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Abstract: We study the theoretical constraints on a model whose scalar sector contains one color octet and one or

two color singlet SU(2); doublets. To ensure unitarity of the theory, we constrain the parameters of the scalar poten-

tial for the first time at the next-to-leading order in perturbation theory. Moreover, we derive new conditions guaran-

teeing the stability of the potential. We employ the HEPfit package to extract viable parameter regions at the elec-

troweak scale and test the stability of the renormalization group evolution up to the multi-TeV region. Furthermore,

we set upper limits on the scalar mass splittings. All results are given for both cases with and without a second scalar

color singlet.
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1 Introduction

The discovery of the 125-GeV Higgs boson at the
LHC [1, 2] exemplifies the success of the standard model
(SM). Considering experimental precision, the possibil-
ity of physics beyond the SM (BSM) is not excluded yet,
however, given the null results of the direct search, any
BSM physics that is discovered is likely to be more exot-
ic in nature. It is therefore important to determine to what
extent different BSM scenarios are viable. Inspired by su-
persymmetric models, the Two-Higgs-Doublet Model
(2HDM) that adds another Higgs doublet is one of the
simplest and most commonly studied extensions of the
SM. Manohar and Wise (MW), starting from the prin-
ciple of minimal flavor violation (MFV), proposed an al-
ternative model [3]. It follows from MFV that the scalar
sector can only have two representations, the color-sing-
let and color-octet. Therefore, the authors constructed an
extension of the SM by adding a color-octet electroweak
doublet scalar. The phenomenology of the model has
been studied in detail [4—17], including aspects such as
production of scalars, the lower limit of the scalar masses,
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and possible constraints on the parameter space.
Combining the above motivations, Refs. [18, 19] re-
cently proposed a new model containing aspects of both
the MW model and 2HDM. In particular, the scalar sec-
tor of the model in consideration consists of two color-
singlet electroweak doublets, ®;,, and one color-octet
electroweak doublet, S. The MW model is the limiting
case with ®, — 0, whereas the 2HDM is recovered in the
limit S — 0. Because of the existence of these two limit-
ing cases, we will refer to this model as the 2HDMW.
The inclusive character of the 2HDMW model is capable
of explaining new physics and is compatible with the es-
tablished experimental observations. For example, this
represents a viable model for LHC physics in terms of /-
signal strengths, since they are not necessarily affected at
the tree-level. It is also suggested that the 2HDMW can
emerge naturally from GUT theories [20—22]. Therefore,
the 2HDMW depicts one of the possible physics at the
low scale upon breaking down of the more general sym-
metry. In the meantime, CP violating phases are intro-
duced to the scalar sector in its most general formulation.
Ref. [18] investigated tree-level constraints on the
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2HDMW arising from symmetries and perturbative unit-
arity. A study of LHC phenomenology was also per-
formed, which found that the color-octet scalar added to
the 2HDM could produce large corrections to the one-
loop couplings of the Higgs boson to two gluons or
photons. The study presented in Ref. [19] derived the
one-loop beta functions for the scalar couplings in the
2HDMW, and the evolution of the renormalization group
equations (RGEs) was then used to place upper limits on
the parameters of the model. Similar practices were ap-
plied in studies of the the SM [23, 24], MW model [14],
and the 2HDM [25-27]. The parameter space was further
constrained in Ref. [19] by requiring no Landau poles
(LPs) below a certain high-energy scale A, the scalar po-
tential being stable and the perturbative unitarity being
satisfied at all scales below A. The perturbative unitarity
constraints imposed on the model in Refs. [18, 19] are of
the leading order (LO), and a considerable region in the
parameter space survives.

Although instructive, the preceding studies on con-
straints imposed on the 2HDMW are not yet comprehens-
ive. It is a reasonable expectation that supplementing cor-
rections at higher orders can result in noticeable modific-
ations to the surviving parameter space. However, the be-
havior of higher order corrections is usually complicated.
There is no simple answer to whether their impact is to
tighten or relax the viable ranges of couplings. In this
study, we utilize the generic tool provided by Refs.
[28-30] to explore these perturbative unitarity bounds at
next-to-leading order (NLO) and first impose them on
color-octet scalar. However, the positivity conditions are
only known for 2HDM. Taking an additional color-octet
into account, one should reconsider the scalar potential as
a whole and secure the existence of the global minimum.
Completely solving this problem is extremely challen-
ging. This study is also the first work to expand the set of
positivity conditions to both MW and 2HDMW models.

Generally, this work focuses on theoretical con-
straints of the 2HDMW. An investigation of experiment-
al bounds of the model will be performed in a future
study. The rest of the paper is organized as follows: the
2HDMW model is defined in Sec. 2. The theoretical con-
straints are explained in Sec. 3. Followingly, our results
for the surviving parameter space are presented in Sec. 4.
Concluding remarks are provided in Sec. 5.

2 The model

As stated above, the scalar sector of the model con-
sists of two color-singlet electroweak doublets @ ,,
and one color-octet electroweak doublet S. The most gen-
eral renormalizable potential of the scalar sector is [18,
31]:

Py 1 2
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All interactions between S, @, and ®, and the self-in-
teractions are included. In Eq. (1), we use i, j as SU(2) in-
dices, and the notation S; = SAT4, where 4 is color index.
The trace is taken over the color indices.

The physical parameters of this model are the masses
of the ®; and @, fields, which we denote in the 2HDM as
my,, my, and my for the neutral bosons and as my. for the
charged Higgs particles, as well as the octet masses mg,
my and mg- for the neutral scalar, neutral pseudoscalar,
and the charged octet scalar of the MW model. Moreover,
we refer to the two angles of the diagonalization of the
mass matrix in the 2HDM sector as a and f, according to
the conventions in the literature.

We apply the following conditions to reduce the num-
ber of parameters in the scalar potential and the Yukawa
potential, defined below in Eq. (2) and Eq. (3), respect-
ively.

e We restrict the 2HDM sector to be CP-conserving.

e Custodial symmetry [32—34]: We adopt the less re-
strictive method discussed in [18]. The mass degen-
eracies my: = my and mg- = m; result from custodial sym-
metry.

e We impose a Z, symmetry, which is only softly
broken by quadratic terms. This prevents tree level flavor
changing neutral currents (FCNCs), and further reduces
the number of free parameters. The charge assignments
we consider are given in Table 1. The original MW study
was motivated by the principle of minimal flavor viola-
tion [35, 36]. This is in contrast with our approach of im-
posing Z, symmetry, which is motivated by the practical-
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Table 1.
FCNCs. In type ITu (I1d), the color-octet scalar S only interacts with

Z, charge assignments in the 2HDMW that forbid tree level

up-type (down-type) quarks.

@, 0, N Ur Dg Or

Type 1 - + - - - +
Type Ilu - + - - + +
Type 11d - + + - + +

ity of reducing the number of parameters in the scalar po-
tential while still maintaining some ability to generate fla-
vor effects.

The scalar potential of the model with the aforemen-
tioned imposed constraints reads:

+ - 1 2
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Table 2.

where w4 =0 in Type I and Type [lu 2HDMW, and v4 =0
in the Type 1Id 2HDMW, which provides four massive
and twelve massless parameters. The masses of scalars
and their mixing angles are obtained by diagonalizing the
mass matrices of this model. The expressions of those
physical parameters were presented in Egs. (6) and (7) in
Ref. [18]. An overview over all assumptions, a comparis-
on with the limiting cases of the 2HDM and the MW
model, and an account of the free parameters are
provided in Table 2.

The general Yukawa potential of the 2HDMW in the
flavor eigenstate basis is given by

Ly =(=117(Yp)"y Dra®} 0} =75 (Yp)*, Dr @} 0}
=1 (Vo) Ura®] Q) = 1§ (), DraS 'O}
—Tl_lq](Yu)ah UR,afTQg) +h.c., 3)
where the n; are complex constants . In the Type I 2HD-
MW, we have n? = 0, whereas for Type ITu (IId), n? =0

and 7y =0 (7f =0). We use the convention H; = &;,H’,
where H = @ 5,5, and a, b are flavor indices.

3 Theory constraints
3.1 Priors

For our analysis, we make use of the open source
package HEPfit [37], which is linked to the Bayesian
Analysis Toolkit [38]. Even if experimental constraints
are not applied and thus do not necessarily rely on a fit-
ting tool, we chose this set-up for the following reasons:
BAT can also deal with flat likelihood distributions, and
HEPfit is optimized for a fast evaluation of the con-
straints. Sampling covers the entire parameter space, such
that we cannot miss relevant regions. This is not guaran-
teed if we use a random scattering approach. Further-

Overview over different model assumptions and their implementation and the number of free parameters ("dof.") in the corresponding scalar

potentials. The index i ranges from 1 to 3. The last two lines are combinations of all assumptions and thus represent the CP-conserving custodial Z;

symmetric models used for our fits.

MW dof. 2HDM dof. 2HDMW dof.
General - (16) - (13) - (42)
29 _
CP conservation Im[vi2] =0 (14)  Im[m2,1=0, Im[4:a1=0  (10) Im[my,] = Im[d;+4] = 0, (30)
Im[viy2] = Im[w;y2] = Im[x;] =0
1 2 1= . — _
Custodial symmetry M1 =H2 = 516, Im[mz 1=0 Im[mlz] =1Im[A;34] = 0, Ay = As,
=ps, vo =2v (€ 2 (€ = po = Lo, pa = ps, vo = 2v3, va = vi 24
case 1 of Ref.[18] M4 = Hs, V2 = 2v3, Im[Aia] = 0, A4 = A M6, > 3 50
V4 =Vj ’ > w2 =2w3, W4 = W, K2 =K3
Zyp symmetry I/ITu - (16) Ag=47=0 (O] wi=w5=Ag=A7=0,k=0 (28)
7, symmetry I1d vg=vs=0 (12) Ag=47=0 ) Va=vs=Ag=A7=0,k=0 (28)
Everything I/llu ©) %) (16)
Everything I1d (8) 7 (16)

1) Note that contrary to the 2HDM convention, up-type quarks do not couple to @7 in our notation.
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more, the presented HEPfit implementation of the 2HD-
MW, as well as the MW and 2HDM limiting cases are
available [37] and can be used in future HEPfit studies on
these models, including the experimental data. More in-
formation on HEPfit is provided in Refs. [29, 39].
In our Bayesian fits, we use flat priors for the 2HD-
MW parameters with the following ranges:
-50< /li,ﬂi,vi,wi <50
-2 <log;y(tanp) < 2
0 GeV? < m% < (1000 GeV)>.

We fix 8—a to nr/2 to align the light Higgs 4 with the SM
Higgs and reproduce its signal strength values at tree-
level. We set m%2 =0, because its value is not relevant in
this scenario. We do not require my =125 GeV in the
2HDMW. This constraint can always be accomplished by
adjusting m3,. Only in the MW limiting case with @, =0,
we impose that the SM-like Higgs has a mass of
125.18£0.16 GeV [40, 41], which results in an almost
fixed 4, like in the SM.

3.2 Unitarity

The unitarity of the S-matrix can be used to place
constraints on the parameters of a theory [42] (see also
[14, 28, 43—47]). If a certain combination of parameters
becomes too large, an amplitude will appear to be non-
unitary at a given order in perturbation theory. We refer
to these constraints as perturbative unitarity bounds, or
just unitarity bounds, even though the more accurate
statement would be the breakdown of the perturbation
theory.

Considering only two-to-two scattering, these con-
straints take the following forms at various orders in per-
turbation theory:

Lo: (aV) < i,

NLO: 0<(a”) +2(d®)Re(a) < %,
NLO+: (6 + Re(af)f < 5. @

where a(/.f) is the contribution at the £th order in perturba-

tion theory to the jth partial wave amplitude. The NLO+
inequality includes the square of the NLO correction, and
thus contains some, but not all of the NNLO contribu-
tions to the partial-wave amplitude. When considering the
scattering of scalars at high energy, only the j =0 partial
wave amplitude is important. The matrix of partial wave
amplitudes is given by
0

(@o);r = dt M ¢ (s,1), ©)

167s J_

and we use qy to indicate the eigenvalues of ay.
The two-to-two scattering matrix at the tree level in
the neutral, color singlet channel of the 2HDMW model

was recently derived in Refs. [18, 19]. As the scalar po-
tential, Eq. (1) contains only quartic interaction terms,
and the NLO unitarity bounds can be computed approx-
imately using the algorithm of Ref. [30]. A virtue of this
approach is its simplicity, as it only relies on knowledge
of the LO partial wave matrix and the one-loop scalar
contributions to the beta functions of the theory. This al-
gorithm is built on previous work in Refs. [28, 29], and
results for the special case of the 2HDM can be found in
those references. The NLO contribution to the eigen-
value is given by a sum of two terms

) = vl ©
The first term follows from the unitarity of the theory,
and it is proportional to the square of the LO eigenvalue

TP

The second term depends on the one-loop beta functions
of the theory, and it can be written in terms of the well
known formula for the perturbations of the eigenvalues of
an eigensystem for the which the exact LO solution is
known

1 _

1
agy = X5 - ag ;- Xo), (8)

where X are the LO eigenvectors and

m_ 3 0
%0p=72% |35, ©)

with 3, as the beta function associated with the coupling
Am. The approximation is computed at a scale where the
center-of-mass energy is much greater than the other
scales in the problem (recently, finite m?/s corrections
have been studied for colorless scalar SM extensions [46,
47]). Hence, we only start enforcing the unitarity bounds
for RGE scales above 750 GeV~ V10v, and do not im-
pose unitarity bounds when running from the EW scale to
750 GeV.

We also enforce the smallness of higher order correc-
tions to the partial wave amplitudes with the following
constraint [28, 29, 48, 49]

M
o6
©
o5’

for each eigenvalue of the partial wave matrix, as long as
ay) > 0.0L

R/

<1 (10)

3.3 Boundedness from below

To achieve a potential that is bounded from below,
we extract the positivity conditions from the generic po-
tential (1), assuming only that all couplings are real. Set-
ting all but one or two of the real scalar fields to zero, we
require the resulting coefficient matrix to be copositive
[50].
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H= o+ e+ 2(us + pa + ps) > 0, (11)
M+ po + s+ g >0, (12)
14(u1 + p2) + Spte + 243 + pa) = 312(u1 + p2) — pel > 0, (13)

S(uy +po + pe) +6(2u3 + pg +ps) — |y + 2 +pgl >0, (14)

vy + /11[1>0, (15)
vi+Vvy=2lvs| + \//11/1>0, (16)

1 1
A+ —u+vi+vr+2vs— —|vg+vs| >0, (17)
4 V3

>0, (18)
>0, (19)

A3+ 4142 >0, (20)
D3+ A4 —|As) + V44 > 0, 1

%(/11 +A)+ A3+ Ay + A5 —2|Ag + 7] > 0, (22)
w1 + Ao >0, (23)

w1 +wy = 2)ws| + Ao >0, (24)

1 1
A+ —p+w) +wy +2w3 — —|ws +ws| > 0. (25)
4 V3

We want to stress that these conditions are necessary
but not sufficient, since we did not analyze the cases with
three or more non-zero fields, leaving the «; uncon-
strained. While pure 2HDM inequalities (18) to (22) have
been known before [31, 51], we are not aware of such
conditions in the Manohar-Wise model; that is why we
derive (11) to (18) in the most general way. Finally, (23)
to (25) only appear in the 2HDMW.

In our simplified potential Vi, the positivity condi-
tions reduce to

o= 4uy +2u3 +4p4 > 0, Spy +3p3 + 3pg —|uy | > 0,

Vi + /11,u'>0, V1+2V2+ /l]/,l’>0,
1 2
A+ = +vi+2vy — —|vg| > 0, A1 >0, A >0,
4 Vi
Az + \//11/12 >0, A3 +24 + \//11/12 >0,
w1+ A’ >0, w1+ 2wy + A’ >0,
1 2
A+ —/,l, +wi + 2wy — —|wy| > 0.
3 V3
(26)

3.4 Positivity of the mass squares

Additional bounds are derived from requiring the
masses of the colored scalars to be real:

4m?
2 2 s
ViCs+wysh > ———,
1€ 1 V2
5 5 4m§
(V1 +2v2)cp + (w1 +2w2) 55 > — 2 27

with v = \/vI+v2 ~ 246 GeV, and where s5 and ¢4 are the
sine and cosine of S, respectively, with tanB=v;/v,. We
must have m >0, such that the vacuum preserves
S U(3)c. The mass splitting between the colored states is

2 5

2 (mR - mé) = VZCIZ; + w2s§, (28)

and m%. = m? owing to custodial symmetry.
3.5 Renormalization group stability

Thus far, we only discussed theory constraints at the
electroweak scale. Assuming the validity of the model up
to some higher scale imposes bounds on the parameters:
Scenarios that define a viable model at mz could feature
one (or more) quartic couplings with unstable behavior
under the renormalization group evolution to a higher
scale. This could be due to a Landau pole, however also
the boundedness-from-below criteria described in Sec.
3.3 should be fulfilled at any scale. Furthermore, the unit-
arity conditions should be applied at least above some
scale, u,, as they are computed in the limit u, > Va,v
with 4; denoting quartic coupling of the theory. Here, we
chose u, =750 GeV, as in Ref. [29]. We only take into
account the quartic coupling terms from [19] and neglect
the contributions of Yukawa and gauge couplings to the
RGEs. In Ref. [19], it was shown how the parameter
space is constrained in three cases where log,,(A/1 GeV) =
10, 13, 19 if LO unitarity and 2HDM stability are applied.

4 Results

While the boundedness-from-below constraints are
trivial, we discuss the different unitarity constraints in the
2HDMW, before considering higher scales and the effect
of the theory constraints on the physical parameters for
both the 2HDMW and the MW model. Due to the large
number of degrees of freedom, we present the direct com-
parison of model parameters in most cases. The results
are also translated into physical parameters, such as scal-
ar masses.

The contours in figures presented below are the 100%
posterior probability regions. If we change the prior dis-
tribution of tang, for instance, replacing a flat log,,(tanp3)
by a flat tang prior, this will modify the shape of the pos-
terior distributions (probably only slightly), however it
will not modify the 100% limit.

4.1 Different unitarity constraints

In Fig. 1, we show the effects of LO, NLO, and
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LO unitarity
=1 NLO unitarity
NLO+ unitarity

20 A @G
—~ 10 A
N
S
< 0
'<

_10_

—I20 (I) 2IO
Az(myz)

Fig. 1.

Ua(my)

[ R’ conditions
B =1 TeV with NLO+,R’

it

0 25
Us(myz)

-50 =25 50

(color online) Comparison of different unitarity bounds in A4 vs. 23 and p4 vs. u3 planes at electroweak scale. Bounds shaded

by colors other than red are obtained without running of renormalization-group. Tree-level unitarity constrains the quartic couplings

to beige areas; two sets of one-loop conditions NLO and NLO+ force couplings to stay within pink and light blue regions, respect-
ively. The purple contour delimits the area compatible with R’ conditions. Different unitarity bounds at the electroweak scale need to
be compared to the regions with stable running, including unitarity up to a scale of 1 TeV (red).

NLO+ criteria on the A4 vs. A3 and u4 vs. w3 planes, as
well as the impact of the R' conditions explained in Sec.
3.2 at the electroweak scale. These bounds are calculated
without running the renormalization-group equations, ex-
cept for the red region. We observe that — contrary to the
2HDM case, c.f Fig. 2 of Ref. [29] — the quartic coup-
lings enjoy more freedom if we apply NLO(+) or the R’
criteria instead of the LO unitarity. The reason for this is
that the LO unitarity conditions only depend on a few
quartic couplings and disallow extreme values for them,
while in the NLO(+) case, large quartic couplings can be
compensated by tuning some of the other quartic coup-
lings. Along the diagonal of the left hand panel of
Fig. 1, we can observe the consequence of not applying
the R’ criteria if the LO unitarity condition is accidentally
small: in the small strip with |14+ 43| <0.01, the quartic
coupling A4 can be larger than 11 in magnitude. If we
compare all sets of unitarity constraints with the region
that is stable at least up to 1 TeV and compatible with
NLO+ unitarity and the R’ conditions, we observe that
the latter is a very strong bound. Here, we stress that we
recommend to use the NLO(+) unitarity conditions only
at scales significantly larger than the electroweak vev,
because beyond LO, the quartic couplings are running
couplings evaluated at an energy much larger than v.

4.2 Combination of all theoretical constraints

In Fig. 2, we illustrate the combination of the theory
constraints with stability up to a certain scale in the A4 vs.
A3 and vy vs. v; planes as representative examples of the
2HDMW. The limits obtained from the global fit to all
quartic couplings of the 2HDMW and the MW limiting
case can be found in Table 3. In this section, we analyze
three different scenarios: in the first case, we run all
quartic couplings to the stability scale of uy, =1 TeV,
whilst at each iteration of the RG evolution controlling
whether the potential is bounded from below and wheth-
er all quartic couplings are in the perturbative regime,
which is smaller than 47 in magnitude. We find that with
these constraints, the absolute value of the quartic coup-
lings at the electroweak scale cannot exceed limits
between 3.3 and 8.5 (1.7 and 7.5) without applying any
unitarity bound to the 2HDMW (MW). This has to be
confronted with the second scenario, in which we add the
NLO++ unitarity constraints as well as the R’ criteria at
scales above 750 GeV to the previous fit. The impact on
the parameters is quite sizable: in Fig. 2, we see that the
allowed regions shrink by a factor of 1.5 to 2. The max-
imally allowed values for the quartic couplings range
from 2.2 to 5.7 in the 2HDMW and from 1.3 to 5.6 in the
MW, as shown in Table 3. For comparison, the theory-
only upper limit on the quartic couplings of the 2HDM is
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-5.0

B =1 TeV without unitarity
Bl =1 TeV with unitarity
Bl . =63 TeV with unitarity

-2.5 0.0

25 5.0

Az(mgz)

Fig. 2. (color online) RG stability in A4 vs. A3 and v4 vs. v, planes of 2HDMW of type I at the electroweak scale. Blue contours repres-
ent all scenarios that lead to a stable potential up to 1 TeV without imposing any unitarity constraint, whereas NLO+ unitarity and R’
are added to the set of constraints for red regions. The dark red region is compatible with all theory bounds and with a stable poten-
tial up to 63 TeV.

HEP[}

-6

-5.0 -2.5 0.0

25 5.0

v2(mz)

Table 3. Limits on quartic couplings and two mass differences with different assumptions. Second to fourth columns list 2HDMW results. Note that v4

(w4) is only non-zero in the case(s) of the type I, ITu (IId) 2HDMW. Columns five to seven contain the results of the MW limiting case. In this case,

A= mi V2.
2HDMW limits MW limits
Unitarity pg - LO NLO+,R' NLO+,R' - LO NLO+,R' NLO+,R'
1 TeV 1 TeV 1 TeV 63 TeV 1 TeV 1 TeV 1 TeV 63 TeV
| | |

z [0, 3.9] [0, 3.9] [0, 2.7] [0, 1.0] 0.2585 +0.0007
L [0, 3.9] [0, 3.9] [0,2.7] [0, 1.0] -
7 [-3.4,5.8] [-3.2,5.5] [2.4,4.2] [-0.9, 1.6] -
A [-3.3,3.8] [-3.2,3.5] [2.2,2.5] [-0.9, 0.9] -
Hi [-5.5,6.0] [-5.3,5.8] [-3.8,4.1] [-1.5, 1.4] [-5.3,5.8] [-5.3,2.0] [-3.6,4.0] [-1.4,1.2]
M3 [-8.5,7.8] [-8.1,7.7] [-5.2,5.7] [-1.8,2.2] [-8.5,7.5] [0.0, 4.4] [-5.1,5.6] [-1.6,2.2]
Ha [-3.7,4.9] [-3.3,4.8] [-2.3,3.2] [-0.9, 1.2] [-3.6,4.8] [-4.0, 2.3] [-2.1,3.1] [-0.7,1.2]
4! [-4.7,6.3] [-4.5,5.6] [-3.1,4.6] [-1.2,1.7] [-1.7,6.3] [-1.2,6.4] [-1.3,4.3] [-0.8, 1.6]
V2 [-4.0,5.2] [-3.6,5.0] [-2.7,3.5] [-1.1, 1.3] [-3.3,5.1] [-6.2, 6.4] [-2.3,3.4] [-1.0, 1.3]
V4 [-5.0, 5.0] [-4.8,4.7] [-3.3,3.3] [-1.3,1.3] [-4.6,4.5] [-7.6,7.7] [-2.9,2.9] [-1.1, 1.1]
w1 [-4.7,6.3] [-4.5, 6.0] [-3.1,4.5] [-1.2,1.7] -
2] [-4.0,5.2] [-3.9,5.1] [-2.8,3.5] [-1.1, 1.3] -
w4 [-4.9,4.9] [-4.8,4.7] [-3.2,3.3] [-1.3,1.3] -

my —mp [GeV] [=390, 440] [=340, 400] [-340, 360] [-210, 230] -

mg —my [GeV] [-320, 370] [—280, 330] [-260, 310] [-170, 190] [-250, 300] [-100, 230] [-180, 250] [-150, 180]
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B s =1 TeV without unitarity

B =1 TeV with unitarity E‘Eaﬁt
B L = 63 TeV with unitarity

400 .

200

—200

my —my [GeV]

—-400

0 560
megy [GeV]

Fig. 3.
coding is described in Fig. 2.

5.75 [29]. Finally, we impose that the scalar potential with
all discussed theory bounds is stable up to even higher
scales A. Originally, high scales of 10*8, 1076, 10'? and
10" GeV were to be tested in evenly spaced steps in the
logarithm of log,, A towards the Planck scale, however
our fitting set-up became unstable beyond 10*® GeV. If
we choose 10*% GeV~ 63 TeV as our high scale example,
all parameters have to be within the range of —1.8 and 2.2
in the 2HDMW and between —1.6 and 2.2 in the MW.
Hence, the limits at 63 TeV are stronger by a factor of
about 2/5 with respect to the ones obtained with stability
at 1 TeV. As a complete illustration, we arrange pairwise
correlations of the bounds between all the couplings in
Figs. 4 and 5 in the Appendix.

In the MW limiting case, the role of A, is different, as
it is the only parameter that the mass of the SM-like
Higgs depends on; it is thus basically fixed by the Higgs
mass measurements. Moreover, we do not impose any Z,
symmetry on the MW model, and thus we treat v4 as a
free parameter. The main difference between the limits on
quartic couplings in the 2HDMW and MW models is in
the extent of negativity of v;. Since 4 is fixed in the MW
model, the positivity of the model limits the size of v;.
The Higgs trilinear coupling is sensitive to v, at the one-
loop level. Thus, larger values of v, are advantageous for
observation attempts of the double-Higgs boson produc-
tion at the LHC.

Comparing our results with those of Ref. [19], we
find that our permitted ranges for the quartic couplings
assuming stability and NLO unitarity up to 63 TeV are

1000

400 A
D
200 -
S,
g 0
| —200
3
—400

0 560
mg [GeV]

1000

(color online) Comparison of different stability scales in my —ma vs. my and mg —m; vs. mg planes of Type I 2HDMW. Color

more or less of the same size, as previous limits using LO
unitarity and no MW positivity up to 2x 10* TeV.

The limits on quartic couplings can be translated into
bounds on physical model parameters. As in the 2HDM,
we observe strong restrictions of the differences between
m?, and m% [29, 49], however also m? cannot deviate very
much from m3, as shown in Fig. 3. The former mass
square difference depends on the values of the A;, while
m%—m7 is proportional to vzc§+w2s2, see Eq. (28). The
linear dependence of the upper limit of the mass split-
tings for light my and mg arises by requiring both masses
to be positive. This feature does not appear in the analog-
ous limit in Figure 6 of Ref. [29], because the mass split-
tings in that figure are plotted against the mass of a third
Higgs boson. Fittings to the mass differences ms —mpy
and mg —my in the three mentioned scenarios yield upper
bounds between 440 GeV and 170 GeV in the 2HDMW
and between 300 GeV and 150 GeV in the MW model, as
shown in the last two rows of Table 3. Similarly as in the
2HDMW, the theory-only limit on the mass splitting in
the 2HDM is 360 GeV [29]. Even if Figs. 2 and 3 were
obtained for the Type I 2HDMW, the 2HDMW limits in
Table 3 are valid for all three types, while either v4 or w4
have to be set to zero, depending on the type.

5 Conclusions

The NLO unitarity bounds were studied on the 2HD-
MW, which extends the scalar sector of 2HDM with an
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Bl =1 TeV without unitarity
Bl =1 TeV with unitarity
Bl ;=63 TeV with unitarity
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Fig. 4. (color online) Pairwise correlations of bounds between all couplings at different scales. The colored scheme of representing
different constraints is the same as that of Fig. 2. The cyan dashed box contains MW parameters.
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BN ;=1 TeV without unitarity
BN ;=1 TeV with unitarity
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Fig. 5.

(color online) Pairwise correlation of bounds between all couplings at different scales. The colored scheme of representing dif-

ferent constraints is the same as that of Fig. 2. The orange dashed box contains 2HDM parameters.

additional color octet scalar. Although less constraining
than the LO unitarity bounds at the electro-weak scale,
the NLO unitarity constraints become stronger when ap-
proaching higher scales greater than 1 TeV. However,
compared with the MW model, which is the limiting case
of 2HDMW, common quartic couplings, i.e. u's and V's,
are allowed for larger ranges under these constraints.

We derived a set of necessary conditions to bound the
2HDMW potential from below for the first time. These
conditions constrain most of the quartic couplings with
the exception of a few. They are also applicable to the
limiting case of the MW model.

Appendix

For the sake of completeness, we provide the two-dimensional
correlations of the 2HDMW in Fig. 4 and Fig. 5. The former also

Finally, we have combined all theoretical constraints
and found limits of the couplings assuming stability at
different scales. Requiring a stable potential at a higher
scale favors smaller mass differences between pairs of
neutral scalars, such as my —my and mg —m;.

The next step would be a study combining experi-
mental constraints, for which our publicly available HEP-
fit implementation could be used.

We thank C. Murgui, A. Pich and G. Valencia for
Sfruitful discussions. We thank the INFN Roma Tre
Cluster, where most of the fits were performed.

contains the MW subset, while the latter includes 2HDM correla-
tions.
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