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Outline of the talk

o HEPfit

o What is it?
e Why is it a nice tool?

o Projects using HEPfit

@ An application: Global fit and future prospects on electroweak
couplings of top and bottom quarks
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What is HEPfit?

Usual “definition"

Flexible open-source C++ code to perform fits in the SM and
as many models as possible featuring flavour, electroweak and
Higgs observables

Open source, NO HEPfit collaboration
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What is HEPfit?

How does a phenomenologist work? (simplification!)

1. Take your favourite mode
2. Choose one/some observables

3. Compare theory and experimental
data

4. Write a paper
[From O. Eberhardt]
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2HDM,
Manohar-Wise

Higgs signal
strengths, Ry

LHC data
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What is HEPfit?

How does a phenomenologist work? (closer to reality)

1. Take your favourite mode
2. Choose one/some observables

3. Compare theory and experimental
data

4. Write a paper

Ana Pefiuelas HEPfit and EW fit

Observables may
depend on multiple
parameters

2HDM: Yukawa
couplings y; ', mass
of the scalars
MH,A,Hi' &,Cf...
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What is HEPfit?

How does a phenomenologist work? (closer to reality)

1. Take your favourite mode
2. Choose one/some observables

3. Compare theory and experimental
data

4. Write a paper
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Experimental
observables can be
correlated

Correlation between
several signal
strengths or between
Rp and Rp+
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What is HEPfit?

How does a phenomenologist work? (closer to reality)

1. Take your favourite mode _
Theoretical
uncertainties

2. Choose one/some observables

PDFs,

3. Compare theory and experimental form factors..

data

4. Write a paper
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What is HEPfit?

How does a phenomenologist work? (closer to reality)

1. Take your favourite mode
Problems with
2. Choose one/some observables referees

3. Compare theory and experimental
data

4. Write a paper
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Why is HEPfit a nice tool?

To solve this issues...

1. Parameter scan: Generate random points, evaluate observables
and take best points

o Inefficient
e You can miss features/solutions (global mode)
o No statistical meaning
2. Random scans with x? determination
e Still one can miss the global mode
3. Fitter

o Statistical framework which fits the model parameters to the
experimentally measured observables by maximising the
likelihood
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Fitters
VS. Bayesian
Determine the probability Bayes' theore’anD ,
of data for given P(x|D) = % —
parameters — p-value posterior probability
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(Frequentist vs. Bayesian)

Example-unfair coin
We flip an unfair coin that shows tails more than heads..

10 tri bability head Bayesian

5 1t(;|ez)b—> proda3 |1|’By eads 10 tries — probability heads
/ | ODSEIVe / 5/10. Observed 3/10

100 tries — probability heads

100 tries — probability heads
50/100. Observed 27/100 30/100. Observed 27/100

As tries increase, the observed
value is closer to the true value.
We do not incorporate our belief
to the fairness of the coin.

As tries increase, we modify the
prior belief that the coin is fair.
The posterior belief is modified.
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Fitters
VS. Bayesian
Determine the probability Bayes' theoregzm Po(x)
. X X
of data for given P(x|D) = TP(L P(D|x)P£(x)dx -
parameters — p-value posterior probability
, GAMBIT, GAPP, , . '

UTfit, HEPfit...
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HEPfit

@ Posterior distribution of all the
parameters and observables
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[From O. Eberhardt]
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HEPfit

e Correlation between parameters

[Model|  — [Parameters]

l Priors Pp(x)

Likelihood P(D|x)
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HEPfit

[Model | —

Likelihood P(D|x)

@ Comparision of prior and
posterior probability

Parameters
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HEPfit

.
mflt home developers samples documentation

HEPfit: a Code for the Combination of Indirect and
Ditect Constraints on High Energy Physics Models.

Higgs Physics Precision Electroweak Flavour Physics BSM Physics
i5can y The ics menu in

lyze data. in HEP: Model can be studied by adding
on signal strengths. HEPfit lepton flavour dynarmics. models in HEPE i,

http://hepfit.romal.infn.it
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Models and observables

Models implemented in HEPfit:

@ Standard Model

Two-Higgs doublets

Georgi-Machacek model

Standard Model Effective Field Theory
Manohar-Wise models

MSSM with complex couplings
Left-Right symmetric model

Other generic SM extensions

Ana Pefiuelas HEPfit and EW fit

18 parameters
7/66 parameters
8 parameters
59 parameters
14 parameters
108 parameters

13 parameters
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Models and observables
Observables implemented in HEPfit:

@ Electroweak precision observables
e STU
e W mass and width
o ...
Higgs physics
e Strengths
e Direct searches
Flavour observables
AF=2AF=1
B —1v
B — DMy

Theoretical constraints
Electroweak observables

Model-dependent observables
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HEPfit at IFIC

Ongoing projects

“Global fits in the coloured scalar model” O. Eberhardt, V. Miralles,
A. Pich

“Lepton Flavour Violation in hadron tau decays and { — T
conversion in nuclei” T. Husek, K. Monsalvez-Pozo, J. Portolés

“Global fits in the A2HDM" O. Eberhardt, A. Pefiuelas, A. Pich

Published

“The electro-weak couplings of the top and bottom quarks - global
fit and future prospects” G. Durieux, A. Irles, V, Miralles, A.
Pefiuelas, R. Péschl, M. Perells, M. Vos
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The electro-weak couplings of the top and bottom quarks -
global fit and future prospects

@ NP model predict deviations for the electroweak (EW)
couplings of top and bottom quarks [G. Durieux, O.
Matsedonskyi, 2019]

@ Top quark EW sector poorly constrained

@ LHC measurements provide the first constraints on top EW
couplings

e Data from LHC, LEP and SLC + EFT — current constraints
and prospects in future colliders
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Theoretical framework

1
Legs = Lsm + A2 Z GOi+0 (A1)

S | M LEP! +SLD,R 916 GeV,~02nb" _
(T 11, o1q(68). 250 Gev., 1 ab” Complementarity between bb
ILC, 0p4(tf). 500 GeV, 2 ab! - —
i ) (LEP) and tt (future eTe
collider)
0r t_ 1 3 2 /A2
ogL = — (CwQ - CeaQ) my [\
b _ 1 3 2 /72
6gL = — (C<pQ + CSOQ) mt//\
arXiv:1807.02121
_02 L 1 L
-02 0 0.2

(]
C¢Q
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Theoretical framework

—
o, =% gy 'iD e,
<§Q B y2t2 _q7 5 SDT _<_>7('0 — left and right-handed
Ol = 2 974w ’gﬂ @ couplings of the top
Opu =%  y'u w*igﬂcp, and bottom quark to the Z
> -
Opg =% dy*d 1D,

yz—fz oy*d goTeiDugo,

Oap ud

Ow = Yt8w ‘_77—,04“/“ 690* W;,{J/?
Odaw =yegw §rlotd ep*W),
Ous = yt8vy gotu ep* B;U/)

Oug = Yt8y 50’“’61 590* B;u/’

— EW dipole operators

Ouwpe = Gu ep* plp,

— top yukawa
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LHC and LEP data

Process Observable NG Experiment

pp — ttH cross section | 13 TeV | ATLAS 2016 Observables
pp — ttZ/W cross section | 13 TeV | ATLAS 2019 with

pp — tty fid. x-sec. 13 TeV | ATLAS 2018 tree-level
single-top (t-ch) | cross section | 13 TeV CMS 2018

single-top (Wt) | cross section | 13 TeV CMS 2018 dependence
single-top (tZq) | cross section | 13 TeV CMS 2018 on the dim-6
t— Wth Fo, F1 8 TeV ATLAS 2016 operators
e"et — bb Ry, AL o | ~91 GeV | LEP, SLC

EWPO and flavour observables not included
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Results - LHC and LEP/SLC data
68% probability for each Wilson coefficient

IF‘:LOZ T T T T T T T T
E .AII observables .Best observable DSecond best
olx
~——
< - E
LENS oy 2 o5 2y < geEs e Bz
10

107

Cot CiQ Cio Cw Ce Cp Gw GCi Cu

@ Good interplay between the parameters and choosen
observables
e LHC: good observables for a LHC EW top fit
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Results - LHC and LEP/SLC data

T T T T —
LEP/SLC+LHCRUn2 Individual
— Marginalized
ggt B
CTQ .
90 —_——
Cow -
Co — R
CW’ IR AP
C(pb RS A=
CbW —_—Vye ¥
CbB /5 [ Y W
dth x. x
. 1 1 1

-10 -5 0 5 10
c
A—'Z[TeV'Z]
@ Robust fit with all operators

@ Global limits weaker for some operators (large observable
hierarchy)
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Results - Impact of A=* terms

A2 and A=* terms A2 term only
Cot/N? (—-16,—2.4) (—2.1,+4.5)
Clo/N (—1.9,-0.4) (—0.7,+0.5)
Cho/ N (—1,+1.7) (—0.6,+0.7)
Cew /N (—0.4,+0.2)  (—0.42,+0.24)
Cig/N? (—6.8,+5.6) (—9.6,+38.4)
Cep/ N2 (—4.6,-0.4) (—4.42,0)
Cob/ N (—5.4,+0.2) (—0.6,+0.2)
Cow /N (—2.6,+2.1) —
Cog/N? | (—31.2,+2.4), (+14.4,+18) —
Cotn/N? (-5.2,5.6) —

@ A% terms — two minima for Cpg

o Cig : N2 term suppressed in ttX
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Results - Impact of A=* terms

A2 and A=* terms  A~2 term only
Cot/ N (—16,—2.4) (—2.1,+4.5)
Clo/N (—1.9,-0.4) (—0.7,+0.5)
Cho/N (—1,+1.7) (—0.6,+0.7)
Cew /N2 (—0.4,4+0.2)  (—0.42,40.24)
Cig/N? (—6.8,+5.6) (—9.6,+38.4)
Crp/ N2 (—4.6,—0.4) (—4.42,0)
Cob/ N (—5.4,+0.2) (—0.6,+0.2)
Cow /N2 (—2.6,+2.1) —
Cog/N? | (—31.2,+2.4), (+14.4,+18) —
Cotn/N? (-5.2,5.6) —

o Cpw, Cpp, Cyep: interference with the SM (A=2) vanish if
mp =0 (no limits)

o A~* terms — validity of EFT expansion carefully!

e Concret BSM scenario: verify dim-8 operators are IFIC
subdominant comparing to dim-6

INSTITUT DE FISICA
CORPUSCULAR
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Future prospects: HL-LHC
HL-LHC: 300 fb—1, 14 TeV

e S1: Stat. uncertainty scaled with luminosity
e S2: Stat. and syst. uncertainty scaled with (integrated
luminosity)/2. Theory uncertainty reduced factor of 2

’_‘102 T T T T T T T T T

Q@

% . LEP/SLC + LHC Run 2 .+ HL-LHC S1 .+ HL-LHC S2
=10 b arXiv:1907.10619

7=

107 i
C(pl Cpr C‘po CIW

Solid: individual fit. Dotted: 10-parameter fit
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Future prospects: HL-LHC

@ S1 Wilson coefficients only improve marginally — conservative
assumptions on systematic uncertainties

@ S2 almost all bounds improve

@ Cip: limited sensibility to LHC observables

: 102 T T T T T T T T T
> [ =pssic + LHe Run2 B icst  [l+Hities2
()
= 10 arXiv:1907.10619
/.=\ Z
U«
~1

1072

_
<

107
Cu CiQ CJPQ Cw Cu Gy C(pb Cow Cis anb

Solid: individual fit. Dotted: 10-parameter fit
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Future prospects: ILC

o(e*e” — X) (fb)

| I I
0 1000 2000 3000
Vs (GeV)
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Future prospects: ILC 250

ILC250: /s = 250 GeV
o Including cross-section and Ag, from bb production

(\’._‘ 102 T T T T T T T T T
I> . LEP/SLC + LHC Run 2 .+ HL-LHC s1 .+ HL-LHC S2 .+ ILC250
(0]

=

& 10
—_

Nl o
Ul<
~—1

P

arXiv:1907.10619

107!

1072

1073

C

ot C?no C‘lpQ Cw Cs Gy C(pb Cow Cis

Solid: individual fit. Dotted: 10-parameter fit

Ana Pefiuelas HEPfit and EW fit 20/ 24



HEPfit EW fit: Introduction EW fit: results EW fit: prospects EW fit: top Yukawa Final remarks

Future prospects: ILC 250

@ b-quark operator bounds improve one order of magnitude

o Left-handed couplings barely improve compared to LEP

(\’._‘ 102 T T T T T T T T T
: LEP/SLC + LHC R HL-LHC § HL-LHC S! ILC:
% . + un 2 .+ 1 .+ 2 .+ 250
=10 .
—— arXiv:1907.10619
e B
=, - |
s T E
107! . E
107 E
107 . )
C, Coy Cw Cs Cy Cp GCw Cp Cu

Solid: individual fit. Dotted: 10-parameter fit

Ana Pefiuelas HEPfit and EW fit 20/ 24



HEPfit EW fit: Introduction EW fit: results EW fit: prospects EW fit: top Yukawa Final remarks

Future prospects: ILC 250

@ Right-handed and dipole operators improve significantly

@ t-quark operators improve somewhat due to the correlation

(\’._‘ 102 T T T T T T T T T
: LEP/SLC + LHC R HL-LHC § HL-LHC S! ILC:
% . + un 2 .+ 1 .+ 2 .+ 250
=10 .
—— arXiv:1907.10619
e B
=, - |
s T E
107! . E
107 E
107 . )
C, Coy Cw Cs Cy Cp GCw Cp Cu

Solid: individual fit. Dotted: 10-parameter fit
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Future prospects: ILC 500
ILC500: /s = 500 GeV

o Including cross-section and Ag, from bb production and
optimal tt observables

(\'l_‘ 102 T T T T T T T T T

> . LEP/SLC + LHC Run 2 .+ HL-LHC S1 . +HL-LHC s2 .4- ILC250 D+ ILC500
o

arXiv:1907.10619

s

Cyt CiQ C(IPQ Cw Co Cy Cu Cw Cn Cuw

Solid: individual fit. Dotted: 10-parameter fit
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Future prospects: ILC 500

o b-sensibility similar to ILC250: bb production decreases with
center of mass energy
e Additional ete™ — tf: access to Z/vtt vertices

— 102 T T T T T T T T T

> . LEP/SLC + LHC Run 2 .+ HL-LHC s1 . +HL-LHC s2 .f ILC250 D+ ILC500
o

arXiv:1907.10619

Cyt CéQ C(IPQ Cw Co Cy Cu Cw Cn Cuw

Solid: individual fit. Dotted: 10-parameter fit
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Future prospects: ILC 500

@ Bounds on top-quark operator reduced 1-2 orders of magnitude

@ Bounds for the left-coupling reduced in the global fit

t\’l_‘ 102 L] L] L] L] L] L] L] L] L]
> . LEP/SLC + LHC Run 2 .+ HL-LHC S1 . + HL-LHC S2 .+ ILC250 D+ ILC500
(5]

H

- 10
—_——

Nl (3]
Ul<
~— 1

<

arXiv:1907.10619

107!
1072

1073

Solid: individual fit. Dotted: 10-parameter fit
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Top Yukawa coupling

Why top-quark Yukawa is important?

Cttp V2
A2

° Jyr = —
e Larger coupling in the SM

@ NP model can shift it (2HDM, supersymmetric models,
composite Higgs...)

e ttH production provides a direct constraint
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EW fit: top Yukawa

Top Yukawa coupling

scenario LHC Run 2 HL-LHC S2 ILC500
+LEP/SLC +LEP/SLC
Vs, [ L 13TeV,36fb"1 14 TeV,3ab"1 500 GeV, 4 ab"1
68% probability interval for effective operator coefficient Cr,/A? [TeV 7]
individual [~4.4,40.0]  [~0.55,+0.55] [—1.06, +1.06]
marginalized [—4.6,-0.2] [-0.55,+0.55] [-1.07,41.07]
corresponding relative uncertainty on top-quark Yukawa coupling Ay, /y; [%]
individual 13.2 33 6.4
marginalized 13.2 33 6.4

@ Top Yukawa in the global fit is robust but improvable

@ Operators affecting ttH need to be controlled with other
operators
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Final remarks

@ HEPfit is an useful to calculate different observables in
different models

@ An application to electro-weak couplings of the top and
bottom quark has been shown

e We obtain constraints from LHC 4+ LEP+SLC data

e We present prospects for HL-LHC and ILC
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Back up

Bayesain framework

Bayes theorem (model parameters x, data D):

P(D|X)P0(X)
J P(D|x)Po(x)dx

P(x|D) =

Po(x) — prior distribution of the parameters. Prior knowledge of
the parameters (can come from experiments or theory)

| P(D|x)Py(x)dx — normalization or evidence

P(D|x) — likelihood

Marginalized distributions (1D)

P(xi|D) = /x\D T %

JF#i
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Back up

Markov Chain Monte Carlo

@ Posterior distribution difficult to calculate when there is a
prolifeation in model parameters

@ Using naive Monte Carlo sampling algorithm can lead to
unacceptable exectuion

e MCMC in BAT

1. Start at a random point in the parameter space x

2. Generate a proposal point y according to a symmetric
probability distribution g(x, y)

3. Compare the value of the function f at proposal point y with
the value at the current point x. The proposal point is
accepted if:

o f(y) = F(x)

o otherwise, generate a random number r from a uniform
distribution in the range [0, 1] and accept the proposal if
f(y)/f(x) > r If neither conditions are satisfied the proposal
is rejected.

4. Continue from step 1
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Back up

MPI implementation

Physics Problem Hardware Run Configuration Time

3 nodes, 120 CPUs | 120 chains, 1.4M iterations | 00:02:10
1 nodes, 40 CPUs | 40 chains, 600K iterations 00:00:21
6 nodes, 240 CPUs | 240 chains, 12.5K iterations | 02:05:00
6 nodes, 240 CPUs | 240 chains, 39K iterations 05:20:00

Unitarity Triangle Fit

b — s decays in SMEFTT [?]

combination of Higgs signal 1 node, 16 CPUs 16 chains, 5M iterations 00:14:15
strengths and EWPO[?] 1 node, 16 CPUs 16 chains, 24M iterations 02:08:00
D — PP decays and CP 3 nodes, 240 CPUs | 240 chains, 4M iterations 00:18:30
asymmetry[?] 1 node, 8 CPUs 8 chains, 200K iterations 00:00:10

Table: Some representative runs with HEPfit to show the advantages of
the MPI implementation. Times are given in DD:HH:MM. The number
of iterations refer to the sum total of pre-run and main-run iterations.
The number of chains are equal to the number of CPUs by choice. The
b — s analysis is done with factorized priors, hence the number of
iterations should be multiplied by the number of parameters (~50) to get
a comparative estimate with the other cases. All runs performed in thyg

BIRD or Maxwell clusters at DESY, Hamburg. IFIC

INSTITUT DE FISICA

CORPUSCULAR
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Back up

Including two-lepton and two-fermion operators

O/{, = % avuq _/’YN/7
O,‘:’? = % E]T"yuq !~k
Oy = % uy,u JEGIR
Oy = % dy.d Iy,
Oeq = % EI’Yuq é,yue’
Oeu =5 Uyuu  eYle,
Oeq E% c_ifyud évte
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Back up

Including two-lepton and two-fermion operators

10-parameter fit ~ 17-parameter fit

ILC250 + ILC500 + 1LC1000
Cot/ N 0.01 0.09
Clo/N 0.005 0.04
Cho/N 0.005 0.04
Cow /N2 0.02 0.014
Cig/N? 0.02 0.015
Crp/ N 0.54 0.54
Cob/N? 0.007 0.008
Cow /N? 0.09 0.17
Cpp/N? 0.13 0.17
Corn/N? 1.9 1.9
Ceu/N? — 0.0006
Ced/N? — 0.0005
Ceq/N? — 0.0004
Cuu/N? — 0.0006
Cig/N? — 0.0009
Co /N2 — 0.0006
c,% /N — 0.0005
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