arXiv:1112.1685v1 [hep-ph] 7 Dec 2011

New Physics effects on hadronic decay asymmetries of the Top quark.

F. Larios^1 and M.A. Pérez^2 1Departamento de Física Aplicada, CINVESTAV-Mérida, A.P. 73, 97310 Mérida, Yucatán, México 2Departamento de Física, CINVESTAV, A.P. 14-740, 07000, México D.F., México

We study some New Physics effects on the hadronic decays of the Top quark, like t → bb̄c, and on a forward-backward-like CP even asymmetry A_t constructed in such a way that it is zero in the SM. We find that an anomalous right-handed contribution of the effective tbW vertex may induce an asymmetry A_t of the order of 20%. A light W^′ boson with pure right handed couplings tdW^′ may induce an asymmetry A_t of the same order of magnitude.

PACS numbers:

I. INTRODUCTION

The effects of flavor changing neutral currents (FCNC) in processes involving the top quark have been studied even before the actual discovery of this quark [1]. While these processes are highly suppressed in the Standard Model (SM), several FCNC top-quark decays may be enhanced by several orders of magnitude in scenarios beyond the SM and some of them falling within the reach of the LHC [2]. FCNC top-quark processes may thus serve as a window to test new physics effects. Recently, the FCNC contributions to the decay t → bb̄c have been used to identify deviations from the SM predictions[3]. In particular, it was pointed that four observables, two CP-even and two CP-odd, that are formulated in such a way that they are zero in the SM, may produce measurable values at the LHC and thus may be used to identify new physics effects. In this report, we want to focus on a forward-backward-like CP even asymmetry proposed in Ref. [3] and compute the predictions from different New Physics scenarios. In particular, we are interested in 1) the contributions from an effective tbW vertex, and in 2) the contributions induced by the new heavy gauge bosons introduced to explain the A_{F B} asymmetry measured at the Tevatron[10]. We find that a right-handed (f^R_2 ) tbW coupling may induce a CP-even asymmetry A_t of the order of 20%. On the other hand, a new light W^′ boson, with mass of order 180-300 GeV, and with pure right-handed tdW^′ couplings may also contribute to A_t with the same order of magnitude.

In any three body decay (M → m_1, m_2, m_3) one can define three invariant masses m^2_{ij} = (p_i + p_j )^2, that satisfy the constraint m^2_{12} + m^2_3 + m^2_{13} = M^2 + m^2_1 + m^2 + m^2_3. Only two are independent variables and we can define two asymmetries depending which i, j pairs we choose. The asymmetry proposed in Ref. [3] for the decay t → bb̄c depends on ρ^2 ≡ (p_b +p¯_b)^2. However, the SM amplitude squared in the limit m_b = 0 depends on a function of (p_b + p_c)^2 divided by the W -propagator which depends on (p¯_b + p_c)^2. Therefore, we have chosen (p_b + p_c)^2 instead of ρ^2 to parametrize the asymmetries of interest.

II. ASYMMETRY IN THE HADRONIC DECAY OF TOP

Let us start by writing the tree level amplitude for the hadronic decay t → bW^+ → bb̄c of the top quark. For the sake of generality, we will use the notation t → bW^+ → bd̄u for the initial formula. Even though our main interest is in t → bW^+ → bb̄c, other decay modes like t → dW^+ → db̄c, or t → sW^+ → ss̄c could be addressed in a similar manner. Besides u, d and s, we consider c to be massless. We allow the b quark mass to be nonzero. As one would expect, effects from non-zero m_b are very small and we usually set m_b = 0 in our calculations, but we have kept m_b terms in the initial equations as they can be useful for future studies. For the propagator of the intermediate W boson we have first taken the general expression given in Ref. [4] and then we have simplified it by taking m_c = 0. The SM amplitude is M(t → bud̄) = ū_b ig √ 2 γ_μP_Lu_tū_u ig √ 2 V_{ud}γ_νP_Lv_d ( −g^{μν} + (1 + ir_W ) q^μq^ν m^2_W ) G^{−1}_T , (1) G_T = q^2 − m^2_W + iq^2r_W ,

with r_W ≡ Γ_W /m_W the width-to-mass ratio of the W boson. By momentum conservation p_t = p_b + p_u + p_d, and we define q ≡ p_u + p_d = p_t − p_b, t ≡ p_b + p_u and ρ = p_b + p_d.

Let us now consider the particular case t → bb̄c with m_b non-zero. After summing (averaging) over final (initial) spins, and neglecting terms of order higher than m^2_b the amplitude squared is given by

|M_{SM}|^2(t → bb̄c) = 3 2 g^4|V_{cb}|^2|V_{tb}|^2M_2(q^2, t^2)|G_T |^{−2} , (2)

M_2(q^2, t^2) = t^2(m^2_t − t^2) + m^2_b ( t^2(2 − m^2_t m^2_W

) + m^2_t q^2(m^2_t − q^2)

1 + r^2_W 4m^4_W − m^2_t ) . Notice that M^{SM}_2 depends on t^2 in the numerator and on q^2 in the denominator. One can choose to apply the constraint q^2 + t^2 + ρ^2 = m^2_t and change the t^2 dependence for a ρ^2 dependence as is done in Ref. [3]. As expected, our asymmetry based on t^2 is equivalent to the asymmetry based on ρ^2. As we will see, the definition of the asymmetry involves finding a particular integration limit that satisfies a cubic equation. We will find that it is easier to solve the equation based on t^2.

The total width for a three body decay can be written as[5]: Γ = 1 (2π)^332m^3_t ∫ dm^2_{12} ∫ dm^2_3 |M|^2. (3)

Let us now assign p_1 = p¯_b, p_2 = p_c and p_3 = p_b, then m^2_{12} = q^2 and m_{23} = t^2. Furthermore, let us rewrite the integral in terms of dimensionless variables x ≡ q^2/m^2_t and y ≡ t^2/m^2_t (m̂_b = m_b/m_t, m̂_W = m_W /m_t): Γ^{SM} (t → bb̄c) = m_t 2^8π^3

∫_{(1−m̂b )}2

m̂^2_b dx ∫_{ymax} y_{min} dy 3 2 g^4|V_{cb}|^2|V_{tb}|^2 f^{SM}_2 (x, y) . (4)

Where f^{SM}_2 is defined as

f^{SM}_2 (x, y) =

−y^2 + ay +^1_4 c_x (x − m̂^2_W )^2 + x^2r^2_W

, a = 1 + 2m̂^2_b − m̂^2_b m̂^2_W

, c_x = m̂^2_b ( 1 + r^2_W m^4_W − 4 ) , and the integration limits are y_{max(min)} = m̂^2_b + x − m̂^2_b 2x (1 − x − m̂^2_b ) ± λ x − m̂^2_b 2x , λ = √ 1 + x^2 + m̂^4_b − 2x − 2m̂^2_b − 2xm̂^2_b .

Our goal is to define an asymmetry that is zero in the SM but not necessarily so for other models. We will split the integral in y into two equal parts, so that: ∫_{tx} y_{min} dy (−y^2 + ay + 1 4 c_x) = ∫_{ymin} t_x dy (−y^2 + ay + 1 4 c_x) .

After solving the integral in the above equation we obtain a cubic equation for t_x

t^3_x − 3 2 at^2_x + 3 4 c_xt_x + b_x 4 = 0 ,

where b_x is defined by

b_x = 3 2 c_x(y_{max} + y_{min}) + 3a(y^2_{max} + y^2_{min}) − 2(y^3_{max} + y^3_{min})

There are three solutions to this equation. The following one satisfies that 0 ≤ t_x ≤ 1 for 0 ≤ x ≤ 1:

t_x = 1 2 Re [ a − (1 + i √ 3)z^{1/3}_x ] , (5) z_x = a^3 − b_x + 3 2 ac_x + i √ r_x r_x = (2a^3 − b_x)b_x + c_x ( c^2_x + 3ab_x + 3 4 a^2c_x ) . Notice that in the limit m̂_b → 0, a → 1, c_x → 0, y_{min} → 0, y_{max} → 1−x, b_x → (1−x)^2(1+2x) and the expression for z_x simplifies greatly: z_x = 1 − b_x + i √ b_x(2 − b_x). It is easy to see that in this limit we end up with a rather simple analytical expression for t_x in Eq. (5). As mentioned before, choosing the variable ρ^2 instead of t^2 leads to a more complicated cubic equation. Notice that the authors in Ref. [3] decided to use a numerical method to obtain the solution in their study.

The forward-backward-like asymmetry is defined as

A_t =

∫_{(1−m̂b)}2 0 dx ∫_{ymax} t_x dy|M| 2 − ∫_{(1−m̂b )}2 0 dx ∫_{tx} y_{min} dy|M| 2 ∫_{(1−m̂b)}2 0 dx ∫_{ymax} t_x dy|M| 2 + ∫_{(1−m̂b)}2 0 dx ∫_{tx} y_{min} dy|M| 2 . (6)

Notice that if NP effects do not change significantly the value for BR(t → bb̄c) in the SM, we can indeed make an approximation and use the SM value for the denominator in A_t.

The Asymmetry defined in [3] that is based on ρ^2 yields similar results. For instance, the coupling constant X^V_{LR} (expected to be of order 1) associated to a four fermion vector operator yields A_ρ = 0.0393|X^V_{LR}|^2 (see Eq. (24) in [3]). If we consider this coupling and calculate its contribution to the A_t asymmetry we obtain a value of 0.041|X^V_{LR}|^2.

III. EFFECTIVE tbW EFFECTS ON A_t

The first example of NP effects that we want to consider is based on the effective tbW vertex[6]:

L_{tbW} = g √ 2 W^−_μ b̄ γ^μ ( f^L_1 P_L + f^R_1 P_R ) t − g √ 2M_W ∂_ν W^−_μ b̄ σ^{μν} ( f^L_2 P_L + f^R_2 P_R ) t + h.c. , (7) In the SM (tree level) the coupling constants are f^L_1 = V_{tb} ≃ 1 and f^R_1 = f^R_2 = f^L_2 = 0. The amplitude squared given by this vertex is (see Eq. 2)

M_2(x, y) = −2m̂_bf^L_1 f^R_1 x + f^L_1 f^R_2 2 m̂_W x(y − m̂^2_b ) − f^L_1 f^L_2 2m̂_b m̂_W x(1 − y) + (f^R_1 )^2(x + y − m̂^2_b )(1 − x − y) + (f^R_2 )^2x(y − m̂^2_b )(x + y − m̂^2_b )/m̂^2_W + (f^L_2 )^2x(1 − y)(1 − x − y)/m̂^2_W − f^L_2 f^R_2

2m̂^2_b m̂^2_W x^2 .

The asymmetry in terms of the effective couplings is then given by

A_t = 0.01f^L_1 f^R_1 + 0.04f^L_1 f^L_2 + 0.60f^L_1 f^R_2 − 0.44(f^R_1 )^2 − 1.23(f^L_2 )^2 + 0.78(f^R_2 )^2 + 0.01f^L_2 f^R_2 . (8)

In principle, we expect the coefficients to assume values somewhat (maybe much) less than one. To estimate how large can A_t become due to effects from the general tbW vertex we will consider the bounds presented in one recent study based on b → sγ measurements[7]: |f^R_1 | ≤ 2.5 × 10^{−3}, |f^L_2 | ≤ 1.3 × 10^{−3} and |f^R_2 | ≤ 0.57. The potential contributions to the asymmetry are A_t ≤ 3 × 10^{−5}, A_t ≤ 5 × 10^{−5} and A_t ≤ 0.34 respectively.

A. Asymmetry based on q^2

We can define an asymmetry in terms of the x = q^2/m^2_t variable. Let us simplify formulas by taking m_b = 0 in this case, the asymmetry is defined as

A_q =

∫_1 0 dy ∫_{1−y} q_y dx|M| 2 − ∫_1 0 dy ∫_{qy} 0 dx|M|^2 ∫_1 0 dy ∫_{1−y} q_y dx|M| 2 + ∫_1 0 dy ∫_{qy} 0 dx|M|^2 (9) The value of q_y is

q_y = m̂^2_W − √ (1 − y − m̂^2_W )^2 + r^2_W a^2_y 2 − (1 − y)(1 + r^2_W )/m̂^2_W ,

For some values of y, the denominator in q_y approaches zero. In this region, we can expand q_y in terms of a variable β ≪ 1: β = 2 − (1 − y)(1 + r^2_W )/m̂^2_W (1 + r^2_W )^2 q_y = m̂^2_W (1 + r^2_W )^2 ( 1 − r^2_W 2 (β + β^2 + ··) )

The asymmetry in terms of the effective tbW couplings as well as the four fermion operator of Ref. [3] is given by

A_q = 0.31f^L_1 f^R_2 + 0.01(f^R_1 )^2 + 0.10(f^L_2 )^2 + 0.13(f^R_2 )^2 + 0.01|X^V_{LR}|^2

Comparing with the coefficients in Eq. (8) we see that the sensitivity of A_q to NP effects is much lower than the sensitivity of A_t. Thus, we focus our attention on the latter.

IV. ASYMMETRY FROM MODELS ASSOCIATED WITH A_{F B}

There are a good number of models proposed in the literature that attempt to explain the FB asymmetry of tt̄ production at the Tevatron[8]. In many cases the production process is modified by NP effects that are based on FCNC couplings[9].

Let us first refer to three examples presented in Ref. [10]. In particular, we want to consider the cases where there is a heavy boson involved with a mass of 2 TeV that can contribute to the qq̄ → tt̄ process via a t-channel diagram. One is a neutral vector Z^′, another is a charged vector W^′, and the third one is a neutral SU(2) scalar S. It is possible that these new bosons contribute to the t → bb̄c decay mode that we are interested. For instance, the top quark could make a transition t → bW^{′+} → bb̄c (i.e. just as the SM decay but with W being replaced by W^′). Unlike the SM W boson, the W^′ can couple to both left and right chiralities and the amplitude squared will have a different form than Eq. (2). Another case is a heavy neutral scalar H^′ with strong flavor violating couplings that contributes via the process t → cH^′ → cbb̄ (or maybe t → cH^′ → cbs̄). Similarly the process induced by the scalar could also stem from a heavy vector boson Z^′. For more details we refer to Ref. [10]. Table I shows the contributions to A_t from each case.

Another possible FCNC (this one is not used to explain A_{F B}) that we would like to consider involves the gluon field via a dimension 5 tcg tensor coupling[11]. This coupling could be generated at loop level and could induce a new single top production process model couplings A_t e q̄_dγ^μ(f_LP_L + f_RP_R)tW^{′−}_μ f_L = 2, f_R = 20 5 × 10^{−3} y_{ij} q̄_iq_jH^′ y_{tc} = 15, y_{bb} = 1 0.05 ef_R c̄_Lγ^μt_RZ^′_μ f_R = 15 −0.09 √ 2g_s^{κtcg}_Λ b̄_Lσ^{μν} T^at_RG_{μν}^{κtcg}_Λ ≤^{0.06}_{TeV} −0.07 TABLE I: Asymmetries predicted by FC interactions. The first three involve new heavy bosons with mass m_V = 2 TeV that can give rise to a tt̄ FB asymmetry A_{F B} = 0.2[10]. The last row is for an effective dimension 5 tcg operator[11] (limits from Tevatron measurements[12]).

gc → t → bW^+ where the top quark is produced without any additional particles. Table I shows the contribution to A_t from this coupling.

It is not the purpose of this work to make a comprehensive study of NP models and their contribution to the asymmetry A_t. For the results shown so far it has become apparent that there are several NP scenarios, that are of interest for the Top quark research program and that could also yield a non-zero A_t. From the results in Table I the heavy W^′ has no significant contribution to A_t. However, a light W^′ with pure right handed FV couplings tdW^′ [13] could indeed give significant contributions. Table II shows the contributions to A_t for this case. Notice that the decay mode is not t → bb̄c as before but t → db̄c. This mode has a negligible width in the SM (∼ 10^{−8} GeV), so the mere observance of this decay would signal NP effects. For this decay the denominator in Eq. (6) is not the SM value but the value obtained from the same W^′ contribution. m_W ′ (GeV) g_R BR(t → db̄c) A_t

180 1.4 3.7 × 10^{−3} 0.30 200 1.5 2.3 × 10^{−3} 0.11 300 2.0 1.0 × 10^{−3} −0.13 TABLE II: Asymmetries predicted by three values of m_W ′ and coupling constant g_R in the case of a light W^′ [13]. All cases are consistent with A_{F B} = 0.2.

Acknowledgments We thank RedFAE, Conacyt and SNI for support. We thank Qing-

Hong Cao for providing information on the tdW^′ coupling.

[1] J. L. Diaz-Cruz, R. Martinez, M. A. Perez and A. Rosado, Phys.Rev.D41, 891 (1990);

G. Eilam, J. L. Hewett and A. Soni, Phys. Rev. D44, 1473 (1991) [Erratum-ibid. D59, 039901 (1999)].

[2] F. Larios, R. Martinez and M. A. Perez, Int. J. Mod. Phys. A21, 3473 (2006) and refrences therein.

[3] K. Kiers, T. Knighton, D. London, M. Russell, A. Szynkman, K. Webster, Phys. Rev. D84, 074018 (2011).

[4] D. Atwood et al, Phys. Rev. D49, 289 (1994).

[5] K. Nakamura et al. (Particle Data Group), J. Phys. G 37, 075021 (2010) and 2011 partial update for the 2012 edition.

[6] C. R. Chen, F. Larios and C. P. Yuan, Phys.Lett. B631, 126 (2005); W. Bernreuther et al, Eur.

Phys. J. C60, 197 (2009); E. L. Berger et al, Phys. Rev. D80, 074020 (2009); J. A. Aguilar- Saavedra et al, Phys. Rev. D83, 117301 (2011), [ibid., Phys. Rev. D84, 019901 (2011)].

[7] B. Grzadkowski and M. Misiak, Phys. Rev. D 78, 077501 (2008), [Erratum-ibid. D 84, 059903 (2011)] [8] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. D 83, 112003 (2011); V. M. Abazov et al.

[D0 Collaboration], arXiv:1107.4995 [hep-ex].

[9] J. Shu, T. M. P. Tait and K. Wang, Phys. Rev. D81, 034012 (2010); A. Djouadi et al, Phys.

Rev. D82, 071702 (2010); S. Jung et al, Phys. Rev. D81, 015004 (2010); K. Cheung et al, Phys. Lett. B 682, 287 (2009); P. H. Frampton et al, Phys. Lett. B 683, 294 (2010); J. Cao et al, Phys. Rev. D81, 014016 (2010); I. Dorsner et al, Phys. Rev. D81, 055009 (2010); A. Arhrib et al, Phys. Rev. D82, 034034 (2010); P. Ferrario and G. Rodrigo, JHEP 1002, 051 (2010); D. -W. Jung et al, Phys. Lett. B691, 238 (2010); V. Barger et al, Phys. Rev. D81, 113009 (2010); J. N. Ng and P. T. Winslow, arXiv:1110.5630 [hep-ph]; J. A. Aguilar-Saavedra and M. Perez-Victoria, JHEP 1109, 097 (2011); R. S. Chivukula, E. H. Simmons and C. P. Yuan, Phys. Rev. D 82, 094009 (2010).

[10] Q. H. Cao, D. McKeen, J. L. Rosner, G. Shaughnessy and C. E. M. Wagner, Phys. Rev. D81, 114004 (2010).

[11] J. Gao, C. S. Li, L. L. Yang and H. Zhang, Phys. Rev. Lett. 107, 092002 (2011); E. Malkawi and T. M. P. Tait, Phys. Rev. D 54, 5758 (1996).

[12] V. M. Abazov et al. [D0 Collaboration], Phys. Lett. B 693, 81 (2010). [13] E. L. Berger, Q. -H. Cao, C. -R. Chen, J. -H. Yu and H. Zhang, arXiv:1111.3641 [hep-ph].