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Window for New Physics

tt̄ − Zγ anomalous coupling measurement — a way to
search for New Physics at ILC

The tt̅-Z/γ anomalous coupling

Figure 4. Predicted deviations for the cross section versus AFB for the process e+e� ⇥ tt̄ at 370,
500, 1000 GeV in the 4DCHM compared with the SM (top panel) and the corresponding ones with
removed Z ⇥ exchange in the s-channel (bottom panel). The points correspond to f = 0.75�1.5 TeV,
g� = 1.5 � 3. The colour code is the same of Fig. 2.

the integrated cross sections and single spin asymmetry do deviate from their SM values:

namely, we have, for this particular benchmark point, |�4DCHM � �SM|/�SM = 4, 9, 53%

and |A4DCHM
L � ASM

L |/ASM
L = 9, 10, 17% for

⇤
s = 370, 500, 1000 GeV, respectively. Such

dynamics at di�erential level is very typical over a wide collection of kinematic observables

and the fact that we have chosen here � and AL as reference measures is not coincidental,

as we shall see that they are a�ording the largest corrections.

But let us now concentrate on the integrated values of the cross sections and asym-

metries in order to disentangle the various sources of deviations with respect to the SM

expectations. In doing this exercise, we do not enforce selection cuts, as we are working

with on-shell top quarks whereas these are applied to their decay products. However, we

do not expect that finite e⇥ciencies due to enforcement of selection cuts will a�ect our

conclusions.

The results of the aforementioned scan mapped in � and AFB for the three customary

choice of the e+e� CM energy are found in Fig. 4. Herein, we can appreciate the importance

of the interference between the SM gauge bosons and the Z ⇥s. In fact, the shown correlations

between the expected deviations in � and AFB are dramatically di�erent depending on

whether we include or not the propagation of the Z ⇥ states, especially for the cross section.
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Figure 4: Graphical comparison of statistical precisions on CP conserving form factors expected at
the LHC, taken from [36] and [37], and at the ILC. The LHC results assume an integrated luminosity
of L = 3000 fb�1 at

⌃
s = 14 TeV. The results for the ILC assume an integrated luminosity of

L = 500 fb�1 at
⌃

s = 500 GeV and a beam polarisation Pe� = ±0.8, Pe+ = ⇥0.3.

published there are compared with the results in the present study in Fig. 4. All but one form factor
will be measured with to about a factor 10 better at the ILC for the scenario discussed in this paper
than it will be possible at the LHC. This exception is FZ

1A where [37] quotes a possible statistical
precision of ⇥FZ

1A ⌅ 0.031. It should however be pointed out that the considerable precision expected
for ⇥FZ

1A benefits strongly from LEP/SLC bounds on the oblique parameters that e.g. render it unlikely
that FZ

1A flips sign due to New Physics. The study presented by [37] is an analysis at leading order
QCD. The analysis carried out in [38] suggests that higher-order e�ects in the theory may allow for an
improvement of the LHC precision by up to 40%. Note at this point that the interference between the
� and the Z in case of e+e� ⇧ tt̄ prevents flips of the signs of the form factors that will be unnoticed
in associated t̄tZ at the LHC.

While the prospects for the LHC discussed so far are based on analyses di�erential in given jet
observables of the final state, LHC experiments observe the process pp ⇧ t̄tZ [39, 40, 41, 42]. The
interpretation of the results is however still limited by the small statistics available for the analyses.

At the LHC electro-weak couplings are measured also in single t quark production. In the e�ective
field theory approach, assuming SU(2)L � U(1) gauge symmetry for the operators, the relation

⇥gtbW
L

gtbW
L

⌅ 0.35
⇥gZ

L

gZ
L

(10)

can be established. Here gtbW
L is the charged current coupling of the decay t ⇧ Wb. The CMS

Collaboration [43] reports a precision for the t-b transition probability Vtb of about 4%. In the Standard
Model Vtb is identical to gtbW

L . Hence, by means of Eq. 10 the precision of the coupling of left-handed
t quarks to the Z boson can be derived to be of the order of 11%. Noting that ⇤(pp ⇧ t̄tZ) ⇤

†For the Linear Algebra the software package Eigen [27] version 3.2.2 has been used.
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Figure 3: Predictions of several models that incorporate Randall-Sundrum (RS) models and/or com-
positeness or Little Higgs models on the deviations of the left- and right-handed couplings of the
t quark to the Z0 boson. The ellipse in the frame in the upper right corner indicates the precision
that can be expected for the ILC running at a centre-of-mass energy of

⇥
s = 500 GeV after having

accumulated L = 500 fb�1 of integrated luminosity shared equally between the beam polarisations
Pe� , Pe+ = ±0.8,�0.3. The original version of this figure can be found in [34].
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  The top physics is one of the three pillars of linear collider physics 
program.  
  Current on-going studies in the ILC collaboration include:  
! Properties of top: mass, width and cross section

! Coupling of top, namely, top Yukawa coupling                            
! BSM: anomalous couplings to BSM gauge bosons (Z’, W’, Extra 
dimension etc) ! Top Electroweak coupling.
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Introduction

The Analysis

1 The analysis is done on the semi-leptonic decay of the top
quark:
tt̄ �⇥ (bW )(bW ) �⇥ (bqq)(bl�)

2 Analysis at
⇤

s = 500GeV with an integrated luminosity
L = 500 fb�1.

3 We use the charge of the lepton to know the charge of the
top.

4 The full simulation are done with the ILD detector (Mokka +
Whizard software).

5 The reconstruction is based on the Particle Flow Algorithm
(Pandora) and is done with Marlin on the data samples
prepare for the LOI.
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and other reasons, the t quark is expected to be a window to any new physics at the
TeV energy scale. New physics will modify the electro-weak ttX vertex described
in the Standard Model by Vector and Axial vector couplings V and A to the vector
bosons X = �, Z0,

Generally speaking, an e+e� linear collider (LC) can measure t quark electroweak
couplings at the % level. In contrast to the situation at hadron colliders, the leading-
order pair production process e+e� ⇥ tt goes directly through the ttZ0 and tt�
vertices. There is no concurrent QCD production of t quark pairs, which increases
greatly the potential for a clean measurement. In the literature there a various ways
to describe the current at the ttX vertex. The Ref. [1] uses

�ttX
µ (k2, q, q) = ie

⌥
�µ

⇤
 F X
1V (k2) + �5

 F X
1A(k2)

⌅
+

(q � q)µ

2mt

⇤
 F X
2V (k2) + �5

 F X
2A(k2)

⌅�
.

(1)
with k2 being the four momentum of the exchanged boson and q and q the four vectors
of the t and t quark. Further �µ with µ = 0, .., 3 are the Dirac matrices describing
vector currents and �5 = i�0�1�2�3 is the Dirac matrix allowing to introduce an axial
vector current into the theory

The Gordon composition of the current reads

�ttX
µ (k2, q, q) = �ie

⌥
�µ

�
F X

1V (k2) + �5F
X
1A(k2)

⇥
+

⇤µ⇥

2mt
(q + q)µ

�
iF X

2V (k2) + �5F
X
2A(k2)

⇥�
,

(2)
with ⇤µ⇥ = i

2
(�µ�⇥ � �⇥�µ). The couplings or form factors  F X

i and F X
i appearing in

Eqs. 1 and 2 are related via

 F X
1V = �

�
F X

1V + F X
2V

⇥
,  F X

2V = F X
2V ,  F X

1A = �F X
1A ,  F X

2A = �iF X
2A . (3)

Within the Standard Model the Fi have the following values:

F �,SM
1V = �2

3
, F �,SM

1A = 0, F Z,SM
1V = � 1

4swcw

⇧
1 � 8

3
s2

w

⌃
, F Z,SM

1A =
1

4swcw
, (4)

with sw and cw being the sine and the cosine of the Weinberg angle ⇥W . The coupling
F �

2V is related via F �
2V = Qt(g�2)/2 to the anomalous magnetic moment (g�2) with

Qt being the electrical charge of the t quark. The coupling F2A is related to the dipole
moment d = (e/2mt)F2A(0) that violates the combined Charge and Parity symmetry
CP . Note, that all the expressions above are given at Born level. Throughout the
article no attempt will be made to go beyond that level.

Today, the most advanced proposal for a linear collider is the International Linear
Collider, ILC [2,3], which can operate at centre-of-mass energies between about

2
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105-6 ttbar pairs production 
at sqrt[s]=500 GeV with 500 fb-1!

D. Barducci et al.
1504.05407

see talk by D. Barducci

•The tt̅-Z/γ anomalous coupling is 
one of the important probe of new 
physics. Many new physics models 
predict significant deviation from SM. 

•The latest evaluation shows that 
the form factors can be measured at 
a per mill precision! 

Per m
ill 

precis
ion!!

QCD N3LO correction is ∼ 0.1%.
Kiyo et al NPB 8 23 (’09); Hoang et al NPB 8 13 (’09)

EW NLO correction is 5% for cross section, 10% for AFB .

Fleischer et al., EPJC 31 37 (’03); Khiem et al., EPJC 73 4 (’13)

Experiment gives
permil precision.
Amjad et al., EPJC 75 10 (’15)

Beyond SM theories

can give relative

deviation > 5% for

coupling.

Theoretical uncertainties

3 Theory uncertainties

The extraction of form factors requires precise predictions of the inclusive top
quark pair production rate and of several di�erential distributions. In this section
the state-of-the-art calculations and estimate theoretical uncertainties are briefly re-
viewed.

The QCD corrections to e+e� � tt production are known up to N3LO for the
inclusive cross section [11], and to NNLO for the forward backward asymmetry
AFB [12]. The perturbative series shows good convergence. In Figure 2(a) the LO,
NLO, NNLO and N3LO predictions for the ratio R(s) of the total cross section for
e+e� � tt to that for massless fermion pair production are shown in the centre-of-
mass energy range around 500 GeV.
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Figure 2: (a) The prediction for the ratio R(s) of the tt production rate and that of massless
fermions, as a function of centre-of-mass energy

⇥
s. (b) The maximum variation (in %)

in the cross section prediction due to alternative choices for the renormalisation scale:
µ = 2

⇥
s. These figures present a compilation of results reported in References [11,13,12].

The N3LO correction to the total cross-section is below 1 %. An estimate of the
size of the next order - obtained from the conventional variation of the renormalisation
scale by a factor two and one half - yields 0.3 %. It can therefore be concluded that
the uncertainty of today’s state-of-the-art calculations is at the per mil level.

In a similar manner the QCD corrections to the prediction of di�erential distri-
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!QCD corrections are known up to N3LO

!Electroweak corrections are known at one-loop level
e−e+ → tt̄ e−e+ → tt̄γ
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Figure 2: The total cross-section as a function of center-of-mass energy. The left figure is
the result of tt̄ production and the right figure shows the result of the tt̄γ reaction. The
triangle points are the result of the tree level calculation while the rectangular points are
the sum of the tree level calculation combined with the full one-loop electroweak radiative
corrections. Lines are only guide for the eyes.

+
β2

8

[
− 4(2 − x) ln x − 1 + 3(1 − x)2

x
ln(1 − x) − 6 + x

]
(5)

with β = 2α
π

(
ln( s

m2
e
) − 1

)
and ∆ = 1 + α

π

(
3
2
ln( s

m2
e
) + π2

3
− 2

)
.

After obtaining the QED correction, we define the genuine weak correction in the α
scheme:

δW = δEW − δQED. (6)

Having subtracted the genuine weak correction in the α scheme, one can express the
correction in the Gµ scheme. Next we subtract the universal weak correction which is
obtained from ∆r. The genuine weak correction in the Gµ scheme is defined by

δ
Gµ

W = δW − n∆r, (7)

with ∆r = 2.55% for MH = 120 GeV and n = 3(2) for tt̄γ (for tt̄) production respectively.

7

with θt the angle of the top quark.
Fig 4 shows the results for AFB as a function of the center-of-mass energy. The

figures show clearly that the top quark asymmetry in the full results is smaller than the
asymmetry at the tree level results only.

e−e+ → tt̄ e−e+ → tt̄γ
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Figure 4: The top quark forward-backward asymmetry as a function of the center-of-
mass energy. Left figure is the results for tt̄ production and right one is the results for tt̄γ
production. The triangle points represent the tree level results and the rectangle points
are the results including the full radiative corrections. Lines are only guide for the eyes.

In Fig 5 we compare the values of AFB in tt̄γ production directly with its value for tt̄
production. From the figures, we find that AFB in tt̄γ production is larger than AFB in tt̄
production. This is the most important result of the paper. The effect should be clearly
observable at the ILC.

4 Conclusions

We have presented the full O(α) electroweak radiative corrections to the process e+e− →
tt̄γ and e+e− → tt̄ at ILC. The calculations were done with the help of the GRACE-Loop
system.

GRACE-Loop have implemented a generalised non-linear gauge fixing condition which
includes five gauge parameters. With the UV, IR finiteness and gauge parameters inde-
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Figure 2: The total cross-section as a function of center-of-mass energy. The left figure is
the result of tt̄ production and the right figure shows the result of the tt̄γ reaction. The
triangle points are the result of the tree level calculation while the rectangular points are
the sum of the tree level calculation combined with the full one-loop electroweak radiative
corrections. Lines are only guide for the eyes.
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After obtaining the QED correction, we define the genuine weak correction in the α
scheme:

δW = δEW − δQED. (6)

Having subtracted the genuine weak correction in the α scheme, one can express the
correction in the Gµ scheme. Next we subtract the universal weak correction which is
obtained from ∆r. The genuine weak correction in the Gµ scheme is defined by

δ
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mass energy. Left figure is the results for tt̄ production and right one is the results for tt̄γ
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are the results including the full radiative corrections. Lines are only guide for the eyes.

In Fig 5 we compare the values of AFB in tt̄γ production directly with its value for tt̄
production. From the figures, we find that AFB in tt̄γ production is larger than AFB in tt̄
production. This is the most important result of the paper. The effect should be clearly
observable at the ILC.

4 Conclusions

We have presented the full O(α) electroweak radiative corrections to the process e+e− →
tt̄γ and e+e− → tt̄ at ILC. The calculations were done with the help of the GRACE-Loop
system.

GRACE-Loop have implemented a generalised non-linear gauge fixing condition which
includes five gauge parameters. With the UV, IR finiteness and gauge parameters inde-

9

QCD correction (N3LO) is 
at the per mil level

Fleischer, Leike, Riemann, Werthenbach, EJPC31 (’03)
Kheim, Fujimoto, Ishikawa, Kaneko, Kato, 

arXive:1211.1112

EW correction at one-loop is
~5% for cross section 

~10% for AFB

SM computation of e+e- ➞ tt̅

EW NLO correction
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Spin correlation as a tool for precision

EW corrections depend on the initial state polarization

For (e−L e+R ) beam NLO EW correction is surprisingly small: . 1%

Corrections were computed using GRACE [Khiem, Kou, Kurihara, Le Diberder, EPJC 73 4 (’13)]

is significantly larger for the e�Re+
L polarization case. The right panel shows the cos ✓ dependence of

the NLO contributions (with the same color scheme as the left panel). Interestingly, we find that in

the case of e�Le+
R, the NLO contributions are negative (positive) for positive (negative) cos ✓ while

for e�Re+
L , the NLO contributions are always positive. This kind of strong dependence of the NLO

terms on the kinematical variables can be most useful to investigate the NLO corrections in detail.

Figure 4: Preliminary results produced by the GRACE software with polarized beams. The red (circle)

and blue (square) lines are the result for initial state polarization e�Le+
R and e�Re+

L , respectively. The solid

lines represent the tree level plus one loop corrections while the dashed lines are tree level only. The green

(triangle) lines are the sum of the red (circle) and blue (square) lines. The left panel is the
p

s dependence

of the cross section and the right panel is the cos ✓ dependence. Note that the drawn lines are only to guide

your eyes.

It is important to emphasize that the angular distribution formalism used in the previous section

does not apply fully to the NLO electroweak corrections. For example, in Eqs.(3)-(10) it is assumed

that e�e+ annihilate into spin one particles, but the box diagram which appears as a one loop

correction does not fit into this category. As a result, the angular distribution corrections from the

box diagram cannot be written in terms of (1±cos ✓) or sin ✓ as in the above expressions. Therefore

it is necessary to define a set of theoretical parameters that describes completely the NLO matrix

element and use this full NLO matrix element in the analysis. Then, the numerical results obtained

in the previous section are likely be a↵ected. Thus, the analysis including the full NLO corrections

is essential to be conclusive to the sensitivity to the new physics in this process.

10

Polarized beam option (e+e−) = (±0.8,∓0.3) is available at ILC
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Closer look at NLO electroweak corrections

400 500 600 700 800 900 1000
s ,GeV

-0.4

-0.3

-0.2

-0.1

0.1

0.2

δEW

δEW(eR
+ eL

-)

δEW(eL
+eR

- )

Figure 1: Center-of-mass energy dependence of the relative EW correction for
different initial state polarizations.

Question:

Why δEW (e+R e−L ) is so small?
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Feynman diagrams to the e+e− → tt̄ at 1-loop
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Individual EW corrections: vertex corrections
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s ,GeV
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+ eL

-)

δvertex(eL
+eR

- )

Figure 2: Relative vertex electroweak correction.

Almost no dependence on polarization. The correction is positive.
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Individual EW corrections: box corrections

400 500 600 700 800 900 1000
s ,GeV
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δbox

δbox(eR
+ eL
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Figure 3: Relative EW correction coming from box diagrams.

Relative correction comes from both, vertex and box part, but...

All dependence on initial polarization comes from box diagrams. The
correction is negative.
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Cancellation of vertex and box corrections for e+
R e
−
L
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Figure 4: Box and vertex EW corrections.

Accidental cancellation of vertex and box corrections

At 500GeV for (e+R e−L ) the correction is δ ≈ −0.8%.
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Box Feynman diagrams to the e+e− → tt̄
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W box contribute only to e+R e−L but not e+L e−R
The photon and Z boxes are the present for both e+R e−L and e+L e−R .
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Electroweak corrections coming from box diagrams
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s ,GeV
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Figure 5: Total EW(on the left) and “weak”(on the right) box correction to the
e+e− → tt̄ depending on the initial polarization.

e+R e−L : W and Z contribution

e+L e−R : only Z contribution
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W boson contribution

400 500 600 700 800 900 1000
s ,GeV

-0.20
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Figure 6: W box contribution to the e+e− → tt̄.

δEW (e+R e−L ) is larger principally because of W box contribution.
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Parametrization of EW box corrections

Just for testing our result...

We will try to fit the σbox energy dependence using existing theories.

Box diagrams contain double logarithms as a main contribution and single
logarithms as subleading terms:1

Single logarithms ln s
m2

Z ,W
come from the analogue of QED collinear

divergencies.

Double logarithms ln2 s
m2

Z ,W
come from the analogue of QED

divergences that are of IR and collinear origin.

1M. Beccaria, P. Ciafaloni, D.Comelli, F. Renard Phys. Rev.D (2000) .
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Parametrization of EW box corrections
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Figure 7: Total and weak box correction to the e+e− → tt̄ fitted with double log:

σ ∼ const +
(

ln s
M2

W ,Z

)2

.

The double-log-dependence fits well the box contributions computed
with the GRACE program. 2

2Here we divided the cross-section by

√
1 − 4m2

t
s

in order to cancel
phase space effects near tt̄ threshold.
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Outline

1 Top physics at ILC
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4 Summary
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Forward–backward asymmetry at NLO

400 500 600 700 800 900 1000
s ,GeV

0.1

0.2

0.3

0.4

0.5

0.6

AFB (NLO)

(eR
+ eL

-)

(eL
+eR

- )

Figure 8: Forward–backward asymmetry at NLO for different initial polarizations

AFB = σ(0◦≤θt≤90◦)−σ(90◦≤θt≤180◦)
σ(0◦≤θt≤90◦)+σ(90◦≤θt≤180◦)
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Forward–backward asymmetry at NLO
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Figure 9: AFB at NLO compared to the tree level result

Correction to the AFB for (e+R e−L ) initial state becomes much larger
with energy than for (e+L e−R ).
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Separate contributions to ABF
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Figure 10: Box and vertex correction contribution to AFB , compared to the tree
asymmetry.
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Total correction

400 500 600 700 800 900 1000
s ,GeV

-0.05

0.05

AFB (total EW corr)

box+vertex, (eR
+ eL

-)

box+vertex, (eL
+eR

- )

Figure 11: Total EW correction contribution to
forward–backward asymmetry

is significantly larger for the e�Re+
L polarization case. The right panel shows the cos ✓ dependence of

the NLO contributions (with the same color scheme as the left panel). Interestingly, we find that in

the case of e�Le+
R, the NLO contributions are negative (positive) for positive (negative) cos ✓ while

for e�Re+
L , the NLO contributions are always positive. This kind of strong dependence of the NLO

terms on the kinematical variables can be most useful to investigate the NLO corrections in detail.

Figure 4: Preliminary results produced by the GRACE software with polarized beams. The red (circle)

and blue (square) lines are the result for initial state polarization e�Le+
R and e�Re+

L , respectively. The solid

lines represent the tree level plus one loop corrections while the dashed lines are tree level only. The green

(triangle) lines are the sum of the red (circle) and blue (square) lines. The left panel is the
p

s dependence

of the cross section and the right panel is the cos ✓ dependence. Note that the drawn lines are only to guide

your eyes.

It is important to emphasize that the angular distribution formalism used in the previous section

does not apply fully to the NLO electroweak corrections. For example, in Eqs.(3)-(10) it is assumed

that e�e+ annihilate into spin one particles, but the box diagram which appears as a one loop

correction does not fit into this category. As a result, the angular distribution corrections from the

box diagram cannot be written in terms of (1±cos ✓) or sin ✓ as in the above expressions. Therefore

it is necessary to define a set of theoretical parameters that describes completely the NLO matrix

element and use this full NLO matrix element in the analysis. Then, the numerical results obtained

in the previous section are likely be a↵ected. Thus, the analysis including the full NLO corrections

is essential to be conclusive to the sensitivity to the new physics in this process.

10

[Khiem, Kou, Kurihara, Le Diberder, EPJC 73 4

(’13)]

Almost no energy dependence for (e+R e−L ) initial state.
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Summary

EW NLO correction strongly depends on polarization.
We found in this work, the main reason seems to be the different W
contributions to box diagrams.

For (e+R e−L ) initial state, especially, at 500 GeV the NLO correction
accidentally cancel, which results in a very small NLO contribution:
δ ∼ 1% level

Vertex and box corrections are both large (& 20%), but for (e+R e−L )
they cancel each other.

Because of extra W contribution.

δEW
e+R e−L

(500GeV) ≈ 0.8% ; polarized beam is useful at ILC since New

Physics might be at & 5%.
Note that QCD corrections up to N3LO and experimental precision are
∼ 0.1%

Although for (e+R e−L ) the δEW is tiny, there is a significant negative
contribution to AFB .
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Here I presented preliminary results, work is still in progress!
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Backup: What is GRACE?

GRACE is an automatic computation system for calculating High Energy
Physics processes at tree and one-loop level.

One can obtain full set of the Feynman diagrams for the specific
process.

Wide range of kinematics is available for computation.

Using the generated fortran code one can calculate amplitudes and
cross-sections.

The gauge invariance can be checked.

The cross section is computed by Monte Carlo integration package
BASES.

The events are simulated by event generation package SPRING.
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Backup: Algorithm

For getting the values of physical observables of the specific process we
have to...

1 Create an input file: initial & final state, kinematics type.

2 Generate the fortran code.

3 Modify the fortran files if setting the specific kinematic parameters,
polarization, ... is needed.

4 Compile the fortran code.

Output of generated executables gives cross-section, check of the the
gauge independence, and generated events.
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Backup: In the result

NLO cross-section of the e+R e−L → tt̄ process.

Convergency Behavior for the Integration Step

------------------------------------------------------------------------------

<- Result of each iteration -> <- Cumulative Result -> < CPU time >
IT Eff R Neg Estimate Acc % Estimate(+- Error )order Acc % ( H: M: Sec )

------------------------------------------------------------------------------

1 100100.00 -6.647E-01 0.027 -6.647040(+-0.001819)E-01 0.027 0:07:08.26

2 100100.00 -6.645E-01 0.027 -6.646174(+-0.001283)E-01 0.019 0:10:42.88

3 100100.00 -6.645E-01 0.027 -6.645904(+-0.001043)E-01 0.016 0:14:16.04

4 100100.00 -6.648E-01 0.027 -6.646396(+-0.000898)E-01 0.014 0:17:48.01

5 100100.00 -6.645E-01 0.027 -6.646023(+-0.000803)E-01 0.012 0:21:23.94

------------------------------------------------------------------------------
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