Published by Institute of Physics Publishing for SISSA/ISAS Received: December 6, 2004 Revised: February 2, 2005 Accepted: February 2, 2005

Predictions for B → Kγγ decays

Gudrun Hiller^{ab} and A. Salim Safir^b

aCERN, TH Division, Dept. of Physics CH-1211 Geneva 23, Switzerland bLudwig-Maximilians-Universität München, Department für Physik Theresienstraße 37, D-80333 Munich, Germany E-mail: hiller@theorie.physik.uni-muenchen.de,

safir@theorie.physik.uni-muenchen.de

Abstract: We present a phenomenological study of the rare double radiative decay B → Kγγ in the Standard Model (SM) and beyond. Using the operator product expansion (OPE) technique, we estimate the short-distance (SD) contribution to the decay amplitude in a region of the phase space which is around the point where all decay products have energy ∼ m_b/3 in the rest frame of the B-meson. At lowest order in 1/Q, where Q is of order m_b, the B → Kγγ matrix element is then expressed in terms of the usual B → K form factors known from semileptonic rare decays. The integrated SD branching ratio in the SM in the OPE region turns out to be ΔB(B → Kγγ)^{OP E}_{SM} ≃ 1 × 10^{−9}. We work out the di-photon invariant mass distribution with and without the resonant background through B → K{η_c, χ_{c0}} → Kγγ. In the SM, the resonance contribution is dominant in the region of phase space where the OPE is valid. The present experimental upper limit on B_s → τ^+τ^− decays, which constrains the scalar/pseudoscalar Four-Fermi operators with τ^+τ^−, leaves considerable room for new physics in the one-particle-irreducible contribution to B → Kγγ decays. In this case, we find that the SD B → Kγγ branching ratio can be enhanced by one order of magnitude with respect to its SM value and the SD contribution can lie outside of the resonance peaks.

Keywords: Rare Decays, B-Physics.

© SISSA/ISAS 2005 http://jhep.sissa.it/archive/papers/jhep022005011 /jhep022005011 .pdf

Contents

1. Introduction 1

2. The lowest order b → sγγ amplitude 3

3. B → Kγγ decays 4 3.1 The general amplitude and decay spectra 5 3.2 The OPE 5 3.3 The B → Kγγ matrix element and decay distribution 6

4. Additional contributions 8 4.1 Photon radiation off the spectator 8 4.2 Annihilation topologies 8 4.3 Long-distance effects 9

5. Phenomenology of B → Kγγ decays 10 5.1 Dalitz plot and SM predictions 10 5.2 New physics 12

6. Conclusions 13

1. Introduction

Rare B-decays mediated by flavor changing neutral currents (FCNC) provide a rich laboratory to study the flavor structure of the Standard Model (SM) and its extensions. Such processes are forbidden in the Born approximation and are generated by loops, which gives them a high sensitivity to new physics (NP). A prominent example is the both experimentally and theoretically well-studied b → sγ transition, exemplified by the inclusive B → X_sγ and the exclusive B → K^∗γ decays (for a detailed review, see [1]).

Radiative B-decays involving two photons, such as B → γγ, B → Xγγ or B → K^{(∗)}γγ decays, are of further interest. Among the Cabibbo-favored b → s transitions, the decays B_s → γγ and B → X_sγγ have been theoretically analyzed in the SM some time ago [2] and later on by taking into account the leading-order QCD corrections in the framework of the electroweak effective hamiltonian [3]–[6]. Recalling that at the quark level the FCNC double-photon decay is mediated by b → sγγ, it receives one-particle-reducible (1PR) contributions from the b → sγ transition plus an additional photon and a one-particle-irreducible (1PI) term from a fermion loop with the two photons emitted from that loop. The correlation with b → sγ implies that NP, which predominantly induces contributions to

– 1 – the 1PR piece, gives no drastic effects in the double radiative decays because of the strong constraints from B → X_sγ data. This has been shown, for example, for the two-Higgs-doublet model [7]. On the other hand, NP in the 1PI contribution, that is in Four-Fermi operators, is subleading in b → sγ decays and hence can be sizable in b → sγγ transitions where it enters at the same order as the 1PR contributions. So far only experimental upper limits on double radiative decays have been set (at 90% C.L.):

B(B_d → γγ) < 1.7 × 10^{−6} (BaBar) [8] , B(B_s → γγ) < 1.48 × 10^{−4} (L3) [9] , (1.1)

which are about two orders of magnitude above their respective SM values, e.g. [6].

While many theoretical investigations have been dedicated to B_s → γγ and B → X_sγγ, less attention has been devoted to exclusive B → K^{(∗)}γγ decays. For instance, only two groups [10, 11] have estimated the B → Kγγ branching ratio, with the result given as ∼ (0.5 − 5.6) × 10^{−7}, depending on cuts on the photon energies. Note that B → Kγγ decays have a complicated matrix element due to the non-local 1PR contribution. In the aforementioned studies the 1PR piece has been solely parametrized in terms of a long-distance contribution using hadronic models, i.e. vector meson dominance. There is also a sizable resonant background from charmonia through B → K(cc̄) → Kγγ. Since B → Kγγ decays provide a reasonable experimental signal for not too soft photons and with branching ratios in the 10^{−7} range, they are in reach of the currently operating Bfactories at SLAC and KEK and at experiments at the hadron colliders, Tevatron and LHC. Therefore, a detailed study of these decays in the SM and beyond is of great interest, in particular due to the complementarity with b → sγ decays with respect to NP searches.

Our main objectives in this paper are i to write down a model-independent description of exclusive B → Kγγ decays and ii to find out to what extend one can extract shortdistance (SD) physics from these decays, that is, how big is the SD contribution and can it be experimentally isolated from the resonance contributions. The idea here is to use the freedom of a 3-body decay and choose the photon energies such that the virtualities of the intermediate quarks in the 1PR b → sγγ diagrams are hard. Then, these scales of order m_b are integrated out with the effective field theory methods using heavy-quark-effective-theory (HQET) [12] and the soft-collinear-effective-theory (SCET) [13, 14]. The resulting operator product expansion (OPE) enables us to express the matrix element in terms of the B → K form factors in some region of the phase space. There are other mechanisms contributing to B → Kγγ decays, such as when one photon gets emitted from the spectator quark or annihilation diagrams, which we comment on. We further incorporate the η_c, χ_{c0}-resonance contributions using a phenomenological parametrization à la Breit-Wigner to see whether they can be distinguished from the SD ones obtained from the OPE. We work out possible NP effects in the B → Kγγ spectra and branching ratios. In particular, we illustrate the impact of a scenario with enlarged (s̄b)(τ^+τ^−) couplings, which substantially modifies the 1PI b → sγγ contribution but does not violate existing constraints on any other rare B-decays.

– 2 –

The remainder of this paper is organized as follows: After a brief description of the effective hamiltonian formalism for double radiative b → sγγ decays in section 2, we evaluate in section 3 the (non-local) matrix element of B → Kγγ decays with the OPE and present the resulting decay amplitude and distributions. Additional contributions to the B → Kγγ amplitude, namely photon radiation off the spectator, annihilation and contributions from intermediate charmonia are explored in section 4. In section 5, a phenomenological discussion of the B → Kγγ Dalitz region, in which the OPE is valid, and the di-photon invariant mass distributions is given in the SM and with NP. We summarize in section 6.

2. The lowest order b → sγγ amplitude

We treat the effects of heavy degrees of freedom at the weak scale with an effective hamiltonian known from b → sγ decays, e.g. [15]

H_{eff} = − 4G_F √ 2 V_{tb}V^∗_{ts} ∑ i C_i(μ)O_i(μ) , (2.1)

which contains four-fermion operators

O_1 = (s̄_αγ^μLc_β)(c̄_β γ_μLb_α) , O_2 = (s̄_αγ^μLc_α)(c̄_β γ_μLb_β), (2.2)

and the electromagnetic dipole operator

O_7 = e 16π^2 m_bs̄_ασ^{μν} Rb_αF_{μν} . (2.3)

Here, α and β are color indices, L, R=(1 ∓ γ_5)/2 are chiral projectors and F_{μν} denotes the QED field strength tensor. In eq. (2.1) we neglect the penguin operators s̄γ_μLb ∑ q̄γ^μL/Rq and double Cabibbo-suppressed contributions proportional to V_{ub}V^∗_{us}. We further neglect the strange quark mass throughout this paper. Analytical formulas for the Wilson coefficients C_i(μ) can be seen in [15]. Using the equations of motion, one can show that there are not further independent, gauge invariant operators with two photons and with dimension equal or less than six. Hence, the hamiltonian in eq. (2.1) is the same for b → sγ and b → sγγ decays. The lowest order Feynman diagrams contributing to b → sγγ decays are shown in figure 1. Only the sum of the two 1PR diagrams is gauge invariant [2]. The corresponding

Figure 1: Leading order Feynman diagrams contributing to b → sγγ decays. The 1PI diagram illustrates the insertion of four-fermion operators (left plot), while the 1PR diagrams (right two plots) represent the insertion of O_7. The indices i, j = 1, 2 (with i ≠ j) denote both photons and their interchanged counterparts.

– 3 – amplitude can be written as [5] A(b → sγγ) = − ie^2G_F √ 2π^2 V_{tb}V^∗_{ts}ū_s(p^′) · [ (N_C C_1 + C_2)Q^2_uκ_cW^{μν}_2 + C_7Q_dW^{μν}_7 ] · · u_b(p)ϵ_μ(k_1)ϵ_ν (k_2) , (2.4)

where p(p^′) represents the momentum of the b(s)-quark. We denote by k_1, k_2 the 4-momenta and by ϵ(k_{1,2}) the polarization vectors of the photons. The auxiliary tensors are written as

W^{μν}_2 = −i { 1 k_1 · k_2 [ k^ν_1 ϵ^{μρσλ}γ_ρk_{1σ}k_{2λ} − k^μ_2 ϵ^{νρσλ}γ_ρk_{1σ}k_{2λ} ] + ϵ^{μνρλ}γ_ρ(k_2 − k_1)_λ } L , (2.5)

W^{μν}_7 = m_b 2 [ k̸_1γ^μR(p̸− k̸_2 + m_b)γ^ν (p − k_2)^2 − m^2_b + γ^ν (p̸^′+ k̸_2) k̸_1γ^μR (p^′ + k_2)^2 ] + (k_1, μ ↔ k_2, ν) , (2.6)

where N_C = 3 denotes the number of colors, Q_u = 2/3 and Q_d = −1/3 are the uptype and down-type quark electric charges. Note that W^{μν}_2 is proportional to the Adler- Rosenberg tensor [16]. We further suppress the renormalization scale dependence of the Wilson coefficients. To the order we are working, the Wilson coefficients are evaluated at leading log at μ ≃ m_b. We further use ϵ^{0123} = −1. The loop function κ_q is defined as [17]

κ_q = κ(q^2, m^2_q) = 1 2 + 1 z_q ∫_1 0 dx x ln ( 1 − z_qx + z^2_q x^2 ) ,

= 1 2 − 2 z_q ( arctan √ z_q 4 − z_q )_2 if z_q < 4 , 1 2 + 1 z_q −π^2 2 +2 ( ln √z_q +√z_q − 4 2 )_2 −2iπ ln (√ z_q + √ z_q − 4 2 ) otherwise,

(2.7)

where z_q = q^2/m^2_q and q^2 = (k_1 + k_2)^2. It assumes the following limits

κ_c = − q^2 24m^2_c + O ( q^4 m^4_q ) for q^2 ≪ m^2_c , 1 2 + O ( m^2_c q^2 , m^2_c q^2

× logs ) for q^2 ≫ m^2_c .

(2.8)

3. B → Kγγ decays

In this section we obtain explicit expressions for the B → Kγγ^1 decay distributions. A general parametrization of the amplitude and decay rate is given in section 3.1. We perform an expansion in inverse scales of order m_b in section 3.2 to render the matrix element of the 1PR contribution local. This enables us to express the B → Kγγ matrix element in terms of B → K form factors. The resulting spectrum is presented in section 3.3.

1Since we are not concerned about CP violation and to avoid clutter we use the convention B ≡ bq̄ throughout this work.

– 4 –

3.1 The general amplitude and decay spectra We write the general B → Kγγ amplitude as

A(B → Kγγ) = T_{μν} ϵ^μ(k_1)ϵ^ν (k_2) , (3.1)

where T_{μν} = A(g_{μν} − k_{1ν} k_{2μ} k_1 · k_2

) + iBϵ_{μναβ}k^α_1 k^β_2 + (3.2) + D [ p_B · k_1p_{Bν} k_{2μ} + p_B · k_2p_{Bμ}k_{1ν} − p_B · k_1p_B · k_2 k_{1ν} k_{2μ} k_1 · k_2 − k_1 · k_2p_{Bμ}p_{Bν} ] + + iC^+ [ k_1 · k_2ϵ_{μναβ} (k^α_2 + k^α_1 )p^β_B + (k_{2μ}ϵ_{ναβγ} + k_{1ν} ϵ_{μαβγ} )k^α_1 k^β_2 p^γ_B ] + + iC^− [ k_1 · k_2ϵ_{μναβ} (k^α_2 − k^α_1 )p^β_B + (k_{2μ}ϵ_{ναβγ} − k_{1ν} ϵ_{μαβγ} )k^α_1 k^β_2 p^γ_B ] + + iD^+ [ p_B · k_1ϵ_{μναβ} k^α_2 p^β_B +p_B · k_2ϵ_{μναβ} k^α_1 p^β_B +(p_{Bμ}ϵ_{ναβγ} + p_{Bν} ϵ_{μαβγ} )k^α_1 k^β_2 p^γ_B ] + + iD^− [ p_B · k_1ϵ_{μναβ} k^α_2 p^β_B − p_B · k_2ϵ_{μναβ} k^α_1 p^β_B + (p_{Bμ}ϵ_{ναβγ} − p_{Bν} ϵ_{μαβγ} )k^α_1 k^β_2 p^γ_B ] , which is manifestly gauge invariant. Here, we denote by p_B the 4-momentum of the Bmeson. The form factors A, B, D, C^±, D^± are functions of two kinematical variables. We choose later to use the photon energies E_1, E_2 defined in the B-meson rest frame or the invariant mass q^2. The amplitude squared is then given as

|A(B → Kγγ)|^2 = 2|A|^2 − 2Re(AD^∗) (m^2_B k_1 · k_2 − 2k_1 · p_B k_2 · p_B ) + (3.3) + (|D|^2 + 2|D^+|^2) (m^2_B k_1 · k_2 − 2k_1 · p_B k_2 · p_B )^2 + 2(k_1 · k_2)^2 × × | B − m^2_B D^− + k_1 · p_B(C^+ − C^−) − k_2 · p_B(C^+ + C^−) |_2 , and the double differential rates (which includes a factor of 1/2 for identical photons) dΓ dq^2dE_1 = |A(B → Kγγ)|^2 256m^2_B π^3

. (3.4)

The full photon invariant mass spectrum dΓ/dq^2 can be obtained by integration with

E^{min/max} 1 = 1 4m_B ( m^2_B + q^2 − m^2_K ∓ √ λ(q^2, m^2_B , m^2_K ) ) , (3.5)

where λ(a, b, c) = a^2 + b^2 + c^2 − 2ab − 2ac − 2bc. We also use dΓ dE_1dE_2 = |A(B → Kγγ)|^2 128m_B π^3

. (3.6)

3.2 The OPE The matrix element of B → Kγγ decays induced by the dipole operator O_7 is a non-local one, see figure 1, and difficult to estimate model-independently. Here our strategy is to go to a kinematical region where both the internal s- and b-quarks are far off-shell, with virtualities of order m_b. To see that there exists such a region of phase space, we investigate the propagators of the 1PR diagrams in eq. (2.5), which are given as (in the bottom rest

– 5 – frame)

(Q^s_1)^2 = (p^′ + k_2)^2 = m^2_b − 2m_bE_1 , (Q^b_1)^2 = − [ (p − k_1)^2 − m^2_b ] = 2m_bE_1 , (3.7) (Q^s_2)^2 = (p^′ + k_1)^2 = m^2_b − 2m_bE_2 , (Q^b_2)^2 = − [ (p − k_2)^2 − m^2_b ] = 2m_bE_2 . (3.8)

For photon energies neither too soft nor too hard with energies near their maximal value all Q^j_i are hard. For example, if both photons have energies m_b/3, then Q^s_{1,2} = m_b/ √ 3 and Q^b_{1,2} = m_b √ 2/3. Note that here the light quark has large energy m_b/3 as well, and q^2 = m^2_b /3.

As a next step, we integrate out the large scales associated with the intermediate quark propagators. We construct the resulting local operators out of a bottom heavy HQET quark h_v and a strange collinear SCET quark χ [13, 14]. Here, v = p_B /m_B and a light-like vector n = p_K /E_K , where E_K , p_K denotes the energy, 4-momentum of the kaon. Hence, we perform an OPE in Λ_{QCD}/Q where Q = {m_b, E_K , Q^{s,b}_{1,2}, √ q^2}. In the following we neglect m_K and m_B − m_b.

For the lowest order matching onto the b → sγγ amplitude, the following gauge invariant operators with dimension 8 with a heavy and a collinear quark and two photons are needed after using the equations of motion (Wilson lines are understood in the definition of the field χ):

Q_1 = m_b 4 χ̄σ_{μν} σ_{αβ}Rh_vF^{αβ}_1 F^{μν}_2 , Q^′_1 = m_b 4 χ̄σ_{μν} σ_{αβ}Rh_vF^{αβ}_2 F^{μν}_1 , (3.9)

Q_2 = −2im_bχ̄σ_{μν} Rh_vF^{μν}_1 F^{αβ}_2 v^αn^β, Q^′_2 = −2im_bχ̄σ_{μν} Rh_vF^{μν}_2 F^{αβ}_1 v^αn^β, (3.10) Q_3 = χ̄γ^μLh_vF^{αβ}_1 D_αF̃_{2 βμ} Q^′_3, = χ̄γ^μLh_vF^{αβ}_2 D_αF̃_{1 βμ}, (3.11)

where F̃_{μν} = 1/2ϵ_{μναβ} F^{αβ}. The primed operators are related to the un-primed ones by interchanging photons. Then we obtain

s̄W^{μν}_7 bϵ(k_1)^μϵ(k_2)^ν → − 1 2 { ( 1 (Q^s_1)^2 − 1 (Q^b_1)^2 ) Q_1 + ( 1 (Q^s_2)^2 − 1 (Q^b_2)^2 ) Q^′_1 + + m_bE_K (Q^s_1)^2(Q^b_2)^2

Q_2 + m_bE_K (Q^s_2)^2(Q^b_1)^2

Q^′_2 } . (3.12)

The matching of the 1PI contribution from 4-Fermi operators O_{1,2} is readily computed:

s̄W^{μν}_2 bϵ(k_1)^μϵ(k_2)^ν → 2

Q_3 + Q^′_3 q^2

. (3.13)

Note that all 1PR and 1PI diagrams are of the same order in 1/Q. This is in contrast to the behavior in B → γγ decays, where the 1PR contribution with intermediate s-quark gives the leading power result [6].

3.3 The B → Kγγ matrix element and decay distribution

The matrix elements of the local operators contributing to B → Kγγ decays are obtained from tree level matching of the QCD onto the SCET currents [13, 18, 19] as ⟨K(n)|χ̄h_v|B(v)⟩ = 2E_K ζ(E_K ) , (3.14)

– 6 –

⟨K(n)|χ̄γ_μh_v|B(v)⟩ = 2E_K ζ(E_K )n_μ , (3.15) ⟨K(n)|χ̄σ_{μν} h_v|B(v)⟩ = −2iE_K ζ(E_K ) (v_μn_ν − v_ν n_μ) , (3.16) ⟨K(n)|χ̄σ_{μν} γ_5h_v|B(v)⟩ = −2E_K ζ(E_K )ϵ_{μναβ} v^αn^β , (3.17) where the form factor ζ can be identified with the QCD form factor in the usual parametrization, see e.g. [20], as ζ = f_+. This is the only form factor remaining in the symmetry limit, which enters all B → K transitions such as B → Kℓ^+ℓ^− or B → Kνν̄ decays.

We obtain then the following B → Kγγ amplitude in terms of the parametrization given in eq. (3.2) as A = −κζ(E_K )Q_dm_bC_7 1 8E_1E_2

(2E_1 + 2E_2 − m_B)(8E_1E_2 − E_1m_B − E_2m_B ) , (3.18) B = −κ2ζ(E_K ) ( Q_dm_bC_7

(E_1 + E_2)^2 8E_1E_2m_B

+ (C_1N_C + C_2)Q^2_uκ_c ) , (3.19)

D = κζ(E_K )Q_dm_bC_7

(2E_1 + 2E_2 − m_B )(4E_1E_2 − E_1m_B − E_2m_B) 2E_1E_2(m_B − 2E_1)(m_B − 2E_2)m^2_B

, (3.20)

C^+ = κζ(E_K )Q_dm_bC_7

E_1 − E_2 4E_1E_2m^2_B

, (3.21)

C^− = −κ2ζ(E_K )

(C_1N_C + C_2)Q^2_uκ_c (2E_1 + 2E_2 − m_B)m_B

, (3.22)

D^+ = κζ(E_K )Q_dm_bC_7

(E_1 − E_2)(2E_1 + 2E_2 − m_B) 4E_1E_2m_B (m_B − 2E_1)(m_B − 2E_2)

, (3.23)

D^− = 0, (3.24)

where κ ≡ +i4 G_F √ 2π V_{tb}V^∗_{ts}α_{em} . (3.25)

Here we use m_b ≃ m_B but keep explicitly a factor of m_b next to C_7 from the definition of the dipole operator given in eq. (2.3).

From eqs. (2.8) and (3.3) it follows that the B → Kγγ rate vanishes for q^2 → 0. This must be so since in the limit that one of the photon energies vanishes the double photon rate does because the decay B → Kγ is forbidden. As a further consequence, phase space integration of the B → Kγγ amplitude squared is IR finite, as opposed to the inclusive B → X_sγγ decays, which need the cancellation with the virtual electromagnetic corrections in the low photon energy limit [5].

We obtain for the differential decay spectrum dΓ dE_2dE_1 = α^2_{em}G^2_F |V_{tb}V^∗_{ts}|^2 256m_B π^5

|ζ(E_K )|^2 × × { m^2_b Q^2_d|C_7|^2

(m_B − 2(E_1 + E_2))^2

E^2_1 E^2 × ( 24E^2_1 E^2 − 4m_B E_1E_2(E_1 + E_2) + m^2_B(E^2_1 + E^2 ) ) +

– 7 –

+32m_bQ_dQ^2_uRe(C_7κ^∗_c )(C_1N_C +C_2)m_B (m_B −E_1 −E_2)(m_B −2(E_1 +E_2)) +

+ 32Q^4_u|κ_c|^2(C_1N_C + C_2)^2m^2_B(m_B − E_1 − E_2)^2 } . (3.26)

We recall that eq. (3.26) is valid in the domain of the Dalitz plot with a fast light meson with energy E_K ≫ Λ_{QCD} and Q^{s,b}_{1,2} and q^2 hard.

4. Additional contributions

In this section we discuss contributions to B → Kγγ decays beyond eq. (3.26). These are if a photon gets radiated from the spectator quark, which is discussed in section 4.1 and annihilation contributions, see section 4.2. Effects of this type can be experimentally accessed by comparing neutral versus charged B decays. In section 4.3 we further discuss contributions from intermediate hadronic states.

4.1 Photon radiation off the spectator

The OPE is invalidated by contributions where one of the photons is emitted by the spectator, for an example see the left diagram of Fig. 2. In the case of soft gluon exchanges the momenta of the final state s- and anti-quark are ⃗p_s ≃ −⃗k_1 and ⃗p_{q̄} ≃ −⃗k_2 up to order Λ_{QCD} in the decaying heavy meson rest frame. This configuration does not allow a Kaon to be formed if the angle between the photons is large sin θ ≃ |⃗k_⊥|/E_K ≫ Λ_{QCD}/m_B . This condition is indeed satisfied in the OPE region around E_{1,2,K} ∼ m_b/3, where the B-decay products form a Mercedes Benz star in the B-rest frame, i.e. have angles of 120^∘ between each other. Therefore, the exchange of soft gluons in these types of diagrams is excluded by the special kinematics.

There are further hard scattering corrections from energetic gluon exchange, which are, however, suppressed by the strong coupling constant. They can produce the K also in a highly asymmetric configuration where p_s ≃ p_K and are not power suppressed. We assume here that the endpoint suppression is sufficient to render this contribution subdominant. Note that due to the existence of a hard line in these diagrams, in the effective theory they get contributions from SCET operators [21] involving collinear gluons. For example, in the left diagram shown in figure 2 the s-quark emitted from the FCNC vertex has virtuality (Q^s_2)^2 ∼ O(m^2_b ) and after integrating out these scales it is mediated by an operator with field content χ̄h_v plus one photon and a collinear gluon. Analogous statements hold for the other gluon exchange topologies which are not shown in figure 2.

4.2 Annihilation topologies

If we take additional operators in the effective hamiltonian eq. (2.1) into account, annihilations topologies in B → Kγγ decays arise. Weak annihilation (WA) contributions in charged B^± → K^±γγ decays are induced by the operators O^u_{1,2} ≃ (s̄γ^μLu)(ūγ_μLb), which are obtained from O_{1,2} by replacing c with u, and are CKM suppressed. In both neutral and charged B decays penguin annihilation is possible. It is suppressed by the small Wilson coefficients of the penguin operators which are of order 10^{−2} in the SM.

– 8 –

Figure 2: Contributions to the B → Kγγ amplitude beyond the form factor-type OPE. Left hand side: radiation off the spectator, the blob denotes an insertion of the dipole operator O_7. Right hand side: Leading power annihilation contributions, the blob denotes a Four-Fermi operator and the second photon can be attached to any of the crosses. Diagrams with interchanged photons are not shown.

The leading annihilation diagrams are the ones with at least one photon emitted from the light anti-quark in the B-meson, see figure 2. Then one propagator is off-shell by order ∼ QΛ_{QCD}. Dimensional analysis indicates that this contribution is leading power with respect to the form factor-type contribution^2 f_Bf_K m_BΛ_{QCD}f_+ ∝ O(1) with f_B ∝ m^{−1/2}_b , f_+ ∝ m^{−3/2}_b , (4.1)

therefore it is only suppressed by small CKM elements or small Wilson coefficients. Such leading power annihilation contributions have also been found in B → Kℓ^+ℓ^− decays [22]. However, their impact is bigger in the two-photon decays than in the semileptonic decays since the dominant Wilson coefficients associated with the form factor type contribution is larger in the latter. We estimate for B → Kγγ decays A^{W A}/A^{formfactor} ∼ V_{ub}V^∗_{us}/(V_{tb}V^∗_{ts}) C_2/C_7, a correction of order ten percent at the amplitude level.

4.3 Long-distance effects

Resonance effects through B → (η_x → γγ)K where η_x = η, η^′, η_c and B → (K^∗ → Kγ)γ have been discussed in [10, 11]. In particular, the latter decay chain has been used to model the O_7-type contribution in these works. Relevant here to the kinematical OPE window are only the charmonium resonances, since invariant di-photon masses of m^2_η, m^2_η′ are too low and the decays with virtual K^∗ has one photon with near maximal energy ∼ m_B/2, which is excluded. To be specific, the η_c and the χ_{c0,c2} have masses in the signal region and sufficient branching ratios given as [23]–[25]

B(B → Kη_c) × B(η_c → γγ) ≃ 4 · 10^{−7} , (4.2) B(B → Kχ_{c0}) × B(χ_{c0} → γγ) ≃ 2 · 10^{−7} , (4.3) B(B → Kχ_{c2}) × B(χ_{c2} → γγ) < 1 · 10^{−8} . (4.4)

2More precisely, the scaling law of the heavy-to-light form factor is f+ ∝ m^{−3/2}_b /(1−q^2 /m^2_b )^2 [18], which simplifies to the “standard” form at large recoil also at q^2 = O(m^2_b ) as long as q^2 is order one away from m^2_b .

– 9 –

We neglect in our study the χ_{c2} since the production through B → Kχ_{c2} has not been seen yet and its impact on B → Kγγ is at least an order of magnitude below the other two charmonia.

To estimate how severe the long-distance contamination is, we assume Breit-Wigner form for the scalar and pseudoscalar X = η_c, χ_{c0} resonance amplitudes A(B → K(X → γγ)) = A(B → XK) 1 q^2 − m^2_X + im_X Γ(X) A(X → γγ) , (4.5) where A(η_c → γγ) = ia(η_c)F_{μν}F̃^{μν} , A(χ_{c0} → γγ) = a(χ_{c0})F_{μν} F^{μν} , (4.6) and take |a(X)| and |A(B → XK)| from the measured rates

Γ(X) = |A(X → γγ)|^2m^3_X 16π , Γ(B → KX) = |A(B → XK)|^2|⃗p_K | 8πm^2_B . (4.7)

This phenomenological parametrization has problems because the information about the strong phase is lost, a residual q^2-dependence in the partial amplitudes is neglected and there is double counting to some extend. However, the typical size of the effect is reproduced correctly. We use this model to see whether short-distance physics can be extracted from B → Kγγ decays in the OPE region. This is worked out numerically in section 5.

The pollution from cc̄ is also known from rare semileptonic decays, which get a sizable background through B → (Ψ^{(′,′′,... )} → ℓ^+ℓ^−)K^{(∗)} that has to be removed by kinematical cuts. If duality would be perfectly at work, the 1PI diagram with the charm loop would include the contributions from the charmonium resonances. For q^2 ≃ m^2_b ≫ m^2_c OPE methods have been suggested for B → K^∗ℓ^+ℓ^− decays for a model-independent calculation of the rate [26]. For B → Kγγ decays, this amounts at lowest order to expanding κ(q^2, m^2_c ) = κ(q^2, 0) + O(m^2_c /q^2), that is, using κ_c = 1/2, see eq. (2.8). However, in the double photon decays we cannot have q^2 large enough and hence are too close to the charm threshold to use this expansion.

5. Phenomenology of B → Kγγ decays

We discuss the OPE allowed phase space and give estimates for the B → Kγγ branching ratio in the SM in Section 5.1 and in Section 5.2 with NP.

5.1 Dalitz plot and SM predictions

The B → Kγγ Dalitz plot in the E_1 − E_2 plane is shown in figure 3. The surviving phase space after cuts is the shaded triangle. We use E_{1,2} < 2 GeV (thin solid lines) which imply E_K > 1.3 GeV, and q^2 > m^2_B/5 (long-dashed line). As can be seen, other cuts required by our OPE analysis, such as a minimal angle between the photon momenta for example θ > 45^∘ (dotted line) and a low energy cut on the photon energies of 1 GeV (shortdashed lines), are ineffective in the presence of the previous ones. The reference point E_{1,2}, E_K = m_B /3 is in the surviving region. The corresponding q^2-range is numerically

– 10 –

Figure 3: B → Kγγ phase space in the plane of the photon energies E_1 and E_2 in GeV. The thick solid line is the phase space boundary, the thin solid, dotted, short-dashed, long-dashed lines denote the cuts E_{1,2} < 2 GeV, θ > 45^∘, 1 GeV < E_{1,2} and q^2 > m^2_B /5. Also shown is the point E_1 = E_2 = m_B /3.

Figure 4: Di-photon mass distribution of B → Kγγ decays with the cuts specified in section 5 from the OPE. The solid (dashed) curve denote the SM pure SD contribution with (and without) the 1PR terms. The dotted (double-dotted) curve corresponds to a NP scenario with C^τ_P = −700(+700) and C^τ_S = 0. The dash-dotted curve is the SM including the resonance contributions from the η_c and the χ_{c0}.

5.6 GeV^2 < q^2 < 14.6 GeV^2. Note that the exclusion of the low di-photon mass events is not a big loss in the event rate since the B → Kγγ is suppressed by small q^2.

For our numerical analysis, we evaluate the SM Wilson coefficients at leading log at μ = m_b and take the B → K form factor ζ = f_+ from Light cone-QCD sum rules f_+(0) =

– 11 –

0.319 [20], which is in good agreement with the corresponding lattice-QCD result [27]. To be specific, we use C_1 = −0.25, C_2 = 1.11 and C_7 = −0.35. We integrate eq. (3.4) between max(E^{min}_1 , 1.2 GeV) and min(E^{max}_1 , 2 GeV), see eq. (3.5), to obtain the di-photon mass spectrum dΓ/dq^2, which is shown in figure 4. As can be seen, the SD part of the spectrum (solid curve) is completely hidden behind the η_c and the χ_{c0} resonance contribution (dashdotted curve). The integrated SD branching ratio in the SM with cuts is small, △B(B → Kγγ)^{OP E}_{SM} ≃ 1 × 10^{−9}. It has an uncertainty from the form factor of about 20 % and about 50 % from the renormalization scale dependence, when μ is varied between m_b/2 and 2m_b. The order of magnitude of the branching ratio is consistent with the findings of ref. [28], where the 1PI contribution has not been taken into account and with no cuts.

We also show for comparison the contribution from 1PI SD diagrams only (dashed curve), which gives a somewhat reduced branching ratio B(B → Kγγ)^{OP E 1P I}_{SM} ≃ 0.5 × 10^{−9}. Even if we integrate this contribution over a larger phase space region, the resulting branching ratio is about two orders of magnitude smaller than the corresponding ones ∼ few×10^{−7} given in [10] (where a very large value of the form factor is used) and [11]. Such large B → Kγγ SD branching ratios are also in conflict with the one of the inclusive decays B(B → X_sγγ) ≃ 3.7 × 10^{−7} [5].

5.2 New physics

To be comparable to the resonance contributions at least in some region of phase space the SD contribution has to be lifted by roughly one order of magnitude above the SM one. We investigate here whether there exists such type of NP that is at the same time not violating other data.

Beyond the SM, contributions to the dipole operator O_7 are tightly constrained by data on b → sγ decays. In particular, |C_7| is fixed at the 30 percent level [29]. The QCD penguin operators have small Wilson coefficients in the SM C^{QCD}_{SM} /C_2 ∼ 10^{−2}. Even an enhancement of a factor of 100, which is problematic because of data on B → Kπ and other rare decays would constitute only an O(1) effect in b → sγγ. Hence, these types of NP are inefficient to enhance the SD contribution in B → Kγγ decays to be above the η_c, χ_{c0} background.

Let us consider scalar/pseudoscalar operators with leptons ℓ = e, μ, τ

O^ℓ_{S(P )} = α_{em} 4π s̄Rbℓ̄(γ_5)ℓ . (5.1)

They contribute to the matrix element of double radiative decays through a lepton loop, similar to the charm loop shown in Figure 1. The contribution w.r.t. the charm loop scales roughly as α_{em}/(4π) × C^ℓ_{S(P )}/(Q^2_uC_2). The Wilson coefficients of the muonic operators (ℓ = μ) are constrained by B(B_s → μ^+μ^−) data to be order one [29], hence way too small to raise the B → Kγγ SD contribution above the resonance contributions. Assuming lepton universality, i.e., C^ℓ_{S(P )} ∝ m_ℓ, which is realized if the operators are induced for example by neutral Higgs exchange, the electron contribution is tiny and |C^τ_{S(P )}| ≲ 30, which is still not large enough. If one relaxes lepton universality, however, one obtains model-independently |C^τ_{S(P )}| ≲ 700 from B(B_s → τ^+τ^−) < 5% [30]. Sizable enhancements of the electron

– 12 – couplings are excluded by data on b → se^+e^− decays. The operators O^τ_{S(P )} enter b → sγ decays as a 2-loop electromagnetic radiative correction, hence give only tiny effects in the single photon channel. We further checked that the one-loop mixing of O^τ_S − O^τ_P onto O_9, see [29] for details, which gives a correction to b → se^+e^− and b → sμ^+μ^− decays, is consistent with current data. Note that the decoupling of b → sγ decays from NP in b → sγγ has also been discussed in the context of SUSY with broken R-parity in B_s → γγ and B → X_sγγ decays in ref. [31].

Explicit calculation of the τ-loop^3 gives the following corrections to eqs. (3.18)–(3.24) as A → A + δA_τ , B → B + δB_τ etc., where δA_τ = κ α_{em} 4π ζ(E_K )C^τ_S E_K m_τ ( κ_τ (4 + z_τ ) − z_τ 2 ) , (5.2) δB_τ = κ α_{em} 4π ζ(E_K )C^τ_P E_K m_τ (1 − 2κ_τ ) , (5.3)

and all other δC^±_τ , δD_τ , δD^±_τ vanish. Note that the matrix elements of O^ℓ_{S(P )} can be deduced from the one of the fierzed QCD penguin O_6, see e.g. [4, 5]. The impact of C^τ_P = ±700, C^τ_S = 0 and all other Wilson coefficients assuming SM values is shown in figure 4 (dotted and double-dotted curves). As can be seen, even maximal NP enhancement brings the SD distribution barely above the resonance background outside the η_c and χ_{c0} peaks. For C^τ_P = −700, C^τ_S = 0 we obtain △B(B → Kγγ)^{OP E}_{NP} ≃ (1 − 2) × 10^{−8}, an order of magnitude above the SM value.

6. Conclusions

We presented predictions for the exclusive B → Kγγ decay. In particular, we calculated the SD contribution to the matrix element by means of an OPE in 1/Q, where Q is a combined scale of order m_b and contains the b-quark mass, the energy of the final meson in the B rest frame, the photon invariant mass and the virtualities of the intermediate quarks in the 1PR b → sγγ diagrams. Then, around the Dalitz region where all decay products have energy ∼ m_b/3, the b → sγγ amplitude can be expressed at lowest order in terms of local dimension 8 operators made out of a heavy HQET and a collinear SCET field plus two photons. The resulting local matrix element is given in terms of a form factor known from B → Kℓ^+ℓ^− decays.

We found that the resulting SD branching ratio in the SM is small, order 10^{−9}, which is at variance with previous estimates [10, 11]. Such small branching ratios for double radiative decays are not a complete surprise. In fact, being of the same order in α_{em} as semileptonic rare decays with branching ratios of few×10^{−7} [20], we expect B(B → Kγγ) ∼ [ |κ_cQ^2_uC_2|^2 |C_9|^2 + |C_{10}|^2 or |C_7|^2 |C_9|^2 + |C_{10}|^2 ] × B(B → Kℓ^+ℓ^−) ≃ O(10^{−9}) ,

The double photon decays are substantially suppressed with respect to the semileptonic ones, since the di-lepton operators with large coefficients |C^{SM}_{9,10}| ≃ O(4 − 5) are not contributing to the former, see e.g. [15].

3For the OPE this requires the operators Q4 = m_bχ̄Rhv F · F and Q5 = m_bχ̄RhvF · F̃ .

– 13 –

In our analysis we further took long-distance effects via B → η_cK → γγK and B → χ_{c0}K → γγK into account and found that the SM SD contribution is not accessible behind the resonance peaks, see figure 4. We also discussed additional contributions from photon radiation off the spectator and annihilation diagrams, which induce sizable theoretical uncertainties and exhibit increased complexity compared to the ones in B → K^∗γ decays due to the second (energetic) photon. On the other hand, non-standard scalar/pseudoscalar couplings to taus can give enhanced B → Kγγ branching ratios of the order 10^{−8}. Note that such a NP scenario is consistent with data on other rare decays such as b → sγ and b → sℓ^+ℓ^−. In particular, large couplings are allowed because FCNC decays into a tau pair are essentially unconstrained to date. In other words, decays such as B_s → τ^+τ^− and B → K^{(∗)}τ^+τ^− have sizable room for NP. The corresponding maximal SD B → Kγγ spectrum with NP in the τ couplings leaks marginally outside the resonance background. We conclude that it is very difficult to test SD physics with exclusive B → Kγγ decays.

Very similar arguments apply to B → K^∗γγ decays. We obtained for the pure SD SM estimate of the 1PI induced contribution B(B → K^∗γγ) ≃ few × 10^{−9}, which is two orders of magnitude below the corresponding value quoted in [32].

Acknowledgments

We would like to thank Thomas Becher, Gerhard Buchalla, Thorsten Feldmann, Olivier Pène and Amarjit Soni for discussions. G.H. gratefully acknowledges the SLAC theory group for hospitality and Pierre Bleile for recovery of files from a defective hard drive. The research of A.S.S. is supported by the Deutsche Forschungsgemeinschaft (DFG) under contract BU 1391/1-2.

References

[1] A. Ali, Photonic and leptonic rare B decays, Nucl. Instrum. Meth. A462 (2001) 11 [hep-ph/0101154].

[2] G.L. Lin, J. Liu and Y.P. Yao, Flavor changing two photon decay, Phys. Rev. Lett. 64 (1990) 1498; Top quark mass dependence of the decay B/S → γγ in the standard electroweak model, Phys. Rev. D 42 (1990) 2314;

H. Simma and D. Wyler, Hadronic rare B decays: the case B → SGG, Nucl. Phys. B 344 (1990) 283.

[3] G. Hiller and E.O. Iltan, Leading logarithmic QCD corrections to the B/S → γγ decay rate including long-distance effects through B/S → ϕγ → γγ, Phys. Lett. B 409 (1997) 425 [hep-ph/9704385].

[4] C.H.V. Chang, G.L. Lin and Y.P. Yao, QCD corrections to B → Sγγ and exclusive B/S → γγ decay, Phys. Lett. B 415 (1997) 395 [hep-ph/9705345].

[5] L. Reina, G. Ricciardi and A. Soni, QCD corrections to B → Sγγ induced decays:

B → x/Sγγ and B/S → γγ, Phys. Rev. D 56 (1997) 5805 [hep-ph/9706253].

[6] S.W. Bosch and G. Buchalla, The double radiative decays B → γγ in the heavy quark limit, J.

High Energy Phys. 08 (2002) 054 [hep-ph/0208202].

– 14 –

[7] L. Reina, G. Ricciardi and A. Soni, The B → x/Sγγ rare decay, Phys. Lett. B 396 (1997) 231 [hep-ph/9612387];

T.M. Aliev, G. Hiller and E.O. Iltan, Leading logarithmic QCD corrections to the B/S → γγ decays in the two-Higgs doublet model, Nucl. Phys. B 515 (1998) 321 [hep-ph/9708382]; J.J. Cao, Z.J. Xiao and G.R. Lu, The B → x/Sγγ decay in the standard model and the general two-Higgs-doublet model, Phys. Rev. D 64 (2001) 014012 [hep-ph/0103154].

[8] BABAR collaboration, B. Aubert et al., Search for the decay B0 → γγ, Phys. Rev. Lett. 87 (2001) 241803 [hep-ex/0107068].

[9] L3 collaboration, M. Acciarri et al., Search for the decays B_D0 → γγ and B_S 0 → γγ, Phys.

Lett. B 363 (1995) 137.

[10] P. Singer and D.-X. Zhang, Two-photon exclusive decays B/S → η(η^′)γγ and B → Kγγ, Phys. Rev. D 56 (1997) 4274 [hep-ph/9706286].

[11] S.R. Choudhury, G.C. Joshi, N. Mahajan and B.H.J. McKellar, Study of the flavour changing neutral current decay mode B → Kγγ, Phys. Rev. D 67 (2003) 074016 [hep-ph/0210160].

[12] For a review, see for instance: M. Neubert, Heavy quark symmetry, Phys. Rept. 245 (1994) 259 [hep-ph/9306320].

[13] C.W. Bauer, S. Fleming, D. Pirjol and I.W. Stewart, An effective field theory for collinear and soft gluons: heavy to light decays, Phys. Rev. D 63 (2001) 114020 [hep-ph/0011336].

[14] M. Beneke, A.P. Chapovsky, M. Diehl and T. Feldmann, Soft-collinear effective theory and heavy-to-light currents beyond leading power, Nucl. Phys. B 643 (2002) 431 [hep-ph/0206152].

[15] G. Buchalla, A.J. Buras and M.E. Lautenbacher, Weak decays beyond leading logarithms, Rev. Mod. Phys. 68 (1996) 1125 [hep-ph/9512380].

[16] L. Rosenberg, Electromagnetic interactions of neutrinos, Phys. Rev. 129 (1963) 2786;

S. L. Adler, Axial vector vertex in spinor electrodynamics, Phys. Rev. 177 (1969) 2426.

[17] A. Ali and C. Greub, A profile of the final states in B → x(S)γ and an estimate of the branching ratio BR (B → K^∗γ), Phys. Lett. B 259 (1991) 182; Photon energy spectrum in B → x(S) + γ and comparison with data, Phys. Lett. B 361 (1995) 146 [hep-ph/9506374].

[18] J. Charles, A. Le Yaouanc, L. Oliver, O. Péne and J.C. Raynal, Heavy-to-light form factors in the heavy mass to large energy limit of QCD, Phys. Rev. D 60 (1999) 014001 [hep-ph/9812358].

[19] M. Beneke and T. Feldmann, Symmetry-breaking corrections to heavy-to-light B meson form factors at large recoil, Nucl. Phys. B 592 (2001) 3 [hep-ph/0008255].

[20] A. Ali, P. Ball, L.T. Handoko and G. Hiller, A comparative study of the decays B → (K, K∗)ℓ^+ℓ^− in standard model and supersymmetric theories, Phys. Rev. D 61 (2000) 074024 [hep-ph/9910221].

[21] M. Beneke and T. Feldmann, Factorization of heavy-to-light form factors in soft- collinear effective theory, Nucl. Phys. B 685 (2004) 249 [hep-ph/0311335].

[22] M. Beneke, T. Feldmann and D. Seidel, Systematic approach to exclusive B → V ℓ^+ℓ^−, V γ decays, Nucl. Phys. B 612 (2001) 25 [hep-ph/0106067].

[23] Particle Data Group collaboration, S. Eidelman et al., Review of particle physics, Phys.

Lett. B 592 (2004) 1.

– 15 –

[24] Belle collaboration, K. Abe et al., Observation of B^+ → χ/c0K^+, Phys. Rev. Lett. 88 (2002) 031802 [hep-ex/0111069].

[25] BABAR collaboration, B. Aubert et al., Search for B → χ/cK^∗ decays, hep-ex/0408033. [26] B. Grinstein and D. Pirjol, Precise |v(uB)| determination from exclusive B decays:

controlling the long-distance effects, Phys. Rev. D 70 (2004) 114005 [hep-ph/0404250]. [27] A. Abada et al., Decays of heavy mesons, Nucl. Phys. 83 (Proc. Suppl.) (2000) 268 [hep-lat/9910021].

[28] A.Y. Ignatiev, G.C. Joshi and B.H.J. McKellar, Spectator effects in the decay B → Kγγ,

hep-ph/0308126.

[29] G. Hiller and F. Kruger, More model-independent analysis of B → s processes, Phys. Rev. D 69 (2004) 074020 [hep-ph/0310219].

[30] Y. Grossman, Z. Ligeti and E. Nardi, B → τ^+τ^−(x) decays: first constraints and phenomenological implications, Phys. Rev. D 55 (1997) 2768 [hep-ph/9607473].

[31] A. Gemintern, S. Bar-Shalom and G. Eilam, B → x/Sγγ and B/S → γγ in supersymmetry with broken R-parity, Phys. Rev. D 70 (2004) 035008 [hep-ph/0404152].

[32] S.R. Choudhury, A.S. Cornell and N. Mahajan, Short and long distance contributions to B → K^∗γγ, Phys. Lett. B 580 (2004) 177 [hep-ph/0307104].

– 16 –