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Abstract

In the alignment limit of a multi-doublet Higgs sector, one of the Higgs mass eigenstates
aligns with the direction of the scalar field vacuum expectation values, and its couplings
approach those of the Standard Model (SM) Higgs boson. We consider CP-conserving
Two-Higgs-Doublet Models (2HDMs) of Type I and Type II near the alignment limit in
which the lighter of the two CP-even Higgs bosons, h, is the SM-like state observed at
125 GeV. In particular, we focus on the 2HDM parameter regime where the coupling
of h to gauge bosons approaches that of the SM. We review the theoretical structure
and analyze the phenomenological implications of the regime of alignment limit without
decoupling, in which the other Higgs scalar masses are not significantly larger than my,
and thus do not decouple from the effective theory at the electroweak scale. For the nu-
merical analysis, we perform scans of the 2HDM parameter space employing the software
packages 2HDMC and Lilith, taking into account all relevant pre-LHC constraints, the
latest constraints from the measurements of the 125 GeV Higgs signal at the LHC, as well
as the most recent limits coming from searches for heavy Higgs-like states. We contrast
these results with the alignment limit achieved via the decoupling of heavier scalar states,
where h is the only light Higgs scalar. Implications for Run 2 at the LHC, including
expectations for observing the other scalar states, are also discussed.
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1 Introduction

The minimal version of the Standard Model (SM) contains one complex Higgs doublet,
resulting in one physical neutral CP-even Higgs boson after electroweak symmetry breaking.
The discovery [1,2] of a new particle with mass of about 125 GeV [3] and properties that match
very well those expected for a SM Higgs boson was a real triumph of Run 1 of the LHC. Fits of
the Higgs couplings performed by ATLAS [4] and CMS [5] show no significant deviations from
SM expectations. (A combined global fit of the Higgs couplings based on the Run 1 results was
performed by some of us in [6].) However, one has to keep in mind that the present precisions
on the Higgs couplings are, roughly, of the order of tens of percent, so substantial deviations are
still possible. Indeed, the SM is not necessarily the ultimate theoretical structure responsible for
electroweak symmetry breaking, and theories that go beyond the SM, such as supersymmetry,
typically require an extended Higgs sector [7—10]. Hence, the challenge for Run 2 of the LHC,
and other future collider programs, is to determine whether the observed state is the SM Higgs
boson, or whether it is part of a non-minimal Higgs sector of a more fundamental theory.

In this paper, we take Two-Higgs-Doublet Models (2HDMs) of Type I and Type 1T [11]
as the prototypes for studying the effects of an extended Higgs sector. Our focus will be on
a particularly interesting limit of these models, namely the case in which one of the neutral
Higgs mass eigenstates is approximately aligned with the direction of the scalar field vacuum
expectation values. In this case, the coupling to gauge bosons of the Higgs boson observed
at the LHC tends towards the SM limit, Cyy — 1.! This so-called alignment limit is most
easily attained in the decoupling limit [12], where all the other non-SM-like Higgs scalars of
the model are heavy. However, the alignment limit of the 2HDM can also be achieved in a
parameter regime in which one or more of the non-SM-like Higgs scalars are light (and in some
cases very light). This region of alignment without decoupling is a primary focus of this paper.

An extensive review of the status of 2HDMs of Type I and Type IT was given in [13, 14].
Interpretations of the recently discovered Higgs boson at 125 GeV in the context of the 2HDMs
were also studied in [15-21]. The possibility of alignment without decoupling was first noted in
[12] and further clarified in [22,23]. Previous studies of alignment without decoupling scenarios
in the light of the LHC Higgs results were conducted in [24-26]. The specific case of additional
light Higgs states in 2HDMs with mass below ~ 125/2 GeV was studied in [27].

Considering experimental as well as theoretical uncertainties, the expected precision for
coupling measurements at the LHC after collecting 300 fb~! of data is about 4-6% for the
coupling to gauge bosons, and of the level of 6-13% for the couplings to fermions [28]. The
precision improves by roughly a factor of 2 for at the high-luminosity run of the LHC with
3000 fb~!. At a future e*e™ international linear collider (ILC) with /s = 250 GeV to 1 TeV,
one may measure the couplings to fermions at the percent level, and the coupling to gauge
bosons at the sub-percent level. A detailed discussion of the prospects of various future colliders
can be found in [28].

We take this envisaged ~ 1% accuracy on CYy as the starting point for the numerical analysis
of the alignment case. Concretely, we investigate the parameter spaces of the 2HDMs of Type I
and Type II assuming that the observed 125 GeV state is the h, the lighter of the two CP-even

'We use the notation of coupling scale factors, or reduced couplings, employed in [6]: Cy (V = W, Z) for
the coupling to gauge bosons, Cy p for the couplings to up-type and down-type fermions and C, 4, for the
loop-induced couplings to photons and gluons.



Higgs bosons in these models, and imposing that Cft > 0.99 (note that |Cy| < 1 in any model
whose Higgs sector consists of only doublets and/or singlets). The case of the heavier CP-even
H being the state at 125 GeV will be discussed in a separate paper [29].

Taking into account all relevant theoretical and phenomenological constraints, including the
signal strengths of the observed Higgs boson, as well as the most recent limits from the non-
observation of any other Higgs-like states, we then analyse the phenomenological consequences
of this scenario. In particular, we study the variations in the couplings to fermions and in the
triple-Higgs couplings that are possible as a function of the amount of alignment when the other
Higgs states are light, and contrast this to what happens in the decoupling regime. Moreover,
we study the prospects to discover the additional Higgs states when they are light.

The public tools used in this study include 2HDMC [30] for computing couplings and decay
widths and for testing theoretical constraints within the 2HDM context, Lilith 1.1.2 [31] for
evaluating the Higgs signal strength constraints, and SusHi-1.3.0 [32] and VBFNLO-2.6.3 [33]
for computing production cross sections at the LHC.

The paper is organised as follows. In Section 2 we first review the theoretical structure of
the 2HDM. A softly-broken discrete Zo-symmetric scalar potential is introduced using a basis of
scalar doublet fields (called the Zs-basis) in which a the symmetry is manifest. The Higgs basis
is then introduced, which provides an elegant framework for exhibiting the alignment limit. We
then provide a comprehensive discussion of the Higgs couplings in the alignment regime. In
Section 3, we explain the setup of the numerical analysis and the tools used. The results are
presented in Section 4. Section 5 contains our conclusions. In Appendix A, detailed formulae
relating the quartic coefficients of the Higgs potential in the Zs-basis to those of the Higgs
basis are given. Some useful analytical expressions regarding the trilinear Higgs self-couplings
in terms of physical Higgs masses are collected in Appendix B.

2 CP-conserving 2HDM of Types I and 11

In this section, we review the theoretical structure of the two-Higgs doublet model. Compre-
hensive reviews of the model can also be found in, e.g., [12,23,34,35]. In order to avoid tree-level
Higgs-mediated flavor changing neutral currents (FCNCs), we shall impose a Type-I or II struc-
ture on the Higgs-fermion interactions. This structure can be naturally implemented [36,37] by
imposing a discrete Zy symmetry on the dimension-four terms of the Higgs Lagrangian. This
discrete symmetry is softly-broken by mass terms that appear in the Higgs scalar potential.
Nevertheless, the absence of tree-level Higgs-mediated FCNCs is maintained, and FCNC effects
generated at one loop are all small enough to be consistent with phenomenological constraints
over a significant fraction of the 2HDM parameter space [38—41].

Even with the imposition of the softly-broken discrete Z, symmetry mentioned above, new
CP-violating phenomena in the Higgs sector are still possible, either explicitly due to a physical
complex phase that cannot be removed from the scalar potential parameters or spontaneously
due to a CP-violating vacuum state. To simplify the analysis in this paper, we shall assume
that these CP-violating effects are absent, in which case one can choose a basis of scalar doublet
Higgs fields such that all scalar potential parameters and the two neutral Higgs field vacuum
expectation values are simultaneously real. Moreover, we assume that only the neutral Higgs
fields acquire non-zero vacuum expectation values, i.e. the scalar potential does not admit the



possibility of stable charge-breaking minima [42,43].

We first exhibit the Higgs scalar potential, the corresponding Higgs scalar spectrum and the
Higgs-fermion interactions subject to the restrictions discussed above. Motivated by the Higgs
data, we then examine the conditions that yield an approximately SM-like Higgs boson.

2.1 Higgs scalar potential

Let ®; and @5 denote two complex Y = 1, SU(2), doublet scalar fields. The most general
gauge invariant renormalizable scalar potential is given by

V= m 01®; + m0i0, — (m3, 0Py + hc] + AN (D]D1)% + Lo (BS0y)2 + N3 (B] 1) (D1Dy)
A (DD (BED)) + {§A5(<1>{c1>2)2 + [A6(B]®y) + A (B]D,)] [, + h.c.} (1)

In general, m2,, X5, A¢ and \; can be complex. As noted above, to avoid tree-level Higgs-
mediated FCNCs, we impose a softly-broken discrete Zy symmetry, ®; — +®; and &, — — P,
on the quartic terms of Eq. (1), which implies that A\¢ = A\; = 0, whereas m?, # 0 is allowed.
In this basis of scalar doublet fields (denoted as the Zs-basis), the discrete Zs symmetry of
the quartic terms of Eq. (1) is manifest. Furthermore, we assume that the scalar fields can be
rephased such that m2, and \; are both real. The resulting scalar potential is then explicitly
CP-conserving.

The scalar fields will develop non-zero vacuum expectation values if the Higgs mass matrix
m?j has at least one negative eigenvalue. We assume that the parameters of the scalar potential
are chosen such that the minimum of the scalar potential respects the U(1)g,,; gauge symmetry.
Then, the scalar field vacuum expectations values are of the form

w-h(8) w-h(2)

As noted in Appendix B of Ref. [12], if |m3,| > As|v1||va], then the vacuum is CP-conserving
and the vacuum expectation values v; and v, can be chosen to be non-negative without loss of
generality. In this case, the corresponding potential minimum conditions are:?

m%l = m%th — %UQ ()\10% + )\3455%) s (3)
ma, = m%t;l — %UQ ()\28% + )\3450%) , (4)
where we have defined:
v
Azas = A3+ A+ As tgztanﬁEU—Q, (5)
1
where 0 < 5 < %77, and
2 2 2 4m12/V 2
Vi =] +vs = 2 (246 GeV)~. (6)

2Here and in the following, we use the shorthand notation cg = cos 3, sz = sinf3, ¢, = cosa, s, = sina,
Cop = c082f3, s9p =sin2p, cg_q = cos(f — ), sp_o = sin(f — a), etc.
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Of the original eight scalar degrees of freedom, three Goldstone bosons (G* and G) are
absorbed (“eaten”) by the W* and Z. The remaining five physical Higgs particles are: two
CP-even scalars (h and H, with m;, < mpy), one CP-odd scalar (A) and a charged Higgs pair
(H*). The resulting squared-masses for the CP-odd and charged Higgs states are

m2A =72 — \s0?, (7)
m%i = mi + %1)2(>\5 — )\4) s (8)

where )
m? = 20 (9)

The two neutral CP-even Higgs states mix according to the following squared-mass matrix:

ME = MG + (m% 4+ Asv?)sh [Asasv® — (m3 + Asv?)]sses (10)
T\ Pasv? — (mF + As0?)]spes Aav?sh 4+ (md 4+ Asv?)cd '
Defining the physical mass eigenstates
= (V2Re ®Y — vy)cy + (V2Re @) — v3)s,, (11)
= —(V2Re ® — v1)sq + (V2Re B — v3)c, (12)

the masses and mixing angle o are found from the diagonalization process

m%{ 0 - COZ Sa M%l M%2 CO( _Sa
0 mi) \—5Saca) \ MihM3 ) \sa ca
( M2 4 2Mycasa + Mipsh  Miy(E — s2) + (M3, _M%)SQC&> (13)
A :

o2 — 82) + (M3, — M3))saca M2, 82 — 2 M350 Se + M2

Note that the two equations, Tr M? = m3, + m; and det M? = m%;m3, yield the following
result:

M| =/ (m3y — M) (M —m3) = (M3, — m2) (M3, — m). (14)
Explicitly, the squared-masses of the neutral CP-even Higgs bosons are given by
mHh:%[M +M32:|:A]a (15)

where mj;, < mpy and the non-negative quantity A is defined by

A= \/M )2 + 4(M32,)2. (16)

The mixing angle «, which is defined modulo 7, is evaluated by setting the off-diagonal
elements of the CP-even scalar squared-mass matrix given in Eq. (13) to zero. It is often
convenient to restrict the range of the mixing angle to || < %71’. In this case, ¢, is non-negative
and is given by

) _\/A+M%1—M§2 _ M

=, 17
2A m2 —m3 (17)



and the sign of s, is given by the sign of M%,. Explicitly, we have

V2 M? m2, — M?
s (L T Y Y (S T
11— M H h

In deriving Egs. (17) and (18), we have assumed that m;, # mpy. The case of m, = my is
singular; in this case, the angle « is undefined since any two linearly independent combinations
of h and H can serve as the physical states. In the rest of this paper, we shall not consider this
mass-degenerate case further.

2.2 SM-limit in the Higgs basis

The scalar potential given in Eq. (1) is expressed in the Zsy-basis of scalar doublet fields in
which the Z, discrete symmetry of the quartic terms is manifest. It will prove convenient to
re-express the scalar doublet fields in the Higgs basis [44,45], defined by

H Hy
H, = (Hl‘)) = D5 + Dosg, H, = (H20> = —®ys5 + Pocg, (19)
1 2

so that (H?) = v/v/2 and (HY) = 0. The scalar doublet H; possesses SM tree-level couplings
to all the SM particles. Therefore, if one of the CP-even neutral Higgs mass eigenstates is
SM-like, then it must be approximately aligned with the real part of the neutral field HY.

The scalar potential, when expressed in terms of the doublet fields, H; and H,, has the
same form as Eq. (1),

V =Y H{H, + Yo HYHy + Y3[H{ Hy + hec.] + S 2, (H{H))? + L Zy(HY Ho)? + Zy(H{ Hy ) (HY H)

o+ Zy(HY Ho) (HYHy) + {3 25(H] Ho)? + [Zo(H]Hy) + Z:(HY L) HUHy + b}, (20)
where the Y; are real linear combinations of the m?; and the Z; are real linear combinations of
the \;. In particular, since A\¢ = A7 = 0, we have [45,46]

Z1 = )\102 + )\23?3 + %)\345535 :

Zg = )\18% + )\QC% + %)\34583/3 s

Zi = isgﬁ [/\1 + )\2 — 2)\345} + /\i, (fOI' 1= 3, 4 or 5) y
Zﬁ = —%82,6 [)\16?3 — )\28% - /\345025] s

21)
22)
23)
24)
25)

~~ /N /N N

Z7 = —%Sglg [)\15% - )\26% + )\34562/3] .

Since there are five nonzero \; and seven nonzero Z;, there must be two relations. The following
two identities are satisfied if 8 # 0, 17, 27 [46]:
ZQ = Zl + 2(26 + Z7) cot 25, (26)
2345 = Zl + 226 cot 2B - (Z6 - Z7) tan Qﬁ, (27)
3To make contact with the notation of Ref. [12], A = Z1, A\y = Za, \p = Z3 + Z4 — Zs, A\p = Z5 — Zy,
AA = Zl — Z5, A= —Z6 and AU = —Z7.
4For B =0, %W, the Zs-basis and the Higgs basis coincide, in which case Zg = Z7 = 0 and Z1, Zs, Z345 are

independent quantities. For g = iﬂ, the two relations are Z; = Zs and Zg = Z7, and Z345 is an independent
quantity.




where Zsy5 = Z3 + Z4 + Zs. One can invert the expressions given in Egs. (21)—(25), subject to
the relations given by Egs. (26) and (27). The results are given in Appendix A.
The squared mass parameters Y; are given by

Y1 = m%lcé + mgﬁ% - m%QSQB ) (28)

Y, = m%ls% + m%zcé + mf2525 , (29)
17,2 2 2

Y; = 5(7”22 - m11)52ﬁ — MyeCop - (30)

Y; and Y3 are fixed by the scalar potential minimum conditions,
Y, =127, Yy = —1Zg0". (31)
Using Egs. (9) and (31), we can express m? in terms of Y3, Z; and Zg,
m? =Y, + L Z10* + Zgv® cot 23.. (32)
The masses of H* and A are given by

mye = Yo + 12307, (33)
mi = }/2 + %(Zg + Z4 - Z5>’U2 . (34)

It is straightforward to compute the CP-even Higgs squared-mass matrix in the Higgs ba-

sis [44, 47],
ALK Zsv?
Mi; = <Z:3v2 m? —i(: Z5712) ' (35)

From Eq. (35), one can immediately derive the conditions that yield a SM-like Higgs boson.
Since (HY) = v/v/2 and (HY) = 0, the couplings of H,; are precisely those of the Standard
Model. Thus a SM-like Higgs boson exists if v/2 Re HY — v is an approximate mass eigenstate.
That is, the mixing of HY and HY is subdominant, which implies that either |Zg| < 1 and/or
mA+ Zsv? > Z1v?, Zgv?. Moreover, if in addition Z;v* < m% + Z5v?, then h is SM-like, whereas
if Z1v? > m% + Zsv?, then H is SM-like. In both cases, the squared-mass of the SM-like Higgs
boson is approximately equal to Z;v?.
The physical mass eigenstates are identified from Eq. (11), (12) and (19) as

H = (V2Re HY — v)cs_oq — V2Re H)s5_q (36)
h=(V2Re HY — v)ss_o + V2Re HYcs_, . (37)

Then, Egs. (15) and (16) yield

myy, = 3[mi + (21 + Zs)v* + Ay, (38)
where
AH = \/[mi + (Z5 - Zl)UQ]Z + 4Z§’U4 . (39)
In addition, Eq. (14) yields
| Zs|v? = \/(m%[ — Z10?)(Zyw? —m3) . (40)
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Comparing Egs. (11) and (12) with Eqgs. (36) and (37), we identify the corresponding mixing
angle by o — 3, which is defined modulo 7. Diagonalizing the squared mass matrix, Eq. (35),
it is straightforward to derive the following expressions:

Z1w* = mish_ o+ mich_, (41)
Zev? = (m; — m3)Sp-aCha (42)
m} + Zsvt = mish_, +mipch_, . (43)
It follows that
mi = <21 7 ﬁ) 2, (44)
SB—a

m2 = m? +  Zs — Ze 2= ) o? 45
H =1y 5 6 55 v (45)

Note that Eq. (42) implies that®
ZGSﬁ_an_a S 0. (46)

One can also derive expressions for cs_, and sg_, either directly from Eqgs. (41) and (42) or
by using Eqs. (17) and (18) with « replaced by o — . Using Eq. (46), the sign of the product
Sp—aCp—q 1s fixed by the sign of Zs. However, since 5 — « is defined only modulo 7, we are
free to choose a convention where either cs_, or sz_, is always non-negative.® In a convention
where sg_, is non-negative (this is a convenient choice when the h is SM-like),

7102 — m? —Zgv?
Ch—a = —sg0(Zs) me —m2 \/( 7 .2 > _ 72y’ (47)
H h myy —mj)(my 10%)

where we have used Eq. (40) to obtain the second form for ¢s_, in Eq. (47).
Finally, we record the following useful formula that is easily obtained from Egs. (7) and
(A.10),7
m?® =m’ + Zsv® + 1(Zs — Z7)v* tan2p3. (48)

Combining Eq. (48) with Egs. (42) and (43) yields
Zm? = (mj, — m3)Sp—aCs—o + 20t 28[miysh_, + mjch_, —m7] . (49)

Using Egs. (26) and (27), one can likewise obtain expressions for Zyv? and Zss5v? in terms of

m3, m%, and m?. However, these expressions are not particularly illuminating, so we do not

write them out explicitly here.

®Having established a convention where 0 < 8 < %7‘(‘, we are no longer free to redefine the Higgs basis field
Hy; — —H,. Consequently, the sign of Zg is meaningful in this convention.

6Such a convention, if adopted, would replace the convention employed in Eq. (17) in which ¢, is taken to
be non-negative.

"In Eq. (48), the term in the expression for 7 2 that is proportional to (Zs— Z;)v? tan 23 is never greater than
O(v?) for all values of 3, since Egs. (24) and (25) imply that (Zg — Z7) tan 28 = —%S%B()q — A3 —2A345) < O(1).



2.3 Higgs couplings and the alignment limit

As noted in the previous subsection, the Higgs basis field H; behaves precisely as the
Standard Model Higgs boson. Thus, if one of the neutral CP-even Higgs mass eigenstates is
approximately aligned with v/2Re H 9 — v, then its properties will approximately coincide with
those of the SM Higgs boson. Thus, we shall define the alignment limit as the limit in which the
one of the two neutral CP-even Higgs mass eigenstates aligns with the direction of the scalar
field vacuum expectation values. Defined in this way, it is clear that the alignment limit is
independent of the choice of basis for the two Higgs doublet fields. Nevertheless, the alignment
limit is most clearly exhibited in the Higgs basis. In light of Egs. (36) and (37), the alignment
limit corresponds either to the limit of cs_, — 0 if & is identified as the SM-like Higgs boson,
or to the limit of sg_, — 0 if H is identified as the SM-like Higgs boson.

Consider first the case of a SM-like h, with m;, &~ 125 GeV. In this case, Z;v? < m% + Z5v?,
lcs_o] < 1, and m? ~ Z1v?. Tt follows from Eq. (47) that the alignment limit can be achieved
in two ways: (i) Zg — 0 or (ii) mpg > v. The case of my > v (or equivalently Yy > v) is
called the decoupling limit in the literature.® In this case, one finds that mpy ~ my ~ mg=, so
one can integrate out the heavy scalar states below the scale of my. The effective Higgs theory
below the scale my is a theory with one Higgs doublet and corresponds to the Higgs sector of
the Standard Model. Thus not surprisingly, h is a SM-like Higgs boson. However, it is possible
to achieve the alignment limit even if the masses of all scalar states are similar in magnitude
in the limit of Zg — 0. This is the case of alignment without decoupling and the main focus of
this study. Finally, if both |Zs| < 1 and mpy > my, are satisfied, the alignment is even more
pronounced; when relevant we shall denote this case as the double decoupling limit.

For completeness we note that in the case of a SM-like H we have Zv? > mi, + Zsv?,
155_a| < 1 and m?% ~ Z;v?. Here, it is more convenient to employ a convention where cg_,, is
non-negative. One can then use Egs. (40), (46) and (47) to obtain an expression for sgz_,. In
a convention where cg_, is non-negative,

¢m2 — Zl’U2 —26’02

Taking my ~ 125 GeV, there is no decoupling limit as in the case of a SM-like h. However,
the alignment limit without decoupling can be achieved in the limit of Zg — 0. This case will
be discussed in detail in [29].

We now turn to the tree-level Higgs couplings. Denoting the SM Higgs boson by hgy, the
coupling of the CP-even Higgs bosons to V'V (where V = W# or Z) normalized to the hg,,V'V
coupling is given by

C‘f/bv = SB8—a > C‘Ij = C3—q - (51)

As expected, if h is a SM-like Higgs boson then Cf: ~ 1 in the alignment limit, whereas if H is
a SM-like Higgs boson then C{ ~ 1 in the alignment limit.

8More precisely, we are assuming that m?, > |Zs|v?. Since Zg is a dimensionless coefficient in the Higgs
basis scalar potential, we are implicitly assuming that Zg cannot get too large without spoiling perturbativity
and/or unitarity. One might roughly expect |Zs| < 4, in which case mpy > v provides a reasonable indication
of the domain of the decoupling limit.



Table 1: Four possible Zsy charge assignments that forbid tree-level Higgs-mediated FCNC
effects in the 2HDM [48].

®1 ®2 tR bR TR tLa bL7 Vp, €L
Type I el e B e +
Type 11 + |- |-+ |+ +
Type X (lepton specific) || + | — | — | — | + +
Type Y (flipped) + | - |-+ ]| - +

Next, we consider the Higgs boson couplings to fermions. The most general renormalizable
Yukawa couplings of the two Higgs doublets to a single generation of up and down-type quarks
and leptons (using third generation notation) is given by

— Lok = Vybr® Qr+ YV br®y Qp+ VI Tr® L+ V2T Py Ly e [V TrQL O+ V] TrQL P3| +hoc.
(52)

where €19 = —€91 = 1, €17 = €39 = 0, Qp = (tp,br) and Ly = (vp, er) are the doublet
left handed quark and lepton fields and tg, bg and er are the singlet right-handed quark and
lepton fields. However, if all terms in Eq. (52) are present, then tree-level Higgs-mediated
FCNCs would be present, in conflict with experimental constraints. To avoid tree-level Higgs-
mediated FCNCs, we extend the discrete Zs; symmetry to the Higgs-fermion Lagrangian. There
are four possible choices for the transformation properties of the fermions with respect to Zs,
which we exhibit in Table 1.

For simplicity, we shall assume in this paper that the pattern of the Higgs couplings to down-
type quarks and leptons is the same. This leaves two possible choices for the Higgs-fermion
couplings [11]:

Typel: Y'=Y'=Y'=0, (53)
Type Il Y} =Y}=)?=0. (54)

In particular, the pattern of fermion couplings to the neutral Higgs bosons in the Type I and
Type II models is exhibited in Table 2.

In the strict alignment limit, the fermion couplings to the SM-like Higgs boson should
approach their Standard Model values. To see this explicitly, we note the identities,

:?jg = Sp_q + COt fCs_q , (55)
—:g;; = Sp_q — tan fcp_q (56)
ZE; = Cg_q — COt BSp_q (57)
Zzzg = Cg_q +tan fsg_, . (58)

If h is the SM-like Higgs boson, then in the limit of cs_, — 0, the fermion couplings of h ap-
proach their Standard Model values. However, if tan § > 1, then the alignment limit is realized
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Table 2: Tree-level vector boson couplings Cy (V' = W, Z) and fermionic couplings Cr normal-
ized to their SM values for the two scalars h, H and the pseudoscalar A in Type I and Type II
Two-Higgs-doublet models.

Type I and 11 Type 1 Type 11
Higgs Vv up quarks | down quarks | up quarks | down quarks
and leptons and leptons
h sin(f —a) | cosa/sinf | cosa/sinf | cosa/sinf | —sina/cosf
H cos(f —a) |sina/sinf | sina/sinf | sina/sinf cos a/ cos 3
A 0 cot 8 —cot 3 cot 8 tan 3

in the Type-II Yukawa couplings to down-type fermions only if |cs_,|tanf < 1. That is, if
|cs—al < 1 Dbut [cg_q|tan f ~ O(1), then the hVV couplings and the htt couplings are SM-like
whereas the hbb and h7t7~ couplings deviate from their Standard Model values. Thus the
approach to the alignment limit is delayed when tan 5 > 1. We denote this phenomenon as the
delayed alignment limit. Similar considerations apply if cot 5 > 1; however, this region of pa-
rameter space is disfavored as the corresponding htt coupling quickly becomes non-perturbative
if cot 8 is too large.

Finally, we examine the trilinear Higgs self-couplings. Using the results of Ref. [12] (see also
Ref. [47]), the three-Higgs vertex Feynman rules (including the corresponding symmetry factor
for identical particles but excluding an overall factor of i) are given by:

Ghaa = Y [(Z3 + 24— Z5)sp-a + Z7CB—0J )
Gran = —V|[(Zs+ Zy — Z5)Csa — Z155-a ,
I = —3v Z1S,87a0%_a + Z34555-a (% - C%_a) + Zscp—_a(l — 38%_0) + Z75/23_a0ﬂ7a} ,

(

(

[ (
G = =30[ 21650850 + Z315¢5-0 (5 = 55-a) = Zo5p-a(l = 3¢j0) = ZrCh_a85-a] , (62

G = =3[ Z218%_o + Z34558—-aCh_o + 326Co—aSh_o + Z1C5_,) | (

Iypy = —30 [Zlc?ﬁ’_a + 23450,8—045%_0[ - 3265/8*&0%—04 - Z7S%—Oé] ' (

Inirn- = —V[Z38p-a + Zrcs—a) , (
Jrmer- = —0[Z3Cs-a — ZrSp-a] - (66

The trilinear Higgs couplings expressed in terms of the physical Higgs masses are given in
Appendix B.
Consider the alignment limit, cg_, — 0, where h is SM-like. Then Eqgs. (44) and (63) yield,’

27, VA 272 3
SM 6 345 6 2 3
Ghhh = 9nhh [1 + Zcﬁ—a <71 - Z_% - 5) Ch—a T O(Cﬂ—a)} ) (67)
where the self-coupling of the SM Higgs boson is given by
3m?
G = —Th : (68)

9Eq. (67) is obtained in the convention where sg_, is non-negative, i.e. sg_ is close to 1.
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Note that in the alignment limit, m3 ~ Z;v? [cf. Eq. (41)], which implies that Z; & 0.26.
It is convenient to make use of Eq. (47) [in a convention where sg_, > 0] to write

CB—a = —1NZs (69)
where
) O(1), for m3, ~ O(v?),
1= e (0 (70
\/(mH —my)(mi — Z1v?) @) (—2) < 1, in the decoupling limit.
My
Inserting Eq. (69) in Eq. (67) yields
SM 2 Zg 373 2 74
Jhhh = ghhh{l + |:(Zg45 — %Zl)T] — 27]:| Z + O(’I] Z6) + (9(7’] Zﬁ)} . (71)

In the decoupling limit (where n < 1),

M{l _ 273

= {1 - 28 o0P )| (72)
It follows that gppp is always suppressed with respect to the SM in the decoupling limit.!® This
behavior is confirmed in our numerical analysis. In contrast, in the alignment limit without
decoupling, |Zg| is significantly smaller than 1 and n ~ O(1). It is now convenient to use
Eq. (27) to eliminate Zsy3,

Z2 Z3
Jhhh = g,SLth{l + {(Z7 tan 28 — %Zl)n2 - 277] 76 + (2cot 23 — tan 2/6’)77276 + O(Zg)} , (73)
1 1

where the term above designated by O(Z2) contains no potential enhancements in the limit
of s95 — 0 or cog — 0. Given that n ~ O(1) in the alignment limit without decoupling, the
form of Eq. (73) suggests two ways in which gps, can be enhanced with respect to the SM. For
example if tan § ~ 1, then one must satisfy (Z; — Zg)ntan2p 2 2 + %Zm. Alternatively, if
tan § > 1, then one must satisfy Zgncot25 2 1+ %lZm (the latter inequality requires Zg < 0,
since cot 23 < 0 when %7? < p< %w) In both cases, gnun > gonm, is possible even when |Zg|
and |Z;| are significantly smaller than 1. Indeed, both of the above alternatives correspond to
2345 > Z1 and 772345 > 1in Eq (71)

As a second example, consider the hAA coupling given in Eq. (59) [or Eq. (B.6)]. Using
Eq. (27), we find that in the alignment limit,

1
Ghaa = ——{mi — 2750 — (Zg — Z7)v* tan 23 4 2Zgv? cot 283 + O(c/g_a)}
v

1
= —;{m% — 2507 + 2Z6v% cot 28 + O(Cﬁ—a)} ) (74)

19Tn the double decoupling limit where n < 1 and |Zg| < 1, Eq. (72) shows that the deviation of g, from
the corresponding SM value is highly suppressed.
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A similar computation yields the Hhh coupling given in Eq. (62) [or Eq. (B.9)],
1

JHhh = ;{326"02 - [m,?Z — 4Z¢v* cot 2B + 2(Zs — Z7)v* tan 26] Choa + (’)(c%_a)} ) (75)
In the alignment limit without decoupling, the O(1) terms in Eqs. (74) and (75) that are
proportional to Zg should be regarded as terms of O(cs_,) [cf. Egs. (69) and (70)]. That
is, the decoupling limit [with Zs ~ O(1)] and the alignment limit without decoupling can be
distinguished in the trilinear Higgs couplings. Indeed, the Hhh coupling is suppressed in the
alignment limit without decoupling, whereas it can be of O(v) in the decoupling limit. All
the other trilinear Higgs self-couplings can be analyzed in the alignment limit following the
procedure outlined above.

Last but not least, it is noteworthy that

JhH+H- = —U[Z:a + O(Cﬂ—a)} 5 (76)

approaches a finite nonzero value in the alignment limit, with or without decoupling. This
is relevant for the analysis of the one-loop process h — 77, which has a contribution that is
mediated by a H* loop. In the decoupling limit, the charged Higgs loop amplitude is suppressed
by a factor of O(v?/m?.) relative to the W* and the top quark loop contributions. But, in the
alignment limit without decoupling, the charged Higgs loop is parametrically of the same order
as the corresponding SM loop contributions, thereby leading to a shift of the h — vy decay
rate from its SM value. This is in stark contrast to the behavior of tree-level Higgs couplings,
which approach their SM values in the alignment limit with or without decoupling. That is,
the loop-corrected Higgs couplings to SM particles approach their SM values in the decoupling
limit, but can yield deviations in the alignment limit without decoupling due to internal loops
involving light non-SM-like Higgs states.

Before concluding this section, we examine a second theoretical distinction between the
decoupling limit and alignment limit without decoupling. The SM Higgs sector is famously
unnatural [49, 50]. In particular, a fine tuning of the Higgs sector squared-mass parameter
is required in order to explain the observed value of the vacuum expectation value (vev),
v =~ 246 GeV. The 2HDM generically requires two separate and independent fine tunings. In
addition to identifying v ~ 246 GeV, which fixes the values of Y7 and Y3 in Eq. (31), one must
also perform a second fine-tuning to fix the squared-mass parameter Y to be of O(v?). Thus,
the regime of the decoupling limit (where Y5 > v?) is less fine-tuned than the general 2HDM,
since the natural value for Y5 is the ultraviolet cutoff of the theory beyond which new physics
presumably enters. As long as the heavier Higgs scalars (whose squared masses are of order
Y5) are sufficiently massive, then h will be SM-like.!

In contrast, in the case of alignment without decoupling (or in the double decoupling limit),
we have |Zg| < 1, which is a finely-tuned region of the 2HDM parameter space (beyond the
two tunings discussed above) unless we can demonstrate that Zg = 0 is a consequence of an
enhanced symmetry of the theory. The possibility of a natural implementation of alignment

HTn general, m?% > |Zg|v? is sufficient to guarantee SM-like h couplings. However, in the 2HDM with
Type-II Yukawa coupling and tan3 > 1, a SM-like h coupling to down-type quarks and leptons requires
m% > |Zg|v? tan B, leading to the phenomenon of delayed decoupling [12,51-53] at large tan 3. This is a
special case of delayed alignment introduced below Eq. (58).
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has been previously treated in [54]. In the absence of Higgs—fermion Yukawa couplings, it
is sufficient to consider the symmetry properties of the scalar potential. Note that we have
already imposed a softly-broken Z, symmetry, which yields A\¢ = A7 = 0 in the original basis.
In addition, we observe that Zg = Z; = 0 [which also implies that Y3 = 0 in light of Eq. (31)]
corresponds to an exact Zy symmetry in the Higgs basis.

The conditions Zg = Z7 = 0 can be implemented in three ways. If sy5 = 0, then only
one of the two Higgs fields acquires a non-zero vev. This means that our original basis and
the Higgs basis coincide (in a convention where H; denotes the Higgs field with the non-zero
vev), in which case the original Z, symmetry is unbroken. If A\¢ = A7 = 0 and sapcap # 0,
then setting Zg = Z7 = 0 in Eqgs. (24) and (25) yields Ay = Ay = Ag45. Such a scalar potential
exhibits a softly-broken CP3 symmetry, one of the three possible generalized CP symmetries
that can be imposed on the 2HDM [55].12 Finally, if the scalar potential exhibits an exact
CP2 symmetry, or equivalently there is a basis in which the Zy discrete symmetry (&1 — 4+,
$y — —d,) and a second Z, interchange symmetry (®; «— P9) coexist [45,55], then it follows
that \¢ = A\7 = 0, Ay = Ay (with A5 real), m?;, = m3, and m?, = 0. In this case, Egs. (3) and
(4) yield tan 8 = 1.1 The latter can be maintained when the CP2 symmetry is softly broken
such that m?, # 0. Using Eqgs. (24) and (25) then yields Zg = Z; = 0. Thus, in the absence
of the Higgs-fermion Yukawa couplings, Zg = 0 is a consequence of an enhanced symmetry of
the scalar potential, in which case the regime of alignment without decoupling and the double
decoupling regime are both natural in the sense of 't Hooft [56].

If we now include the Higgs-fermion Yukawa coupling, we can still maintain the symmetry
of the scalar potential in special cases. If the Z, symmetry transformation is defined in the
Higgs basis such that H, is odd (i.e. Hy — —Hs) and H; and all fermion and vector fields are
even, then the resulting model corresponds a Type-I 2HDM with sy3 = 0, which we recognize
as the inert 2HDM [57,58]. Indeed, if we perturb the inert 2HDM by taking Zs and Z7 small,
then either h or H will be approximately SM-like. In the case of s95 # 0, we would need to
extend the (softly-broken) CP3 or CP2 symmetry of the scalar potential to the Higgs-fermion
Yukawa sector. As shown in [59], no phenomenologically acceptable CP2-symmetric model
exists. A unique softly-broken CP3-symmetric 2HDM does exist with an acceptable fermion
mass spectrum; however this model does not appear to be phenomenologically viable due to
insufficient CP-violation and potentially large FCNC effects [59]. Hence, for generic choices of
the 2HDM parameters, the regime of alignment without decoupling and the double decoupling
regime must be regarded as more finely tuned than the generic 2HDM.

3 Setup of the numerical analysis

In this section, we give details on the numerical procedure. In particular, we describe
the scan of the 2HDM parameter space and the different constraints coming from theoretical

121f m2, = 0 in Eq. (1) in addition to A\¢ = A7 = 0, then the Z, discrete symmetry (®; — +®1, &3 — —P5)
is exact. In this case, Zg = Z7 = 0 implies that \; = A\g = A345 and m?; = m3, [the latter via Eq. (30)], and
corresponds to an ezact CP3 symmetry of the scalar potential. This restriction of scalar potential parameters
has also been obtained in [54].

13Here we assume that A; # A345; otherwise, the CP2 symmetry is promoted to the CP3 symmetry previously
considered.
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requirements, signal strengths of the observed 125 GeV Higgs state, flavor physics and direct
searches for extra Higgs states.

Imposing a softly broken Z, symmetry (®; — +&;, &3 — —P5) on the scalar potential
given in Eq. (1) which sets \¢ = A\; = 0, the free parameters of the 2HDM scalar potential
can be chosen to be the four physical Higgs masses my,, my, my=, m, the mass term m2,, the
ratio of the two Higgs vacuum expectation values tan 8 and the mixing angle a of the CP-even
Higgs squared-mass matrix. In this study, we choose the following ranges for the scan,

a €[ —m/2,7/2], tanB € [0.5,60], mi, € [—(2000 GeV)?, (2000 GeV)?],
mpg+ € [m* 2000 GeV], myu €[5 GeV,2000 GeV], (77)

where m™* is a lower bound on the charged Higgs mass originating either from the LEP direct
searches [60] or constraints from B-physics; mainly from the Z — bb (Ry), ex, Amp,, B — X
and B — Tv constraints [38-41]. In principle both h and H can have the same properties as
the SM Higgs and thus serve as possible candidates for the observed SM-like Higgs state. In
this paper, we consider my;, = 125.5 GeV'4, taking

my € [129.5 GeV, 2000 GeV], (78)

As mentioned in Section 2.1, the degenerate case m;, &~ my is not considered in this study.
Instead, we require a 4 GeV mass splitting between h and H in order to avoid H contamination
of the h signal. Since we are primarily interested in the case that the electroweak gauge
bosons acquire most of their masses from only one of the Higgs basis doublet fields, we impose
Sg—a > 0.99, which translates into |cs_,| < 0.14. This implies that we are allowing at most a
1% deviation from Cft = 1. This should be compared with the expected ultimate precision for
Cy of about 2-4% at the high-luminosity LHC, and about 0.2-0.5% at the ILC [23,28].

We perform a flat random scan over this parameter space using the public code 2HDMC [30]
for a precise state-of-the-art computation of the couplings and decay widths of the various
Higgs states. Only points satisfying stability of the scalar potential [cf. Eq. (A.17)], coupling
perturbativity and tree-level S-matrix unitarity are retained. We also require the S, T, and U
Peskin-Takeuchi parameters [61] to be compatible with their corresponding values derived from
electroweak precision observables [62]. These constraints are also checked by means of 2HDMC.

Next we impose constraints from the non-observation of Higgs states other than the one at
125 GeV. From the LEP direct searches for light Higgs states, we consider the cross-section
upper limits on ete™ — Zh/H and ete™ — Ah/H from [63] and [64] respectively. For very light
A below 9.5 GeV, the limits from Upsilon decays [65] are important, for which we follow the
implementation in NMSSMTools 4.6.0 [66]. Moreover, we consider the limits from CMS on light
pseudo scalars decaying into ™~ [67] in the mass range m4 = 5.5-9 and 11.5-14 GeV, which
are relevant in particular in Type II models. The limits from LHC searches for additional heavy
Higgs states are also taken into account. These include the model-independent limits from the
searches for H — ZZ®*) — 4¢ from ATLAS [68] and CMS [69] and for H — ZZ™) — 2(2v
from CMS [70]. However, these limits are easily evaded in our study where it is the h that
has Cf. = spg_o > 0.99, while HVV couplings behave as cg_, and |cs_o| < 0.14. (This also

“Having performed the parameter scans before the publication of [3] which reports a central value of the
Higgs mass of 125.09 GeV, we use 125.5 GeV as the observed Higgs mass in this analysis.
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holds true in view of the Moriond 2015 update of the Higgs data [71].) More important are the
limits from H, A — 77 searches in gluon-fusion or associated production with a pair of b quarks
from ATLAS [72] and CMS [73]. These are particularly relevant in the large tan 8 region
of the Type II models where a significant enhancement of the down-type fermion coupling
to the neutral Higgs states occurs. Finally, the limits derived from the pseudoscalar search
A — Zh,h — bb from ATLAS [74] and CMS [75] are imposed. (Limits from other searches,
like for A — Z~v [76] or hh — bbbb [77], have no effect on the results; the very recent CMS
limits on A — ZH and H — ZA [78] are not taken into account but will be commented
upon in Section 4.4.) To evaluate all these constraints, production of the H and A via gluon-
gluon fusion (ggF) and via associated production with a pair of bottom quarks (bbH,bbA) are
computed at NNLO QCD' accuracy using SusHi-1.3.0 [32], while the vector-boson fusion
(VBF) mode for the H is computed at NLO with VBFNLO-2.6.3 [33].

Signal strengths constraints coming from the precise measurements of the properties of the
125 GeV state are taken into account by means of Lilith 1.1.2 [31]. We require each point
of the analysis to be allowed at the 95% confidence level (CL). The CL is derived from the
log-likelihood ratio

A(=2In L)(P) = —21n L(P/2HDM), (79)

where L is the likelihood constructed by Lilith using up-to-date signal strength measurements,
P represents the set of parameters of the tested point and 9HDM the best-fit point of the
model. The Lilith database 15.04 is used for this analysis. It contains all the latest Higgs
signal strengths measurements from ATLAS [4,79-87] and CMS [5,69,88-94] as of April 2015
and a combined DO and CDF result [95].

4 Results

4.1 Parameters

Let us start by reviewing the relevant parameter space. Figure 1 shows the crucial relation
between |Zg|, |cs—o| and my, illustrating the different ways alignment can occur with and
without decoupling.’® As expected, | Zs| exhibits a clear dependence on the H—h mass difference,
see Eq. (42), and steeply drops towards zero in the limit |cs_o| — 0, i.e. when the h becomes
purely SM-like. When mp is of the order of 1 TeV, one needs to be extremely close to sg_o =1
to have small |Zs|, for instance |Zg| &~ 1072 requires |cs_o| ~ 6 x 107° for my = 1 TeV,
while for lighter H the departure of sz_, from 1 can be more important, for instance the same
| Zs| ~ 1073 value requires |cs_o| & 2 x 1073 for my = 200 GeV. It is in principle always

15The NNLO corrections for ggF are only computed for the top quark loop, as those for the bottom quark
loop are very small.

16In this and subsequent figures, we give 3d information on a 2d plot by means of a color code in the third
dimension. To this end, we must chose a definite plotting order. Ordering the points from high to low values in
the third dimension, as done for log;,|Zs| in Fig. 1, means that the highest values are plotted first and lower
and lower values are plotted on top of them. As a consequence, regions with low values may (partly) cover
regions with high values. The opposite is of course true for the ordering from low to high values. To avoid
a proliferation of plots, in each figure we show only one ordering, trying to choose the one that gives most
information. The figures with inverted plotting order are available upon request.
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Figure 1: |cs_q| versus my in Type I (left) and Type II (right) with log,, |Zs| color code. Points
are ordered from high to low log,, |Zs| values.

possible to obtain arbitrarily small values of |Zg| if one pushes sz_, arbitrarily close to 1. For
the purpose of the numerical analysis, we limit ourselves to |cs_,| > 107°; we have checked that
this captures well all features relevant for the |cg_,| — 0 limit. Interestingly, as my becomes
larger, we observe that the decoupling limit sets a stronger upper limit on |cs_,| than the one
set in the numerical scan (|cg_q| S 0.14). Observing a heavy my 2 850 GeV at the LHC would
provide a better-than-1% indirect determination of the h-coupling to electroweak gauge bosons
in the framework of these scenarios.

The range of my4 is also interesting. In principle m4 can be above or below my, g, and
even my < my/2 is possible and consistent with the data [27]. However, once mpy is fixed,
the allowed range of my is limited (and vice versa) as illustrated in Fig. 2. We see that
in both Type I and Type II, if the scalar H is heavy and decoupled, the same is true for
the pseudoscalar A. Conversely, if my is light, say below 600 GeV, also m4 must be below
about 800 GeV. Furthermore, it appears that for |cs_o| < 1072 (or, equivalently, small |Zg|)
mpy < my is favored. This can be understood from Eq. (43) [or Eq. (45)]: since the mjc3_,
(or Zgs—a/Sp—a) term therein is always quite small, the mass ordering between mpy and my is
largely determined by the sign of Z5. The value of Z5, in turn, is driven by A5 [cf. Eq. (A.13)],
which according to our numerical analysis tends to be negative for small cg_,.

A strong interrelation is also found between m 4, my and my=+ as illustrated in Fig. 3. The
two panels show my versus my4 with color-coding according to myg+, with the ordering going
from high (blue) to low (red) mpg+ values. While the correlation of my+ with my and my is
somewhat different in Type I and Type II, in both models a light charged Higgs below 500-
600 GeV requires that the H and A also be not too heavy, with masses below about 800 GeV.
When inverting the plotting order of my+ (not shown), we find that for any given mpy+ there
is a lower limit on my and my: for my+ ~ 1 TeV, also mpy 4 are of that order. In turn, when
myg and my4 are in the non-decoupling regime, my+ cannot be much heavier. The absence of
points in a triangular region at low m4 and my in Type II (but not for Type I) is due to the
fact that in the Type II model B-physics requires my+ 2 300 GeV and at low m 4 the precision
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Figure 2: my versus my in Type I (left) and Type II (right) with the color code indicating
the value of logy |cs_a|. Points are ordered from high to low log, |¢s—a|. The dashed lines are
isolines of Z;=4 (upper line), 0 (middle line) and —4 (lower line) for |cs_,| = 0.015 (varying
|cs—o| from 0 to 0.14 has no visible effect on them).
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Figure 3: my versus my4 in Type I (left) and Type II (right) with the color code indicating the
value of mpy+. Points are ordered from high to low my=.

electroweak T parameter constraint would be violated if my differs very much from my=+.'"

4.2 Couplings

The next question to address is what variations in the couplings of the 125.5 GeV state are
still possible in the limit of approximate alignment where Ct ~ 1. In particular, recall that
in the scan we impose sg_, > 0.99 with m;, = 125.5 GeV, without requiring however that the
other couplings of the h be very SM-like. To answer this question, we first show in Fig. 4 the

17Very recently, the analysis of Misiak and collaborators [96] has improved the charged Higgs mass bound in
the Type II 2HDM to mpy+ 2 480 GeV at 95% CL. We have not implemented this stricter bound in our scans.
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Figure 4: |cg_o| versus C in Type I (left) and |cg_o| versus Cf in Type II (right) with mpg
color code. Points are ordered from low to high my. The points with Cf; ~ 1 and |cs_o| > 0.03
are the points for which C% ~ —1, i.e. the opposite-sign Yukawa coupling points, see Fig. 5.
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Figure 5: |cs_o| versus C% in Type II with mg color code for the full C% range (left) and
zooming on the C% > 0 region (right). Points are ordered from low to high my.

dependence of the reduced couplings to (up-type) fermions, see Table 2, C% = Ci = C% in
Type I (C% in Type II) on |cs_o|. The mass of the heavier scalar H is shown as a color code.
We see that when my is light, for only 1% deviation from unity in C%, C% can deviate as
much as about 10% (20%) from unity in Type I (Type II). Inverting the plotting order of myg
(not shown), it is interesting to note that these deviations are largest for my ~ 700-800 GeV
while slightly more constrained for lighter my. On the other hand, in the decoupling limit
the deviations in Cf% are more constrained, with a maximum of 5% for my 2> 1.2 TeV in both
Type I and Type II. It is also interesting to observe how quickly alignment leads to SM-like
couplings: for |cs_o| < 1072 the deviations in C% are limited to just a few percent no matter
the value of my.

The situation is quite different for the coupling to down-type fermions, C%, in Type II, see
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Fig. 5. First of all, the possible deviations are larger than for C#, with C% ranging from about
0.70 to 1.15 even for |cs_o| ~ 1072 Indeed, this is an example of the delayed alignment limit
discussed below Eq. (58); one needs |cs_o| as low as about 3 x 107* to have C} within 2% of
unity. This drives the whole phenomenology of the scenario: as we will see, sizable deviations
of C% from 1 lead to possible large deviations in the signal strengths even for quite small |cs_]|.
Inverting the plotting order of my (not shown), we note, however, that for any given |cs_,|
of a few times 1073 or smaller, C% is limited to be closer to 1 when my is small than in the
decoupling case with large my.

Moreover, C% = 1 is not possible unless |cs_,| is very small (again a few times 1073 or
smaller). In particular, large positive deviations of C, > 1.12 would indicate my < 750 GeV.
On the contrary, C% values which are substantially smaller than 1 can be achieved in both
the decoupling and non-decoupling regimes except for a small island of points located around
Ch ~ 0.8 and |cs_o| =~ 0.1 that is achieved only for mg < 400 GeV. Thus, a discovery of a
light H state in association with a measured value of C% ~ 0.8 would give an indirect way to
probe sub-percent deviation of O in this Type II scenario.

Finally, for light mp the sign of C} relative to CI. and C{ can be opposite to the corre-
sponding SM value. This is realized for not so small values of |cg_,| > 0.035, i.e. not in the
deep alignment limit, for 230 GeV < my < 665 GeV, m4 < 650 GeV and 0.08 < |Zg| < 0.92.
For the points in this region, the up-type coupling is very close to 1, corresponding to the few
isolated points observed in the right panel of Fig. 4. As discussed in [53], the eventual LHC
Run 2 precision will allow one to either confirm or eliminate the opposite-sign coupling possibil-
ity using precise signal rate measurements of the h in a few channels. Should the opposite-sign
coupling be confirmed, one would expect to also see A signals (plus perhaps H signals) in the
above mass range, thereby providing a confirmation of this scenario. (The cross sections for A
and H signals will be discussed in Section 4.4.)

The tan § dependence of the fermion couplings of h is shown in Fig. 6. We see that large
tan 3 leads to C% very close to 1 in Type I and C% very close to 1 in Type II. However in Type I1,
at large tan 3, small cg_, is not enough to drive C — 1: the approach to SM-like coupling
is delayed, as discussed in Section 2 in the text below Table 2. Note also that the opposite-
sign C% solution in Type II requires tan 3 = 10 and CE ~ 0.9994 (which is experimentally
indistinguishable from exact alignment).

The loop-induced coupling to photons, C’;‘, is presented in Fig. 7. Even at very small cg_,,
C’? can deviate substantially from 1. This is due to the charged-Higgs contribution to the hy~y
coupling. This contribution can be large with either sign, positive or negative, in Type I, while
in Type II large contributions are always negative and suppress C” [53]. Note in particular the
Type II points with C,’; ~ 0.95 associated with the opposite-sign C% cases for which the charged
Higgs loop contribution does not decouple and always leads to a suppression. Regarding the
loop-induced coupling to gluons, in the Type I model, C;, is equal to C% (up to NLO), the
dependence of which on |cs_,| was presented in Fig. 4. In the case of Type II, C’g and C}
are very similar despite the difference between up and down-type couplings, this being due to
the fact that the b-loop contribution to C’g is rather small. The one exception in the case of
Type II arises for the opposite-sign scenarios for which the b-loop contribution changes sign
and interferes constructively with the t-loop contribution. For these latter cases, C’g is always
enhanced, C} ~ 1.06 [53].
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While the exceedingly small deviations in C% that we consider here will most likely not be
directly accessible at the LHC, precision measurements of the other couplings together with
a measurement of, or a limit on, mpg 4 can be used for consistency checks and for eventually
pinning down the model. Of special interest in this context is also the triple Higgs coupling.
The dependence of Chpn = gnnn/ g}sl,% on cg_, and my is shown in Fig. 8. It is quite striking
that large values of Cypp, > 1 (up to Cppp = 1.7 in Type I and up to Cypp, = 1.5 in Type II)
can be achieved in the non-decoupling regime, roughly my < 600 GeV, for |cs_| values of
the order of 0.1, whereas for heavier mpy, Cpyy, is always suppressed as compared to its SM
prediction. These features were explained in the discussion below Eq. (67).!® Note also that
for mpy ~ 1 TeV, Cppp, approaches the SM limit of 1 as |c¢s_,| decreases more slowly than is the
case for lighter my; substantial deviations Chp, < 1 are possible as long as |cg_,| is roughly
greater than a few times 1072, This comes from the (2Z5/Z;)cs_, term in Eq. (67): since, in
the convention where sg_, > 0, Zgcs_, is always negative, cf. Eq. (46), and since Zg can be
sizable when mpy ~ 1 TeV, see Fig. 1, this can lead to a suppression as extreme as Chpp, =~ 0.1.
(For mpy > 1 TeV the deviations are smaller in part because the possible range of cg_, is
limited as seen in Fig. 1.) For very light my, on the other hand, Zg is much smaller and hence
the deviations with Cjp, < 1 are more limited. For my < 250 GeV we find Chp, =~ 0.80-1.40
in Type I and Cppp, = 0.90-1.35 in Type II. This is at the limit of what can be measured, as
the expected precision is about 50% at the high-luminosity options of the LHC and the ILC
with 500 GeV, and about 10-20% at a 1-3 TeV eTe™ linear collider with polarised beams [28].

The relation between the triple Higgs coupling gunn, |¢s—a| and my is presented in Fig. 9.
In Type I, large values of ggp, can be achieved in the non-decoupling regime for |cs_,| of the
order 107!, This is also true in Type II, though the range of gy is somewhat smaller. We
observe moreover that for given |cs_o| < 107!, the achievable Hhh coupling grows with my;.
Nonetheless, as will be shown in Section 4.4, the H — hh decay is mostly relevant below the
tt threshold. Moreover, in the exact alignment limit, the Hhh coupling vanishes.

18This cannot be seen directly in Fig. 8, but we verified that points with my > 630 GeV never have Cj,pp, > 1.
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4.3 Signal strengths

The variations in the couplings to fermions discussed above have direct consequences for
the signal strengths of the SM-like Higgs boson. Since the results depend a lot on the fermion
coupling structure, we examine this separately for Type I and Type II.

Let us start with Type I. Figure 10 shows the signal strengths for gluon-gluon fusion and
decay into vy (ul,(v7), left panel), and decay into ZZ* (u),(ZZ*), right panel). Recalling
that C varies between 0.87 and 1.11 in Type I and comparing with Fig. 7, it is clear that
the variation in ugg(’y’y) comes to a large extent from the charged Higgs contribution to the vy
loop. Even for |cg_o| — 0, large deviations from 1 can occur due to a sizable charged Higgs
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contribution or the presence of a light pseudoscalar m4 < m;/2 that increases the SM-like
Higgs total width. On the other hand, in the decoupling limit, the charged Higgs loop is small
and C’QL is largely determined by the relative size of the top and bottom loops compared to the
W loop (which enters with opposite sign). On the contrary, Cg is solely determined by the
size of the ¢ and b loop contributions. One finds numerically that the hyy coupling is more
suppressed than the hgg coupling is enhanced, so that ,ug‘g (7v) < 1in the decoupling regime.

In contrast, u)',(ZZ*) shows less variation, ! (ZZ*) = [0.92,1.04] if the h — AA decay
channel is closed, with small excursions around 1 allowed in the decoupling limit. It also exhibits
a less distinct dependence on my compared to ul',(vy). The reason is that u” (ZZ*) is driven
by C% and tan 3, as illustrated in Fig. 11. The dependence on C is clear as larger (smaller)
Ch leads to larger (smaller) cross section for gg — h. The dependence on tan 3 results from an
interplay between the top (which drives the gg — h cross section) and bottom (which drives
the total h width) Yukawa couplings both given by C% = s5_,, + cs_4/ts. The scattered points
with suppressed pl (ZZ*) are those where the b — AA decay mode is open and increases the
total width. An analogous picture emerges for the VBF-induced hr7 signal strengths, since
W (TT) = MZQ(ZZ*) in Type L.

In Type II, we find that the situation is quite different. Here, the signal strengths are driven
by both the top quark coupling, which impacts C’:}, and by the bottom Yukawa coupling CP,
which also enters C;L and, often of greatest importance, determines the h — bb decay width.
In Fig. 12 we therefore show the signal strengths u (vy), pl, (ZZ*) and p{ypp(77) in Type II
comparing the dependence on mpy (left panels) to the dependence on |C| (right panels). Note
that the my dependence of the signal strengths reflects the my dependence of C% in Fig. 5. As
a consequence, ,u;‘g(yv) and MZQ(Z Z*) can be enhanced in the decoupling regime, with values
going as high as 1.4-1.5 (mainly due to suppression of the total h width), to be compared to the
current model-independent 95% CL limits of ' (yy) € [0.76,1.69] and ! (ZZ*) € [0.71,1.80].
Suppression is also possible, reaching a level of 0.7 for low my if |cg_o| > 0.01 but limited
to 0.9 for large my = 1250 GeV. For all my, the amount of possible suppression decreases

~J

systematically with decreasing |cs_o|. For plpe(77) the behaviour is exactly opposite. For

23



10"

107

1073

|cos(8—a)|

10°

107

1073

|cos(B—a)|

10*

2HDM Type Il, m;, =125.5
T L B

GeV

L LB AL e e

Ty

Ll Ll I |

P |

1.0 1.2
h
Hgg (1Y)

2HDM Type Il, m;, =125.5 GeV
T T T T T T

T

Ty

Ty

T

Ll Ll I |

Ll

0.7 08 09 1.0 1.1 12 13 14 15
h
Py (ZZ7)

1.6

2HDM Type II, m, =125.5 GeV
T T T T

T
" rp

e e e e AmERRY

Ty

Ll Ll P |

P |

NP IR IR SRR AT ENEPI IR
05 06 07 08 09 10 1.1
h
pyB(TT)

1:2

1750

1500

1250 —

GeV

1000 =

my

750

500

250

1750

1500

1250 —,

GeV

1000 =

my

750

500

250

|cos(8—a)|

|cos(8—a)|

|cos(B—a)]

10"

107

1073

10

10°

10°

107

1073

2HDM Type Il, m;, =125.5 GeV
—— T T T T
0.6 0.8 1.0 1.2 1.4 1.6
h
Hgg (77)
L e
TS EREEE DT FERET RN FRETE FETEE N R
07 08 09 10 1.1 12 13 14 15 1.6
h
Hgy (ZZ7)
2HDM Type Il, m;, =125.5 GeV
T T T T T T
NI EPENT AP ST AU AP B
05 06 07 08 09 10 11 1.2
h
bype(TT)

Figure 12: Signal strengths in Type II for the 125.5 GeV state with my (left) and |C%]| color
code. Points are ordered from low to high mg and |CP| values.

24



2HDM Type |, m, =125.5 GeV
L BN LR B B

1.05 —

1.00 |

— 095 [

0.85 ¥ ]

0.80_."1,.‘|l.‘|...|...|.>.|.‘ ]
04 06 08 10 12 14 16 138

thay (1Y)

2HDM Type |, m;, =125.5 GeV
18 M7 1

1.05

£ 0.95

500 0.85

0.80 L

2HDM Type |, m, =125.5 GeV, my <600 GeV
—

P IS I T U N ST SN NN Y Y N ST T NS

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
h
Hgg (YY)

2HDM Type |, m, =125.5 GeV, my <600 GeV
— e

0.135

0.120

0.105

0.090

0.075

(B—a)|

0.060 3
Q

0.045
0.030
0.015

0.000

0.135

i 0.120
0.105

0.090

(6—a)|

0.075
e 0.060 3
] 9.
0.045

0.030

0.015

M IR B ST B B I
06 08 10 12 14 16 1.8
h
Hgg (1Y)

0.000

04 Lo v
04 06 0.8 1.0 1.2 14 16 1.8

tgy (1Y)
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completeness we note that the horizontal bar at |cg_o| ~ 107! is the C} < 0 region, and
the scattered points are those where the h — AA decay is open. Finally note that as |cs_,|
decreases, the signal strengths in Type II converge to 1 much more slowly than in Type I.
This is a consequence of the delayed alignment of C% to 1 in Type II when tan 3 is large. An
additional effect arises in ,ugg(yy) due to the charged Higgs loop contribution to the h — v
amplitude. In particular, there exists an intermediate range of charged Higgs masses'® for which
Gni+m- ~ —2mi [v [cf. Eq. (B.12)], which yields a constant non-decoupling contribution that
suppresses the h — vy amplitude [53] (see also [97,98]). Indeed, even for values of |cs_,| as low
as 1074, this signal strength does not converge to 1 until my (and thus mpy=) is above about
1 TeV.

Putting everything together we find quite distinct correlations of signal strengths in both
Type I and Type II that depend on whether the additional Higgs states are decoupled or

19Tn this intermediate mass region, the charged Higgs mass is given by Eq. (33), where Y3 ~ O(v?) and Z3 > 1
such that the upper bound of Z3 is constrained by its unitarity bound.
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not. This is illustrated in Fig. 13 for Type I and in Fig. 14 for Type II. In both figures,
the panels on the left show the dependence on mpy while the panels on the right show the
dependence on |cz_q| for the non-decoupling regime with my < 600 GeV. We note that there
are definite combinations of signal strengths that cannot be reached in the decoupling regime.
A measurement of such values would be a very strong motivation to look for additional light
Higgs states. In turn, when the masses of additional light Higgs states are measured, signal
strength correlations as shown in Figs. 13 and 14 can help pin down the model. Furthermore,
for mpy < 600 GeV even in the apparent alignment limit |cs_,| — 0 there can be deviations in
the signal strengths from unity that cannot be mimicked by decoupling.

Examples for Type I are the suppression of both Mglg(yy) and u;‘g(Z Z*), or the combination
MSQ(VV) > 1 with MZQ(ZZ*) ~ 1. The former case is also present in Type II for light my,
while the latter does not occur at all in Type II. More concretely, in the decoupling regime
of Type II, pl (vy) ~ up,(ZZ*), whereas for light mp one can have pl (vy) < ph (Z2Z*)
even if |cg_o| is very small (comparing Fig 14, top row, left vs. right). Another example
is the simultaneous suppression or enhancement of ,u’;g(yy) and plse(vy) in Type I, that is
not possible in the decoupling regime (cf. Fig 13, bottom left). In Type II, one can have
a simultaneous enhancement, up to 1.45 of ugg(vv) and pfpp(77y) in the decoupling regime,
but simultaneous suppression is limited to ~ 0.9-0.95 (cf. Fig 14, middle left); simultaneous
suppression to a level of ~ 0.8 is however possible in the alignment limit for my < 300 GeV,
i.e. well away from the decoupling regime. Precise enough signal strength measurements could
therefore provide strong hints that we are in the alignment without decoupling regime of a
2HDM even if no additional Higgs states are discovered at that time.

4.4 Cross sections for H and A production

Let us now turn to the prospects of discovering the additional neutral states. The two
largest production modes at the LHC are gluon fusion, gg — X, and the associated production
with a pair of b-quarks, bbX, with X = A, H. The correlations of the gg — X and bbX cross
sections at the 13 TeV LHC in the non-decoupling regime my < 600 GeV are shown in Fig. 15
for the Type I model and in Fig. 16 for the Type II model. We show the points that pass all
present constraints (in beige) and highlight those that have a very SM-like 125 GeV Higgs state
by constraining all the following signal strengths to be within 5% or 2% of their SM values,
respectively, denoted as SM+5% (red) and SM+2% (dark red):

MZg(W% HZQ(ZZ*), Mgg(77>7 NJ?/BF(’W): M}\L/BF(ZZ*)a M}\L/BF(TT% :u}\l/H(bB)7 H?{(bg)' (80)

We start the discussion with production of A in Type I, shown in the left panel of Fig. 15.
There is a strong correlation between the two production modes, gluon fusion and bb associated
production, which stems from the fact that the relevant couplings are the same up to a sign:
Cft = —CA = cot B. The larger spread in o(bbA) observed for o(gg — A) > 1072 pb comes
from the fact that for m4 < 400 GeV the bbA cross section grows faster with decreasing m 4
than that of gg — A. Therefore, along a line of fixed (g9 — A) in the plot, a point with
higher o(bbA) has a smaller m4. Note also that there is an interference of the top and bottom
loop diagrams in gg — A which changes sign depending on my4. Overall, however, o(gg — A)
is always at least two orders of magnitude larger than o (bbA).
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Figure 16: As Fig. 15 but for Type II.

The points with largest cross sections, o(bbA) ~ 10 pb and o(gg — A) ~ 1000 pb, corre-
spond to the case my < my /2 which was studied in detail in [27]. One feature of this region is
that p? (yy) and pl (ZZ*, WW*) always differ from each other by about 10%. Constraining
all h signal strengths of Eq. (80) within 5% of unity therefore eliminates these points. Other
points with high cross sections, but not in the very light pseudoscalar region, would also be
eliminated by the SM+5% or SM+2% requirements. However, in this non-decoupling regime
of my < 600 GeV, points with sizeable cross sections up to 0.2 pb for o(bbA) and up to about
40 pb for o(gg — A) still remain even at the SM+2% level. At this same SM£2% level, the
smallest o(gg — A) is about 0.1 fb.

Regarding production of the scalar H in Type I, shown in the right panel of Fig. 15, the
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correlation is even stronger between o (bbH) and o(gg — H) since both are driven by the same
fermionic coupling C# = sin o/ sin 8. Note that, as in the A case, the gluon-fusion cross section
is always larger than that for bb associated production. Sizable cross sections are still allowed
under the SM+2% constraint, which implies that in the non-decoupling regime there is a strong
possibility of detecting a non-SM-like scalar state at the LHC. The structure of C¥ is however
such that the coupling can equally well be very much suppressed, leading to extremely small
cross sections. We will come back to this below.

The corresponding results for Type II are presented in Fig. 16. In contrast to Type I, both
bb associated production and gluon-gluon fusion modes for Type II are in principle important
since either can be dominant in different regions of the parameter space. There is only modest
correlation between the two production modes due to the more complex structure of the Type I1
fermionic couplings. For A production, one clearly sees the m4 < m; /2 region as the detached
scattered points with very large cross sections. As for Type I, these points disappear under
the SM+5% constraint. Still, even for SM42%, cross sections as large as o(bbA) ~ 8 pb and
(g9 — A) ~ 20 pb can be achieved (although not simultaneously). For H production a
similar picture emerges, with the cross sections however being a factor of a few smaller than for
A production. The minimal cross sections in this my < 600 GeV non-decoupling regime for the
A and H are correlated in a way that is very favorable for discovery during Run 2 of the LHC.
For example, if 0(gg — A) takes on its minimum SM=+2% value of 10 fb then o(bbA) = 80
fb, whereas if o(bbA) takes on its minimal value of fewx10~! fb then o(gg — A) ~ 103 fb.
These cross section levels imply that the A should be discoverable in at least one of the two
production modes even in the extreme alignment limit.

Before considering specific decay channels of A and H, we present in Fig. 17 the gluon-
fusion cross sections in Type I and Type II as functions of m, and my at the 13 TeV LHC.
Here, the color code shows the dependence on tan 5.2° In Type I, the gg — A cross section is
proportional to cot? 3; this explains why it is larger (smaller) at lower (higher) tan 3. A cross
section of 1 (0.1) fb is guaranteed for m4 as large as ~ 600 (850) GeV. On the other hand,
the gg — H cross section in Type I is proportional to (C#)? and can take on extremely small
values for my < 850 GeV. The reason is that, in this region, the reachable values of c5_, are
high enough such that a cancellation between the two terms of CH = (s5_ — c5_o/ts) occurs
and leads to an almost vanishing coupling. In contrast, for my = 850 GeV, this cancellation is
not possible as the values of cs_, are forced to be smaller as can be seen in Fig. 1. In Type II,
the A production cross section can be very large in the very low my4 region as noted in [27]
and any mass smaller than 1.1 (1.2) TeV gives a gg — A cross section larger than 1 (0.1) fb.
For gg — H, a cross section > 1 (0.1) fb is guaranteed up to my ~ 850 GeV (1.2 TeV). From
these considerations the prospects for discovering the additional neutral states look promising
should alignment without decoupling be realized.

Let us now turn to specific signatures. Figure 18 presents the cross sections for gg - A — Y
for Y = ~v, 77, tt in Types I and II. Note that the y-axis is cut off at 10~7 pb. Although much
lower values of the cross section are possible, we do not show these lower values since they will
certainly not be observable at the LHC. As expected, for the vy and 77 final states, the cross
sections fall sharply above the ¢t threshold, with the noticeable exception of the A — 77 decay

20To avoid a proliferation of plots, we choose to show here only the results for gluon fusion; all corresponding
results for the bb cross section can be provided upon request.
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Figure 17: Cross sections in Type I (left) and Type II (right) for gg — X at the 13 TeV LHC
as functions of mx for X = A (upper row) and X = H (lower row) with tan 8 color code. In
all four plots, points are ordered from low to high tan 3.

in Type II due to the strong constraints from LHC direct searches that exclude points with
large corresponding cross section. For the A — v decay, cross sections of 0.1 fb are reachable
for my < 470 GeV (my < 530 GeV) in Type I (II) but not guaranteed. The maximal cross
section is ~ 30 fb in Type I and ~ 100 fb in Type II (not considering the m4 < my,/2 region).
In both Types I and II, the gg — A — 77 cross section can be substantially larger. In Type I,
0.1 fb is reachable for m4 < 600 GeV, while in Type II my < 550 GeV guarantees a cross
section larger than 0.1 fb. In both cases, very large cross sections are predicted at low m 4. The
gg — A — tt cross section peaks around 100 pb in both Types I and II and is guaranteed to be
larger than 0.1 fb in Type II for 350 < m4 < 600 GeV. These sizable cross sections therefore
provide interesting probes of the extended Higgs sector in the alignment limit.

The corresponding results for the H cross sections are presented in Fig. 19. Sizable values
of 0 xBR are possible in both Types I and II but heavily suppressed values are still possible for
most of the cases. Only in Type II, for H — 77 (as well as for H — tt), is the corresponding
cross section guaranteed to be larger than 0.1 fb for my < 460 GeV (my4 ~ 400 GeV). Note that,
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gg — X — Y at the 13 TeV LHC as functions of mx for X,Y = A, Zh (upper panel) and
X,Y = H,hh (lower panel) with tan 8 color code. Points are ordered from low to high tan .

for both Types I and II, the cross sections for A/H decays into a muon pair are related to the
A/H — 77 ones through B(A/H — pu) ~ (m,/m;)*> x B(A/H — 77) = B(A/H — 77)/280.

Non-standard production modes of the SM-like state, through A — Zh and H — hh, are
presented in Fig. 20. While these can be interesting discovery modes for the A and/or H, their
cross sections can also be extremely suppressed. For gg — A — Zh, the tan 8 dependence,
which follows the dependence of the gg — A cross section shown in Fig. 17, explains a part of
this suppression. Moreover, the AZh coupling is proportional to c%_a which is suppressed in
the alignment region. Nevertheless, the gg — A — Zh cross section can be of the order of 1 pb
for 200 < m4 < 350 GeV in both Types I and II. The g9 — H — hh cross section, as expected,
attains its maximum below the ¢f threshold in both Types I and II and can reach about 10 pb
at low tan 5. For any mpg, the cross section can however also be extremely suppressed.

A comment is in order here on the possible “feed down” (FD) [13,99] to the production of
the 125 GeV state through the decay of heavier Higgs states, which might distort the Higgs
signal strengths. This issue was approximately addressed in section IT1.C of [13] by imposing the
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“FDOK” conditions pb) < 0.3 and ,uggDFthbbh < 0.1, which limit the FD contamination of Zh
associated production and of ggF+bbh production to 30% and to 10% respectively, at the cross
section times branching ratio level. Imposing these conditions here would remove the points
with 013(99 — A) x BR(A — Zh) 2 0.2 pb and 013(99 — H) x BR(H — hh) 2 2 pb in Fig. 20.
This is, however, a maximally conservative constraint for two reasons. Firstly, the amount of
FD is computed without accounting for any reduced acceptance of such events into the 125 GeV
signal as a result of the experimental cuts used to define the gg — h, bbh or Z* — Zh channels.
Secondly, it puts individual limits on specific production xdecay modes instead of including all
signal strengths in a global fit, which is the approach followed in this paper. Indeed, when
directly adding the contribution of gg — A — Zh to the Zh signal strength in the global fit,
it turns out that only cross sections of o13(g99 — A) x BR(A — Zh) 2 1.6 pb are definitely
excluded. This still assumes that the signal acceptance of the experimental analysis is the
same for g9 - A — Zh as for g9 — Z* — Zh, which should however be a reasonable
approximation, as the main difference would be the Zh invariant-mass distribution, which is
not used as a selection criterion in this case. The contribution of H — hh to the h signal
strengths is a more difficult question, as here the acceptances (in each final state considered
in the experimental analyses) will certainly be different from those of single h production. A
detailed study based on event simulation would be necessary to better understand the impact
of FD on the 125 GeV Higgs signal, but this is beyond the scope of this paper.

Finally, if the mass splitting is large enough, A - ZH, H — ZA, and H — AA decays offer
intriguing possibilities for discovering the extra non-SM-like neutral Higgs states in the regime
of approximate alignment without decoupling. In Fig. 21, the cross sections for g9 - A — ZH,
g9 > H — ZA and g9 — H — AA are exhibited. Large gg — A — ZH cross sections are
obtained for large m 4 —my splitting.?! Looking back at Fig. 2 one sees that, in both Type I and
Type 11, the splitting can only be large for m4 < 650 GeV. This explains the preponderance of
low mpy points with cross sections up to 20 pb for m4 < 650 GeV. However, gg — A — ZH can
also be heavily suppressed; since the AHZ coupling is proportional to sz_,, this suppression is
a purely kinematical effect.

Turning to the H — ZA and H — AA signatures, we observe a depleted area for my >
300 GeV and cross sections of the order of 0.1 pb. In this region, tan 8 = 2-10 and Z; is small
or negative leading to mpy, m4 masses for which the H — ZA, AA decays are kinematically
forbidden [cf. Eq. (45)]. In the region below, tan 5 > 10 and Z; can be large enough to achieve
my > ma + myz and/or my > 2my4, but nevertheless the cross section is small because of
the tan 8 dependence of o(gg — H), see Fig. 17. The distinct branch with gg - H — ZA
and gg — H — AA cross sections larger than about 1 pb, on the other hand, has tan 5 < 2
and A5 ~ 0. Here, the term proportional to sin 25 in Eq. (23) gives a large enough Z5 > 0 so
that the H — ZA and/or H — AA decay is kinematically allowed. The small tan 8 leads to
a large gg — H production cross section, see again Fig. 17. The CMS collaboration has very
recently published a search for A — ZH and H — ZA [78]. For instance, for my (mg) of
about 200-600 GeV and very light H (A) below 100 GeV, the 95% CL limit on the relevant
cross section is of the order of 30-50 fb in the ¢/77 final state and 20-100 fb in the £¢bb final
state. Considering the branching ratios for Z — ¢¢ and H — 77,bb (A — 77,bb), these limits

2L A large splitting m4 — mpy ~ v can be motivated by the possibility of a strong first order phase transition
in 2HDMs [100].
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just start to touch the highest cross sections in Fig. 21. A detailed phenomenological analysis
of the A — ZH and H — ZA decays at the LHC was performed in [101].

Last but not least, note that due to the kinematic constraint myg > 2m4 and the non trivial
correlation between my and m, observed in Fig. 2, the H — AA channel is only open for
my < 700 GeV. In Type I the branch of points with cross sections ranging from about 10~! pb
to 10 pb is mainly populated by m4 < 100 GeV points with relatively low tan g < 10. In
Type 11, points with low m4 < 250 GeV and tan § < 3 are clearly separated from points with
ma 2 150 GeV and larger tan § = 12. This channel thus offers a complementary probe to the
low m 4 region discussed in [27].

5 Conclusions

While the Higgs measurements at Run 1 show no deviations from the SM, conceptually
there is no reason why the Higgs sector should be minimal. Indeed a non-minimal Higgs sector
is theoretically very attractive and, if confirmed, would shine a new light on the mechanism of
electroweak symmetry breaking dynamics.

In this paper we focused on CP-conserving 2HDMs of Type I and Type II, investigating the
special situation that arises when one of the Higgs mass eigenstates is approximately aligned
with the direction of the scalar field vacuum expectation values. In this case, the W* and Z
gauge bosons dominantly acquire their masses from only one Higgs doublet of the Higgs basis.
Moreover, the coupling of that CP-even Higgs boson to the gauge bosons tends towards the
SM value, Cy — 1. While this is automatically the case in the decoupling limit when the
extra non-SM Higgs states are very heavy, such an alignment can also occur when the extra
Higgs states are light, below about 600 GeV. We specifically investigated the phenomenological
consequences of alignment without decoupling and contrasted them to the decoupling case. Two
aspects are interesting in this respect: one being precision measurements of the couplings and
signal strengths of the SM-like Higgs boson at 125 GeV, the other being the ways to discover
the additional Higgs states of the 2HDM when they are light.

In addition to an in-depth theoretical discussion, we performed a detailed numerical analysis
for the case that the SM-like state observed at 125 GeV is the lighter of the two CP-even Higgs
bosons of the 2HDM, h. In this study we allowed for 1% deviation from unity in C%, which
corresponds to the ultimate expected LHC precision at high luminosity. The results can be
summarized as follows:

1. In the alignment limit without decoupling, despite Ct being very close to 1, the fermionic
couplings of the 125 GeV Higgs can deviate substantially from the SM values. Concretely,
Ch can deviate as much as about 10% (20%) from unity in Type I (Type II), and C} as
much as 30% in Type II.

2. While C% rather quickly approaches 1 with increasing my and/or ¢s_, — 0, the approach
of the bottom Yukawa coupling to its SM value in the alignment limit is delayed in Type II,
with O &~ 0.70-1.15 even for |cs_o| ~ 1072, Large values of C}, > 1 are associated with
light H, A. Moreover, for 230 GeV < mpy < 665 GeV and my < 650 GeV, there is an

allowed region with O, ~ —1 £0.2; this “opposite-sign” solution can be tested decisively
at Run 2.
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3. The trilinear hhh coupling can also exhibit large deviations. Large values of Cppp, > 1
(up to Cppp = 1.7 in Type I and up to Cpp, &~ 1.5 in Type II) can be achieved in the
non-decoupling regime mpy < 600 GeV, for |cg_,| of the order of 0.1, whereas for heavier
my, Chnn is always suppressed as compared to its SM prediction. The suppression can
be about 50% for my of ~ 1 TeV and much larger for lighter my.

4. For the ratios p%(Y) of the X — h — Y signal rates relative to the SM prediction,
we found distinct correlations of these signal strengths in both Type I and Type II that
depend on whether the additional Higgs states are decoupled or not. In fact, in the regime
of alignment without decoupling, there are characteristic combinations of the u'% (V') signal
strengths that cannot be mimicked by the decoupling limit. However, it is of course also
possible that all signal strengths converge to 1 even though the additional Higgs states
are very light.

5. A decisive test of the alignment without decoupling scenario would of course be the
observation of the additional Higgs states of the 2HDM in the mass range below about
600 GeV. We delineated the many possibilities for such observations. While there are
no guarantees in the case of the Type I model, in the Type II model there is always a
definite lower bound on the gg — A, H — 77 cross sections at the LHC at any given
my. For low tan 8 ~ 1, this lower bound is still of order 0.1 fb for m4 ~ 500 GeV, a
level that we deem likely to be observable at the LHC during Run 2. For high tan 3, the
lower bound is roughly two orders of magnitude higher and only falls below the 0.1 fb
level for ma g 2 1.2 TeV, which is already in the decoupling region. Moreover, while in
Type I gluon-gluon fusion is always dominant for H or A production, in Type II both
bb associated production and gluon-gluon fusion modes are in principle important since
either can be dominant in different regions of the parameter space.

6. Higgs-to-Higgs decays of the non-SM-like states (A — ZH, H — ZA, H — AA) also
open intriguing possibilities for testing the regime of alignment without decoupling, with
cross sections often in the range of 1-10 pb (although they can also be quite suppressed).
Particularly promising are g9 - H — ZA and g9 — H — AA in Type II for light
pseudoscalars below about 100 GeV; for such a light A, my can be at most ~ 650 GeV,
and o x B values for these channels typically range from 10 fb to 10 pb.

In short, it is possible that the observed 125 GeV Higgs boson appears SM-like due to
the alignment limit of a multi-doublet Higgs sector. The alignment limit does not necessarily
imply that the additional Higgs states of the model are heavy. Indeed, they can be light and
non-decoupled and thus lead to exciting new effects to be probed at Run 2 of the LHC.
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A Scalar potential quartic coefficients in the Z,-basis in

terms of Higgs basis coefficients
In Egs. (21)—(25), we have provided expressions for the Higgs basis quantities Z; in terms

of the quartic coefficients of the scalar potential \; defined in Eq. (1). In this appendix, we
provide the inverse of Eqs. (21)—(25) by expressing the \; in terms of the Z;.

)\1 = Zlc% + ZQS% + 52345335 — 232ﬂ(C%Z6 + 8%27) s (Al)
)\2 = leé + ZQCé + %Z345S§B -+ 2525<S%ZG + C%Z7) s (A2>
/\i = Zz + %1836(21 + ZQ - 22345) + 825025(Z6 - Z7) s for i = 3, 4, 5, (A?))

where Zsus = Z3 + Z, + Z5. However, these results do not take into account the fact that
A¢ = A7 = 0, which yields two relations among the Z;. These relations were given in Eqgs. (26)
and (27) and are repeated below for the convenience of the reader. Recall that we employ a

convention where 0 < g < %7?. Then, Zs and Z345 are dependent quantities for g # 0, %7?, %m
ZQ = Zl + 2(26 + Z7) cot Qﬁ, (A4)
Z345 = Zl + QZG cot 25 — (ZG — Z7) tan 2ﬁ, (A5)

An alternative form of Eq. (A.5) is obtained by combining the results of Egs. (A.4) and (A.5),
which yields
2345 = ZQ - 227 cot 25 — (ZG — Z7) tan 2ﬁ . (A6)

Taking the average of Eqgs. (A.5) and (A.6) provides one more useful relation that can be used
as the second condition for the softly-broken Z, symmetry along with Eq. (A.4),
2345 = %(Zl + ZQ) + 2(26 - Z7) cot 46 . (A?)

Using Eqs. (A.4) and (A.7) it follow that if 5 = 0, %7? then Zg = Z; = 0; if § = éﬂ', gw then
2345 = %(Zl + ZQ)7 and if B = iﬂ' then Z1 = Z2 and Z@ = Z7.

Consequently, the expressions for the \; in terms of the Z; can be written in numerous
equivalent ways depending on the choice of independent quantities. For example, if 5 # iﬂ',
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then eliminating Zs45 and either Z; or Z; yields

N = Zl—ZGtan26+1tan25tan25( 6+ Z7), ifﬁ#%ﬂ (A.8)
Y Zo+ Zrtan28 — Leot? Btan28(Zs + Z7), if B0, '
Ay — Zl—thaHQB—l—§C0t25tan2ﬁ(ZG+Z7), 1f67é0, (AQ)
2 Z2—|—Z7tan2ﬁ—%tanQﬂtaHQﬁ(Z6+Z7), ifﬁ;«é%ﬂ '
Nio=Zi+ 5(Zs — Z7)tan2B, fori=3,4,5. (A.10)

Note that the Zo- basis and the Higgs basis coincide if § = 0 (in which case ®; = H; and
®y = Hy) and if 8 = —7r (in which case ®; = Hy and ®3 = H;). The two alternative forms
given in Egs. (A.8) and (A.9) are a consequence of the symmetry of Eqs. (A.4)-(A.7) under
the interchanges, 77 +— Zg, Lo > L7, B +— %7( - p.

The exclusion of 3 = {7 in Eqgs. (A.8)~(A.10) is an artifact of expressing these results in
terms of both Zg and Z7;. Nevertheless, there is no discontinuity, since Zg = Z7; at f = %ﬂ'.
One way to avoid this inconvenience is to eliminate either Zg or Z; in favor of Z345. The end
result is

N Zy (1 — L tan? B) + £ Zsys tan® § — L Zg tan 3(5 — tan® 8), if § # 37 (A11)
b Z(1 — S cot? B) 4+ $ Zsss cot? B — L Zz cot B(5 — cot? B),  if B#0, '
) Zl(l—%c tQﬁ’)—l—% 45cot2ﬁ+126cotﬁ( —cot?B), ifB#0, (A12)
2 Zg(l—%t )+% 345‘5&1126—1—QZ7tan,6’(5—tan2,6’), ifﬁ#%ﬂ',’ '
= ZZ+ ( Z345) Zﬁcot25, fori:3,4,5andﬂ7£0, %71', (A13)
) Zi+ L ( — Zsys) — Zrcot2p, fori =345 and § # 0, %ﬂ'. '

Finally, one may choose to eliminate both Zg and Z;, using Eqs. (A.4) and (A.7). The end
result is valid for 8 # 1 3T in, 37,2

74778
1 335 1
A = 5(Z1 + Z2) + 4—(Z1 + Ly — 22345) + _(Zl - Z2) ) (A14)
64,3 202/3
1 8%5 !
o= 3(Z1+ Zo) + 4—(Z1 + 2y = 2Z345) — 5—(Z1 — Za) (A.15)
C4p 2625
53
N =2 — 2_(21 + Zy —2Z3y5), fori=3,4,5. (A.16)
Cap

The conditions for stability of the scalar potential [Eq. (1)] for A¢ = A7 = 0 were first given
in [57],

A >0, )\2>0, )\3>—\/)\1)\2, /\3+>\4—|>\5| > —1/ A g (Al?)

Using the results of this Appendix, one can rewrite the stability conditions in terms of the Z;.
The resulting expressions are not especially illuminating, so we will not exhibit them explicitly.

22Eliminating both ZG and Z7 is not particularly useful in the cases of g = %71', %71', where 7y + Zy = 27345
and in the case of 8 = 1, where Z; = Z5 [cf. Egs. (A.4) and (A.7)].
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In addition, we note that (under the assumption of A\¢ = A\; = 0) the \; (i =1,2,...,5) can
be reconstructed in principle as follows. Assume that cs_, has been deduced from precision
measurements of the SM-like Higgs boson (assumed to be h), and [ is determined via the
properties of the heavier Higgs states. We also assume that all four Higgs masses (my,, mgy, ma
and my+) have been measured. Lastly, we assume that a small deviation in the signal strength
for h — v can be attributed to the presence of a charged Higgs loop,?® in which case we can
extract a value for gngy+py-. With all this information in hand, we begin by using Eq. (47) [or
equivalently, Eq. (42)] to obtain Zs. Next, we employ Egs. (41) and (43) to obtain Z; and Zs,
and Egs. (33) and (34) for the squared-mass difference, m7,. —m? to deduce Z, — Zs, which
together with the previous determination yields a value for Z4. Close to the alignment limit,
we can use gpy+p- to extract Zs [cf. Egs. (65) and (76)]. We now have enough information to
evaluate Zs45. Finally, we can use Egs. (A.9) and (A.10) to obtain Zy and Z;. We now have
all the Z; (for i = 1,2,...7), which can then be employed with the formulae provided in this
Appendix to obtain the \; (i = 1,2,...,5).

B Trilinear Higgs self-couplings in terms of physical Higgs
masses

It is convenient to re-express the trilinear Higgs self-couplings in terms of the physical Higgs
masses. First, Eqgs. (32) and (34) yield

(Z3 + Zy — Zs)v* = 2(m? — m?) + Z1v* + 2Zgv* cot 213. (B.1)

Using this result along with Eqgs. (41)—(43) and (49), we end up with

)~
(Zs+ Zy — Z5)Sp—a + Zrcg_a|v® = [mj 4+ 2(m% —M?)|sp_a + 2cot 28(m; —M>)cs—a, (B.2)
[(Zs + Zy — Z5)Cp—o — ZrSp—o|V* = [mH +2(m% —m?)]cp_a — 2cot 28(m7, — m2)36_a (B.3)
Noting that Eqs. (33) and (34) yield m? —m?.. = 3(Z4 — Z5)v?, the above results immediately
yield
[Z385-a + Zrcg_o |0 = [m} + 2(mFe — M?)]sg_a + 2cot 26(m; —Mm*)cg_a,  (B4)
[Z5¢5-0 — Zrsp_o|v® = [m3; + 2(mFe —M?)]|cs_a — 2cot 28(m7;, — M

sp_a-. (B.5)
Thus, from Eqgs. (59)—(66), we obtain
1
Gpaa = —;{ [my +2(m% —m?)]sp_a + 2cot 28(m;, — mQ)cﬁ_a} , (B.6)
1
Gpan = —;{ [m3; +2(m% —m?)]cs_a — 2 cot 28(m7; — mQ)s/;_a} : (B.7)

T ng—a {2%2 —2m3 —m} +2(3m> — 2my — m;)(Ss_a cOt 2 — cﬁa)05a} (B.8)

23In absence of a clear deviation from the SM in the v+ signal, one would be forced to seek out some measurable
triple Higgs coupling involving no more than a single SM-like Higgs boson to avoid a suppression of the term
that is sensitive to Z3 or Z7 [cf. Egs. (59)—(66)].
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9HRE =

Ihhh =

9ueH =

Iha+H- =

JuatH- =

{4m —mi —2mj; + 2(3m* — m3 — 2m;)(8p_a cot 23 — cﬁa)05a} (B.9)

v
3
—{mh35_a +2(mi —m?)(cs_q cot 28 + 35_a)c/23_a} : (B.10)
v
3
—{m%cﬂ o —2(m¥ —m?)(s5_q cot 23 — c,g_a)s%_a} : (B.11)
v
1
—{ my + 2(mfe —m?)|sg_a + 2cot 28(mj — m2)05_a} : (B.12)
v
1 =2 _ 2 2

[m3; +2(mFe —m?)|cs_a — 2cot 28(mF; —M*)sp_a ¢ - (B.13)
v
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