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Introduction HEPfit Summary

SM seems to be the correct description o
of most physics at LHC scales and below. , "

Otto Eberhardt
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Introduction HEPfit Summary
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Yet, we know there is more to nature.
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Introduction HEPfit Summary

Theory calculations get more precise
and more complicated

We have a lot of experimental data to compare to,
but the comparison is not always trivial and model dependent

The more results we combine with a certain theory, the better we
can tell about the possible realisation of that theory.
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Introduction HEPfit Summary

Several codes on the market have one or more
of the following disadvantages:

@ Not public

@ Slow (no fit possible)
either due to sloppy implementation or external dependencies

@ Not flexible: only one model or one set of constraints
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Introduction HEPfit Summary

Our idea:

Write an open-source code which can combine all experimental
data and compare them to theory in a fit at best available
precision, in as many models as possbile.

Otto Eberhardt HEPfit 4 /18



Introduction HEPfit Summary

Our idea:

Write an open-source code which can combine all experimental
data and compare them to theory in a fit at best available
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Introduction HEPfit Summary

General overview

[Model] ——  [Parameters] &  [Observables]

Priors 7(8) Likelihoods L(x|0)

Output:
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Introduction HEPfit Summary

General overview

Moddl] —— [Parameters] & [Obsevables

Priors 7(8) Likelihoods L(x|0)

Output:  Parameter and observable posterior distributions
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Introduction HEPfit Summary

General overview

Wodd] —— [Parameters] & [Observables

Priors 7(8) Likelihoods L(x|0)

Output:  Parameter and observable posterior distributions
Parameter correlations
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Introduction HEPfit Summary

General overview

Output:
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Priors 7(8) Likelihoods L(x|0)

Parameter and observable posterior distributions
Parameter correlations
Comparison of prior and posterior
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Introduction HEPfit Summary

General overview

Wodd] —— [Parameters] & [Observables

Priors 7(8) Likelihoods L(x|0)

Output:  Parameter and observable posterior distributions
Parameter correlations
Comparison of prior and posterior
Global mode and normalisation, (D)IC values
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Introduction HEPfit Summary

Users and policies

Open-source project, but NO “"HEPfit collaboration”

Shehu AbdusSalam Otto Eberhardt Ana Pefiuelas
> ~(IFIC Valéncia)

Marco Ciuchin : Gl sl
(INFN Rome), % Paulc (INFN“Rome)" -

Giovanna Cottinj .
(NTU Taipei) X

(KEK) J (INFN Rome)
Anténio Coutinho Ayan Paul Norimi Yokozaki
(INFN Rome) (HU Berlin) (Tohoku U)
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Introduction HEPfit Summary

Dependencies and Usage

C++ compiler

GSL, boost — numerical solutions to integration, algebra,
differential equations etc.

BAT - statistics
ROOT - graphical output of the results (histograms)
openMPI — only for parallelized fits

Once installed:

./analysis StandardModel.conf MonteCarlo.conf
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Introduction HEPfit Summary

StandardModel.conf

1| standardModel
2| # Model parameters:
3| ModelParameter mtop 173.2 0.9 0.
4 | ModelParameter mH1l 125.6 0.3 0.
5] ...
6| CorrelatedCaussianParameters V1_lattice 2
7| ModelParameter a_0V 0.496 0.067 0.
8| ModelParameter a_lV -2.03 0.92 0.
9| 1.00 0.86
10| 0.86 1.00
11
12| <All the model parameters have to be listed here>
13
14 | # Observables:
15| Observable Mw Mw M_{W} 80.3290 80.4064 MCMC weight 80.385 0.015 0.
16 | Observable GammaW GammaW #Gamma {W} 2.08569 2.09249 MCMC weight 2.085 0.042 0.
17| #
18 | # Correlated observables:
19 | CorrelatedGaussianObservables 2Zpole2 7
20| Observable Alepton Alepton A_{l} 0.143568 0.151850 MCMC weight 0.1513 0.0021 0.
21| Observable Rbottom Rbottom R_. (b) 0.215602 0.215958 MCMC weight 0.21629 0.00066 0.
22 | Observable Rcharm Rcharm R {c} 0.172143 0.172334 MCMC weight 0.1721 0.0030 O.
23| Observable AFBbottom AFBbottom A_: \_{FB}"{b} 0.100604 0.106484 MCMC weight 0.0992 0.0016 O.
24 | Observable AFBcharm AFBcharm A_ \_{FB}"{c} 0.071750 0.076305 MCMC weight 0.0707 0.0035 0.
25| Observable Abottom Abottom A_(b) 0.934320 0.935007 MCMC weight 0.923 0.020 0.
26 | Observable Acharm 0.666374 0.670015 MCMC weight 0.670 0.027 0.
27| 1.00 0.00 0.00 0.05
28| 0.00 1.00 -0.18 0.04
29| 0.00 -0.18 1.00 -0.06
30| 0.00 -0.10 0.04 0.01
31| 0.00 0.07 -0.06 0.04
32| 0.09 -0.08 0.04 0.11
33| 0.05 0.04 -0.06 1.00
34| #
35| # Output correlations:
36| Observable2D MwvsGammaW Mw M_{W} 80.3290 80.4064 noMCMC noweight GammaW #Gamma_{W} 2.08569
37 ...
38| Observable2D Bd_Bsbar_mumu noMCMC noweight
39| Observable BR_Bdmumu BR(B_{d}#rightarrowsmu#mu) 1. -1. 1.05e-10 0. 0.
20| Observable BRbar_Bsmumu  BR(B_{s}#rightarrowsmu#mu) 1. -1. 3.65e-9 0. 0.
41
42 ObservableZD S85_P5 noMCHC nowetht
43 | BinnedObservable 1. -1. 0. 0. 0. 4. 6.
44| BinnedObservable p_s 1:_5 1. -1. 0. 0. 0. 4. 6.
45| #
46| # Including other configuration files
47| IncludeFile Flavour.conf
Otto Eberhardt HEPfit
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Introduction HEPfit Summary

StandardModel.conf

2.09249

StandardModel ) ..
Model definition
3| ModelParameter mtop 173.2 0.9 0.
4 | ModelParameter mH1l 125.6 0.3 0.
5] ...
6| CorrelatedGaussianParameters  V1_lattice 2 (CU rrently 35)
7| ModelParameter a_0V 0.496 0.067 0.
8| ModelParameter a_lV -2.03 0.92 0.
9| 1.00 0.86
10| 0.86 1.00
11
12| <All the model parameters have to be listed here>
13
14 | # Observables:
15| Observable Mw Mw M_{W} 80.3290 80.4064 MCMC weight 80.385 0.015 0.
16 | Observable GammaW GammaW #Gamma {W} 2.08569 2.09249 MCMC weight 2.085 0.042 0.
17| #
18 | # Correlated observables:
19 | CorrelatedGaussianObservables 2Zpole2 7
20| Observable Alepton Alepton A {1} 0.143568 0.151850 MCMC weight 0.1513 0.0021 0.
21| Observable Rbottom Rbottom R_. (b) 0.215602 0.215958 MCMC weight 0.21629 0.00066 0.
22 | Observable Rcharm Rcharm R {c} 0.172143 0.172334 MCMC weight 0.1721 0.0030 O.
23| Observable AFBbottom AFBbottom A_: \_{FB}"{b} 0.100604 0.106484 MCMC weight 0.0992 0.0016 O.
24 | Observable AFBcharm AFBcharm A_ \_{FB}"{c} 0.071750 0.076305 MCMC weight 0.0707 0.0035 0.
25| Observable Abottom Abottom A_(b) 0.934320 0.935007 MCMC weight 0.923 0.020 0.
26 | Observable Acharm 0.666374 0.670015 MCMC weight 0.670 0.027 0.
27| 1.00 0.00 0.00 0.05
28| 0.00 1.00 -0.18 0.04
29| 0.00 -0.18 1.00 -0.06
30| 0.00 -0.10 0.04 0.01
31| 0.00 0.07 -0.06 0.04
32| 0.09 -0.08 0.04 0.11
33| 0.05 0.04 -0.06 1.00
34| #
35| # Output correlations:
36| Observable2D MwvsGammaW Mw M_{W} 80.3290 80.4064 noMCMC noweight GammaW #Gamma_{W} 2.08569
37 ...
38| Observable2D Bd_Bsbar_mumu noMCMC noweight
39| Observable BR_Bdmumu BR(B_{d}#rightarrowsmu#mu) 1. -1. 1.05e-10 0. 0.
20| Observable BRbar_Bsmumu BR(B_{s}#rightarrowfmufmu) 1. -1. 3.65e-9 0. 0.
41
42 ObservableZD S85_P5 noMCHC nwetht
43 | BinnedObservable 1. -1. 0. 0. 0. 4. 6.
44| BinnedObservable p_s 1:_5 1. -1. 0. 0. 0. 4. 6.
45| #
46| # Including other configuration files
47| IncludeFile Flavour.conf
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Introduction HEPfit Summary

StandardModel.conf

2.09249

lodel
¥ Model parameters:
ModelParameter mtop 173.2 0.9 0.
ModelParameter mHl 12506 0.3 0.
CorrelatedGaussianParameters V1_lattice 2
ModelParameter a_0V  0.496 0:067 0.
ModelParameter a_1V -2.03  0.92 0. Para meter VaIUeS
1.00  0.86
086 1.00
<All the model parameters have to be listed here>
14| # Observables:
15| Observable Mw M M_(W) 80.3290 80.4064 MCMC weight 80.385 0.015 0.
16| Observable GammaW  GammaW  #Gamma_{W} 2.08569 2.09249 MCMC weight 2.085 0.042 0.
17| #
18| # Correlated observables:
19| CorrelatedGaussianObservables Zpole2 7
20| Observable Alepton Alepton A {1} 0.143568 0.151850 MCMC weight 0.1513 0.0021 0.
21| Cbservable Rbotton Rhotton K_{b) 0.215602 0.215958 MCMC weight 0.21629 0.00066 0.
22| Observable Rcharm  Rcharm  R_{c} 0.172143 0.172334 MCMC weight 0.1721 0.0030 0.
23| Observable AFBbottom AFBbottom A_{FB}"{b) 0.100604 0.106484 MCMC weight 0.0992 0.0016 0.
24| Observable AFBcharm AFBcharm A_{FB}"{c} 0.071750 0.076305 MCMC weight 0.0707 0.0035 0.
25| Observable Abottom Abottom A_{b} 01934320 0.935007 MCMC weight 0.923  0.020 0.
26| Observable Acharm 0.666374 0.670015 MCMC weight 0.670 0.027 0.
27/ 1.00  0.00 0.00 0.05
28| 0.00 1.00 -0.18 004
29| 0.00 -0:18 1.00 ~0.06
30| 0.00 -0.10 0.04 0.01
31)0.00 0.07 -0.06 0.04
32/ 0.09 -0.08 0.04 0:11
33/ 0.05 0.04 -0.06 1.00
3| #
35| # Output correlations:
36| Observable2D MwvsGammaW M# M_{W} 80.3290 80.4064 noMCMC noweight GammaW #Gamma_{W} 2.08569
37| ...
38| Observable2d Bd_Bsbar_mumu noMCMC noweight
39| Observable BR Bdmuma BR(B_{d}#rightarrowfmufmu) 1. -1. 1.05e-10 0. 0.
40| Observable BRbar Bsmumu BR(B_{s}frightarrowfmu#mu) 1. -1. 3.65e-9 0. 0.
41
42 | Observable2p S5_P5 noHCHC noweight
43| BinnedObservable 1.-1. 0. 0. 0. 4. 6.
41| Dinnedobservable 576 T W S S S M
45| #
46| # Including other configuration files
47| IncludeFile Flavour.conf
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StandardModel.conf

StandardModel

# Model parameters:
ModelParameter mtop 173.2
ModelParameter mHL 125.6

ModelParameter a_0V 0.496
ModelParameter a_lV =-2.03
1.00 0.86

0.86

0.067
0.92

1

2

3

4

5] ...

6| CorrelatedGaussianParameters
7

8

9

0 1.00
o

2

0.9
0.3

V1_lattice 2

0.

<All the model parameters have to be listed here>

oo

# Observables:
Observable Mw
Observable GammaW GammaW
#

# Correlated observables:
CorrelatedGaussianObservables 2pole2 7

80.3290 80.4064 MCMC weight 80.385 0.015 0.

M_{W}
#Gamma_{W} 2.08569 2.09249 MCMC weight 2.085 0.042 0.

Observable Alepton Alepton A_{1} 0.143568 0.151850 MCMC weight 0.1513 0.0021 0.
Sbsorvable Heottom Rbottom (b} 01215602 0.215958 MCMC weight 0.21629 0.00066 0.
Observable Rcharm  Rcharm R 0.172143 0.172334 MCMC weight 0.1721 0.0030 0.
Cboorvable AEBbottom ATBhowtom ATiEN}*(b) 0.109804 0106434 McG weiohe 0.0993 0.0016 0.
Observable AFBcharm AFBcharm A_{FB}"{c} 0.071750 0.076305 MCHC weight 0.0707 0.0035 0.
Observable Abottom Abottom A 01934320 0.935007 MCMC weight 0.923  0.020 0.
Observable Acharm 0.666374 0.670015 MCMC weight 0.670 0.027 0.
1.00  0.00  0.00 0.05
000 1.00 -0.18 0.04 0
000 -0.18 1.00 -0.06 b bl d
000 -0.10 0.04 0.01 S€rvables an
000 0.07 -0.06 0.04
009 -0.08 0.04 0.1 i
0,05 0.04 -0.06 1.00 predlctlons
#
# Output correlations:
Observable2D MwvsGammaW Mw M_{W} 80.3290 80.4064 noMCMC noweight GammaW #Gamma_{W} 2.08569 2.09249
Observable2d Bd_Bsbar_mumu notcic noweight
Observable  BR Bdmuma BR(D_{d)#rightarrowfmufmu) 1. -1. 1.05e-10 0. 0.
Observable BRbar_Bsmumu BR(B_{s}#rightarrowfmufma) 1. -1. 3.63e-9 0. 0.
Observable2d S5_PS noUCH noweight
Binnedobservable 1. -1. 0. 0. 4 .
Bimedobservable 576 o o i .
46| # Including other configuration files
47| IncludeFile Flavour.conf
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Observable list

The release candidate

2

contains more than 1000 observables

oG] | Commants

)

Otto Eberhardt

HEPfit

9/18



Introduction HEPfit Summary

Observable list

The release candidate 2 contains more than 1000 observables
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Introduction HEPfit Summary

Standard Model

Full flexibility in the Standard Model:
e 3 gauge couplings: g1, g, g3 (or Aag‘r;)d, Mz, as)
e my and A (or v or Gf)

e 9 fermion masses: m,, my, ms, Mc, Mp, Mz, Me, My, M:

"] /\, A, ,5, 77 (or 912, 913, 923, and (S)

‘ 18 (real) parameters‘
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Standard Model — observables

Many flavour and electroweak observables

- - - i S [ 68% and 95% probability contolur
0.4 B SM@HEPfit, full fit 8 250 ||| 1] Fit without M,,, m|, and m|,
¥ LHCb 2015 = L[] Fit without M,, and m,
£ | [T Fun Fit
0.2 L [T_T] Experimental it

)

0.4 150 j
0 1 2 3 ) a4 25 6 7 8 — ‘80‘3 — ‘80_4‘
¢" [GeV7] Mw [GeV]
[Ciuchini et al. '15] [de Blas et al. '16]
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Introduction HEPfit Summary

Generic SM extensions in HEPfit

Modified Zbb couplings
(5glg,L)

EW pseudo-observables
(S, T,U/oei, 0ep)

Modified Higgs couplings
(Ku,d,ew,z)

SM effective theory
(59 C,')

Electroweak chiral Lagrangian
(9 C,')
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Generic SM extensions in HEPfit

Modified Zbb couplings s
(5g£7,_) 0.04
EW pseudo-observables 0.02

(S, T,U/oei, 0ep)

Modified Higgs couplings
(Ku,d,ew,z)

Ll P R |
-0.02 0 0.02 0.04 0.06

6gt:

SM effective theory
(59 C,')

Electroweak chiral Lagrangian [de Blas et al. "16]
(9 ci)
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Generic SM extensions in HEPfit

Modified Zbb couplings
(5glg,L)

EW pseudo-observables
(S, T,U/oei, 0ep)

o
P [ 68% Probability
[ 95% Probability
[199% Probability

0.5

Modified Higgs couplings
(Ku,d,ew,z)

-0004 0002 0 0002 0004
Oe,

SM effective theory
(59 C,')

Electroweak chiral Lagrangian [de Blas et al. "16]
(9 ci)
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Generic SM extensions in HEPfit

Kt

Modified Zbb couplings
(5glg,L)

EW pseudo-observables
(57 Ta U/6€i> 551))

Modified Higgs couplings
(Ku,d,e,w,z)

SM effective theory
(59 C,')

Electroweak chiral Lagrangian [de Blas et al. "16]
(9 ci)
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Introduction HEPfit Summary

Generic SM extensions in HEPfit

Modified Zbb couplings
(5glg,L)

EW pseudo-observables
(S, T,U/oei, 0ep)

Modified Higgs couplings
(Ku,d,ew,z)

SM effective theory

(59 C,')
Electroweak chiral Lagrangian
(9 ci)
Otto Eberhardt HEPfit
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Introduction HEPfit Summar y

Generic SM extensions in HEPfit

t
N

Cy Cg Cu cr Ce Cb
Lo o mo n - No kb - o
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Modified Zbb couplings
(6glg7L)

EW pseudo-observables
(5, T, U/5€;,5€b)

EN 63.3% region
95.4% region
HEEl 99.7% region

no

No

Modified Higgs couplings
(Ku,d,ew,z)

s

SM effective theory
(59 C,')
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Electroweak chiral Lagrangian
(9 C,')

de Blas, OE, Krause '18]
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New physics models in HEPfit

2HDM with(out) Z symmetry
(7 / 66 parameters)

Georgi-Machacek model
(8 parameters)

Manohar-Wise model
(14 parameters)

MSSM with complex couplings
(108 parameters)

Left-Right symmetric model
(13 parameters)

Otto Eberhardt HEPfit
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New physics models in HEPfit

W yy decays N WW decays

2HDM with(out) Z symmetry e Dz
(7 / 66 parameters) = decays

Georgi-Machacek model
(8 parameters)

Manohar-Wise model
(14 parameters)

MSSM with complex couplings
(108 parameters) 05T

tanB

Left-Right symmetric model [Chowdhury, OE '17]

(13 parameters) Dedicated ICHEP talk: IFI C
Current status of 2HDM's  [iilliR
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New physics models in HEPfit

Bl 5 decays B 77 decays
B b decays e pp decays
77 decays Z~ decays

2H DM Wlth(out) Zz sym metry Bl VW decays [ All signal strengths

(7 / 66 parameters)

Georgi-Machacek model
(8 parameters)

Manohar-Wise model
(14 parameters)

MSSM with complex couplings
(108 parameters)

Left-Right symmetric model [Chiang, Cottin, OE 18]
(13 parameters)
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New physics models in HEPfit

2HDM With(OUt) Z2 symmetry “ BN LO unitarity

(7 / 66 parameters) €0 NLO unitarity
HEl NLO+ unitarity

. . ZZ "| mmm R’ conditions
Georgi-Machacek model < \ ” e

(8 parameters) 2(,

Manohar-Wise model 20

(14 parameters) (I) !: @ Q
MSSM with complex couplings . 1?]@51 ‘!] G Q

(108 parameters) R

Left-Right symmetric model [Cheng, OE, Murphy, '18]
(13 parameters)
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New physics models in HEPfit tanf=5  — Babarnow  — Bellell3 b

B tanf=25 -~~~ Belle now —— Belle 11 50 ab™*

My =M;=M;=2TeV, u=500 GeV,
mz=1TeV, m; :=[600,800] GeV,
Te,23=10,5] Tev

2HDM with(out) Z symmetry
(7 / 66 parameters)

1077

Georgi-Machacek model
(8 parameters)

Br(t-uy)
S

Manohar-Wise model
(14 parameters)

MSSM with complex couplings 107 005 01 05

(108 parameters) 023

Left-Right symmetric model [OE, Paul, '18]
(13 parameters)
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Introduction HEPfit Summary

Implementation of your own model

User-defined models and observables can easily be defined as

external modules:

‘Model parameters‘ \
HEP[ili}

[Gbservables] —

Otto Eberhardt HEPfit

p.d.f. histograms
and predictions
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Introduction HEPfit Summary

Library and Monte Carlo modes

Until here only a collection of formulae,
which can be used as a library.

No analytical treatment, but (very) fast evaluation
as compared to e.g. Mathematica

Parallelized Markov Chain Monte Carlo simulations
with the Bayesian Analysis Toolkit (BAT).

Or use your own statistical set-up.

Otto Eberhardt HEPfit 15 / 18
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Introduction HEPfit Summary

Example - Unitarity triangle in the SM

Unitarity triangle fits with run time of at least a few days

gassanses =
B o]
i 0.5
1.5 A AT VA
-1.0 -0.5 0.0 0.5 1.0 15 20
P P
[CKMfitter '15] [UTHit '14]
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Example - Unitarity triangle in the SM

Unitarity triangle fit with HEPfit is possible on a laptop:
about 4 hours with two cores

UTfit collaboration

0'4;—'l”""”"”"”"”"': decided to use

0.3f ; HEPfit in the future!
0.2 ]

0.1} ;

0.0 ;

00 02 04 06 08 10

P
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Summary

http://hepfit.romal.infn.it

Calculates and fits Higgs, EW and flavour observables in
e Standard Model
e various effective theories
e scalar SM extensions (2HDM, Georgi-Machacek, Manohar-Wise)
e MSSM, Left-Right symmetry

Publications on B— K*¢*t¢~, EWPO, SMEFT, ewxL, 2HDM.
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