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Automation in High Energy Physics

Alpgen, BlackHat, CalcHEP /CompHEP,
CutTools, Delphes, DTANA,
FeynArts/FormCalc, FlexibleSUSY,
Golem, Grace, HAWK, HELAC-

PHEGAS/HELAC-1Loop, Herwig++,
ISAJET, MadGraph/MadEvent,
LI MadGolem, MCAQNTL.O, MCFM, PGS,
POWHEG, Prophecy4f, PYTHIA,
1 Samurai, SARAH, Sherpa, SOFTSUSY,
VBF@QNLO, Whizard, ..
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ModelMaker
SARAH OBSERVABLES

Gauge theories are defined by a gauge group
and fields transforming under some of its
representations. The rest are usually just
conventions/notation (fixing a specific basis for
the representations, naming the parameters, ...)

Handling of Group
Theory is needed



SUuSyno

web.ist.utl.pt /renato.fonseca/susyno.html

Susyno is a Mathematica package which was created to compute the 11 2012
Renormalization Group Equations (RGEs) of SUSY models.

The two-loop RGEs of a generic Yang-Mills theory are known for Martin, Vaughn
SUSY (and non-SUSY) models, but in order to apply them to specific '/ “V0°
models it takes some work. One reason for this is that the equations sl bR
are written for and as a function of the following generic tensors:

1 cumn Takes .
W = Ew%iéjék + Su®;0; + L',
1 aya ) g | g i 2\ % *
o = ( GMNN + SHTG0500 + 509695 +15%01+ hc. ) + ()] 0165

Note that W and %, are to be expanded in all indices (in principle).
This includes the gauge indices.

As such, a big part of Susyno’s code is dedicated To my knowledge, LieART is
to Group Theory. It can compute various the only other Mathematica
quantities for any gauge group and field package with some (not all) of
content. Such functions are available for these functions.

other applications. Feger, Kephart 2012
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SUuSyno

Documentation

Published manual

Built-in

documentation

Computer Physics
Communications 183 (2012) 2298
arXiv:1106.5016 [hep-ph]

Up-to-date
More detailed
Easier to use
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SUSyno

Built-in documentation: easy to use and very handy

| Q

SYMBOL Tutorials = URL =

Invariants

Invariants[group, {repl, rep2, ...}]
Calculates the invariants of repl x rep2 x ---

v | MORE INFORMATION

~ EXAMPLES
~ Basic Examples (1)
If a and b are SU(2) doublets [={1}], they form an invariant:
In[1]:= Invariants[SU2, {{1}, {1}}]

out[1]= {&[2] b[1] -a[l] b[2]}

How to put together two SU(2) doublets (a and b) and a triplet c?

In[z]:= Imvariants[502, {{1}, {1}, {2}}]

+

w2 al21bl2] c[1] al2]b[l]lel2] =alllbl2]cl2] +/2 alllbl1]c[3]
qL/a - g1/ - g1/t ql/4 }

out[z]= |

The owerall factor is of course irrelevant, therefore the following is also an invariant:

tn[z]:= Expand [3'/* %]




Input example: the MSSM

Pick a name for the model (any)

author [MSSM] ~= "Me";

date[MSSM] A= "14:50, 25 July 2014"; Provide some optional data

group [MSSM] “= {U1, SU2, SU3}; Specify the model’s gauge group (any)

normalization = Sgrt[3 /5]

a={-2/3normalization, {0}, {0, 1}}:

d={1/3normalization, {0}, {0, 1}}:

Q= {1/6normalization, {1}, {1, 0}}: . Specify the model’s representations
e = {normalization, {0}, {0, D}}: , (any)
L={-1/2normalization, {1}, {0, 0}}:

Hu={l1/2normalization, {1}, {0, 0}}:

Hd = {-1/2normalization, {1}, {0, 0}}:

reps [M5SM] = {n, d, Q, &, L, Hu, Hd}:
fieldNam=s [MSSM] = {"™0”, "d", "Q", "e", "L", "Ho", "Hd"}:

nFlavs [MS55M] *= {3, 3, 3, 3, 3, 1, 1}; Provide the number of flavors and the
discreteSym [MSSM] #= {-1, -1, -1, -1, -1, 1, 1}: charges under any abelian symmetry

Tell the program to calculate the
model’s RGEs (among other things)

GenerateMode]l [M55M, CaloulateEverything + True]




Input example: minimal SO(10

group [MinimalSUSYSO1l0GUT] ~= {8010} ;

= {{0, 0, 0, 0, 1}}; (# 16-dim representation =*)

= 00 00 Y)Y (# 210-dim representation =)
A={{0,0,0,0, 2}3; (# 126-dim representation =)

Ab = {{0, 0,0, 2,60}}; (% 126-dim representation (conj.) =x)
H={{1, 0,0, 0, 0}}; (#* 10-dim reprezentation %)

repz[MinimalSUSYSOl1l0GUT] *= {&, &, A, Ab, H};
fieldNames [MinimalSUSYSO10GUT] *= {"g", "&", "A", "A", "H"};

nFlavs [MinimalSUSYS01l0GUT] ~= {3, 1, 1, 1, 1};
discreteSym[MinimalSUSYSQ1l0GUT] ~= {1, 1, 1, 1, 1};

GenerateModel [MinimalSUSYSO1l0GUT, CalculateEverything =+ True]
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Overview

Some useful functions

Casimir | Conjugatelrrep | Dynkinlndex | DimR |
PermutationSymmetryOflnvariants | ReduceRepProduct |
RepName | RepsUpToDimN | TriangularAnomalyValue ..

RepMatrices | Invariants

HookContentFormula | DecomposeSnProduct |
SnClassCharacter | SnClassOrder |
SnlrrepDim | SnlrrepGenerators

DecomposeReps | RegularSubgroupProjectionMatrix |
SubgroupEmbeddingCoefficients

Basis-independent

functions

Basis-dependent
functions

Permutation group

(S,,) functions

Symmetry breaking
functions

1



Specifying a gauge group/representation

Representations

Just type the group’s name:
Ul, SU2, SU3, ..., SO3, SO5, SO6, SO7, ..,
SP4, SP6, SPS, ..., G2, F4, E6, E7, ES

If the group contains more than one factor, use

lists: {U1,SU2,SU3}, {SU5,E8}, ..

Representations of simple groups have to be
given by their Dynkin indices, which are a list
of non-negative integers
(for U(1)’s: provide the hypercharge).

For example, the complete list of representations
of SU(3) is {0,0}, {0,1}, {1,0}, {1,1}, {0,2}, ...
Tables of representations in this notation are
available for example in Slansky 1981
But Susyno itself can be used to identify
them...
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RepName, DimR, Casimir, DynkinIndex

Identify by name a Dimension of Z T2 = C(R)1 Tr (T,T5) = T(R)64s
representation * representation a
d(R)
Example 1 Example 2
rep={0, 0, 0, 1}; rep={4, 0, 0, 1};
RepName [5U5, rep] RepName [5U5, rep]
DimR [SUS, rep] DimR [SUS, rep]
Casimir[5U05, rep] Casimir[505, rep]
DynkinIndex[SU5, rep] DynkinIndex[SU5, rep]
R 315"
&) 315
12 88
0 i)
1 231
2

* Convention for assigning names to representations: RepName follows the scheme described in
Feger, Kephart 2012 (tables in the literature — for example Slansky 1981 — are finite)
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RepName, DimR, Casimir, DynkinIndex

and RepsUpToDimN

Dynkin indices Name Casimir DynkinIndex

A I Dl 0 0
T R g A B £ 1
(i, riG B A = 4
CODE ; ! 2
1 e 1 o A 9 9
(P M L R 11 13
POLID S T B e TR, 12 36
= RepsUpToDimN[S011, 5000]; :
e gl : ] {300 0500 01 97h 18 90
-* ss
Grid] {1, 0, 0, 0, 1} 320 5 72
Prepend [ {0, 0,0, 1, 0} 330 14 g4
kG oy A L 15 117

{#, RepName [5011, #], Casimir[5011, #],
DynkinIndex[s011l, #]} & /@ reps,
Style[#, {Darker[Red], Bold}] & /@
{"Dynkin indices", "Name", "Casimir",
"DynkinIndex"}]]

. 2} 462 15 126
0} 935 25 442
, 0} 1144 20 416
b gy s st 432
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ReduceRepProduct

Computes the decomposition of a
product of group representations into
irreducible parts

5551 n UL

Very useful function

in model building

RepName [5U3, {1, 0}] result = ReduceRepProduct [SU3, {{1, 0}, {1, 0}, {0, 2}}]

RepName [SU3, {0, 2}]

3

6

iz, 2}, 1}, ({1, 1}, 23, ({0, 0}, 11}
SAldeTE

{Replame [SU3, #1], #2} & @8@ result

{{27, 1}, {10, 1}, {8, 2}, {1, 1}]

Output is a list of representations with
multiplicity

So 3x3x6=27+10+-8+8+1



ReduceRepProduct

Code and algorithm

5x 10 x 15 x 40 x 45 =7 in SU(5)

are very fast

result = ReduceRepProduct[SU5, {{1, 0, 0, 0}, {0, 1, O, 0}, {2, 0, 0, O}, {1, 1,0, 0}, {0, 1, 0, 1}}1;
{Replame [SUS, #1], #2] &@8@ result

el g S L
Q={1fﬁ, {1]r {lr u]]r
L={-1/2, {1}, {0, 0}};

Products of groups

can also be used

result = ReduceRepProduct[{Ul, 502, sU3}, {d, ¢, L}]:
{RepName[{U1, 502, 503}, #1], #1} & @8@ result

[{o®3®8, 1}, {08381, 1}, {0®1®8, 1}, {0®@1=1, 1}}

(contains a gauge singlet)
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PermutationSymmetryOflnvariants

Does the same as ReduceRepProduct but also
provides information on how the irreducible parts
transform under permutations of the
representations being multiplied

This is relevant only

when there are repeated
representations

Leeuwen, Cohen, Lisser 1992
It is well known that three triplets of

SU(3) form one invariant which is
Example completely anti-symmetric

In other words, the invariant is in the
{1,1,1} irreducible representation of S3

PermutationSymmetryOfInvariants[5U3, {{1, 0}, {1, 0}, {1, 0}}]

{{{1, 2, 3}}, {{{{1, 1, 1}}, 1}}}

OUTPUT MEANING

(see documentation for

The given product
contains 1 invariant, in
an {1,1,1} irrep of Sy

Input reps #1, #2,
#3 are the same

——
details and more

complex examples)
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RepMatrices

This function builds explicitly the representation matrices of a given
gauge group. To do so, a particular basis is chosen by the program

Representation matrices of 3 of SU(3)

MatrixForm /@ RepMatrices[SU3, {1, 0}]

, . e 1o 0 0
'Il:l % |:| l:l ':l |:| A ! ':I ':I i_ n'l:l _é |:|L Cl Cl |:| L ¢ |:| |:| _% V’? n'l:| |:| I:I
[ F Baagoit : it gty e e 2 Al Al s
'l% [ W 2 |r 0. 0-0O r = ] I G 3 2 |r 051 5 .1 r a a3 0 r 2 ]‘
. = 3 ] < 3 1 1
00 0) G:C‘J -= 0 0 0 o =10 —:ClClJ a 0 gy | l:'C'—:J
) = ’ = I al :-“l'? ) -
MatrixForm /@ RepMatrices[SU2, {4}]
Example 2 ] | g ettt | Tieail) it 0 0 0
1 .0 +f2 0 0 e —iaﬁj'? 0 prr e B G
: : ; . 2 ¥t Lo § | et
Representation matrices [lo x."? 0 wg? e e iﬂ-’? o ‘i“w’? e S O }
of 5 of SU(2) : - ! 000-10
0 Ry s e SR s P Telie RIS U el i 3|
(YR g | i rmpEn gt ey 0 i 0
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RepMatrices

650 rep of E(6)
Timing [matrices = RepMatrice=[E6, {1, 0, 0, 0, 1, 0}];]

{77.046875, Null}

In general, what are the properties of these matrices?

They are hermitian and conform to the usual trace
condition used in Particle Physics

And 8@ Table [matrix == ConjugateTranspose [matrix], {matrix, matrices}] / i
{6 5 rign a
True
DynkinTndex[E6, {1, 0, 0, 0, 1, 0}] IdentityMatrix[DimR [E6, Adjoint[E6]]] ==
. . - . - . Th (TaTb)
Table [Tr[matrixl . .matrix?], {matrixl, matrices}, {matrix?, matrices}]

True

19



RepMatrices

Real representations: a word of caution

The basis used by Susyno always keeps a maximum number of generators
in diagonal form (these generators are always the last ones listed)

MatrixForm /@ RepMatrices [502, {2}]

" e e T e B T R SRR
W2 W2 aj_l:II:I
[Eilsn 1 1 i i
3robBU(2) mmme Dl e Y et e 22"1}
i DN g g e
W2 Y e

This is a perfectly fine basis, as long as one is aware of it. In fact, this basis
is the best one to read off the quantum numbers of the representation

components
&
«7
o&d}}
: E : &O O
An important consequence of The matrices of a real representation in a 4
this is that the matrices of real real basis must all be anti-symmetric,
representations are complex. therefore they cannot be diagonal

Adjust results if needed.
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Invariants

Computes the Clebsch-Gordon coefficients of a
product of Lie group representations.

In other words, it calculates the linear They are needed to write
combinations of field components which are down a Lagrangian of 5
group invariant. gauge theory

g q 2
Transformatlon matrices:

As given by RepMatrices

field field
e

Invariants [502, {{1}, {1}}]

{al2]b[1] -all]b[2]}

Example

Invariants[302, {{1}, {1}}, TensorForm - True][[1, 1]] // MatrixForm

[0 =13

2 x 2 in SU(2) 10

2ik



Invariants

27 rep of E(6) 27 rep of E(6) 351 rep of E(6)
Invariants[E6, {{1, 0, 0, 0, 0, 0}, {1, 0,0, 0, 0, 0}, {0, 0, 0, 1, 0, 0}}]

2

{_ a¥tamisilen] | ##fanls@Elen] ¥ falalnnlelz] | 3 tanlnlalela]

7 13lid oz 1314 'z 1314 4z 121/

33/ afalmla]efa] | 2% apt)n(alela] 23 taisin(i]cld] | ampremen  3%/% (241 n[27] c[as] 33/ a[26] bi2s] =[aea)
2 o1alie i 2 1218 FERTIE T R 2 1alid 2 1alid if
33/% 2125 p[2€] c[a48] 2%/ o727] b[25] =[350] b 3?/% 2125] bl27] <[a50]  2%% 2[27] b[2€] =[351] i 33’4 2r2g] bI27] 1::351]}
TR A e R iy S T e i
large output show less show more show all set size limit...

(1) 5,(2) (n)
IMPORTANT QUESTION ANSWER: for Z _ Ci1 iz, in®iy Piz’ +* Riy ,
How are the Clebsch- ©1,42,33,-- ,in

|Ci1,i2,.. ’m]z = 4/dim ((I)(l)) dim ((1)(2)) ..dim (q;,(«n.'))

Gordon coefficients Z

normalized?

11,12,43,-+ ,in

E.g.: if a[1]b[2]-a[2]b[1] is Two SU(2) doublets form the invariants x(a[1]b[2]-a[2]b[1]) for

an invariant combination of any x. Which x does Susyno take?
two SU(2) doublets, so is
Y s 2
any multiple of this '+ (-2)" =vV2x2=|z| =1
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DecomposeRep

Decomposes some (irreducible) representation of a group G into
irreducible components of some subgroup of G. In other words, it
calculates branching rules

What are the SU(3) x SU(2) x U(1)

Example 1 representations in the 70 of SU(5)?

group = {505} ; subgroup = {503, 5U2, Ul}; representation= {{2, 0, 0, 1}} ; (+ 70 of {SU(5)} %]

1 0 0 0
: | 0 gt Bl B AT i e = ] - : : : i
prMatrix = S i ] ;i (% Use RegularSubgroupProjectionMatrix to find it #)
-2 -4 -6 -3

DecomposeRep [group, representation, subgroup, priMatrix, UseName - True]

15®1®-2, 682%-7, 88233, 3838-2, 3819-2, 38398, 19483, 1@2@3}



Example 2

5010reps = RepsUpToDimM [S010, 700] ;

1

S0tosSUSUlProjMatrix =

o o a

data =

1

=1 o = I = |

DecomposeRep

0

[ I T v ]

List the SO(10) — SU(5) x U(1) branching
rules for all SO(10) representations up to size 700

(B = R i = = |

0
1
0
0
-1

; (% Use ReqularSubgroupProjectionMatrix %)

Table|[ {Style [Replame [5010, rep], Darker[Red]],

Decompo=seRep [{5010}, {rep}, {505, Ul}, SOtoSUSBUlProjMatrix, UseName - True]}, {rep, 5010rep=}];

Grid [Prepend [data, Style[#, Bold] & /@ {"50(10) rep", "SU(5) = U(l) content"}], Prame —+ All,

FrameStyle & LightGray]
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50(10) rep

Takes around 5 minutes to extend this table up to all reps of size 10000 or smaller 2

DecomposeRep

SU(5) = U(1l) content
{120}
{582, 5@-2}
{10@-1, 5@3, 1®-5}
{5@-3,Iﬁ®1,1®5}
{2420, 1024, 108-4, 180}
{1584, 2480, T58-4}
{I5@-2, 4582, 592, 109-6, 106, 52-2)
{15@-5,35@-2,53@2,5@2,1ﬁ®5,1@1ﬂ}
{50®-2, 4532, 108-§, 1526, 52-2, 12-10}
{158-1, 2583, 24®-5, 587, 408-1, 108-1, 5®3}
{@0e1, 2485, 458-3, 52-3, 1521, 1001, 58-7}
{‘ﬁ@-&,?S@G,24@&,5@-3,40@4,10@4,iﬁ®-4,5®8,1@0}
{35@¢, 7022, T0®-2, 3536
{1082, 2086, TO8-2, I58-2, 4582, 582, 408-6, 5®-2}
~f1?5®—1, E0@3, 7T0®3, 45®@3, 75®-5, 24®-5, 45®7, 40®-1, 10®-1, 10®-1, 10=-49, 523, 1@—5}
{TDE‘!—E, 175®1, 4021, 45®-7, 7585, 24®5, 508-3, 45®-3, 5®-3, 10249, 101, 1021, 1@5}
{70728, 16024, 20020, 1602-4, 70" ®-8}
{358-9, 126®-5, 2108-1, 158-1, T75' ' ®3, I583, 5087, 587, 10811, 1815}
{175''@-3, 71021, 50@-7, 12685, 458-3, 3589, 108-11, 1591, 58-7, 1®-15]
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SubgroupEmbeddingCoetficients

Calculates the relations between the subgroup invariants
(i.e., Clebsch-Gordon coefficients) in a theory which is symmetric
under a bigger group

Easier to explain with

an example!

Consider the SO(10) invariant combination of the representations 16 x 16 x 10,
We can see it from a SU(3) x SU(2) x U(1) perspective:

16 X 16 st 1 50(10)

invariant

328G 3@20; 1

3®1®—% 3®1®—§ 3_®1®—§ Linear
§®1®% % §®1>@% % 3®1®% combination of
192Q —3 192® —3 12Q® 3 the 17 subgroup
110 1®1®0 102 _% invariants
191®1 1®1®1

26



SubgroupEmbeddingCoetficients

(# INPUT DATA +)

group = {S010};

repl6= {{0, 0, 0, O, 1}};

repl0={{1, 0, 0, O, 0}};

subgroup = {SU3, SU2, Ul};

breakInfo = {{1, {2, 1}}, {1, {4}}, {1, 1/6}};

(# CALCULATE THE EMBEDDING COEFFICIENTS +)

result = SubgroupEmbeddingCoefficients [group, {repl6, replé, repll}, subgroup, breakInfo];

(# THE REST OF THE CODE BELOW IS JUST TO FORMAT THE OUTPUT IN A NICE WAY %)

coefficients = result[[2, 5, 1]];

productFields = Map [RepName [ subgroup, #] &,
Flatten[ConstantArray[Extract[result[[2, 3]], #[[1]1]]. #[[2]]] & /@ result[[2, 4, A11, {2, 3}]]. 1], {2}]:

Print["The product of ",
{style [RepName [group, #1], {Darker[Blue], Bold}], Style[RepName [group, #7], {Darker[Green], Bold}],
Style [RepName [group, #3], {Darker[Red], Bold}]} &8@ {repl6, replf, repll}, " of S50(1l0) is the same as"];
table =
Table [Row [ {If [coefficients[[1]] >0, Style["+", Darker[Gray]], ""], Style[coefficients[[1]], Darker[Gray]],
{s5tyle[#1, {Darker[Blue], Bold}], Style[#Z, {Darker[Green], Bold}], Style[Z3, {Darker[Red], Bold}]} & @a
productFields[[1]]}], {i, Length[coefficient=]}];
Print[Row[table, " "]]:
Print["in SU(3) x 5U(2) = U(1)"];
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SubgroupEmbeddingCoetficients

The product of {16, 16, 10} of 50{10)

is the =ame as

=

A 21, 1 e 2 1,
1pE82e -, 3828 —, 3818 - Y- — 13828 -, 321&-—-, 1828 -}
Ll BN = 6 3 d
| B 1 i R 1o f2yrie 2
182&-— - — 13828 -, 1228-—-, 381® -+ — 1381@-——, 3@28—, 162& -}
nls] L [ 2 4045 5 3
35 S 2 T LT, o 15 2 T S i
r 3®1& =1+ - 13@1@-—-, 121&1, F@1S-— -} +| - 13818 =, 3@2&8—, 182&- -}
i, - 3 St i - 3
- LA ZN O 1 v T a1l i 1
r SEBIE =1 =} = 13@l1l@ -, 12180, 381&-— } - | — 11@82&-—, 3228 —, 381& -}
5 LI ) - 3 3 =) - 2 ] 3
j2y1/4 1 1.0 21178, 1 S 21, ki 1 1,
o NEZ2@——, 12120, 192& — + | — 11@2@ - —, 12181, 1828 — - | — {l1@l@0, 3@el@—, 3S81&- — |
R A 2 271 5 ! 2 A Lt 3 g
preivdi g 1 1, (2339, Ti ] PR L T 1
+l= 11@1@0, 1&82@-—, 1828 - +| — 11@1@1, 3@l@-—, I@1S-——} =+ — | 11®1@1, 1@2@8-—, 1826 — |
oy - 2 22 =} - 3 TR CTY - 2
in SU{3) = §U(2}) = W1}

Why the strange factors?

The answer is simple: it is due to the
program’s default normalization of the
invariants (i.e., Clebsch-Gordon
coefficients)

Both the SO(10) Clebsch-Gordon

coefficients and the subgroup ones

Here, we can opt to quickly eliminate the
SO(10) Clebsch-Gordon’s
normalization issue by just looking at
ratios of these embedding coefficients

On the other hand, most of the
SU(3) x SU(2) x U(1) invariants shown here
are normalized as usually expected

The only ones which are not are the
ones involving 3 x 3 x 3 of SU(3)
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SubgroupEmbeddingCoetficients
Yo

:'2} 1/, 1 £l o 5
yd 2] [aene=, Se1e-2, 16282
I151I o 6 3 2'
|I 2 '| 1':4 i 1 o 1 1-
iz lzese-, Te1e -, 1828}
T e 6 3 2 D
The 4 coefficients
are the same
Yy Ye
T il 1.0 (2,174, 1 1
o 1@2@--, 1@120, 182@ — 1|+ — l1@28--, 1@1@1, 1@2@-~ |
L 2 P32) [ 8- e | 2 2
SO(10) i
: R e i € e R
COl’lCIUSIOIl 16 X 16 X 10

Now, if we just change in the input {1,0,0,0,0} (the 10) to {0,0,0,2,0} (the 126) ..

rth mini S0O(10) il Sl SO T
With minimal e yu e yd et yﬁ ittt yy
code change 16 < 16 x 126 3 24

Georgi-Jarlskog relation
1979
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Summary

The Susyno program can calculate

RGEs of a Group theory
SUSY model quantities
Generate list of model Useful for model
parameters, check anomalies, ... building in general

Download from
http://web.ist.utl.pt/renato.fonseca/susyno.html

Unpack the folder Susyno and drop it inside
(Mathematica base directory)/AddOns/Applications

Type in Mathematica’s front the following: <<Susyno®
The built-in documentation becomes readily available

Thank you






Input example: the MSSM

Pick a name for the model (any)

anthor [ MSSM] *= "Ma" ;
date[MSSM] A= "14:50, 25 July 2014";

Provide some optional data

group [MSSM] “= {U1, SU2, SU3}; - Specify the model’s gauge group (any)

normalization = Sgrt[3 /5]

a={-2/3normalization, {0}, {0, 1}}:

d={1/3normalization, {0}, {0, 1}}:

Q= {1/6normalization, {1}, {1, 0}}: Specify the model’s representations
e = {normalization, {0}, {0, D}}: ‘ (any)
L={-1/2normalization, {1}, {0, 0}}:

Hu={l1/2normalization, {1}, {0, 0}}:

Hd = {-1/2normalization, {1}, {0, 0}}:

reps [M5SM] = {n, d, Q, &, L, Hu, Hd}:
fieldNam=s [MSSM] = {"™0”, "d", "Q", "e", "L", "Ho", "Hd"}:

nFlavs [MS55M] *= {3, 3, 3, 3, 3, 1, 1}; Provide the number of flavors and the
discreteSym [MSSM] #= {-1, -1, -1, -1, -1, 1, 1}: charges under any abelian symmetry

Tell the program to calculate the
model’s RGEs (among other things)

GenerateMode]l [M55M, CaloulateEverything + True]




Output example: the MSSM

Model Information | Gauge group | Representations | Parameters in model | Lagrangian | BetaFunctions

4 Model name
MS5M

4 Author
Me
 Date
14:58, 25 July 2814
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Output example: the MSSM

Model Information | Gauge group | Representations | Parameters in model | Lagrangian | BetaFunctions

U1 x SuUz x SU3

GOOD MEWS: The model is gauge anomaly free.

+x> Extra information

This data is contained in the group[MSSM] wvariable.




Output example: the MSSM

Model Information | Gauge group | Representations | Parameters in model | Lagrangian | BetaFunctions
u d Q e L Hu Hd
iatis S e : F PR e [z
u1 T AU ey St AT g Ut Ll
2
suz {e} {e} {1} {e} {1} {1} {1}
su3 {0,1} {e, 1} {1,9} {8,080} [0,a} {a,08} [0,a}
#Flavors = 3 3 3 3 % 1
R-Charges =ik =11 =k il =1 | 1 it

»x> Extra information

This data is contained in the reps[MSSM] wariable.
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Output example: the MSSM

Model Information | Gauge group

Representations

Gauge coupling constants
gl1]

gl2]

gl31]

Gaugino masses

M[1]

M[2]

M[3]

Superpotential trilinear parameters
y[{u, Qs Hu}, {f[1], F[2]1}]
yI[{d, Q. Hd}, {f[1]1, f[2]1}]
yi{es Ly Hd}, {f[1], F[2]}]

Superpotential bilinear parameters

uI{Hu, Hd}1]
Superpotential linear parameters

Soft trilinear parameters
h[{u, Qs Hu}, {f[1], f[2]}]
h[{d, Q, Hd}, {f[1], f[2]}]
hi{e, L, Hd}, {f[1], f[2]1}]
Soft bilinear parameters
b[{Hu, Hd}]

Soft linear parameters

Soft masses
m2[{u, u}, {f[1], f[2]1}]
m2[{d, d}, {f[1]1, £[2]}]
m2[{Q, O}, {f[1], F[2]1}]
m2[{e, e}, {f[1]1, £[21}]
m2[{Ls L}, {F[1], f[2]1}]
m2 [ {Hu, Hu}]
m2 [ {Hd, Hd}]

Parameters in model

Lagrangian

BetaFunctions

37




Output example: the MSSM

Model Information Gauge group Representations Parameters in model Lagrangian BetaFunctions

4 Superpotential (trilinear terms)
yl{e, L, Hd}, {f[1], £[2]1}] (e[f[1]1] Hd[2] L[f[2]]1[1] -e[f[1]] Hd[1] L[F[2]][2]) +
y[{ds Q, Hd}, {f[1]1, F[21}] (Hd[2] d[T[1]1]1[1] Q[F[2]11[1, 1] +Hd[2] d[F[1]][2] Q[F[2]1][1, 2]
Hd[2] d[T[111[31Q[T[2]1[1, 3] -Hd[1] d[F[1]11[1]Q[f[21]1[2, 1] -Hd[1]d[f[11][2]Q[F[2]11[2, 2] -Hd[1]d[F[1]][3]QIf[2]1][2, 3]} +
y[{u, Q, Hu}, {f[1], F[2]1}] (Hul2] Q[Ff[2]1][1, 1] ul[f[1]][1] -Hu[1] Q[Ff(2]1](2, 1] u[f[1]] (1] +Hu[2] Q[f[2]]([1, 2] ul[f[1]](2] -
Hu[1] Q[f[2]11[2, 2] u[f[1]1]1[2] +Hu[2] Q[F[2]][1, 3] ulf[11]1[3] -Hu[1] Q[F[2]]1([2, 3] u[f[1]][3])}
4 Superpotential (bilinear terms)

p[{Hu, Hd}] (HA[2] Hu[1] - Hd[1] Hu[2]}
4 Superpotential (linear terms)
2]
~ Soft SUSY breaking Lagrangian (trilinear terms)
h[{e, L, Hd}, {f[1], F[2]1}] (e[f[1]1]1Hd[2] L[¥[21][1] - e[F[1]]1 Hd[1] L[F[2]1]1[2]} +
hi{d,Q, Hd}, {f[1], F[21}] (Hd[2] d[F[1]1] (1] QIF[21][1, 2] +Hd[2] d[F[1]1][2] Q[F[2]1][1, 2]
Hd[2]1 d[f[111[3]1Q[f[2]1([1, 3] -Hd[1]1d[¥[1]]1[1]Q[f[2]1][2, 1] -Hd[1]d[f[11][2]Q[¥[2]1([2, 2] -Hd[1]d[F[1]][3]Q[f[2]1][2, 3]} +
hi{u; @, Hu}, {f[1]1, F[2]}] (Hu[2] Q[F[211[1, 1] w[f[1]1[1] —-Hu[1] Q[f[2]1](2, 1] u[f1]][1] +Hu[2] Q[Ff[2]1]1([2, 2] u[F[1]][2] -
Hu[1] Q[f[2]11[2, 2] u[f[1]][2] +Hu[2] Q[f[2]][1, 3] ulf[111[3] - Hu[1] Q[F[2]1[2, 31 ulf[1]]1[3]}
A Soft SUSY breaking Lagrangian (bilinear terms)
b[{Hu, Hd}] (HA[2] Hu[1] — HA[1] Hu[2])
~ Soft SUSY breaking Lagrangian (linear terms)
@

A Soft SUSY breaking Lagrangian (mass terms)
m2[{e, e}, {f[1], f[2]1})] Conjugatefe] [f[2]] e[f[1]] =
m2[ {Hd; Hd}] (Conjugate[Hd] [1] Hd[1] + Conjugate [Hd] [2] Hd[2]} +m2[{Hu, Hu}] {Conjugate[Hu] [1] Hu[1l] + Conjugate[Hu] [2] Hu[2]} =
m2[{d, d}, {£[1], F[2]1}] (Conjugate[d] [T[2]]1[1]1d[Ff[1]1][1] + Conjugate[d] [¥[2]1]1[2] d[f[1]][2] + Conjugate[d] [F[2]][31d[f[11]1([3]} +
m2[{L, L}, {f[1]1; f[2]}] (Conjugate[L] [f[2]1][1] LIT[1]1][1] + Conjugate[L][f[2]][2] LIf[2]1][2])
m2[{Q, Q}s {f[11, F[2]1}] (Conjugate[Q]1 [f[2]]1[1, 11Q[F[1]1][1, 1] + Conjugate[Q][T[2]1][1, 21 Q[F[1]][1, 2] + Conjugate[Q] [T12]1]1[1, 3] Q[F[1]1][1, 3]
Conjugate[Q1 [f[211([2, 1] QI¥[1]1]112, 1] + Conjugate Q] [f[21][2, 21 Q[f[1]]1[2, 2] + Conjugate[Q][f[2]]112, 3] QIT[11][2, 3])

m2[{u, uy, {F[1], F[2]1}] (Conjugate[u] [T[2]1][1] u[f[1]1][1] + Conjugate[u] [f[2]1][2] u[f[1]][2] + Conjugate[u] [f[2]]([3] u[f[1

111031}
=->> Parameters are shown in dark orange; field heads are shown in blue.

[ X X ] ¢
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Output example: the MSSM

Model Information | Gauge group | Representations | Parameters in model | Lagrangian
v Bl1]
v gl2]
A EBI3]
N TR e R G A
-3g131°
oy oL IR

2 gl11°g[31° - 9g[21 g[3]° + 14g[3]° - 4 Conjugate [y [{d, Q, Hd}, (F[1], (31311 gI31°y({d, @, Hd}, {F(1], F(3]}] -

4 Conjugately[{u, Q, Hu}, {f[11, FI21311g031% y[{u, 9, Hu}, {F[11, FI31}]
v M[1]
v M[2]
v M[3]
¥ y[{uy Qs Hu}, {f[1], f[2]}]
v yl{d, @, Hd}, {f[1], £[2]1}]
¥ yi{e, L, Hd}, {f[1], F[2]}]
¥ u[{Hu, Hd}]
¥ hi{u, @, Hu}, {f[1], f[2]}]
¥ hi{d, @, Hd}, {f[1], f[2]1}]
¥ hi{e, L, Hd}, {f[1], F[2]}]
v b[{Hu, Hd}1
v m2[{u, u}, {f[1], f[2]}]
¥ m2[{d, d}, {f[1], f[2]}]
¥ m2[{Q; Q}s {f[1], F[2]1}]
¥ m2[{e, e}, {f[1], f[2]1}]
¥ m2[{Ly L}, {f[1], f[2]}]
v m2[ {Hu, Hu}]
v m2[ {Hd, Hd}]

»»» Extra information

BetaFunctions
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Input example: minimal SO(10

group [MinimalSUSYSO1l0GUT] ~= {8010} ;

= {{0, 0, 0, 0, 1}}; (# 16-dim representation =*)

= 00 00 Y)Y (# 210-dim representation =)
4A={{0,0,0,0, 2}}; (# 126-dim representation )

Ab = {{0, 0,0, 2,60}}; (% 126-dim representation (conj.) =x)
H={{1, 0,0, 0, 0}}; (#* 10-dim reprezentation %)

repz[MinimalSUSYSOl1l0GUT] *= {&, &, A, Ab, H};
fieldNames [MinimalSUSYSO10GUT] *= {"&", "&", "A", "A", "H"};

nFlavs [MinimalSUSYS01l0GUT] ~= {3, 1, 1, 1, 1};
discreteSym[MinimalSUSYSQ1l0GUT] ~= {1, 1, 1, 1, 1};

GenerateModel [MinimalSUSYSO1l0GUT, CalculateEverything =+ True]
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Output example: minimal SO(10)

Model Information | Gauge group | Representations | Parameters in model | Lagrangian | BetaFunctions




Output example: minimal SO(10

Model Information | Gauge group | Representations Parameters in model Lagrangian BetaFunctions
s01e
GOOD MEWS: The model is gauge anomaly free.
=== Extra information

This data is contained in the group[MinimalSUSYS0O18GUT] wariable.
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Output example: minimal SO(10

Model Information | Gauge group | Representations | Parameters in model Lagrangian BetaFunctions
& E A i H
S010 {e,e,e,e,1; [e,e,e,1,1; [@,e,0,e,2; ([@,e,e,2,08; [1,0,08,6,8;
#Flavours 3 1 1 1 1
R-Charges 1 1 1 1 1
==> Extra information
This data is contained in the reps[MinimalSUSYS018GUT] wvariable.
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Output example: minimal SO(10

Model Information | Gauge group | Representations | Parameters in model | Lagrangian | BetaFunctions

Gauge coupling constants

gl11

Gaugino masses

M[1]

Superpotential trilinear parameters

y[{@, bl E], {f[1]; F[2]]] (symmetric under a permutation of the flavor indices {f[1], f[2]})
yI{%, &, H}, {F[1], F[21}] (symmetric under a permutation of the flavor indices {f[1], f[2]1})
yIl{E: &, £}]

y[12; A, 3}]

y[{Es A, H}]

y[{2s &, H}]

Superpotential bilinear parameters

HI{E, 2}]

u[{A, B}]

M[{Hy H}]

Superpotential linear parameters

-

-

Soft trilinear parameters

h[{®, &, &}, {f[1]1, F[2]1}] (symmetric under a permutation of the flavor indices {f[1], f[2]})
h[{%; €; H}, {f[1]1, f[2]}] (symmetric under a permutation of the flavor indices {f[1], f[2]1})
h[{2, &, £}]

h[{2, 4, 5}]

h[{&, &, H}1]

h[{2, &, H}]

Soft bilinear parameters

bI{Z, £}1]

o[ {8, 5}]

b[{Hs H}1

Soft linear parameters

Soft masses
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Output example: minimal SO

Model Information 1 Gauge group ‘ Representatlons g Parameters in model ! Lagrangian L BetaFunctions

4 Superpotential (trilinear terms)

y[{e, &, }]

H[18) &[91]®[1] H[9] A[116]%[1] H[8]A[123]®[1]  H[7] A[135] ®[1]

o il § ':. !L.-'-'lH[E] E[126] £[1] - H[18] El[-t_:]s[z]  H[9]A[1151%[2]  H[B] K[122]=2[2] !'E':. 1/4 H[7] E[124] 8[2] - H[6] £[125] 2[2]
b3 gL/

lia slia glid el elid elid h3l glia
H[18] A[89] B[3]  H[9] 2[114]2[3] H[B] A[121] B[3] H[5] A[125] 2[3] [2y1/4 = H[18] A[BB] B[4] H[9] A[113] B[4] = H[5] E[128] 2[4] (2114 - H[4] [125]®[4]
glid it gli4 T lia by glia e H{4] A[126] B3] + glia o lia i glia Szt H[5] A[124] E[4] + gli4
H[1e]X[87]8[5]  H[9] E[113]&[5] .3". 1/4 - 3 H[7] E[122] ®[5] _ H[6] E[123] 2[5] . H[18] A[86] E[6]  H[9]A[111]%[6] . H[7]A[121]®[6]  H[5] A[123] ¥[6] jzy1a -
g - e = H[8] A[119] B[5] - 7 + v + i E v £y v = o1a +43) H[3] A[126] B[6] -
H[1@]A[B3] 2[7] 1 /3,1/4 = H[9] A[188] F[7] : H[B] A[118] 2[7] H[7] A[128] B[7] (214 - H[4] A[123] ¥[7]
SR piouted) H[1l8] A[B4] 8[7] + — T [9] A[1@29] &[7] - 374 51/2 - J514 1/ 3 b H[5] A[122] £[7] - J314 1/ -
H[3]E[125] 2[7] 1 [3|1/4 o H[1@] A[s4]2[8] 1 /3 }1/4 = H[o] E[1es] 2[8] 3-/%misjE[uis)z(e]  3VtmWprApzermrs] 2% mMpe] A[121] 2[5
2374 318 iz I. 3 H[18] A[83] B[8] + v i E. 51 H[9] A[188] B[8] - = = =) + e =4 =i i
i [ X x {243/ - 12 y3/a - (234 = A
"“”é;f_?]”” x ”[5]‘5}:]”” a "[m]é{f:]’["“ H["'”;fi]!m (2)**nieNE11211 8191 ~ (3] H1a] K1123] B19] - § H[3] E[125] &[9] - MelA[s2] 2[16] *:fi 28] _
H[9] 4[167] B[18] = H[6] A[128] ®[18] H[4] E[122] 2[18] 12 - H[18] X[51] B[11]  H[9] E[186] T[11] (2% - H[5] E[128] B[11]  H[4] E[121] B[11]
v 5 vy x e il *HI31 E[124] E[10) i - s i ves, *H81 E[117] B[11] - ey — v o
H[1e] Z[38] B[12] H[9] A[185] B[12] = H[7] A[11B] 2[12] z11/4 - H e = 2 =
pEar - e = i = H[5] A[119] £[12] = :
Mi31[122]823] _ W{18]A[781%[1a] | WS]E[1038(38] | (2134 4o Kre0) m14] o A Peculiar numerical factors in the Lagrangian: this is due
1/4 1/4 1/4 L) . . . 2 o o o r
o -2 2 to the Clebsch-Gordon normalization convention of the
H[4] A[11B] #[15]  H[3]A[138] ®[15] H[I6] A[T6] B[16] [2}1/4 H[9] E[181] £[16] - H - - . e &
1l 1/ glia L
H[5] A[116] 2[17] _ [2)1/4 T H[1e] A[72] 2[18] _ 1 [3)L/4 T -
ey &= H[2] A[126] €[17] + =y i 7l H[1@] A
(2)"*nrs51 A1115] #[18] - "[“]1‘_;.5:1:1];:[“1 T “”Lf}f:ﬂjlw] i i s 3 Y4 yp1e] K172] £[19] - ° 1 51-" 2y I " H[E] A[188] B[19] + ,: 4
3’-*“H[?]1[ua]:[:.9] 2% wie] E[114]=[19]  H[4]E[116]2[19] H[2] E[125]%[19] H[1e]A[74] Z[26]  H[8] A[11e] Z[28] 1243 { 1 | 308
e - e - 3 - e - i/ - T - i.';.-' H[E] A[114] €[28] - H[4] A[116] B[28] +
z | 304 Hi2] E[125] B[20] — H[18] T;[li:lh]s[u] ¥ H[s]E[ﬁxs::‘] B[00 s H[B]EE;IT 2] H[a]E[ﬁi;lt:-‘] B[] i E . l"'4H[2] E[124] ®[21] - H[18] i[;:]![m r .5:1.:'-1 H[9] [99] B[22] -

H[B] A[106] 2[22] _ H[5] A[113]®[22] H[4] E[114]2[22] H[1e]A[67]%[23] 1 [3}1/4 H{1@] E[68] 8[23] - H[9] Z[96] 2[23] _ H[B] A[1e5]2[23] _ H[7] A[188] 2[23]
: ; : ' iy 23 S ;

Loz L
slia sl slia 2. glis \ 2 4.1/ s34 414 sl & ! 2/ HI51 A[112] 2[23] -

H[3]B[116]2[23] H[2] E[123]®[23] 1 | [3)14 H[18] A[68] 2[24]  3V/%w[o) Erespzrza; 3% mrs) Apies] (24 . H[7] B[189] 2[2a] 214 we) E[111] 2[24]
TIIBIEY B [k o pal S B Ve b at Vg HIOFREGTINE 0] 2,604 ¥ e * G 6’--"“ 5 334 i
H[3] A[116] B[24] _ H[2] A[123] B[24] H[1e] A[68] B[25] = H[7] A[118] B[25] {234 - ) - [2y3 = H[18] E[64] B[26
B = " S5 i L - (%)**nre1 E111) 8125] - ,3, "“H[31 A[116] 8[25] - ,3, *Hi2] A[123] 8[25] + J_l_l_l_l_lz S
17318 - H[9] E[97] [26] _ H[8] E[184]%[26] _ H[6] A[186]%[26] 2| - H[3] E[115] 2[26]  H[2] B[122] 2[26]  H[18] A[64] T[27] H[m]A[as]:[H]
2zl HIlel As5] £[26] - 23414 B ,3/a .14 o slia LT H [4] A7112] 2[26] - 23414 i s34 .14 T, aliaga 6.6

L X X 45




Output example: minimal SO(10

Model Information 1 Gauge group i Representations J Parameters in model ! Lagrangian | BetaFunctions
¥ gl1]
A M[1]
P ) et L
218 g[1]12 M[1]
eI 7t e
152%@ Conjugate[y[ {2, I, H} ]| g111* h[{=, L, H}] Gpnjugate [y [ {2, £, H}]1]1 g[11* h[{Z, &, H}] =

2@?21“|.@c-:nnjugate [¥[{=. 2. B} ] ] g121® h[{=, &, )] + 112 /21 conjugate [y[ (&, &, 2} 1] g[11*h[{3, &, &}] +

13111 +

Sﬁ,xfg_cOnjugate[y[{@, T, H}, {FI1], F[31}11 g[112 hI{Z, 2, H}, {f[

|

152 . - Z A . . r .

A centonatelv ez sl et H e s n e enalceg Peculiar numerical factors in the RGEs are a

EH[Em@@thiiﬂHmumuwHiiHH4&4qu consequence of the normalization of the Clebsch-
N N Gordon factors used by the program. Conversion to

other normalizations is easy (see documentation)

29?2M@~:onjugate [¥[{z: 2, 5}]] g1212mp21 y[{=, &, 5}] -112+/210 ¢

55x||f?c°"j“gate[)’[{@; @, HY, {F(1], F[31}11 gI11* ML) y({®, &, H}, {F[1], F(31}] -

122 +f14 conjugate[y[{2, &, 5}, (f[1], F131}]] gr11®mial y[{g, &, B}, (f11], F[31}]

v y[{®; &, B}, {f[1], f[2]1}]

v y[{%, T, H}, {F[1], F[2]}]

v y[{&; &, &}]

v y[{2, 4, £} ]

v y[{&; A, H}]

v y[{2, &, n}]

v u[{&,; &}]
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