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Abstract

We present GM2Calc, a public C++ program for the calculaibMSSM contributions to the anomalous
magnetic moment of the muofy — 2),,. The code computeg — 2),, precisely, by taking into account
the latest two-loop corrections and by performing the datén in a physical on-shell renormalization
scheme. In particular the program includesa 5 resummation so that it is valid for arbitrarily high values
of tan 3, as well as fermion/sfermion-loop corrections which leadon-decoupling effects from heavy
squarks. GM2Calc can be run with a standard SLHA input fileerimally converting the input into on-
shell parameters. Alternatively, input parameters maypeeified directly in this on-shell scheme. In both
cases the input file allows one to switch on/off individuahtiibutions to study their relative impact. This
paper also provides typical usage examples not only in ootipn with spectrum generators and plotting
programs but also as C++ subroutines linked to other progiram

1. Introduction

Important constraints on physics beyond the Standard M(®Ie) are provided by the anomalous
magnetic moment of the muan, = (¢—2),/2. The SM prediction and the experimental determination [1]
have both reached sub-ppm precision, and there is a tantatizviation of more than 3 standard deviations,

JEXP-SM _ (28.7 £8.0) x 10710[2], 1)
# (26.1 +8.0) x 10719[3],

using the indicated references for the hadronic vacuuntrigatéoon contribution& Importantly, a fourfold
improvement in precision is expected from the new expertmahFermilab and J-PARC [20,/21], which
promises to further strengthen the powerpfto constrain and identify new physics [17] 22].

1The numbers take into account the most recent refinementseo®@ED [4] and electroweak![5] contributions. For further
recent theoretical progress on QED and hadronic contdbstand reviews, see Refs.|[5, 7],[[8-15], and [16—19], amdy.
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The minimal supersymmetric standard model (MSSM) is onédnefltest motivated and most studied
extensions of the SM. It could also provide a promising exglen of the deviation{1), as reviewed in
Refs. [23+-26]. Therefore,, has been employed extensively as a constraint on the MSSivheder space.
Recent studies, which also focus on the complementarityndbcarrelations with other observables, are
discussed in Refs. [2/=41]. The importance and the preiicthf the MSSM have led to the develop-
ment of many advanced computer codes. The set of availabtggms ranges from spectrum generators
(SOFTSUSYI[42], SPheno [43], Suspect|[44], IsaSusy [45]SEBLAV [46], SARAH/SPhena [47], Flex-
ibleSUSY [48]) to calculators for specific observables. &odhich include the computation of, in the
MSSM are SuperlSQO [49], FeynHiggs [50], SusyFlavor [51} &P SuperH [52]. The SUSY Les Houches
accord version 1 [53] (SLHA) has been established as aneftistandard for passing information between
programs.

Here we present GM2Calc, a C++ program that calculateis the MSSMA It can be run with SLHA
input or with a GM2Calc-specific input file, and it computgsin the MSSM fast and precisely, taking into
account the recently computed two-loop contributions.drtipular, in contrast to the existing public codes,
it contains the fermion/sfermion-two-loop correctiong [55], which include the universal correctidxp
and potentially large non-decoupling logarithms of heayyask or slepton masses. GM2Calc further pro-
vides resummation of-loop (tan 3)™ contributions|[56, 57], which allows for arbitrarily highn 5 (tan 5
being the ratio of the vacuum expectation values of the twggkldoublets). It goes beyond Refs. [54-57]
in that it implements theéan S-resummation also for the two-loop contributions.

The code uses routines from FlexibleSUSY! [48], but it is adédone code which does not require an
installation of FlexibleSUSY or any of its prerequisitezisias SARAHI|[47].

In Sectiori.2 we describe the different contributions joprovide an estimate for the theory uncertainty,
and define the input parameters which are relevant for thgpatation. Afterwards, an explanation of how
to use and customize GM2Calc is given in Secfibn 3, togethtr avdescription of the different input
and output formats. Sectidnd 4 includes several exampleprimtical applications of GM2Calc, which
can easily be extended and adapted to perform sophistisatdies. We summarize our explanations and
provide some final comments in Sectioh 5. The Appendix dessrall implemented formulas and lists
sample input files.

2. Implemented contributions and definition of input

The implementation of the SUSY contributionsdp, i. e. the difference between the full MSSM and
the full SM prediction for,,, follows the decomposition introduced in Ref.[[25]. Thehg SUSY two-loop
corrections are split into class 2L(a), which correspomdsarrections to SM-like one-loop diagrams, and
class 2L(b), which corresponds to corrections to SUSY oog-tiagrams. The contributions of class 2L(b)
are further subdivided. The implementation of GM2Calc camitten as

)

aSUSY — alaL + aiL(a) + aZL, photonic + a2L,ff

H H ] tg-resummed

The dots represent further two-loop contributions of clésé) and higher-order contributions, which are
not known and which have not been implemented into GM2Cal¢hé following we briefly describe the
individual contributions and their phenomenological irtipand we provide an estimate of the theory un-
certainty. The implemented formulas can be found in the aghge Afterwards we describe the definitions
of the input parameters and their renormalization scheme.

2At the moment, only the lepton-flavour conserving case isémented. It is planned to extend the program to the lepton-
flavour violating case in the future.
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Figure 1: SUSY one-loop diagrams (left) and sample diagrietass 2L(a) with closed stop loop inserted into an SM-like-doop
diagram with Higgs- and photon-exchange (right). The @elgphoton can couple to each charged particle.

Figure 2: Sample two-loop diagrams corresponding to SUS&-loap diagrams with additional photon loop (left), or with
fermion/sfermion-loop insertion (right). The externabpbn can couple to each charged particle.

2.1. Individual contributions ta,,

e One-loop corrections; " (see Fig[L(left)):

The one-loop contributions arise from Feynman diagramh tié exchange of the SUSY partners
of the muon or neutrino, smugi or sneutrinoy,,, and the SUSY partners of the Higgs and gauge
Bosons, the neutralinos and chargindst. They have been computed in full generality in Ref! [58],
see also Refs| [24-26] for reviews and discussions. Thesdoop corrections depend essentially
on the bino/wino masse#/; ;;, the Higgsino masg, the left- and right-smuon mass parameters,
Mio, Mg, and the ratio of the two Higgs vacuum expectation valdes,5. They have a weak
dependence on the second generatibparameterAs ,, and show a simple scaling behaviour
tan 3/M3sy, WhereMsysy is a generic SUSY mass scale. However, the detailed depemaen
the five relevant mass parameters is intricate. It can berstwbe particularly well with the help
of mass-insertion diagrams, and it is possible to obtaigelaontributions even in presence of very
heavy SUSY particles [26, 54,58].

Two-loop corrections to SM-like one-loop diagraméf(a) (see FiglL(right)):

These class 2L (a) contributions are interesting sincedbeayot depend on smuon masses but instead
on Higgs Boson masses and on the squark and slepton masdegenfeaations. They can be large
in certain regions of parameter space, but they show deiogupéhaviour and become small as the
masses of SUSY particles or heavy Higgs Bosons become |diige.exact results are reported in
Refs. [59| 60]; in GM2Calc we have implemented the good appration in terms of photonic Barr-
Zee diagrams_[61, 62], where a pure SUSY loop (of either ¢hasg neutralinos, or sfermions) is
inserted into an effective Higgs—y interaction in an SM-like diagram.

MSSM photonic two-loop correctiona;. P (see Fig[R(left)):

These corrections correspond to SUSY one-loop diagrantsamitadditional photon exchange; they
have been evaluated in Ref. [63]. They include the large Qigarithmlog(Msysy/m,,) [64], which
has a negative prefactor and typically leads t0-& ... —9)% correction, and further terms which
depend on the individual SUSY masses and which can be positinegative.
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Figure 3: Left: Sample muon sneutrino self energy diagrath sguark loop, which gives rise to corrections of ordé'between
the sneutrino pole andR masses. Right: Two-loop diagram gi”>" with an insertion of the left diagram.

e MSSM fermion/sfermion-loop correctionsiL’f f (see FiglR(right)):
The two-loop fermion/sfermion-loop contributions pretsehin Refs.|[54, 55] introduce a dependence
of a,, on squarks and sleptons of all generations, which is phenolmgically interesting. Most
notably, if the squark masses (or slepton masses of the fitsird generation) become large, the
contributions taz,, do not decouple but are logarithmically enhanced. Depegnalirthe mass pattern,
Refs. [54/ 55] have found positive or negative correctioh®¢10%) for squark masses in the few-
TeV region. The fermion/sfermion-loop contributions fet contain the universal quantityp and
significantly reduce the theory uncertainty arising frora gossibility of different parametrizations
of the fine-structure constantin the one-loop contributions.

e tan 8 resummation:
The subscript, resummedindicates that:-loop termsoc (tan 3)" have been resummed to all orders.
According to Refs.[[56, 57], the resummation is carried guetmluating the muon Yukawa coupling
not at tree level, but in the form

mu e

- V2 sy My cos B (1 + Au)’

Yu (3)

wheree is the positron charge andy = (/1 — M3,/MZ%, and whereA, containstan 3-enhanced
loop contributions to the muon self energy. Analogous reagi@ents are carried out also for the third-
generation down-type Yukawa couplings,andy;, which appear in the two-loop contributions. For
values oftan 8 up to 50, these higher-order effects can amount to correctd up t010% [5€].
Including these resummations also allows settiag S5 to an arbitrarily high value which can be
used to approximate the limitn 5 — oo. As studied in Ref. [57@, this limit has a distinctive
phenomenology and allows for large SUSY contributions, toceven if all SUSY masses are at or
above the TeV scale.

2.2. Estimate of theory uncertainty

It is important to estimate the theory uncertainty due tosingg contributions. Refl [25] has given
estimates for the still unknown two-loop contributionste time, as well as for the employed approxima-
tion for aZL(a). Updating this estimate with the now known fermion/sfemmioop and photonic two-loop

corrections and thean S-resummation, we obtain
5aS9SY = 2.3 x 10710 4 0.3 (|a§3”H>| + |a§ﬁH>|) . @)

We give the following comments on this error estimate:

3The viability of this limit from the point of view of3- and Higgs-physics has also been studied in Refs| [65, 66].
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e The error is significantly smaller than the uncertainty of @), but it will become critical once data
from the improved Fermilab or J-PARG — 2) measurements is available.

e The error estimate is deliberately conservative, see R&f. [ To improve the precision reliably,
however, the full two-loop computation aﬁUSY will be necessary.

e The error estimate has been derived for our case of the dhrghermalization scheme (see below).
The difference between the result of GM2Calc and evalustimules using e. g. ti2R scheme can be
much larger than Ed.{4). Figl 3(left) shows an example Femdiagram which leads to differences
of ordermg between the muon sneutrino pole aD& masses. The differences can be arbitrarily
large for large squark masses;. Fig.[3(right) shows a corresponding two-loop contribatim
aﬁUSY which is quadratically sensitive ta; in the DR scheme. In the on-shell scheme used here
these diagrams are cancelled by counterterms and thuggieeclantributions are avoided.

2.3. Input parameters and renormalization scheme
The program can be run with two different input formats:

1. SLHA input format: contains the pole masses of the SM an8Bparticles as well as runnirfgR
parameters. For this choice a detailed knowledge of thermegization scheme is not required; the
program does all renormalization scheme conversionsniallgrand automatically. It should only be
noted that the values of the gauge couplings are not takemtfie SLHA file, but from a hardcoded
value of the fine-structure constan{this value can be overridden as described in Settion 3)dd&tsa
who are only interested in using SLHA input can skip the remmgi section and continue reading in
Sectior 8, where the usage is explained in detail.

2. GM2Calc-specific input format: specifies SM and MSSM patams as defined in the mostly-on-
shell renormalization scheme of Refs.|[54, 55, 63].

In the following we describe in more detail the internallsed input parameters and how they are obtained
from the input files. The internal implementation uses thrmalization scheme of Refs. [54, 55/ 63],
which corresponds to on-shell renormalization of the MSSNBa as possible, similarly to the schemes of
Refs. [67+72].

The following parameters appear in the implementation efahe-loop contributions}}:

()Z(MZ),MW7Z,77’LH; tanﬁ(Q), Ml’MQMU'aML%ME% A;,Q(Q)' (5)

Here My, andm,, denote the SM masses df, Z, and muon, defined as pole masses in the on-shell
scheme. The fine-structure constant is defined(@$,) = «(0)/(1 — Aa(My)) wherea(0) is the value
in the Thomson limit and\«(M ) arises from quark and lepton contributions to the on-sleslbrmalized
photon vacuum polarization. Note that this definition idadiént from theMS or DR definitions, which
would be provided by the SLHA standard.

All these SM input parameters can be given explicitly, orytikan be omitted from the input files.
In the latter case, hardcoded values are used. For the palsesiahe hardcoded values are the current
PDG values|[73]; in case of the fine-structure constant thedealed valuex(M ) = 1/128.944 based on
Ref. [3] is used.

The ratio of the Higgs vacuum expectation values 3 is defined in thdDR schemel [74] at the scalg.
TheDR scheme at scal@ is also chosen for the trilinear soft breaking parametgy entering in the smuon
mixing matrix.



The remaining five one-loop parameters are SUSY mass paesneefined in the on-shell scheme
according to the following conditions: in the chargino se¢he wino and Higgsino massés, and. are
chosen such that the two tree-level chargino masses ceimdgiti the corresponding pole masses. In the
neutralino sector the bino mas#; is defined by the requirement that the tree-level mass angdieemass
of the bino-like neutralino coincide. Similarly, the two 8Bon mass parametedd; ., Mg, are chosen such
that the tree-level and pole masses of the muon sneutrinthandostly right-handed smuon coincide.

In case of the GM2Calc input format these five SUSY mass paeamare provided directly in the on-
shell renormalization scheme, and no internal conversiarairied out. In case of the SLHA input format,
the relevant information is provided by the pole massesattiarginos, the bino-like neutralino, the muon
sneutrino and the mostly right-handed smuon. From theserakses the five SUSY mass parameters are
determined by iteration, such that the on-shell conditiaressatisfiel. The correspondin@®R values of
the SUSY mass parameters provided by SLHA are ignored.

At the two-loop level, the full spectrum of the MSSM entensda;,”>Y depends on parameters of all
sectors. Here we highlight the parameters

Mgz, Mys, A3 33 Ma (6)

which are of particular phenomenological interest. Geherd/q;, My:, Mp;, A}; denote the left- and
right-handed squark mass parameters and the up-typesdilicoupling of generation Particularly the
stops and their masses and mixings enter via the contritmitbFig[1(right) and of Fid.]2(right). The CP-
odd Higgs-Boson mash/ 4 and all other heavy Higgs-Boson masses enter via the clgsg 2antribution
of Fig.[d(right).

The renormalization scheme for those two-loop parameselesti unspecified, and the parameters are
read directly from the respective input files.

3. Code details and usage

3.1. Quick start guide

From the Hepforge pagwtps://gm2calc.hepforge.org the source code of GM2Calc can be
obtained
$ wget http://www.hepforge.org/archive/gm2calc/gm2cal c-1.0.0.tar.gz

$ tar -xf gm2calc-1.0.0.tar.gz
$ cd gm2calc-1.0.0/

To compile the program run

$ make

4 For mass spectra where the splitting of the chargino polsesss small compared to the off-diagonal elements in theyiora
mass matrix it can happen that on-shell valuesifyr and i, which reproduce the chargino pole masses at the tree-wveiot
exist. In this case GM2Calc prints a warning messagstderr and toSPINFO[3] if SPheno or NMSSMTools compliant
output has been selected. The warning will tell the remagiainsolute difference (in GeV) between the pole and treg-hargino
masses after the iteration has finished.

>The Hepforge page also features an online calculafips://gmZ2calc.hepforge.org/online.php , Where the
program can be run without downloading it.


https://gm2calc.hepforge.org
https://gm2calc.hepforge.org/online.php

Apart from a C++ compiler, the following headers are reqiiite compile GM2Calc: BOOST (available
athttps://www.boost.org ) and Eigen (available dtttp://eigen.tuxtamily.org ). Please
refer to theREADMHile for customization of the used C++ compiler as well as twtions of the BOOST
and Eigen header files.

GM2Calc can be run from the command line by providing a filetaiming the input parameters. Two
different input formats are accepted as explained in Se@tid: the first is the standard SLHA version 1 for-
mat [53]. Using default settings and the provided sample Sltut file input/example.siha , GM2Calc
can be run as

$ bin/gm2calc.x --slha-input-file=input/example.slha

This input format is especially useful for cases where e gpegtrum generator writes an SLHA output
file to stdout , which can then be streamed into GM2Calc using the dashspecial input-file name. For
example, using the spectrum generator SOFTSUSY with exklauoftpoint.x from the SOFTSUSY
directory with pathpath/to , one can write

$ /path/to/softpoint.x leshouches < /path/to/inOutFiles /lesHouchesInput | \
bin/gm2calc.x --slha-input-file=-

Here SOFTSUSY reads the SLHA input in form of a stream from ohdts example input files
inOutFiles/lesHouchesInput (CMSSM parameter point 10.1.[1 [75]). The output of SOFTSUsStHen
piped into GM2Calc which calculates,.

The second possible input format is the GM2Calc-specific. oneéThe example input file
input/example.gm2  in this format can be passed to the program as

$ bin/gm2calc.x --gm2calc-input-file=input/example.gm 2

In the following we first present the input formats and pdgsiptions in detail and then describe the output.

3.2. General options

While the first input option is an SLHA file, the GM2Calc-sdexinput file also has a structure which
is similar to the SLHA standard. The input files are organiirethe form of blocks which start with the
Block identifier followed by the block name and an optional scakecHjration. The parameters are stored
linewise inside the blocks. To distinguish the differentgmaeters in a certain block, each line starts with
one or more indices, followed by the corresponding parameiee.

Common to both input formats are the options for the outpurhéd, the precision of the,, calculation,
and the SM input parameters. The output format of GM2Calcealbag the precision of the calculation of
a, can be customized by adding a dedicadatbCalcConfig block to the input file. Th&M2CalcConfig
block with the default settings has the form

Block GM2CalcConfig
0 3 # output format (0 = minimal, 1 = detailed,
# 2 = NMSSMTools, 3 = SPheno, 4 = GM2Calc)
# loop order (0, 1 or 2)
# disable/enable tan(beta) resummation (0 or 1)
# force output (0 or 1)
# verbose output (0 or 1)

A WNPE
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5 0 # calculate uncertainty ‘

The entryGM2cCalcConfigl0]  specifies the form of the program outBJT.he default value is for the case
of SLHA input, but1 for the case of GM2Calc-specific input. The different outfmntnats are illustrated
in Section 3.6. IncM2cCalcConfig[1]  the loop order of the calculation can be selected (defa)lt:The
tan 8 resummation can be switched on/off by setting the @atpCalcConfigl2] to 1 or 0, respectively
(default: 1). With the flagGMm2calcConfig[3] , the program can be forced to print an output, even if a
physical problem has occurred (for example if tachyons oatithe spectrum) (defaulto). Additional
information about the internally performed calculatios&ps, for example the determination of on-shell
parameters from pole masses, can be displayed by settintathem2cCalcConfigl4]  to 1 (default: 0).
By setting entryGM2CalcConfigls]  to 1 (default: 0), the theory uncertaintya;,”SY is computed using
Eq. (4). If Gm2calcConfigl0]  has been set to (minimal output), the calculated uncertainty is written to
stdout as a single number, instead of the valuee@'f'SY. If GM2cCalcConfigl0] has been set tp, 3 or 4
(SLHA-compliant output formats)ia5;“SY is written toGM2CalcOutput[1]

To specify the Standard Model input parameters sheNPUTSblock must be given, as defined in
Ref. [53]. In addition, théV pole mass can be given 8MINPUTS[9] . Using GM2Calc’s default values for
the Standard Model input parameters, sheNPUTSblock reads

Block SMINPUTS
3 0.1184 # alpha_s(MZ) SM MS-bar [relevant at 2L]
4 91.1876 # M_Z(pole) [relevant at 1L]
5 4.18 # m_b(m_b) SM MS-bar [relevant at 2L]
6 173.34 # M_top(pole) [relevant at 2L]
7 1.777 # M_tau(pole) [relevant at 2L]
9 80.385 # M_W(pole) [relevant at 1L]
13 0.1056583715 # M_muon(pole) [relevant at 1L]

Other SM input parameters are not needed and thereforeednbspecified. In particular, the Standard
Model MS value of the inverse fine-structure constdnfS(M)]~!, usually given inSMINPUTS[1], is
ignored.

The default values of(Mz) and«(0) as defined in Sectidn 2.3 can be overridden by providing new
values in thesm2calcinput  block. With the default values this block reads

Block GM2Calclnput
1 0.00775531 # alpha(M2)
2 0.00729735 # alpha(0) [used in 2L photonic contributions]

3.3. Usage with SLHA input format

GM2Calc can be run by providing the input parameters in SLéddapliant format/[53]. An example
SLHA input file suitable for GM2Calc can be foundin Appendix(BBSSM parameter point in the style of
BM1 [54]). This file also contains information about the lomgler at which the different entries become
relevant. Some parameter values, marked as irrelevanbnarencluded for the sake of completeness and
not required by GM2Calc.

®Here and in the following we refer to a parameter value insitidock asBLOCKNAME[INDEX] whereBLOCKNAME the
name of the block antNDEX is the index referring to a particular line in the block.
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The entries are as follows: the running MSSMR parameters must be given in the SLHA parameter
blocks HMIX, AU, AD, AE andMSOFTas defined in Refl [53]. The required pole masses of SUSYqtesti
must be provided in theAssblock as defined again in Ref. [53]. In particular, the two smpole masses
and the muon sneutrino pole mass must be givemags[1000013] , MASS[2000013] andMASS[1000014] ,
respectively, as defined in SLHA version|1/[53]. Inter-gatien sfermion mixing, as defined in SLHA
version 2[73], would lead to a re-assignment of the sfernpiole masses to the entries of tt1assblock,
which is currently not supported. Additionally, thE pole mass can be givenimss[24] , which overrides
the value provided iSMINPUTS[9] .

We strongly recommend to provide tBdR values ofu, M; and M in the SLHA input file. They will
be treated as an initial guess for the corresponding on-ghieles, which are determined iteratively from
the two chargino and the bino-like neutralino pole massesfeasribed in Section 2.3. If tHeR values of
u, My and M, are omitted, they will be treated as being zero, which mightit in a bad initial guess for
the corresponding on-shell values.

3.4. Usage with GM2Calc-specific input format

As an alternative to the SLHA input format, GM2Calc can belynlirectly providing the input param-
eters in the renormalization scheme presented in SectRnsing this GM2Calc-specific input format,
the MSSM parameters must be provided in a dedicategiCalcinput block, which is exemplified by the

complete input file if Appendix |C.

3.5. Output formats

The output format of the program can be selected by settimgahableGMm2CalcConfig[0] . In case of
SLHA input, GM2CalcConfig[0]  is by default set t@ (SPheno output). Then the complete SLHA input is
written tostdout ~ with the calculated value ef,, added tasPhenoLowEnergy[21]

$ bin/gm2calc.x --slha-input-file=input/example.slha

Block SPhenoLowEnergy
21 2.30368508E-09  # Delta(g-2)_muon/2

The dots abbreviate the SLHA input. If tBehenoLowEnergy block or the entrysPhenoLowEnergy[21] doO
not exist, they are created and appended to the output. &rttig SPhenoLowEnergy[21] already exists, it
is overwritten by the value af,, calculated by GM2Calc.

If GM2CalcConfigl0]  is set to2 (NMSSMTools output), the behaviour is almost the same, ebxioe
a,, not being written t®PhenoLowEnergy[21]  but to LOWEN[G]E] Providing the SLHA input of the example
given infAppendix B, the NMSSMTools output reddls:

$ { cat input/example.slha;
cat <<EOF

"Note that this option only changes the outfatmat The resulting value still corresponds dg in the MSSM and not the
NMSSM.

8To make the example self-contained, the piping functioypalf the Bourne shell is used to add tB&12CalcConfig[0]
setting to the SLHA input file.



Block GM2CalcConfig
0 2 # NMSSMTools output
EOF
} | binfgm2calc.x --slha-input-file=-

Block LOWEN
6 2.30368508E-09 # Delta(g-2)_muon/2

The dots again abbreviate the SLHA input which is writterhi® dutput. By settinggM2CalcConfig[0]  to
4 the output is the same as above, except that the valug isfwritten toGM2CalcOutput[0] . This choice
is useful if interference with SPheno and NMSSMTools musimsded.

If GM2CalcConfig[0] s set too (minimal output), the program writes only the valueagfto stdout

For the SLHA input given i Appendix |B the minimal output Ieoés follows:

$ { cat input/example.slha;
cat <<EOF
Block GM2CalcConfig
0 0 # minimal output
EOF
} | bin/fgm2calc.x --slha-input-file=-

2.30368508e-09

If GM2CalcConfigio] is set to1 (detailed output), GM2Calc writes detailed informatioroabthe
different contributions ta,, to stdout

$ { cat input/example.slha;
cat <<EOF
Block GM2CalcConfig
0 1 # detailed output
EOF
} | bin/fgm2calc.x --slha-input-file=-

amu (1-loop + 2-loop best) = 2.30368508e-09 +- 2.33327662e- 10

amu (1-loop) corrections

full 1L with tan(beta) resummation:

chi"0 -2.41810081e-10
chi™+- 2.66183984e-09
sum 2.42002976e-09 (105.1% of full 1L + 2L result)

full 1L without tan(beta) resummation:
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2.24788956e-09

1L approximation with tan(beta) resummation:
W-H-nu 2.69541309e-09
W-H-muL -4.11041944e-10
B-H-muL 1.04874082e-10
B-H-muR -2.26475517e-10
B-muL-muR 2.78877323e-10

sum 2.44164703e-09

amu (2-loop) corrections

2L best with tan(beta) resummation:
-1.16344676e-10 (-5.1% of full 1L + 2L result)

2L best without tan(beta) resummation:
-1.05961600e-10

photonic with tan(beta) resummation:

chi"0 1.98555488e-11

chi™+- -2.16650643e-10

sum -1.96795094e-10 (-8.5% of full 1L + 2L result)
fermion/sfermion approximation with tan(beta) resummati on:

W-H-nu 7.32826955e-11

W-H-muL -1.11753785e-11
B-H-muL -1.27259647e-12

B-H-muR -2.91371660e-12
B-muL-muR  1.14372064e-11

sum 6.93582103e-11 (3.0% of full 1L + 2L result)
2L(a) (1L insertions into 1L SM diagram) with tan(beta) resu mmation:
sfermion 1.11553353e-16
cha™+- 1.10920961e-11
sum 1.10922077e-11 (0.5% of full 1L + 2L result)

tan(beta) correction:
amu(ll) * (1 / (1 + Delta_mu) - 1) = 1.71751841e-10 (7.6%)

The detailed output format is used by default if the inputravjled in the GM2Calc-specific format and
GM2cCalcConfigl0]  has not been set.

4. Examples of how to use GM2Calc

In this section several practical applications of GM2Catcshown with the help of a few examples.

4.1. Using input from spectrum generator, piping outputxtemal programs
If a spectrum generator writes an SLHA outputstdout , this output can be streamed into GM2Calc
using the dash as special input-file name. As mentioned in Sedfioh 3.1, wisérg the spectrum generator

11



SOFTSUSY one can write

$ /path/to/softpoint.x leshouches < /path/to/inOutFiles /lesHouchesInput | \
bin/gm2calc.x --slha-input-file=-

Block SPhenoLowEnergy
21 8.31313424E-10  # Delta(g-2)_muon/2

Heresoftpoint.x is the SOFTSUSY executable which reads the SLHA input in fofastream from one
of SOFTSUSY'’s default input fileigOutFiles/lesHouchesinput (CMSSM parameter point 10.1.1 [75]).
The output of SOFTSUSY is then piped into GM2Calc which clalas a,, and writes the result to
SPhenoLowEnergy[21]

In the example given above the default settings of GM2Calwaed, since the output of SOFTSUSY
does not contain any GM2Calc-specific blocks suclmgcalcConfig or GM2Calcinput . If an additional
input block likeGMm2calcConfig shall be passed to GM2Calc, a simple and self-contained svaymodify
the command to

$ { /path/to/softpoint.x leshouches < /path/to/inOutFile s/lesHoucheslInput;
cat <<EOF
Block GM2CalcConfig
0 0 # minimal output
EOF
} | bin/fgm2calc.x --slha-input-file=-

8.31313424e-10

By providing extra input blocks and writing loops at the coamd line, one can easily perform param-
eter scans at the command line without the need for creagimgparary files. The output of a scan can
directly be piped to a program for visualization, e. g. gotpFor instance, the following script first defines
four auxiliary functions, each of which can easily be exehdor further use. The script then calls the
functions in a loop ovetan 3 and produces a plot similar to Figurke 4(left). It is easy tadifyothe script
for more sophisticated scans like the one shown in Figlightjr

softpoint_with_block() {
{ cat -; printf "Block $1\n\t$2\t$3\n"; } | /path/to/softpo int.x leshouches
}

amu_from_slha() {
{ cat -; printf "Block GM2CalcConfig\n\tO\tO\n"; } | # minim al output
bin/gm2calc.x --slha-input-file=-

}

amu_with_block() {
softpoint_with_block "$@" | amu_from_slha

}

amu_for_tanbeta() {
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amu_with_block < /path/to/inOutFiles/lesHouchesinput M INPAR 3 $1 # tan(beta) at MZ
}

{ echo "set xlabel \"tan(beta)\";
set ylabel \"amu\";
plot - u 1:2 w linespoints t "™
for tb in $(seq 2 40); do
echo "$tb $(amu_for_tanbeta $tb)"

done
} | gnuplot -p
40 30
A : H{HHH Rl
30 /// 20 ﬁ
2 ® // E] 15
- /// E ﬂl
& . /* S 10 F
rd o
10 v ﬂl
5 < 0 m
// 4
Oo 5 10 15 20 25 30 35 40 7010” 10t 10?2 10 10 10° 10° 107 10% 10° 10%

tan 8 tan 8

Figure 4: The two graphics shaw,”S" as a function ofan j3 for the MSSM calculated according to EQ) (2). In the left pigl’s”

is calculated for the parameter point 10.1.1 [75]. The right showsa;"SY together with the uncertainty Eq(4) for benchmark
point 1 from Ref.|[5]7], where the on-shell parameters reiewed the one-loop level are = —M> = 30TeV, M1 = M2
Mg> = 1TeV, A5 5(Q) = 0 and the parameters relevant at the two-loop level are skfste= Ma = Mqg1,g2 = Mu1,u2 =

MDLDQ =M1 = Mg1 =1TeV, MQ3 = Mys = Mps = Mrs = Mgs = 3TeV,A{j =0 andQ = 866.36 GeV. Due to the
tan 3 resummationg;,”¥ approaches the finite maximum valsg”s" = 26.8-10~'? in the limit tan 3 — oo. This finite limit of

a;”®Y decomposes into the individual one- and two-loop contidinst[a,,"]: , resummed= 28.1 - 107, [aZ" PP*™Y, | recummed=

~2.3-1071, [a25 7], resummed= 0.9 - 10710, [ap" ], , resummea< 1071,

4.2. C++ interface

GM2Calc provides a C++ interface which allows users to enthectalculation ofi,, into an existing
code or create a custom C++ program that calculajes The following source-code listing shows an
example of a C++ program which calculatgsup to the two-loop level includingan 5 resummation using
the GM2Calc-specific input format.

Listing 1: example-gm2calc.cpp

#include "gm2_1lloop.hpp"
#include "gm2_2loop.hpp"
#include "MSSMNoFV_onshell.hpp"
#include <iostream>

gm2calc::MSSMNoFV_onshell setup() {
gm2calc::MSSMNoFV_onshell model;
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const Eigen::Matrix<double,3,3> UnitMatrix
= Eigen::Matrix<double,3,3>::Identity();

/I fill DR-bar parameters
model.set_TB(10); /I 1L
model.set_Ae(1,1,0); /I 1L

/I fill on-shell parameters

model.set_Mu(350); /I 1L
model.set_MassB(150); /I 1L
model.set_MassWB(300); /I 1L
model.set_MassG(1000); /I 2L
model.set_mq2(500 * 500 * UnitMatrix); // 2L
model.set_mI2(500 * 500 * UnitMatrix); // 1L(smuon)/2L
model.set_md2(500 * 500 * UnitMatrix); // 2L
model.set_mu2(500 * 500 * UnitMatrix); // 2L
model.set_me2(500 * 500 * UnitMatrix); // 1L(smuon)/2L
model.set_Au(2,2,0); Il 2L
model.set_Ad(2,2,0); /I 2L
model.set_Ae(2,2,0); Il 2L

model.set_ MAO(1500); /I 2L
model.set_scale(454.7); /I 2L

/I calculate mass spectrum
model.calculate_masses();

return model;

}
int main() {
gm2calc::MSSMNoFV_onshell model(setup());
const double amu =
+ gm2calc::calculate_amu_2lloop(model)
+ gm2calc::calculate_amu_2loop(model);
std::cout << "amu = " << amu << std::endl;
return O;
}

The objectmodel contains the model parameters. Teaip() function initializes this object by first defin-
ing input parameters in the GM2Calc-specific input format gren calculating the tree-level mass spectrum
with the provided functiomralculate_masses() . Afterwards, themain() function uses the initialized ob-
ject to calculater,,.

The listed source code can be compiled using a C++ compiler leaking the static library
libgm2calc.a  as follows:

$ g++ -Isrc example-gm2calc.cpp src/libgm2calc.a

Afterwards, the created executable can be run via

$ ./a.out
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which will produce the output:

amu = 7.96432e-10

It is also possible to use the SLHA input format at the C++ llewéich is exemplified by the following
source-code listing. Like in the previous example, theeisdel object and aetup() function. But now,
thesetup()  function fills the pole masses of the relevant SUSY partialesDR Lagrangian parameters
into themodel object. Afterwards, the provided functiaanvert_to_onshell() is called, which deter-
mines the on-shell parametersiMy, My, Mg, andM - from the corresponding pole masses as described
in Sectior 2.B. Internally, this function finally calculatthe tree-level mass spectrum using these on-shell
parameters. In theain() function, this tree-level mass spectrum is used to caleulaup to the two-loop
level, includingtan 8 resummation, and the result is printedstaout

Listing 2: example-slha.cpp

#include
#include
#include
#include

"gm2_1loop.hpp"
"gm2_2loop.hpp"
"MSSMNoFV_onshell.hpp"
<iostream>

gm2calc::MSSMNoFV_onshell setup() {
gm2calc::MSSMNoFV_onshell model;

const Eigen::Matrix<double,3,3> UnitMatrix
= Eigen::Matrix<double,3,3>::Identity();

/I fill pole masses

model.get_physical().MSvmL
model.get_physical().MSm(0)
model.get_physical().MSm(1)
model.get_physical().MChi(0)
model.get_physical().MChi(1)
model.get_physical().MChi(2)
model.get_physical().MChi(3)
model.get_physical().MCha(0)
model.get_physical().MCha(1)
model.get_physical().MAh(1)

/I fill DR-bar parameters
model.set_TB(40);
model.set_Mu(500);
model.set_MassB(200);
model.set_MassWB(400);
model.set_MassG(2000);
model.set_mq2(7000
model.set_ml2(0, 0, 500
model.set_ml2(1, 1, 500
model.set_ml2(2, 2, 500
model.set_md2(7000
model.set_mu2(7000
model.set_me2(0, O,
model.set_me2(1, 1, 500
model.set_me2(2, 2, 500
model.set_Au(2, 2, 0);

500

5.18860573e+02; // 1L
5.05095249e+02; /I 1L
5.25187016e+02; // 1L
2.01611468e+02; // 1L
4.10040273e+02; /I 1L
-5.16529941e+02; // 1L
5.45628749e+02; // 1L
4.09989890e+02; // 1L
5.46057190e+02; // 1L
1.50000000e+03; // 2L

/I 1L

/I initial guess
/I initial guess
/I initial guess

/I 2L
* 7000 * UnitMatrix); // 2L
* 500); /I 2L
* 500); /I irrelevant
* 500); /I 2L

* 7000 * UnitMatrix); // 2L
* 7000 * UnitMatrix); // 2L

* 500); /I 2L
* 500); /I initial guess
* 500); Il 2L

Il 2L
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model.set_Ad(2, 2, 0); /I 2L

model.set_Ae(1, 1, 0); /I 1L
model.set_Ae(2, 2, 0); Il 2L
model.set_scale(1000); /I 2L

/I convert DR-bar parameters to on-shell
model.convert_to_onshell();

return model;

}

int main() {
gm2calc::MSSMNoFV_onshell model(setup());

const double amu =
+ gm2calc::calculate_amu_2lloop(model)
+ gm2calc::calculate_amu_2loop(model);

std::cout << "amu = " << amu << std::endl;

return O;

}

This program will produce the output:

amu = 2.33925e-09

5. Summary and final comments

We have presented GM2Calc, a C++ program to calculate thmapas magnetic moment of the muon
a, in the MSSM. It includes one-loop and Barr-Zee-like twogamntributions as well as more recently
computed two-loop photonic and fermion/sfermion-looprections. By defaulttan 5 resummation is
performed, allowing for arbitrarily high values ofin 3. The program input can be provided in either an
SLHA (version 1) compliant or a GM2Calc-specific format.dmtally, GM2Calc uses a physical, on-shell
renormalization scheme to minimize two-loop contribui@nd theory uncertainties.

We have given simple usage examples where GM2Calc is run soiowhn or using the SLHA
output of a spectrum generator, and we have illustrated Hewvoutput of GM2Calc can be passed
to external programs like gnuplot. We have also discussedplea C++ programs which use the
GM2Calc libraries and routines. All examples and their arptions can also be found on the web site
https://gmZ2calc.heptorge.org . This web site further provides an online calculator, whath
lows users to type in parameters and commﬁféSY interactively without downloading the code.

The program has been thoroughly validated against thenatigoutines of Refs! [25, 54-5[7,/59, 60,
63]. The estimate of the theory uncertainty given in Sedfighfollows the analysis of Ref. [25] of the
missing contributions and is specific to the computationhi@ thosen renormalization scheme. When
comparing GM2Calc to other codes/evaluations, differerzan arise for several reasons. Particularly,
GM2Calc differs from evaluations which use tB&R scheme to define the masses entering the one-loop
contributions. In the latter cas;a;lbL depends on thBR scale and there are potentially very large two-loop
corrections discussed in Section]2.1. Clearly, a moreatrigason for numerical differences is a different
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choice of the implemented two-loop contributions. To ouowtedge the photonic, the fermion/sfermion-
loop and thetan S-resummation corrections are implemented in this form Hierfirst time. Each of them
can amount t@(10%) corrections or more in parts of the parameter space.
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Appendix A. Detailed contributions

The one-loop and the photonic two-loop contributions cawhbten as

abL _ az + a,X 7 (A.1a)
aiL, photonic _ a¥ M) 4 az ™), (A.1b)

and they are implemented in the form given in Refs| [54| 5§, 63

2
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where

z+ — L _Lx
ijfe — Tifk itk
zx _— L _Rx

ijfe = Tif ijk

R _Rx

+ %5 it (A.3a)
R _Lx

+ %5 2o (A.3b)

with z € {c,n}. All conventions have been unified to the ones of Ref. [55, tie actual couplings™
andn’™% of the charginos/neutralinos to a general leptane given by

Cz'Lf/l = —g2 Vi1, (A.43a)
cff, = uli, (A.4b)
nZle = 2 (1N + 92N5) Uy — uilN5Upy, (A.4c)
”gk = _ﬁglNz‘lUilcQ - lei?)Ullﬂ’ (A.4d)

whereg, 1 are the SU(2xU(1) gauge couplings defined g/ z) and the weak mixing anglén® Oy =
1— M3, /M2, andy; denotes the lepton Yukawa coupling, see Efy. (3). The chargiutralino, and slepton
mixing matrices/, V, N, U' are defined in the usual way, see e. g. Ref. [25]. The argunoénie loop
functions are given by = mig/m%m orz = mi__ /ml%u, as appropriate. The one-loop functioRg, ()

are given in all aforementioned references, the two-IocmtiunngA(:c) are given in Ref[[63]; they read

Fy¥(z) =

2
Ny
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X
3
— T
1 [1 — 6x + 322 + 22% — 622 log x], (A.5¢)
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FY (x) = ﬁ [(1 — z) (1512* — 335z + 592)

+6(212° — 1082® — 93z + 50) log z

— bdx (xZ —2x — 2) log? «

— 108z (2% — 22 + 12) Lig(1 — x)}, (A.5e)
FC(x) = ﬁ {8(x2 — 37 +2) + (112° — 40z + 5) logx

— 2(302 —2r — 2) log?

— 4(22 = 20 + 9)Liy(1 — x)} , (A.5)
F (z) = ﬁ (1= 2)(—972% — 520z +2) + 62 (13 + 81) log &
+ 108z (72 + 4)Liy(1 — x)}, (A.50)
F(z) = ﬁ [(m +3)(zlogz + 2 — 1) + (62 + 2)Lix(1 — x)] : (A.5h)
and additionally
L(m?) = log g‘—j (A.5i)

The resummation ofan S-enhanced contributions is taken into account by replatiegfukawa cou-
pling appearing in the coupling constants by 4. (3) [56, 3k occurring quantity\ , is given by [56]

2 2
_ g5 My (c0) g5 Ma 1 (c0)
A, =—p tanf 162 I(ml,mQ,m&H ) — i tan 8 162 §I(m1,m2,mm )
2
g1 My 1
— p tan B 11671'2 |:I(,U,, My, m/(:f:)) - 5‘[(#’ My, m%‘f)) - I(Mlamf]o;)’ mg);))} ) (A6)
where
1
mip =g [(M% 42+ 20MF) F (M3 + pi2 + 2M3, )2 4M§u2] : (A7a)
M2
m(&io)Q — M2, — 727 (A.7b)
1

mie? = My = My (sty — 3), (A.70)
mio? = MZ, + Msty, (A.7d)
Tab.c) = a®b?log ‘;—; + b%c? log Ié—i + c2a®log 2—2 (A7)

(a2 _ b2)(b2 _ 02)(a2 _ 02)

For the Yukawa couplings of the-lepton and the»-quark, iy, andy, respectively, which appear at the
two-loop level, we have implemented the analogue of Eqa.&3, and the equations from Section 2.2 of
Ref. [76], respectively. Thi-quark massn; used to calculate the Yukawa coupling is the BI8 mass with

5 active quark flavours at the scaléz, obtained as described in Ref.[77]. Nom 5-enhanced matching
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corrections tom,, in the DR scheme in the MSSM are neglected since they would amoumedbgible
three-loop contributions t@3"=Y.
The two-loop corrections of type 2L(a) are implemented & #pproximation of photonic Barr-Zee

diagrams [59—62]aiL(a) = (’”H )y a(f ") as provided by Refl [25]:

2, 2
m _ (Mzg) my, A0y A0 2 2 518 2
B = g O [ReWNE] festmi MR+ 30 R fo(m /013)]
k=12 S=hO, HO
(A.83a)
z a(Mz)?m?
= e, 2 2 [N 3 R Syt M) (A.80)

f=ijpF S=h0,HO

with the Higgs coupling factors, which take into account the g-resummed Yukawa couplings of the
muon,7-lepton and-quark,

)\{ho HO, A%} _ M{ Sovs Covs A} » (A.9a)
mue
2M
AiZO’HO’AO} V2 W(Ukaz{CmSa, —cg} + UaVir { — Sa» Cas —531}), (A.9b)
Xk
2
AIPHT — ST (L say —ca} + At{cassa}) (UR)" Ub, (A.9¢)
z mtls
Ay _ 2V2swMw gy A Ul A.9d
bi - m? e (_M{CO"SO‘}—’_ b{ Sa’ca}) ) i29 (A.9d)
b;
2\/5 M T * T\ 777
A§?07H0} - SV[; Wy (_:“ {Cmsa}+AT{—5a’0a})( h) Ul (A.9e)

mﬁ €

Here we have abbreviateth = Aj ;, A, = Agvg, A; = A§ 5 ands, = sinvy, ¢y, = cos v, t, = tan+y. The
loop functions are given as

fs(z) = (22— 1) fps(z) — 22(2 + log 2), (A.10a)

ff(z) = g [2 +log z — fPS(Z)] , (A.10b)
1dxlog@ 227 . 1-y . 1+y

fPS(Z) = Z/O m = ? |:L12 <1 — 2—2;) — L12 (1 — 2—Z>:| (AlOC)

with y = /1 — 4z. Note thatfpg(z) is real and analytic even far> 1/4.
The two-loop fermion/sfermion-loop contributions of Refs4,|55] are implemented in the leading-

logarithmic approxmatlomL2L SILL given in Ref. [55]:
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T = L T—1,7,) (Bgs + Ay + Ay + Ay, +0.015)

.
+a(W=-H, jir) (A92 + AL+ A+ A+ 0.015)
+al(B-H, jir, )(Ag,1 + AL+ App + Ay, +0015> (A.11)
+a,/(B-H, fir) <Agl + AL+ Dpy+ Ay + 0.04)
+af (B, fuir) (g, + Ay, +0.03).

This is based on the mass-insertion approximation of thelam result given in Ref. [26], and correc-
tion factorsA; as well as numerical constants obtained via a fit to the exesetlt The mass-insertion
approximation reads

L (W-1,7,) = 89—52 ;Mz tan 8 F, (772\1422 : “—22> : (A.12a)
5 5, ™Mi,
ap(W-H, i) = _1(?7%2 mj\zf jutan B F < ]\Aj;, A’;;) : (A.12b)
a;L(B—ﬁ,ﬂL) = 1571272 m]\ziw ptan 8 Fy <]<\4422 7 ]\ZZ > 7 (A.12¢)
M (B-H. ir) = 89;2 Mi” jtan 8 F, (Aj‘j—; M“—;) , (A.12d)
(B i) = 2 X}Z wtan B Fy (Af;;, A%) (A12e)
where

Fo(z,y) = —%53@), (A.13a)
Fy(z,y) = —%j‘l(y), (A.13b)
Gs(x) = 2(x7i1)3 [(x —1)(z —3) +2log x], (A.13c)

Gylz) = ﬁ [(x —1)(z+1) — 2zlog x] (A.13d)

The shiftsA; are given by a slight generalization of the form in Ref. [5&ippping the assumption of
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universality of the first two sfermion generations:

2 4 4 My, 1 Mp;
Ay, = 91 Z (—log Ui + Zlog Di

1672 3 et 3 msusy 93 MSySY (A.14a)
1. Mg Mg 1. My, '
+ —log @ log B2 log Li ),
6 "~ msusy msusy 2 msusy
2
g5 4 3 MQi 1 My,
A = 94 5 =) A.14b
92 16723 i;i% (2 o8 msusy MR msusy/ ( )
1 1 M, M M,
Aj= = <3yf log —> + 3y log —> + 3(y? + y7) log —>
167= 2 msusy msusy msusy (A.14c)
+y7log ——= 4 y2lo msi;>,
1 M3
Anz=——212(2 - 81 A.14d
BH = Jg 2Vt < Smsusy 0 msusv) ’ ( )
1 Mops
A = 2 (_g1oe Q3 A.l4e
WH = 1627t < 6log msusv> ’ ( )
1 Q
Aty = 155 (s = 3yr +y7) log —— (A.14)

wheremsysy = min(|u|, |M1 |, |Ms|, M2, ME2) and@ is the renormalization scale used to define 3.
In order to apply the resummation @afn S-enhanced contributions, we employ

_ 2f fLL
[aQL’f f LL} T (A.15)
’ tg-resummed 1+ A,

Appendix B. Example input file in SLHA format

Listing 3: example SLHA input filénput/example.slha with MSSM parameter point in the style of BM1 [54]

Block GM2CalcConfig
0 3 # output format (0 = minimal, 1 = detailed,
# 2 = NMSSMTools, 3 = SPheno, 4 = GM2Calc)

1 2 # loop order (0, 1 or 2)

2 1 # disable/enable tan(beta) resummation (0 or 1)

3 0 # force output (0 or 1)

4 0 # verbose output (0 or 1)

5 0 # calculate uncertainty
Block GM2Calclnput

1 0.00775531 # alpha(M2) [1L]

2 0.00729735 # alpha(0) [2L]
Block SMINPUTS

3 0.1184 # alpha_s(MZ) SM MSbar [2L]

4 9.11876000E+01  # MZ(pole) [1L]

5 4.18000000E+00  # mb(mb) SM MSbar [2L]

6 1.73340000E+02 # mtop(pole) [2L]

7 1.77700000E+00  # mtau(pole) [2L]

8 0.00000000E+00  # mnu3(pole) [irrelevant]
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11 0.000510998928  # melectron(pole) [irrelevant]

12 0.00000000E+00  # mnul(pole) [irrelevant]

13 0.1056583715 # mmuon(pole) [1L]

14 0.00000000E+00  # mnu2(pole) [irrelevant]

21 4.76052706E-03  # md [irrelevant]

22 2.40534062E-03 # mu [irrelevant]

23 1.04230487E-01 # ms [irrelevant]

24 1.27183378E+00 # mc [irrelevant]
Block MASS # Mass spectrum

24 8.03773317e+01 # W [1L]

25 1.25712136e+02 # hO [irrelevant]

35 1.50002058e+03  # HO [irrelevant]

36 1.50000000e+03 # AO [2L]

37 1.50241108e+03  # H+ [irrelevant]
1000021 2.27707784e+03 # g [irrelevant]
1000022 2.01611468e+02  # neutralino(1) [1L]

1000023 4.10040273e+02  # neutralino(2) [1L]
1000024 4.09989890e+02  # chargino(1) [1L]
1000025 -5.16529941e+02  # neutralino(3) [1L]
1000035 5.45628749e+02 # neutralino(4) [1L]
1000037 5.46057190e+02  # chargino(2) [1L]
1000001 7.06303219e+03 # "d_L [irrelevant]
1000002 7.06271372e+03  # "u_L [irrelevant]
1000003 7.06305914e+03  # "s_L [irrelevant]
1000004 7.06274067e+03 # "c L [irrelevant]
1000005 7.10826650e+03  # "b_1 [irrelevant]
1000006 7.16237728e+03  # "t 1 [irrelevant]
1000011 5.25167746e+02 # e L [irrelevant]
1000012 5.18841083e+02  # "nu_e_L [irrelevant]
1000013 5.25187016e+02  # “mu_L [1L]
1000014 5.18860573e+02  # “nu_mu_L [1L]
1000015 3.00151415e+03  # “tau_1 [irrelevant]
1000016 3.00880751e+03  # "nu_tau_L [irrelevant]
2000001 7.04938393e+03 # "d_R [irrelevant]
2000002 7.05136356e+03  # "u_R [irrelevant]
2000003 7.04943468e+03 # "s_R [irrelevant]
2000004 7.05136702e+03 # c_ R [irrelevant]
2000005 7.16151312e+03 # "b_2 [irrelevant]
2000006 7.19205727e+03  # "t 2 [irrelevant]
2000011 5.05054724e+02 # "e R [irrelevant]
2000013 5.05095249e+02  # "mu_R [1L]
2000015 3.01426808e+03  # “tau_2 [irrelevant]
Block HMIX Q= 1.00000000e+03
1 4.89499929e+02 # mu(Q) MSSM DRbar [initial guess]
2 3.93371545e+01 # tan(beta)(Q) MSSM DRbar Feynman gauge [1
Block MSOFT Q= 1.00000000e+03 # MSSM DRbar SUSY breaking par ameters
1 2.00000000e+02 # M_1(Q) [initial guess]
2 4.00000000e+02 # M_2(Q) [initial guess]
3 2.00000000e+03 # M_3(Q) [2L]
31 5.00000000e+02 # meL(Q) [2L]
32 5.00000000e+02 # mmuL(Q) [irrelevant]
33 3.00000000e+03 # mtaul(Q) [2L]
34 4.99999999e+02 # meR(Q) [2L]
35 4.99999999e+02 # mmuR(Q) [initial guess]
36 3.00000000e+03 # mtauR(Q) [2L]
41 7.00000000e+03 # mglL1(Q) [2L]

23

L]




42 7.00000000e+03
43 6.99999999e+03
44 7.00000000e+03
45 7.00000000e+03
46 6.99999999e+03
47 7.00000000e+03
48 7.00000000e+03
49 7.00000000e+03

Block AU Q= 1.00000000e+03
3 3 1.57871614e-05
Block AD Q= 1.00000000e+03
3 3 8.99561673e-06
Block AE Q= 1.00000000e+03
2 2 2.84230475e-06
3 3 3.02719242e-06

# mqlL2(Q) (2L]
# mqL3(Q) (2L]
# muR(Q) [2L]
# mcR(Q) [2L]
# mtR(Q) [2L]
# mdR(Q) [2L]
# msR(Q) [2L]
# mbR(Q) [2L]
# AYQ) [2L]

# Ab(Q) (2L]

# Amu(Q) MSSM DR-bar [1L]
# Atau(Q) 2L

Appendix C. Example input file in GM2Calc-specific format

Listing 4: example GM2Calc input filmput/example.gm2

Block GM2CalcConfig

0 1 # output format (0 = minimal, 1 = detailed,
# 2 = NMSSMTools, 3 = SPheno, 4 = GM2Calc)

1 2 # loop order (0, 1 or 2)
2 1 # disable/enable tan(beta) resummation (0 or 1)
3 0 # force output (0 or 1)
4 0 # verbose output (0 or 1)
5 0 # calculate uncertainty

Block GM2Calclnput
0 8.66360379E+02  # ren. scale Q [2L]
1 0.00775531 # alpha(Mz) [1L]
2 0.00729735 # alpha(0) [2L]
3 10 # tan(beta) DR-bar at Q [1L]
4 619.858 # Mu parameter on-shell [1L]
5 211.722 # M1 on-shell [1L]
6 401.057 # M2 on-shell [1L]
7 1.10300877E+03  # M3 [2L]
8 707.025 # MA(pole) [2L]
9 3.51653258E+02  # msl(1,1) [2L]
10 356.09 # msl(2,2) on-shell [1L]
11 3.50674223E+02  # mslI(3,3) [2L]
12 2.21215037E+02  # mse(1,1) [2L]
13 225.076 # mse(2,2) on-shell [1L]
14 2.18022142E+02  # mse(3,3) [2L]
15 1.00711403E+03  # msq(1,1) [2L]
16 1.00711149E+03  # msq(2,2) [2L]
17 9.29083096E+02  # msq(3,3) [2L]
18 9.69369660E+02  # msu(1,1) [2L]
19 9.69366965E+02  # msu(2,2) [2L]
20 7.99712943E+02  # msu(3,3) [2L]
21 9.64756473E+02  # msd(1,1) [2L]
22 9.64753818E+02  # msd(2,2) [2L]
23 9.60016201E+02  # msd(3,3) [2L]
24 0 # Ae(1,1) [irrelevant]

24




25 -2.93720212E+02
26 -2.92154796E+02
27 0
28 0
29 -1.28330100E+03
30 0
31 0
32 -8.70714986E+02
Block SMINPUTS

3 0.1184

4 91.1876

5 4.18

6 173.34

7 1.777

8 0.00000000E+00

9 80.385
11 0.000510998928
12 0.00000000E+00
13 0.1056583715
14 0.00000000E+00
21 4.76052706E-03
22 2.40534062E-03
23 1.04230487E-01
24 1.27183378E+00

# Ae(2,2) DR-bar [1L]

# Ae(3,3) [2L]
# Ad(1,1) [irrelevant]
# Ad(2,2) [irrelevant]
# Ad(3,3) [2L]
# Au(1,1) [irrelevant]
# Au(2,2) [irrelevant]
# Au(3,3) [2L]

# alpha_s(MZ) SM MS-bar [2L]

# M_Z(pole) [1L]

# m_b(m_b) SM MS-bar [2L]

# M_top(pole) [2L]

# M_tau(pole) [2L]

# mnu3(pole) [irrelevant]
# M_W(pole) [1L]

# melectron(pole) [irrelevant]

# mnul(pole) [irrelevant]
# M_muon(pole) [1L]

# mnu2(pole) [irrelevant]

# md [irrelevant]
# mu [irrelevant]
# ms [irrelevant]
# mc [irrelevant]

25




References

[1]
(2]

(3]
[4]
[5]
[6]
[7]

(8]
9]

(10]
(11]

(12]

(13]
(14]

(15]
(16]
(17]
(18]
(19]

(20]

(21]
(22]
(23]
(24]
(25]
(26]
(27]

(28]
(29]
(30]
(31]

(32]
(33]
(34]
(35]
(36]
(37]
(38]

G.W. Bennett, et al., (Muollg — 2) Collaboration), Phys. Rev. B3, 072003 (2006).

M. Davier, A. Hoecker, B. Malaescu and Z. Zhang, Eur. PhyysC 71 (2011) 1515 [Erratum-ibid. @2 (2012) 1874]
[arXiv:1010.4180 [hep-ph]].

K. Hagiwara, R. Liao, A. D. Martin, D. Nomura and T. Teulbbpn& Phys. G38(2011) 085003 [arXiv:1105.3149 [hep-ph]].
T. Aoyama, M. Hayakawa, T. Kinoshita and M. Nio, Phys. Restt. 109(2012) 111808 [arXiv:1205.5370 [hep-ph]].

C. Gnendiger, D. Stockinger and H. Stdckinger-KimyBRRev. D88 (2013) 053005 [arXiv:1306.5546 [hep-ph]].

A. L. Kataev, Phys. Rev. 36 (2012) 013010 [arXiv:1205.6191 [hep-ph]].

R. Lee, P. Marquard, A. V. Smirnov, V. A. Smirnov and M. Bteauser, JHER303(2013) 162 [arXiv:1301.6481 [hep-ph]];
A. Kurz, T. Liu, P. Marquard and M. Steinhauser, Nucl. Phy878 (2014) 1 [arXiv:1311.2471 [hep-ph]]; A. Kurz, T. Liu,
P. Marquard, A. V. Smirnov, V. A. Smirnov and M. SteinhauseXiv:1508.00901 [hep-ph].

F. Jegerlehner and R. Szafron, Eur. Phys. 31¢2011) 1632 [arXiv:1101.2872 [hep-ph]].

M. Benayoun, P. David, L. DelBuono and F. Jegerlehner,. Bhys. J. C73 (2013) 2453 [arXiv:1210.7184 [hep-ph]];
arXiv:1507.02943 [hep-ph].

A. Kurz, T. Liu, P. Marquard and M. Steinhauser, PhysttLiB 734 (2014) 144 [arXiv:1403.6400 [hep-ph]].

G. Colangelo, M. Hoferichter, A. Nyffeler, M. PasseradaP. Stoffer, Phys. Lett. B35(2014) 90 [arXiv:1403.7512 [hep-
ph]].

G. Colangelo, M. Hoferichter, M. Procura and P. Stofé¢tEP1409(2014) 091 [arXiv:1402.7081 [hep-ph]]; G. Colangelo,
M. Hoferichter, B. Kubis, M. Procura and P. Stoffer, PhysttLB 738(2014) 6 [arXiv:1408.2517 [hep-ph]]; G. Colangelo,
M. Hoferichter, M. Procura and P. Stoffer, JHEB09(2015) 074 [arXiv:1506.01386 [hep-ph]].

V. Pauk and M. Vanderhaeghen, Phys. Re@@}2014) 11, 113012 [arXiv:1409.0819 [hep-ph]].

T. Blum, S. Chowdhury, M. Hayakawa and T. Izubuchi, PHsv. Lett.114(2015) 1, 012001 [arXiv:1407.2923 [hep-lat]].
L. Jin, T. Blum, N. Christ, M. Hayakawa, T. Izubuchi and C. beh, arXiv:1509.08372 [hep-lat].

M. Ablikim et al.[BESIII Collaboration], arXiv:1507.08188 [hep-ex].

F. Jegerlehner and A. Nyffeler, Phys. Refpit7 (2009) 1 [arXiv:0902.3360 [hep-ph]].

J. P. Miller, E. de Rafael, B. L. Roberts and D. Stoclinginn. Rev. Nucl. Part. Sdb2 (2012) 237.

T. Blum, A. Denig, |. Logashenko, E. de Rafael, B. L. RdbeT. Teubner and G. Venanzoni, arXiv:1311.2198 [hep-ph]
M. Benayoun, J. Bijnens, T. Blum, I. Caprini, G. Colat@eH. Czyz, A. Denig and C. A. Dominguet al,, arXiv:1407.4021
[hep-ph].

R. M. Carey, K. R. Lynch, J. P. Miller, B. L. Roberts, W. Mlorse, Y. K. Semertzides, V. P. Druzhinin and B. I. Khagin
al., FERMILAB-PROPOSAL-0989; B. L. Roberts, Chin. Phys3&(2010) 741 [arXiv:1001.2898 [hep-ex]]; J. Grangfe
al. [Muon g-2 Collaboration], arXiv:1501.06858 [physics-det].

H. linuma [J-PARC New g-2/EDM experiment CollaboratjpJ. Phys. Conf. Se295(2011) 012032.

D. W. Hertzog, J. P. Miller, E. de Rafael, B. Lee Roberg &. Stockinger, arXiv:0705.4617.

A. Czarnecki and W. J. Marciano, Phys. Rev6®(2001) 013014 [hep-ph/0102122].

S. Martin and J. Wells, Phys. Rev.@2 (2001) 035003.

D. Stockinger, J. Phys. 34 (2007) R45.

G. -C. Cho, K. Hagiwara, Y. Matsumoto and D. Nomura, JHAR1(2011) 068 [arXiv:1104.1769 [hep-ph]].

M. Endo, K. Hamaguchi, S. Iwamoto and N. Yokozaki, PhRev. D 84 (2011) 075017 [arXiv:1108.3071 [hep-ph]].
M. Endo, K. Hamaguchi, S. Iwamoto, K. Nakayama and N. YokgzZakys. Rev. D85 (2012) 095006 [arXiv:1112.6412
[hep-ph]]. M. Endo, K. Hamaguchi, S. Iwamoto and N. YokozdMys. Rev. 085 (2012) 095012 [arXiv:1112.5653 [hep-
ph]]. M. Endo, K. Hamaguchi, S. lwamoto and T. Yoshinaga, PHE01(2014) 123 [arXiv:1303.4256 [hep-ph]]. M. Endo,
K. Hamaguchi, T. Kitahara and T. Yoshinaga, JHEF21(2013) 013 [arXiv:1309.3065 [hep-ph]]. M. Endo, K. Hamalgiic
S. lwamoto, T. Kitahara and T. Moroi, Phys. Lett7B8(2014) 274 [arXiv:1310.4496 [hep-ph]].

J. L. Evans, M. Ibe, S. Shirai and T. T. Yanagida, Phys. Re85 (2012) 095004 [arXiv:1201.2611 [hep-ph]].

M. Ibe, T. T. Yanagida and N. Yokozaki, JHERB08(2013) 067 [arXiv:1303.6995 [hep-ph]].

S. Akula and P. Nath, Phys. Rev. D 87,5022(2013) [arXiv:1304.5526 [hep-ph]].

G. Bhattacharyya, B. Bhattacherjee, T. T. YanagidaMndokozaki, Phys. Lett. B30(2014) 231 [arXiv:1311.1906 [hep-
ph]l.

S. Mohanty, S. Rao and D. P. Roy, JHEB09(2013) 027 [arXiv:1303.5830 [hep-ph]].

I. Gogoladze, F. Nasir, Q. Shafi and C. S. Un, Phys. Re20[2014) 3, 035008 [arXiv:1403.2337 [hep-ph]].

J. Kersten, J.-h. Park, D. Stockinger and L. Velasewif, JHEP1408(2014) 118 [arXiv:1405.2972 [hep-ph]].

W. C. Chiu, C. Q. Geng and D. Huang, Phys. Re®I(2015) 1, 013006 [arXiv:1409.4198 [hep-ph]].

M. Badziak, Z. Lalak, M. Lewicki, M. Olechowski and S. Rarski, JHEP1503(2015) 003 [arXiv:1411.1450 [hep-ph]].
K. Kowalska, L. Roszkowski, E. M. Sessolo and A. J. \ittis, arXiv:1503.08219 [hep-ph].

F. Wang, W. Wang and J. M. Yang, arXiv:1504.00505 [hé&p-p

26



(39]
[40]
[41]
[42]
(43]

[44]
[45]
[46]
[47]

(48]
[49]
[50]
(51]

(52]

(53]
(54]

(58]

[56]
[57]
(58]
[59]
(60]
[61]
(62]
(63]

(64]
(65]
[66]
(67]
(68]
(69]
(7]
[71]
[72]
(73]
[74]
[75]
[76]
[77]
(78]

L. Calibbi, I. Galon, A. Masiero, P. Paradisi and Y. ShagarXiv:1502.07753 [hep-ph].

N. Okada, S. Raza and Q. Shafi, Phys. Re80Pno. 1, 015020 (2014) [arXiv:1307.0461 [hep-ph]].

T. Liand S. Raza, Phys. Rev.®1, no. 5, 055016 (2015) [arXiv:1409.3930 [hep-ph]].

B. C. Allanach, Comput. Phys. Commui¥3 305 (2002) [hep-ph/0104145].

W. Porod, Comput. Phys. Commubb3 (2003) 275 [hep-ph/0301101]. W. Porod and F. Staub, Conifuts. Commun.
183(2012) 2458 [arXiv:1104.1573 [hep-ph]].

A. Djouadi, J. -L. Kneur and G. Moultaka, Comput. Physn@nun.176, 426 (2007) [hep-ph/0211331].

H. Baer, F. E. Paige, S. D. Protopopescu and X. Tataphé®305342.

D. Chowdhury, R. Garani and S. K. Vempati, Comput. PIg@mmun.184(2013) 899 [arXiv:1109.3551 [hep-ph]].

F. Staub, Comput. Phys. Commu1, 1077 (2010) [arXiv:0909.2863 [hep-ph]]. Comput. Physir@aun.182 808 (2011)
[arXiv:1002.0840 [hep-ph]]. Computer Physics Communarat 184, pp. 1792 (2013) [Comput. Phys. Commd84, 1792
(2013)] [arXiv:1207.0906 [hep-ph]]. Comput. Phys. Commi®5 (2014) 1773 [arXiv:1309.7223 [hep-ph]].

P. Athron, J.-h. Park, D. Stockinger and A. Voigt, CarhPhys. Communl90(2015) 139 [arXiv:1406.2319 [hep-ph]].
F. Mahmoudi, Comput. Phys. Commui80(2009) 1579 [arXiv:0808.3144 [hep-ph]].

T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak and G. Weiigl Comput. Phys. Commut80(2009) 1426.

J. Rosiek, P. Chankowski, A. Dedes, S. Jager and P. Gai@amput. Phys. Commud81 (2010) 2180 [arXiv:1003.4260
[hep-ph]].

J. S. Lee, M. Carena, J. Ellis, A. Pilaftsis and C. E. M.giver, Comput. Phys. CommuiB4(2013) 1220 [arXiv:1208.2212
[hep-ph]].

P. Z. Skandt al., JHEP0407(2004) 036 [hep-ph/0311123].

H. G. Fargnoli, C. Gnendiger, S. Pal3ehr, D. Stockingad H. Stdckinger-Kim, Phys. Lett. B26 (2013) 717
[arXiv:1309.0980 [hep-ph]].

H. G. Fargnoli, C. Gnendiger, S. Pal3ehr, D. Stockiraget H. Stockinger-Kim, JHER402(2014) 070 [arXiv:1311.1775
[hep-ph]].

S. Marchetti, S. Mertens, U. Nierste and D. Stockingdrys. Rev. Dr9, 013010 (2009) [arXiv:0808.1530 [hep-ph]].

M. Bach, J.-h. Park, D. Stockinger and H. Stockingén, JHEP1510(2015) 026 [arXiv:1504.05500 [hep-ph]].

T. Moroi, Phys. Rev. 53 (1996) 6565 [Erratum-ibids6 (1997) 4424].

S. Heinemeyer, D. Stockinger and G. Weiglein, Nucly®HB 690 (2004) 62.

S. Heinemeyer, D. Stockinger and G. Weiglein, Nucly$tB 699 (2004) 103.

A. Arhrib and S. Baek, Phys. Rev. @ (2002) 075002 [hep-ph/0104225].

C. H. Chen and C. Q. Geng, Phys. Lett5B1(2001) 77 [arXiv:hep-ph/0104151].

P. von Weitershausen, M. Schafer, H. Stockinger-kiimd D. Stockinger, Phys. Rev.&1 (2010) 093004 [arXiv:1003.5820
[hep-ph]].

G. Degrassi and G. F. Giudice, Phys. Re\6&(1998) 053007 [arXiv:hep-ph/9803384].

B. A. Dobrescu and P. J. Fox, Eur. Phys. J7@{2010) 263 [arXiv:1001.3147 [hep-ph]].

W. Altmannshofer and D. M. Straub, JHEBR09(2010) 078 [arXiv:1004.1993 [hep-ph]].

W. Hollik, E. Kraus, M. Roth, C. Rupp, K. Sibold and D.d8Kinger, Nucl. Phys. B39(2002) 3.

T. Fritzsche and W. Hollik, Eur. Phys. J.22, 619 (2002).

W. Hollik and H. Rzehak, Eur. Phys. J.32 (2003) 127.

S. Heinemeyer, H. Rzehak and C. Schappacher, PhysCRe®/(2010) 075010 [arXiv:1007.0689 [hep-ph]].

T. Fritzsche, S. Heinemeyer, H. Rzehak and C. SchagpaPhys. Rev. 36 (2012) 035014 [arXiv:1111.7289 [hep-ph]].
T. Fritzsche, T. Hahn, S. Heinemeyer, H. Rzehak and Gafjgacher, [arXiv:1309.1692 [hep-ph]].

K. A. Olive et al.[Particle Data Group Collaboration], Chin. Phys3&(2014) 090001.

A. Freitas and D. Stockinger, Phys. Rev6B(2002) 095014 [hep-ph/0205281].

S. S. AbdusSalarat al., Eur. Phys. J. @1(2011) 1835 [arXiv:1109.3859 [hep-ph]].

M. Gorbahn, S. Jager, U. Nierste and S. Trine, Phys. BRé&4 (2011) 034030 [arXiv:0901.2065 [hep-ph]].

H. Baer, J. Ferrandis, K. Melnikov and X. Tata, Phys. R®266 (2002) 074007, [hep-ph/0207126].

B. C. Allanachet al, Comput. Phys. Commui80(2009) 8 [arXiv:0801.0045 [hep-ph]].

27



	1 Introduction
	2 Implemented contributions and definition of input
	2.1 Individual contributions to a
	2.2 Estimate of theory uncertainty
	2.3 Input parameters and renormalization scheme

	3 Code details and usage
	3.1 Quick start guide
	3.2 General options
	3.3 Usage with SLHA input format
	3.4 Usage with GM2Calc-specific input format
	3.5 Output formats

	4 Examples of how to use GM2Calc
	4.1 Using input from spectrum generator, piping output to external programs
	4.2 C++ interface

	5 Summary and final comments
	Appendix  A Detailed contributions
	Appendix  B Example input file in SLHA format
	Appendix  C Example input file in GM2Calc-specific format

