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Constraint on the magnetic moment of the top quark
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We derive a bound on the magnetic dipole moment of the top quark in the context of the effective Lagrang-
ian approach by using the ratiosRb5Gb /Gh , Rl5Gh /G l , and theZ width. We take into account the vertex
and oblique corrections. We obtain the allowed region for the magnetic dipole moment of top quark as
20.79<dk<1.3. @S0556-2821~99!00817-6#

PACS number~s!: 14.65.Ha, 12.15.Ji
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The most recent analyses of precision measuremen
the CERN Large Electron Positron~LEP! collider led to the
conclusion that the predictions of the standard model~SM!
of electroweak interactions, based on the gauge gr
SU(2)L ^ U(1)Y , are in excellent agreement with expe
mental results. Recently the discovery of the top quark
been announced by the Collider Detector at Fermilab~CDF!
and D0 Collaborations@1#. The direct measurement of th
top quark massmt is in agreement with the indirect estimat
derived by confronting the SMmt dependent higher orde
corrections with the LEP and other experimental results. T
measurement of the top quark mass reduced the numb
free parameters of the SM. A precise knowledge of the va
of the top mass will improve the sensitivity of searches
new physics through small indirect effects.

The precise measurements of theg22 value of the elec-
tron provides a test of its pointlike character. Similarly, me
surements of the electric and chromomagnetic moment
the quarks can be important to study physics beyond the
In particular, the chromomagnetic moment of the top qu
can affect its production in thepp̄ ande1e2 reactions@2#.

The SM predicts how the top quark should behave un
these interactions, so any deviation from this behavior wo
provide us with a probe of new physics beyond the SM
new physics is found in this sector, it probably originat
from a nonstandard symmetry breaking mechanism. Thi
because the top mass is of the order of the electroweak~EW!
breaking scale, and hence it is conceivable that the top-q
properties are sensitive to unsuppressed EW breaking ef
@3#.

The aim of the present work is to extract indirect info
mation on the magnetic dipole moment of the top quark fr
LEP data, specifically we use the ratiosRb andRl defined by

Rb5
G~Z→bb̄!

G~Z→hadron!
,

Rl5
G~Z→hadron!

G~Z→ l l̄ !
, ~1!

and theZ width, in the context of an effective Lagrangia
approach. The oblique and QCD corrections to theb quark
and hadronicZ decay widths cancel off in the ratioRb . This
property makesRb very sensitive to direct corrections to th
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Zbb̄ vertex, especially those involving the heavy top qua
@4#, while GZ and Rl are more sensitive to oblique corre
tions.

The effective Lagrangian approach is a convenient mo
independent parametrization of the low-energy effects of
new physics that may show up at high energies@5#. Effective
Lagrangians, employed to study processes at a typical en
scaleE can be written as a power series in 1/L, where the
scaleL is associated with the heavy particles masses of
underlying theory@6#. The coefficients of the different term
in the effective Lagrangian arise from integrating out t
heavy degrees of freedom that are characteristic of a par
lar model for new physics.

In order to define an effective Lagrangian it is necess
to specify the symmetry and the particle content of the lo
energy theory. In our case, we require the effective Lagra
ian to be CP conserving, invariant under SM symmetr
SU(2)L ^ U(1)Y , and to have as fundamental fields th
same ones appearing in the SM spectrum. Therefore we
sider a Lagrangian in the form

Leff5LSM1(
n

anO n, ~2!

where the operatorsO n are of dimension greater than fou
In the present work, we consider the following dimension
andCP-conserving operators:

OuW
ab 5Q̄L

asmnWmn
i t if̃UR

b ,

OuB
ab5Q̄L

asmnYBmnf̃UR
b , ~3!

whereQL
a is the quark isodoublet,UR

b is the up quark isos-
inglet, a, b are the family indices,Bmn and Wmn are the
U(1)Y and SU(2)L field strengths, respectively, andf̃
5 i t2f* . We use the notation introduced by Buchmu¨ller and
Wyler @7#. In the case of the operatorsOuB

ab andOuW
ab , some

degree of family mixing is made explicit~corresponding to
aÞb) without breaking SM gauge invariance. After spont
neous symmetry breaking, these fermionic operators a
generate effective vertices proportional to the anomal
magnetic moments of quarks. The above operators for
third family give rise to the anomaloust t̄g vertex and the
unknown coefficientseuB

ab and euW
ab are related, respectively

with the anomalous magnetic moment of the top qu
through
©1999 The American Physical Society04-1
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FIG. 1. Feynman diagrams contributing to th

Z→bb̄ decay. The heavy dots denote an effecti
vertex.
t is
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dk t52A2
mt

mW

g

eQt
~sWeuW

33 1cWeuB
33 !, ~4!

wheresW denotes the sine of the weak mixing angle.
The expression forRb is given by

Rb5Rb
SM@11~12Rb

SM!db#, ~5!

whereRb
SM is the value predicted by the SM anddb is the

factor which contains the new physics contribution, and i
defined as follows:

db5
2~gV

SMgV
NP1gA

SMgA
NP!1~gV

NP!21~gA
NP!2

~gV
SM!21~gA

SM!2
~6!

andgV
SM andgA

SM are the vector and axial vector couplings

the Zbb̄ vertex normalized as
07750
gV
SM52

1

2 S 12
4

3
~11Dk!sW

2 1«bD S 11
Dr

2 D ,

gA
SM52

1

2 S 11
Dr

2 D ~11«b!.

where we are including the radiative corrections from t
SM, in the parametersDk, Dr, and«b , because in the ex
pression fordb we take the second order ofgV(A)

NP . The con-
tributions from new physics, Eq.~3!, to Rl andGZ are of two
classes. One from vertex correction toZbb̄ in the Ghadr and
the other from the oblique corrections throughDk in the
sin2uW andDr. These can be written as

Rl5Rl
SM~120.1851 Dk10.2157 db!,

Rb5Rb
SM~120.03 Dk10.7843 db!, ~7!
4-2
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GZ5GZ
SM~120.2351 Dk10.1506 db!,

whereDr is equal to zero for the operators that we are c
sidering.

The contribution of the above effective operators to
Zbb̄ vertex is given by the Feynman diagrams shown in F
1, where a heavy dot denotes an effective vertex. A
evaluating the Feynman diagrams, with insertions of the
fective operatorsOuB

ab andOuW
ab we obtain

gV
NP54A2euW

33 GFmW
3 mtH 3cW~C̃122C̃11!2

mt
2

A2mW
2

3~C122C111C0!1
~11a!

8cW
~C111C121C0!

1
1

A2
~C122C112C0!2

3a

4cWmZ
2 ~B12B0!J ,

gA
NP54A2euW

33 GfmW
3 mtH 2

a

2cW
~C01C122C11!

2
1

A2
~C122C02C11!1

mt
2

A2mW
2 ~C122C111C0!

2
2mtsW

2

mW
~C̃01C̃122C̃11!2

3

4cWmZ2
~B12B0!J

~8!

for the operatorOuW and

gV
NP5gA

NP5
4A2

3
euB

33GFmW
3 mt

sW

cW
F mt

2

A2mW
2 ~C122C111C0!

2
1

A2
~2C111C122C0!G , ~9!

for the operatorOuB . In the above equationsa512 8
3 sW

2

while Ci j 5Ci j (mW ,mt ,mt), C̃i j 5C̃i j (mt ,mW ,mW), andBi
5Bi(0,mt ,mW) are the Passarino-Veltman scalar integ
functions @8#. The combinationB02B1 has a pole ind54
dimensions that is identified with the logarithmic depende
on the cutoff. Using the prescription given in Ref.@9#, the
pole can be replaced by lnL2/mZ

2 .
The operators~3! contribute to the fermion processes

one loop level, giving oblique corrections to the gauge bo
self-energies. The contribution is essentially coming fro
the SgZ(mZ

2) self-energy. Therefore these operators o
contribute to theDk parameter@10#. For Dk we have ob-
tained the same results of the Eqs.~50! and~51! of Ref. @11#.

Now we have various posibilities to explore the space
the parameters«uW

33 , «uB
33 , anddk t , which are related by Eq

~4!. Further we have that the parameters«uW
33 , «uB

33 are in-
volved with the measured quantitiesQi5(GZ ,Rb ,Rl)
through Eq.~7! and they form a surface in the respecti
07750
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space («uW
33 , «uB

33 ,Qi). Thus the experimental planes for th
quantitiesQi cut the surface defined in that space and it is
allowed region in the plane«uW

33 2«uB
33 . If we do not neglect

the term of the order (gNP)2 in Eq. ~7! we get the following
expressions:

20.054«uB10.054«uB
2 10.054«uW10.0015«uW

2

10.01«uB«uW512~GZ
exp/GZ

SM!,

20.023«uB10.024«uB
2 10.016«uW10.0007«uW

2

10.0046«uB«uW512~Rb
exp/Rb

SM!, ~10!

20.626«uB10.635«uB
2 10.537«uW

10.018«uW
2 10.1218«uB«uW512~Rl

exp/Rl
SM!,

where we have omitted the superindex 33 and each exp
sion define two planes, with the upper and lower experim
tal limits, respectively. The SM values for the paramet
that we have used areGZ52.4972 GeV, Rl520.747, Rb
50.2157,Ghadr51743.4 MeV, andG l584.03 MeV with the
input parameters mt5175 GeV, as(mZ)50.118, mZ
591.1861 GeV,mH5100 GeV, andL51 TeV. The ex-
perimental values are GZ52.494660.0027 GeV, Rl
520.77860.029,Rb50.217860.0011.

In Fig. 2 we plot these curves in the plane«uW
33 2«uB

33

corresponding to the cut with the experimental values ofGZ .
Figures 3 and 4 are the same as Fig. 2 forRb and Rl , re-
spectively. In this kind of scenario new physics is explor
assuming that its effects are smaller than the SM effe
consequently one expect thatugV,A

NP /gV,A
SM u!1 and then we get

from gV(A)
SM and the expressions~10!, the inequalities

FIG. 2. The projection on the plane«uW
33 2«UB

33 of the first ex-
pression of Eq.~10!, i.e., the cut with the experimental values
GZ . The horizontal and vertical lines are the constraints from
~11!.
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u«uW
33 u<0.11,

u«uB
33 u<0.48. ~11!

which are plotted in Figs. 2, 3, and 4 as vertical and horiz
tal lines, respectively. The allowed region in the plane«uW

33

2«uB
33 in Figs. 2, 3, and 4 is the intersected area between

curves and the limits of Eq.~11!.
We try to get other constraints to the parameter«uW

33 using
other measured processes. For instance, we calculate the
tribution to the top quark decayt→bW but with the avail-
able measurements by CDF and D0 ofB(t→bW), it is not
possible to get a better constraint for«uW

33 , obtaining the

valueu«uW
33 u<0.7. We also inspect the systemB02B̄0 where

we get a contribution identical to zero for the operators un
consideration.

FIG. 3. The same as Fig. 2 for the ratioRb .
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On the other hand, the allowed regions given in Figs. 2
and 4 give maximal and minimal bounds for the paramet
«uW

33 and«uB
33 . By using Eq.~4! and the bounds showed in th

figures, we obtain fordk t the following values:

23<dk t<1.3,

20.79<dk t<1.4, ~12!

21.4<dk t<1.8,

which correspond toGZ , Rb , andRl , respectively. There-
fore for these observablesGZ , Rb , and Rl , we get the al-
lowed region20.79<dk<1.3. These bounds agrees al
with the one obtained of the same effective operators in R
@12,13#, by using the CLEO result onB(b→sg).
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FIG. 4. Same as Fig. 2 forRl .
.

ev.
@1# CDF Collaboration, F. Abeet al., Phys. Rev. Lett.74, 2626
~1995!; C0 Collaboration, S. Abachiet al., ibid. 74, 2632
~1995!.

@2# G. Kane, G. Ladinsky, and C. P. Yuan, Phys. Rev. D45, 124
~1992!; D. Atwood, A. Kagan, and T. Rizzo,ibid. 52, 6264
~1995!; T. Rizzo, ibid. 53, 2326~1996!.

@3# R. D. Peccei and X. Zhang, Nucl. Phys.B337, 269 ~1990!;
Ehad Malkawi and C.-P. Yuan, Phys. Rev. D50, 4462~1994!.

@4# S. Mrenna and C.-P. Yuan, Phys. Lett. B367, 188 ~1996!; E.
Ma, Phys. Rev. D53, 2276~1996!; P. Bamertet al., ibid. 54,
4275 ~1996!.

@5# H. Georgi, Nucl. Phys.B361, 339~1991!; A. De Rújula et al.,
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