation technicolor model
with f = 123 GeV, ¢, = 1/\/6, and Nyc = 4; and in the
TOPCMTC model the ETC sector is the multiscale walk-
ing technicolor model with f,, = 40 GeV, ¢, = 2/~/6, and
Nypc = 6[12,19].

III. YUKAWA CORRECTIONS TO THE BOTTOM
PAIR PRODUCTION IN PHOTON-PHOTON
COLLISIONS

The relevant Feynman diagrams for the corrections aris-
ing from PGBs to the yy — bb production amplitudes are
shown in Figs. 1(c)—1(m). In our calculation, we use the
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FIG. 1.

Feynman diagrams for PGB contributions to the yy — bb process: (a)-(b) tree-level diagrams; (c)-(e) self-energy diagrams;

(f)-(1) vertex diagrams; (j)-(1) box diagrams; (m) triangle diagram. Here only one-loop diagrams corresponding to the tree-level
diagram (a) are plotted. The dashed lines represent the charged technipions 77, 7rg and top pions 77 in the figures (c)-(m).

dimensional regularization to regulate all the ultraviolet
divergences in the virtual loop corrections, and adopt the
Feynman gauge and on-mass-shell renormalization
scheme [20]. The renormalized amplitude for yy — bb
contains

My = My + 8M
= My + M + MY + SMP% + M, (10)

where M, is the amplitude at the tree level, SM*c!f,
SMYereX SMPX and SM" represent the Yukawa correc-
tions arising from the self-energy, vertex, box, and triangle
diagrams, respectively. Their explicit forms are given by

My = M} + ME, (11)

SMf = 8Mx(f) + 5M‘Y(ﬁ), (12)

SMVertex — 6Mv(f) + (SMU(ﬁ), (]3)

SMPx = spb® + 5Mb(12)’ (14)

where
; . €207 _
My = —lﬁeﬂ(m)ey(m)u(m)
b
X yH(Py — Pa + mp)y"v(py), (15)

M = Mi(py = po i o i), (16)
. . ezQ% _
8MS(I) = lme‘#(pé;)fy([%)u(pz)
XL yy + 10 pty + F0 fyiy]
X v(py), a7
SM® = SM*D(py — py, i = i), (18)

N . e*0 _
SMYD = —j_ b2 EM(P4)GV(P3)M(P2)
i—m

XL Oyry” + £y py + 10y
+ 1305t + 2O payryr + £ payrpl

+ 129 pupty To(py), (19)

5Mv(12) — 6Mv(f)(p3 < Py, fe 12), (20)

035007-3



JINSHU HUANG AND GONGRU LU

SMPD = —j

e
1672

+ f”(”pl pY+ fOpt py + fo Dl pr 4 fPD

PHYSICAL REVIEW D 78, 035007 (2008)

— b b b b b b
€,(p3)e, (p3)a(p )Lt D yryr + foOyrom + frOympr 4 phO prgr o fb O pr 4 b0 v

+ 0 g ytyr + 11D puyryr + 19 payrpt

b b b b b
FoD gupty” + 0D puyrpy + oD gy + 20 pupt pr + £ papt py + £1O Bt pt

b(f)mpz pyTv(py),

SMPD = sMPD(py — py, 1= ), (22)
and
2
OM" = i— f{g"" e, (ps)e,(p3)a(p)v(py).  (23)
8
Here 7 = (py — py)?, it = (ps — p1)* p3. and py denote

the momentum of the two incoming photons, and p, and
p1 are the momentum of the outgoing bottom quark and its
antiparticle.

The form factors ff(t), f}’(f), f f.’(t), and f'" are expressed in
terms of two-, three- and four-point scalar integrals, and
are presented in Appendix A. The basic two-, three-, and
four-scalar integrals are given in Ref. [21]. It is easy to find
that all the ultraviolet divergences cancel in the effective
vertex.

For the new gauge bosons (Z*, Z', and B), we plot the
relevant Feynman diagrams for the contributions arising
from these particles to the yy — bb production amplitudes
in Fig. 2. The form factors from these new gauge bosons
are similar to those of PGBs, and are given in Appendix B.

The cross section of the subprocess yy — bb for the
unpolarized photons is given by

R Ne [f+ N oA
= dr M., (5, DI, 24
o) =17 ). pZI 3,9 (24)
where
o I, 1, N
t—=<m%—§s)i§s\[1—4ml%/s. (25)

The bar over the sum recalls averaging over initial spins
and

y Ab v

() (e)

21

3 Mo, DI = 3 Mo + 2Re S M M.

spins spins spins

(26)

The total cross section o (s) for the bottom pair produc-
tion in y7y collisions can be obtained by folding the ele-
mentary cross section o (§) for the subprocess yy — bb
with the photon luminosity at the e™ e~ colliders given in
Refs. [4,5], i.e.,

Xmax dL
o(s) = [ dg S
2my/\fs dz

where /s and V3 are the ete™ and vy center-of-mass
energies, respectively, and d_,,,, /dz is the photon luminos-
ity, which can be expressed as

dL’}"}/ _ 2Z Xmax dx

dz 2/ X X

o) (yy — bb at § = 7%s),
(27)

Fo(0)F,(22/x).  (28)

For unpolarized initial electron and laser beams, the energy
spectrum of the backscattered photon is given by [4,22]

1 1 4x
Fy/e(x)zﬁg:)[l IS T E -
4x2
- xZ)]’ o2
with
D(g)z(l_g_g?)ln(l o+ +§ 2(1i§)2’
(30)

where & = 4E,E,/m2 in which m, and E, denote the
incident electron mass and energy, respectively, E, denotes

— =% y b
Lg ymzb

)

FIG. 2. Feynman diagrams for the contributions arising from new gauge bosons to the yy — bb process: (a)-(c) self-energy
diagrams; (d)-(e) vertex diagrams; (f) box diagram. Here only one-loop diagrams corresponding to the tree-level t-channel diagram are
plotted. The folding lines denote the new gauge bosons (Z*, Z/, and B).
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the initial laser photon energy, and x = E/E, is the frac-
tion which represents the ratio between the scattered pho-
ton and initial electron energy for the backscattered
photons moving along the initial electron direction.
F,.(x) vanishes for x> Xy, = Epo/E, = /(1 + £).
In order to avoid the creation of e™e™ pairs by the inter-
action of the incident and backscattered photons, we re-
quire  Egxp., = m2/E,, which implies ¢ =2+
22 = 4.8 [22]. For the choice ¢ = 4.8, it can obtain

Xpax =~ 0.83,  D(€) ~ 1.8. 31)

IV. NUMERICAL RESULTS AND CONCLUSIONS
A. The PGBs contributions

It is necessary to point out that, in the calculation of
4(8), instead of calculating the square of the amplitude
M., analytically, we calculate the amplitudes numerically
by using the method of Ref. [23]. Care must be taken in the
calculation of the form factors expressed in terms of the
standard loop integrals. As has been discussed in Ref. [24],
the formulas for the form factors given in terms of the
tensor loop integrals will be ill-defined when the scattering
is forward or backward wherein the Gram determinants of
some vanish and thus their inverses do not exist. This
problem can be solved by taking kinematic cuts on the
rapidity y and the transverse momentum pr. In this paper,
we take

[yl <2.5, pr > 20 GeV. (32)

The cuts will also increase the relative correction [25].

In our numerical evaluation, we take a set of
independent input parameters which are known from
current experiment. The input parameters are m, =
174.2 GeV, my;, = 4.7 GeV, Gr = 1.166392 X
1075 GeV~2, sin?fy = 0.2315, and a = 1/137.036
[26]. It is known that the cross section for the eTe™ —
vy — bb at the tree level is model independent, but the
quantum corrections are model dependent. The values of
the tree-level cross section are 7.962 pb, 3.040 pb, and
1.668 pb for /s = 0.5, 1.0, and 1.5 TeV, respectively.

Since the ETC sector of this model is a one-generation
technicolor model. The masses of PGBs are model depen-
dent. In Ref. [17], the masses of 7 and 775 are taken to be in
the range 60 GeV < m, <200 GeV, 200 GeV <m, <
500 GeV. In the TOPC sector, the mass of the top pion,
m, , a reasonable value of the parameter is around
200 GeV. In the following calculation, we would rather
take a slightly larger range, 150 GeV <m, <450 GeV,
to see its effect, and shall take the masses of m ., 150 GeV,
and m_, 246 GeV. The final numerical results are plotted
in Figs. 3-5.

Figure 3 shows the relative correction So(ete™ —
yy — bb) versus & with m, = 225 GeV, and /s = 0.5,
1.0, 1.5 TeV. One can see that (i) the relative corrections are
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FIG. 3. The relative correction o(e*e™ — yy — bb) curves
as a function of & for m, = 150 GeV, My = 246 GeV, and
My, =246 GeV.

negative and are between —4% and —7% in general,
(ii) the relative corrections decrease with & slowly, which
is natural since the less €, the larger contribution can be
afforded by the TOPC sector of this model, (iii) the maxi-
mum of the relative corrections is —6.8% for ¢ = 0.03,
when /s = 1.0 TeV.

Figure 4 presents the plots of relative correction
Sa(ete” — yy — bb) vs m, with ¢ = 0.06, and /s =
0.5, 1.0, 1.5 TeV. From this figure, we can see the follow-
ing: (i) The relative corrections decrease with m,, sensi-
tively. (ii) The relative corrections at /s = 1.0 TeV are
larger than those at /s = 0.5 TeV and /s = 1.5 TeV.
(iii) The maximum of the relative corrections can reach
—7.9% for € =0.06 and m, = 150 GeV when Js =
1.0 TeV.

Next, we look at the total cross section of the process
e"e”™ — yy — bb arising from PGBs’ contribution. We
take the case of m, = 150 GeV, m, = 246 GeV, m, =
225 GeV, and & = 0.06 as an example, and plot o(s) as a
function of /s in Fig. 5. From the graph, we can find that
(i) differing from yy — ¢f [3,22], the total cross section of

—-0.09
008l — /s=0.5TeV |
N
/’g D Vs=1.0TeV
—-0.07 I\ N 1
B ~ N — == /s=1.5TeV
~ ~.
L -0.06 k
N
\
‘(1) —-0.05
g
2
Py —-0.04
«©
—-0.03
—0.02 . . . . .
150 200 250 300 350 400 450
m,, (GeV)

FIG. 4. The relative correction So(e™e™ — yy — bb) vs mg,
when & = 0.06, m, = 150 GeV, and m, = 246 GeV.
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FIG. 5. The total cross sections o(s) arising from PGBs in the
TOPCTC model as a function of /s with & = 0.06, m, =
150 GeV, m, = 246 GeV, and m,, = 225 GeV.

the process e*e™ — yy — bb decreases with /s in the
range 0.5 ~ 1.5 TeV, (ii) the difference between the
TOPCTC model and the tree level is smooth, and has no
obvious fluctuation.

For the TOPCMTC model, our calculations show that
the contribution from PGBs in the TOPCMTC model is
slightly larger than that of the original TOPCTC model and
the difference is negligibly small. Therefore the relative
corrections do(ete” — yy — bb) and the total cross
section o(e™e” — yy — bb) in this model are not plotted
one by one.

B. The gauge boson contributions

Now let us consider the contributions from new gauge
bosons to the yy — bb cross section.

First, for the ETC gauge boson Z*, we find that the
maximum of the relative corrections d o4 is only the order
of 107% ~ 10710 whatever &, /s, and m- taken in the
favorable parameter ranges, and therefore can be neglected
safely.

Second, for the corrections arising from the color-singlet
heavy gauge boson Z', in our calculation we assume the
mass of the gauge boson Z' varying from 300 GeV to
1200 GeV to study the effects of Z' [15]. The numerical
results are plotted in Fig. 6. From this figure, we can find
that (i) the relative corrections are negative and undulate
but not as distinctly as my increases, (ii) when x| = 1, 4,
and 8, the values of relative correction are not more than
—0.4%, —1.6%, and —3.2%, respectively.

Finally, for the new colored gauge bosons B, our calcu-
lations present that the relative correction from these par-
ticles is only the order of 10™* ~ 1073 due to their heavy
masses, and is negligibly small.

For the TOPCMTC model, our calculations indicate that
the contribution from Z* in the TOPCMTC model is
slightly larger than that of the original TOPCTC model
but can be still neglected safely, and the contributions from
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FIG. 6. The relative correction (e e™ — yy — bb) vs my
when k; = 1, 4, and 8.

Z' and B are the same as those of the original TOPCTC
model.

We know the International Linear Collider (ILC) is the
important next-generation linear collider. According to the
ILC Reference Design Report [27], the ILC is determined
to run with /s = 500 GeV and the total luminosity re-
quired is L = 500 fb~! with the first four years of opera-
tion and L = 1000 fb~! during the first phase of operation
with /s = 500 GeV. It means that millions of the bottom
pairs per year can be produced, and it can also give obvious
changes that the —3.2% ~ —5.9% difference of relative
corrections are arising from PGBS contributing in the
TOPCTC model when /s = 500 GeV. Furthermore, the
new gauge boson Z' can also afford a less than —3.2%
relative correction. But this relative correction is less than
0.1% in the 2HDM and MSSM [5], and for the SM, our
calculation shows that this difference from the Higgs boson
in the SM is only the order of 10~°, and is negligibly small.
Therefore via the process yy — bb, the topcolor assisted
technicolor models are experimentally distinguishable
from the SM, 2HDM, and MSSM, which affords the pos-
sibility of testing the topcolor assisted technicolor models.

In conclusion, we have calculated the Yukawa correc-
tions to the process yy — bb in the topcolor assisted
technicolor models. We find that, for the favorable parame-
ters, the relative corrections from psuedo-Goldstone bo-
sons give out a 3.2% ~ 5.9% decrement of the cross
section from the tree level when /s = 500 GeV, the con-
tributions from new ETC gauge bosons Z* and colored
gauge bosons B are negligibly small, and the relative
correction arising from new color-singlet heavy gauge
boson Z’ is less than —3.2%. Therefore, these corrections
are obvious for the International Linear Colliders and are
really interesting in testing the standard model and search-
ing for the signs of technicolor.
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APPENDIX A: THE FORM FACTORS OF PGBS
CONTRIBUTION

The form factors f3

expressed by

of the PGBs’ contribution can be

S om
O — 2y (ps - p4)[ by — O az’a]
my,

—2my(py - p4)[2’(/(f) + 5Z<}/i|’
50 — 4m,,[2 (7 - 62”]

+4(mj; — py - p4)[2’€/(f) +627],

s _ L s
3 _E 2

where 2°, 8m,,, and 8Z% are the Yukawa contribution part
of the unrenormalized self-energy function, b-quark mass,

o AQ ) 2
1 16772 0 11

Y
v — gz P2 pal(Ch + C) + Qi(Ch + Ch))

+ G+ ¢,

v(i) _
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and wave function renormalization constants, respectively.
Their expressions are listed as

3b(p?) = LY (pD) + ys2h(pH)] + my25(p?).

Actually the 3% does not contribute to the form factor £

since the term with 2% includes ys:

2
2[‘)/(172) = - 327’7_2 Bl(pz) ni, mi)y
A2
2z([]z) = 32;7_2 Bl (pz) mt’ mi))
35(p?) =0,

Smy, = my[ 24 (mj) + Eb(mi)]

82 = ~hm}) — 2 S I40%) + D)l

The form factors fl’»’(i), ff(f), and fI" are given by

A7
[—m3(C}, + C3)) + pa - pa(Cl, + Chy) + (—Chy + C3,)]

3 8 2
AQir, 2\((2 4 22 4 4 2(2 4 2 4 b
+ 167 5 Lmi + mp)(Ch + Cp) + 2miChy + 2p; - pu(Cly + C33) + mi(C3y — C3y) — 2(C34 + C3,)] — 40,67y,
0= i Sml(Ch+ ) + 0t + )
A2
(7 iQ
5@ = 2[ Ciy+C, ]+ 327th [(m7 + mp)(CG + C3) + 2py - pa(C, + C33 + CF, + Co3) — mp(C5, + C3))

- 2(C}, + C3)] — 20,678,

i) _ 1

6 2 4 >
2

v(D) _ )‘i Cl + Cl _ C2 + C2

7 L2 my[(C} 21) — Qi(Cy 0]
167

; 1

?(t) )\2 Qimy[m?(Dy + Dyy) + mj(=Dg — 2Dy + Di, = Diy = 2D}, — Dy + 2D}y — 2D35 — D5, + D3, — Dsy)
+ §(D%5 B D%ﬁ + D%s - D%IO) + ;(_D%l B D}Z + D}3 o D%l B 2D54 + 2D55 - D§4 - D%s) - 4(D%7 + Dén)]
+ )‘%thb(D% + D%ll - D%lZ + D%B) - /\lzmegl]’

-
fz(t) = )‘%Qtzmb(D% + Dflﬁll) + )‘?thb(D% + D.%ll

- D%lz + D.%L%) -

2 3
A;myp D3y,
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fg(f) = )‘%Qtz[mtz(_D%z + D%3) + mzza(D%z - D%3 - D%z + 3D53 + 2D%4 - Dés - D%s + D§4 - Dés - D%e - D%s)
+ §(D:157 + Dés - D§9 - D%lo) + f(Déz o 3D§3 - D%s + Dis + Dés + Dés) + 2(D57 + 2D%u - 3D§13)]
+ A2Q[m3(=D3, + D3,) + m3(D3, — D}, + D3, — 3D3, — D3, + 2D3; — 2D} — D3, — D3, + 2D3, + 4D3,
+ 3D%7 + 2D§8 - SD%IO) + §(2D%2 - D%e - D§7 - D%s - D%9 + D%IO) + f(D%l + D%z - 2D%4 + D%l - 2D§4
- D%s - D§7 - D%s - D§9 + D%lo) + 2(D%7 + 2D%11 - 2D§12)] - 2A12(D37 - Dgl2)’

20 = X2 [—m2D!, + mA(—D!; + DL, — DL + DL + DY — D},) + 8(— Dl + DY) + #(— DL, + DL — Dl
+ Dyjg) + 4D5, 1+ 2470,(D3), — D3p3) + 2A7D3,5,
fg(f) = /\%Q%[mrz(Dh - Diz) + mIQ;(_D}I + Diz - 2D%1 - D%z + 3D£4 - 2D%6 - Dél + 2Dé4 - Dés - D%s - 2Dés
- D%lo) + §(D§5 + D§7 - 2D%10) + f(Déz - D%A& + 2D%6 - D%4 + D%s + D%6 + D%IO) - 4(D§11 + D%12)]
+ A2Q[m? D3y + mi(—2D3; — D35 + D3¢ — 2D3; — D3, — 2D3 + 3D3, + D3,) + §(D3; — D}y) + #(—D3s
+ D%G + D%3 - D%s N D§9 + D%IO) - 4D%13] o 2)‘%(2D§7 + Dgll - Dglz)’
Y0 = N2Q2[m?D)) + mA(D} + 2D}, — 2D\, + D}, — 3Dl + D}, + 2Dk + §(D) — D)) + i(D), — D},) + 2(D},,
o D313)] + 2)‘12Qr(D27 + D%u) o 2/\1‘2(D37 + D%u o D%lS)’
fg(i) = 2)‘%Qt2mb(D%6 + D%lo) + 2A%thb(D%2 B D§4 + D%s - D%s - D%z B D§4 + D%s + ZD%() + 2D§7 + D%s B D§9
D3,p) + 2A;my (D35 — D3y,
fg(?) = 227 Qimy(=Dj5 + Dig — Dis + Dijg) + 2A7Q,my(= D35 + D3g — D35 — D3; — D3g + 2D3 + D)
+2A2m,(2D35 + D35 — D3,p),
747 = 20303m,(~Diy = 2D}, + Dl = DL, + Dlyg) + 2030,m,(~ D}, + D, = 2D, — D, + 3D, = D + D,
- D.%l + 2D%4 - D%s - D%s + D%IO) + 2)‘%mb(_D?1 - D%l + D%4 + D%s + D§4 - D%lo)’
0 = 20202m, (D!, — D, + 2D}, — 2D}, — D\ + D), + D}, — D, — DL, + D!,)) + 2A2Q,m,(D3, + 2D%
- D%G + D%s + D%S - D%m) + 2)‘%mb(_2D%1 - 3D31 + D34 + 2D%5 - D%l + D§4 + D35 - D310)’
b(l) = _)‘2Q2[ Z(Dl D}z + 2D}3) + mb(Dl + D%z Dn D%l - Déz - D%3 + 4D%4 - ZDéS + D%l - Dés - D%G
- D38 - D%IO) + §(D1 - D%s + D§7 + Dég + D§9 - D%IO) + ?(Déz + Dé_% + Déé + Dés - D%IO) + 2(2D§12
Dén)] o /\2Q (Dm D%w) + ’\Z(D312 ng)’
) = —ARQHDY, + DLyy) = AQUD3, + Diyy — Diyy) + (D, — Do)
fg) = A;Qimy (=D}, + D3y = Dy — 2Dy5 + 2D5 + 2D5,0) + A;Qumy,(=Di, + D, — D3y — D3, + 2D3, — D3
+ D3),
F1 = A2Q3my(DY; + D),
P9 = X202m,(D}, — DL, + D}, + D}, — D}, + 2D}, + 2D},;) + A2Q,m,(D?, + D3, — D3),
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' = =33Qim(D}, — Dl + D} — D)

f;i) = ZA%Q%(Dia - Dé6 - D§7 + D§9) + 2’\:‘2Q
+ 2’\12(1)33 - D§6 + D§7 - Dg9)’

}175(;) = ZA%Q%(Dis - D£6 - Dé7
o 2D%6 + D%7 + Dgs o D%9 o Dglo)’

1§ =230}(D}, + D}y — Ds + Dl + Dl
+ D%l()) + ZA%(D?Z o D?3

g(()f) = ZA%Q%(Diz - Dé4 + D%s + DéG
— D3, + D%) + 2A2(2D3, — 2D3,
- Dg9)y

1
fi ==L nmci,

where

= C(_pZ’ P4, My, m;, mi)y C2
C* = C(—py, p3, m;, m,, my), S
D? = D(—p; + p3, py,

and
§=(p1+p)%  i=(ps— p)A
i = (ps— p1)>
For i = m,
c,em
AW — t l,
[
for i = g,
_emA°
A =y
and for i = 7,
1 - ¢&)m,

APPENDIX B: THE FORM FACTORS ARISING
FROM NEW GAUGE BOSONS

The form factors ff(?) from new gauge bosons (Z*, Z/,

and B) can be written as

2 2 2 2 2 2
z(_Dzz + D5y — D35 + D3g + D3y — D35

- Dés + D%9 + Délo) + ZA%Q,(D% - D%6 -

— Dj; + Diy + D3jp) + 2470,(D3,
o D%z + D% + Dg4 o
- D§4 + D%s + D%6 o
— D3, +2D3, + 3D3, — 3D

C(p,,
= C(—=pa p1 + pam,, my, my),

— P4, My, My, mt)’

—p1 Tt P, my, my, my, my),

PHYSICAL REVIEW D 78, 035007 (2008)

2 2 2 2
— D3 + D3; + D3y — D39)

D%, + D3 + D3y — D%,,) + 2A2(2D3;

B D%s + D%6 + D%l o D%A& B D%s
3 3 3 3

— D3g + D3; — D3y + D310),

D§7 - D%s + D§9 + 2D§10) + 2A%Q,(D§3 - D%4 - D%s

—n3 3 _ 3 —_n3 3 3
D26+D34 D35 D36+D37+D38

= C(py,
D' = D(p,, —pa,

—P3, My, My, my),
—p3, My, my, my, my),

D3 = D(=py, ps, p3, m,, m;, m;, my),

o7 om
O — _omy(p, - p4>[z (5~ 22 - aze]

= 2my(ps - p[Z5 (D) + 825,
£30 = 4mb|:2 () = 2 5sz]

myp

+4(mj — py - p)[25 (D) + 827 ],

st _ 1 s
3 _E 2

where

3h(p?) = (A} + A3)B,(p% my, my),

1672
1
2h(pH) =~ e

dmy, = my[ 25 (my) + 2§(m})]

A AaBo(p?, my, my),

and

d
57} = b lS0) + S5l

—35(m32) — 2m3 p

The form factors fl’»’(i), and ff-’(i) are given by
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o(} 1
1@ = g2 P2 p4+Qp(A7 + A)(Cy + C}, + C§ + CF)),

(7 1
2(0 = ml’z : P4Qb()\% + /\%)(C% + C%l + C%z + C%z)],

y 1
2 = 3 Q2 (A + M)(Ch + Cly = G5 = 2Ch) + 2p5 - pa(A] + (GG + Chy + Chy + o) + (A} + A3)
X (€Y = C3)) = 8mA A (Ch + Cly) = 2(AF + A3)(Chy + C3)] — 40,875,

. 1
v — 52 meQu[4Ai (G + Ch) = (AF + A3)(2CE + 3T, + €3}

" 1
10 = 5 Q-2mE 08 + MB)(CY+2C), + G 2GR — mR(A} + AD(CY, + C3) + 2y - pa(A} + AD(Ch + €y
+ Cl, + C + C3+ C} + C3, + ;) — 2(A2 + A)(CL, + C3)] — 20,878,

1 7 1 1 7 1) 7 1
f = 5 v, v = meQb[él)\])Lz(C}) +Cl) — (A2 + A3)2C) +3C), + CL)1

0 — Q2[m3 (A} + A3)(2Dg + 2Dy + Dy — 2Dy3 + 2Da3 — Dys) — my8(A7 + A3)(Dg + Dyy — Dys + Dys)
— myi(A2 + A3)(2D¢ + 2Dy, + D1y — 2D 3 + 2D53 — Dys) — 2my(A? + A3)(Dy; — D3yp3) + 2m3 A A, (2D
— Diy + Das) = 2myu8A145(Dg + Das — Dag) + 2myiA A;,(2Dg + Dyy + Doy + Doy — Dos)]
150 = Q}[=m}(A} + A3)(Dy, — Dyy + Dy3 + 2Dy — 2Dy — 2Dy + 5Dy + Dy; + Day + D5 — 2D3g — 2Dsg
+ 2D310) = mp8(A} + A3)(2Dp3 — 3Dy5 + Dyg — D35 + 2D3g + 2D39 — D3yg) — mypf(A] + A3)(Dyy + Dy,
— D3 + Dyy + 2Da3 + 2Dy — 4Dps — D3y — D35 + 2D3g + 2D39 — 2Ds310) — 4my (A} + A3)(Dy7 + D3yy)
+2m3 A A,(2Dg + Dy; — D15 — 3D 3 + Dy — Dyy + Das) + 2mu8A1A5(2D 13 — Das + Dog) + 2myid  A(Dyy
+ D1y = Di3 + Dy — Dos)]
fé’“) = Q3[2m}(A} + AJ)(2Dy; + 2Dy — 3Dp3 — Dyy + 3Dys + D35 — Dyg — D359) — 28(A3 + A3)(Dy3 — Doz + Doy
+ 2Dy5 = Dys — D39) + 28(A7 + A3)(2Dy; — 2Dy3 + Doy — Das + D3g + D3yo) — 4(A7 + A3)(Da; + D3
—3D313)]
Z(i) = Q[ —2m3(A] + A3)(2Dyy — Dyp + Dyy — Doz — Doy = 3D3s5 + Dog) — 48(A7 + A3)(Dy; — D3 + Doy — Do)
= 4(A] + A3)(Dy; + D3y3) + 4mjdA,(2Dg + Dy3)],
20 = Q[ —2m}(A} + A3)(2Dy + Dy — Dy3 — 2Dy; + Dy + Dyy — 2Ds5 — Dag) + 2i(A} + A3)(Dy, — Dy3 — Dy
+ Dy + Dy — Dag) + 4(A7 + A3)(Dy7 + D31y — Dap)],
00 = 03[ —2m3(A} + A3)2Dy + 6Dy — 2Dy — 5Dyy — Dy3 — 3Dy — 2Ds + 2Dsg + D3y — D3y — Dag + Dyjp)
+28(A7 + A3)(Dg + 2Dyy — Dyy + Dyy — Doy + D35 — Dsg + Do — D3gg) — 2i(A} + A3)(2D1, — 2Dy3 + Dy3
+ 3Dy — 2D25 — 2Dy + D3y — D3s + D3z — D3jg) — 8(A] + A3)(Dy7 + D3y — Daj3) + 4mjpA;A,(2D,
+ D3)]
£59 = 4m, Q3[(A3 + A3)(2D 15 + 2Dos + Dy + Dajg) — 24, 45(D13 + 2Ds5)],
g(f) = 4m, Q3[(AT + A3)(Dy — D35 + Dsj0) + 441 45(Dss — Dye))
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£99 = 4m, Q3= (A} + A3)(Dy + 3Dy, + Dy — 2Dy3 + 2Dy + 2Dy — 2Ds5 — Dyg + D3y — Dyjg) + 24, 1,(2D,
+ 2D, + 2Dy, — D3 + 2Dy4 — 2Dy)],
W = 4m,Q3[(A} + A3)(Dy + 2Dy, — D1y + 2Dy — 2Dsy — Ds + Dy + D3 — Day — D35 + Dijo) — 24, A5(Dy
+ 2Dy — 2Dy + 2Dy — 2Dyy — 2Dys5 + 2Dy4)],
M = QA —4m3(X} + )(Dy + Dy + D) + $(A2 + A3)(Dy + D)) — 2(A} + A3)(Dyy + Dajy — Days)
+ 2mb)‘1)‘2D13]’
W = Q3[m3(A} + A3)2Dy — Dy3 — Dy — Dyy — Doy + 2Dsy — 2Dy + 2D + D3y — Dis — Dag — Dg + 2Ds0)
+ 8(A1 + A))(Dys — Dyg + D37 + D3g — D3y — D3y) + 1(A] + A3)(Dyy + D3 — 2Dy + D36 + D3g — 2D3y0)
+ 4(/\% + A%)(D312 — Dsp3) — 2m[27/\1A.2(2D0 +3D3)],
ff(f) = 2m, Q3[(A} + A3)(Dy + Dy; — Dy — Dyy) + 24, A5(Dy + Dy3)],
fb(t) = 2m, Q3[(A] + A3)(Dg + Dy — D3 — Das) — 241 A4(Dg + Dy3)],
flf;(st) = 2m, Q3[(A] + A3)(Dy + Dy — Dyy) — 241 1,D¢],
I = 2m,Q3[—(A} + A3)(Dy + D13 — Dy + Dys) + 24, 1,D),
b(t) = 403(A] + A3)(D23 — Dy — D37 + Dyy), 1172(;?) = —403(A7 + A3)(Dys — Dy + D37 + D3g — D39 — D3y),
b(?) =403(A7 + A3)(2D1; — 2Dy3 + Dyy + Doz + 2Dy — Dys — 3Dy + D3g — D37 + D39 — D3y),

%) = 403(A} + A} Dy, — Dy — D3y + D35 + D3g — D3y — D3g + Do),

with

C' = C(py, —pa, mj, my, my), C? = C(—py, p3, mj, my, my), D = D(py, —pa, — P3, My, My, My, M)

Fori = Z*,
em,; e 2]
A= + — R A, =0,
BTl e LIRS S S
fori =27,
A ! to’ A ! 6’
= — g, cotd’, = — — g, cotl’,
1 6 81 2 3 &1
and for i = B,
1
)\1 = )\2 = §g3 COte/\a.
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