Including R—parity violation in the numerical computation of the spauotrof the
minimal supersymmetric standard mod&dFTSUSY3.3.3

B.C. Allanach

DAMTP, CMS University of Cambridge, WIberforce road, Cambridge, CB3 OWA, United Kingdom

M.A. Bernhard
Physics Institute, University of Bonn, Nussallee 12, D-53115 Bonn, Germany

Abstract

Current publicly available computer programs calculategpectrum and couplings of the minimal supersymmetric
standard model under the assumptiofReparity conservation. Here, we describe an extension t8@F&SUSY pro-
gram which include®R-parity violating dfects. The user provides a theoretical boundary conditiam uipe high-
scale supersymmetry breakifgparity violating couplings. Successful radiative eleateak symmetry breaking,
electroweak and CKM matrix data are used as weak-scale loyndnditions. The renormalisation group equations
are solved numerically between the weak scale and a higlyeseale using a nested iterative algorithm. This paper
serves as a manual to tReparity violating mode of the program, detailing the approations and conventions used.
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1. Program Summary

Programtitle: SOFTSUSY

Program aobtainable from: http://projects.hepforge.org/softsusy/

Distribution format: tar.gz

Programming language: C++, fortran

Computer: Personal computer

Operating system: Tested on Linux 4.x

Word size: 32 bits

External routines: None

Typical running time: a few seconds per parameter point.

Nature of problem: Calculating supersymmetric particle spectrum and mixiagameters in th&-parity violating
minimal supersymmetric standard model. The solution te¢hermalisation group equations must be consistent with
a high-scale boundary condition on supersymmetry breghkamgmeters ang, parameters, as well as a weak-scale
boundary condition on gauge couplings, Yukawa couplingstha Higgs potential parameters.

Solution method: Nested iterative algorithm.

Restrictions. SOFTSUSY will provide a solution only in the perturbative régime ahdssumes that all couplings of
the MSSM are real (i.eCP—conserving). The iterativeOFTSUSY algorithm will not converge if parameters are too
close to a boundary of successful electroweak symmetnkhmgabut a warning flag will alert the user to this fact.
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2. Introduction

Spectrum generators are a widely used tool in particle physeyond the Standard Model (SM), especially in
the case of Supersymmetric (SUSY) models. Spectrum gemsrean be used in theoretical studies of a SUSY
breaking scheme, for example in studies of fine-tuning. Bhmmological investigations of new patterns of SUSY
breaking require a calculation of the spectrum. Often, ésellting SUSY spectrum is used to calculate the prospects
of high energy experiments such as the Large Hadron Col{ldd€) discovering and measuring SUSY particles,
assuming some SUSY breaking scheme [1]. In order to run sstiealollider and detector simulation of a new physics
signal, a consistent model is needed as input. Such sirontasire required in order to set search and measurement
strategies [2, 3] as well as to estimate SUSY backgroundgrteaneasurement. In the event of discovery of some
SUSY signals in LHC data, attention will turn to the questidavhich patterns of SUSY breaking are consistent with
data. In such tests, SUSY spectrum generation would be antésstep. SUSY studies often perform parameter
scans, resulting in a large number of generated spectraeThéhus a need for accurate and quick computation of
the supersymmetric spectrum as a first step in such studiese Exist several publicly available spectrum generators
for the R—parity (Rp) conserving minimal supersymmetric extension of the Stashtlodel (MSSM)ISASUGRA [4],
SOFTSUSY [5], SUSPECT [6] and SPHENO [7]. Spectrum information is typically transferred to dggemckages and
event generators via a file in the SUSY Les Houches Accorddof&) 9].

The most general renormalisable superpotential of the M8&MainsR—Parity violating R,) couplings, violat-
ing baryon and lepton number [11]. A symmetry can be impogethihe model in order to maintain stability of the
proton, for example baryon triality [12] or proton hexaliyg]. It has been shown th, models may have interesting
features, such as the generation of non-zero neutrino smiasgeut the addition of right-handed neutrino fields [14],
and the gravitino as a viable dark matter candidate [15].viglation of baryon or lepton number implied By leads
to additional possibilities for SUSY detection, since sgekantum numbers are conserved in the perturbative SM.
There are important implications for direct collider séwas, since one can lose the classic large missing transverse
energy “smoking-gun” signature of SUSMAII of these features makig, worthy of study. There is thus a strong
motivation to extend th&,—conserving spectrum generating public computer progranrstudeR, effects. Here,
we describe such an extension which has been applisdRDSUSY. The latest version a§0FTSUSY includingR,
effects can be downloaded from address

http://projects.hepforge.org/softsusy/

Installation instructions and more detailed technicaloentation of the code may also be found there.

The R, conserving aspects GOFTSUSY are already explained in detail in ref. [5], and so they shall be
repeated here or throughout this manual, which will conegatsolely on th&, aspects of the calculation. Adding
R, couplings roughly doubles the (already large) number optings of the MSSM. The calculation is thus more
complicated and so it takes considerably longer tharRhease (roughly a factor of three for identical precision).
However, this still means that a single point in parametacsan be calculated in a couple of seconds on a modern
personal computer. The added complicatiofRpimeans that some features of fReversion ofSOFTSUSY are less
accurate the thR,—conserving case, using only one-loop RGEs to evolve theltmsand masses of MSSM fields,
as opposed to two-loop RGEs in tRgcase. Therefore, taking tRg calculation in the limit of smalR, couplings, the
numerical values a0FTSUSY outputs will notexactly agree with thér,—conserving version 0FTSUSY. We stress
though, that if the user does not desire to inclRgeouplings, the program automatically usesfgealculation with
the associated speed and accuracy. Where the accuraoyTgUsY in theR,-mode difers from theR,—conserving
mode calculation, we shall make a note.

We proceed with a definition of trBOFTSUSY convention for théR, parameters and mixings in section 3. Next, in
section 4, we discuss the calculation, making a note of parish differ in accuracy to thBOFTSUSY R, calculation.
Installation instructions can be found on @& TSUSY web-site, but instructions to run the program can be found in
Appendix Appendix A. The output from @0FTSUSY sample run is displayed and discussed in Appendix Appendix
C, whereas a sample main program is shown and explained iemdp Appendix B. Some more technical infor-
mation on the structure of the program can be found in AppeAdpendix D. It is expected that the information in
Appendix Appendix D will only be of use to users who wish to¢ckaS0FTSUSY in some fashion.



3. MSSM R, Parameters

In this section, we introduce tHg, MSSM parameters in thBOFTSUSY conventions. The translations to the
actual variable names that are being used in the programaredshown explicitly in appendix Appendix D. TRg
SOFTSUSY calculation follows ref. [16] and so the notation and coriars are similar.

3.1. Supersymmetric parameters
The chiral superfield particle content of the MSSM has thiefzahg SU (3). x SU(2). x U (1)y quantum numbers:

— 1, ~ =, 2
L: (L2-3). E: (L1L1) Q:(3,2,(—5), U:(3,1,—§),

— = 1 1

D: (313, Hi: (1,2,—5), Hz:(1,2,§). (1)

L, Q, Hy, andH; are the left handed doublet lepton and quark superfieldstantimo Higgs doubletsk, U, and

D are the lepton, up-type quark and down-type quark rightdedrsuperfield singlets, respectively. Note that the
lepton doublet superfields® and the Higgs doublet superfield coupling to the down-typarkgiH;, have the same
SM gauge quantum numbers. TRg part of the renormalisable MSSM superpotential is writierthe interaction
eigenbasis,

1 — — . 1 . —
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Here, we denote aBU (3) colour index of the fundamental representation{ky, z} € {1,2,3}. TheSU(2). fun-
damental representation indices are denotedably, c} € {1,2} and the generation indices B j,k} € {1,2,3}.
&yz = €Y andey, = € are totally antisymmetric tensors, wighys = 1 ande;» = 1, respectively. Currently, only real
couplings in the superpotential and Lagrangian are indude

3.2. R, SUSY breaking parameters
We now detail the notation of the sé#y SUSY breaking parameters. The triling&yscalar interaction potential

is

+

1 rarbx 7 raA~bxJ3 1 7o~ q:
VaR, = €| 5N kE2C8 + h QM di + Hoc. S 60 (ardYdy + H.c. (3)

where fields with a tilde are the scalar components of thereftewith the identical capital letter. The electric
charges ofi;d, ande”are—%, % and 1, respectively. “H.c.” denotes the Hermitian confagd the preceding terms.
The bilineafR, scalar interaction potential is given by

Vo, = —€DilfH + mf, CLHT + He. (4)

3.3. Tree-level masses

The mixing of MSSM particles can change in the case that reptonber is violated by thi, interactions. Two
cases of lepton number violating mixings are implementeSDFTSUSY: neutrino-neutralino mixing and chargino-
lepton mixing. We neglect sneutrino-anti-sneutrino mixilecause this has been shown to have negligible phe-
nomenological consequences once experimental boundbkaveapplied [17].

In the presence of lepton number violatiRg interactions, the neutrinos mix with the neutralinos. Atttevel,
this results in one massive neutrino, two massless nestend four massive neutralindg,—loop corrections to the
neutral fermion mass matrix (currently neglectedda¥ TSUSY) can result in all neutrinos acquiring masses and the
emergence of a PMNS mixing matrix in lepton charged curnetgractions. The (% 7) neutrino-neutralino mass
matrix for the three generations of neutrinos is given i |réd reads
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where

0, -Zvi %y 0
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wherek; are the bilinear mixing parameters in Eq. (2)are the sneutrino vacuum expectation values (VEVs) and
the M1, M, are the gaugino masses of hypercharge and weak isospictiesy. The matrix (6) has five non-
zero eigenvalues, i.e. four neutralinos and one neutrine.d@hote the mass eigenstates which are obtained upon
diagonalisation oM (in ascending order of mass»);l,z,g,)?(l),z,g,m with masses along the diagonal of the matrix

M — O MyO, @)
thereO is a member ofO(7). A simple multiplication of rows oD by factors ofi can absorb any minus signs in
Mias

In addition, charged leptons mix with the charginos. Therhagian contains the (& 5) lepton-chargino mass
matrix

. -iw
L=—(-Iw", hi,e[j,)Mc héf +H.c.. (8)
&R,
The mass eigenstatés- (e, 1, 7), ¥, are given upon the diagonalisation of the matrix
M2 %Vu O]
Me=| % K ~(Ye)ijvi5 , ©)

A \/% ((YE)iin + ﬂkiij)
Here,Yg is the lepton Yukawa matrix from the, superpotential in ref. [5]. We define the diagonalised maasim
MES = UMV, (10)

U andV being orthogonal 5 by 5 matrices.

4. Calculation Algorithm

In broad terms, the algorithm for the calculation of RgMSSM spectrum follows that of thBp-conserving
case, although some of the individual step@ediin theRR, case. It is performed via the iterative algorithm depicted
in Fig. 1. An initial estimate of gauge couplings and up quasksses aM; are obtained as in thi, version of
SOFTSUSY in ref. [5]. However, the charged lepton and down-quark Yukaouplings receivi, corrections, and are
detailed in section 4.1. The MSSM parameters are then ruretedale

MS = le(MS)rnfz(MS)» (11)

where the scale dependence of the electroweak breakingticmsds small [18]. Electroweak symmetry breaking
(EWSB) conditions are then imposed, as described in sedti®ntaking into account sneutrino VEVs and other
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‘ 1. SUSY radiative corrections (Mz) ‘

‘ 2. Yg, Yp includev, contributions. Iterative solution ofz.

‘ 4. EWSB, iterative solution gf and sneutrino VEVS*.

|
|
|
|
|
i ‘ 5. Run toMx. Apply soft breaking an&, SUSY boundary conditionF.
|
i 6. Runto—l\/lz.|
|
|

L - *{ 7. Calculate Higgs and sparticle pole masses. RLMth

Figure 1: lterative algorithm used to calculate RegMSSM spectrum. The initial step is the uppermost die. is the scale at which the EWSB
conditions are imposed, as discussed in the fég.is the scale at which the high energy SUSY breaking boundamgitions are imposed.

lepton-number violatingféects. The MSSM parameters are then run up to some high ercaigy, where the soft
SUSY breaking terms are fixed by a user-specified boundaditiom. Mx may be the electroweak gauge unification
scale, some scale pre-specified by the user or indéed The running of the MSSM couplings is described in
section 4.2. The SUSR, couplingsdijk, 4{j, 4(j. i are then fixed at this scaMx. The model is then run down
to Mz, when the iteration is performed again by returning to stép Hig. 1. Iteration proceeds until, at step 3, all
parameters evaluated lslis are identical to within a fractional accuracy TOLERANCE to the previous iteration’s (at
step 3).TOLERANCE< 1 is a numerical parameter set by the user, with default viEDo& Once this has been achieved,
the algorithm proceeds to step 7, where the pole massesnittgmare calculated as in section 4.4.

4.1. Gauge and yukawa couplings

In order to calculate the Yukawa couplings of the down quatkstributions to the mass matrix from sneutrino
VEVs are taken into account:

(i = o [ V(o) - 4w, 12)

where all parameters are evaluatedvat and are in théR scheme in the MSSM. The down-quark mass matrix in
the weak eigenbasiang);;, is obtained as in thR, SOFTSUSY version.vq is the VEV ofHj, as obtained below.

The chargino-lepton mixing in Eq. (9), complicates the rhimtg of (Yg)i; to the charged lepton masses. We
employ an iterative procedure in order to calculate whigf){ predict the empirical input values of charged lepton
masses.

1. Initially, we set {g)i; as in theR,—conserving limit, ignoring any charged lepton-charginaimg or sneutrino
VEVs. Thus, the empirical MSSNDR values of charged lepton masses evaluateMatre written in the
matrix (Mg *)i; as diagonal values. Therg)y = (Me"); V2/vg (no sum orl).

2. The resulting matrixYg);; is then to substituted into Eq. (9) to form the charged lefbargino mass matrix,
obtaining the 5< 5 U andV transformation matrices that diagonalise it via Eq. (10).



3. We denote the 3 by 3 lower right-hand side block&/adindV by U andV, respectively. The Yukawa matrix
Yg is then set to be

(Ye)ij = — [\/ﬁU,k(m PV = Aij 'Vk]- (13)

Physical lepton mixing is implemented in an extension of this work][19

4. This result forYg is then inserted back into step 2, leading to a better appraton ofU andV. Steps 2 to
4 are iterated until successive iterations predict idahtitagonal entries ofg within a fractional accuracy of
10#xTOLERANCE.

4.2. Running of MSSM couplings

For theR,—conserving parameters, the renormalisation group ewsl{®GE) employs two-loop MSSM func-
tions for the supersymmetric parameters [20], includimgstand the Higgs VEV parametgr Gaugino masses and
Rp—conserving SUSY breaking Higgs parameters are also rundddap order in theR,—conserving parameters.
The otherR,— conserving SUSY breaking parameters (sfermion mass reatéind some tri-linear couplings) may
be set to two-loop or one-loop order by the boolean param@@itUDE 2 _L.OOP_SCALAR_CORRECTIONS in the main
program. The RGE includes full family dependence and thepteta set of 1-loop MSSNR, S functions in both
SUSY-preserving and SUSY-breakiRRg parameters [16]. The increased numbeRgfouplings angg—functions,
as well as other complications, mean thatf#emode runs more slowly than th&,—conserving mode. In the case
of runningSOFTSUSY in theR, mode the accuracy does not match the extremely high one &thersion, in order
to keep the running time down. In either tRg—conserving or th&®, mode, the program can be made to run faster
by switching df the two-loop renormalisation of the scalar masses anih&al scalar couplings. Al functions are
real and include inter-generational quark mixirfieets.

4.3. Electroweak symmetry breaking

We now discuss the minimisation the potential of the nestalar fields{hg, h‘i, v1, V2, v3} at the renormalisation
scaleMs. Following the calculation in Ref. [16], this system of etjaas is solved using the following definitions
[21]

Vu 3 4M2
= 4y VZEVﬁ*"g*;ViZ: ggw (14)
The VEVsvy andyv, can be written
3
= Coszﬂ( Zv?), i Sinzﬁ(vz - va). (15)
i=1

We see from Eq. (15) that the presence of sneutrino VEVs doeshange the numerical value of {@&n This
convenient formulation was first developed in Ref. [21]. TEMSB condition for the Higgs superpotential mass
termu can be written [16] as

1 — i
l* = @rp_1 ([mal + (mEHl)Vid + K Vd]

The soft SUSY breaking mass squared ter%ns expressed in terms gf v, vy, andv;:

mﬁ2+|,<.|2——(g + OV — D.

' tarfg - = MZ) (16)

sin — — L Vi =V
mg = f{[mﬁl + TG, + 2l + |Gl + [(ME ) + k| — — Di—'}, (17)
i1 Vd VU
where we employ the simplifying notation
— 1 0AV — 1 0AV
m2H2 m,2_|2+ u6u mzHlEqu_'l-Fv—d&—Vd. (18)



The tadpole% currently only contain thdr,—conserving contributionsR, contributions to them are currently

2 2 . e ;
neglected, for these are of ordgg%, %ﬁ, so they are small for smaR, couplingsai;jx, A asis implied for most

{i, j, k} by the experimental bounds [22]. In tRg—conserving limitx;, v;, Di, (mEHl) — 0, Egs. (16) and (17) tend
to the usuaR,—conserving MSSM Higgs potential minimisation conditions.
The potential minimisation conditions for the sneutrinoW&may be written as

Vj = Z(M%l)ji{_[(mﬁm) + 10"k Vg + Divy — %A—VV} (19)
where 5 5
(M2)ij = (mp2);i + KiK] + %M% oS B 6ij + (g+492) Sin? 8 (V2 = V§ — V&) Gij. (20)

We now detail the iterative procedure by whigbFTSUSY obtains parameters describing a minimum of the po-
tential with the correct properties, i.e. satisfying E4$€)((17) and (19). All of the running parameters discussed a
evaluated at a renormalisation sc@le- Ms.

1. For given value of taB, Eq. (14) provides an initial estimate fay andvy in the R,—conserving limit ofv; = 0.
Egs. (16) and (17) are also first solved in Relimit. i.e. vi = 0, = Di = (mlalti) = 0. This provides initial
values foru andms.

2. The sneutrino VEVy; are now obtained from the left hand side of Eq. (19) by usingvy, u andm§ as
previously derived in the iterative procedure in the righht side of the equation.

3. The corrected values gf, vy are then computed including the non-zero sneutrino VEWsa Eq. (15).

4. u andm§ are then obtained from the left hand sides of Egs. (16) and Th& program returns to step 2 and steps
2-4 are iterated untivi, u, mg} all change by less than a fractional accuracy@fERANCEx10~* on successive
iterations.

4.4, MSSM spectrum

Neutralino masses are calculated at tree-level as in Eq.AB)R,—conserving one-loop threshold corrections
are then added. The neutrino masses are calculated by digiog this mass matrix, and taking the lightest three
eigenvalues, whereas neutralino masses are defined to berdlest four eigenvalues. When the chargino masses
are calculated by the iterative procedure in section 4.&;lonpRy—conserving corrections to chargino masses are
added to the two by two top left-hand corner of Eq. (9). BR quantities in the mass matrices are taken at the renor-
malisation scaléMs in the tree-level mass matrices. All other masses are @atiiccording to thRy,—conserving
SOFTSUSY calculation, i.e. including the one-lodf—conserving threshold contributions.

4.5. Physics applications

TheR, aspects of prototype versions&FTSUSYhave already proved useful for various studies, for exaniple
determining the dferent possibilities for the lightest supersymmetric p#etin the CMSSM framework [23, 24], in
defining benchmark points for future comparative colliderdges [25], for studying neutrino mass textures [26] and
for investigating®, mechanisms of neutrinoless double beta decay [27, 28].
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Appendix A. Running SOFTSUSY

SOFTSUSY produces an executable calledftpoint.x. For the calculation of the spectrum of single points in
parameter space, we recommend the SUSY Les Houches AccBtdHAR) [9] input/output option. The user must
provide a file €g. the example file included in th&0FTSUSY distribution rpvHouchesInput), that specifies the
model dependent input parameters. The program may thembeittu

./softpoint.x leshouches < rpvHouchesInput

For the SLHAZ2 input option, the output will also be given intsA2 format. The example file provided calculates the
same point as the CMSSM point we give as an example below. @utplat can be used for input into other programs
which subscribe to the accord, suchPagHIA [29] (for simulating sparticle production and decays atidets), for
example. For further details on the necessary format ofrtpaetifile, see ref. [9]. Note, th&0FTSUSY does not yet
support the (optional) setting of the bilinear sneutrindgEthese are instead fixed by Eq. 19. It supports the setting
of all other SLHAZ input blocks associated with non-compg®gx There is an option to have the boundary condition
on R—parity violating parameters to be setMy, rather than aMgyr. This is controlled by the boolean global
variablesusyRpvBCatMSUSY, which if set totrue in the main program, will activate tHdsysy option Mgyt being

the default). One can instead switch the option on inste#timthe SLHA2 input file by using 80FTSUSY specific
option inBlock SOFTSUSY:

Block SOFTSUSY
8 1.000000e+00 # Switch MSUSY-scale RPV boundary conditions ON

Another option has been included in order to interface wittgpams that expect output only in SLHA 1 format, rather
than SLHA 2 format. For this, anothBLock SOFTSUSY option

10 1.000000e+00 # Try to output object in SLHA 1 format

will attempt to producé®, output close to the SLHA1 format.
For a quick examination of a single point in CMSSM paramepace, the command

./softpoint.x sugra --mO=<value> --ml2=<value> --a0=<value> --tanb=<value>
--sgnMu=1 --mgut=unified --lambda 1 2 3 0.1

can be utilised. Bracketed entries should be replaced biribenerical values, where all massive parametags (
M1/2, Ao, MguT) should be quoted in GeV. This particular example 8efgMgyut) = 0.1, and triggers thi, calcula-
tion. Instead of (or as well aghmbda, one can set’(lambdaP), or A”(lambdaPP). mx denotes the scale at which the
high-energy boundary condition is to be applied. If thisgedified asinified, as in theR, version, the electroweak
gauge unification scalgyT is used (defined to be tHaR scaleQ at whichg:(Q) = g»(Q)). The default output is in
SLHAZ2 format, the conventions of which are explained in Ref.

Appendix B. Sample Program

In this section we present a sample main program, thatritltest a scan over &t parameter. This main program
is included in therpvmain. cpp file with the standar@0FTSUSY distribution and performs a scan i, (Mgur),
assuming the CMSSM10.1.1 [10] CMSSM parametegs= 125 GeV,M;,, = 500 GeV,A; = 0, tan3 = 10 and
u > 0. The size of the coupling varies from,, € [0,0.7]. The program prints out the value of the right-handed stop
pole mass and any problems associated with the point iniquédst each value of%,,(Mgur).

The sample program has the following form:

#include <rpvmain.h>

int main() {
/// Sets up exception handling
signal (SIGFPE, FPE_ExceptionHandler);



bool

gaugeUnification = true, ewsbBCscale = false;

/// Do we include 2-loop RGEs of *all* scalar masses and A-terms, or only the
/// scalar mass Higgs parameters? (Other quantities all 2-loop anyway): the
/// default in SOFTSUSY 3 is to include all 2-loop terms, except for RPV,
/// which is already slow and calculated to less accuracy than the R-parity
/// conserving version
bool INCLUDE_2_LOOP_SCALAR_CORRECTIONS = false;
/// Sets format of output: 6 decimal places
outputCharacteristics(6) ;
/// Header
cerr << "SQOFTSUSY" << SOFTSUSY_VERSION
<< " Ben Allanach, Markus Bermhardt 2009\n";
cerr << "If you use SOFTSUSY, please refer to B.C. Allanach, ";
cerr << "Comput. Phys. Commun. 143 (2002) 305, hep-ph/0104145;\n";
cerr << "For RPV aspects, B.C. Allanach and M.A. Bernhardt, ";
cerr << "Comp. Phys. Commun. 181 (2010) 232, ";
cerr << "arXiv:0903.1805.\n";
/// "try" catches errors in main program and prints them out
try {

/// Contains default quark and lepton masses and gauge coupling

/// information

QedQcd oneset; ///< See "lowe.h" for default parameter definitions
oneset.toMz(); ///< Runs SM fermion masses to MZ

/// Print out the Standard Model data being used, as well as quark mixing

/// assumption and the numerical accuracy of the solution

cerr << "Low energy data in SOFTSUSY: MIXING=" << MIXING << " TOLERANCE="
<< TOLERANCE << endl << oneset << endl;

/// set parameters

double tanb = 10.;

int sgnMu = 1;

double mgutGuess = 2.el6;

double a0 = 0.0, m12 = 500.0, mO = 125.0;

/// number of points for scan
const int numPoints = 20;

/// parameter region
double Start = 0. , End = 0.7;

DoubleVector pars(3);
/// set basic entries in pars
pars(1) = m0; pars(2) = ml12; pars(3) = a0;

cout << "1’’_{323}(M_X) m_stop_R # Problem flag" << endl;
/// loop over parameter space region
int ii; for (ii=0; ii<=numPoints; ii++){

double lambda = Start + ((End - Start) / double(numPoints) * double(ii));

/// define rpvSoftsusy object
RpvSoftsusy kw;



/// set lambda coupling at mgut
kw.setLamPrimePrime(3, 2, 3, lambda);

/// output parameters into double vector pars used by lowOrg
kw.rpvDisplay(pars) ;

/// generate spectrum in RpvSoftsusy object kw
kw.lowOrg(rpvSugraBcs, mgutGuess, pars, sgnMu,
tanb, oneset, gaugeUnification, ewsbBCscale);

/// outputs for this scan
int pos;
cout << lambda << " " << kw.displayPhys().mu(2, 3) << " # "
<< kw.displayProblem() << endl;
}
}
catch(const string & a) {
cout << a; exit(-1);
}
catch(const char *a) {
printf ("%s", a); exit(-1);
}

}

After including a header file, global variables are definedhede are all described in thi® manual [5]. After
setting the output accuracy, the program output begins aititle print-out. Then follow some variables speci-
fying the Standard Model input parameters, MIEXING switch, which determines how any quark mixing is im-
plemented (as in ref. [5]) and the iteration precision of ¢utput, TOLERANCE. The running masses of the SM
fermions and the QED and QCD gauge couplings are determin&ty &rom data with the methodoMz. If the
switch gaugeUnification=true, SOFTSUSY will determinemGutGuess as the scaldgyt of electroweak gauge
unification. In order to do this, it requires an initial gues$ich must be supplied as the initial value of the variable
mGutGuess (in GeV).

The next step is the definition of the CMSSM parametgy&eV=a0, M1,2/GeV=m12, tang =tanb andmy/GeV=m0.
Next, afor loop performs the scan ovaf,,(Mgut). In the example given (CMSSM), the first three parametegs ar
pars(1) = m0; pars(2) = ml12; pars(3) = a0;. Thepars vector is needed to keep track of the boundary
conditions set aMgyT. In the iterativeSOFTSUSY algorithm the parameters in tRgvSof tsusy object change due to
the RGE running. they are re-set in every iteratioiMat,r from the unchangeboubleVector pars parameters.
Users should note that for lepton number violating cougjnugers should use the updakgaNeutrino object as in
Ref. [19], rather than BpvSoftsusy one.

We do not fill the other 108, entries ofpars explicitly. This would be tedious and an additional soure o
potential bugs. Instead, we fill ttRpvSoftsusy object itself using theetLamPrimePrime method in this exam-
ple. We use thepvDisplay method: this fills thepars vector automatically with what was set already inside the
RpvSoftsusy object, while leaving the first nine entries in the vectorhemged. TherpvDisplay method auto-
matically changes the length pars appropriately. After this, the actu8DFTSUSY main driving method owOrg is
called, the first argument specifying the type of boundanydition (currentlyrpvSugraBcs), which assumes that
pars has already been prepared by usingitheDisplay object. This is followed by the output of the GUT-scale
coupling4, the pole right-handed stop mass and any problems in thelatiin of the parameter point. Finally, the
catch commands print any errors produced by the program.

1if the user wishes to provide this 210'® GeV is a good initial guess fdvigyT .
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Appendix C. Sample Output

We now present some non-SLHA2 compli&80FTSUSY output for the example program presented in Section Ap-
pendix B. The output obtained from this command is:

# 1°°_{323}(M_X) m_stop_R # Problem flag

0.000000e+00 8.147269e+02 #

3.500000e-02 8.120697e+02 #

7.000000e-02 8.041222e+02 #

1.050000e-01 7.916904e+02 #

1.400000e-01 7.740020e+02 #

1.750000e-01 7.559414e+02 #

2.100000e-01 7.368196e+02 #

2.450000e-01 7.177035e+02 #

2.800000e-01 6.993199e+02 #

3.150000e-01 6.821923e+02 #

3.500000e-01 6.665102e+02 #

3.850000e-01 6.525457e+02 #

4.200000e-01 6.399977e+02 #

4.550000e-01 6.289228e+02 #

4.900000e-01 6.191508e+02 #

5.250000e-01 6.105389e+02 #

5.600000e-01 6.029625e+02 #

5.950000e-01 4.809702e+02 # [ Quasi-fixed point breached Non-perturbative ]
6.300000e-01 4.740464e+02 # [ Quasi-fixed point breached Non-perturbative ]
6.650000e-01 4.683686e+02 # [ Quasi-fixed point breached Non-perturbative ]
7.000000e-01 4.636366e+02 # [ Quasi-fixed point breached Non-perturbative ]

After a header line labelling the contents of the columnssethe GUT scale value af,, assumed, then the pole
value of the right-handed stop mass and any problems assgeiéth the parameter point being examined. For large
values ofi7,,, a quasi-fixed point occurs in the renormalisation groupatiqas, and no perturbative solution to the
RGEs exists.

Appendix D. Object Structure

We now go on to sketch the objects and their relationship ¢ esher. This is necessary information for any
generalisation beyond tigy MSSM. Only methods and data which are deemed of possiblerianpe for prospective
users are mentioned here, but there are many others withjordgram itself.

Appendix D.1. Tensor

The SOFTSUSY program comes with its own linear algebra classes of veetodsmatrices (e.quoubleMatrix)
that have been introduced in [5]. New in this version is tlesstensor, given in filestensor .h andtensor . cpp.
This class has been added to implement the three-indextecsotaining some of tHg, couplings into the program.
For this reason, the class is specifically designed as awettaree single objects, each of typeubleMatrix.
The dimension offensor is (3,3,3). The class also contains linear algebra functions fottiplidation, addition
or subtraction with matrices and vectors via over loadedatpes. For more detail we refer the interested reader
to the technical documentation on tBeFTSUSY web-site. TheSOFTSUSY internal representation of the trilineip
couplings is diferent to the user interface. While the user interface usesdmmomn;kLiLE € WRp notation, this

coupling is internally represented in the [I&nsor notation in terms of three matrices as in Eq. D.1.
(Lambda_Ui)jk = i/j{k’ (Lambda_Di)jk = Eki’ (Lambda_Ei)jk = Ajqi. (D.1)

This does not stop the user from only operating the prograngube user interface and the usugk conventions.

Ayi» Ay are also stored within analogoDensor representations of threex3 matrices.

11



|FlavourMssmSoftsusy| |SoftParsMssm|
|vaSoftsusy| |MssmSoftsusy|

3
|vaSoftPars| |vaSusyPars|

Figure D.2: Heuristic high-level object structureSffFTSUSY. Inheritance is displayed by the direction of the arrows.

Appendix D.2. General object structure

From an RGE point of view, data in a particular quantum fielelotly consist of a set of parameters defined
at some renormalisation scalg A set of 8 functions describes the evolution of the parameters andesa® a
different scale&)’. This concept is embodied in abstract RGE object, which contains the methods required to run
objects of derived classes toffdirent renormalisation scales (their beta functions). Ttheroobjects displayed in
figure D.2 are particular instances REE, and therefore inherit from itQedQcd, MssmSusy, SoftParsMssm and
MssmSoftsusy objects encode thi, part of the MSSM and its SM input data [FjpvSusyPars contains all of the
supersymmetri, couplings contained within Eq. (2RpvSoftPars contains thdR, soft supersymmetry breaking
parameters listed in Egs. (3) and (BpvSoftsusy is theR, generalisation of th¥ssmSof tsusy class, and contains
all R, MSSM couplings along with their beta functions. Methodstfog RpvSoftsusy class exist to perform the
minimisation of the neutral scalar potential as well as thkewdation of Yukawa couplings described in section 4.
Neutrino, neutralino and chargino masses and mixings dcellaéed within this class. Code in thssmSoftsusy
class organises and performs the main part of the calcolatging polymorphism to detect the corrgdunctions
to use (in this case, thHg,—MSSM g functions). All of theRpv objects contain default constructors and destructors,
as well as overloades>,<< operators for input and output. There is always an impliefgehdence of running RGE
guantities on the current renormalisation sc@lelhus, if a method is called that returns one of the objectigptings
or masses, that object will return it at the current s€atef the object. In the following, we provide basic informatio
on the classes associated WRE so that users may program using the class structug@®fsusy. More detailed
and technical documentation on the program should be aatdiom theSOFTSUSY website.

Appendix D.3. RpvSusyPars class

Each of the higher level objects described in this appenalelexplicitly namedisplay andset methods that
are used to access or change the data contained within egett.olm table D.1 (as in the following tables in this
section), these accessing methods are listed on the samasrthe relevant data variable. The data and jiopigput
methods in th@&pvSusyPars class are presented in table D.1. When udiegsor objectslu, 1d, 1e, there exists an
enumerated typRpvCouplings € {LU, LD, LE} used as arguments to thésplayLambda,setLambda methods.
This argument selects the type of couplivlqlg Ay or Aijk)-

Appendix D.4. RpvSoftPars class

The data and inpgdutput methods in th&pvSoftPars class are presented in table D.2. TdesplayHr,
setHr methods take a parameter of the enumerated Ryp€ouplings as their first argument to select a partic-
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data variable methods

Tensor lu, 1d, le trilinearRR, superpotential displayLam, displayLamPrime

AEg, Ap, Ay couplings displayLamPrimePrime
setLam, setLamPrime

setLamPrimePrime
DoubleVector kappa bilinearRR, parameter displayKappa
Ki=123/GeV setKappa

Table D.1:RpvSusyPars class data and accessor methods. See Eq. (D.1) for a trandlatween the structure Bénsor 1lu, 14, le.

data variable methods
DoubleVector mH1lsq bi-linear scalar ~ displayMhilSquared
rnEimHl/GeV2 parameters setMh1lSquared
Tensor her, hdr, hur trilinearR, scalar displayHr

{Nijks hi’jk, hi’;k}/GeV interactions setHr
i,j,ke{1,2,3}

DoubleVector dr bilinearR, scalar displayDr
Di-123/GeV? parameters setDr

Table D.2:RpvSoftPars class data and accessor methods. All parameters are ryperiameters, evaluated at tB& scaley.

ular tri-linear scalar interaction that ih{ﬁ(, hi’jk or hijx depending upon the argument).

Appendix D.5. RpvSoftsusy class

The data and important methods in tRgvSoftsusy class are presented in table D.3. As well as standard
constructors and destructors, there exists a metkeod, that calculates the numerical values of fdunction. The
rpvDisplay method is used in the example prograpymain . cpp, and fills a vector with MSSM running parameters
in a certain orderrpvSet is used to set MSSM running parameters accordin@tualeVector argument, assuming
the same order aspvDisplay. If the user wishes to provide their own function encodinghhscale boundary
conditions on the soft supersymmetry breaking terms, thestprovide a function

void (*boundaryCondition) (MssmSoftsusy &, const DoubleVector &)

which is then passed as the first argument to the main drivethotlowOrg [5]. One can specify CMSSM conditions
for the R, parts, plus all specifieR, interactions at the high scale by usingvSugraBcs. Alternatively, one can
specify R,—conserving gauge mediated supersymmetry breaking condiplusR, interactions at the scalllyess
by usingrpvGmsbBcs. In this case, the first elements pdrs should contaim, the number of vector like 5-plets
of messenger fields, the messenger mass $¢alg in GeV, A andCgy 4y, the constant that determines the gravitino
mass [31].rpvAmsbBcs implements the minimal anomaly mediated supersymmetrgidimg [32] assumption, but
neglects R, couplings in the high-scale boundary condition. For thisec@he first two parameters gdrs should be
m32 andmo, respectively. This approximation ought to be reasonaiieiall dimensionles®, couplings. Users
should note that for lepton number violating couplings,resshould use the updat®pvNeutrino object as in
Ref. [19], rather than BpvSoftsusy one.
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