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Top forward-backward asymmetry with general Z’' couplings
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The measurement of the top forward-backward asymmetry in ¢7 production measured at the Tevatron
shows deviation from the standard model prediction. A u — ¢ transition via a flavor-changing Z’' can
explain the data. We show that left-handed 7, u; Z' couplings can be constrained from B, mixing while
the constrains on the right-handed couplings tzugZ’ vanish in the limit of m, — 0. We then consider the
most general form of the fuZ’ interaction which includes vector-axial vector as well as tensor type
couplings and study how these couplings affect the top forward-backward asymmetry.
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The top quark with its high mass may play a crucial role
in electroweak symmetry breaking. Hence the top sector
may be sensitive to new physics (NP) effects that could be
revealed through careful measurements of top quark prop-
erties. The top quark pair production in proton-antiproton
collisions at the Tevatron collider with a center-of-mass
(CM) energy of /s = 1.96 TeV is dominated by the par-
tonic process gg — tf. Recently the CDF experiment has
reported a measurement of forward-backward asymmetry
in 17 production which appears to deviate from the standard
model (SM) predictions. The CDF collaboration measured
the forward-backward asymmetry(Agg) in top quark pair
production in the 7 rest frame to be Al = 0.475 + 0.774
for M,; > 450 GeV [1], which is 3.40 deviations from
the next-to leading order (NLO) SM prediction Af; =
0.088 # 0.013 [2-5]. The D@ collaboration also observed
a larger than predicted asymmetry [6].

The current measurement of the top quark pair produc-
tion cross section from 4.6 fb~! of data at CDF is

o = (7.50 + 0.48) pb, (1)

for m;, = 172.5 GeV [7], in good agreement with their SM
predictions by Langenfeld et al. o; = 7.4670 pb [8],
Cacciari et al. o; = 726701 pb [9], Kidonakis o,; =
7.2970:22 pb [10], and recent Ahrens et al.’s significantly
low value o;=6.30=0.19%31. pb [11]. Hence new
physics models that aim to explain the Apg measurement
must not change the production cross section appreciably.
Many NP models that affect Agg, either via s-channel
[12-30] or t-channel exchange of new particles [31-57]
have been proposed to explain the forward-backward
anomaly. Here we will focus on the model with a Z’ boson
that has a flavor-changing ruZ' coupling. This coupling can
contribute to ¢7 production at the Tevatron via the t-channel
exchange of the Z' boson (see Fig. 1(a)). The Agg
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measurement can be explained with a light Z' with a
mass around 150 GeV and flavor-changing ruZ' cou-
pling of g, ~ O(g) where g is the weak coupling.
One can take higher Z' masses which requires larger
guz = 1 values [58].

Flavor-changing neutral current (FCNC) effects in the
SM are tiny and satisfy the condition of natural flavor
conservation proposed by Glashow, Weinberg and
Paschos in 1977 [59]. The condition of natural flavor
conservation can be avoided if quarks of the same charge
couple to more than one Higgs or their couplings to a new
vector boson (e.g. a Z' boson) are different for different
generation. To date there is no experimental evidence of
FCNC effects beyond those expected from the SM. There
are some anomalies in the B system which might require
new physics to resolve, but the NP-generated FCNC effects
that are needed in the B system are much smaller than the
one needed to resolve the top Agg [60]. A tree-level dbZ’ or
a sbZ' coupling is strongly suppressed by B, mixing. A
tree-level tq’Z’ coupling, where ¢’ = u, c, t, will generate
an effective bgZ'(q = d, s) coupling through a vertex cor-
rection involving the W exchange [61] (see Fig. 1(b)). The
B, mixing constraints on these effective vertices would
then lead to constraints on the zg’Z’ coupling. The vertex
corrections are divergent and can be regulated by a cutoff
A, which represents the scale of NP in an effective theory
framework. In NP models where there are no bare bgZ’
couplings, the vertex corrections with a chosen A can be
used to constrain the 7¢'Z’ coupling from B, mixing mea-
surements. We will take the scale of new physics to be
~TeV. In specific complete models A will represent the
mass of some new particles. In models of NP where there
are bare bgZ' couplings the vertex correction will renor-
malize the bare bgZ' vertices to produce the renormalized
vertices U ,. These renormalized vertices can then be fitted
to B, mixing data. Assuming the vertex corrections to be
less than or at most the same size of the bare couplings one,
we can obtain bounds on the tgZ’ couplings by requiring
the generated bgZ' coupling to be = U, It is possible to

© 2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.84.054018

DURAISAMY, RASHED, AND DATTA

u t

u

PHYSICAL REVIEW D 84, 054018 (2011)
q(=d,s)

q(=uct)

q(=uct)

FIG. 1. Left panel(a): Tree-level ¢7 production diagram involving the Z’ exchange. Right panel(b): Tree-level diagram with tq'Z’
coupling (¢’ = u, ¢, t) which generates an effective bgZ' (¢ = d, s) coupling through a vertex correction involving the W exchange.

have models where large bare bgZ' couplings cancel with
large vertex corrections to produce small renormalized
bgZ' vertices consistent with experiments. We will not
consider these finely tuned model.

When the vertex corrections are computed, one finds that
right-handed 7uZ’ couplings do not contribute to B, mixing
in the limit of setting the up quark mass to zero. We note
that 7#Z’ couplings do not have such suppression and will
contribute to B, mixing via the vertex corrections. Even
though the ##Z’ coupling does not contribute to the top Agg,
in specific models of NP this coupling may be related to the
FCNC coupling tuZ' [62]. It turns out the B, mixing
constraints on #Z' are weak because of the small
Cabibbo-Kobayashi-Maskawa (CKM) elements Vi, and
not because of right-handed couplings. The 1gZ'(q =
u, ¢, t) couplings via box diagrams can produce an effective
d(3)biiu operator that can contribute to decays like
B — K(K")w(n, n'p) or B— a(p)m(p), etc. decays.
The effects of these new operators can be observed in
CP-violating and/or triple product measurements [63].
However, these effective operators only modify the SM
Wilson’s coefficients in the SM effective Hamiltonian and
so the CP-violating predictions and/or triple product mea-
surements should be similar to the SM for a reasonable
choice of 1qZ'(qg = u, c, t) couplings.

We will next consider the most general tuZ' couplings
including both vector, axial vector, and tensor
(T}:r,l,tq
plings on the top Agg. The interesting feature about these
tensor couplings are that we can avoid the B, mixing
constraints due to the suppressions of these operators at
low energies [64]. The momentum dependence of these
operators imply that at the b quark scale these operators
will be suppressed by ~my/m, and consequently the B,
mixing constraints will be weak for these operators.

The paper is organized in the following manner. In the
next section we discuss the Bq(q = d, s) constraints on
the ruZ' operators. In the following section we introduce
the general fuZ' coupling including tensor terms and
study the effects in the top Agg. This is followed by the
section on the t — uZ’ branching ratio calculations. In the
final section we present our conclusions.

couplings(~ ) and study the effect of these cou-

I. CONSTRAINTS ON tg'(=u, t)Z' COUPLINGS
FROM B, ,) MIXING

In general, new physics contributions to the mass dif-
ference between neutral B, meson mass eigenstates (AM )
can be constrained by the AM, experimental results. In the
SM, BY — BY mixing occurs at the one-loop level by the
flavor-changing weak interaction box diagrams. The mix-
ing amplitude MY, is related to the mass difference AM,,
via AM, = 2|M1,|. The recent theoretical estimations for
the mass differences of BY — BY and BY — BY mixing [65]
at 1o confidence level are

(AM)M = 16.872¢ ps~!,

(2)
(AM )M = 0.55570073 ps~ 1,
0.046

The latest measurements of mass difference by CDF [66]
and D@ [67] for B, mixing are

AMp = (17.77 * 0.10(stat.) = 0.07(syst.)) ps~"

AMp = (18.53 * 0.93(stat.) = 0.30(syst.)) ps~'. ©)
The Heavy Flavor Averaging Group value for the mass
difference of BY — BY mixing is AMpy (exp) = (0.507 +
0.004) ps~!' [68]. The experimental results for the mass
differences of both BY — BY and B} — BY mixing are con-
sistent with their SM expectations. Hence, the mass differ-
ence results can provide strong constraints on NP
contributions.

In this section we will consider the B, mixing con-
straints on the 7q¢'(= u, 1)Z' couplings.

A. tuZ' left-handed coupling

The most general Lagrangian for flavor-changing ruZ’
transition is [69]

ag
Loz =l y#a+ by + 22 + dy) |24 @
m;
where ¢ = p, — p,. In general, the couplings a, b, c and
d are complex and can be momentum-dependent (form
factors). In this work we will take the couplings to be
constants with no momentum dependence. Consider the
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tuZ' vertex witha = —b = gk, and ¢ = d = 0in Eq. (4).
This generates effective bgZ'(q = d, s) coupling at one-
loop level due to W exchange. We obtain the bgZ’ coupling
in the Pauli-Villars regularization as

Ly = Ugpqy*(1 — ys)bZ), &)

where

Uqb = _M2 ( uq

lM \/_
| [xtLog[z—;] - Logl

+ Vt*q Vub)

A—22
My ] (6)

where A ~ TeV is a cutoff scale, and x, = m?/M3,. The
function Uy, includes only the contribution from the w
boson, and the contribution of the associated Goldstone
boson in the SM is the order of m, /My,. Note that for B,
mixing the coupling gL, is associated with the CKM factor
v thb 1, and thus one can expect a strong constraint on
gk, from the mass difference AM .

A tree-level exchange of the Z' generates the AB = 2
effective Lagrangian responsible for the neutral B, meson
mixing

(x,— 1)

82

U2
AB=2 _ _gqb
H Y =

ZI

(@b)y—a(@b)y_a, (7

where (gb)y_4 = gy*(1 — vy5)b, and the QCD correction
factor nz = [a,(My)/ay(m,)]°/*. The Z' contribution to
the B, mixing amplitude can be obtained by using the
vacuum insertion method as

2
(MY =220 i 1, B ®)
12 3 M2 NzMp,JB,Pq
Z!

In the presence of new physics, the mixing amplitude
M1, can be parameterized by complex parameters A q 165]

For A; constraint
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FIG. 2 (color online).
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Mfz = [M‘IIZ]SMAL]. 9)

In our case, A, = IAqu"‘l’ﬁ =1+ ML /IM,TM. A
global analysis on the parameters |A | and qﬁﬁ for B, — By
and B, — B, mixing are carried out in [65]. The best fit
results for A ; and A in this analysis at 1 o confidence level
(scenario I) are

1Al = 07477008, ¢F =—12973%, (10
and

1A, | = 0.88710.8,

—51.678%2" or  —130.0713". (11)

The A, constraint in Eq. (10) on the coupling g%, at
m,(m,) = (165.017 = 1.156 = 0.11) GeV  [65], BM =
27.2+11° [65], and M, = 150 GeV is shown in Fig. 2.
The numerical values of all other theoretical inputs can be
found in [65]. They are varied within 1o errors in the fit.
The cutoff scale A is varied between 300 GeV to 2 TeV.
The green scatter points in Fig. 2 satisfy only |A,| in
Eq. (10), while blue points satisfy both |A,| and ¢4 in
Eq. (10). The results indicates that B; mixing can strongly
constrain the tuZ' coupling g% even at A = 300 GeV. In
particular we note that the maximum value for |gf | is
around 0.2 and is associated with a large phase. In fact
there are no real g%, that satisfy the B, constraint.

On the other hand, Fig. 3 suggests that the constraints
from B, mixing on the tuZ' coupling gl are weaker
(~ 0(1)) even at A =2 TeV. This can be understood
from the fact that the B, mixing contribution in this case
is associated with the CKM factor V;,V,, and is sup-
pressed. The (green, blue, red) scatter points in Fig. 3
are constrained by (JA[], {|A,], 2 = —51.670%4>"},
{IAl, & = —130.0713°}) in Eq. (11), respectively. The
large negative phase ¢ prefers large gk values.

For A; constraint

L
18wl

500 1000 1500 2000
A [GeV]

lgk | vs Arg[gk J[Deg] (left panel) and |gk,| vs A[GeV] (right panel) for B, mixing. Green scatter points are

constrained by |A,|. Blue scatter points are constrained by |A,| and ¢4.
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For A; constraint

500 1000 7 1500 2000
A [GeV]

lgk | vs Arglgk 1[Deg] (left panel) and |gL,| vs A[GeV] (right panel) for B, mixing. Green scatter points are

constrained by |A . Blue scatter points are constrained by |A,| and ¢4 = —51.67142". Red scatter points are constrained by |A ;| and

$3 = —130.0713".

B.tuZ' right-handed coupling

We now consider the ruZ' vertex with right-handed
couplings, a = b = gp, and ¢ = d = 0. The contribution
of this vertex to M, is suppressed by m?/m%,. Hence, the
right-handed coupling g cannot be constrained by B,
mixing.

Finally as indicated in the earlier section, the left- and
the right-handed couplings generate via the box diagram
effective gbitu (¢ = d, s) operators. These operator can be
constrained by observables in nonleptonic B meson decays
like B — /K. These operators change the Wilson’s
coefficients of the SM effective Hamiltonian with the
change being ~1072 at the scale u = My, for M, =
150 GeV and gk, g® ~ O(g). Since the generated NP
physics operator structures are similar to the SM there
are no easy way to detect their presence. A detailed fit to
all the nonleptonic data may provide constraints on the
couplings g=® which we do not perform in this work.
Some analysis along this line has been done for tdW’
coupling in [70].

C. ttZ' coupling

For completeness, next we consider B, mixing con-
straints on the 7tZ’ couplings. The Lagrangian for the
1tZ' interaction is

Loz =1ghy*(1 — ys) + ghy*(1 + ys)tZ),.  (12)

Again, we evaluate the one-loop diagram (see Fig. 1(b))
in the Pauli-Villars regularization and obtain the effective
Lagrangian for bg(= d, s)Z' interaction as

L}, = Ul,gy*(1 = ys)bZ,, (13)
where
I — Gr 2
Uqb = ﬁMWthvtbftt(A’ x,), (14)
with

1 I -y xA?
oo ] ool
flt( xz) (477_2) fO dx[() dy[gtt< 0g M%VD,,

+1 x%)+ % (1L0[xA2 :|+ 1)]

—_—— x — S — [ R

2p,) " 2 %2, 1" D,
(15)

and D,, = x + (1 — x)x,. The function f,, includes both
the W boson and the associated Goldstone boson con-
tributions. The 7#Z’ contribution to the B, mixing am-
plitude is

4[U,P
3 M

(M3, = nzmg, f3 B, (16)

Both B; — B, and B, — B, constraints in Egs. (10)
and (11) can allow large ~O(1) values for g&*.

II. TOP QUARK FORWARD-BACKWARD
ASYMMETRY

In this section, we calculate the top Agg, keeping in mind
the constraints derived on the coupling from the previous
section. The most general Lagrangian for a flavor-changing
tuZ' interaction is given in Eq. (4). This interaction can
contribute to uit — 17 scattering amplitude through the t-
channel exchange of the Z’ boson (see Fig. 1(a)). The tree-
level differential cross section for gg — tf process in the 17
CM frame including both the SM and for Z’ contributions is

do B:
_— + _a + 1), 17
T eost 327T§(~7lSM Asm-z + Az) (17)

where § = (p, + p;)? is the squared CM energy of the 7

system, B, = +/1 — 4m?/§, and the polar angle 6 is the
relative angle between direction of motion of the outgoing
top quark and the incoming q quark. The quantities A gy,
Agm-z, and A, denote the leading order SM, the inter-
ference between the SM and Z', and the pure Z' scattering
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amplitudes, respectively. These amplitudes can be obtained
in terms of kinematic variables 6 and § as

2g4 4m?
.?1SN1::—?;—[1 +‘C§'+ t],

§

242 F— M2,
A ,/=_S[A z ] +£2)
M9 (- ML)+ MAT, (fi+£2)

1 1
Az _Z[(i—M;P +M§,F§,](f3 thatf) a8)

Where ¢, = B,cosf, and = (pg — p)? = —58/2(1 -
B, cosf) + m?. The functions f;s (i = 1-5) can be found
in the Appendix. Here we assume the couplings a, b, c and d
to be real. Our results for 7z production are obtained by the
convolution of the analytic differential cross section of
Eq. (17) with the CTEQ-5L parton distribution functions
[71] implemented in MATHEMATICA. We expect the MSTW
2008 [72] parton distributions to give compatible results.

The forward-backward asymmetry of the top quark in
the ## CM frame is defined as [73]

OfF — 0B

Al =—"——7, 19
FB OF + Op ( )
where
1 do 0 do
= d coso, = d cosé.
IF /o d cosf cos 9B /‘71 d cosf cos
(20)

In our analysis, we choose some representative values
for the couplings a, b, ¢, and d to generate large forward-
backward asymmetry A{fB for high M,; ( > 450 GeV) with-
out distorting the shape of the mass spectrum do,;/dM,;.
We fix the renormalization and factorization scales at
Mr = up = m, We evaluate A{:’_B which includes the

NLO SM and the Z’ contributions at m, = 172.5 GeV.

a= —b= |gl|= 0.257, c=d=0
0.6 T T T T

0.4r

0.2F

rt
FB

A

0.0 [ - - = <= --ccmmneccenaeeaeaas -

-0.21

400 500 600 700 800 900
Mt ;[GEV]

FIG. 4 (color online).
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Also, we apply a QCD K-factor K = 1.3 to the tree-level
cross section in order to match the SM prediction for o ;.
We consider the Z’ boson with mass M, = 150 GeV and
width I, = 0 for the numerical analysis.

A. Pure vector-axial vector couplings:
a= * b and c=d=0

This case has already been considered before [31], but
only right-handed couplings were considered. Here we will
consider both right- and left-handed couplings. We take the
representative values of the couplings a = —b = |gh| =
0.257, and ¢ = d = 0. This value for g%, satisfies the |A |
constraint but not the phase qﬁﬁ constraints from B, mixing
(see Fig. 2). For these values Afl; can be explained within
one o error of its measurement for M,;; > 450 GeV. In
Fig. 4, we show the M,; distribution for the ¢7 observables
AL, and o ;. The differential distribution, do,;/dM;, has
been measured in eight different energy bins of M for
m, = 175 GeV in Ref. [74]. Our distribution of do;/dM ;
is consistent with the measurements. Since the partonic
scattering amplitudes in this case (see the Appendix) de-
pends on b? and b* terms, our results hold for right-handed
couplings also,i.e a = b = |gF| = 0.257,andc = d = 0.

B. General case: all couplings are present

In this section we consider the most general tuZ' cou-
plings. We showed earlier that the left-handed coupling are
strongly constrained from B, mixing and there are no real
values of g%, that satisfy the B, mixing constraint. We now
investigate the effect of the couplings ¢ and d on the App
predictions.

C. Pure tensor couplings: a = b =0,¢c = *d

We consider the case of pure tensor couplings. In this
scenario we can avoid the B, mixing constraints as the

a= —b=|gl|= 0257, c=d=0

_ )
5 0l By

10 L
= e
Nak b N

(S 0
- 10 —H
e}
e P 1 S —
< 107'F 1
5 T

1072 - - - -

400 600 800 1000 1200 1400
Mr;[GeV]

Left panel: M ; distribution of A{:’_B in the two energy ranges [350, 450] GeV and [450, 900] GeV of invariant

mass M ;. Green band: the SM prediction. Blue band with 1o error bars: the unfolded CDF measurement [1]. Red line: the SM with Z'
exchange prediction for (a = —b = 0.257, ¢ = d = 0). Right panel: M,; distribution of do;/dM; [in fb/GeV] for eight different
energy bins of M,;. Green line: the NLO SM prediction. Blue band with 1o error bars: the unfolded CDF measurement [74]. Red line:
the SM with Z’ exchange prediction for above values of couplings at m, = 175 GeV.
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a=b=0, c=xd=0.5
0.6 T T v .

0.0 frrdom -

-0.2F

400 500 600 700 800 900
M, ~[GeV]

FIG. 5 (color online). M,; distribution of Al%;. Green band: The
SM prediction. Blue band with 1o error bars: CDF measure-
ment. Red and yellow lines: The SM with Z’ exchange prediction
at M, = 150 GeV, and M, = 100 GeV, respectively, for a =
b=0and ¢c = *£d =0.5.

effects of the tensor couplings are suppressed by % atthe b
mass scale. The SM and Z' interference contribution
Agsm-z in Eq. (18) vanishes in this case. The functions
f4and f5 in pure Z’ contribution A , are also zero, and f

a=-b=0.239, c=d=0.148
0.6 T T T T

0.41

0.0 fumadmms - - - m e -

—-0.21 b

400 500 600 700 800 900
M, [GeV]

FIG. 6 (color online).
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is order of (c§/m,)?. The mass spectrum for Al is shown
in Fig. 5(a) for only ¢ = *£d couplings (¢ = =d = 0.5).
The results indicate that Z' contribution cannot reproduce
the Agg measurement within one o for M,;; > 450 GeV
even at a low M, = 100 GeV (yellow lines) value.

D. All the couplings are same order

Finally, we consider the case where all couplings are of
the same order. We choose the representative values of the
couplings a = —b = |gh| = 0.239, and ¢ = d = 0.148.
Again this value for gk, satisfies the |A,| constraint but
not the phase ¢4 constraints from B, mixing (see Fig. 2).
In Fig. 6, we show the M; distribution for the ¢f observ-
ables All,, and o,;. We note that Ally can be explained
within one o error of its measurement for M,; > 450 GeV.
The distribution do,;/dM,; is also consistent with the
measurements. Similar results are obtained with a = b =
|gR® | = 0.245, and ¢ = d = 0.148 as shown in Fig. 7. The
conclusion is that the inclusion of the tensor couplings does
not have a significant effect on the top Agg and can only
slightly lower the values of the couplings a and b relative to
their values in the pure case, with no tensor couplings,

a=-b=0.239, c=d=0.148

102
=3}
— FH
> = 7
& 10t vE--
= H---
8 -
I w 0
E 10 -+
=
‘\" 1
<1071} 1
5 T
1072 - - : :
400 600 800 1000 1200 1400
M, {GeV]

M,; distributions of A’FfB and do;/dM;; [in fb/GeV]. Pink lines: the SM with Z' exchange prediction for

(a = —b =0.239, c = d = 0.148). The same conventions as in Fig. 4 used for other lines.

a=b=0.246, c=d=0.148
0.6 T T T T

0.2

rt
FB

A

0.0 s - e -

-0.21

L L

400 500 600 700 800 900
M, ;[GeV]

FIG. 7 (color online).

a=b=0.246, c=d=0.148

B
— 2 I
> L 3
& 10 -
= i
ﬁ i b
(S 0
Z‘_ 10 n—I—c
- I e
™
~ 107 1
] T
1072 - - : -
400 600 800 1000 1200 1400
M, ;[GeV]

M ; distributions of Ai’fB and do,;/dM [in fb/GeV]. Pink lines: the SM with Z' exchange prediction for

(a = b =0.245, and ¢ = d = 0.148). The same conventions as in Fig. 4 used for other lines.
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discussed earlier. The presence of the tensor couplings may
have an important impact on the polarization measurement
in 7 production [75].

IIL. t — uZ' BRANCHING RATIO

In this section we consider the decay width for t — uZ’.
The decay width with the most general uZ’' coupling is
given as,

1 2\ m?
I(t— uz') = (1 —m—Zz)(m—;— 1)
167mm, mi J\mz,

X I:(ml2 +2m2)(a* + b*) — 6mZ,(ac — bd)

m?,
+ m%(—z2 + 2)(c2 + d2)]. 21)
my
Branching ratio is defined as
It— cZ']
BR, ;= ——— 22
tuz I-[mt] ( )

For the top width we use I'(m,) = I'(t — bW) which is
given by,

I't—bW) =

Gr m%v m%/v mévtv

my m;

(23)

In Fig. 8 we show the variation of t — uZ’ branching
ratio with M, for different couplings. For couplings a =
*bh =0.257, and ¢ =d =0 (red dashed line), we get
BR,,; ~ 6% at m, = 172.5 GeV, for a = —b = 0.239,
¢ = —d = 0.148 (blue dashed line), BR,, is 6.9%, and
for a = b =0.246, ¢ = d = 0.148 (pink dashed line),
BR,,7 is 7.2%. These branching ratios may be observable
at the LHC [58].

0.41 ’,'
\ l’
\:‘ F |
— 0.3[ W s
N i/
N Y g
ozl % A
ozl N
> \‘\\ i/
o Y 4
m \\\\ y/4
0.1 \\\\\ ,"/'
N, ‘s
8 a
S vfz
O 0 g((.\ v’v
. | e— 1
120 140 160 180 200 220
My.[GeV]

FIG. 8 (color online). BR, vs M, . Red dashed line is for a =
*+b = 0.257, and ¢ = d = 0. Blue dashed line is fora = —b =
0.239, ¢ = —d = 0.148. Pink dashed line is for a = b = 0.246,
c=d=0.148.
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IV. CONCLUSION

A large forward-backward asymmetry in #7 production,
about a 3.40 away from the SM prediction, has been re-
ported by the CDF collaboration. A Z' with flavor-changing
tuZ' coupling can explain this anomaly. In this work
we considered B, constraints on the 7g'Z’ couplings
(¢' = u, r). These constraints resulted from the bounds
on the effective b(s, d)Z' vertices generated from vertex
corrections involving the tuZ’ couplings. We found that the
right-handed couplings were generally not tightly con-
strained but the left-handed couplings were tightly bound
from the B, mixing data. We then considered the most
general tuZ' coupling including tensor terms and found
that the tensor terms did not affect the top Apg in a
significant manner. Finally we computed the branching
ration for the ¢t — uZ’ transition and found it to be in the
percentage range.
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APPENDIX A: FUNCTIONS IN
SCATTERING AMPLITUDES

For the scattering amplitudes calculation in ¢t CM
frame, we choose the relevant coordinates of particle
momenta as

§
Paq = E(l’ 0,0, =1),

8 (AD)
Dir = 5(1, +3,sind, 0, = B, cosb).

With this choice and assume all the couplings in Eq. (4)
to be real, we obtain the functions f; in the scattering
amplitude in Eq. (18) as

§ m?
fi= 5[8(2612 +2b% + ac — ? +3bd + d*) —-
S

+2(2a*(1 + ¢p)* + 2b*(1 + ¢y)?
+ bd(=T7 + 4cy + 63 —3B7) — (¢* — d?)
X (=1+3c5—2B2) +ac(—=1+ ) — (=1 +cy)

X (2 — d?)(—1+ 2¢y + ¢} — 2,3%)%%],

t

m2\ . 4m?
f2 = _<7>S(az + b2)[(_1 + Cg)2 + 3 ] (A2)
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1 1
fi= E§2|:32(a4 + M3 +2ch + 5 +2B7) + E(c4 +d*(32(9 — 2¢4 + c3)m} +32(=5+ 3¢y + cj + cj)m?s

fa=

fs=

t

1
+§2(5— 20% + B —cy(3+ B2)?) + 128a3c(—2cy + C% + B?) — WZczdz(—32(—5 + 3¢y + 6(29 + cz)m,zf
t

+32m} (=11 + 6cy + c3 —4B7) — §2(5 = 2¢5 + B? — c,(3 + B2))?) + ;—?ac(szmtz(—Z +2cqy +3c5—3B7)
+ (=14 cg)(8(=3 + cp)mi + 3(5 + 2¢5 — 387 — co(3 + B7))) — d*(8m7 (=5 + 8¢y + cj — 487)

— (=14 cg)§(5+2c3 —3B7 —cy(3+ B7))) + ;—?bZ(cz(thz(— 11 —2¢y +5¢3 — 8B7)

= (=14 ¢p)8(5+3B7 + (T + B) — d*(4mi (T — 2cq + 2¢5 + B7) + (1 + ¢)$(5 + 387 + ¢4(7 + 7))

16
+ Wa2(4b2m,2(1 +6cg +3c3—2B7) — d?2m*(3 + 18c4 + 3¢5 —8B7) + (=1 + ¢)3(5 +3B% + c4(7 + B2)))

t
+ c2(58 +4m? B2 + 3387 — 2c4(24m? + §(—1+ B7)) + c3(12m? — §(7 + /3%))))],

1 2
—§<%)§|:32(a4 +b* +2d°c + 2ab*c + a?(2b* + ) — b*d*)m? + 8(—3 + 2¢cy + c3)(aPc + ab’c + a*c? — b*d*)3

1
(14 0@ = P52y + ﬁ;)],
13

m;

(7)%2(@2 F B+ ¢, )
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