arXiv:hep-ph/0202241 v1 26 Feb 2002

QCD corrections to decay-lepton polar and azimuthal angular distributions in e^+e^− → tt in the soft-gluon approximation

Saurabh D. Rindani

Theory Group, Physical Research Laboratory Navrangpura, Ahmedabad 380 009, India Email address: saurabh@prl.ernet.in

Abstract

QCD corrections to order α_s in the soft-gluon approximation to angular distributions of decay charged leptons in the process e^+e^− → tt, followed by semileptonic decay of t or t, are obtained in the e^+e^− centre-of-mass frame. As compared to distributions in the top rest frame, these have the advantage that they would allow direct comparison with experiment without the need to reconstruct the top rest frame. The results also do not depend on the choice of a spin quantization axis for t or t. Analytic expression for the triple distribution in the polar angle of t and polar and azimuthal angles of the lepton is obtained. Analytic expression is also derived for the distribution in the charged-lepton polar angle. Numerical values are discussed for √ s = 400 GeV, 800 GeV and 1500 GeV.

PACS: 12.38 -t, 14.65.Ha, 13.65.+i

Keywords: Top quark, electron-positron annihilation, QCD corrections

1 Introduction

The discovery [1] of a heavy top quark, with a mass of about 174 GeV which is close to the electroweak symmetry breaking scale, raises the interesting possibility that the study of its properties will provide hints to the mechanism of symmetry breaking. While most of the gross properties of the top quark will be investigated at the Tevatron and LHC, more accurate determination of its couplings will have to await the construction of a linear e^+e^− collider. The prospects of the construction of such a linear collider, which will provide detailed information also on the W^±, Z and Higgs, are under intense discussion currently, and it is very important at the present time to focus on the details of the physics issues ( [2] and references therein).

In this context, top polarization is of great interest. There has been a lot of work on production of polarized top quarks in the standard model (SM) in hadron [3] collisions, and e^+e^− collisions in the continuum [4], as well as at the threshold [5]. A comparison of the theoretical predictions for single-top polarization as well as tt spin correlations with experiment can provide a verification of SM couplings and QCD corrections, or give clues to possible new physics beyond SM in the couplings of the top quark [6-18] (see [19] for a review of CP violation in top physics).

Undoubtedly, the study of the top polarization is possible because of its large mass, which ensures that the top decays fast enough for spin information not to be lost due to hadronization [20]. Thus, kinematic distributions of top decay products can be analysed to obtain polarization information. However, most studies on top polarization, particularly on QCD corrections, have presumed an accurate reconstruction of the spin, and are generally not concerned with decay distributions. Some works do consider decay distributions, but in the top rest frame [18, 22, 23]. In these cases, the onus of accurate determination of the spin quantization axis and that of the top energy-momentum and hence of the top rest frame, is largely left on the experimentalists. The remaining papers which discuss decay distributions in the laboratory frame are restricted to energy distributions of decay products [13], and do not calculate angular distributions.

The choice of spin quantization axis has also been an issue of discussion [21, 22], and it has been remarked that a certain “off-diagonal” spin basis has certain advantages.

In an alternative approach, adopted usually in the context of the study of top polarization arising from new physics, predictions are made directly for decay-lepton [7, 8, 9, 10, 11, 12, 14, 15, 16] or bottom-quark [15, 17] distributions in the laboratory frame. Such an approach makes the issue of the choice of spin basis for the top quark superfluous. Moreover, if the study is restricted to energy and polar angle distributions of top decay products, it even obviates the need for accurate determination of the energy or momentum direction of the top quark [10]. Even in case azimuthal distributions are studied, where an additional direction is needed to define the azimuthal angle, the knowledge of the magnitude of the top momentum is not required. It is sufficient if the direction is determined with reasonable accuracy.

In this paper we shall be concerned with the laboratory-frame angular distribution of secondary leptons arising from the decay of the top quarks in e^+e^− → tt in the context of QCD corrections to order α_s. QCD corrections to top polarization in e^+e^− → tt have been calculated earlier by many groups [23]-[30]. In cases when the corrections have been applied to the process including top decay, the discussion of angular distributions is restricted to the top rest frame [23]. QCD corrections to the lepton energy distributions have been treated in the top rest frame in [18] and in the lab. frame in [13]. This paper provides, for the first time, angular distribution in the e^+e^− centre-of-mass (c.m.) frame. As a first approach, this work is restricted, for simplicity, to the soft-gluon approximation (SGA). SGA has been found to give a satisfactory description of top polarization in single-top production [29], and it is hoped that it will suffice to give a reasonable quantitative description.

The study of the laboratory (lab.) frame angular distribution of secondary leptons, besides admitting direct experimental observation, has another advantage. It has been found [15, 16] that the angular distribution is not altered, to first-order approximation, by modifications of the tbW decay vertex, provided the b-quark mass is neglected. Thus, our result would hold to a high degree of accuracy even when O(α_s) soft-gluon QCD corrections to top decay are included, since these can be represented by the same form factors [32] considered in [15, 16]. We do not, therefore, need to calculate these explicitly. It is sufficient to include O(α_s) corrections to the γtt and Ztt vertices. This, of course, assumes that QCD corrections of the nonfactorizable type [33], where a virtual gluon is exchanged gluon between t (t) and b (b) from t (t) decay, can be neglected. We have assumed that these are negligible.

The procedure adopted here is as follows. We make use of effective γtt and Ztt vertices derived in earlier works in the soft-gluon approximation, using an appropriate cut-off on the soft-gluon energy. In principle, these effective vertices are obtained by suitably cancelling the infra-red divergences in the virtual-gluon contribution to the differential cross section for e^+e^− → tt against the real soft-gluon contribution to the differential cross section for e^+e^− → ttg. For practical purposes, restricting to SGA, it is sufficient to modify the tree-level γtt and Ztt vertices suitably to produce the desired result. Thus, assuming O(α_s) effective SGA vertices, we have obtained helicity amplitudes for e^+e^− → tt, and hence spin-density matrices for production. This implies an assumption that these effective vertices provide, in SGA, a correct approximate description of the off-diagonal density matrix elements as well as the diagonal ones entering the differential cross sections. Justification for this would need explicit calculation of hard-gluon effects, and is beyond the scope of this work.

We have considered three possibilities, corresponding to the electron beam being unpolarized (P = 0), fully left-handed polarized (P = −1), and fully right-handed polarized (P = +1). Since we give explicit analytical expressions, suitable modification to more realistic polarizations would be straightforward.

The results for the case of polar distributions of the decay lepton, restricted to √ s values of 400 and 800 GeV, were reported earlier in a short paper [34]. We present here more details, as well as azimuthal distributions. We also consider the possibility of a higher energy option of the linear collider, with √ s = 1500 GeV.

Our main result may be summarized as follows. By and large the distribution in the polar angle θ_l of the secondary lepton w.r.t. the e^− beam direction is unchanged in shape on inclusion of QCD corrections in SGA. The θ_l distribution for √ s = 400 GeV is very accurately described by overall multiplication by a K factor (K ≡ 1 + κ > 1), except for extreme values of θ_l, and that too for the case of P = +1. For the other energies considered, κ continues to be slowly varying function of θ_l. This has the important consequence that earlier results on the sensitivity of lepton angular distributions or asymmetries to anomalous top couplings, obtained for √ s values around 400 GeV without QCD corrections being taken into account, would go through by a simple modification by a factor of 1/ √ K [35]. The triple distributions in θ_t, θ_l and ϕ_l show an asymmetry around ϕ_l = 180^∘, which is not present at Born level.

2 Derivation of angular distributions to O(α_s)

We first obtain expressions for helicity amplitudes for

e^−(p_e− ) + e^+(p_e+ ) → t(p_t) + t(p_t) (1)

going through virtual γ and Z in the e^+e^− c.m. frame, including QCD corrections in SGA. The starting point is the QCD-modified γtt and Ztt vertices obtained earlier (see, for example, [29, 31]). We can write them [29] in the limit of vanishing electron mass as

Γ^γ_μ = e [ c^γ_v γ_μ + c^γ_M

(p_t − p_t)_μ 2m_t ] , (2)

Γ^Z_μ = e [ c^Z_v γ_μ + c^Z_a γ_μγ_5 + c^Z_M

(p_t − p_t)_μ 2m_t ] , (3)

where c^γ_v = 2 3 (1 + A), (4)

c^Z_v = 1 sin θ_W cos θ_W (1 4 − 2 3 sin^2 θ_W ) (1 + A), (5)

c^γ_a = 0, (6)

c^Z_a = 1 sin θ_W cos θ_W ( − 1 4 ) (1 + A + 2B), (7)

c^γ_M = 2 3 B, (8) c^Z_M = 1 sin θ_W cos θ_W ( 1 4 − 2 3 sin^2 θ_W ) B. (9) The form factors A and B are given to order α_s in SGA by

ReA = α̂_s [( 1 + β^2 β log 1 + β 1 − β − 2 ) log 4ω^2_{max} m^2_t − 4 + 2 + 3β^2 β log 1 + β 1 − β + 1 + β^2 β { log 1 − β 1 + β ( 3 log 2β 1 + β

+ log 2β 1 − β ) + 4Li_2 ( 1 − β 1 + β ) + 1 3 π^2 }] , (10)

ReB = α̂_s

1 − β^2 β log 1 + β 1 − β , (11) ImB = −α̂_sπ 1 − β^2 β , (12)

where α̂_s = α_s/(3π), β = √ 1 − 4m^2_t /s, and Li_2 is the Spence function. ReA in eq. (10) contains the effective form factor for a cut-off ω_{max} on the gluon energy after the infrared singularities have been cancelled between the virtualand soft-gluon contributions in the on-shell renormalization scheme. Only the real part of the form factor A has been given, because the contribution of the imaginary part is proportional to the Z width, and hence negligibly small [26, 29]. The imaginary part of B, however, contributes to the triple angular distribution.

The vertices in eqs. (2) and (3) can be used to obtain helicity amplitudes for e^+e^− → tt, including the contribution of s-channel γ and Z exchanges. The result is, in a notation where the subscripts of M denote the signs of the helicities of e^−, e^+, t and t, in that order, M_{+−±±} = ± 4e^2 s sin θ_t 1 γ [( c^γ_v + r_Rc^Z_v ) − β^2γ^2 ( c^γ_M + r_Rc^Z_M )] , (13)

M_{−+±±} = ± 4e^2 s sin θ_t 1 γ [( c^γ_v + r_Lc^Z_v ) − β^2γ^2 ( c^γ_M + r_Lc^Z_M )] , (14) M_{+−±∓} = 4e^2 s (1 ± cos θ_t) [ ± ( c^γ_v + r_Rc^Z_v ) + β ( c^γ_a + r_Rc^Z_a )] , (15) M_{−+±∓} = 4e^2 s (1 ∓ cos θ_t) [ ∓ ( c^γ_v + r_Lc^Z_v ) − β ( c^γ_a + r_Lc^Z_a )] , (16)

where θ_t is the angle the top-quark momentum makes with the e^− momentum, γ = 1/ √ 1 − β^2, and r_{L,R} are related to the left- and right-handed Zee couplings, and are given by

r_L = ( s s − m^2_Z ) 1 sin θ_W cos θ_W

, (17)

r_R = − ( s s − m^2_Z ) tan θ_W . (18)

Since we are interested in lepton distributions arising from top decay, we also evaluate the helicity amplitudes for t → bl^+ν_l ( or t → bl^−ν_l), which will be combined with the production amplitudes in the narrow-width approximation for t (t) and W^+ (W^−). In principle, QCD corrections should be included also in the decay process. However, in SGA, these could be written in terms of effective form factors [32]. As found earlier [15, 16], in the linear approximation, these form factors do not affect the chargedlepton angular distribution. Hence we need not calculate these form factors. Nevertheless, to illustrate this point we will discuss an arbitrary tbW vertex, in the limit of vanishing bottom mass.

The most general tbW vertex may be written as Γ^μ_{t→bW} = − g √ 2 V_{tb}u(p_b) [γ^μ(f_{1L}P_L + f_{1R}P_R) − i m_W σ^{μν} (p_t − p_b)_ν (f_{2L}P_L + f_{2R}P_R) ] u(p_t), (19)

where P_{L,R} =^1_2 (1 ∓ γ_5), and V_{tb} is the Cabibbo-Kobayashi-Maskawa (CKM) matrix element, which we will take to be equal to one. f_{1R} and f_{2L} do not contribute in the limit of vanishing b mass, and can be omitted. Moreover, we will set f_{1L} = 1, the value at tree level. The result does not depend on the value of f_{1L}, as we will see soon. The decay helicity amplitudes in the t rest frame can be found in [16], and we do not repeat them here.

It was found in [16] that, in this case, the spin density matrix for t → bl^+ν_l, on integration over the b-quark azimuthal angle, is the same as that for the Born vertex, except for an overall factor ( 1 + Ref_{2R}^{mW mt}_{pt·pl+} ) multiplying all the matrix elements. Moreover, after performing a boost to the lab. frame, and integrating over the charged-lepton energy, that the f_{2R} dependent factor cancelled against the corresponding factor in the correction to the top width. If we had not set f_{1L} = 1, the f_{1L} dependence would also have likewise cancelled.

The final result for the angular distribution in the lab. frame can be written as

d^3σ d cos θ_td cos θ_ldϕ_l = 3α^2βm^2_t 8s^2 B_l 1 (1 − β cos θ_{tl})^3 × [A(1 − β cos θ_{tl}) + B(cosθ_{tl} − β) +C(1 − β^2) sin θ_t sin θ_l(cos θ_t cos ϕ_l − sin θ_t cot θ_l)

+D(1 − β^2) sin θ_t sin θ_l sin ϕ_l ] , (20) where θ_t and θ_l are polar angles of respectively of the t and l^+ momenta with respect to the e^− beam direction chosen as the z axis, and ϕ_l is the azimuthal angle of the l^+ momentum relative to an axis chosen in the tt production plane. B_l is the leptonic branching ratio of the top. θ_{tl} is the angle between the t and l^+ directions, given by cos θ_{tl} = cos θ_t cos θ_l + sin θ_t sin θ_l cos ϕ_l, (21) and the coefficients A, B, C and D are given by A = A_0 + A_1 cos θ_t + A_2 cos^2 θ_t, (22) B = B_0 + B_1 cos θ_t + B_2 cos^2 θ_t, (23) C = C_0 + C_1 cos θ_t, (24) D = D_0 + D_1 cos θ_t, (25) with [36] A_0 = 2 { (2 − β^2) [ 2|c^γ_v |^2 + 2(r_L + r_R)Re ( c^γ_v c^{Z∗}_v ) + (r^2_L + r^2_R)|c^Z_v |^2 ] +β^2(r^2_L + r^2_R)|c^Z_a |^2 − 2β^2Re [ 2c^γ_v c^{γ∗}_M + (r_L + r_R) ( c^γ_v c^{Z∗}_M + c^Z_v c^{γ∗}_M ) +(r^2_L + r^2_R)c^Z_v c^{Z∗}_M ]} (1 − P_eP_e) + 2 { β^2(r^2_L − r^2_R)|c^Z_a |^2 +(2 − β^2) [ 2(r_L − r_R)Re ( c^γ_v c^{Z∗}_v ) + (r^2_L − r^2_R)|c^Z_v |^2 ] −2β^2Re [ (r_L − r_R) ( c^γ_v c^{Z∗}_M + c^Z_v c^{γ∗}_M ) + (r^2_L − r^2_R)c^Z_v c^{Z∗}_M ]} (P_e − P_e), A_1 = −8βRe ( c^{Z∗}_a {[ (r_L − r_R)c^γ_v + (r^2_L − r^2_R)c^Z_v ] (1 − P_eP_e) + [ (r_L + r_R)c^γ_v + (r^2_L + r^2_R)c^Z_v ] (P_e − P_e) }) , A_2 = 2β^2 {[ 2|c^γ_v |^2 + 4Re (c^γ_v c^{γ∗}_M ) + 2(r_L + r_R)Re ( c^γ_v c^{Z∗}_v + c^γ_v c^{Z∗}_M + c^Z_v c^{γ∗}_M ) +(r^2_L + r^2_R) ( |c^Z_v |^2 + |c^Z_a |^2 + 2Re ( c^Z_v c^{Z∗}_M ))] (1 − P_eP_e) + [ 2(r_L − r_R)Re ( c^γ_v c^{Z∗}_v + c^γ_v c^{Z∗}_M + c^Z_v c^{γ∗}_M ) +(r^2_L − r^2_R) ( |c^Z_v |^2 + |c^Z_a |^2 + 2Re ( c^Z_v c^{Z∗}_M ))] (P_e − P_e) } , B_0 = 4β { r_LRe [( c^γ_v + r_Lc^Z_v ) c^{Z∗}_a ] (1 − P_e)(1 + P_e)

+r_RRe [( c^γ_v + r_Rc^Z_v ) c^{Z∗}_a ] (1 + P_e)(1 − P_e) } , B_1 = −4 {[ |c^γ_v + r_Lc^Z_v |^2 + β^2r^2_L|c^Z_a |^2 ] (1 − P_e)(1 + P_e) − [ |c^γ_v + r_Rc^Z_v |^2 + β^2r^2_R|c^Z_a |^2 ] (1 + P_e)(1 − P_e) } , B_2 = 4β { r_LRe [( c^γ_v + r_Lc^Z_v ) c^{Z∗}_a ] (1 − P_e)(1 + P_e)

+r_RRe [( c^γ_v + r_Rc^Z_v ) c^{Z∗}_a ] (1 + P_e)(1 − P_e) } , C_0 = 4 { |c^γ_v +r_Lc^Z_v |^2 −β^2γ^2Re [( c^γ_v + r_Lc^Z_v )( c^{γ∗}_M + r_Lc^{Z∗}_M )]} (1 − P_e)(1 + P_e) −4 { |c^γ_v +r_Rc^Z_v |^2 −β^2γ^2Re [( c^γ_v + r_Rc^Z_v )( c^{γ∗}_M + r_Rc^{Z∗}_M )]} (1 + P_e)(1 − P_e),

C_1 = −4βRe {[( c^γ_v + r_Lc^Z_v ) − β^2γ^2 ( c^γ_M + r_Lc^Z_M )] r_Lc^{Z∗}_a (1 − P_e)(1 + P_e) + [( c^γ_v + r_Rc^Z_v ) − β^2γ^2 ( c^γ_M + r_Rc^Z_M )] r_Rc^{Z∗}_a (1 + P_e)(1 − P_e) } , D_0 = 4βIm [{( c^γ_v + r_Lc^Z_v ) − β^2γ^2 ( c^γ_M + r_Lc^Z_M )} r_Lc^{Z∗}_a (1 − P_e)(1 + P_e) − {( c^γ_v + r_Rc^Z_v ) − β^2γ^2 ( c^γ_M + r_Rc^Z_M )} r_Rc^{Z∗}_a (1 + P_e)(1 − P_e) ] sin θ_t, D_1 = 4β^2γ^2Im [( c^γ_M + r_Lc^Z_M ) ( c^{γ∗}_v + r_Lc^{Z∗}_v ) (1 − P_e)(1 + P_e) + ( c^γ_M + r_Rc^Z_M ) ( c^{γ∗}_v + r_Rc^{Z∗}_v ) (1 + P_e)(1 − P_e) ] sin θ_t.

Integrating over ϕ_l and θ_{tl} we get the θ_l distribution: dσ d cos θ_l = 3πα^2 32s βB_l {( 4A_0 + 4 3 A_2 ) + [ −2A_1 ( 1 − β^2

β^2 log 1 + β 1 − β − 2 β )

+2B_1

1 − β^2

β^2 ( 1 β log 1 + β 1 − β − 2 )

+2C_0

1 − β^2

β^2 ( 1 − β^2 β log 1 + β 1 − β − 2 )] cos θ_l + [ 2A_2 ( 1 − β^2 β^3 log 1 + β 1 − β − 2 3β^2 ( 3 − 2β^2 ) )

+ 1 − β^2

β^3 { B_2 ( β^2 − 3 β log 1 + β 1 − β + 6 )

−C_1 ( 3(1 − β^2) β log 1 + β 1 − β − 2(3 − 2β^2) )}]

×(1 − 3 cos^2 θ_l) } . (26)

SGA, P = +1

Born, P = +1

SGA, P = −1

Born, P = −1

SGA, P = 0

Born, P = 0 (a) √ s = 400 GeV dσ d cos θ_l (pb)

180 160 140 120 100 80 60 40 20 0

0.12 0.1 0.08 0.06 0.04 0.02 0

SGA, P = +1

Born, P = +1

SGA, P = −1

Born, P = −1

SGA, P = 0

Born, P = 0 (b) √ s = 800 GeV dσ d cos θ_l (pb)

180 160 140 120 100 80 60 40 20 0

0.03 0.025 0.02 0.015 0.01 0.005 0

SGA, P = +1

Born, P = +1

SGA, P = −1

Born, P = −1

SGA, P = 0

Born, P = 0 (c) √ s = 1500 GeV

θ_l dσ d cos θ_l (pb)

180 160 140 120 100 80 60 40 20 0

0.014 0.012 0.01 0.008 0.006 0.004 0.002 0

Figure 1: The distribution in θ_l with and without QCD corrections for (a) √ s = 400 GeV, (b) √ s = 800 GeV and (c) √ s = 1500 GeV plotted against θ_l, for e^− beam polarizations P = 0, −1, +1 in each case.

3 Numerical Results

After having obtained analytic expressions for angular distributions, we now examine the numerical values of the QCD corrections.

We use the parameters α = 1/128, α_s(m^2_Z ) = 0.118, m_Z = 91.187 GeV, m_W = 80.41 GeV, m_t = 175 GeV and sin^2 θ_W = 0.2315. We consider leptonic decays into one specific channel (electrons or muons or tau leptons), corresponding to a branching ratio of 1/9. We have used, following [29], a gluon energy cut-off of ω_{max} = ( √ s − 2m_t)/5. While qualitative results would be insensitive, exact quantitative results would of course depend on the choice of cut-off.

In Figs. 1 (a)-(c) we show the single differential cross section^{dσ}_{d cos θl} in picobarns with and without QCD corrections, for three values of √ s, viz., (a) 400 GeV, (b) 800 GeV and (c) 1500 GeV, and for e^− beam polarizations P = 0, −1, +1. It can be seen that the distribution with QCD corrections follows, in general, the shape of the lowest order distribution.

In Figs. 2 (a)-(c) is displayed the fractional deviation of the QCDcorrected distribution from the lowest order distribution:

κ(θ_l) = ( dσ_{Born} d cos θ_l )_{−1} ( dσ_{SGA} d cos θ_l − dσ_{Born} d cos θ_l ) . (27)

It can be seen that κ(θ_l) is independent of θ_l to a fair degree of accuracy for √ s = 400 GeV.

In Figs. 3 (a)-(c) we show the fractional QCD contributions (F_{SGA} − F_{Born})/F_{Born} where F (θ_l), is the normalized distribution:

F (θ_l) = 1 σ ( dσ d cos θ_l ) . (28)

It can be seen that the fractional change in the normalized distributions for √ s = 400 GeV is at most of the order of 1 or 2% (except in the case of P = +1, for θ_l ≥ 160^∘). For the other values of √ s, it is even smaller. This implies that QCD corrected angular distribution is well approximated, at the per cent level, by a constant rescaling by a K factor.

We now discuss the triple differential cross section, which corresponds to a distribution in θ_t, θ_l and ϕ_l, for which we have obtained an analytic expression, eq. (20). This distribution, unlike the θ_l distribution, requires

P = +1 P = −1 P = 0

(a) √ s = 400 GeV κ(θ_l)

180 160 140 120 100 80 60 40 20 0

0.3 0.28 0.26 0.24 0.22 0.2 0.18 0.16 0.14

P = +1 P = −1 P = 0

(b) √ s = 800 GeV κ(θ_l)

180 160 140 120 100 80 60 40 20 0

0.045 0.04 0.035 0.03 0.025 0.02 0.015 0.01 0.005

P = +1 P = −1 P = 0

(c) √ s = 1500 GeV

θ_l κ(θ_l)

180 160 140 120 100 80 60 40 20 0

0.02

0.015

0.01

0.005 0

Figure 2: The fractional QCD contribution κ(θ_l) defined in the text for (a) √ s = 400 GeV, (b) √ s = 800 GeV and (c) √ s = 1500 GeV plotted as a function of θ_l, for P = 0, −1, +1.

P = +1 P = −1 P = 0 (a) √ s = 400 GeV

(F_{SGA} − F_{Born})/F_{Born}

180 160 140 120 100 80 60 40 20 0

0.04 0.02 0 -0.02 -0.04 -0.06 -0.08 -0.1

P = +1 P = −1 P = 0 (b) √ s = 800 GeV

(F_{SGA} − F_{Born})/F_{Born}

180 160 140 120 100 80 60 40 20 0

0.015 0.01 0.005 0 -0.005 -0.01 -0.015 -0.02 -0.025 -0.03

P = +1 P = −1 P = 0 (c) √ s = 1500 GeV

θ_l

(F_{SGA} − F_{Born})/F_{Born}

180 160 140 120 100 80 60 40 20 0

0.006 0.004 0.002 0 -0.002 -0.004 -0.006 -0.008 -0.01

Figure 3: The fractional QCD contribution in normalized angular distributions, F (θ_l) defined in the text, for (a) √ s = 400 GeV, (b) √ s = 800 GeV and (c) √ s = 1500 GeV plotted as a function of θ_l, for P = 0, −1, +1.

the knowledge of the direction of t. In fact, without knowing the direction of the top momentum, it is not even possible to define ϕ_l. However, the magnitude of the momentum need not be determined precisely.

We have plotted in Fig. 4(a) d^3σ/(d cos θ_td cos θ_ldϕ_l), including QCD correction, against ϕ_l for different values of θ_l, for a fixed value of θ_t = 30^∘, for √ s = 400 GeV, and for P = 0. Fig. 4(b) gives the corresponding fractional deviations from the lowest-order values, κ(θ_t, θ_l, ϕ_l) = [ d^3σ_{Born} d cos θ_td cos θ_ldϕ_l ]_{−1} [ d^3σ_{SGA} d cos θ_td cos θ_ldϕ_l − d^3σ_{Born} d cos θ_td cos θ_ldϕ_l ] . (29) It can be seen that the QCD contribution remains around 28% for various values of θ_l and ϕ_l. The triple distributions show an asymmetry around ϕ_l = 180^∘, which is not present at Born level. This asymmetry is not visible in the Fig. 4 (a), but is very clear in Fig. 4 (b), where fractional QCD contributions to the normalized distributions are plotted.

The same plots as in Fig. 4 (a), (b) are repeated for √ s = 800 GeV in Figs. 5 (a), (b) and for √ s = 1500 GeV in Figs. 6 (a), (b).

We have not shown the plots for other values of θ_t because they do not illustrate anything new. We have also not discussed triple distributions for the case of polarized beams for the sake of brevity.

4 Conclusions

To conclude, we have obtained in this paper analytic expressions for angular distributions of leptons from top decay in e^+e^− → tt, in the e^+e^− c.m. frame, including QCD corrections to order α_s in the soft-gluon approximation. The distributions are in a form which can be compared directly with experiment. In particular, the single differential θ_l distribution needs neither the reconstruction of the top momentum direction nor the top rest frame. The triple differential distribution does need the top direction to be reconstructed for the definition of the angles. However, the magnitude of the top momentum need not be determined. In either case the results do not depend on the choice of spin quantization axis.

We find that the θ_l distributions are well described by rescaling the zeroth order distributions by a factor K which for √ s = 400 GeV is roughly independent of θ_l, except for extreme values of θ_l, for the case of right-handed θ_l = 150^∘ θ_l = 120^∘ θ_l = 90^∘ θ_l = 60^∘ θ_l = 30^∘ (a)

ϕ_l d^3σ d cos θ_td cos θ_ldϕ_l (pb)

360 330 300 270 240 210 180 150 120 90 60 30 0

0.011 0.01 0.009 0.008 0.007 0.006 0.005 0.004 0.003 0.002

θ_l = 150^∘ θ_l = 120^∘ θ_l = 90^∘ θ_l = 60^∘ θ_l = 30^∘ (b)

ϕ_l κ(θ_t, θ_l, ϕ_l)

360 330 300 270 240 210 180 150 120 90 60 30 0

0.286 0.285 0.284 0.283 0.282 0.281 0.28 0.279 0.278

Figure 4: (a) The triple differential distribution including the QCD contribution for √ s = 400 GeV and θ_t = 30^∘. (b) The fractional QCD contribution κ(θ_t, θ_l, ϕ_l) to the triple differential distribution for √ s = 400 GeV and θ_t = 30^∘.

θ_l = 90^∘ θ_l = 60^∘ θ_l = 30^∘ (a)

ϕ_l d^3σ d cos θ_td cos θ_ldϕ_l (pb)

360 330 300 270 240 210 180 150 120 90 60 30 0

0.016 0.014 0.012 0.01 0.008 0.006 0.004 0.002 0

θ_l = 150^∘ θ_l = 120^∘ θ_l = 90^∘ θ_l = 60^∘ θ_l = 30^∘ (b)

ϕ_l κ(θ_t, θ_l, ϕ_l)

360 330 300 270 240 210 180 150 120 90 60 30 0

0.043 0.042 0.041 0.04 0.039 0.038 0.037 0.036 0.035

Figure 5: (a) The triple differential distribution including the QCD contribution for √ s = 800 GeV and θ_t = 30^∘. (b) The fractional QCD contribution κ(θ_t, θ_l, ϕ_l) to the triple differential distribution for √ s = 800 GeV and θ_t = 30^∘.

θ_l = 90^∘ θ_l = 60^∘ θ_l = 30^∘ (a)

ϕ_l d^3σ d cos θ_td cos θ_ldϕ_l (pb)

360 330 300 270 240 210 180 150 120 90 60 30 0

0.004 0.0035 0.003 0.0025 0.002 0.0015 0.001 0.0005 0

θ_l = 150^∘ θ_l = 120^∘ θ_l = 90^∘ θ_l = 60^∘ θ_l = 30^∘ (b)

ϕ_l κ(θ_t, θ_l, ϕ_l)

360 330 300 270 240 210 180 150 120 90 60 30 0

0.015 0.0145 0.014 0.0135 0.013 0.0125 0.012 0.0115

Figure 6: (a) The triple differential distribution including the QCD contribution for √ s = 1500 GeV and θ_t = 30^∘. (b) The fractional QCD contribution κ(θ_t, θ_l, ϕ_l) to the triple differential distribution for √ s = 1500 GeV and θ_t = 30^∘.

polarized electron beam. For other values of √ s, it is a slowly varying function of θ_l.

The triple distributions in θ_t, θ_l and ϕ_l show an asymmetry about ϕ_l = 180^∘, which is absent at tree level, and would be a good test of the QCD corrections.

It would be useful to carry out the hard-gluon corrections explicitly and check if the soft-gluon approximation used here gives correct quantitative results.

Acknowledgements I thank Werner Bernreuther, Arnd Brandenburg and V. Ravindran for helpful discussions. I thank Ravindran also for clarifications regarding the contribution of the imaginary parts of form factors. I also thank Prof. P.M. Zerwas for hospitality in the DESY Theory Group, where this work was begun.

References

[1] CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 74, 2626 (1995); D0 Collaboration, S. Abachi et al., Phys. Rev. Lett. 74, 2632 (1995).

[2] D.J. Miller, Invited talk at Les Rencontres de Physique de la Valle d’Aoste, La Thuile, Italy, February 27 - March 4, 2000, hepph/0007094; F. Richard, J. R. Schneider, D. Trines and A. Wagner, hep-ph/0106314. American Linear Collider Working Group, T. Abe et al., hep-ex/0106043; ACFA Linear Collider Working Group, K. Abe it et al., URL http://acfahep.kek.jp/acfareport.

[3] C.R. Schmidt and M.E. Peskin, Phys. Rev. Lett., 69, 410 (1992); D.

Atwood, A. Aeppli and A. Soni, Phys. Rev. Lett. 69, 2754 (1992) ; G.L. Kane, G. A. Ladinsky and C.-P. Yuan, Phys. Rev. D 45, 124 (1992) ; G. Ladinsky, hep-ph/9311342; W. Bernreuther, A. Brandenburg, and P. Uwer, Phys. Lett. B 368, 153 (1996).

[4] J.H. Kühn, A. Reiter and P.M. Zerwas, Nucl. Phys. B 272, 560 (1986);

M. Anselmino, P. Kroll and B. Pire, Phys. Lett. B 167, 113 (1986); G.A. Ladinsky and C.-P. Yuan, Phys. Rev. D 45, 124 (1991); C.-P. Yuan, Phys. Rev. D 45, 782 (1992).

[5] R. Harlander, M. Jeżabek, J.H. Kühn and T. Teubner; M. Jeżabek, Phys. Lett. B 346, 137 (1995); R. Harlander, M. Jeżabek, J.H. Kühn and M. Peter, Z. Phys. C 73, 477 (1997); B.M. Chibisov and M.B. Voloshin, Mod. Phys. Lett. A 13, 973 (1998); M. Jeżabek, T. Nagano and Y. Sumino, Phys. Rev. D 62, 014034 (2000); Y. Sumino, hep-ph/0007326.

[6] J.P. Ma and A. Brandenburg, Z. Phys. C 56, 97 (1992); A. Brandenburg and J.P. Ma, Phs. Lett. B 298, 211 (1993); P. Haberl, O. Nachtmann, A. Wilch, Phys. Rev. D 53, 4875 (1996); C.T. Hill and S.J. Parke, Phys. Rev. D 49, 4454 (1994); S.D. Rindani and M.M. Tung, Phys. Lett. B 424, 424 (1998); Eur. Phys. J. C 11, 485 (1999); B. Holdom and T. Torma, Toronto preprint UTPT-99-06.

[7] W. Bernreuther, J.P. Ma and T. Schröder, Phys.Lett. B 297, 318 (1992);

W. Bernreuther, O. Nachtmann, P. Overmann and T. Schröder, Nucl. Phys. B 388, 53 (1992); 406, 516 (1993) (E).

[8] T. Arens and L.M. Sehgal, Nucl. Phys. B 393, 46 (1993); Phys. Rev. D 50, 4372 (1994).

[9] D. Chang, W.-Y. Keung and I. Phillips, Nucl. Phys. B 408, 286 (1993);

429, 255 (1994) (E); P. Poulose and S.D. Rindani, Phys. Lett. B 349, 379 (1995);

[10] P. Poulose and S.D. Rindani, Phys. Rev. D 54, 4326 (1996); D 61, 119901 (2000) (E); Phys. Lett. B 383, 212 (1996).

[11] O. Terazawa, Int. J. Mod. Phys. A 10, 1953 (1995).

[12] E. Christova and D. Draganov, Phys. Lett. B 434, 373 (1998); E. Christova, Int. J. Mod. Phys. A 14, 1 (1999).

[13] B. Mele, Mod. Phys. Lett. A 9, 1239 (1994); B. Mele and G. Altarelli, Phys. Lett. B 299, (1993) 345; Y. Akatsu and O. Terezawa, Int. J. Mod. Phys. A 12, 2613 (1997).

[14] B. Grzadkowski and Z. Hioki, Nucl. Phys. B 484, 17 (1997); Phys. Lett.

B 391, 172 (1997); Phys. Rev. D 61, 014013 (2000); L. Brzeziński, B. Grzadkowski and Z. Hioki, Int. J. Mod. Phys. A 14, 1261 (1999).

[15] B. Grzadkowski and Z. Hioki, Phys. Lett. B 476, 87 (2000), Nucl. Phys.

B 585, 3 (2000).

[16] S. D. Rindani, Pramana J. Phys. 54, 791 (2000).

[17] A. Bartl, E. Christova, T. Gajdosik and W. Majerotto, Phys. Rev. D 58, 074007 (1998); hep-ph/9803426; Phys. Rev. D 59, 077503 (1999).

[18] J.H. Kühn, Nucl. Phys. B 237, 77 (1984); M. Jeżabek and J.H. Kühn, Phys. Lett. B 329, 317 (1994); A. Czarnecki, M. Jeżabek and J.H. Kühn, Nucl. Phys. B 427, 3 (1994); K. Cheung, Phys. Rev. D 55, 4430 (1997).

[19] D. Atwood, S. Bar-Shalom, G. Eilam and A. Soni, Phys. Rep. C 347, 1 (2001).

[20] I. Bigi and H. Krasemann, Z. Phys. C 7, 127 (1981); J. Kühn, Acta Phys. Austr. Suppl. XXIV, 203 (1982) ; I. Bigi et al., Phys. Lett. B 181, 157 (1986).

[21] G. Mahlon and S. Parke, Phys. Rev. D 53, 4886 (1996); Phys. Lett. B 411, 173 (1997).

[22] S. Parke and Y. Shadmi, Phys. Lett. B 387, 199 (1996).

[23] Y. Kiyo, J. Kodaira, K. Morii, T. Nasuno and S. Parke, Nucl. Phys.

Proc. Suppl. 89, 37 (2000); Y. Kiyo, J. Kodaira and K. Morii, Eur. Phys. J. C 18, 327 (2000).

[24] J.H. Kühn, A. Reiter and P.M. Zerwas, Nucl. Phys. B 272, 560 (1986).

[25] J.G. Körner, A. Pilaftsis and M.M. Tung, Z. Phys. C 63, 615 (1994);

S. Groote, J.G. Körner and M.M. Tung, Z. Phys. C 70, 281 (1996); S. Groote and J.G. Körner, Z. Phys. C 72, 255 (1996); S. Groote, J.G. Körner and M.M. Tung, Z. Phys. C 74, 615 (1997); H.A. Olesen and J.B. Stav, Phys. Rev. D 56, 407 (1997).

[26] V. Ravindran and W.L. van Nerven, Phys. Lett. B 445, 214 (1998);

Phys. Lett. B 445, 206 (1998); Nucl. Phys. B 589, 507 (2000).

[27] B. Lampe, Eur. Phys. J. C 8, 447 (1999).

[28] A. Brandenburg, M. Flesch and P. Uwer, hep-ph/9911249; M. Fischer, S. Groote, J.G. Körner and M.C. Mauser, hep-ph/0011075, hepph/0101322.

[29] J. Kodaira , T. Nasuno and S. Parke, Phys. Rev. D 59, 014023 (1999).

[30] H.X. Liu, C.S. Li and Z.J. Xiao, Phys. Lett. B 458, 393 (1999).

[31] M.M. Tung, J. Bernabéu and J. Peñarrocha, Nucl. Phys. B 470, 41 (1996); Phys. Lett. B 418, 181 (1998).

[32] B. Lampe, hep-ph/9801346.

[33] W. Beenakker, F.A. Berends and A.P. Chapovsky, Phys. Lett. B 454, 129 (1999).

[34] S.D. Rindani, Phys. Lett. B 503, 292 (2001).

[35] S.D. Rindani, to be published in the Proceedings of the Theory Workshop on Physics at Linear Colliders, KEK, Japan, 15-17 March 2001, hep-ph/015318.

[36] The expressions given in [34] cannot be used here since they have been written neglecting the imaginary parts of form factors. However, in that work, only polar-angle distributions were calculated, for which the imaginary parts do not contribute.