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Introduction

After the discovery of the Higgs the SM seems to be complete,

BUT several experimental and theoretical issues remain unsolved
o 750-GeV-diphoton-excess
o Dark matter
@ Origin of matter
@ Neutrino masses
@ Hierarchy problem

@ Vacuum stability
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Introduction
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Introduction

Mass distribution of the elementary particles:

particles
A

41
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Introduction

Why another Higgs doublet (“2HDM")?

@ No reason to assume only one Higgs doublet
The 2HDM could serve as effective model,
for instance for NHDM's or the MSSM.

@ Solution to the vacuum stability problem
@ Solution to the “big desert” problem

@ More complicated 2HDM's are interesting for dark matter,
baryogenesis, EW phase transition and could explain
discrepancies between certain flavour observables
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HEPfit
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What is HEPfit?

Flexible open-source C++ code to do calculations with various
observables in the SM and beyond:

@ Simple user-defined models and/or observables
@ Stand-alone or library modes to compute single observables

@ Optional Bayesian fitting framework to do global statistical
analyses
(run-time optimized, parallelized; can be replaced by a
different one)

Our goal: 4S — as much as fast and as precise as possible
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Installation and usage

Depends on: ROOT, GSL, Boost, Bayesian Analysis Toolkit (BAT)
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Installation and usage

Depends on: ROOT, GSL, Boost, Bayesian Analysis Toolkit (BAT)

tar zxvf HEPfit-x.x.tar.gz && cd HEPfit-x.x && cmake . -DLOCAL_INSTALL_ALL=ON -DMPIBAT=0N && make && make install
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Installation and usage

Depends on: ROOT, GSL, Boost, Bayesian Analysis Toolkit (BAT)

tar zxvf HEPfit-x.x.tar.gz
cd HEPfit-x.x
cmake . -DLOCAL_INSTALL_ALL=0ON -DMPIBAT=0N

make
make install
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Installation and usage

Depends on: ROOT, GSL, Boost, Bayesian Analysis Toolkit (BAT)

tar zxvf HEPfit-x.x.tar.gz
cd HEPfit-x.x
cmake . -DLOCAL_INSTALL_ALL=0ON -DMPIBAT=0N

make
make install

./analysis StandardModel.conf MonteCarlo.conf
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StandardModel.conf

One configuration file to rule them all:
e Model (SM or extension)
@ Parameter values

@ Observables

Otto Eberhardt 2HDM fits with |[EIfit
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StandardModel.conf

Otto Eberhardt

StandardModel

# Model parameters:

ModelParameter mtop 173.2 0.9 0.
ModelParameter mHL 125.6 0.3 0.

CorrelatedGaussianParameters  V1_lattice 2

ModelParameter a_0V 0.496 0.067 0.
ModelParameter a_lV =-2.03 0.92 0.
1.00 0.86
0.86 1.00

<All the model parameters have to be listed here>

# Observables:
Observable Mw
Observable GammaW GammaW
#

# Correlated observables:
CorrelatedGaussianObservables 2pole2 7

Observable Alepton Alepton A_{l} 0.143568 0.151850 MCMC
Observable Rbottom Rbottom R_ (b) 0.215602 0.215958 MCMC
Observable Rcharm  Rcharm  R_ 0.172143 0.172334 MCMC
Observable AFBbottom AFBbottom A_ (ra) {b} 0.100604 0.106484 MCMC
Observable AFBcharm AFBcharm A_{FB}"{c} 0.071750 0.076305 MCMC
Observable Abottom Abottom A_{b} 0.934320 0.935007 MCMC
Observable Acharm 0.666374 0.670015 MCMC
1.00  0.00  0.00 0.05

0.00 1.00 -0.18 0.04

0.00 -0.18 1.00 -0.06

0.00 -0.10 0.04 0.01

0.00 0.07 -0.06 0.04

0.09 -0.08 0.04 0.11

0.05 0.04 -0.06 1.00

#

# Output correlations:
Observable2D MwvsGammaW Mw M_{W} 80.3290 80.4064 noMCMC noweight

Observable2d Bd_Bsbar_mumu notcic noweight

Observable  BR_Bdmuma BR(B_{d}#rightarrow#mu#mu) 1. -1.

Observable BRbar_Bsmumu BR(B_{s}#rightarrow#mu#mu) 1. -1.

Observable2D S5_P5 = nowetht

BinnedObservable 1. -1. 0. 0. 0. 4. 6.
0. 4. 6.

BinnedObservable p_s 1:_5 1. -1. 0. 0.
#

# Including other configuration files
IncludeFile Flavour.conf

2HDM fits with

Conclusions

M_{W} 80.3290 80.4064 MCMC weight 80.385 0.015 0.
#CGamma_{W} 2.08569 2.09249 MCMC weight 2.085 0.042 0.

weight 0.1513 0.0021 0.
weight 0.21629 0.00066 0.

weight 0.1721 0.0030 O.
weight 0.0992 0.0016 O.
weight 0.0707 0.0035 0.
weight 0.923 0.020 0.
weight 0.670 0.027 0.

GammaW #Gamma_{W} 2.08569

1.05e-10 0. 0.
3.65e-9 0. 0.

2.09249
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StandardModel.conf

StandardModel )
3| ModelParameter mtop 173.2 0.9 0.
4 | ModelParameter mH1l 125.6 0.3 0.
5] ...
6| CorrelatedGaussianParameters 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 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 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} 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 noHCMC noweight
39| Observable BR_Bdmumu BR(B_{d}#rightarrowsmu#mu) 1. -1. 1.05e-10 0. 0.
40| Observable BRbar_Bsmumu BR(B_{s}#rightarrow#mu#mu) 1. -1. 3.65e-9 0. 0.
41
42 ObservableZD S5_P5 nDHCHC nowetht
43 | BinnedObservable 1. -1. 0. 0. 0. 4. 6.
44| BinnedObservable p_s p_s 1. -1. 0. 0. 0. 4. 6.
45| #
46| # Including other configuration files
47| IncludeFile Flavour.conf
Otto Eberhardt 2HDM fits with
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StandardModel.conf

Results Conclusions

lodel

# Model parameters:

ModelParameter mtop 173.2 0.9 0.

ModelParameter mH1 125.6 0.3 0.

CorrelatedGaussianParameters V1_lattice 2

ModelParameter a_0V 0.496 0.067 0.

ModelParameter a_lV -2.03 0.92 0.

1.00 0.86

0.86 1.00

<All the model parameters have to be listed here>
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 0.00 0.05
28| 0.00 1.00 -0.18 -0.10 0.04
29| 0.00 -0.18 1.00 0.04 -0.06
30| 0.00 -0.10 0.04 1.00 0.01
31| 0.00 0.07 -0.06 0.15 0.04
32| 0.09 -0.08 0.04 0.06 0.11
33| 0.05 0.04 -0.06 0.01 . 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 noHCMC 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 S5_P5 noHCHC 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 2HDM fits with
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StandardModel.conf

StandardModel

# Model parameters:

ModelParameter mtop 173.2 0.9
ModelParameter mHL 125.6 3

oo

ModelParameter a_0V 0.496 0.067
ModelParameter a_lV =-2.03 0.92 0.
1.00 0.86

0.86 1.00

1

2

3

4

5] ...

6| CorrelatedGaussianParameters V1_lattice 2
7 0.
8

9

0

2| <All the model parameters have to be listed here>
2

# Observables:

# Correlated observables:
CorrelatedGaussianObservables 2pole2 7

Observable Alepton Alepton A {1} 0.143568 0.151850 MCMC
Observable Rbottom Rbottom R_ (b) 0.215602 0.215958 MCMC
Observable Rcharm Rcharm R 0.172143 0.172334 MCMC

Observable AFBbottom AFBbottom A_ (ra) {b} 0.100604 0.106484 MCMC
Observable AFBcharm AFBcharm A_{FB}"{c} 0.071750 0.076305 MCMC
Observable Abottom Abottom A_{b} 0.934320 0.935007 MCMC
Observable Acharm c 0.666374 0.670015 MCMC

1.00 0.00 0.00 0.05
0.00 1.00 -0.18 0.04
0.00 -0.18 1.00 -0.06
0.00 -0.10 0.04 0.01
0.00 0.07 -0.06 0.04
0.09 -0.08 0.04 0.11
0.05 0.04 -0.06 1.00

#
# Output correlations:
Observable2D MwvsGammaW Mw M_{W} 80.3290 80.4064 noMCMC noweight

Observable2D Bd_Bsbar_mumu noMCMC noweight

Observable Mw Mw M_{W} 80.3290 80.4064 MCMC weight 80.385 0.015 0.
Observable GammaW GammaW #CGamma_{W} 2.08569 2.09249 MCMC weight 2.085 0.042 0.
#

weight 0.1513 0.0021 0.
weight 0.21629 0.00066 0.

weight 0.1721 0.0030 O.
weight 0.0992 0.0016 O.
weight 0.0707 0.0035 0.
weight 0.923 0.020 0.
weight 0.670 0.027 0.

GammaW #Gamma_{W} 2.08569

2.09249

Observable BR_Bdmumu BR(B_{d}#rightarrowsmu#mu) 1. -1. 1.05e-10 0. 0.
Observable BRbar_Bsmumu BR(B_{s}#rightarrow#mu#mu) 1. -1. 3.65e-9 0. 0.
ObservableZD S5_P5 noMCHC nometht
BinnedObservable 1. -1. 0. 0. 0. 4. 6.

BinnedObservable pvs P*S 1. -1. 0. 0. 0. 4. 6.
46| # Including other configuration files
47| IncludeFile Flavour.conf
Otto Eberhardt 2HDM fits with
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StandardModel.conf

StandardModel

# Model parameters:

ModelParameter mtop 173.2 0.9 0.
ModelParameter mHL 125.6 0.3 0.

CorrelatedGaussianParameters  V1_lattice 2

ModelParameter a_0V 0.496 0.067 0.
ModelParameter a_lV =-2.03 0.92 0.
1.00 0.86
0.86 1.00

<All the model parameters have to be listed here>

# Observables:
Observable Mw
Observable GammaW GammaW
#

# Correlated observables:
CorrelatedGaussianObservables 2pole2 7

Observable Alepton Alepton A_{l} 0.143568 0.151850 MCMC
Observable Rbottom Rbottom R_ (b) 0.215602 0.215958 MCMC
Observable Rcharm  Rcharm  R_. 0.172143 0.172334 MCMC
Observable AFBbottom AFBbottom A_ (rs) {b} 0.100604 0.106484 MCMC
Observable AFBcharm AFBcharm A_{FB}"{c} 0.071750 0.076305 MCMC
Observable Abottom Abottom A_{b} 0.934320 0.935007 MCMC
Observable Acharm 0.666374 0.670015 MCMC
1.00  0.00  0.00 0.05
0.00 1.00 -0.18 0.04
0.00 -0.18 1.00 -0.06
0.00 -0.10 0.04 0.01
0.00 0.07 -0.06 0.04
0.09 -0.08 0.04 0.11
0.05 0.04 -0.06 1.00

# Output correlations:
Observable2D MwvsGammaW Mw M_{W} 80.3290 80.4064 noMCMC noweight

Observable2d Bd_Bsbar_mumu notcic noweight

Observable  BR_Bdmuma BR(B_{d}#rightarrow#mu#mu) 1. -1.
Observable BRbar_Bsmumu BR(B_{s}#rightarrow#mu#mu) 1. -1.
Observable2D S5_P5 = nowetht

BinnedObservable 1. -1. 0. 0. 0. 4. 6.
BinnedObservable p_s 1:_5 1. -1. 0. 0. 0. 4. 6.

# Including other configuration files
IncludeFile Flavour.conf

Otto Eberhardt

2HDM fits with

Conclusions

M_{W} 80.3290 80.4064 MCMC weight 80.385 0.015 0.
#Gamma_{W} 2.08569 2.09249 MCMC weight 2.085 0.042 0.

weight 0.1513 0.0021 0.
weight 0.21629 0.00066 0.

weight 0.1721 0.0030 0.
weight 0.0992 0.0016 O.
weight 0.0707 0.0035 0.
weight 0.923 0.020 0.
weight 0.670 0.027 0.

GammaW #Gamma_{W} 2.08569

1.05e-10 0. 0.
3.65e-9 0. 0.

2.09249
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Some examples

Observable \ SM \ 2HDM \ SUSY \ Dim-6

Flavour:

B(Bs = utu™) | v v X X
B(B — Xsv) v v X X
B(T — pvy,3u) - - v X
Higgs:

Signal strengths | v v X v
Direct searches - v X -

)

Electroweak precision observables:
STU v v ] x| Vv )
() INF
C
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Some examples

Observable \ SM \ 2HDM \ SUSY \ Dim-6

Flavour:
BB —ptp)| v v x x )
B(B — Xsv) v v X X
B(T — pvy,3u) - - v X
Higgs:
Signal strengths | v v X v
Direct searches - v X -

)

Electroweak precision observables:
STU v v ] x| Vv )
() INF
C
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Some examples

B(Bs = w' ™) o<(|P? + |S[?)
2

P=Cpot B
B me/vmb—i—ms

2 2
S = 1 — 4mu mBs mb CS
més 2m2W mp + mg

For example C; = C?™ + C?°M

mp

Cp

B(Bs — ™) is defined as Flavour observable; /)
the C. are defined in StandardModel and 2HDM. INEN
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Standard Model

o Large spectrum of flavour observables (rare decays,
non-leptonic decays etc.), most of them at the highest
available precision

Otto Eberhardt 2HDM fits with
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Standard Model

o Large spectrum of flavour observables (rare decays,
non-leptonic decays etc.), most of them at the highest

available precision
(for instance B — K*¢( in arXiv:1512.07157

B SM@HEPfit, full fit
§  LHCb 2015

0.2 i

Otto Eberhardt 2HDM fits with |[E[S&fit 13 / 49


http://arxiv.org/abs/1512.07157

Introduction HEPfit 2HDM 2HDM constraints Results Conclusions

Standard Model

o Large spectrum of flavour observables (rare decays,
non-leptonic decays etc.), most of them at the highest
available precision
(for instance B — K*{¢ in arXiv:1512.07157

or unitarity triangle fit)

04 B SM@HEPfit, full fit 0.4F T T T T ™
§ LHcb 2015
02 0.3F ]
g ool ] 1= 02f 1
< 1
- % 0.1} E
-0.2] ﬁ-
0.0} 1
1 1 1 1 1 1
o 0.0 0.2 0.4 0.6 0.8 1.0
2 7 8 ﬁ
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Standard Model

o Large spectrum of flavour observables (rare decays,
non-leptonic decays etc.), most of them at the highest
available precision
(for instance B — K*{¢ in arXiv:1512.07157

or unitarity triangle fit)

o EWPO, LEP2 observables

04 B SM@HEPit, full fit 0.4F . T T : ——
§ LHCb 2015
0.2 03’ M
B ool T 1= 0-2f ]
< 1
— T 0.1f E
-0.2) ﬁ-
0.0F ]
1 1 1 1 1 1
[ 00 02 04 06 08 10
2 a 7 ] )
0? [ GeV?] p

Otto Eberhardt 2HDM fits with 13 / 49


http://arxiv.org/abs/1512.07157

Introduction HEPfit 2HDM 2HDM constraints Results Conclusions

Generic SM extensions

0.5 - [t
@ Oblique parameters (S, T, U and ¢;) 7
o Modified Zbb couplings (5gf’R) 0:*
e Modified Higgs couplings (kv r)
e Dimension 6 effective theory (G;/A2) [ . . |
Y o 0_58
IN?

C
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MSSM
1077 ]
now
@ Generic flavour structure <
implemented 0
S 1078t Bellell 10ab~4
o Lepton flavour violating decays: /A
E,- — f', f,‘ — 3fj, (g — 2)M'
1 to e conversion in nuclei BellelI 50ab-1
@ Vacuum stability constraints 109 / ,
0.01 0.1
: . P
@ We are working on metastability 23
and RGE. /)
INF

C
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Other models

@ 2HDM with softly broken Z, (see part 2 of this talk)
@ General 2HDM
o Left-Right symmetric model

@ Your model?

INF
C
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Run time

RS E
| ['excluded area has CL.>0.95 | ]
10

3
LA
Y

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

b 1= summeri4
'@N 7 -

L Y 4
[ esw (ula.arcbngﬂ ]
s AR |1 AN T
-1.0 -0.5 0.0 0.5 1.0 15 2.0
[
[CKMfitter "15] [UTfit '14]
Otto Eberhardt

INFN
(S

2HDM fits with |[EI3afit
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Run time

Unitarity triangle fit with HEPfit is possible on a laptop:
about 1 hour with eight cores

0.4 T T T
03 VY
0.2}
0.1} ]
0.0f ] A
00 02 04 06 08 10 INF

P (%
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2HDM
The model
Parameters

INFN
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Theory

Scalar Lagrangian:
Ly =(Du® ) (Do)
—m? oo

ey

INFN
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Theory

Scalar Lagrangian:
£2oM (D“CD;[)T(D“(Dl) + (D#d>2)T(DN<D2)
— m% CDJ{CDl — m% ¢£¢2

-5 (ele) -3 (oler)

INFN
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Theory

Scalar Lagrangian:
£2oM (D“CD;[)T(D“(Dl) + (D“d>2)T(DN<D2)
} m%ﬁb“b - m§2d>*<b2 + m3, (oo, + ofo,)

<¢T<D )2 (¢Tq> ) W (¢{¢1) (¢;¢2)
Y (¢T¢2) (olo,) - [25 <<b§d>2>2 + h.c.]
—{ e (ol0) + 27 (¢10,)] (¢1®,) + e}

INFN

Otto Eberhardt 2HDM fits with 21/ 49



Introduction HEPfit 2HDM 2HDM constraints Results Conclusions

Theory

Scalar Lagrangian:
£2oM (D“CD;[)T(D“(Dl) + (D“d>2)T(DN<D2)
— m}; 010, — m3,0l0, + mi, <¢J{¢2 * (DE(DI)

M = (o}e, )2 N = (o}e, ) — 3 (o]0, (o]o,)
Y <¢1¢2) <¢2¢1) _ [Af’ (cb*cb ) —I—h.c.]

assuming Z» symmetry ®, — —®,: 8 parameters /)
INFN
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Theory

Scalar Lagrangian:
£2oM (D“CD;[)T(D“(Dl) + (D“d>2)T(DN<D2)
— m}; 010, — m3,0l0, + mi, <¢1¢2 * <DJ£<D1)

_M <¢T¢ )2 2 <<DT<D ) W (¢{¢1) (¢;¢2)
Y <¢1¢2> <¢2¢1> _ [A5 (cbﬂb ) —I—h.c.]

assuming Z» symmetry ®, — —®,: 8 parameters n
assuming no CP violation: 8 real parameters INEN
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Yukawa Lagrangian:

Otto Eberhardt 2HDM fits with

+ h.c.}
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Theory

Yukawa Lagrangian:

3
EZYHDM _ Z [ qu)l) dk + )/jz,2 (aj(DZ) dk
J,k=1
+ szl (Qjio2®}) uk + YJZ2 (Qjic2®3) uy
YL it Vi (L2 b+ e

2HDM of type Il (no additional symmetry)

INFN
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Theory

Yukawa Lagrangian:

3
o= 3 [ @)
J,k=1
4 (Qjioas) u
+ Vi (L01) n h.c.}
2HDM of type | (additional Zp: @y — —®3)

INFN
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Theory

Yukawa Lagrangian:

3
= 3 [ @) o

Jk=1
+ V2 (QosdS)
AW
+ Vi (L01) n h.c.}
2HDM of type I (additional Zp: @y — — Do, ux — —uy)

-
INFN

C

Otto Eberhardt 2HDM fits with 22 /49



Introduction HEPfit 2HDM 2HDM constraints Results Conclusions

Theory

Re-parametrisation:

A1

Otto Eberhardt

v & 246 GeV
myo == 126 GeV
Mo

ma

V.e.v.
light CP-even Higgs mass
heavy CP-even Higgs mass
CP-odd Higgs mass
charged Higgs mass
diagonalisation angle of the

CP-even mass matrix
diagonalisation angle of the

CP-odd and charged mass matrix
soft Z, breaking parameter /j

INF
C
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Theory

We will use tan 8 and 3 — « instead of o and 8.
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Theory

We will use tan 8 and 3 — « instead of o and 8.

Alignment limit: (8 — «) — g =0 =-All h couplings SM-like

Decoupling limit: (8 — «) — g < 1land my~ ma = my+ > my

[Gunion, Haber '02]

-
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Theory
Experiment
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Theory

’ Positivity of the Higgs potential

The Higgs potential should be bounded from below to yield v < oo.
For &1, ®> — oo we demand for the simplified potential

)\1X2 + /\2}/2 + f(A:’n )\47 )‘5)Xy >0

= A1 >0, A >0,
A3 > —/ A1), A3+ Ay — ’)\5‘ > —v A1 Ao
[Deshpande, Ma '78] INFN

C
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Theory

’Vacuum stability

We must avoid that our model contains an unstable vacuum.
Excluding metastability:

A A
m3y | m2, — )\; m3, | | tan B — ¢/ )\—; >0

[Barroso, Ferreira, lvanov, Santos '13]
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Theory

’ Perturbativity of the quartic couplings

Perturbativity in the SM: A = % ~013«1

Before my, was known, there were upper limits from and

ntry|

INF
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Theory

| RGE in the SM|

d(lr(l Qz)) iz (NP HAYe = Y7?)

For A > Y = 1:

/\(Q2) ~ (mz)

A
1— 3(m)|72
mz

={A(m%) <5

Otto Eberhardt 2HDM fits with

INFN
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Theory L L I B B
’ RGE in the SM\ = 800 m, = 175 GeV —]
3 og(Mz) = 0.118 ]
dA(Q?) _ 3 ()2 w2 = 400 =
d(lnQ?) — 4n ()\ +tAY: Yt) = not allowed ]
+0(\g?, &) 200 — allowed —
not allowed ]
oL IR AN AR A
For A > Yt ~ 1: 103 106 109 101R 1015 1018
A [GeV]
2 A(m%)
/\(Q ) ~ 3A(m2) > . ,
1-=—¢ In & [Hambye, Riesselmann '97]
mz
= A(m2) <5 /7
NLO RGE: )\(m%) < 2.2| [Nierste, Riesselmann '96] w
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Theory

’Unitarity in quantum mechanics

The S-matrix is required to be unitary:
StS=1

Partial wave decomposition:
23272 — ]2+ Y 2272 =1
n>2

For large s=(p1+p2)?, we can neglect the a2~"" part and set £=0.

= |Re(2372)| < % mf)
C
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Theory

’ Unitarity in the SM ‘

0
ag = &< | M(s, t)dt
—s

INFN
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Theory

’ Unitarity in the SM ‘

0
ag = &< | M(s, t)dt
—s

For only one initial and final state: :@i i

Mo — 4\ (—2i)\v)2 (sjmz n tjmz)
h h
= _2)\ (s 2 + t—m? )
h

INFN
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Theory

’ Unitarity in the SM ‘

0
ag = &< | M(s, t)dt
—s

For only one initial and final state: :@i :@ i
Moo = —8X — (=2iAV)? (571 , 4+ L 2)

my t—my
= _2)\ (s 2 t— mh)

ay o g (<2X - 2s) = — A
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Theory

’ Unitarity in the SM ‘

0
ag = &< | M(s, t)dt
—s

For only one initial and final state: :@i :@ i
A4MM7ﬁWﬂf,:.—Ax—(—zﬁmo2(sj-2+» 12)

my t—my
= _2)\ (s 2 t— mh)

ay o g (<2X - 2s) = — A

For all scalar 2 — 2 states:
272 — _3A

9 = T /)
INFN
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Theory

’ Unitarity in the SM ‘

0
ag = &< | M(s, t)dt
—s

For only one initial and final state: :@i :@ i
Moo = —8X — (=2iAV)? (571 , 4+ L 2)

my t—my
= _2)\ (s 2 t— mh)

ay o g (<2X - 2s) = — A

For all scalar 2 — 2 states:

2—>2 3
R IR N

INFN

Otto Eberhardt 2HDM fits with 31/ 49



Introduction  HEPfit 2HDM 2HDM constraints Results Conclusions

Theory

’ Unitarity in the SM ‘

0
ag = &< | M(s, t)dt
—s

For only one initial and final state: :@i :@ i
Moo = —8X — (=2iAV)? (571 , 4+ L 2)

my t—my
= _2)\ (s 2 t— mh)

ay o g (<2X - 2s) = — A

For all scalar 2 — 2 states:

2 2 _ _3)
0= e )
P | INFN
NLO unitarity: [Durand, Johnson, Lopez '92] L/
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Theory
’Unitarity in the 2HDM

Tree-level unitarity matrix:

A1 As
As A2
Az+Aa
Az —Aa
A1 Aa
1 Aa A2
8w A3
As

[Ginzburg, lvanov '05]

Otto Eberhardt

2HDM fits with

A1, A2, A3, A4, A5 instead of one A

As
Az
30 223+ s
273+ Aa 3o
As+2)g 325
35 A3+2Xg

-
INF
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Theory
| Unitarity in the 2HDM | A1, X2, A3, Aa, As instead of one A

Tree-level unitarity eigenvalues:

1
alt? = o (Al Aot \/ AL — A2)? +4>\2>

= </\1 ot/ (A - he)? +4>\2>

1
a0 = 16 (3()\1 ) £ /00 — )2+ 420 + )\4)2>

al"® = g CYEDW)

1
389,10) — 87 ()\3 + )\5)

ane) 1 /)
a = — (A3 +2X4 £ 3)s5)
° 8m INFN

[Ginzburg, lvanov '05] L/
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Theory

’NLO unitarity in the 2HDM

%l 34 T
> E X IT K

. -e MAVAVALVAVAVAY

1

ANAENNB

[Grinstein, Murphy, Uttayarat '15] INEFN
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Theory

Perturbativity of the NLO contributions‘

aNLO‘

ﬂ:’o <1
|a5° |

We apply this only if |a§°| > 0.02 ~ ﬁ.

[Grinstein, Murphy, Uttayarat '15]

Otto Eberhardt 2HDM fits with

INFN
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Theory
NLO unitarity Perturbativity

As(s)
As(s)

-10 s 0 5 10
M(s)

A=A, =—-A1—A3,A5 =0

[Grinstein, Murphy, Uttayarat '15]
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Theory

We obtained the NLO RGE using PyROTE.
[Lyonnet, Schienbein, Staub, Wingerter "13]

4 mz; 300GeV 1TeV 5TevV 195TeVv 82TeV
T : : ‘ : T

[Chowdhury, OE '15] INEN
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Theory
We obtained the NLO RGE using PyROTE.
[Lyonnet, Schienbein, Staub, Wingerter "13]

4 mz; 300GeV 1TeV 5TevV 195TeVv 82TeV
T : : ‘ : —

Hst

[Chowdhury, OE '15] INEN
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Theory
1/8 < |ag| < 1/4

lao| < 1/8

Ht[GeV]
s =

mz 10 100 n
i) wond INFN
[Chowdhury, OE '15]

C
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Experiment
W and Z pole observables — Two different approaches:

EWPO STU

mr [GeV] -

mz [GeV] 0.5 |t

5
Aa}xn)d
Qs
Iz [GeV]| "
Thad D]
R
Re

R[0 r—

A?-,_b; I | I
0. -05 0 05
Arg — T

A%é r—
Ap e Fit result Correlations

Ae S 0.09£0.10 1.00

A T 0.10+£0.12 0.86 1.00

m [GeV] = U 0.014£0.09 -054 —0.81 1.00 /j

Tw [GeV] ol

et e o [OE '13; HEPfit '16] INFN
-3 -2 -1 +1 +2 L/
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Experiment

without EWPO:

1000 \ ‘ ;
200 i
MA 600 + ]
[GeV]
400
200 I Y :
200 400 600 800 1000
myo [GeV]
[OE "13]
Otto Eberhardt 2HDM fits

with EWPO:
1000 — : o
200 il
|
MA 600 + :
[GeV] — il
400 | N :
200 | | ]
200 400 600 800 1000
myo [GeV]
INFN
with 39 / 49
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Experiment

’ Higgs signal strengths‘

Mf _ [(UggF + Utth) : B(h — f)]2HDM
BN [(0ger + Oun) - B(h — F)lsu

. [B(h — f)]ZHDM
[ eravn = SN (B — @) - IB(h > lew

INF
C
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Experiment

‘ Higgs signal strengths

f
VBF+VH

U

AT e
r ATLAS andCMS 1
3;LHCRun1 B
[ Preliminary ]
2- ]
1 =
0; .
r CH-w 1
F [JH-2zz A
| OH-ww ]
[ *SM —68% CL OH- 1 ]
[ +Bestfit [JH - bb 1
N I Y R FURN FURT PR N S T

-2

[ATLAS & CMS '15]

Otto Eberhardt

-1-050 05 115 2 25 3 35 4

2HDM fits with |[EI3afit

f
uggFth'tH
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Experiment

s s B e

]

953 CL Limiton & xBR.

ATASPrinay gt
&

euw, NWA - g5

[ et =Fx}

95% CL Limit on 0 * BR [pb]

o, % BROC-b) o]

ATLAS
Szt =erer
" b g5 L Uit
o B
Tpe B0

AL o005

95% CL

Otto Eberhardt

o050 5 560 6560840550560
m (GeV]

2HDM fits with |[E[3=f
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Experiment

B(b — sv)
[Hermann, Misiak, Steinhauser '12; Misiak et al. '15; HFAG '14]
+
AmB « JHT <
s b B
[Deschamps et al. '09; LHCb '13] t 7t
s | H |

Otto Eberhardt 2HDM fits with |[EIfit
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Results
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Quartic couplings

NLO unitarity bounds combined with stability up to 750 GeV:

6.
5l B LO unitarity
A Bl NLO unitarity

~ ;: EEl perturbative NLO unitarity

1t

0 L

8

6F

4r
<o

-2f

-4f

0123456 0123456
)‘1 )‘2

[Cacchio,/)

Chowdhury, OE, Murphy in preparation] INEN

C
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Quartic couplings

NLO unitarity bounds combined with stability up to 750 GeV:

ok —_—
3F F B 1O unitarity
<« of F o S Bl NLO unitarity
~ 3 K EEl perturbative NLO unitarity
6f S
oL C
6
afis
2F
v Of
~< 2f
-4k B
6f el b 1 °F 1
0123456 0123456 4202468963036

A Ay A3 Ay

[Cacchio,/j

Chowdhury, OE, Murphy in preparation] INEN

C
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Mass differences

NLO unitarity bounds combined with stability up to 750 GeV:

my —ma[GeV)

s
&
8

my — my+|GeV)

my+[GeV|

8 6 4 2 0 2 4 6 6 -4 2 0 2 4
4 As

[Cacchio, Chowdhury, OE, Murphy in preparation]
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Physical parameters |

1000 | : , 1000
800} __ 800f
> %
B 600F O 600
= i* == stability at 750 GeV
g 5 == LO unitarity
400 g 400 = NLO unitarity
. == NLO unitarity + pert.
200¢ | 200} all constraints
_ 400 : : : ' ' '
> : L
D — U
&} 200 1
- :
50 ] )
E / - ~S VAl
| -200 ] ] g /
g
“400566~"466 600 800 1000 0500400 ~ 60 800 1000 )
my [GeV] my [ INFN
[Cacchio, Chowdhury, OE, Murphy in preparation] L/
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Physical parameters |l

2.2¢ ]
2.0F ]
== stability at 750 GeV
1 8 C - |== LO unitarity
S C ] |== NLO unitarity
1 6 r 1 |wa NLO unitarity + pert.
| all constraints
o 1.4 ]
1.2F ]

1.0F ¢
035 0.0 0.5 1.0

INFN

[Cacchio, Chowdhury, OE, Murphy in preparation] L/
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Conclusions

o HEPfit will be released soon

@ Quartic couplings of the 2HDM with a softly broken Z, get
strongly constrained by NLO unitarity.

INF
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Inputs for the unitarity triangle fit

Ade

AmBs

€K

Vud

Vis

Vub

Vcb

Qs Qppy Cpr
’Y

Si/wk

Otto Eberhardt

0.5055 + 0.002 ps—!
17.757 4+ 0.021 ps—1
0.00228 =+ 0.00011
0.97428 + 0.00021
0.2249 + 0.0009
0.00381 + 0.00040
0.0409 + 0.0011

Likelihood
Likelihood
0.679 = 0.023

2HDM fits with 51 / 49
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Naturalness

2
Hrnat Mnat
= f )\17 YH i In
1672 [Z &i ( Lew >

+ O (In ,U/nat>
Hew

2
~ L (AL Vi g1) 1+ZHké
16m n=1/¢=1
fn i Y,', i na
with k, = 70 Yi &) | Hnat

n
fnfl(Ah \/ivgi) Hew

Assuming finat = Hstability ‘k1’7 ’kZ‘ <1land ‘5’”%’ < m%:

‘|f0 iy Yi,8i)| < 6 and pnat S 5TeV‘ INFN
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