hep-ph/9911203 v2 25 Nov 1999

The B ! X_sl^+l� and B ! X_sγ decays with the fourth generation

Chao-Shang Huang, Wu-Jun Huo, and Yue-Liang Wu Institute of Theoretical Physics, Academia Sinica, P.O. Box 2735, Beijing 100080, P.R. China

Abstract

If the fourth generation fermions exist, the new quarks could influence the branching ratios of the decays of B ! X_sγ and B ! X_sl^+l^−. We obtain two solutions of the fourth generation CKM factor V^∗_t0_sV_t0_b from the decay of B ! X_sγ. We use these two solutions to calculate the new contributions of the fourth generation quark to Wilson coefficients of the decay of B ! X_sl^+l^−. The branching ratio and the forward-backward asymmetry of the decay of B ! X_sl^+l^− in the two cases are calculated. Our results are quite different from that of SM in one case, almost same in another case. If Nature chooses the formmer, the B meson decays could provide a possible test of the forth generation existence.

1 Introduction

The standard model (SM) is very successful. But it is almost certainly incomplete. For example, it does not fix the number of generations. So far it is not known why there is more than one generation and what law of Nature determines their number. The LEP determinations of the invisible partial decay width of the Z^0 gauge boson show there are certainly three light neutrinos of the usual type with mass than M_Z /2 [1]. This result is naturally interpreted to imply that there are exactly three generations of quarks and leptons. However, the existence of the fourth generation is not excluded, if the neutrino of this generation is, for unknown reasons, heavy, i. e., m_{ν4} ≥ M_Z /2 [2]. That is, there still exists the room of the fourth generation.

If we believe that the fourth generation fermions really exist in Nature, we should give their mass spectrums and take into account their physical effects. In last two decades, many theorists have researched this question. For examples, refs.[3] researched the mass spectrum of the fourth generation fermions in the minimal SUSY model and the supergravity model respectlivily. Refs. [4] considered only the fourth generation neutrino. Refs.

[5] discussed the limit on the masses of the fourth generation neutral and charged leptons, m_ν0 and m_τ 0 , which had been improved by LEP1.5 to m_ν0 > 59GeV and m_τ 0 > 62GeV. Ref. [6] reported on a search for pair production of a fourth generation charge −1/3 quark b^0 in pp̄ collisions at √ s = 1.8TeV by the DØ experiment at the Fermilab Tevatron using an integrated luminosity of 93pb^{−1}. There were also many papers presented other problems about the fourth generation, such as the mass degenercy of the fourth generation [7], the vector-like doublet as the fourth generation [8], and so on [9]. Recently, it is noted that the S parmeter measured from precision electroweak data is in conflict with a degenerate fourth generation by over three standard deviations, or 99.8% [10]. However, one can get around this discrepancy by assuming that there is new physics which partially cancels the contribution of fourth generation to the S parameter (such as additional Higgs doublets, etc.). On the other hand, it is shown that the area of mutual inconsistency between the SM and MSSM Higgs mass bounds is found to be consistent with the four generation MSSM upper bounds [11]. Ref. [12] examined the motivation of the existence of generation by operator ordering ambiguity and found that there should be four generations. It has been pointed that the fourth generation fermions would increase the Higgs boson production cross section via gluon fusion at hadron collider [13]. The decays of the fourth generation fermions have also been investigated [14]. The introduction of fourth generation fermions can also affect CP violating parameters ϵ^′/ϵ in the kaon system[15].

There were several theoretical schemes to introduce the fourth generation in the SM. The most economical and simple one was considered in Ref. [3]. The fourth generation model in this note is similar to that. But we limit ourself to the non-SUSY case in order to concentrate on the phenomenological implication of the fourth generation. We introduce the fourth generation, an up-like quark t^0 , a down-like quark b^0 , a lepton τ^0 , and a heavy neutrino ν^0 in the SM. The properties of these new fermions are all the same as their corresponding counterparts of other three generations except their masses and CKM mixing, see tab.1,

up-like quark down-like quark charged lepton neutral lepton u d e ν_e SM fermions c s μ ν_μ t b τ ν_τ new fermions t^0 b^0 τ^0 ν_τ 0

Table 1: The elmentary particle spectrum of SM4

In this note, we investigate the inclusive decays of B → X_sl^+l^− and B → X_sγ in the four generation SM which we shall call SM4 hereafter for the sake of simplicity. These two rare B meson decays provide testing grounds for the SM and are very useful for constraining new physics beyond the SM [16, 17]. They are experimentally clean, and are sensitive to the various extensions to the SM because these decays occur only through loops in the SM. New physical effects can manifest themselves in these rare decays through the Wilson coefficients, which can have values distinctly different from their SM counterparts

[18, 19, 20, 21], as well as new operators [20]. The implication of a fourth generation of quarks on the process b → s have previously investigated [21, 22] and it is shown that the fourth generation b → sγ branching ratio is essentially within the range allowed by CLEO [22].

The fourth generation quarks would influence these two decays. We obtain two solutions of the fourth generation CKM factor V^∗_t0_sV_t0_b from the decay of B → X_sγ. Then we use these two solutions to calculate the new contributions of the fourth generation quark to Wilson coefficients of the decay of B → X_sl^+l^−. The branching ratio and the forwardbackward asymmetry of the decay of B → X_sl^+l^− in the two cases are calculated. Our results are quite different from that of SM in one case, almost same in another case. If Nature chooses the formmer, the B meson decays could provide a possible test for the existence of the fourth generation fermions.

2 The decay of B ! X_sγ and the fourth generation CKM factor V^∗_t0_sV_t0_b

The rare decay B → X_sγ plays an important role in present day phenomenology. The effective Hamiltonian for B → X_sγ at scales μ_b = O(m_b) is given by [17, 23]

H_{eff} (b → sγ) = −

G_F √ 2 V^∗_{ts}V_{tb} [_6 ∑ i=1 C_i(μ_b)Q_i + C_{7γ} (μ_b)Q_{7γ} + C_{8G}(μ_b)Q_{8G} ] , (1)

The last two operators in the eq.(1), characteristic for this decay, are the magnetic– penguin operators

Q_{7γ} = e 8π^2 m_bs̄_ασ^{μν} (1 + γ_5)b_αF_{μν} , Q_{8G} = g 8π^2 m_bs̄_ασ^{μν} (1 + γ_5)T^a_{αβ}b_βG^a_{μν} (2)

The leading logarithmic calculations can be summarized in a compact form as follows [17]:

R_{quark} = Br(B → X_sγ) Br(B → X_ceν̄_e) = |V^∗_{ts}V_{tb}|^2 |V_{cb}|^2 6α πf(z) |C^{eff}_7 (μ_b)|^2 , (3)

where f(z) = 1 − 8z + 8z^3 − z^4 − 12z^2 ln z with z = m^2_{c,pole} m^2_{b,pole} (4) is the phase space factor in Br(B → X_ceν̄_e) and α = e^2/4π. The coefficient C^{eff}_7 (μ_b) can be calculated by using the renormalization group equations and the values of the Wilson coefficients C_{7γ} and C_{8G} at the scale μ_W = O(m_W ), C_{7γ} (μ_W ) and C_{8G}(μ_W ), which in SM are given in Ref. [24].

In the case of four generation there is an additional contribution to B → X_sγ from the virtual exchange of the fourth generation up quark t^0 . The Wilson coefficients of the

Figure 1: Mabnetic Photon (a) and Gluon (b) Penguins with t^0 .

dipole operators are given by

C^{eff}_{7,8}(μ_b) = C^{(SM)eff}_{7,8} (μ_b) +

V^∗_t0_sV_t0_b V^∗_{ts}V_{tb} C^{(4)eff}_{7,8} (μ_b), (5)

where C^{(4)eff}_{7,8} (μ_b) present the contributions of t^0 to the Wilson coefficients, and V^∗_t0_s and V_t0_b are two elements of the 4 × 4 CKM matrix which now contains nine paremeters, i.e., six angles and three phases. We recall here that the CKM coefficient corresponding to the t quark contribution, i.e., V^∗_{ts}V_{tb}, is factorized in the effective Hamiltonian as given in Eq. (1). The formulas for calculating the Wilson coefficients C^{(4)}_{7,8} (m_W ) are same as their counterpaters in the SM except exchanging t^0 quark not t quark and the corresponding Fenymann figuers are shown in fig. 1.

With these Wilson coefficients and the experiment results of the decays of B → X_sγ and Br(B → X_ceν̄_e) [25, 26], we obtain the results of the fourth generation CKM factor V^∗_t0_sV_t0_b. There exist two cases, a positive factor and a negative one:

V^∗_t0_sV^{(+)}_t0_b = [C^{(0)eff}_7 (μ_b) − C^{(SM)eff}_7 (μ_b)] V^∗_{ts}V_{tb} C^{(4)eff}_7 (μ_b) = [ R_{quark}|V_{cb}|^2πf(z) |V^∗_{ts}V_{tb}|^26α − C^{(SM)eff}

7 (μ_b)] V^∗_{ts}V_{tb} C^{(4)eff}_7 (μ_b) (6)

V^∗_t0_sV^{(−)}_t0_b = [− R_{quark}|V_{cb}|^2πf(z) |V^∗_{ts}V_{tb}|^26α − C^{(SM)eff}

7 (μ_b)] V^∗_{ts}V_{tb} C^{(4)eff}_7 (μ_b) (7) m_t0 (Gev) 50 100 150 200 250 300 400 V^∗_t0_sV^{(+)}_t0_b × 10^{−2} −11.591 −9.259 −8.126 −7.501 −7.116 −6.861 −6.548 V^∗_t0_sV^{(−)}_t0_b × 10^{−3} 3.5684 2.8503 2.5016 2.3092 2.191 2.113 2.016

Table 2: The values of V^∗_t0_s · V_t0_b due to masses of t^0 for Br(B → X_sγ) = 2.66 × 10^{−4}

as in tab. 2,

In the numerical calculations we set μ_b = m_b = 5.0GeV and take the t^0 mass value of 50GeV, 100GeV, 150GeV, 200GeV, 250GeV, 300GeV, 400 Gev [3].

The CKM matrix elements obey unitarity constraints, which states that any pair of rows, or any pair of columns, of the CKM matrix are orthogonal. This leads to six orthogonality conditions [16]. The one relevant to b → sγ is ∑ i V^∗_{is}V_{ib} = 0, (8)

i.e., V^∗_{us} V_{ub} + V^∗_{cs}V_{cb} + V^∗_{ts}V_{tb} + V^∗_t0_sV_t0_b = 0. (9) We take the average values of the SM CKM matrix elements from Ref. [26]. The sum of the first three terms in eq. (9) is about 7.6×10^{−2}. If we take the value of V^∗_t0_sV^{(+)}_t0_b given in Table 2, the result of the left of (9) is much better and much more close to 0 than that in SM, because the value of V^∗_t0_sV^{(+)}_t0_b is very close to the sum but has the opposite sign. If we take V^∗_t0_sV^{(−)}_t0_b , the result would change little because the values of V^∗_t0_sV^{(−)}_t0_b are about 10^{−3} order, ten times smaller than the sum of the first three ones in the left of (9). Considering that the data of CKM matrix is not very accurate, we can get the error range of the sum of these first three terms. It is about ±0.6 × 10^{−2}, much larger than V^∗_t0_sV^{(−)}_t0_b . Thus, the values of V^∗_t0_sV_t0_b in the both cases satisfy the CKM matrix unitarity constraints.

3 The decay of B ! X_sl^+l^−

The effective hamiltonian of the decay of B → X_sl^+l^− is H_{ef f} = 4G_F √ 2 V_{tb}V^∗_{ts} 10∑ i=1 C_i(μ)O_i(μ) (10)

where O_i are given in Refs. [17, 27]. The formulas for calculating the coefficients C_i(m_W ) in SM can be found in [17, 27]. Similar to Eq. (5), the Wilson coefficients C_9 and C_{10} which, in addition to C_7, are responsible for the decay B → X_sl^+l^− can be written in SM4 as C_9(μ_b) = C^{(SM)}_9 (μ_b) +

V^∗_t0_sV_t0_b V^∗_{ts}V_{tb} C^{(4)}_9 (μ_b) (11)

C_{10}(μ_b) = C^{(SM)}_{10} (μ_b) +

V^∗_t0_sV_t0_b V^∗_{ts}V_{tb} C^{(4)}_{10} (μ_b), (12)

where C^{(4)}_{9,10}, the contribution of t^0 to the Wilson coefficient C_{9,10}, is easily obtained by using the expression in SM with substituting m_t for m_t0 .

The effective Hamiltonian results in the following matrix elements for B → X_sl^+l^− M = GFα √ 2π V_{tb}V^∗_{ts}[C^{ef f}_9 s̄_Lγ_μb_Ll̄γ^μl + C_{10}S̄_Lγ_μb_Ll̄γ^μγ^5l +2C_7m_bs̄_Liσ^{μν} q^μ q^2 b_Rl̄γ^ν l], (13)

here these coefficients are evaluated at μ=m_b. C^{ef f}_9 is given as[27]:

C^{ef f}_9 = C_9 + [g( m_c m_b , s) + 3 α^2 k ∑ V_i

πM_{Vi} Γ(V_i → l^+l^−) M^2_{Vi} − q^2 − iM_{Vi} Γ_{Vi}

](3C_1 + C_2) (14)

From eq.(13), by integrating the angle variable of the double differential distributions from 0 to π, the invariant dilepton mass distributions can be calculated and given below

dΓ(B → X_sl^+l^−) ds = B(B → X_clν̄) α^2 4π^2f(m_c/m_b)

(1 − s)^2(1 −

4t^2 s )^{1/2} |V_{tb}V^∗_{ts}|^2 |V_{cb}|^2 D(s), D(s) = |C^{ef f}_9 |^2(1 +

2t^2 s )(1 + 2s) + 4|C_7|^2(1 +

2t^2 s )(1 + 2 s ) +|C_{10}|^2[(1 + 2s) +

2t^2 s (1 − 4s)] + 12Re(C_7C^{ef f ∗}_9 )(1 +

2t^2 s ) (15)

where s = q^2/m^2_b , t = m_l/m_b, B(B → X_clν̄) is the branching ratio which takes as 0.11, f is the phase-space factor expressed in eq.(4). The forward-backward asymmetry of the lepton in the process has also been given

A(s) = −3(

1 − 4t^2 s )^{1/2}E(s)/D(s) E(s) = Re(C^{ef f}_9 C^∗_{10})s + 2Re(C_7C^∗_{10}) (16)

Numerical results are shown in figs. 2 and 3.

2(a) 2(b)

Figuer 2: (a) Br(s) and (b) A(s) of B ! X_sτ^+τ^− with massof t^0 when V^∗_t0_sV_t0_b is positive.

3(a) 3(b)

Figuer 3: same when V^∗_t0_sV_t0_b is negative.

The invariant mass distribution and the forward-backward asymmetry in the case of V^∗_t0_sV^{(−)}_t0_b are shown in the figs.2a and 2b respectively. The five curves, which are corresponding to m_t0 =50Gev, 100Gev, 150Gev, 200Gev respectively in four fourth generation model and the SM one, almost overlap together. That is, the results in SM4 are the same as that in SM. In this case, it does not show the new effects of t^0 . We cannot obtain the information of existence of the fourth generation from B decays, although we cannot exclude them either. This is because, from tab. 2, the values of V^∗_t0_sV^{(−)}_t0_b are positive. They are of order 10^{−3}. The values of V^∗_{ts}V_{tb} are about ten times larger than them ( V^∗_{ts} = 0.038, V_{tb} = 0.9995, see ref. [26] ). Furthermore, C^{(4)eff}_7 (μ_b), C^{(4)}_9 (μ_b), C^{(4)}_{10} (μ_b) are approximately equal to the ones in SM. Thus the contributions of t^0 to C^{eff}_7 (μ_b), C_9(μ_b), C_{10}(μ_b) in eqs. (5), (11), (12) are negligible .

In the other case, when the values of V^∗_t0_sV^{(+)}_t0_b are negative, the numerical results are very different from that of SM. This can be clearly seen from figs. 3a and 3b. From fig. 3a, it is found that the deviations from SM depend on the mass of t^0 . The enhancement of the invariant mass distribution increases with increasing of t^0 quark mass. It gets to the most largest deviation, about 100% enhancement compared to SM, when t^0 mass is 200GeV. When the mass is taken to be 150GeV, the invariant mass distribution is about 30% low than that in SM. If the mass is taken to be under 100GeV, it is about half of the SM one. Even we take the mass of t^0 as a fitting value (between 150GeV and 200GeV), the shape of the curve is very different from the SM one. So, in this case, the fourth generation effects are shown clearly. The backwardforward asymmetry is also different from SM and show its own interesting things. From fig.3b, one sees that the curves are much lower than the SM one when the mass of t^0 is taken to be under 100GeV. The backward-forward asymmetry is almost vanishing as t^0 mass is equal to 100GeV. When t^0 mass is 50GeV, it is completely opposite to the SM one. But when we take the t^0 mass from 100GeV to 150GeV, the deviation from SM becomes smaller and smaller. Especially, when t^0 mass is near 150GeV, the curve is very like the SM one. But when we take t^0 mass upper 150GeV, the backward-forward asymmetry deviates from that of SM again. The deviation increases with the mass. The reason is that V^∗_t0_sV^{(+)}_t0_b is 2-3 times larger than V^∗_{ts}V̇_{tb} so that the second term of right of the eqs. (5), (11), (12) becomes important and it deponds on the t^0 mass strongly. Thus, the effect of the fourth generation is significant. In this case, the decay of B ! X_sl^+l^− could be a good probe to the existence of the fourth generation.

4 Conclusion

In this note, we have studied the rare B decay process B ! X_sl^+l^− as well as the decay B ! X_sγ in SM4. We obtained two solutions of the fourth generation CKM factor V^∗_t0_s � V_t0_b from the experimental data of B ! X_sγ. We have used the two solutions to calculate the contributions of the fourth generation quark to Wilson coefficients of B ! X_sl^+l^−. We have also calculated the branching ratio and the backward-forward asymmetry of the decay B ! X_sl^+l^− in the two cases. It is found that the new results are quite different from that of SM when the value of the fourth generation CKM factor is negative, almost the same when the value is positive. Therefore, the B meson decays could provide a possible way to probe the existence of the forth generation if the fourth generation CKM factor V^∗_t0_s � V_t0_b is negative.

Acknowledgments

This research was supported in part by the National Nature Science Foundation of China.

References

[1] Mark II Collab., G.S. Abrams et al., Phys. Rev. Lett. 63(1989) 2173;

L3 Collab., B. Advera et al., Phys. Lett. B231 (1989) 509; OPAL Collab., I. Decamp et al., ibid., 231 (1989) 519; DELPHI Collab., M.Z. Akrawy et al., ibid., 231 (1989) 539.

[2] Z. Berezhiani and E, Nardi, Phys. Rev. D52 (1995) 3087;

C.T. Hill, E.A. Paschos, Phys. Lett. B241 (1990) 96.

[3] J.F. Gunion, Douglas W. McKay, H. Pois, Phys. Lett. B334 (1994) 339;

Phys. Rev. D51 (1995) 201.

[4] J. Swain, L. Taylor, hep-ph/9712383;

R.N. Mohapatra, X. Zhang, hep-ph/9301286.

[5] V. Novikov, hep-ph/9606318;

LEP1.5 Collab., J. Nachtman, hep-ex/960615.

[6] DØ Collab., S. Abachi et al., Phys. Rev. Lett. 78 (1997) 3818.

[7] L. L. Smith, D. Jain, hep-ph/9501294;

A. Datta, hep-ph/9411435.

[8] T. Yoshikawa, Prog. Theor. Phys. 96 (1996) 269.

[9] D. Grosser,Phys. Lett. B86 (1979) 301;

C.D. Froggatt, H.B. Nielsen, D.J. Smith, Z. Phys. C 73 (1997) 333; S. Dimopoulos, Phys. Lett. B 129 (1983) 417.

[10] J. Erler and P. Langacker, Eur. Phys. J. C3 (1998) 90.

[11] D. Dooling, K. Kang, S. Kang, hep-ph/9902287;

M.T. Dova, J. Swain, L. Taylor, hep-ph/9811209.

[12] A. Rivero, hep-ph/9905021.

[13] I.F. Ginzburg, I.P. Ivanov, A. Schiller, hep-ph/9802364.

[14] W.S. Hou and R.G. Stuart, Phys. Lett. B233 (1989) 485;

G. Eilam, B. Haeri and A. Soni, Phys. Rev. D41 (1990) 875, Phys. Rev. Lett. 62 (1989) 719;

W.S. Hou and R.G. Stuart, Phys. Rev. D43 (1991) 3669; M. Sher, hep-ph/9908238.

[15] K.C. Chou, Y.L. Wu, and Y.B. Xie, Chinese Phys. Lett. 1 (1984) 2.

[16] A. Ali, hep-ph/9606324; hep-ph/9612262. [17] Andrzej J. Buras; hep-ph/9806471.

[18] T. Goto, Y. Okada, and Y. Shimizu, Phys. Rev. D58 (1998)094006. [19] C.S. Huang, Q.S. Yan, Phys. Lett. B442 (1998) 209;

C.S. Huang, W. Liao, and Q.S. Yan, Phys. Rev. D59 (1999) 011701; C.S. Huang and S.H. Zhu, hep-ph/9905463, to appear in Phys. Rev. D, and references therein.

[20] Y.B. Dai, C.S. Huang, H.W. Huang, Phys. Lett. B390 (1997) 257. [21] Y.L. Wu, Chinese Phys. Lett. 16 (1999) 339;

Wei-Shu Hou, R.S. Willey and A. Soni (UCLA), Phys. Rev. Lett. 58 (1987) 1608. [22] J.L. Hewett, Phys. lett. B193 (1987) 327;

W.S. Hou, A. Soni, and H. Steger, Phys. lett. B192 (1987) 441.

[23] G. Cella et al., Phys. Lett. B248 (1990) 181; R. Grigjanis et al., ibid., 224, (1989) 209;

B. Grinstein et al., ibid., 202 (1988) 138; N. Deshpande et al., Phys. Rev. Lett. 59 (1987) 183; S. Bertolini et al. ibid., 59 (1987) 180.

[24] T. Inami and C.S. Lim, Prog. Theor. Phys. 49 (1973). [25] M.S. Alam, Phys. Rev. Lett. 74 (1995) 2885.

[26] C.Caso et al., (Particle Data Group), Eur. Phys. J. C3 (1998) 1. [27] B. Grinstein, M.J. Savage, M.B. Wise, Nucl. Phys. B319 (1998) 271.