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Abstract

We describe SuperIso v4.1 which is a public program for evaluation of flavour physics
observables in the Standard Model (SM), general two-Higgs-doublet model (2HDM),
minimal supersymmetric Standard Model (MSSM) and next to minimal supersymmet-
ric Standard Model (NMSSM). SuperIso v3.4, in addition to the branching ratio of
B — X,v and the isospin asymmetry of B — K*, incorporates other flavour observ-
ables such as the branching ratios of Bs 4 — p*p~, the branching ratio of B — 7v,,
the branching ratio of B — D7v,, the branching ratio of K — uv,, the branching
ratio of D — pv,, and the branching ratios of Dy, — 7v, and Dy, — pv,, and sev-
eral observables from the B — X /¢~ and B — K*u*p~ decays. The program also
computes the muon anomalous magnetic moment (g, — 2). Several sample models are
included in the package, namely SM, 2HDM, and CMSSM, NUHM, AMSB, HCAMSB,
MMAMSB and GMSB for the MSSM, and CNMSSM, NGMSB and NNUHM for the
NMSSM. SuperIso uses a SUSY Les Houches Accord file (SLHA1 or SLHA2) as in-
put, which can be either generated automatically by the program via a call to external
spectrum calculators, or provided by the user. The program can generate also outputs
in the Flavour Les Houches Accord (FLHA) format. The calculation of the observables
is detailed in the Appendices, where a suggestion for the allowed intervals for each ob-
servable is also provided.
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1 Introduction

Along with the direct searches for new physics effects and particles, indirect searches ap-
pear as very important and complementary tools to explore physics beyond the Standard
Model (SM). We investigate here the most popular extensions of the SM, such as the two-
Higgs-doublet model (2HDM) and supersymmetry (SUSY). The presence of new particles
as virtual states in processes involving only ordinary external particles provides us with the
opportunities to study the indirect effects of new physics. This is the case for example of
the rare B decays or the anomalous magnetic moment of the charged leptons.

Phenomenological interests of indirect searches are numerous. This includes tests of the
SM predictions and the possibility to reveal indirect effects of new physics. The later can
be complementary to direct searches or even used as guideline. The results of indirect
searches can also be employed in order to check consistencies with the direct search results.

The main purpose of the SuperIso program is to offer the possibility to evaluate the most
important indirect observables and constraints.

SuperIso [l] was in its first versions devoted to the calculation of the isospin symme-
try breaking in B — K*v decays in the minimal supersymmetric extension of the Standard
Model (MSSM) with minimal flavour violation. This observable imposes stringent con-
straints on supersymmetric models [2], which justifies a dedicated program. The calculation
of the b — s branching ratio was also included in the first version and has been improved
by adding NNLO contributions since version 2. Also, a broader set of flavour physics ob-
servables has been implemented. This includes the branching ratios of Bsg — u*u™, the
branching ratio of B, — 7v;, the branching ratios of B — D% v, and B — D%, the
branching ratio of K — pv,,, the branching ratio of D — pv,, and the branching ratios of
Dy — vy and Dy — v, and several observables from the B — X ¢T¢~ and B — X utp~
decays. The calculation of the anomalous magnetic moment of the muon is also implemented
in the program.

SuperIso has been extended to the general two-Higgs-doublet model since version 2.6 and to
the next to minimal supersymmetric extension of the Standard Model (NMSSM) since ver-
sion 3.0 [3]. Also, since version 2.8 an interface with the code HiggsBounds [4] is availableE]
in order to obtain direct Higgs search constraints automatically in the output of SuperIso.

SuperIso uses a SUSY Les Houches Accord file (SLHA) [6,7] as input, which can be either
generated automatically by the program via a call to SOFTSUSY (8], ISAJET [9], SPheno [10],
SuSpect [11] and NMSSMTools [12], or provided by the user. SuperIso can also use the LHA
inspired format for the 2HDM generated by 2HDMC [13], which will be described in Appendix
[l The program is able to perform the calculations automatically for different types of 2HDM
(I-IV), for different supersymmetric scenarios, such as the Constrained MSSM (CMSSM),
the Non-Universal Higgs Mass model (NUHM), the Anomaly Mediated Supersymmetry
Breaking scenario (AMSB), the Hypercharge Anomaly Mediated Supersymmetry Breaking
scenario (HCAMSB), the Mixed Modulus Anomaly Mediated Supersymmetry Breaking sce-

!FeynHiggs [5] is necessary to use HiggsBounds with SuperIso.



nario (MMAMSB) and the Gauge Mediated Supersymmetry Breaking scenario (GMSB),
and for the NMSSM scenarios namely CNMSSM, NGMSB and NNUHM. SuperIso is able
to generate output files in the Flavour Les Houches Accord (FLHA) format [14].

In the following, we first discuss the content of the SuperIso package and give the list
of the main routines. Then we describe the procedure to use SuperIso, and introduce the
inputs and outputs of the program. Finally, we present some examples of results obtained
with SuperIso. In the Appendices, a complete description of the formulas used to calculate
the different observables in SuperIso is given for reference, as well as suggestions for the
allowed intervals.

2 Content of the Superlso v4.1 package

SuperIso is a C program respecting the C99 standard, devoted to the calculation of the
most constraining flavour physics observables. Several main programs are provided in the
package, but the users are also invited to write their own main programs. slha.c can scan
files written following the SUSY Les Houches Accord formats, and calculates the corre-
sponding observables. sm.c provides the values of the observables in the Standard Model
while thdm.c computes the observables in 2HDM types I-IV and requires 2HDMC [13] for
the generation of the input file containing the Higgs masses and couplings. The main pro-
grams cmssm. c, amsb. c, hcamsb.c, mmamsb.c, gmsb.c, and nuhm. c have to be linked to at
least one of the SOFTSUSY (8], ISASUGRA/ISAJET [9], SPheno [10] and/or SuSpect [11] pack-
ages, in order to compute supersymmetric mass spectra and couplings within respectively
the CMSSM, AMSB, HCAMSB, MMAMSB, GMSB or NUHM scenarios. The programs
cnmssm. c, ngmsb.c, and nnuhm.c have to be linked to the NMSSMTools [12] program to
compute supersymmetric mass spectra and couplings within respectively the CNMSSM,
NGMSB or NNUHM scenarios. For the general MSSM (or other supersymmetric scenarios)
the user has to provide SLHA files containing all the needed masses and couplings.

The computation of the different observables in SuperIso proceeds following three main
steps:

e Generation of the SLHA file with ISAJET, SOFTSUSY, SPheno, SuSpect or NMSSMTools
(or supply of the SLHA file by the user),
e Scan of the SLHA file,
e Calculation of the observables.
The last point incorporates a complex procedure: to compute the inclusive branching ratio
of b — sv for example, SuperIso needs first to compute the Wilson coefficients at matching

scale, and then to evolve them using the Renormalization Group Equations (RGE) to a
lower scale, before using them to compute the branching ratio.

2.1 Parameter structure

The SuperIso package relies on the definition of a structure in src/include.h, supporting
the SLHA1 and SLHA2 formats. This structure is defined as follows:



typedef struct parameters

/* structure containing all the scanned parameters from the SLHA file */

{

int SM;

int model; /* CMSSM=1, GMSB=2, AMSB=3 */

int generator; /* ISAJET=1, SOFTSUSY=3, SPHENO=4, SUSPECT=5, NMSSMTOOLS=6 */
double Q; /* Qmax ; default = M_EWSB = sqrt(m_stopl*mstop2) */

double mO,m12,tan_beta,sign_mu,AO0; /* CMSSM parameters */

double Lambda,Mmess,N5,cgrav,m32; /* AMSB, GMSB parameters */

double mass_Z,mass_W,mass_b,mass_top_pole,mass_tau; /* SM parameters */

double inv_alpha_em,alphas_MZ,Gfermi,GAUGE_Q; /* SM parameters */

double charg_Umix[3] [3],charg_Vmix[3] [3],stop_mix[3] [3],sbot_mix[3][3],
stau_mix[3] [3] ,neut_mix[6] [6] ,mass_neut[6],alpha; /* mass mixing matrices */
double Min,M1_Min,M2_Min,M3_Min,At_Min,Ab_Min,Atau_Min,M2H1_Min,M2H2_Min,
mu_Min,M2A_Min,tb_Min,mA_Min; /* optional input parameters at scale Min */
double MeL_Min,Mmul_Min,Mtaul._Min,MeR_Min,MmuR_Min,MtauR_Min; /* optional

input parameters at scale Min */

double MqL1_Min,MqL2_Min,MqL3_Min,MuR_Min,McR_Min,MtR_Min,MdR_Min,MsR_Min,
MbR_Min; /* optional input parameters at scale Min */

double N51,N52,N53,M2H1_Q,M2H2_Q; /* optional input parameters (N51...3: GMSB) */
double mass_d,mass_u,mass_s,mass_c_pole,mass_b_pole,mass_e,mass_nue,mass_mu,
mass_num,mass_nut; /* SM masses */

double mass_gluon,mass_photon,mass_Z0; /* SM masses */

double mass_hO,mass_HO,mass_AO,mass_H,mass_dnl,mass_upl,mass_stl,mass_chl,
mass_bl,mass_t1l; /* Higgs & superparticle masses */

double mass_el,mass_nuel,mass_mul,mass_numl,mass_taul,mass_nutl,mass_gluino,
mass_chal,mass_cha2; /* superparticle masses */

double mass_dnr,mass_upr,mass_str,mass_chr,mass_b2,mass_t2,mass_er,mass_mur,
mass_tau2; /* superparticle masses */

double mass_nuer,mass_numr,mass_nutr,mass_graviton,mass_gravitino; /* masses */
double gp,g2,gp_Q,82_Q,g3_Q,YU_Q,yut[4],YD_Q,yub[4],YE_Q,yutaul4]; /* couplings */
double HMIX_Q,mu_Q,tanb_GUT,Higgs_VEV,mA2_Q,MSOFT_Q,M1_Q,M2_Q,M3_Q; /* parameters
at scale Q */

double MeL_Q,MmulL_Q,Mtaul_Q,MeR_Q,MmuR_Q,MtauR_Q,MqL1_Q,MqL2_Q,MqL3_Q,MuR_Q,
McR_Q,MtR_Q,MdR_Q,MsR_Q,MbR_Q; /* masses at scale Q */

double AU_Q,A_u,A_c,A_t,AD_Q,A_d,A_s,A_b,AE_Q,A_e,A_mu,A_tau; /* trilinear
couplings */

/* SLHA2 */

int NMSSM,RV,CPV,FV;

double mass_nutau2,mass_e2,mass_nue2,mass_mu2,mass_numu2,mass_d2,mass_u2,
mass_s2,mass_c2;

double CKM_lambda,CKM_A,CKM_rhobar,CKM_etabar;

double PMNS_thetal2,PMNS_theta23,PMNS_thetal3,PMNS_deltal3,PMNS_alphal,
PMNS_alphaZ2;

double lambdaNMSSM_Min,kappaNMSSM_Min,AlambdaNMSSM_Min, AkappaNMSSM_Min,
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lambdaSNMSSM_Min,xiFNMSSM_Min,xiSNMSSM_Min ,mupNMSSM_Min,mSp2NMSSM_Min,
m32NMSSM_Min,mass_HO03,mass_A02,NMSSMRUN_Q, 1lambdaNMSSM, kappaNMSSM,
AlambdaNMSSM, AkappaNMSSM, 1ambdaSNMSSM, xiFNMSSM, x1SNMSSM,, mupNMSSM,
mSp2NMSSM,mS2NMSSM; /* NMSSM parameters */

double PMNSU_Q,CKM_Q,IMCKM_Q,MSE2_Q,MSU2_Q,MSD2_Q,MSL2_Q,MSQ2_Q,
TU_Q,TD_Q,TE_Q;

double CKM[4] [4],IMCKM[4] [4]; /* CKM matrix */

double HO_mix[4][4],AO_mix[4][4]; /* Higgs mixing matrices */

double sU_mix[7][7],sD_mix[7][7],sE_mix[7][7], sNU_mix[4][4]; /* mixing
matrices */

double sCKM_msq2[4] [4],sCKM_ms12[4] [4],sCKM_msd2[4] [4],sCKM_msu2[4] [4],
sCKM_mse2[4] [4]; /* super CKM matrices */

double PMNS_U[4][4]; /* PMNS mixing matrices */

double TU[4][4],TD[4][4],TE[4]([4]; /* trilinear couplings */

/* non-SLHAx*/
double mass_b_1S,mass_c,mass_top;
double Lambdab; /* Lambda QCD */

/* Flavour parameters */

double f_B,f_Bs,f_Ds,f_D,fK_fpi;

double f_K_par,f_K_perp;

double m_B,m_Bs,m_Bd,m_pi,m_Ds,m_K,m_Kstar,m_DO,m_D;

double life_pi,life _K,life_B,life_Bs,life _Bd,life_D,life_Ds;
double alpar,a2par,alperp,a2perp;

double zeta3A,zeta3V,wAl0,deltatp,deltatm;

double lambda_Bp,rhol,lambda2;

double BR_BXclnu_exp;

/* CKM matrix */
double complex Vud,Vus,Vub,Vcd,Vcs,Vcb,Vtd,Vts,Vtb;

/* 2HDM */
int THDM_model;
double lambda_u[4] [4],lambda_d[4] [4],lambda_1[4] [4];

/* NMSSMTools */
int NMSSMcoll,NMSSMtheory,NMSSMups1S,NMSSMetablS;

/* Decay widths */
double width_Z,width_W;
}

parameters;

This structure contains all the important parameters and is called by most of the main
functions in the program.
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2.2 Main physics routines

We now review the main routines of the code. The complete list of implemented routines
can be found in src/include.h.

e void Init_param(struct parameters* param)

This function initializes the param structure, setting all the parameters to 0, apart
from the SM masses and couplings, which receive the values given in the PDG [15].

e int Les_Houches_Reader(char name[], struct parameters* param)

This routine reads the SLHA file whose name is contained in name, and put all the read
parameters in the structure param. This function has been updated to the SLHA2
format. This routine can also read the LHA inspired format for the 2HDM described
in Appendix [l A negative value for param->model indicates a problem in reading
the SLHA file, or a model not yet included in SuperIso (such as R-parity breaking
models). In this case, Les_Houches_Reader returns 0, otherwise 1.

e int test_slha(char namel[])

This routine checks if the SLHA file whose name is contained in name is valid, and if
so return 1. If not, -1 means that in the SLHA generator the computation did not
succeed (e.g. because of tachyonic particles), -2 means that the considered model is
not currently implemented in SuperIso, and -3 that the file provided is either not in
the SLHA format, or some important elements are missing.

e int isajet_cmssm(double mO, double m12, double tanb, double AO,
double sgnmu, double mtop, char name[])

e int isajet_gmsb(double Lambda, double Mmess, double tanb, int N5,
double cGrav, double sgnmu, double mtop, char name[])

e int isajet_amsb(double mO, double m32, double tanb, double sgnmu,
double mtop, char namel[])

e int isajet_mmamsb(double alpha, double m32, double tanb, double sgnmu,
double mtop, char name[])

e int isajet_hcamsb(double alpha, double m32, double tanb, double sgnmu,
double mtop, char namel[])

e int isajet_nuhm(double mO, double ml12, double tanb, double AO,
double mu, double mA, double mtop, char namel[])

The above routines call ISAJET to compute the mass spectrum corresponding to the
input parameters (more details are given in the next sections), and return an SLHA
file whose name has to be specified in the string name. It should however be noted
isajet_gmsb, isajet_amsb, isajet_mmamsb, isajet_hcamsb and isajet_nuhm only
work with ISAJET v7.80 or later versions.

e int softsusy_cmssm(double mO, double ml12, double tanb, double AO,
double sgnmu, double mtop, double mbot, double alphas_mz, char name[])
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int softsusy_gmsb(double Lambda, double Mmess, double tamnb, int N5,
double cGrav, double sgnmu, double mtop, double mbot, double alphas_mz,
char name[])

int softsusy_amsb(double mO, double m32, double tanb, double sgnmu,
double mtop, double mbot, double alphas_mz, char namel[])

int softsusy_nuhm(double mO, double ml12, double tanb, double A0, double mu,
double mA, double mtop, double mbot, double alphas_mz, char namel[])

int softsusy_mssm(double ml, double m2, double m3, double tanb, double mA,

double at, double ab, double atau, double mu, double mer, double mel, double mstaul,
double mstaur, double mql, double mq3l, double mqur, double mgtr, double mqdr,
double mgbr, double Q, double mtop, double mbot, double alphas_mz, char name[])

The above routines call SOFTSUSY to compute the mass spectrum corresponding to the
input parameters (more details are given in the next sections), and return an SLHA
file whose name has to be specified in the string name.

int spheno_cmssm(double mO, double m12, double tanb, double AO,
double sgnmu, double mtop, double mbot, double alphas_mz, char namel[])

int spheno_gmsb(double Lambda, double Mmess, double tanb, int N5,
double sgnmu, double mtop, double mbot, double alphas_mz, char namel[])

int spheno_amsb(double m0, double m32, double tanb, double sgnmu,
double mtop, double mbot, double alphas_mz, char namel[])

The above routines call SPheno to compute the mass spectrum corresponding to the
input parameters (more details are given in the next sections), and return an SLHA
file whose name has to be specified in the string name.

int suspect_cmssm(double mO, double ml12, double tanb, double AO,
double sgnmu, double mtop, double mbot, double alphas_mz, char namel[])

int suspect_gmsb(double Lambda, double Mmess, double tanb, int N5,
double sgnmu, double mtop, double mbot, double alphas_mz, char namel[])

int suspect_amsb(double m0O, double m32, double tanb, double sgnmu,
double mtop, double mbot, double alphas_mz, char namel[])

int suspect_nuhm(double m0O, double m12, double tanb, double A0, double mu,
double mA, double mtop, double mbot, double alphas_mz, char namel[])

int suspect_mssm(double ml, double m2, double m3, double tanb, double mA,

double at, double ab, double atau, double mu, double mer, double mel, double mstaul,
double mstaur, double mql, double mq3l, double mqur, double mgtr, double mqdr,
double mgbr, double Q, double mtop, double mbot, double alphas_mz, char name[])

The above routines call SuSpect to compute the mass spectrum corresponding to the
input parameters (more details are given in the next sections), and return an SLHA
file whose name has to be specified in the string name.
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int thdmc_types(double 11, double 12, double 13, double 14, double 15,
double 16, double 17, double m12_2, double tanb, int type, char name[])

This routine calls 2HDMC to compute the masses and couplings corresponding to the
2HDM input parameters, and returns a LHA inspired file whose name has to be
specified in the string name.

int nmssmtools_cnmssm(double mO, double ml12, double tanb, double AO,
double lambda, double AK, double sgnmu, double mtop, double mbot,
double alphas_mz, char namel[])

int nmssmtools_nnuhm(double mO, double ml12, double tanb, double AO,
double MHDGUT, double MHUGUT, double lambda, double AK, double sgnmu,
double mtop, double mbot, double alphas_mz, char namel[])

int nmssmtools_ngmsb(double Lambda, double Mmess, double tanb, int N5,
double lambda, double AK, double Del_h, double sgnmu, double mtop,
double mbot, double alphas_mz, char name[])

The above routines call NMSSMTools to compute the mass spectrum corresponding
to the input parameters (more details are given in the next sections) and return the
SLHAZ2 file name.

alphas_running(double Q, double mtop, double mbot, struct parameters* param)

This function computes the strong coupling constant at the energy scale Q using the
parameters in param, provided the top quark mass mtop and bottom quark mass mbot
used for the matching between the scales corresponding to different flavour numbers
are specified. The main formula for calculating a is given in Appendix [A]

double running mass(double quark_mass, double Qinit, double Qfin, double mtop,
double mbot, struct parameters* param)

This function calculates the running quark mass at the scale Qfin, for a quark of
mass quark_mass at the scale Qinit using the structure param, knowing the match-
ing scales mtop and mbot. A description of the quark mass calculations can be found

in Appendix

void CW_calculator(double COw[], double Ciw[], double C2w[], double mu_W,
struct parameters* param)

void C_calculator_basel(double COw[], double Clw[], double C2w[], double mu_W,
double COb[], double Cib[], double C2b[], double mu, struct parameters* param)

void C_calculator_base2(double COw[], double Clw[], double mu_W,
double COb[], double Cib[], double mu, struct parameters* param)

These three routines compute the Wilson coefficients C7 - - - Cyp.

The procedure CW_calculator computes the LO contributions to the Wilson coeffi-
cients COw[], the NLO contributions Ciw[] and the NNLO contributions C2w[] at
the matching scale mu_W, using the parameters of param, as described in Appendix [C|
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C_calculator_basel evolves the LO, NLO and NNLO Wilson coefficients COw[],
Clw[], C2w[] initially at scale mu_W to COb[], C1b[], C2b[] at scale mu, in the stan-
dard operator basis described in Appendix

C_calculator_base2 evolves the LO and NLO Wilson coefficients COw[], Clw[] ini-
tially at scale mu_W to COb[], Cib[] at scale mu, in the traditional operator basis
described in Appendix

void CQ_calculator(double complex CQOb[], double complex CQib[],
double mu_W, double mu, struct parameters* param)
This routine computes the Wilson coefficients corresponding to the scalar operators

Q1 and Q9 as described in Appendix

void Cprime_calculator(double Cpb[], double complex CQpb[], double mu_W,
double mu, struct parameters* param)

This routine computes the primed Wilson coefficients (with flipped chirality) as de-
scribed in Appendix [C.4]

int excluded_mass_calculator(char namel[])

This routine, with the name of the SLHA file in the argument, checks whether the
parameter space point is excluded by the LEP and Tevatron constraints on the particle
masses and if so returns 1. The implemented mass limits are given in Appendix

and can be updated by the users in src/excluded_masses.c . These limits are valid
only in the MSSM.

int NMSSM_collider_excluded(char name[])

int NMSSM_theory_excluded(char name[])

These two routines only apply to the SLHA file name generated by NMSSMTools, as
they need NMSSMTools specific outputs. They respectively check if a parameter space
point is excluded by collider constraints [16] or by theoretical constraints (such as
unphysical global minimum). The output 1 means that the point is excluded.

double higgsbounds_calculator(char namel[])

The higgsbounds_calculator routine, with the name of the SLHA file in the argu-
ment, calls HiggsBounds to check the direct search constraints on the Higgs masses.
If for a given point the result is larger than 1, the point is excluded.

int charged_LSP_calculator(char name[])

This routine, with the name of the SLHA file in the argument, checks whether the
LSP is charged or not. It returns 0 if the LSP is a neutralino, 1 if it is charged, 2 if
the LSP is a sneutrino, and 3 if it is a gluino.

void flha_generator(char name[], char name_output[])

This routine generates an output FLHA file using the input SLHA file. The first
argument is the name of the SLHA file and the second of the FLHA file. An example
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of FLHA output is given in Appendix

The following routines encode the implemented observables:

e double bsgamma(double CO[], double C1[], double C2[], double Cpl[],
double mu, double mu_W, struct parameters* param)

This function has replaced the calculation of b — s+ in the first version, which was
performed at NLO accuracy. Here, knowing the LO, NLO, NNLO and primed Wilson
coefficients CO[], C1[], C2[], Cp[] at scale mu, and given the matching scale mu_W this
procedure computes the inclusive branching ratio of b — sy at NNLO, as described

in Appendix [E.]]

The container routine bsgamma_calculator, in which name contains the name of
the SLHA file, automatizes the whole calculation, as it first calls Init_param and
Les_Houches_Reader, then CW_calculator, C_calculator_basel, Cprime_calculator,
and finally bsgamma.

e double deltaO(double CO[],double CO_spec[],double C1[],double C1_spec(],
double Cpl[], struct parameters* param,double mu_b,double mu_f)

This function computes the isospin asymmetry in B — K*vy as described in Ap-
pendix using the LO, NLO and primed Wilson coefficients at scale mu_b (CO[],
C1[] and Cp[]), and at the spectator scale mu_f (CO_spec[] and C1_spec[]). Com-
pared to the first version, the calculation has been improved, and all the involved
integrals have been coded in separate routines. Again, an automatic container rou-
tine which only needs the name of the SLHA file is provided: delta0O_calculator.

e double Bsmumu(double COb[], double Cib[], double C2b[], double complex
CQOb[], double complex CQib[], double Cpb[], double complex CQpbl[],
struct parameters* param, double mu_b)

double Bdmumu(double COb[], double Cib[], double C2b[], double complex
CQOb[], double complex CQib[], struct parameters* param, double mu_b)

These functions compute the CP-averaged branching ratios of the rare decays Bs; —

pp~ and By — ptp~ using two loop electroweak and three loop QCD corrections as

described in Appendix[E.8 The container routines Bsmumu_calculator (char namel[])

and Bdmumu_calculator (char name[]), in which name contains the name of the

SLHA file, automatize the whole calculation, and first call Init_param and Les_Houches_Reader,
then CW_calculator, C_calculator_basel, Cprime_calculator, CQ_calculator,

and finally Bsmumu and Bdmumu.

e double Bsmumu_untag(double COb[], double Cib[], double C2b[], double
complex CQOb[], double complex CQib[], double Cpb[], double complex
CQpb[], struct parameters* param, double mu_b)

This functions compute the untagged branching ratio of the rare decay By — putu™
as described in Appendix The container routine Bsmumu_untag_calculator
automatize the calculation. The resulting value can be directly compared to the
experimental limits.
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e dBR_BXsmumu_dshat (double shat, double COb[], double Cib[], double C2b[],
double complex CQOb[], double complex CQ1lb[], double Cpb[], double
complex CQpb[], struct parameters* param, double mu_b)

double A_BXsmumu(double shat, double COb[], double Cib[], double C2b[],
double complex CQOb[], double complex CQilb[], double Cpb[], double
complex CQpb[], struct parameters* param, double mu_b)

These functions compute the differential branching fraction and forward-backward
asymmetry of B — X u"p~ for 8 =shat using the LO, NLO, NNLO and primed
Wilson coefficients COb/CQOb, C1b/CQ1ib, C2b and Cpb/CQpb, at scale mu_b, as de-
scribed in Appendix . They are called for the calculation of all the B — X u™ ™
observables.

e BRBXsmumu_lowq2(double COb[], double Cib[], double C2b[], double complex
CQOb[], double complex CQib[], double Cpb[], double complex CQpbl[],
struct parameters* param, double mu_b)

BRBXsmumu_highq2(double COb[], double Cib[], double C2b[], double complex
CQOb[], double complex CQib[], double Cpb[], double complex CQpbl[],
struct parameters* param, double mu_b)

double A_BXsmumu_zero(double COb[], double Cib[], double C2b[], double
complex CQOb[], double complex CQib[], double Cpb[], double complex
CQpb[], struct parameters* param, double mu_b)

These functions compute the branching fractions in the low ¢? region (1 < ¢ < 6
GeV?), in the high ¢? region (¢? > 14.4 GeV?), and the zero-crossing of the forward-
backward asymmetry of B — X u™p~ using the LO, NLO, NNLO and primed Wilson
coefficients COb/CQOb, C1b/CQ1b, C2b and Cpb/CQpb, at scale mu_b, as described in Ap-
pendix Automatic container routines which only need the name of the SLHA file
are provided: BRBXsmumu_lowq2_calculator, BRBXsmumu_highq2_calculator and
A_BXsmumu_zero_calculator.

e BRBXstautau_highq2(double COb[], double Cib[], double C2b[], double
complex CQOb[], double complex CQib[], double Cpb[], double complex
CQpb[]l, struct parameters* param, double mu_b)

This function computes the branching fraction in the high ¢? region (¢? > 14.4 GeV?)
of B — X717~ using the LO, NLO, NNLO and primed Wilson coefficients COb/CQOb,
C1b/CQ1b, C2b and Cpb/CQpb at scale mu_b, as described in Appendix An auto-
matic container routine which only needs the name of the SLHA file is provided:
BRBXstautau_highq2_calculator.

e double dGamma_BKstarmumu_dq2(double g2, double obs[][3], double COb[],
double Cib[], double C2b[], double complex CQOb[], double complex CQibl[],
double Cpb[], double complex CQpb[], struct parameters* param, double mu_b)

double dAI_BKstarmumu_dq2(double g2, double COb[], double Cib[],
double C2b[], struct parameters* param, double mu_b)

These functions compute the differential decay rate and isospin asymmetry of B —
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’ ‘ Observable H ‘ Observable ‘

obs [0] a2 (Arp) obs[11] Hj(ﬂg)
obs[1] Arp obs[12] Qe+
obs[2] Fr, obs[13] A
obs [3] Fr obs [14] Py
obs [4] AW obs [15] Py
obs [5] Ag?) =P obs [16] Py
obs [6] A% obs [17] P
obs [7] Ag;l) obs[18] P!
obs [8] AD) obs [19] P
obs[9] | HY =P, | obs[20] Py
obs[10] Hg) = P5 || obs[21] P}

Table 1: B — K*u™p~ observables contained in the array obs[]. The definitions are
given in Appendix

K*p*tp~ for ¢ =q2 using the LO, NLO and NNLO Wilson coefficients COb/CQOb,
C1b/CQ1b, C2b and the primed Wilson coefficients Cpb and CQpb at scale mu_b, as de-
scribed in Appendix They are called for the calculation of all the B — K*u™p~
observables. The array obs contains the values of the observables given in Table

e double BRBKstarmumu_lowq2(double obs[], double COb[], double Cib[],
double C2b[], double complex CQOb[], double complex CQlb[], double Cpbl[],
double complex CQpb[], struct parameters* param, double mu_b)

double BRBKstarmumu_highq2(double obs[], double COb[], double Cib[], double
C2b[], double complex CQOb[], double complex CQib[], double Cpbl[],
double complex CQpb[], struct parameters* param, double mu_b)

These functions compute branching fraction of B — K*u™pu~ as well of all the ob-
servables given in Table , in the low ¢% (1 < ¢*> < 6 GeV?) and high ¢* (14.18 <
¢ < 16 GeV?) regions respectively, using the LO, NLO and NNLO Wilson coefficients
COb/CQODb, C1b/CQ1b, C2b and the primed Wilson coefficients Cpb and CQpb at scale
mu_b. The array obs contains the values of the observables in the corresponding ¢
region.

The minimum and maximum ¢ values for the averages can be modified using the
function:

double BRBKstarmumu(double smin, double smax, double obs[], double COb[],
double Cib[], double C2b[], double complex CQOb[], double complex CQibl[],
double Cpb[], double complex CQpb[], struct parameters* param, double mu_b)

Automatic container routines which need the name of the SLHA file and an array
obs[] to get the other functions are provided:
BRobs_BKstarmumu_lowq2_calculator and BRobs_BKstarmumu_highq2_calculator

Specific functions for the observables of Table [1| can be found in src/include.h.
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e double AI_BKstarmumu_lowq2(double COb[], double Cib[], double C2b[],
struct parameters* param, double mu_b)

double AI_BKstarmumu_highq2(double COb[], double C1b[], double C2bl[],
struct parameters* param, double mu_b)

double AI_BKstarmumu_zero(double COb[], double Cib[], double C2b[],
struct parameters* param, double mu_b)

These functions compute the averaged isospin asymmetries in the low ¢% (1 < ¢*> < 6
GeV?) and high ¢? (14.18 < ¢®> < 16 GeV?) regions and the isospin asymmetry
zero-crossing of B — K*u™ ™~ respectively, using the LO, NLO and NNLO Wilson
coefficients COb, C1b, C2b at scale mu_b, as described in Appendix Automatic
container routines which need the name of the SLHA file are provided:
AT_BKstarmumu_lowq2_calculator, AI_BKstarmumu_highq2_calculator and
AI_BKstarmumu_zero_calculator

e double Btaunu(struct parameters* param)
double RBtaunu(struct parameters* param)
double Btaunu_calculator(char namel[])
double RBtaunu_calculator(char namel[])

These routines compute the branching ratio of the leptonic decay B, — 7v, and
the ratio BR(B, — 7v;)/BR(B, — 7v;)™ as described in Appendix These
leptonic decays occur at tree level, and we consider also higher order SUSY corrections
to the Yukawa coupling.

e double BDtaunu(struct parameters* param)
double BDtaunu_BDenu(struct parameters* param)
double BDtaunu_calculator(char namel[])
double BDtaunu_BDenu_calculator(char name[])

These routines compute the branching ratio of the semileptonic decay B — D°ru.
and the ratio BR(B — D'rv,)/BR(B — D'ev.) as described in Appendix
These semileptonic decays occur at tree level, and we consider also higher order SUSY
corrections to the Yukawa coupling.

e double Kmunu_pimunu(struct parameters* param)
double Rmu23(struct parameters* param)
double Kmunu_pimunu_calculator (char name[])
double Rmu23_calculator (char name[])

These functions compute the ratio BR(K — pv,)/BR(m — uv,) and the observable
R, 23 as described in Appendix These leptonic decays occur at tree level, and
we consider also higher order SUSY corrections to the Yukawa coupling.

e double Dstaunu(struct parameters* param)
double Dsmunu(struct parameters* param)
double Dstaunu_pimunu_calculator(char namel[])
double Dsmunu_calculator(char namel[])

These routines compute the branching ratios of the leptonic decays Ds — 7v, and
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Dy — pv, as described in Appendix These leptonic decays occur at tree level,
and we consider also higher order SUSY corrections to the Yukawa coupling.

e double Dmunu(struct parameters* param)
double Dmunu_calculator(char name[])

These routines compute the branching ratio of the leptonic decay D — v, as de-

scribed in Appendix

e double muon_gm2(struct parameters* param)
double muon_gm2_calculator(char name[])

These routines compute the muon anomalous magnetic moment (da,) at two loop, as
described in Appendix [F]

2.3 Interpreter routines

The interpreter code facilitates the use of SuperIso by linking the functions used to calculate
the different observables to their names in plain text. In particular it allows the user to
compute the values and theoretical uncertainties of a list of observables by giving as input
the name of the observables. It relies on a specific type for the observable names:

typedef struct obsname
/* structure for observable names */

{
char type[20]; /* BR, AFB, ... %/
char decay[20];

double low; /* low g2 bin value */
double high; /* high g2 bin value */

char other[50];

char name[100];
}

obsname;

The observable names are composed of one type and one decay, and optionally of low
and high ¢? bin values and another describer, all separated by underscores. For example:
BR_BKstarmumu_1_6_LHCb. The recognized types and decays are given in Tables [2] and

The interpreter routines can be found in src/interpreter.c:

e int read_nameobs(char name[], obsname* obs)

This routine transforms a name in string format into an obsname.

e int check_nameobs(obsname* obs)

This routine verifies that obs is defined in SuperIso.
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SuperIso name

Corresponding observable

BR

branching ratio

BRuntag untagged branching ratio
dGamma/dq2 differential decay width

R-1 ratio minus one

Al isospin asymmetry

ACP CP asymmetry

AFB forward-backward asymmetry
FL longitudinal fraction

FT transverse fraction

ATRe

AT1..5

HT1...3

alpha

Alm

P1..3 angular observable

P6 angular observable

P4...6prime angular observable

P8 angular observable

P8prime angular observable

A3..9 CP-violating angular observable
S1..9 CP-conserving angular observable
FH

AIFB

AhFB

AlhFB

(Re)C1...10 Wilson coefficients

(Re)CQ1,2 scalar/pseudoscalar Wilson coefficients

(Re)Cprimel...10
(Re)CprimeQ1,2
ImC1...10

prime Wilson coefficients

prime scalar/pseudoscalar Wilson coefficients

imaginary part of Wilson coefficients

ImCQ1,2
ImCprimel...10
ImCprimeQ1,2

imaginary part of scalar/pseudoscalar Wilson coefficients
imaginary part of prime Wilson coefficients
imaginary part of prime scalar/pseudoscalar Wilson coefficients

(Re)Vud (real part of) CKM matrix element
(Re)Vus (real part of) CKM matrix element
(Re)Vub (real part of) CKM matrix element
(Re)Ved (real part of) CKM matrix element
(Re)Ves (real part of) CKM matrix element
(Re)Vcb (real part of) CKM matrix element
(Re)Vtd (real part of) CKM matrix element
(Re)Vts (real part of) CKM matrix element
(Re)Vtb (real part of) CKM matrix element
ImVud (imaginary part of) CKM matrix element
ImVus (imaginary part of ) CKM matrix element
ImVub (imaginary part of) CKM matrix element
ImVed (imaginary part of) CKM matrix element
ImVes (imaginary part of) CKM matrix element
ImVcb (imaginary part of) CKM matrix element
ImVtd (imaginary part of) CKM matrix element
ImVts (imaginary part of) CKM matrix element
ImVtb (imaginary part of) CKM matrix element

Table 2: Possible types of observables
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Superlso name

Corresponding decay

BXsgamma
BXdgamma
BXsmumu
BXsee
BXstautau
BXsll
BKstargamma
BOKstar0gamma
Bsmumu

Bsee

Bstautau

Bsll

Bdmumu

Bdee

Bdtautau

Bdll
BKstarmumu
BOKstarOmumu
BKstaree
BOKstarOee
BKstartautau
BOKstarOtautau
BKstarll
BOKstar0ll
BKmumu
BOKOmumu
BKee

BO0OKOee
BKtautau
BOKOtautau
BKIl

BOKOIl
Bsphimumu
Bsphiee
Bsphitautau
Bsphill

Bmunu

Benu

Btaunu

Dsmunu

Dsenu

Dstaunu
Dmunu

Denu
Kmunu/pimunu
BDmunu
BDenu
BDtaunu
BDstarmunu
BDstarenu
BDstartaunu
LambdabLambdamumu
LambdabLambdaee
LambdabLambdatautau
LambdabLambdall
KLpiOnunu
Kpinunu
KLmumu
KSmumu

e

mu

tau

CKM

B — Xgv

B — Xd’y

B — Xsptu~
B — Xsete™
B — Xertr—
B — X0t~
B — K*~

BY — K*0y

Bs — ptp~

Bs — ete™

Bs — 7Hr~

Bs — ¢te—

Bg — ptp~
By —ete™

By —ttr~

By — €10~
B— K*utpu~
BO K*O/L+/J_
B — K*etTe™
BY — K*0¢te~
B — K*ttr—
BY — K*O0r+r—
B — K*¢ti—
BY — K*O¢ty—
B— Kutpu~
BY — KOutpu~
B — Kete~
BY — KOete™
B— Krtr—
BY — KOrtr—
B — K¢~
BY — KOt~
Bs — ¢ptp~
Bs — ¢ete™
Bs — ¢~
Bs — ¢tte—

B — pv

B —ev

B — v

Ds — pv

Ds — ev

Ds — v

D — pv

D — ev

K — w/m — pv
B — Duv

B — Dev

B — Dtv

B — D*uv

B — D*ev

B — D*tv

Ay — Aptp—
Ap — Aete™
Ay = Artr—
Ay — At~
Kp — 7%

K — mvv

Kp — ptp~
Kg = ptp~
electron final state (Wilson coefficients)
mu final state (Wilson coefficients)
tau final state (Wilson coefficients)
CKM matrix

Table 3: Possible decays
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e void make_obslist(char names[] [60], obsname obs[], int *nobs)

This routine converts a list of observables in string format into a list of obsname,
keeping only the observables implemented in SuperIso. nobs is the number of valid
observables.

e int read_obs_list(char filename[], char names[] [50])

This function converts a list of observables from a file filename into a string array
names and returns the number of observables. No verification of validity is performed
at this stage.

e double compute_nameobs_ref (obsname* obs, struct parameters* param)

This function computes the value of the observable obsname using the parameters of
param.

e double compute_nameobs(obsname* obs, int ke, struct parameters* param)

This function computes the value of the observable obsname using the parameters of
param but changing the value of the ke-th nuisance parameter by one standard devi-
ation in order to compute the theoretical covariance matrix (see get_th_covariance
below).

e void get_predictions(char names[] [50], int *nbobs, double** predictions,
struct parameters* param)

This routine computes the values of the observables in the list names and puts them
into predictions. nobs is the number of valid observables.

e void get_th_covariance(double ***covariance_th, char names[] [50],
int *nbobs, struct parameters* param)

This routine computes the theoretical covariance matrix for the observables in the
list names and puts them into covariance_th. It uses by default the nuisance
parameters defined in chi2_input/nuisance.in together with their correlations in
chi2_input/nuisance_corr.in. The names of these two files can be changed directly
in param.nuisance_values and param.nuisance_corr.

2.4 Main statistical routines

SuperIso features an automatic calculation of the theoretical uncertainties, which is based
on a numerical differentiation method.

In order to compute the theoretical uncertainties and covariance matrix, we use an
approach similar to the one of [?]. To illustrate this method, we consider two observables @
and T, which are subject to nuisance parameters numbered a = (1,--- ,n). The variations
of the nuisance parameters are denoted as d,, and can affect both observables () and T.
Under the assumption that the uncertainties are small enough to affect the observables
linearly, the variation of observable ) reads:

Q=Qo (1 + Zma) : (1)
a=1
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where AaQ is the relative variance generated by the nuisance parameter a, and @) the central
value. Defining the covariance matrix of the nuisance parameters as

Pab = €OV|[0q, Op] (2)

the total relative variance of observable () can be written as

(80)” = papABAY, (3)
a,b

and the correlation coefficient between ) and T is

(Agr)® =Y par AHAS-. (4)
a,b

The covariance matrix of observables Q and T therefore writes:

(80)%(Q0)*  (Aqr)® QuTo > ‘

AQr)? QoTy  (Ar)*(Th)? (5)

cov|@,T] = ( (
The uncertainties of the different observables are then obtained as the square root of the
diagonal elements.

In general, the nuisance parameters are uncorrelated so that pg, = d4p, but on the other
hand the form factors are strongly correlated and their correlations have to be taken into
account.

The x? for a set of n observables can be obtained after summing the theoretical and
experimental covariance matrix into a total covariance matrix C:

n

X2 = (0;— E)C;; (0 — Ej), (6)

1,7=1

where C™! is the inverse of the covariance matrix, O; the central value of the theoretical
prediction and F; the central value of the experimental measurement.

Most of the statistics related routines can be found in src/chi2.c.
We define the indnuis type as

typedef struct indnuis

/* structure for individual nuisance parameters */

{

double cent,dev; /* central value, standard deviation */

int type; /* l=gaussian distribution, 2= flat distribution */
char* name;

b

indnuis;

The nuisance parameters are gathered in the nuisance structure:
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typedef struct nuisance

/* structure containing nuisance parameters for the statistical analysis */
{

/* SM parameters */

indnuis alphas_MZ,mass_b,mass_c,mass_s,mass_top_pole,mass_hO;

/* CKM parameters */

indnuis CKM_lambda,CKM_A,CKM_rhobar,CKM_etabar;

/* Scales of Wilson coefficients */

indnuis log_mu_W_mass_W,log_mu_b_mass_b;

/* inclusive b -> s */

indnuis BR_BXclnu_exp;

/* b -> s gamma */

indnuis mu_G2_bsg,rho_D3_bsg,rho_LS3_bsg,bsgamma_rand,mu_c_bsg;

/¥ b -> s mu mu */

indnuis BRBXsmumu_lowq2_rand,BRBXsmumu_highq2_rand,BRBXsmumu_full_rand;

/¥ Db ->see x/

indnuis BRBXsee_lowq2_rand,BRBXsee_highq2_rand,BRBXsee_full_rand;

/* b -> s tau tau */

indnuis BRBXstautau_lowq2_rand,BRBXstautau_highq2_rand,BRBXstautau_full_rand;

/* B */

indnuis f_B,lambda_Bp;

/* B => Kx */

indnuis f_Kstar_par,f_Kstar_perp,alperp,a2perp,alpar,a2par;
/* B —=> K*x gamma */

indnuis T1_BKstar,log_mu_spec_lambda_h_mass_b;

/* low */

indnuis BtoKstarlow_ALperp_err_noq2,BtoKstarlow_ARperp_err_noq2,
BtoKstarlow_ALpar_err_noq2,BtoKstarlow_ARpar_err_noq2,BtoKstarlow_ALO_err_noq2,
BtoKstarlow_ARO_err_noq2,BtoKstarlow_At_err_noq2,BtoKstarlow_AS_err_noq2;
indnuis BtoKstarlow_ALperp_err_q2,BtoKstarlow_ARperp_err_q2,
BtoKstarlow_ALpar_err_q2,BtoKstarlow_ARpar_err_q2,BtoKstarlow_ALO_err_q2,
BtoKstarlow_ARO_err_q2,BtoKstarlow_At_err_q2,BtoKstarlow_AS_err_q2;

indnuis real_alpha_perpO,real_alpha_perpl,real_alpha_perp2,real_alpha_parO,
real_alpha_parl,real_alpha_par2,real_alpha_zeroO,real_alpha_zerol,
imag_alpha_perpO,imag_alpha_perpl,imag_alpha_perp2,imag_alpha_parO,
imag_alpha_parl,imag_alpha_par2,imag_alpha_zeroO,imag_alpha_zerol;

indnuis DeltaC9_M1_g2bar,r1_M1,r2_M1,DeltaC9_M2_qg2bar,r1_M2,r2_M2,
DeltaC9_M3_qg2bar,r1_M3,r2_M3;

/* high %/
indnuis BtoKstarhigh_ALperp_err,BtoKstarhigh_ ARperp_err,BtoKstarhigh AlLpar_err,
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BtoKstarhigh_ ARpar_err,BtoKstarhigh ALO_err,BtoKstarhigh ARO_err,
BtoKstarhigh At_err,BtoKstarhigh AS_err;

/¥ B -> K %/
indnuis f_K,alK,a2kK;

/* Form factors B->K 11 */

indnuis a00_BK,al10_BK,a20_BK,a30_BK;
indnuis aOp_BK,alp_BK,a2p_BK;
indnuis aOT_BK,alT_BK,a2T_BK;

/* low */
indnuis BtoKlow_FV_err_noq2,BtoKlow_FA_err_noq2,BtoKlow_FS_err_noq2,BtoKlow_FP_err_noq2;
indnuis BtoKlow_FV_err_q2,BtoKlow_FA_err_q2,BtoKlow_FS_err_q2,BtoKlow_FP_err_q2;

/* high x/
indnuis BtoKhigh FV_err,BtoKhigh FA_err,BtoKhigh FS_err,BtoKhigh FP_err;

/* Form factors B->K*x 11 */

indnuis aOAO_BKstar,alAO_BKstar,a2A0_BKstar;
indnuis aOAl_BKstar,alAl_BKstar,a2Al1_BKstar;
indnuis aOA12_BKstar,alA12_BKstar,a2A12_BKstar;
indnuis aOV_BKstar,alV_BKstar,a2V_BKstar;
indnuis aOT1_BKstar,alT1_BKstar,a2T1_BKstar;
indnuis aOT2_BKstar,alT2_BKstar,a2T2_BKstar;
indnuis aOT23_BKstar,alT23_BKstar,a2T23_BKstar;

/* Bs *x/
indnuis life_Bs,f_Bs,lambda_Bsp;

/* Bs -> phi */
indnuis f_phi_par,f_phi_perp,alphi_perp,alphi_par,a2phi_perp,a2phi_par;

/* low */

indnuis Bstophilow_ALperp_err_noq2,Bstophilow_ARperp_err_noq2,
Bstophilow_ALpar_err_noq2,Bstophilow_ARpar_err_noq2,Bstophilow_ALO_err_noq2,
Bstophilow_ARO_err_noq2,Bstophilow_At_err_noq2,Bstophilow_AS_err_noq2;

indnuis Bstophilow_ALperp_err_q2,Bstophilow_ARperp_err_q2,Bstophilow_ALpar_err_q2,
Bstophilow_ARpar_err_q2,Bstophilow_ALO_err_q2,Bstophilow_ARO_err_q2,
Bstophilow_At_err_q2,Bstophilow_AS_err_q2;

/* high */

indnuis Bstophihigh_ ALperp_err,Bstophihigh_ARperp_err,Bstophihigh_ALpar_err,
Bstophihigh_ ARpar_err,Bstophihigh ALO_err,Bstophihigh_ ARO_err,Bstophihigh_ At_err,
Bstophihigh AS_err;
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/* Form factors Bs->phi 11 */

indnuis aOAO_Bsphi,alAO_Bsphi,a2A0_Bsphi;
indnuis aOAl_Bsphi,alAl_Bsphi,a2Al1_Bsphi;
indnuis aOA12_Bsphi,alA12_Bsphi,a2A12_Bsphi;
indnuis aOV_Bsphi,alV_Bsphi,a2V_Bsphi;
indnuis aOT1_Bsphi,alT1_Bsphi,a2T1_Bsphi;
indnuis a0T2_Bsphi,alT2_Bsphi,a2T2_Bsphi;
indnuis aO0T23_Bsphi,alT23_Bsphi,a2T23_Bsphi;

/* Lambda_b -> Lambda 1+1- */

indnuis life_Lb, alphal._LbL1l1;

indnuis aO_HO_fplus_LbL11l,al_HO_fplus_LbL1l1l,a2_HO_fplus_LbL1ll,a0_HO_fperp_LbL1l,
al_HO_fperp_LbL1ll,a2_HO_fperp_LbLll,a0_HO_gpp_LbL1ll,al_HO_gplus_LbL11,
a2_HO_gplus_LbL1ll,al_HO_gperp_LbLll,a2_HO_gperp_LbL1ll,a0_HO_hplus_LbL1l1,
al_HO_hplus_LbL1ll,a2_HO_hplus_LbL1ll,a0_HO_hperp_LbLll,al_HO_hperp_LbLll,
a2_HO_hperp_LbL1ll,a0_HO_htildepp_LbLll,al_HO_htildeplus_LbL1ll,a2_HO_htildeplus_LbL1ll,
al_HO_htildeperp_LbL1ll,a2_HO_htildeperp_LbL1l1;

/* kaons */

indnuis deltaPcu_Kppipnunu;
indnuis err_Pc_Xlambda_Kppipnunu;
indnuis BR_KLgammagamma_exp;
indnuis Aterm_mu_KLmumu;

indnuis BR_KSgammagamma_exp;
indnuis Iterm_mu_KSmumu;

}

nuisance;

The correlation between the different nuisance parameters are defined via the type:

typedef struct nuiscorr
/* structure containing nuisance correlations for the statistical analysis */

{

char obs1[50],0bs2[50];
double value;

}

nuiscorr;

e void set_nuisance(struct nuisance* nuisparam)

This routine sets the central values and errors of the nuisance parameters of nuisparam
to their default values defined in the routine.

e void set_nuisance_deviation_to_zero(struct nuisance* nuisparam)

This routine sets the errors of the nuisance parameters in nuisparam to zero.

e void set_nuisance_value_from_param(struct nuisance* nuisparam, struct
parameters* param)
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This routine sets the central values of the nuisance parameters in nuisparam to the
values in param.

void read_nuisance(char name[], struct nuisance* nuisparam)

This routine reads nuisance parameters into nuisparam from file name.

void write_nuisance(struct nuisance* nuisparam, char name[])

This routine writes the nuisance parameters defined in *nuisparam into file name in
a format readable by SuperIso.

void observables(int ke, obsname obs[], int nobs, double values[],
double values_ref[], struct nuisance* nuisparam, char namenuisance[] [50],
struct parameters* param)

This routine computes the values of the nobs observables obs for the ke-th iteration
of the theory error calculation, using the nuisance parameters nuisparam as named
in namenuisance. values_ref contains the values of the observables obtained at the
Oth reference iteration.

void write_correlation_nuisance(char name[], double **corr, char
nameparam[] [60], int n)

This routine writes the correlation matrix corr of dimension nxn into the file name,
using the name of the corresponding parameters. Only the upper part of the matrix
is written, and the diagonal and null elements are omitted.

void read_correlation(char name[], double **corr, char nameparam[] [60], int n)

This routine reads file name into the correlation matrix corr of dimension nxn.

int read_experimental_covariance(char name_val_exp[], char name_corr_expl[],
char namesin[] [50], int nbobsin, double* central_exp, double* errors_exp,
double **correlations)

This routine reads the experimental values, errors and correlations from files name_val_exp
and name_corr_exp, and if they match the names given in the string array namesin,
puts them into central_exp, errors_exp and correlations, respectively. nbobsin

is the number of observables in namesin. The function returns the number of observ-
ables for which experimental values have been found. Example of input files can be
found in chi2_input/exp_values.in and chi2_input/exp_corr.in.

void get_th_covariance_nuisance(double ***covariance_th, char names[] [60], int
*nbobs, struct parameters* param, struct nuisance* nuisparam, double **nuiscorr)
This routine computes the theory covariance matrix for the nbobs observables which

are defined in names, using the nuisance parameters contained in the structure nuisparam

and array nuiscorr, and put it in covariance_th.

void get_exp_covariance(double ***covariance_exp, double **central_exp,
char names[] [60], int *nbobs, struct parameters* param)

This routine reads the experimental central values, errors and correlation matrix of
the observables contained in names from the files defined in param.exp_values and
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param.exp_corr and derives the experimental covariance matrix in covariance_exp
for the nbobs observables for which experimental values are found.

void get_exp_values(double **central_exp, char names[][50], int *nbobs,
struct parameters* param)

This routine reads the experimental central values of the observables contained in
names from the file defined in param.exp_values for the nbobs observables for which
experimental values are found.

void get_covariance(double ***covariance_th, double #*x*covariance_exp,
double **central_exp, char names[] [50], int #*nbobs, struct parameters* param)

This routine is a wrapper which computes the theoretical covariance matrix and reads
the experimental central values and covariance matrix from the files whose names are
defined in the variables param.exp_values and param.exp_corr.

void get_predictions_nuisance(char names[] [50], int #*nbobs, doublex**
predictions, struct parameters* param, struct nuisance* nuisparam)

This routine computes the reference values predictions of observables defined in
the string array names, using the central values of the nuisance parameters given in
nuisparam.

double get_chi2(double **inv_cov_tot, double *predictions, double
*central_exp, int nbobs)

This function returns the x? value, taking as input the inverse of the covariance matrix
inv_cov_tot, as well as the predictions predictions and experimental central values
central_exp of the observables. nbobs is the number of observables.

double chi2(char names[][50], int nbobs, struct parameters* param)

This function automatically computes the chi2 corresponding to the list of nbobs ob-
servables names, using experimental input from the files defined in param.exp_values
and param.exp_corr, and computing the theoretical correlations based on the nui-
sance parameters and their correlations from the files defined in param.nuisance_values
and param.nuisance_corr.

int get_invcovtot(double **xkxcovariance_tot, double ***inv_cov_tot, int nbobs)

This function computes the inverse inv_cov_tot of the covariance matrix covariance_tot,
and return 1 if it succeeds, and —1 otherwise. nbobs is the number of observables.

void get_covtot(double ***covariance_th, double ***covariance_exp, double
**x*xcovariance_tot, int nbobs)

This function sums the theoretical covariance matrix covariance_th and experimen-
tal covariance matrix covariance_exp into the total covariance matrix covariance_tot.
nbobs is the number of observables.

int reduce_covariance(double ***covariance_in, char* namesin[], int nbobsin,
double ***covariance_out, char* namesout[], int nbobsout)

This function allows the user to reduce the size of the covariance matrix to use
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a smaller sample of observables. It takes as input the original covariance matrix
covariance_in corresponding to the \nbobsin observables of names namesin, as well
as the list of observables expected in output namesout and their number nbobsout,
and output the reduced covariance matrix covariance_out. It returns 1 in case of
success, 0 otherwise (e.g. if namesout contains observables which are not in namesin).

e int reduce_values(double **values_in, char* namesin[], int nbobsin, double
*xyvalues_out, char* namesout[], int nbobsout)

Similarly to reduce_covariance, this function reduces the set of observables with
values in values_in into values_out.

e void read_covariance(char name[], double **cov, char nameparam[] [60], int n)

This routine reads the covariance matrix cov of size nxn from the file name. This rou-
tine can be used for both observable covariance matrices and nuisance parameter co-
variance matrices (see e.g. chi2_input/nuisance_corr.inand chi2_input/exp_corr.in).

e void write_covariance(char name[], double **cov, char nameparam[] [50], int n)

This routine writes the covariance matrix cov of size nxn into the file name in a format
recognized by SuperIso.

e int read_experimental_values(char name_val_expl[], char namesin[] [60], int
nbobsin, double *central_exp)

This function reads experimental values from file name_val_exp, and if they match
the names given in the string array namesin, puts them into central_exp. nbobsin
is the number of observables in namesin. The function read_experimental_values
returns the number of observables for which experimental values have been found. An
example of input file can be found in chi2_input/exp_values.in.

3 Compilation and installation instructions

The main structure of the SuperIso package is unchanged since the first version, and the
spirit of the program relies on the idea of simplicity of use.

The SuperIso packageE] can be downloaded from:
http://superiso.in2p3.fr

The following main directory is created after unpacking:
superiso_vX.X

It contains the src/ directory, in which all the source files can be found. The main di-
rectory contains also a Makefile, a README, twelve sample main programs (sm.c, thdm.c,

2An alternative package including the calculation of the relic density, SuperIso Relic [17], is also avail-
able at: http://superiso.in2p3.fr/relic .
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cmssm.c, amsb. ¢, hcamsb. ¢, mmamsb. c, gmsb. c, nuhm. c, cnmssm. ¢, ngmsb. ¢, nnuhm. ¢ and
slha.c) and one example of input file in the SLHA format (example.lha).

In the Makefile the user has to specify the following items:

e The compiler name and the compilation options.
e Optionally, the path to the external programs:

— path to isasugra.x for ISAJET,

— path to softpoint.x for SOFTSUSY,

— path to the suspect2 executable file for SuSpect,

— path to the SPheno executable file for SPheno,

— path to the 2HDMC directory,

— path to the NMSSMTools main directory,

— path to the HBwithFH executable file for HiggsBounds.

To use the limits from HiggsBounds, HBwithFH is used which needs FeynHiggs to be in-
stalled and linked to HiggsBounds. More information about how to compile HBwithFH can
be found in the HiggsBounds manual or in the README file of SuperIso.

If the above optional programs are not used, the corresponding lines have to be commented
or removed from the main programs (e.g. “#define USE_ISAJET” in cmssm.c).

SuperIso is written for a C compiler respecting the C99 standard. In particular, it has
been tested successfully with the GNU C Compiler and the Intel C Compiler on Linux and
Mac 32-bits or 64-bits machines, and with the latest versions of ISAJET, SOFTSUSY, SPheno,
SuSpect, NMSSMTools, 2HDMC, and HiggsBounds.

Additional information can be found in the README file.

To compile the library, type

make

This creates 1ibisospin.a in src/. Then, to compile one of the provided main programs,
type

make name or make name.c

where name can be sm, thdm, cmssm, amsb, hcamsb, mmamsb, gmsb, nuhm, cnmssm, ngmsb,
nnuhm or slha. This generates an executable program with the .x extension. Note that
sm and slha do not need any additional program, but cmssm, amsb, gmsb need ISAJET
or SOFTSUSY or SPheno or SuSpect, nuhm needs either ISAJET or SOFTSUSY, hcamsb and
mmamsb need ISAJET, cnmssm, ngmsb and nnuhm require NMSSMTools and 2HDMC is necessary
for thdm.

The main programs are further detailed in the following:
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e sm.x calculates the different observables described in the Appendices in the Standard
Model, using the parameters of Table

e slha.x calculates the different observables using the parameters contained in the
SLHA file whose name has to be passed as input parameter.

e thdm.x calculates the observables in 2HDM (general model or types I-1V), starting
first by calculating the mass spectrum and couplings thanks to 2HDMC.

e amsb.x, hcamsb.x, mmamsb.x, gmsb.x, cmssm.x and nuhm.x compute the observables,
first by calculating the mass spectrum and couplings thanks to ISAJET (amsb.x,
hcamsb.x, mmamsb.x, gmsb.x and nuhm.x only work with ISAJET v7.80 or later
versions) and/or SOFTSUSY and/or SPheno and/or SuSpect, within respectively the
AMSB, HCAMSB, MMAMSB, GMSB, CMSSM or NUHM parameter spaces.

e cnmssm.x, ngmsb.x or nnuhm.x compute the observables, after calculating the mass
spectrum and couplings thanks to NMSSMTools within respectively the CNMSSM,
NGMSB or NNUHM parameter spaces.

For all these programs (except sm.c), arguments referring to the usual input parameters
have to be passed to the program. If not, a message will describe which parameters have
to be specified.

4 Input and output description

The input and output of the main programs provided in SuperIso are detailed in the
following. Using the main programs as examples, the user is encouraged to write his/her
own programs in order to, for example, perform scans in a given scenario. The full output
is reproduced for sm.x, slha.x and cmssm.x as examples.

4.1 Standard Model main program

The program sm.x is a standalone program which computes the different observables in the
Standard Model. No argument is necessary for this program, and the input parameters are
given in Appendix [Gl The command

./sm.x

returns

Observable Value
BR(b->s gamma) 3.174e-04
deltal(B->K* gamma) 5.856e-02
BR(Bs->mu mu) 3.227e-09
BR(Bs->mu mu) _untag 3.538e-09
BR(Bd->mu mu) 1.067e-10

32



BR(B->K* mu mu)_low

AFB(B->K* mu

mu) _low

FL(B->K* mu mu)_low

P1=AT1(B->K*
AT2(B->K* mu
AT3(B->K* mu
AT4 (B->K* mu
AT5(B->K* mu
P4=HT1 (B->K*
P5=HT2 (B->K*
HT3(B->K* mu

mu mu)_low
mu) _low
mu) _low
mu) _low
mu) _low
mu mu)_low
mu mu) _low
mu) _low

P2(B->K* mu mu)_low
P3(B->K* mu mu)_low
P6(B->K* mu mu)_low

P4’ (B->K* mu
P5’ (B->K* mu
P6° (B->K* mu

mu) _low
mu) _low
mu) _low

P8(B->K* mu mu)_low

P8’ (B->K* mu

mu) _low

AI(B->K* mu mu)_low

BR(B->K* mu mu)_high

AFB(B->K* mu

mu) _high

FL(B->K* mu mu)_high

AT1(B->K* mu
P1=AT2(B->K*
AT3(B->K* mu
AT4(B->K* mu
AT5(B->K* mu
P4=HT1 (B->K*
P5=HT2 (B->Kx*
HT3 (B->K* mu

mu) _high
mu mu)_high
mu) _high
mu) _high
mu) _high
mu mu) _high
mu mu)_high
mu) _high

P2(B->K* mu mu)_high
P3(B->K* mu mu)_high
P6(B->K* mu mu)_high

P4’ (B->K* mu mu) _high
P5’ (B->K* mu mu)_high
P6° (B->K* mu mu) _high
P8(B->K* mu mu)_high
P8’ (B->K* mu mu)_high
AT(B->K* mu mu)_high

q0~2(AFB(B->K* mu mu))
q0~2(AI(B->K* mu mu))

BR(B->Xs mu mu)_low

2.487e-07
-4.054e-02
7.073e-01
9.966e-01
-5.690e-02
6.384e-01
8.585e-01
3.651e-01
4.864e-01
-3.631e-01
1.974e-01
9.856e-02
-3.903e-04
-6.135e-02
5.000e-01
-3.534e-01
-6.013e-02
4.936e-02
4.793e-02
-2.823e-02

1.373e-07
4.454e-01
3.108e-01
8.723e-01
-4.875e-01
1.704e+00
5.810e-01
6.188e-02
9.997e-01
-9.896e-01
-9.904e-01
-4.324e-01
0.000e+00
0.000e+00
1.219e+00
-7.095e-01
0.000e+00
0.000e+00
0.000e+00
-4.707e-04

4.024e+00
1.707e+00

1.684e-06
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BR(B->Xs mu mu)_high 2.125e-07

q0~2(AFB(B->Xs mu mu) 3.407e+00
BR(B->Xs tau tau)_high 1.564e-07
BR(B->tau nu) 8.093e-05
R(B->tau nu) 1.000e+00
BR(B->D tau nu) 6.859e-03
BR(B->D tau nu)/BR(B->D e nu) 2.975e-01
BR(Ds->tau nu) 5.127e-02
BR(Ds->mu nu) 5.261e-03
BR(D->mu nu) 4.101e-04
BR(K->mu nu)/BR(pi->mu nu) 6.355e-01
Rmu23 (K->mu nu) 1.000e+00

where BR(b->s gamma) refers to the branching ratio of B — X7, delta0(B->K* gamma)
the isospin symmetry breaking in B — K*~ decays, BR(Bs->mu mu) and BR(Bs->mu mu) _untag
the CP-averaged and untagged branching ratios of B, — u™u™ respectively, BR(Bd->mu mu)
the branching ratio of By — ptp~. BR(B->K* mu mu)_low, AFB(B->K* mu mu)_low,
FL(B->K* mu mu) _low and AI(B->K* mu mu)_low stand for the averaged branching frac-
tion, forward-backward asymmetry, longitudinal fraction F7, and isospin asymmetry of B —
K*p ™ in the low ¢2 region (1 < ¢ < 6 GeV?) respectively, and BR(B->K* mu mu) _high,
AFB(B->K* mu mu)_high, FL(B->K* mu mu)_high and AI (B->K* mu mu)_high for the av-
eraged branching fraction, forward-backward asymmetry, longitudinal fraction Ff, and isospin
asymmetry of B — K*u ™ in the high ¢? region (14.18 < ¢% < 16 GeV?) respectively. The
other B — K*u™ =~ observables are described in section q0~2(AFB(B->K* mu mu))
and q0"2(AI(B->K* mu mu)) correspond to the zero-crossing of the forward-backward and
isospin asymmetries of B — K*putu~. Also, BR(B->Xs mu mu)_low, BR(B->Xs mu mu)_high
and q0"2(AFB(B->Xs mu mu) are respectively the branching fractions in the low ¢? region
(1 < ¢*> < 6 GeV?), in the high ¢? region (¢> > 14.4 GeV?), and the zero-crossing of
the forward asymmetry of B — X u*pu~. BR(B->Xs tau tau)_high is the branching ra-
tio of B — X 7777 in the high ¢? region (¢> > 14.4 GeV?). BR(B->tau nu) refers to
the branching ratio of B, — 7v;, R(B->tau nu) the normalized ratio to the SM value,
BR(B->D tau nu) the branching ratio of B — D%rv,, BR(B->D tau nu) /BR(B->D e nu)
the ratio BR(B — D°rv.)/BR(B — D%er.), BR(Ds->tau nu) and BR(Ds->mu nu) the
branching ratios of Dy — 7v; and Ds — pv, respectively, BR(D->mu nu) the branching
ratio of D — pv,, BR(K->mu nu) /BR(pi->mu nu) the ratio BR(K — pv,)/BR(m — pvy,),
Rmu23 (K->mu nu) the ratio 12,23, a_muon the deviation in the anomalous magnetic moment
of the muon. More details on the definitions and calculations of these observables are given
in the appendices.

4.2 SLHA input file

The program slha.x reads the needed parameters in the input SLHA file and calculates
the observables. For example, the command

./slha.x example.lha

returns
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Observable

BR(b->s gamma)
deltaO(B->K* gamma)

BR(Bs->mu mu)
BR(Bs->mu mu)_untag
BR(Bd->mu mu)

BR(B->K* mu mu)_low
AFB(B->K* mu mu)_low
FL(B->K* mu mu)_low
P1(B->K* mu mu)_low
P2(B->K* mu mu)_low
P4’ (B->K* mu mu)_low
P5’ (B->K* mu mu)_low
P6’ (B->K* mu mu)_low
P8’ (B->K* mu mu)_low
AI(B->K* mu mu)_low

BR(B->K* mu mu)_high
AFB(B->K* mu mu)_high
FL(B->K* mu mu)_high
P1(B->K* mu mu)_high
P2(B->K* mu mu)_high
P4’ (B->K* mu mu)_high
P5’ (B->K* mu mu) _high
P6’ (B->K* mu mu)_high
P8’ (B->K* mu mu)_high
AT(B->K* mu mu)_high

q0~2(AFB(B->K* mu mu))
q0~2(AI(B->K* mu mu))

BR(B->Xs mu mu)_low
BR(B->Xs mu mu)_high
q0~2(AFB(B->Xs mu mu)
BR(B->Xs tau tau)_high

BR(B->tau nu)
R(B->tau nu)
BR(B->D tau nu)

BR(B->D tau nu)/BR(B->D e nu)

BR(Ds->tau nu)
BR(Ds->mu nu)
BR(D->mu nu)

Value

3.112e-04
5.770e-02

3.156e-09
3.461e-09
1.043e-10

2.445e-07
-3.544e-02
7.108e-01
-5.877e-02
8.726e-02
5.041e-01
-3.707e-01
-6.003e-02
4.912e-02
-2.941e-02

1.361e-07
4.460e-01
3.108e-01
-4.875e-01
-4.330e-01
1.219e+00
-7.106e-01
-4.355e-09
0.000e+00
-4.570e-04

3.966e+00
.671e+00

[y

.665e-06
.174e-07
.361e+00
.600e-07

= W N -

.058e-05
.966e-01
.845e-03
.972e-01
.113e-02
.254e-03
.096e-04

S OO O O
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BR(K->mu nu)/BR(pi->mu nu) 6.355e-01

Rmu23 (K->mu nu) 1.000e+00
a_muon 2.029e-10
excluded_LEP/Tevatron_mass 0
charged_LSP 0

output.flha generated

corresponding to the observables described in the previous section. In addition, excluded _LEP/

Tevatron_mass, if equal to 1, indicates that the point is excluded by the mass limits from
LEP and Tevatron, as given in Appendix otherwise 0. Finally, charged_LSP, if equal
to 1, shows that the lightest supersymmetric particle (LSP) is charged, which is generally
disfavoured by cosmological data, 0 otherwise. If HiggsBounds is available, this line is re-
placed by excluded_Higgsbounds which gives 1 if the point is excluded by the HiggsBounds
constraints, 0 otherwise. The program also provides an FLHA output (reproduced in Ap-
pendix |J) containing more information on the flavour observables.

If the SLHA file provided to slha.x is inconsistent, a message will be displayed:

e Invalid point means that the SLHA generator had not succeeded in generating the
mass spectrum (e.g. due to the presence of tachyonic particles).

e Model not yet implemented means that the SLHA file is intended for a model not
implemented in SuperIso, such as R-parity violating models.

e Invalid SLHA file means that the SLHA file is broken and important parameters
are missing.

4.3 CMSSM inputs

The program cmssm.x computes the observables in the CMSSM parameter space, using
ISAJET and/or SOFTSUSY and/or SPheno and/or SuSpect, to generate the mass spectra. If
a generator is unavailable, the corresponding #define in cmssm.c has to be commented.
The necessary arguments to this program are:

e my: universal scalar mass at GUT scale,

e my/p: universal gaugino mass at GUT scale,

Ap: trilinear soft breaking parameter at GUT scale,

e tan [3: ratio of the two Higgs vacuum expectation values.
Optional arguments can also be given:

e sign(u): sign of Higgsino mass term, positive by default,

o m! °l. top quark pole mass, by default 173.34 GeV,

e T(y): scale independent b-quark mass, by default 4.19 GeV (option unavailable for
ISAJET),
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e as(Myg): strong coupling constant at the Z-boson mass, by default 0.1184 (option
unavailable for ISAJET).

If the arguments are not specified, a message will describe the needed parameters in a cor-
rect order.

With SOFTSUSY 3.5.1, running the program with:

./cmssm.x 500 500 -500 50

CMSSM - SLHA file generated by SOFTSUSY

Observable Value
BR(b->s gamma) 2.217e-04
delta0(B->K* gamma) 6.742e-02
BR(Bs->mu mu) 2.890e-08
BR(Bs->mu mu) _untag 3.042e-08
BR(Bd->mu mu) 9.237e-10
BR(B->K* mu mu)_low 2.484e-07
AFB(B->K* mu mu)_low 2.993e-02
FL(B->K* mu mu)_low 7.345e-01
P1(B->K* mu mu)_low -7.894e-02
P2(B->K* mu mu)_low -8.153e-02
P4’ (B->K* mu mu)_low 6.684e-01
P5’ (B->K* mu mu)_low -5.629e-01
P6’ (B->K* mu mu)_low -6.058e-02
P8’ (B->K* mu mu)_low 5.037e-02
AT (B->K* mu mu)_low -4.058e-02
BR(B->K* mu mu)_high 1.447e-07
AFB(B->K* mu mu) _high 4.472e-01
FL(B->K* mu mu)_high 3.102e-01
P1(B->K* mu mu)_high -4.875e-01
P2(B->K* mu mu)_high -4.350e-01
P4’ (B->K* mu mu) _high 1.219e+00
P5’ (B->K* mu mu)_high -7.153e-01
P6’ (B->K* mu mu) _high 5.148e-05
P8’ (B->K* mu mu) _high 0.000e+00
AT(B->K* mu mu)_high -4.695e-04
q0~2(AFB(B->K* mu mu)) 3.251e+00
q0~2(AI(B->K* mu mu)) 1.379e+00
BR(B->Xs mu mu)_low 1.717e-06
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BR(B->Xs mu mu)_high 2.186e-07

q0~2(AFB(B->Xs mu mu) 2.762e+00
BR(B->Xs tau tau)_high 1.674e-07
BR(B->tau nu) 5.424e-05
R(B->tau nu) 6.701e-01
BR(B->D tau nu) 6.374e-03
BR(B->D tau nu)/BR(B->D e nu) 2.765e-01
BR(Ds->tau nu) 5.097e-02
BR(Ds->mu nu) 5.239e-03
BR(D->mu nu) 4.100e-04
BR(K->mu nu)/BR(pi->mu nu) 6.334e-01
Rmu23 (K->mu nu) 9.984e-01
a_muon 1.956e-09
excluded_LEP/Tevatron_mass 0

charged_LSP 0

outputl.flha generated

corresponding to the observables described in section

4.4 AMSB inputs

The program amsb.x computes the observables using the corresponding parameters gener-
ated by ISAJET and/or SOFTSUSY and/or SPheno and/or SuSpect, in the AMSB scenario.
The necessary arguments to this program are:

e my: universal scalar mass at GUT scale,
® mgy/y: gravitino mass at GUT scale,

e tan f3: ratio of the two Higgs vacuum expectation values.

Optional arguments are the same as for CMSSM. If the input parameters are absent, a
message will ask for them.

Example:

./amsb.x 500 5000 5 -1

4.5 HCAMSB inputs

The program hcamsb.x computes the observables using the corresponding parameters gen-
erated by ISAJET in the HCAMSB scenario. The necessary arguments to this program
are:

e «: hypercharge anomaly mixing parameter,

e mg/p: gravitino mass at GUT scale,
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e tan f3: ratio of the two Higgs vacuum expectation values.

Optional arguments are the same as for CMSSM. If the input parameters are absent, a
message will ask for them.

Example:

./hcamsb.x 0.2 10000 20

4.6 MMAMSB inputs

The program mmamsb.x computes the observables using the corresponding parameters gen-
erated by ISAJET in the MMAMSB scenario. The necessary arguments to this program
are:

e «: modulus anomaly mixing parameter,
® mg/y: gravitino mass at GUT scale,

e tan §: ratio of the two Higgs vacuum expectation values.

Optional arguments are the same as for CMSSM. If the input parameters are absent, a
message will ask for them.

Example:

./mmamsb.x 5 10000 10

4.7 GMSB inputs

The program gmsb.x computes the observables using the GMSB parameters generated by
ISAJET and/or SOFTSUSY and/or SPheno and/or SuSpect. The necessary arguments to this
program are:

e A: scale of the SUSY breaking in GeV (usually 10000-100000 GeV),
® Mess: messenger mass scale (> A),
e N5: equivalent number of 5 + 5 messenger fields,

e tan §: ratio of the two Higgs vacuum expectation values.
Optional arguments are the same as for CMSSM, with an additional one:

® CGrav (> 1): ratio of the gravitino mass to its value for a breaking scale A, 1 by
default.

Again, in the case of lack of arguments, a message will be displayed.

Example:

./gmsb.x 1le5 1e8 1 10
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4.8 NUHM inputs

The program nuhm.x computes the observables using the NUHM parameters generated by
ISAJET and/or SOFTSUSY and/or SuSpect. The necessary arguments to this program are
the same as for CMSSM, with two additional ones, the values of p and m 4:

e my: universal scalar mass at GUT scale,

e my/y: universal gaugino mass at GUT scale,

Ap: trilinear soft breaking parameter at GUT scale,

tan 8: ratio of the two Higgs vacuum expectation values,

e /i1 i parameter,

my: CP-odd Higgs mass.

Optional arguments can also be given:

o mfoze: top quark pole mass, by default 173.34 GeV,

e (y): scale independent b-quark mass, by default 4.19 GeV (option unavailable for
ISAJET),

e as(Myg): strong coupling constant at the Z-boson mass, by default 0.1184 (option
unavailable for ISAJET).

In the absence of arguments, a message will be shown.

Example:

./nuhm.x 500 500 O 50 500 500

4.9 CNMSSM inputs

The program cnmssm. x computes the observables using the CNMSSM parameters generated
by NMSSMTools[ﬂ The necessary arguments to this program are:

e my: universal scalar mass at GUT scale,

e my o universal gaugino mass at GUT scale,

Ap: trilinear soft breaking parameter at GUT scale,

e tan f3: ratio of the two Higgs vacuum expectation values,
e \: cubic Higgs coupling.

Optional arguments can also be given:
e sign(u): sign of Higgsino mass term, positive by default,

e A,: trilinear soft breaking parameter at GUT scale, by default A, = Ay,
o mfoze: top quark pole mass, by default 173.34 GeV,

3As the soft singlet mass m% and the singlet self coupling x are both determined in terms of the other
parameters through the minimization equations of the Higgs potential in NMSSMTools, what we call CNMSSM
here is a partially constrained NMSSM scenario.
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e 7y(Tp): scale independent b-quark mass, by default 4.19 GeV,
e «5(Myz): strong coupling constant at the Z-boson mass, by default 0.1184.

In the absence of arguments, a message will be shown.

Example:

./cnmssm.x 500 500 0 50 0.01

4.10 NGMSB inputs

The program ngmsb.x computes the observables using the NGMSB parameters generated
by NMSSMTools. The necessary arguments to this program are:

e A: scale of the SUSY breaking in GeV (usually 10000-100000 GeV),

e Mess: messenger mass scale (> A),

e Ns: equivalent number of 5 + 5 messenger fields,

e tan 3: ratio of the two Higgs vacuum expectation values,

e \: cubic Higgs coupling.
Optional arguments are the same as for CNMSSM, with an additional one:
e Ag: 0 by default.

NMSSMTools allows also for other optional parameters such as /', B’, £s and &p.

Example:

./ngmsb.x 1eb 2e10 5 20 0.1 1 -1000

4.11 NNUHM inputs

The program nnuhm.x computes the observables using the NNUHM parameters generated
by NMSSMTools. The necessary arguments to this program are the same as for CNMSSM,
with two additional ones:

e my: universal scalar mass at GUT scale,

e my o universal gaugino mass at GUT scale,

e Ay trilinear soft breaking parameter at GUT scale,

e tan 3: ratio of the two Higgs vacuum expectation values,
e )\: cubic Higgs coupling,

e Mp,: down Higgs mass parameter at GUT scale,

e My, : up Higgs mass parameter at GUT scale.

-
Optional arguments are the same as for CNMSSM. In the absence of arguments, a message
will be shown.

Example:

./nnuhm.x 500 500 0 50 0.1 500 500
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4.12 2HDM inputs

The program thdm.x computes the observables using the 2HDM parameters generated by
2HDMC. The necessary arguments to this program are:

e type: Yukawa type (1-4),
e tan [: ratio of the two Higgs vacuum expectation values,

e my: CP-odd Higgs mass.
Optional arguments can also be given:

e )\, ---, A7: Higgs potential parameters,

e m?,: Higgs potential parameter alternative to m 4.

By specifying the Higgs potential parameters, it is possible to do the calculations in general
2HDM. If not specified, the optional arguments are set to the default tree level MSSM-like
values:

2 12
A= LTI =L As = A=A =0,

A = "
1 A ) 4 ) 27

m3y = m?% cos Bsin B .
In the absence of the necessary arguments, a message will be displayed.

Example:

./thdm.x 4 10 300

5 Results

We illustrate in this section the constraints on the SUSY parameter space that can be ob-
tained using observables calculated with SuperIso. For more extended discussions about the
constraints obtained using SuperIso, see for example [18-24]. In Figures[l|and 2} two exam-
ples of the obtained constraints in the CMSSM and NUHM scenarios using SuperIso v2.3
are displayed. The different areas in the figures correspond to the following observables:

red region: excluded by the isospin asymmetry,

blue region: excluded by the inclusive branching ratio of b — s+,

black hatched region: excluded by the collider mass limits,

violet region: excluded by the branching ratio of By — u™u™,

gray hatched region: favoured by the anomalous magnetic moment of the muon,
yellow hatched region: the LSP is charged, therefore disfavoured by cosmology,
green region: excluded by the branching ratio of B, — 7v,,

orange region: excluded by the branching ratio of B — D°7u;.,

cyan region: excluded by the branching ratio of K — uv,,.
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Figure 1: Constraints in CMSSM (m /5 — myg) parameter plane. For the description of the
various coloured zones see the text. The contours are superimposed in the order given in
the legend.
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Figure 2: Constraints in NUHM (my4 — tan 3) parameter plane. For the description of the
various coloured zones see the text. The contours are superimposed in the order given in
the legend.
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The allowed interval for each observable is given in Appendix [H]

In Figure the exclusion regions in the CMSSM parameter plane (m; ;2 —mo) for tan 8 = 50,
Ap = 0 and p > 0 are displayed. One can notice that small values of mg and my, are
disfavoured by the observables. The unfilled region in the bottom left corner corresponds
to points with tachyonic particles.

In Figure |2 the exclusion zones are displayed in the NUHM parameter plane (m 4 — tan J3)
for mg = 500 GeV, my /5, = 500 GeV, Ag = 0 and p = 500 GeV. Most observables tend to
disfavour the high tan £ region in this plane. The white top right triangle corresponds to a
region where tachyonic particles are encountered.

6 Conclusion

SuperIso v4.1 features many new additions and improvements as compared to the first
versions of the program. It is now able to compute numerous flavour physics observables
— as well as the muon anomalous magnetic moment — which have already proved to be
very useful in the exploration of the MSSM and NMSSM parameter spaces. Investigating
the indirect constraints has many interesting phenomenological impacts, and can provide
us with important information. They can also be used as guidelines for the LHC direct
searches, and will be very valuable for the consistency checks.

In spite of the numerous changes, the spirit of the program is still based on the simplicity

of use. The code will continue to incorporate other flavour physics observables. Also, the
extension of the program to beyond minimal flavour violation is under development.
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Appendix A QCD coupling

The a5 evolution is expressed as [15]:

o) = Ar 1_@1n(1n(u2//\%f)) L5 )
T BemGE/AZ) T B Wm(uE/AZ,)  Bin(u?/A)
2 /22 1\ BBy 5
X [(ln(ln(u /Anf)) —2> + 252 —4] } )
with 2 38 5033 325
Bo=11—3gns, B =102——ny, 6222857—Tnf+ﬁn?. (8)

n¢ denotes the number of active flavours (i.e. 4 for energies between the charm and the
bottom masses, 5 between the bottom and the top masses, and 6 beyond the top mass).
We compute the associated A, by requiring continuity of a;. In particular in SuperIso,
A5 is calculated so that as(Mz) matches the value given in the input SLHA file, and then
A4 and Ag are calculated if needed by imposing the continuity at the bottom and top mass
scales respectively, which are also input parameters.

Appendix B Evolution of quark masses

We use the following two loop formulaﬁ to compute the pole mass of quarks |15]:

dos (mq)
3T

il Am s () \ 2
~1.0414) (1 — q’C) + 13.4434 < s ) ,
Pt 3 My U

where ny, is the number of flavours g, lighter than .

mbole = mq(mq){1+

_|_

For the M S top mass, we use [15]

ol 4 ay mpole
() = (1—3<;)) - (10)

The running mass of the quarks is given by [25]

R(O‘S(Ml))m
R(%(/@)) Q(HQ) ) (11)

4The two and three loop corrections are comparable in size and have the same sign as the one loop
term. Since this is a signal of the asymptotic nature of the perturbation series, we leave the three loop
corrections [15].

mq(ﬂl) =
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where

R(ay) = (62‘)07‘:)2%/50 {1 + (222 - %g“) = (12)
| (-2 e - S (%) o}
with
Y = 2, (13)
SECI ”
Yo = 3% {1249 - (22;6 - 1?4‘(3)) ng— ﬁ)nﬂ : (15)

with ny the number of active flavours, and 3’s given in Eq. .

The 1S bottom quark mass is given by [26]:

miS = mPele [1 _ ALO _ ANLO _ ANNLO:| ’ (16)

where
ALO C%Of('ub) 7 (17)
ANO C%as(ub) (ozsgrub)) [ﬂa (L0+1)+a21] | (18)
ANNLO C%, 083(/%) (Oésgrﬂb))Z [ 12 (iLngLOJr C(23) i 7; I i) (19)

+6h % <§L0+1> +%(L0+1)+‘£+‘§+ (c*A—ig)cmﬂ ,
with

Lo=In (CF as(’;’;) m§°16> , (20)
¢(3) ~ 1.2020569 , (21)

and pp = O(myp).
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Also,

11 4

ﬁ(,] = §CA*§TTLJCZ,
34 20

B, = Ecﬁ—gof,mﬁ—zloanfl,
31 20

ap = §CA—§T7’LJ¢‘1, (22)
4343 7t 22 1798 56

_ ORI 22 2 oL T
@ = (T =TT )i (T ) eatny

55 20 2
—(3—16((3)) CrTny + (ngfz> .

In the above equations C4 =3, T =1/2, ny, =4 and Cp = 4/3.

Appendix C Wilson coefficients at matching scale

The Wilson coefficients at different orders are calculated separately and the following con-
vention for the perturbative expansion is used:

2
citn) = %+ 5P+ () e (23)

+Oj4(:)ci(,le)( ) o) Oés(ﬂ)c@)( )

A 4m bes

i

where CZ-(];) is the Wilson coefficient at order k in the perturbative expansion in a(u) (j = e)

)

or as(p) (7 = s). In the following, the indices s and e are omitted for simplicity.

C.1 Wilson coefficients C'; — Cg

The effective Hamiltonian describing the b — s transitions has the following generic struc-
ture:

8
4G .
Hepp = Nl > VoV > Cilw) O, (24)
p=u,c =1

where G is the Fermi coupling constant, V;; are elements of the CKM matrix, O;(u) are
the relevant operators and C;(u) are the corresponding Wilson coefficients evaluated at the
scale p.
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The Wilson coefficients are given in the standard operator basis [27]:

O1 = (57T*Prec)(ey*T*Prb) ,
Oy = (5yuPre)(e"Prb) ,
O3 = (5v,Prb)Y (a7"q) ,
Oy = (E’mT“Pqu)Z(@WT “q)
_ y _ (25)
Os = (5% Y Yus PLD) Y (@71 9#29#3q)
q
O = (5% Yua Vs TOPLD) D (Gy1 #2913 T %) |
q
O7 = 162 [ga’“’(msPL +mbPR)b] Fu,
05 = [EJNV(mSPL+mbPR)T‘Lb} Ge,
where P g = (1F v5)/2.
C.1.1 Standard Model contributions
We express here the SM contributions to the Wilson coefficients following [28,29].
The LO coefficients are:
o uw) = —1,
V) = o ) = =5 Ajear) . (20
) = 3. OO w) =~ Fifrar).
the NLO coefficients are:
W (uw) = ~15-6L,
Cg(l)(/iw) = 0,
sV uw) = 0, () = 0,
) = g-3L, ) = Efam)
V) = 0. V) = 0, 0
i) = 0, e (uw) = 0,
) = —io - L, i) = 5 Ailoaw)
) = —gr+ gL CEOar) = 5 Filaw) .
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and the NNLO coeflicients are:

7987 17 475

c(2) 2 2
T B ey S T S
C1 7 (kw) () - 3T S 712,
c(2) 127 4 , 46, )
Bk Al S §
(2) 680 20 , 68 L 20 L2
G (nw) o3 s st T
c(2) _ 950 10 , 124, 10 ,
Gy (w) o3 s w Tt
68 2 14 2
CiPuw) = —o - L L%,
243 81 81 27 (28)
c(2) 85 5 5 35 5
SN G S
Co ™ (nw) 162 108" 1087 36 °
P (uw) = Gilaaw)
i () Ef(xw) ,
(2 1 2
05( )(MW) 1o Gﬁ(th) + 15 Eé(l'tw) ,
3 1
Cé@) (uw) ~16 Gi(zaw) + 1 Eb(zew) ,
where
tW MW )
13y
and gy = O(Myy). The necessary functions in Eqgs. (26H28]) are:
—323 + 222 2223 — 15322 + 159z — 46
Al = = ™ 1
(@) d(i—a)f 0T 36(1 — )3 ’ (31)
—922 + 162 — 4 —7x3 — 2122 + 422 + 4
E! = 1 2
(@) 61—zt °F 36(1 - 2)° ’ (32)
32 523 — 922 + 30z — 8
Ft = 1
@) = Sa Tt T a (33)
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32z + 24423 — 16022 + 162 1
Al = Lip (1—— 4

+—774x4 — 282623 + 199422 — 1302 + 8 In 2
81(1 — x)°

N —942:* — 1866523 + 2068222 — 9113z + 2006
243(1 — )4

—12z* — 9223 + 5622 —68z* — 20223 — 8042 + 794z — 152] | <M§V>
n\ — )

3(1— )5 I+ 27(1 — z)* m?

515x* — 61422 — 8122 — 190x + 40 1
. T x x z + Lig( ) (35)

Ei(z) = 54(1 — 28 =2

N —1030x* + 43523 + 137322 + 1950z — 424

1
108(1 — z) e

N —29467x* + 4560423 — 3023722 + 665322 — 10960
1944(1 — z)4
13324 — 275823 — 206122 4+ 115222 — 1652
324(1 — z)4

—112523 + 168522 + 380z — 76 13
Inz|{ln|—% ] ,

54(1 — x) m?

as well as:

dx* — 4023 — 4122 — &

Fl(z) = 31 Lip (1 - i) (36)

Inzx

N —144z* + 317723 + 366122 + 2502 — 32
108(1 — )

n —247z* + 1189023 + 3177922 — 2966z + 1016
648(1 — x)*

1723 + 3122 —352% 4+ 17023 4 44722 + 338z — 56] n (%)

1
—ap °F 18(1 — x)° m?
10z* — 10023 + 3022 + 160z — 40 _ . 1
IAQ 1——
27(1 — 2)4

X

Gi(z) =

3023 — 4222 — 3322 + 68 —62% — 29322 + 161z + 42
Inx +
81(1 —x)4 81(1 —x)3

9022 — 160z + 40 3523 4+ 10522 — 210z — 20} < N%V)
n ) 9

nr
27(1 — z)* 81(1 — z)3 m?

20 112
T(z) = —(16z+ 8)v4x —1Cly <2 arcsin > + <16;1: + 3> Inz+32x + — .

1
NG 9
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The integral representations for the functions Lis and Cly are as follows:

5 ()

C5® (uw)

O ()

CL® ()

2 In(1—t
Lis(2) = — / P Gl (38)
0 t
Cly(z) = Im[mz(em)} _ / df1n|2sin(6/2)| . (39)
0
The remaining NNLO coefficients take the form:
2 2
) iy 137631 13 814 w2 ((Hiv 10
G777 (pw = Mw) + 57 In M2, T iz ) (40)
2 2
c(2) — M 166071 Ky ﬁl 2 [ Fw A1
Cs ™ = Mw) ey gz ) T ase ™ iz, ) (1)
O (= my) (42)
2 —5922° — 2224 + 1281423 — 24512 1
tln ‘L’g 592z x* + 12814« 6376x° + 5 ZL‘Li2 -1
m3 27(x — 1) x
—268382° + 2593824 + 62736723 — 33195622 + 16989z — 460
+ Inz
729(x — 1)6
+34400x5 + 276644x* — 266832423 + 169443722 — 323354z + 53077
2187(x — 1)5
2 _ 5 9 4 9 3 _ 111 2
n? (,Lm;) [ 632° + 532z* + 086956 8 e
m; 9(z—1)
N 1186x° — 27052% — 2479123 — 1609922 + 192292 — 2740
162(x — 1)5 ’
O (uw = my) (43)
2 —148x° + 10522* — 481123 — 352022 — 61 1
+ln<uvg)[ 8x° + 1052z 8 acs 3520x 6xLi2<1—>
m; 18(x — 1) x

+—15984x5 + 1523792* — 135806023 — 120165322 — 74190z + 9188 |
1944(z — 1)6

nr

| 1096692° — 11126752 + 623937727 + 89676232 + 7687222 — 42796
11664(z — 1)°

2 -1 4_2 3_2 2
T n? <,uw> [ 39z 938z 683z I

m? 12(z — 1)8

N 12952° — 7009z + 2949523 + 6451322 + 174582 — 2072
216(x —1)5 '

As regard to the three-loop quantities C’;Q) (bw = Mw), C§(2) (uw = M), C;(z) (uw = my)

and Cé(Q) (uw = my), we have access to their expansions at x — 1 and z — oo.
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Denoting z = 1/z and w = 1 — z, the coefficients become:

05(2) (pw = Mw)

O (= Myy)

CEP (= Myy)

C§(2) (pw = Mw)

X (g = my)

X (g = my)

02(2) (pw = my)

Cé(Q)WW = my)

~

T—00

T—r00

T—r00

1.525 — 0.1165z + 0.019752 In z + 0.062832° + 0.00534922In 2 (44)

+0.0100522 In? z — 0.0420222 + 0.015352% In 2z — 0.003292° In? 2
40.0023722* — 0.00079102* In z + O(2°) ,

1.432 4 0.06709w 4 0.01257w? + 0.004710w® 4 0.002373w* (45)

+0.001406w” 4-0.0009216w° +0.00064730w” 4-0.0004779w® +O(w?) ,

—1.870 + 0.1010z — 0.12182In z + 0.10452% — 0.0374822In = (46)

+0.011512%1n? 2 — 0.010232% + 0.0043422% In 2 + 0.00030312> In? 2
—0.0015372% 4 0.00075322%In z + O(2%) ,

—1.676 — 0.1179w — 0.02926w?> — 0.01297w> — 0.007296w™ (47)

—0.004672w® — 0.003248w’ — 0.002389w” — 0.001831w® + O(w?) ,

12.06 + 12.932 4 3.013zIn z + 96.712% 4+ 52.732% In z + 147.92°  (48)

+187.72% In 2 — 144.92% + 236.12 In 2 + O(2%) |

11.74 + 0.3642w + 0.1155w? — 0.003145w> — 0.03263w* (49)

—0.03528w® — 0.03076w® — 0.02504w" — 0.01985uw® + O(w?) ,

—0.8954 — 7.043z — 98.342% — 46.212% In 2 — 127.12° (50)

—181.623In 2z + 535.82 — 76.762 In 2 + O(2°) ,

—0.6141 — 0.8975w — 0.03492w? + 0.06791w> + 0.07966w* (51)

40.07226w° + 0.06132w5 + 0.05096w” + 0.04216w® 4+ O(w?) .
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Type Avu ADD ALL

I cot 3 cot 3 cot 3
1I cot 3 —tan —tan g
111 cot 3 —tan 3 cot 3
v cot 3 cot 3 —tan g

Table 4: Yukawa couplings for the four types of 2HDM. U, D and L stand respectively for
the up-type quarks, the down-type quarks and the leptons.

Forn=0,1,2and i=1,---,8, the Wilson coefficients read:

o =it e (52)

2 3 3

C.1.2 Charged Higgs contributions

At the Leading Order, the relevant charged Higgs contributions to the Wilson coefficients
are given by [30]:

AQ
6Crs" (uw) = T (wurrs) = MedwFry (@) | (53)
where 2 )
my(pw
Tigt = ——5—— , 54
tH M[%{i ( )
and
(1) ~ z(7—5x—8z?) z*(3z-2)
Fo@) = gy Y ap o
(1) _ z(245z—2%) 327
Fo/(z) = S 1) o1y Inx, (55)
(2)  z(3-5z)  x(3x—2)
E@) = a1 B
FéZ)(az) = (3 = o) T Inx .

4z —1)2 2z —1)>3
Aut, App are the Yukawa couplings. In Supersymmetry, they read:

11
)\bb_tanﬁ '

Ay = — (56)

For the different types of 2HDM, the Yukawa couplings are summarized in Table
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At the NLO, the charged Higgs contributions can be written in the form [30]:

505(1)(HW) = Ei (v+) (57)
2
4
505(1)(/“/‘/) — Gg(xtHi) + Ag(xtHi) In <]\ng ) — § Ef(xtHﬂ:) ) (58)
H=E
2
1
505(1)@“,) = G (zg+) + A (zg+) In <]\/;‘£Vi> 6 Ef (ze+) (59)
H

The NNLO contributions for C5_¢ read [31]:

60y ) = G (@) | (60)
0 ) = B P(wys) (61)
1 2
605" (uw) = 15 O (wonr) + 15 B (wenr=) (62)
3 1
6Cs Puw) = —25 GF () + 7 BY (wurs) | (63)
with
1 —20 + 30x + 1023 _ . 1 —56 — 662 + 302>
GH(z) = 27)\§tx{ @D o (1 - ) 310 Inx (64)
213 — 187z + 622 [20 — 30z gy —S0+ 1452 — 3522 | 1
3(xz—1)3 (x —1)4 3(z—1)3 M2, ’
4 4(=3+ Tz — 22?) _, 1 8 — 14z — 322
H _ = - 2
G7 (x) = gAtt)\bbx [ 32— 1) Lis (1 x) + —3(3: — )i In®x (65)
7— 13z + 222  2(-3 —x+ 1222 — 223)
Inz
(x —1)3 3(z—1)4

_ 2 _ 2
2 2(18 37x+8x)Li2( 1)+:c( 14+ 232 +30%) 5

2 1— =

"9 “w[ @1 - EEE

—50 + 251z — 17422 — 19223 + 2124 nat 797 — 54362 + 7569x2 — 120223
nr

9(z —1)° 108(x — 1)4 ’

o4



A ()

x)

x)

2 21 — 47z + 822 2(—8 + 14z + 322)
Y 1 66
9 tt AbbL |: (.’L' — 1)3 + (l’ — 1)4 xz ( )
+2A2 —31 — 18z + 13522 — 1423 N z(14 — 23z — 322) |
— X nr
9t 6(z —1)% (x —1)° ’
1 —36 + 251 — 1722 1 19+ 17z ,
“Au Lig (1—— )4+ ——-"11 67
e | S (1 1)+ e (67
—3 — 187z + 1222 — 1423 . 3(143 — 442 + 292?)
nxr
4(z —1)4 8(x —1)3
1 (30 — 172 + 132?%) _ . 1 2(31 + 17x)
Y Lig ([1— =) -2 " n?
e [ @—nt " < > (@—1p
+—226 + 817x + 135322 + 31823 + 422* nat 1130 — 18153z + 765022 — 445123
nr
36(z —1)5 216(x — 1)4 ’
1 81— 16z + 72?194 17x
“AuA — 68
3 tt\bbL |: 2($ — 1)3 (33 — 1)4 nﬁl{| ( )
+1A2 —38 — 2612 + 1822 — 723 N z(31 + 17zx) |
— X
6" 6(x —1)4 (x —1)5 ’
1 16 — 29z + 722 3z —2
~\? ] 69
6 “x[ 6z —19  (z—1) M} ’ (69)
1 182 + 99z — 90622 + 51523 1
—\2 Lip (1—— 70
o { @- 1 2(1-3) o

980 — 15z — 2763x2 + 103023 N —18134 — 6717x + 6814222 — 2946723

1
2(z — 1) ne 36(z — 1)1
182 — 952 — 37522 —2320 + 4023z — 10822 + 1332 12,
Inx + In 5 .
(x —1)5 6(z —1)* M3,
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The NNLO contributions to C7 and Cy are given by [32]:

5CH® () = A%t{écﬁt‘”(w:mt) (71)

2
my

o 1%, x (67930x* — 4700952° + 135847822 — 700243z + 54970)
"\ m2 2187(z — 1)5

e (104222 — 8439023 + 32280122 — 146588z + 1435)

1
729(z — 1) n

222 (2602* — 151522 + 3757z — 1446) 1
Lig (1

27(z — 1) oz
2
2 [ M
+1In (m2>
t

2% (—63z3 + 53222 + 2089z — 1118)
Inz
27(xz —1)8

T

@ (—5182* + 366523 — 1739722 + 3767z + 1843)
162(z — 1)°

s {505152) (pw = my)

2 81(z — 1)*

2 x (379023 — 2251122 + 53614z — 21069
+1In Hw
my

L2 (—12662° + 76422> — 21467z + 8179)

1
81(z — 1) ne

8 (1392 — 61222 + 1103z — 342) ( 1)]
— L12 1——
x

27(x — 1)

2

e < u%) [:1: (28423 — 143522 + 43042 — 1425)
n
my

m2 27(x — 1)

2x (632 — 3972 — 970z + 440)
Inz ,
27(x — 1)
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5CH () = A?t{w;ié”(uw:mt) (72)

( u%) [x (51948z* — 2337812 + 4863422 — 698693z + 2452)
nr

1944(x — 1)6

x (52234724 — 242325503 4 270602122 — 5930609z + 148856)
11664(x — 1)5

z? (48123 — 195022 + 1523z — 2550) 1
+ Lig (1

18(z — 1)° oz
2
2 [ Pw
+1In (m2>
t

22 (13922 + 2938 + 2683)
- nz
36(xz —1)8

x (—259z* + 111723 + 292522 + 28411z + 2366)
216(x — 1)°

x (14632° — 5794x% 4 5543z — 15036)
27(x — 1)4

2
+ et App {50;;52) (uw = my) + In <l’:rIL/g) [
t

x (—18872% + 711522 + 2519z + 19901)
54(x —1)°

nr

x (—6292° + 217822 — 1729z + 2196) 1
Lig (1 ——
18(x — 1)*

e ( 1y > [x (2592 — 94722 — 251z — 5973)

m? 36(z —1)*

x (13922 4 2134z + 1183)
nr
18(x — 1) ’

H(2)
t

where the three loop quantities 6Cx ) @

H H
o (= my), 6C7, " (pw = my), 6Cgy,™ (pw = M)
and 50517(2) (uw = my) are given by:

50%(2) (Lw = my) = 0.9225 7 In%r + 4.317rInr — 8.278 7 (73)

—20.737% 1% r — 11247210 r — 396.1 r% Inr — 480.9 72

—34.507% In®r — 348.273 In? r — 129273 Inr — 115873

—23.2674 In3r — 541.47% In? r — 2540 7% Inr — 1492 7%

+42.307° In® r — 412.47° In®r — 33627° Inr — 823.07° + O (r%) |
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50515(2) (NW = mt)

SCH® (= my)

5CH® (= my)

5CHD (1 = my)

5CHD (1 = my)

5CHD (i = my)

r—00

1.283 — 0.7158 @ — 0.3039 @ — 0.1549 @* — 0.08625 @* (74)

—0.05020 @° — 0.02970 @ — 0.01740 %" — 0.009752 @® — 0.004877 u°
—0.001721 2% + 0.0003378 @' + 0.001679 @'? + 0.002542 &'
+0.003083 @'* 4 0.003404 @' + 0.003574@'® + O (a'") ,

1.283 4 0.7158 u + 0.4119 u? + 0.2629 u® 4 0.1825 u* + 0.1347 u® (75)

+0.1040 u® + 0.08306 u” + 0.06804 u® + 0.05688 u” + 0.04833 u'°
+0.04163 ' + 0.03625 u'? + 0.03188 u!'? + 0.02827 u'* + 0.02525 u'°
+0.02269u'° + O (u'") ,

1 1 1 1 1
3.970 — 8.753—— + 15.35~ — 38.12—" 4 47.09— — 103.8—5  (76)
r r T r r

1 1 1 1 1 1
F79.15— — 168.3— +24.41— — 72,13~ — 274.2— + O (6) ,

r r T r T r
—20.9471Inr —123.57In*r — 453.5rInr — 572.27 (77)

—8.88972In3r — 195.77% In? r — 870.3 72 Inr — 524.1 72
+19.73 3 In3 r — 46.61 73 In? r — 826.273 Inr + 166.7 >
+36.08 7 Inr + 323274 In? r 4+ 169.9r* Inr + 1480 +*
—66.637° In r + 469.47° In* r + 1986 7° Inr + 2828 ° + O (r°) |

12.82 4 1.663 @ 4 0.7780 @* + 0.3755 @> + 0.1581 @* (78)

+0.03021 @° — 0.04868 @® — 0.09864 %" — 0.1306 u®
—0.1510%@° — 0.1637@'° — 0.1712 @ — 0.1751 @ '2
—0.1766 4" — 0.1763 a** — 0.1748 a'® — 0.1724@'® + O (a'7) ,

12.82 — 1.663 u — 0.8852u? — 0.4827 u® — 0.2976 u* — 0.2021 > (79)

—0.1470 w5 — 0.1125 4" — 0.08931 u® — 0.07291 v” — 0.06083 »'°
—0.05164 u't — 0.04446 u'? — 0.03873 u'3 — 0.03407 u'* — 0.03023 u'®
—0.02702u'® + O (u'7) |
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1 1
SCH (pw = ) = 8.088+09. 757— —12. 91 + 38. 432 — 49. 327 + 106, 22 (80)
_78. 90— + 168. 4ﬂ 24.97 - + 101'1&; 119432 40 (6) ,
T r r r
50515(2)(MW =my) o 0.6908 7 In? 7 + 3.238 7 Inr 4 0.7437 r (81)

—22.9872In%r — 169.172In? r — 602.7r% Inr — 805.5 72

—66.3273 In3r — 779.6 73 In® r — 30773 Inr — 335773

—143.47r* In® r — 2244 7% In% r — 1010274 Inr — 9016 74

—226.77° In®r — 525175 In? 7 — 26090 7° In 7 — 19606 7° + O (%) |

SCH® (= my)  ~ 1188 — 0.4078 @ — 0.2076 a2 — 0.1265 @® — 0.08570 &* (82)

—0.06204 @° — 0.04689 @ — 0.03652a@" — 0.02907 @® — 0.02354 @
—0.01933 4% — 0.01605 a'* — 0.01345 @'? — 0.01137 @3
—0.009678 a** — 0.008293 @'® — 0.007148 @'® + O (a'") ,

SCH® (= my)  ~ 1188+ 0.4078 u + 0.2002u2 + 0.1190 1 + 0.07861 v* (83)

+0.05531 u® + 0.04061 u® + 0.03075 u” + 0.02386 u® + 0.01888 »”
+0.01520 '° + 0.01241 ' + 0.01026 ©'? + 0.008575 u'3
+0.007238 u'* 4 0.006164 u'® + 0.005290 u'® + O (u'") |

1 1 1
sCH® (= my) =~ 2.278 5. 214 +20.02-75 39, 76— TS8-S ~66.39  (34)

=00

1 1 1
+9189m+9635—3007m+8262+(’)< > ,

SCTP (uy =my)  ~  —19.8071In3r — 174.77In>r — 658.47 Inr — 929.8 7 (85)

—31.837%In%r — 612.6 72 In? r — 277072 Inr — 2943 12

—40.68 73 In® r — 143973 In% r — 7906 73 In rr — 6481 13

+54.66 74 In3 r — 277774 1In? r — 177707 Inr — 11684 74

+1003r° In® r — 26277 In® r — 29962 7° In7 — 159627° + O (r%) |

59



H(2
5Ca,”

H(2
3Can,”

(pw = my)

(pw = my)

—0.6110 + 1.095 @ + 0.6492 @2 + 0.4596 @ + 0.3569 @* (86)

+0.2910 @° + 0.2438 @® + 0.2075 %" + 0.1785 @®
+0.1546 @° + 0.1347 @'° 4+ 0.1177 @' + 0.1032 @'2
+0.09073 @' + 0.07987 @'* + 0.07040 w'® + 0.06210a'® + O (a'") |

—0.6110 — 1.095 v — 0.4463 u? — 0.2568 u® — 0.1698 u* (87)

—0.1197 4’ — 0.08761 u® — 0.06595 4" — 0.05079 u® — 0.03987 u*
—0.03182 ' — 0.02577 u't — 0.02114 w2 — 0.01754 w3 — 0.01471 w4
—0.01244 4" - 0.01062u'° + O (u'7) |

1 1 1
—3.174 4 10.89- — 3542 4 63.74—5 — 110.7— (88)
r T r r

1 1 1 1 1 1
16226 — TL.62— — 205.7— + 476.9— — 1003 + O <6> .
r r r r r r

C.1.3 Supersymmetric contributions

At leading order, the chargino contributions to the Wilson coefficients are given by [31]:

with

A3 ()

7w

1
60y = —5 A (89)
0 T _x
0¥ = -5 R, (90)
2 6
M2 1
o33 2 s I 0 ) o)
i=1a=1"x;
m._+
+ 2 XU g X VR h;0><ym>} ,
my
2
M2 +
RYD et {[X?L D2l a3 15" (yai) (92)
i=la=1 " x;
m_+ t
+ 2 (X 0 [ X s hg‘”(ym)} ,
mp

where the h; functions are given in section and

1 m3
K= —S—"0, P = e 93
BV Vil T 2, o
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My
xVc — _gla, V¥ TUL — gy VX TUR ] , 94
i g2 |: g Vil Y Vi2 fMW Sll’l,B CKM ( )
Mp
xUr = ay UpIY" Vo ————— 95
i g2 ay Uj2 CKM\/§ v cos B (95)

with My = diag(my, me, m¢), Mp = diag(mg, ms, mp) and

7 Hg Qs g :ug
3—1—2111(]\/[92)] , ayzl—i-i;t:g) 1+21n<l\;~2>] . (96)
g g

In this framework, the mixing matrices 'Vt and T'V% take the simple form

1 0 0 0 0 0 0 0 0 10 0
sf={ 01 0 00 0 , @®mT=100 0 01 0
0 0 costy 0 O —sinb; 0 0 sinf; 0 O cosb;
(97)
One defines also TV as
(T)qi = TV )as (T a4y = CR)as (98)
and
PU = FUl%i{GFUT 9 1%56 = diag(la 17 17 _17 _17 _1> ) (99)

The leading tan /3 corrections are contained in the following expressions for €, €} and ¢ [33],
which are evaluated at a typical SUSY scale, us. €, can be split into two parts:

€ = €0 + €2, (100)
with
20‘8(#5) Ab/ tan 8 — p
€ = 3 mg H2(x51§’xl~)2§) (101)
a(Mz)uMs | ¢ M3 p? 5 M3
47s? 2m? Hy m2 " m?2 + 2m?2 Hy m2 " m?2 '
w by by by ba b b2
and
Ui (s) p/ tan 8 — Ay
€ = 567: ZUZQm—iHﬂxﬁX?’xﬁxf)mZ (102)
— X;
M M CZ M2 2 52 M2 2
+Oé(4Z)2:u 2[t2H2< 22’M2 + t2H2 227”72 )
7TSVV mfl mfl mfl m{g m£2 m£2
where sy = sin by, c; = cos by, s5 = sinbj, xq, = m2/mZ, and A, is the trilinear coupling
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of the quark ¢. y, and g, are the ordinary and supersymmetric Yukawa couplings of the
quark g respectively. The function Hs is defined as:

xln x ylny
A-2)-y)  (-py-2)

We neglect the neutralino mixing matrices and we assume that the chargino masses are
given by p and Ms.

(103)

HQ(:I’" y) =

2 as(ps) Ap/ tan 8 — p
e(t) = . o [C?C% Hy (x5, 5,5) (104)

2.2 o 2 2 o 2.2 S
+c7 sy Ho(zg, 5, xblg) + sjc; Ha(wg,g, xb2§) + sis; Ha(2g,;, xblg)}

2 "'xO
Yi (ps) LAr—p/tanf o, o
+ 16 72 Z Ni4T [Cfcl; HQ(foX?’ xinx?)
i=1 Xi

262 Ho(2r 0. s 202 Hy (27 0,2 262 Hy (27 0.2 ,
sy Hag0, Tpyy0) + 5565 HalTa00, Tp,00) + 5555 HQ(xtle”bzx?)} Ni

2 2
LMy | G M3 L M3 p?
2 m2 ’m2 2 m2 ’m2
1

47s? £ £
TSy m 5, M

b1

2 2 2 2 2 2
cs M 8% M
+ t2H2 22’/12 + tQHQ 227M2 :
2ms# msz  m? 2m= ms  m2
t1 t1 t1 to to to

In the above equation, N represents the neutralino mixing matrix and n,o the number of
neutralinos, i.e. four in the MSSM and five in the NMSSM. The last € correction reads:

by b

2 + A;/ tan
€ = — ;ET'US)M 7:1/~ B [C?Hz(l’t"zg,xgg) + S%Hg(l‘flg,l‘gg) (105)
g

n o
2 X
Yi, (1s) Lp/tanB o o o 2.2
+ 16 72 Z Nig m. o G H2($t1xg’xb2x?) + 6783 HZ(xtlx?’ l‘blx?)
i=1 Xi
2.2 : 3 2.2 3 ; ,
+ s Hg(xt2xg, xbzxg) + s7s3 HQ(%X?v xblx?)} Nis .

The SM and charged Higgs contributions at the py scale are affected by e, €, and € as
the following:

(Eb — Gg(t)) tan 3 (2)

S M tan
5C§,8 t B)WW) - [t e tand F7,8($tw)’ (106)
/
H tan €y + €p) tan g
SO ) () = _(f+6b2an5 F (wprs) - (107)

62



Higher order charged Higgs contributions are expressed as |34]:

(H,tan2 B) _ 6261 tan2 /B ( ) 108
2075 (hw) = (14 eotan B)(1 + € tan 3) Fris (@) , (108)

where F7(28) (x) are given in Eq. and €] reads [35]:

A 2 mg mg M mg MZ
bYp H2 ( t2L ’ b2R . QQJHQ tQL 7 722 ) (109)
p w2 p w2

Finally, we add the neutral Higgs contributions [36,[37]. In the MSSM, they are expressed
as

, 1
€ =
1 1672

#90) _ az(s) €2 11
6C (hw) 72 cos? B(1 + € tan B)(1 + €, tan 3)2 o

2
m

X E ﬁg(xf — o tan B) (¢ + 2l ep)
S=h0 HO, A0 S

where a7 = 1, ag = —3 and, for S = (h?, H?, A?),

:1:5 = (—sina, cosa,isin ) , :c;f = (cos o, sina, —i cos f3) . (111)
In the NMSSM, they are generalized to
0 ar(s) €2
scH O = 112
Crg (1w) 72 cos? B(1 + ep tan B)(1 + ¢, tan 3)2 (112)
3 mg
X ZT m—%’(Ug* + UH* tan B)(UH + Ul &)
0 ar(s) €2
sca L0 = 113
Cr (k) 72 cos? B(1 + ep tan B)(1 + €, tan 3)2 (113)
2 mg
szfg " tan 8)(Uf + Ufiep) |
7=1 J

where i = (h?, H?, HY) and j = (A9, A9).

The CP-even and CP-odd Higgs mixing matrices are respectively [38]

(cosOy —sinfpvoy/s)/tanff  cosfy —sinfy
Ut = (sin@y + cosOgvéL/s) sin O cos 0 , (114)
1 —1/tanf8 —wvdi/stanf
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and

cosf4sin 3 cosfacosB  sinfy
U4 = —sinf4sinff —sinf4cos cosfy . (115)
—cos f3 sin 3 0

where 0y and 04 are the mixing angles, s is the scalar VEV, v &~ 246 GeV and

B V2A, £ 2ks
B V2A\ + ks

At the NLO, the chargino contributions to the Wilson coefficients can be written in the
form [31]:

+ (116)

5O () = BV, (117)
1
sCF ) = —5 4, (118)
1 1 _xa
6O (uw) = -5 B (119)
with
2
X _ My ity Uy 5O,
S0 = w320 Tl X s b (i) (120)
i=1a=1" "
2 6 92
M, f
A (uw) = wY DY {[XEL JaalX{ las 1 (9ir La) (121)
i=1a=1 """
m.+
+¢[X1'ULT]2£L[XZ‘UR}a3 hél)(yaiaLﬂa)} 5
mp
2 6
oS = M3y § (X0 0 XL B (g, L 122
X0) = w3030 S Ll X s i L) (122)
i=1a=1 " ;
m,+
+¢[X1'ULT]2£L[XZ‘UR}a3 hél)(yaiaLﬂa)} 5
mp
and
2
Hy
Lo =1 : 123
a n<m%a> ( )
The quartic chargino-up squark contributions are given by [31]:
A(1 1
607 uw) = -5 43, (124)
41 1
60 uw) = 3 FY (125)
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with

AR ()

Fa ()

X

2 6
£ > —3- Pawi bl 1+ Lg,) (126)
i=1 a,b,c=1
T 2
{[XFL Jaal X es | =t (i ) + 565" (s )|
m._+ 9
X Ut Ur D (1)
+— me [X ]2CL[X ]83 |: q3 (yalaycz) + 3Q4 (yazyycz)}} 5
"‘JZ Z bybi Pbg (1+Lg,) (127)

i=1 a,b,c=1 Xi

T
{[XZUL ]QG[XZ'UL]CZS QS)(yaiayci) +

m. +
; i
be (X 20 [ X qil)(yai,yci)} :

where PU is given in Eq. and the ¢; functions are given in Appendix

At the NNLO, the following contributions are considered [31]:

and

where
Ei((Q)
G%((Q)
E’i@)

5P ) = &%, (128)
5026(2) (hw) = Ei(@) , (129)
1
5C§<(2)(MW) _ _EGX( ) 4 BEff( ) (130)
1
60y uw) = —1 NG R 1B (131)
60, (pw) = E® (132)
2 6
M? f
”Z Z mQVi [XZ‘UL ]Za[XZ-UL]as hil)(yaia La,) , (133)
i=1a=1"x;
2 6
M T 1
A mQVZ X oal X Jas 15" (s Laa) (134)
i=1a=1 x;

P

VR

s
Il
—_
e
=
o
I
—
=

m”y
i
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and Eff(l) is given in Eq. |D

In the charm sector, the NNLO contribution from the squarks is embedded in:

C’q@) = Z Z { (4zg, — 1)2 C12<2arcsm 1
2,/1'[]'

a=1 g=u,d @

1 208
-8 (xqa - 3) Inzg, — 1633@(1} -3

2
ms
where x5, = M—“ and Cly is given in Eq.
w

The complete Wilson coefficients CZ-(") at a given order are obtained by adding the dif-

ferent contributions given in this appendix.

) (136)

C.2 Wilson coefficients Cy — C

The effective Hamiltonian describing the b — s/7/¢~ transitions has the following generic
structure [39]:

4G 10
Mo = =~ ViVl (; CiliOi ) + - Ca,(1@Q:(w) (137)

where O — Og are given in Eq. and
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Oy = (4n)? (3v"br) (Iyud) (138)
e? -
O = (in)? (37"bL) (Iyusl) (139)

and the relevant );’s are given in the next section.

C.2.1 Standard Model contributions

The one and two loop SM Wilson coefficients are given below [28]:

) _ 1 38 4
Co = 152, 2 ol )
1
e 7 (141)
10 45124/
1 —4s? 1
05(0) = fw 'O (zyy) — N B O (zy) — DO (zyy) (142)
Sy S
1
C’fg)) — % B O (z) = €O (z0) | (143)
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1 524 128 5 16 128

c(l)  _ s Y —<© b 140 9
G = e T tasT Pyttt (144)
C ].
Cu()l) - o2 (145)
w
1 —4s3 1
C;(l) — - W Ct(l)(xtw) — Bt(l)(xtW’ _5) _ Dt(l)(xtw) 7 (146)
SW W
1 1
Cigl) — % [Bt(l)(xtW, _5) _ Ct(l)($tW):| , (147)

where ;v and L are given in Eqgs. and , and sy = sinfy. The involved Green
functions for the W-boson box (B%¢) and Z-boson penguin (C*¢) diagrams are given by:

£(0) - T - 14
B*Y (x) e n$+4(17$), (148)
32?2 + 2z —22 + 6z

Ct(O) — 1 149
(z) R 22 T RA—2) (149)

—3z* + 3023 — 5422 + 322 — 8 —4723 + 23722 — 3122 + 104
DHO) = 1 150
(z) 18(1 — z) et 108(1 — z)° » (150)

and
1 —2x 1 —z2 + 17z
Wz, -2) = Lig (1— =)+ ———— 1 151
Bl —3) = = 12( x>+ 31 —ap " (151)
13z + 3 [2302 + 2z 4 } 13
+ Inxz + In —% |
3(1—x)? (1—2x)3 (1—12)2 m?
C() = —z% — da (1L 32% 4 142% 4 23z I (152)
T o 1—a2)2 7 3(1—2)3
4a3 4 T2 + 29z 82 4 2z 3+ 2% + 8z ,uIZ,V
Ine+ ——|In—5%,
3(1—x)? (1—x)3 (1—x)2 m?
380x* — 135223 + 165622 — 784x + 256 1

Dt = Lig (1— = 153
(=) 81(1 — )8 2 = (153)

+304x4 + 171623 — 464422 + 27682 — 720 |
81(1 — x)?

nr

N —61752* + 4160823 — 6672322 + 331062 — 7000
729(1 — x)4

648x* — 72023 — 23222 — 160z + 32
81(1 —x)

nxr

N —352z% + 491223 — 8280z 4 3304z — 880 | 13y
n

243(1 — x)* m?
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The three loop QCD corrections to the C19p SM Wilson coefficient are given below [40]

2 i
O () = =00 @ ) + OO @ar, ) + I war) - (154)

w

CE)/’ &) (oW, pw) — Clzo’c’tri(xtw)} ;

where
Wit,(2) O AW(2) 69 + 12922 — 20935
521z + 1052% — 50z ATx + 2% 1
— Inz— —=Lis (1 — —
9(x —1)4 3(z—1)3
2 1 11 2 4 2 _ .3
T n? <,uM2,> [6 x+112° 492 4 962° — lnx} ’
m; 3(x—1)3 6(x—1)4
Wie,(2 Wie,(2 23 1
Ciy’ ()(%MW) = C ()( pw = My) — —1In 7‘/5 J
6 Mg,
Zt,(2) . Z,t,(2) Wiy 188z + 422 4+ 9523 — 472* . 1
Cio N, pw) = Cig 7 (z,pw =my) +1n <m?> [ 6z —1)° Lip (1 — -
1468z + 1578x2 — 2523 — 14124 I 3622z + 103122 + 58223 — 475z*
18(z — 1)° n 36(z — 1)3
2 uw 49z + 31522 — 423 440z + 257z% + 722° — 492*
+ In 1 Inz — ,
m? 6(z—1) 12(x — 1)3

For the three-loop quantities C’fg’t’@) (uw = my), CE)/’C’@) (uw = My ) and CIZO’t’(Q) (uw =

my), we have access to their expansions at © — 1 and  — oo. Denoting z = 1/x, y = /2

and w = 1 — z, the coefficients become:

O (= my) =~ 271057+ 6.010y% Iny - 8.156y" — 1131y  Iny (157)
—0.53949% —13.974%Iny + 35.32¢% + 15.64 9% Iny + 103.9 y*°
+149.2y" Iny + 207.7y'2 + 454.8y? Iny + O (y**) |

Cl D (= my)  ~  —0.4495 — 0.5845w + 0.1330 w? + 0.1563 w® + 0.1233 w* (158)

+0.09333 w® 4+ 0.07134 w® + 0.05561 w” + 0.04425 w®
+0.03589 w” + 0.02960 w'® + 0.02478 w'! + 0.02102 w!?
+0.01803 w'® + 0.01562 w™* + 0.01366 w'® + 0.01204w'® + O (w'7) ,
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Clre®(uw = My)  ~  —5.222-0.2215y% +0.12447% Iny — 0.08889 % In?y (159)

T—r00

+0.04146 y* — 0.02955 y* In y + 0.009524 y* In? y — 0.001092 °
+0.0006349 4% In y — 0.00004286 ® + 0.00003207 4 In y
—3.109-107%4' +2.643-1076 ¢ Iny — 3.009 - 1077 ¢'2
+2.775-107 7y 2 Iny + O (y14) )

Oy (uw = M) —5.403 4 0.09422 w + 0.02786 w? + 0.01355 w* + 0.008129 w* (160)

+0.005469 w® + 0.003957 w® + 0.003009 w” + 0.002373 w®
40.001925 w? + 0.001596 w'° 4- 0.001346 w'" 4 0.001153 w'?
+0.0009996 w*? + 0.0008757 w'* + 0.0007742 w'®
+0.0006898 w'® + O (w'") .

0.1897
CED (1 =my) o+ 2139+ 28,59 ¥ +33.85y2 Iny + 28.01 y* (161)

T—r00

+97.98 y*Iny — 31.419° +106.23% Iny — 167.0¢% — 78.594% Iny
—387.4y" - 6183y Iny — 697.9y? — 1688.y? Iny + O (y**) ,

CE Dy =my)  ~  —1.934+0.8966w + 0.7399 w? + 0.6058 w® + 0.5113w*  (162)

+0.4439 w® + 0.3948 w5 + 0.3582 w” + 0.3303 w® + 0.3087 w*
+0.2916 w'° + 0.2778 w'! + 0.2667 w'? + 0.2575 w3 + 0.2498 w4
+0.2433 w'® + 0.2379 w'® + O (w'7) .

Similarly, the fermion triangle contributions are expanded as

; 0.9871
O™~ = 2388 — 1.627y% — 3.516y° Iny — 1.830y" — 6.959y" Iny (163)

T—r00 y

—2.038y% —10.83¢y5%Iny — 2.2103% — 15.09¢y%Iny — 2.353y'* — 19.65y' % Iny
—2.473y'2 — 2448y Iny + O (y*) |

CEHAM ~ 2418 — 1.334w — 1.14T w? — 1.080 w® — 1.048 w? — 1.030 w® (164)

~1.019w°® — 1.012w" — 1.007 w® — 1.003 w” — 1.001 w'" — 0.9984 w'!
—0.9968 w'* — 0.9955 w'® — 0.9944 w'* — 0.9936 w'® — 0.9928 w'® + O (w'") |
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CEem ~ _1.250 + 1.500Iny — 0.5331 4% + 0.2778 % Iny — 0.2222 ¢ In?y (165)

T—00

+0.1144 y* — 0.08194 y* Iny + 0.02778 y* In% y — 0.003538 4° + 0.002143 % In y
—0.0001573 4% 4 0.0001235 4% In y — 0.00001283 y*° 4 0.00001145 ' In y
—1.383-107 %y +1.338 - 107 %y Iny + O (y**) ,

Chem ~ 21,672 — 0.5336 w — 0.3100w? — 0.2181 w® — 0.1683 w? — 0.1370w®  (166)

r—1

—0.1156 w® — 0.09997 w” — 0.08808 w® — 0.07873 v’ — 0.07118 w'°
—0.06495 w' — 0.05973 w'? — 0.05529 w3 — 0.05147 w'* — 0.04814 w'°
—0.04522w'% + O (w'7) .

C.2.2 Charged Higgs contributions

The charged Higgs contributions to the Wilson coefficients are written in the form [31]:

1 —4s?
505(0,1) _ TSW CHOD (g, ) — DHOD (3,0) (167)
w
1
(56’%(0’1) = —— CH(O’l)(fl«“tHi) ) (168)
Sw
2
m
with 7+ = —t—.
tH Mgli
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The involved Green functions are given in the following:

M?, —1 1
cHO(z) = 8M2 “\ {(x — I+ — 1} : (169)
w
1 —323 4 67 — 4 4722 — 792 + 38
H(0 _ 2
M? —8z + 16 1 —24x + 88 32 — 96
CHM(z) = —H=)2 20— 7 T (1 - > — — Inr+ (171)
SVEA (x —1)2 3(x —1)3 3(x —1)2
16 8z — 24 i
1 1
+[<m_1>3 ““(z—m?] “Mz,i}’
1 38023 — 52822 + 72z + 128 _, 1
DM () = &Aftx{ CEEE Liy <1 - x> (172)
59623 — 67222 + 64z + 204 - —61752% + 913822 — 3927z — 764
(x —1)5 9(z —1)*
432x3 — 45622 4+ 40z + 128 —35223 — 97222 + 19442 — 1052 e
Inx + In 3
(x —1)5 3(z—1)4 MZ.

C.2.3 Supersymmetric contributions

The chargino contributions to the Wilson coefficients read [31].

2
sex@n = LW ovony - L px0n _pron (173)
Sy Sw
Pent x(0,1) [BX(O 1) CX(OJ)] . (174)
W

The contributing chargino-up squark loop Green functions are:

6 3 XUL u XUL
B = ZZZ 2[ e (175)

i,j=1 a=1 b=1 Xz

T
{ (XN ]Zb[XNL}blf(O)(l”ji,yaz‘,vbi) F (X[ ]lb[X;VR]bl\/xjiféO)(xjiayaz’asz‘)} ;
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2 6
K
O = K] > Z[XJI'JLT]zb[Xf]L]a:s (176)

2 6
M? t
DO = k3N X X s S () (177)
i=1a=1 " xi
T U
M2, & 31X o0 X as
1 (A
e e DID I IR )
92 i j=1a=1b=1 X;

T 9
x{[XiNL ]lb[X]NL]bl [fs(l)($jiayai7vbi) +4 (1 + yaiw) féo)(ﬂﬁjbyaiv”bi) Lﬂa}
T
FX (XD /T {fél)(ﬂcji?yaiavbi) +4< + iy — )fa (i Yai» Vbi) Laa] } ;
K 2 0 T
o = _5,2 D I b [ X s (179)

1 *
><{2 T [fgf ) (@jis Yai) +4< +ymay ) £ (@i yai) La, | Upn Ufi S

a *
fil)(l‘ji,yai) +4 <1 + yazﬁy> io) (T iy Yai) La, | Vi1 Vit 6ab

| —

0
fél)(yaiaybz’) +4 <1 + Yaimg— v + L ) f4 (yaiaybi)Lﬁa] (FULFULT)ba(Sij} ;

2
DO = o30S B Ve X 1D (g L) (180)

where CX(9) and CX(V) are taken from [44].
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The chargino-up squark contributions containing the quartic squark vertex are

2 3 6 2
4(1 Kk 4 M T
59,(13 = i*gZZ > mQW PYyei P (14 La,) [ X 20X s (181)

0 T
FVEGSN0 (@jis Yais Yeir 1) [XDF hf[Xj-VR]ﬂ} ,
2 6

K f
A — 5 3 PLoyki P (1+ L) (X7 |2l X as (182)
i,j=1 a,...,e,g,k=1

X {2\/ sz‘féo) (% i, Yais Ydi ) Uj1 U;1 0ae0gddp1 61
O NN Vi VA0 S S
5 (szayazaydz) 71YV119aePgdP10cl

+ 15 (s s Yei) CVE TV 046356 060y O

+f5(0) (Yais Yeir Ydi) (FUL FULT)cbez‘j‘sab‘Sce‘Sdg } )

2 6
M3 t 1
DO = kYT ST S Pl PO+ Lay) (X al X e 8 (eiover) - (183)

i=1 abe=1 " xi

In the above equations:

. Li = In MV (184)
[ i =In
g%‘/tbv;; ’ e mzzla 7
2
m+ m% ’I’I"Lg
Xi a g
Tij = —5—, Yai = —5~ v = 75’ ; (185)
m’y m’y m”y
X i X

and PV is given in Eq. , and the auxiliary functions f;, h; and ¢; are given in section
XZ-UL and XZUR are defined in Eq. , and

Mg

X.NL:— -*FN, XNR: U FN )
g2 Vi1 i g2 U2 \/QMW cos

7

(186)

where 'V is the sneutrino mixing matrix and Mg = diag(mc, My M ).

The NMSSM contributions to Cy 19 are the same as in the MSSM.
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C.3 Wilson coefficients Cg, — Cp,
The scalar and pseudoscalar operators ()1 and @2 read [45]:

2

Q = gagﬁﬂﬁﬂﬁh (187)
e? -
Q= (iR (188)

The used convention here is slightly different from the one with Og and Op operators in [44].
However the Wilson coefficients in the two bases are related by the simple relation:

CQ17Q2 = msz,p . (189)

There is no SM contribution to Cg, and Cg,. In the following we give the 2HDM, MSSM
and NMSSM contributions separately.

C.3.1 2HDM contributions

We extend the results of [46] to general Yukawa couplings. The most important contribu-
tions (for large Yukawa couplings) are given in the following.

The first contribution to Cg, and Cyq, is from box diagrams involving H™ and W*:

m

C%l = —0822 = —% (mb)\bb + ms)\ss - th)\tt> )‘#ﬂ BJF(.CCHiw, xtw) s (190)
AN, sy,

where iy = M7 /M, zow = m; /My, and

Y Iny Inz
B = — . 191
o) = 2 (- ) (191)

The second contribution comes from penguin diagrams mediated by neutral Higgs bosons
with H* and W in the loop:

2 2
b m sin“a cos‘a
CQl = _45%;/ < MI%O + MIZ_IO ) (mb)\bb + m5>\ss - th)\tt) )\HM P+($Hiw,xtw) y
m
Ch, = ——or—a (Mpdop + MAss — 2me\it) A P (T, mow) - (192)
4MAOSW

where « is the Higgs mixing angle and the loop function is given by:

Y zlnx ylony
PA&y%:x_y<m_1—y_1). (193)
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The third contribution originates from penguin diagrams mediated by neutral Higgs bosons,
involving H* and G in the loops:

oo M [sin2a (M7, — M7?) N cos?a (M%, — M%)
@ 4s3, | M2, M2, M2, M2,
X (mpApy + MsAss — 2miAie) A Pr (X gy, 2w ) (194)
m M}, + = M3,
C¢ - - ’ < H A (mb)\bb + ms)\ss — th)\tt) A,LL,uP—l-(:UHiW? l’tw) .
@ AM?, 52, M2,

The last contribution is from self-energy diagrams:

102 2
m s~ o COS™(x
cE, = ——£ A Ass) A
@ 153, (Mgo T, > (6 Aop + 1705 Xs5) A
ms
X |:$HiW + ()\bb + 77’Lb)\58> Att:| PJr(l'Hiw,CL'tW) 5 (195)
m m
052 = 74M3‘:5%V (mb)\bb + ms/\ss) )\Hﬂ |:$HiW + ()\bb - Tnz >\ss> )\tt:| P_A,_(LUHiw,SUtW) .

The Yukawa couplings \;; are given in Table [4] for the four types of 2HDM Yukawa sectors.
Adding the four contributions, the total 2HDM contribution to the Wilson coefficients can
be obtained.

C.3.2 MSSM contributions

The Wilson coefficients can be written as [44]:

1) 1 J(0,1) J(0,1)
CQ11Q2 - (1 _|_ 60 tan B)(l _I_ Eb tan /8) J:%:>24 |:NQ1’Q2 + BQ11Q2 . (196)

The charged Higgs contributions can be split into two parts:

Box-diagram contributions:

2
HO) mymy tan® (o)
Bowe: = g @), (197)
2 2
H(1) mymp tan” S | 1 d L0 0
= T—=5 5 ) 8w , 1 ,
Q1,Q2 4MI%V‘912/V fir (@ew, zgew) + xtW@xth7 (ztw, xpg=w) In M%]i
Neutral Higgs boson penguin diagrams:
H (0 mymytan® B (o
Nole, = jFfoé (@, zsw) | (198)
wSW
2 2
H o _mumptan®f o) g 9 (0) I Hw
Now + 1MZ 52, { 1 (Tew, ) + W g [zow f3 (Tew, prew)) an%zi :
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The SUSY contributions are also split into Box-diagram contributions and neutral Higgs
boson penguin diagrams, and are provided in the following.

Box-diagram contributions:

2 UL Ugr
B&f:””zsz]“] (199)

zy 1 f=1la=1 Xz

NgT
X |:f5( (szayauvfz)[X " ]lf[XNL]fli\/szfG (szayawvfz)[X r ]lf[XNR]fl )

2 UL Ur
B, =+ WWZZZX]“] (200)

z] 1f=1la=1 Xi

X

ai

9 f
{ [fm (s Yair v i) +4y‘“8y 5 )<$jiayaiyvfi)Lﬁa:| X X g

ar

9 i
+/Tji [ffé)(xjiayaiavfi) +4yaiwféo)($ji,yai,vfi)Laa] X ]lf[XJNR]fz} :

X; Ur and X; UR are given in Eq. |.D XNL and XNR in Eq. , Ky L, Tij, Yai, Vi in
Eqgs. and ., PU in Eq. (99), and the f; functlons are given in section

The contributions from the quartic couplings read:

3

L2 M2 6
Bt = Fo WZZ .
b,c=

Wzy 1 f=1a,b,

XUL [XUR] 3
‘ |:Pacycz Pc[i(1+Lﬁc):| (201)

1 xZ
T T
><{féo)(l’ji,yai,ybmvfi)[XfVR XN g1 £ T ) (5 Yais Yo v7) (X ]lf[Xj]'VR]fl} :

Neutral Higgs boson penguin diagrams:

mm tan?
NéE?C)QQ = — 6 Z Z Z Fzmn mej2aY (202)

MWSW Aoi] 1a,b=1m,n=1

X [aé%th + ago) tan 6} )

1) mlmb tan? g3
NQ17Q2 - M 82 M2 Z Z Z Fzmn mej2aY (203)
w A0 ,J=1la,b=1mn=1

X [a(()%l ot agl) tan 8 + as mg tan? B} ,
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with

Fgmn = 7 [fMWVl( )naag - (MU)nan(FURT)naaY] Amn
py— Vmbvqfq .
‘/tb‘/tq

The coefficients ag g, ,0,, a1, a2 are given by

with

(0)
%0,Q1,Q2

(1)
0,Q1,Q2

az

0 0 * ¥
:F[Mfé )(ﬂfij,yaj)UiQ‘/jl + fi )(wijayaj)UpVﬂ]fsab

(AD)ab

+MW

f(O) (yala ybl) 52] )

0
= :F{\/xij {fl(é)(xiﬁyaj)_"zlyaif éo)(wzg,yag) ]UzQVJI

at

8 * *
+ [fg) (Tij, Yag) + 4yai@f£0) (xij’yaj)Lﬂa} j2 il} Oab

(204)

(205)

(206)

(207)

(AE) W, o .
+TW f17° Yais Yoi) + 4( + Yaimg — D0 + ybz )f3 (Yais Ybi) Ly | 0ij
ATE, 0
+MW (FUL)bm )\:nnU' (yaz)52j5ab5mn )

m. +
= Xi fg(O)(yai)(sij(Saba

V2Myy
m.+ 0
NG ;4 118 (Wai) +4yaiﬁf§0)(ym’)Laa 0i0ab ;
W al
(FULT) b)\an
frd 2MW]._‘CL J2 (1) (yaz)ézjéabémn ’

7

(208)

(209)

(210)

(211)



The contributions from the quartic couplings read:

4mlmbtan I3
Noo: = T aam, .]Zlmzn:la Zg:k lrgmn(r )amUppay (212)

% Of
\/i 3

+(A;t)bc [5aeégb50df()('0) (yaia Ybi,s yci) + 5abéceégdfé0) (yai7 Yeis ydz):| dij

X {ch Ykj PkUg(l + Lﬁk){ Yais Ydi)ij0acdgd

FMywy [\/xijféO) (Tij, Yag, Yaj ) Ui2Vin £ f5(0) (T35, Yay ydj)U]2V1] 5ae5dg}

0 0
—Picll o+ Ly = 1Y e 900 Pt (AE)egbis 5 (i yda} .
The additional auxiliary functions are given in section [C.6]

C.3.3 NMSSM contributions

In this section, we give the NMSSM specific contributions to Cg, and Cg, following [47].
The NMSSM results cannot explicitly reduce to the MSSM results by simply dropping out
the singlet.

For a light A; (M4, < My ), a new operator is introduced since in this case A; becomes
an active field:

Oyp=1

5 my My 570% A1, (213)

associated to the Wilson coefficient C'4, which is not changed by changing the scale from
pw to My, . At the My, scale, Cg, receives a contribution from Cjy:
6_v mpmy

*ﬁCA(MAl) ) (214)

50@2(MA1) = - 2 sm2 s
A1°W

where d_ is given in Eq. (116). For a very light A; (Ma, < my), the effects of O4 are
represented by a change in Cg, at the my scale:

o_ v 1 mpmy
2 88 (}92—]\41%1 +imA1FA1)

8Cq, (mp) = Ca(my) , (215)

where p is the momentum transfer and I 4, is the total width of A;. Since A; can be on-shell
in this case, the effects of A; can be sizeable even without tan 8 enhancement.
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The charged Higgs contributions read:

IAA
sci = _mtanﬁfém(xHibth)v (216)
H mymy MHi 71 £0)
5Cl = _Z4M2 n’ g Az, URUB £ (24, wire) (217)
% (0)@7“_{i xtw)]
M2, M?
L mymy M? (0)
scl = L tan® HiU LU+ 8,0U2 , 218
% éO)(xtHi $tW)]
2 172 J :
My, M7, .
The chargino contributions can be written as:
am—-wﬁzzp 5.6 10 (25, ) (219)
A — < Lo 1 Z7Z)j) l] $X;tW 8 xti—Iin
i=1j,

* 0
[lel T, £ :tf ( Tf, i .’L'Xj:Xi) — ujfi )< Tz 1xi’xxfxli)]}’

3 3 2 VUHU
mymy 9 . . al™al®™®x
oy = ST g n@hﬂ{]%%&(a )
1 ; 4M1%1a312/V ig—:u,zz—:l My cos 8 X
2V2U, my+ 0
“15“{ al]f4 ( ;. 1X:|:,.’L'X:txﬂ:) - lQajlfg(, )( xg 1Xi,wxixi)
Xi

WAHTE s

+ m2 . 5ljf3 ($£i—1£k—1’xxft~k_1) (220)

Ekfl

MHa 2j1,1 £(0)
m Oik [U VL (g, ixEr BxExEs IL‘VXi)

Xj

m
Xy

m_+
X 1 -15% (0
—7LU2l v f6( )( ;. 1Xj:,£L‘X:tX:t,$VX:E):|},
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2 32 V22U U
— " tan® ik, j,){ ———=
] AQSIQ/V an /8 Z Z 1(27 L ){ MW COSB

Q\fUalék[

\fUA To”kmtm +

Mm~
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M3 .
b [UQJV” £

+
X

_TnXli U?l*vlj (0) (I’
m._+

X5
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Ratj = _% (UéﬁUglVlj + U&%U”V%) V2
Qaj = \[ (U UV + U, Ullv2]) V2l
(i k,5,0) = (T T — 52’15k1> ViU - ﬂMmtsinﬁ
w

Tazk — Ag TZ]S*T52 _

T2aik

my
- 2My

and

as (T 4 7

As

Ay

(0) X (0)
al]f4 ( t 1Xi7xxixli) mijiRajlf?) ( t~ 1X

X1

X 0)
: 5lJf3 (xt it pwxitk 1)

H g il‘iixi
ti—1X5 ) UX X vxl)

x x
151)(i Xixi foc)

*leJZ* Tk3 ,

T + AT T

[thU’g (T;E*Tg}? + T[§3*T53) + (A4T;']3*T + ALT k?’)] ,

A
ﬁ( U3+3Ua1) AUU y
A

f

N (vaUL + sUR) + AyUL

My 4
— (11— = 6 vl
2 cos Oy < 37" W> a2

2
§MW tan? Qng
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i U&43 Uiy

A Z_URuAvy

k2* V2 72

L8015 e t},lxji)

(221)

(222)

(223)

, (224)

(225)

(226)

(227)

(228)

(229)

(230)



In the above equations, Ty is the stop mixing matrix, U and U4 are respectively the
CP-even and CP-odd Higgs mixing matrices, U and V are the chargino mixing matrices,

and mz, = mg,. The f; functions are given in section

C.4 Prime Wilson coefficients

In the following, we use the results obtained in |44]. However, the conventions are changed

as follows:
C&17Q2 = msCpr

to be consistent with the previous sections.

C.4.1 Prime Wilson coefficients C7 ¢

The SM contributions are:

Mg 1 23
CFMu) = 0 (=g Ablown) - 3¢ )

my 36
CEMu) = 2 (<5~ 3) -

where .,

Tyw = o (A;W)

M )
w
and A} and F} are given in Egs. and .
The charged Higgs contributions are:
1 mgmy (1)
SCHL () = = ————tan? B F J (zp+) ,
7,8( ) 3m§(,uw) 7,8( tH )

where .,

Typs = mi (kw)

M? '
H=*

and F7(18) is given in Eq. .
The supersymmetric contributions are:

X Lo

60’7 (MW) = _§A7 )
SCX( I
8 /’LW) - 2 8
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(233)

(234)

(235)

(236)
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with

2 6
M? t
A/7X(:u) = HZZ m2W x {[XZ‘UR ]Qa[XiUR]aS th)(yai) (239)
i=1a=1"""xF
(X 20 (X a3 héo)(ym)} ,
mp
2 6 M2 ; 0
Ffp) = HZZ mgw X {[XiUR J2a[X a5 b (yai) (240)
i=1a=1 i
m., +
s |

where XiU bR are defined in Eq. , the h; functions are given in section and

1 m%
/{ = —-——— 5 ; = a . 241
BV Vi e 2

C.4.2 Prime Wilson coefficients Cj

06,10 do not receive relevant SM contributions. The charged Higgs contributions are:

1

scit = ——-c't, (242)
Sw
1— 2
Reir N — L L (243)
Sw
(244)
where
'H msmyp tan? 3 m? tan® (0)
C = 8M3V 2M2i 2 (JZ'tH:I:) s (245)
H
1 tan?
pH = Liaprplemptan s (246)
18 mi (pw)
—323,. +6 —4 4722, — 79 + 38
> { Tt $tHZ nyge + Tt xtHi?) } ,
(T — 1) 6(zip= — 1)
with
Tigt = i () (247)
t _- — .

The supersymmetric contributions are:
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1—4s? 1
6" = %VSW CX(O)_S%VBé(O’” - DX, (248)

1
50%(0) _ S%V[Bicé())_cxm) _ (249)

The contributing chargino-up squark loop Green functions are:

2 2 6 3 XUR } [XUR]
N0 _ %ZZZ[
89%10 = :FHTQ% J in (250)
i,j=1 a=1 b=1 X;

2 6
e = _g >3 Xl s (251)

2,/Zj; féO)(xjiayai)U Ubbap — 1 (iji,yai)VﬁVh%b%-fio)(ym;,ybi)(FURFURT)ba5ij},

X
——

2 6

DRCINES S

i=1 a=1

M2
v XUR [XZ‘UR]aS héO) (yai) ’ (252)
m? o

where XiU LB are defined in Eq. , the h; functions are given in section and x and
Yai in EQ' "
C.4.3 Prime Wilson coefficients C,Q17Q2

The Wilson coefficients C”Ql , do not receive relevant SM contributions. They can be written
as:

! o 1 S y
Cbl__(1+mmmﬁxr+%mmmJ§;XMfy+B1J, (253)
! o 1 ; p
CQ2 B (14 €eotan B)(1 + €, tan j3) J:ZHX {N o T B 2’] : (254)

The charged Higgs contributions are:

mlmstan B .(0)

BQ1 1,Q2’ AM2 SW 7

(z,2), (255)

and
mymg tan® 3
2 2
AN, sy

NI, 0y =~ o) (x,2) . (256)
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The supersymmetric contributions are:

y HMW 3 6 ;
BQI Qs T Z Z Z m2 N (257)

2928W 1,7=1 f=1a=1

1
" {f 3 i yais o)X g1

0 NgT N
:l:\/xjifé )(wjiayaiyvfi)[Xi " ]lf[Xj L]fl:| .
and
NX, rmum, tan” § re (TUL),,U ¢ 258
Q1',Q2’ W Z Z Z zmn bm 720Y | 00.0,',Q-’ +a1 anf| , ( )
i,j=1 a,b=1mn=1

where

e . = TM My Vir(TVE1) 00y — (M) nn Vie (TVRD) paay | N5,
0) 0)

and ap g,7.0,) = Qg 01.05 is given in Eq. (207) and @} = aj’ is given in Eq. (208). The

XiUL’R are given in Eq. , XI.NL’R in Eq. (186), k, =ij, Yai, vy in Egs. (767) and (185)),
and the f; functions are given in section

(259)

C.5 Wilson coefficients C}, Cr

The s — d transitions can be parametrised by the following effective hamiltonian:

AGF | 4q0e sl ysd,l
eff = — AL 2
Hegr N zkjc o} (260)
where /\Sd Vi7sVirg with U = u, ¢, t, and the relevant effective operators are
s,0 _ (= Db dd,¢ 7,
05" = (59, PLd) (E"0), QI = (5Prd) (70), (261)
O = (57, Prd) (Iy"s1), 994 = (5Pgd) (fyst), (262)
04 = (54, Prd) (y"(1 — 45)v). (263)

In general, there are also the primed version of the above operators (Oé’107 Q,1,2) where the
chirality of the quark currents are right-handed and there is also Or which is the chirality-
flipped version of Or. The Wilson coefficients C,‘:d’e include any potential flavour violating
New Physics contributions and are parametrised as

60
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C.5.1 Standard Model contributions

The one and two loop SM Wilson coefficients involving the top-quark in the loop is given
by [138] (extracted from the original papers [134-137])

1
Sw
with
X () = XO () + L) )y 4 O EW) gy (266)

47 47

where X(© is the leading order result, and X1, XEW) are the NLO QCD and EW
corrections, respectively. The coupling constants «s and «, as well as the parameter
Ty = mi/m?, have to be evaluated at scale u ~ O(M;). The LO expression is the
gauge-independent linear combination Xo(zw) = C(ziw) — 4B(xw) [139,140]

Tz |x+2 3z — 6

X(O)(:z;):g $—1+(33—1)2 logz| . (267)

The NLO QCD correction [134-136], in the MS scheme reads,

290 — 2 — 423 x4+ 922 — 23 — 2t

W=~ a1
8+ 4x? + 23 — 2t 4z — o3
log?z — T Liy(1 —
20— 2) og”x e ia( x) (268)
8X(0) :U'Q
log 2
ey log MZ,’

where y is the renormalisation scale and the EW correction X ®W) is given in [137].

C.5.2 MSSM contributions

The MSSM contributions to the Wilson coefficients are written in the form [44]:

J(0, L (200, J(0,
5CL(O ) _ - (BL(O 1)+CL(O 1)) : (269)
W
J(0, L (i, J(0,
5CR(0 ) _ _% (BR(O 1)+CR(O 1)) : (270)

with J is corresponds to charged Higgs (J = H), chargino (J = x) and the quartic coupling
(J = 4). In the following ¢ corresponds to d-quark, f = e, u, 7, and rgq = 1/(g5 VigV;%).
For b — s or b — d transitions, the appropriate quark mass replacements should be done
and in the following formulas we should replace the subscripts a2 — a3 and kgq — Kpg =
1/(g? VivVyy) where g correspond to the s- or the d-quark.
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The Charged Higgs contributions are:

B0 —o,
2 2
HO) _ HH0) . Mpgcot” B ()
CL _C()__18{]\473Vf2 (v)
B =0,
2 2
HO) _ oy Mg cot® B[ ) 9 (0
Cr C SIT2, yfy (y) +8y By (?sz (y)) Ly|
BHO) _ 7msmqm? tan? 3 ©0) )
R 16MEME, 72
HO) _ H(0) _ MsM tanzﬂ (0)
CR = 0) = 8](1\475[13 (y) y
2 4
HO) . Msmgmytan’ g ) d\ 0
S 14—
Bg 16M2 012, 7 (y) +8 +y8y fo (W)L ,

() _ pmy _ msmgtan? 8 [ ) 0 g0
Cr _C/H(l)_&?\figv L) +8(1+yg, W)L

The chargino contributions to the Wilson coefficients read [44]:
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(272)

(273)

(274)

(275)
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sy 5 5§ 1t ), ], [, (] 0,

(279)

i ==t 5 3 [ ], (o

X {2‘ /xjiféo) (xﬁ, yai)Ule;‘léab - f4(0) (xji7 yai)vvj*l‘/iléab + szO) (yaia ybi)(FULFULT)baéij} ’

6

Keq M2 1 Ept Urt U
s =P 3 30 s ], ], ], ]

X |:f8(1)(xjiayaia 2pi) + 4 <1 + Yaim— v ) f5 (l’jz‘, yai7zbi)Lﬁa:| : (281)

X — ox) _ ’fgd 22: 26: [ ULT] [XiUL]ﬂ

2,j=1a,b=1

Ulei*l(sab

{ x]z [fg x]iayai) +4 (1 + yaza ) f3 (xjiayai)Lﬂa

V}1Vitdab (282)

0
[fl szayaz +4<1+yazay ) LEO)(l‘ji7y(ll) u

1) 0 0 Up ULt
ats Ybi 411 ail 7 ats Ybi Lﬂ r~rpree aéi' 3
+[f (Yais Yoi) + ( +v. ameFybay >f4 (Yais Yoi) a]( )badij
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oyt = 25 5 55 [, ] ][]

2 7
20 SRS MR !
(283)
C;g(o) — o'x(0)
- [cg“”]L (XU = XUm,0 - vV = U VTV o —pUnpUaf)
st *
= Z Z [XURT} [Xf]R} 2{2\/xjif§0)(xji7yai)‘/jl‘/;lfsab
4,j=1a,b=1 @
- in)(xjiayai)U Uji0ab — f4 (yai,ybi)(FURTURT)ba5ij} , (284)
2 2 6
x() _ —rsaMyy VZii [y By Ert Urt Ur
B N 2g2 Z Z Mg |:X] ]bf |:AXVz :|fb |:XJ :|qa |:XZ i|a2
2 1,7=1a,b=1 X
(1) 9\ 40
X | fo (i Yair 20i) +4 (1 +yaiﬁ fo ' (%ji, Yair 2i) L, | (285)
e _ ent)
=[] (XY = XUmU 5 vV o U TUertet 5 _pUepUst)
PRI
_ s Urt Ur
o Z Z |:XJ i|qb |:XZ i|a2
1,7=1a,b=1
0 %
X {2\/963'1' [fg(l)(xjhyai) +4 <1 + Yaig — v ) @iy yor) L Vi Vitdap
— [ il)(xjiayai) +4 <1 + Yai g 30 > f4 (l‘ji,yai)Laa Ui U1 0ap (286)

0
- [fé”(yai, Ubi) + 4 (1 + Yaig—

Yai

+ ybza > f4 (yaiuybi)[/ﬂa:| (FURFURT)baéij}

The contributions from the quartic couplings read [44]:
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B =0, (287)

c}O = ¢t =g, (288)

6
KZS M? 1
Bi(l _ d W Z Z XEL [X-ELT]fc[X;]LT]qb[XiUL]az

Mg ¢
i,j=la,.,d=1""X;

X [Pvlad yai [Pulan(1 + Lad)féo) (%ji, Yai» Ybi» Zei) (289)

2 6
A1) ha1) _ Ksd Ut U , i
¢, =ctl= 6 ;Z:M ezg: ) (X5 qalXi a2 [Poler yri [Pulkg(1 + Lay,)
X {2\/l‘jifé0)($jiayaiaydi)U U16aedgd — féo)(fﬁji,yai,ydz‘)VﬁViﬁaeﬁsgd (290)

+ féo) (yai) Ybi, yci) (FULFULT)bcéijéaeébgécd + féO) (yaia Yeiy ydi) (FUL FULT)bc(Sij 6&125666(19} 5

By =0, (291)
C?%(U) — Cl4(0) =0 7 (292)
2 6
A1) 2Keg M VZji
Br = =5 3 3 N e () e (X ez
2 1,j=1a,...,d=1 Xi
X [(Pr)adydai(Po)ay(1 + Lad)]fl(g) (% s> Yais Ybis Zei) (293)

Crl) = ¢4 = [cj(”L (XUL — XU, U - V5V — U TVerUet —FURFURT)

2 6

Fsd

g S XNl X al Poler ywi [Polkg (1 + La,)
i,j=1 a,...,e,g,k=1

X {2\/xjif(§0)($jia Yair Yai) Vi1 Vit 0aedga — f5(0)($ju Yais Ydi) Uj1U; 0004 (294)

- f5 (yau Yoi ym) (FURFURT)bc(Sz] 5ae(5bg cd — f5 (yau Yeis ydz) (FURFURT)bcdzj 5ab(sce(5dg} .

C.6 Auxiliary functions

The auxiliary functions h; and ¢; are listed below [31]:
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37?2 — 2z —8x2 — B+ 7

-0 T TR (295)
S?zz—i;lf Inz + 3(7;_15)2 ’ (296)
63;2;_9 313; 2 e+ 529”; 4(;(111”): 13 (297)
R e (208)
e (299)
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2x r—1

B = = ] -
6 () ot o (300)
1 — 4823 — 10422 + 64z _ . 1
hg )(:L',y) = 90z — 1) Liy (1 - x) (301)
—37823 — 156622 + 850z + 86 206023 + 379822 — 26642 — 170
Inx +
81(z —1)5 243(x — 1)*
1222 — 12422 + 64x N —56x23 + 25822 + 241 — 82
nxr
9z — 1) 27(x — 1) v
1 22422 — 961 _ . 1
hé )(may) = W Lis (1 - x) (302)
—2423 + 35222 — 128z — 32 —34022 + 1322 + 40
nxr
9(x —1)% 9(x—1)3
—2413 + 17622 — 80z | —28z2 — 108z + 64
nr
9(z —1)% 9(x —1)3 ’
(1) 322 4 12022 — 3842 + 128 _ 1
hs'(x,y) = Sz = 1) Lig( 1 — - (303)
—108z* + 105823 — 898x2 — 1098z + 710
+ Inzx
81(x — 1)
+—304$3 — 1368622 4 290762 — 12062
729(x — 1)*
54023 — 97222 + 2322 + 56 nz+ —66423 + 54x? + 19442 — 902
81(z — 1) 243(z — 1) v
1 —56223 + 110122 — 420z + 101 _ . 1
hfl )(m,y) = 51(z =18 Lig( 1 — - (304)
—5622% + 160422 — 799z + 429 1747023 — 4721722 + 310982 — 13447
Inx +
54(x — 1)° 972(x — 1)4
89z + 55 38x3 — 13522 + 5dx — 821
— " lnx+ ,
27(x — 1)° 162(z — 1)4
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923 + 4622 + 49z 1 8123 + 59422 + 12702 + 71
Lis(1—= 1 305
6z —1¢ 2\ % B4(z — 1)5 na (305)
—923x3 — 304222 — 6921z — 1210
324(x — 1)4
1022 + 382 nai —723 + 3022 — 141z — 26
— 1N T
3(x —1)° 9(z —1)* ’
—3222 — 24x 1 —5222 — 1092 — 7
el Ty it 1 306
3(z —1)3 12< x> 3(z — 1)t ne (306)
9522 + 180z + 61 —20x2 — 52x Ina —222 + 60x + 14
nr
6(z —1)3 3(z—1)% 3(z—1)3 ’
—20z3 + 6022 — 60x — 20 1 —6022 + 240x + 4
Lio(1—= 1 307
27(x — 1) 12( :):) o me (307)
13222 — 3822 + 186 20 | —2022 + 70z — 110
nxr
81(x —1)3 27(x — 1)4 81(x —1)3 ’
4 2] 2]
[ x nx4 Y nyJ (308)
3r—y) [(x—-1) (y—1)

+4:U2y2 + 10zy? — 2% + 1022y — 442y + 10y — 222 4+ 10z + 4
9z —1)3(y —1)° ’

4 rlnx ylny }
— 309
o G G 309
N —222y2 4+ 10zy? + 4y? + 1022y — 202y — 14y + 42?2 — 142 + 22
9z —1)%(y — 1) ’
8 [—2?lnz y’lny ] +—12my+4y+4x—|—4
3—y) (-1  (y—1)%] 3z—-1)2(y—1)?*
8 [ —zlnx ylny | —dzy —4y — 4z +12
+ + , (310)
z—y) [(@—1)°  (y—1)%] 3@ —1)*(y—1)?
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(1) 4 [(6953 —92* +2)lnz  (6y° —9y*> +2)Iny (311)

27(x —y) (x — 1) (y — 1)

N 1042%y? — 202zy? + 86y* — 20222y + 380y — 154y + 8622 — 1542 + 56
81(x — 1)3(y — 1)3 ’

4 Inx In
e = 5o [ G 1)

+4x2y2 — lday? + 22y — 1422y + 52zy — 62y + 2222 — 62 + 52
27(z — 1)3(y — 1)3 '

The functions f; read [44]:

) = 2=+ Inz, (313)

@) = ———+ G f1)2 Inz, (314)
(), _ xlnx ylny
ey = ey TGNy (315)
(0, _ ?Inx y?Iny
e = e e v 0w-o 10
O y,z) = TG o) (317)
5 (@, Dy ’
(0) X z = xlnx o X z
K02 = e e e D o), (318)
(), _ rzlnz rlny
) = ey TGy -9 (319)
) = % : (320)
FOw,2y,2) = wlnw (321)

(w = D) (w = z)(w - y)(w - 2)

+we )+ (wey) + (wez),
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(O)w:p - w Inw
o222 = G - 2w - pw ) (922)

+wez)+ (woy) + (we2),

(0) rzlnx zlny

1 (@y) = g + TER (323)

42(29 + Tx + 42?)  4x(23 + 14z + 32?)

W) = w12 3@ 17 In (324)
)
W) = %i?i;§>—8?&{?3?1mﬂ—i§i;;)“2<“‘i>v (325)
B0 = gt e v o
I ()
() = 59x(1 —y) — y(59 — 3y) N 42 (72% — 32y + 3y?) 202y (327)

6(y —1)(z —y) 3(z — 1)(z —y)*
4y? [2(18 — 11y) — y(11 — 4y)]
3z —y)y—1)°

+4(1+;2))Li2<1—;> +(4($2+Z/2)L12<1_$> ;

z—1)(z —y) y

Iny
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83+ 27x(y — 1) — 27 421 + (12 4+ y) — y — 622
Dy = — (y—1) y_{ [ +a( ) ]

6(z —1)(y—1) 3z —1)*(z —y)
D 2[14+6a%(y —1) = 3aP(y — 1) + 2(3y — 4)]
3z — 1)z —y)(y—1)
dy[3a(y - +ayB -2+ (y-2)] . (| @
3 - Do — )’y 1) a1 )

Y
4[1 =3z —2?(3 — 6y) — *] . 1
- DE-pu-1 Ll?(“x)”””}

Inx (328)

In?z

0 0 (0)
+4Inz <1 —i—a:% —i—yay> o (z,y) ,

2x(29 + 3x 2x(25 + Tx 8z . 1
W(z) = 3E$ _+1)2) _ ng _+1)3) Inz — e Liy (1 - x) , (329)

4227 — 11z + (z — 1)*7%]  42(37 — 33z + 122?)
N 3(z — 1)2 N 3(z — 1)3

2—2 2
8 x—i—x)LiQ 175 7
(x —1)2 x

Inx (330)

2812
3z —y)(y—1)(y—2)

4z(72% — 3xy + 3y°)
3z — 1)(z —y)*(z —2)

4y2{x[4y2 +182 — 11y(1 + 2)] + y[3y% — 112 + dy(1 + 2)] }
- 3(r— )’ (y— 1)’y —2)°
A0+ (1L

oo et y) 331

A(a* + y*) (17 s s
e () e )]’

fS(I)(xaya Z) = -

Inz+ (z < z)]

Iny

_l’_
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(1) _ 28y
B s = e -2 332)

2z(11z + 3y)
3(

Inzx €T z
T L )]

2y{az[3y2 — 252+ 11y(1 + )] + y[11z — 172 + 3y(1 + 2)] }
3z —y)’(y— 1)y — 2)°

B 41 +y) (11
<x—1><y—1>(z—1>“<1 y>

4z +y) L12<1_:;> +(tz)] ;

_|_

Iny

Ne—Da-y@-2

(1) _ 42(19-32) 42(17-—x) i 8x (1 1
fio'(@) = 317 317 1 17 L 2<1 ) , (333)

4x[8y+(:v71)(acfy)7r2] 8$[$2*7y+3$(1+y)}

D,y = e De—y Se—Pe-1F (334)
_3(;96_(352—@711)1) - ys—xl bz <1 - 916)
+y(y8f 3 L12(1 _ %) ,
Py = - e (35)

3z —-y)(y—1(y—=2)

[ 42%(6x + 7)

Inzx €T z
- —yle—n T )]

4y2{x[6y2 +202 — 13y(1 + 2)] + y[y? — 132 + 6y(1 + 2)] }
- 3(x —y)(y— 12y — 2)°

Iny,
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Werd = T 59 (350
[ 4z (62 + 1)
3@ —Dia— 9’2

Inz+ (z < z)]

4y{x[y2 — 132+ 6y(1 + 2)| +yly — 8y* + 62 + yz] }

i 3@ — 92y~ 12y 2

Iny,

3222 82 (7x(1 — 11y — 32
@y = e Pl [ 3& _+1y)>2(x _";)2 I (337)
8xy(3x — Ty) 8xr . 1 8r . Y
_3(w_y)2(y— 0 Iny — - 1L12<1 — x) + y—1 L12<1 - ;) ,
Oy = Ix__?f G 3:”1)2 Inz + (;_xl) Lis (1 - i) , (338)
6@ T 3G -1 3@-12 O
28 4y(10 — 3
I A
CETUES R
4(13z — 622 — 3y — Tay + 32%y) 4ylny I
3(z— 1%z —y)(y—1) (z —y)(y — 1) ’
28 4x(6x
e = gt Y50 o™ (341)
_Ayly(6+y) —2(13-6y)]
3@—yPy -2
fl(é)(x,y) = —28 [x(y —U+F y] 43;2(63; +9) Inzx (342)

3z—yy—1)  3@-1)(zr—y)?
4y* [2(20 — 13y) — y(13 — 6y)]
3(x —y)*(y — 1)?

Iny
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Appendix D Renormalization group equations

D.1 RGE for the (.., Wilson coefficients in the standard operator basis

In the standard operator basis given in Eq. , the effective Wilson coefficients are defined
as [48]:
Ci(p), fori=1,...,6,

6
C u)+Zijj(u), fori=17,
CiM(u) = 7=t (343)

W+ Y %Ci(p), fori=8,
=1

CQ(:“’)? fori=9 )

where § = (0,0, —%,—5, -2, —%) and 7= (0,0,1, —},20, - 1).

The transformations of the Wilson coefficients from the matching scale pp to the scale
pw in the standard operator basis (Eq. (27)) are given by [49]:

COM () = UOCO (1) (344)

GOt () — 77[U@)é(l)eﬁ(uw)+U<1>6(0>eﬂ(uw) : (345)

GOy — 42 [U(0)5(2)eﬁ(uw) +UDCO () +U(2)5(0)QH(MW)] , (346)

where 1 = as(uw)/os(u) and C = {Cy, -+ ,Cy}. The U™ matrix elements read

n 9
Ukl Z Z mim y (347)

7=01=1

The powers a; are given in Table I The m,(d ") yelevant in our calculations for the U k(:l ") are

given in Tables [6HI0]

i 1 2 3 4 5 6 7 8 9
a; | 14/23[16/23 | 6/23 | —12/23 | 0.4086 | —0.4230 | —0.8994 | 0.1456 | —1

Table 5: Values of the RGE a; numbers.
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i 1 2 3 1 5 6 7 8
m{%) 0 0 0.3333 | 0.6667 0 0 0 0
m\%) 0 0 1 ~1 0 0 0 0
m{) 0 0 0.2222 | —0.2222 0 0 0 0
m0 0 0 0.6667 | 0.3333 0 0 0 0
(0) 0 0 0.0106 | 0.0247 | —0.0129 | —0.0497 | 0.0092 | 0.0182
oo 0 0 0.0317 | —0.0370 | —0.0659 | 0.0595 | —0.0218 | 0.0335
miy 0 0 0 0 —0.1933 | 0.1579 | 0.1428 | —0.1074
m{( 0 0 0.0159 | —0.0741 | 0.0046 | 0.0144 | 0.0562 | —0.0171
m{o) 0 0 0.0476 | 0.1111 | 0.0237 | —0.0173 | —0.1336 | —0.0316
m\) 0 0 0 0 0.0695 | —0.0459 | 0.8752 | 0.1012
m{9 0 0 —0.0026 | —0.0062 | 0.0018 | 0.0083 | —0.0004 | —0.0009
(o) 0 0 —0.0079 | 0.0093 | 0.0094 | —0.0100 | 0.0010 | —0.0017
(00 0 0 0 0 0.0274 | —0.0264 | —0.0064 | 0.0055
(o) 0 0 —0.0040 | 0.0185 | 0.0021 | —0.0136 | —0.0043 | 0.0012
m{o) 0 0 —0.0119 | —0.0278 | 0.0108 | 0.0163 | 0.0103 | 0.0023
m{) 0 0 0 0 0.0317 | 0.0432 | —0.0675 | —0.0074
mS | 05784 | —0.3921 | —0.1429 | 0.0476 | —0.1275 | 0.0317 | 0.0078 | —0.0031
m9) | 22996 | —1.0880 | —0.4286 | —0.0714 | —0.6494 | —0.0380 | —0.0185 | —0.0057
m9) | 80780 | —5.2777 0 0 —2.8536 | 0.1281 | 0.1495 | —0.2244
0O | 57064 | —3.8412 0 0 ~1.9043 | —0.1008 | 0.1216 | 0.0183
©00) 1 202.9010 | —149.4668 | 0 0 | —55.2813 | 2.6494 | 0.7191 | —1.5213
©00) | 86.4618 | —59.6604 0 0 | —25.4430 | —1.2804 | 0.0228 | —0.0917
i) 0 1 0 0 0 0 0 0
m%) | 2.6667 | —2.6667 0 0 0 0 0 0
m&% | 0.2169 0 0 0 —0.1793 | —0.0730 | 0.0240 | 0.0113
mOY | 0.8623 0 0 0 —0.9135 | 0.0873 | —0.0571 | 0.0209
mS | 21399 0 0 0 —2.6788 | 0.2318 | 0.3741 | —0.0670
(00) 1 0 0 0 0 0 0 0

Table 6: Values of the My,

(00)
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i 1 2 3 1 5 6 7 8
mi) 0 0 —2.9606 | —4.0951 | 0 0 0 0
mith 0 0 5.9606 | 1.0951 0 0 0 0
miy) 0 0 ~1.9737 | 1.3650 0 0 0 0
(b 0 0 1.9737 | —1.3650 | 0 0 0 0
(10) 0 0 —0.0940 | —0.1517 | —0.2327 | 0.2288 | 0.1455 | —0.4760
(1 0 0 —0.5409 | 1.6332 | 1.6406 | —1.6702 | —0.2576 | —0.2250
mis) 0 0 —0.1410 | 0.4550 | 0.0836 | —0.0664 | 0.8919 | 0.4485
my 0 0 2.2203 | 2.0265 | —4.1830 | —0.7135 | —1.8215 | 0.7996
miy) 0 0 0.0235 | 0.0379 | 0.0330 | —0.0383 | —0.0066 | 0.0242
mi) 0 0 0.0400 | —0.1861 | —0.1669 | 0.1887 | 0.0201 | 0.0304
mie) 0 0 0.0352 | —0.1138 | 0.0382 | 0.0625 | —0.0688 | —0.0327
1 0 0 —0.2614 | —0.1918 | 0.4197 | 0.0295 | 0.1474 | —0.0640
(01 0.0021 | —1.4498 | 0.8515 | 0.0521 | 0.6707 | 0.1220 | —0.0578 | 0.0355
UL 1 43519 | 3.0646 | 15169 | —0.5013 | 0.3934 | —0.6245 | 0.2268 | 0.0496
mi) | 9.9372 | —7.4878 | 1.2688 | —0.2025 | —2.2923 | —0.1461 | 0.1239 | 0.0812
mis) | —17.3023 | 85027 | 45508 | 0.7519 | 2.0040 | 0.7476 | —0.5385 | 0.0914
mi0 | —8.6840 | 8.5586 0 0 0.7579 | 0.4446 | 0.3093 | 0.4318
mil | —42.9356 | 30.0198 0 0 5.8768 | 1.9845 | 3.5291 | —0.2929
mi) 0 7.8152 0 0 0 0 0 0
mi) 0 ~7.8152 0 0 0 0 0 0
mb) | 17.9842 | —18.7604 | 0 0 0 0 0 0
miy | —20.0642 | 20.8404 0 0 0 0 0 0
my) | 3.7264 0 0 0 | —32247 | 0.3359 | 0.3812 | —0.2968
mS) | —5.8157 0 1.4062 | —3.9895 | 3.2850 | 3.6851 | —0.1424 | 0.6492
mGy | 6.7441 0 0 0 0 0 0 0
miy) | —6.7441 0 0 0 0 0 0 0
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i 1 2 3 1 5 6 7 8
m0) | —212.4136 | 167.6577 | 5.7465 | —3.7262 | 28.8574 | —2.1262 | 2.2003 | 0.1462
m) | —74.7681 | 585182 | —13.4731 | 3.0791 | 7.0744 | 2.8757 | 3.5962 | —1.2982
m\Z) | 314443 | —18.1165 | 23.2117 | 13.2771 | —19.8699 | 4.0279 | —8.6259 | 2.6149
mi2) 0 44.4252 0 0 0 0 0 0
mi2) 0 —61.0768 0 0 0 0 0 0
mi2) 0 16.6516 0 0 0 0 0 0
mZ) | 154051 | —18.7662 0 0 0 0 0 0
m2) | —135.3141 | 146.6159 0 0 0 0 0 0
mZ2) | 36.4636 | —44.4043 0 0 0 0 0 0
Table 8: Values of the m,(jf ) relevant for U ,g?) [49].

i 1] 2 3 1 5 6 7 8 9
mi&P 1 0 | 0 [-00328]-0.0404 | 00021 | -0.0289 | -0.0174 | -0.0010 | 0.1183
m? | 0 | 0 |-0.0985| 0.0606 | 0.0108 | 0.0346 | 0.0412 | -0.0018 | -0.0469

o | o 0 0 0.0476 | -0.1167 | -0.3320 | -0.0718 | 0.4729

o | o 0 0 0.0318 | 0.0918 | -0.2700 | 0.0059 | 0.1405

Qo | o 0 0 0.9223 | -2.4126 | -1.5972 | -0.4870 | 3.57455

0O o | o 0 0 04245 | 1.1742 | -0.0507 | -0.0293 | -1.5186

YO0 | o 0 0 0 0 0 0 1

80T 0 | 0 | 01958 |-0.0442 | -0.0112 | -0.1111 | 0.1283 | 0.0114 | -0.3596

G910 | 0 | 02917 | 0.2482 | 0.0382 | 0.1331 | -0.2751 | 0.0260 | -0.8794

o | o 0 0 | -0.1041 | -0.5696 | 9.5004 | 0.0396 | -0.4856

8010 | o 0 0 | -0.0126 | -0.4049 | -0.6870 | 0.1382 | 0.4172
my? |0 | o 0 0 4.7639 | -35.0057 | 30.7862 | 5.5105 | 62.3651
my? | 0 | 0 0 0 | -1.9027 | -1.8789 | -43.9516 | 1.9612 | 54.4557

GD 1 0 | o | 02918 | 0.0484 | -0.0331 | -0.0269 | 0.0200 | -0.1094 | 0

G910 | 0 | 08754 | -0.0725 | -0.1685 | 0.0323 | -0.0475 | -0.2018 0
mS o | o 0 0 | -0.7405 | -0.1088 | 0.3825 | -7.9139 0
mY 0 | o 0 0 | -0.4942 | 0.0856 | 0.3111 | 0.6465 0
mSE o | o 0 0 | -14.3464 | -2.2495 | 1.8402 | -53.6643 | 0
mS | 0| o 0 0 | -6.6029 | 1.0948 | 0.0584 | -3.2339 0

Table 9: Values of the mgl)?) and m&f ) velevant for Ug(lo) and Uéll) [50].
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i 1] 2 3 1 5 6 7 8 9
mSP [0 | 0 | 06878 |-0.9481 | -0.1928 | -0.8077 | -0.2554 | 0.0562 | -0.6436
mad | 0 | 0 | 13210 | 3.1616 | -0.4814 | 1.9362 | -5.0873 | 0.0468 | -13.5825

1o | o 0 0 | -25758 | -5.8751 | 0.0922 | 0.6433 | 7.7756

CO 10 | o 0 0 | -2.6194 | 1.1302 | -27.7073 | -0.8550 | 16.0333

S VI 0 0 | -6.4519 | -555.931 | 35.1531 | 80.2925 | 102.043

0o | o 0 0 | -53.3822 | 34.3969 | -124.609 | -32.7515 | -98.8345
mE 10 | 0 | -1.7394 | 0.0530 | 0.1741 | -0.1036 | -0.1478 | 1.2522 0
m |0 | 0 | 25918 | -0.2971 | -0.5949 | 0.1241 | 0.3170 | 2.8655 0

CUlo | o 0 0 1.6188 | -0.5311 | -10.9454 | 4.36311 0

Col o | o 0 0 0.1967 | -0.3775 | 0.7915 | 15.2328 0

CU 1o | o 0 0 | -74.1049 | -32.6399 | -35.4688 | 607.188 0
moe |0 |0 0 0 | 295971 | -1.7519 | 50.6366 | 216.094 0

$2 1 0 | o | 41531 [-0.4627 | -0.3404 | -1.0326 | 0.0809 | 0.2167 0

G200 | 0 | 124592 | 0.6940 | -1.7340 | 1.2360 | -0.1921 | 0.3998 0

E20 0 | o 0 0 | -7.6198 | -4.1683 | 1.5484 | 15.674 0
mED 0 | o 0 0 | -5.0848 | 3.2810 | 1.2592 | -1.2804 0
meD o | o 0 0 |-147.615 | -86.199 | 7.4486 | 106.285 0
mED 0 | o 0 0 |-67.9394 | 41.9523 | 0.2364 | 6.405 0

Table 10: Values of the méij ) relevant for Ué?) [50].
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The NLO electroweak matching corrections to Cjg in the SM are given as [41]

ow Qe (4T (01 11 Qe (12
SRS (m) = 2 (Ot ) + i () ) + F2O17 ) (348)
where
8
o) = Y by (349)
i = S| (£ ) e e 0)
1
—0.11060 I;WC(O) + (7t = 1) (0.26087C{ + 115942 )
8 6
Clo (m) = Dot [(egla)n‘l + ™) O 4 (el o) oV + Y el | (351
i=1 j=1
+ (0.27924 Y +0.33157CY + 235917 LY + 3.29679 C(O)) Inn
+ (1= n) (026087 CV + 115942 C)) + C167 (uw)
with C’Sf) (1w ) given by the following interpolation:
1
() = = [46 9288 — 3.1023 log(uiy) + 0.099297 log? (1) (352)
W
o
+0.175877 (my — 163.5) + 0.0173725 (M), — 125.9)} - %C{O)(uw) :
G
where [42,43]
G an 4 5 4
Tie = ZZAr = A+ Ar% 4+ Arpen] & —[0.06 — 0.03 4 0.01] . (353)
G,(?) Qe Qe Qe

/)

In the above equations, M}, is the Higgs mass and the powers a; and magic numbers b;, dz(»j
and eEJ ) are given in Table
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tions [41].

i 1 2 3 4 5 6 7 8

al -2 -1 -0.899395 | -0.521739 | -0.422989 | 0.145649 | 0.260870 | 0.408619
b; 0.00354 0.01223 | —0.00977 | —0.01070 | —0.00572 0.00022 0.01137 | —0.00117
dl@a) 0 0 0.61602 0.44627 0.57472 0.08573 | —0.48807 | —0.24089
dz@b) —1.18162 0.22940 0.06522 | —0.04380 | —0.02201 | —0.00316 | —0.03366 | —0.00414
dl(-l) 0.01117 | —0.03088 0.00411 0.00713 0.00478 0.00012 0.00379 | —0.00023
d§4) —0.00799 | —0.03666 0.06300 0 —0.01519 | —0.00071 0 —0.00344
egm) 0 0 —0.25941 | —0.29751 | —0.48014 0.04647 | —0.16269 | —0.04728
eglb) 1.13374 0.09381 | —0.03041 0.00781 0.01838 | —0.00138 | —0.02259 0.00121
elt) 0 0 —4.03683 0 1.52565 | —0.27461 0 —0.70642
e§4b) 3.38669 | —0.10885 0.16283 0 0.06697 | —0.01681 0 0.00137
egl) 0.01117 | —0.03088 0.00411 0.00713 0.00478 0.00012 0.00379 | —0.00023
62(2) 0.00354 0.01223 | —0.00977 | —0.01070 | —0.00572 0.00022 0.01137 | —0.00117
653) 0.02179 | —0.12336 0.07870 0 0.01930 0.00873 0 —0.00516
62(4) —0.00799 | —0.03666 0.06400 0 —0.01519 | —0.00071 0 —0.00344
el@ 0.19550 | —0.93249 0.37858 0 0.39909 0.05921 0 —0.09989
656) —0.17154 0.39616 0.01201 0 —0.19423 0.00357 0 —0.04597

Table 11: Numerical values of a}, b, dgj ) and e,gj ) relevant for Cp electroweak correc-

D.2 RGE the (C).g Wilson coefficients in the traditional operator basis

The operators in the traditional basis can be expressed as [48]

P =
P =

P =

Py =

P =

Py =

(5% 7)) (@705 |

(52 7ucd) (@107)

(829b2) D

q

(557ub7) D

q

qgv“q

Y

)

")

(55768 > (@ an) -

q

(539b1) Y (

q

o g -

(354)

The operators P; and Py are identical to O7 and Og, and the C7 and Cg coefficients are
therefore indistinguishable in both bases.
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We derive the transition formulas from the standard basis to the traditional basis at the

matching scale. At LO, they are as follows:

P ) = 5 O

) = 2 ) + O )

) = € ) = 5 O ) + 16 €5 ) = 5 O )
" ) =5 O ) +8 € )

O ) = OO () — 5 O ) + 4 () —

O ) = 5 O ) + 2080 ()

At NLO they read:

M ) = =2 OO ) 208 () + 500 )
C3 " () = —% L (uw) + % 5 () — é ! (uw) +C
™ ) = 2 o) 15 O ) + o0 O )

+C5" (uw) - % i (uw) + 16 C5) () - g s ()
P ) = 20 o) — 2 O ) — 250 O )

+ % D () +8C¢Y (uw)
) = =3 O ) + 35 O ) — 25 O

+C (uw) — é S (uw) + 4 (uw) — g Y (uw)
™ ) = 2080 Gaw) + 2 O ) + 5 O ) +

1
t3 ngl)(MW) +2 C'él)(ﬂw) :

In the following we omit the superscript “trad”.
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2
9 OéO) (/J“W) )

20
(MW) - EC

(355)
(356)
(357)
(358)
(359)

(360)

(361)

(362)

O (uw) (363)

O (uw) (364)

(bw) (365)

(366)



The effective coefficients in this basis are different and given below [48,51]:

Ci(p), fori=1,...,6,
6
Ci(p) = ; (367)
6
Cs(p) + Y _2Cj(n), fori=38,
j=1
where = (0,0,0,0,—1, 1) and Z = (0,0,0,0,1,0).
The RGE formulas for the Wilson coefficients to the scale pu; are:
GO () = VOGO (368)
COM () = [VOCOL (uyy) 4 VO EOR ()| (369)
where 1) = as(uw)/os(u) and C = {C4,--- ,Cg}. The V™ matrix elements read
n 8
ARED DB L (370)

=0 i=1

The powers a; are given in Table |5 The l,(;lll] ) relevant in our calculations for the Vk(ln) are

given in Tables

D.3 Renormalization group equations for Cy, ¢,

The RGE for Cg, ¢, are:

Coi0.() = 0 2*Co, 0, (uw) (371)

where 1 = as(uw) /s (1)

D.4 Renormalization group equations for the prime Wilson coefficients

The RGE for C§’8 are:

Crlm) = n'%*Ci(uw) , (372)
Cilm) = n"*Ci(uw) (373)
(374)
where 7 = as(uw)/as(ip). Cg 1o do not run, so that:
Cé,m(ﬂb) = Cé,lo(MW) . (375)
Finally, the RGE for Cg, g, are:
Corgulim) = 1700 u(nw) - (376)
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i i 2 3 4 5 6 7 8
100 0 0 0.5 0.5 0 0 0 0

1899 0 0 0.5 —0.5 0 0 0 0

109 0 0 0.5 —0.5 0 0 0 0

1599 0 0 0.5 0.5 0 0 0 0

159 0 0 —0.0714286 | —0.166667 | 0.0369877 | 0.187713 | 0.00572944 | 0.00766546
190 0 0 —0.0714286 | 0.166667 | 0.0509536 | —0.140341 | —0.011259 | 0.00540834
190 0 0 0 0 0.286846 0.657881 | 0.00612913 0.049144
150 0 0 0 0 0.328744 | —0.32628 | —0.0448363 | 0.0423726
120 0 0 0 0 —0.0629326 | —0.184577 | 0.0845972 0.162912
100 0 0 0 0 0.0447397 | —0.261048 | 0.222642 | —0.00633396
1499 0 0 —0.0714286 |  0.166667 0.07142 | —0.162432 | —0.00795682 | 0.00373054
190 0 0 —0.0714286 | —0.166667 | 0.0983869 0.12144 0.0156361 | 0.00263207
1500 0 0 0 0 0.553874 | —0.569279 | —0.00851189 | 0.0239168
150 0 0 0 0 0.634775 0.282337 | 0.0622669 0.0206214
100 0 0 0 0 —0.121517 | 0.159718 | —0.117485 | 0.0792842
1§00 0 0 0 0 0.0863884 0.22589 —0.309196 | —0.00308254
199 0 0 0 0 —0.0287888 | —0.0156196 | 0.00125475 | 0.0431536
190 0 0 0 0 —0.0396589 | 0.0116778 | —0.00246572 | 0.0304469
1900 0 0 0 0 —0.223262 | —0.0547423 | 0.00134228 0.276662
150 0 0 0 0 —0.255872 | 0.0271497 | —0.00981913 |  0.238542
1900 0 0 0 0 0.0489825 | 0.0153586 | 0.0185267 0.917132
190 0 0 0 0 —0.0348224 | 0.0217218 | 0.0487584 | —0.0356578
159 0 0 0 0 0.0243034 | —0.0319436 | 0.023497 | —0.0158568
190 0 0 0 0 0.03348 0.0238823 | —0.0461745 | —0.0111877
10 0 0 0 0 0.188477 | —0.111954 | 0.0251362 —0.10166
100 0 0 0 0 0.216007 | 0.0555241 | —0.183878 | —0.0876523
1900 0 0 0 0 —0.0413509 |  0.03141 0.346942 —0.337001
100 0 0 0 0 0.029397 | 0.0444233 0.913077 0.0131025
199 | 1.92331 | —1.14694 | —0.428571 | 0.0714286 | —0.471374 | 0.0508102 | 0.00943952 | —0.00810992
1999 | 2.29959 | —1.08798 | —0.428571 | —0.0714286 | —0.649357 | —0.0379876 | —0.0185498 | —0.00572193
190 | 142158 | —10.6963 0 0 —3.65558 | 0.178076 0.010098 | —0.0519935
190 | 15.3446 | —10.948 0 0 —4.18953 | —0.0883176 | —0.0738699 | —0.0448295
1999 | _6.13775 | 5.41867 0 0 0.802017 | —0.0499613 |  0.139378 —0.172358
1990 | _1.23905 | 1.50636 0 0 —0.570166 | —0.0706605 |  0.366812 0.00670122
1899 0 1 0 0 0 0 0 0

199 | 266667 | -2.66667 0 0 0 0 0 0

189 | 0.721243 0 0 0 —0.663114 | —0.116803 | 0.0290479 0.0296268
199 | 0.862347 0 0 0 —0.913494 | 0.0873264 | —0.0570826 | 0.0209031
109 1 5.33001 0 0 0 —5.14256 | —0.409363 | 0.0310743 0.18994
100 | 575422 0 0 0 —5.8037 0.203026 | —0.227317 0.163769
109 | —2.30166 0 0 0 1.12825 0.114852 0.428902 0.62965
1900 | —0.464643 0 0 0 —0.802091 | 0.162435 1.12878 —0.0244806
10 1 0 0 0 0 0 0 0

Table 12: Values of the [
107

(00)
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i i 2 3 4 5 6 7 8

110 0 0 —0.813642 | 0.714241 0 0 0 0

1§19 0 0 —0.813642 | —0.714241 0 0 0 0

110 0 0 —0.813642 | —0.714241 0 0 0 0

1§19 0 0 —0.813642 | 0.714241 0 0 0 0

1510 0 0 0.116235 | —0.23808 | 0.091958 1.0191 —0.0429392 | —0.0694057
1550 0 0 0.116235 | 0.23808 0.219879 | —0.0708733 | 0.0941505 | —0.0650574
1550 0 0 0 0 0.899547 4.95376 | —0.0263952 | —0.477143
1550 0 0 0 0 0.785234 2.92566 0.138935 | —0.406354
1510 0 0 0 0 ~1.0542 —3.33502 —3.05229 0.533491
150 0 0 0 0 —0.0548816 |  1.82004 ~1.33142 | —0.449073
1§10 0 0 0.116235 | 0.23808 0.177563 | —0.881851 | 0.0596323 | —0.0337776
1550 0 0 0.116235 | —0.23808 | 0.424566 | 0.0613283 | —0.130752 | —0.0316614
1§50 0 0 0 0 1.73695 —4.2866 0.0366567 | —0.232211
1§10 0 0 0 0 1.51622 —2.53164 | —0.192947 | —0.19776
1§10 0 0 0 0 —2.03556 2.88586 4.2389 0.259633
10 0 0 0 0 —0.105971 | —1.57492 1.84902 —0.21855
IS 0 0 0 0 —0.071574 | —0.0847995 | —0.00940367 | —0.390727
150 0 0 0 0 —0.171139 | 0.00589737 | 0.0206189 | —0.366248
10 0 0 0 0 —0.700148 | —0.412203 | —0.00578055 | —2.68613
10 0 0 0 0 —0.611174 | —0.243444 | 0.0304267 | —2.28762
10 0 0 0 0 0.820517 0277507 | —0.668451 3.00335
10 0 0 0 0 0.0427162 | —0.151445 | —0.29158 —2.52811
1510 0 0 0 0 0.0604226 | —0.173424 | —0.176098 | 0.143573
119 0 0 0 0 0.144475 | 0.0120607 0.386121 0.134578
150 0 0 0 0 0.591063 | —0.842998 | —0.10825 0.987022
150 0 0 0 0 0515952 | —0.497869 | 0.569787 0.840587
159 0 0 0 0 —0.692679 |  0.56753 ~12.5178 ~1.10358
10 0 0 0 0 —0.0360609 | —0.309721 | —5.46029 0.928955
891 10104 | —9.15977 | 0.697408 | 0.102034 | —1.17192 | 0.275851 | —0.0707444 | 0.0734299
00| 12.2508 | —9.05632 | 0.697408 | —0.102034 | —2.80215 | —0.019184 | 0.155117 0.0688296
100 | 133.186 | —109.059 0 0 —11.4639 134089 | —0.0434874 | 0.504809
180 | 56,7737 | —31.5638 0 0 ~10.0071 0.79192 0.228902 0.429915
19| _118.662 | 102581 0 0 13.4348 | —0.902725 | —5.02879 | —0.564424
1540 | —16.7842 | 6.06809 0 0 0.699415 0.492649 —2.19357 0.475111
1§19 0 7.81516 0 0 0 0 0 0

191 17.9842 | —18.7604 0 0 0 0 0 0

180 | 3789 0 0 0 —1.64862 | —0.634131 | —0.217699 | —0.268251
1091 459403 0 0 0 —3.94197 | 0.0441005 0.477337 —0.251445
1891 49.9448 0 0 0 —16.127 —3.08245 | —0.133822 | —1.84414
180 | 21.2901 0 0 0 —14.0776 | —1.82048 0.704391 —1.57055
100 | —44.4981 0 0 0 18.8996 2.0752 —15.4749 2.06193
140 | —6.29409 0 0 0 0.983914 | —1.13251 —6.75021 —1.73565
189 1 6.74407 0 0 0 0 0 0 0

Table 13: Values of the llgf )
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i i 2 3 i 5 6 7 8
12D 0 0 0.813642 | —0.714241 0 0 0 0
i1 0 0 0.813642 | 0.714241 0 0 0 0
3y 0 0 0.813642 | 0.714241 0 0 0 0
1) 0 0 0.813642 | —0.714241 0 0 0 0
iy 0 0 —0.076552 | 0.145488 | —0.64231 | —0.55328 | 0.0057761 0.244008
15y 0 0 —0.076552 | —0.145488 | —0.884835 | 0.413653 | —0.0113507 | 0.172159
1LY 0 0 0 0 —4.98122 | —1.93909 | 0.00617904 1.56436
15y 0 0 0 0 —5.70879 | 0.961704 | —0.0452015 | 1.34881
5Ly 0 0 0 0 1.09285 | 0.544036 0.0852862 5.18584
i) 0 0 0 0 —0.776927 | 0.769433 0.224455 —0.201624
i’y 0 0 —0.235282 | 0.0396975 | 0.357177 | 0.368346 | —0.000986616 | —0.205332
1LY 0 0 —0.235282 | —0.0396975 | 0.49204 | —0.275763 | 0.00193882 | —0.144871
I 0 0 0 0 2.76997 1.2927 | —0.00105544 | —1.3164
1Ly 0 0 0 0 317456 | —0.641123 | 0.00772086 | —1.13502
I 0 0 0 0 —0.607717 | —0.362684 | —0.0145677 | —4.36387
AP 0 0 0 0 0432035 | —0.512045 | —0.0383392 | 0.169666
10 0 0 0.0396825 | —0.0925926 | 0.532957 | 0.168728 0.0615379 | —0.153808
1S 0 0 0.0396825 | 0.0925926 | 0.734191 | —0.126148 | —0.120929 | —0.108519
15 0 0 0 0 413317 | 0.591346 0.0658307 | —0.986079
1S 0 0 0 0 473687 | —0.293281 | —0.481571 | —0.850211
i1 0 0 0 0 —0.906796 | —0.165909 |  0.908628 —3.26884
i 0 0 0 0 0.644655 | —0.234646 2.39132 0.127092
130 0 0 —0.119048 | 0277778 | —0.40242 | —0.256146 |  0.139621 0.505742
i1 0 0 —0.119048 | —0.277778 | —0.554367 | 0.191504 | —0.274371 | 0.356824
i1 0 0 0 0 —3.12083 | —0.897721 |  0.149361 3.24236
1 0 0 0 0 —3.57667 | 0.44523 ~1.09262 2.7956
11 0 0 0 0 0.684696 | 0.251867 2.06155 10.7484
1L 0 0 0 0 —0.486761 | 0.356216 5.42556 —0.417894
0D | _14.4711 | 896349 | 4.55076 —0.7519 145474 | —0.999901 |  0.274046 0.129599
0| —17.3023 | 850271 | 4.55076 0.7519 2.00402 | 0.747564 | —0.538534 | 0.0914379
01 —106.96 | 83.5937 0 0 11.2817 | —3.50438 0.293164 0.830869
00| —115.454 | 85.5607 0 0 12.9296 1.73802 —2.14458 0.716387
D | 46,1808 | —42.3478 0 0 —2.47516 | 0.983197 4.04639 2.75433
| 9.32267 | —11.7725 0 0 1.75963 1.39054 10.6492 —0.107087
1D 0 ~7.81516 0 0 0 0 0 0
0| —20.0642 | 20.8404 0 0 0 0 0 0
10D | —4.86411 0 1.40619 3.98945 238464 | —4.92905 |  0.0724692 0.920088
D | —5.81573 0 140619 | —3.98045 | 3.28504 3.68514 —0.142411 | 0.649165
Y| —35.952 0 0 0 18.4933 | —17.2749 |  0.0775246 5.89877
11D | —38.8068 0 0 0 21.1945 8.56761 —0.567115 5.086
1D | 15,5225 0 0 0 —4.05734 |  4.8467 1.07003 19.5544
Y| 313358 0 0 0 2.88442 6.85471 2.8161 —0.760267
1D | —6.74407 0 0 0 0 0 0 0

Table 14: Values of the ll(jf )
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Appendix E Calculation of flavour observables

We provide here the detailed calculation of all the implemented observables for reference.
The meson masses, lifetimes and form factors, as well as the CKM matrix elements which
appear in the following are given in Appendix [Gl At the end, in Appendix [H] we provide
also some suggested limits for the observables which can be used in order to constrain
supersymmetric models.

E.1 Branching ratio of B — X,y

The decay B — X, proceeds through electromagnetic penguin loops, involving W boson
in the Standard Model, in addition to charged Higgs boson, chargino, neutralino and gluino
loops in supersymmetric models. The contribution of neutralino and gluino loops is negli-
gible in minimal flavour violating scenarios.
In SuperIso, the full NNLO calculation of the B — X v branching ratio is implemented
based on [52,53]. The branching ratio reads

_ _ ViV |® 6
BR(B — X,7) = BR(B = Xoe¥)oxy | - th % [P(Eo) + N(Eo) + €em] ,  (377)
cb
with 9 =
Voo |2 T[B — X.ei]
C = el et 378
Vo | T[B — Xyet] (378)

P(Ey) and N(Ey) denote respectively the perturbative and non perturbative contributions,
where FEj is a cut on the photon energy, taken to be 1.6 GeV. C' can be obtained from a fit
to the semileptonic moments [54]

C = glp) [0.849 — 0.92 80, + 0.0596 8, — 0.2237(mc(3 GeV) — 1) (379)

—0.0167 12, — 0.203 p3, + 0.004 p%s} :

where

g(p) =1—8p+8p° —p*—12p°Inp, (380)
with p = (me/mp)?, 60, = as(4.6 GeV) —0.22, and &, = my(mp) — 4.18 GeV. The numerical
values of ug, pp and prs are given in Appendix [G

Following [53], we can expand P(Ey) as

PE) = PO+ () [P0+ P o) (381)

2
+ (Qsi::b)) [P1(2)(Mb) + P (Eo, ) + P (Eo, ub)] + 0 (03 (w)) |
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where
PO = [0 ()] + (040w |
P () = 208 () AV ()
P1(2)(Mb) _ [Cél)eff(lub)} +2C(0)eff( )C§Q)eﬁ(ﬂb)7

and

8
PV (Eoym) = Y OO () M () KL (Bo, )+ (Ci 42 CY)

i,j=1

P (Bo, ) = 2 Z Ci( C(l)eﬁ( )Ki(jl)(Eme),
t,5=1

where the Kzgjl) can be written in the form:

2
1 1 1 0)eff Hb 1 :
K = RerlV = 25 1<m3) +20(0),  fori<6,
1 182 8 0)eff b 1
KW = —T+§7r2—7§7) hl(mf) +465(0)
2

W _ 448 5 1 ey [ (1)
B = g ™ g s ) F2ew0)
KY = 201+6;5)60 (), for i,j # 7.

(1)

The matrix 59 and the quantities r;’ are given by [55]:

111

(382)

(383)

(384)

(385)

(386)

(387)

(388)



A = oo ae) + 0] + g

W = D0 ofalz) +b()] - i

r) = % ;7/%4—392Xb—a(1)+2b(1)+627r,

MO —Zg;—;\%—;g b+6a(1)+gb(1)+ b(z)—%m, (389)
rV = 52220+§\2/7%+1§8Xb—16a(1)+32b(1)+§916m,

r) = f;;)—;j/%—giXb—13?@(1)4—Zglb(l)+12a(z)+20b(z)—2;3362'77,

rél) = %—;%WQ-FSMF,
where

- <m72(é’gc)>2 , (390)

and the constant X can be written as

1 1 1
Xp = / da:/ dy/ dv zyln |:’U +z(l—2z)(1—v)(1—v+wvy)| ~—0.1684 , (391)
0 0 0

and

-8 2 208 173 -
4 2 _z et
3 0 I 7E R T
4 416 70
12 - = =
L A TR
52 176 14
_°z 9 = -
o0l 3 ! 8L 27
0 o 40 100 4 5 152 587
(et 9 9 9 6 243 162
VEL L U6y, 6212 6596 (392)
3 8L 27
o o P66 40 2 4624 4772
9 9 9 3 243 81
32
000 0 0 0 0 = 0
32 28
o0 o o 0o 0 -= 2
i 9 3
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The small-m, expansions of a(z) and b(z) up to O(z*) read

a(z) =

16) [5 2 5 3n? 1 1 3

9{ [2—3—34(3)—%(2—4) lnz—i-z(lnz) 12(lnz)]z (393)
7 2m? 1 1 7w 3
Ll WS VWU C R W Wl DE S AP WORRE: g

+[4+ 3 5 oz 4(nz) 12(nz)}z —1—[ i +2Inz 4(nz) z

_l’_

21 72

C?.»

4 1 ’
{ T _ i——lnz — %(lnz) } 2 pin {(4— %—i—lnz +(1nz)2> g

1 1
+ 5~ —lnz+2(lnz)2>z +z +g 4} }+O(z5(lnz)2),
3 —3—{—7r—2—lnz 2—2—#23/24— 1+7T2—21nz —l(lnz)2 22 (394)
9 6 3 2 2
25 1., 19 5] 3 1376 137 22
—— -7t = =1 2(1 +——1In 2(1 —
—i—[ 59" T 13 nz + (nz)]z —f—[ 295 T 50 z +2(Inz)? + 5|2

i [—z +(1-2Inz)z" + (—190 + 71 z) 24} } +0(z°(In2)*),

where ((3) is the Riemann zeta function given in Eq. . Defining

§=1-2Ey/mi”, (395)

the explicit form of the functions ¢;;(d) which originate from the gluon bremsstrahlung
b — s7vg, can be written as [56]:

$22(0)

$27(0)

¢77(0)

P78(0)

1 (1-9)/2~ 1
_ GZF/ ﬁu—awq”+2
0

2 1/z )
1— 2zt
o7 r —I—/( dt (1 — zt)

1-48)/2

852 (1-0)/z ! 1/z t
= —— 5/ dtRe |G(t)+ = | + / dt (1 —zt)Re [ G(t) + =
9 0 2 (1-8)/= 2

1 1 1 2 1
- 1n5_315—§7A£5 $30% = S8+ 50— s, (396)

8 .. 2 9 1o, 1.4
= 9|:L12(1_5)_6—51H5+45—45 —|—125:| ,
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pss(0) = 1{—21n””’[52+25+41n(1—5)]

27 Mg
. 272 23 2
+4Lig(1—9) — . 0(24+0)Ind +8In(1 —6) — 55 +30°+ 76,
with
—2arctan®+/t/(4 — t) , fort <4
G(t) = (397)
—n2/2 4+ 22 [(Vi + Vi —4)/2] — 2inln[(Vi+ VE—4)/2], fort>4
and
1
o = %@2 ;
1
P12 = —§¢22 )
1
P17 = _6¢27 ; (398)
1
P18 = T8¢27 ;
1
Pos = —§¢27 :
The functions ¢47 and ¢4g are given by [53]:
Wy — Lol o 1o 1 (1)
¢i7(6) = 545 (1 0+ 35 > T 15 mlli)nmb $37 (9) , (399)
1
0i(0) = —504(0).
The remaining NNLO correction to P(Ey) is composed of two parts:
PP (Eo, i) = P (Bo, ) + Py (Eo, ) (400)
with
PP (Boo) = >0 OO () €0 () K7 (o ) + (G €Y, (401)

4,j=1,2,7,8
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where the contribution for i, j = 3,4,5,6 are neglected, and

3 290 100
K@™ = By Re[— s () +2 <a(z)+b(z) . > Ly — 81L2] +2657(8), (402)
K@% = —éKé?ﬁ . (403)
@ _ 5[ 3803 46 , 80 82 98Y 16.a) L @m0
K% = |- BE - Twa Do+ (570 - T ) b G 23] +162%0), o

(2)B0  _ 1256 o % 2 o g @ 8 L 8 L2 2 2)/80 405
K% = ol - 7 = e+ (G - ) ot o 1E| +200%0) a0

EDP = 2(1+65) 007 (6), forij#7. (406)

)

The small-m, expansion of Re 7“52)(2) up to O(z%) leads to

) 67454 12472 4 [ 5 4
— _ _ 11280 — 152072 — 1717* — 5760¢(3 407
Rery™(2) 6561 729 1215 T T ) (407)

+68401n z — 14407% In z — 2520¢(3) In 2z + 120(In 2)* 4 100(In 2)?

6472
243

—30(In 2)4] - [43 — 12102 — 3lnz}23/2 [11475 38072

1215

+967* + 7200¢(3) — 11101In 2z — 156072 In 2 4 1440¢(3) In z + 990(In 2)?

224072 2
7% 52 2 [62471 _ 242472

3_ 4] 2
+260(In2)° — 60(In 2) }z + 913 > 5187

—33264¢(3) — 19494 1n z — 50472 In 2 — 5184(In 2)? 4 2160(In z)ﬂ 23

2464 5 1/ [ 15103841 | 7912 , | 2368 LT 147038
_2464 5, _
6075 546750 | 3645 6075
% 20 4+ 22 (n2)? — 22201 } O(222(1 :
o7 +243(nz) o322+ (z"*(nz)")
where )
Kb
Ly =1 . 408
= in (1) (408)
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The functions ¢( J0(8) read [53.[57):

20 = Bo |0 O)Ly+h5)| (409)
W06 = L oE0) (410)
617 (0) = —gqﬁé?ﬁ%a), (411)
6700 = B [el )L+ T (412)
o200 = B [ol )L +F)] (413)
8200) = —zoR0), (114)
e = &[éﬂ®u+4élimF@”ﬂ, (415)
o700 = B[l )L +1F)] (416)

K2(5) = 0.01370 + 0.33575 — 0.08668 62 + (0.3575 + 1.825 — 0.374362) 22 (417)

3
2

+(—2.306 — 5.8000 — 6.226 6%) 2 + (3.449 — 0.5480 5 + 17.276%) 22 ,

h2(6) = —0.1755— 1.4556 + 1.11962 + (0.7260 — 7.2305 + 5.9776%) 22 (418)
(1379 + 113.76 — 100.46%) 2 + (—145.1 — 307.1 6 + 388.562) 22

H(475.2 + 313.06 — 775.86%) 22 + (=509.7 — 126.1 6 + 646.26%) 23 |

h2(5) = 0.02605+ 0.16795 — 0.1970 6% + (—0.03801 + 0.6017 5 — 0.7558 62) 22 (419)
(2,755 — 10.036 + 11.276%) z + (—27.05 + 68.475 — 72.516) 22

+(85.87 — 289.3 5 + 297.70%) 2% + (—91.53 + 399.8 5 — 399.9.6%) 23 ,

@5 _ 4 _ 1l o 165 55 Ll
h2 ) = 27{[(1+ 59)01n6 = 61n(1=0) = 2Liy(1—-8) + zn* — 23— 26 +95]1 o (420)
—2Li3(8) + (5—21n¢) [Li (1-0) — EWQ] — iw25(2+5) - [15+ Ly —1n(1—5)] In? 6
3 2 6 12 2° 1

L1y e (L5319 2oy ST 2, AL
+(18 3”)1“(1 5)+(12 5+95)51 N o0t g
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and F"/) is given by [58]

In?(1 — z) 13 [In(1 — 2) 72 85 1
F(27nf) =5, 1— N I S - | _— 7 -
S e Tl I R A G o) Al e

22-3 22 -3 1+2

Lis(1 — In(1 — 2)1 - In2(1 — 421
+6(z— 1 ia(1—2)+ 6z —1) n(l — z)In(z) L (1—-2) (421)
623 — 2522 — 2 — 18 w2 —49 4 3822 — 552
- In(1 —2) — (1 -
362 n(l—2) = (14 2)50 + 72 ’

where the [In"(1 — z)/(1 — z)]+ are the plus-distributions defined in the standard way, and
Sur = 49/24 + 72 /8 — 2¢(3)/3 ~ 2.474. The remaining qbg)ﬁﬂ(é) functions are neglected.

The P2(2)rem term is more difficult to calculate, as its analytic expression is only known
in the limit m. > m;/2. In this limit, we have

PN By )~ > OO () ¢ () K (Eoo ) + (G CF) L (422)

i,j=1,2,7,8
where
rem rem 1 rem 1
K = 36 KPem 4o <z> = —6K3"+0 <Z> (423)
2
(kW) 4o (L) o (28208 1
- <K27) +O<z> - (243 sitr) %)
2)rem 1) (1 127 35 2 1)rem
K = KRR + (51 - ko) KW + 50 - Lo)Kg" (420
4736 1150 1617980 20060 1664
— L%+ Lp— 3)+ —L.+0
729 729 P 19683 + 243 ¢(3) + 81 + <z>
2)rem 1 1 127 35 1 1 1
K™ = Ky Ky + <324 - 27LD> K + 3(1 ~ Lp)K{ +0 <z> ;o (425)
1 5 3 1 1237 232 70
K(Q)rem _ _7K(2)rem °r K( ) 426
17 6 27 + 16 4 D 78 729 C( ) 27 ( )

0 1
~gio+o(3).
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2)rem 1 2)rem 5 3 1 1
K%s) = _gKés) + (16 - 4LD> Ks(ss) +0 (Z) ) (427)
2)rem 1 1 2 1y 32 224 628487
K§7) o= <K§7) - 4¢(77)(5) + 31112) K§7) 9 =Lp+ 77 D~ Tmog (428)
628 4 31823 2 428 2 26590 160
In2+——¢(3) - —1L?
“a05" T g T T TS
2720 256 512 2)rem 1
S e+ 2w+ o rar + 46 -
9 p + 277r » + 277?0@ ore ©) +O<z> ,
(2)rem 50 8 , @ 16 , 112 364
K = —— — fL K L5y — —L — 42
8 < 5 137 T3tp) Rty 81 D+243+O 2 ) 429
rem 50 8 2 1
with
1)rem 1 26 4
K4E7) = K4E7) — fo (81 - 27Lb) (431)
i 2
L. = In = , 432
(mc(uc)> (432)
and )
Lp=1L,—Inz :ln< Ko ) . (433)
me(pe)
The function ¢ 2)rem( J) reads
(2)rem 0 16 ) 2na) | 29 p2nf)

8

_8mar [251n25+ (447626 +6°) Ind + 7 — 30— 76% 4 46° — %54 :

270
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where F(2®) and F(279) are given by [58]:

31— 21— 2 271\ [In(1 -
F(Q,a) :Saé(l_z)_'_} hl(lz):| _‘_g |:1I1(1Z):| + <_7T_|_7> |:H(Z):|
2 1—2z " 8 1—2z2 i 6 48 1—2 n

425 7% ((3) 1 4z —422 +1+23 [ z , z
+<96_6_2)[1—z]++ 2(z — 1) [Ll3(2—z>_Ll3<_2—z)

ZS — 22 z —
—2Li3 (21) + C(j’)] —2(z—1)%Lig(z — 1) + [ 22(Z jf) 5 In(1 — 2)

—1402% + 21923 — 12422 + 282 + 2725 + 925 + 28 — 627 — 6] _ .
- Lig(z — 1)
122(2 — 1)3
223 — 922 — 22411 —272% + 820 — 9+ 212 — 323 + 642% — 46257 _ |
In(1—2)— Lis(1 — 2)
4(z—1) 12z2(2 — 1)3
—172% + 42 + 423 + 11 223 +13 — 922 4z —422 +1+ 2%
- Liz(1 —2) - =—— " Li In?(2 —
Az 1) i3(1=2) o1 et oy W)
—1402% + 21923 — 12422 + 282 + 2725 + 926 + 28 — 627 — 6
— In(1 — 2)
122(2 — 1)3
4z — 422+ 1+ 23 4z — 422 + 1+ 23 2
4z 2+ +zln2(1—z)— z A l+27nt In(2 — 2)
2(z—1) z—1 12
23 —222 42241 2 =324 4523 +722+52-9
In(1 — In?(1 —
+ 4z n( 2)+ 24z n( ?)
2 —11 —2722 69421z — 323 +642* — 4625
_Z27 48z m2(1 — 2) — T2%+82° =9+ 21z — 32° + 64z 6z In(1— 2)| In(2)
8(z—1) 122(z — 1)3
2 5 4 2 3
9 ™ 42° + 1512 + 227 — 482% — 412° — 36
— —3)= — In(1 —
—i—[( 24z 3)12 82— 1) n(l—2)
23—1122—22+18C( )_8z4—244z3+175z2+598z—569
4(z—1) 96(z — 1)
_(z—2)(z4—23—1122+13z+3)77r;7 (435)
z
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and

1—2 12 ' 144 1—2

¢(3) 905 1772 1 .
+<4—m+ 72>|:1_Z:|++(Z_1)2L13(Z_1)

4z — 422 +1+ 23 z z 1 ¢(3)
- Lig ([ —— ) —Lig [ ———— ) — 2Li5 [ —— A4
Az —1) [13<2—z> 13( 2—z> 13(2—z)+ 1 ]
N —1402* 421923 — 12422 + 282 + 2725 + 926 + 28 — 627 — 6
24z(z —1)3

FE) _ g 50— ) + % {1112(1 - z)}+ N (772 L% ) [ln(l—z)}+

_23 —2224+22-3 (1+ 2)(22% — 2923 + 7322 — 572 + 15)

In(1 — z)} Lig(z — 1) + {

4z —1) 24(z —1)3
- 4z — 422 +1+ 23 —
+Z(34 2 n(1 — z)] Lis(1 — 2) + — 4(’2 f1)+  Lig() + & 23)ZL13(1 ~2)
4z —422+1+ 23 4 4z — 422+ 1+ 23, 4z — 422+ 1+ 23 n?
— In3(2 — In%(1 — —
ne-1 Z>+[ TS R A 21 24
+—14Oz4 + 21923 — 12422 + 282 +272° + 925 + 28 — 627 — 6 (1 — 2)| 2 — 2)
24z(z —1)3
(14 2)(22% — 2923 + 7322 — 572 + 15) (z—1)2 4
21z = 1) In(1 —z)In(z) — Tln (1—-2)
7(z+2)(23—522+92—35) (1 72)25 —3z4—323+3422—24z+3l2
48 2 144
2 5 3 4 2
9 T 62° + 72 — 3922° 4+ 512% + 2192* + 922
— i In(1 —
Syt 144z(z — 1) n(l-2)+
23 —1022 +62+7 1224 — 75423 + 119122 + 2642 — 761
- ¢(3)+ : (436)
8(z—1) 288(z — 1)
where S, = 1.216, Sy, = —4.795 and
Lis(z) = / ay H2) (437)
) y
ay in Eq. (434)) is defined as
ar = a®(u=mlo) . (438)

The missing K;; and ¢;; are neglected.
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(2)rem

To estimate the value of P, for m. < my/2, it is necessary to use an interpolation
method. We consider the linear combination:

2)rem 1 1 2 2
Pz = [ ()2 = 1) )] + e Re [rP(2) - P(0)]  (439)
d
+x3 Re [rél)(z) — réQ)(O)] + x4 Z%Re rél)(z) + x5 .
In this equation, x1,--- , x5 are constants to be determined. Noting that P2(2)rem(0> = x5,
we make two different assumptions:
(a) x5 =0,

(b) x5 = —P1(2) (z=0)— P3(2) (z=0).

To determine the four other z;, we impose that for z > 1, Egs. (422) and (440) coin-
cide, and by matching the different terms in both equations, the x; can be worked out. In
particular, we can show that

eff\ 2 1 eff\ 2 1 eff eff
n = (O 1 L (02 - L (o ey (440
and
o (401 1184 i 4 _(0e
2 = OO ( 408690( Joff _ —8 P — 40 4 2o ﬁ) . (441)

Finally, x3 and z4 can be determined by choosing two large values for z and requiring
matching between Egs. and for both values.

The two possible determinations of x5 lead to different results, and we therefore compute
the branching ratio in both cases (a) and (b), and then we give the average value as output,
as advised in [53].

The non-perturbative correction N (Ep) reads [56]

1 A
N(Eo) = =7 (KO + &) (n5 +075) S+ (442)

18
where r = 7y (puw ) /mi?, A2 & (m%. —m%)/4 is given in Appendix |G| and

8
= din™, (443)
i=1
with d; given in Table and a; in Table [B], and
23} 4+ 8 1 4 2
K = <C7(uw) 36) ® -3 <Cs(uw) + 3> (n2 —n2=) . (444)

In Eqs. (23) and @), n = a, () /s (o).
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i 1 2 3 4 5 6 7 8
d; | 1.4107 | —0.8380 | —0.4286 | —0.0714 | —0.6494 | —0.0380 | —0.0185 | —0.0057

Table 15: Useful numbers for K ") [56].

The electromagnetic correction €., can be written as [33]:

o em 0 em 0
con = s (2 [C ) )] — K | ) e
048(/%)
where 12 ) ( )
k(em) - 2 (p1_1) = as/‘blﬂ"’ 44
SL (,U,b) 23 (?7 ) T n L4 ’ ( 6)
and
em 32 _9 40 _ 7 88 16
) = (Bord - d ) o ) (447)
+O5™ (1) O () + CF™ ()
with
329 o 32 . 640 u  T04 s
C’(em) — _ "% =33 —z3 53 = 448
s () 55 T a0 T T 440 T 1 1 (448)
(em) 190 s 359 _a 4276 12 350531 o
_ B 4276 44
Ca (o) 503" 31057t or095 7 P T o001 ¢ (449)
L2z 5956 o 38380 o TS
1347 " 15525 1 " 169533 8625

Using all the above equations, the inclusive branching ratio of B — Xg7v can be obtained.

E.2 Isospin asymmetry of B — K*vy

The isospin asymmetry Ag in B — K*v decays arises when the photon is emitted from the
spectator quark. The contribution to the decay width depends therefore on the charge of
the spectator quark and is different for charged and neutral B meson decays:

I(B° — K*09) — T'(B* — K**7)

Apy = —— _ 450
"5 T I(BY = K*0q) + T(B* = K*=+) (450)
which can be written as [59]:

Ao = Re(bd — bu> y (451)

where the spectator dependent coefficients b, take the form:

1202 fp Qg ( fic- froempes

by = (£ K Koy ) - 452
1 mleB_’K*a? <mb Lt 6Agmp 2 ( )
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In the same way as for b — sy branching ratio, the SUSY contributions induced by charged
Higgs and chargino loops must be taken into account for the calculation of isospin symmetry
breaking.

The functions K; and Kj, can be written in function of the Wilson coefficients C; in
the traditional basis (see Appendix |D.2)) at scale yuy [59]:

2
K, = - (CG(Mb)—l—C%’Z(\[/“”’)) FJ_-i-C]’\I;O%L/;%) { (::;) Cs(up) X1 (453)
—Ca(pw) [(glnfzj + §> F, — Gi($cb):| +r1} +(Ci & ),
far = E;Z(QWM+Q$H»%+<QWM+QﬁM) (454)

Cr as(m) 4. my 2 . /
+ N ir Co(pp) 3 In m + 3 H)(ze) ) +r2| + (Cl — Cz') ,

2

where x4 = m—; and N = 3 and Cr = 4/3 are colour factors, and:
m

b

" :[ﬁmm+§m@mM+@mD—%mmm+%m@bﬂmﬁ+m,
ry = [—434 Cs(p) — gnf <C'4(Mb) + CG(Nb))] hl% + .. (455)

Here the number of flavours ny = 5, and po = O(my) is an arbitrary normalization scale.

The coefficient a$ reads [60]:

az(K*y) = C?(Mb)"‘CMS(IZ;)CF[02(Nb)G2($cb)+CS(Mb)GS} (456)

_|_OZS(Z?T)CF [CQ(Mh)HQ(«TCb) + CS(Mh)HS] + (Cf < C’/) ’

where up = /Apup is the spectator scale, and

_ 104 .
Galira) =~ 4 (o), (457)
Gy = Smt g (458)
3 my ’
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with

_ s, am 459
g8 3 9 + 3 (459)
2
o) = g [48 +30im — 5m* — 2im® — 36¢(3) + (36 + 6ir — 97°) Inz  (460)
+ (3 + 6im) Iz + ln3:L‘]

2
—|—§ x? [18 + 272 — 2im + (12 — 671'2) Inz + 6im In’z + ln3x}

1
50 [ — 9+ 11207 — 147 + (182 — 48i7) Inz — 126 ln2x}

833 20im 8w 4

62 27 T 9 U

where ((3) is given in Eq. (21). The function Hy(z) in Eq. (456) is defined as:

_277T2 [l /1d§®31
3N TlBHK*TTﬂB 0 f

1
Ha(z) = () /0 dv h(7,2) | (1) , (461)

where h(u,x) is the hard-scattering function:

2 2

1 : + Lis T : - =,
[0) — [ — U
1_ U xr + 1€ 1+ U T + 1€

U U

and Liy is the usual dilogarithm function given in Eq. .
®, is the light-cone wave function with transverse polarization, which can be written in
the form [61]:

[\

4
h(u, ) = ui; Lis (462)

O (u) = 6ut [1 +3at €+ ag ;(552 - 1)] , (463)

where 4 = 1 —u and £ = 2u — 1, and ®p; is the distribution amplitude of the B meson
involved in the leading-twist projection. Finally:

oA fofk. /1 4 21 / PRaON (464)
0 0

8 = B—K*, 2
3N Ty my

& v
The first negative moment of ®p; can be parametrized by the quantity Ap such as
1
P
/ it 51(§) _mp (465)
0 3 AB
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The convolution integrals of the hard-scattering kernels with the meson distribution ampli-

tudes are as follows:
1
FJ_ = / deL(!r) N
0 3.’17

1 X
Gl(se) = 1;dx¢§;)(ﬂahf), (466)

Hi(s) = /0 o @%)—M) Glse,) |

4
! 142
X, = /dem(:c) ol

with s. = (m./my)?, and
1
G(s,T) = —4/ duuu In(s — uux — ie) (467)
0

and the Gegenbauer momenta read [61]:

o) = Gua{uaﬁu b5t (1 get) + Tt <5521>} (468)

+60, (3ui+alnt+ulnu) +66_ (alna —ulnwu)

) = Jarerdies (Tdesgt) e - (469)

9 105 15
+ (112 aQ + 16 = 61 §4wa> (3 —30€2 + 35¢%)

| W

3 =~ -
—|—§ 0y 24+ Inu+Ina)+=0- (26 +Ina—1Inu) .
To compute X |, the parameter X = In(mp/Ay) (1 + 0€¥) is introduced to parametrize
the logarithmically divergent integral fol dx/(1 —z). 0 <1 and the phase ¢ are arbitrary,
and Ap = 0.5 GeV is a typical hadronic scale. The remaining parameters are given in

Appendix [G|

SuperIso first computes numerically all the integrals and the Wilson coefficients, and then
calculates the isospin asymmetry of B — K™+ using all the above equations.

E3 B — XJgT~

The decay B — X /T4~ with £ = e, pu, or 7, is particularly attractive because of kine-
matic observables such as the dilepton invariant mass spectrum and the forward-backward
asymmetry (App), and plays a complementary role to the inclusive B — X, decay.

125



E.3.1 Main formulas

The implementation of B — X /¢~ is following [45||ﬂ The higher order and power cor-
rections are implemented following [62], and the electromagnetic logarithmically enhanced
corrections are taken from [634/64].

The differential decay rate can then be written as:

dB(B — X,0te) ot VRV e drng
B — X, = (1— 1- 4
i BB = Xelt) et one) Tl Y 5 U0

212 o Qs A
x{|cg“~"\2(1 + 20 (1+28) (1+ Zor(5))

21} 2 as
HICF P+ Z01+ ) (14 22 (3))
S S ™
new |2 A 27’%? ~ (0% N
IO P+ 28) + L (1= 49)] (1+ Zron(3))

M 2
F12Re(CFUCH) (1 + L) (1+ Zrrg(3))

3 A A 3 A new vk ~
+§\CQ1 \2(8 — 4m§) + §\CQ2 ]28 + 6Re(CT; CQQ)mg}

brems,A brems,B 1/m? 1/mj 1/m?2 em
TOusjas T Odjas T 5d8/c?§ + 5d8/§§ + 04845 t OaByas
+(Cl‘ > CZ/)
dBy
= — +9 5
Pr +04B/ds
where
M = % (471)
My, pole
§ = —— (472)
mb,pole
2 = md/mi, (473)
and
_ 3 4 2
f(2) = 1—-82+482"—2"—122°Inz, (474)
2as(mp) h(z)
= 1—-—= 4
(2) ) 28 (475)

®Note that Og and Oy in and [45] correspond to Og and O respectively in the recent literature and in
this manuscript.
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with
hz)= —(1-2%) (B-22,42:2) 1 21n(2) (20+902 — 522+ 11 2%)  (476)
+22 1112(2) (36 4 22) + (1 — 2?) (% 64 z+ 17 2) In(1-—2)

—4 (143022 + 2*) In(2) In(1 — 2) — (1 + 16 2% + 2*) (6 Li(z) — 7?)

—3223/2(1 + 2) [WZ ~ALi(yZ) + 4Li(—/Z) — 2In(2) In (};i)} .

We also give the forward-backward asymmetry in B — X /T4 :

L a?B O a?B
A 5) = d d 4
r5(3) / stdz /_1 Zdédz (477)
32 VeV 4
= —B(B— X. sL(1—
(B = Xelb) oty Va9 -

Qs a new FYNews O A
{Re(cgewc*”e“’*) 5 (14 Zro10(3) ) + 2Re(CF ™) (14 Zrr0(3))

+Re(C3eUCly, g + 2Re(c;wwc51)mg}

FOU(S) + B (8) + () + 67, (3)
+(Ci + C))

AorB +64Lp

where [65]:

B(B— X w) = (10.64 £ 0.17 £ 0.06)% . (478)
f(2) and k(z) are given in Egs. and (475]). Also:

rr(s) = —9(213) {2(1 —$)%In(1 — s) + 68(2(1__22); +) In(s) + 11_(178_;)1082} (479)
ro9(s) = _9(1:1—23) [2(1 _ 5)?n(1 - 5) 4 22U (+1 8_)(51)2_ 29) 1n(s) + 3(11__152)] (480)
Tro(s) = _4(19_58)2 In(1 - s) — 493((13;2)32) In(s) — 29((51__33 (481)
) = Lo gl AAO=TIND 200 2= | ) (g
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and’

3o (s)
5o (s)

Cig* (s)

= (1 + %0’7(8)) C’?ﬁ —

= (1 + %O’g(s)) Cgﬁ(s) —

1

m{%(l + 135 — 45%)Lig(y/s) + 12(1 — 175 + 65)Lia(s) + 65(6 — 7s) In(s)
+24(1 — 5)%In(s) In(1 — 5) + 12(—13 4 165 — 35?)[In(1 — /5) — In(1 — )]

+39 — 272 4+ 2525 — 26725 + 215% 4 872s% — 1804/s — 1325\/5} , (484)

—6(81_1)2{485(—5 + 28)Lia(v/5) + 24(—1 + 7s — 35)Lia(s) + 65(—6 + 7s) In(s)

—24(1 — 5)%In(s) In(1 — s) + 24(5 — 7s + 25*)[In(1 — /5) — In(1 — )]

91 — 1565 + 20725 + 952 — 87252 + 120/5 + 483\/5} . (485)

2 [V F @) + AP ED ) + TR 6] (4s6)

Qs

= |V F () + OO (5) + GO R (s) | (487)

= (1+ %ag(s)) ot (488)

In the above formulad’| [62]:

o9(s) = o(s)+ % , (489)
o7(s) = o(s)+ é — gln (ﬂi) , (490)
o(s) = _gmg(s) _ gln(s) In(1— ) — %ﬁ (- s) - %(1 —s)In(1—s) (491)

5The C¢™ are the same as the CS™ in [62]. CS™ is the same as A7 in [66,(67].
"The w; in [66[67] can be written as w7 = o7 + T77/2, we = 09 + Teg/2and wrg = (a7 + 09 + T79) /2.
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and

5" = Crlu) — 5 Cs(n) — 5 Caln) — 5 C5(0) — 5 Co(p) (192)
C§" = Cu) + Calp) — 5Calk) +20C5() — 3 Coln) (493)
eff 4
Cs(s) = +Zc 91 () + S + S 0s) + S Culi) (199)
+ g (e, )<301( )+ Cou) + 6C3 () + 60Cs( ))
+0(1.8) (~5Ca( — 20) — 38Cs(0) — ZCaio)
+ 900,5) (~5Catu) — 310 8050 - Zea )
Cst = Cuow) (495)
where
9(z5) = —gn(z) b o+ 3(2 4;’) ‘4:—3 (496)
2 arctan i fors < 4z,
X /7
Vstvs—dz —im fors z
<\[_ 8_4z> f >4z.

The virtual

corrections to O 2 and Og are embedded in Fl(;’g) and Fg’g). They are given

in [66,67] for small s (0.05 < s/m? < 0.25) and in [68] for large s. The small s results are
reproduced in the following whereas the large s results are taken from the code provided

in [68].

F{"

£

An? (2+3) A(11-165+882) 8Vsv/A—3 o e
i _ 2 8 B ) (V3
27 (1—-5)4 9 (1-3)2 0 (1—3) (9 — 55 + 25%) arcsin 5

_16 245 arcsin? é _ 8 —Ins— 32 m §Z'7r ) (497)

3 (1-8)t 2 9(1 - 3) 9 my 9

87 (4-3) 8(5—2% 16 Vi-3 (E

) 4 — Yo

27T (1—35)* " 9(1—3)2 Ty 9 \[( BE (44 38 — 8%) arcsin 5

32 (4 — é) ) \/g 16 R

oz Vs | )

3 (1_§)4arcs1n (2 +9(1_§) ns (498)
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Defining L, = In(5), L, =In (m%,) and L. = In (2;) = In(rh.) = L,/2:

FO = <—$+;E))iw+$LC>LH—;E),LMLS+<é;—5325 _1>L”§ (499)
# (s ) 8 (s sos ) 1 g
FY = <§Zg—;’f'w—138Lc>L 211; Ly +( % % ‘1)Lu§ (500)
+ ( 9;‘5+11065z2)LH§2+(—2§5215+22§5 3>L +%2L2+f(9),

F1(7) = ;22 u+f1 , (501)
FD = 48116L + 10 (502)

The analytic results for fl(g) ) f1(7), fz(g)7 and f2(7) are rather lengthy. They are decomposed

as:
A b) 4
= w8 L zle+§ P S L (503)

7]717m

()

The quantities p, ;; 2

collect the half-integer powers of z = m?2 /mb = mZ. This way, the

(0)

summation indices in the above equation run over integers only. The coefficients i
b

(b)

G,l

and p, ;. are listed in the appendix of [68].

E.3.2 AéCD/mg and A%CD/mg’ corrections

These corrections read [62]

042 Vis el new
+(1 1557 +105%) [|C5°" () [* + [CT5™ ()]
_ S e new new g>‘ (Z) dBO
—4(5 + 65 — 752) Re [C2% (5)C3 ()]>+ o) }
2 o’ ts 2 8%
e (5) = sv;b{m e W(“Q[CW()CW( )] (9 + 145 — 1557)

9 (2)
f(2)

F2Re [CREY (5)*CBe¥ (5)] (7 + 103—952)> + AOFB(S)} (505)

4)\1 S

+37m%mAOFB(S) ;
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with

g (2) =3 — 8242422 — 2423 + 524 +122°In 2, (506)
and
2 2 _
m3 s B — X,
S (e) = 28 9D dBy e FBLD 0 Xely) (307)
/d3 6f(z) ds  4m? |V f(2)k(2)
5s% 4+ 1953 4 952 — Ts + 22 4|CBev ()2
><<[ 603 +8A(f1)5(1—s)} -
10s* 4 2353 — 952 + 135 + 11 e o
+ — +8A(f1)3(1 = s)| [IC5°™ (s)]> + [CT5™ (5) ]
6(1—s)
—3s3 4+ 175> —s5+3
[T T LSS s) | Re O ()G ()] ) ¢
2(1—s)
where

9p(2) =77 — 882 + 2427 — 82° + 52* + 481In 2 + 362% In 2 (508)

arises from the semileptonic normalization and A(f;) is a local contribution that cures the
singularity for s — 1.

E.3.3 AéCD/mg correction

These corrections read [62]

1/m?2 82 o? Vts ( ) _
75 = B — X
5d8/d5($) 9m2 4 72 ‘/cﬂl;‘/tb f( ) ( )B( — CZV) (509)
14 65— s? s ew o
x Re fF<@>CC () + (24 5)F ( )CC ()],
1/m? Aa a® | VaVis| (1—s)? _
“(s) = —2513 B — X.I 1
Odrs () 3m2An? | ViV | f(2)k z)B( - ) (510)
xRe |(1+ 3s)F ( ) CHCBEv (s ] ,
where
5 ﬁarctan 'r_l 0<r<1,
r(l—r —
Fr)=o- 11
=2 1 WiV N . (511)
i\ Tr s

The input values of the HQET parameters are:

A AT (GeV?) | XST(GeV?) | p1(GeV?)
0.40 £0.10 | —0.15+0.10 | 0.1240.02 | 0.06 = 0.06
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E.3.4 Bremsstrahlung contributions

The sum of the bremsstrahlung contributions from O; — Og and Og — Oy interference terms
as well as the Og — Og can be written as [69]:

5 * 2 (2
brems, A a2 /as My pole |V;fs V;fb| GF
i = (17) (7)™ g (Relomms + e + csama) . (512
2 0 n5
Using I'(B — X.lv) = ?é’;:g |Ves|2f(2)K(2) the above expression can be written as

> B(B — X.v)
f(2)k(z)

Vis Vib
Veb

6271";/”;;’A =4 (%)2 (%i) (2 Re[cm T78+C89 7'89]"‘088 7'88) . (513)

The coefficients ¢;; are given by

* e eff)x e 2
crg = CF . Céo»eff)céoaeff) , gy = CF . 08(0’ ff)céoz fr , gy = CF . ‘Céoz ff)‘ , (514)
while the quantities 7;; read

8
TS = o {25 —27? —275+358% -8 +12(5+ &) In(3) (515)

245+ 82 2 §—ivVEVI—3
+6 (W—arctan[ S5 ]) — 24 Re| Liy M
2 (2—8)V5v4—3 2

—12 ((1 — 8)V5V4 — 5 — 2arctan [\/;‘2 ”4_5])

—§
X | arctan — —arctan | ———— ,
S 2—3
4
Tes = 27A{_8W2+(1_§)(77—§—4.§2)—24L12(1—§) (516)
S
5 — 8§ 1—-38)v/4—-35
+3110-45—95>+8In \/EA In(8) + 48 Re( Liy 5 S—i‘i( 9 °
1-3 2 25

2054+105%—333 [4—3
—6 — 81+ 8arctan -
( NERVZ 5

(e 5 e 527 )
X | arctan 3 — arctan T )
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oo = {§(4—§)—3—4ln(§)(1—§—§2) (517)

§ SVI—3 —248(4-8) (2-8)VEVI—3
—8Re Ligfﬂ'L S| oy | 2208 Vs i
2 2 2 2
13 SVI—
+4 <§2 A8+2arctan[\/;2AS]>
S — S

(e 152 o2 )
X | arctan 3 — arctan 53 .

The bremsstrahlung contributions from O; and O2 and interference terms with O7, Og, Og
and Ojg is given in the following [69]:

5brems,B

dB/ds (518)

(g)2 (g) G pote | Vis Vi
47/ \dm 48 73
1

X /dw [(011 + c12 + ¢22) 722 + 2Re | (c17 + c27) To7 + (c18 + c28) a8 + (€19 + €29) ngﬂ

3

= () (1)
47 47
1
X /dw [(611 + c12 + ¢22) To2 + 2Re| (c17 + c27) To7 + (c18 + c28) Tos + (19 + €29) ngﬂ :

3

> B(B — XIp)
f(2)k(2)

Vis Vib
Vew

The quantities 7;;, expressed in terms of Aio3 and Aigy, read

= 8(w_é)(l_w)Z{{3w2—|—2,§2(2—|—w)—.§w(5—2w)} | Aigg|* (519)

27 Sw3
+[2§2 2+ w)+ 8w (1 +2w)] \A¢27\2+4§[w(1 —w) — §(2+w)} ‘Re [AigsAd,] } ,

1

Sw

Toy = g X {[(l—w) (48 — 5w+ w?) +§w(4+§—w)ln(w)]5i23 (520)

_[4§2 (I-—w)+swd+8§—w) ln(w)]Ai27} ,

- zgw(wl_g)><{[@U—s)?(zg—w)u—w)]&gg—[zg(w—§)2(1—w)}&w (521)
+§w[(1—|—2§—2w)Ai23—2(1+§—w)Az’27].ln[(l_i_é_w)(ui_i_é(l_w))}},
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T29 =

The coefficients ¢;; read

(98]
s‘*“

{ [2 51— w)(E+w) + 45w ln(w)} Nios

- [2 51— w)(3+w) + w(38 +w) 1n(w)] Ai27} .

11 =

7 =

Cor =

Cl2 =

C18 =

Cg =

C2 =

Cl9 =

C9 =

where the colour factors are:

Also:

Aigs

Aior

Cr,

) lcfo

' Cfo)cé(),eff)*

)‘2

9

)

. C§0)0§0,eff)* ’

-2Re[ {7 |

. C£0)Cé07eff)*

e

)

) CéO)Cg(go,eff)* :

. C§0)Céo,eff)* ,

N2 -1

2N,
N2 -1

8 N3

N2 -1
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I

I

. C;o)céo,eff)* 7

(522)

(523)

(524)

(525)

(526)

(527)

(528)



with

27Tarctan( %)—%Q—Zarctaﬁ( %)7 t<4

~2im m(YEET) - 2 o2 (VEED) sy

w\/%—2—2w/% arctan(w/%), t<4

Golt) = . (530)
| —imy/5t 242 /B (V) sy

The terms arising from the interference of the matrix elements of the operators O1, Os, Og
with Oj¢ which contribute to the forward-backward asymmetry are taken from [70]:

Tems (4 a2 G2 m5 06|V§V2b|2 3
Ber@ = () —RE -
2053 e eJJ* A 1 eff* A~
X {Re (G| mi0() + Re [(cg— 6(19)013‘]‘] 7'210(3)}
a2 | ViV |2 B(B — X.lp) .
_ (« _ 1
@) %"~ fomm ) 30
80(5 e eJJ* A 1 eff* A~
X {Re [Cg’ ffclgf} T810(3) + Re [(cg— 60‘3)@33‘]‘] 7'210(3)} ,
where
1 - P . . -
Ta10 = 6(1—§)2{3 [(1 —V35)2(23 —6V5 —8) +4(1 — 3)(7+ 8) In(1 + V3) (532)
+2s (1 +s— 1n(§)) In(3) | + 2| —372(1 +28) + 6(3 — §)3In(2 — V3)
. : . 2+V3
—36(1 4 28) Lis[—V/3] — 6 13 [2(—3 + §)§ arctan (M)

+27In(2 — V/5) — arctan ( A — S) ((—3 +5)5+4In(2 — \/§)>

S

NN - ) (=24 VA= 5+ V)5
— arctan (2—§> <(—3 +8)5 — ln(s)> + 4Re (szg[ i 3_3 ])

—9Re <iLi2[;\/Zf§(1 —8)Vi+ (8- §)§]> ]] } ,

2
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5 2 & a2)2 s _
+<2+5w+2w2+§(3+4w))1n srwtd VEZwIR (5 —w)
2w 5/(1+w)? — 45

x(w(2—w)—§(6—5w)) [ln(1+w—§(3—w)—|—(1—§) (1+w)2—4§>

—ln<§(1 —3w) + w (1 +w) + /(s — w2)2/(1 + w)? — 4§>] Aos

2./(5 w2)2(w(2 Fw)— (1 w))

w2

. [2(1 — §)(1 +2w) —

+2(§(1 n 2w) +w(2 n w)> I <§ 4 w? —|—2w(§ — w2)2>

41 — w) (8 — w)
(14+w)? — 45

[1n(1+w—§(3—w)+(1_§) (1—|—w)2—4§)

_1n<§(1—3w)+w2(1+w)+\/(§—w2)2\/(1+w)2—4§>]

527} ) (533)

where A;,, and A;,. are given in Egs. (527)) and (528)), and the functions G_1(t) and Go(t)
in Eqs. (529) and (530).

E.3.5 Electromagnetic contributions

The electromagnetic logarithmically enhanced contributions readlﬂ 163.64]:

2 (1— ) (%)3 {8(1 +23)

+Re [(02 + CRpCy)CE wggm(g)} + (Cy+ CpC))? wg;%)]

on _ A4B(B — X.ID)
Bl f(2)R(2)

VioVis

Va Cof? ™ () + ICaol” wify (3)

+96

Re [CrG3] wig™ () + Re [ (G2 + CrC1)C; W™ (5)] ]

8 em A~
+8(4+2) O uiy ><s>} : (534)

8Note that the operators Og and O1¢ here include a prefactor 62/(471')2 contrary to the convention in
l63L64].
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557 (3)

AFB

where

wig™ (s)

Wit (s)

W™ (s)

Wiy (s)
wig™ (s)
wig™ (s)
wi™ (s)
W (s)

wiie) (s)

Wit (s)

AB(B — X ) |V Vi | o[ a\? C e
1 - — —4
f(z)k(2) Vi (1-3) (477) 8 Re [C7CTp] wryg (8) (535)
245 [Re [CoCo] iy (8) + Re | (G5 + CrC)Cy wiiy) (3)] ] } ,
m? 1+4s—8s? (1—682+483) Ins
{5 ) |- +1In(l —s) — 536
n<m?> [ 6(1—s)(1+2s) n(l =) 2(1—s)?(1+42s) (536)

- S — 52 S) 1n — S
_é Liz(s) + %”2 - 712211 —25) (1 -?;02 s) = 22?1 112 il) |
N (—3— 105 —17s2+ 1453 17 In(1 —s)> e (1-6s2+45%) Ins
18(1—s)? (1+25) 18 2(1—s)* (1+25s)

m\ [ 1+4s-85 . (1-65+45%) Ins

" <me> o ares YT A aaes |0 O
mg s o s(—3+252)

In <m§) 2 1= 219 +1In(1 —s) 20— s% (213 ln(s)] , (538)
m2 - S — 52

In (m%) 3= +In(1 —s) + ( 12—;12_ 5)22 ) ln(s)] , (539)
m2\ [ Zi(s) +i%i(s) 16 (em) m

tn (m§> S| e () (540)
m2 Yo (s) 21(s) b

hn <m§> 81— s)2(1+2s) ' 9(1— s)2(1 + 25) n(5 Gev>] (541)

+ s w2 ()
m2\ [Zs(s) +i k(s om

n <m§) 2356)(1+ 5)32( )} + §w§9 '(s) 1“(5 é’;v) ’ (542)
m2\ [7—16/s+9s 1+3s 1 s slns

" (m§> T O R e I ]
m2\ [ 5— s s

In <m§) 5 iﬁ(l\[—l—)n +1In(1 — +/s)

1-5s 14++/s (1-3s)Ins
(LB (L) 0 ) -

m? Yo(s) +iXi(s em

(7)o ae ) * i o) (5 ) 1)
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The functions ¥; have been evaluated numerically in the low ¢? region [63]:

Yi(s) = 23.787 —120.948 s + 365.373 s> — 584.206 5% , (546)
»I(s) = 1.65346.009s — 17.080 s + 115.880 5%, (547)
Yo(s) = 11.488 —36.987 s + 255.330 s> — 812.388 5% 4 1011.791 s* (548)
Y3(s) = 109.311 — 846.039 s 4 2890.115 s> — 4179.072 5% , (549)
»I(s) = 4.606 4 17.650 5 — 53.244 5% + 348.069 5> , (550)
Yr(s) = —0.259023 — 28.424 s + 205.533 s* — 603.219 s> + 722.031 s* (551)
»L(s) :[—mzww—zwsmws—@+4m1m7@—@ﬂ@—a)(s—@,@m)

with a = (4m?2/m?)?, while in the high ¢* region they become [64]

Yi(s) = —148.0616% 4+ 492.5396% — 1163.847 6+ + 1189.528 57, (553)
¥i(s) = —261.2876% 4 1170.856 0% — 2546.948 6* 4 2540.023 5° | (554)
Yo(s) = —221.9046% + 900.822 53 — 2031.620 6% 4 1984.303 6° , (555)
Y3(s) = —298.7300% + 828.06756% — 2217.6355 6% + 2241.7926° | (556)
vi(s) = —528.7596% 4+ 2095.723 0% — 4681.843 6* + 5036.6770° , (557)
Yr(s) = 77.02560% — 264.705 6% + 595.814 §* — 610.16376° , (558)
»i(s) = 135.8586% — 618.990 0% + 1325.040 6* — 1277.1704° , (559)
with 6 = (1 — s).
E.3.6 Long distance contributions
The long distance contributions are parametrized using the replacement [62]
9(2,5) — g(2,0) + ip/sc d”m i RiEg(5) (560)
where P denotes the principal value, and [71]
R = gyot(eTe” — hadrons)/o(ete™ — ptp~) = RS, + R, , (561)

where §. = 4mp and RS, and RS, denote the contributions from the continuum and the

narrow resonances, respectively.
The latter is given by the Breit-Wigner formula

RCC —

res

5 93 BR(Vﬂ*l il b
) + "21"‘/2 )

total

562)
5 - (
vedfpar.. Fem (5=

where the meson parameters are given in Table [16] whereas RS

cont can be determined using
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Meson | Mass (GeV) | BR(V — ptp™) | Tiotal (MeV) | Thag (MeV)
J/W(1S) | 3.096916 5.93 x 1072 0.0929 0.08147
(2S) 3.68609 7.7 x 1073 0.304 0.29746
U (3770) 3.77292 1.1 x 107 27.3 23.6
U(4040) 4.039 1.4x107° 80 52
U (4160) 4.153 1.0 x 1075 103 78
U (4415) 4.421 1.1x107° 62 43

Table 16: Meson masses and decay properties [15].

the experimental data:

i 0 for 0<5<0.60,
ot = —6.80 +11.335 for 0.60 <5 <0.69, (563)
1.02 for 0.69<s5<1.

E4 B — Kt

The full angular distribution of the decay BY — K*¥(— K7 t)(t{~ with K** - Ko+
on the mass shell, is completely described by four independent kinematic variables, the
lepton-pair invariant mass, ¢, and the three angles, 6+, §; and ¢. Summing over the
lepton spins, the differential decay distribution can be written as [72,73.[80]:

dq2dC0891dC080K* d¢ - 397 q,0, VK, s

where ¢? is the dilepton invariant mass squared, 0, is defined as the angle between ¢~ and
the B in the dilepton frame, 0y~ is the angle between K~ and B in the K~ 7" frame and
¢ is given by the angle between the normals of the K~ 7+ and the dilepton planes.

The full kinematically accessible phase space is bounded by
4m? < ¢* < (Mp —mp+)?, —1<cosfp <1, —1<coslp~<1, 0<o¢<2m. (565)
The dependence of the decay distribution on the three angles can be made more explicit as
J(q%, 00, 0k, ) = J;i sin® O + JS cos® Oger + (J5 sin? Oxex + JS cos? O+ ) cos 26,
+ J5 sin? O~ sin? 0, cos 2¢ + Jysin 20+ sin 26, cos ¢
+ J5 sin 20+ sin 0y cos ¢ + Jg sin O+ cos 0y + J7 sin 20« sin 0 sin ¢

+ Jg sin 20~ sin 20, sin ¢ + Jo sin® O« sin® 0, sin 2¢ | (566)

where the coefficients Ji(a) = Ji(a)(q2) fort=1,...,9 and a = s, ¢ are functions of the dilep-
ton mass. The angular coefficients can be written both in terms of transversity amplitudes,
Ao, A, AL and Ag as well as in terms of helicity amplitudes Hy ()), Ha()\), Hp, and Hg as
given in sections [E.4.1] and [E.4.2] respectively.
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E.4.1 Angular coefficients in terms of transversity amplitudes

The functions J;_g in terms of the transversity amplitudes are given by [79,80]:

2+ 32 4m? ¥
J5 = (ZB” [\A 2+ AP+ (L R)} + %R (ALAR + A Af ) . (567a)
L2 R|2 4m? 2 L AR* 2 2
= |Ag|" + [Ap " + 2 “At| + 2Re(Ay Ag )} + BilAsl™, (567b)
5= AP+ 1Af P+ L= B)] (567c)
Js = =B [|AGP + (L = R)] , (567d)
T =30 [|ALP ~14f2 + (L - R)] (567c)
Ji = \fﬁe [Re(AOA” )+ (L — R)} : (567¢)
Js = V28, |Re(A5 ALY — (L — R) — WR (AfAs+ Al AY) |, (567g)
Ji =28, [Re(AﬁAﬁ*) —(L— R)} , (567h)
JE = 48, \/qf Re [AfAS + (L - R)] . (5671)
Jr = V2B |Im(AFAL") — (L — R) + \2&2 Im(AL A% + ARAL)| (5679)
Js = \2@? (A} %) + (L - B)|, (567K)
= 37 [Im(A” AN+ (L — R)} : (5671)
where
2
Be=1/1- 4;25 . (568)

The transversity amplitudes at leading order are described in terms of the short-distance
Wilson coefficients C7 919 and the matrix elements (form factors) of their corresponding
operators. There are two common strategies for treating the long-distance form factors;
the full form factor (full FF) and the soft form factor (soft FF) approaches. While in the
former all seven independent form factors V, Ag 12,7123 are considered in the latter they
are reduced to two universal soft form factors &1, ¢ (see e.g. [119] for further details). For
the V(¢?), Ao.12.(¢?), T1 23 we use the combined LCSR + lattice fit of [120].
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Transversity amplitudes, in the full FF approach at NLO

The transversity amplitudes at NLO in the full FF approach, within QCDF in the large
recoil limit (¢ <7 GeV?), are given by

/ / V(QQ)
— VB [(Go-+ Y(a) + G5)F (Cho + Clo)) g (569
2
R + T | + aT",
L.R 2 2 2 / / Al(q2)
AP — NVBOME - 35 | [(Co+ V() - ) F (Cuo = Cio) 32—
B — K*
+ 2;”%0 04)T2(q2)] +8A", (570)
A =G+ Y ) - ) F (Cuo = Co)
QMK* q2
Ao(e?)
2 a2 2 X 2\ 2\q
[0 = 2k = )0+ 2 ) 2 2] 571)
A
+ 2m(CFF = )M + 808 — ATa() — 3y Tl |+ 548"
M2 — M2,
A= VA [2(C0 - O+ — (G, — )] Aol (572)
NZE me(mp +mg) " Q2
Ag = —— N NCor — Ch ) Ao (573)
S my +mq Q1 Q1 0 9

where m, is the spectator quark mass, and Y (¢?) is defined in eq. and

1/2
* O[
N = ‘/tbv;fs |:3 215 5M3 QQBZ\/A Mg; MIQ(*,QQ)} ) (574)

with A the Kallén function
Nz, y,2) = 2?2 +y* 4 22 = 20wy + yz + 22). (575)

In the above transversity amplitudes, besides the leading order contributions from the
the semileptonic part the Hamiltonian (corresponding to Oz g.1¢), the sub-leading non-local
contributions from the the hadronic part of the Hamiltonian (corresponding to O1_¢g) are
contained in

7.[.2
sALR = 32\;;”3 (M (@) = N-(g?) . (576)
327r2NM3
5AﬁR = e B (N () + N_(¢%)) , (577)
SALR — 3271]% (No(@®)) - (578)
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At leading order in A/m; (only reliable at low ¢? < 7 GeV [84]), the sub-leading con-
tributions have been calculated in QCDf [81,84]. These effects are more clearly described
in terms of the helicity amplitudes (as N in eq. since they contribute through the
emission of a virtual photon decaying into a lepton pair, and due to the vectorial coupling
of the photon to the dilepton pair, they enter the vectorial helicity amplitude. The QCDf
calculated non-local contributions Ny o are given by

QCDf 1 my 2 9 \2ER+ (_—(t)nf+WA+hsa | 3 —(u)
N = ~ 1672 Mg [(MB - MK*)T% (71 + AT > (579)
\/X n sa N u
:FW (ﬁ(t), f+WA+h +)\uTj( )) ’
B
QCDf 1 my \/(_[2 2 ) 2 QEK* )\
No 1672 Mp 2M g+ {[( B+ 3Mic =) M} (M — Mp.)M3 (580)
—(t),n 3 —(u A —(t),;nf+WA | 3 —(u)
x (T O AT ) - (7@ T
- =) T ag =g\ |
where
< Vb Vi,
Ay = us 581
Vin Vi (581)
and E~« is the energy of the final vector meson in the B rest frame
Epe = BT Mg 20 (582)

2Mp

where “WA+nf+hsa” on 7 | indicates that only weak annihilation, non-factorisable contri-
butions and hard spectator scattering corrections are to be considered. The 7, | expressions

are given in section [E.4.4]
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Transversity amplitudes, in the soft FF approach at NLO

The transversity amplitudes at NLO in the soft FF approach, within QCDF in the large
recoil limit (g% <7 GeV?), ard|[[7] [73}[79):

V(g? 2m
ABE = N2V [ [(Co + Cg) F (Cro + Cy)] 7P J(FQAZK* + qQ”Tj , (584)
LR _ 2 P / / A1(q?)
A= —NV2(Mg — Mg.)| [(Co — C§) F (Cro — C1y)] Mo — Mos (585)
B — K*
4mb EK* _
Mp ¢* 71] ’
L. —N{ [(Co— Cl) F (Cro — Cl)] (536)
0 ZMK*\/? 9 10
As(q?)
2 a2 2 X 2\ 2\q
< 08 = 3 — )0+ M) 1)~ A 2L
2B s g A o
2 M Mz — e
+mb[MB(B+3K Q)J_ M%_MIQ(* TJ_+7ﬂ )
N q> Er~ |
A= VN |2(Cro—Cly) + ——L——(Cg, — C! =l
= e = Gl s Co G| S
2N Eg+ §|
Ag= - /X\Cg, —C! &l
5= " VM0 = Qo)A (588)
where
Ayg®) = 1+ O‘SiF (-2+2L) (589)
_asCp 2¢* 72 fB K~ | )\1_91+ /lduq)
ir Ej. NeMp(Ex-[mi)g(@®) Jo w7
with ) ) )
r=-""91y (1—%) , (590)
q my

9In QCD factorization to include NLO corrections in as to the transversity amplitudes at large recoil,
the following replacements should be made in the leading order relations [73}[75]:

(G5 + OO = T (G - CTid) = T 5" = Co
where 7—1i = Tf? T, = %TJ’ Ty =T0 +7I|_ :
The functions TI-,H can be obtained from the 7, by substituting Csf with Csf fC; whereas Tj is obtained

from 7. by replacing C¢T with C£% + C;.
10T the following, unless stated otherwise, m; denotes the potential subtracted (PS) bottom mass at the
factorization scale py ~ /AgcpMp, which is related to the pole mass by:

ole As
mi™ = mi® (ug) + 45 g - (583)

143



and Pg~ || will be given in Eq. (630). For the universal soft form factors £, and ¢ we

use |73}81]:

Mg

M M e+
—__MB y _ M+ Mg~
Mpg + Mg~

& 2E Mg

£

The form factors A; and As are obtained by:

2 Eg+
Al = M5 2K 2 V7
(mB + mK*)

mp + Mg~ MR+ mp
Ay = A — A .
2 ( QEK* ! EK* 0> mp + mpgx

MB*MK*

As .

(591)

(592)

The functions 7] | are known at NLO in the framework of QCDf, and are given in

section [[.4.4]
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Low recoil region

The predictions for B® — K*0¢T¢~ are worked out in [77] using the heavy quark effec-
tive theory (HQET) framework by Grinstein and Pirjol [88]. The low recoil transversity
amplitudes to leading order in 1/my, are given as |77]:

o
AR = +z‘{(0§ff F Cho) + m% C?ff}jl : (593)
o
apt = =i 55 o) + R L (594)
N (&) 2 7 ()
ALR = —z{(cgff TCi) + K Z“’ C7H}fo : (595)
where
g o
—1-2 S|~
K 3, 0 <mb> , (596)

and the form factors read

~

2
= N —V 597
fJ_ mp 1+ mK* ’ ( )

fi = NmpV2(1+rg)Ar, (598)

(1 =5 —m2.) (14 1mg)2A; — A Ay

fo = Nmp - - = , (599)
21 (1 + Mg )V/'s
with the normalization factor:
—-1/2
L[ G2a2, mp VA
N = V;Ebv;fs L 3e‘m210 i . (600)

In the above equation 8 = ¢?/m%, 1m; = m;/mp and A = 1+ 8%+ M. —2 (§+8M3%. +1m%.)
are dimensionless variables.

The effective coefficients Cy and C7 in the high-¢? region take the form:

4 11 P 39
Cgﬁ = C9+h(07q2)[501+6'2+503—§C4+52C5—306i| (60]_)
1 2 4 64 4 16 16
=3 b, ) [TCy + 5 Cat T6Cs + - Co| + 5 [Co+ - s+ 5 G

A

+47T

€1 (B(a) +4C(¢%) =3Cs (2B(¢) - C()) — CsF(¢?)]

8m2 (4 1 .
+ [<901+302> (14+3) +2C5+20C5)

1 4 80
o = - [03 +5Ci+20Cs + 306} (602)

o [(C1=6C) A(g?) - CsF{ (¢
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with Ay given in Eq. 1) and the lowest order charm loop function reads

8 4 2
h0.¢") = o + 5 <ln/;2 —i—m) , (603)

while the b quarks loops from penguin operators are taken into account by the function

4
h(mb7 q2) = §

22 4
<1n 'L% + =+ z> — —(2+ 2)Vz — Larctan (604)

1
m2 3 9 V=1

with z = 4m§ /q%. The functions F§7), Fs(g) are given in Eqs.— and the functions
A(s), B(s),C(s) are as follows [87]

104 m2 43 o ) )
A(s) = 513 In (M2b> + m [le(s) +In(8) In(1 — s)} (605)
1
7300 — a2 [65(20 — 475) In(8) + 785 — 16005 + 8335 + 6mi (20 — 495 + 4757)
2
~aia — g 12V (- 4+ 98— 158 1 4arceot(vE = 1) + 9500 (3)

+18mis(1 — 2§) In(3)]

28 2./ 2 a a2 a3
+m|:363rccot( Z—l)+7T(—4+9S—98 +3S):|,

8 2 2 2
B(s) = 3o [(4 — 345 — 17mi3) In <ZL§) +831n? <ZL§) +175In(3) In <7;‘2b> ] (606)

(243)vz—1
08

2
{ —481n <m2b> arccot(vz — 1) — 187 In(z — 1) + 3iln*(z — 1)
W

—I9

—244 Liy < . > — 572 — 127 [2 In(z1) + In(xz) + ln(:n4)}
1

—|—6i[ —9In%(z1) + In%(22) — 2In%(x4) + 61In(x1) In(zs) — 41n(z;) In(z3) + 81n(zy) ln(x4)} }

45( — 8 4 173) [Lig(é) +In(8) In(1 — §)]

S
2435(1 — 3)

+3(2+3)(3 — 8) In? <$2> +127( — 6 — 8 + §*)arccot(v/z — 1)}

Ea

2

4+ | —185(120 — 2115 + 735%) In(s
21875(1 — 8)° [ 4 $+78E) In(3)

—288 — 85 + 93487 — 6925° + 187i5(82 — 1735 + 73§2)}
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4
T 2433(1— 5)3 =2V = T(4 -85 - 1852 4 165" — 55")arceot(vz — 1)

—95% n%(3) + 2mis(8 — 335 + 5152 — 1759) ln(§)}

2

&1 922 2
—i—m {72(3 — 85+ 28%)arccot®(vVz — 1)

—7?(54 — 538 — 2865% + 6128 — 4465" + 113.§5)] ,

16 5. 428 64 16
Cls) = ——= In(2) 4 222 _ 22 ¢(3) 4 =2 i
() =g MC2) T o3 — 7 SO+ g

where the following definitions are used in the above formulae:

4 2
3:q27 §:ia z = mb7
m? s
1
r1=-+=-vz—-1,
2 2
1
To=-—=-Vz—1,
2 2
1+ ?
€r3 = o S
ST 2 /a1
1 t
Ty = - — ——— .
SR

W ~ my denotes the renormalization scale, ¢ the Riemannian Zeta function and
T o In(l—t
Lis(z) = / =t
0 t
is the Dilogarithm.

E.4.2 Angular coefficients in terms of helicity amplitudes

The functions J;_g written in terms of helicity amplitudes are given by [121][12]

1 2m?
3t = P {5 (HYP + HYP) + 1Hel + 258 (9 - 1HAP) + 215}

B2 +2

(607)

(608)

(609)
(610)

(611)

(612)

(613)

(614a)

S — m2 —
JI:F{ < (1H¢|2+|HV12+(V—>A))+q;(|H;\2+|HV|2—(V—>A))},(614b)

ﬁZ
J5 = —F SL(|HYP + [HS ).

HThere is a 87 factor missing in eq. 39 of [121].
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s

JS=F
2 8

(IH 1P+ [Hy 1?) + (V= A),
52
Jy = —F~ Re [Hy (Hy)] +(V = A),

2
Jy=F %Re [(H; + H") (Hg)*] +(V = A),

s = ey ) ()] 4 ) o o+ )}

Ve
J§ = FBiRe [Hy, (H;)" — H (H)],

Bemy

N

J§ =2F Re [HEHY ],

Jr=F {ﬁ;lm [(HY + Hy) (HY)* +(V & A)] - Peme [H5(Hy, — Hy)] } :

\/?

3= P B (a1 — ) + (v = ),

2
Jg = F%Im [H{/*'(H;)*] + (V= A),
with

N2B ¢
S 3x 25w MY

Helicity amplitudes, in the full FF approach at NLO

(614d)

(614e)

(614f)

(614g)

(614h)

(614i)

(614j)

(614k)

(615)

The helicity amplitudes at NLO in the full FF approach, within QCDF in the large recoil

limit (¢? <7 GeV?), are given by
M% [2 mb

Hy = =i N'{(Co + Y (¢) V2 = C4V 5 + =

B

Hﬁ = — N/(Cl()‘?)\ — Ciof/_)\),

2 i . 3
Hp =i { (0o, — ) + 218 (147 (G - i)},

b
Hg =iN'(Cq, — Cp,)S,
where A = 4,0 corresponds to the helicity of the K*-meson and

4GpMp €2 .

/
N = /3 162 i Vs
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(617)
(618)

(619)

(620)



The sub-leading non-local contributions Ny calculated in QCDf are given in and the
helicity form factor Vy, T, S can be described in terms of the form factors V(¢?), A0,172,(q2)
and T1’2’3 l121l

5oy 1 M 2 Ag?) 2
Ve (0) 2 [<1+ Mp >A1 () Mp(Mp +MK*)V (@)
_ M2 _ M2* )\(qQ)
() = M Al () 5 ST ()
5 oy AMi- 2 B2\ 2\/(1»2MK* 2 g _ Alg?)
Vola®) = JE A(q), To(q) = MB(MBJFMK*)Tz:a(q ), S= (1 )
where
Ay — (MB —+ MK*)Q (Ml% — MIQ(* — q2) A1 — )\(q2)A2
2 16MpM2. (Mg + Mg-)
p_ (M3 = M) (M3 4 30E. — ) Ty — M)

SMpM?2., (Mp — Mg~)

E.4.3 Translation between transversity and helicity amplitudes

The relations between transversity amplitudes (AJL_’]”%O ) and helicity amplitudes (H‘)} A5.P)
are:

iVF _ _ iVF
Al = Sty — ) (- ) A= DT () (021
AL 12\/\/; [(Hf + Hy) ¥ (Hy +HY)], A= —;\:n:\/q?Hg, As =iVFHY,
and
2 1
HE = Z;/j; (At + Af) £ (4T + ab)] Hy = = (4f + 4F). (622)
L R T ) R 4L o_ L i r 4L
HA_ﬁ[(AH_A”)i(AL_AL)}u HA_Z.\/F(AO_AO)7
2my 1
Hp=———" 4 Hg=——A
P Z\/F\/qj 12} S Z\/F S
where
N'VF = —4mpN. (623)
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E.4.4 Calculation of 7,*

In the heavy quark limit the matrix elements of B — K* depend only on four independent
functions T, corresponding to a transversely (a =1) and longitudinally (a =||) polarized
K*. At next-to-leading order we have [84]:

1
é-aC + lfoK* =) Z/@Bi / dU(I)K*’a(u)Ta,i(uvw) ) (624)

where Cp =4/3, N. =3, 21 =1, E = mg~/Efk+ and iy is the scale at which the typical
virtualities of the hard scattering terms are (uy = \/p X Aqcp) [81,84].

In practice, we need ’7?” which can be obtained by:

+
Ty

T, = (7o, in which G5 — Cgf — sy (625)

(7., in which C$% — g 4 o'y |
These replacements lead to:

1
TH = ct+ ;fB{jB L / T ops(w) [ dudie LT ww) . (62)

1
i en +]7;fB]{4I;LZ/CDBi /du@K*’l(u)iji(u,w), (627)

72 [BfK=) mK* !
7ﬂ+ = f”Cﬁr-i-ﬁc Mp Ex /(I)Bi /du(I)K*,H(U)TTi(UaW)’ (628)

_ 72 fBfK+ mK* ! _
T = o7 + o / W s (w / du ()T, (u,w) . (629)

Jk*.1, fr+) and fp can all be found in Table Jx=, is scale dependent, but as its
variation has a negligible effect therefore its scale dependency is usually ignored. However,
f1 is evolved using f1 (1) = f1(po) (ovs(p)/as(110))**, po being the scale at which it has
been given (usually 1 GeV) and p >~ my,.

Light-cone-distribution amplitudes ¢

To compute the integrals, it is necessary to know the the light-cone-distribution amplitudes
®. The K* light-cone distribution amplitude can be written in terms of the Gegenbauer
coefficients [84,85]:

B (1) = 6u(l —u) {1 + a1 (K" CP (2u = 1) + as(K*)a 82 (2u — 1)} . (630)
The Gegenbauer polynomials are

1
OfP@) =80 OFP @)= 2+ Da? (631)
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and the Gegenbauer coefficients (a1(K*),,a2(K*),) are given in Table They are scale
dependent [85]:

(¥(n)=7(0))/Bo
as (1) > (n) =)
an =ap , 632
(1) = ) (2212 (632)
with By =11 — (2/3)ns. The one-loop anomalous dimensions are
| 9 n+1
M0 = = P\ G Dy OSEAE
j=2
n+1
Yoy = COr 144D 1/ (633)
j=2

7Y(0) is the anomalous dimension of the local current and vanishes for vector and axial vector
currents.

The two B light-cone distribution amplitudes (®p 4, ®p ) are not used directly as they

appear as moments [84]. When calculating 7, where we have T J(_ )+, the moment

- LR C))
Mgl = / do——" (634)
0

is needed. )\El , is given in Table and it evolves using the following evolution relation [86):

5100 = 431 {1+ 52 1025 (1~ 2010 . (635)

where 0p(1GeV) = 1.4+ 04.
When computing 7, where we have T”(1_) we will also need the moment

_ o0 Pp _(w)
A () = /0 YTy sl (636)

which can be expressed as:
1,9 e~/ (Mpwo) .9 .
)‘B,—(q )= ——— [—El(q /Mpuwy) —i—wr] , (637)

wo

where Ei(z) is the exponential integral function, and wy = QAHQET /3 and AHQET = Mp —
mp.

Form factor correction C;F

The following formulasiﬂ are taken from [84], in which we applied (625)).

CF = 2O ‘WZZJCFC;m . (638)
I

12When employing the full form factor approach, the factorisable corrections which are indicated with an
asterisk (x) below the equation numbers, should be neglected.
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At leading-order for i © e have:

2

+(0) _ eff eff’ q 2
i = (e ) 4 5L (), (639
CFO = ~(C5 1 0") - SEY (), (610
my *
with
4
Y(q2) — h(qQ7 mc) <301 + Cy 4+ 6C5 + 6005> (641)

1 4 4
—§h(q27 mg},mle) <7C3 + §C4 + 76C5 + 6306)
1 4 64

*gh(qzv 0) <C3 + 504 +16C5 + 3C6>

4 64 64
+-C3+ —Cs5+ —C§ .

3 9 27
The function
arcta L > 1
I N — z
mmy) = -2 (m ™2 ) 4oy T x vzl
¢ Ma) =y 23 9 1+V1=2z ir
In——-—-—— 2z2<1
vz 2
(642)

with z = 4m2 /¢, is related to the basic fermion loop.

(1

The next-to-leading order coefficients C;t contain a factorisable as well as non-factorisable

part:
C;E(l) _ C;E(f) + C;c(nf) ’ (643)

By “non-factorisable it’s meant, all those corrections that are not contained in the definition
of the QCD form factors for heavy-to-light transitions.
The factorisable corrections are [81}84]

2
oW = (cs" + g™ (m %b ~L+ AM) , (644)
+(f ’ m2
Cr = —(cs o) (m ,T?b +oL + AM> : (645)

where L is defined in Eq. (589) and AM depends on the mass renormalization convention
for my:

AM =0, M S scheme
AM =3In(mi/p?) — 4(1 — py/myp) , Potential Subtracted scheme (646)
AM =3In(m2/p?) — 4, Pole Mass scheme
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The non-factorisable correction is obtained by computing matrix elements of four-quark

operators and the chromomagnetic dipole operator [84].

2
+(nf = (T 7 q = (9 - 9 1 _ 9 9

Cp D —Cﬂé’—C?EV—dehgkﬂé>+ﬂn<ﬂ>+6@>)+c§apkmn
+(nf ~ (7 of (1) - MB | 5 (9 = 9 1 9 off (9

crop™ = CgF§)+CgﬁF§)+2W)[C2F§)+201 (Fl()+6F2( )>+CSHF8( )]. (648)

The quantities F1(772,9) and F8(7’9) are those given in Egs.

497]

002]).

The barred coefficients are related to the Wilson coefficients in our usual Standard Ba-

sis as [84]:
1
Cl = 5 Cl )

_ 1
Cy = 02_601’

1
Cy = §C4+8C'6,

6
_ 1
Cs = §C4+2C6,

and the effective Wilson coefficients are
20

1
Oy = 03—604+1605—§(76,

Cs = C3_}C4+4C5_§C67

80

ot = or-tog-toy - 2o -V

3 9 3

9

1 10
G5 = Cs+Cs— £ Cat 2005~ 5Cs,

st = Co+Y(d),
sl = Oy

The relevant expressions for C’O(LO’H) are given by the following replacements [81]

cet 0

Y(s) — Y(“)(s) = (gC’l + Cg) [h(s,mc) — h(s,0)|,

(649)

(650)

(651)

where h(s, my) is given in Eq. and with this prescription, the factorisable corrections

(nfu)

C(Lf Hu) = 0. The non-factorisable corrections Cj, are obtained by the following replace-
ments [81]
F™ =0
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F5Y = A5+ FLY (652)

2, U0

with F1(72£2 from [87]

Fi) = Als), (653)
Fy?) = —6A(s), (654)
F{%) = B(s)+40(s) (655)
FY = —6B(s)+3C(s), (656)

with the functions A(s), B(s) and C(s) given in Eqgs(605)-(607).

Spectator scattering

For the hard scattering kernel

s C
Ty (,0) = T () + 2UDOP TN () (657)

a,

At leading-order we have the weak annihilation amplitude which has no analogue in the
inclusive decay and generates the hard-(spectator)scattering term T( i(u w) [84]:

+ +
T (u,w) = T (u,w) = T (u,0) =0, (658)
M Mg
T (u,w) = B B(Cy+3Cy) . (659)

—e
Il TMpw — q2 —ie my

(1)

The next-to-leading order coefficients T,
part:

contain a factorisable as well as non-factorisable

7D = 70 4 7h) (660)

)

The hard scattering functions T}, { contain a factorisable term from expressing the full QCD
form factors in terms of &,, related to the as-correction [81,84]:

2Mp

)+ e 4
T nw) = (O £ G572 (661)
TO* (u,w) = TV (u,w) = 0, (662)
o 4M
T (u,w) = (O £ C5™) 2 (663)
) EK* *k
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where 4 = 1 —u. The non-factorisable correction is obtained by computing matrix elements
of four-quark operators and the chromomagnetic dipole operator [84].

eff
(nf)+ _ 4eqCy Mp _ -
TP () =~ IR [eutL(u, me)(Co + Cu — Co) (664)
-+ edtl(u, mb)(C’3 + (74 — 06 — 4mb/MBé5) + edtj_(u, 0)03 ,
T (u,w) =0, (665)
(nf)=+ _ Mp =~ A A
T (u,w) = —= |eut)(u, me)(Ca 4 Cy — Cs) (666)
I+ mp
+ edtH(u, mb)(é3 +Cy— CG) + edt”(u, 0)03 ,
(nf)=+ Mpw 8C¢H
T -
= (u,w) = eq Mpw — ¢ — i€ [u + ug? /M3 (667)
6M _ _ _
+ == (h(aMg +ug?, me)(Ca + Cy + Cg)
mp
+ h(aM% + ug?, m*®)(Cs + Cy + Cs)
_ _ _ 8 _  _ _
+ h(aME + ug?,0)(C3 + 3Cy + 3Cs) — 27(03 —C5 — 1506))} .
Here e, = 2/3, eq = —1/3 and e, is the electric charge of the spectator quark in the B

meson. The functions t,(u, m,) are given below

2MB q2 _
nmg) = L my) + ' (BoaMh + g m) ~ Bolhmg)), (669)
K*
2Mp aM? + uq? _
t”(ua mq) = @E g Il(mq) + #%*(BO(UM% + uqzvmq) - Bo(q2)mq)) 5 (669)

where By and I; are defined as

1
Bo(s,mq) = —2/4m2/s — 1 arctan ————, (670)
\/4m2/s — 1

2m?2
9 _ _
hma—rgmg_fﬁmwn+mug Li(ys) - Lay)| . (671)
and
1/2 9\ 1/2
1 1 m2 1 1 m
L(x)—ln:”*lln(l—x)—”—?jum - (673)
= z 6 \e_1)



2

It should be noted that mg can be treated as mg

The barred coefficients are given in Eq. (650)).

— 1€ when imaginary parts are involved.

The spectator scattering expressions relevant for 7" are given by

Mpw 12Mp

(0,u)
T]L (’LL (,U) = €q MBw — q2 I p— 5qu02 ) (674)
where ¢ denotes the spectator quark.
(nfu) _ . Ms _ _
Ty V7 (ww) = ey 5— T (C’g 601) [tj_(u, me) tl(u,O)} , (675)
T (w,w) = 0 (676)
nf,u MB 1
1) = 22 (6 1) [tum) - ow.0)] (677
(nfu) Mpw 6Mp
T —
- (W) =eq Mpw — @2 —ie my
1
x <02 - 601> (M} + ug?,me) — h(aME +ug®,0)] . (678)

where the functions ¢, | (u,m) are defined in Egs. (6681669).

Weak annihilation: The power-suppressed weak annihilation corrections A’Tﬁ) to TJ_i) de-

fined in (626627 are given by:

Ar? fpfL ! ¢ (u)
ATO] AT s /d _ oulw)
T, . €3 s [C + - (C4+3C'5+ 06)} ; ua+uq2/Mj23
2% fBf) my ~ _
C 3C 679
te q 3 mbMB (1—q2/M2))\B+( )( 3+ 4)7 ( )
IBf) my
AT o 22 50uCl . 680
& ann mbMB (1—q2/M2))\B+( ) 1 2 ( )

Hard spectator scattering: The power-suppressed hard scattering corrections are [59}/76]:

. a,Cp 7 fB
hsa 1 47 NcmbMB

AT

m,
12C¢T 7 FLX1 (6 /M) (681)

®) (172 2
F] M
+8f/duu+uq2/ 5 Py (uMp + ug”)

B dmy f| ¢|| )72
(1_q2/M2 )\B+ / / F (M +UQ)
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The quark-loop function F‘(,t )(s)

F(s) = Z <02 — (1301> [h(s,mc) - h(s,o)} . (682)
2\ 2 2 2 4 V2
2m q m
2 2y _ 14 _ vV (q %
Aq®, myr) [( M3 M2 + M2 + M , (683)
(u) p° . (u) pt .
G g e ~ —0.06 — 0.114, Catidipn er e ~024—-0.12i. (684)

(ot

E.4.5 Observables

The dilepton invariant mass spectrum for B — K*ITI~ can be obtained after integrating
the 4-differential distribution over all angles |73]:

ar 3 Jo i 3(- Js
— 2 =22 d — === 685
" 4(1 3), md o 4<1 3), (685)
where the functions Jj_g are obtained from .J;_g by replacing the weak phases by their

conjugates. The (normalized) forward-backward asymmetry App is given, after full ¢ and
Ok~ integration as |73]

0 1 d’T dr
A 2y = - decos@) — |
Fa(7) [/_1 /0} O A deost, | dg?

3 J6+j6
- _= d ) 686
8 dI'/dq? + dU'/dg? (686)

where J; = 2J7 4+ J7. A particularly interesting observable is the zero—crossing of the
forward-backward asymmetry (¢3), which is calculated numerically in Superlso.

The fractions of the K* are |74]

_ 3(JF+JP) - (J5+ J5)

FLs) = = dr g + db jag) (687)
Fris)= dr?d(qiés: d?/)dq2 | (683)
The transverse amplitudes can be written as [75]
AD(s) = m , (689)
AP (s) = m : (690)
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MW@:< 4w+hy+ﬁM+hﬁ>m (691)
T —2(JS+ JS) (2(J5 + J3) + J5 + J3) ’
A(4)( ) = <ﬁ§(J5 +7j5)2 +4(Js + J8)2>1/2 (692)
r A(Ja+ J)? + B3 (Jr + Jr)? ’
L ARx L ARx
A(s)(s) _ |AJ_A|| + AH AT | (693)
’ AL+ 142
Jog + jg
Arm(s) = = , 694
1m(3) = Mg + dT'dg? (694)
where
A5 = A (@) A5L(@%) + Air(e) Ajr(@®) (5,5 =0,], 1) (695)
For the K* polarisation parameter we have [75]
2Fp, J2 + Jo
(g) = 2L o J2TI2 696

Another observable which is rather independent of hadronic input parameters is the isospin
asymmetry arising from non-factorisable effects which depend on the charge of the spectator
quark. Hence, depending on whether the decaying B meson is charged or neutral, there will
be a difference in the contribution of these effects to the decay width which can cause an
isospin asymmetry. The (CP-averaged) isospin asymmetry is defined as |76]

dA;  dU[B" = K*0"(7)/dg* — dU[B* — K**("(7]/dg? (697)
dg? — dU[BY — K*0¢t(~]/dg? + dU[B* — K*:(+(~]/dq?
The following transversity observables are also defined for the high ¢* region [77]:
5 _
Y (5) = VBt /) _— (698)
S+ J5) (25 + J5) — (Js + )]
V25 + T 205+ ) + (s + )]
HE)(5) = ot o (700)

VA )P~ (st Ja)?
The Hj(f) are designed to have very small hadronic uncertainties at low recoil.

In addition, a set of primary (or optimised) observables have also been suggested in [78]
which are appropriate ratios of angular coefficients, designed to cancel most of the depen-
dence on the form factors (when employing the soft form factor approach). They read:

J3 + J3 EAC)

P = —-———— =
O 2y A

(701)
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J§+ J¢

Py(s) = S5+ 05 (702)
Jo + jg
P3(s) = YU ES IR (703)
Py(s) = V2(Jat e (704
VoUS+T5) 205+ J3) — (s + )]
Py(s) = Sl £ ) = Hy, (705)
205+ JS) 2003+ J5) + (Js + Js)]
PG(S) _ _ Bl (J7 + j7) ’ (706)
V205 + T5) [205 + J3) — (s + )]
Pa(s) = — V2(Js + Jo) . (707)
V-US+T5) [2(5+ J3) + (Js + )]
And the primed observables are given by:
ro Ji+ Ja
B T 7%
roon Js + Js
T ) o
ooy Jr + J7
V= ek o
Py(s) = - Jo+ Js (711)

VIS I (5 +T5)
Another set of B — K*{™¢~ observables are based on the CP-averaged angular coeffi-
cients [79]
Ji + J;
S =t I 712
d(T'+T)/dqg? (712)

with ¢ = 3,4,5,7,8,9 which together with Apg and F, form a complete set of observables.

E5 B— K*y

The radiative B — K*v decay can be described with a subset of the amplitudes of the
B — K*{T¢~ decay in term of the vectorial helicity amplitude Hy (A = +) [121]
2

A\(B — K*y) = lim (Lfif\/(fl2 =0; )
¢2—0 €
Nl 2 2 -
= =B SR (O (0) - GTA(0) — 1672MA(¢* = 0) |, (713)
B



with the QCDf corrections (N)) as described in m The decay rate of the B — K*v decay
is given by

2 2
— —, _T)’LB—mK*

(B — K*y) = [ AL+ A7) (714)

167rm?}f3

E.6 B, — olt(

The By — ¢¢T¢~ decay, similar to B — K*/T¢~ is a b — s{*{~ process a with a vector
meson in the final state. And similarly both the full and soft form factor approaches
are applicable. For the By — ¢¢T¢~ decay, the By — ¢ form factors are used (we use
LCSR+lattice result of [120]). Moreover, in this decay, the spectator quark is a strange
quark and contrary to the B — K*¢*T/~ decay it is not self-tagging, hence the untagged
average over the By and By decay distributions is required. In order to take into account
the CP-conjugated decay, the .J; angular coefficients [122] can be employed

Ji = Gidi (715)
with
¢i=1 for i=1s,1¢,2s,2¢,3,4,7; (i=-1 for i=5,6s,6¢8,9, (716)
and AM AT
T= y=op (717)

where the angular coefficients J; involves amplitudes denoted by Ay which are obtained
from Ax by conjugating all weak phases.
E.6.1 Observables

The time-integrated measurements by hadronic machineﬂ such as the LHCDb is given by

~ 1
<Jz + Ji>Hadronic = f

(718)

Ji+<7i_ yhy
1_y2 1_y2

The time-integrated decay rate is then given by
dar (7)
o N 1
<dq2> P(1—y?)’ (719)
3 - -
<I>Hadr0nic = Z |:2(Jls + Jis — Y hls) + (ch + Jie — Yy hlc):|

1 B _
-1 [Q(Jgs + Jos — y has) + (Jac + Joc — ¥ h2c):| (720)

13Gee [122] for the case of B-factories.
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where Z corresponds to the normalisation in the analyses of the angular observables

<Jz + =7i>Hadronic (J’L + jz) —yXx hz
i = (¥i)Hadronic = = : 21
5 < >Had ome <dr/dq2>Hadronic <I>Hadronic (7 )

Since By — ¢4~ is not self-tagging, the only measurable CP-averaged combinations are
for i = 1s, 1¢, 2s, 2¢, 3,4, 7, where the relevant h; coefficients are given by

by = 200 Refeio (AL AL 4 AEALe 4 AR AR T+ AR AR 722
s =5 A"+ AL I (722a)
4m§ ié Rx R o~ L AL AR 7 R
+7Re[e {AL AT 4+ AL AR + e AL AT+ Af A
hie = 2Re[e*{ Ak AL + AT A (722b)
8m?2 . . . ~ L~
+ L [Rele'® A, A7) + Re{e® AL AR 4 ei9 AL AR} + 287Rele’{ A A%}]
62 idr A *
hgs:?fRe[e o{AL Al 4 Al Al + ARAR + Al AR (722c)
hoe = —2B7Rele’*{ AL AL + AR AL (722d)
hs = BiRele{ A} A" — Al Al + AR AT — Aft Al (722¢)
1 e
hy = ﬁﬁgRe[eW{AgAH + AJ A} + e AF Al + AFASY (722f)
hy = V2B, |Im[e*{Af Al — AFA} + e70{AF Al — AFA[}] (722g)

with ¢ = 24, sin¢ = 0.0369 + 0.001, x = 26.81 + 0.08 and ys; = 0.068 £ 0.004 [123].

E.7T B — K(t(

Another b — s¢T¢~ semileptonic B-decay is B — K/¢*¢~ which unlike the B — K*{T{~
and By — ¢f1¢~ decays has a pseudoscalar meson in the final state. The double differential
distribution of the B — K{*¢~ decay can be written as [125,/129]

d*T(B — K1)
dq? dcosf

= ag(q2) + b@(qQ) cos 0 + Cg(qZ) cos? 0, (723)

where ¢? is the dilepton invariant mass-squared, and @ is the angle between ¢~ and the
flight direction of B in the dilepton rest frame. The kinematically accessible phase space is

4m? < ¢* < (Mp — Mg)?, —1<cosf < 1. (724)
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In (723), a¢, by and ¢y are defined as
A
arle?) = C(¢)|a® (BF1Fs* + |Fpl?) + S(Fal + Fv ) (725)
+ 2my (M} — M, + ¢*) Re(FpF}) + 4m? M| Fal?],
bla?) =20 { (B3 Re(FsFD) + Re(FpFiy) (726)

e [VABRA(FSFy) + (M3 = Mk + ) Re(Frsr)] ),

co(q?) = C(¢°) [qQ (B |Pr|? + | Prs|?) (727)

A
— SBHFAP + [Py ) + 2me VA8 Re(Fr F)

where
C(q*) =To B VA, (728)
and
G2 042"/ V*|2 m2
[g=—f-c tbls =4/1-4-L 729
0 5127T5Mg 5 6@ q2 5 ( )

A= Mp+ My +¢* —2(MEME + MEg> + ME¢%).

Similar to the B — V/{T, ¢~ decays, the B — K¢/~ can be described both within the
full form factor and the soft form factor approaches. For the B — K¢t/ decay, in the
low ¢? region (¢> < M?B and Agcp < Ek), the three form factors fy, f+ and fr reduce to
one soft form factor {p [126,127].

Full FF approach at NLO

In the full FF approach, the F; functions representing specific Lorentz structures (i =
S,P,V, A, T, T5) are given by [125]

2\ eff ! 2 2mb eff ! @ 2
Fv(q®) = (Cg" + Cy) f+(q°) + Mg+ My 7" +C7 + - Cr | fr(q”) + 6Fy, (730a)
Fa(q®) = (Cro + Cio) f+(4%), (730Db)
2 Mg — M3 2
Fs(q®) = =2 K- (Co, + C4,) fold), (730c)

2(mp — ms)
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M — M

Fp(q®) = W(CQQ +Ch,) fo(d?) (730d)
2 2
—mi(Cro+ Clo) | £a®) — 2K (12— £(6)
Pr(¢®) = ]\m%h(qz), (730e)
Prs(q?) = ]\mCTE)fT(QQ)- (730f)

where Cr 75 are tensor Wilson coefficients and f, f—, fo and fr are the B — K form factors
which we take from [128]. In the SM, Fg = Fr = Fp5 = 0 since Cg) oY) — Cr=Cprs=0

1T YQ2 T
and if we further consider my = 0 then we also have Fp = 0. The non-local sub-leading
contributions are calculable within QCDf at leading order in A/my in the low-¢? region.

These effects contribute to Fy via
2myp WA
oFy = — 2 qabW 731
v MB + MK P ’ ( )

where Tp is given in section [E.4.4]

Soft FF approach at NLO

In the soft FF approach, considering the factorisation scheme of [127] (fi(¢?) = ¢p(¢?)),
the F; functions can be written as [129]@

2my, Tp n 8my  fr(q?)
Mp+ Mk Ep(¢?) ~ Mp + Mk f+(¢?)

Fo(@) = &p(d?) {(og Lo+ CT}, (733)

Fa(q®) = €p(*)(Cro + Clp), (734)

Mg — M fo(g?)
2(mp — ms) f1+(q?)

Fs(¢®) = &p(c?) { (Cs + c’s>} , (735)

Mg — M3 fo(g?)
2(my, —ms) fy(q?)

oM ()] i)

In QCD factorization to include NLO corrections in o, to the transversity amplitudes at large recoil,
the following replacements should be made

(C7 + C) fr(d®) — Te(d), Cs' — Co. (732)

Fp(¢®) = £p(q2){ (Cp+Cp) (736)
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2\ By f+(q2)0

FT(QQ) = gP(QQ) {MB T Mg fr(?) T} ) (737)

(738)

2
FT5((]2) - gP(QQ) {]\423\/_5]6\2]( ;;EZ2§CT5} ’

where the form factor ratios fy/fr and fo/f+ are eliminated by using the symmetry rela-
tions between the fy and fyr form factors [127]

fo 2E asCp a;Cp MB(MB — QEK) AFP
=11 2—2L 739
fooa U BT T e & (759)
Jr Mgk + Mp ( aCr |: 2 :| asCrp Mp AFP)
JT _ MKT VB (4, In—b 4 9L 740
f+ Mp 4 2 i 2Fk &p (740)
where
_ 87’ fpfp / /1 P (u)
AFp = d . 741
NcMp 0 " U ( )
and ) ) )
r=-""9y (1 - qQ> (742)
q mg

Low recoil region

In the high-¢? region, the effective Wilson coefficients C§ and C£T in the full FF approach
should be replaced by those given in Eq. and Eq., respectively.

In the high-¢? region also symmetry relations among the form factors can be explored
with the improved Isgur-Wise relation between fr and fi given by [130]

mp (m m 269 (¢ A A?
fr(g?, ) = A [m<n>f+<q2>+jmiq>] r0(ais)
= melme i) ) ) o (). (1a4)

where in the second line the subleading 1/m;, HQET form factor 59 has been neglected,
and the coefficient « is given in Eq.(596]).

E.7.1 Calculation of 7p
The amplitude 7p can be written from [84.|129)

_ © | @CF [ () | ~@f)
Tp =¢p {Cp T (CP +Cp )] (745)
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2 1 sC N
+ LfoK /‘I)Bi / du P g (u) [Tlg?i + asCp (Tg)j: —l—T( f))] :
0

No Mg Ar
where
) _ +(0) (f) _ +(f) (nf) _ +(nf)
©0) _ 0+ () _ )+ ) _ _pO+ _ (nf) _ p(nf)+
Tps = _TH7i ’ Tph = _TII»+ ’ Tp~ = || - =0 Tps = _TII =

where for the full FF approach, C(O),CS) and TI()f ) should be neglected. The C} and 7]
expressions are given in section [E.4.4]
E.7.2 Observables

From eq. [723] the angular distribution is given by

dU(B — K{T(7)

_ 2
Fp—; = Ay + Bycosf + Cycos” 6, (747)

where
Ay = /2 dq” ae(q), By, = /2 dq” be(q”), Ce= /2 dq” ce(q”)- (748)
T min 9min Imin

The observables can be described in terms of these ¢’-integrated coefficients, where for
decay rate

1
I'(B— Kt )=2 <Ag + 305) , (749)
and the normalised forward-backward
B
App = =4 (750)
Iy

and the so-called flat term

Fiy= (404G = / " dg? [an(a?) + crla?)] / / g [odl?) + geda®)] ()

2 . 2 .
E.8 Branching ratio of By — putu~
E.8.1 CP-averaged branching ratio

The rare decay By — T~ proceeds via Z° penguin and box diagrams in the SM, and the
branching ratio is therefore highly suppressed. In supersymmetry, for large values of tan
this decay can receive large contributions from neutral Higgs bosons in chargino, charged
Higgs and W-mediated penguins.
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The branching fraction for BR(Bs — p™ ™) is given by [89,90]

_ G202 . 4m?
BR(B, — ptp™) = 65 =B mB.mE [V Vil |1 — —2 (752)
T my.
4m? mp 2 mp m 2
1-— K’ . Co, — C/ —= ) (Cp, — C/ 2(Cio — C ) —E
X{( mQBS>'<mb+ms>( @ Ql) +‘<mb+ms>( @ Q2)+ (Cro 1O)m ) ’

where fp, is the By decay constant, mp, is the Bs; meson mass and 7p, is the B, mean life,
all given in Appendix [G} The involved Wilson coefficients can be found in Appendix [C]

Similarly, the branching fraction for BR(By — p* ™) can be obtained from:

B G202 A2
BR(By — putp”) = ﬁf%TBdm%d‘%b‘/ttlF\/ 1 - FQBM (753)
d

4m/21 mp, 2 MBy My ?
X 1-—=]| Co, "+ || —*—) Cqg, +2C1o ;
mg, mp + My mp + My mp,
In SuperIso, first all the Wilson coefficients are calculated numerically, and then the branch-
ing ratios of By — uTu~ and By — pTpu~ are evaluated.

E.8.2 Untagged Branching ratio

The branching ratio of By — p+u~ described in the previous section is CP-averaged, while
the experimental value is untagged. The untagged branching ratio is related to the CP-
averaged one by [91]:

1
BR™8(B, — utp”) = [ J;AAE ys} BR(B; — pt ™), (754)
—Ys
where )
Ys = §TBSAFS =0.088 £0.014 , (755)
e |P[2 cos(2pr) — S cos(2¢s)
P|?cos(2¢p) — |S|* cos(2¢g
Aar = , 756
with
m2 M? 1 Co, — C!
S=|1-4—n B iy (757)
P — ClO - C{O + M%S ]- CQZ - Cé?Z (758)
N CfOM 2my, my, + my CfOM ’
and
ps =arg(S),  pp=arg(P). (759)

The obtained value can then be directly compared to the experimental one.
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E.9 Branching ratio of K — nvv

Similar to the rare B-decays with AF = 1 (Eq. (24))), the s — d transitions can be described
with an effective Hamiltonian

4G S S S S
Hoi = — \/fxsdo‘ez<cd’fod"+c“cgk“) (760)
k
with /\f'fl = Vj7,Vuqa and U = u, c,t. The relevant effective operators are given by
03" = (3v,Prd) (Iy"0), 050" = (57, Prd) (Ey"y50), (761)
i = (5Pgd) (20), Q5™ = (5Prd) (£y50), (762)
05+ = (57, Prd) (79"(1 = 5)v), (763)

where ¢ corresponds to the lepton flavour. In general, the are can also be contributions
from the primed version of the above operators where the chirality of the quark currents
are reversed (P, <» Pgr). The Wilson coefficients C’,id’g contain the short-distance effects
which can be parametrised as

C}id ! CZ sm T Ciifjﬁfp- (764)

where the SM and NP subscripts indicate the Standard Model and New Physics contribu-
tions, respectively.

The branching fractions of the K; — m'v and KT — 7t vo decays with a sum over all
neutrino flavours adopting to our notation are [131}/132]

1
BR(K, — n'vp) = ;LO Ssiy Zlm e (765)

14 Apy) 1 ) A )
BR(KT — 7ntvp) = /€+(>\10EM)35%V E [Im2 ()\tCL[) + Re2< - 802 <+ )\deLzﬂ
Uy w

(766)

where the electromagnetic radiative correction due to photon exchanges is given by Agy =
—0.003 for Epax ~ 20 MeV, and for the factors £y 1, we have [133]

URE
=(2.2314£0.013) - 10710 | ——

Kk = (2.231 £0.013) - 10 [0‘225] , (767)

o A ®

= (0.5173 +0.0025) - 10710 | ———_| .
Ky = (0.5173 £ 0.0025) - 10 [0'225} (768)
The short-distance SM contribution is given by CZfSM = Crsm = —X(x¢)/s%, with

X (xt) |138] extracted from the original papers [134(137]
Qs o)

X(]?t) = X()(J,‘t) 4(Iut)X1( ) + EXEW(I}), (769)
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where X is the leading order result, and X;, Xgw are the NLO QCD and EW corrections,
respectively. The coupling constants as and o, as well as the parameter z; = m?/ m%v have
to be evaluated at scale p ~ O(M;). The LO expression is the gauge-independent linear
combination Xg(z;) = C(z¢) — 4B(x¢) [139,/140]

Tt | Tt + 2 333'7& —6
X ==
O(It) 8 Ty — 1 (.’Et — 1)2

log x| . (770)

The NLO QCD correction [134-136], in the MS scheme reads,

29y — a7 — 4z} xy + 92 — x} — 2}
X = — - 1
1(xt) 3(1 _ :Et)2 (1 — xt)g 0g Tt
8y +da? +a} — . 4y — x|
1 — ——=Lig(1 — 771
21 — 2)3 08" Tt = [T ge kel — ) (771)

2

0Xo 7
8xy—— log —-
+ 3¢ Oy og Mgvv

where p is the renormalisation scale. The 2-loop EW correction Xgw has been calculated
in [137].
The charm contributions X* (= M P.(X)) are described via

PC(X):PCSD(X)+5PC,U (772)

where 0P, , = 0.04 & 0.02 corresponds to the long-distance contributions as calculated in
Ref. [141]. The short-distance contribution of the charm quark P.(X) including NNLO
correction is calculated in Ref. |142] but the explicit analytical expression is not given.
However, an approximate formula is given by

0.5081 1.0192 4
M . . 0.2255
PCSD(X):O_%MQ(W) (as< Z>> 1+ kL, 1, ()
i,J

1.30GeV 0.1176

0.5276 1.8970 4
me(me) as(Mz) o 0.2255
+0.008707 e e). 1 5 7 N [ (einicicdl I
(1.30GeV) <0.1176 +ZZ]:€J e os )

(773)

L, = In < me(me) ) R R (O‘S(MZ)> , (774)

where

1.30GeV 0.1176

and

k1o = 1.6624, ko1 = —2.3537, K11 = —1.5862, Koo = 1.5036, Ko2 = —4.3477,
€10 = —0.3537, €1 = 0.6003, €13 = —4.7652, €39 = 1.0253, €2 = 0.8866.  (775)

In general, NP effects can be neutrino-flavour dependent, and besides the NP x NP terms,
there are also contributions via SMxNP interference terms. This is more visible with
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Eqs. and in their expanded form

kr 1 4

BR(K[ — 7'vi) = N 35W Z Im? [\, C7] (776)

= BR(K, — n%vi)sy + :”ILO; [ZIm (M Cnp ) +2Tm (4 Crsn) D Tm (A e ) ]

Ve

1+ Apum) 1 AcXe v
BR(K* — ntup) = W3S%V 3 [Im2 (ney) +Re? (=25 C;)]
Vyp SW

(777)

k(1 +AEM

=BR(KT — ntvi)sy 4+ 310

Z Im? ()\t I NP) +2Im (\Cpgm) Y Im (AtCZfNP)

vy
+) Re’ <)‘tCZfNP> +2Re (MCrsm) Y Re ()\tC[UfNP) ~2) Re ();Xé’) Re (AtCZ‘in)
vy vy Ve w

For the interference terms of the BR(K+ — 77vi) decays, the NNLO charm contributions
for the different neutrino flavours are needed in separated form for which we use the NLO
results X&/* = 10.05 x 1074 and X7 = 6.64 x 10~ at p. = 1.3 GeV [132].

E.10 Branching ratio of K g — putp~

The branching ratios of the K — p*p~ and Kg — ptu~ decays, adopted to our notation
is given by [141}|143]

0 _ f2m3 Bk (Groe\? 9 mi
BR(K} = ' p”) = A= Ton ) K oy (MiCa)

GF%N m; Re(—/\cSQ + /\tCl()) — —E __Re(MCq,)

B f2mi Bk (Grae\?
BR(Kg = p'p) = rg i - \/57: x 3 Brx

2 Ye
+ m“Im(—/\cS2 + /\tC10> + K tm(nCo,)
1%% S

2

}, (779)
mg ms + Mg
with a. at the Mz scale, 8, x = /1 —4m,, /MIQ( and in order to include chirality flipped

contributions, the Wilson coefficients should be replaced by C; — C; — C/. The short-
distance SM contribution is given by CfO,SM and the charm contributions Y, (E )\4PC(Y)),

and the long-distance contributions are denoted as N%D and N gD where the former has an
unknown sign.
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P.(Y) is known at NNLO in QCD [156] and while the analytic expression for P.(Y") is
not given in [156|, an approximate formula with A-dependence is offered

0.225\ 4
P.(Y) = 0.115 & 0.008pcor & 0.008,,, + 0.001,, = (0.115 + 0.018) <A> . (780)

Another approximate formula with an accuracy of better than +1.0% in the ranges 1.15 GeV <
me(me) < 1.45GeV, 0.1150 < as(Mz) < 0.1230, 1.0GeV < p. < 3.0GeV and 2.5GeV <
wy < 10.0GeV is also given in Ref. [156]

P.(Y)=0.1198 (mc(mc)>2'3595 <aS(MZ)>6.6055

1.30 GeV 0.1187
1 amLt L1 LF L 0.225)* 781
X + Z Rijimtom Lo, by, N ) (781)
Z?.]7k7l
where
me(me) as(Mz)
Ly, =In| ——= L, =1
me = 11 <1.30 GeV> ’ o n( 0.1187 ) °
He Hb
L, =1 ( ) , L, =1 ( ) , 782
e = M\15GeV m = \5.0GeV (782)
with
K1000 — —0.5373, K0100 — —6.0472, K010 — —0.0956,
K001 — 0.0114, K1100 — 3.9957, K1010 — 0.3604,
KQ110 — 0.0516, K101 — *0.0658, K2000 — *0.1767,
K200 — 16.4465, K020 — —0.1294, K030 — 0.0725. (783)

The long-distance contributions as extracted in [143,/145] from [141}/1441[146] is given by

+dagm, | 27 Br(K) — yy)EXP

NL TL i J 784
T fx MIQ( My X (Xdlsp ZXabs) ( )
200m 2 Br(KO — yy)EXP
LD 01y 9 .
T X (Zaisp + 1ZLabs)- 785
5 K M%{ |H(0)‘ My TS ( disp T ¢ abs) ( )

with ap = 1/137.04.
For the K, — pTu~ decay, Br(K? — vv)EXP = (5.47 £ 0.04) x 107 [150] and the 2y
intermediate state [152,/153] is given by Xadisp + iXabs = (0.71 £0.15 £+ 1.0) +i(—5.21) where

I_B,u,K
1+6u,K

the absorptive contribution is calculated via Yaps = 257TK 111( ) and the dispersive
1,

part is taken from Ref. [146] as extracted from Ref. [141].

For the Kg — ptu~ decay, H(0) corresponds to the one-loop pion contribution with
two external on-shell photons [144] with the general formula for H(z) given below. Zgisp, +
iZaps = I(mZ/MIQ(,mgrﬁE /M2) where the general two-loop function Z(a,b) is given in [151]
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in terms of a three-dimensional integral which for Kg — 777~ — vy — £T{~ is equal to
—2.821 +i1.216 (40.0.001). Br(K9 — ~7)BXF = (2.63 £ 0.17) x 1076 [150] and while
the experimental measurement has less than 7% uncertainty, a 30% uncertainty should be
considered on the branching ratio due to possible higher-order chiral corrections to the
dispersive long-distance Kg — p™p~ amplitude which at the lowest order in the chiral
expansion arises from two-loop diagrams of the type Kg — ntm~ — vy — ptu~ [141].

The general expression for H(z) where z = (p + p')?/M2 with p and p’ denoting the
momenta of £~ and ¢ can be found in [154,/155]

1-— %aurcsin2 (%) z<4
F(z) = _JSiTals 2 ; (786)
1+1<ln114/+i7r> z>4
Z 1+4/1-4/2

\/marcsin <§> z <4

an , 787
%\/1—4/z<lni\/%—i7r> z>4 (787)

E
ORI B

with 7, = m;/Mk.
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E.11 Branching ratio of B, — 7v,

The purely leptonic decay B, — Tv; occurs via W+ and H' mediated annihilation pro-
cesses. This decay is helicity suppressed in the SM, but there is no such suppression for
the charged Higgs exchange at high tan 3, and the two contributions can therefore be of
similar magnitudes. This decay is thus very sensitive to charged Higgs boson and provide
important constraints.

The branching ratio of B, — Tv; in Supersymmetry is given by [92]

G2 F2|Vip|? 2\ 2 2 tan? 2
BR(B, — ) = eIVl 2 (1-””) [1— ( iy ) an”f } , (789)

87 m% M?. ) 1+etan

where € is given in Eq. (101, and 75 is the B* meson lifetime which is given in Ap-
pendix [G] together with the other constants in this equation.

The following ratio is usually considered to express the new physics contributions:

2
RMSSM _ BR(By = Tvr)Mssm _ 1— mp tan® § (790)
TUr BR(Bu — TZ/’T)SM M12{+ 1+ ¢ytan 8 ’

which is also implemented in SuperIso.

In the 2HDM, Eq. ([789) takes the form

2 2 2 2\ 2 2 2
BR(B, — 1v;) = MTBmBmE <1 — mT) [1 - < b ) )\bb)\ﬂ-] , (791)

2 2
87 m% M2,

where the Yukawa couplings Ay, Ar+ can be found in Table [4] for the four types of 2HDM
Yukawa sectors.

E.12 Branching ratio of B — D7,

The semileptonic decay B — D7, is similar to B, — 7v,. The SM helicity suppression
here occurs only near the kinematic endpoint. The branching ratio of B — D7v; on the
other hand is about 50 times larger that the branching ratio of B, — 7v, in the SM.

In Supersymmetry, the partial rate of the transition B — D/{v, (where ¢ = e, u or 7)
can be written in function of w as [93]

dU(B — Dl G2|Vep|*m?
AE2 Pl CrlVal mb o) (792)
m?2 myp tan? 3 2
1— —£ |1t
. [ m% (w) (my —me) M7, 14 €tan g ps(w)|

where w is a kinematic variable defined as:

we 1t (mp/mp)* — (pB — pp)*/m%
2mD/mB
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with pp and pp the meson four-momenta, and t(w) = mZB + m2D —2wmp mp. Again, € is

given in Eq. (101)), and

t(w) = m% +m2 — 2wmpmp . (794)

In general 2HDM, Eq. (792)) is replaced by

dT'(B — D{lvy) G2V PmY

m2 mb)\bb MeA 2
x [1——£ 1 —t(w | ps(w)]

where the Yukawa couplings Ay, Age can be found in Table {4 for the four types of 2HDM
Yukawa sectors.

The vector and scalar Dalitz density contributions read [93]

pstu) = 30 (1e mEY LR (797)

where G(w) and A(w) are hadronic form factors. G(w) can be parametrized as

G(w) = G(1) x [1 = 8p%z(w) + (51p* — 10)z(w)? — (252p* — 84)z(w)?] (798)
with
Vw1 -V2
z(w) = NS ok (799)

and A(w) is [94]
A(w) = 0.46 £ 0.02 . (800)

The parameters G(1) and p? are given in Appendix [Gl Integrating Eq. (792) over w leads
as a result to the value of the branching ratio.

The following ratio
BR(B — Drv,)

BR(B — DVev,)

is also considered in order to reduce some of the theoretical uncertainties. It can be calcu-

lated using Eq. (792).

Epow = (801)

E.13 Branching ratio of K — uy,

The leptonic kaon decay K — puv, is also very similar to B, — 7v,, and is mediated via
W and H" annihilation processes. The charged Higgs contribution is however reduced as
H™ couples to lighter quarks in this case.
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We consider the following ratio in SuperIso in order to reduce the theoretical uncertainties
from fr [95], which reads in Supersymmetry

BROK = ) 7ic Vs |* feomic (1= mi/mic)* (302)
BR(TF — MVM) Tr | Vud f% Mz 1 _m%/mgr
2 2 2
x [1 i< <1md> tanﬁ} (1 + Gem)
Mz, ms /) 1+ etanf

where der, = 0.0070 4 0.0035 is a long distance electromagnetic correction factor, the ratio
fr/fr is given in Appendix |G| and € for the second generation of quarks reads:

2 2
2 mg, My
€0 = — G H2 ( ‘IQL’ d2R> ) (803)

Tmg 2 <
3mmg ms - mg

where Hy(x,y) is given in Eq. (103)).

The additional quantity R,23 [95] is also implemented in SuperIso

_ ‘1 ma.. <1 B md> tan? 3

_MIQJJr ms ) 1+ ¢ tan B

Vus(Kﬁ) « Vvud(oJr — 0+)
Vs (K£3) Vud (7r£2)

R23 = , (804)

where (i refers to leptonic decays with 4 particles in the final state, and 07 — 0T corre-
sponds to nuclear beta decay.

In general 2HDM, Eq. (804)) reads

2
_ Mg+ mq
R == (1= ) o

, (805)

where the Yukawa couplings Ags, A, can be found in Table |§| for the four types of 2HDM
Yukawa sectors.

E.14 Branching ratio of D, — (v,

The purely leptonic decays Dy — fv, are very similar to K — pv,, and proceed via anni-
hilation of the heavy meson into WT and H™. The charged Higgs boson contribution can
only suppress the branching ratio and is therefore slightly disfavoured. In Supersymmetry
the branching fraction is given by (where £ = e, or 7) [96,97]:

2

2

Gk 242 2 m;

BR(DS — EVE) = g |‘/cs| stmngsTDs — mT (806)
D

2 2 2
1 mp, mg tan® g3
1+ Me — ——————— ,
Me + Mg Mg+ 1+ ¢tan
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where 7p, and fp, are the DF meson lifetime and decay constant respectively, which are
given in Appendix [G] together with the other constants in this equation, and

2 2
2 ms.  mz
0= —oilp, (2 i) (807)
3mmg mg - mg
with Hy(z,y) given in Eq. (103)).
In general 2HDM, Egs. (807) becomes
2
G> m?2
BR(Ds — lvy) = 8—F |Vcs|2 f%smszSTDs ( — 2€> (808)
T mp

2
« 1= mp, 2 ms)\ss - mc)\cc)\
MHJr (mc n ms) o0 )
where the Yukawa couplings A, Ass, Age can be found in Table 4] for the four types of 2HDM
Yukawa sectors.
E.15 Branching ratio of D — v,

The decay D — puv, is also measured experimentally. In Supersymmetry the branching
fraction is given by:

G% 2,2 2 My i
BR(D — pv,) = ——|Val” fpmgmptp |1 - —5 (809)

8
2 2 2
1 mp mg tan® g3
1+ L
me + My Mg+ 1+ ¢ytan
where 7p and fp are the D* meson lifetime and decay constant respectively, which are
given in Appendix [G] together with the other constants in this equation, and ¢y is given in

Eq. (807) and Hy(z,y) in Eq. (103]). Contrary to Ds — fvy, the tan 5 terms are suppressed
in this decay.

X

In general 2HDM, Egs. (810) becomes

2
BR(D — pv,) = 8—71:1

m2 2
Vedl? fpmimprp ( — 5) (810)
mp

2
mp \ > Maddd — MeAee

X [1— )\p,,u )
MH+ (mc + md)

where the Yukawa couplings Acc, Agq, Ay can be found in Table {4 for the four types of
2HDM Yukawa sectors.
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Appendix F Muon anomalous magnetic moment

The magnetic moment of the muon can be written as

eh
M = 1 811
g () (s11)

where eh/2m,, is the Dirac moment and the small higher order correction to the tree level

is called the anomalous magnetic moment a, = (g, — 2)/2.

F.1 Supersymmetry

Supersymmetry can contribute to this anomaly through chargino-sneutrino and neutralino-
smuon loops. The one-loop SUSY contributions to a, are [9§]

2 xl
(5@25 167['2 Z Z { 12m 2 ‘nlm‘ T ‘nlm’ )Fl (xzm) + 3m2 Re[nlmnzm]FZ ($zm)} 5

Z_ ’m* l’l/m
(812)
and
L2 | (B2 pC 2m, & L Ry oC
&LX 167r2 Z (’Ck| + Je | >F1 (zx) + 32 Relcyel | Fy (zk) ¢ s (813)
VY

where n,0 is 4 in the MSSM and 5 in the NMSSM. i, m and k are neutralino, smuon and

chargino mass eigenstate labels respectively, and

nz]in = \/ig,Nile2+y,uNi3Xm1> (814)
1

nh, = E(QNZQ +9'Nit) X1 — yuNis Xy (815)

of = YUk, (816)

o = —gV, (817)

where y, = gm,/ V2Myy cos 8 is the muon Yukawa coupling, and the X is the smuon
mixing matrix. The functions FZ-N and FZC depend respectively on x;,, = mio / m%m and

2 2
T =m ms as
k in/ Uy

FN@) = (1_2:5)4 (1 — 62 + 322 + 22° — 622 n x) , (818)
FN(z) = (1—3:1;)3(1 —2? +2zln x) , (819)
FC(z) = (1_236)4(2—1—3:1:—6372 +x3+6x1nx> , (820)
F¢(z) = —2(1333)3(3—4x+w2+21nw> . (821)
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The muon anomalous magnetic moment can also receive at one loop contributions from the
Higgs bosons, which can be large in the NMSSM [99]:

3
12 - 2 2 )
War? i cost B Jo o (%}:) (1—2x)
Gm? & 3
sal’ = - “m’; S (U tan’ 8 v d‘ﬁ : (823)
4V2r? 0 224 (W(L’) (1—-=x)
G 2 1 . 1 d
AN “m’; tan? 3 se—1)de - (824)
421 0 »_14 (z\{nH:)

where G, = g/4\@M§V, and UH and U4 are respectively the CP-even and CP-odd Higgs
mixing matrices given in Eqs. and , and Mjy, and M,, refer respectively to the
masses of the three CP-even and the two CP-odd Higgs bosons.

In addition to these contributions, we also consider the leading logarithm QED correction
from two-loop evaluation [100]:

4o . M

SUSY _ SUSY SUSY

a,u,Qloop - a,u,,lloop (1 - In > ’ (825)
T mu

where Mgysy is a typical superpartner mass scale.

The dominant two loop contributions from the photonic Barr-Zee diagrams with physi-
cal Higgs bosons are as follows [101]

2,,2
QH) = Re[A% A" 2, /M2 826
v SR Z{Z NN Frs (e /M) (826)

+ Re[)\Zi)\Z%] Js(m2s /M,i,)} ,

h;
- o?m?, 9 hi \ hi 2 a2
o = SR > (Ne@); D0 D Re[NENE] f(m? /M), (827)
WEW g5 s =12 h; ’

where h; and a; stand respectively for (h°, H°) and A° in the MSSM, and (h°, H°, HY) and
(A9, A9) in the NMSSM. N, is the colour number and Q the electric charge.
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The couplings of the Higgs to muon, charginos and sfermions in the MSSM are given by:

AR HO,AC) [—:;‘; %,tan 5] , (828)
AZ%O’HO’AO] \/iiiw {Ukl Via [cos o, sin o, — €os B] (829)
K
+Ugo Vi1 [ — sin «, cos a;, — sin ﬁ] } ,

)\gLO’HO] m;:ilﬁ{ + p*[sina, — cosa] + A¢[ cosa,sin a]} (Dfl)*DEQ , (830)

t;
)\U:O,HO] n;:;ﬁ{ — p*[cosa,sina] + A, — sina, cos o }(DEI)*D% , (831)

b
)\%O’HO] mgrg(:sﬂ{ — p*[cosa,sina] + A; [ — sina, cos a}} (DL)*DL, , (832)

where U and V' are the chargino mixing matrices, and D 7 is the sfermion f mixing matrix.

In the NMSSM, these couplings can be generalized as [99]:

UH
N i2 833
# cosfB’ (833)
AL Ui tan 3 (834)
. V2 M,
)\;?i W |:)\Uk2Vk2 g +g (UklkaUg + UkQVklUg) } , (835)
i gm.
o V2M, .
X = ZV [AngkaUg — g (Us1Via c0s B + Ura Vi sin ) U;ﬂ , (836)
Xk
. 22 My 7
R QBN I E ARy
t;
2 H 9/2 H H i?
+[htUuUi1 Y (vuUjf — UdUi2):| ’DkZ)
392 _ g/2 _ 2
+ [h?Ung - T(”uUiH - UdUg)} ‘Dfﬂ‘ ;
(838)
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. 2v/2 M i
N = va{hbmbvg = MaU{ + vaUE)|Rel(D}y)" D} (839)
b;

12

g = 12
+ [1vaUf + %= (Ul —vaU}]) | | D)

3 2+ /2 ~ 12
+[h§UdU£ + 75 (0, Uf —vdUg)} )Dzl‘ 7

12
i 2v2Myy F ok T
)‘Z;i = Tgm2 {hT [A:U5 = A (2Uf + 0,Uf)] Re[(D];)* D) (840)

2 z
+ [hivdUg + % (vuUff — vdUg)] DL/’

2 i, 9097 ] 2
+ |hivaUjs + 1 (UuUil UdUiQ) |Dk1} ’

where v,, vq and x are the VEV of H,,, H; and S such as

(2
i \S/lgGi , tan 8 = Z—: . (841)

The loop integral function fpg is given by:

poste) = [[ter oI = B ua (-1 (1 152)], e

with y = /1 — 4x. The other loop functions are related to fpg as
fs(@) = (22 —1)fps(x) —22(2 +logx) , (843)
x
fi@) = 3 [2 +loga — fps(x)} . (844)

The contribution from the bosonic electroweak two loop diagrams can be written as [99,/102]:

5Grm? m?
dabs = — 1 |epln—E + ¢ |, 845
SRS YR ( LWz, T (845)
where
1
=5 [98 +9c) +23(1— 43%)2} . (846)

cii in the MSSM is given by

=

cos 28M% [cos acos(a + ) | simasin(a + 5)] (847)

2 2
cos f3 Mz, M;,
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and in the NMSSM is extended to:

3
UH(UH — tan U
C}i = COS QBM% Z 12( 2 MQanB Zl) ’ (848)
i=1 hi
from which the SM bosonic electroweak two loop contributions have to be deduced:
sa>M = M ;M In mii + M (849)
o 24\&7{_3 L MI%V 0 ’
with ]
M = o [107 +23(1— 4812/1/)2j| : (850)

and ¢y and ch are neglected.

F.2 2HDM
In the 2HDM the dominant contribution can be obtained by generalizing the results of |103]:

' 2Tf ’
day = Zf: W(NcQ2)f{—Mipfp’ 9 (1) (851)
e [/@f sin(f8 — ) + p’ cos(B — 04)} [K,M sin(8 — «) + pt cos(B — oz)} [ (zfn,)
hO
_7]\/[12 [/@f cos(f —a) — ol sin(8 — oz)} [Kﬂ cos(B — a) — ptsin(B — a)} f (:UfHO)}
HO

where rf = \/imf/v, pf = )\ff/{f, Tpx = m?c/m%(, and T:{ is the third component of the
weak isospin, —1/2 for down-type fermions and 1/2 for up-type fermions. Finally, the f
and ¢ functions are given by

1 — [e— —
fla) = /0 dy1y(12_y;1) —Z;) In y(lgj v (852)
. ! 1 y(1—y)
g(x) = /0 dyy(1 S g In — (853)
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Appendix G Useful parameters

The masses of quarks and mesons, as well as some other useful parameters such as lifetimes,
CKM matrix elements and decay constants, are given in Table [17]

Appendix H Suggested limits

In Table we present our suggested limits for each observable, which can be used to
constrain SUSY parameters.

We would like to stress however that some of the inputs in this table suffer from large un-
certainties from the determination of CKM matrix elements and/or hadronic parameters.
The constraints obtained using these observables should therefore not be over-interpreted
(see |21] for more details).

The limits on the masses of Higgs and SUSY particles from direct searches at collid-
ers are given in Table Some of the limits are subject to auxiliary conditions (see
[15]) which are also taken into account in the program. These values are encoded in
src/excluded_masses.c and can be updated by the user if necessary.

Appendix I LHA file format for 2HDM

SuperIso needs a Les Houches Accord (LHA) inspired input file for the calculations in
2HDM. This file, in addition to the usual MODSEL, SMINPUTS, GAUGE, MASS and
ALPHA blocks of SLHA format, needs three additional blocks to specify the Yukawa cou-
pling matrices for up-type and down-type quarks and for leptons. Also, the 2HDM model
must be specified in the MODSEL block with the entry 0 followed by a positive integer.
Such a file can be generated by 2HDMC. An example is given in the following:

Block MODSEL # Select Model
0 10 # 10 = THDM
Block SMINPUTS # Standard Model inputs

1 1.27910000e+02  # 1/alpha_em(MZ) SM MSbar
2 1.16637000e-05 # G Fermi
3 1.17600000e-01  # alpha_s(MZ) SM MSbar
4 9.11876000e+01  # MZ
5 4.24680224e+00  # mb(mb)
6 1.71200000e+02  # mt (pole)
7 1.77700000e+00  # mtau(pole)
Block GAUGE # SM Gauge couplings
1 3.58051564e-01 # g’
2 6.48408288e-01 # g
3 1.47780518e+00 # g_3
Block MASS # Mass spectrum (kinematic masses)
# PDG Mass
25 9.11123204e+01  # Mhl, lightest CP-even Higgs
35 5.00013710e+02  # Mh2, heaviest CP-even Higgs
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Meson masses in MeV |[15]

My M M+ mpo mp, mp mp, mp,
139.57 | 493.677 | 895.81 | 1864.84 | 1869.61 | 1968.30 | 5279.26 | 5366.77 | 5279.58
Meson lifetimes in ps [15]

Tr TK TB TBy TD TD,
26033 12380 1.638 1.512 1.519 1.040 0.500
Quark masses in GeV and a; [15]

my (mb) Me (mc) ms mfde as(Mz)
418 4+0.03 | 1.275£0.025 | 0.095+0.005 | 173.34 £0.27 £0.71 0.1184 4+ 0.0008
Hadronic parameters in MeV (u =1 GeV)
fre/f= 104] | free [105] | free [105] /5 [50] Ap [86] fB. 50] fo, [106]
1.193 £ 0.006 220£5 185+9 194 + 10 460 + 110 234 £10 248 £2.5
Meson mass and coupling parameters (1 =1 GeV) [6]]

I ¢y T wiy o o
0.032 0.013 0.024 -2.1 0.16 -0.16
Meson related parameters (u =1 GeV)
ot (K7) 83 a3 (K°) 83 ) (K°) |83 a3(K°) [83)
0.10 £0.07 0.13 £ 0.08 0.10 £0.07 0.09 £0.05
G(1) [94] p” 193] Aw) [94] PR [80]

1.026 £0.017 1.17+0.18 0.46 £ 0.02 0.268 + 0.032
CKM matrix elements [15]
|Vad| |Vaus| [15] Vi |Vedl |Ves|
0.9742740.00015 | 0.22537 4 0.0007 | (3.554-0.02) 10~3 | 0.2252 + 0.0007 | 0.9734340.00016
Vel Vil Vs Vi

(4.1340.11) x 102

(8.86 4 0.26) x 103

(4.054+0.11) x 102

0.999139 £ 0.000045

b — sy and b — s£T£¢~ related parameters

pig; 154] p} 154]

P?is 54]

A2 (GeV?) [15[53]

BR(B — Xce0)exp |04

0.336 £ 0.064

0.153 £0.45

—0.145 £ 0.098

0.12

0.1065 £+ 0.0016

Table 17: Input parameters.
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Observable

Combined experimental value

95% C.L. Bound

BR(B — X,v)

(3.43 £0.21 £ 0.07) x 10~ [109]

2.63 x 107* < BR(b — s7) < 4.23 x 1074

Ao(B — K*'y)

(5.2 +£2.6) x 1072 (a)

—1.7x1072 < Ay < 8.9 x 1072

BR(B, — 1v;)

RTV—,—

(1.64 4 0.34) x 10~ [109)

1.63 + 0.54 (b)

0.71 x 107* < BR(B,, — Tv,) < 2.57 x 1074
0.56 < Ry, < 2.70

BR(B — D'7v;)

gDE v

(8.6+24+1.1+0.6) x 1073 [112]

0.416 +0.117 + 0.052 [112]

2.9 x 1073 < BR(B — D%rv;) < 14.2 x 1073

0.151 < &pgy < 0.681

BR(Bs — ptu™)

(2.9+£0.7) x 1072 [113]

1.3x 107 < BR(Bs = pTpu~) < 4.5 x 107

BR(Bq — p*p7)

(3.6716) x 10710 (113

BR(By — ptp™) < 1.1 x 1079

BR(K — pv)
BR(m — uv)

R,LLQS

0.6358 & 0.0011 (c)

0.999 + 0.007 [104]

BR(K — pv)
BR(m — pv)

0.985 < Ry93 < 1.013 (d)

0.6257 < < 0.6459

BR(D; — 7v5)
BR(Ds — pv,)

(5.38 4 0.32) x 1072 [97]
5.81 4 0.43 x 1073 [97]

4.7x 1072 < BR(Ds — 7v;) < 6.1 x 1072

4.9 x 1073 < BR(Ds — pv,) < 6.7 x 1073

BR(D — pv,) (3.824£0.33) x 10~ [15] 3.0 x 107 < BR(D — pv,,) < 4.6 x 107*
day, (2.55 +£0.80) x 1079 [114] —2.4x 1071 < §a, < 5.0 x 1077
Table 18:  Suggested limits for the observables implemented in SuperIso v3.4. The

95% C.L. bounds presented in this table include both the experimental and the theoretical
uncertainties [to be updated).

a) Value obtained combining the Babar measurement [110] with the results of [15,111].
b) Value deduced from [109].

(
(
(c) Value obtained combining the results of [15,95].
(

d) See [21] for a discussion on the uncertainties.
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Observable

Experiment [1151117]

SM prediction

BR(B — X lTL7) 2 6)Gev?
BR(B = X (T07) 2514.4Gev2

(1.56 +0.39) x 10~°
(4.79 £1.04) x 1077

(1.73+£0.16) x 10~°
(2.20 £ 0.44) x 1077

(dBR/d¢*(B — K*N’+,u'7)>q2€[0.1,2]GeV2

(0.60 & 0.06 £ 0.05 + 0.04 £ 0.05) x 107

(0.70£0.81) x 107

(FL(B = K* 1 17 )) g2 (0.1,2)Gev? 0.37 £0.10 £ 0.04 0.32 +0.20

(Py(B = K* i 7)) g2e(0.1,2]Gev? —0.19 +0.40 4+ 0.02 —0.01 4 0.04

(Py(B = K* i 107)) g2e(0.1,2]Gev? 0.03 +0.15 +0.01 0.17 +0.02

(Pj(B = K* i 117)) g2e(0.1,2]Gev? 0.00 + 0.52 + 0.06 —0.37 £0.03

(PY(B = K* i 117)) g2e(0.1,2]Gev? 0.45 +0.22 £ 0.09 0.52 +0.04

(P{(B = K*pt 117)) g2e(0.1,2)Gev? 0.24 +0.22 £ 0.05 —0.05 4 0.04

(P{(B = K*put 1u™)) 2efo.1,21Gev? —0.12 4 0.56 4 0.04 0.02 +0.04
(dBR/dq*(B — K* " 117)) g2 €[2.4.3)Gev? (0.30 £ 0.03 £0.03 £ 0.02 £ 0.02) x 10~7 | (0.35 +0.29) x 10~"
(FL(B = K* 11" 7)) g2 2.4.3)Gev? 0.74 £0.10 £ 0.03 0.76 + 0.20

(Pi(B = K* it 17)) q2e2,4.3)Gev? —0.29 4 0.65 4 0.03 —0.05 4 0.05

(Py(B = K* i 107)) g2e2,4.3)Gev? 0.50 + 0.08 + 0.02 0.25 + 0.09

(Pj(B = K* i 117)) 2e2,4.3)Gev? 0.74 +0.58 £ 0.16 0.54 +0.07

(PY(B = K* i 117)) g2e2,4.3)Gev? 0.29 + 0.39 + 0.07 —0.33+0.11

(P{(B — K*um*))qzep 1.3)GeV? —0.15 4 0.38 4 0.05 —0.06 + 0.06

(P{(B = K*put ™)) 2e2.a.3)Gev? —0.3+£0.58 £0.14 0.04 + 0.05
(dBR/dq* (B — K*pu"117)) g2can .68Gev? | (049 £0.04+0.04+0.03£0.04) x 1077 | (0.48 £0.53) x 107
(FL(B = K* it 117 )) g2 €(4.3,8.68]Gev? 0.57 +0.07 &= 0.03 0.63 +0.14

(Py(B = K"t 117 )) g2€(4.3,8.68)Gev2 0.36 £ 0.31 £ 0.03 —0.11 4 0.06

(Py(B = K* i 107)) g2¢(4.3,5.68) Gev?2 —0.25 +0.08 +0.02 —0.36 + 0.05

(Pj(B = K* i 107 )) g2¢[4.3,5.68)Gev? 1.18 4 0.30 +0.10 0.99 4 0.03

(P{(B = K* i 117)) g2¢(4.3,5.68]Gev? —0.1940.16 +0.03 —0.83 £ 0.05

(P{(B = K* i 117 )) g2¢(4.3,8.68] GV 0.04 +0.15+0.05 —0.02 4+ 0.06

(P{(B = K"t 117)) g2¢4.3,5.68]Gev? 0.58 4 0.38 & 0.06 0.02 + 0.06
(dBR/dq*(B — K* " 117 )) g2ep1a.18,16)Gev? | (0.56 £0.06 £0.04 +£0.04 £0.05) x 10~ 7 | (0.67 £1.17) x 10~ "
(FL(B — K* 11" 7)) g2 e14.18,16)Gev? 0.33 +0.08 = 0.03 0.39 +0.24

(Py(B — K*utp )>q26[14_18,16](;ev2 0.07 £ 0.28 £ 0.02 —0.32 4 0.70

(Py(B = K* it 117)) q2e(14.18,16)Gev? —0.50 4 0.03 + 0.01 —0.4740.14

(Pj(B = K* i 117)) 2e[14.18,16)Gev? —0.18 4 0.70 4+ 0.08 1.1540.33

(PL(B = K* i 117)) g2e[14.18,16)Gev? —0.7940.20 +0.18 —0.82 4+ 0.36

(P{(B = K* i 117)) g2e14.18,16)Gev? 0.18 £0.25+0.03 0.00 £ 0.00

(P{(B — K*utp )>q26[14_18,16](;ev2 —0.40 4 0.60 4 0.06 0.00 + 0.01
(dBR/dq*(B — K* 1" 117)) 2 (16,19)GeVv? (0.41 £ 0.04 £0.04 £ 0.03 £ 0.03) x 10~7 | (0.43£0.78) x 107
(FL(B = K*p 7)) 216,19 Gev? 0.38 +0.09 & 0.03 0.36 +0.13

(Py(B = K* i 107 )) g2e16,19)Gev? —0.71 4+ 0.35 + 0.06 —0.55 £ 0.59

(Py(B = K* it 107 )) g2e16,19)Gev? —0.32 4 0.08 + 0.01 —0.4140.15

(Py(B = K* i 107 )) g2 [16,19)Ge Vv 0.70 + 0.52 £ 0.06 1.24 +0.25

(P{(B = K* i 0™ )) g2e16,19)Gev? —0.60 4 0.19 4 0.09 —0.66 + 0.37

(P{(B = K* i 107 )) g2e16,19)Gev? —0.3140.38 4 0.10 0.00 & 0.00

(P{(B — K*utp~ )>qze [16,19]GeV? 0.12 + 0.54 + 0.04 0.00 + 0.04
(dBR/dq*(B — K* 1" 1u™)) g2 (1,6)Gev? (0.34 £ 0.03 £0.04 £ 0.02 £ 0.03) x 10~7 | (0.38 £0.33) x 107
(Fr(B — K*um—))qze[wmew 0.65 4 0.08 & 0.03 0.70 +0.21

(Py(B = K* i 117)) g2e1,6Gev? 0.15+0.41 £ 0.03 —0.06 & 0.04

(Py(B = K* it 117 ) g2e(1,6Gev? 0.33 £0.12 £ 0.02 0.10 + 0.08

(Pi(B = K"t 117 )) g2e(1,6)Gev? 0.58 4 0.36 & 0.06 0.53 & 0.07

(PL(B = K* i u7)) g2e[1.,6Gev? 0.21 +£0.21 £ 0.03 —0.3440.10

(P{(B = K* i 7)) g2e1,6Gev? 0.18 £0.21 £ 0.03 —0.05 £ 0.05

(P{(B = K"t ™)) g 0.46 + 0.38 + 0.04 0.03 +0.04

0

q2€[1,6]GeV?

Table 19: Experimental results and theoretical predictions for the b — s¢¢ observables [to

be updated,.
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Particle | Limits (GeV) Conditions

O 111

HT 79.3

AO 93.4

X1 46

b% 62.4 tan 8 < 40

be 99.9 tan 3 < 40

e 116 tan 3 < 40

G 94 tan f < 40, myx —mgo > 5 GeV
R 73

ér 107
AL,R 94 tan B < 40, mp, — mgo > 10 GeV
71 81.9 mz, —mg > 15 GeV

Ut (t=eyu,7) 94 tan 8 < 40, m; — mgo > 10 GeV

UR 100 Map — Mg > 10 GeV

U, 100 Mgy, — Mgo > 10 GeV

t 95.7 mz, —mge > 10 GeV

dp 100 mg. —mge > 10 GeV

dp 100 mg, —mge > 10 GeV

by 100 my, —mg > 5 GeV

g 195

Table 20: Limit on the masses of Higgs and MSSM particles from direct searches at LEP
and Tevatron [15]. The limit on the h” mass includes a 3 GeV intrinsic uncertainty.

36 4.99999960e+02  # Mh3, CP-odd Higgs
37 5.06332023e+02  # Mhc
Block ALPHA # Effective Higgs mixing parameter

3.12022092e+00  # alpha
Block UCOUPL
1 1 0.00000000e+00  # LU_{1,1}
1 2 0.00000000e+00  # LU_{1,2}
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1 3 0.00000000e+00  # LU_{1,3}
2 1 0.00000000e+00  # LU_{2,1}
2 2 2.00000000e-02  # LU_{2,2}
2 3 0.00000000e+00  # LU_{2,3}
3 1 0.00000000e+00  # LU_{3,1}
3 2 0.00000000e+00  # LU_{3,2}
3 3 2.00000000e-02  # LU_{3,3}
Block DCOUPL
1 1 0.00000000e+00  # LD_{1,1}
1 2 0.00000000e+00  # LD_{1,2}
1 3 0.00000000e+00  # LD_{1,3}
2 1 0.00000000e+00  # LD_{2,1}
2 2 -5.00000000e+01  # LD_{2,2}
2 3 0.00000000e+00  # LD_{2,3}
3 1 0.00000000e+00  # LD_{3,1}
3 2 0.00000000e+00  # LD_{3,2}
3 3 -5.00000000e+01  # LD_{3,3%}
Block LCOUPL
1 1 -5.00000000e+01  # LL_{1,1}
1 2 0.00000000e+00  # LL_{1,2}
1 3 0.00000000e+00  # LL_{1,3}
2 1 0.00000000e+00  # LL_{2,1}
2 2 -5.00000000e+01  # LL_{2,2}
2 3 0.00000000e+00  # LL_{2,3}
3 1 0.00000000e+00  # LL_{3,1}
3 2 0.00000000e+00  # LL_{3,2}
3 3 -5.00000000e+01  # LL_{3,3%}

The UCOUPL, DCOUPL and LCOUPL blocks contain respectively the Yukawa couplings
Avv, App and Aprp. If some entries in these blocks are missing, they will be set to 0. The
Yukawa couplings for the types [-IV are specified in Table

Appendix J Sample FLHA output file

SuperIso generates Flavour Les Houches Accord (FLHA) output files. A sample file is
presented below. Some lines in the blocks FOBS and FOBSMS are broken for better readability.

# Superlso output in Flavour Les Houches Accord format
Block FCINFO # Program information

1 SUPERISO # flavour calculator
2 3.3 # version number
Block MODSEL # Model selection
1 1 # Minimal supergravity (mSUGRA,CMSSM) model
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Block SMINPUTS # Standard Model inputs

1 1.27839951e+02  # alpha_em”(-1)
2 1.16570000e-05 # G_Fermi
3 1.17200002e-01  # alpha_s(M_Z)
4 9.11699982e+01  # m_{Z}(pole)
5 4.19999981e+00  # m_{b}(m_{b})
6 1.72399994e+02  # m_{top}(pole)
7 1.77699995e+00  # m_{taul}(pole)
Block FMASS # Mass spectrum in GeV
#PDG_code mass scheme scale particle
5 4.68765531e+00 3 0 # b (18)
211 1.39600000e-01 O O # pi+
313 8.91700000e-01 0 O # Kx
321 4.93700000e-01 O O # K+
421 1.86960000e+00 O O # DO
431 1.96847000e+00 O O # D_s+
521 5.27917000e+00 O O # B+
531 5.36630000e+00 O O # B_s
Block FLIFE # Lifetime in sec
#PDG_code 1lifetime particle
211 2.60330000e-08  # pi+
321 1.23800000e-08  # K+
431 5.00000000e-13  # D_s+
521 1.63800000e-12  # B+
531 1.42500000e-12 # B_s

Block FCONST # Decay constant in GeV
#PDG_code number decay_constant particle

431 1 2.48000000e-01 0 0 # D_s+

521 1 1.94000000e-01 0 0 # B+

531 1 2.34000000e-01 0 0O # B_s
Block FCONSTRATIO # Ratio of decay constants
#PDG_codel code2 nbl nb2 ratio comment

321 211 1 1 1.19300000e+00 0 0

Block FOBS # Flavour observables

# f_K/f_pi

H OH OH H H H H H

# ParentPDG type value q NDA ID1 ID2 1ID3 ...

5 1 3.01680109e-04 O 2 3 22

521 4  7.94262137e-02 O 2 313 22

531 1 3.47501488e-09 O 2 13 -13

521 1 7.97936023e-05 O 2 -15 16

521 2  9.96640789e-01 O 2 -15 16

431 1 5.09631717e-02 O 2 -15 16

431 1 5.22975346e-03 O 2 -13 14

521 1 6.74263197e-03 O 3 421 -15 16

521 11 2.97215970e-01 O 3 421 -15 16
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comment

BR(b->s gamma)
DeltaO(B->K* gamma)
BR(B_s->mu+ mu-)
BR(B_u->tau nu)
R(B_u->tau nu)
BR(D_s—->tau nu)
BR(D_s->mu nu)
BR(B+->D0 tau nu)

BR(B+->DO tau nu)
/BR(B+-> DO e nu)



321 11 6.34226493e-01 O 2 -13 14 # BR(K->mu nu)/BR(pi->mu nu)
321 12 9.99985352e-01 O 2 -13 14 # R_mu23
Block FOBSSM # SM predictions for flavour observables

# ParentPDG type value q NDA ID1 ID2 1ID3 ... comment
5 1 3.04981464e-04 O 2 3 22 # BR(b->s gamma)
521 4 7.95890809e-02 O 2 313 22 # DeltaO(B->K* gamma)
531 1 3.49460689e-09 O 2 13 -13 # BR(B_s—->mu+ mu-)
521 1 8.00625493e-05 0 2 -15 16 # BR(B_u->tau nu)
521 2 1.00000000e+00 O 2 -15 16 # R(B_u->tau nu)
431 1 5.09649311e-02 0 2 -15 16 # BR(D_s->tau nu)
431 1 5.22993400e-03 O 2 -13 14 # BR(D_s->mu nu)
521 1 6.74722565e-03 0 3 421 -15 16 # BR(B+->DO tau nu)
521 11  2.97418460e-01 O 3 421 -15 16 # BR(B+->DO tau nu)
/BR(B+-> DO e nu)
321 11  6.34245073e-01 O 2 -13 14 # BR(K->mu nu)/BR(pi->mu nu)
321 12 1.00000000e+00 O 2 -13 14 # R_123
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