arXiv:hep-ph/0312025 v2 12 Jun 2004

UdeM-GPP-TH-03-116 McGill/03-27

CP Violation in B → ρπ: New Physics Signals

Véronique Pagé^{a,1} and David London^{a,b,2}

a: Laboratoire René J.-A. Lévesque, Université de Montréal, C.P. 6128, succ. centre-ville, Montréal, QC, Canada H3C 3J7 b: Physics Department, McGill University,

3600 University St., Montréal QC, Canada H3A 2T8

(June 12, 2004)

Abstract

A Dalitz-plot analysis of B^0_d (t) → ρπ → π^+π^−π^0 decays allows one to obtain the CP-violating phase α. In addition, one can extract the various tree (T ) and penguin (P ) amplitudes contributing to these decays. By comparing the measured value of |P/T | with the theoretical prediction, one can detect the presence of physics beyond the standard model.

1veronique.page@umontreal.ca 2london@lps.umontreal.ca

A great many methods have been proposed for obtaining information about the CP phases α, β and γ of the unitarity triangle [1]. Almost all of these involve CPviolating asymmetries in hadronic B decays [2]. The aim is to test the standard model (SM) explanation of CP violation, and hopefully find evidence for physics beyond the SM.

The cleanest methods (i.e. those in which the theoretical hadronic uncertainties are very small) involve B decays which are dominated by a single amplitude, such as B^0_d (t) → J/ψK_S . However, many decays receive contributions from both tree and penguin diagrams with different weak phases [3]. A-priori, one would think that one cannot obtain clean phase information from such decays. Fortunately, techniques have been developed for removing the unwanted “penguin pollution.” For example, an isospin analysis of B → ππ decays allows one to remove this contamination and obtain sin 2α cleanly [4], albeit with discrete ambiguities.

In fact, this isospin analysis gives us even more information. In particular, one can also obtain the magnitudes and relative phases of the tree (T ) and penguin (P ) amplitudes in B^0_d → π^+π^− [5]. It is therefore possible to compare the experimental value of |P/T | with that predicted by theory. If a significant discrepancy is observed, it would signal new physics [6].

An alternative technique for obtaining α involves B → ρπ decays. By performing a Dalitz-plot analysis of B^0_d (t) → ρπ → π^+π^−π^0 decays, one can remove the penguin contributions from B → ρπ decays and obtain α [7]. Compared to B → ππ, the advantage of this method is that it is possible to extract both sin 2α and cos 2α, so that one obtains 2α with no discrete ambiguity. Another advantage is that it is not necessary to measure processes involving two final-state π^0 mesons. The disadvantage of this method is that one must understand the continuum background to such decays with considerable accuracy, as well as the correct description of ρ → ππ decays, and these may be difficult.

Here too there is enough information to obtain the magnitudes and relative phases of the tree and penguin amplitudes. Thus, one can measure |P/T | in B → ρπ. As in B → ππ, a comparison of this ratio with the theoretical prediction can reveal the presence of new physics. In this paper we perform such an analysis. As we will show, the B → ρπ method has two advantages compared to B → ππ for searching for physics beyond the SM in this way. First, the fact that there is no discrete ambiguity in 2α improves the prospects for finding new physics. Second, the |P/T | ratio is expected to be smaller than in B → ππ, which makes it easier to see a new-physics signal, should it be present.

We begin with a brief review of the B → ρπ Dalitz-plot analysis within the SM [7]. There are five B → ρπ amplitudes which satisfy a pentagon isospin relation. All amplitudes receive contributions from both tree and b̄ → d̄ penguin amplitudes. The tree amplitude is proportional to V^∗_{ub}V_{ud}, while the penguin amplitude has contributions from internal u, c and t quarks, proportional to V^∗_{ub}V_{ud}, V^∗_{cb}V_{cd} and V^∗_{tb}V_{td}, respectively. Using the unitarity of the CKM matrix, V^∗_{td}V_{tb} + V^∗_{cd}V_{cb} + V^∗_{ud}V_{ub} = 0, we can eliminate the c-quark contribution. Furthermore, the piece proportional to V^∗_{ub}V_{ud} can be absorbed into the tree amplitude. Thus, the penguin amplitude includes only the piece proportional to V^∗_{td}V_{tb}. It is convenient to rescale the amplitudes by e^{iβ}, leading to the following expressions for the amplitudes: S_{+0} ≡ e^{iβ} √ 2A(B^+ → ρ^+π^0) = T^{+0}e^{−iα} + P^{+0} , S_{0+} ≡ e^{iβ} √ 2A(B^+ → ρ^0π^+) = T^{0+}e^{−iα} + P^{0+} , S_{+−} ≡ e^{iβ}A(B^0 → ρ^+π^−) = T^{+−}e^{−iα} + P^{+−} , (1) S_{−+} ≡ e^{iβ}A(B^0 → ρ^−π^+) = T^{−+}e^{−iα} + P^{−+} , S_{00} ≡ e^{iβ}2A(B^0 → ρ^0π^0) = S_{+0} + S_{0+} − S_{+−} − S_{−+} ,

where P^{0+} = −P^{+0}. In the above we have explicitly written the weak phase α, while the T_i and the P_i include strong phases. (Throughout the paper, we use the subscript ‘i’ to denote all of the ρπ charge combinations: i = +0, 0+, +−, −+, 00.) The corresponding amplitudes for the CP-conjugate processes, S̄_i, are obtained by changing the signs of the weak phases.

The key point is that all of the neutral B^0_d → ρπ amplitudes contribute to B^0_d → π^+π^−π^0. We can therefore write

A(B^0_d → π^+π^−π^0) = f^+S_{+−} + f^−S_{−+} + f^0S_{00}/2 , (2)

where the f^i are the kinematic distribution functions for the pions produced in the decay of the ρ^i. The B^0_d mesons can decay to the same final state:

A(B^0_d → π^+π^−π^0) = f^−S̄_{+−} + f^+S̄_{−+} + f^0S̄_{00}/2 . (3)

The time-dependent measurement of the Dalitz plot for B^0_d (t) → π^+π^−π^0 then allows one to extract the magnitudes and relative phases of each of the f^i, S_{ij} and S̄_{ij} in Eqs. (2) and (3) [7]. By taking the ratio of the relations

S_{+−} + S_{−+} + S_{00} = (T^{+0} + T^{0+}) e^{−iα} , S̄_{+−} + S̄_{−+} + S̄_{00} = (T^{+0} + T^{0+}) e^{iα} , (4)

one obtains e^{−2iα}. We therefore see that, using this method, the CP phase 2α can be extracted with no ambiguity.

It is also possible to obtain the tree and penguin contributions to the amplitudes in Eq. (1). We define the following observables: B_i ≡ 1 2 (|A_i|^2 + |Ā_i|^2) , a_i ≡ |S_i|^2 − |S̄_i|^2 |S_i|^2 + |S̄_i|^2 , 2α^i_{ef f} ≡ Arg(S̄_iS^∗_i ) . (5)

Here B_i, a_i and 2α^i_{ef f} are, respectively, the branching ratio, direct CP asymmetry, and measure of indirect CP violation for each decay. We remark that each of 2α^{+0}_{ef f} and 2α^{0+}_{ef f} are automatically zero since they involve charged B decays. (Note: the indirect CP asymmetry is usually written with an explicit mixing phase q/p = e^{−2iβ}. This phase is removed when one rescales the amplitudes by e^{iβ} as in Eq. (1).) We have

S_i − S̄_i = −2i sin α T_i , S_i e^{iα} − S̄_i e^{−iα} = −2i sin α P_i . (6)

It is then straightfoward to obtain |T_i|^2 and |P_i|^2:

|T_i|^2 = R_i 1 − √ 1 − a^2_i cos 2α^i_{ef f} 1 − cos 2α , |P_i|^2 = R_i 1 − √ 1 − a^2_i cos(2α^i_{ef f} − 2α) 1 − cos 2α

. (7)

where R_i ≡ (|S_i|^2 + |S̄_i|^2) 2 . (8)

Note that R_i is proportional to B_i [Eq. (5)]. The proportionality constant depends on which decay is being considered, see Eq. (1).

Suppose now that there is physics beyond the SM. If present, it will affect mainly B^0_d –B^0_d mixing and/or the b̄ → d̄ penguin amplitude. In the SM, the weak phase of B^0_d –B^0_d mixing (β) is equal to that of the t-quark contribution to the b̄ → d̄ penguin. This is reflected in the fact that the weak phase multiplying the term P_i in Eq. (1) is zero. If new physics is present, these two weak phases may be different. One can take this possibility into account by including a new-physics phase θ_{N P} in the B → ρπ amplitudes:

S_{+0} = T^{+0}e^{−iα} + P^{+0}e^{−iθN P} , S_{0+} = T^{0+}e^{−iα} + P^{0+}e^{−iθN P} , S_{+−} = T^{+−}e^{−iα} + P^{+−} e^{−iθN P} , S_{−+} = T^{−+}e^{−iα} + P^{−+} e^{−iθN P} , S_{00} = S_{+0} + S_{0+} − S_{+−} − S_{−+} . (9)

The extraction of α is unchanged by the presence of the new-physics parameter θ_{N P} (though its value may include new contributions to B^0_d –B^0_d mixing). However, the expressions for T_i and P_i are modified. We now have S_i e^{iθN P} − S̄_i e^{−iθN P} = −2i sin(α − θ_{N P} ) T_i , S_i e^{iα} − S̄_i e^{−iα} = −2i sin(α − θ_{N P} ) P_i , (10) so that

|T_i|^2 = R_i 1 − √ 1 − a^2_i cos(2α^i_{ef f} − 2θ_{N P} ) 1 − cos(2α − 2θ_{N P} ) , |P_i|^2 = R_i 1 − √ 1 − a^2_i cos(2α^i_{ef f} − 2α) 1 − cos(2α − 2θ_{N P} )

. (11)

The expressions for the T_i and P_i are therefore altered in the presence of new physics. Thus, by comparing the measured value of a particular |P/T | with that predicted by theory (within the SM), we can detect the presence of a nonzero θ_{N P} . (It is also possible for new physics to affect the magnitudes of the T_i and P_i. This possibility is implicitly included in our method.)

The first step is therefore to evaluate the theoretical value of |P/T |. However, there are many |P/T | ratios that can be considered. We concentrate only on the (color-allowed) neutral decays B^0_d → ρ^±π^∓. There are several reasons for this. First, the Dalitz plots for the charged B decays are much more difficult to obtain since they require the detection of two π^0’s. Second, the branching ratio for the colorsuppressed decay B^0_d → ρ^0π^0 is expected to be quite a bit smaller than those of B^0_d → ρ^±π^∓. Finally, below we will use QCD factorization to estimate the theoretical size of the |P/T | ratios, and nonfactorizable effects are expected to be small for color-allowed decays.

The value of |P/T | for B^0_d → ρ^±π^∓ has been calculated in the literature. In Ref. [8], this was done using naive factorization and including only the t-quark contribution to the b̄ → d̄ penguin. A more recent computation has been done by Beneke and Neubert [9] in the context of QCD factorization [10]. Since QCD factorization is a state-of-the-art framework, using expansions in 1/m_b and α_s, we will follow this approach. (It should be noted, however, that the |P/T | ranges given in Refs. [8] and [9] are quite similar.)

We define r^{+−} ≡ | | | | P^{+−} T^{+−} | | | | , r^{−+} ≡ | | | | P^{−+} T^{−+} | | | | . (12)

Ref. [9] gives r^{+−} = 0.10^{+0.06}_{−0.04} , r^{−+} = 0.10^{+0.09}_{−0.05} . (13)

The errors come principally from three sources: the values of |V_{ub}| and m_s, and the size of weak annihilation effects. Note that the two ratios are determined by very different dynamics, so that their near equality is a numerical accident.

It is now necessary to decide on the numerical ranges to use for r^{+−} and r^{−+} in the analysis. Since the goal is to search for physics beyond the SM, it is important to be as conservative as possible. With this in mind, we will take the theoretical ranges for r^{+−} and r^{−+} within the SM to be

0.05 < r^{+−} < 0.25 , 0.05 < r^{−+} < 0.25 . (14)

The above ranges are larger than those given in Eq. (13), particularly on the upper side. We note that QCD factorization cannot account for the observed B → ππ and B → ρπ branching ratios [9]. Assuming no new physics — and the analysis of this paper can be used to test for such effects — there must be some contribution which is larger than its QCD factorization value. The enlarged ranges of Eq. (14) take this into account, as well as potential underestimates of factorizable errors (e.g. electroweak-penguin effects) and nonfactorizable effects. With the ranges of Eq. (14), a significant discrepancy between the measured value of |P/T | and its SM prediction will clearly be a sign of new physics. That is, within the SM, we expect

0.05 < 1 − √ 1 − a^2_i cos(2α^i_{ef f} − 2α) 1 − √ 1 − a^2_i cos 2α^i_{ef f}

< 0.25 , (15)

for i = +−, −+. If it is found that the observables do not respect this inequality, this points to the presence of physics beyond the SM.

We note in passing that, while the |P/T | range in B → ρπ is ∼ 10%, in B → ππ it is expected to be ∼ 20–30% [6, 9, 11]. We therefore conclude that the penguin pollution is likely to be more significant in B → ππ [8]. Thus, if new physics is present, it will be easier to detect in B → ρπ.

As noted earlier, the CP phase 2α can be extracted from the B → ρπ method. However, this is not easy experimentally. In our analysis we therefore consider the possibility that only sin 2α is measured (in which case one obtains 2α with a twofold ambiguity), as well as the case where 2α is known without ambiguity. In both scenarios, we consider two possible ranges for 2α: (i) 120^∘ ≤ 2α ≤ 135^∘, (ii) 165^∘ ≤ 2α ≤ 180^∘, which can be considered to take into account the experimental errors in the measurements.

Our results are shown in Fig. 1. We consider the two ranges for 2α given above. For each of these ranges, Fig. 1 shows the (correlated) allowed values of 2α^i_{ef f} and a_i (i = +−, −+) that are consistent, within the SM, with the assumed range for 2α and the theoretical range for |P^i/T^i| [Eq. (14)]. If only sin 2α has been measured, then, for a given range of 2α, both regions in Fig. 1 are allowed. If cos 2α can also be measured, then the left-hand region can be removed. In either of these scenarios, if the measured values of the observables do not lie within the SM region, this means that new physics — i.e. a nonzero θ_{N P} — is present. As can be seen from Fig. 1, the new-physics region is quite large, so that we have a good chance of detecting the new physics via this method, should it be present.

If no signal for new physics is detected, one can place an upper limit on the value of θ_{N P} via 0.05 < 1 − √ 1 − a^2_i cos(2α^i_{ef f} − 2α) 1 − √ 1 − a^2_i cos(2α^i_{ef f} − 2θ_{N P} )

< 0.25 . (16)

To summarize, the measurement of the Dalitz plot of B^0_d (t) → ρπ → π^+π^−π^0

Figure 1: The region in 2α_{ef f}^i–a_i space (i = +−, −+) which is consistent with the theoretical prediction for |P^i/T^i| [Eqs. (12), (14)], for two ranges of 2α, shown above each figure. It is assumed that only sin 2α is measured, so that 2α is obtained with a twofold ambiguity. (This is the source of the two regions in both figures.) If cos 2α is also measured, allowing one to obtain 2α without ambiguity, the left-hand region must be removed in both figures.

decays allows one to cleanly extract the CP-violating phase 2α, with no discrete ambiguity. One can also obtain the individual tree (T ) and penguin (P ) amplitudes in these decays. By comparing the measured value of a particular |P/T | ratio with that predicted by theory, one can detect the presence of physics beyond the standard model. From both a theoretical and experimental point of view, the best |P/T | ratios are those for B^0_d → ρ^±π^∓. The conservative ranges for these ratios are taken to be 0.05 < |P^i/T^i| < 0.25 (i = +−, −+). The region in (2α^i_{ef f} , a_i) parameter space (2α^i_{ef f} and a_i are, respectively, the measured indirect and direct CP asymmetries) which corresponds to this range of |P^i/T^i| is relatively small. This therefore provides a good way of detecting the presence of new physics.

Acknowledgments

We thank S. Hikspoors for collaboration in the initial stages of this project and A. Höcker for helpful communications. This work was financially supported by NSERC of Canada.

References

[1] K. Hagiwara et al. [Particle Data Group Collaboration], Phys. Rev. D66, 010001 (2002).

[2] For a review, see, for example, The BaBar Physics Book, eds. P.F. Harrison and H.R. Quinn, SLAC Report 504, October 1998.

[3] D. London and R. Peccei, Phys. Lett. 223B, 257 (1989); B. Grinstein, Phys.

Lett. 229B, 280 (1989); M. Gronau, Phys. Rev. Lett. 63, 1451 (1989), Phys. Lett. 300B, 163 (1993).

[4] M. Gronau and D. London, Phys. Rev. Lett. 65, 3381 (1990). [5] J. Charles, Phys. Rev. D59, 054007 (1999).

[6] D. London, N. Sinha and R. Sinha, Phys. Rev. D63, 054015 (2001). [7] A.E. Snyder and H.R. Quinn, Phys. Rev. D48, 2139 (93); H.R. Quinn and J.P. Silva, Phys. Rev. D62, 054002 (2000).

[8] R. Aleksan, F. Buccella, A. Le Yaouanc, L. Oliver, O. Pène and J.C. Raynal, Phys. Lett. 356B, 95 (1995); R. Aleksan, P.F. Giraud, V. Morenas, O. Pène and A.S. Safir, Phys. Rev. D67, 094019 (2003).

[9] M. Beneke and M. Neubert, Nucl. Phys. B675, 333 (2003). [10] M. Beneke, G. Buchalla, M. Neubert and C.T. Sachrajda, Nucl. Phys. B591, 313 (2000), Nucl. Phys. B 606, 245 (2001).

[11] R. Fleischer and T. Mannel, Phys. Lett. 397B, 269 (97).