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Outline

In this session we discuss the interface between SARAH and the spectrum
generator SPheno

a We show what a SARAH generated SPheno version can calculate

a It is explained how the properties of a SPheno version are defined
within SARAH

@ We run SPheno for one example and discuss the output

Introduction
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Motivation

’ SPheno

SARAH

|

Restricted mostly to MSSM

Supports many models

RGEs, vertices, ... hardcoded Calculates everything by its own

Routines for Toop integrals, phase
space,...

Nothing like that

Numerically fast (Fortran) Numerically slow (Mathematica)
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Motivation

’ SPheno

SARAH

|

Restricted mostly to MSSM

Supports many models

RGEs, vertices, ... hardcoded Calculates everything by its own

Routines for Toop integrals, phase
space,...

Nothing like that

Numerically fast (Fortran) Numerically slow (Mathematica)

— A combination of both looked very promising
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SARAH AIT

Karisruher Insttut for Technologi

’Spectrum Generator Generator’ [FS,0909.2863,1002.0840,1207.0906,1309.7223,1503.04200]
The Mathematica package SARAH writes Fortran code which can be
compiled with SPheno.

— Implementation of new models in SPheno in a modular way without
the need to write source code by hand.

Introduction
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SARAH AT

’Spectrum Generator Generator’ [FS,0909.2863,1002.0840,1207.0906,1309.7223,1503.04200]

The Mathematica package SARAH writes Fortran code which can be
compiled with SPheno.

— Implementation of new models in SPheno in a modular way without
the need to write source code by hand.
Running time and lines of SPheno source code:
a MSSM: ~20min, ~520k lines
a NMSSM: ~25min, ~570k lines
@ B-L-SSM: ~60min, ~980k lines
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Features %(“'

 nstitut for Technologie

Features of SPheno versions created by SARAH
a Full 2-loop running of all parameters and all masses at 1-loop
u Model dependent two-loop corrections to Higgs masses:

[Goodsell,Nickel,FS,1411.0675,1503.03098] [Goodsell,FS,1604.05335]

a All available two-loop results (MSSM, NMSSM) are exactly
reproduced!

a Important corrections in non-minimal SUSY are models available for
the first time

Introduction
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Features ﬂ(IT

Features of SPheno versions created by SARAH

a Full 2-loop running of all parameters and all masses at 1-loop

u Model dependent two-loop corrections to Higgs masses:
[Goodsell,Nickel,FS,1411.0675,1503.03098] [Goodsell,FS,1604.05335]

a All available two-loop results (MSSM, NMSSM) are exactly
reproduced!

a Important corrections in non-minimal SUSY are models available for
the first time

m calculation of flavour and precision observables
a calculation of decay widths and branching ratios
a interface to HiggsBounds and HiggsSignals

a estimate of electroweak Fine-Tuning

Introduction
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Fully automatised two-loop calculations AT

The combination SARAH/SPheno provides a fully automatised two-loop
calculation of the Higgs mass in SUSY models.

Approach

[Goodsell,Nickel,FS,1411.0675,1503.03098]

m Generic one- and two-loop calculations which are matched on
concrete models.
a Auto-generated Fortran code for numerical evaluation

Introduction
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Fully automatised two-loop calculations AT

The combination SARAH/SPheno provides a fully automatised two-loop
calculation of the Higgs mass in SUSY models.

Approach

[Goodsell,Nickel,FS,1411.0675,1503.03098]
m Generic one- and two-loop calculations which are matched on
concrete models.
a Auto-generated Fortran code for numerical evaluation

Approximations @2-loop: gaugeless limit (g, = g = 0), p* = 0:
® similar precision as most public tools provide for MSSM
= All available (DR) two-loop results (MSSM, NMSSM, NMSSM-CPV)
are exactly reproduced!

Introduction
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Automation of two-loop Higgs mass

calculations

User defined model
SARAH (Mathematica)

(Analytical calculations)

Generic exp. for Masses &

masses & Vertices
vertices in model

Florian Staub — SARAH (part ll): SPheno interface (Tools Bootcamp, 24.10.17)

R(

for Technologie

SPheno (Fortran)

(Numerical calc.)

Loop
Integrals

Numerical

Generic loop Expressions for
expressions Higgs mass J \ Routines

Input parameters
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Decay widths and branching ratios AT

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

New matter and heavy gauge boson decays

a All 2-body decays of scalars, fermions and vector bosons
a Full one-loop corrections for scalar and fermionic decays
m 3-body decays of fermions and scalars into two or three fermions

Introduction
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Decay widths and branching ratios AT

nnnnnnnnnnnnnnnnnnnnnnnnnnnn

New matter and heavy gauge boson decays

a All 2-body decays of scalars, fermions and vector bosons
a Full one-loop corrections for scalar and fermionic decays
m 3-body decays of fermions and scalars into two or three fermions

Higgs decays

a All 2-body decays into BSM particles and leptons at tree-level
a 2-body decays into quarks with gluonic NLO corrections
a 2-body decays in off-shell vector bosons included

a Loop induced decays in two photons and gluons at LO; NLO QCD
corrections from SM added
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Implemented observables A\K"

Many flavour observables are calculated out-of-box at full one-loop:
a Lepton flavour violation:
w Br(l;— ly), Br(l—3I'), Br(Z — II')
a CR(u—e N) n-ATistsoAuPo), Br(t — 14 P) (=, n1)
® Quark flavour violation:
Br(B— X;y), Br(B , — [), Br(B— sl), Br(K — uv)
Br(B— qvv), Br(K* — mtvv), Br(K; — n°vv)
AMBS,B,,F AM[(, €K, BF(B—> K/Jﬂ)
Br(B— Iv), Br(Ds — Iv)
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Implemented observables ﬂ(“

Many flavour observables are calculated out-of-box at full one-loop:
a Lepton flavour violation:
w Br(l;— lyy), Br(l— 3I'), Br(Z — II')
a CR(u— e, N) N-ATissbauPo), Br(t — I+ P) (p=n, n.')
® Quark flavour violation:
Br(B— X), Br(B® , — [), Br(B— sll), Br(K — pv)
Br(B— gvv), Br(KJr — 1t vv), Br(K; — n%vv)
AMBS,Bd: AMK, €K, BF(B—> K/J[L)
Br(B— Iv), Br(Ds — Iv)

FlavorKit [Porod,FS, Vicente,1405.1434]

The FlavorKit functionality can be used to add even more observables.
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Implemented observables IT

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Many flavour observables are calculated out-of-box at full one-loop:
a Lepton flavour violation:
w Br(l;— lyy), Br(l— 3I'), Br(Z — II')
a CR(u— e, N) N-ATissbauPo), Br(t — I+ P) (p=n, n.')
® Quark flavour violation:
Br(B— X), Br(B® , — [), Br(B— sll), Br(K — pv)
Br(B— gvv), Br(KJr — 1t vv), Br(K; — n%vv)
AMBS,Bd: AMkg, €k, BF(B—> K}l[._t)
Br(B— Iv), Br(Ds — Iv)

FlavorKit [Porod,FS, Vicente,1405.1434]
The FlavorKit functionality can be used to add even more observables.

Interface to flav-io [flav-io.github.io]

One can also use the SPheno output with flav-io to get hundreds of
observables!
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Example A\KIT

a We generate and use in the following the SPheno code for the
SMSSM

Introduction
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Example A\KIT

a We generate and use in the following the SPheno code for the
SMSSM

a We perform the following three steps:

@ Setting up the SPheno . m file to define the properties of the generated
SPheno version

@ Getting the SPheno code from SARAH and compiling it

@ Running SPheno for one example and checking the output

Introduction
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Setting up SPheno

Setting up the SPheno properties
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SPheno.m

Karisruher Insttut 0 Technologie

The properties of a SARAH generated SPheno version are set in SPheno.m

MIMPAR—(gl Lme},

miz
{5 Tangeta},
{5,Azera},
{6,Bzero}};

. TadInp
(1-31 MSInput}};

RealParameters = {TanBeta,no};
ParametersTosolveTadpoles = {\[Mu],BI\[Mu]],LIL1]};

RenormalizationScaleFirstGuess = mo™2 + 4 m12*2;
Renormalizationscale = Msu[1]*Msul6];

ConditionGUTscale = gl — g2;
DEFINITION[MatchingConditions]-Default (THOMIT] ;

BoundaryLowScaleInput={
{vd,Sqrt[4 mz2/(g1°2+2°2) 1*Cos [ArcTan[ TanBetal ]},
{vu,5qrt[4 mz2/(g12+g2"2) 1*Sin[ArcTan[ TanBetal 1}

BoundarysusyScale - {
{vs, vsIn

{\[Kappal, Kappa nput},
{\[Lanbdal, Lanbdalnput}

Florian Staub — SARAH (part Ill): SPheno interface

BoundaryHighscale={
1{T[Yel, Azero*Ye},
{Tlvd], Azero*vd},
{TlYul, Azero*Yu},
{mg2, DIAGONAL m@*2},
{ml2, DIAGONAL m@2},
{nd2, DIAGONAL m“2},
{mu2, DIAGONAL m0“2},
{me2, DIAGONAL m“2},
{mHd2, me"2},

{mHu2, mo2},

ms2, mo~2},
{T[\[Kappal], AKappaInput*Kappalnput},
{T[\[Lambda]], ALambdaInput*LambdaInput},

{MassG,m12}

i

|
ListDecayParticles = Automatic;
ListDecayParticles3B = Automatic;

DefaultInputValues = (n0 -> 1500, n12 -> 1500, TanBeta -> 20, Azero -> -2500,
Bzero-»100, Lambdanput -» 0.1, Kappalnput -» 0.3, AlambdaInput -» -309,
AKappatnput > €50, VSInput -3 Job. MSInput>800};

IncludeFineTuning = True;
FineTuningParameter:
{mo,1/2},{m12,1}, {Azero, 1}, {Bzero, 1}, {\[Mul, 1}, {B[\[Mul], 1},

{L[L1], 1}, {MsInput, 1} ,{AKappaInput, 1}, {ALambdaInput, 1}, {TadInput, 1}

RenCondi tionsbecays={
{d(usTW 1/2*Cos [Theta] * wwwm/(nvww*) - PiVZ/(mVz°2)) },

{dsinTW, -dCosTW/Tan[Thet

{dg2, llz*gz‘lderPJ\lPheavye + PJ\IPUgmMZ/MVZ"’ - (- (PiVWm/Mm"2) + PiVZ/MVZ™2)/
Tan[Thetaw]2 + (2*PiVZVP*Tan([Thetawl) /NVZ*2)

{dg1, dg2*Tan [Thetal] +g2+dSinTHJCos [Thetan] - dCo$TH*g2+Tan [Thetan] /Cos [Thetan]}

Setting up the SPheno properties
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Input parameters

a The input parameters used by SPheno need to be defined
a One can define arbitrary entries for MINPAR and EXTPAR
m For matrix input LHIIlp'th [X] is used no example given here!

Setting up the SPheno properties
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Input parameters A\KIT

a The input parameters used by SPheno need to be defined
a One can define arbitrary entries for MINPAR and EXTPAR

m For matrix input LHIIlpllt [X] is used no example given here!
-~ SPheno.m
MINPAR={
{1, m0},
{2, m12},
{3, TanBeta},
{5, Azero},
{6, Bzerol}};
EXTPAR = {
{61, Lambdalnput},
{62, Kappalnput},
{63, ALambdaInput},
{64, AKappalnput},
{65, vSInput},
{100, TadInput},
{101, MSInput}};

Setting up the SPheno properties
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Input parameters

a The input parameters used by SPheno need to be defined
a One can define arbitrary entries for MINPAR and EXTPAR

m For matrix input LHIIlpllt [X] is used no example given here!

EXTPAR =

MINPAR={

{1,
{2,
{3,
{5,
{6,
{
{61,
{62,
{63,
{64,
{65,

SPheno.m

m0},
mi2},
TanBeta},
Azero},
Bzerol}};

LambdalInput},
KappaInput},
ALambdaInput},
AKappalnput},
vSInput},

{100, TadInput},
{101, MSInput}};

1
2
3
5
6

Block EXTPAR # Input parameters

61
62
63
64
65
100
101

1.00000000E+03
1.50000000E+03
1.00000000E+01
-3.00000000E+03
-1.00000000E+04

-1.00000000E-01
.00000000E-01
.00000000E+04
.00000000E+03
.00000000E+04
.00000000E+04
.00000000E+03

[l e I o))

#
#
#
#
#

#
#
#
#
#
#
#

LesHouches.in.SMSSM
Block MINPAR # Input parameters

m0

ml2
TanBeta
Azero
Bzero

LambdalInput
KappalInput
ALambdaInput
AKappalnput
v3Input
TadInput
MSInput

Florian Staub — SARAH (part Ill): SPheno interface (Tools Bootcamp, 24.10.17)
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Default values

a One can define default values for the input parameters

a Those are used in the template for the SPheno input
— one has a running example after generating the SPheno code

Setting up the SPheno properties
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Default values A\KIT

a One can define default values for the input parameters

a Those are used in the template for the SPheno input
— one has a running example after generating the SPheno code

Example:
SPheno.m

DefaultInputValues = {

m0 -> 1000, m12 -> 1500, TanBeta -> 10, Azero -> -3000,
Bzero->-1000, LambdaInput -> 0.1, Kappalnput -> 0.6,
ALambdaInput -> 1074, AKappalnput -> 7000, vSInput -> 1074,
MSInput->1000

}

Setting up the SPheno properties
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Boundary conditions %(“'

 nstitut for Technologie

a Boundary conditions at the weak scale, BSM (SUSY,
renormalisation) scale and GUT scale can be defined

Setting up the SPheno properties
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Boundary conditions A“(“

a Boundary conditions at the weak scale, BSM (SUSY,
renormalisation) scale and GUT scale can be defined

a For a low scale input different conditions can be defined (ot discussed here)

Setting up the SPheno properties
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Boundary conditions A\KIT

a Boundary conditions at the weak scale, BSM (SUSY,
renormalisation) scale and GUT scale can be defined

a For a low scale input different conditions can be defined (ot discussed here)
a We want to use CMSSM-like conditions at the GUT scale

M =My=Mg=M,;p Ti=AyYi(i=edu Ti=xAc Ty=A1A;
2_ .2 _ .2 _ .92 2 _ 4.2 2 _ 2 _ 2 _ 2
mg=ms=mg=m —ml=1m0 my, = Ny = mg=mg

2
a q

Setting up the SPheno properties
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Boundary conditions A\K"

a Boundary conditions at the weak scale, BSM (SUSY,
renormalisation) scale and GUT scale can be defined

a For a low scale input different conditions can be defined (ot discussed here)

a We want to use CMSSM-like conditions at the GUT scale

M =My=Mg=M,;p Ti=AyYi(i=edu Ti=xAc Ty=A1A;
2_ .2 _ .2 _ .92 2 _ 4.2 2 _ 2 _ 2 _ 2
mg=ms=mg=m —ml=1m0 my, = my = Mg = ng

2
a q

a The singlet VEV, A and « shall be set at the SUSY scale

vs(Msusy) = U8 A(Msusy) =A™ k(Msysy) =™

Setting up the SPheno properties
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Boundary conditions

My = M, = M3 = M

SPheno.m

Ti=AYi(i=ed, u)

my, = my =,

IT

er Institut or Technologi

T = KA
2 2

Ty=2AA)
2

SPheno.m

BoundarySUSYScale = {

};

BoundaryHighScale={

{T[Ye]l, AzeroxYe},
{T[Yd], AzeroxYd},
{T[Yul, AzeroxYu},

{mH4d2,
{mHu2,
{mS2,
{T[kappa],
{T[lambda],
{L1,
{Ms,
{B[MS],
{MassB,
{MassWB,
{MassG,

}s

m0~2%},

m0~2},
m0~2},

AKappalInput+*Kappalnput},
ALambdaInput*LambdaInput},
TadInput},

MSInput},

Bzero*MSInput},

mi2},

mi2},

mi2}
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Matching conditions ﬂ(“

a The running SM VEV, gauge and Yukawa couplings are calculated
automatically including one-loop thresholds

Setting up the SPheno properties
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Matching conditions A\KIT

u The running SM VEV, gauge and Yukawa couplings are calculated
automatically including one-loop thresholds

a The matching conditions to the parameters in the current model need
to be defined

g=g" =" &=8"
v =v’Mcosf 1 =1"Msinp

Y,=YM/sinf Yo=Y M/cosf Y= Y;M/cosﬁ

Setting up the SPheno properties
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Matching conditions

AT

er Institut o Technologie

&=§M8F¥y &=£M

V) = VSM

SPheno.m

cosff =v

Msin

DEFINITION[MatchingConditions]= {
{v1l, vSM*Cos[ArcTan[TanBetall},
{v2, vSM*Sin[ArcTan[TanBetall},

{gl, gisSM},
{g2, g2SM},
{g3, g3sM}
¥

Florian Staub — SARAH (part ll): SPheno interface (Tools Bootcamp, 24.10.17)
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Matching conditions AT
8= gf'M & =g28M 8= ggM

n=vM cosf 1= r’M sin 8

SPheno.m
DEFINITION[MatchingConditions]l= {

{vl, vSM*Cos[ArcTan[TanBetall},

{v2, vSM#Sin[ArcTan[TanBetall},

{gl, giSM},
{g2, g2si},
{g3, g3sM}

>

For BSM models which come effectively with a Higgs sector of THDM type-Il a

short form exists:
SPheno.m

DEFINITION[MatchingConditions]=Default [THDMII];

Setting up the SPheno properties
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Tadpole solutions A\K"

a Each tadpole equation fixes one free parameter
a The user can choose which parameters are this

Setting up the SPheno properties
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Tadpole solutions

mu Each tadpole equation fixes one free parameter
a The user can choose which parameters are this

Methods to solve the tadpole equations

a If an analytical solution exists, Solve is used and the obtained
expression is exported into the Fortran

a Alternatively, numerical routines exist to solve the equations for a
given set of input values during the SPheno run

Setting up the SPheno properties
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Tadpole solutions %(“'

 nstitut for Technologie

mu Each tadpole equation fixes one free parameter
a The user can choose which parameters are this

Methods to solve the tadpole equations

a If an analytical solution exists, Solve is used and the obtained
expression is exported into the Fortran

a Alternatively, numerical routines exist to solve the equations for a
given set of input values during the SPheno run

We use here u, B, and the tadpole term to solve the tadpole equations via
SPheno.m

ParametersToSolveTadpoles = {Mu,B[Mu],L[L1]};

— the analytical solutions are exported into Fortran code

Setting up the SPheno properties
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Reno_rr.nallzatlon scale and GUT A&AT
condition

m The chosen renormalisation scgle needs to be set:

heno.m

RenormalizationScaleFirstGuess = m0~2 + 4 ml1272;
RenormalizationScale = MSu[1]*MSul[6];

this assumes that the stops the lightest and heaviest up-squark.

m One can choose later also a fixed numerical value via the SPheno
input

Setting up the SPheno properties
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Reno_rr.nallzatlon scale and GUT A&AT
condition

m The chosen renormalisation scgle needs to be set:

heno.m

RenormalizationScaleFirstGuess = m0~2 + 4 ml1272;
RenormalizationScale = MSu[1]*MSul[6];

this assumes that the stops the lightest and heaviest up-squark.
a One can choose later also a fixed humerical value via the SPheno
input

a Also the GUT scale can be fixed dynamically
SPheno.m

ConditionGUTscale = gl == g2;

also more complicated relations are possible, or other parameters can be involved (Yukawa unification)

Setting up the SPheno properties
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Decays A\KIT

® SPheno calculates two- and three-body decays

m If those should be included for all BSM&Higgs states, use
SPheno.m

ListDecayParticles = Automatic;
ListDecayParticles3B = Automatic;

a Alternatively, a list of particles can be defined

Setting up the SPheno properties
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Decays AT

® SPheno calculates two- and three-body decays
m If those should be included for all BSM&Higgs states, use

SPheno.m

ListDecayParticles = Automatic;
ListDecayParticles3B = Automatic;

m Alternatively, a list of particles can be defined
a For the calculation of the one-loop decays, renormalisation

conditions can be set
SPheno.m

RenConditionsDecays={
{dCosTW, 1/2%Cos[ThetaW] * (PiVWm/(MVWM~2) - PiVZ/(mVZ~2)) },
{dSinTW, -dCosTW/Tan[ThetaW]l},
{dg2, 1/2#g2*(derPiVPheavy0 + PiVPlightMZ/MVZ~2 -
(- (PiVWm/MVWm~2) + PiVZ/MVZ~2)/Tan[ThetaW]~2
+ (2*PiVZVP*Tan[ThetaW])/MVZ~2) 3},
{dg1, dg2*Tan[ThetaW]+g2*dSinTW/Cos[ThetaW]
- dCosTW#g2*Tan[ThetaW] /Cos[ThetaW]} };

that's a widely used choice to renormalise the ew sector — don’t worry if you don’t get it now; it's not needed in the following!
Setting up the SPheno properties
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Fine-Tuning A\KIT

a The ew fine-tuning according to the Barbieri-Giudice measure is

calculated )
Oolnm

AZ = max | ——%
Olna

Setting up the SPheno properties

Florian Staub — SARAH (part Ill): SPheno interface (Tools Bootcamp, 24.10.17) 21/43



Fine-Tuning A\KIT

a The ew fine-tuning according to the Barbieri-Giudice measure is

calculated )
Oolnm

AZ = max | ——%
Olna

a the set a of free parameters can be chosen by the user:
SPheno.m

IncludeFineTuning = True;
FineTuningParameters={

{ mo0, 1/2},{ m12, 1},{ Azero, 1},{ Bzero, 1},

{ Mu, 1},{ B[Mul, 1},{ L[L1], 1},{ MSInput, 13},

{ AKappalInput, 1},{ AlLambdaInput, 1},{ TadInput, 1}

Setting up the SPheno properties
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Fine-Tuning A\KIT

a The ew fine-tuning according to the Barbieri-Giudice measure is

calculated )
Oolnm

AZ = max | ——%
Olna

a the set a of free parameters can be chosen by the user:
SPheno.m

IncludeFineTuning = True;
FineTuningParameters={

{ mo0, 1/2},{ m12, 1},{ Azero, 1},{ Bzero, 1},

{ Mu, 1},{ B[Mul, 1},{ L[L1], 1},{ MSInput, 13},

{ AKappalInput, 1},{ ALambdaInput, 1},{ TadInput, 1}

parameter, normalisation

Setting up the SPheno properties
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Generating and Running SPheno

Generating and using SPheno
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The SPheno output of SARAH

The SPheno output is started via

Mathematica

MakeSPheno[ Options ];

The possible options are:

@ Readlists->True/False: vertices and RGEs from previous run
shall be used

InputFile: use another steering file than SPheno.m
IncludeFlavorKit->True/False

IncludeLoopDecays->True/False

Include21Masses->True/False: turn on/off two-loop Higgs mass
corrections

Automatically, all necessary information (vertices, RGEs, loop corrections)
are calculated

Generating and using SPheno
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Example

Karisruher Insttut 0 Technologie

MakeSPheno []

Generate SPheno Source Code

Performing nec

culations

Checking medel for missing definitions
Generate Directories

Building Particle List

Finished: SPheno code generated in 1147.3s

Output saved in /heme/ fnstaubi Desktop/ HEP —Tools/ SARAH - 4.12.2/ Qutput/ SMSSM/ EWSB/ SPheno/

The following steps are now necessary to implement the model in SPheno:

1. Copy the created files to a new subdirectory
SMSSM" of your SPheno 3.3.8 (or later) installation

2. Compile the model by using
make Model-SMSSM
in the main directory of SPheno

Generating and using SPheno
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Compiling SPheno

a Copy the SARAH output into a new SPheno sub-directory ($NAME)

a Run

> make Model=$NAME

Terminal

to compile the code

Florian Staub — SARAH (part Ill): SPheno interface (Tools Bootcamp, 24.10.17)
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Compiling SPheno

KIT

a Copy the SARAH output into a new SPheno sub-directory ($NAME)
a Run
> make Model=$NAME

Terminal

to compile the code

fnstaub@fnstaub-ThinkPad-T4508s ~ C cd SPheno-4.8.3/
nstaub-ThinkPad-T458s ~/D 4 cp -r ../SARAH

-4.12.2/0utput/SMSSM/EWSE/SPheno/ SMSSM

fnitauh@fnstauh-ThinkPad-T4505 ~ P 5 make Model=SMS

SM

ifort -o SPhenoSMSSM -g SPhenoSMSSM.o . ./lib/1ibSPhenoSMSSM.a ../lib/1ibSPheno

.a

mv SPhenoSMSSM .. /bin

rm SPhenoSMSSM.o

make[1l]: Leaving directory "/home/fnstaub/Desktop/HEP-Tools/SPheno-4.0.3/SMSSM'
fnstaub@fnstaub-ThinkPad-T450s - P L -

Generating and using SPheno
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Running SPheno A\KIT

m After the compilation a new executable (SPheno$NAME) is available in
the bin directory.

Generating and using SPheno
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Running SPheno A\KIT

m After the compilation a new executable (SPheno$NAME) is available in
the bin directory.

® Aninput file (LesHouches. in.$NAME) is needed to run it
a SARAH writes a template for the input which can be used:

Terminal

> cp $NAME/InputFiles/LesHouches.in.$NAME .
> ./bin/SPheno$NAME

Alternatively, the name of the input file can be given as argument

Terminal

> ./bin/SPheno$NAME $PATHof INPUT/$INPUT

Generating and using SPheno
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fnstaub@fnstaub-ThinkPad-T450s cp SMSSM/Input

| Files/LesHouches.

n.SM55M .

fnstaub@fnstaub-ThinkPad-T450s ./bin/SPhenosSM

S5M

Calculating mass spectrum
1 .-iteration

reached precision:
reached precision:
reached precision:
reached precision:

reached precision:

2 .-iteration

3 .-iteration

4 .-iteration

5 .-iteration

Ta

1.

1.

1.

1.

311489176225634E-002

272863467773324E-002

202118056025882E-003

161777858085670E-004

861496336488097E-0085

Calculate loop corrected masses
Calculate Higgs mass within effective SM
branching ratios and decay widths

Calculating
Calculating
Calculating
Calculating
Calculating
Calculating
Calculating
Calculating
Calculating
Calculating
Calculating
Calculating
Calculating

Finished!

one loop
one-loop
one-Lloop
one-loop
one-loop
one-Lloop
one-loop
one-loop
one-Lloop
one-loop
one-loop

decays
decays
decays
decays
decays
decays
decays
decays
decays
decays
decays

of Sd

of Su

of Se
Sv
hh
Ah
Hpm
Glu
chi
Fu

low energy constraints
Calculate FineTuning
Writing output files

fnstaub@fnstaub-ThinkPad-T450s
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The SPheno Output

Generating and using SPheno
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The SPheno output A\KIT

All information is written into the spectrum file SPheno . spc. $NAME:
a Repeating the input

Running parameters

Loop corrected masses

Rotation matrices

Decays

Higgs coupling ratios

Flavour & precision observable

Fine-Tuning

Generating and using SPheno
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The SPheno output A\‘(IT

All information is written into the spectrum file SPheno . spc. $NAME:

Repeating the input

Running parameters

Loop corrected masses
Rotation matrices

Decays

Higgs coupling ratios

Flavour & precision observable
Fine-Tuning

in our case, we take a look at the different parts of SPheno.spc.MSSM

Generating and using SPheno
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Codes and input

At the beginning of the file the used codes, some settings and the input

parameters are listed SPheno . sp  SHESH

Block SPINFO # Program information
1 SPhenoSARAH # spectrum calculator
2 v4.0.3 # version number of SPheno
9 4.12.2 # version number of SARAH

Block MODSEL # Input parameters
11 # GUT scale input
2 1 # Boundary conditions
6 1 # switching on flavour violation
Block MINPAR # Input parameters
1 1.00000000E+03 # mO
1.50000000E+03 # m12
1.00000000E+01 # TanBeta
-3.00000000E+03 # Azero
6  -1.00000000E+04 # Bzero
Block EXTPAR # Input parameters
61  -1.00000000E-01 # LambdaInput
62 6.00000000E-01 # KappaInput

oW N
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Running parameters A\K"

SPheno.spc.SMSSM
Block gaugeGUT Q= 1.24411042E+16 # (GUT scale)
1 6.99872147E-01 # g1(Q) DRbar
2 6.99866584E-01 # g2(Q) DRbar
3 6.96725813E-01 # g3(Q) DRbar
Block GAUGE Q= 2.36787332E+03 # (SUSY Scale)
1 3.64145753E-01 # gl
2 6.35921212E-01 # g2
3 1.01175169E+00 # g3
Block NMSSMRUN Q= 2.36787332E+03 # (SUSY Scale)
1 -1.00000000E-01 # lam
2 6.00000000E-01 # kap
3 -7.89227596E+02 # Tlam
4 3.23336231E+02 # Tk
10 -5.53959487E+05 # ms2

Generating and using SPheno
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Running parameters ﬁ("

SPheno.spc.SMSSM
Block gaugeGUT Q= 1.24411042E+16 # (GUT scale)
1 6.99872147E-01 # g1(Q) DRbar
2 6.99866584E-01 # g2(Q) DRbar
3 6.96725813E-01 # g3(Q) DRbar
Block GAUGE Q= 2.36787332E+03 # (SUSY Scale)
1 3.64145753E-01 # gl
2 6.35921212E-01 # g2
3 1.01175169E+00 # g3
Block NMSSMRUN Q= 2.36787332E+03 # (SUSY Scale)
1 -1.00000000E-01 # lam
2 6.00000000E-01 # kap
3 -7.89227596E+02 # Tlam
4 3.23336231E+02 # Tk
10 -5.53959487E+05 # ms2

a The running values of all parameters at the renormalisation (SUSY)
scale are shown.

Generating and using SPheno
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Running parameters

SPheno.spc.SMSSM
Block gaugeGUT Q= 1.24411042E+16 # (GUT scale)
1 6.99872147E-01 # g1(Q) DRbar
2 6.99866584E-01 # g2(Q) DRbar
3 6.96725813E-01 # g3(Q) DRbar
Block GAUGE Q= 2.36787332E+03 # (SUSY Scale)
1 3.64145753E-01 # gl
2 6.35921212E-01 # g2
3 1.01175169E+00 # g3
Block NMSSMRUN Q= 2.36787332E+03 # (SUSY Scale)
1 -1.00000000E-01 # lam
2 6.00000000E-01 # kap
3 -7.89227596E+02 # Tlam
4 3.23336231E+02 # Tk
10 -5.53959487E+05 # ms2

a The running values of all parameters at the renormalisation (SUSY)
scale are shown.

a Also the value of the GUT scale and the running gauge couplings at
this scale are listed

Generating and using SPheno
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Masses A\‘(IT

SPheno.spc.SMSSM

Block MASS # Mass spectrum
# PDG code mass particle
1000001 2.61773749E+03 # Sd_1
1000003 2.88648694E+03 # Sd_2
1000002 1.96893387E+03 # Su_1
1000004 2.64129188E+03 # Su_2
25 1.22479839E+02 # hh_1
35 2.64186764E+03 # hh_2
45 1.12954873E+04 # hh_3
36 2.64201865E+03 # Ah_2
46 6.36281623E+03 # Ah_3
1000021 3.21735776E+03 # Glu
1000022 6.56351226E+02 # Chi_1
1000023 1.23392200E+03 # Chi_2
1000025 2.33468995E+03 # Chi_3
1000035 2.33707704E+03 # Chi_4
1000045 9.19482363E+03 # Chi_5

Generating and using SPheno
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SPheno.spc.SMSSM

Block MASS # Mass spectrum

# PDG code mass particle
1000001 2.61773749E+03 # Sd_1
1000003 2.88648694E+03 # Sd_2
1000002 1.96893387E+03 # Su_1
1000004 2.64129188E+03 # Su_2

25 1.22479839E+02 # hh_1
35 2.64186764E+03 # hh_2
45 1.12954873E+04 # hh_3
36 2.64201865E+03 # Ah_2
46 6.36281623E+03 # Ah_3
1000021 3.2173B776E+03 # Glu
1000022 6.56351226E+02 # Chi_1
1000023 1.23392200E+03 # Chi_2
1000025 2.33468995E+03 # Chi_3
1000035 2.33707704E+03 # Chi_4
1000045 9.19482363E+03 # Chi_5

Sfermion masses,
Generating and using SPheno
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Masses %("'

SPheno.spc.SMSSM M—

Block MASS # Mass spectrum

# PDG code mass particle
1000001 2.61773749E+03 # Sd_1
1000003 2.88648694E+03 # Sd_2
1000002 1.96893387E+03 # Su_1
1000004 2.64129188E+03 # Su_2

25 1.22479839E+02 # hh_1
35 2.64186764E+03 # hh_2
45 1.12954873E+04 # hh_3
36 2.64201865E+03 # Ah_2
46 6.36281623E+03 # Ah_3
1000021 3.2173B776E+03 # Glu
1000022 6.56351226E+02 # Chi_1
1000023 1.23392200E+03 # Chi_2
1000025 2.33468995E+03 # Chi_3
1000035 2.33707704E+03 # Chi_4
1000045 9.19482363E+03 # Chi_5

Sfermion masses, Higgs masses,
Generating and using SPheno

Florian Staub — SARAH (part Ill): SPheno interface (Tools Bootcamp, 24.10.17) 32/43



Masses %("'

SPheno.spc.SMSSM M—

Block MASS # Mass spectrum

# PDG code mass particle
1000001 2.61773749E+03 # Sd_1
1000003 2.88648694E+03 # Sd_2
1000002 1.96893387E+03 # Su_1
1000004 2.64129188E+03 # Su_2

25 1.22479839E+02 # hh_1
35 2.64186764E+03 # hh_2
45 1.12954873E+04 # hh_3
36 2.64201865E+03 # Ah_2
46 6.36281623E+03 # Ah_3
1000021 3.21736776E+03 # Glu
1000022 6.56351226E+02 # Chi_1
1000023 1.23392200E+03 # Chi_2
1000025 2.33468995E+03 # Chi_3
1000035 2.33707704E+03 # Chi_4
1000045 9.19482363E+03 # Chi_5

Sfermion masses, Higgs masses, gluino mass,
Generating and using SPheno
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Masses AT

SPheno. spc . SHSSH Karuher st o Technologie

Block MASS # Mass spectrum

# PDG code mass particle
1000001 2.61773749E+03 # Sd_1
1000003 2.88648694E+03 # Sd_2
1000002 1.96893387E+03 # Su_1
1000004 2.64129188E+03 # Su_2

25 1.22479839E+02 # hh_1
35 2.64186764E+03 # hh_2
45 1.12954873E+04 # hh_3
36 2.64201865E+03 # Ah_2
46 6.36281623E+03 # Ah_3
1000021 3.21736776E+03 # Glu
1000022 6.56351225E+02 # Chi_1
1000023 1.23392200E+03 # Chi_2
1000025 2.33468995E+03 # Chi_3
1000035 2.33707704E+03 # Chi_4
1000045 9.19482363E+03 # Chi_5

Sfermion masses, Higgs masses, gluino mass, neutralino masses
Generating and using SPheno
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Higgs Rotation matrix

The values of all rotation matrices are listed.

Example:

The rotation matrix for the CP-even Higgs reads (Block NMHMIX):

SPheno.spc.SMSSM

1

W wWwwNNND PR

Block NMHMIX Q= 2.38787332E+03 # ()

1 9.97718791E-02  # Real(ZH(1,1),dp)
2 9.95010324E-01  # Real(ZH(1,2),dp)
3 1.64078343E-04  # Real(ZH(1,3),dp)
1 9.95007468E-01  # Real(ZH(2,1),dp)
2 -9.97711939E-02  # Real(ZH(2,2),dp)
3 -2.41815500E-03  # Real(ZH(2,3),dp)
1 2.38971890E-03  # Real(ZH(3,1),dp)
2 -4.04523044E-04  # Real(ZH(3,2),dp)
3 9.99997063E-01  # Real(ZH(3,3),dp)
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Higgs Rotation matrix AT

The values of all rotation matrices are listed.

Example:

The rotation matrix for the CP-even Higgs reads (Block NMHMIX):
SPheno.spc.SM3SM

Block NMHMIX Q= 2.36787332E+03 # ()
11 9.97718791E-02  # Real(ZH(1,1),dp)
1 2 9.95010324E-01  # Real(ZH(1,2),dp)
1 3 1.64078343E-04  # Real(ZH(1,3),dp)
2 1 9.95007468E-01  # Real(ZH(2,1),dp)
2 2 -9.97711939E-02  # Real(ZH(2,2),dp)
2 3 -2.41815500E-03  # Real(ZH(2,3),dp)
31 2.38971890E-03  # Real(ZH(3,1),dp)
3 2 -4.04523044E-04  # Real(ZH(3,2),dp)
3 3 9.99997063E-01  # Real(ZH(3,3),dp)

The composition of the lightest Higgs state is
h=0.0998- ¢4 + 0.9950 - ¢, + 0.0002 - s

Generating and using SPheno
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Other Rotation matrices A“("

For Majorana fermions the rotation matrix can be complex even in the
case of real parameters, if all masses shall be positive

Generating and using SPheno
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Other Rotation matrices

For Majorana fermions the rotation matrix can be complex even in the
case of real parameters, if all masses shall be positive

Example: The neutralino rotation matrix is

SPheno.spc.SMSSM

1

N =

wwwwow-

T W N

a1l W N

Block NMIX Q=

9.
-1.
2.
-8.
-1.

Block IMNMIX

9.
-1.
-7.
-7.

1.

2.46493497E+03 # ()

99739514E-01
40389393E-03
13225601E-02
01641226E-03
40327955E-04

Real(ZN(1,1),dp)
Real(ZN(1,2),dp)
Real(ZN(1,3),dp)
Real(ZN(1,4),dp)
Real(ZN(1,5),dp)

H H H HH

Q= 2.46493497E+03 # ()

38507921E-03
37575845E-02
06811603E-01
07204839E-01
14988728E-03

# Aimag(ZN(3,1))
# Aimag(ZN(3,2))
# Aimag(ZN(3,3))
# Aimag(ZN(3,4))
# Aimag(ZN(3,5))

IM. .. denotes aloways the imaginary part of a parameter!
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Other Rotation matrices

For Majorana fermions the rotation matrix can be complex even in the
case of real parameters, if all masses shall be positive

Example: The neutralino rotation matrix is

SPheno.spc.SMSSM

1

N =

wwwwow-

T W N

a1l W N

Block NMIX Q=

9.
-1.
2.
-8.
-1.

Block IMNMIX

9.
-1.
-7.
-7.

1.

2.46493497E+03 # ()

99739514E-01
40389393E-03
13225601E-02
01641226E-03
40327955E-04

Real(ZN(1,1),dp)
Real(ZN(1,2),dp)
Real(ZN(1,3),dp)
Real(ZN(1,4),dp)
Real(ZN(1,5),dp)

H H K HH

Q= 2.46493497E+03 # ()

38507921E-03
37575845E-02
06811603E-01
07204839E-01
14988728E-03

# Aimag(ZN(3,1))
# Aimag(ZN(3,2))
# Aimag(ZN(3,3))
# Aimag(ZN(3,4))
# Aimag(ZN(3,5))

— the lightest neutralino (LSP) is nearly a pure bino
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Higgs Coupling ratios A“(“

2
Scalar couplings normalised to the SM are listed: r= (M)

Csm

Generating and using SPheno
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Higgs Coupling ratios

. 2
Scalar couplings normalised to the SM are listed: r= (M)

SPheno.spc.SMSSM

Block HiggsBoundsInputHiggsCouplingsFermions #

1.
1.

00269497E+00
00269497E+00

9.99973000E-01

9.
9.
1.

Block HiggsBoundsInputHiggsCouplingsBosons #
9.
9.

2.
2.

99970130E+00
99970130E+00
00268809E-01

99999950E-01

99999950E-01

69104921E-04
69104921E-04

0.
0.
0.

o

00000000E+00
00000000E+00
00000000E+00

.00000000E+00
.00000000E+00
.21544004E-17

3 25
3 25
3 35
3 35

3
3
3

w

25
25
25

35
35
35

24

23

24
23

Csm

w

w

5 # h_1 b b coupling
3 # h_1 s s coupling
6 # h_1 t t coupling
5 # h_2 b b coupling
3 # h_ 2 s s coupling
6 # h_2 t t coupling
24 # h_1 W W coupling
23 # h_1 Z Z coupling
24 # h_2 W W coupling
23 # h_2 Z Z coupling
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Higgs Coupling ratios

ST

Karisruher Insttut 0 Technologie

. 2
Scalar couplings normalised to the SM are listed: r= (M)

SPheno.spc.SMSSM
Block HiggsBoundsInputHiggsCouplingsFermions #
1.00269497E+00 0.00000000E+00 3 25
1.00269497E+00 0.00000000E+00 3 25
9.99973000E-01 0.00000000E+00 3 25

9.99970130E+00 0.00000000E+00 3 35
9.99970130E+00 .00000000E+00 35
1.00268809E-01 1.21544004E-17 3 35

o
w

Block HiggsBoundsInputHiggsCouplingsBosons #

9.99999950E-01 3 25 24
9.99999950E-01 3 25 23
2.69104921E-04 3 35 24
2.69104921E-04 3 35 23

Csm

w

w

5 # h_1 b b coupling
3 # h_1 s s coupling
6 # h_1 t t coupling
5 # h_2 b b coupling
3 # h_2 s s coupling
6 # h_2 t t coupling
24 # h_1 W W coupling
23 # h_1 Z Z coupling
24 # h_2 W W coupling
23 # h_2 Z Z coupling

the light Higgs is SM like (r ~ 1)
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Higgs Coupling ratios

AT

Karisruher Insttut 0 Technologie

2
Scalar couplings normalised to the SM are listed: r= (M)

Csm

SPheno.spc.SMSSM
Block HiggsBoundsInputHiggsCouplingsFermions #
1.00269497E+00 0.00000000E+00 3 25 5
1.00269497E+00 0.00000000E+00 3 25
9.99973000E-01 0.00000000E+00 3 25 6

w

9.99970130E+00 0.00000000E+00 3 35 5
9.99970130E+00 .00000000E+00 35
1.00268809E-01 1.21544004E-17 3 35 6

o
w
w

Block HiggsBoundsInputHiggsCouplingsBosons #

9.99999950E-01 3 25 24
9.99999950E-01 3 25 23
2.69104921E-04 3 35 24
2.69104921E-04 3 35 23

5 # h_1 b b coupling
3 # h_1 s s coupling
6 # h_1 t t coupling
5 # h_2 b b coupling
3 # h_2 s s coupling
6 # h_2 t t coupling
24 # h_1 W W coupling
23 # h_1 Z Z coupling
24 # h_2 W W coupling
23 # h_2 Z Z coupling

the light Higgs is SM like (r ~ 1) ...the heavy not
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Tree-Level decays | A\KIT

For all BSM states the full two- (and three-) body decays are listed

SPheno.spc.SMSSM

DECAY 1000001 5.14975222E+01  # Sd_1

# BR NDA ID1 ID2
2.41145530E-01 2 6 -1000024 # BR(Sd_1 -> Fu_3 Cha_1l )
2.20431270E-02 2 6 -1000037 # BR(Sd_1 -> Fu_3 Cha_2 )
1.83873832E-04 2 3 1000023 # BR(Sd_1 -> Fd_2 Chi_2 )
6.71667512E-03 2 5 1000022 # BR(Sd_1 -> Fd_3 Chi_1 )
1.22947090E-01 2 5 1000023 # BR(Sd_1 -> Fd_3 Chi_2 )
3.27272958E-04 2 5 1000025 # BR(Sd_1 -> Fd_3 Chi_3 )
3.42842154E-04 2 5 1000035 # BR(Sd_1 -> Fd_3 Chi_4 )
6.06279012E-01 2 1000002 -24 # BR(Sd_1 -> Su_1 VWm )
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Florian Staub — SARAH (part Ill): SPheno interface (Tools Bootcamp, 24.10.17) 36/43



Tree-Level decays |

For all BSM states the full two- (and three-) body decays are listed

DECAY

# BR
2
2
1
6
1
3
3
6

1000001

.41145530E-01
.20431270E-02
.83873832E-04
.71667512E-03
.22947090E-01
.27272958E-04
.42842154E-04
.06279012E-01

SPheno.spc.SMSSM

5.14975222E+01 # Sd_1

NDA

2
2
2
2
2
2
2
2

ID1 ID2
6 -1000024
6  -1000037
3 1000023
5 1000022
5 1000023
5 1000025
5 1000035
2

100000 -24

H H B H H HHH

BR(Sd_1 -> Fu_3 Cha_1 )
BR(Sd_1 -> Fu_3 Cha_2 )
BR(Sd_1 -> Fd_2 Chi_2 )
BR(Sd_1 -> F4_3 Chi_1 )
BR(Sd_1 -> FA_3 Chi_2 )
BR(Sd_1 -> Fd_3 Chi_3 )
BR(Sd_1 -> Fd_3 Chi_4 )
BR(Sd_1 -> Su_1 VWm )

a Decay width
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Tree-Level decays | %("'

er Institut o Technologie

For all BSM states the full two- (and three-) body decays are listed

SPheno.spc.SMSSM

DECAY 1000001 5.14975222E+01  # Sd_1

# BR NDA ID1 ID2
2.41145530E-01 2 6 -1000024 # BR(Sd_1 -> Fu_3 Cha_1l )
2.20431270E-02 2 6 -1000037 # BR(Sd_1 -> Fu_3 Cha_2 )
1.83873832E-04 2 3 1000023 # BR(Sd_1 -> Fd_2 Chi_2 )
6.71667512E-03 2 5 1000022 # BR(Sd_1 -> Fd_3 Chi_1 )
1.22947090E-01 2 5 1000023 # BR(Sd_1 -> Fd_3 Chi_2 )
3.27272958E-04 2 5 1000025 # BR(Sd_1 -> Fd_3 Chi_3 )
3.42842154E-04 2 5 1000035 # BR(Sd_1 -> Fd_3 Chi_4 )
6.06279012E-01 2 1000002 -24 # BR(Sd_1 -> Su_1 VWm )

a Decay width
a branching ratios
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Tree-Level decays | %("'

er Institut o Technologie

For all BSM states the full two- (and three-) body decays are listed

SPheno.spc.SMSSM

DECAY 1000001 5.14975222E+01  # Sd_1

# BR NDA ID1 ID2
2.41145530E-01 2 6 -1000024 # BR(Sd_1 -> Fu_3 Cha_1l )
2.20431270E-02 2 6 -1000037 # BR(Sd_1 -> Fu_3 Cha_2 )
1.83873832E-04 2 3 1000023 # BR(Sd_1 -> Fd_2 Chi_2 )
6.71667512E-03 2 5 1000022 # BR(Sd_1 -> Fd_3 Chi_1 )
1.22947090E-01 2 5 1000023 # BR(Sd_1 -> Fd_3 Chi_2 )
3.27272958E-04 2 5 1000025 # BR(Sd_1 -> Fd_3 Chi_3 )
3.42842154E-04 2 5 1000035 # BR(Sd_1 -> Fd_3 Chi_4 )
6.06279012E-01 2 1000002 -24 # BR(Sd_1 -> Su_1 VWm )

a Decay width
a branching ratios
a number of final states
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Tree-Level decays | %("'

er Institut o Technologie

For all BSM states the full two- (and three-) body decays are listed

SPheno.spc.SMSSM

DECAY 1000001 5.14975222E+01  # Sd_1

# BR NDA ID1 ID2
2.41145530E-01 2 # BR(Sd_1 -> Fu_3 Cha_1 )
2.20431270E-02 2 # BR(Sd_1 -> Fu_3 Cha_2 )
1.83873832E-04 2 # BR(Sd_1 -> Fd_2 Chi_2 )
6.71667512E-03 2 # BR(Sd_1 -> Fd_3 Chi_1 )
1.22947090E-01 2 # BR(Sd_1 -> Fd_3 Chi_2 )
3.27272958E-04 2 # BR(Sd_1 -> Fd_3 Chi_3 )
3.42842154E-04 2 # BR(Sd_1 -> Fd_3 Chi_4 )
6.06279012E-01 2 # BR(Sd_1 -> Su_1 Vim )

a Decay width

a branching ratios

a number of final states
[
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Tree-Level decays Il

[
«

For Higgs states per default higher-order corrections are included

SPheno.spc.SMSSM

DECAY 25 3.53887740E-03 # hh_1
# BR NDA ID1 ID2
3.27347775E-03 2 22 22
8.71471585E-02 2 21 21
1.77730823E-02 2 23 23
2.18479360E-01 2 24 -24
2.16114536E-04 2 -3 3
5.78790762E-01 2 -5 5
2.31866349E-04 2 -13 13
6.69250913E-02 2 -15 15
2.71623668E-02 2 -4 4

H H HH K HHEHEH

BR(hh_1
BR(hh_1
BR(hh_1
BR(hh_1
BR(hh_1
BR(hh_1
BR(hh_1
BR(hh_1
BR(hh_1

VP VP )

VG VG )

VZ VZ )

VWm~* VWm_virt )
Fd_2"* Fd_2 )
Fd_3"* Fd_3 )
Fe_2"* Fe_2 )
Fe_3"* Fe_3 )
Fu_2"* Fu_2 )
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Tree-Level decays Il

[
«

For Higgs states per default higher-order corrections are included

SPheno.spc.SMSSM

DECAY 25 3.53887740E-03 # hh_1
# BR NDA ID1 ID2
3.27347775E-03 2 22 22
8.71471585E-02 2 21 21
1.77730823E-02 2 23 23
2.18479360E-01 2 24 -24
2.16114536E-04 2 -3 3
5.78790762E-01 2 -5 5
2.31866349E-04 2 -13 13
6.69250913E-02 2 -15 15
2.71623668E-02 2 -4 4

H H K H K HHEHH

BR(hh_1
BR(hh_1
BR(hh_1
BR(hh_1
BR(hh_1
BR(hh_1
BR(hh_1
BR(hh_1
BR(hh_1

VP VP )

VG VG )

VZ VZ )

VWm~* VWm_virt )
Fd_2"* Fd_2 )
Fd_3"* Fd_3 )
Fe_2"* Fe_2 )
Fe_3"* Fe_3 )
Fu_2"* Fu_2 )

® QCD corrections for quark decays
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Tree-Level decays Il %("'

er Institut o Technologie

For Higgs states per default higher-order corrections are included
SPheno.spc.SMSSM

DECAY 25 3.53887740E-03 # hh_1

# BR NDA ID1 1D2
3.27347775E-03 2 22 22  # BR(hh_1 -> VP VP )
8.71471585E-02 2 21 21  # BR(hh_1 -> VG VG )
1.77730823E-02 2 23 23  # BR(hh_1 -> VZ VZ )
2.18479360E-01 2 24 -24  # BR(hh_1 -> VWm % VWm_virt )
2.16114536E-04 2 -3 3  # BR(hh_1 -> Fd_2~% Fd_2 )
5.78790762E-01 2 -5 5 # BR(hh_1 -> Fd_3"* Fd_3 )
2.31866349E-04 2 -13 13 # BR(hh_1 -> Fe_2~% Fe_2 )
6.69250913E-02 2 -15 15 # BR(hh_1 -> Fe_3"% Fe_3 )
2.71623668E-02 2 -4 4  # BR(hh_1 -> Fu_2°% Fu_2 )

® QCD corrections for quark decays
a decays into virtual gauge bosons

Generating and using SPheno
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Tree-Level decays Il

For Higgs states per default higher-order corrections are included
SPheno.spc.SMSSM

DECAY 25 3.53887740E-03 # hh_1

# BR NDA ID1 1D2
3.27347775E-03 2 22 22  # BR(hh_1 -> VP VP )
8.71471585E-02 2 21 21 # BR(hh_1 -> VG VG )
1.77730823E-02 2 23 23  # BR(hh_1 -> VZ VZ )
2.18479360E-01 2 24 -24  # BR(hh_1 -> VWm % VWm_virt )
2.16114536E-04 2 -3 3  # BR(hh_1 -> Fd_2~% Fd_2 )
5.78790762E-01 2 -5 5 # BR(hh_1 -> Fd_3"* Fd_3 )
2.31866349E-04 2 -13 13 # BR(hh_1 -> Fe_2~% Fe_2 )
6.69250913E-02 2 -15 15 # BR(hh_1 -> Fe_3"% Fe_3 )
2.71623668E-02 2 -4 4  # BR(hh_1 -> Fu_2°% Fu_2 )

® QCD corrections for quark decays
a decays into virtual gauge bosons
a |loop induced decays into massless gauge bosons

Generating and using SPheno
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Loop decays A\KIT

For BSM states, also a fully automatised one-loop calculation exists in a
mixed OS/DR scheme:

SPheno.spc.SMSSM

DECAY 2000011 2.18379480E+00 # Se_4

# BR NDA ID1 ID2
2.17757347E-01 2 16 -1000024 # BR(Se_4 -> Fv_3 Cha_1 )
5.07546030E-01 2 15 1000022  # BR(Se_4 -> Fe_3 Chi_1 )
1.095644233E-01 2 15 1000023 # BR(Se_4 -> Fe_3 Chi_2 )
8.52544606E-02 2 1000011 25 # BR(Se_4 -> Se_1 hh_1 )
7.98979296E-02 2 1000011 23  # BR(Se_4 -> Se_1 VZ )

DECAY1L 2000011 2.19808655E+00 # Se_4

# BR NDA ID1 ID2
2.32212596E-01 2 16 -1000024 # BR(Se_4 -> Fv_3 Cha_1 )
4.87280058E-01 2 15 1000022 # BR(Se_4 -> Fe_3 Chi_1 )
1.18020824E-01 2 15 1000023 # BR(Se_4 -> Fe_3 Chi_2 )
8.28083572E-02 2 1000011 25 # BR(Se_4 -> Se_1 hh_1 )
7.96781434E-02 2 1000011 23 # BR(Se_4 -> Se_1 VZ )

Generating and using SPheno
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Loop decays A\KIT

For BSM states, also a fully automatised one-loop calculation exists in a
mixed OS/DR scheme:

SPheno.spc.SMSSM

DECAY 2000011 2.18379480E+00 # Se_4

# BR NDA ID1 ID2
2.17757347E-01 2 16 -1000024 # BR(Se_4 -> Fv_3 Cha_1 )
5.07546030E-01 2 15 1000022  # BR(Se_4 -> Fe_3 Chi_1 )
1.095644233E-01 2 15 1000023 # BR(Se_4 -> Fe_3 Chi_2 )
8.52544606E-02 2 1000011 25 # BR(Se_4 -> Se_1 hh_1 )
7.98979296E-02 2 1000011 23  # BR(Se_4 -> Se_1 VZ )

DECAYIL 2000011 2.19808655E+00 # Se_4

# BR NDA ID1 ID2
2.32212596E-01 2 16 -1000024 # BR(Se_4 -> Fv_3 Cha_1 )
4.87280058E-01 2 15 1000022 # BR(Se_4 -> Fe_3 Chi_1 )
1.18020824E-01 2 15 1000023 # BR(Se_4 -> Fe_3 Chi_2 )
8.28083572E-02 2 1000011 25 # BR(Se_4 -> Se_1 hh_1 )
7.96781434E-02 2 1000011 23 # BR(Se_4 -> Se_1 VZ )

Tree-level and one-loop results are printed in output
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Precision observables

SPheno calculates several precision observable at the full one-loop level:

1

2

3
20
21
22
23
24
25
39

-1.
.51160376E-04
.53368902E-04
.51539065E-15
.47937380E-11
.88261552E-08
.00000000E+00
.00000000E+00
.00000000E+00
.45190626E-04

w

NOOCOH O P K

28454158E-03

#

H# o B o H H o H

SPheno.spc.SM3SM

Block SPhenoLowEnergy # low energy observables
T-parameter (1-loop BSM)
S-parameter (1-loop BSM)
U-parameter (1-loop BSM)

(g-2)_e
(g-2) _mu
(g-2)_taun
EDM(e)
EDM(mu)
EDM(tau)
delta(rho)
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Precision observables

SPheno calculates several precision observable at the full one-loop level:

1

2

3
20
21
22
23
24
25
39

-1.
.51160376E-04
.53368902E-04
.51539065E-15
.47937380E-11
.88261552E-08
.00000000E+00
.00000000E+00
.00000000E+00
.45190626E-04

w

NOOOH O P

28454158E-03

#

H# o o o H H o H

SPheno.spc.SM3SM

Block SPhenoLowEnergy # low energy observables
T-parameter (1-loop BSM)
S-parameter (1-loop BSM)
U-parameter (1-loop BSM)

(g-2)_e
(g-2) _mu
(g-2)_taun
EDM(e)
EDM(mu)
EDM(tau)
delta(rho)

a oblique parameters
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Precision observables

SPheno calculates several precision observable at the full one-loop level:

1

2

3
20
21
22
23
24
25
39

-1.
.51160376E-04
.53368902E-04
.51539065E-15
.47937380E-11
.88261552E-08
.00000000E+00
.00000000E+00
.00000000E+00
.45190626E-04

w

NOOOH O K

28454158E-03

#

H o B o H H o H W

SPheno.spc.SM3SM

Block SPhenoLowEnergy # low energy observables
T-parameter (1-loop BSM)
S-parameter (1-loop BSM)
U-parameter (1-loop BSM)

(g-2)_e
(g-2) _mu
(g-2)_taun
EDM(e)
EDM(mu)
EDM(tau)
delta(rho)

a oblique parameters

a 6p

Florian Staub — SARAH (part Ill): SPheno interface (Tools Bootcamp, 24.10.17)

Generating and using SPheno

39/43



Precision observables

T
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SPheno calculates several precision observable at the full one-loop level:

1

2

3
20
21
22
23
24
25
39

-1.
.51160376E-04
.53368902E-04
.51539065E-15
.47937380E-11
.88261552E-08
.00000000E+00
.00000000E+00
.00000000E+00
.45190626E-04

w

NO OO O - K

28454158E-03

#

H o B o H o H

SPheno.spc.SM3SM

Block SPhenoLowEnergy # low energy observables
T-parameter (1-loop BSM)
S-parameter (1-loop BSM)
U-parameter (1-loop BSM)

(g-2)_e
(g-2) _mu
(g-2)_tau
EDM(e)
EDM(mu)
EDM(tau)
delta(rho)

a oblique parameters

a 6p

a anomalous magnetic moments of leptons
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Precision observables

SPheno calculates several precision observable at the full one-loop level:

SPheno.spc.SM3SM
Block SPhenoLowEnergy # low energy observables
1 -1.28454158E-03 # T-parameter (1-loop BSM)

2 3.51160376E-04 # S-parameter (1-loop BSM)
3 1.53368902E-04 # U-parameter (1-loop BSM)
20 1.51539065E-15 # (g-2)_e
21 6.47937380E-11 # (g-2)_mu
22 1.88261552E-08 # (g-2)_tau

39 -2.45190626E-04 # delta(rho)

a oblique parameters

a 6p

a anomalous magnetic moments of leptons
a

Generating and using SPheno
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Flavour observables

Also many results for flavour observables are given

200
201
300
301

1900
1901

701
702
703
800

e

15438497E-04

45217398E-04

.78903776E+01
.00116207E+00

4.28584021E-34
0.00000000E+00
0.00000000E+00
1.35282764E-36

heno.spc.S

Block FlavorKitQFV # quark flavor v1olat1ng observables
3.
1.00139205E+00
6.

9.98912427E-01

# BR(B->X_s gamma)

# BR(B->X_s gamma)/BR(B->X_s gamma)_SM

# BR(D->mu nu)

# BR(D->mu nu)/BR(D->mu nu)_SM

# Delta(M_Bs)

# Delta(M_Bs)/Delta(M_Bs)_SM

Block FlavorKitLFV # lepton flavor violating observables

# BR(mu->e gamma)

# BR(tau->e gamma)
# BR(tau->mu gamma)
# CR(mu-e, Al)
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Flavour observables

Also many results for flavour observables are given

heno.spc.S

200
201
300
301

1900
1901

701
702
703
800

O O =

e

15438497E-04

.78903776E+01
.00116207E+00

4.28584021E-34
0.00000000E+00
0.00000000E+00
1.35282764E-36

Block FlavorKitQFV # quark flavor v1olat1ng observables
3.
.00139205E+00
.45217398E-04
.98912427E-01

# BR(B->X_s gamma)

BR(D->mu nu)

H# H#

# Delta(M_Bs)

# Delta(M_Bs)/Delta(M_Bs)_SM

Block FlavorKitLFV # lepton flavor violating observables

# BR(mu->e gamma)

# BR(tau->e gamma)
# BR(tau->mu gamma)
# CR(mu-e, Al)

BR(B->X_s gamma)/BR(B->X_s gamma)_SM

BR(D->mu nu)/BR(D->mu nu)_SM

® Quark- and Lepton- Flavour violating observables are included
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Flavour observables \KlT

1 far Technologie

Also many results for flavour observables are given
heno.spc.S

Block FlavorKitQFV # quark flavor v1olat1ng observables
200 3.15438497E-04 # BR(B->X_s gamma)

300 6.45217398E-04 # BR(D->mu nu)
1900 1.78903776E+01 # Delta(M_Bs)

Block FlavorKitLFV # lepton flavor violating observables
701 4.28584021E-34 # BR(mu->e gamma)
702 0.00000000E+00 # BR(tau->e gamma)
703 0.00000000E+00 # BR(tau->mu gamma)
800 1.35282764E-36 # CR(mu-e, Al)

® Quark- and Lepton- Flavour violating observables are included
a For QFV observables, the absolute value as well as the

are shown
Generating and using SPheno
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Fine-Tuning A\KIT

a The ew fine-tuning is calculated numerically
a The results are shown in the block FineTuning
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Fine-Tuning

a The ew fine-tuning is calculated numerically

a The results are shown in the block FineTuning

SPheno.spc.SMSSM

0

H O OO0 ~NO O WN -

[

QO 00 NN DN

Block FineTuning #
1.
.28457652E+01
.58417208E+02
.47507248E+02
.34774932E+00
.78198798E+03
.90783296E+02
.15081165E+01
.10816608E+01
.88541268E+00
.T7577032E+01
-00000000E+00

78198798E+03

Overall FT
m0
mi2

Azero

Bzero

Mu

B[Mu]

L[L1]
MSInput
AKappalnput
ALambdaInput
TadInput

Florian Staub — SARAH (part Ill): SPheno interface (Tools Bootcamp, 24.10.17)
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Fine-Tuning AT
a The ew fine-tuning is calculated numerically

a The results are shown in the block FineTuning
SPheno.spc.SMSSM

Block FineTuning #
0 1.78198798E+03 # Overall FT
1 1.28457652E+01 # m0
2 8.58417208E+02 # m12
3 5.47507248E+02 # Azero
4 2.34774932E+00 # Bzero
5 1.78198798E+03 # Mu
6 1.90783296E+02 # B[Mu]
7  4.15081165E+01 # L[L1]
8 2.10816608E+01 # MSInput
9 7.88541268E+00 # AKappalnput
10 8.77577032E+01 # ALambdalnput
11 0.00000000E+00 # TadInput

a The tuning with respect to the individual parameters is shown

Generating and using SPheno
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Fine-Tuning

a The ew fine-tuning is calculated numerically

AT

er Institut o Technologie

a The results are shown in the block FineTuning

SPheno.spc.SMSSM

0

H O OO ~NO O wWwN

o

QO 00 NN DN O

Block FineTuning #
1.
.28457652E+01
.58417208E+02
.47507248E+02
.34774932E+00
.78198798E+03
.90783296E+02
.15081165E+01
.10816608E+01
.88541268E+00
.T7577032E+01
-00000000E+00

78198798E+03

Overall FT
m0
mi2

Azero

Bzero

Mu

B[Mu]

L[L1]
MSInput
AKappalnput
ALambdaInput
TadInput

a The tuning with respect to the individual parameters is shown
a The overall tuning is given repeated
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Adjusting the input A\KIT

The are now many options to steer the calculations performed by SPheno.
The block SPhenoInput in the input file is used for that

Generating and using SPheno
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Adjusting the input &‘("

The are now many options to steer the calculations performed by SPheno.
The block SPhenoInput in the input file is used for that

a Turn off calculations to safe running time

111 # calculate branching ratios
13 1 # 3-Body decays: no (0),fermion (1),scalar (2),...
57 1 # Calculate low energy constraints

Generating and using SPheno
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Adjusting the input A\K"‘

The are now many options to steer the calculations performed by SPheno.
The block SPhenoInput in the input file is used for that

a Turn off calculations to safe running time

111 # calculate branching ratios
13 1 # 3-Body decays: no (0),fermion (1),scalar (2),...
57 1 # Calculate low energy constraints

au Turn on/off loop corrections to see the impact

70 # Skip 2-loop Higgs corrections
38 2 # 1- or 2-Loop RGEs
55 1 # Calculate loop corrected masses

Generating and using SPheno
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Adjusting the input A\K"‘

The are now many options to steer the calculations performed by SPheno.
The block SPhenoInput in the input file is used for that

a Turn off calculations to safe running time

111 # calculate branching ratios
13 1 # 3-Body decays: no (0),fermion (1),scalar (2),...
57 1 # Calculate low energy constraints

au Turn on/off loop corrections to see the impact

70 # Skip 2-loop Higgs corrections
38 2 # 1- or 2-Loop RGEs
55 1 # Calculate loop corrected masses

a Produce output for other codes

75 1 # Write WHIZARD files

76 1 # Write HiggsBounds file

77 0 # Output for MicrOmegas

78 0 # Output for MadGraph

530 1. # Write Blocks for Vevacious
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Have fun playing with the code!
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Summary

a The SPheno interface of SARAH provides the possibility of a tailor
made spectrum generator for a given model

m The precision of the code for any model is comparable to the MSSM
because of
a Two-loop running
a One- and two-loop corrections

a Many precision observables as well as decays are calculated
automatically
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