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We compute the top quark decay rate in the unHiggs model. In this model, the longitudinally polarized

W’s are unparticles, which is owed to their Goldstone boson nature, while the transversely polarized W’s

are not. Thus the fraction of decays with a longitudinal W emitted is different than in the standard model.

Comparing this calculation to CDF data, we are able to rule out some of the unHiggs model parameter

space. We also use the expected increased accuracy of top decay measurements at the LHC to anticipate

further constraints on the unHiggs.

DOI: 10.1103/PhysRevD.81.115012 PACS numbers: 14.80.Ec, 13.88.+e

I. INTRODUCTION

Georgi [1,2] introduced a new approach to studying
conformal sectors by specifying the two-point functions
of fields with a scaling dimension between one and two.
Since the phase space for these fields resembles the phase
space of a fractional number of particles, Georgi termed
them ‘‘unparticles.’’ Subsequently, efforts were made to
gauge unparticle actions in a consistent way [3] so that
unparticles could be given standard model (SM) gauge
quantum numbers. This also necessitates the introduction
of an IR cutoff to the unparticle sector [3–5] so that there
are no new massless modes, which would dramatically
alter low energy phenomenology. In a previous paper [6],
we introduced the unHiggs as a way to break electroweak
symmetry via an unparticle (see Refs. [7,8] for work on
related ideas). The unHiggs has the same gauge structure as
the SM Higgs and has an IR cutoff �. The effects of an
unHiggs on precision electroweak measurements have
been studied in detail [9], and the model is consistent
with the current data. In [6], we showed that like the SM
Higgs, the unHiggs unitarizes WW scattering. The
unHiggs also has some advantages over the SM Higgs.
Because the SM Higgs has scaling dimension one, its mass
is quadratically sensitive to the scale of new physics. The
fact that electroweak precision tests prefer a low Higgs
mass compared to the TeV scale thus seems somewhat fine-
tuned and is sometimes known as the little hierarchy
problem. The unHiggs, however, has a scaling dimension
greater than one and should thus be less sensitive to the
scale of new physics. This was borne out explicitly in [6],
as we showed that the scale of new physics could be pushed
above a TeV without much fine-tuning, thus ameliorating
the little hierarchy problem.

In this paper, we would like to begin investigating
possible phenomenological bounds on the unHiggs model.
We are motivated in this direction by a result from Georgi’s

first unparticle paper [1], in which he computes the decay
rate of the top quark in a toy model consisting of the top
quark, the up quark, and a generic unparticle scalar field
with scaling dimension d. He found that when the scalar
field is an unparticle with 1< d< 2, the decay rate differs,
in some cases dramatically, from the decay rate when the
scalar field is a standard particle with d ¼ 1. In the
unHiggs model, we expect to see something similar be-
cause of the fact that both the physical unHiggs and the
Goldstone bosons are unparticles. Since the Goldstone
bosons are ‘‘eaten’’ by the W� and Z gauge bosons, the
longitudinal components of W� and Z will also exhibit
unparticle behavior. This can be seen explicitly in the form
of the gauge boson propagators derived in [6]. Thus, we
can use top decay, t ! Wþb, to investigate some phe-
nomenological consequences of the unHiggs model.
Since only the longitudinal component of the Wþ is an
unparticle, while the transverse components are just stan-
dard gauge bosons, we expect to find that the fraction of top
decays with a longitudinally produced W boson will de-
pend on d, and thus will generically differ from the result in
the SM. We also expect the fraction to depend on the IR
cutoff, or threshold, �, which is an is an important phe-
nomenological parameter in the unHiggs construction.
This is due to the fact that it serves to cut off the low
energy part of the unHiggs continuum; the value of �
corresponds to the energy scale at which the unHiggs
continuum begins. Without this IR cutoff, there would be
no mass gap and the continuum of states corresponding to
the unHiggs would introduce modes with very low mass,
which obviously contradicts experiment. The fact that the
threshold must be large enough to avoid this problem will
manifest itself in the constraints that our calculation will
place on �. To place constraints on the �-d parameter
space, we will compare the fraction of top decays with
longitudinally produced W bosons as calculated in the
unHiggs model with the experimental data from CDF.
Finally, we use the expected increased sensitivity of this
measurement at the LHC to obtain future expected bounds
on the unHiggs model.
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II. CALCULATION OF THE TOP DECAY RATE

Since we want to find the fraction of decays with a
longitudinally produced W, we separately calculate the
decay rates for transversely and longitudinally emitted W
bosons. Since the transverse gauge bosons are unaffected
by the electroweak symmetry breaking sector, the top
decay rate to transverse W’s, �ðt ! Wþ

T bÞ, will remain
the same as in the standard model. This decay rate is given
by

�ðt ! Wþ
T bÞ ¼

g2

32�
mt

�
1�M2

W

m2
t

�
2
: (2.1)

Since longitudinal gauge bosons are intimately con-
nected to the electroweak symmetry breaking sector, we
expect that the unparticle Goldstone bosons of the unHiggs
model will have an effect on the decay rate for longitudi-
nally produced W bosons. We will indeed find that this
decay rate differs from its value in the SM. The physical
decay rate is the sum of the decay rate to a longitudinal W
and the decay rate to a Goldstone boson in a generic R�

gauge:

�GIðt ! Wþ
L bÞ ¼ �R�

ðt ! Wþ
L bÞ þ �R�

ðt ! �þbÞ;
(2.2)

where �GIðt ! Wþ
L bÞ is the gauge invariant, physical de-

cay rate, and �R�
ðt ! Wþ

L bÞ and �R�
ðt ! �þbÞ are the

gauge dependent decay rates to Wþ
L and �þ, respectively.

To begin, we need the squared amplitudes for Wþ
L produc-

tion as well as for �þ production. Since the unHiggs does
not affect the fermion-gauge boson couplings, jMWþ

L
j2

will be the same as in the SM and is given by

jMWþ
L
j2 ¼ g2

2
ðq�p� þ p�q� � g��q � pÞ��ðkÞ��ðkÞ

¼ g2

2

mt

M2
W

j ~qjðk0 þ j ~kjÞ2; (2.3)

where p is the 4-momentum of the top quark, q is the 4-
momentum of the bottom quark, and k is the 4-momentum
of theWþ

L boson. To find jM�þj2, we must make use of the
fact that the unHiggs effective Lagrangian contains a
Yukawa coupling term of the form

L 3 ��t �tR
Hy

�d�1

t
b

� �
þ H:c:; (2.4)

where H is the unHiggs doublet, �t is the top Yukawa
coupling, � is the UV cutoff of the effective theory, and d
is the unHiggs scaling dimension which is restricted to the
range 1 � d < 2. We also note the following relations
which are derived in [6]:

mt ¼ �tv
dffiffiffi

2
p

�d�1
; M2

W ¼ g2ð2� dÞ�2�2dv2d

4
; (2.5)

where vd is the unHiggs vacuum expectation value and �
is the unHiggs threshold mass. Using these relations along
with the vertex derived from Eq. (2.4), we find that

jM�þj2 ¼ g2

2

m3
t

M2
W

ð2� dÞ�2�2dj ~qj; (2.6)

where q is the 4-momentum of the bottom quark.
The nontrivial part of the decay rate calculation is

determining the various phase space factors. To accom-
plish this, we will need to make use of the following results
from [6]: The W�

L propagator is given by

�W�
L
ðkÞ ¼ �i

k2 �M2
W

��ðk2 �M2
WÞ�2�2d � fðk2Þð1� �M2

W

ð2�dÞk2Þ
fðk2Þðk2 � �M2

W

2�d Þ
k�k�

�
; (2.7)

where

fðk2Þ � �4�2d � ð�2 � k2Þ2�d: (2.8)

In addition, the Goldstone boson propagator is given by

���ðkÞ ¼ i

fðk2Þ þ �
M2

W

2�d fðk2Þ=k2
: (2.9)

Calculating the phase space factors will be easiest in
Landau gauge (� ¼ 0), because the longitudinal W�

L

propagator reduces to that of the corresponding SM
Landau gauge propagator, which is given by

�W�
L ;�¼0ðkÞ ¼ i

k2 �M2
W

k�k�

k2
¼ k�k�

M2
W

�
i

k2 �M2
W

� i

k2

�
:

(2.10)

Since �W�
L ;�¼0ðkÞ has two simple poles at k2 ¼ 0 and k2 ¼

M2
W , the phase space takes the following simple form in

this gauge:

d�W�
L ;�¼0ðkÞ ¼ 2�	ðk0Þ
ðk2 �M2

WÞ � 2�	ðk0Þ
ðk2Þ:
(2.11)

The Goldstone boson propagator in Landau gauge is given
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by

���;�¼0ðkÞ ¼ i

fðk2Þ : (2.12)

The phase space in this case is not as simple as forW�
L . To

find its form, we use the unHiggs propagator and the
resulting unHiggs phase space as derived in [6]. The

unHiggs propagator is

�hðk2Þ ¼ i

fðk2Þ �m4�2d
; (2.13)

while the unHiggs phase space is

d�hðk2Þ ¼ �2 sinð�dÞ	ðk0Þ	ðk2 ��2Þðk2 ��2Þ2�d

ð�4�2d �m4�2dÞ2 þ ðk2 ��2Þ4�2d � 2ð�4�2d �m4�2dÞðk2 ��2Þ2�d cosðd�Þ

þ 2�	ðk0Þ ð�
4�2d �m4�2dÞððd�1Þ=ð2�dÞÞ

ð2� dÞ 
½k2 ��2 � ð�4�2d �m4�2dÞð1=ð2�dÞÞ�: (2.14)

Since the Goldstone boson propagator in Landau gauge, Eq. (2.12), is equal to the unHiggs propagator withm ¼ 0, we use
the unHiggs phase space with m ¼ 0 to find the following form for the Goldstone boson phase space:

d���;�¼0ðkÞ ¼ �2 sinð�dÞ	ðk0Þ	ðk2 ��2Þðk2 ��2Þ2�d

�8�4d þ ðk2 ��2Þ4�2d � 2�4�2dðk2 ��2Þ2�d cosd�
þ 2�	ðk0Þ�

2d�2

2� d

ðk2Þ: (2.15)

Note that this phase space is a sum of a pole at k2 ¼ 0 and a continuum above the unparticle threshold�. It will be useful to
separate these two factors and write the Goldstone boson phase space as

d���;�¼0ðkÞ � d�ð1Þ
��;�¼0

ðkÞ þ d�ð2Þ
��;�¼0

ðkÞ; (2.16)

where

d�ð1Þ
��;�¼0

ðkÞ ¼ �2 sinð�dÞ	ðk0Þ	ðk2 ��2Þðk2 ��2Þ2�d

�8�4d þ ðk2 ��2Þ4�2d � 2�4�2dðk2 ��2Þ2�d cosd�
; (2.17)

and

d�ð2Þ
��;�¼0

ðkÞ ¼ 2�	ðk0Þ�
2d�2

2� d

ðk2Þ: (2.18)

Armed with the phase space factors, we will now calcu-
late the Landau gauge decay rates to Wþ

L and �þ, respec-
tively. Since the Wþ

L phase space is just the sum of two
delta function factors, the decay rate for Wþ

L emission in
Landau gauge is easily found to be

�Wþ
L ;�¼0 ¼ 1

16�m3
t

ðm2
t �M2

WÞjMWþ
L
ðk2 ¼ M2

WÞj2

� 1

16�mt

jMWþ
L
ðk2 ¼ 0Þj2: (2.19)

Using Eq. (2.3), we find

�Wþ
L ;�¼0 ¼ g2

64�

m3
t

M2
W

�
1�M2

W

m2
t

�
2 � g2

64�

m3
t

M2
W

: (2.20)

To find the decay rate for �þ emission in Landau gauge,

we separate d��þ;�¼0 into two parts, corresponding to the

separation of the phase space factors in Eq. (2.16).

d��þ;�¼0 � d�ð1Þ
�þ;�¼0

þ d�ð2Þ
�þ;�¼0

; (2.21)

where

d�ð1Þ
�þ;�¼0

¼ 1

2mt

d�ð1Þ
�þ;�¼0

ðkÞd�bðqÞjM�þj2ð2�Þ4

� 
4ðp� k� qÞ; (2.22)

and

d�ð2Þ
�þ;�¼0

¼ 1

2mt

d�ð2Þ
�þ;�¼0

ðkÞd�bðqÞjM�þj2ð2�Þ4

� 
4ðp� k� qÞ: (2.23)

Here, k is the 4-momentum vector of the �þ and M�þ is

given by Eq. (2.6). Focusing first on d�ð1Þ
�þ;�¼0

, we find
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�ð1Þ
�þ;�¼0

¼ 1

2mt

g2

2ð2�Þ3
m2

t

M2
W

ð2� dÞ�2�2d
Z

d4kd�ð1Þ
�þ;�¼0

ðkÞmt

2

ðmt � k0 � j ~kjÞ

¼ g2m2
t

64�3M2
W

ð2� dÞ�2�2d
Z

d4kd�ð1Þ
�þ;�¼0

ðkÞ
ðmt � k0 � j ~kjÞ: (2.24)

To simplify the calculation of d�ð1Þ
�þ;�¼0

, let

gðk2 ��2Þ � �2 sinð�dÞðk2 ��2Þ2�d

�8�4d þ ðk2 ��2Þ4�2d � 2�4�2dðk2 ��Þ2 cosðd�Þ : (2.25)

Then, we have

�ð1Þ
�þ;�¼0

¼ 1

2mt

g2

2ð2�Þ3
m2

t

M2
W

ð2� dÞ�2�2d
Z

d4k	ðk0Þ

� 	ðk2 ��2Þgðk2 ��2Þ
ðmt � k0 � j ~kjÞ:
(2.26)

Next, we write d4k ¼ dk0d3k ¼ dk0j ~kj2dj ~kjd�, complete
the angular integration, and then perform the delta function
integration over j ~kj to get

�ð1Þ
�þ;�¼0

¼ 1

2mt

g2

ð2�Þ2
m2

t

M2
W

ð2� dÞ�2�2d

�
Z mt

0
dk0ðmt � k0Þ2	ð2mtk

0 �m2
t ��2Þ

� gð2mtk
0 �m2

t ��2Þ: (2.27)

The theta function here simply enforces the fact that the
phase space for the unparticle is zero below threshold, and
therefore that the decay rate is zero unless mt � �. With
the substitution x ¼ 2mtk

0 �m2
t ��2, we finally obtain

the following result:

�ð1Þ
�þ;�¼0

¼ g2

128�2

m3
t

M2
W

ð2� dÞ�2�2d

�
Z m2

t��2

0

�
m2

t ��2 � x

m2
t

�
2
gðxÞdx (2.28)

with gðxÞ given by Eq. (2.25). The evaluation of �ð2Þ
�þ;�¼0

is

much easier since the phase space d�ð2Þ
�þ;�¼0

is just �2d�2

2�d
times the phase space for a single particle of mass zero.
Therefore we simply have a decay of the top quark into two
massless particles. The decay rate for this process is given
by

�ð2Þ
�þ;�¼0

¼ 1

8�

1

2mt

�2d�2

2� d
jMþ

� j2: (2.29)

Using j ~qj ¼ mt

2 in the massless case, we find

�ð2Þ
�þ;�¼0

¼ g2

64�

m3
t

M2
W

: (2.30)

Combining Eqs. (2.20), (2.28), and (2.30) we arrive at the

gauge invariant decay rate of the top quark with a longitu-
dinal W in the final state:

�GIðt ! Wþ
L bÞ ¼

g2

128�2

m3
t

M2
W

ð2� dÞ�2�2d

�
Z m2

t��2

0

�
m2

t ��2 � x

m2
t

�
2
gðxÞdx

þ g2

64�

m3
t

M2
W

�
1�M2

W

m2
t

�
2
: (2.31)

The first term in Eq. (2.31) contains all of the d and �
dependence, while the second term is completely
independent of d and �. As a check on the correctness of
Eq. (2.31), note that for d ¼ 1, the unHiggs model is
equivalent to the SM, and therefore the decay rates in the
unHiggs model and in the SM should be equal. This
condition holds true by virtue of the fact that gðxÞ ¼ 0 at
d ¼ 1, and thus the first term in Eq. (2.31) is also zero at
d ¼ 1. The only nonzero part of the decay rate is the
second term, which is exactly the SM result. As a further
check of this result, the calculation was done in a general
gauge, with � left arbitrary. The calculation is considerably
more involved, but the final gauge invariant decay rate
remains, as it must, equal to the decay rate found in
Eq. (2.31).

III. COMPARISON WITH DATA

To compare with current CDF data and future LHC data,
we must calculate the value of F 0, which is defined as the
fraction of the top decays with a longitudinally produced
W boson:

F 0 � �ðt ! Wþ
L bÞ

�ðt ! Wþ
L bÞ þ �ðt ! Wþ

T bÞ
(3.1)

with �ðt ! Wþ
L bÞ given in Eq. (2.31) and �ðt ! Wþ

T bÞ
given in Eq. (2.1). The current top quark data from CDF
yields the following value for F 0 [10]:

F 0 ¼ 0:66� 0:16: (3.2)

The LHC promises to make a more accurate determination
of this quantity. With an integrated luminosity of 10 fb�1,
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the accuracy of the F 0 measurement at the LHC should be
at a level of about �:015 [11]. The standard model tree
level calculation for this quantity is F 0 ¼ :699, which is
clearly within the allowed region in Eq. (3.2). The value of
F 0 in the unHiggs model will depend on the values of �
and d. Because the first term in Eq. (2.31) is always greater
than or equal to zero, and the second term is a constant
equal to the SM result, the value of F 0 in the unHiggs
model will always be greater than or equal to the SM value
for any values of � and d. From Eq. (3.2), we see that the
unHiggs model is thus ruled out at the 68% level for F 0 >
:82. Figure 1 shows a contour plot of the �-d parameter
space that is constrained by CDF, and also the expected

constraints on the parameter space due to the LHC. In this
plot, we assume the central value of F 0 at the LHC to be
the standard model value of 0.699, not the current CDF
value of 0.66. From Fig. 1, we see that the LHC greatly
improves the constraints on the unHiggs model for values
of the unHiggs threshold � near 100 GeV. For example,
given a value of � ¼ 100 GeV, current data says nothing
about the value of d, but the LHC should constrain d & 1:3
at 68%. However, for � * 110 GeV, top decay analysis
yields very little information about the value of the scaling
dimension, even with expected LHC data. Of course, ex-
perimental cuts that restrict the longitudinal component to
be close to theW mass will further reduce the experimental
sensitivity.

IV. CONCLUSIONS

In this paper, we calculated the decay rate of the top
quark in the unHiggs model and found that, due to the
unparticle nature of the Goldstone bosons, it is different
than the top decay rate in the SM when the decay includes
an emission of a longitudinalW boson. We then compared
this result to measurements from CDF, which constrain the
fraction of top decays which contain a longitudinalW. This
allowed us to rule out some regions of unHiggs parameter
space. The region of parameter space most affected by the
CDF constraint is the region of high scaling dimension and
low threshold mass (compared to the weak scale).
Including the higher expected accuracy of top decay mea-
surements at the LHC, we found that the LHC will be able
extend the constrained region to intermediate values of d
and �. In future work, we hope to extend the study of
unHiggs phenomenology by directly calculating the
unHiggs production cross section and its various decay
rates at the LHC.
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