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Exploring the 2HDM with Global Fits in GAMBIT
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Abstract. In this work, we present preliminary results of a global fit of the type-
II two-Higgs-doublet model (2HDM) with the tool GAMBIT. Our study includes
various constraints, including the theoretical constraints (unitarity, perturbativ-
ity and vacuum stability), Higgs searches at colliders, electroweak physics and
flavour constraints. With the latest experimental results, our results not only
confirm past studies but also go further in probing the model. We find, for ex-
ample, that the measurements of B — K*u*u~ angular observables cannot be
explained in the type-1I 2HDM.

1 Introduction

The discovery of a Standard Model (SM)-like Higgs boson at the Large Hadron Collider
(LHC) [ 2] strongly motivates LHC searches for physics beyond-the-SM (BSM). Models
with extended Higgs sectors provide promising candidates for this new physics.

In this study, we carry out global fits of the Z,-Yukawa symmetric Two-Higgs-Doublet
Model (2HDM) [3]], specifically the type-I, type-II, lepton specific and flipped models. This
analysis is carried out by the open-source tool GAMBIT [4] (Global and Modular beyond-
Standard Model Inference Tool). In these proceedings, we present preliminary results, dis-
cussing the constraints on the type-II 2HDM. We include theoretical constraints (unitarity,
perturbativity and vacuum stability), Higgs searches at colliders, electroweak physics and
flavour constraints.

In Section E], we briefly introduce the 2HDM, and present our results in Section E} We
offer our conclusions in Section

2 The Two-Higgs-Doublet Model

2HDMs are encountered in various attempts to solve the problems of the Standard Model,
including the Minimal Supersymmetric Standard Model, gauge extensions (such as the Left-
Right symmetric model), and flavour models. Thus, exploring the physics of 2HDMs with the
latest experimental constraints provides unique information covering a broad class of BSM
scenarios.
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A general 2HDM introduces two SU(2);, scalar doublets @;,i = 1,2,
+
D, = 0 ¢ . .
(i + ¢? +iG)/ V2

Each obtains a VEV v, or v, after electroweak symmetry breaking (EWSB) with v% + v% =
v? = (246 GeV)?, and v2 /vy = 1]}
The 2HDM Lagrangian for the Higgs sector can be written as

L= DO = V(®1, D) + Ly, @)

ey

with the Higgs potential
. . Pl .
V@, @) =m0 + m, 00, — my (0], + hc) + ?1@{(1)1)2 + ?2((D£(I>2)2
R 1
+A3(D]0))(D]D,) + (D] Do) (D] D) + E[zs(cbjcbz)z + hc] (3)

assuming CP-conservation and a soft Z, symmetry breaking term m?z.

After EWSB, one of the four neutral components and two of the four charged components
are eaten by the SM Z, and W=, providing the gauge boson masses. The remaining physical
mass eigenstates are the two CP-even Higgses 4 and H, one CP-odd Higgs A and a pair
of charged Higgs bosons H*. Here we take m;, < mpy. Usually we take the general basis
of the eight parameters appearing in the Higgs potential: (m?,,m3,,m3,, 112345). A more
convenient choice (the physical basis) is given by: (v, tg, @, my,, my, ma, my-, m%z), in which
«a is the rotation angle diagonalizing the CP-even Higgs mass matrix.

3 Study Results

GAMBIT is compatible with both the Bayesian and frequentist statistical frameworks, and we
here focus on frequentist results obtained with the Diver implementation of the differen-
tial evolution algorithm [S]]. Our results converged well with NP= 5000, convthresh=1e-
5. The 2HDM parameters are explored with the ranges 12345 € (=37, 37), 467 = 0,
m%2 € (-10°,107) GeV? , and a combined likelihood for each parameter point is calculated
by combining individual likelihoods for a variety of experimental and theoretical constraints.
Theoretical constraints ensure that our potential is bounded from below, our vacuum is sta-
ble at tree-level, and that the scattering amplitude eigenvalues give a unitary S-matrix (up
to NLO). We check that our potential is bounded from below and our four-Higgs couplings
(equivalent to tree-level scattering eigenvalues) are perturbative up to 1 TeV.

Experimentally, we combine observations from LEP, ATLAS and CMS, flavour physics
observations and also measurements of the electroweak precision parameters. The 2HDM
spectrum is generated at two-loops using FlexibleSUSY. Final results are presented in form of
1D and 2D profile log-likelihood distributions for various parameter combinations. The 1o,
20 and 30 regions in these plots are calculated using the difference in profile log-likelihood
ratio from the best fit point, assuming the validity of Wilks’ theorem. This in turn relies on
the assumption of a Gaussian likelihood. Our likelihood is Gaussian in the data itself, but
our final results stem from performing a non-linear transformation from the data to the theory
parameter space, which has been shown to lead to violations of the expected coverage of the
1o, 20 and 30 regions [6) [7]. Nevertheless, Wilks’ theorem approximately holds, and we
therefore follow the standard practise of presenting these regions as indicative approxima-
tions.

lThroughout this work we use the notation cy, s, and 7, to refer to cos(x), sin(x) and tan(x) respectively. Specifi-
cally for the angle combination 8 — a we write cgy and sgq.
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Figure 1. 2D profile likelihood distributions of electroweak precision measurements in the plane my vs
mpy= (left) and my vs my= (right). Generally the allowed region follows my= ~ m4, my. The solid lines
represent 1,2 and 3 o regions and the best-fit points are plotted as black stars.

3.1 Electroweak constraints

Previous studies [8HIT] have shown that the charged Higgs mass is constrained to be close
to the mass of either of the neutral Higgses (H or A) in order to satisfy the EW precision
measurements. In[Figure 1| we show the results of an electroweak parameters-only global fit
in the plane mpy vs my= on the left and m,4 vs mpy- on the right. Generally the allowed region
locates my= ~ my/myg up to 5 TeV.

3.2 Theoretical constraints

In this section, we will show the effects on the allowed 2HDM parameter space after imposing
theoretical constraints. We impose unitarity, perturbativity and vacuum stability [12]]. To get
a general idea, we adopt the simplification of mp- = myg = my = my so that electroweak
constraints are automatically satisfied.

We see that

—-m? < ? < (600 GeV)?, “4)
which gives —0.258 < 1 = =14 = =15 < 5.949 and 0 < A5 < 6.207.

3.3 Flavour constraints

In Figure [3] we show the 20~ exclusion regions in the mpy- vs tanB plane for each flavour
likelihood. Fits for each flavour constraint are carried out independently, so there is no pull
between the constraints. We see that all of the constraints are in tension with one another. If
we include the effect of measurements of the B — K*u*u~ radial components, we find that
no region of the 2HDM type-II model parameter space is open at 2oﬂ The B —» K*u*u~
radial component measurements are anomalous over various energy bins. Thus we conclude
that the current measurements of B — K*u*u~ angular observables cannot be explained
in the type-II 2HDM, and we thus ignore their exclusion region in For others,

2This statement is using the fact that each flavour observable have been fitted independently.
3The B — K*u*u~ angular observables exclude scalar masses above 500 GeV, providing a tension with BR(b —
sy). When including these in the final analysis we find our heavy scalar masses as significantly pushed downwards.
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Constraints from Vacuum stabiltiy, Unitarity and Perturbativity
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Figure 2. The shaded region indicates the surviving region of 2HDM parameter space of #5 vs. Av?, after
vacuum stability (blue lines), unitarity and perturbativity (red lines) are taken into account at leading
order. The corresponding values of A are shown in the upper axis. We assume that my+ = my = my =
mg, and also that the alignment limit of cg, = 0 is satisfied.

BR(b — sy) (orange) disfavours masses below ~ 500 GeV as well as low #3 values. Low
13 is most strongly disfavoured by BR(B; — u*u™) (yellow) with the lowest value at 20~ of
15 = 0.4 near masses of 1.8 TeV. Past this point the Ay, constraint drives up the lower limit
on tg. We see that, near our best-fit point for the type-II }nodel, the lower limit imposed on #g
sits at around 0.5 at 20-. At large values of 3 tree-level leptonic and semi-leptonic B and D
decays (blue) come into consideration and push up the lower mass limit on mpy..

3.4 Higgs measurements

For the Higgs sector, all scalars are strongly correlated in mass as expected from the elec-
troweak precision observables fit. We notice a distinct upper limit on all heavy scalars at
around 2 TeV. This limit appears during spectrum generation with only the SM Higgs boson
mass constraint imposed [[13},14], as shown in|Figure 4|with m;, = 125 GeV. Loop corrections
to the light CP-even scalar are of the form A;mg where i = 3,4, 5 and my is a term proportional
to the mass of the heavy scalars. This relationship implies that, as the heavy scalar masses
grow in size, so do the loop corrections to the light scalar (in the case that A; with i = 3,4,5
are not close to zero). Loop correction growth eventually saturates to the point where we are
no longer able to fit the SM Higgs scalar mass to the pole mass of the light CP-even scalar.
In we present a scatter plot with the pole mass of the light CP-even Higgs scalar
against that of the heavy CP-even Higgs scalar on the left and the heavy CP-odd Higgs scalar
on the right. In the scatter plot, we also ensure that loop corrections to both scalars remain
perturbative. We may read off an upper bound on my of ~ 2 TeV at m;, = 125 GeV. The
same scatter plot is obtained for each of the heavy scalars. It is important to mention that
this upper limit is not necessarily a limit of the theory but may arise from the form of the
loop-order calculation. Specifically, there may exist cancellations to my, at higher orders that
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Figure 3. Flavour constraints in the plane of my. — log(tan3) for type-11 2HDM. We plot the excluded
regions at 20~ with colored shadow: Yellow: BR(B; — u*u~); Orange: BR(b — sy); Red: AMB(:);

Purple: Rk and R(I?; Blue: Tree-level leptonic and semi-leptonic B and D decays: Rp, R(D*), B —
™v,B — Duv, B — D*uv and Dy — 1v, Dy — puv, D — uv.

push down the loop-corrections and recover the high mass parameter space. The fit to an
SM-like CP-even scalar is done using HiggsSignals [13]] in the combined likelihood.

A lower limit on #3 at ~ 1 appears, which we may also attribute to the fit of a SM-like
CP-even scalar. Low values of 73 are hard to reach when fixing the mass m;, = 125 GeV.

2
At tree-level, with trivial A3, A4 and A5 we find m? = W;—: + 02 Sé/lz and so a small 73 must be

cancelled by a small m%z restricting the allowed parameter space (stability of the potential
requires A, > 0).
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Figure 4. Scatter plot in the plane my,poe VS Mppoie (left) and my,poie VS My pole (right) for calculated
values when including two-loop corrections. Here we have also included a check on perturbativity to
the scalar loop corrections.
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Figure 5. 2D profile likelihood distributions with all constraints switched on in the planes cg, vs 13
(left) and my poie Vs tg (right). The solid lines represent 1,2 and 3 o~ regions and the best-fit points are
plotted as black stars.

3.5 Total Global Fit Results from GAMBIT

For the final global fits including all constraints discussed, the interesting results are the
distributions of the mixing angles o and 8 as well as that of the heavy Higgs mass. We plot
the 2D profile likelihood distributions in the plane cg, Vs f5 and my pole Vs f in on
the left and right panels respectively. In the left panel, it is revealing to plot cg, as we are
close to the alignment limit that cg, = 0 and it is difficult to read off sg, values here. The
best-fit points in each plot are shown with a black star. In the right panel, we plot pole masses
since running masses are never much larger or smaller due to the perturbativity on the loop-
correction constraint. Our study shows the agreement between the running mass and pole
mass regions of my 4, in the type-II model. As a general summary, we can get the typical
allowed range #3 € (1, 50), m, € (300, 1000) GeV.

4 Conclusion

In this work, we presented preliminary results of a global fit of the type-1I 2HDM with the
tool GAMBIT. We investigated the effect of theoretical constraints (unitarity, perturbativity and
vacuum stability), Higgs searches at colliders, electroweak physics and flavour constraints
individually, as well as displaying the final results including all constraints. We found that
the typically allowed region is #z € (1,50), my € (300, 1000) GeV, where the mass upper
limit comes from the loop corrected SM-like Higgs mass constraints.
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