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ABSTRACT: We study the Higgs mass spectrum as predicted by a Maximally Symmetric
Two Higgs Doublet Model (MS-2HDM) potential based on the SO(5) group, softly broken
by bilinear Higgs mass terms. We show that the lightest Higgs sector resulting from this
MS-2HDM becomes naturally aligned with that of the Standard Model (SM), independently
of the charged Higgs boson mass and tan 3. In the context of Type-II 2HDM, SO(5) is
the simplest of the three possible symmetry realizations of the scalar potential that can
naturally lead to the SM alignment. Nevertheless, renormalization group effects due to the
hypercharge gauge coupling ¢’ and third-generation Yukawa couplings may break sizeably
this alignment in the MS-2HDM, along with the custodial symmetry inherited by the SO(5)
group. Using the current Higgs signal strength data from the LHC, which disfavour large
deviations from the SM alignment limit, we derive lower mass bounds on the heavy Higgs
sector as a function of tan 3, which can be stronger than the existing limits for a wide range
of parameters. In particular, we propose a new collider signal based on the observation
of four top quarks to directly probe the heavy Higgs sector of the MS-2HDM during the
run-IT phase of the LHC.
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1 Introduction

The discovery of a Higgs resonance with mass around 125 GeV at the LHC [1, 2] offers
an unprecedented opportunity for probing extended Higgs scenarios beyond the Standard
Model (SM). Although the measured properties of the discovered Higgs boson show re-
markable consistency with those predicted by the SM [3, 4], the current experimental data
still leave open the possibility of new physics that results from an extended Higgs sector.
In fact, several well-motivated new-physics scenarios require an enlarged Higgs sector, such
as supersymmetry [5], in order to address a number of theoretical and cosmological is-
sues, including the gauge hierarchy problem, the origin of the Dark Matter and the baryon
asymmetry in our Universe. Here we follow a modest bottom-up approach and consider
one of the simplest Higgs-sector extensions of the SM, namely the Two Higgs Doublet
Model (2HDM) [6].

The 2HDM contains two complex scalar fields transforming as iso-doublets (2, 1) under
the SM electroweak gauge group SU(2); ® U(1),:

N
By — <§0> , (1.1)



with ¢ = 1,2. In this doublet field space ®1 2, the general 2HDM potential reads

Vo= — i (D]®1) — p3(Dhda) — |miy(@]2) + Hec.
FAL(B]01)% + Ao (BF2)? + Ag(@]D1) (@5 P2) + Ay (D] Do) (R D1)

1
+ 5A5(<1>’{<1>2)2 + 26(R1D1) (D1 Dy) + A7 (Do) (BIDy) + H.c.] , (1.2)

which contains four real mass parameters u%z, Re(m?,), Im(m3,), and ten real quartic
couplings A1 234, Re(A56,7), and Im(A56,7). As a consequence, the vacuum structure of the
general 2HDM can be quite rich [7], and in principle, can allow for a wide range of parameter
space still compatible with the existing LHC constraints. However, additional requirements,
such as the Glashow—Weinberg condition [8, 9], must be imposed, so as to avoid Higgs
interactions with unacceptably large flavour changing neutral currents (FCNC) at the tree
level. The Glashow—Weinberg condition is satisfied by four discrete choices of tree-level
Yukawa couplings between the Higgs doublets and SM fermions.! By performing global
fits to the current Higgs signals at the LHC and Tevatron in terms of the 2HDM parameter
space, it has been shown [11-18] that all four discrete 2HDM types are constrained to
lie close to the so-called SM alignment limit, in which the mass eigenbasis of the CP-even
scalar sector aligns with the SM gauge eigenbasis. Specifically, in the Type-II (MSSM-type)
2HDM, the coupling of the SM-like Higgs to vector bosons is constrained to lie within 10%
of the SM value at 95% CL [14, 19-22].

In light of the present and upcoming LHC data, possible mechanisms that lead to the
SM alignment limit within the 2HDM require further investigation and scrutiny. Naively,
the SM alignment limit is often associated with the decoupling limit, in which all the non-
standard Higgs bosons are assumed to be much heavier than the electroweak scale so that
the lightest CP-even scalar behaves like the SM Higgs boson. This SM alignment limit
can also be achieved, without decoupling [23-26].> However, for small tan 3 values, this is
usually attributed to accidental cancellations in the 2HDM potential [26].

In this paper, we seek a symmetry of the 2HDM potential to naturally justify the
alignment limit, without decoupling, independently of the kinematic parameters of the
theory, such as the charged Higgs mass and tan 8. We show that a Maximally Symmetric
2HDM (MS-2HDM) potential based on the SO(5) group can naturally realize the alignment
limit, where SO(5) acts on a bilinear field space to be discussed in section 2. In section 3,
we show that, in the context of Type-II 2HDM, the maximal symmetry group SO(5) is the
simplest of the three possible symmetry realizations of the scalar potential having natural
alignment. Nevertheless, as we analyze in section 3, renormalization group (RG) effects
due to the hypercharge gauge coupling ¢’ and third-generation Yukawa couplings, as well
as soft-breaking mass parameters, violate explicitly the SO(5) symmetry, thereby inducing
relevant deviations from the alignment limit. As we discuss in section 4, such deviations

'In general, the absence of tree-level flavour-changing couplings of the neutral scalar fields can be guar-
anteed by requiring the Yukawa coupling matrices to be aligned in flavour space [10].

2 A similar situation was also discussed in an extension of the MSSM with a triplet scalar field [27], where
alignment without decoupling could be achieved in a parameter region at small tan 8 < 10.



lead to distinct predictions for the Higgs spectrum of the MS-2HDM. In section 5, we
present a novel collider signature of the MS-2HDM with four top quarks as final states. In
section 6 we present our conclusions. Finally, several technical details related to our study
have been relegated to appendices A and B.

2 Maximally symmetric two Higgs doublet model potential

In order to identify all accidental symmetries of the 2HDM potential, it is convenient to
introduce the 8-dimensional complex multiplet [7, 28, 29]:

P
D)
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where ®; = ioc?®? (with i = 1,2) and 02 is the second Pauli matrix. We should remark that
the complex multiplet ® satisfies the Majorana property [7]: ® = C®*, where C' = 2 ®
0%®0? is the charge-conjugation matrix, with 0® = 1549 being the identity matrix. In terms
of the ®@-multiplet, the following null 6-dimensional Lorentz vector can be defined [7, 29]:

R4 = ®'x4® | (2.2)
where A =0,1,...,5 and the six 8 x 8-dimensional matrices ¥4 may be expressed in terms
of the three Pauli matrices o123, as follows:

0,1,3 1 0 0,1,3 0 2 1 3 2 0
YOt = 0" ®o TR, X = 50 Ro“®o,
2
1 1
¥t = —§a2®02®00, ¥ = —501®02®00. (2.3)

We must emphasize here that the bilinear field space spanned by the 6-vector R4 realizes
an orthochronous SO(1,5) symmetry group.

In terms of the 6-vector R? defined in (2.2), the 2HDM potential V' given in (1.2)
takes on a simple quadratic form:

1 1
vV = —EMARA + ZLABRARB, (2.4)

where M4 and Lp are SO(1,5) constant ‘tensors’ that depend on the mass parameters and
quartic couplings of the scalar potential V' and their explicit forms may be found in [29-32].
Requiring that the SU(2), gauge-kinetic term of the multiplet ® remains canonical restricts
the allowed set of rotations from SO(1,5) to SO(5),> where only the spatial components
R! (with I = 1,...,5) transform, whereas the zeroth component R° remains invariant.
Consequently, in the absence of the hypercharge gauge coupling ¢’ and fermion Yukawa

3We note in passing that if the restriction of SU(2)r gauge invariance is lifted, the 2HDM is then
equivalent to an ungauged theory with 8 real scalars and so the maximal symmetry group becomes the
larger group O(8) [33].



couplings, the maximal symmetry group of the 2HDM is GIt;\; = SO(5). Given the group
isomorphy SO(5) ~ Sp(4)/Zs, the maximal symmetry group of the 2HDM in the original
®-field space is [29]*

Glpm = (Sp(4)/Z2) @ SU(2),, (2.5)

in the custodial symmetry limit of vanishing ¢’ and fermion Yukawa couplings. The quotient
factor Zs in (2.5) is needed to avoid double covering the group Gy, in the ®-space. One
may note here that the 10 Lie generators of Sp(4) may be represented in the ®-space as
K%=k*® 0" (with a =0,1,2,...,9), where

1 1

KO = 503®00, Kl o= 503®01,
1 1

K2 = §O'O®O'2, K3 = 503®03,

4 Ly 0 5 L 3

K= -0 Qo K> = -0 ®o”, (2.6)
2 2

K® = 102®00 K= 102®a3
2 b 2 b
1 1

kS = 501@)01, P §U2®Ul,

with the normalization: Tr(k%k®) = §%. Thus, the group Gy includes the U(1)y
hypercharge group through the Sp(4) generator K°, whereas the 9 other Sp(4) generators
listed in (2.6) are related to various Higgs Family and CP transformations [29]. On the
other hand, the SU(2), generators in the ®-space may be written as 0’ ® 0" ® (0%/2) (with
b =1,2,3), which manifestly commute with all Sp(4) generators K.

As we will see below by an explicit construction [cf. (2.9) and section 2.1], it is not
difficult to deduce that, in the custodial symmetry limit, the maximal symmetry group for
an n Higgs Doublet Model (rRHDM) will be

Grupm = (Sp(2n)/Z) @ SU(2),, , (2.7)

in which case the multiplet ® becomes a Majorana 4n-dimensional complex vector.® It is
interesting to note that for the SM with n = 1 Higgs doublet, (2.7) yields the well-known
result: G®, = (SU(2)¢/Z2) ® SU(2);, by virtue of the group isomorphy: Sp(2) ~ SU(2)¢,
where SU(2)¢ is the custodial symmetry group originally introduced in [36]. Hence, it is
important to stress that (2.7) represents a general result that holds for any nHDM.

We may now identify all maximal symmetries of the 2HDM potential by classifying
all proper, improper and semi-simple subgroups of SO(5) in the bilinear R! space. In
this way, it was found [7, 29] that a 2HDM potential invariant under SU(2), ® U(1), can
possess a maximum of 13 accidental symmetries. This symmetry classification extends the

“In [29], the symplectic group Sp(4) is denoted as SU(4), where the 10 generators of the restricted
U(4) group satisfying a Majorana (symplectic) condition were presented.

5Given an apparently deep connection between SO(2n + 1) and Sp(2n) groups [34, 35], both of which
have n(2n+1) generators, one might be able to identify the necessary bilinears in the R-space for an nHDM.
However, this is somewhat non-trivial for n > 3, and therefore, we postpone this discussion to a future
dedicated study.



previous list of six symmetries reported in [31], where possible custodial symmetries of the
theory were not included. Each of the 13 classified symmetries puts some restrictions on
the kinematic parameters appearing in the 2HDM potential (1.2). In a specific diagonally
reduced bilinear basis [37, 38|, one has the general restrictions Im(A5) = 0 and g = A7,
thus reducing the number of independent quartic couplings to seven. In the maximally
symmetric SO(5) (~ Sp(4)/Zz) limit, we have the following relations between the scalar
potential parameters [7, 29]:

M% = M%a mis = 0,
)\2 = )\1, )\3 = 2)\1, )\4 = Re()\5) = )\6 = )\7 =0. (2.8)

Thus, in the SO(5) limit, the 2HDM potential (1.2) is parametrized by a single mass
parameter ;2 and a single quartic coupling \:

2
Vo= = (|01 + |@52) + A (1212 + 2o

2
- -Lele 4 2(@@)2. (2.9)

It is worth stressing that the MS-2HDM scalar potential in (2.9) is more minimal than
the respective potential of the MSSM at the tree level. Even in the custodial symmetric
limit ¢’ — 0, the latter only possesses a smaller symmetry: O(2) ® O(3) C SO(5), in the
5-dimensional bilinear R space.

2.1 Custodial symmetries in the MS-2HDM

It is now interesting to discuss the implications of custodial symmetries for the Yukawa
sector of the 2HDM. To this end, let us only consider the quark Yukawa sector of the
theory, even though it is straightforward to extend our results to the lepton sector as well.
The relevant part of the quark-Yukawa Lagrangian in the 2HDM can generally be written
down as follows:

L% = Qu(hi®y + hido)up + Q(hi®) + hidy)dp

= (ag, dp) ((I)l, Ty, By, 62) M (Zg) : (2.10)

where Q1 = (ur, dL)T is the SM quark iso-doublet and we have introduced a 12 x 6-
dimensional non-square Yukawa coupling matrix

hi  03x3
hy  03x3

H = 2 . 2.11
03x3 h{ (211)

033 h

All the custodial symmetries of the 2HDM potential can be deduced by examining
the Sp(4) generators K = k% ® 0 in the ®-space, where k% are explicitly given in (2.6).
Candidate Sp(4) generators of the custodial symmetry are those generators that do not



commute with the hypercharge generator K°, i.e. K with a = 4,5,6,7,8,9. It is not diffi-
cult to see that these six generators, together with K9, form three inequivalent realizations
of the SU(2)¢ custodial symmetry [29]: (1) K%4%, (ii) K97 and (iii) K%%9.

In order to see the implications of the three custodial symmetries (i), (ii) and (iii)
for the quark Yukawa sector, we impose a symmetry commutation relation on H after
generalizing it for non-square matrices:

KOH — H® = O4xa, (2.12)

where H is expressed in the reduced 4 x 2-dimensional space, in which the 3 x 3 flavour space
has been suppressed. In addition, we denote with t* = ¢®/2 (with b = 1,2,3) the three
2 x 2 generators of the custodial SU(2)¢ group. One can immediately check that it holds
KV H — H 3 = 04x2, which implies that the specific block structure of H in (2.11) respects
U(1)y by construction, given the correspondence: " ¢+ t3. In detail, imposing (2.12) for
the three SU(2)¢ symmetries, we obtain the following relations among the 3 x 3 up- and
down-type quark Yukawa coupling matrices:

(i) A% = ?nd and hY = €Ynd,
(i) hY = €%hd and hY = —end, (2.13)
(iii)  h* = €®hd and hY¥ = e Ynd,

where 6 is an arbitrary angle unspecified by the symmetry constraint (2.12). We should
stress again that only for a fully SO(5)-symmetric 2HDM, the three sets of solutions
in (2.13) are equivalent. However, this is not in general true for scenarios that happen to
realize only subgroups of SO(5), according to the symmetry classification given in [7, 29].

2.2 Scalar spectrum in the MS-2HDM

The masses and mixing in the Higgs sector of a general 2HDM are given in appendix A.
After electroweak symmetry breaking in the MS-2HDM, we have the breaking pattern

(@1,2)#0
—

SO(5) SO(4) (2.14)

which gives rise to a Higgs boson H with mass MIQJ = 2)\9v?, whilst the remaining four
scalar fields, denoted hereafter as h, a and h*, are massless (pseudo)-Goldstone bosons.
The latter is a consequence of the Goldstone theorem [39] and can be readily verified by
means of (2.8) in (A.5). Thus, we identify H as the SM-like Higgs boson with the mixing
angle = f [cf. (A.7)]. We call this the SM alignment limit, which can be naturally
attributed to the SO(5) symmetry of the theory.

In the exact SO(5)-symmetric limit, the scalar spectrum of the MS-2HDM is experi-
mentally unacceptable, as the four massless pseudo-Goldstone particles, viz. h, a and h*,
have sizeable couplings to the SM Z and W= bosons [cf. (A.9)]. These couplings induce
additional decay channels, such as Z — ha and W+ — h*h, which are experimentally
excluded [40]. Nevertheless, as we will see in the next section, the SO(5) symmetry of the
original theory may be violated predominantly by RG effects due to ¢’ and third-generation
Yukawa couplings, as well as by soft SO(5)-breaking mass parameters, thereby lifting the
masses of these pseudo-Goldstone particles.



3 RG and soft breaking effects

As discussed in the previous section, the SO(5) symmetry that governs the MS-2HDM
will be broken due to ¢’ and Yukawa coupling effects, similar to the breaking of custodial
symmetry in the SM. Therefore, an interesting question will be to explore whether these
effects are sufficient to yield a viable Higgs spectrum at the weak scale. To address this
question in a technically natural manner, we assume that the SO(5) symmetry is realized at
some high scale ux. The physical mass spectrum at the electroweak scale is then obtained
by the RG evolution of the 2HDM parameters given by (1.2). Using state-of-the-art two-
loop RG equations given in appendix B, we examine the deviation of the Higgs spectrum
from the SO(5)-symmetric limit due to ¢’ and Yukawa coupling effects. This is illustrated in
figure 1 for a typical choice of parameters in a Type-II realization of the 2HDM, even though
the conclusions drawn from this figure have more general applicability. In particular, we
obtain the following breaking pattern starting from a SU(2), -gauged theory:

SO(G) @ SUR), 2% 0(3)®0(2) ®SU@2), ~ 0(3) @ U(l)y ®SU(2),

TR, 0(2) © U(L)y @ SU2)L ~ U(L)pg ® U(1)y ® SU2)L
L2 U (e (3.1)
where U(1),,, is the electromagnetic group. In other words, RG-induced ¢’ effects only

lift the charged Higgs-boson mass M+, while the corresponding Yukawa coupling effects
also lift slightly the mass of the non-SM CP-even pseudo-Goldstone boson h. However,
they still leave the CP-odd scalar a massless (see left panel of figure 1 for m?, = 0), which
can be identified as a U(1)pq axion [41]. The deviation of the scalar quartic couplings
from the SO(5)-symmetric limit given in (2.8), thanks to ¢’ and Yukawa coupling effects, is
illustrated in figure 1 (right panel) for a simple choice of the single quartic coupling A =0
at the SO(5)-symmetry scale px.

Figure 1 (left panel) also shows that ¢’ and Yukawa coupling effects are not sufficient to
yield a viable Higgs spectrum at the weak scale, starting from a SO(5)-invariant boundary
condition at some high scale px. To minimally circumvent this problem, we need to
include soft SO(5)-breaking effects, by assuming a non-zero value for Re(m?,) in the 2HDM
potential (1.2). In the SO(5)-symmetric limit (2.8) for the scalar quartic couplings, but
with Re(m?,) # 0, we obtain the following mass spectrum [cf. (A.5)]:

Re(m%Q)

M% = 2\0?, M} = M2 = M% =
SpCp

(3.2)
as well as an equality between the CP-even and CP-odd mixing angles: o = (3, thus
predicting an ezact alignment for the SM-like Higgs boson H, simultaneously with an
experimentally allowed heavy Higgs spectra (see left panel of figure 1 for m3, # 0). Note
that in the alignment limit, the heavy Higgs sector is exactly degenerate [cf. (3.2)] at the
SO(5) symmetry-breaking scale, and at the low-energy scale, this degeneracy is mildly
broken by the RG effects. Thus, we obtain a quasi-degenerate heavy Higgs spectrum
in the MS-2HDM, as illustrated in figure 1 (left panel). We emphasize that this is a
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Figure 1. (left panel) The Higgs spectrum in the MS-2HDM without and with soft breaking effects
induced by m?,. For m?, = 0, the pseudo-Goldstone boson a remains massless at tree-level, whereas
h and h* receive small masses due to the ¢’ and Yukawa coupling effects. For m?2, # 0, one obtains
a quasi-degenerate heavy Higgs spectrum, cf. (3.2). (right panel) The RG evolution of the scalar
quartic couplings under ¢’ and Yukawa coupling effects. Here we have chosen puy = 2.5 x 10* GeV,
Apx) =0 and tan 8 = 50 for illustration.

unique prediction of this model, valid even in the non-decoupling limit, and can be used
to distinguish it from other 2HDM scenarios.

From (3.2), we notice that the alignment limit o = f is independent of the charged
Higgs-boson mass M+ and the value of tanB. This is achieved without decoupling,
i.e. without the need to consider the mass hierarchy M+ > v. Hence, in this softly
broken SO(5) 2HDM, we get natural SM alignment, without decoupling.® It is instruc-
tive to analyze this last point in more detail. In the general CP-conserving 2HDM, the
CP-even scalar mass matrix can be written down as [42, 43]

M2 _ M2 S% —Sg3C3 " 1)2 2)\16% + )\58% + 2)\68565 )\348565 + )\60% + )\78%
S “\ —spes A345p¢5 + A6Ch + A155 2has5 + Asch + 2M7s508

= () A ot (3.3)
6 Cp —56 €8

where M?2 is given in (A.5), A34 = A3 + A4, and

M3 - (g %) , (3.4)

with
A= 202 [chAs + shdas + b + 2spea(cBhe + 5B (3.5)
B=M2 + dsv? + 20233 (M + de = das) — spes(h—s3) (o= Me)| . (36)
C = v?[shos (200 — a5 ) = chss (20 = Aass ) + 3 (1~ 453 ) A + 53 (4 — 1) | (37)

SStrictly speaking, there will be one-loop threshold corrections to the effective MS-2HDM potential,
sourced from a non-zero Re(mfg), which might lead to small misalignments. A simple estimate suggests
that these corrections are of order A2 / (167r2) and can therefore be safely neglected to a good approximation.



Here we have used the short-hand notation: Asss = A3 + A4 + A5. Observe that ]\/ng
in (3.3) is the respective 2 x 2 CP-even mass matrix written down in the so-called Higgs
eigenbasis [44-47].

Evidently, the SM alignment limit o — [ for the CP-even scalar mixing angle « is
obtained, provided the off-diagonal elements of ]\/4\5 in (3.4) vanish, i.e. for C = 0 [24].
From (3.7), this yields the quartic equation

Arth — (2h2 — Asas)th + 3(Xe — A7)th + (201 — Asas)tg — X6 = 0. (3.8)

In order to satisfy (3.8) for any value of tan 3, the coefficients of the polynomial in tan
must identically vanish.” Imposing this restriction, we conclude that all natural alignment
solutions must satisfy the following condition:

Al = Ay = /\345/2, X = A7 = 0. (3.9)

In particular, for Ag = Ay = 0, (3.8) has a solution

21 — Asas
tan’f = “—— > 0, 3.10
2X2 — X345 (3.10)
independent of M,. After some algebra, the simple solution (3.10) to our general alignment
condition (3.8) can be shown to be equivalent to that derived in [26, 48].
In the alignment limit, the two CP-even Higgs masses are given by the diagonal ele-
ments of MZ in (3.4):

M12{ = 21)2()\16% + )\3458%0% + )\28%) = )\SMU2 s (3.11)
M}% = Mg + )\51)2 + 21)28%0%()\1 + Ao —)\345> . (3.12)

On the other hand, in the limit M, > v, we can use a seesaw-like approximation
in (3.4) to obtain

2 2 U48%C% 2 2 2
MH >~ ASM'U — m |:86 (QAQ - )\345) — Cﬂ (2)\1 - A345>:| y (313)
M? ~ M?+ 0% > 02, (3.14)

In (3.13) and (3.14), we have also included the possibility of decoupling via a large A5
coupling [25]. For large values of tan 3, e.g. tan 8 2 10, we readily see that (3.13) reduces
to MIQ{ ~ 2X\ov?, which again leads to a natural alignment.

As noted above, in the SO(5) symmetric limit of the conformal part of the 2HDM as
given by (2.8) and (3.2), the SM alignment is achieved for any value of tan 8 [cf. (3.10)]. In
addition to SO(5), one may now wonder whether there are other classified symmetries of
the 2HDM that lead to natural SM alignment, independently of tan 8 and M,. According
to the classification given in table 1 of [29], we observe that, in the context of Type-II

"Notice that (3.8) is satisfied automatically in the SO(5) limit given in (2.8).



2HDM, there are only two other symmetries which lead to such natural SM alignment by
satisfying (3.9), viz.8

(i) O(3)®O(2)2 Al = Ay = )\34/2, As = Ag = Ay = 0, (3.15)
(i)  Zy®[0(2)]?: M o= A o= A315/2, X = A = 0. (3.16)

Both these symmetries also require 3 = pu3 and m3, = 0. Note that in all the three nat-
urally aligned scenarios, cf. (2.8), (3.15) and (3.16), tan 8 as given in (3.10) ‘consistently’
gives an indefinite answer 0/0. After spontaneous electroweak symmetry breaking, symme-
try (i) predicts two pseudo-Goldstone bosons (h, a), whilst symmetry (ii) predicts only one
pseudo-Goldstone boson, i.e. the CP-even Higgs boson h. However, a non-zero soft SO(5)-
breaking mass parameter m?2, can be introduced to render the pseudo-Goldstone bosons
sufficiently massive, in agreement with present experimental data, similar to the SO(5) case
shown in figure 1. Even though the 2HDM scenarios based on the symmetries (i) and (ii)
may be analyzed in a similar fashion, our focus here will be on the simplest realization of
the SM alignment, namely, the MS-2HDM based on the SO(5) group. Nevertheless, the
results that we will be deriving in the present study are quite generic and could apply to
the less symmetric cases (i) and (ii) above as well.

Before concluding this section, we would like to comment that no CP violation is
possible in the MS-2HDM, be it spontaneously or explicitly, at least up to one-loop level.
This is due to the fact that the Higgs potential (2.9) remains CP-invariant after the RG
and one-loop threshold effects, even if a generic soft Zo-breaking term Im(m?2,e) # 0
with an arbitrary CP-phase & is present. In particular, as illustrated in figure 1 (right
panel), a non-zero s ¢ 7 cannot be induced via RG effects, and this is true to any order in
perturbation theory. On the other hand, one-loop threshold effects could induce non-zero
As,6,7 of the following form:

/\g(m%QV
1672 |m3,[2

2 2

A5 ~ o2
’ 1672[m3, | ’

Xe ~ A7~ (3.17)

1672 |mi,|

However, the Higgs potential still remains CP-invariant, due to the fulfillment of the fol-
lowing conditions [43]:

Im(mipAE) = Im(mi\5) = Im(mi\3) = 0. (3.18)

Therefore, there is no ‘CP-crisis’ arising from large contributions to electric dipole moments
in the MS-2HDM, unlike in the case of MSSM.

4 Misalignment predictions

As discussed in section 3, a realistic Higgs spectrum can be obtained by softly breaking the
maximal SO(5) symmetry of the 2HDM potential at some high scale px by considering
Re(m?,) # 0. As a consequence, there will be some deviation from the alignment limit in

8In Type-I 2HDM, there exists an additional possibility of realizing an exact Z symmetry [33] which
leads to an exact alignment, i.e. in the context of the so-called inert 2HDM [49].
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the low-energy Higgs spectrum. By requiring that the mass and couplings of the SM-like
Higgs boson in our MS-2HDM are consistent with the latest Higgs data from the LHC [3,
4, 50], we can derive predictions for the remaining scalar spectrum and compare them with
the existing (in)direct limits on the heavy Higgs sector. Our subsequent numerical results
are derived for the Type-II 2HDM scenario, but the analysis could be easily extended to
other 2HDM scenarios.

For the SM-like Higgs boson mass, we will use the 3o allowed range from the recent
CMS and ATLAS Higgs mass measurements [4, 50]:

My € [124.1, 126.6] GeV . (4.1)

For the Higgs couplings to the SM vector bosons and fermions, we use the constraints in
the (tan 8, B — a) plane derived from a recent global fit for the Type-II 2HDM [21, 22].”
For a given set of SO(5) boundary conditions {sx, tan 8(px), A(1x)}, we thus require that
the RG-evolved 2HDM parameters at the weak scale must satisfy the above constraints on
the lightest CP-even Higgs boson sector. This requirement of alignment with the SM Higgs
sector puts stringent constraints on the MS-2HDM parameter space, as shown in figure 2.
Here the solid, dashed, and dotted blue shaded regions respectively show the 1o, 20 and
30 excluded regions due to misalignment of the mixing angle o from its allowed range
derived from the global fit. The shaded red region is theoretically inaccessible, as there is
no viable solution to the RGEs in this area. We ensure that the remaining allowed (white)
region satisfies the necessary theoretical constraints, i.e. positivity and vacuum stability of
the Higgs potential, and perturbativity of the Higgs self-couplings [6]. From figure 2, we
find that there exists an upper limit of ux < 102 GeV on the SO(5)-breaking scale of the
2HDM potential, beyond which an ultraviolet completion of the theory must be invoked.
Moreover, for 10° GeV < ux < 10° GeV, only a narrow range of tan 3 values are allowed.
For the allowed parameter space of our MS-2HDM as shown in figure 2, we obtain con-
crete predictions for the remaining Higgs spectrum. In particular, the alignment condition
imposes a lower bound on the soft breaking parameter Re(m?,), and hence, on the heavy
Higgs spectrum. We compare this limit with the existing experimental limits on the heavy
Higgs sector of the 2HDM [40], and find that the alignment limits obtained here are more
stringent in a wide range of the parameter space. The most severe experimental constraint
comes from the charged Higgs sector, which give significant contributions to various flavour
observables, e.g. B — Xy [51-54]. For this, we use the global fit results for the Type-II
2HDM from [21], which includes limits derived from electroweak precision data, as well
as flavour constraints from Amp, and B — Xy relevant for the low tan /3 region. The
comparison of the existing limit on the charged Higgs-boson mass as a function of tan 3
with our predicted limits from the alignment condition for a typical value of the boundary
scale ux = 3 x 102 GeV is shown in figure 3. It is clear that the alignment limits are
stronger than the indirect limits, except in the very small and very large tan S regimes.
For tan 3 < 1 region, the indirect limit obtained from the Z — bb precision observable

9Note that in our convention, the couplings of the SM-like Higgs boson to vector bosons is proportional
to cos(B — a) [cf. (A.8)]. Hence, the natural alignment limit is obtained for o = 3, and not for « = 8 — /2,
as conventionally used in literature.
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Figure 2. Alignment constraints in the (tan/j, pux)-plane of the maximally symmetric Type-1I
2HDM. The blue shaded regions show the 1o (dotted), 20 (dashed) and 3¢ (solid) exclusion regions
from the alignment condition. The red shaded region is theoretically excluded in this model.

becomes the strictest [21, 55]. Similarly, for the large tan 5 2 30 case, the alignment limit
can be easily obtained [cf. (3.7)] without requiring a large soft-breaking parameter m?,,
and therefore, the lower limit on the charged Higgs mass derived from the misalignment

condition becomes somewhat weaker in this regime.

From figure 2, it should be noted that for px > 10° GeV, phenomenologically accept-
able alignment is not possible in the MS-2HDM for large tan 3 and large m?,, while keeping
the lightest CP-even Higgs boson within the experimentally allowed range (4.1) and main-
taining vacuum stability up to the scale px. Therefore, ux 2> 10° GeV also leads to an
upper bound on the charged Higgs-boson mass M+ from the misalignment condition, de-
pending on tan 3. This is illustrated in figure 4 for pux = 10° GeV. Here the green shaded
regions show the lo (dotted), 20 (dashed) and 3¢ (solid) allowed regions, whereas the
corresponding red shaded regions are the experimentally exclusion regions at 1o (dotted),
20 (dashed) and 3¢ (solid). On the other hand, for ux < 10° GeV, a phenomenologically
acceptable aligned solution with an arbitrarily large m2, is allowed for any value of tan 3
[cf. figure 2], and hence in this case, there exists only a lower limit on Mj,+, as shown by

the blue shaded (exclusion) regions in figure 3.

Similar alignment constraints are obtained for the heavy neutral pseudo-Goldstone
bosons h and a, which are predicted to be quasi-degenerate with the charged Higgs boson
h* in the MS-2HDM [cf. (3.2)]. The current experimental lower limits on the heavy neutral
Higgs sector [40] are much weaker than the alignment constraints in this case. Thus, the
MS-2HDM scenario provides a natural reason for the absence of a heavy Higgs signal below
the top-quark threshold, and this has important consequences for the non-standard Higgs
searches in the run-II phase of the LHC, as discussed in the following section.
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obtained from the alignment condition (blue lines) in the maximally symmetric Type-II 2HDM with
ix = 3 x 10* GeV. For comparison, the corresponding lower limits from a global fit are also shown
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5 Collider signals

In the alignment limit, the couplings of the lightest CP-even Higgs boson are exactly
similar to the SM Higgs couplings, while the heavy CP-even Higgs boson preferentially
couples to fermions (see appendix A). Therefore, two of the relevant Higgs production
mechanisms at the LHC, namely, the vector boson fusion and Higgstrahlung processes are
suppressed for the gaugephobic heavy neutral Higgs sector. As a consequence, the only
relevant production channels to probe the neutral Higgs sector of the MS-2HDM are the
gluon-gluon fusion and tth (bbh) associated production mechanisms at low (high) tan f3.
For the charged Higgs sector of the MS-2HDM, the dominant production mode is the
associated production process: gg — tbh™ + tbh ™, irrespective of tan 3.

5.1 Branching fractions

For our collider analysis, we calculate all the branching ratios of the heavy Higgs sector in
the MS-2HDM as a function of their masses using the public C++ code 2HDMC [56, 57]. The
results for tan 8 = 2 and with SO(5)-symmetric boundary conditions at ux = 3 x 10* GeV
are shown in figure 5 for illustration. It is clear that for the heavy neutral Higgs bosons, the
tt decay mode is the dominant one over most of the MS-2HDM parameter space. However,
this is true only for low tan 8 < 5, since as we go to higher tan 3 values, the bb decay mode
becomes dominant, with a sub-dominant contribution from 7777, whereas the t¢ mode
gets Yukawa suppressed. This is illustrated in figure 6, where we compare BR(h — tt),
BR(h — bb) and BR(h — 7F77) for three representative values of tan 8 = 2 (solid), 5
(dashed) and 10 (dotted). For the charged Higgs boson h*(~), the tb(th) mode is the
dominant one over the entire parameter space, as shown in figure 5 for tan 8 = 2, and this
is true even for larger tan 5.

5.2 Charged Higgs signal

The detection of a charged Higgs boson will be an unequivocal evidence for a beyond SM
Higgs sector, and in particular, a ‘smoking gun’ signal for a 2HDM. For M+ < M,, i.e.
below the top-quark threshold, stringent collider limits have been set on its production
directly through top quark decays t — h*b, followed by h* decays to v, [58, 59], 71+
jets [60] and ¢5 [61, 62]. For charged Higgs boson masses above the top-quark threshold,
the h* — tb decay channel opens up, and quickly becomes the dominant channel. In fact,
in the Type-II 2HDM, the h*tb coupling (A.14) implies that for M+ > M; + M, the
branching fraction of h* — tb is almost 100% (cf. figure 5), independent of tan 3. This
leads to mostly ttbb final states at the LHC via

gg — tbh™ 4+ tbh™ — tibb . (5.1)

The experimental observation of this channel is challenging due to large QCD backgrounds
and the non-trivial event topology, involving at least four b-jets [63]. Nevertheless, we
should emphasize here that (5.1) is the most promising channel for the charged Higgs signal
in the MS-2HDM, because other interesting possibilities, such as h* — aW* hW* [64],
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tan 8 in the maximally symmetric Type-II 2HDM.
are not open in this scenario due to the kinematical constraints imposed by the quasi-

degeneracy of the heavy Higgs sector [cf. (3.2) and figure 1 (left panel)].
A recent CMS study [65] has presented for the first time a realistic analysis of the

process (5.1), with the following decay chain:
g9 — hEtb — (Lvgbb)(£'vpb)b (5.2)

(¢,¢ beings electrons or muons). Using the /s = 8 TeV LHC data, they have derived
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CL CMS upper limit from the /s = 8 TeV data [65].

95% CL upper limits on the production cross section o(gg — hitb) times the branching
ratio BR(h* — tb) as a function of the charged Higgs mass, as shown in figure 7. In the
same figure, we show the corresponding predictions at /s = 14 TeV LHC in the Type-
II MS-2HDM for some representative values of tan 3. The cross section predictions were
obtained at leading order (LO) by implementing the 2HDM in MadGraphb [66, 67] and
using the NNPDF2.3 PDF sets [68, 69].1 A comparison of these cross sections with the
CMS limit suggests that the run-II phase of the LHC might be able to probe a portion of
the MS-2HDM parameter space using the process (5.1).

In order to make a rough estimate of the /s = 14 TeV LHC sensitivity to the charged
Higgs signal (5.1) in the MS-2HDM, we perform a parton level simulation of the signal and
background events using MadGraph5_aMC@ONLO [66, 67]. For the event reconstruction, we
use some basic selection cuts on the transverse momentum, pseudo-rapidity and dilepton
invariant mass, following the recent CMS analysis [65]:

P > 20 GeV, [nf| <25, ARY>04,
My > 12 GeV, ‘MM — Mz| > 10 GeV,
P > 30 GeV, || <24, Er>40 GeV. (5.3)

Jets are reconstructed using the anti-kp clustering algorithm [71] with a distance parameter
of 0.5. Since four b-jets are expected in the final state, at least two b-tagged jets are required
in the signal events, and we assume the b-tagging efficiency for each of them to be 70%.
The inclusive SM cross section for pp — tthb+ X is ~ 18 pb at NLO, with roughly 30%
uncertainty due to higher order QCD corrections [72]. Most of the QCD background for

For an updated and improved next-to-leading order (NLO) calculation, see [70].
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the 4b + 2¢ + o final state given by (5.2) can be reduced significantly by reconstructing
at least one top-quark. As we will show below, the remaining irreducible background due
to SM ttbb production can be suppressed with respect to the signal by reconstructing the
charged Higgs boson mass, once a valid signal region is defined, e.g. in terms of an observed
excess of events at the LHC in future. For the semi-leptonic decay mode of top-quarks as
in (5.2), one cannot directly use an invariant mass observable to infer M+, as both the
neutrinos in the final state give rise to missing momentum. A useful quantity in this case
is the M9 variable, also known as the ‘stransverse mass’ [73], defined as

Mpy = min {max {mr,,mn,} |, (5.4)
{pTa+pr:pT}

where {a},{b} stand for the two sets of particles in the final state, each containing a
neutrino with part of the missing transverse momentum (pTa,b)' Minimization over all
possible sums of these two momenta gives the observed missing transverse momentum p,.,
whose magnitude is the same as Fr in our specific case. In (5.4), mr, (with i =a,b) is the
usual transverse mass variable for the system {i}, defined as

2 2
my, = <Z Er, +ETZ.> - (Z pTi+pTi> : (5.5)

visible visible

For the correct combination of the final state particles in (5.2), i.e. for {a} = (fv,bb) and
{b} = ({'vpbb) in (5.4), the maximum value of Mypy represents the charged Higgs boson
mass, with the Mps distribution smoothly dropping to zero at this point. This is illustrated
in figure 8 (left panel) for a typical choice of M+ = 300GeV. For comparison, we also
show the Mpo distribution for the SM background, which obviously does not have a sharp
endpoint. Thus, for a given hypothesized signal region defined in terms of an excess due
to Mj+, we may impose an additional cut on M7y < M+ to enhance the signal (5.2) over
the irreducible SM background.

Apart from the decay chain (5.2) as considered in the CMS analysis [65], we also
examine another decay chain involving hadronic decay modes of the secondary top-quark
from the charged Higgs decay, i.e.

g9 — h¥tb — (jjbb)(Lveb)b . (5.6)

In this case, the charged Higgs boson mass can be reconstructed using the invariant mass
M;jpp for the correct combination of the b-quark jets. This is illustrated in figure 8 (right
panel) for M+ = 300 GeV, along with the expected SM background. Thus, for the decay
chain (5.6), one can use an invariant mass cut of Mj;p, around M+ to observe the signal
over the irreducible SM background. Note that the hadronic mode (5.6) has a larger
branching ratio, although from the experimental point of view, one has to deal with the
uncertainties in the jet energy measurements, combinatorics and the resulting uncertainties
in the invariant mass reconstruction of multiparticle final states.

Thus, in principle, we can obtain an observable charged Higgs signal in the MS-2HDM
above the irreducible SM background by using one of the methods shown in figure 8 to

17 -



2500 . vovees 2000F
- 2000 - > 1500
8 -0
g 1500 SM bkg. '8 1000 SM bkg.
2 W M, =300 GeV - u M- =300 GeV
g 1000 =
i i

- 500}
500 - ‘
0 A “. . S N——— - L . ‘- ok | || ‘ [ i i
0 200 400 600 800 1000 1200 1400 0 500 1000 1500
Mr, (GeV) Mipp (GeV)

Figure 8. An illustration of the charged Higgs boson mass reconstruction using the Mpo (left
panel) and invariant mass (right panel) observables. The irreducible SM background distribution
is also shown for comparison.

reconstruct efficiently the charged Higgs boson mass. Assuming this, we present an estimate
of the signal to background ratio for the charged Higgs signal given by (5.1) at /s = 14 TeV
LHC with 300fb~! for some typical values of tan 3 in figure 9. Since the mass of the
charged Higgs boson is a priori unknown, we vary the charged Higgs mass, and for each
value of M+, we assume that it can be reconstructed around its actual value within 30 GeV
uncertainty. We believe such a mass resolution is possible experimentally, given the fact
that the width of the charged Higgs boson I'j+ in the mass range shown in figure 9 is
always smaller than the chosen mass uncertainty.'! From figure 9, we see that the tfbb
channel (5.1) is effective for charged Higgs searches at the LHC for low tan 8 values. Note
that the production cross section o(gg — tbh') decreases rapidly with increasing tan j3
due to the Yukawa suppression [cf. (A.14)], even though the branching fraction of h* — b
remains close to 100%.

5.3 Heavy neutral Higgs signal

Since the heavy CP-even Higgs boson in the MS-2HDM is gaugephobic, most of the existing
collider limits derived using the decay modes h — WW [74, 75] and h — ZZ [76] do not
apply in this case. The only existing searches relevant to the heavy CP-even sector of the
MS-2HDM scenario are those based on gg — h — 777~ and gg — bbh — bbr+7~ [77, 78].
However, due to the relatively small branching ratio of h — 7777, the model-independent
upper limits derived in [77, 78] are easily satisfied for the heavy Higgs spectrum presented
here. Similarly, the h — ~v branching ratio in the MS-2HDM is ~ 10% — 103 times smaller
than that for the SM Higgs boson; therefore, the cross section limits derived from the vy
channel [79, 80] are also easily satisfied. So far there have been no direct searches for
heavy neutral Higgs bosons involving £ and /or bb final states, mainly due to the challenges
associated with uncertainties in the jet energy scales and the combinatorics arising from
complicated multiparticle final states in a busy QCD environment. Nevertheless, these
channels become pronounced in the MS-2HDM scenario, and hence, we will make here a
preliminary attempt to study them.

"For instance, for tan 8 = 2, Tj+ = 1.9GeV at M+ = 300GeV and T'j+ = 22 GeV at My,+ = 2TeV.
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Figure 9. Predicted number of events for the t£bb signal from the charged pseudo-Goldstone boson
in the MS-2HDM at /s = 14 TeV LHC with 300 fb~! integrated luminosity. The results are shown
for three different values of tan 8 =1 (green solid), 2 (blue dashed) and 5 (orange solid). The
irreducible SM background (red dotted) is controlled by assuming an efficient mass reconstruction
technique, as described in the text.

It is worth mentioning here that the Higgs pair production process pp - h — HH
(see e.g. [81]) is another interesting possibility. However, as shown in (A.12), the h — HH
decay mode should also vanish in the exact alignment limit o — 3, just like the h — V'V
decay modes. Therefore, the LHC limits derived using the h — HH channel [82, 83]
are applicable only below the top threshold M} < 2M; in the MS-2HDM (cf. figure 5).
On the other hand, the lower limits on the heavy Higgs sector, as derived in section 4
(e.g. figures 3 and 4) strongly suggest a mass spectrum above the t¢ threshold, where the
h — HH branching fraction drops orders of magnitude below that of h — tf (bb) at low
(high) tan f.

In light of the above discussion, we propose a new search channel for the heavy neutral
Higgs boson in the MS-2HDM via the tttt final state:

gg — tth — titt . (5.7)

Such four top final states have been proposed before in the context of other exotic searches
at the LHC, e.g. composite top [84-86], low-scale extra-dimensions [87, 88] and SUSY with
light stops and gluinos [89]. However, their relevance for heavy Higgs searches have not
been explored so far. We note here that the existing 95% CL experimental upper limit on
the four top production cross section is 59fb from ATLAS [90] and 32fb from CMS [91],
whereas the SM prediction for the inclusive cross section of the process pp — tttt + X is
about 10-15fb [92].

To get a rough estimate of the signal to background ratio for our new four-top signal,
we perform a parton-level simulation of the signal and background events at LO in QCD
using MadGraph5_aMCONLO [66, 67] with NNPDF2.3 PDF sets [68, 69]. For the inclusive
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Figure 10. Predictions for the cross section of the process (5.7) in the Type-II MS-2HDM at
\/s =14 TeV LHC for various values of tan 3.

SM cross section for the four-top final state at /s = 14 TeV LHC, we obtain 11.85 fb,
whereas our proposed four-top signal cross sections are found to be comparable or smaller
depending on M}, and tan 3, as shown in figure 10. However, since we expect one of the
tt pairs coming from an on-shell A decay to have an invariant mass around M)}, we can
use this information to significantly boost the signal over the irreducible SM background.
Note that all the predicted cross sections shown in figure 10 are well below the current
experimental upper bound [91].

Depending on the W decay mode from ¢t — Wb, there are 35 final states for four top
decays. According to a recent ATLAS analysis [93], the experimentally favoured channel is
the semi-leptonic/hadronic final state with two same-sign isolated leptons. Although the
branching fraction for this topology (4.19%) is smaller than most of the other channels,
the presence of two same-sign leptons in the final state allows us to reduce the large
QCD background substantially, including that due to the SM production of ttbb-+jets.'?
Therefore, we will only consider the following decay chain in our preliminary analysis:

gg — tih — (Dt — ((Fvb) (7)) (CEveb)(ijh)) - (5.8)

For event reconstruction, we will use the same selection cuts as in (5.3), and in addition,
following [93], we require the scalar sum of the pr of all leptons and jets (defined as Hr)
to exceed 350 GeV.

As in the charged Higgs boson case [cf. (5.2)], the heavy Higgs mass can be recon-
structed from the signal given by (5.8) using the Mpe endpoint technique. The correct
combination of visible final states in (5.8) will lead to a smooth drop at M in the Mpo
distribution, as illustrated in figure 11 for a typical choice of My = 450 GeV. As shown
in the same figure, the SM background does not exhibit such a feature, and hence, an
additional selection cut on Mro < My can be used to enhance the signal to background
ratio in the signal region.

Our simulation results for the predicted number of signal and background events for
the process (5.8) at /s = 14 TeV LHC with 300fb~! luminosity are shown in figure 12.

12For a detailed analysis of the reducible and irreducible four top background, see [93].
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Figure 11. An illustration of the heavy CP-even Higgs boson mass reconstruction using Mro
observable. The irreducible SM background distribution is also shown for comparison.
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Figure 12. Predicted number of events for the #ttf signal from the neutral pseudo-Goldstone boson
in the MS-2HDM at /s = 14 TeV LHC with 300 fb~! integrated luminosity. The results are shown
for three different values of tan 5 =1 (green solid), 2 (blue dashed) and 5 (orange solid). The SM
background (red dotted) is controlled by assuming an efficient mass reconstruction technique, as
outlined in the text.

The signal events are shown for three representative values of tan 5. Here we vary the a
priori unknown heavy Higgs mass, and for each value of M}, we assume that it can be
reconstructed around its actual value within 30 GeV uncertainty, which should be feasible
experimentally, given the fact that the decay width of h is always smaller the chosen mass
uncertainty window for the entire mass range shown in figure 12. From this preliminary
analysis, we find that the ¢ttt channel provides the most promising collider signal to probe
the heavy Higgs sector in the MS-2HDM at low values of tan 5 < 5.

The above analysis is also applicable for the CP-odd Higgs boson a, which has similar
production cross sections and tf branching fractions as the CP-even Higgs h. However,
the tth(a) production cross section as well as the h(a) — ¢t branching ratio decreases
with increasing tan 8. This is due to the fact that the htt coupling in the alignment limit
is cosa/sinf8 ~ cot B, which is same as the att coupling [cf. (A.13)]. Thus, the high
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tan 8 region of the MS-2HDM cannot be searched via the tftt channel proposed above,
and one needs to consider the channels involving down-sector Yukawa couplings, e.g. bbbb
and bbr 77, which are very challenging in the LHC environment [63]. For instance, the
SM bbbb cross section at /s = 14TeV LHC is about 140 pb at NLO [94], whereas the
pp — bbh — bbbb signal cross section for Mj;, = 300 GeV and tan 8 = 10 is only about 0.3
pb at NLO, as estimated using the public FORTRAN code SusHi [95, 96]. In practice, one
would require a sophisticated jet substructure technique [97, 98] to disentangle such a tiny
signal from the huge QCD background. It is also worth commenting here that the simpler
process pp — h — tt (bb) at low (high) tan 8 similarly suffers from a huge SM t£ (bb) QCD
background, even after imposing an M,; (bp) cut.

Before concluding this section, we should clarify that although we were able to obtain
a sizeable signal-to-background ratio in the low tan 8 regime for the signals (5.2), (5.6)
and (5.8) using efficient mass reconstruction techniques in the signal region, as described
in the subsections 5.2 and 5.3 above, these results are valid only at the parton level. In a
realistic detector environment, the sharp features of the signal shown in figures 8 and 11
may not survive, and therefore, the signal-to-background ratio might get somewhat reduced
than that shown here. However, a detailed realistic detector-level analysis of these signals
in our MS-2HDM scenario, including realistic top reconstruction efficiencies and smearing
effects, is beyond the scope and main focus of this article, and is being pursued in a separate
dedicated study.

6 Conclusions

We have analyzed the symmetries of the 2HDM scalar potential to naturally justify the
so-called SM alignment limit, independently of the heavy Higgs spectrum and the value
of tan 8. We show that in the Type-II 2HDM, there exist only three different symmetry
realizations, cf. (2.8), (3.15) and (3.16), which could lead to a natural alignment by satis-
fying (3.8) for any value of tan 8. In the context of the Maximally Symmetric Two Higgs
Doublet Model based on the SO(5) group, we demonstrate how small deviations from this
alignment limit are naturally induced by RG effects due to the hypercharge gauge coupling
¢’ and third generation Yukawa couplings, which also break the custodial symmetry of the
theory. In addition, a non-zero soft SO(5)-breaking mass parameter is required to yield a
viable Higgs spectrum consistent with the existing experimental constraints. Employing
the current Higgs signal strength data from the LHC, which disfavour large deviations from
the alignment limit, we derive important constraints on the 2HDM parameter space. In
particular, we predict lower limits on the heavy Higgs spectrum, which prevail the present
limits in a wide range of parameter space. Depending on the scale where the maximal sym-
metry could be realized in nature, we also obtain an upper limit on the heavy Higgs masses
in certain cases, which could be completely probed during the run-II phase of the LHC.
Finally, we propose a new collider signal with four top quarks in the final state, which can
become a valuable observational tool to directly probe the heavy Higgs sector of the 2HDM
in the SM alignment limit for low values of tan 8. It would be interesting to investigate
how this tool could be applied to supersymmetric theories in the alignment limit.
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A Higgs spectrum and couplings in a general 2HDM
Here we will restrict our discussion to 2HDM potentials realizing CP-conserving vacua. In

this case, the minimization of a CP-conserving 2HDM potential (1.2) yields the following
real non-negative vacuum expectation values (VEVs):

1 0 1 0
(@) ﬂ() (@) ﬂ(> (A1)

where v = \/v? + v3 = 246.2 GeV is the SM electroweak VEV and for later convenience,
we define tan 8 = vy/v1. The two scalar doublets can be expanded in terms of eight real
scalar fields as follows:

+
75 (Vj + &5 +iaj)

with j = 1,2. After spontaneous symmetry breaking, there are three Goldstone modes
(G*,GY), which become the longitudinal components of the SM W¥ and Z bosons. Thus,
there are five remaining physical scalar mass eigenstates: two CP-even (h, H), one CP-
odd (a) and two charged (h*) scalars. The mixing in the CP-odd and charged sectors is
governed by the angle 5 defined above:

()= (52)(2); =

where cg = cos 8, sg = sin8. On the other hand, in the CP-even sector, we have a new
H — Ca Sa ¢1 . (A4)
h —Sa Ca ®2

~ 93 -

mixing angle a:



The corresponding physical mass eigenvalues are given by [42, 43]

M2 = it UQ(A +X5) + v? (Xech + A7s3)
= - = — c S
he sgcg 2 4 > 2s5c3 6% 8

2
v
M; = Mzi+§(>\4—>\5),

My = 5 [(a+B) - VA BETaC?,
M2 = %[(A+B)+¢(A—B)2+4C2], (A.5)

where we have defined tan2a = 2C/(A — B), and

A = Mfs% + 02 (2/\10% + /\55% + 2)‘63,3%) ,
B = Mgc% + 02 (2)\25% + )\50% + 2A75505) , (A.6)
C = —Ma23505 + 02 (/\348565 + )\Gc% + )\78%) .

with A34 = A3 + A\4. The SM Higgs field is given by
Hgy = ¢rcosfB+ ¢gasinS = Hcos(S — a) + hsin(f — a) . (A.7)

From (A.7), the couplings of h and H to the gauge bosons (V = W, Z) with respect
to the SM Higgs couplings gng,,vv are given by

gV = Sg-a JHVV = CB—q - (A.8)

Similarly, unitarity constraints uniquely fix the other Higgs-Higgs-V couplings [5]:

= —CR_ 5 = Sp_ y
9haZz 2 cos Oy, B—a 9HaZ 2 cos O, B—a

N

g g
Grtaw= = 5C8—as  GnrEW- = 5SB-as  JahEWF = 5 (A.9)

(where 0,, is the weak mixing angle) in order to satisfy the sum rules [99]

1 1

2 2 _ 2 2 _ 2
Ghaz *9Haz = g 0. (Ghrnw- + G pw-) = 74M%9HSMZZ7 (A.10)
1

2 2 2 2
Ih+rw- T 9h+mWw- = Yanrws = 4M3V9HSMW+W_' (A.11)

For our subsequent discussion, we also write down the h-H-H coupling [24]:

Sp—
g = T [2(MF 4+ 2M ) s20 — 2 +v25) (25 + 352a)
dvsgeg

— Q}2()\6 - )\7)(Cgﬂ + 302a) — 1}2()\6 + )\7)(1 + 362(5—04)) . (A.12)
Note that the coupling g,y is proportional to sg_, and so vanishes identically in the
alignment limit o — f.

To obtain a phenomenologically acceptable theory, we need to forbid Higgs interactions
with tree-level FCNCs. This can be accomplished minimally by imposing appropriate
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discrete Zs symmetries, which will explicitly break in general the custodial symmetries of
the theory. By convention, we may take ug to couple to ®o, i.e. h{ =0, and then ®; (P2)
to couple to dg, with h$ = 0 (h¢ = 0), in a Type-II (Type-I) realization of the 2HDM.
As our interest is in the Type-II 2HDM, we only list the Yukawa couplings of the neutral
scalars with respect to those of Hgy for this class of models [5]:

g = cosa/sinfi, gy = —sina/cosf,
gmi = sina/sinf, 9y, = cosa/cosf,
Yatt = C0t67 Garb = tanﬁ. (A13)

Finally, we also write down the coupling of the charged scalar to the third-generation
quarks [5]:

Ih—16 = m[mtcotﬁ(H%) + mytan (1 — v3)] . (A.14)

B Two-loop RGEs in a general 2HDM

In this section, we present the two-loop renormalization group equations (RGEs) for the
general 2HDM given by (1.2). These results were obtained using the general prescription
given in [100-102], as implemented in the public Mathematica package SARAH 4 [103, 104].

The two-loop RGEs for the SU(3)., SU(2), and U(1)y gauge couplings are respectively
given by

79:?3’ gg 9,99 11 4 2 2
D = — —26 — — — 2y — 2 B.1
93 1622 T o5 93+ 592+ 59 Y —2y; | (B.1)
393 g3 2 2 2 39 349 1,
Dgy = — 1292 +8¢2 + 292 — Sy — 242 — = B.2
g2 T6:2 T onpnd \ 1293 8924297 — oy — Sur — Uz | (B.2)
79" 9>

Dy = 22 B.3
g A A (B.3)

n 104 o 55 17 5 5 4
1672 25674 ’

<4;g§ +6g3 +
where D = d/dlnp and p is the usual ’t-Hooft mass employed in the regularization of
ultraviolet divergences in loop integrals. Note that at the one-loop level, the gauge cou-
pling RGEs do not depend on the Yukawa and scalar couplings, whilst at two loops, they
do depend on the quark and lepton Yukawa couplings, for which we have only kept the
dominant third-generation contributions.

Similarly for the Yukawa RGEs, we will only consider the third-generation Yukawa
couplings, such that for Type-1I 2HDM, we have

V2 . Vg V1, d(e) vy
= —h = —uy, My = —=h = —Yp(r) - B.4
\/5 2,33 \/iyt b(r) \/5 1,33 \/iyb( ) ( )

With this approximation, the third-generation Yukawa coupling RGEs are given by

Yt 9 17 9 1
Dy, = —— (—89§ S R T )

my

1672 212 2 2
Yt 4 21 4 1267 14 2 2 3 2 12 19 2 12 2 2
—108g, — — — 9 [ g 6\ A\
+ 55671 [ 93 = 4 92 + 516 7 + 99393 1929 + g 939 + 05 + A3
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3 16 33 41
+A3\g + A2+ —(A§ + A2 4 3)2) + <3g§ + 1—6g§ 1449 —2X\3 + 2/\4) y

9295 , 131 5 5 3
+ (36‘9§ 67 95 + ST i 12A2> yr — §yb 12y} — 53/&?%2 - 4y§y3] , (B5)

D = _ _Z
Yo = 16.2 ( 893 — 192~ 159 2 be + 2.%: +yr
Yo 21 , 113 29 999 31 2 2
—108 - — 9 - - 6)\ A3
T 56 [ 93 = 192 7 51g9 TY993 — 19297+ 9939 + O0AT +

3 16 33 53
+A3Ag + AT+ = (>\2 + 305 + A7) + < 3 g3+ — e mg’2 —2\3 + 2/\4> Y

15 , 25 225 5 79 o
36 — 12X
+<892+89> ( 93+16 2+16 1] Y

9, 5, 5 9
Ut 3 4y5y3] : (B.6)

Yr 9 9 15 p 9 9 9
Dy, = ——g5 — — —
Ur = 162 ( 192~ 9 3t gus

21 161 9
25%7—7[_4 {—493 + ?9/4 + ZQ%QQ + 6)\% + /\% + A3\ + /\421

3 45 25
+(A§+3A§+>\$)+<20g§+ 452, 5 '2>yg

8 249
1652 179,2 , 27, s 2T 99 9 5
— 12\ O i _Z . B.7
+ ( 6921 169 V) Yr = Y — 3Yr = Yo — Y (B.7)

—12y; —

Similarly, the two-loop RGEs for the VEVs are given by

_ou 3,09 2 2 2
Duvy = 16,2 [4(392 +97) =3y _%}

U]_ |:435 149 /4_3 2 12
16

U i o 2 2 )2
25674 | 32 32 Y AT = A5 = A = A

3 45 25 15 . 25
—5 (A5 3 + A7) — (209§ + o9+ 249’2> yi — ( R g’2> y?

7 9 9 3vg
+Z?/§ + Zyﬁ + 42/13%2} ~ ot [(QM + Az45) A6 + (22 + Asas) A7 ] . (B38)

V2

302 2
Duvy = 16,2 {4(392 +97) — 3y;

V2 435 149 14 3 2 12 2 2 2
2 ST 2 202 602 — A2 — Ay — A
T o561 [32 327 T 1672 27T M TN
3 45, 85 9 927
—5 (8 +HAGH3AD) + (2093 + g9t 5.0 ’2> vi + Y + 3 yf]
30,
512 o4 [(2)\1 + )\345))\6 -+ (2)\2 + )\345))\7] . (B.g)

The two-loop RGEs for all the scalar quartic couplings appearing in (1.2) in the Type-II
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2HDM are given by

1
DM =1 ! (395 + g™ +2939") — 3M1(395 + ¢%) + 2477 + 203 + 203\ + A]

+ A2+ 12X3 + 4X\1 (3yE + v2) — 6yp — 2y7

1

29148 — 101 —191¢2¢™* — 13146
+ re1 (992 Olgag” —191g3¢™ — 1314%)

16

— é(5lg§ 78939 — 217" )\ + 5(392 +9") s+ 5(392 +2639% + g" )\
+ (395 4+ ¢") (3602 + 402 + 4xshg + A2+ 18)2) + g2 (A2 — A2) — 312)3
—20A102 — 8A3 — 63 — 20A1A3hs — 4(BA1 + 3X4)A3 — 4(3)A; +4X3))\2

— 2(7TA1 + 10Xz + 11A)AZ — 2(159\; + 33A3 4+ 3504 4 37A5)\2

— 4(9A3 + TAg + 5X5) A6 A7 + 2(3A1 — 93 — TAg — 5As) A2

- {igé - 2959’2 - 29’4 - (4259% + 8093 + 2659’2> AL+ 36(4A2 + A%)} v

4
- (32g§ — 59’2 + 3/\1)y§ — 6(273 + 20304 + A2 4+ A2 4 6)2)y2

‘{293‘112“25’4

5
5 930” + 0" - 5(393 +59")A1 + 12(4M7 + A%)} Y2

— (49" + M)yE — INypyr — 6yry, + 30yp + 1048 (B.10)

1 [3
Dl = 1 [8(393 +9" +2039"%) = 3X2(393 + ¢%) + 2423 + 2X3 + 203\

+ A2 4 A2 4 1202 4 120017 — 6y§]

1

1
201 101g3¢" — 191g24™* — 13140
+ 5r1 (291¢5 — 101g5g 939 q°)

16

1 5 5
— 5 (5192 = T8g39™ = 217¢") do + (392 + 9")As + (302 + 239™ + ¢) s
+ (395 + ¢"%)(36)3 + 4A3 + 4A3 s + A + 1802) + g’Q(AZ —\2) — 31273
— 200022 — 8A3 — 63 — 20Mad3hs — 4(BA2 + 3A3)A2 — 4(3)hg + 4X3)\2
—2(TAg + 10Xz + 11A)AZ +2(3N2 — 9A3 — TAy — BAs) A2
— 4(9X3 + TAg + 5X5) A6 A7 — 2(159Ag + 33Xz + 3504 + 37A5)\2
9 21 19
— 6(2X3 + 22301 + A + A2+ 6A3)y; — {493 — 5939’2 + Zg"1
(B2 45002+ 22g2) 4 36(403 4+ 22) b y2 — Doyly? — 6yty)
9 92 93 6 9 2 2 7) (Yt 2Yp Yt Yp Yt

8
— <3zg§ + gg'2 + 3)\2> Yt + 30y — 2(203 + 2230 + A] + A2 + 6032 |, (B.11)
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DAy

3
o3 [4(393 + ¢ —2929"%) — 3)3(393 + g™) + 4\ 4+ X2)(BA3 + \g) + 4N

+ 2002 + A2) + 4002 + A2 + 4 A7) 4+ 223 (302 + 2 + 392) — 124297

1
- 3 (29148 + 11g5¢™ + 101g3¢"* — 131¢"°)

25674

(9g2 — 29597 +3g"™) (A1 + A2) — g(111g2 — 22929 —197¢") A3

- 2(3g2 + g™ [12(A1 + X2)Az + A2+ N3 — 402 + A2)(15)3 + 4M\q)
—4(A1 + X2) (183 + TAZ + 8A3hg + 9A2) — 12(A3 + A3 + g3 A3)0)

15 5
+ <2g§1 — 3959/2 + 2g'4> A+ 4(99% + 2g’2)()\1 + A2) A\

— A3 A (A3 4 4Ng) — 2(903 + 2202 — 492 (N2 = 2D) + 202 (0 4+ 0D
— 4(31A1 4+ 1T1A)AZ — 4(15A3 + 17Ag + 17X5) (A2 + A2) 4+ 4(27g3 + 89™) N6 A7
— 8[11(A1 4+ A2 + 23 + A1) + 9As] A6 A7 — 4(11A; + 31h2) A2

1 45 ., 25
— {4(993 — 59" +18¢3¢"%) — (4095 + T —g5 + 129’2)A3} s

1
_ Z{sg;‘ +925¢™ + 22929 + 5(3¢2 + 5¢' )Ag}yi

—{(2A3 + AT H AN (BAs + A1) + A2 + 405 + 8X6 A7) } By + v2)

94 21 , ,5 19 ( 9 45 5, 85 ,2>
= = 4 &2 2\ A
{492 T 59297 T g Og3 + 72T R97 )M

6120005 + 203 + Dhada + X3+ X2+ 8XeAy +432) by

4 9
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+2(2795 + 89™)A2 — 48(A\1 4 A2 + A3) A2 — 260402 + 89"* Ns A7
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Finally, the two-loop RGE for the soft mass parameter is given by

1

3
D(mfz) = 62| 5(393 + gfz)m%Q +2(A\3 + 24 + 3)\5)m%2
+2(3y7 + 397 + Y2y + 12(Aeii} + Arid)
1 1
+ grai |~ 76 (24393 — 300397 — 153¢")miy + 3{20F + 3) + A3

+ 40§+ A3) pmis + 4(395 + ¢) (A3 + 2ha + 3XAs5)mi,
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—12(A1 + A2)AzasmTy — 6(A3hg + 22305 + 204 \5 + 66 A7) mTy

45 . 25
T {2Og§ 5+ 50— 60+ 2h + 3A5)}y§m§2
45 . 85
n {209§ 95+ 5707~ 60 + 20+ 3A5)}y§m§2
5
+ {§<3g§ +5¢%) = 2(A3 + 22X + 3A5)}y3m?2

+24(3¢5 + g”) (Nopii + Arptz) — T2(M A6t + AaArpi3)
— 12X345{(2X6 + A7)l + (A6 + 2A7)p3}

9
—24{(3yZ + y2) Neptt + 3yP A3} — 1(33121 + 3y + yi‘-)mﬁ] (B.17)

Note that the mass parameters ,u%Q are removed by the tadpole conditions:

oV 1

o = 0= —,u%vl — m%zvg + 3 [2)\1@? + )\3452111)% + 3)\61)%2}2 + )\7vg’] , (B.18)
1

NV = By m? +1[2A S+ A 24+ Xevd + 3Arv0f],  (B.19)

dvo = U= —lV2 — MoV 9 2Uy 345V2V1 61 70201 | .

and hence, it is not necessary to write down their RGEs explicitly.
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