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Abstract: We analyze constraints on the anomalous Wtb couplings from B-physics experiments,
performing a correlated analysis and allowing all anomalous couplings to differ simultaneously
from their Standard Model (SM) values. The B-physics observables allow one to probe three
linear combinations out of the four anomalous couplings, which parameterize the Wtb vertex
under the assumption that the SM symmetries remain the symmetries of the effective theory.
The constraints in this work are obtained by taking into account the following B-physics observables:
the B® — B oscillations, the leptonic B — u*u~ decays, the inclusive radiative B — Xy decays,
and the differential branching fractions in the semileptonic inclusive B — Xs;u™u~ and exclusive
B — (K, K*)u*u~ decays at small g2, with g the momentum of the u "1~ pair. We find that the SM
values of the anomalous couplings belong to the 95% CL allowed region obtained this way, but lie
beyond the 68% allowed region. We also report that the distributions of the anomalous couplings
obtained within our scenario differ from the results of the 1D scenario, when only one of the couplings
is allowed to deviate from its SM value.

Keywords: standard model; new physics; top quark

1. Introduction

The top quark is the heaviest of all known elementary particles and may be expected to have
large couplings with physics beyond the Standard Model (BSM). One of the possibilities to probe BSM
physics is to study the anomalous structure of the Wtb vertex.

At the scale u ~ Myy, the effects of BSM interactions may be parameterized in the framework of
an effective field theory by a tower of higher dimension operators constructed from the SM fields and
obeying the SM symmetries [1]. The most general Lagrangian of the Wtb vertex has the following
form [2]:

8 Moy Wi
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where Py g = (1 F75), 030 = £(77v — Yv7u), g is the SU(2) gauge coupling. The Lagrangian (1)
corresponds to the choice of the covariant derivative acting on a left quark doublet with weak
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hypercharge Y in the form:
Dy = 3 — iS T - zg—YBy @)
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The anomalous couplings fvr, fyr, frL, and frr are induced by dimension-six operators of the
effective theory. In the SM, all anomalous couplings have zero values: fy; = fyr = frr = frr = 0.
(For convenience, we provide a comparison with the anomalous couplings used in other papers:
One finds fy; =V Bl =vp — 1 [4] = flL — 1[2]. For other couplings, fygr = Vr [3] = vr [4] = flR 2],
fro = Gr [3] = g1 [4] = fZL [2], and frr = Gr [3] = gr [4] = fZR [2].) Notice that vanishing of the
anomalous couplings in the SM Lagrangian does not forbid the appearance of the corresponding
Lorentz structures in the t — Wb amplitude through radiative corrections [5].

The SU(2) ® Uy(1) gauge invariance leads to the appearance of the anomalous structures not
only in the Wtb, but also in other Wqq' vertices [4]. Imposing a number of constraints (e.g., no tree-level
FCNC), these structures are given in terms of the same anomalous couplings as in Equation (1) and the
appropriate CKMmatrix elements.

The anomalous couplings are in general complex numbers [3,5-7]; this paper studies the
constraints on the couplings in a restricted scenario assuming that they are real quantities.

Obtaining experimental bounds on the anomalous couplings is an important direction in the
search for new physics. Such bounds may be obtained from different sources: e.g., from the direct
production of top quarks at hadron colliders, where weak processes are the main mechanism of the
single t-production [8]. Another promising way is the indirect probing of the anomalous couplings from
FCNC processes in B-physics: here, the virtual top often gives the leading contribution, thus opening
the possibility to constrain its anomalous couplings [3,4,9]. This paper follows the line of the analysis
of [3] and studies more closely the correlations between the anomalous couplings that can be obtained
from the B-physics data.

2. Effective Lagrangian for Weak FCNC B-Decays

For the description of weak B-decays, an appropriate physics scale is y >~ 5 GeV; all particles with
much heavier masses are not dynamical and may be integrated out within the formalism based on the
operator product expansion. The light degrees of freedom, such as the u,d, c, s, b quarks, the photon,
and the gluons are dynamical degrees of freedom. For FCNC B-decays, this approach leads to the
effective Lagrangian, which involves operators built up of the light degrees of freedom (for details and
the full set of the basis operators, see [10-12] and the discussion in [13-15]):

G . 10
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The operators O;_¢ in (3) are four-quark operators containing quark fields 5, b, ¢, ¢ with different
color contractions. One also has the analogous four-quark operators with the c-quark replaced
by the u-quark; the corresponding Wilson coefficients are however strongly CKM suppressed as
Vi Vs € Vi Vit ~ =V, V. For instance, the operators generating the charming loops are:

O1 =Ty, (1—75)c Ey' (1= 15)b/, 02 =5y,(1—5)c ¥ (1 — y5)b. (4)
The operators O;_1g are bilinear in quark fields:

em m
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The pi-dependent Wilson coefficients C;(y) at the scale u ~ Myy encode the effects of heavy particles;
in the SM, these are My, Z, and the t-quark, but in the extensions of the SM, other heavy particles
contribute, thus changing the values of the Wilson coefficients. One can write:

G =CM44C;, (6)
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where the additional terms JC; reflect the new physics contributions. The SM Wilson coefficients have
the values: CSM(My) = 1, CM(u ~ my,) = 4.21, CiM(y =~ my) = —4.41, CGGM(p ~ my) = —0.32.
We do not consider in our analysis the operators (9/7,9,10 with the opposite chirality compared to
Oy 9 10, respectively: In the SM, C/7 = Cymg/my, C;,lo = 0, and the corrections § C/7,9,10 induced by the
anomalous couplings are proportional to m;/m; and are thus much smaller than 6Cy g 10.

The additions to the Wilson coefficients 6Cyg 19 due to the anomalous couplings were obtained
in [3,4]; they are linear functions of the following anomalous couplings:

OC7(fve, fvr. fro. frr),  0Co(fvi, frr),  6Ciwo(fvi, frR)- )

For the explicit formulas, we refer to Appendix B of [3], and we apply those formulas for the matching
scale u = 2M. We also use the B-B oscillations; the correction to the corresponding amplitude due to
the anomalous couplings was calculated in [9]. It is noteworthy that it contains only two anomalous
couplings, fy; and frg.

B-meson observables, in addition to the Wilson coefficients, involve the amplitudes of the effective
operators; the latter contain complicated hadron effects. Therefore, in practice, only those processes
involving B-mesons, where the hadron uncertainties are kept under reasonable theoretical control,
may be used for probing the anomalous Wtb couplings. A plausible strategy for the purpose of
searching for New Physics (NP) is to avoid, e.g., hadronic weak B-meson decays.

An unavoidable difficulty in the theoretical description of FCNC B-decays is the calculation
of the contributions generated by the four-quark operators in (3), the so-called charming loops,
especially their nonfactorizable parts [16-19]. Recall that the contribution of the virtual charm to
FCNC B-decays is not CKM suppressed compared to the contribution of the top quark. In the
amplitudes of B — (K, K*)ITI~-decays, the factorizable charm contribution is governed by the linear
combination of the Wilson coefficients C, + 3C; which is strongly scale dependent. For instance,
at u ~ my, Co + 3C; = 0.3 is compared with the value Coy = 4.21 that governs a part of the top quark
contribution. Indeed, at small g2, with g the momentum of the [/~ pair, there is a sizeable numerical
suppression of the charming loops compared to the top contribution, but this suppression is the subject
of the precise choice of the scale y, indicating the importance of higher order QCDcorrections. As 4>
increases, the charm contribution rises much faster than that of the top; the charm takes over the top
when one approaches the charmonia region [16]. Finally, for the purpose of the search for NP, one can
use FCNC B-decays below the charm threshold as soon as one has reliable theoretical predictions for
the B — (K, K*) form factors and for the contribution of the charming loops.

For our further analysis, it is important to pay attention to the following facts:

(i) the coefficients 6Cy and 8Cy, as well as the amplitude of the B-B oscillations do not get
contributions from fyr and frr.
(ii) the coefficient C7 involves only one linear combination of fyg and frr.

Therefore, in practice, precision measurements of 6C; (i = 7,9, 10) from B-physics allows one to
get access to fyr, frr, and one specific linear combination of fy; and frg, determined by 6C5.

3. Bounds on Anomalous Wtb Couplings

When studying constraints on the anomalous couplings, both from direct top quark production
and from B-physics, one often considers different scenarios, depending on how many couplings are
allowed to vary from their zero SM values. For instance, one-dimensional scenarios, when only one
of the couplings is allowed to be nonzero, are well known [3,4,8]. Using such an approach, however,
one does not access those regions where different anomalous couplings may have strongly correlated
values far away from their zero SM values. We therefore follow here a different strategy: we allow all
couplings to be nonzero and obtain the corresponding bounds from the data.
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As already noticed above, only those B-decay channels, where theoretical QCD uncertainties are

kept under control, may be used for the extraction of the anomalous couplings. We use for our analysis
the following channels:

Bs — B; oscillations (see, e.g., [20]): We consider the ratio of AM; = Mp, — Mp_ in the theory
with anomalous couplings over AM; in the SM; its dependence on the anomalous»couplings was
calculated in [9]. We fit this quantity to the ratio of the experimental AM; [21] over its lattice
determination [22].

Br(B — Xs7)] E,>16Gev: data from [21] and theoretical estimates from [23].

Br(B — Xsutu~)
inputs from [3].
Bs — ptu~: data from [21,24] and the theoretical predictions from [23] (see also [25]).

Br(B — K*utu™) »: data from [26] in the lowest g%-bins: g2 = [0.1,1] GeV? and 4° = [1.1,6.0]
GeV2. The differential distributions and asymmetries for these decays were calculated in [27];

low—q2, With g the momentum of the utyu~ pair: data from [21] and theoretical

low—gq

convenient formulas parameterizing the theoretical results as functions of the Wilson coefficients
were given in [28]. In this channel, the accuracy of the experimental results is slightly better than
that of the theoretical predictions: the B — K* form factors at small 42 necessary for calculating the
differential branching fractions of interest come mainly from Light-Cone QCD Sum Rules (LCSR);
this method unfortunately does not allow a solid control over the systematic uncertainties of the
calculated form factors [29,30] (cf. [31,32]). We assign a 15% uncertainty on the LCSR predictions
for the B — (K, K*) form factors, yielding a 30% uncertainty on the differential distributions.
Br(B* — K*u™ ™ )jgw_gq2: We make use of the LHCb data [33] in two bins, 4° = [0.1,0.98]
GeV? and 4% = [1.1,6.0] GeV? (see also [34]). The necessary B — K form factors come from
LCSRs, e.g., [16,31,32]. The most recent analysis [32] yields the form factors f57X(0) = 0.27 +
0.08 and fE~K(0) = 0.25 4 0.07. These numbers are somewhat smaller than those from the
previous analysis [16]: f87K(0) = 0.347055 and f27K(0) = 0.3970:33. It is also noteworthy that
the uncertainties reported in [32] are considerably larger compared to the previous estimates.
Taking into account the already mentioned problem with the assignment of uncertainties within
QCD sum rules, for the analysis, we employ the B — K form factor parametrizations from [35],
which correspond to f27X(0) = 0.33 and f£7X(0) = 0.28, and assign to them a 15% theoretical
uncertainty. The full contribution of the charming loops, including the factorizable and the
nonfactorizable effects, from [16], is taken into account. Convenient expressions for 108 dBr(B —
Kutp~)/dg? (in GeV~2) as functions of the additions to the Wilson coefficients in two bins of
low-g? are given below:

7> = [0.1,1.0] GeV? :
108 dBr(B — Ku*u™)
dg?

[GeV™2] = 41.14 —12.016Cyo + 1.365C3, + 1.426C3 (8)

+7.336Cg + 0.916C3 + 6C7(9.15 + 2.285Cy),
7 = [1.1,6.0] GeV? :
108 dBr(B — Ku*u™)
dg?

[GeV™2] = 34.33 —8.615Cyg + 0.985C%, + 1.550C3

+7.466Cy + 0.926C3 + 6C7(9.73 + 2.375C). 9)

The amplitudes of these processes involve, via 6Cy, dCy, and JCyg, the anomalous couplings fyr, frr,
but only one linear combination of the couplings fyr and frr:

f = avrfvr +arLfreL, (10)
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with ayg >~ 98.6 and arp ~ —50.1 at the scale of 5 GeV [3]. In what follows, we obtain experimental
bounds on f, fyr, and frr at the scale of y = 2Myy from the B-physics data listed above.

With the theoretical expressions for the observables of interest as functions of the anomalous
couplings at hand, we proceed as follows: for a combination of the independent observables A;
with the calculated theoretical dependence on the set of the anomalous couplings F in the form
Aj(F), the experimental averages A, and the uncertainties AA;, we obtain the combined probability
distribution of F as follows:

— \ 2
1 f(P)Aj>
F) o] o) (11)
p(F) jeXp 2( AA;

where AA; is obtained by combining the experimental and the theoretical uncertainties of the
corresponding observable as (AA]-)2 = (AAj,th)z + (AAjrexp)z.

Integrating these distributions over one of the couplings, we obtain normalized 2D distributions
of two other couplings p(f1, f») shown in Figure 1. In all cases, the SM values belong to the 95% CL;

however, they are outside the 68% CL area.

S f
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Figure 1. The topographic maps of the 2D distributions p( f1, f2) of the anomalous couplings at the scale
u = 2Myy are obtained by integrating the 3D distribution over the third coupling: (a) fyr-frr; (b) fvL-f;
and (c) frr-f. In each plot, the blue external contour embraces the 95% CL region; the violet contour
embraces the 68% CL region. The black contours correspond to the values p(f1, fo) = 10,20,30,....
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Finally, Figure 2 gives a one-dimensional distribution of the individual coupling, obtained by

integrating the 3D distribution over other couplings. We emphasize that these 1D distributions differ
from the 1D distributions obtained by setting all other couplings to their SM values.

o(f) o(fur)
12
14
10 12
8 I 10
6 8
) 6
4
2 2
f 01005 0 005 01 o015 027"
(b)
8
6
4
2
Srr
~02-0.15-0.1-005 0 005 0.1

(0

Figure 2. The 1D distributions obtained by integrating the 3D distributions (red solid lines): (a) f;
(b) fyr; and (c) frr. For comparison, the blue dashed lines show the distributions obtained by setting
all other anomalous couplings to zero. The results present the distributions of the anomalous couplings
at the matching scale y = 2Myy.

4. Discussion and Conclusions

We presented a detailed analysis of the anomalous Wtb couplings based on a broad range of

B-physics data allowing all of them to differ simultaneously from zero. Our conclusions may be

summarized as follows:

1.

Taking into account that any analysis of the B-physics data involves the theoretical calculation of
complicated nonperturbative QCD effects (e.g., related to B-meson in the initial state, light mesons
in the final state, charming-loops, and charmonia resonances), only those modes where such
effects may be controlled with good accuracy are appropriate for the analysis of the anomalous
Wtb couplings. Presently, such effects are limited to FCNC radiative or semileptonic B-decays
in the region of small momentum transfers of the 7]~ pair, purely leptonic B-decays, and the
oscillation of neutral B-mesons. In other interesting processes/kinematic regions, where the
gluon penguin operator Og or four-quark operators provide sizeable or dominant contributions,
the nonperturbative QCD effects are very difficult to calculate with good accuracy; therefore,
such processes are not suitable for the analysis of the anomalous couplings from the data.
Consequently, B-decays can provide bounds on three quantities: the anomalous couplings fy,
frr, and one linear combination f of two other couplings, fyr and fr;, which appears in the
Wilson coefficient 6C5.

Allowing simultaneous deviations of all anomalous couplings from zero and calculating the 1D
distributions by integrating the 3D distributions lead to rather visible differences from the 1D
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distributions obtained by allowing only one anomalous coupling to take a non-SM value and
keeping all other couplings at zero; see Figure 2.

3.  Figures 1 and 2 show our results for the distributions of the anomalous couplings at the scale of
# = 2Myy. In all considered 2D and 1D distributions, the SM values of the couplings belong to
the region allowed at the 95% CL. However, the SM values lie beyond the 68% CL region of the
anomalous couplings. To obtain further constraints on the anomalous couplings, in particular,
for constraining the couplings fyr and fr;, separately, combining bounds on the anomalous
couplings from the B-physics data with the direct bounds from single top quark production is a
promising route to new physics [36-38]. The direct constraints on the anomalous couplings from
LHC data depend on the scenarios of the anomalous couplings (1D or 2D) used in the analysis.
Within 1D scenarios, indirect constraints from B-physics experiments are presently much more
restrictive compared to the direct top quark measurements [37].
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