arXiv:hep-ph/0012116 11 Dec 2000

ZU-TH 27/00

c ! uγ in the minimal supersymmetric standard

model

S. Prelovsek

Department of Theoretical Physics, University of Trieste, Strada Costiera 11, Italy J. Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia and D. Wyler

Institut für Theoretische Physik, Universität Zürich, Switzerland

ABSTRACT

The minimal supersymmetric standard model (MSSM) with universal soft breaking terms has a negligible effect on the rare c → uγ decay rate. We therefore study a general model with non-universal soft breaking terms constrained by vacuum stability and the experimental upper bound on the mass difference of the neutral charm mesons. It turns out that gluino exchange can enhance the standard model rate by up to two orders of magnitudes; in contrast, the contributions from charginos and neutralinos remain at least an order of magnitude below the QCD corrected standard model rate.

1. Introduction

Flavour changing neutral currents (FCNC) occur in the standard model only at the loop level where they are suppressed by the GIM mechanism. The corresponding processes are rare and suitable as probes for new physics, in particular for the popular low energy supersymmetry (SUSY) which has various new sources of flavour violation. Studying the FCNC processes may reveal the flavour structure of the soft supersymmetry breaking terms and shed light on the mechanism of SUSY breaking. There is a renewed interest in this issue, because models with effective supergravities [1] generally do not lead to universal soft breaking terms and tend to have large FCNC rates.

In this note we explore the sensitivity of the c → uγ decay rate in the framework of the minimal supersymmetric standard model (MSSM) with unbroken R-parity and arbitrary non-universal soft breaking terms. This process was considered before in ref. [2]; however, only gluino exchanges were included and the constraints from vacuum stability were not applied. In addition, we take into account the QCD corrections within the standard model, which are seizable, and discuss the QCD corrections in the MSSM. Motivated by recent proposals for probing c → uγ in specific hadronic observables [3, 4, 5, 6], which are largely free of the ’uninteresting’ long distance contributions, we analyze this decay in more detail.

In the standard model, the c → uγ amplitude is proportional to ∑ q=d,s,b V ∗ cqV_{uq}m^2_q at the one-loop level and the corresponding branching ratio ∼ 10^{−17} is negligibly small as the GIM mechanism is extremely effective in charm decays (the intermediate d and s quarks are very light compared to the W ). The most important QCD corrections arise from the diagrams shown in Fig. 1. They drastically lift the GIM suppression; instead of power-like it becomes logarithmic [7]. The effective local interaction can be written as [7]

L_{eff} = −^{4GF}√_2 V^∗_{cs}V_{us} [c_7 O_7 + c^′_7 O^′_7] (1)

O_7 =^e_{16π2} m_c ūσ_{μν}^1_2 (1 + γ_5)c F^{μν} , O^′_7 =^e_{16π2} m_c ūσ_{μν}^1_2 (1 − γ_5)c F^{μν}

(c_7)^{SM}_{αs} ≃ α_s(m_c) 4π c_2(m_c){f[m^2_s/m^2_c ] − f[m^2_d/m^2_c ]} ≃ −(0.007 + 0.020 i)[1 ± 0.2]

(c^′_7)^{SM} ≃ 0

for m_c = 1.5 GeV and α_s(m_c) = 0.31, with functions f and c_2 given in [7]. The corresponding branching ratio in the standard model Br^{SM}_{αs} (c → uγ) = 6 | | | | eV^∗_{cs}V_{us} 2π | | | | 2{ |c_7|^2 + |c^′_7|^2

} G^2_F m^5_c 192π^3Γ(D^0)

≃ 3 × 10^{−8} (2)

is still small and potentially sensitive to various extensions beyond the standard model. �^g q = d, s, (b)^{c u}γ^{Oq2 = ūγμ(1 − γ5)q q̄γμ(1 − γ5)c} Figure 1: The most important QCD corrections to c → uγ are induced by the four-quark operator O_2 at the two loop level. Only one of the representative diagrams in the standard model is shown.

The main generic problem for probing the c → uγ transition in hadron decays is that the most straightforward observables such as the decay rate D → ργ are largely dominated by long distance contributions and are independent of new physics [8]. However, there are observables which are dominated by the interesting short distance physics. For instance, the disturbing long distance contributions largely cancel in the difference of the decay rates Br(D^0 → ρ^0γ) − Br(D^0 → ωγ) as shown in [3]. Other possibilities to look for c → uγ are the B_c → B^∗_uγ decay [4] and the violation of the equalities Br(D^+_s → K^{∗+}γ)/Br(D^+_s → ρ^+γ) = tan θ_C [5], Br(D^0 → ρ^0γ)/Br(D^0 → K̄^{∗0}γ) = tan θ_C/2 [2, 6]. Similarly, the isospin violating quantity Γ(D^+ → ρ^+γ)/2Γ(D^0 → ρ^0γ) − 1 [9] might help to disentangle the different contributions. These observables are suitable for testing new scenarios that could significantly enhance the c → uγ rate, and are of particular interest in the context of SUSY flavour problem. �^{d, s, b}W +, H +^{c u} �^{d̃i}χ+j^{c u} �^{ũi}g̃, χ0l^{c u} Figure 2: One-loop digrams for c → uγ decay in MSSM. Here q̃_{i=1,..,6}, χ^+_{j=1,2} and χ^0_{l=1,..,4} denote mass eigenstates for squarks, charginos and neutralinos. The photon is attached to any charged line.

2. The MSSM amplitudes The one-loop diagrams for c → uγ transition in MSSM are shown in Fig. 2. The q̃_{i=1,..6}, χ̃^+_{j=1,2} and χ̃^0_{l=1,..,4} denote mass eigenstates of squarks, charginos and neutralinos, respectively. We calculate the Willson coefficients at the high energy (m_W ) scale for different contributions using the Feynman rules and notation presented in [10]

(c_7)^{W +} = 3 2V^∗_{cs}V_{us} ∑ q=d,s,b V^∗_{cq}V_{uq} m^2_q m^2_W [ e_dF_1

(_m2_q

m^2_W ) − F_2 (_m2_q

m^2_W )] (3)

(c_7)^{H+} = 1 2V^∗_{cs}V_{us} ∑ q=d,s,b V^∗_{cq}V_{uq} m^2_q m^2_{H+} { tg^2β [ e_dF_1

(_m2_q

m^2_{H+} ) − F_2 (_m2_q

m^2_{H+} )] + [ e_dF_3

(_m2_q

m^2_{H+} ) − F_4 (_m2_q

m^2_{H+} )]}

(c_7)^{g̃} = − 8 α_s 3 α_W V^∗_{cs}V_{us} e_u 6∑ i=1 m^2_W m^2_{ũi} [ Z^{1i}_U Z^{2i∗}_U F_2

(_m2_{g̃} m^2_{ũi} ) − m_{g̃} m_c Z^{1i}_U Z^{5i∗}_U F_4

(_m2_{g̃} m^2_{ũi} )]

(c_7)^{χ̃+} = − 1 V^∗_{cs}V_{us} 6∑ i=1 2∑ j=1 m^2_W m^2_{d̃i} { a^{j∗}_{i1} a^j_{i2} [ −F_1 (m^2χ̃^+_j m^2_{d̃i} ) + e_dF_2

(m^2χ̃^+_j m^2_{d̃i} ) ]

+ m_{χ̃}+_j m_c a^{j∗}_{i1} b^j_{i2} [ −F_3 (m^2χ̃^+_j m^2_{d̃i} ) + e_dF_4

(m^2χ̃^+_j m^2_{d̃i} ) ]}

(c_7)^{χ̃0} = − 1 V^∗_{cs}V_{us} e_u 6∑ i=1 4∑ l=1 m^2_W m^2_{ũi} { A^{l∗}_{i1}A^l_{i2}F_2

(m^2_{χ̃}0_l m^2_{ũi} ) + m_{χ̃}0_l m_c A^{l∗}_{i1}B^l_{i2}F_4

(m^2_{χ̃}0_l m^2_{ũi} ) } with e_d = −1/3, e_u = 2/3 and a^j_{iI} = 1 g_2 [ − e sin θ_W

Z^{Ii}_D Z^−_{1j} + √ 2m^I_d v_1

Z^{(I+3)i} D Z^−_{2j} ] V^{IJ∗} (4) b^j_{iI} = 1 g_2 [√ 2m^J_u v_2 Z^{Ii}_D Z^{+∗}_{2j} ] V^{IJ∗} A^l_{iI} = 1 g_2 [ − e √ 2 sin θ_W cos θ_W Z^{Ii∗}_U (1 3 Z^{1l}_N sin θ_W + Z^{2l}_N cos θ_W ) − √ 2m^I_u v_2 Z^{(I+3)i∗} U Z^{4l}_N ]

B^l_{iI} = 1 g_2 [ 2 √ 2e 3 cos θ_W Z^{(I+3)i∗} U Z^{1l∗}_N − √ 2m^I_u v_2 Z^{Ii∗}_U Z^{4l∗}_N ] . The expressions for c^′_7 are analogous, but they are multiplied by an overall factor m_u/m_c and m_c is replaced by m_u in (3). The matrices Z^± are the mixing matrices of chargino mass eigenstates χ^+_{j=1,2} with weak eigenstates (W̃^+, H̃^+) and the matrix Z_N describes the mixing of the neutralino mass eigenstates χ^0_{l=1,..,4} with weak eigenstates (B̃, Ã^3, H̃^0_1 , H̃^0_2 ) [10]. The functions F_{1,..,4} are given in Appendix B of [11]. The matrices Z_{U,D} diagonalize the squark mass matrices and depend on a large number of unknown soft breaking parameters in the general MSSM.

The number of these parameters entering the c → uγ amplitude is significantly reduced in the mass insertion approximation, where the expressions (3) are expanded to the first order in the physical squark mass splitting around the common average squark mass m_{q̃} [12], i.e. f ( m_{2d̃} i m^2_{χ̃+j} ) ≃ f ( m^2_{q̃} m^2_{χ̃+j} ) + m^2_{d̃i} − m^2_{q̃} m^2_{χ̃+j} f^′ ( m^2_{q̃} m^2_{χ̃+j} ) . (5)

This approximation works well [13] unless there are strong cancellations or large flavour violations (for instance a light sbottom with a mass around 4 GeV [14] could induce large flavor-violating effects. However, its contribution to c → uγ is negligible^1).

The summation over the intermediate squarks can be expressed in terms of the squark mass matrices M^2_Ũ and M^2_{D̃} in the super-CKM basis [12]. In this basis for the squarks, the flavour structure of quark-squark-gaugino vertex is the same as the quark-quark-gauge boson vertex. We have 6∑ i=1 Z^{Ii}_U Z^{Ji∗}_U = 6∑ i=1 Z^{Ii∗}_D Z^{Ji}_D = δ^{IJ} , 6∑ i=1 Z^{Ii}_U Z^{Ji∗}_U m^2_{ũi} = (M^2_Ũ )^{IJ} , 6∑ i=1 Z^{Ii∗}_D Z^{Ji}_D m^2_{d̃i} = (M^2_{D̃})^{IJ} . (6) In evaluating (3), we neglect the masses of the quarks except m_c because the magnetic transitions O_7 and O^′_7 (1) are of this order^2. The top quark mass m_t does not enter the

1The sbottom-chargino exchange gives (c_7)^χ + ∝ V^�_{cb}V_{ub}Z^{1i�}_D Z^{2i}_D F (m^2_{χ̃}+/m^2_{b̃} ) m^2_W /m^2_{b̃} ∝ V^�_{cb}V_{ub}Z^{1i�}_D Z^{2i}_D m2~_b m2_W /m4~_χ+ (3) in the limit m2~_b /m2~_χ+ ≪ 1, where the unitarity of Z_D has been applied.

2We neglect the terms proportional to m_u/m_c in c^0_7.

amplitude and m_b comes only in combination with a small factor V^∗_{cb}V_{ub}. This approximation is supported by the fact that c^{W +}_7 ∝ V^∗_{cq}V_{uq}m^2_q (3) is about four orders of magnitude smaller than (c_7)^{SM}_{αs} (1). Using the relations (6) and the explicit expressions for the squark mass matrices^3 we get^4

(c_7)^{W +} , (c_7)^{H+} , (c^′_7)^{W +} , (c^′_7)^{H+} , (c^′_7)^{χ̃+} ≃ 0 (7)

(c_7)^{g̃} =

8 α_s e_u 3 α_W V^∗_{cs}V_{us} m^2_W m^4_{g̃} { −(M^2_Ũ )^{12}_{LL}f_2 (m^2_{q̃} m^2_{g̃} ) + (M^2_Ũ )^{12}_{LR} m_{g̃} m_c f_4 (m^2_{q̃} m^2_{g̃} ) }

(c_7)^{χ̃+} = − 1 V^∗_{cs}V_{us} 2∑ j=1 (M^2_Ũ )^{12}_{LL}

[V (M^2_{D̃})_{LL}V^†]^{12} m^2_W m^4_{χ̃+j} { |Z^−_{1j}|^2 [ −f_1 ( m^2_{q̃} m^2_{χ̃+j} ) + e_df_2

( m^2_{q̃} m^2_{χ̃+j} ) ]

− m_{χ̃}+_j √ 2m_W sin β

Z^{−∗}_{1j} Z^{+∗}_{2j} [ −f_3 ( m^2_{q̃} m^2_{χ̃+j} ) + e_df_4

( m^2_{q̃} m^2_{χ̃+j} ) ]}

(c_7)^{χ̃0} = − e_u V^∗_{cs}V_{us} 4∑ l=1 m^2_W m^4_{χ̃0l}

[_1 3 tgθ_W Z^{1l∗}_N + Z^{2l∗}_N ] ( (M^2_Ũ )^{12}_{LR} m_{χ̃}0_l m_c { −^2_3 tgθ_W Z^{1j∗}_N f_4

( m^2_{q̃} m^2_{χ̃0l} ) }

+ (M^2_Ũ )^{12}_{LL} { 1 2 [_1 3 tgθ_W Z^{1l}_N + Z^{2l}_N ] f_2

( m^2_{q̃} m^2_{χ̃0l} ) + m_{χ̃}0_l 2m_W sin β

Z^{4l∗}_N f_4

( m^2_{q̃} m^2_{χ̃0l} ) })

(c^{g̃}_7)^′ =

8 α_s e_u 3 α_W V^∗_{cs}V_{us} m^2_W m^4_{g̃}

(M^2_Ũ )^{12}_{RL} m_{g̃} m_c f_4 (m^2_{q̃} m^2_{g̃} )

(c^′_7)^{χ̃0} = − e_u V^∗_{cs}V_{us} 4∑ l=1 m^2_W m^4_{χ̃0l}

[_1 3 tgθ_W Z^{1l}_N + Z^{2l}_N ] (M^2_Ũ )^{12}_{RL} m_{χ̃}0_l m_c { −^2_3 tgθ_W Z^{1j}_N f_4

( m^2_{q̃} m^2_{χ̃0l} ) }

with f_{1,..,4}(x) =^∂_{∂x} [_1 xF_{1,..,4}(^1_x) ] x=0 . The relevant diagrams for the various contributions to c_7 (7) in the mass insertion approximation are shown in Fig. 3. The expression V (M^2_{D̃})_{LL}V^† occurring in the chargino contributions (7) is equal to (M^2_Ũ )_{LL} at the unification scale [12]. At the weak scale, this relation is valid up to the corrections proportional to quark masses, which can be neglected within our approximation. The values of c^′_7 and the left-right induced c_7 are equal provided |(M^2_Ũ )^{12}_{LR}| ≃ |(M^2_Ũ )^{12}_{RL}|, which is indeed the case for the upper bounds given below (8).

QCD corrections will not drastically change our main result. As we will see, the contributions from charginos, neutralinos and left-left induced gluinos are generally smaller than those in the standard model. Thus the main effect found in ref. [7], namely that the corrections arising from O_2 are dominant, remains true for them. We need to include the QCD corrections only for the left-right induced gluino contribution because it might give a larger

3A similar procedure is used in the Appendix of [12] for b → sγ.

4We omitt the terms proportional to (M^2_Ũ )^{12}_{RR} in c^0_7, since the best enhancement in general MSSM is expected when the upper bound on Δm_D is saturated only by diagrams with with (M^2_Ũ )^{12}_{LL} insertions (see Table 1), while (M^2_Ũ )^{12}_{RR} is set to zero.

branching ratio than the ≃ 3 × 10^{−8} of the standard model. Using Eqs. (37) and (45) of ref. [13], one finds that the anomalous dimensions of the relevant operators induce a 10% decrease of the amplitude (7), which is evaluated using α_s = α_s(m_W ) = 0.12.

3. The constraints on the mass insertions

The Wilson coefficients (7) depend on the mass insertions (M^2_Ũ )^{12}_{LL}, (M^2_Ũ )^{12}_{LR} and (M^2_Ũ )^{12}_{RL} in the super-CKM basis which incorporate the model dependence arising from the mechanism of supersymmetry breaking. In MSSM with universal soft breaking terms (i.e. models with gauge mediation [15]) the squark mass matrices are flavour diagonal at the unification scale. Flavour mixing is due to the renormalization group evolution down to the weak scale, because the Yukawa matrices for up and down squarks are not simultaneously diagonalizable. The off-diagonal elements in squark mass matrices at the weak scale are necessarily proportional to the product of Yukawa couplings, (M^2_Ũ )^{12}_{LL}, (M^2_Ũ )^{12}_{LR} ∝ ∑ q=d,s,b V ∗ cqV_{uq}m^2_q [16], and the effect of this constrained MSSM scenario on c → uγ decay rate is negligible.

Supergravity scenarios [1] generally lead to the non-universal soft-breaking terms and FCNC can be used to probe their textures. The mass insertions are taken as free parameters in this case, with bounds coming from available experimental data and the consistency of the model. The mass insertions (M^2_Ũ )^{12} can be constrained by saturating the upper experimental upper limit on Δm_D, as done in [17]. Taking the recent CLEO result (Δm_D cos δ + ΔΓ_D sin δ/2)/(2Γ^2_D ) < 0.04% [18] and assuming the relative strong phase δ between D^0 → K^+π^− and D^0 → K^−π^+ to be small, the upper bounds on mass insertions are given in Table 1.

m^2_{g̃}/m^2_{q̃} |(M^2_Ũ )^{12}_{LL}|/m^2_{q̃} |(M^2_Ũ )^{12}_{LR}|/m^2_{q̃} |(M^2_Ũ )^{12}_{RL}|/m^2_{q̃} 0.3 0.03 m_{q̃}/500 GeV 0.04 m_{q̃}/500 GeV 1.0 0.06 m_{q̃}/500 GeV 0.02 m_{q̃}/500 GeV 4.0 0.14 m_{q̃}/500 GeV 0.02 m_{q̃}/500 GeV

Table 1: Limits on (M^2_Ũ )^{12}_{LL}, (M^2_Ũ )^{12}_{LR} and (M^2_Ũ )^{12}_{RL}, obtained by saturating the upper bound Δm_D < 4.5 × 10^{−14} GeV of CLEO [18] by gluino exchange [17].

Stricter upper bounds on (M^2_Ũ )^{12}_{LR} and (M^2_Ũ )^{12}_{RL} are obtained by requiring the minima of the scalar potential in the MSSM not to break electric charge or color and that they are bounded from below [19]. In particular

|(M^2_Ũ )^{12}_{LR}| m^2_{q̃} , |(M^2_Ũ )^{12}_{RL}| m^2_{q̃} ≤ √ 3 m_c m_{q̃} ≃ 0.0023

500 GeV m_{q̃} . (8)

The factor m_c in (8) cancels the factor m_c in (M^2_Ũ )^{12}_{LR}/m_c (7), which in turn comes about since the chirality flip in the squark state does not have to be accompanied by the chirality flip in the external c quark state.

Another upper bound [12]

(M^2_Ũ )^{12}_{LL} ≤ max [ (M^2_{D̃})^{12}_{LL} ,

V^{12} V^{13}

(M^2_{Ũ,D̃})^{13}_{LL} ,

V^{12} V^{32}

(M^2_{Ũ,D̃})^{32}_{LL} ] (9) is due to the relation (M^2_Ũ )_{LL} = V (M^2_{D̃})_{LL}V^†. Although the constraint on (M^2_{D̃})^{12}_{LL} from Δm_K [17] is about 30% stronger than the constraint on (M^2_{D̃})^{12}_{LL}, given in Table 1, the upper bound (9) is ineffective due to the large ratios V^{12}/V^{32} and V^{12}/V^{13}.

We have explicitly verified that the upper bounds on (M^2_Ũ )^{12}_{LL} (Table 1) and (M^2_Ũ )^{12}_{LR} (8) do not saturate the experimental value (Δm_K)^{exp} ≃ 3.5 × 10^{−15} GeV through chargino exchange^5.

4. The results

We consider low-energy supersymmetry with masses of superpartners in the TeV range. We take 250 GeV≤ m_{q̃}, m_{g̃} ≤ 1000 GeV with lower bounds given by the direct searches for these states [21]. The masses of charginos, neutralinos and the corresponding mixing matrices Z^±, Z_N can be expressed in terms of tgβ, μ, m_1 and m_2 [10, 22]. We take tgβ and μ in the range 2.5 ≤ tgβ ≤ 30 and 100 GeV ≤ |μ| ≤ 300 GeV. We assume m_1 ≃ m_2 and determine this parameter by setting the mass of lighter chargino equal to the experimental lower bound m_χ+_1 > 90 GeV [23] (we vary this parameter in the range 90 − 200 GeV). Points of parameter space, where the neutralino masses violate bounds from the direct experimental searches, are omitted. The technical problem of negative eigenvalues for chargino and neutralino mass matrices is solved following the discussion in Appendix A.3 of [22]. The value α_s = α_s(m_W ) = 0.12 is used.

The predicted c → uγ branching ratios are given in Fig. 4 in a form of a scatter plot, with input parameters varying in ranges discussed above. The mass insertions (M^2_Ũ )^{12}_{LL} and (M^2_Ũ )^{12}_{LR,RL} are taken at the maximal values of the allowed ranges, given in Table 1 and Eq. (8), respectively. The QCD-corrected standard model prediction (1, 2) is represented by the dot on the left. The remaining dots represent branching ratios arising solely from the genuine supersymmetric contributions; as discussed above, QCD corrections hardly affect these (7) and are neglected. The rates that would result from the gluino, the chargino and the neutralino contributions (7) are shown separately. If (M^2_Ũ )^{12}_{LR} is close to the upper value given by the vacuum stability argument (8), the gluino exchange is dominated by the left-right mass insertion and can enhance the standard model rate (2) by two orders of magnitudes

Br(c → uγ)_{LR} ≃ 6 × 10^{−6} (10)

for m_{q̃} ∼ m_{g̃} ∼ 250 GeV. The process c → uγ is therefore particularly suitable for probing the universality of the trilinear soft-breaking A terms, that are responsible for the left-right mass insertions. If the dominant supersymmetric contribution comes from the (M^2_Ũ )^{12}_{LL} insertion (when (M^2_Ũ )^{12}_{LR} is negligible), then the gluino and chargino contributions are comparable

5The upper bound (M^2_Ũ )^{12}_{LR} (8) gives a Δm_K which is several orders of magnitudes below (Δm_K )^{exp}. The upper bounds (M^2_Ũ )^{12}_{LL} (Table 1) can render values close to, but not above (Δm_K )^{exp}, for low masses of the charginos. The expressions for the chargino contributions to Δm are presented in [20].

in size and in fact add up. In this case, the highest rate of genuine SUSY contribution is achieved at small tgβ and μ < 0

Br(c → uγ)_{LL} ≃ 10^{−9} (11)

and would be screened by the standard model contribution (2).

5. Conclusions

We have examined the sensitivity of the c → uγ decay rate in the context of the minimal supersymmetric standard model. Not surprisingly, schemes with universal soft breaking terms have a negligible effect on this process. If the universality condition is relaxed, the chargino and neutralino contributions remain small and are at least one order of magnitude below the standard model rate. However, the gluino exchange can enhance the standard model rate of Br(c → uγ) ≃ 3 × 10^{−8} by up to a factor of 200, given the various constraints on the relevant left-right mass insertions. This is quite a surprising result and makes this decay very attractive for flavor studies in supersymmetric models. To understand this drastic effect, we recall that the standard model branching ratio is essentially due to a two-loop diagrams in Fig. 1, because the one loop-contribution is heavily GIM suppressed. As a consequence, one may expect that the GIM non-suppressed two-loop amplitude is enhanced by a factor α_s(m_W )/(α_W V^∗_{cs}V_{us}α_s(m_c)) in a general MSSM, in qualitative agreement with our detailed numerical result.

Although unwanted long distance effects strongly affect the hadronic rates, it is possible to find observables where they largely cancel. An important observable is R = [Br(D^0 → ωγ)−Br(D^0 → ρ^0γ)]/Br(D^0 → ωγ) which can go up to O(1) in the general MSSM discussed here, as compared to a standard model prediction of 6 ± 15% [3]. Although the long distance effects are not so well under control [25], a value of R above 20% would be a clear signal for new physics. Present experimental upper bounds on the rare decays D^0 → ρ^0γ and D^0 → ρ^0ω are at the level of 10^{−4} [24, 21], while theoreticaly predicted are at a level of 10^{−6} [8]. It is expected that BaBar, Belle, BTeV and possibly a tau-charm factory can observe these interesting decays.

Another observable which is relatively free of long distance effects is Br(B_c → B^∗_uγ). While the standard model expectation is 1 × 10^{−8} [4], it could reach 1 × 10^{−6} in the MSSM. Such an enhancement can be observed at LHC, which is expected to produce 2 × 10^8 B_c mesons with p_T (B_c) > 20 GeV.

Acknowledgment

We thank S. Pakvasa for a discussion on long distance effects. We would like to thank A. Masiero for many fruitful discussions and for reading the manuscript. We thank D.A. Demir, O. Vives, E. Lunghi and S. Bertolini for useful discussions at the early stage of this work.

References

[1] N. Polonski and A. Pomarol, Phys. Rev. Lett. 73 (1994) 2292;

A. Brignole, L.E. Ibanez and C. Munoz, Nucl. Phys. B 422 (1994) 125; V. Kaplunovsky and J. Louis, Phys. Lett. B 306 (1993) 269; L. Ibanez and D. Lust, Nucl. Phys. B 382 (1992) 305.

[2] I. Bigi, G. Gabbiani and A. Masiero, Z. Phys. C 48 (1990) 633. [3] S. Fajfer, S. Prelovsek, P. Singer and D. Wyler, Phys. Lett B 48 7 (2000) 81. [4] S. Fajer, S. Prelovsek and P. Singer, Phys. Rev. D 59 (1999) 114003. [5] B. Bajc, S. Fajfer, R. J. Oakes, Phys. Rev. D 54 (1996) 5883; [6] I. I. Bigi, hep-ph/9408235.

[7] C. Greub, T. Hurth, M. Misiak and D. Wyler, Phys. Lett. B 382 (1996) 415. [8] G. Burdman, E. Golowich, J. Hewett and S. Pakvasa, Phys. Rev. D 52 (1995) 6383;

S. Fajfer, S. Prelovsek and P. Singer, Eur. Phys. J. C 6 (1999) 471; S. Prelovsek, Ph. D. thesis, hep-ph/0010106;

A. Khodjamirian, G. Stoll and D. Wyler, Phys. Lett. B 358 (1995) 129. [9] A. Ali et. al., hep-ph/0006175.

[10] J. Rosiek, Phys. Rev. D 41 (1990) 3464; Erratum hep-ph/9511250. [11] S. Bertolini, F. Borzumati, A. Masiero and G. Ridolfi, Nucl. Phys. B 353 (1991) 591. [12] M. Misiak, S. Pokorski and J. Roseik, Heavy Flavours II, ed. A. Buras and M. Lindner, World Scentific 1998, p. 795 (hep-ph/9703442).

[13] F. Borzumati et. al., Phys. Rev. D 62 (2000) 075005;

[14] G. Taylor, LEPC 20 July 2000, http://alephwww.cern.ch/ALPUB/seminar/lepcjul00/ M. Carena et al., hep-ph/0008023; U. Nierste et al., hep-ph/0008321; A. Dedes et al., hep-ph/0009001.

[15] M. Dine and W. Fischler, Phys. Lett. B 110 (1982) 227 ;

C.R. Nappi and B.A. Ovrut, Phys. Lett. B 113 (1982) 175;

L. Alvarez-Gaume, M. Claudson and M. B. Wise, Nucl. Phys. B 207 (1982) 96. [16] M.J. Duncan, Nucl. Phys. B 211 (1983) 285;

J. F. Donoghue, H.P. Nilles and D. Wyler, Phys. Lett. B 128 (1983) 55. [17] F. Gabbiani, E. Gabrielli, A. Masiero and L. Silvestrini, Nucl. Phys. B 477 (1996) 321.

[18] R. Godang et al., CLEO Collabiration, Phys. Rev. Lett. 84 (2000) 5038. [19] J. A. Casas and S. Dimopoulos, Phys. Lett. B 387 (1996) 107. [20] D.A. Demir, A. Masiero and O. Vives, Phys. Rev. D 61 (2000) 075009;

A. Masiero and O. Vives, hep-ph/0003133.

[21] D. E. Groom et al., Review of Particle Physics, Eur. Phys. J. C 15 (2000) 1. [22] J. F. Gunion and H. E. Haber, Nucl Phys. B 272 (1986) 1; Erratum Nucl. Phys. B 402 (1993) 567.

[23] see LEP joint Supersymmetry working group URL:

http://lepsusy.web.cern.ch/lepsusy/Welcome.html [24] D.M. Asner et al., CLEO Collaboration, Phys. Rev. D 58 (1998) 092001. [25] S. Pakvasa, private communication

�^cL c̃^′L g̃ ũ^′L^{cR uLmc (M 2Ũ )12LL} �c̃^′R g̃ ũ^′L^{cR uL(M 2Ũ )12LR}_{(a) Dominant gluino exchange diagrams.}�_{cL d̃′La W̃ + d̃′LbcR uLmc V ∗2a (M 2D̃)baLL V1b} �_{d̃′LãH + d̃′LbW̃ +cR uLmcV ∗2a (M 2D̃)baLL V1b(b) Dominant chargino exchange diagrams with flavour index a, b = 1, 2, 3.} �^cL c̃^′LB̃, Ã3ũ^′L^{cR uLmc (M 2Ũ )12LL} �c̃^′L̃H 02 ũ^′L B̃, Ã3^{cR uLmc (M 2Ũ )12LL} �c̃^′R̃B ũ^′L B̃, Ã3^{cR uL(M 2Ũ )12LR}_{(c) Dominant neutralino exchange diagrams.Figure 3: The one-loop diagrams for c → uγ decay in MSSM within the mass insertion}

approximation. Only the diagrams, that give raise to the local operator O_7 ∝ ū_Lσ^{μν}c_R (1), are shown. Quark masses are neglected and only the terms of the order of O(m_c) are kept. The stars denote mass insertions for quarks and squarks. The squark mass insertions M^2_{Ũ,D̃} and primed squark fields q̃^′ are represented in super-CKM basis. The dots denote mixing of different weak-isospin chargino or neutralino eigenstates. The photon is attached to any charged particle.

Figure 4: The predicted c → uγ branching ratios for various contributions in MSSM. The QCD-corrected standard model rate (1, 2) [7] is represented by the dot on the left. The remaining dots represent the rates arising solely from various supersymmetric contributions and do not include the QCD corrections (7): the gluino exchange (the contributions arising from (M^2_Ũ )^{12}_{LR,RL} and (M^2_Ũ )^{12}_{LL} are shown separately), the chargino exchange and the neutralino exchange (the contributions arising from (M^2_Ũ )^{12}_{LR,RL} and (M^2_Ũ )^{12}_{LL} are shown separately). The mass insertions (M^2_Ũ )^{12}_{LL} and (M^2_Ũ )^{12}_{LR,RL} are taken at the maximal values of the allowed ranges, given in Table 1 and Eq. (8), respectively. Other parameters are varying in the ranges, discussed in the text.