APROPOS: A Program to Obtain Properties Of
SUSY

Matthias Schlaffer, Ludwig-Maximilians Universitat Miinchen, Germany

Supervisor: Prof. Dr. Georg Weiglein

September 11, 2011

Abstract

APROPOS is a program which combines several programs in order to provide a
tool to obtain various observables of SUSY models from the high energy input
and to scan the parameter space. In this version the implemented SUSY models
are mGMSB, mAMSB and CMSSM. APROPOS is designed such that it is easily
extendable to retrieve more observables and to include more models than the above
mentioned.

This report explains the structure of the program and serves as a manual. In
addition, some results are presented.
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1. Introduction

Even though the standard model (SM) explains many experimental results up to a high
precision, it is clear that it cannot be complete. One promising theory for physics beyond
the SM is supersymmetry (SUSY). It solves several problems of the SM automatically:

e When considering the SM as effective field theory and calculating the Higgs self-
energy, it diverges quadratically and must be extremely fine-tuned to get small
Higgs masses. When assuming SUSY, the contribution of the fermion loops,
which cause this divergence, is cancelled by the contribution of the correspond-
ing sfermions. So SUSY makes the fine-tuning needless.

e Under the assumption of R-parity, SUSY predicts a stable, weakly interacting
particle, i.e. a perfect candidate for dark matter.

e The gauge couplings unify at high energies if SUSY is broken below or approxi-
mately at 1 TeV. In the SM this is not the case.

e The SUSY algebra includes the Poincaré algebra as well as the algebras of the
gauge couplings, i.e. combines gravity with the other forces.

However the minimal supersymmetric extension of the SM (MSSM) introduces more
than 100 new parameters. Since most of them are used to describe the way SUSY is
broken, they can be reduced to very few parameters when assuming a specific breaking
mechanism and/or making some assumptions about general properties. This is usually
done in order to get a model within which SUSY properties can be studied.

APROPOS combines SOFTSUSY (version 3.1.7) [1], FeynHiggs (version 2.8.5) [2-5],
HiggsBounds (version 3.4.0 beta) [6,7], MW _Calc [8], which makes use of LoopTools [9],
and SDECAY (version 1.3) [10] to retrieve relevant observables from the high energy
input of SUSY models. By comparing these theoretical predictions with measured values,
it is possible to determine if a model makes good predictions for some choice of input
parameters.

2. SUSY models

It is very difficult if not impossible to break SUSY directly. Therefore it is usually
assumed that SUSY is broken in a hidden sector which we cannot see and is then
mediated by some mechanism to the visible sector which we can access and observe.
The breaking mechanisms, i.e. models, implemented in APROPOS so far are:

e Constrained MSSM (CMSSM), where gaugino masses unify as well as the sfermion
and Higgs masses [11-26]. It is described by [27]:

1. The common scalar mass mg

2. The common fermion mass m; ;



3. The ratio of the Higgs vacuum expectation values tan()
4. The sign of the bilinear Higgs term in the superpotential sign(mu)
5. The common trilinear coupling A,
e Minimal Gauge Mediated Symmetry Breaking (mGMSB), where SUSY breaking
is mediated by gauge couplings [2829]. Described by [27]:
The scale of soft SUSY breaking felt by the low-energy sector A
The overall messenger scale M, ¢
The ratio of the Higgs vacuum expectation values tan(/3)
The sign of the bilinear Higgs term in the superpotential sign(mu)

The messenger index Nj

SR A

The Gravitino mass factor cgrq,
e Minimal Anomaly Mediated Symmetry Breaking (mAMSB), where SUSY breaking
is mediated by the super-Weyl anomaly [30,31], described by [27]:
1. The common scalar mass mg
2. The gravitiono mass mg/s
3. The ratio of the Higgs vacuum expectation values tan(/3)

4. The sign of the bilinear Higgs term in the superpotential sign(mu)

3. The code structure

The structure of the program and the header files will be shown using the example of
mGMSB. The only structural difference between mAMSB, CMSSM and mGMSB is that
in mGMSB.cc there is an additional query to ensure A < M,,.ss, which would lead to
unphysical results otherwise.

All produced files are named after the same scheme basename + number + appendiz
and saved in the output directory. The output directory as well as the variable basename
is specified in the parameter file “parameter.in”, by default as “run” and “SLHA_”,
respectively. By number the different points in the parameter grid are distinguished and
appendix specifies the origin of the file. In the following basename + number is omitted.

3.1. Header files
3.1.1. Reader.cc

The functions in Reader.cc are used to retrieve the parameters from the parameter input
file. It contains the functions

e double ReadDouble(std::string &file, std::string key),



e int ReadInt(std::string &file, std::string key) and
e std::string ReadStr(std::string &file, std::string key).
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They search in the file specified by file for a line which starts with “key =" and return
the part behind the equal sign as double, integer and string, respectively. Everything
behind the hash sign (#) is ignored, it can therefore be used to make comments.

3.1.2. convert.cc

In convert.cc several small functions are collected. They are used to execute minor, but
often used, tasks:

e double StrToDouble(std::string N)

e int StrToInt(std::string N)

e std::string IntToStr(int N)

e std::string FirstItem(std::string line)

e std::string SecondtItem(std::string line)
e std::string ThirdItem(std::string line)

e double Round(double number, int digits)

e std::string Length(int &N, int L) and

double ABS(double N).

The first three convert one data type into another. When the string N contains a sign
which is not +-.eE012345678 or 9, the program is aborted in the case of StrToDouble
and StrTolnt.

FirstItem, SecondItem and ThirdItem extract the first, second and third word of
line, respectively. Words are separated by spaces and a word can be everything (letters,
numbers, signs,...) that contains no spaces. These functions are used to extract values
of variables out of SLHA-files.

Length is used to insert 0 in front of N until its length is L, its main purpose is to
produce nice formatted output files. Round returns number after it has been rounded to
a precision determined by digits and ABS returns the absolute value of N.

3.1.3. SLHAfunctions.cc

SLHAfunctions contains all functions which are used either while writing or reading from
a SLHA file and which are model independent:

e bool isgood(double 1, double u, double s)



e std::vector<std::string> allParameters(std::vector<std::string>
&need, std::map<std::string, std::string> &have)

e void ShowWrongParameters(std::vector<std::string> &vect,
std::string &model)

e void SMinput(std::ofstream &ofs)
e void SOFTSUSYinput(std::ofstream &ofs)

e std::string SLHAvalue(std::string &file, std::string Blockname,
int N) and

e std::string SLHAvalue2(std::string &file, std::string Blockname,
int N).

isgood checks if the continuous input parameters are chosen such that they do not cause
infinite loops in the code, i.e. that one obtains a number exceeding the upper limit u
when adding the step size s several times to the lower limit 1. If everything is fine, it
returns true, else false.

allParameters takes the vector need generated by mGMSBparameter and modi-
fies it such that it contains a “_min”, “_max” and “_stp_size” version of each variable and
an entry “sign(mu)”. Then the map have, which contains all parameters of the input
file, is checked against this extended vector to verify that all parameters are given and
no undefined parameters were provided. Every missing or unknown parameter is written
in a new vector which is returned. It is then processed by ShowWrongParameters which
lists all missing and unknown parameters.

SMinput and SOFTSUSYinput are used to write the corresponding SLHA blocks in
the output stream ofs. In SOFTSUSYinput some input parameters for SOFTSUSY are
defined.

Finally the functions SLHAvalue and SLHAvalue2 are used to extract values out of
a SLHA file specified by file. Both first search for a line beginning with “BLOCK”
followed by Blockname. No distinction is made between upper and lower case to be
compatible with more programs. When they have found the block, they search in this
block for a line beginning with the key N and return the second or third item of this line,
respectively. When they do not find the key, an error message is prompted and “0” is
returned.

3.1.4. mGMSB.cc

In the model file mGMSB.cc all functions which are different for each model are collected.
This allows to easily extend APROPOS to more models. For detailed instructions see
section 1.1lIn case of mGMSB the functions are called:

e std::vector<std::string> mGMSBparameter ()



e int mGMSBwrite(std::map<std::string, std::string> &list,
std::string &place, std::string &basename, int &len) and

e void evaluatemGMSB(std::string &dir).

mGMSBparameter just creates a vector containing all parameters needed for this model,
except for sign(mu), the sign of the bilinear Higgs term in the superpotential. This
vector is needed to check if all parameters were specified in the input file.

mGMSBwrite calls isgood for each continuous parameter and in case of a positive
return loops over all input parameters, writing a SLHA file for each possible combination.
These files are numerated and end with “_input”. They are saved in the output directory
and contain the blocks “MINPAR”, “SMINPUTS”and “SOFTSUSY”. If isgood finds
infinite loops no SLHA files are created but an error message is prompted.

The function evaluatemGMSB extracts all wanted parameters of the files produced
during executing the main program and lists them in two tables, one with header to be
human readable and the other one without header or delimiters to be easily readable by
other programs as for example ROOT. If more variables are to be extracted one needs
just to add the appropriate lines.

3.1.5. HBwithFH

The version of HBwithFH is for the most parts identical to the one included in Higgs-
Bounds. It is extended such that it prints the result of HiggsBounds and (g — 2), in a
SLHA-like block at the end of its output and it includes a functionl] to write “HBOut-
File.dat”.

3.2. Main program

First of all, the main program reads the paths to the used programs and other variables
needed for running the program from the parameter file “parameter.in”. Usually this
file does not need to be changed after it has been adjusted once to the given system.
In order to keep the results from different runs separated, a unique output directory is
created. Then the function writeSLHA is called.

If no file name has been given over to APROPOS when calling it, writeSLHA reads the
SUSY parameters which specify the model and the corresponding high energy input from
the file called “input”, else from the indicated file. While the file is read, it is copied to the
output directory and all parameters are written into a map. Everything behind a hash
sign (#) is ignored such that comments can be included. If sign(x) was not given in the
input file, its value is set by default to 41, all other parameters need to be specified. To
check for wrong parameters the functions mGMSBparameter [3.1.4] allParameters [3.1.3]
and ShowWrongParameters are called successively. If no wrong parameters were
found and the model is known, the function to actually write the SLHA files is called.

limplemented by Lisa Zeune



In case of mGMSB it is called mGMSBwrite [3.1.4 Finally writeSLHA returns the number
of written SLHA files, which all have the ending “_input”.

The produced high energy input files are processed one after the other. First the
spectrum is calculated by softsusy, generating a “_spectrum” file. This file is then
used by HBwithFH to determine the anomalous magnetic moment of the muon
(9 —2), and to check if this choice of parameters has already been excluded by Higgs
searches. The output of HBwithFH is saved in a file “_ HBwithFH”, the automatically
produced file “Key.dat” is saved as “_HBwithFH.Key”. HBwithFH also writes a file
called “HBOutFile.dat” which is renamed to ”MathInputFile.dat” and completed by
data from the “spectrum” file to serve as input file for MW _Calec. MW _Calc then
calculates the mass of the W boson and writes the results in “_MathOutputFile”. Finally,
SDECAY uses the “_spectrum” files to calculate branching ratios.

If no error has occurred so far, the model dependent evaluation function is called,
otherwise the point number will be kept to inform the user in the end.

4. Setting up and running APROPOS

In the “parameter.in” file the paths to the executables of the used programs have to be set
properly. An example file is provided in appendix [A] In addition the path to LoopTools
has to be adjusted twice (!) in MW,Calc,Matthiaﬂ. Also a file called “sdecay.in” has
to be present, defining settings of SDECAY.

Together with the APROPOS source code three bash scripts compileAPROPOS. sh,
compileHBwithFH.sh and compileall.sh are delivered. They include all commands
to compile the source code and link the headers correctly. In compileHBwithFH.sh
the correct paths to the HiggsBounds and FeynHiggs libraries must be set. Also, if
new header files are created, compileAPROP0S.sh and compileall must be changed
accordingly.

When everything has been compiled and the “parameter.in” has been set, APROPOS
can be executed by APROPOS [file], where file is an optional parameter.

The input file has to contain the model, an lower and upper limit and a step size for
each continuous parameter. The structure is key = value, where (#) can be used to
make comments. For example input files see appendix [B]

4.1. Adding new models

When a new model is to be added, a header file analogous to mGMSB.cc has to be
written. Also the bash scripts compileAPROPOS.sh and compileall.sh have to be
changed accordingly. Finally the model has to be included in the main program by
adding the appropriate lines at the 4 places indicated by:

2This is a slightly different version than the one given to me by L. Zeune. The order of the input
parameters is changed (tanbeta is at a different place) and the absolute value of the calculated mass
is returned.
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// modify to include more models //
[ /] 3Kk sk sk sk ok sk ok sk sk ok sk ok sk ok sk ok sk sk sk sk k sk ok sk ok sk ok sk ok / /

5. Results

In the following plots the blue shaded part shows where the anomalous magnetic moment
of the muon (g — 2), is in the 20 interval ((30 £2-9) - 107'%) and the red part shows
where the W boson mass My is within the 1o interval ((80.399+0.023)GeV). The area
in the parameter space where the lightest Higgs is heavier than 113 GeV is highlighted in
yellow. This is the experimental limit on the Higgs mass so far, including the theoretical
uncertainty of about 1.5 GeV. The lines of constant squark and gluino mass are drawn
in green and cyan, respectively. The black lines show pre-defined benchmark lines.

The Higgs bound sets almost no constraint on the parameter space for CMSSM with
tan(f) = 10 as it can be seen in figure|ll However the constraints from (g —2), and My,
allow only small m, /, below approximately 400 GeV. On the other hand it is known from
direct SUSY searches at LHC that the squark and gluon masses cannot be much below
1000 GeV. This excludes the area allowed by (g — 2), and My,. Furthermore the latest
exclusion graphs from LHC show that in this plot everything with m,/,, < 540 GeV is
excluded.
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Figure 1: CMSSM with tan(5) = 10.

When choosing a larger tan(5) = 15 (figure [2)) the area allowed by (g — 2),, increases
and shifts towards larger m; o, but still remains within the area excluded by the squark



and gluino masses. The shifting of (g — 2), is easy to understand: Since

tan (/)
(9 =2 o — (1)
where M is a mass parameter, an increase in tan(/3) needs also an increase in the mass
parameter to keep (g — 2), constant. The other observables do not change with tan(/3),

leaving the My, allowed part separated from the squark and gluino allowed part. So the
CMSSM remains under some distress.
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Figure 2: CMSSM with tan(5) = 15

When considering mGMSB with tan(5) = 10 and N = 1 (figure

, it can be seen that
there is some distress between the area allowed by (g —2), and by the Higgs bound, too.
Also the demand that the gluino and squark mass must not be much below 1000 GeV
is not in good agreement with (g — 2),. As with CMSSM (g — 2), changes according
to equation (1)). So by choosing tan(/5) = 15 the 20 band of (g — 2), is shifted towards
higher A, while the area allowed by the Higgs bound is shifted a little downwards (figure

. This leads to an intersection of all allowed areas near the 1 000 GeV line of the squark

and gluino masses. Nevertheless it is still not much better than the CMSSM.
When increasing the messenger index N (figure

, the Higgs bound allows almost all
the parameter space, while the intervals allowed by (g—2),, and My, cover both the same
area. Since the squarks and gluinos are heavy in this scenario, there remains a broad
strip between 46 TeV < A < 56 TeV, which is in good agreement with all measurements.
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Figure 3
The previously favoured and intensively studied model CMSSM, is under some pressure

due to the latest SUSY searches at LHC. Already now the best fitting point is excluded
by far and a larger area of the parameter space might be excluded when the collision

energy will be increased.

6. Conclusion

The mGMSB is until now in much better agreement with the measured values. Since
the color splitting in this model is large, it is possible that the collision energy at LHC is

not enough to produce color charged particles but is sufficient to produce color neutral

particles. Due to the small cross section for the latter, more data could reveal hints for

SUSY even with the present collision energy.
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A. Parameter file “parameter.in”

In the “parameter.in” file the following has to be specified:

e softsusy, the path to the softsusy commandline interface softpoint.x

HiggsBounds, the path to HBwithFH

MWecalc, the path to MW _Calc_Matthias

sdecay, the path to SDECAY’s commandline interface run

outputdir, the name of the output directory. This will be extended by a number.
e basename, the prefix for all output files.

The structure of the file has to be key = value. Since everything behind a hash sign (#)
will be ignored one can write comments. Compare the example below.

# path to softsusy binary
softsusy = /afs/desy.de/user/.../softpoint.x

# path to HiggsBounds with FeynHiggs
HiggsBounds = /afs/desy.de/user/.../APROP0OS/include/HBwithFH

# path to SuSpect
SuSpect = /afs/desy.de/user/.../SuSpect2/suspect?2

# path to MW-Calc
MWcalc = /afs/desy.de/user/.../MW_Calc_Matthias/

# path to sdecay
sdecay = /afs/desy.de/user/.../SDECAY/run

# output directory basename
outputdir = run

# Basename for in- and output file
basename = SLHA_

B. Input files
B.1. mGMSB

# Gauge Mediated Symmetry Breaking
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model = mGMSB

N_mess_min =1 # Messenger index

N_mess_stp_size = 2

N_mess_max =3

tanb_min = 10 # Ratio of Higgs vacuum expectation values
tanb_stp_size =5

tanb_max = 20

M_mess_min = 70000 # Overall messenger scale
M_mess_stp_size = 5000

M_mess_max = 130000

Lambda_min = 35000 # Scale of soft SUSY breaking felt by the
Lambda_stp_size = 5000 # low-energy sector

Lambda_max = 120000

c_grav_min =1 # Gravitino mass factor
c_grav_stp_size = 0

c_grav_max =1

B.2. mAMSB

# mAMSB

model = mAMSB

mO_min = 300 # Common scalar mass

mO_stp_size =75

mO_max = 450

m32_min = 40000 # Common gravitino mass

m32_stp_size = 10000

m32_max = 60000

tanb_min = 10 # Ratio of Higgs vacuum expectation values
tanb_stp_size = 10

tanb_max = 20

sign(mu) =1 # Sign of the bilinear Higgs term in the

# superpotential

17



B.3. CMSSM
# Constrained MSSM

model = CMSSM

mO_min = 100 # Common scalar mass

mO_stp_size = 12.5

mO_max = 250

ml2_min = 300 # Common gaugino mass

ml2_stp_size = 50

ml2_max = 600

tanb_min = 10 # Ratio of Higgs vacuum expectation values

tanb_stp_size = 5

tanb_max = 20

sign(mu) =1 # Sign of the bilinear Higgs term in the
# superpotential

AO0_min =0 # Common trilinear coupling

AO_stp_size =0

AO_max =0
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