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Search for new-physics through possible anomaloust�t
 , tbW and 

H
couplings which are generated by SU(2)× U(1) gauge-invariant dimension-6
e�ective operators is discussed, using energy and angular distributions of
�nal charged-lepton/ b-quark in 

 → t �t → `X=bX for various beam polar-
izations. Optimal beam polarizations that minimize uncertainty in deter-
mination of those non-standard couplings are found performing an optimal-
observable analysis.

PACS numbers: 14.65.Fy, 14.65.Ha, 14.70.Bh

1. Introduction

Although more than ten years have passed since the discoveryof the top-
quark at Fermilab Tevatron [1], this collider is still the on ly facility which can
produce the top-quark and top properties have not been well determined yet.

� Presented at the XXIX International Conference of Theoreti cal Physics, �Matter to
the Deepest�, Ustro«, Poland, September 8�14, 2005.

(3531)



3532 B. Grzadkowski et al.

In the near future, however, a more powerful top-quark factory will be re-
alized at Large Hadron Collider (LHC) [2] and/or Internatio nal Linear Col-
lider (ILC) [3]. It is, therefore, de�nitely meaningful to g et prepared for
performing analyses assuming substantial top-quark data.

Since the top-quark mass,mt , is of the order of the electroweak scale, it
is quite reasonable to hope that measurements of top couplings and width
could reveal some features of physics beyond the Standard Model (SM). The
hugemt also provides us with some practical advantages,e.g., the top-quark
decays before it hadronizes and, therefore, experimental data are going to be
free from any substantial contamination by unknown bound state e�ects [4].
Consequently, one can easily get information concerning top-quark couplings
via distributions of its decay products [5]. Furthermore, since the Yukawa
coupling of the top-quark is much larger than that of other particles observed
to date, the top-quark must be very sensitive to Higgs-boson. Thus, the top-
quark could also be useful while testing extensions of the scalar sector of the
SM.

Motivated by the above comments, we have carried out an analysis [6,7]
of top-quark production and decay at photon colliders [8, 9]. We have con-
sidered the charged-lepton/b-quark momentum distributions in the process


 → t �t → `X=bX , focusing on possible signals of new physics. Here we are
going to present main �ndings that we obtained up to date: after describing
our basic framework in Sec. 2, we show results of our optimal analysis [10]
in Sec. 3. A brief summary and discussion are contained in Sec. 4.

2. Framework

In order to describe possible new-physics e�ects, we have used an ef-
fective low-energy Lagrangian [11],i.e., the SM Lagrangian is modi�ed by
the addition of a series of SU(3)× SU(2)× U(1) gauge-invariant operators,
which are suppressed by inverse powers of a new-physics scale � . Among
those operators, the largest contribution comes from dimension-6 operators1,
denoted asOi , and we have the e�ective Lagrangian as

Le� = LSM +
1

� 2

X

i

(� i Oi + H :c:) + O
�
� � 3�

: (1)

The operators relevant here (for more details see [6,7]) lead to the following
non-standard top-quark- and Higgs-boson-couplings:(i) CP-conservingt �t

vertex, (ii) CP-violating t �t
 vertex, (iii) CP-conserving 

H vertex, (iv)
CP-violating 

H vertex, and (v) anomaloustbW vertex. We expressed the
size of their strength in terms of �ve independent parameters � 
 1, � 
 2, � h1,

1 Dimension-5 operators are not included since they violate lepton number [11] and are
irrelevant for the processes considered here.
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� h2 and � d. The explicit forms of these anomalous couplings in terms ofthe
coe�cients of dimension-6 operators are to be found in [6,7].

The initial-state polarizations are characterized by the initial electron
and positron longitudinal polarizations Pe and P�e, the maximum average
linear polarizations Pt and P~t of the initial-laser photons with the azimuthal
angles' and ~' (de�ned in the same way as in [8]) and their average helicities
P
 and P~
 . The photonic polarizations Pt;
 and P~t; ~
 have to satisfy

0 ≤ P2
t + P2


 ≤ 1; 0 ≤ P2
~t + P2

~
 ≤ 1: (2)

For the linear polarization, we denote the relative azimuthal angle by
� ≡ ' − ~' . In order to �nd its optimal value, we studied the � -dependence of
� (

 → t �t) including � 
 1;
 2;h1;h2 terms. As a result, we found that the � 
 2
and � h2 terms are sensitive to� with the maximal sensitivity at � = �= 4 as
long as we are not too close to the Higgs pole, while the othersdid not lead
to any relevant dependence. This has also been noticed in [12] concerning
the � 
 2 term. Therefore, we �x � to be �= 4.

In deriving distributions of secondary fermions(= `=b) we have treated
the decaying t and W as on-shell particles. We have also neglected con-
tributions that are quadratic in � i (i = 
 1; 
 2; h1; h2; d). Therefore, the
energy-angular distributions of `=b in the e�e CM frame2 can be expressed as

d�
dE`=bdcos� `=b

= f SM(E`=b; cos� `=b) +
X

i

� i f i (E`=b; cos� `=b) ; (3)

wheref SM and f i are calculable functions:f SM denotes the SM contribution,
f 
 1;
 2 describe the anomalous CP-conserving and CP-violatingt �t
 -vertices
contributions, respectively, f h1;h2 those generated by the anomalous CP-
conserving and CP-violating 

H -vertices, and f d that by the anomalous
tbW-vertex.

In order to apply the Optimal-Observable (OO) method (see [10] for
details) to Eq. (3), we �rst have to calculate the following matrix elements
using f SM and f i

Mij =
Z

dE`=bdcos� `=b
f i (E`=b; cos� `=b) f j (E`=b; cos� `=b)

f SM(E`=b; cos� `=b)
; (4)

and its inverse matrix X ij , wherei; j = 1 ; : : : ; 6 correspond to SM,
 1; 
 2; h1,
h2 and d, respectively. Then, according to [10], the expected statistical
uncertainty for the measurements of� i is given by

2 Following the standard approach [8], each photonic beam originates as a laser beam
back-scattered on electron (e) or positron ( �e) beam. Therefore, the e�e CM frame
refers to those initial electron-positron beams.
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� � i =
q

I 0X ii =N`=b ; (5)

where

I 0 ≡
Z

dE`=bdcos� `=b f SM(E`=b; cos� `=b)

and N `=b is the total number of collected events. Since we are not stepping
into the Higgs-resonance region, we simply computeN `=b from the SM total
cross section multiplied by the lepton/b-quark detection e�ciency " `=b and
the integrated e�e luminosity L e�e, which leads to N `=b independent ofmH .

Concerning the e�ective Lagrangian approach, readers might wonder
why we did not follow the same strategy as ine�e → t �t → `X=bX analysis,
where we started from the most general invariant amplitude with non-local
(i.e., in general momentum-dependent) form factors [13, 14]. As amatter
of fact, such an approach is not possible for

 → t �t because of the virtual
top-quark line appearing in the t-channel amplitudes. In case ofe�e → t �t, all
the kinematical variables on which the form factors may depend are �xed for
a given

√
s and consequently we can treat all those form factors as constants,

while this is not the case for

 → t �t 3.

3. Numerical analysis and results

In Ref. [6], where our main concern was to construct a fundamental
framework for practical analysis, we used (1)Pe = P�e = 1 and Pt = P~t =
P
 = P~
 = 1=

√
2, and (2) Pe = P�e = P
 = P~
 = 1 as typical polarization

examples and performed an OO-analysis. Inverting the matrix Mij , we have
noticed that the numerical results for X ij are often unstable [6]: even a tiny
variation of Mij changesX ij signi�cantly. This indicates that some of f i
have similar shapes and, therefore, their coe�cients cannot be disentangled
easily. The presence of such instability has forced us to refrain from deter-
mining all the couplings at once through this process alone.That is, we
have assumed that some of� i 's had been measured in other processes (e.g.,
in e�e → t �t → ` � X ), and we performed an analysis with smaller number of
independent parameters.

When estimating the statistical uncertainty in simultaneous measure-
ments, e.g., of � 
 1 and � h1 (assuming all other coe�cients are known), we
need only the components with indices 1, 2 and 4. In such a �reduced anal-
ysis�, we still encountered the instability problem, and weselected �stable
solutions� according to the following criterion: Let us express the resultant
uncertainties as � � [3]


 1 and � � [3]
h1, where �3� shows that we use the input

3 For more details see the discussion in Sec. 4 of [7]
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Mij , keeping three decimal places. In addition, we also compute� � [2]

 1 and

� � [2]
h1 by rounding Mij o� to two decimal places. Then, we accept the result

as a stable solution if both of the deviations|� � [3]

 1;h1 − � � [2]


 1;h1|=�� [3]

 1;h1

are less than 10 %.
In [7], varying polarization parameters asPe;�e = 0 ; ±1, Pt; ~t = 0 ; 1=

√
2; 1,

and P
; ~
 = 0 ; ±1=
√

2; ±1, we searched for the combinations that could
make the statistical uncertainties � � i minimum for

√
se�e = 500 GeV and

� = 1 TeV. We also changed the Higgs mass asmH = 100, 300 and 500 GeV,
which lead to the width � H = 1 :08× 10� 2, 8.38 and 73.4 GeV, respectively,
according to the standard-model formula.

Although we did not �nd again any stable solution in the four- and �ve-
parameter analysis, we did �nd some solutions not only in thetwo- but
also in the three-parameter analysis. This is quite in contrast to the results
in [6], where we had no stable solution for the three-parameter analysis.
However, since not all the stable solutions gave us good statistical precision,
we adopted only those which satisfy the following conditions:

• Three-parameter analysis
At least two unknown couplings of three could be determined with
accuracy better than 0.1 for an integrated luminosity ofL e�e = 500 fb� 1

without detection-e�ciency suppression (i.e., " `=b = 1).

• Two-parameter analysis
We found many stable solutions, therefore, for illustration we adopt
the following strategy:

� we choose a �nal state (charged-lepton or bottom-quark),

� we �x the Higgs-boson massmH ,

� for each pair of � � i and �� j that satisfy � � i;j ≤ 0:1 for the
luminosity of L e�e = 500 fb� 1 we show only those that make
(�� i )2 + (� � j )2 minimum.

The results are presented below. We did not �x the detection e�cien-
cies" `=b since they depend on detector parameters and will get betterwith
development of detection technology.

(1) Three parameter analysis

⊕ Final charged-lepton detection

mH = 500 GeV
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• Pe = P�e = 0 ; Pt = P~t = 1=
√

2; P
 = −P~
 = 1=
√

2, N ` ≃ 6:1×103" `
� � 
 2 = 0 :94=

√
" ` ; � � h2 = 0 :11=

√
" ` ; � � d = 0 :042=

√
" ` . (6)

Strictly speaking, this result does not satisfy our condition for
the three-parameter analysis, but we show it since� � h2 exceeds
the limit by only 0.01.

⊕ Final bottom-quark detection

mH = 100 GeV

• Pe = P�e = 1 ; Pt = P~t = 1=
√

2; P
 = −P~
 = 1=
√

2, Nb ≃ 4:2×104"b
� � h1 = 0 :086=

√
"b, � � h2 = 0 :21=

√
"b, � � d = 0 :037=

√
"b. (7)

mH = 500 GeV

• Pe = P�e = 0 ; Pt = P~t = 1=
√

2; P
 = −P~
 = 1=
√

2, Nb ≃ 2:8×104"b
� � 
 2 = 0 :61=

√
"b, � � h2 = 0 :054=

√
"b, � � d = 0 :052=

√
"b. (8)

(2) Two parameter analysis

⊕ Final charged-lepton detection

Independent ofmH

• Pe = P�e = −1; Pt = P~t = 1 ; P
 = P~
 = 0 , N ` ≃ 1:0 × 104" `
� � 
 1 = 0 :051=

√
" ` , � � d = 0 :022=

√
" ` . (9)

This result is free from mH dependence since the Higgs-exchange
diagrams do not contribute to � 
 1 and � d determination within
our approximation.

mH = 100 GeV

• Pe = P�e = −1; Pt = P~t = 1=
√

2; P
 = P~
 = 1=
√

2, N ` ≃ 1:9×104" `
� � h1 = 0 :034=

√
" ` , � � d = 0 :017=

√
" ` . (10)

mH = 300 GeV

• Pe = P�e = −1; Pt = P~t = 0 ; P
 = P~
 = 1 , N ` ≃ 2:4 × 104" `
� � h1 = 0 :013=

√
" ` , � � d = 0 :015=

√
" ` . (11)

mH = 500 GeV

• Pe = P�e = −1; Pt = P~t = 0 ; P
 = P~
 = 1 , N ` ≃ 2:4 × 104" `
� � h1 = 0 :023=

√
" ` , � � d = 0 :015=

√
" ` . (12)

• Pe = P�e = −1; Pt = P~t = 0 ; P
 = P~
 = 1 , N ` ≃ 2:4 × 104" `
� � h2 = 0 :030=

√
" ` , � � d = 0 :015=

√
" ` . (13)

⊕ Final bottom-quark detection

mH = 100 GeV
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• Pe = P�e = −1; Pt = P~t = 1=
√

2; P
 = −P~
 = −1=
√

2,
Nb ≃ 4:2 × 104"b

� � h1 = 0 :058=
√

"b, � � d = 0 :026=
√

"b. (14)

mH = 300 GeV

• Pe = P�e = −1; Pt = P~t = 1=
√

2; P
 = −P~
 = −1=
√

2;
Nb ≃ 4:2 × 104"b

� � h1 = 0 :009=
√

"b, � � h2 = 0 :074=
√

"b. (15)

• Pe = P�e = 1 ; Pt = P~t = 1=
√

2; P
 = −P~
 = −1=
√

2,
Nb ≃ 4:2 × 104"b

� � h1 = 0 :025=
√

"b, � � d = 0 :019=
√

"b. (16)

• Pe = P�e = 1 ; Pt = P~t = 1=
√

2; P
 = −P~
 = 1=
√

2, Nb ≃ 4:2×104"b
� � h2 = 0 :065=

√
"b, � � d = 0 :010=

√
"b. (17)

mH = 500 GeV

• Pe = P�e = −1; Pt = P~t = 1 ; P
 = P~
 = 0 , Nb ≃ 4:6 × 104"b
� � h1 = 0 :030=

√
"b, � � d = 0 :018=

√
"b. (18)

• Pe = P�e = −1; Pt = P~t = 1 ; P
 = P~
 = 0 , Nb ≃ 4:6 × 104"b
� � h2 = 0 :028=

√
"b, � � d = 0 :014=

√
"b. (19)

Using these results one can �nd (for knownmH ) the most suitable polariza-
tion for a determination of a given pair of coe�cients.

Note that it is di�cult to determine � 
 1 and � 
 2 together for two- and
three-parameter analysis. Although we have found some stable solutions
that would allow for a determination of � 
 1 in the lepton analysis, which we
did not �nd in [6], the expected precision is rather low. Nevertheless, this is
telling us that the use of purely linear polarization for the laser is crucial for
measuring� 
 1. Unfortunately, the statistical uncertainty of � 
 2 is still large
even in this analysis, so we did not list it as solutions whichgave us good
statistical precisions. Therefore, we have to look for other suitable processes
to determine this parameter, for a review see [15].

It was found that there are many combinations of polarization param-
eters that make uncertainties of � h1;h2 and � d relatively small. For in-
stance, analyzing theb-quark �nal state with the polarization Pe = P�e = −1,
Pt = P~t = 1=

√
2, P
 = −P~
 = −1=

√
2 enables us to probe the properties of

Higgs-bosons whose mass is around 300 GeV through the determination of
� h1 and � h2.

As mentioned, the results are obtained for� = 1 TeV. If one assumes
the new-physics scale to be� = � TeV, then all the above results (� � i )
are replaced with � � i =� 2, which means that the right-hand sides of Eqs.
(6)�(19) giving � � i are all multiplied by � 2.

Some additional comments are here in order.
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• If we were going to measure just the decay coe�cient� d, then the
optimal polarization would be simply such that makes the top pro-
duction rate largest with no Higgs-exchange (this is because we keep
only linear terms in the anomalous couplings). However, if� d and
� h1 or � h2 are to be determined then certain compromise of the SM
t�t production rate is necessary as one needs the Higgs-boson exchange
diagram as well.

• If, on the other hand, only Higgs couplings are to be measured, then
the optimal polarization would make the Higgs-exchange diagram as
large as possible. It is obvious that for the most precise determina-
tion of the 

H couplings, one should go to the resonance region in
order to increase the Higgs-production rate. A detailed study of CP-
violating e�ects in 

 → H has been performed,e.g., in [16]. There,
for the luminosity L e�e = 20 fb� 1, the authors estimate 3-� limits for
� h2 (d

 = ( v=� )2� h2 + · · · in the notation of [16]) at the level of
10� 3� 10� 4 depending on the Higgs-boson mass. Correcting for the
luminosity adopted here (L e�e = 500 fb� 1) it corresponds to our 1-�
uncertainty for � h2 also of the order of10� 3� 10� 4, so smaller by about
two orders of magnitude than the precision obtained here forthe o�-
resonance region. If, however, the Higgs-boson mass is unknown, then
the analysis presented here is applicable.

4. Discussions and summary

We discussed possible new-physics search through a detailed analysis of
the process

 → t �t → `X=bX performed in [6, 7] in order to �nd optimal
beam polarizations that minimize uncertainties in the determination of t �t
 ,
tbW and 

H coupling parameters. To estimate the uncertainties we have
applied the optimal-observable method to the �nal lepton/b-quark energy-
angular distribution in 

 → t �t → `X=bX .

Applying the optimal-observable technique, we have encountered the
problem of �unstable-solutions� and have concluded that there is no sta-
ble solution in the analysis trying to determine more than three anomalous
couplings altogether. However, in contrast to [6], adopting more polarization
choices we have obtained in [7] some stable solutions with three couplings.
We also found a number of two-parameter solutions, most of which allow
for the 

H - and tbW-couplings determination. The expected precision of
the measurement of the Higgs-coupling is of the order of10� 2 (for the scale
of new physics� = 1 TeV). This shows that the 

 collider is going to be
useful for testing the Higgs sector of the SM.

Let us consider the top-quark-coupling determination in anideal case
such that the beam polarizations could be easily tuned and that the energy
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is su�cient for the on-shell Higgs-boson production. Then the best strategy
would be to adjust polarizations to construct semi-monochromatic 

 beams
such that √s

 ≃ mH and on-shell Higgs-bosons are produced. This would
allow for precise� h1;h2 measurement, so the virtual Higgs e�ects in

 → t �t
would be calculable. Unfortunately, as we have shown earlier, it is di�cult to
measure� 
 2 by looking just at `X=bX �nal states from 

 → t �t. Therefore,
to �x � 
 2, one should, e.g., measure the asymmetries adopted in [12] to
determine the top-quark electric-dipole moment which is proportional to
� 
 2. Then, following the analysis presented here, one can determine � 
 1
and � d.

Finally, one must not forget that it is necessary to take into account
carefully the Standard Model contribution with radiative c orrections when
trying to determine the anomalous couplings in a fully realistic analysis.
In particular this is signi�cant when we are interested in CP-conserving
couplings since the SM contributions there are not suppressed unlike the
CP-violating terms. On this subject, see for instance [17].
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for the Promotion of Science, and the Grant-in-Aid for Young Scientists
No. 17740157 from the Ministry of Education, Culture, Sports, Science and
Technology of Japan.

REFERENCES

[1] F. Abe et al., CDF Collaboration, Phys. Rev. Lett. 73, 225 (1994); S. Abachi
et al., D0 Collaboration, Phys. Rev. Lett. 74, 2632 (1995).

[2] See for example: F. Beaudette, ATLAS Collaboration, hep-ex/0506056 ;
C. Weiser, hep-ex/0506024 .

[3] Talks presented by K. Mönig, F. Zimmermann and J. Dorfan at XXII Inter-
national Symposium on Lepton-Photon Interactions at High Energy, June 30�
July 5, 2005, Uppsala, Sweden (http://lp2005.tsl.uu.se/~lp2005// and
hep-ph/0509159) . See also: ACFA Linear Collider Working Group Collabo-
ration : K. Abe et al., � Particle Physics Experiments at JLC �, KEK Report
2001-11 (hep-ph/0109166).

[4] I.I.Y. Bigi, H. Krasemann, Z. Phys. C7 , 127 (1981); I.I.Y. Bigi, Y.L. Dok-
shitzer, V.A. Khoze, J.H. Kühn, P.M. Zerwas, Phys. Lett. B181 , 157 (1986).

[5] J.H. Kühn, Nucl. Phys. B237 , 77 (1984); B. Grzadkowski, J.F. Gunion,Phys.
Lett. B350 , 218 (1995).



3540 B. Grzadkowski et al.

[6] B. Grzadkowski, Z. Hioki, K. Ohkuma, J. Wudka, Nucl. Phys. B689 , 108
(2004); Phys. Lett. B593 , 189 (2004).

[7] B. Grzadkowski, Z. Hioki, K. Ohkuma, J. Wudka, hep-ph/0508183.
[8] I.F. Ginzburg, G.L. Kotkin, V.G. Serbo, V.I. Telnov, Nucl. Instrum. Methods

205, 47 (1983).
[9] D.L. Borden, D. Bauer, D.O. Caldwell, SLAC-PUB-5715, UCSB-HEP-92-01.

[10] D. Atwood, A. Soni, Phys. Rev.D45 , 2405 (1992); M. Davier, L. Du�ot, F. Le
Diberder, A. Rouge, Phys. Lett. B306 , 411 (1993); M. Diehl, O. Nachtmann,
Z. Phys. C62 , 397 (1994); J.F. Gunion, B. Grzadkowski, X.G. He,Phys. Rev.
Lett. 77, 5172 (1996).

[11] W. Buchmüller, D. Wyler, Nucl. Phys. B268 , 621 (1986).
[12] S.Y. Choi, K. Hagiwara, Phys. Lett. B359 , 369 (1995).
[13] B. Grzadkowski, Z. Hioki, Nucl. Phys. B484 , 17 (1997); L. Brzezinski,

B. Grzadkowski, Z. Hioki, Int. J. Mod. Phys. A14 , 1261 (1999).
[14] B. Grzadkowski, Z. Hioki, Nucl. Phys. B585 , 3 (2000).
[15] D. Atwood, S. Bar-Shalom, G. Eilam, A. Soni, Phys. Rep.347, 1 (2001).
[16] G.J. Gounaris, G.P. Tsirigoti, Phys. Rev. D56 , 3030 (1997); Erratum D58 ,

059901 (1998).
[17] A. Brandenburg, Z.G. Si, Phys. Lett. B615 , 68 (2005).


