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Introduction RGE Fit constraints Results Conclusions

Motivation

All couplings of the 125 GeV h seem to be SM like, but:

How do we interpret the EW vacuum metastability in the SM?

What about the hierarchy problem?
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Model
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Assume an additional Z2 symmetry to avoid tree-level FCNC’s

t couples to Φ2,
b to Φ2,

b to Φ1,

τ to Φ2 “type I”

τ to Φ1 “type X”
τ to Φ2 “type Y”

τ to Φ1 “type II”
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Parameters

The 8 potential parameters can be translated into 8 physical
parameters:

v = 246 GeV, mh = 125 GeV,
mH , mA, mH+ , m2

12, tanβ, β − α

Alignment limit: (β − α)− π

2
→ 0

Decoupling limit: (β − α)− π

2
� 1 and mH ≈ mA ≈ mH+ � mh

[Gunion, Haber ’02]
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NLO RGE

We get the NLO RGE using PyR@TE.
[Lyonnet, Schienbein, Staub, Wingerter ’13]
(http://pyrate.hepforge.org/)

Benchmark point from [Baglio, OE, Nierste, Wiebusch ’14]:

mH = 600 GeV, mA = 658 GeV, mH+ = 591 GeV,
tanβ = 4.28, β − α = 0.513π and m2

12 = (277.3 GeV)2
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Benchmark point – potential parameters
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Benchmark point – physical parameters
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Potential stability bounds

Positivity of the scalar potential [Deshpande, Ma ’78]

Unitarity of the φiφj → φiφj S-matrix (‖Sφiφj→φiφj‖< 1
8)

[Nierste, Riesselmann ’96; Ginzburg, Ivanov ’05;
Baglio, OE, Nierste, Wiebusch ’14]

Global minimum at 246 GeV [Barroso, Ferreira, Ivanov, Santos ’13]

Define the largest scale which is compatible with the stability
criteria as cut-off µstability.
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Flavour and electroweak observables
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[Hermann, Misiak, Steinhauser ’12; Misiak et al. ’15; HFAG ’14]

∆mBs

[Deschamps et al. ’09; LHCb ’13]
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Light Higgs signal strengths
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Heavy Higgs searches34 13 Results and interpretation
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Figure 18: (left) Observed and expected 95% CL upper limit on the ratio of the production
cross section to the SM expectation. The expected 1σ and 2σ ranges of expectation for the
background-only model are also shown with green and yellow bands, respectively. (right)
Significance of the local excess with respect to the SM background expectation as a function of
the Higgs boson mass in the full mass range 110–1000 GeV. Results are shown for the 1D fit
(Lµ

1D), the 2D fit (Lµ
2D), and the reference 3D fit (Lµ

3D).
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Figure 19: Significance of the local excess with respect to the SM background expectation as a
function of the Higgs boson mass for the 1D fit (Lµ

1D), the 2D fit (Lµ
2D), and the reference 3D fit

(Lµ
3D). Results are shown for the full data sample in the low-mass region only.

with respect to using the average resolution.

The experimental resolution parameter of the double-sided CB function, used to model the
m4` line shape, is substituted with the per-event estimation of the mass uncertainty Dm. The
parameters describing the tail of the double-sided CB from simulation are also corrected on a
per-event basis.

The likelihood used for the mass and width measurements is defined in Eq. (15). By con-
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To allow to compare these results to other extensions of the SM apart from the MSSM, which
have been proposed to solve the hierarchy problem, a search for a single resonance φ with a
narrow width compared to the experimental resolution is also performed. In this case, model
independent limits on the product of the production cross section times branching fraction
to ττ, σ · B(φ → ττ), for gluon fusion and b-quark associated Higgs boson production, as a
function of the Higgs boson mass mφ have been determined. To model the hypothetical sig-
nal φ, the same simulation samples as the neutral MSSM Higgs boson search have been used.
These results have been obtained using the data with 8 TeV center-of-mass energy only and are
shown in Fig. 7. The expected and observed limits are computed using the test statistics given
by Eq. 5. To extract the limit on the gluon fusion (b-quark associated) Higgs boson production,
the rate of the b-quark associated (gluon fusion) Higgs boson production is treated as a nui-
sance parameter in the fit. For the expected limits, the observed data have been replaced by
a representative dataset which not only contains the contribution from background processes
but also a SM Higgs boson with a mass of 125 GeV. The observed limits are in agreement with
the expectation. The results are also summarized in Tables 13 and 14 in Appendix A.
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Figure 7: Upper limit at 95% CL on σ(ggφ) · B(φ → ττ) (left) and σ(bbφ) · B(φ → ττ) (right)
at 8 TeV center-of-mass energy as a function of mφ, where φ denotes a generic Higgs-like state.
The expected and observed limits are computed using the test statistics given by Eq. 5. For the
expected limits, the observed data have been replaced by a representative dataset which not
only contains the contribution from background processes but also a SM Higgs boson with a
mass of 125 GeV.

Finally, a 2-dimensional 68% and 95% CL likelihood scan of the cross section times branching
fraction to ττ for gluon fusion and b-quark associated Higgs boson production, σ(bbφ) · B(φ→
ττ) versus σ(ggφ) · B(φ → ττ), has also been performed. The results for different values of
the Higgs boson mass mφ are shown in Fig. 8. The best fit value and the expectation from a
SM Higgs boson with a mass of 125 GeV is also shown. The result from the likelihood scan for
mφ = 125 GeV is compatible with the expectation from a SM Higgs boson.
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FeynArts 3.8 User’s Guide
Dec 2, 2014 Thomas Hahn

FormCalc 8 User’s Guide
February 12, 2015 Thomas Hahn

Abstract: FormCalc is a Mathematica package which calculates

and simplifies tree-level and one-loop Feynman diagrams. It ac-

cepts diagrams generated with FeynArts 3 and returns the results

in a way well suited for further numerical or analytical evalua-

tion.

LoopTools 2.8 User’s Guide
September 18, 2012 Thomas Hahn

CERN-PH-TH/2013-239, MCNET-13-14, IPPP/13/71, DCPT/13/142, PITT-PACC-1308

FeynRules 2.0- A complete toolbox for

tree-level phenomenology

Adam Alloul a, Neil D. Christensen b, Céline Degrande c,d,
Claude Duhr d, Benjamin Fuks e,f

aGroupe de Recherche de Physique des Hautes Énergies (GRPHE), Université de
Haute-Alsace, IUT Colmar, 34 rue du Grillenbreit BP 50568, 68008 Colmar
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Université de Strasbourg/CNRS-IN2P3, 23 Rue du Loess, F-67037 Strasbourg,

France, E-mail : benjamin.fuks@iphc.cnrs.fr

Abstract

FeynRules is a Mathematica-based package which addresses the implementation
of particle physics models, which are given in the form of a list of fields, parame-
ters and a Lagrangian, into high-energy physics tools. It calculates the underlying
Feynman rules and outputs them to a form appropriate for various programs such
as CalcHep, FeynArts, MadGraph, Sherpa and Whizard. Since the original
version, many new features have been added: support for two-component fermions,
spin-3/2 and spin-2 fields, superspace notation and calculations, automatic mass di-
agonalization, completely general FeynArts output, a new universal FeynRules
output interface, a new Whizard interface, automatic 1 ! 2 decay width cal-
culation, improved speed and e�ciency, new guidelines for validation and a new
web-based validation package. With this feature set, FeynRules enables models
to go from theory to simulation and comparison with experiment quickly, e�ciently
and accurately.

Key words: Model building, Feynman rules, Monte Carlo programs.
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HDECAY:

a Program for Higgs Boson Decays

in the Standard Model and its Supersymmetric Extension

A. Djouadi1, J. Kalinowski2 and M. Spira3
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Institute of Theoretical Physics, Warsaw University, PL–00681 Warsaw, Poland.

3 Theory Division, CERN, CH–1211, Geneva 23, Switzerland.

Abstract

We describe the Fortran code HDECAY†, which calculates the decay widths
and the branching ratios of the Standard Model Higgs boson, and of the
neutral and charged Higgs particles of the Minimal Supersymmetric extension
of the Standard Model. The program is self-contained (with all subroutines
included), easy to run, fast and calculates the decay widths and branching
ratios according to the current theoretical knowledge.

†The program may be obtained from http://wwwcn.cern.ch/∼mspira/ or http://www.lpm.univ-
montp2.fr/∼djouadi/program.html, or via E-mail from: djouadi@lpm.univ-montp2.fr, kalino@desy.de,
spira@cern.ch.
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Conclusions

2HDM NLO RGE in arXiv:1503.08216

tanβ >1 with µstability at MPlanck∣∣β − α− π
2

∣∣ < 0.14π

0.12π
with µstability at

mZ

MPlanck
in type I

∣∣β − α− π
2

∣∣ < 0.026π

0.016π
with µstability at

mZ

MPlanck
in type II

Perturbative naturalness of mh is only possible
for µnat in the TeV range.
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Future outlook

HEPfit project (https://github.com/silvest/HEPfit)
Bayesian open-source fits of the SM and beyond, including:

4 2HDMs as presented here with
4 Stability constraints
4 S ,T ,U
4 Higgs constraints (LO)
4 b → sγ (NNLO), ∆mBs (LO), B → τν (LO)
8 Further flavour observables (LO)
8 EWPO
8 RGE (NLO)

8 mH = 125 GeV
8 CP violation in the scalar potential
8 Other types of 2HDMs (inert, BGL, type III)

First HEPfit release planned this winter – stay tuned!
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Back-up
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Limits on β − α, sin(β − α) and cos(β − α)

Type I Type II
µst = µew β − α [1.14; 1.91] [1.49; 1.64]

[0.36π; 0.61π] [0.47π; 0.52π]
cos(β − α) [−0.33; 0.42] [−0.068; 0.081]
sin(β − α) [0.908; 1] [0.997; 1]

µst = µPl β − α [1.21; 1.87] [1.55; 1.62]
[0.39π; 0.60π] [0.493π; 0.516π]

cos(β − α) [−0.30; 0.36] [−0.044; 0.018]
sin(β − α) [0.934; 1] [0.999; 1]
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Why do we use ‖Sφiφj→φiφj‖< 1
8

max(‖Sφiφj→φiφj‖) < 1
8

1
8 < max(‖Sφiφj→φiφj‖) < 1

4

If µstability = MPlanck:

‖Sφiφj→φiφj‖. 1
20

tan β > 1 (and < 60 in type II)
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Fit results for the types X and Y

stable up to

µew

MPlanck
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