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asymmetry AtFBAFBtA_ {FB} "t in the left-right twin Higgs model, we choose
to give up the lightest neutral particle of hPh field as a stable dark matter
candidate. Then a new
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## Abstract

In order to explain the Tevatron anomaly of the top quark forward-backward
asymmetry A% p in the left-right twin Higgs model, we choose to give up the
lightest neutral particle of the h field as a stable dark matter candidate. This
allows a new Yukawa interaction for h that can be free from the constraint of
same-sign top pair production and contribute sizably to A% 5. Considering the
constraints from the production rates of top quark pairs (¢t), the top decay rates,
and the t¢ invariant mass distribution, we find that this model with such a new
Yukawa interaction can explain A%, measured at the Tevatron while satisfying
the charge asymmetry Atc measured at the LHC. Moreover, this model predicts
a strong correlation between A% at the Tevatron and A%, at the LHC, i.e., A
increases as A% p increases.
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PACS numbers: 14.65.Ha, 12.60.Fr, 14.80.Ec, 14.80.Fd
#+# Introduction

The forward-backward asymmetry A%, in top quark pair production has been
measured by both experimental groups at the Tevatron. The CDF collaboration
measured the asymmetry in the £+ channel and obtained A% ;(CDF) = 0.158+
0.074 [1], which is nearly consistent with the DO result A 5(D0) = 0.19 +0.065
[2]. These results exceed the Standard Model (SM) prediction A% 5(SM) =
0.009, which arises from NLO QCD diagrams [3]. Including the resummation
of soft-gluon emission at NNLL, Ref. [4] gives the currently most precise QCD
prediction of 0.072f8:8(1)%. The CDF collaboration also reported an abnormally
large value of A%, for M,; > 450 GeV [1], which, however, is not confirmed by
the DO collaboration [2].

To explain A% 5, various attempts have been made, such as via the s-channel
exchange of an axigluon [5] or the ¢t-channel exchange of Z’, W', and a scalar
[6-12], or through an effective model-independent approach [13, 14]. In this
work, we will attempt to explain A%, in the framework of the left-right twin
Higgs model (LRTH) [15-17].

In this model, a discrete left-right symmetry ensures the absence of one-loop
quadratic divergence of the SM Higgs mass, which emerges as a pseudo-
Goldstone boson once a global symmetry is spontaneously broken. The
resulting Higgs boson mass is naturally around the electroweak scale when
the cutoff scale of the theory is around 5-10 TeV. In the original LRTH, the
lightest neutral particle of the h field is stable and thus can be a candidate for
a weakly interacting massive particle (WIMP) dark matter [18]. We found that
the original LRTH does not contribute sizably to A% 5, so we choose to give up
the dark matter candidate. This allows a new Yukawa interaction for iz, which
is found to contribute sizably to A% 5.

In our analysis, we will consider the following observables: (1) A% in the t¢
rest frame at the Tevatron, which is defined by [10]:

Al = AR x R+ AP x (1—R)
where A%l\g, = 0.058 is the asymmetry in the SM, and

onp(Ay > 0) — oxp(Ay < 0)
onp(Ay > 0) + onp(Ay < 0)

NP _
App =
g
R = NP
Osm T OnNp

are the asymmetry induced by new physics and the fraction of the new physics
contribution to the total cross section, respectively. Ay is the rapidity difference
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between a top and an anti-top. (2) The charge asymmetry of ¢f production at
the LHC, defined by

AL = AN x R+ AM x (1 - R)

where APM = 0.013 is the asymmetry in the SM [20], and

ANP _ onp(m] > ngl) — onp(Ine| < |nzl)

oxe(lne] > [nz]) + one (0] < [mg])

g
R = NP
OsMm T Onp

are the asymmetry induced by new physics and the fraction of the new physics
contribution to the total cross section, respectively. 7, and n; are respectively
the pseudo-rapidity of the top and anti-top quark in the laboratory frame. This
asymmetry reflects that the top quarks on average are more boosted than the
anti-top quarks, which is sensitive to new physics beyond the SM [14, 19]. The
CMS collaboration has recently measured this quantity with an integrated lu-
minosity of 1.09 fb~! and obtained A%, = 0.0307)-015, which is consistent with
the SM prediction [20]. The uncertainties of the ATLAS measurement of the
charge asymmetry are of similar size to the CMS result [21].

(3) The tt total production cross sections at the Tevatron and LHC. The
current cross section measured at the Tevatron is o4, = 7.50 £+ 0.48 pb
for m, = 172.5 GeV [22], while the SM cross section is ogy = 7.467055
pb from [24]. The tt total production cross section measured recently at
the LHC with center-of-mass energy 7 TeV is o, = 176 £+ 11.9 pb from

ATLAS [25] and o, = 168 4 11.6 pb from CMS [26], while the SM cross

section is oy = 165.8073 g5 pb from [23] and ogy = 157.927579 pb from

[27]. Here, we conservatively require 0 < oyp/ogy < 0.3 for the Tevatron
and 0 < oyp/ogy < 0.25 for the LHC.

exp

(4) The top quark can decay into a light quark and a scalar particle if the
scalar mass is light enough. The measurement of the total top width
is T'PP = 1.9970-52 GeV [28], which is in agreement with the SM value
I'*M = 1.3 GeV, setting a limit on the partial width of any new decay
mode.

Finally, we will discuss the constraints from the experimental data on the tt
invariant mass distribution and single top quark production.

This work is organized as follows. In Sec. II, we briefly review the left-right
twin Higgs model and introduce a new Yukawa interaction for h. In Sec. III,
we study the top quark observables mentioned above, focusing on the top quark
forward-backward asymmetry at the Tevatron and charge asymmetry at the
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LHC under the constraints of the other observables. Finally, we present our
conclusion in Sec. TV.

#+# 11. LRTH Model with New Yukawa Interaction

The LRTH model [16, 17] has a global symmetry U(4) x U(4) with a gauged
SU(2);, x SU(2)p x U(1)g_1, subgroup. The twin symmetry is identified as a
left-right symmetry that interchanges L and R, which implies that the gauge
couplings of SU(2); and SU(2)p are identical (go;, = gog = 9a)-

A pair of Higgs fields, H and H, are introduced, which transform as (4,1) and
(1,4) respectively under the global symmetry. They can be written as

H 5 (H
H= L H= (.t
() 7= (i)
where Hp p and H L.r are two-component objects charged under SU(2), x
SU2)p x U(1)g 1 as Hy and H;: (2,1,1); Hp and Hp: (1,2,1).

The SM-like Higgs doublet A = (A, h%)T and the new doublet h = (h*, h%)T
reside in H; and H 1, respectively. Each Higgs acquires a non-zero VEV as
(H) = (0,0,0, /)T, (ﬁ) = (O,O,O,f)T, which breaks one of the U(4) symme-
tries to U(3) and yields seven Nambu-Goldstone bosons. The gauge symmetry
SU(2);, x SU(2)p xU(1)g_;, is broken down to U(1)gy,, and six of the fourteen
Goldstone bosons are respectively eaten by the SM gauge bosons W and Z, and
additional gauge bosons Wy and Zj; with masses of a few TeV. In addition to

the SM-like Higgs, we are left with two neutral pseudoscalars ¢° Aand /L one
neutral scalar S, and the charged scalars ¢* and h*. Here S and A come from
hO = (S +iA)/V2.

The SM quarks and leptons are charged under SU(2); x SU(2)p xU(1)p_;, as

L, = (”La) (2,1,-1), Qu.= (“La> £ (2,1,1/3)

€La dLa

LRa = (:ﬁz) : (1727_1)a QRa = (Z}z(X) : (1’2’ 1/3>

(0%

with « being the family index.

After the doublet h residing in H;, acquires the VEV, v =~ 246 GeV, the masses
of the first two generation quarks and the bottom quark can be obtained from
[17]

ya " * y(/)z ~
Lyukawa = Tf(QLaT2HL>(H£TQQRB) + TAB(QLaHL)(H};QRB) +h.c.
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where 7, = 0y (04 is the Pauli matrix). The Yukawa interaction of leptons is
similar to Eq. (11).

In order to explain the top quark forward-backward asymmetry at the Tevatron,
we add the new Yukawa interaction:

/

Kag 5 (T FaB 5 froyvat
Lew = K(QLQTQHLXHRTQQRL%) + X(QLQHL)(HRQRM + h.c.

Since the VEV of H 1, equals zero, this interaction cannot produce mass terms
for SM quarks. With the mass eigenstates and the expressions of H; and Hp
shown in [17], we obtain the following couplings:

1

’Cint = K

[(Xu)aﬂaail‘ouRﬁ + (Xd)aﬁjah_ul%ﬁ + (VgKMXu>aBJaB+dRB + (VCKMXd)aﬁaah+dRﬁ +h.c.

To satisfy the constraints from flavor processes and electroweak data, we con-
sider two cases for the mixing matrices X,, and X, (the detailed analysis was
given in [11]):
(i) Case I:

(Xu>a1 = Hl(VCKM)a& (Xu)a2 = 07 (Xu>a3 = 0 and (Xd>o¢ﬁ =0.
From Eq. (13),

we obtain the coupling

Line = 1 [(VCKM)QS?LO{LauR + (VCKM)a:jfﬂabR] +h.c.

with 4, = K, f/A.

(ii) Case II: (X, ),5 = 0 and (X;),5 = 0 except for (X;)3; = ky. From Eq.
(13), we obtain the coupling

Sl =y [W0dg + (Voxar) s Mg dg] + hec.

with y, = Ko f/A.

The cutoff scale A is typically taken to be 47 f with f as low as 500 GeV.
Sometimes A = 27 f is also considered [17]. The scale f can be determined from
the electroweak symmetry breaking condition. At a rough estimate, f is five
times f or more [17, 29].

For Case I (Case 1I), S and A from h° = (S + zfi)/x/ﬁ (h*) can contribute to
the top quark forward-backward asymmetry at the Tevatron via the t-channel

exchange of such a scalar. This also implies that S or A can no longer be
candidates for WIMP dark matter.

The Coleman-Weinberg potential and the soft left-right symmetry breaking
terms (the so-called p-term) can give masses for h* and h° as [17]
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A? -
=m2, = 155 [N+ g(miy) + g3(miy,) + gf(m%,)] In —5 +p° cos a+

Uy

mh L mA + /1,
where z = f /f and the last two terms are from the p-term. We neglect the
small mass splitting between h° and h* due to electromagnetic interactions.
Note that /i? could have either sign, which allows us to vary the masses of h°
and h* as free parameters.

Due to an additional phase factor 7 in the Yukawa coupling of A the contri-
butions of S and A to same-sign top pair production are destructive, and such
contributions can even be canceled for degenerate masses of S and A. Thus, the
LRTH with this new Yukawa interaction can be free from the strong constraints
from tt production rate reported by the CMS collaboration, o(tt) < 17 pb at
95% C.L. [30].

In fact, we can still introduce a parity in the model under which H is odd
while all other fields are even. The non-renormalizable interaction of Eq. (12) is
invariant under this parity. This parity can forbid the renormalizable interaction
between H and fermions, especially the top quark. The top quark mass can still
be obtained from the renormalizable interaction shown in the original LRTH
[17].

## II1. Calculations and Discussions

In our calculations, we take m, = 172.5 GeV and use the parton distribution
function CTEQGL [31] with renormalization scale and factorization scale pp =
tr =m,. We assume that the K-factors are universal, so that QCD correction
effects cancel in the ratios oxp/ogy and oxp/(0gy + onp), making them the
same at LO and NLO.

H#H#4# A. Case I: S and A

For Case I, the matrix element M of the process u(p;)u(py) — t(ky)t(ky),
including SM, new scalar S and A contributions, can be written as in Ref. [12]:

M2 = | Mgn[* + M0 * + 2Re(M gy M, )

where

yt 52 t2 + u? + 2sm?

T2 e m2 ) T G—me)u—m2,)
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with s = (py +p2)%, t = (py — k)%, u= (py — ko), and y = V2y,.

In Fig. 1 [Figure 1: see original paper], we plot the new physics contributions to
tt production rates at the Tevatron and LHC normalized to SM values, and the
decay width of t — u.S, uA versus m;, for Case I. We find that the contributions

of S and A to the #f cross section can be positive or negative, depending on the
coupling constant y; and their masses. Since the gg process dominates the tt
cross section at the LHC and the contributions of S and A are from the ua
process, the magnitude of oyp/ogy at the LHC is smaller than that at the
Tevatron. The ¢t cross section measured at the Tevatron gives the strongest
constraint on the parameters y; and m;,. For example, the measured value
requires mj, to be larger than 1200 GeV (2000 GeV) in addition to a narrow
intermediate region for y; = 1.0 (1.6). The ¢¢ cross section measured at the
LHC and the top quark decay width can hardly provide further constraints.

In Fig. 2 [Figure 2: see original paper], we plot the top quark forward-backward
asymmetry A% at the Tevatron and charge asymmetry A% at the LHC for Case
I. We see that A%, can be enhanced sizably for very low values of M30, Can
exceed 0.1 for larger values, and can be negative in the intermediate region. For
the large m;, region, the left panel of Fig. 1 shows that oyp/ogy is negative,
which can play a positive role in enhancing A% 5 according to its definition
shown in Eq. (1) and Eq. (3). The dependence of Af, on y; and m;, is similar
to that of A%, and it remains within the 1o range over large parameter spaces.

In Fig. 3 [Figure 3: see original paper|, we scan the parameter space 100 GeV <
mj,e < 2000 GeV and plot A% versus A% under the constraints of the three
observables shown in Fig. 1. We find that A% and AL have a direct corre-
lation, and the former always increases as the latter increases. The AL, can
be explained to within 1o and reach 0.1 while A}, remains within 1. For A%
in the range between 1o and 20, A%, can reach 0.24. If future more precise
measurements at the LHC show that AtC is smaller than 0.0125, the model will
lose its ability to produce a large A%.5 at the Tevatron.

##+# B. Case II: h*

For Case II, the matrix element M of the process d(p;)d(py) — t(ky)t(ks),
including SM and h™ contributions, is the same as Eq. (18), but replacing m;,
and y; with m;. and ys.

In Fig. 4 [Figure 4: see original paper], we plot the new physics contributions to
tt production at the Tevatron and LHC normalized to SM values, and the decay
width of t — dh™ versus m;, for Case II. Compared to Case I, the magnitude of
onp/ogy at the Tevatron and LHC for Case II is less sizable due to the smaller
parton distribution function of the d quark. Therefore, a broader region of the
parameter space for Case II is allowed by the related experimental data on the
top quark. For example, m; . is required to be larger than 180 GeV (450 GeV)
for y, = 1.0 (1.6).
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In Fig. 5 [Figure 5: see original paper|, we plot the top quark forward-backward
asymmetry A% at the Tevatron and charge asymmetry Al at the LHC for
Case II. The A% can be enhanced sizably for very low values of mj,., can be
negative in the intermediate region, and can be outside the 1o range for large
values, which differs from Case I. The A% can still be within 1o over most of
the parameter space.

In Fig. 6 [Figure 6: see original paper], we scan the parameter space 100 GeV <
mj,. < 1000 GeV and plot A% versus Af under the constraints of the three
observables shown in Fig. 4. We find that a relatively large parameter space
scanned is allowed by the three experimental data sets on the top quark. The
Al is outside the 1o range when A% is within 1o, and reaches 0.13 when A%,
equals 0.035 (at 1.50). The measurement of A% 5 at the Tevatron is complemen-
tary to AL at the LHC.

### C. Other Discussions

The tt invariant mass distribution was measured by CDF, and the results are
presented in nine bins of M,; [32], which does not provide a solid constraint on
this model since QCD corrections and cut efficiencies may significantly modify
the shape of the differential distribution do/dM,; [7, 8, 33]. However, we fur-
ther examine the constraints from the invariant mass distribution by requiring
the differential cross section in each bin to be within the 20 regions of their
experimental values. We scan y; (y,) and mj, (m;,) in the region where the
total width of the top quark and ¢t production cross sections at the Tevatron
and LHC are in agreement with the corresponding experimental constraints.
We plot A% 5 versus AL for Case I and Case II in Fig. 7 [Figure 7: see original
paper], where A%, is within the 1o range of the experimental value.

From Fig. 7, we find that the constraints from the #¢ invariant mass distribution
can further exclude some values of ALz and AL. For Case I, our previous
conclusions are unchanged. For Case II, some large values of A% are disfavored
by the invariant mass distribution constraints.

The values of y; (y,) and m;, (mj,.) corresponding to Fig. 7 are shown in Fig.
8 [Figure 8: see original paper]. When 0.6 < y; < 0.75 (0.6 < y, < 0.7) and
100 GeV < mj, < 200 GeV (100 GeV < mj. < 140 GeV), A%y is allowed to be
within the +10 (—10) range for Case I (Case II). In such parameter space, this
model can best fit the experimental data of A% ;. When y;(y,) = 0.6, k1 (ky)

should be around 1.5 for A = 27 f and 3.0 for A = 4n f taking f = 5f (see Egs.
(14) and (15)). Thus, an unnaturally large x4 (ky) is not necessary for A 5 to
be within the 1o range.

For Case I, S (/i) can decay into an up quark and an up-type quark. For Case II,
h* can decay into a down quark and an up-type quark. Except for decays into
the top quark, other decays are suppressed by the corresponding mixing matrix
element. For masses of these scalars much larger than the top quark mass, their
total widths can reach half of their masses taking y; = y, = 1, respectively.
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We find that the value of A%, does not change sizably when varying the width
from zero to half the scalar mass, especially when A% is within the +10 range
for Case I and within the 1o range for Case II. The reason is that the widths of
these scalars are very small for such values of A%, which can be derived from
the parameters shown in Fig. 8.

The DO collaboration has recently measured the single top quark production
cross section at the Tevatron by requiring one b-jet in the final states and ob-
tained o(pp — tgb + X) = 2.90 4+ 0.59 pb [34], where ¢ is a light quark. The
experimental value is in agreement with the SM ¢-channel tbq result of 2.264-0.12
pb. For Case I and Case II, single top quarks can be produced by the processes
gu — tSA‘(/i) and gd — ﬁf, respectively. In Fig. 9 [Figure 9: see original paper],
we plot A% 5 versus the cross sections of single top quark associated with scalar
production at the Tevatron for Case I and Case II. We find that the cross sec-
tions can exceed 1 pb when A% is larger than 0.15 for Case I and 0.1 for Case
II, respectively. However, given that S , fi, and h* cannot decay into a bottom
quark, this constraint is not applicable to our model due to the lack of a b-jet
in the final states. A dedicated study is required to establish the applicability
of the single top measurements at the Tevatron to our model.

In the LRTH model, there exist additional heavy gauge bosons from the SU(2) 5
symmetric sector, dubbed W and Zp, which can also contribute to the top
quark forward-backward asymmetry. In this model, the SU(2), p coupling
constants g; and gp are identical. Experimental limits favor that the quark
mixing matrices in the left- and right-handed sectors are the same [17]. For this
case, Ref. [9] shows that the value of A%, produced by Wi and Zy is much
smaller than the experimental value. Compared with the contributions of ?Li,
S, and A, their contributions can be safely ignored.

#+# IV. Conclusion

In the framework of the left-right twin Higgs model, we introduced a new
Yukawa interaction for the doublet h, which means the lightest neutral par-
ticle of A can no longer be the dark matter candidate. Such a new Yukawa
interaction was found to contribute sizably to the top quark forward-backward
asymmetry A%, at the Tevatron. Under the constraints from related experimen-
tal data on the top quark, we found that the Tevatron A%, can be explained
while the LHC charge asymmetry AL, measurement can also be satisfied.

Although explaining A% 5 by extending the Higgs sector has been studied in
some papers, most of them do not propose a realistic model. By introducing
the new Yukawa interaction, we make the LRTH a realistic model that can
solve the hierarchy problem in addition to explaining A‘.;. Furthermore, the
degenerate masses of S and A can naturally avoid the strong constraints from
same-sign top pair production at the LHC, allowing A% 5 to reach 0.24.
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