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Summary

Introduction: Will focus on BSM models of Particle Physics, but only on the part of scanning 
and construction of likelihood profiles of a given model.

Scanning the 
parameter space 
(PS):

Will describe a tool to explore the PS of a model computing a composite 
likelihood function with respect to the observables of interest.

Parsing the raw data 
and plotting the 
likelihood profiles:

Will describe a tool to generate the actual plots that constitute the main results 
of the numerical analysis.

Tutorial: This is part of planned tutorials under development that will be available 
elsewhere. This is a summarized version of the tutorial on likelihood profiles, 
which will be much more detailed.
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Phenomenologing the 
computational way …

MODEL OBSERVABLES SCANNING PROFILES

How to implement a specific 

BSM model?

How to compute the 

observables of interest?

How to explore the parameter 

space of the model 

efficiently?

How to analyze the raw data 

and construct likelihood 

profiles?

Most cases can be done with 

e.g., SARAH or FeynRules.

Micromegas exploits the 

capabilities of CalcHEP to 

compute e.g., x-sections for 

DD or ID in addition to Ωℎ2.
Others: HiggsTools, SmodelS,

…

Needs tool to implement 

algorithm for global 

optimization e.g., Diver.

Needs parsing tool and 

plotting engine, e.g., Pippi.

Well documented. Well documented. Not sufficiently documented. Not sufficiently documented.
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Phenomenologing the 
computational way …

MODEL OBSERVABLES SCANNING PROFILES

How to implement a specific 

BSM model?

How to compute the 

observables of interest?

How to explore the parameter 

space of the model 

efficiently?

How to analyze the raw data 

and construct likelihood 

profiles?

Most cases can be done with 

e.g., SARAH or FeynRules.

Micromegas exploits the 

capabilities of CalcHEP to 

compute e.g., x-sections for 

DD or ID in addition to Ωℎ2.
Others: HiggsTools, SmodelS,

…

Needs tool to implement 

algorithm for global 

optimization e.g., Diver.

Needs parsing tool and 

plotting engine, e.g., Pippi.

Well documented. Well documented. Not sufficiently documented. Not sufficiently documented.

Will focus on this part!
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Simple BSM model example

Scalar
sector

Two SU(2) Higgs doublets H1 and H2 and one singlet φ

The singlet mixes with the real parts of the neutral components of the doublets 
into three CP-even physical scalars h1, h2 and h3

Dark 
sector

One majorana fermion coupled to the singlet:  𝑦Ψ Ψ𝑅

𝐶
Ψ𝑅 φ

The mixing in the scalar sector induces couplings of the physical scalars with the 
DM and therefore we have effective DM-quark couplings and thus DM-nucleon
scattering
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Observables

We 
calculate 
numerically 
the 
observables 
and from 
them the 
chi-square 
functions

Higgs mass: χℎ
2 = Τ(𝑚ℎ −𝑚ℎ

𝑃𝐷𝐺)2 σℎ
2

Relic density: χΩℎ
2 = Τ(Ωℎ2 − Ω𝑃𝑙𝑎𝑛𝑐𝑘ℎ2)2 σΩℎ

2

DM-proton x-sect: χ𝐷𝐷
2 = … (from DDCalc tool)
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For example…
❑ Use a text file to pass the 

numerical values of the free 

parameters (1 single point of 

parameter space) to micromegas

❑ Micromegas computes relic 

density, higgs mass and DM-

proton x-section and writes their 

values to a text file with also the 

chi-square from the simple 

formulas above

❑ DDCalc reads form the text file 

the DM-proton x-section and 

computes the chi-square relative 

to the XENON-1T experiment, 

writes the result to a text file
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In practice …

Input text file

Text file with 
total chi-square

System call to 
Micromegass

System call to 
DDCalc

❑ From the scanning program we 

communicate with Micromegas and 

DDCalc through “system calls”, for 

example in C:

❑ system(“./my_micromegas_prog

par_file.txt”)

❑ This executes Micromegas with input 

file ‘par_file.txt’ previously created 

with the values of the free variables 

for 1 point of parameter space
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We call this: 
Chi-square 
Black Box
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Exploring the parameter space

❑ Next, we use a global optimization algorithm to explore the parameter space and find the 

minimum of the composite (total) chi-square function

❑ Pictorially … suppose we want to  explore a 2-dimensional surface
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Number of 
points (NP)

❑ Choose NP points on the surface 

randomly

❑ Using the chi2BB, compute the 

heights for all of them

❑ Save to disk the coordinates, 

observables, heights of all points

❑ This is called a ‘generation’, with 

a population of NP points
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Clever 
algorithm

❑ Use some algorithm to ‘move 

around’ the points to new locations 

(a new generation) and repeat

❑ Stop repeating when certain 

‘convergence criteria’ is met (there 

is a high probability that the global 

minimum has been found)

❑ Clearly, the larger the ‘population’ 

is, the analysis is better

❑ Typically, NP=20,000 is 

recommended for dimension ~ 20 

or less
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The Global 
Optimisation 
Algorithm 
Black Box

❑ For practical purposes we don’t need to know how the algorithm 

works: it is just a minimization black box

Algorithm

Insert 
chi2BB 

here

Results 
of the 
scan
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The ‘Diver’ 
package

❑ We use this package authored 

by Pat Scott, which can be 

obtained from GitHub …
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The ‘Diver’ 
package

❑ Click on ‘Code’ and then copy 

the address …
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The ‘Diver’ 
package

❑ From the ‘Readme’ we see that 

it compiles with a simple 

instruction …
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Installing 
Diver

❑ This is the complete set of 

instructions to install Diver

❑ You may need to install also 

openmpi in case you don’t have it, 

this is to execute the program 

using several cores in parallel
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Examples

❑ The tool has an example of use, 

the same example is presented 

written in C, C++ and Fortran

❑ We open the C source code of 

the example here …

18



The C 
example

❑ This is the entire program

❑ The idea is to adapt this code to 

scan our model

❑ We can divide the code’s parts 

in four blocks …
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The first 
block

❑ The first part is the ‘include’ 

block

❑ Here you add libraries that you 

need, e.g. ‘stdio.h’ for handling 

files
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The fourth 
block

❑ The last part is the ‘main’ 

function

❑ This part does not need to be 

modified

❑ Just make sure that the name of 

the chi2BB function (here ‘gauss’) 

is consistent with the third block 

as describe next …
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The third 
block

❑ The third block is the function 

that is being minimized

❑ We need to replace this with our 

chi2BB code in order to scan the 

parameter space of our model
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The third block ❑ We need to comment one line first …

Before
After
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The third block ❑ Then we group the next 3 lines in a single ‘if’ statement …

Before
After
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The third block ❑ Then we copy the 2 shown lines just before the ‘return’ statement …

Before
After
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The third block ❑ Finally, we write our code for the chi2BB in the space shown …

Before
After
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The second 
block

❑ But first let me describe the 

second block

❑ In this block, global variables 

are defined in order to configure

Diver

❑ In most cases, almost all 

variables can be taken with the 

default values

❑ I will describe those that need to 

be changed according to our 

model …

❑ Only the values in the ‘pink’ 

column must be changed …
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The second 
block

❑ nPar needs to be adjusted 

according to the number of free 

parameters in the model

❑ The next 2 arrays have the 

values of the intervals in which 

your free parameters can take 

values, you choose the order of 

your parameters

❑ In this example, the first 

parameter can be varied between 

-5 and 5, the second between -50 

and 50, etc.
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The second 
block

❑ Next, the directory where the 

data will be saved is stated under 

quotes 

❑ In this example the directory is 

(relative to the directory where the 

executable is) example_c/output/

❑ The files created with the data 

will have the same name but 

different extensions, in this 

example the name is ‘example’
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The second 
block

❑ Next, the variable nDerived

refers to what we call observables, 

it is the number of observables 

that we want to save for each 

point

❑ In our case, these are the Higgs 

mass, the relic density, the DM 

mass, the DM-proton x-section, 3 

chi-square functions and their 

sum

❑ Therefore, we should put 

nDerived = 8;
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The second 
block

❑ Next, the variable maxgen

should be put equal to a large 

number to ensure that a 

sufficiently large number of 

‘generations’ are generated

❑ If maxgen is small the 

calculation might be stopped 

before the convergence criteria is 

met

❑ We recommend something like 

maxgen = 10000;

❑ NP is the population; the 

recommended value is 20,000
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The second 
block

❑ Next, the variable ‘convthresh’ is 

used for the convergence criteria, 

it is recommended to be set at the 

value 1e-4

❑ Smaller values might take too 

much computing time, while 

greater values might lead to 

incomplete analysis of the 

parameter space
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The second 
block

❑ The variable savecount should 

always be equal to 1

❑ This ensures that the 

observables are saved for all the 

points explored during the scan

❑ This is important to generate the 

contours of equal likelihood
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The second 
block

❑ Finally, the variable 

‘outputSamples’ should be equal 

to ‘true’

❑ This ensures that the 

observables are saved to disk 

alongside the parameters for each 

point of parameter space explored
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Inserting the 
chi2BB code

❑ Let us return to the third block

❑ We will insert the code for the 

generation of the composite chi-

square for a given point of 

parameter space
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Inserting the 
chi2BB code

❑ This is the resulting code, except 

that we have not put explicitly the 

code for the generation of the text 

files nor the system calls
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Inserting the 
chi2BB code

❑ Diver chooses values for the free 

parameters and puts these values 

in the array ‘params’; these values 

constitute 1 point in parameter 

space

❑ In this example we have 5 free 

parameters, and we are assigning 

these values to new variables 

named freePar1, etc
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Inserting the 
chi2BB code

❑ Our task is to tell Diver what 

value of the composite chi-square 

this point in parameter space has
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Inserting the 
chi2BB code

❑ To do that we create a text file with 

the values of the free parameters

❑ Next, we make a system call to 

micromegas passing this text file

❑ Next, we make a system call to 

DDCalc which reads the DM-proton 

x-section calculated by micromegas 

and computes the XENON1T chi-

square

❑ Then we read from the output text 

file the values of the observables

and the chi-squares and assign 

them to respective variables
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Inserting the 
chi2BB code

❑ The composite chi-square is just 

the sum of the 3 chi-squares 

computed
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Inserting the 
chi2BB code

❑ The composite chi-square is just 

the sum of the 3 chi-squares 

computed
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Inserting the 
chi2BB code

❑ Next, we must save the values of 

the observables and the chi-

squares
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Inserting the 
chi2BB code

❑ These have to be saved in the 

same array ‘params’, but next to 

the free parameters, i. e. starting 

from params[5] onwards in this 

example
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Inserting the 
chi2BB code

❑ Finally, we return to Diver the 

value of the composite chi-square

44



Inserting the 
chi2BB code

❑ Finally, we return to Diver the 

value of the composite chi-square

❑ This completes the code for the 

chi2BB

❑ Next, we compile the program 

with the ‘make’ instruction as 

before and execute it …
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Execute, wait 
a lot of time 
and plot

❑ In this example we execute Diver

with 4 cores, 

❑ ‘name_of_executable’ is the 

program that results from 

compiling the code just shown

❑ We redirect the output of the 

program to the text file ‘log.txt’ 

and we run in the ‘background’
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Execute, wait 
a lot of time 
and plot

❑ After a while (which can be of 

the order of ~1-2 months!) Diver

generates a file with the results

❑ To parse this file, we need the 

tool called ‘pippi’

❑ Pippi uses ctioga2 to plot so we 

also install this

❑ We call pippi by means of a 

configuration file, in this example 

the file called ‘q4.pip’, basically 

this files just defines which of 

observables we wish to plot
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Execute, wait 
a lot of time 
and plot

❑ This is an example of a pippi

configuration file to plot the DM-

proton x-section as a function of 

the DM mass

❑ But I will not enter into details of 

this here …
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Execute, wait 
a lot of time 
and plot

❑ Suffice to say that it generates 

this plot of the DM-proton x-

section as a function of the DM 

mass
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Subtleties

❑ There are certain subtleties with 

Diver and Pippi which are hard to 

explain in a talk

❑ We will address these topics 

with a lot more of detail in the 

corresponding tutorials

❑ We shall also cover Micromegas, 

DDCalc and others in respective 

tutorials
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Thank you 
for your 
attention!
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