arXiv:1305.3126v1 [hep-ex] 14 May 2013

Rare decays at LHCb

Francesco Polci LPNHE, Université Pierre et Marie Curie, Université Paris Diderot, CNRS/IN2P3, Paris, France (on behalf of the LHCb Collaboration) (Dated: May 15, 2013)

The results on rare decay processes obtained by the LHCb experiment using 1.0 fb^{−1} of pp collisions collected in 2011 at a centre-of-mass energy of √ s=7 T eV are presented. Branching fractions, angular distributions, CP and isospin asymmetries are investigated to search for new physics effects.

I. INTRODUCTION

The LHCb experiment performs indirect searches of new physics effects, in a complementary way with respect to the direct searches performed by other experiments. In this respect, rare decays offer a perfect framework. They are suppressed or forbidden in the standard model (SM), so the presence of new physic (NP) could sensibly modify their properties, including branching fractions, angular distributions of the decay products, CP and isospin asymmetries. They mostly occur via loop diagrams where new particles could show up, with masses up to higher scales than those directly accessible. In case of agreement with the SM predictions, the results set constraints on the Wilson coefficients of the effective Hamiltonian describing the possible new physics contributions to the process under study.

The LHCb experiment [1] is well adapted to perform these searches. It takes best profit of the large bb̄ and cc̄ cross-sections at the LHC thanks to the high trigger efficiency, the highly performing particle identification system, as well as the excellent tracking system, which allows for a precise determination of secondary vertices, impact parameters and momenta.

The analyses presented here rely on 1.0 fb^{−1} of pp collisions collected by the LHCb experiment in 2011 at a centre-of-mass energy of √ s = 7 T eV . This data sample allow to push further upper limits on the branching fractions, get the first evidence of very rare decays and to perform a detailed study of the properties of those decays for which a sizeable sample is collected.

The analyses approach, though with differences specific to each decay for which we refer to the publications, follows some general lines. The background from random combination of tracks in the event, called combinatorial background, is suppressed using multivariate techniques exploiting the discriminating power of the kinematic variables. Specific backgrounds peaking in the signal region are reduced with dedicated vetoes. Whenever possible, control channels are used in order to rely as less as possible on simulation. The measurement of the branching fractions is performed by normalizing to decays of well known branching fractions, in order to get rid of the uncertainties in the knowledge of the luminosity and the bb̄ and cc̄ cross-sections. The uncertainties on the measured properties of the decays are often statistically dominated. Finally, when the decay is not observed, the CLs method [2] is used as statistical approach to set upper limits on the branching fractions.

II. VERY RARE DECAYS SEARCHES

The K_s → μ^+μ^− decay is strongly suppressed in the SM, with an expected branching fraction BR(K_s → μ^+μ^−) = (5.0±1.5)×10^{−12} [3]. LHCb has about 10^{13} K_s decays per fb^{−1} in its acceptance, and this sample allows to improve the current limit on the branching fraction of this decay. The K_s → π^+π^− channel, which has a similar kinematics, is used to train the boosted decision tree (BDT) used for the selection. This decay is also used as a normalization channel. The backgrounds are of combinatorial type and from K_s → π^+π^− decays when the pions are misidentified as muons. Candidates are classified in bins of BDT. In each bin the number of events is compared to signal and background expectations. Though no signal is observed, LHCb is able to set an upper limit of BR(K_s → μ^+μ^−) < 9 × 10^{−9} at 90% C.L. (< 11 × 10^{−9} at 95% C.L.), thirty times better than the results of previous experiments [4].

The τ → μ^+μ^+μ^− is a lepton flavor violating process. The τ production at LHCb is of about 80 μb, and it comes mainly from D_s (∼ 80%) and B (∼ 20%) decays. Having three muon in the final state, a very clear signature is expected, with background coming essentially from combinatorial and D_s → η(μμγ)μν̄_μ decays. The D_s → ϕ(μμ)π channel is used as control and normalization sample. The preliminary limit is BR(τ → μ^+μ^+μ^−) < 7.8 × 10^{−8} at 95% confidence level (C.L.) (< 6.3 × 10^{−8} at 90% C.L.) [5].

The B^0_{(s)} → μ^+μ^−μ^+μ^− decays are strongly suppressed in the SM. They contain two contribution: a resonant one, of the order of (2.3±0.9)×10^{−8} in the SM [6], where two muons of opposite charges come from a J/ψ and the other two from a ϕ decay; and a non resonant one expected to be lower than 10^{−10} [7]. In the MSSM models those branching fractions are enhanced by the presence of a scalar S and pseudo-scalar P sgoldinos, each decaying into muon pairs. In the LHCb analysis the resonant component is removed and used as a control sample for the estimation of the non resonant one. The branching fractions are normalized to the B^0 → J/ψK^∗ decay. The background is fully dominated by the combinatorial component. The resulting upper limits, in the SM framework, are: BR(B^0_s → μ^+μ^−μ^+μ^−) < 1.2 × 10^{−8} at 90% C.L. (< 1.6 × 10^{−8} at 95% C.L.) and BR(B^0 → μ^+μ^−μ^+μ^−) < 5.3 × 10^{−9} at 90% C.L. (< 6.6 × 10^{−9} at 95% C.L.). For the MSSM, assuming the masses of the new sgoldinos to be m_S = 2.5 GeV/c^2 and m_P = 214 MeV/c^2 from the Hyper CP collaboration, we measure: BR(B^0_s → S(μ^+μ^−)P (μ^+μ^−)) < 1.2 × 10^{−8} at 90% C.L. (< 1.6 × 10^{−8} at 95% C.L.) and BR(B^0 → S(μ^+μ^−)P (μ^+μ^−)) < 5.1 × 10^{−9}at 90% C.L. (< 6.3 × 10^{−9} at 95% C.L.) [8] .

D decays are also interesting probes of new physics. The D^+_{(s)} → π^+μ^+μ^− decays gives highlights on the flavor changing neutral current (FCNC) c → u processes. A similar analysis searching for D^+_{(s)} → π^−μ^+μ^+, a decay forbidden in the SM, test the lepton-number violation as well as the possibility of neutrino being Majorana particles. These analyses use the D^+_{(s)} → π^+ϕ(μ^+μ^−) as control channel. Since no signal is observed, upper limits are set, which turn out to be from about fifthy to hundred times better than previous measurements [9] .

III. ANALYSIS OF THE b → s(d) FCNC PROPERTIES

The FCNC b → s(d)ll transitions are forbidden at tree level in the SM and proceed only via electroweak penguin and box diagrams. Possible new physics contributions could arise in the loops from right handed current and new scalar or pseudo-scalar operators. It is a rich category of decays. For many of them we have collected enough data to study many observables.

The B^+ → K^+μ^+μ^− decay is a b → s transition that is analyzed by LHCb in the range 0.05 < q^2 < 22 GeV^2/c^4, where q^2 is the di-lepton invariant mass squared. The decay B^+ → K^+J/ψ(μ^+μ^−) has been used both to train the BDT used in the selection and as normalization channel. A clear signal is observed with a small residual background essentially due to combinatorial and B^+ → K^+π^+π^− and B^+ → π^+μ^+μ^− decays. The differential branching fraction as function of q^2 is measured, as well as the total branching fraction: BR(B^+ → K^+μ^+μ^−) = (4.36 ± 0.15 ± 0.18) × 10^{−7}. An angular analysis of the decay products of the distribution as function of the helicity angle of the muon θ_L is performed and allows to measure the forward-backward asymmetry A_{F B} , expected to be zero in the SM, as well as the F_H parameter. The measurements are, at the moment, compatible with the SM expectations. The results [10] are shown in figure 1.

The B^+ → π^+μ^+μ^− decay is a b → d transition, predicted to be (2.0 ± 0.2) × 10^{−8} in the SM [11]. Combined with the B^+ → K^+μ^+μ^− decay, it provides a measurement of |V_{td}|/|V_{ts}| alternative to the current ones coming from the radiative decays and the mixing processes. Here again B^+ → K^+J/ψ(μ^+μ^−) is used as control sample

FIG. 1. Invariant mass m_K+_μ+_μ− of the B^+ → K^+μ^+μ^− candidates and results of the measurements of the BR, FH and AF B as function of q^2 (black dots) compared to the theoretical predictions (colored curves).

and normalization channel. The simultaneous fit to the invariant mass distribution of the B^+ → π^+μ^+μ^− and B^+ → K^+μ^+μ^− candidates allows to observe for the first time a b → dll transition with 5.2 σ significance, as shown on figure 2. The branching fraction is determined to be BR(B^+ → π^+μ^+μ^−) = (2.3 ± 0.6 ± 0.1) × 10^{−8}. The measured ratio of the two decays is R = BR(B^+ → π^+μ^+μ^−)/BR(B^+ → K^+μ^+μ^−) = 0.053±0.014±0.001, giving |V_{td}|/|V_{ts}| = 0.266 ± 0.035 ± 0.003 in agreement with the radiative decays and mixing processes measurements [12].

The helicity structure of the B^0 → K^{∗0}μ^+μ^− decay can be tested via the study of the distributions of the helicity angle of the muon θ_L, the helicity angle of the kaon θ_K and the angle ϕ between the decay plane of the K^∗ and that of the di-muon system. These three angu-

FIG. 2. Invariant mass m_π+_μ+_μ− of the B^+ → π^+μ^+μ^− candidates

lar variables, together with q^2, describe completely the kinematic of the decay. The differential decay rate as a function of the angular variables provides the sensitivity to some physics parameters, resulting from the combinations of the amplitudes in the transverse bases. They are the forward-backward di-muon asymmetry A_{F B} , the fraction F_L of longitudinal polarization of the K^{∗0}, S_3 related to the polarization of the virtual photon giving the two leptons in one of the allowed diagrams (left handed in the SM), as well as S_9 related to the imaginary part of the transverse amplitude. The experimental challenges for this analysis are the control of backgrounds that could potentially pollute the angular distributions and the understanding of the biases induced by the geometrical acceptance of the detector. LHCb provides the most precise measurement to date of all these observables and measures some of them for the first time, like S_9. In addition, the branching fraction is measured as a function of q^2. The results [13] are shown on figure 3. At the moment they are in agreement with the SM predictions.

LHCb also measures the CP asymmetry in the B^0 → K^∗μ^+μ^− decays, defined as: A_{CP} = Γ(B̄^0 → K̄^{∗0}μ^+μ^−) − Γ(B^0 → K^{∗0}μ^+μ^−) Γ(B̄^0 → K̄^{∗0}μ^+μ^−) + Γ(B^0 → K^{∗0}μ^+μ^−) (1) predicted to be of the order of 10^{−3} in the SM. Being defined as a ratio of amplitudes, uncertainties related to the presence of form factors cancel. The simultaneous fit measures the raw asymmetry A_{RAW} = A_{CP} +kA_P +A_D. To extract the CP asymmetry, one can subtract that of the B^0 → J/ψK^∗ decay: A_{CP} = A_{RAW} (B^0 → K^{∗0}μ^+μ^−) − A_{RAW} (B^0 → J/ψK^∗). Indeed the B production asymmetry A_P is the same in the two decays, as well as the part of the detection asymmetry A_D due to the different interaction with material of particle with opposite charge. The part of A_D due to the left-right detector asymmetry is taken into account averaging the measurements with magnet up and down. Differences in the two decay kinematics are accounted for in the system-

FIG. 3. Results of the measurements of the BR, AF B , FL, S3, S9 as function of q^2 (black dots) compared to the theoretical predictions (colored curves) for the B^0 → K^{∗0}μ^+μ^− decays.

FIG. 4. ACP as function of q^2 for B^0 → K^{∗0}μ^+μ^− decays.

atics by reweighing techniques. The different momentum distributions of μ^+ and μ^− due to the A_{F B} are studied with a J/ψ control sample. The result is shown on figure 4 [14] .

The B → K^{(∗)}μ^+μ^− decays are finally used to perform an isospin analysis. The quantity which is measured is

FIG. 5. The isospin asymmetry for the B → Kμ^+μ^− (left) and the B → K^∗μ^+μ^− (right) decays.

the isospin asymmetry defined as follows:

A_I =

Γ(B^0 → K^{(∗)0}μ^+μ^−) − Γ(B^+ → K^{(∗)+}μ^+μ^−) Γ(B^0 → K^{(∗)0}μ^+μ^−) + Γ(B^+ → K^{(∗)+}μ^+μ^−) (2) In the SM this is predicted to be extremely small, mainly due to the initial state radiation which is slightly different for the two different spectator quarks of the B^+ and B^0. A simultaneous fit to all the channels gives the results [15] shown in figure 5. The B → Kμ^+μ^− decays show a negative isospin asymmetry integrated over q^2, with a deviation of 4.4 σ from zero. This effect is mainly due to a deficit in the B^0 → K^0_s μ^+μ^− decay, observed with 5.7 σ significance. The B → K^∗μ^+μ^− decays show a negligible isospin asymmetry as predicted in the SM. The branching fractions are measured to be BR(B^0 → K^0μ^+μ^−) = (0.31^{+0.07}_{−0.06}) × 10^{−6} and BR(B → K^∗μ^+μ^−) = (1.16 ± 0.19) × 10^{−6}.

The B^0 → K^{∗0}e^+e^− decay is also a b → sll transition, complementary to the channel with muons. Thanks to the lower mass of the electrons respect to the muons, lower q^2 are explored analyzing this decay, giving a higher sensitivity to the photon polarization. In addition, being the electron mass negligible, the formalism is simpler. On the other hand this channel as a worst resolution due to the electrons bremssthralung effect. LHCb has the first observation with 4.6σ significance of this decay. The analysis is performed in the range 0.03 < q^2 < 1 GeV^2/c^4 to avoid high contamination of B → K^∗γ and the degradation of the e^+e^− plane measurement due to multiple scattering. The B → K^∗J/ψ(e^+e^−) channel is used as control sample. Specific cuts are applied to reject backgrounds from B^0 → D^−e^+ν decays with D^− → K^∗e^−ν̄ and from B^0 → K^∗γ with the photon converting to an electron-positron pair. The resulting branching fraction is: BR(B^0 → K^{∗0}e^+e^−) = (3.1^{+0.9+0.2}_{−0.8−0.3} ± 0.2) × 10^{−7} [16] . An angular analysis is foreseen for the future.

The radiative decays B → K^∗γ and B_s → ϕγ are also interesting probes to new physics. The SM predicts the two decays to have the same branching fractions of (4.3 ± 1.4) × 10^{−5} and a CP asymmetry A_{CP} (B^0 → K^∗γ) = (−0.61 ± 0.43)%. The LHCb analysis [17] founds: BR(B → K^∗γ)/BR(B_s → ϕγ) = 1.23 ± 0.06_{stat.} ± 0.04_{syst.} ± 0.10_{fs/fd} and A_{CP} (B^0 → K^∗γ) = (0.8 ± 1.7_{stat.} ± 0.9_{syst.})%, in agreement with the expectations.

IV. CONCLUSIONS

Rare decays are sensitive probe to new physics effects. The results of recent searches performed by the LHCb experiment using 1.0 fb^{−1} of pp collisions collected by the experiment in 2011 at a centre-of-mass energy of √ s=7 T eV do not show evident signs of new physics effects. Nevertheless the experiment is strongly pushing forward previous limits, giving the most precise measurements to date, and observes very rare decays never observed before. For some decays it has collected enough data for a complete analysis of their properties, thus providing the informations to further constrain the possible new physics contributions.

[1] A. A. Alves, Jr. et al. [LHCb Collaboration], JINST 3, S08005 (2008).

[2] A. L. Read, J. Phys. G 28, 2693 (2002).

[3] G. Isidori and R. Unterdorfer, JHEP 0401, 009 (2004) [hep-ph/0311084].

[4] R. Aaij et al. [LHCb Collaboration], JHEP 1301, 090 (2013) [arXiv:1209.4029 [hep-ex]].

[5] RAaij et al. [LHCb Collaboration], LHCb-CONF-2012- 015.

[6] Particle Data Group, J. Beringer et al., Phys. Rev. Lett.

94 (2005) 021801, [arXiv: hep-ex/0501014].

[7] D. Melikhov and N. Nikitin, Phys. Rev. D 70, 114028 (2004) [hep-ph/0410146].

[8] RAaij et al. [LHCb Collaboration], [arXiv:1303.1092[hepex]].

[9] RAaij et al. [LHCb Collaboration], [arXiv:1304.6365]].

[10] RAaij et al. [LHCb Collaboration], JHEP 1302, 105 (2013) [arXiv:1209.4284 [hep-ex]].

[11] J. -J. Wang, R. -M. Wang, Y. -G. Xu and Y. -D. Yang, Phys. Rev. D 77, 014017 (2008) [arXiv:0711.0321 [hepph]].

[12] RAaij et al. [LHCb Collaboration], JHEP 1212, 125 (2012) [arXiv:1210.2645 [hep-ex]].

[13] RAaij et al. [LHCb Collaboration], LHCb-CONF-2012- 008.

[14] RAaij et al. [LHCb Collaboration], Phys.Rev.Lett 110, 031801 (2013), [arXiv:1210.4492 [hep-ex]].

[15] RAaij et al. [LHCb Collaboration], [arXiv:1205.3422[hepex]].

[16] RAaij et al. [LHCb Collaboration], [arXiv:1304.3035[hepex]].

[17] RAaij et al. [LHCb Collaboration], Nucl. Phys. B 867, 1 (2013) [arXiv:1209.0313 [hep-ex]].