arXiv:hep-ph/0210224 v1 16 Oct 2002

TOKUSHIMA Report (hep-ph/0210224)

A New Decoupling Theorem in Top-Quark Physics^∗

Zenrō HIOKI^{∗)}

Institute of Theoretical Physics, University of Tokushima Tokushima 770-8502, JAPAN

ABSTRACT

Angular distribution of a secondary particle in top-quark production/decay is studied in a simple and general manner. It is shown that the distribution does not depend on any possible anomalous top-quark-decay interactions whatever the production mechanism is when certain well-justified conditions are satisfied. Some analyses using the final-state lepton are presented as an example of its application.

∗Talk at International Workshop on Physics and Experiments with Future Electron-Positron Linear Colliders (LCWS2002), August 26 - 30, 2002, Jeju-island, Korea. This work is based on collaboration with B. Grzadkowski.

∗)E-mail address: hioki@ias.tokushima-u.ac.jp

Top quark possesses a huge mass, which is very close to the electroweak (EW) scale. Therefore studying its property in various aspects will give us valuable information on the EW symmetry breakdown and consequently the origin of particle masses. Since future high-energy accelerators like NLC/LHC are expected to work as top-quark factories, a lot of attention has been paid to explore their productions (for a review, see Ref.[1] and the reference list there).

We could classify those analyses into two categories: model-dependent one and model-independent one. In the former approach, we can perform precise calculations and compare the results with corresponding experimental data at high precision. However if the nature does not choose the model, we have to look for another candidate. On the other hand, the latter offers us a “no-lose game” in a sense since we could always get some information anyway, but we have to introduce a lot of free parameters (form factors) to describe the interactions as generally as possible. Thus it is not that easy to achieve a high precision. Therefore these two approaches have both good and bad points respectively, and should work complementary to each other.

During investigating e^+e^− → tt̄ → ℓ^± · · · model-independently, we found that the angular distribution of the leptons ℓ^± in open-top region is not sensitive to modification of the standard tbW decay vertex [2]. The same conclusion was also reached by Rindani [3] through an independent calculation. Because of the abovementioned reason, a distribution insensitive to a certain class of nonstandard form factors is obviously a big advantage in model-independent analyses.

This discovery was rather accidental and unexpected, but after that we have succeeded to show in Ref.[4] that this phenomenon holds quite generally and what we found first was one typical example of it. Therefore we now believe it deserves to be called a new “Decoupling Theorem”, on which I would like to report here.

Let us consider a general top-quark-production process 1 + 2 → t + · · · followed by a decay t → f +· · ·, where f denotes the secondary particle that we are interested in. Since the ratio of the top-quark width Γ_t to its mass m_t is of the order of 10^{−2}, we can safely adopt the narrow-width approximation for the decaying top and apply the Kawasaki-Shirafuji-Tsai formula [5] in order to determine the f distribution

– 2 – except in the threshold region^{♯1}: dσ dp̃_f = 2B_f ∫ dp̃_t dσ dp̃_t (s_t = n) 1 Γ dΓ dp̃_f . (1)

Here dp̃ denotes the Lorentz-invariant phase-space element dp/[ (2π)^32p^0 ], dΓ/dp̃_f is the spin-averaged top-quark width to f + · · ·, B_f ≡ Γ/Γ_t, and dσ(s_t = n)/dp̃_t is the single-top-quark inclusive cross section with the top-spin vector s_t being replaced with the so-called “effective polarization vector” n, which is a function of p_{t,ℓ} and carries important information on the top decay. Its definition is a bit complicated, but it can be expressed as n = α^f ( m_t p_t p_f p_f − p_t m_t ) (2) thanks to Lorentz covariance, where α^f is a real parameter constrained as |α^f | ≤ 1.

The angular distribution of f is obtained by integrating eq.(1) over E_f : dσ dΩ_f = B_f (2π)^3 ∫ dE_f E_f ∫ dp̃_t dσ dp̃_t (s_t = n) 1 Γ dΓ dp̃_f . (3)

Here the polarization-vector n may in general depend on E_f and the integration over E_f on the right-hand side cannot be performed any further without knowing explicit form of dσ(s_t = n)/dp̃_t. However, if the vector n is free from E_f , we can perform the E_f integration independently of the production mechanism since dσ/dp̃_t can depend on E_f only through n: dσ dΩ_f = 2B_f ∫ dp̃_t dσ dp̃_t (s_t = n) 1 Γ dΓ dΩ_f . (4)

Since dΓ/dp̃_f in eq.(1) is the unpolarized top width as was explained, the resultant angular distribution is isotropic in the top-quark rest frame. Therefore its form in the Lab frame is fully determined by the Lorentz transformation connecting these two frames as dΓ d cos θ_{tf} = 1 − β^2 (1 − β cos θ_{tf} )^2 dΓ^⋆ d cos θ^⋆

, (5) where dΓ^⋆/d cos θ^⋆ is the constant distribution defined in the top-quark rest frame and θ_{tf} means the angle between p_t and p_f in the Lab frame. Thus we obtain dσ dΩ_f = 1 2π B_f ∫ dp̃_t dσ dp̃_t (s_t = n)

1 − β^2 (1 − β cos θ_{tf} )^2

. (6)

♯1In the threshold region, this formula might be no longer valid due to large corrections. For example, non-factorizable QCD corrections appear at the level of 10 % in eē → tt̄ → ℓ^±X [6].

– 3 –

Note that there are only two possible ways that the structure of the top-quark-decay vertices could influence the distribution:

i) through the width dΓ/dp̃_f , ii) through the effective polarization vector n. Therefore we conclude that if the polarization vector n depends neither on E_f nor on anomalous top-quark-decay vertices, the angular distribution dσ/dΩ_f is not altered by those anomalous vertices except for possible trivial modification of the branching ratio B_f . Furthermore, if we focus on the single standard-decay channel t → bW → bℓν_ℓ, even that dependence disappears.

Now the question is: Is n really E_f independent? In the framework of the standard model t → bW → bℓν_ℓ is practically the only decay mode of the top quark, and it was found in Ref.[7] that α^{ℓ+} = 1 and α^b = (2M^2_W − m^2_t )/(2M^2_W + m^2_t ). (7) This result shows that the form of n vector is process-dependent but does not depend on E_f indeed at least within the SM if m_f can be neglected.

This process will still be the main decay mode even after taking general couplings into account, unless we unrealistically change the top-interaction structure. Therefore, we assumed the following most general covariant tbW coupling and calculated n explicitly:

Γ^μ ∼ ū(p_b) [ γ^μ(f^L_1 P_L + f^R_1 P_R) − iσ^{μν} k_ν M_W (f^L_2 P_L + f^R_2 P_R) ] u(p_t), (8) where P_{L/R} = (1 ∓ γ_5)/2 and k is the momentum of W . As a result, we have observed that n(f = ℓ^+) remains unchanged while n(f = b) receives corrections. In those calculations, all the fermions except t and b were treated as massless,^{♯2} the narrow-width approximation was adopted also for the decaying W , and only the [SM]-[non-SM] interference terms were taken into account. Thus, any anomalous tbW interactions decouple from the leptonic angular distribution within this approximation.

Let me show some application of this “Decoupling Theorem”. We introduced in Ref.[2] the following CP -violating asymmetries:

A_{CP} (θ) = [ dσ^+(θ) d cos θ − dσ^−(π − θ) d cos θ ]/[ dσ^+(θ) d cos θ + dσ^−(π − θ) d cos θ ] , (9)

♯2Some part of the correction to n(f = b) does not vanish even for m_b = 0.

– 4 –

A_{CP} = ∫_0 −1 d cos θ dσ^+(θ) d cos θ − ∫_{+1} 0 d cos θ dσ^−(θ) d cos θ

∫_0 −1 d cos θ dσ^+(θ) d cos θ + ∫_{+1} 0 d cos θ dσ^−(θ) d cos θ

. (10)

Of course they are a pure measure of the CP -violating anomalous top productions. These lepton asymmetries are quite in contrast to the following asymmetry

A_{ℓℓ} ≡ ∫ ∫ x<x̄ dxdx̄ d^2σ dxdx̄ − ∫ ∫ x>x̄ dxdx̄ d^2σ dxdx̄ ∫ ∫ x<x̄ dxdx̄ d^2σ dxdx̄ + ∫ ∫ x>x̄ dxdx̄ d^2σ dxdx̄ (11)

introduced in Ref.[8] using the ℓ^± energy correlation d^2σ/dxdx̄, where x and x̄ are normalized energies of ℓ^+ and ℓ^− respectively. Generally this is also an asymmetry very sensitive to nonstandard CP violation in the top-quark interactions. However, if we have no luck and two contributions from the production and decay vertices cancel each other, we end up with getting little information as found in Fig.1. This comparison lightens the outstanding feature of A_{CP} (θ) and A_{CP} more clearly. This is however no longer a defect of A_{ℓℓ}. If we get to know the top-production mechanism through A_{CP} /A_{CP} (θ), then we can thereby explore the decay mechanism via A_{ℓℓ}. This would never be possible if we had A_{CP} /A_{CP} (θ) alone. That is, our decoupling theorem turns the defect of A_{ℓℓ} to an advantage!

Finally let me give some comments: Our derivation of the angular distribution (6) applies to any top-quark production process, including pair and single productions at both e^+e^− and hadronic machines (or γγ collisions enabled by laserelectron/positron backward scatterings). For e^+e^− collisions the absolute value of top-quark momentum is fixed by β^2 = 1 − 4m^2_t /s and eq.(6) reduces to dσ dΩ_f = 2m^2_t πs B_f ∫ dΩ_t dσ dΩ_t (s_t = n) 1 (1 − β cos θ_{tf} )^2

. (12)

This agrees with the one derived by Arens and Sehgal within the SM [7], where they pointed out that the lepton angular distribution can be used as a good spin analyzer of the parent top quark. Our theorem assures that their conclusion is not affected by the anomalous tbW couplings. On the other hand, the distribution in the CM frame of hadron-hadron collisions has some additional factors since the hadron CM frame and the parton CM frame are different from each other and

– 5 –

Figure 1: Parameter area which we can explore through the asymmetry A_{ℓℓ}. We can confirm this asymmetry to be non-zero at 1σ, 2σ and 3σ level when the parameters Re(D_{γ,Z} ) giving CP violation in the tt̄γ/Z couplings and Re(f^R_2 − f̄^L_2 ) giving CP violation in the tbW coupling are outside the two solid lines, dashed lines and dotted lines respectively. Unfortunately there is some area where two contributions from the production and decay vertices cancel each other and we get little information.

– 6 – they are connected through Lorentz transformation. However, any Lorentz boost can never produce anomalous-decay-parameter dependence. So, if dσ/d cos θ in the parton-CM frame is free from the non-SM form factors, then the one in the hadron-CM frame is also free from them. Consequently, our decoupling theorem holds in hadron-hadron collisions, too.

In summary, we have investigated the angular distribution of a secondary particle f in processes like 1 + 2 → t + · · · followed by t → f + · · · neglecting the f mass and applying the narrow-width approximation for the decaying top. It has been clarified that if the effective polarization vector n contains neither non-SM top-quark couplings nor E_f the whole angular distribution of f has no non-SM topquark-decay contributions. We then showed that this is realized in one of the most significant cases f = ℓ^+ within our approximation. We expect that NLC/LHC will be able to give certain clear statements about the top-quark interactions through measurements of the secondary lepton distributions.

REFERENCES

[1] D. Atwood, S. Bar-Shalom, G. Eilam and A. Soni, Phys. Rept. 347 (2001), 1 (hep-ph/0006032).

[2] B. Grzadkowski and Z. Hioki, Phys. Lett. B476 (2000), 87 (hep-ph/9911505).

[3] S.D. Rindani, Pramana 54 (2000) 791 (hep-ph/0002006).

[4] B. Grzadkowski and Z. Hioki, Phys. Lett. B529 (2002), 82 (hep-ph/0112361);

Report IFT-19-02 (hep-ph/0208079).

[5] Y.S. Tsai, Phys. Rev. D4 (1971), 2821; ibid. D13 (1976), 771(Erratum);

S. Kawasaki, T. Shirafuji and S.Y. Tsai, Prog. Theor. Phys. 49 (1973), 1656.

[6] M. Peter and Y. Sumino, Phys. Rev. D57 (1998), 6912 (hep-ph/9708223).

[7] T. Arens and L.M. Sehgal, Nucl. Phys. B393 (1993), 46.

[8] B. Grzadkowski and Z. Hioki, Phys. Lett. B391 (1997), 172 (hep-ph/9608306).

– 7 –