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1. Introduction

The discovery of a Higgs boson in the Run-I phase of the LHC [1] provides the first experimen-
tal evidence for the Higgs mechanism [2] as the standard theory of electroweak symmetry breaking
(EWSB). The measured couplings of the discovered Higgs boson are remarkably consistent with
those predicted by the Standard Model (SM) [3]. However, the possibility of an extended Higgs
sector, as suggested by various well-motivated new-physics scenarios, such as supersymmetry, is
still allowed by the current experimental data.

Here we consider the simplest extension of the standard Higgs mechanism, namely the Two
Higgs Doublet Model (2HDM) [4], where the SM Higgs doublet is supplemented by another
isodoublet with hypercharge ¥ = 1. In the doublet field space ®;,, where ®; = (¢;7,9°)T, the
general 2HDM potential reads

V = (@)~ (@42) — [, (@]y) + He.

+21(D]@1) + Ao (PLD2)” + A3 (D] P1) (D3 D2) + A (D] D2) (3 D1)
A T T
+ 35(c1>{c1>2)2 + A6 (D] D)) (D] Dy) + A7 (DD, (D)D) +H.C.] , (1.1)
which contains four real mass parameters [.112’2, Re(m?,), Im(m?,), and ten real quartic couplings
M 234, Re(As67), and Im(As ¢ 7). Thus, the vacuum structure of the general 2HDM can be quite
rich [5], as compared to the SM.
The quark-sector Yukawa Lagrangian in the general 2HDM is given by

— L8 = Op(h{®) + hi®s)dg + Op(hi®; + hi®s)ug , (1.2)

where ®; = i62<1>§‘ (62 being the second Pauli matrix) are the isospin conjugates of ®;, Q; =
(up,dp)" are the SU(2), quark doublets and ug,dg are right-handed quark singlets. To avoid po-
tentially large flavor-changing neutral current processes at the tree level induced by the Yukawa
interactions in (1.2), one imposes a discrete Z, symmetry [4] under which

D) = Py, Dy > Dy, upy — URe, dra—+ dra OF drg — —dRa, (1.3)

(a =1,2,3 being the quark family index) so that only &, gives mass to up-type quarks, and only
@, or only ®; gives mass to down-type quarks. The Z, symmetry (1.3) is satisfied by four discrete
choices of tree-level Yukawa couplings between the Higgs doublets and SM fermions, which are
known as the Type I, II, X (lepton-specific) and Y (flipped) 2HDMs [4]. Global fits to the LHC
Higgs data (see e.g., [6,7]) suggest that all four types of 2HDMs with natural flavor conservation
are constrained to lie close to the so-called SM alignment limit [8—12], where the mass eigenbasis
of the CP-even scalar sector aligns with the SM gauge eigenbasis.

The SM alignment 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 just like the SM Higgs boson. The alignment limit can also be achieved,
without decoupling [9, 10, 13], but for small tan 3 values, this is usually attributed to accidental
cancellations in the 2HDM potential. We present a novel symmetry argument to naturally jus-
tify the alignment limit [11], independently of the kinematic parameters of the theory, such as the
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heavy Higgs mass and tan 3. In Section 3, we show that there exist only three possible symmetry
realizations of the scalar potential which predict natural alignment, as defined in Section 2. We ex-
plicitly analyze the simplest case, namely, the Maximally Symmetric 2HDM (MS-2HDM), which
realizes a SO(5) symmetry in the bilinear field basis to be discussed in Section 3. We show that the
renormalization group (RG) effects due to the hypercharge gauge coupling ¢’ and third-generation
Yukawa couplings, as well as soft-breaking mass parameter m%2, induce relevant deviations from
the SO(5) limit, which lead to distinct predictions for the Higgs spectrum of the MS-2HDM (see
Section 4). In particular, a striking feature of the SO(5) limit is that the heavy Higgs sector is
predicted to be quasi-degenerate, apart from being gaugephobic, which is a generic feature in the
alignment limit. Moreover, the current experimental constraints force the heavy Higgs sector to lie
above the top-quark threshold in the MS-2HDM. Thus, the dominant collider signal for this sector
involves final states with third-generation quarks. We make a parton-level study of some of these
signals (see Section 5), which can be useful for the heavy Higgs searches in the ongoing Run-II
phase of the LHC.

2. Natural Alignment Condition

For simplicity, we consider the CP-conserving 2HDM, but our results can be easily generalized
to the CP-violating case. After EWSB by the vacuum expectation values (VEVs) vy > of the two
scalar fields @ », there are five physical scalar mass eigenstates: two CP-even (h, H), one CP-odd
(a) and two charged (h™) scalars. The corresponding mass eigenvalues are given by [14]

2 m, ’ v 2 2 2 )V
M = "M2 Y g+ (Aﬁcﬁmﬁﬁ), M; = Mi-+ 5 (a=2s), (21a)

_V
Sﬁclg E
M} = ;[(A+B)—\/(A—B)2+4C2], M} = ;[(A+B)+ (A—B)2+4c2}, (2.1b)

where we have used the short-hand notations c¢g = cos 8 and sg = sin 8 with tan 8 = v, /v; and

2Sﬁcﬁ

A = M2 +v* (2016 + Assh + 2espep ) (2.22)
B = Mgc% 42 (2).2s% —1—150% —|—22.7slgclg) , (2.2b)
C = —M2sgep+v* (Rsaspep +Asch + 45} ). (2.20)

with A34 = A3 + A4. The mixing between the mass eigenstates in the CP-odd and charged sec-
tors is governed by the angle 3, whereas in the CP-even sector, it is governed by the angle
a = (1/2)tan"'[2C/(A — B)]. The SM Higgs field can be identified as the linear combination

Hsv = Hcos(f— o) +hsin(f — ) . (2.3)

Thus, the couplings of 4 and H to the SM gauge bosons V = W+, Z with respect to the SM Higgs
couplings gu,,vv Will be respectively sin(f — ) and cos (B — o). The SM alignment limit is
defined as a — B (or o — B — m/2) when H (h) couples to vector bosons exactly as in the SM,
whereas h (H) becomes gaugephobic. For concreteness, we will take the alignment limit as o« — f3.
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To derive the alignment condition, we rewrite the CP-even scalar mass matrix as
() - () (E) ()
CB Sg Cp CB —5g Cp
where A = 22 [c‘éll —l—sécfﬂms —l—s‘é?tz + 2spcp (c%)tﬁ +sf;7t7)} ,
B = Mg + AsV? + 207 [sl%cl% (ll + A — l345> — sgCp (cf; —sé) (2,6 — 17)} , (2.5)
=2 [s%cﬁ (2%2 - 2.345) — c%sﬁ (2&1 — 1345) + c% (1 — 4S%>7L§ +s% (40123 — 1)&7] ,

and we have used the short-hand notation A345 = A3 + A4 + As. Evidently, the SM alignment limit
o — B is obtained when C = 0 in (2.4) [9]. This yields the quartic equation

o)

Ay tan4[3 — (22,2 — 2,345) tan’ [)' + 3().6 — 17) tan2[)' + (211 — 2,345) tanB -l = 0. (2.6)

For natural alignment, (2.6) should be satisfied for any value of tan 3, which requires the coeffi-
cients of the polynomial in tan 3 to vanish identically [11]. This implies

2A = 24 = Asss, A =247 =0. (2.7)

In particular, for A¢ = A7 = 0 as in the Z-symmetric 2HDMs, (2.6) has a solution

21 — Asss
an”p 20 — Asss 5

independent of M,. After some algebra, the simple solution (2.8) to our natural alignment condition
(2.6) can be shown to be equivalent to that derived in [10].

3. Symmetry Classifications of the 2HDM Potential

To identify all accidental symmetries of the 2HDM potential (1.1), it is convenient to work in
the bilinear scalar field formalism [15] by introducing an 8-dimensional complex multiplet ® =
(@1, Py, P, D) " [5,16,17]. In terms of the ®-multiplet, we define a null 6-dimensional Lorentz

vector R = ®'¥A®, 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 and the identity matrix 1y.» = o9, as follows:
yOL3 — 10(’@0071’3@00 Y2 = l0'3®0'2<5§>0'0
2 ’ 2 ’
1 1
¥ = —562®62®60, ¥ = —EGI®GZ®GO. (3.1

Note that the bilinear field space spanned by the 6-vector R realizes an orthochronous SO(1,5)
symmetry group [5,17].
In terms of the null-vector R4, the 2HDM potential (1.1) takes on a simple quadratic form:

1 1
vV = —EMARA + ZLABRARB, (3.2)

where My and Lyp are SO(1,5) constant ‘tensors’ that depend on the mass parameters and quartic
couplings given in (1.1) and their explicit forms may be found in [17,18]. Requiring that the SU(2).,
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symmetry /,L12 [.122 m%z M A A3 A4 Re(ds) Ag=4y

Zrx O2) - -  Real - - - - - Real
(Z,)>xS0Q2) | - - o - - - - - 0
(Z)’x0(2) | - wi O - A - - - 0
o2)x02 | - - 0 - - - - 0 0
Lx[0QPF | - p 0 - A - - 22— O
o3)x0Q2) | - wy 0 - A4 - 24X 0 0

SO@3) - - Real - - - - A4 Real

Z>x0(3) -} Real - A - - Aa Real
(Z,)*’xS03) | - wuf@ O - A - - +24 0
02)x03) | - wu? 0 - M 24 - 0 0
SO4) - -0 - - - 0 0 0
Zyx0(4) - w0 - A - 0 0 0
SO(5) - w0 - A 24 0 0 0

Table 1: Relations between the parameters of the U(1)y-invariant 2HDM potential (1.1) for the 13
accidental symmetries [17] in a diagonally reduced basis, where Im(As) = 0 and A¢ = A;.

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 and the zeroth
component R” remains invariant. Consequently, in the absence of the hypercharge gauge coupling
and fermion Yukawa couplings, the maximal symmetry group of the 2HDM is G§HDM = SO(5).
Including all proper, improper and semi-simple subgroups of SO(5), the accidental symmetries
for the 2HDM potential were completely classified in [5, 17], as shown in Table 1. Here we have
used a diagonally reduced basis [19], where Im(As5) = 0 and A¢ = A7, thus reducing the number of
independent quartic couplings to seven. Each of the symmetries listed in Table 1 leads to certain
constraints on the mass and/or coupling parameters. From Table 1, we find that there are only three
symmetries, namely Z, x [0(2)]?, O(3)x O(2), and SO(5), which satisfy the natural alignment con-
dition given by (2.7).! In what follows, we focus on the simplest realization of the SM alignment,
namely, the MS-2HDM based on the SO(5) group [11].

4. Maximally Symmetric 2HDM

From Table 1, we see that the maximal symmetry group in the bilinear field space is SO(5), in
which case the parameters of the 2HDM potential (1.1) satisfy the following relations:

.u12:.u227 m%ZZOv
A=A, A3=24, M =Rels) =4 =4 =0, 4.1

!In Type-I 2HDM, there exists an additional possibility of realizing an exact Z, symmetry [20] which leads to an
exact alignment, i.e. in the context of the so-called inert 2HDM [21].
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Thus, the 2HDM potential (1.1) is parametrized by just a single mass parameter ,ulz = ,u22 = u? and
a single quartic coupling A; = A, = A3/2 = A, as in the SM:
2 2 2 2 2)? pu i At a2
V= @2 (Jo + @) + 2 (Jonf + @) =~ 0T+ Z(@'e)’. @)
Given the isomorphism of the Lie algebras SO(5) ~ Sp(4), the maximal symmetry group of the
2HDM in the original @-field space is G3ypy = [Sp(4)/Z2] x SU(2), [11,17] in the custodial
symmetry limit of vanishing g’ and fermion Yukawa couplings.

4.1 Scalar Spectrum

Using the parameter relations given by (4.1), we find from (2.1a) and (2.1b) that in the MS-
2HDM, the CP-even scalar H has mass MIZJ = 22,v%, whilst the remaining four scalar fields, denoted

hereafter as 4, a and h™, are massless. This is a consequence of the Goldstone theorem, since after

®12)#0
electroweak symmetry breaking, SO(5) % SO(4). Thus, we identify H as the SM-like

Higgs boson with the mixing angle & = f [cf. (2.3)], i.e. the SM alignment limit 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 experimentally
unacceptable. This is because the four massless pseudo-Goldstone particles, viz. i, a and h™, have
sizable couplings to the SM Z and W= bosons, and could induce additional decay channels, such
as Z — ha and W* — h*h, which are experimentally excluded [22]. However, as we will see below,
the SO(5) symmetry may be violated predominantly by RG effects due to g’ and third-generation
Yukawa couplings, as well as by soft SO(5)-breaking mass parameters, thereby lifting the masses
of these pseudo-Goldstone particles to be consistent with the experimental constraints.

4.2 RG and Soft Breaking Effects

To calculate the RG and soft-breaking effects in a technically natural manner, we assume
that the SO(5) symmetry is realized at some high scale py much above the electroweak scale.
The physical mass spectrum at the electroweak scale is then obtained by the RG evolution of the
2HDM parameters given by (1.1). Using the two-loop RG equations (RGEs) given in Appendix A,
we first examine the deviation of the Higgs spectrum from the SO(5)-symmetric limit due to g’ and
Yukawa coupling effects, in the absence of the soft-breaking term. This is illustrated in Figure 1 for
a typical choice of parameters in the Type-II realization of the 2HDM. We find that the RG-induced
g’ effects only lift the charged Higgs mass M+, while the corresponding Yukawa coupling effects
also lift slightly the mass of the non-SM CP-even pseudo-Goldstone boson i. However, they still
leave the CP-odd scalar @ massless, which can be identified as a U(1)pg axion [23].

Therefore, g’ 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 (4.1) at some high scale fiy.
To minimally circumvent this problem, we include soft SO(5)-breaking effects, by assuming a non-
zero soft-breaking term Re(m%z). In the SO(5)-symmetric limit for the scalar quartic couplings, but
with Re(m%z) = 0, we obtain the following mass spectrum [cf. (2.1a) and (2.1b)]:

Re(mi,)

M} = 200%, M} = M? = M =
SBCp

4.3)
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Figure 1: The scalar spectrum in the MS-2HDM without and with soft-breaking effects.

as well as an equality between the CP-even and CP-odd mixing angles: o = 3, thus predicting an
exact alignment for the SM-like Higgs boson H, simultaneously with an experimentally allowed
heavy Higgs spectra (cf. Figure 1 for m%z # 0 case). Note that in the alignment limit, the heavy
Higgs sector is exactly degenerate [cf. (4.3)] 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, which is a unique prediction of the MS-2HDM, valid even in
the non-decoupling limit, and can be used to distinguish this model from other 2HDM scenarios.

4.3 Misalignment Predictions

As discussed in Section 4.2, there will be some deviation from the alignment limit in the low-
energy Higgs spectrum of the MS-2HDM due to RG and soft-breaking effects. By requiring that the
mass and couplings of the SM-like Higgs boson H are consistent with the LHC Higgs data [3], we
derive predictions for the remaining scalar spectrum and compare them with the existing (in)direct
limits on the heavy Higgs sector. We use the constraints in the (tan 3, B — «) plane derived from
a recent global fit for the Type-II 2HDM [24], and require that for a given set of SO(5) boundary
conditions {ty,tanf(tx),A(ix)}, the RG-evolved 2HDM parameters at the weak scale must
satisfy these alignment constraints on the lightest CP-even Higgs boson sector. This puts stringent
constraints on the MS-2HDM parameter space, as shown in Figure 2 by the blue shaded region.
In the red shaded region, there is no viable solution to the RGEs. 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 [4]. From Figure 2,
we find that there exists an upper limit of 1y < 10° GeV on the SO(5)-breaking scale of the 2HDM
potential, beyond which an ultraviolet completion of the theory must be invoked. The situation can
be alleviated with the other two natural alignment scenarios listed in Table 1 and this will be the
subject of a future publication.

For the allowed parameter space of our MS-2HDM as shown in Figure 2, we obtain concrete
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.
A comparison of the global fit limit on the charged Higgs-boson mass as a function of tan 8 [24]
with our predicted limits from the alignment condition in the MS-2HDM for a typical value of the
boundary scale ty = 3 x 10* GeV is shown in Figure 3 (left panel). It is clear that the alignment
limits are stronger than the global fit limits, except in the very small and very large tan 8 regimes.
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Figure 2: The 1o (dotted), 20 (dashed) and 30 (solid) exclusion contours (blue shaded region)
from the alignment constraints in MS-2HDM. The red shaded region is theoretically excluded.
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Figure 3: Left: The 1o (dotted), 20 (dashed) and 30 (solid) lower limits on the charged Higgs
mass obtained from the alignment condition (blue lines) in the MS-2HDM with iy = 3 x 10* GeV.
Right: The 10 (dotted), 20 (dashed) and 36 (solid) allowed regions from the alignment condition
(blue lines) for iy = 103 GeV. For comparison, the corresponding lower limits from a global fit are
also shown (red lines).

From Figure 2, we note that for gy > 10° GeV, phenomenologically acceptable alignment is
not possible in the MS-2HDM for large tan 8 and large m%z. Therefore, we also get an upper bound
on the charged Higgs-boson mass M)+ from the misalignment condition, depending on tan . This
is illustrated in Figure 3 (right panel) for py = 10°> GeV.

Similar alignment constraints are obtained for the heavy neutral pseudo-Goldstone bosons £
and a, which are predicted to be quasi-degenerate with the charged Higgs boson 4* in the MS-
2HDM [cf. (4.3)]. The current experimental limits on the heavy neutral Higgs sector [22] are
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 heavy Higgs searches in the Run-II phase of the LHC, as discussed in Sec. 5.
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Figure 4: (Left) Feynman diagram and (right) production cross sections for the charged Higgs
boson in the Type-II MS-2HDM at +/s = 14 TeV LHC. Also shown is the 95% CL upper limit
from the /s = 8 TeV LHC data [25].

5. Collider Signatures in the Alignment Limit

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 is gaugephobic. Therefore, two
of the relevant Higgs production mechanisms at the LHC, namely, the vector boson fusion and
Higgsstrahlung processes are suppressed for the 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 t7h (bbh) associated production mechanisms at low (high) tan 8. For the
charged Higgs sector of the MS-2HDM, the dominant production mode is the associated production
process: gg — ibh™ +tbh™, irrespective of tan 8. Similarly, for the decay modes of the heavy
neutral Higgs bosons in the MS-2HDM, the 7 (bb) channel is the dominant one for low (high)
tan 3 values, whereas for the charged Higgs boson ht(), the b (fb) mode is the dominant one for
any tan 3. Thus, the heavy Higgs sector of the MS-2HDM can be effectively probed at the LHC
through the final states involving third-generation quarks.

5.1 Charged Higgs Signal

The most promising charged Higgs channel in the MS-2HDM is the t7bb final state at the
LHC, as illustrated in Figure 4 (left). Experimentally, this is a challenging mode due to large
QCD backgrounds and the non-trivial event topology, involving at least four b-jets. Nevertheless,
a recent CMS study [25] has presented a realistic analysis of this process with /s = 8 TeV LHC
data in the leptonic decay mode of the W’s coming from top decay: gg — h*th — (£vibb)({'vyb)b
(with £,/ = e, ut). The resulting 95% CL upper limit on the production cross section of gg — h*tb
times the branching ratio of h* — tb is shown in Figure 4 (right) as a function of M. We also
show the corresponding predictions at /s = 14 TeV LHC in the Type-Il MS-2HDM for some
representative values of tan 3. The cross section predictions were obtained at leading order (LO)
by implementing the 2HDM Lagrangian in MadGraph5 [26] and using the NNPDF2 . 3 parton
distribution functions (PDFs) [27]. Our results in Figure 4 (right) suggest that the Run-II phase of
the LHC could probe the low tan 3 region of the MS-2HDM parameter space using this process.
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Figure 5: (Left) Charged Higgs boson mass reconstruction using the My, variable. (Right) The

17bb signal in the MS-2HDM at +/s = 14 TeV LHC with 300 fb~! integrated luminosity.

In order to make a rough estimate of the /s = 14 TeV LHC sensitivity to the charged Higgs
signal, we also perform a parton-level simulation of the 17bb signal and background events [11] (see
also [28]). The inclusive SM cross section for pp — tibb+X is ~ 18 pb at next-to-LO (NLO), with
roughly 30% uncertainty due to higher order QCD corrections [29]. Most of the QCD background
for the t7bb final state can be reduced significantly by reconstructing at least one top-quark. The
remaining irreducible background due to SM ¢7bb 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 leading to 4b+ 2/ + [ final state, one cannot directly use an invariant mass observable
to infer Mj,=. A more useful quantity in this case is [30]

Mpy = min [max {mTa,me}] , 5.1
{F’Ta +prb =Pr }

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 .., whose magnitude is the
same as £ in our specific case. In (5.1), mz; (with i =a,b) is the usual transverse mass variable
for the system {i}. For the correct combination of the final state particles, viz. {a} = (¢v;bb) and
{b} = (¢{'vpbb) in (5.1), the maximum value of Mr; represents the charged Higgs boson mass, with
the M7, distribution smoothly dropping to zero at this point. This is illustrated in Figure 5 (left) for
a typical choice of M+ = 300 GeV. For comparison, we also show the My, 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 M=, we may impose an additional cut on M7y < M)+
to enhance the signal-to-background ratio.

Assuming that the charged Higgs boson mass can be reconstructed efficiently, we present an
estimate of the signal and background for the charged Higgs signal in MS-2HDM at /s = 14 TeV
LHC with 300 fb~! for some typical values of tan 3 in Figure 5 (right). We find that M+ values up
to about 2 TeV can be probed via the t7bb final state for low values of tan f3.

10
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Figure 6: (Left) Feynman diagram and (right) four-top production cross section in the Type-II
MS-2HDM at /s = 14 TeV LHC for various values of tan f3.

5.2 Heavy Neutral Higgs Signal

So far there have been no direct searches for heavy neutral Higgs bosons involving ¢7 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 have
made a first attempt to study them in [11]. In particular, we focus on the search channel gg —
tth — tftt, as shown in Figure 6 (left). A more sophisticated analysis of this four-top signal, e.g.
including hadron-level simulation with jet clustering, flavo and top tagging with jet substructure,
detector acceptance and momentum resolution effects at the LHC can be found in [31].

To get a rough estimate of the signal to background ratio for our four-top signal in the MS-
2HDM, we perform a parton-level simulation of the signal and background events at LO in QCD
using MadGraphb5 [26] with NNPDF2 . 3 PDF sets [27]. For the inclusive SM cross section for the
four-top final state at /s = 14 TeV LHC, we obtain 11.85 fb, whereas our proposed signal cross
sections are found to be comparable or smaller depending on M), and tan 3, as shown in Figure 6
(right). However, since we expect one of the 77 pairs coming from an on-shell /4 decay to have an
invariant mass around Mj,, 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 6 (right) are
consistent with the current experimental upper bound [32].

Depending on the W decay mode from ¢ — Wb, there are 35 final states for four top decays.
Experimentally, the most favored channel is the semi-leptonic/hadronic final state with two same-
sign isolated leptons: gg — tth — (t7)(tf) — (¢Fvyb)(jjb)(£'*vyb)(jjb). 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 t7bb-+jets [34]. Therefore, we consider only this channel
for our preliminary analysis.

As in the charged Higgs boson case, the heavy Higgs mass can be reconstructed from the
signal using the M7, endpoint technique, and therefore, an additional selection cut on My, < M,
can be used to enhance the signal over the irreducible background, as illustrated in Figure 7 (left).
Our simulation results for the predicted number of signal and background events at /s = 14 TeV
LHC with 300 fb~! luminosity are shown in Figure 7 (right). From this preliminary analysis, we
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Figure 7: (Left) Heavy neutral Higgs boson mass reconstruction using the My, variable. (Right)
The four-top signal in the MS-2HDM at /s = 14 TeV LHC with 300 fb~! integrated luminosity.

find that the four-top channel provides the most promising collider signal to probe the heavy neutral
Higgs sector in the MS-2HDM for low values of tan § < 5.

The above analysis is also applicable for the CP-odd Higgs boson a, which has similar pro-
duction cross sections and 7 branching fractions as the CP-even Higgs h. However, the t7h(a)
production cross section as well as the h(a) — #f branching ratio decreases with increasing tan 3.
This is due to the fact that the Az7 coupling in the alignment limit is cos @/ sin 8 ~ cot 3, which is
same as the atf coupling. Thus, the high tan 8 region of the MS-2HDM cannot be searched via
the t#tf channel proposed above, and one needs to consider the channels involving down-sector
Yukawa couplings, e.g. bbbb and bbt* 7~ It is also worth commenting here that the simpler pro-
cess pp — h/a — tf (bb) at low (high) tan 8 suffers from a huge SM 7 (bb) QCD background,
even after imposing an M,; () cut. A combination of kinematic reconstruction and multivariate
techniques can be used here to distinguish between the small signal and large background. Some
recent studies on extracting the ¢7 signal in the context of MSSM have been performed in [35].

6. Conclusions

We provide a symmetry justification of the so-called SM alignment limit, independently of the
heavy Higgs spectrum and the value of tan 8 in the 2HDM. We show that there exist only three
different symmetry realizations, which could lead to the SM alignment by satisfying the natural
alignment condition (2.7) for any value of tanf3. In the context of the Maximally Symmetric
2HDM 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 g’ 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. Using the LHC Higgs data, which disfavor 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 global fit limits
in a wide range of parameter space. Depending on the scale where the maximal symmetry could
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be realized in nature, we also obtain an upper limit on the heavy Higgs masses in certain cases,
which could be probed during the Run-II phase of the LHC. Finally, we have studied the collider
signatures of the heavy Higgs sector beyond the top-quark threshold in the alignment limit. We
emphasize that the final states involving third-generation quark final states can become a valuable
observational tool to directly probe the heavy Higgs sector of the 2HDM in the alignment limit.
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A. Two-loop RGEs

The two-loop RGEs for the evolution of the parameters of the general 2HDM potential (1.1)
are given in [11], obtained using the generic prescription given in [36], as implemented in the public
Mathematica package SARAH [37]. Here we correct some typesetting errors in (B.9)-(B.16) of
Ref. [11].2 We clarify that the numerical results presented in [11] remain unchanged, as they were
obtained with the correct RGEs, as directly given by the SARAH output.

We start with the two-loop RGEs for the SU(3)., SU(2), and U(1)y gauge couplings:

7¢3 a 9 11
Dgy = — —=23 3 —26g2+ Zg2+—g% -2y —2y? Al
83 672 + 25677 83+282+ X Vo =2V | (A.1)
3g3 o 3, 3 1
Dgy = — 2 2 (12g3+8g5+2¢” — Zyi — Zy? — =y? A2
82 o2 | 25p08 \ 128388 g” R A C I (A2)
7g" g? [44 104 5 17 5,
9o = S S (i S A M t” SN2 B A3
8 o2 T 5emd \ 3 TOSRT 8T = T oV T e ) (A.3)

where Z = d/dInu (u being the usual "t-Hooft mass employed in the regularization of ultraviolet
divergences in loop integrals), and in the two-loop terms, 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-II 2HDM, we have
Dy = 1o (—85% - %gﬁ - %g’z + 2 i+ ;yi)
21 , 1267 o

+ 1827368

3 19
+9g3583 — Zgig’z +5 — 4387 +6A +AF

16, 33, 4l
383716527 144

Y 4
—108
2567 [ 837

+A3Aq + A7 + (15 +AE+323) + ( g?—2As+ 2/14) y

225 131 5 5 3
+ (304 Tpai+ gtk )R- Db - Db b ad

2We thank Gabriel Lee and Carlos Wagner for pointing these out and for carefully checking our expressions against
theirs [38].
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b 2 9, 5 /2 9, 1, 4
=22 [ —8g2— 93— — ~ —
Dyp 16”2( 83— 182~ 138 Tt Yty

Yo 21, 113 9 31
Yoot [—10 3= 8 5yl 988 — (838 + et HOAT + AT

* 4 9
A3y + A7+ (15+316+272) (

162,33, 53

3 g +— 16 mglz_ZM +214> ylz

— 12y}~ %y‘é - %y? - %yiy? - Zyiy%] ! (A5)
Dye = 12;2 (—Zg% - ?g’z +3y;, + ;ﬁ)

3 45 25
303 +312 +30)+ (208 + T B+ e )7
165 5 179 o
< 6527 168

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

27 , 27 9
- 1211) i — Zyb 3ys — Iyiy% 4y§y?] : (A.6)

Vi

Dvy = 167:2[ (3g3+87) — 3y§—y3]

Vi {435 149 4, 3

2567 | 32 32 6
3 45 , 25 15, 25
—SA3 323+ A7) — ( 2085+ o ei+ 387 - (g e+ e )t
g 5271 48 827
27, 9, 9, 3,
e 2 2 A7
T T Y +4)’b)’t] 5108 [( A1+ A345) A6 + ( A2+7L345)7L7] ; (A7)
vy, |3
D2 =163 [ (385 +87) — 3y3}
v 435, 149, 3 ) )
— -6 A2 — A3y — A
2567 [32 28 1% A Ak

3 45 , 85 9 27
—5 (A48 +347) <20g§+ S8+ 5,8 >y?+4yiy?+4y?]
31,
TSt

The two-loop RGE:s for all the scalar quartic couplings appearing in (1.1) in the Type-11 2HDM
are given by

[(211 + 1345)16 + (212 + 1345)17:| . (A.8)

1 3
DA, = e [8(3g3 + g% +2638") =301 (33 +47) + 240 + 203 + 20344 + AZ

+ A3+ 1228 + 42 (3yp +y7) — 63— Zyi]
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The two-loop RGE for the soft mass parameter is given by
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Finally, the mass parameters N12.2 are removed by the tadpole conditions:

Vv

37\/1 =0 = —ul Vi — m12V2 + = [2111/1 + 7L345V1v2 + 3MVIVQ + 171/2] (A.17)
oV
37\/2 =0= —‘u2v2 — m12v1 + = [2121)2 + 7L345V2V1 —l—kgvl + 3/'L7V2V1] (A.18)

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