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Abstract

The O(amt 2/mW 2)O(amt 2/mW 2)O(a m_t,,,, w2) Yukawa corrections
to top pair production in photon-photon collisions are calculated in the Stan-
dard Model (SM), the general two-Higgs-doublet model (2HDM), as well as the
minimal supersymmetric model (MSS
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44 ABSTRACT

The O(am?/ m%v) Yukawa corrections to top pair production in photon-photon
collision are calculated in the Standard Model (SM), the general two-Higgs-
doublet model (2HDM), as well as the minimal supersymmetric model (MSSM).
We find that the correction to the cross section can only reach a few percent
in the SM, but can be quite significant (> 10%) in the 2HDM and MSSM
for favorable parameter values, which may be observable at high-energy ete™
colliders.
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Recently, evidence for top quark production has been reported by the CDF and
DO collaborations, with measured masses of 176 4 8(stat) 4+ 10(syst) GeV and
199137 (stat) + 22(syst) GeV, respectively [1].

#+# 1. Introduction

Due to its large mass, the discovery of the top quark opens a number of new
and interesting issues, such as the precision measurement of its mass, width,
and Yukawa couplings through direct production and subsequent decay at both
hadron and ete™ colliders. However, even with 1000 pb~! of luminosity, the
Fermilab Tevatron could determine the top mass only to about 5 GeV or better
[2]. At future multi-TeV proton colliders such as the CERN Large Hadron
Collider (LHC), tt production will be enormously larger than at the Tevatron,
but the accuracy with which the top mass can be measured in proton colliders
is limited to about 2-3 GeV [2]. Blondel et al. [3] have argued that one must
know the top mass to within 1 GeV to take full advantage of the constraints that
precision electroweak measurements place on the Higgs boson and other massive
particles that might contribute to electroweak loops. Beyond this, it would be
highly desirable to make a precision measurement of the basic parameter m, to
0.3 GeV or better, in order to search for new physics beyond the SM through
loop processes that are sensitive to m,.

At the next-generation linear collider (NLC) operating at a center-of-mass en-
ergy of 500 GeV-2000 GeV with luminosity of order 1033 cm=2s~!, the ete™ — tt
event rate would be around 10*/yr, comparable to that at the Tevatron; how-
ever, the events would be much cleaner and top parameters would be easier to
extract. At the NLC, a top mass measurement with statistical uncertainty of
0.3 GeV from 10 fb~! luminosity is expected [2], and it is possible to separately
measure all of the various production and decay form factors of the top quark
at the level of a few percent [4].

Nowadays, the possibility of transforming a linear e™e™ collider into a vy collider
deserves considerable attention. With the advent of new collider techniques [5],
the collision of high-energy, high-intensity photon beams—obtained using the
old idea of Compton laser backscattering [6]—can be realized at the NLC. The
backscattering of laser photons off the colliding electron and positron beams
can yield intense and energetic photon beams that collide with high luminosity.
There are many uses for such high photon-photon luminosity, one of the most
important being the production of top quark pairs. It has been found [7] that
tt production in v collisions realized by laser backscattering is slightly larger
than the direct ete™ — tt process, and at /s = 1 TeV the vy — tt production
rate for m, < 130 GeV is much larger than ete™ — tt at /s = 0.5 TeV for
m, ~ 200 GeV, both with and without considering threshold QCD effects.

In the SM, the cross section for top quark pair production in 7y collisions has
been calculated with higher-order QCD corrections [8]. The radiative correc-
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tions to yytt from final-state Higgs exchange interactions have also been com-
puted in Ref. [9]. The correction is of order O(\}) ~ 2-4% for typical values
of the Higgs boson mass and top quark mass. In this paper we calculate the
O(am?/m3,) Yukawa correction in a two-Higgs-doublet model (2HDM) (Model
IT) [10] and in the minimal supersymmetric model (MSSM), in which there are
three neutral and two charged physical Higgs bosons, H, h, A, H*, where H and
h are CP-even and A is CP-odd. The O(am?/m3,) Yukawa corrections arise
from the virtual effects of the third-family (top and bottom) quarks, charged
and neutral Higgs bosons, as well as the Goldstone bosons (GY, G*). The results
of the Standard Model can be obtained from our calculations as a special case.

In Sec. II, we present the analytic results in terms of the well-known standard
notation of one-loop Feynman integrals. In Sec. III, we present numerical
examples and discuss the implications of our results. In the appendix we list
the form factors in the cross section.

## 2. Calculations

The relevant Feynman diagrams are shown in [Figure 1: see original paper]
and the Feynman rules can be found in Ref. [10]. In our calculation, we use
dimensional regularization to regulate all ultraviolet divergences in the virtual
loop corrections and adopt the on-mass-shell renormalization scheme [11].

In our calculations we keep the term m,; tan 3 in the charged Higgs couplings to
third-family quarks since its effects become rather important for large tan g.

Taking into account the O(amj/myj,) Yukawa corrections, the renormalized
amplitude for ¢t production is given by

M, = M, + ME)

where

MY, = MY + s

with

MW = oM + 6P + sMy" + oMY

and Mﬁ:g is obtained from Mr(éil by exchanging p; > py, t < 4. Here M,
is the tree-level amplitude, while 6M,, dM,, 0M,, and dM, represent the
O(am?/m?,) Yukawa corrections arising from the self-energy diagram [FIG-
URE:1(d)], vertex diagrams [FIGURE:1(f)-(i)], box diagrams [FIGURE:1(l)-
(n)], and diagrams [FIGURE:1(j),(k)], respectively. The definitions are ¢ =
(py — D)2, 4 = (p; — py)?, where p;(p,) denote the momenta of the two in-
coming photons, and p,(p;) are the momenta of the outgoing top quark and its
antiparticle.
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The explicit forms of these matrix elements are given by

oMY 1?;? 7:12 €, (P4)€, (P3)u(p2)¥" (v - p1 + M)y v(py)
M) = b ) J5 + Btk + (o)
- 22
oMy = mGu(p4)6u(p3)ﬂ(pz>(fé’v“v”rfé’ph“rfé’p’; VA FLaba Y+ Fsbapi v+ Fsbarhy” o(py)
oMy = mﬁﬂ(mku(m)wﬁz) %g“” + f5 Y| v(py)

The form factors f; are presented in Appendix A.

The corresponding amplitude squared can be written as

| M, |? = (Mg 12 + [ MG 12 + 2Re [M MGT] + 6| MO 46| M ]2 4 5| M 002

where
3| M®[? = 2Re [0V M)
and
SIMOP = §IMP + 31 + S + S| M
with
(t))2 7TOé3m§ s s
6| Ms"|* = ——- (f§Hs + fiaH12)
mit
(t))2 ﬂ'agmf v v v v v v
6| My " = 2 72 (f3Hy + f3Hs + f§He + f2H1o + fisHis + figHie)
w
Tadm?
51M," 7 = - (fTHy + f3Hy + [SHs + feHg + fgHy + f1oH,)

2 12
mi,t
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miyy,t

5|MX>|2 = ( £H, +f2AH2)

Here the expressions for H;(m,, py Pa, P1-P3, P1-Pa, P3-Py) are given in Appendix
B. The terms &|M |2, §|M*“)|? can be obtained by crossing symmetry.

The cross section of the subprocess is given by

1k
s _ n s A2
50 = G | M50
Where Z:t = (m% — %§) + %gﬁt and 61& = m

The total cross section for top quark pair production can be obtained by folding
the subprocess cross section ¢ with the photon luminosity:

fmax dlyy Tora_ 2
o(s) = dz P o(yy — tt at § = 2%s)
2m, /s

where /s (\/§) is the ete™ (v7) center-of-mass energy and the photon luminosity
is defined as

dL Tmax g
d;ﬂy = 2/2/ ?Fn//e(x)Fv/e(zz/x)

For unpolarized initial electrons and laser photons, the energy spectrum of the
backscattered photon is given by [12]

1 1 4x 4x2
EW“ﬁ:D@>P‘x+1—x‘5u—xw+ea—zv

where

and ¢ = 4Eyw,/m?, with m, and E,, being the incident electron mass and energy,
respectively, and w,, the laser photon energy. Here x is the fraction of the energy
of the incident electron carried by the backscattered photon. In our calculation
we follow the analysis of Ref. [9] and choose w, such that it maximizes the
backscattered photon energy without spoiling the luminosity through e*e™ pair
creation. With this choice, we find &€ = 2(1 + v/2) ~ 4.8, z,,,, ~ 0.83, and
D(¢) ~ 1.8.

max
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#+# 3. Numerical Results and Conclusion

In our numerical calculations, the input parameters [13] are m, = 91.176 GeV,
0y, = 1/128.8, and Gp = 1.166372 x 107°GeV . The W boson mass is
determined through

2
9 my Aoy,
my, = —— [14+,/1—
2 l V2G pm% (1 — Ar)

where, to order O(am?/m?;), Ar is given by [4]

Ay — aNs m?
- 24 2
16725y, myy,

The lower limit of the parameter tan S is 0.6 from perturbative bounds [14].
Reference [15] argues for lower values of tan § from perturbative unitarity, which
is about 0.25 for a top quark mass of 176 GeV. Therefore, in our numerical
calculations we allow tan 8 to take a minimum value of 0.25 in the two-Higgs-
doublet model. In the following we present numerical examples corresponding
to an ete™ collider with center-of-mass energy /s = 500 GeV.

The numerical results in the SM are presented in [Figure 2: see original paper].
The correction to the cross section depends on the Higgs mass, and at M, = 300
GeV the correction reaches its maximum size of 2.7%. Recently, the correction
in the Standard Model has been calculated in Ref. [16]. However, in that
work the authors only presented the correction to the subprocess cross section
~vy — tt and did not give the corresponding results for an e*e~ collider, making
it difficult to compare their results with ours.

We present the numerical results in the two-Higgs-doublet model in [Figure 3:
see original paper] and [Figure 4: see original paper]. In our results we fix
the parameters a and f to be a = § = 0.25 and show the dependence on the
Higgs boson masses. The correction is sensitive to the Higgs masses and can
be quite large for small Higgs masses. [Figure 3: see original paper] shows the
dependence on the masses of the CP-even Higgs bosons h and H for a fixed M4
value. We find that the correction can be quite large for small M, values. For
M, < 100 GeV the correction can exceed 50%, making it necessary to calculate
higher-order corrections beyond one-loop level. [Figure 4: see original paper]
shows the dependence on the mass of the CP-odd Higgs boson A for fixed M), i
values. For M, = 100 GeV the correction reaches —38% and decreases rapidly
with increasing M 4. The corrections drop rapidly with increasing tan 3, as in
the case of the minimal supersymmetric model discussed below. Here we do not
present numerical results corresponding to large tan .

[Figure 5: see original paper|—[Figure 7: see original paper| show some numerical
results in the minimal supersymmetric model. The Higgs sector of the minimal
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supersymmetric model is a special case of the two-Higgs-doublet model. In
this model the masses and couplings of the Higgs bosons are controlled by two
parameters at tree level, which can be taken to be M, and S, for example.
In our numerical results presented in [Figure 3: see original paper|-[Figure 5:
see original paper], we show the dependence on M 4 for three different values of
tan 8. From these figures one can see that the correction depends strongly on the
value of tan 5. The correction is more significant for smaller tan 5 values. For a
fixed tan 8 value, the correction can be either positive or negative, depending on
the Higgs mass M 4. For the minimum £ value 8 = 0.25, the correction reaches
its positive maximum of 13% at M, = 420 GeV and its negative maximum of
—54% at M, = 300 GeV. For tan 3 = 1, the positive and negative maximum
sizes of the correction can only reach 7% and —1.6%, respectively. For the larger
tan 8 value tan 8 = 5, the behavior of the plot in [Figure 7: see original paper] is
different from the small tan 8 plots in [Figure 5: see original paper] and [Figure
6: see original paper]| since the effect of the coupling m,, tan § becomes significant
when tan (3 is large and cancels to some extent the effect of the coupling m, cot j.

In conclusion, we have calculated the O(am?/m?%,) Yukawa corrections to top
pair production in photon-photon collisions in the Standard Model (SM), the
two-Higgs-doublet model, and the minimal supersymmetric model. We find
that the correction to the cross section can only reach a few percent in the SM,
but can be quite significant (> 10%) in the 2HDM and MSSM for favorable
parameter values. These corrections are therefore potentially observable at the
next-generation linear collider and could be used to set limits on the parameters
of these new models. Thus, precision studies of top pair production in photon-
photon collisions at the NLC will be a powerful indirect probe for new physics
beyond the Standard Model.

This work was supported by the National Natural Science Foundation of China
and a grant from the State Commission of Science and Technology of China.

## Appendix A

The form factors f; are given by

fi= Z (Fy—Fy)(t,my, m;)+ Z (Fy+F) (t,my, my)+(Fy—Fy) (m, my, my)
X,=A.Z X,=HO h

f;: Z Fl(i,07mi)+ Z Fl(mt27mt7m’i)

X,=H* W+ X,=HOh

s s 7 p py-p
f62f2+t2{ Z %(G0+G1)(mfvmtami)* Z 123(G1G0)(m%vmt7mi)}

x,=Ho,n " Xi—A,z Mt

i
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PP i PP i PP
fia = Z 2 Fy (t,my,my)+ Z 2 (B Fy) (B, my, my)+ Z =52 Fy(mg, my,m;)+2mip, -
X;=a,z M x,=mon M X,=Howe

i )

= Z N [P2 - P4C11(Pas Pyy Mg, My M) + 205, )+ Z 1 [Py - pa(Chy — 2C53) + 205 |+ Z n; [pa -

X;=A,Z X,;=HO,h X,=H+* W+
fi = N [p1 - p3(Cay — 4C)) + 205, ]+ Z n; [p1 - p3(2C, + Cpy — 2015 — 2C43) + 205+ Z 7 |
X=A,Z X,;=HO%,h X,=H* W+

f3= Z 1; [Py - P3(Cry — 2C53) 4 2C,]
X, =H* W+

fé = Z N; [P2 - P4(2C11 + Cyp) + 2054+ Z N [p2 - P4(Cra + Cog) + 205, ]+ Z 1; [p2 - p4(C1y + C

X,=AZ X,=HOh X,=H* W+
fio = 1; (22 - p4(Cra + Caz) 4 2Co +miCyy ]+ Z 1; [2P2 - p4(Cra + Caz) 4 2Cos +miCyy ]+ Z
X,—AZ X,=HO h X,=H"
fis = Z 1; (201 - P4(C1z 4 Ca3) +2Co, +miCy]
X,=H= W+
16 = Z 1; [2p1 - p3(Cra 4 Ca3) + 205 +miCy
X,=H* W+
where

1 9 ) )

1 —y) +miy +ms(1 —
Fn(q7m17m2)2/ dyyn]og[ y( y) 1y 2( y)
0

q
?y(1 —y) +miy +m3(1 —y)

1 n+1
Yy (1 —y)
Gn(q,m,m)=/ dy
DR Y @yl —y) +miy+ m3(1—y)

and Cy, = —iA + Cyy, while €, C;; are the three-point Feynman integrals,
whose definitions and expressions can be found in Ref. [17].

The form factors f? are given by
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S A A L R A
where
b(1
fl( )= 2m, Z 1i(2Dg7; — D31y +2D315)

X,=HO,h

1; [m7 (Do — Dy3) 4 2p5 - pa(Dy3 — Dag + Dyg)] + Z 1; [m7 (D3y + D3g) + 2(2D5y; —
XAz X,ZHOh

N; [p4(D11 — D13 + Doy — Dag) + 2py - py(Doy — Dog + D3g) + 2py - py(Doy + Dgy) +2(21

X,=A,Z X,=HOh

(D11 — Dyg + Dyy — Do — Dy + Dsy + D5 — Dsy) + Z Ni(D1y — Dyg + Dyy —
X,=A,Z X;=H°,h

;(Dar + D3y3) + Z 0;(Dar + D3y3) + Z (D7 + D313)}
X;=A.Z X;=Hh X;=H* W+

b(1 |
fg( ) =o2m, { N;(D1p — Dyg + Dgy — Dyg — Dy + D35 + Dgg — Dgy) + Z 1;(D1g — D13 + Dy — 4

X,=A,Z X;=H,h

b(1
1:(3 '= 2m { Z 1;(3Dg —2Dyy + D13 — Dyy — D3g + Dgyg) + 2(Dg7 + 3Ds513) + 2py - p3(Dsg + D310)}
X,=A,Z
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b(1
flz(L ' =2m, { 1i(D1g + Doy — Dyg — Dsy) + Z (D1 + Doy — Dyg — Dgy) + Z n; (D1 +
X,;=AZ X,=HO,h X,=H* W=+
b(1) .
fi5 ' =2m, { N;(Day — Doy + D5 — Dog — D3y + D5 + Dyg — Dg) + Z N;i(Day — Doy + Dos — |
X,=AZ X,=HO h

b(1
1((3 '= 2my { Z ;(Da7 + D3y3) + Z 1;(Da7 + D3y3) + Z n;(Da7 + D313)}
X,=AZ X,=HOh X,=H=,W+

i

The remaining form factors ff <2), ff <3), ff (4), and ff ) are defined analogously

with appropriate sums over X; = A,Z, H° h, and H*, W=, and involve the
four-point Feynman integrals Dy, D;;, D, ;. [L7]. The explicit expressions follow
the same pattern as shown above for ff m,

In the above, § = (p; +py)% t = (ps — py)?, @ = (ps — p,)?, and

Npo =Ny = cot? By, Ng: = cot2,6’+tan2 By nNg=np:=1

#+# Appendix B

The expressions for H,(my, p; - Pg, P1 - P3, P1 - Pas P3 - Pg) in the amplitude squared
are given by:

H, = Smf + 8m,py - py — 8mypy - P3 + 8Mypy - D3

H, = 16m§’p1 <Py — 16mypy - p3 + 32mypy - Dy — 32myps - P

Hy = 32mi + 8m,py - py + 8mypy - p3 + 8mypy - Py

H, = 8mip, - py + 16(p; - po)* + 8mip, - ps

Hy = 32mip, - py + 16(py - py)® 4+ 4mip; - p3 + 8my(py - pa + py - p3)

Hg = 8mip, - py + 4mip, - ps + 8my(py - py)* + 4mip, - ps + 8m7
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Hy; = 16mip, - py + 8my(py - py)? + 8mipy - ps
Hg = 8my(py - p2)* 4+ 8mipy - p3 + 8mypy - py + 32mp, - py + 8mips - py
Hy = 8my(py - pa)® + 8mipy - p3 + 8mypy - ps + 8miipy - s + 8mypy - ps

H, o = 8my(p;-py)?+8mipy-p3+8py - papy -ps+8mipy -py+32mip, - py+8mips-py

Hy, = 8mip, - py + 8myp, - p3 + 8myp, - py + 16m,p; - py

Hyy = 16m}p, -po+8mp;-ps+8m,py-p3+16p, -pop -p3+8mip, -py4+32mipy -py+8mips-py
Hyg = 16m,py - popy - p3 + 8mipy - py + 16mypy - popy - Py + 16mypy - p3ps - p3
Hyy = 16m,py - popy - ps + 8mipy - py + 16mypy - popy - Py + 16m,py - P3Py - Py
Hys = 16m,py - popy - p3 + 8mipy - py + 16mypy - popy - py + 16mypy - p3ps - p3

Hyg = 16mypy - papy  P3 + 8mipy - py + 16mypy - papy -y + 16mpy - p3py - P
where the various momentum dot products are defined in the physical region of
the process.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv — Machine translation. Verify with original.
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