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Top quark forward-backward asymmetry in the little Higgs model”
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Abstract: A sizable difference in top quark pair forward backward asymmetry (AFB) is observed at Tevatron. The

discrepancy triggers many new physics beyond the standard model (SM) and then constrains the parameter spaces
in them. In this article we calculate the AFB of the top-pair production at Tevatron up to next to leading order
(NLO) in the little Higgs model (LHM). We find that the contribution of Zu can be large enough to make up the gap
between SM prediction and experimental data. Then, the parameter space for the couplings between Zy and quarks

are constrained. Thus, this model can fulfill the experimental data, both in AFB and in cross section.
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1 Introduction

In recent years, the top quark pair production and its
decays have been investigated theoretically and experi-
mentally [1-3]. Although the theoretical predictions for
the total cross section of top quark pair production [4—
6] are in agreement with the experimental results [7, 8],
the top quark forward-backward asymmetry (AFB) be-
tween theoretical predictions and experimental data are
in discrepancy. The AFB in the tt rest frame is defined

as
:Nt(yt—ye>0)—N¢(yt—yf<0) (1)

TN (ye—ye>0)+ N, (e <0)’
where Ay=y,—ys is the difference of the rapidities of out-

going t and t. The difference of the rapidities of outgoing
t and t is directly related to 6 as [9]
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where §=(p;+p;)?, 0 is the angle spanned between the
outgoing top quark and incoming proton beam, and the
rapidity is defined as
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where E; and py stand for the energy and longitudinal
component of the momentum of the top quark, respec-
tively. The sign of Ay =1y, —y; is the same as cosf, so
that the asymmetry in Eq. (1) can be re-defined as

N;(cosf>0)—N,(cosf<0)
N (cosf>0)+N,(cosf<0)

AFB = (4)

The measurements of the CDF and DO Collaborations
yield Apg=0.158+0.075 [10], Arg=0.16240.047 [11] and
Arpp=0.19640.065 [12], and the central values are signifi-
cantly larger than the Standard Model (SM) prediction,
ASM =0.089 [13]. This discrepancy has motivated peo-
ple to consider additional contributions from new physics
beyond SM (BSM) [14, 15].

In some models, an exchange of new particles of color-
octet at the s-channel contributes [16-18]. Instead, a
color singlet particle that mediates the interaction may
also provide a substantial contribution through the t-
channel if it has both vector and axial vector coupling
to qq and tt [9]. This kind of model receives severe con-
straints from the data of the tt production rate. How-
ever, as one notices, a color singlet particle can also make
a substantial contribution to the AFB through s-channel
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resonance. The little Higgs model (LHM) is just one such
model.

The LHM can solve the hierarchy problem of particle
physics, and therefore is a favorable extension of the SM.
The LHM begins with an SU(5) global symmetry, which
is spontaneously broken down to its subgroup SO(5) via
a non-zero vacuum expectation value f, leaving 14 Gold-
stone bosons that transform under the electroweak gauge
group as a real singlet 1,, a real triplet 3y, a complex
doublet 2, 1, and a complex triplet 3.;. The real sin-
glet and the triplet become the longitudinal components
of the gauge bosons associated with the broken gauge
groups, giving them masses of the order f. These gauge
bosons are wir, Ay, Zy, wii, Ay and Zy. Among them,
wﬁ, Ay and Zy are new particles in the LHM.

In this work we calculate the AFB in the LHM in tt
rest frame and, by comparing the theoretical prediction
with the data, we set constraints on the model parame-
ters. We find that there exists a possible parameter space
for the LHM, with which the AFB reported by the CDF
and DO collaborations [19] can be well explained.

This paper is organized as follows. After this intro-
duction, in Sections 2 and 3, we derive the theoretical
formulas for the cross section of the top-pair production
up to next to leading order in the LHM. In Section 4, a
detailed analysis on the asymmetry is presented. Then,
the numerical results along with all the input parameters
are outlined. The last section is devoted to a discussion
and our conclusion.

2 Contribution of leading-order diagram
to the asymmetry

The LHM consists of four new bosons, but only Ay
and Zy, whose masses are, respectively, ma, & fg., and

1
My, < f (g",u—kf), can contribute asymmetry through

s-channel with cvouplings

Lay = Ant(guetgay’ )"t

+AHa(gvu+gau75>7#ua (5)

and

EZH = ZHE(g;t +g¢lzt75 )'Yut

+Zuti( gy, 90,7 )7 U (6)

The relations among the coupling constants are listed in
the appendix of Ref. [20] and their numerical values are
presented in Section 4. An A}y, which may be consis-
tent with the Tevatron data, can be generated in qg—tt
within this model. In order to formulate the whole con-
tribution to the forward backward asymmetry for top
quark from LHM, we compute the tree diagrams ana-
lytically and calculate the corresponding box diagrams

numerically. The leading-order diagrams are shown in
Fig. 1.
The amplitude of the first diagram of Fig. 1 can be
written as:
—i

leﬁ(m)(—iv“gs)v(ps)m@(pz)(—i%gs)wpl),
(7)

where p; and p,, respectively, stand for the four-
momenta of the initial state (qq), and ps, ps denote the
four-momenta of the final state (tt). p;+p; = ps+ps
stands for the energy-momentum conservation. For the
other two diagrams, the amplitudes are similar, so we
skip them. The contributions at tree level are shown
above, and the numerical results will be given in section

4.

Ys Zo» Ay, Zy

P,

(b)

Fig. 1.

The tree diagrams for the process of qgq—tt.

3 Next-to-leading-order
LHM

diagrams in

In this section, we calculate the next to leading order
contribution to the forward-backward asymmetry. The
box diagrams contributing to the asymmetry are shown
as Fig. 2.
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Fig. 2. The box diagrams for the process of qgq—tt.

The diagrams for real-gluon emission are presented
in Fig. 3 and Fig. 4.
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Fig. 3. The real-gluon emission diagrams for the

process of qg — tt+g with gluon being the in-
termediate boson at s-channel. In (a) and (b) the
real gluon is emitted from the initial state while in
(c) and (d) it is emitted from one of the produced
top quarks.
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Fig. 4. The real-gluon emission diagrams for the
process of qg—tt+g with Ag or Zy being the in-
termediate boson at s-channel. In (a) and (b) the
real gluon is emitted from the initial state while in
(c) and (d) it is emitted from one of the produced
top quarks.

The amplitude of the first diagram in the Fig. 2 is:

_ (A Ty Batdma)
My, = J'(27_[)4 (pa) qg( gs7Y Tij) (Patq)’—m?

x (—igy T} )v(ps)v(p2) (—igsy Tinn)

—i i(p1+g+ms2)
N o— om0 )

For the other diagrams, the amplitudes are similar
but the coupling vertices are different. The box diagrams
have infrared divergences that can be canceled by adding
the real-gluon emission diagrams (Fig. 3 and Fig. 4), and
we take into account the interference between initial and

(—ig"T?)

final state gluon emission. The dependence of the resul-
tant differential cross section on cos# is:

4dm?
& It

S
dcos® 64728 ZZ|M1+M2|2
1_4mf
= g 2 (M +2Re(MiM,)), (9)

where §=zxs and z z stand for the longitudinal fraction
of q/q in proton/anti-proton separately. We can then
obtain the theoretical prediction on the cross section,
which has been measured for the process by convoluting
the sub-processes with the parton distribution functions
of proton and anti-proton.

dowr [ ! do
—J'deJ dzf(z)f(2) et (10)

dcost 0

The total differential cross section Eq. (10) involves f(x)
and f(z), which are the parton distribution functions
(PDF) of proton and anti-proton, respectively. Here, we
adopt the parton distribution function from CTEQ6M
[21]. The asymmetry is determined by integrating over
the positive and negative range of the cosf. The numer-
ical results are presented in section 4.

4 Numerical results

In this section, we calculate the differential cross
section numerically. We set the mass of top quark as
175 GeV and neglect the mass of light quarks. With the
weak-binding approximation, that is p, =pg and p2=mZ,
we get

S S 2
—,P3.Pa=—=—MmM,,
2 DP3-D4 2 t

4 2
<1+ 1— ?t cos@), (11)

H 4m?2
P1.ps = pz-p3:Z <1— 1——F° cos9> .

DP1.p2 =

DP1-P3 = P2.-Pa=

IV

S

The input parameters that we are going to use in the
numerical computations are set as follows [20, 22-24]:
a,=0.104 for u=m. In the LHM [20], we choose

3 3
Gou=—0.0292 (——2a) ;5 §au=—0.0175 (——2a) ;
a a

3 3
G0a=0.2742240.245a; g.q=0.0175 (——2a) :
a a

3 1
e =—0.0292 (——2a> —0.35 (——i—a) b;
a a
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3 1
Jas=—0.0175 (——2a> —0.35 <—+a) b;
a a

3 3
Gve=0.0525 (——2a) 5 020=0.0175 (——2@) ;
a a

1
and ma,, = 0.08138 <a—|—a) f GeV [20]; where a and b

are the parameters in Ref. [20] and we let them vary

from 0.1 to 2 and 0 to 1, respectively. For the Zy boson,
1

myz,, = 0.0539 (36.739;—#—,) f GeV, and for simplicity
u

we use the relation g;, =—gq4 =9 =—0ve =~ =0aa =

—g4.=9..=0.165a. These could vary from 0.0165 to 0.33

/2
[20], and the coupling constant «; = &, which varies

from 0.00002 to 0.00867. In the following calculation, we
take f=500, 1000, 1500 GeV, respectively.

One important constraint is the total production
cross section of the tt pair measured in recent experi-
ment. The averaged value for tt-production cross section
at Tevatron is o®P (t1)=7.65+0.2040.36 pb [25]. Consid-
ering the experimental data from Ref. [7, 8], we believe
that taking the experimental value of the tt cross section
to be 7.1-8.2 pb is reasonable. The SM prediction on
the top quark cross section is 6.7 pb [4], which coincides
with our numerical result and is 20% larger than 5.6 pb
[13](only LO result). In Ref. [13, 26], the QED correc-
tion to asymmetry is about 20%, but the weak correction
is only 107° [13]. In this article the same result is also
taken.

After calculation, we find that the Ay boson con-
tribution is so small that we can neglect it safely, thus
Zy offers the main contribution. The coupling constant
of Weak interaction and that of the interaction between
quarks and Zy are of the same order of magnitude, so in
NLO their contributions should be same, both are about
1075 [13]. However, in LO the contribution from Zy is
larger than that from weak interaction for the resonance.

The uncertainties come from the PDF, m., a.(u),
myz,, and the coupling constants between Zy and quarks.
From Ref.  [26] we can get that the PDF and m,
have a small effect on asymmetry. However, the varying
a, (1) obviously changes the cross section and asymmetry
[13, 26]. In Ref. [4] the cross section varies from 7.10 pb

to 5.96 pb when p varies from % to 2my. So, after cal-

culating the uncertainty range of total cross section in,
our result is £0.4 pb. In Ref. [13] the asymmetry varies
from 9.7% to 8.3% when p varies in the same region.
After calculation, the uncertainty range of asymmetry is
+0.3%. For the two cuts M >450 GeV and |Ay|>1, the
uncertainty ranges are 2% and +3% separately. Lastly,
myz, and the coupling constants between Zyx and quarks
are varying with the parameter a mentioned above. In
following we will show how this parameter can be limited
by experimental data.

We demonstrate the dependence of the total cross
section on the coupling constant in Fig. 5, and the de-
pendence of AFB on the coupling constant in Fig. 6.
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Fig. 5. The dependence of the total cross section
on the coupling constant in the frameworks of SM
and LHM with f=500 GeV (solid), f=1000 GeV
(dashed), f = 1500 GeV (dotted) respectively.
The dash-dotted line stands for the value from SM
[4], and the shadowed region is for experimental
data with errors [25]. The uncertainty range is
m
+0.4 pb for p in as(p) varies from 7t to 2my.
0.50
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Fig. 6. The AFB versus coupling constant in the

frameworks of SM and LHM with f =500 GeV
(solid), f = 1000 GeV (dashed), f = 1500 GeV
(dotted). The dash-dotted line stands for the
value from SM [4], and the shadowed region is for
experimental data with errors [10]. The uncer-
tainty range is +0.3% for p in as(p) varies from
e to 2my.
2
From Fig. 5 we can see that for f=500 GeV, when
taking the coupling constant as 0.0002—-0.0005, 0.0008—
0.0012 and 0.0023-0.0037, the theoretical predictions on
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the total cross section are inside the experimental tol-
erance range. While for f=1000 GeV, the theoretical
prediction does not conflict with the experimental data
when the coupling constant is about 0.0010-0.0028 and
0.0067-0.0087. As for f=1500 GeV, one can scarcely
find a region that can match the experimental data.

In Fig. 6 we find that for f =500 GeV, when tak-
ing the coupling constant below 0.0057, the AFB almost
matches the experimental data. For f=1000 GeV, the
theoretical prediction fits the experimental value when
the coupling constant is above 0.0006. But it is hard to
find an area that can match the experimental data with
f=1500 GeV.

We also analyze our results for taking two different
kinds of cuts. One is for tt M;;>450 GeV and the other
is for rapidity |Ay|>1. These results are shown in Fig. 7
and Fig. 8.
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Fig. 7. The AFB with a cut of M;>450 GeV ver-

sus the coupling constant in the frameworks of SM
and LHM with f=500 GeV (solid), f=1000 GeV
(dashed), f = 1500 GeV (dotted). The dash-
dotted line stands for the value from SM [13], and
the shadowed region is for the experimental data
[10]. The uncertainty range is 2% for u in as(p)

. my
varies from — to 2ms.

Fig. 7 shows that for f =500 GeV, as the coupling
constant being near 0.0004, the result is close to the lower
bound of the experimental data. While for f=1000 GeV,
the prediction fits the experimental value when the cou-
pling constant is above 0.0018.

Figure 8 shows that for f=500 GeV, taking the cou-
pling constant within the range of 0.0003—-0.0004, the
result fits the experimental value. For f=1000 GeV, the
prediction fits the experimental value when the coupling
constant is above 0.0012. From the above analysis we
have reached some conclusions. First, for f=500 GeV,
the prediction can coincide with experimental data when

the coupling constant takes a value of about 0.0003—
0.0004. Second, for f=1000 GeV, the prediction could
coincide with experimental data when the coupling con-
stant takes a value between 0.0018-0.0028 and 0.0067—
0.0087.
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Fig. 8. The AFB with a cut of [Ay|>1 versus cou-

pling constant in the frameworks of SM and LHM
with f=500 GeV (solid), f=1000 GeV (dashed),
f = 1500 GeV (dotted). The dash-dotted line
stands for the values from SM [13], and the shad-
owed region is for experimental data [10]. The
uncertainty range is £3% for p in as(u) varies

from % to 2ms.

5 Discussion and conclusion

In this work, we study the contribution of LHM to
the top quark forward backward asymmetry measured at
Tevatron. With the help of the software LoopTools, we
calculate the tree diagrams, box diagrams and their in-
terference with the SM contributions. We find that only
the Zy boson in LHM makes a sizable contribution to the
asymmetry when f runs from 500 GeV to 1000 GeV. As
is understood, the new physics contribution should not
significantly change the total cross section of the tt pro-
duction, therefore there exists a small parameter space,
which can reproduce the Tevatron asymmetry. When
f =500 GeV, we predict that Zg boson should be of a
mass around 450 GeV. While for f=1000 GeV, the mass
of Zy boson is in two separate regions of 650-660 GeV
and 750-850 GeV, respectively.

In recent years the LHC has been running, so we are
able to analyze the effect of LHM on A} qualitatively.
Since we know that the LHC is a p-p collider, the main
process is gg — tt. The new gauge bosons in the LHM
have no interaction with gluons. So they can only ap-

pear in one loop diagrams, thus ALz have a ?S factor

suppressed from the Tevatron.

113102-5



Chinese Physics C  Vol. 38, No. 11 (2014) 113102

It is said that a new state with a mass of about
500 GeV is probably excluded. So we hope that this
viewpoint can be confirmed or denied in the lepton col-
lider. For the expected ILC, whose center of mass energy
is set to be 500 GeV in the early stage, we wish its cen-
ter of mass energy to vary from 400 GeV to 500 GeV in
order to find whether the Zy boson with mass around
450 GeV indeed exists.

It is worth indicating that the DO collaboration has
updated their analysis on the lepton forward-backward
asymmetry ALp [27] by including a measurement of an
additional channel (lepton+3jets). Their new result of
ALy is 4.2+£2.4% for |y| < 1.5, which is lower than the
previous 15.2+4.0% for |y|<1.5 presented in Ref. [28].
Namely, the newly determined asymmetry ALy is re-
duced by 10.5% [27] as claimed by the collaboration. In
Ref. [27] the authors explained the difference between the
two analyses, in that in the previous analysis [28] only the
channels (lepton+>4jets) are considered. In fact, most
of the asymmetry in both the previous analysis [28] and
current one [27] comes from lepton+>4jets channel with
one b tag, meanwhile the lepton+3-jets channel makes a
negative (opposite to the contribution of lepton+4-jets)
contribution to the lepton forward-backward asymme-
try to reduce the value of AL;. Namely, the numerator
of the asymmetry ALy decreases while the denominator

slightly increases. Their re-analysis indicates that Al
is determined by the lepton+4-jets channel with one b
tag is 16.3+£4.8% and its relative weight decreases from
50%, as given in Ref. [28], to 24%, as given in Ref. [27].

Even though the top quark forward-backward asym-
metry needs a full reconstruction of the tt decay chain
[28], the asymmetry of top quark only concerns the on-
shell top quark. Therefore, to evaluate the top asym-
metry AbLg, we only need to include the part of ALy
that comes from the on-shell top quark. The previ-
ous analysis on lepton forward-backward asymmetry in-
cludes only on shell top quarks, while in Ref. [27] the
corresponding analysis of ALy contains contributions of
both off-shell and on-shell top. In fact, the lepton+3
jets-events mainly come from off-shell top quark and,
therefore, do not make a substantial contribution to Al.
Thus, the new result given in Ref. [27] do not drastically
change the experimental value of the top quark forward-
backward asymmetry Abg, thus our general conclusion
does not change; that is, if one still uses the lepton+4-
jets events to reconstruct the tt production, then the
original AL ~15.24+4.0% would be unaffected and even-
tually the reconstructed A}y should remain unchanged,
thus the allowed parameter space for LHM which we ob-
tained would be the same as given in the text.
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