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Abstract

We obtain constraints on possible anomalous interactions of the top quark
with the electroweak vector bosons arising from the precision measurements
at the Z pole. In the framework of SU(2); ® U(1}y chiral Lagrangians,
we examine all effective CP-conserving operators of dimension five which
induce scalar and tensor currenté involving the top quark. We constrain
the magnitudes of these anomalous interactions by evaluating their ohe—loop
contributions to the Z pole physics. Our analysis shows that operators which
break the SU{(2)¢ custodial symmetry or modify the Zbb vertex are more

strongly bounded.




I. INTRODUCTION

The Standard Model (SM) of electroweak interactions has passed through an intense
experimental scrutiny that confirmed several of its predictions. In particular, the precise
LEPI measurements performed at the Z pole show that the SM describes extremely well
the couplings between the gauge bosons and the light fermions [1]. Notwithstanding, the
couplings of the top quark to the gauge bosons are still rather poorly measured at the
Tevatron pp collider [2]. Furthermore, some other elements of the SM, such as the symmetry
breaking mechanism, have not been directly tested yet.

If the breaking of the SU(2); ® U(1)y symmetry takes place via the Higgs mechanism
with a relatively light elementary Higgs boson, both the symmetry breaking and the fermion
'inass generation can have a common origin. However, if no fundamental Higgs particle is

present in the theory, the mechanism that breaks the electroweak symmetry and the one

‘that gives rise to the fermion masses are not necessarily related, and we can envisage a

breaking in the universality of the fermionic interactions [3]. One may expect that the top
quark, being the heaviest of the known fermions, should be more sensitive to the existence

of new physics in the electroweak breaking sector. This is certainly the case if, for instance,

- the breaking of the electroweak symmetry occurs dynamically via the appearance of a tf

condensate [4].

Whatever the dynamics of the symmetry breaking mechanism is, renormalizability re-
quires that this breaking must occur spontaneously. This leads to the existence of Goldstone
bosons associated with the broken directions which become the longitudinal components of
the massive gauge bosons. Assuming this as our starting point, we can build effective
1ow—energy Lagrangians which describe the interactions of these Goldstone bosons. The
self-interactions of the Goldstone bosons, to lowest order, is totally determined by the sym-
metry breaking pattern and it is described in terms of a unique dimensionful parameter v.
However, the interactions between the Goldstone bosons and other fields, such as fermions,

involve new unknown parameters that, when the interaction is gauged, leads, in general, to
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universality violation in the couplings between gauge boson and fermions.
Limits on universality violation in the interactions of the top quark to the gauge bosons
have been studied before in Ref. [3,5] where the authors included only dimension—four oper-

ators. In this work, we construct the most general CP invariant dimension-five Lagrangian

_ for the interactions between the Goldstone bosons and the top and bottom quarks. In the

unitary gauge, these Lagrangians give rise to non—universal scalar and tensor couplings of
the top and bottom quarks to the gauge bosons. Since the SLC and LEPI achieved a preci-

sion of the order of 0.1 percent in some observables, the Z pole physics is the best available

source of information on these interactions. We obtain the constraints on these anomalous

top couplings by imposing that their one-loop contributions to the electroweak parameters

are compatible with the Z pole data [6].

II. EFFECTIVE LAGRANGIANS

If the Higgs boson, responsible for the electroweak symmetry breaking, is very heavy,
it can be eflectively removed from the physical low-energy spectrum. In this case and for
dynamical symmetry breaking scenarios relying on new strong interactions, one is led to

consider the most general effective Lagrangian which employs a nonlinear representation

o the spontaneously broken SU(2);, ® U(1)y gauge symmetry [7]. The resulting chiral

Lagrangian is a non-renormalizable non-linear c-model coupled in a gauge-invariant way
to the Yang-Mills theory. This model independent approach incorporates by construction the
low—energy theorems [3], that predict the general behavior of Goldstone boson amplitudes,

irrespective of the details of the symmetry breaking mechanism. Unitarity requires that this

low—energy effective theory should be valid up to some energy scale smaller than 4mv ~ 3

TeV, where new physics would come into play.
In order to specify the effective Lagrangian for the Goldstone bosons, we assume that

the symmetry breaking pattern is G = SU(2), @ U(1)y — H = U(1),,, leading to just

-three Goldstone bosons 7* (¢ = 1,2,3). With this choice, the building block of the chiral




Lagrangian is the dimensionless unimodular matrix field &,

.?Tﬂ,ra
E—exp(z - ), (1)

where 7% (a = 1,2, 3) are the Pauli matrices, which obey Tr(r%7%) = 26%. We implement the
SU(2)¢ custodial symmetry by imposing a unique dimensionful parameter, v, for charged

and neutral fields. Under the action of G the transformation of X is
X —+Y=LXR,

with

Tt ) TB
L:exp(z 5 ) ; Rzexp(zyg) ,

where a® and y are the parameters of the transformation.
The gauge fields are represented by the matrices W# = TUW2/[(21), B,,, = 7°B,/(2i),

while the associated field strengths are given by

W,u.u = a,uWu - auW,u —4g [Wm Wu] 9

, . . (2)
B,, = 8,B,~3,8,,

which transform under G according to

W, =W, =1LW,L'-110, 11, W =W, =LW,, LT,
EW+EL:BWW§R&J¥, B, — B, =B, .

In the non-linear representation of the gauge group SU(2), & U(1)y, it is possible to
introduce a mass term for the vector bosons, which is given by the lowest order operator

involving the matrix X. Therefore, the kinetic Lagrangian for the gauge bosons reads
1 PO P z
£n = Tr (Wb 4 B, ) + U1r (D,51D5) | 3)
where the covariant derivative of the field ¥ is

DY =08,5 —gW,. L+ ¢EB, . | | (4)
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In order to include fermions in this framework, we must define their transformation under
G. Following Ref. [3], we postulate that matter fields feel directly only the electromagnetic

interaction, which determines the fermion transformations,
Jo =g,

where @} stands for the electric charge of fermion f. In this framework, the usual fermion

“doublets are defined through

b, =3 I , (5)
fa),

where @y, — @4, = 1. Under G this field transforms as
Uy = U, = L exp(iyY/2)¥, , (6)

with ¥ = 2Q);, — 1. Right-handed fermions are just the singlets fg.

In this framework, the lowest—order interactions between fermions and vector bosons that
can be built are of dimension four, leading to anomalous vector and axial-vector couplings.
These structures for the anomalous top interactions were analyzed in detail in Ref. [5].
On the other hand the dimension-five effective Lagrangian gives rise to scalar and tensor
fermionic currents. In order to construct the most general Lagrangian describing these

interactions, it is convenient to define the vector and tensor fields

£ = —Tr (V) = - iTr(r5'D,3)
Lz, = —i Tr[r°St[D,, D, I .

where V' = ©1(D,X) transforms as V' — V' = RV, R

The transformation properties of £¢ and L%, are identical since V* and ' [D,, D,} X

exhibit the same behavior under . In this way, Ei and Eiu are invariant, while,

_ o tiyek
= £ E,‘J-(,LLV) 3

+ r=
En(uu) — X s pe)

£ _ 332
where E#(W) = (1/\/5)(2};(#1/} + zEu(uu))'




In the unitary gauge (X = 1), we have I3 = g/(2cw)Z,, & = (g/2) W2, and
2

23, = (0.2, - 8,2,) +i% (Wiwy - Wiw;) -

£ = g (3.WE - 0.Wi) xig® (WIWsE — W3WE)

where sw (cw) is the sine (cosine) of the weak mixing angle, G
Using.the above vector fields and the field strengths of the electroweak gauge bosons, it

is possible to construct three scalar structures
gEnte, DT, and TED*, (9)
a.pd five tensor operators
To[TW.), B., %7, il and T, (10)

where T = I73Zt, which transforms like T — T’ = LTI,

The corresponding basic fermionic elements for the construction of neutral- and charged-

current effective interactions are

Ax(q,d) = dPxq, AY(g,4)=qo" Pxq (11)

where Py, with X = 0, L, and R, stands for [, Pp, and Pg, respectively, with I being
the identity matrix and Ppp) the left (right) chiral projector. The fermionic field ¢ (g')

represents any quark flavor. Under the action of (7, these quantities transform as
A (q,q) — expliy(Qy — Q4)] A% (a,4) -

Contracting the operators {4) and (10) with the fermionic currents (11), we can construct
the most general neutral-current interactions of dimension-five that are invariant under

nonlinear transformations under G

LNC = all® Ag(t,1) BFE" + alC Ag(t,1) 3%
+ OO A (4,8) Tr TW,, +6)C AB(1,1) B, (12)
+i BC ARty (BFE -5EE)

6




o

and the charged—current interactions as,
L9 = af° Ap(t,b) BT 4 afC Ag(t,t) SHE™ + bTEAL(t,b) xt,
+O5 AR (4,0) T, + 857 A (t,b) (BFE2 - £FX3) (13)
+558 AR (4,b) (BF38 - S452) + he..

In the unitary gauge, we can rewrite these interactions as a scalar (Lg) and a tensorial

(L£7) Lagrangian involving the physical fields, i.e.,
Ls = f;( [ft (20 OWEW = + EC%“'W—"ZIJZH)]
?ﬁm{ [aL (1= %)+ a§C(1 + 7%)|b W, 2 (14)
+b[afO(1 + %) + a§0(1 — 7°)]¢ W;zu} ,
and
Lr = @1( [fcr“”t ( 1 CeFu + 82, + 4z'g2ﬁé\rCWjW;)l
+2—jﬂ{f o [BEE(1— %)+ BEE(L+49)|b (W + ie (AW} — AW}H)]
+b ot [BEE(1+4%) + BFE(1 = )|t Wy, — ie (AW — A,W]))] (15)
+ig For [BE9(1 =) + BEE 1+ )b (2.0 — 2.W})
i B o [BE0(1+ %) £ B — )t (2W5 — ZW7) } ,
“where the couplings constants «’s and 3’s are linear combinations of the a’s and s in Eq.
(12) and (13). In writing the interactions (14) and (15), the coupling constants were defined
in such a way that we have a factor g/(2ew) per Z boson, g/v/2 per W%, and e per photon.
Similar interactions were obtained in Ref. [9], and for a linearly realized symmetry group,
in Ref. {10].

Since chiral Lagrangians are related to strongly interacting theories, it is hard to make
firm statements about the expected order of magnitude of the couplings a’s and 3’s. Requir-
ing the loop corrections to the effective operators to be of the same order of the operators
themselves suggests that these coeflicients are of O(1) [11]. However, if the high energy the-

ory respects chiral symmetry, we can also foresee a further suppression factor proportional

to myop/A.




ITI. LIMITS FROM Z POLE PHYSICS

At the one-loop level, the effective interactions (14) and (15) contribute to the Z physics
through universal corrections to the gauge boson propagators and non-universal ones to the
Zbb vertex. The oblique anomalous corrections can be efficiently summarized in terms of the

parameters Spew, Tnew, and Upew [12], or the equlvalent set €1, €., and € [13], whose

new

expressions as functions of the unrenormalized gauge boson self-energies in the on-mass—shell

renormalization scheme are

EZZ (MZ) EWW(O) EAZ( )

-1 new new new 1 ZZ
Chew — MZ MW 2 cw MZ Enew (MZ) ’
oSN -SMV0) |, M)
new MW w M%
hen(MEZ) = TZ(0 127
_25WCW ( A)Jz ( )] - C%V Ene%vz(M.%) )
EAA (M ) cw EAZ (M2) EAZ (0)
3 — 2 Znew\ T Z) 2 i new new E tZZ M2 ,
Chew W MZ ( Cw — SW) Sw M% new ( Z)

where £¥1%2 is the the transverse part of vacuum polarization of Vi — V, gauge bosons coming
from the new physics contribution, and X/, = dX,.w/dq*. The above expressions are valid

for an arbitrary momentum dependence of the vacuum polarization diagrams.

We parametrize the anomalous non-universal contributions to the vertex Zbb as,

€

Zb Zb -
Dswew (’Y.uFV — Yu¥s F4 ) - | (16)

Qur results show that the new operators lead to pure left-handed contributions to this vertex,
i.e. FZ® = FZ° in the limit of vanishing bottom quark mass. Therefore these corrections

can be cast in terms of the ¢ parameter [13,14].
& =2 Fg (17)

Recent global analyses of the LEP, SLD, and low-energy data yield the following values for
the oblique parameters [6], which include the standard model and new physics contri_butions,

ie. € =y, +e,, (1=1,2,3,0)




e = (43+£1.2)x107% ¢ = (-8.0£3.3)x1073% , (18)
2 = (444+1.3) x 1073 e = (—4.8+3.2) x 1073,

In order to include low-energy observables in the extraction of the values for the €’s, one
must assume that the vacuum polarization corrections differ from the SM ones only by terms
up to order ¢® in the momentum expansion. Since this is the case for the couplings we are
considering, we are allowed to use the vaiues in Eq. (18) in our analysis. The extraction of the
values of the ¢ parameters due to new physics requires the subtraction the SM contribution,
which depends upon the SM parameters, and in particular, on the top quark mass Mmep.

Our procedure to obtain the bounds on the operators (14) and (15) is the following:
first we evaluate their corrections to the gauge boson self-energies and to the Zbb vertex

using dimensional regularization [15], and neglecting the external fermion masses. Then,

we use the leading non—analytic contributions from the loop diagrams to constrain the new

‘interactions — that is, we keep only the logarithmic terms, dropping all the others. The

contributions that are relevant for our analysis are casily obtained by the substitution

4—d Og,u2’

~where A is the energy scale which characterizes the appearance of new physics, and y is the

- scale in the process, which we take to be pt = my,p.

The contributions to the oblique parameters due to the top anomalous interactions are

2 3 2
= G Mwen (ag"c—a{\’C) logA

new ~ 87T2 A MI%V lu_2 H
2 2
o = 387 12 Ne (2880 — 87 = A1) og Ly (19)

2

2
Mg
Gew = Gomr T2 N (381 +2 BYC +2 81k 1og% :
where N, = 3 is the number of colors.

The anomalous contributions to the Zbb vertex are left-handed for my = 0, and their
expression in terms of the e, parameter is
2

2 3 2

b g Map My, co cc ce 2 A

= — — |1 - ‘ S — 0 ) log — 20
€new 3977 A2 ( 3 > ) (aL +6 37, o cu) og e (20) |

9




We made a consistency check of our calculation by analyzing the effect of ’chése nev;r
interactions to the ybb vertex at zero momentum, which is one of the renormalization con-
ditions in the on-shell renormalization scheme. We verified that our result for this vertex
does vanish at ¢* = 0.

.From the expressions above, we can see that the effect of operators contributing to €
and € is enhanced by a factor mfop/Mﬁ,. This is in agreement with the results of Ref.
[10] that used anomalous top interactions that transform linearly under the action of G.
Moreover, the right-handed charged currents do not contribute to any of the observables
and therefore cannot be constrained by the LEPI data. Notice that the ¢ parameters depend
on different combinations of the anomalous couplings, providing a way to disentangle them
- in case of a clear sign of new physics.

| ‘We show in Table I the 90% CL constraints on the anomalous top—quark interactions
aésuming that A =1 TeV. The SM contribution to the €'s, for m,, = 160-180 GeV and
My = 60-1000 GeV, reads: €' = (2.38-6.32) x 102, ¢? = ~(6.7-7.93) x 1073, € = (4.42-
6.55) x 1072, ¢ = —(5.28-7.02) x 1072, It is interesting to notice that our analysis does not
show any indication of new physics beyond the SM since all the anomalous couplings are
compatible with zero at 90% CL. For BC the strongest constraint comes from e, for SV
it comes from ¢, while for 3YC from ¢,. Our results show that the operators that break
the SU(2)¢ custodial symmetry and those which contribute to the Zbb vertex get bounds
close to the theoretical expectation for their anomalous couplings. We should notice that
for of¥¢ = al® the SU(2)¢ custodial symmetry is restored.

Summarizing, we have analyzed the effects of possible anomalous scalar and tensor coup-
lings between the top quark and the gauge bosons that appear in a scenario where there is
no particle associated to the symmetry-breaking sector in the low—energy spectrum. Using
a chiral Lagrangian formalisin, we have constructed the most general dimension—five CP
invariant Lagrangian for the interactions between the Goldstone bosons and the top and
bottom quarks, which contains eleven unknown parameters. We then draw the limits on

those couplings arising from precision measurements at the Z pole. Qur results show that

10




right-handed scalar and tensor charged currents do not contribute to the LEP observables
and therefore cannot be constrained. We found that left-handed charged- and neutral-
current confributions to €¢; and ¢, are enhanced by a factor mfop/Mf;’V . Our limits on these

operator are ((10%), the theoretically expected order of magnitude for these couplings.
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TABLES

Mtop 160 GeV 170 GeV 180 GeV
|| ¥C || —0.111 — 0.057 | ~0.075 — 0.072 | —0.047 — 0.083
a¢ [ —0.057 — 0.111 | —0.072 — 0.075[—0.083 — 0.047
af® || -2.790 — 2.150|—2.030 — 1.114|—1.639 — 0.605
N[l —1.684 — 0.760|—1.593 — 0.770 ~1.521 — 0.789
NON—1.067 — 1.316|—1.108 — 1.334 [ —1.152 — 1.331
00 |1 —0.467 — 0.534 | —0.242 — 0.441|—0.131 — 0.356
77 | —0.465 — 0.358 | —0.338 — 0.186 | —0.273 — 0.101

TABLE I. 90% CL limits on the anomalous top couplings for A =1 TeV, u = Mtgp, and 60

GeV < My < 1 TeV.
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