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ABSTRACT: In models with an extended Higgs sector there exists an alignment limit, in
which the lightest CP-even Higgs boson mimics the Standard Model Higgs. The alignment
limit is commonly associated with the decoupling limit, where all non-standard scalars
are significantly heavier than the Z boson. However, alignment can occur irrespective
of the mass scale of the rest of the Higgs sector. In this work we discuss the general
conditions that lead to “alignment without decoupling”, therefore allowing for the existence
of additional non-standard Higgs bosons at the weak scale. The values of tan 8 for which
this happens are derived in terms of the effective Higgs quartic couplings in general two-
Higgs-doublet models as well as in supersymmetric theories, including the MSSM and the
NMSSM. Moreover, we study the information encoded in the variations of the SM Higgs-
fermion couplings to explore regions in the m4 — tan 8 parameter space.
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1 Introduction

The Standard Model (SM) with one Higgs doublet is the simplest realization of electroweak
symmetry breaking and provides a very good description of all data collected so far at
hadron and lepton colliders. This includes measurements associated with the recently
discovered 125 GeV Higgs boson at the CERN LHC [1, 2]. In this model, the Higgs field
receives a vacuum expectation value (VEV), v &~ 246 GeV, which breaks the electroweak
gauge symmetry and gives masses to the fundamental fermions and gauge bosons. The
couplings of these particles to the Higgs boson are fixed by their masses and v. On the
other hand, Higgs self interactions are controlled by the quartic coupling in the Higgs
potential, which in turn is given by the Higgs mass and v. Therefore, interactions of the
SM Higgs boson with fermions, gauge bosons and with itself are completely determined.



Extensions of the SM commonly lead to modifications of the Higgs couplings, especially
if there exist new particles interacting with the Higgs or if there is an extended Higgs sector.
The size of these modifications may be naively estimated in the decoupling limit to be:

O< v > ~ O(5%) x <1TeV>2 , (1.1)

mIZ‘leW mnew

where myew is the scale of new particles. Therefore, for new particles below the TeV scale,
changes in the Higgs couplings from the SM expectations are quite small. Such an estimate
supports the fact that due to the large uncertainties in present measurements, no significant
deviations from the SM Higgs properties should be identifiable in present data, if all new
particles are at or above the TeV scale. At the same time, it stresses the need for precision
Higgs measurements to uncover possible signs of new physics.

Conversely, eq. (1.1) implies that, if in the future, refined measurements of the prop-
erties of the 125 GeV Higgs boson continue to be consistent with those of a SM Higgs
boson, no new light particles interacting with the SM-like Higgs are to be expected. How-
ever, this estimate is only valid in the so called decoupling limit, where all non-standard
Higgs bosons are significantly heavier than the Z gauge boson. On the other hand, current
searches for these particles do not exclude the possibility of additional Higgs bosons in the
hundred to several hundred GeV mass range. Given that initial data appears to disfavor
large deviations with respect to the SM Higgs description [3-10], it is of special interest to
consider models of extended Higgs sectors containing a CP-even Higgs that has properties
mimicking quite precisely the SM ones, even if the non-standard Higgs bosons are light.

A well-known example is that of general two-Higgs-doublet models (2HDMs),! in which
the heavy CP-even Higgs could be the SM-like Higgs boson. However, in this case the
2HDM parameter space becomes very restrictive, with masses of the non-standard scalars
of the order of the W and Z boson masses, and is severely constrained by data [28-31].
On the other hand, the possibility of the lightest CP-even Higgs mimicking the SM Higgs,
referred to as “alignment” in ref. [32], is much less constrained and usually associated
with the decoupling limit. The less known and more interesting case of alignment without
recourse to decoupling deserves further study.

A few examples of “alignment without decoupling” have been considered in the liter-
ature. The first one was presented over a decade ago by Gunion and Haber in ref. [33].
Their main focus was to emphasize the SM-like behavior of the lightest CP-even Higgs of
a 2HDM in the decoupling limit. However, they also demonstrated that it can behave like
a SM Higgs without decoupling the non-SM-like scalars. Much more recently, a similar
situation was discussed in refs. [34, 35], where an extension of the Minimal Supersymmet-
ric Standard Model (MSSM) with a triplet scalar was studied. It was found that after
integrating out the triplet scalar, a SM-like Higgs boson and additional light scalars are
left in the spectrum for low values of tan 8 < 10. Another recent study, ref. [32], presented
a scanning over the parameter space of general 2HDMs. Solutions were found fulfilling
alignment without decoupling and the phenomenological implications were investigated.

IFor reviews see, for example, [11-13]. For examples of recent works since the discovery of the 125 GeV
Higgs boson, see [14-27].



In general 2HDMs the alignment scenario has also been discussed in ref. [36] and with an
additional global U(1) symmetry in ref. [37].

It is obvious that the possibility of alignment without decoupling would have far-
reaching implications for physics beyond the SM searches. However, its existence has
remained obscure and has sometimes been attributed to accidental cancellations in the
scalar potential. A simple way to understand how one of the CP-even Higgs bosons in a
2HDM mimics the SM Higgs is to realize that the alignment limit occurs whenever the mass
eigenbasis in the CP-even sector aligns with the basis in which the electroweak gauge bosons
receive all of their masses from only one of the Higgs doublets.? From this perspective, it is
clear that the alignment limit does not require the non-standard Higgs bosons to be heavy.
After presenting the general conditions for the alignment limit in 2HDMs, we analyze in
detail the possible implications for well motivated models containing two Higgs doublets.
In particular, we consider the MSSM as well as its generalization to the next-to-minimal
supersymmetric standard model (NMSSM), where an extra singlet is added. Along the
way, we analyze the extent to which precision measurements of Higgs-fermion couplings
could be useful in probing regions of parameters that are difficult to access through direct
non-standard Higgs boson searches.

This article is organized as follows. In the next section we define the notation and
briefly review the scalar potential and the Higgs couplings in general, renormalizable
2HDMs. In section 3 we derive the alignment condition in the decoupling regime in terms
of the eigenvectors of the CP-even Higgs mass matrix, which provides a simple analytical
understanding of alignment. We then write down the general conditions for alignment
without decoupling. In section 4 we study the alignment limit in general 2HDMs and
provide new perspectives on previous works. Detailed studies on the parameter space of
the MSSM and beyond are presented in section 5, which is followed by the conclusion in
section 6.

2 Overview of 2HDM

2.1 Scalar potential

We follow the notation in ref. [38] for the scalar potential of the most general two-Higgs-
doublet extension of the SM:

1 1
V = m}®l 0 + m®l®s — miy(®1dy + hic.) + 5Al(qﬂnpl)? + §A2(q>§q>2)2

FA3(D] D) (DLD2) + Ay (B o) (B] D7)

+ {;Ag,(cbj%)‘z + N6(D1D)) + A (DS Do) BT Dy + h.c.} , (2.1)
where
&)
e <;§<¢9 + m?)) ' =

2This would imply that the other, non-standard CP-even Higgs has no tree-level couplings to the gauge
bosons. However, there are still couplings to SM fermions in general. Therefore the non-standard Higgs
boson is not inert.



We will assume CP conservation and that the minimum of the potential is at

where

v =4/v? 4+ 03 & 246GeV, tz=tanp = 1%

(2.3)

(2.4)

We choose 0 < 8 < /2 so that tg > 0 and write v1 = vcos f = vcg and vy = vsin f = vsg.

The five mass eigenstates are: two CP-even scalars, H and h, with mp < mjr, one CP-odd

scalar, A, and a charged pair, H*. The mass parameters, m?2, and m3,, can be eliminated

by imposing the minimization condition [38]:

1 ~
m2, — tgmie + 5v%%(/\l + 3Nt + Asth + Arth) =0,
1 -
miy — t3'mi, + §v23§(A2 + 30t + Ast? + At ;%) =0,

where A3 = A3 + Ay + As. It then follows that [38]

2miy 1,

mi = v (2/\5 + )\Gtgl + >\7t5) ,

825 2

and the mass-squared matrix for the CP-even scalars can be expressed as
2
M2 — M3, M3, =m | B TP 12 Ly Lo
Miy M, —spcs  Ch Lz Loy |’

L11 = /\10% + 2)\68505 + )\58% s
Lo = (A3 + \1)speg + )\60% + )\75% ,
Loy = /\28% + 2)\78505 + )\50%.

where

The mixing angle, «, in the CP-even sector is defined as

H Ca Sa Qs(l) (1)
= = R(a) )
<h> <—> <¢3> ( 2
where s, = sin « and ¢, = cos «. This leads to
2.0 M3, M3
RT My R(a) = 1 Mz
() ( 0 m,%) () <M%2 M3,

From the (1,2) component in the above equation we see

(m%i - mi)saca = M%2 )

(2.5)

(2.6)

(2.8)

(2.12)

(2.13)

(2.14)



which implies s,c, has the same sign as M3,. The choice for the domain of « is not
physical, however, for simplicity one would want to chose it such that the sign of M3,
corresponds to either the sign of s, or ¢, respectively:

(1) —g <a< g ¢, >0 and Sign(ss) = Sign(M3,), (2.15)
(I) 0<a <7: s5,>0 and Sign(c,) = Sign(M53,). (2.16)

We will adopt the convention that ¢, is always positive, sign choice (I), which is the usual
sign convention followed in the literature.

The eigenvector associated with the eigenvalue m,% corresponds to the second row in
R(a), eq. (2.12), and satisfies

M%l M%2 —Sa 2 [ TS
=m , (2.17)
(M% M3, Ca "\ ca

giving rise to two equivalent representations for ¢, = tan a:

M3 ./\/l
ta= 525 = mi, (2.18)
The equivalence of the two representations is guaranteed by the characteristic equation,
Det(M? —m3 I) = 0, where I is the 2 x 2 identity matrix. Moreover, since

my < MZ <m¥y, for i=1,2, (2.19)

due to the “level repulsion” of eigenvalues of symmetric matrices, in both representations
Sign(t,) = Sign(M32,), consistent with the sign choices specified above.

Eq. (2.18) allows us to solve for the mixing angle, a, in terms of {M?%,, M%,,m3} or
{M3Z,, M3,,m?}, depending on one’s preference. For example, in the sign choice (I) we
have the following two representations:

2 2 2 —m2 2 \2
VMB)2 + (M3, —m2 )2 ;i
2 _ 2 2 _ 2 2 \2
sa = Sign(Miy) M - my = MM N, ) LMY 1)
V(MB)2 + (M3, — m3)? i
where the expression for m%, follows from solving for the corresponding eigenvalue equation
for m%[

One can verify that egs. (2.20) and (2.21) lead to the expected limiting behavior when
M2, — 0. For example, for eq. (2.20), if M2, > M3,, the smaller mass eigenvalue, m%,
is given by M3,. Then in eq. (2.20) we have s, — 0 and m% — M3,. As expected the
lightest CP-even Higgs is mostly @5 in this case. On the other hand, if M3, < M3, then
h is mostly ®; and s, — 1, since

(M3p)?
(M) = M3,|
which also implies m?%, — M3, in this case. The behavior of eq. (2.21) can be verified in a
similar fashion.

(M) —mj) = O ((Mz)") . (2.22)



2.2 Higgs couplings

The Higgs boson couplings to gauge bosons in 2HDMs follow from gauge invariance and
have the same parametric dependence on the CP-even mixing angle, o, and the angle £ in
any 2HDM, namely,

IV = 8—a gv , JHVV = C3—a gV , (2.23)

where gy = Qm%//v is the SM value for V = W, Z bosons.

The fermion couplings, on the other hand, take different forms in different 2HDMs.
However, it is common to require the absence of tree-level flavor-changing neutral cur-
rents (FCNC) by imposing the Glashow-Weinberg condition [39]. This condition requires
fermions with the same quantum numbers to couple to a single Higgs doublet and leads
to four different types of 2HDMs [11-13].> Amongst them the most popular ones are: the
type I model, where all SM fermions couple to one doublet, and the type II model, where
the up-type fermions couple to one doublet and down-type fermions couple to the other.
In one of the other two models, up-type quarks and leptons couple to the same doublet,
while down-type quarks couple to the other. The remaining one has all the quarks coupled
to one Higgs doublet while the leptons couple to the other one. In what follows we base
the discussion on the type II model, although our analysis can be easily adapted to all four
types of 2HDMs.

In type IT models, where at tree-level ®; and ®5 only couple to down-type and up-type
fermions, respectively, the tree-level Higgs couplings to fermions are

S Ca

Ihdd = —i 9 = (8p-a —tsCs-a)9f,  Ghuu = 55 = (sp-a+t5 caa)gr, (2.24)

Sa

58

Co
9Hdd = o g9f = (ca—a+1858-a) 9fs GHuwu =

95 = (cg-a —t5' s5-a) g5, (2:25)
where gy = imy /v is the coupling of the Higgs to the corresponding fermions in the SM.

We are interested in the alignment limit, where the lightest CP-even Higgs mimics
the SM one. We will begin by solving for the conditions for which the Higgs couplings
to fermions have the same magnitude as in the SM: |ghuu/9f| = |gndd/9f| = 1. There are
four possibilities, however, as can be seen from eq. (2.24), once we confine ourselves to sign
choice (I), ghuu/gs is always positive. Hence there are only two cases allowed:

i) Ghdd = Yhuu = 95+
i)  ghdd = —Ghuu = —9y-

Demanding case i) leads to

54 = —cCg, Ca = 53, (2.26)

which then implies
cg—a =0 and 58— = 1. (2.27)

3Typically the Glashow-Weinberg condition requires a discrete symmetry: ®; — —®;, which demands
X6 = A7 = 0 and m?%, = 0 in the general scalar potential given in eq. (2.1).



Couplings of the CP-even Higgs bosons now become

IV = 9v s Gnff = 95, 9avv — 0, guad — 189 9Huu — —tEI gf (2.28)

This is the alignment limit. The heavy CP-even Higgs couplings to SM gauge bosons vanish
in this limit since it does not acquire a VEV. In other words, the alignment limit is the
limit where the mass eigenbasis in the CP-even sector coincides with the basis where the
gauge bosons receive all of their masses from one of the doublets. As such, the non-SM-like
CP-even Higgs does not couple to the gauge bosons at the tree-level. However, in this basis
H still has non-vanishing couplings to SM fermions. This feature remains true in all four
types of 2HDMs, as can be seen, for example, by inspecting table 2 in ref. [32].
On the other hand, fulfillment of case ii) requires

54 = cg, Ca = 58, (2.29)
which gives
Ch—a = 828, 8—aq = —C28. (2.30)

We see that the hV'V coupling does not tend to the SM value in this case and alignment
is not reached. However, in the limit tg > 1,

2t 2 13
1+t tg

S25 = ~—1 (2.31)

we observe that the CP-even Higgs couplings become, to linear order in tgl,

gV = gv , 9hdd = —3f Ghuu = 9f 5 (2.32)
gHVV = 2tEIQV ; 9Hdd = 1pYf JHuu = t;lgf. (2.33)

Hence, if eq. (2.29) is required, one obtains that the lightest CP-even Higgs couplings to
down-type fermions have the opposite sign as compared to its couplings to both the vector
bosons and up-type fermions, although all couplings have the same strength as in the SM.
If, instead of the large t5 limit, one takes tg < 1, then it is straightforward to check that
NOW gpyy has the opposite sign to both gnqg and gpyyv. It is worth noting that, in type II
2HDMs, tg < 1 leads to an unacceptably large top Yukawa coupling and should be avoided.
However, the scenario of “wrong-sign” down-type fermion couplings of the SM-like Higgs
in the large tg limit is clearly of phenomenological importance. A detailed study of this
scenario is beyond the scope of the present work.

Similar arguments can be made in the case in which it is the heavy Higgs that behaves
as the SM Higgs. For this to occur,

S5 =0 (2.34)

and therefore cg_, = 1. In the following, we shall concentrate on the most likely case in
which the lightest CP-even Higgs satisfies the alignment condition. The heavy Higgs case
can be treated in an analogous way.



We also comment on the Hhh coupling since it may have a significant impact on
strategies in direct searches [32]. The coupling of the heavy Higgs to the lightest Higgs is

given by [33]
v ~
9Hhh = Z [—12 Alcgcasi —12 )\2558@03 + /\3(—4ca_5 + 68208a+5)
+3X6(—452, 5015 + 85acics) + 3N7(8s5cass — 4% Sats)] - (2.35)

One can rewrite eq. (2.35) as

JHWh = —3’0850% { [saﬁcag (Alsag + th%caﬁ + N6ts(2cqp + sa5)> + )\7t%ci5]

— [Sagcag (/\thcag + X38ap + A1t (2545 + Caﬁ)) + A@;lsgﬂ} } — A3Ca_p,
(2.36)

where sq3 = (—sa/cg) and cog = (ca/sp) tend to 1 in the alignment limit. We shall
demonstrate in the next section that the alignment conditions in general 2HDMs imply
that the Hhh coupling vanishes.

3 Alignment without decoupling

3.1 Derivation of the conditions for alignment

One of the main results of this work is to find the generic conditions for obtaining alignment
without decoupling. The decoupling limit, where the low-energy spectrum contains only
the SM and no new light scalars, is only a subset of the more general alignment limit in
eq. (2.27). In particular, quite generically, there exist regions of parameter space where
one attains the alignment limit with new light scalars not far above m; = 125 GeV.

It is instructive to first derive the alignment limit in the usual decoupling regime but
in a slightly different manner. Consider the eigenvalue equation of the CP-even Higgs mass
matrix, eq. (2.17), which, using eq. (2.8), becomes

s2  —sge —s v? L1 L —s m? [ —s
B g B a =—— 11 12 « + g «a . (31)
—sgcg  Cg Co m% \ Li2 Lao Ca m4y Ca

Decoupling is defined by taking all non-SM-like scalar masses to be much heavier than
the SM-like Higgs mass, m% > vg,m,zl. Then we see that at leading order in v?/m?
and m3? /m?, the right-hand side of eq. (3.1) can be ignored, and the eigenvalue equation

2
< 58 _Sgcﬁ> <_SO‘> ~0, (3.2)
—SpCp CB Co

leading to the well-known decoupling limit [33]: c¢g_, = 0. This is also exactly the align-

reduces to

ment limit.
Here we make the key observation that while decoupling achieves alignment by ne-
glecting the right-hand side of eq. (3.1), alignment can also be obtained if the right-hand



side of eq. (3.1) vanishes identically, independent of m 4:

L1 L —S —S
2 11 L12 a 9 a
v =m . 3.3
<L12L22><Ca> h<6a> (8:3)

More explicitly, since s, = —cg in the alignment limit, we can re-write the above matrix

equation as two algebraic equations:*

(Cl) : m,% = v2L11 + tﬁszlg = 2 ()\10% + 3)\68565 + ;\38% + )\71558%) , (3.4)

(C2) : m,% =029y + tlBUZng =2 ()\25% + 3\7sgcg + X;c% + )\Gtglc@ . (3.5)
Recall that A3 = (A3 4+ Ag 4+ A5). In the above my, is the SM-like Higgs mass, measured to
be about 125 GeV, and L;; is known once a model is specified. Notice that (C1) depends
on all the quartic couplings in the scalar potential except A2, while (C2) depends on all the
quartics but A;.°> If there exists a tg satisfying the above equations, then the alignment
limit would occur for arbitrary values of ma and does not require non-SM-like scalars to
be heavy!

Henceforth we will consider the coupled equations given in eqs. (3.4) and (3.5) as
required conditions for alignment. When the model parameters satisfy them, the lightest
CP-even Higgs boson behaves exactly like a SM Higgs boson even if the non-SM-like scalars
are light. A detailed analysis of the physical solutions will be presented in the next section.

3.2 Departure from alignment

Phenomenologically it seems likely that alignment will only be realized approximately,
rather than exactly. Therefore it is important to consider small departures from the align-
ment limit, which we do in this subsection.

Since the alignment limit is characterized by cg_, = 0, it is customary to parametrize
the departure from alignment by considering a Taylor-expansions in cz_q [32, 33], which
defines the deviation of the gy couplings from the SM values. However, this parametriza-
tion has the drawback that deviations in the Higgs coupling to down-type fermions are
really controlled by t5cg_q, which could be O(1) when tg is large. Therefore, we choose
to parametrize the departure from the alignment limit by a parameter n which is related

oo =15,  Spa=1/1—15"7> (3.6)

Then at leading order in 7, the Higgs couplings become

to cg_q by

1 _ _
grvv A <1 —5ts 2772> gv,  gavv =tz gy, (3.7)
Gnaa ~ (1 —n) gy, gHad ~ tp(1+ %2?7)9]” ;
Ghuw = (L+15%0) g5 , gru ~ —t5 (1= n)gy.

“The same conditions can also be derived using results presented in ref. [33].

°If we subtract (C1) and (C2) we find an equation that is independent of ms and is equivalent to
the condition for the cancelation of the quartic coupling term, A7 (H;-HQH;HI + h.c.), in the Higgs basis
(H2 = ¢1cos B+ ¢pasin B, Hi = —¢18in B + ¢2 cos B), in which only H> acquires a VEV. This allows to us
make contact with the results presented in refs. [33, 36].



We see 71 characterizes the departure from the alignment limit of not only gnqq but also
Jiuw- On the other hand, the deviation in the gpy, and gggqq are given by t5277, which is
doubly suppressed in the large tg regime. Moreover, terms neglected above are of order n?
and are never multiplied by positive powers of tg, which could invalidate the expansion in
n when 5 is large.

There are some interesting features regarding the pattern of deviations. First, whether
the coupling to fermions is suppressed or enhanced relative to the SM values, is determined
by the sign of 1: grgq and gy, are suppressed (enhanced) for positive (negative) 7, while
the trend in gpy. and ggqq is the opposite. In addition, as n — 0, the approach to the SM
values is the fastest in gpyy and the slowest in gpqq. This is especially true in the large tg
regime, which motivates focusing on precise measurements of gpq4q in type II 2HDMs.

Our parametrization of cg_, = tgln can also be obtained by modifying eq. (3.2), which
defines the alignment limit, as follows:

2 _ _ —
< %5 Sg%) ( 3@) =t5'n ( 35) _ (3.10)
—spcg  Cj Ca cg

The eignevalue equation for my, in eq. (3.3) is modified accordingly,

L1 L —8 -8 —s
2 11 L2 a 2 a 2 ,—1 B
v =m —m5t . 3.11

From the above, taking n <« 1 and expanding to first order in 7, we obtain the “near-
alignment conditions”,

(C1) : m2 = v2Lyy + tgv?Lis + 1) {tﬁ(l +152)0*L1a — mi} , (3.12)
(C2') : m} = v?Lag +tg W2 L1a — 1 [tgl(l +15°)v* Lig — mi} : (3.13)

We will return to study these two conditions in the next section, after first analyzing
solutions for alignment without decoupling in general 2HDMs.

4 Alignment in general 2HDM

In what follows we solve for the alignment conditions (C1) and (C2), assuming all the
scalar couplings are independent of ¢g. This is not true in general, as radiative corrections
to the scalar potential often introduce a t3 dependence in the quartic couplings that are
not present at the tree-level. However, this assumption allows us to analyze the solutions
analytically and obtain the necessary intuition to understand more complicated situations.

When all the quartics are independent of tg, the conditions (C1) and (C2) may be
re-written as cubic equations in tg, with coefficients that depend on m; and the quartic
couplings in the scalar potential,

(C1) : (m2 — \v?) + (m} — :\302)15% = v?(3\etp + )\715%) , (4.1)

(C2) : (mp — Aav®) + (mi — Asv”)t5” = v*(BArty ' + At 5?).

~10 -



Alignment without decoupling occurs only if there is (at least) a common physical solution
for tg between the two cubic equations.® From this perspective it may appear that align-
ment without decoupling is a rare and fine-tuned phenomenon. However, as we will show
below, there are situations where a common physical solution would exist between (C1)
and (C2) without fine-tuning.

Regarding the coupling of the heaviest CP-even Higgs to the lightest one, it is now easy
to see from eqs. (4.1) and (4.2) that each term inside the square brackets in eq. (2.36) tends
to m3 (1 + t%) /v? in the alignment limit, and hence, as stated in ref. [32], ggn, vanishes.

4.1 Alignment for vanishing values of \g 7

It is useful to consider solutions to the alignment conditions (C1) and (C2) when ¢ =
A7 = 0 and A1 = Ao, which can be enforced by the symmetries ®1 — —Po and &1 — .
Then (C1) and (C2) collapse into quadratic equations:

(C1) — (mi — M\o?) + (m2 — 5\3112)75% =0, (4.3)
(C2) = (mi — Agv?) + (mf, — \o?)th = 0. (4.4)

We see that a solution exists for tg3 = 1 whenever

A1+ A3

)\SM = 2 ) (45)
where we have expressed the SM-like Higgs mass as
mi = Asmv. (4.6)

From eq. (4.5) we see that the above solution, tg = 1, is obviously special, since it demands
Asum to be the average of A\; and :\3.

We next relax the A\; = A9 condition while still keeping A\¢ = A7 = 0. Recall that
the Glashow-Weinberg condition [39] on the absence of tree-level FCNC requires a discrete
symmetry, ®; — —®;, which enforces \¢ = Ay = 0 at the tree-level. The two quadratic
equations have a common root if and only if the determinant of the Coefficient Matrix of
the two quadratic equations vanishes,

Det <m% — 5\31)2 m% — )\11)2

2§ 2\2 2 2\, 2 2
3 = - A — - A — A =0. 4.7
m}% — 02 mi - )\3U2> (i 3v") (mh 107) (mi, 20°) (4.7)

Then the positive root can be expressed in terms of (A1, A3),

AL — A
1) =, [ L8 (4.8)
ASM — A3

We see from egs. (4.7) and (4.8), that a real value of tl(BO) can exist only if the set of
parameters {Asn, A1, A2, Az} has one of the two orderings

A, A2 > Asum > Az, (4.9)

5Since tg > 0 in our convention, a physical solution means a real positive root of the cubic equation.
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or

A, A2 < Asm < As. (4.10)
A solution for tg)) can be found using the following procedure: once one of the conditions
in egs. (4.9) or (4.10) is satisfied, eq. (4.8) leads to the alignment solution t(ﬁo) for a given
(A1, A3). However, eq. (4.7) must also be satisfied, which is then used to solve for the

desired A2 so that tg)) is a root of (C2) as well. More specifically, the relations

AsM — A3 AL — Asm

COCD)

must be fulfilled. Therefore, the alignment solution demands a specific relationship between
the quartic couplings of the 2HDM. In addition, it is clear from eqs. (4.8) and (4.11) that
if all the quartic couplings are O(1), tg)) ~ O(1) as well, unless A3 and Ay are very close to

AsM, Or Ap is taken to be much larger than Agy. For examples, t(ﬂo) ~ 5 could be achieved

for (A1, Az, A2) ~ (1.,0.23,0.261), or for (A1, A3, A2) ~ (5.,0.07,0.263). Our discussion so
far applies to alignment limit scenarios studied, for instance, in refs. [32, 34, 35], both of
which set A\g = A7 = 0.

A2 — AsM = (4.11)

4.2 Alignment for non-zero \¢ 7

The symmetry &1 — —®; leading to \¢ = Ay = 0 is broken softly by mjs. Thus a
phenomenologically interesting scenario is to consider small but non-zero A¢ 7. Therefore,
in this subsection we study solutions to the alignment conditions (C1) and (C2) under the
assumptions

Xe7 < 1. (4.12)

Although general solutions of cubic algebraic equations exist, much insight can be

gained by first solving for the cubic roots of (Cl) as a perturbation to the quadratic
(0)

solution ¢ 5 s

t(ﬁi) _ t(ﬁ()) L3 A A= Asw) +O02,2). (4.13)
2XsM — A3 (Asm — Az)?

The solutions t(ﬂi) lie in the same branch as tg)), to which they reduce in the limit A\g 7 — 0.

In addition, both solutions are again O(1) given our assumptions. More importantly,
(0)

similar to tg’ specific fine-tuned relations between the quartic couplings are required to

ensure t(ﬁi) are also cubic roots of (C2).

However, a new solution also appears,

A=Az 3 M —Asw)

t(l) _ _ A
A A7 Asvi— Az (Asm — Ag)?

+ O\, \9). (4.14)

The solution tél) belongs to a new branch that disappears when A7 — 0 and exists provided
the condition

Sign(Asm — A3) = Sign(A7) (4.15)
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is satisfied. For [Asy — Asz| > |A7], as is natural due to the assumption |\;| < 1, we are
led to tl(gl) > 1. As an example, for (/\1,5\3,)\6,)\7) = (0.5,—0.1,0.01,0.01), one obtains
t/(Bl) ~ 35 by solving for the cubic root of (C1) exactly. Lower values of tg) = O(10) may
be obtained for somewhat larger values of A7 and/or larger values of As.

The t(ﬁl) solution is an example of alignment without decoupling that does not require
fine-tuning. This is because the condition (C2), in the limits s, \7 < 1 and tg > 1,

becomes insensitive to all quartic couplings but Ao:

1 A A
m% — )\2'02 =0 <2, l, 36> . (416)
tﬁ tg tﬁ

Unlike the fine-tuned relation in eq. (4.7), in this case Ay is determined by the input
parameter my, or equivalently Agn, and is insensitive to other quartic couplings in the
scalar potential. Therefore, provided the condition given in eq. (4.15) is fulfilled, the value
of the quartic couplings, A3 and A7, are still free parameters and thus can be varied, leading
to different values of ¢ for which alignment occurs.

For the purpose of demonstration, let us again use the example below eq. (4.15),
(A1, Ag, Ag, A7) = (0.5, -0.1,0.01,0.01). The condition that ¢} ~ 35 is also a root of (C2)

requires

A3 _5 A7 —4 A6 -7
Mo 026+ [ 2 ) x8x107° — [ 2T ) x8x 107 — [ L) x8x 1077, (4.17
2 * (—0.1) e <0.01> e 0.01) <% (4.17)

From this we see that the required value of A5 is very insensitive to the values of the other
quartic couplings in the potential, and is determined only by my,.

The solution t(ﬁl) is perhaps the most interesting among the three branches of solutions
because its existence does not require specific relationships amongst the quartic couplings,
and to our knowledge has never been studied in the literature. The crucial observation
to arrive at this scenario of alignment without decoupling is to turn on small but non-
vanishing A7, which arises automatically in 2HDMs without tree-level FCNC. In this case,
we see alignment without decoupling is not only a generic feature of the model, but also
a “natural” phenomenon, and can occur at tg = O(10) for which direct searches for non-
standard Higgs bosons become difficult. In fact, in the next section we will see that this
solution can be realized in one of the most popular models for beyond the SM physics, the
MSSM.

4.3 Departure from alignment

So far we have analyzed solutions for the alignment conditions (C1) and (C2) in general
2HDMs. However, it is likely that the alignment limit, if realized in Nature at all, is
only approximate and the value of t3 does not need to coincide with the value at the
exact alignment limit. It is therefore important to study the approach to alignment and
understand patterns of deviations in the Higgs couplings in the “near-alignment limit,”
which was introduced in section 3.2.
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Although we derived the near-alignment conditions (C1’) and (C2') in egs. (3.12)
and (3.13) using the eigenvalue equations, it is convenient to consider the (near-)alignment
limit from a slightly different perspective. Adopting the sign choice (I) in eq. (2.15) and
using the expression for the mixing angle, «, in eq. (2.20), we can re-write the gpqq and
Jhuw couplings as follows

s A
Ghdd = _Cg gr = ﬁgﬁ (4~18)
B A 5 + B S5
c B
Ghuu = ﬁgf =79 (419)
Sp A%cq + B2s%
where
A= M, a4 A o2 A2 02 4.20
__?_(T”A—(:)Hr 2)v?) 55— Mvsats — Agvics (4.20)
2 .2 2
B = Miy =i _ (m% + Asv?) sp + >\1212c£ +2\v%cp — Zh (4.21)
sg 196} Sp

Again it is instructive to consider first taking the pseudo-scalar mass to be heavy: m — oo.
In this limit we have A — misa and B — misa, leading to —sq/cg — 1 and co/sg — 1.
We recover the familiar alignment-via-decoupling limit. On the other hand, alignment
without decoupling could occur by setting directly

A=5, (4.22)
where, explicitly,

1 -
B—-—A= % (—m% + )\31)23% + )\7025%755 + 3)\62;25505 + )\11120%) =0, (4.23)
is nothing but the alignment condition (C1) in eq. (3.4). The alignment condition (C2)
would be obtained if the representation in eq. (2.21) is used instead, leading to A =
—Sign(M3,)(M3, — m3)/cg and B = |M3,|/sz. Further, my, is the mass of the lightest
CP-even Higgs boson and M% —m? > 0, i = {1,2} by eq. (2.19). Therefore eq. (4.22)
implies

A>0 and B>0 (4.24)

at the alignment limit.
Now in the near-alignment limit, where the alignment is only approximate, one can

derive

A
9hdd = 9f (4.25)

B\/l —(1-A2/B%)c

- [1 — 53 (1 - “g) +0((1—-A/B)Y)| g5, (4.26)
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which, when comparing with eq. (3.8), implies

A B—-A
nzs%(L—B>:s% 5 (4.27)

Therefore, the gpqq coupling is enhanced (suppressed) if B—A < 0 (> 0). It is easy to verify
that the above equation is identical to the near-alignment condition (C1’) in eq. (3.12).
The condition (C2') could again be obtained using eq. (2.21).
It is useful to analyze eq. (4.26) in different instances. For example, when A\¢ = A7 =0,
one obtains
(ASM — 5\35% — )\10%) v2
9hdd ~ 1 —+ SB B gf (428)

Hence, for A3 > AsMm > A1, a suppression of gpqq will take place for values of tg larger than
the ones necessary to achieve the alignment limit. On the contrary, for A\; > Agm > A3,
larger values of ¢3 will lead to an enhancement of gp,qq.

On the other hand, for A7 # 0 and large values of ¢g, one obtains

(ASM — 5\3 — )\7755) v?
Ghdd = 1+ Sp B gf , (4.29)

which shows that for Agy > 5\3 and A7 positive, gpqq is suppressed at values of ¢g larger
than those necessary to obtain the alignment limit, and vice versa.

One can in fact push the preceding analysis further by deriving the condition giving
rise to a particular deviation from alignment. More specifically, the algebraic equation
dictating the contour gnqq/g¢ = 7, where r # 1, can be obtained by using eq. (4.25):

2
m% = R(6§ — A35 5 + Z%h —v?\5 — )\111225;2 - 2)\6v2t§1 , (4.30)

where

R(B) = ——8" (4.31)

,/1—1—1%—7”2

When r is close to unity, the above equation becomes

Rw)z1+rél. (4.32)

Several comments are in order. First, for r ~ 1 —n withn < 1, R(8) =~ 1+ n/s%. Second,
once all the scalar quartic couplings are known, which in general could also depend on
tg, eq. (4.30) gives the contour corresponding to gpq¢/gs = 7 in the m4 — tan 8 plane.
Third, if we consider a slice of constant g away from the alignment limit then larger
values of my4 correspond to values of R(f3), and hence r, closer to 1. Therefore, large
deviations from r = 1 lie in regions with small m4 and tg far from the alignment limit.
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Figure 1. General behavior of contours with constant gpgd/gnddsy,, = 7 in the m4 — tan 8 plane.
r = 1 corresponds to the alignment limit. At constant ¢z, moving toward smaller m 4 results in
larger deviations from 7 = 1. In the plot §; for ¢ = 1,2,3 can be either positive or negative and
|03] > [d2| > [01].

These considerations allow for an understanding of the general behavior of contours with
constant r in the m4 — tan 8 plane, which is shown in figure 1. To a large extent, the
various examples we will consider later simply correspond to zooming in on figure 1 in
different regions of parameters of interest in representative scenarios like the MSSM and
the NMSSM. However, as we shall explain in the next section, radiative corrections induce
a departure of the MSSM Higgs sector from the type II 2HDM behavior. This does not
change the qualitative behavior shown in figure 1, but leads to a modification of the contours
of constant r at large values of ¢g.

5 Alignment in supersymmetry

In this section we first give a detailed overview of the Higgs mass dependance on the
general 2HDM quartics and the constraints this implies for the MSSM parameters, given
mp, = 125 GeV. We then present detailed analyses of alignment without decoupling in the
MSSM and in the NMSSM.

5.1 MSSM Higgs mass and quartic couplings

The tree-level Higgs sector in the MSSM belongs to the so-called type I1 2HDM, where one
doublet couples to the up-type fermions, denoted by H,, and the other doublet couples to
the down-type fermions, denoted by H,;. Both the tree-level and higher-order contributions
to the CP-even mass matrix are well-known. At tree-level we have

mis% + mQZc% —(mi + mZZ)5505 > (5.1)

M =
e <—<mz+ma>8ﬂca i + 3
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Typically one is interested in the region where m4 > myz and tg > 1.7 Then M3%, > M3, in
M%/[SSM,tree and it is conventional to use the sign choice (I) in eq. (2.15), —7/2 < a < 7/2.
In addition, M3, < 0 at tree-level and one is further restricted to —m/2 < a < 0. However,
beyond tree-level one could have o > 0 in the MSSM.

Only four of the quartic couplings are non-zero at tree-level in the MSSM,

1 m>
Al = A = 1(9% +93) = TQZ’ (5.2)
L 5 2 m2z L,
A3 = —1(91 —g3) = —2 T 3% (5.3)
1
As = Ag = A7 = 0. (5.5)

Therefore we see that the Higgs sector of the MSSM at tree-level is an example of 2HDMs
in which the condition Ay = Ay = 0 and Ay = o is fulfilled. Moreover, A3 < 0 and
A2 = —X3 < AgM, so the alignment conditions, egs. (4.9) and (4.10) cannot be fulfilled.
As a result, alignment without decoupling never happens at the tree-level in the MSSM.
At the loop level, however, A;_4 are modified and, furthermore, the remaining three
couplings \5_7 acquire non-zero values. These radiative corrections to the quartic couplings
depend relevantly on the values of ¢3.
< v, while vy < v.

~

At moderate or large values of tg = v, /vq, H, acquires a VEV, v,
Therefore, the SM-like Higgs is approximately identified with the real component of HY,
and its squared mass is approximately given by the (2,2) component of the CP-even Higgs
mass matrix. More precisely, multiplying both sides of eq. (2.17) from the left by the row
vector (—sq, Cq) and using the alignment relation, (5 — «) = 7/2, we obtain

my = Miysh + 2Miaspes + Much
= 2 ()\2 s% + 4)\78%65 + 25\33%30% + 4/\6550% + M c‘é) ,
= m3 s+ 0? (Adash + Deshos + 280533 + Dgspch + Ak ch) , (5.6)

where the A)\;’s denote a change of the corresponding quartic coupling, A;, due to radiative
corrections. Hence we see that the tree-level value of the SM-like Higgs mass in the MSSM
is bounded above by mz,
2 tree 2 92
(mh) S mzc2ﬂ. (57)

Since we are focusing on tg 2 1, this upper bound is maximized for large values of ¢g. It
is well known that in the MSSM loop corrections to the quartic couplings are necessary
to raise the SM-like Higgs mass from values below myz to values consistent with the LHC
measured value, my, ~ 125 GeV. Note that since the upper bound on the tree-level my, is
minimized for tg = 1, the radiative corrections required to raise the Higgs mass from its

"Values of t3 < 1 lead to such large values of the top-quark Yukawa coupling that the perturbative
consistency of the theory is lost well below the grand unification scale, Mg ~ 2 x 10'® GeV. In this work
we shall assume that ¢g is moderate or large so that the perturbativity of the top Yukawa is not a concern.
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small tree-level value must be very large for tg ~ 1. Such radiative corrections may only
be obtained for very heavy scalar top-quarks, with masses far above the TeV scale.

At moderate or large values of tg, sg ~ 1 and the Higgs mass is mostly governed by
A2, as can be seen from eq. (5.6), although other terms may become relevant for smaller
values of 3. The most important contributions to the quartic couplings come from the stop
sector. When the two stop masses are close to each other, (m? - m ) < 0. 5(m + m )
one can approximate the Higgs mass including the most relevant two loop Correctlons

namely [46-57]

3 15 1 [3h? .
mi ~ mcl+ shiv [2 — (2 —327ra5) (tXt+t2)} . (5.8)

where hy is the top Yukawa coupling, M3;;qy = (mtg1 —i—mi) /2 and t = log M&;qy/m3?. The

< 2A? L] A?
t = — 145 )
MSZUSY 12 MszUSY

Ay = Ay — pcot 8, (5.9)

parameter X; is defined as

where A; is the trilinear Higgs-stop coupling, u is the Higgsino mass parameter and the
running couplings in the MS scheme must be evaluated at the top quark mass scale.

In addition to the stop sector, m% also receives negative radiative corrections propor-
tional to the fourth power of the bottom and/or tau Yukawa couplings. However, these
corrections become relevant only at very large values of tg, where the bottom and/or tau
Yukawa couplings become comparable to the top Yukawa (see, for example, ref. [59])

Pt i

Ami} ~ — - .
322 Mgy 9672 M2

(5.10)

where p is the higgsino mass parameter. In the above Mf2 is the average stau mass-squared
and hy(h;) is the Yukawa coupling for the bottom quark (7 lepton). We have also assumed
the sbottom masses to be of the same order as the stop masses and, for simplicity, neglected
higher loop corrections.

5.2 Couplings of the down-type fermions to the Higgs in the MSSM

It is also important to recall that the MSSM Higgs sector is a type II 2HDM only at the
tree-level. Beyond tree-level, however, supersymmetry breaking effects induce H,, couplings
to down-type fermions, denoted by Ahy. These loop-induced couplings modify the relation
between the down-type fermion Yukawa couplings and their running masses, namely

\/i my/r

veg(L+ epyrtp)

~

hyr = (5.11)

where €/, = (Ahy;;/hy);) are the one-loop corrections whose dominant contribution de-
pends on the sign of (uMs3) and (uMa), respectively [60-63]. Positive values of (uMs)
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induce positive contributions to €, which reduces the bottom Yukawa coupling, h;. Smaller
values of hy, in turn, reduce the negative sbottom effect on the Higgs mass and increase
the values of tg for which the theory remains perturbative up to the GUT scale. Nega-
tive values of (uMs3), instead, give the opposite trend. On the contrary, positive values of
(uMs) tend to induce negative values for e, increasing the 7-Yukawa coupling and hence
the impact of the stau sector.

These effects give small negative corrections to the Higgs mass, O(~ few GeV), how-
ever, they could be quite relevant to the couplings at hand. Including these loop effects, the
couplings of the lightest Higgs to the bottom quarks and the tau leptons are [12, 64-67],

my Sq Ay
- _ (1= == 5.12
Ghdd v 65(1 + Ad) < tg ta> ’ ( )

where Ay = €4tg and d = b or 7 respectively. Although the down-type couplings, gndd,
depend in a relevant way on g4, in the alignment limit we have t,tg — —1. Thus the down
couplings approach the SM values independently of ¢4.

5.3 Alignment: y < Mgysy and moderate tan 3

When |p| < Msyusy and 1 < tg < my/my, then both the p induced and tz enhanced
corrections associated with the bottom and tau-Yukawa couplings are negligible [56, 57].
Therefore, the only relevant radiative corrections affecting the Higgs sector are those coming
from the top-stop sector, affecting Ay and leading to eq. (5.8). In this case \¢ and A7
remain very small and the conditions for alignment to occur are still determined to a good
approximation by egs. (4.9) and (4.10). However, neither of these two alignment conditions
are fulfilled in this corner of the MSSM, which has the following relation

AsM > A > 5\3. (5.13)
We can reach the same conclusion by using eq. (2.20) for s, in this regime,

—(m% +m%)spcs

Soq = = (5.14)
\/(m?4 + m%)%%c% + (m%s% + mQZc% = m%)
which, for my 2 2mj, and moderate tz implies
2 2
_ Sa ~ % (5'15)

Cg My —my

This clearly demonstrates that in this case the deviation of (—s,/cg) from 1 depends
only on m4 and is independent of tg. In other words, alignment is only achieved in the
. . . 2 2 2
decoupling limit, m% > m?%, mj.
This also agrees with our expressions regarding the approach to the alignment limit
via decoupling, eq. (4.27). In this regime A5 6 7 are very small implying

B~m% —mj, and B— A~ —(m%+m3). (5.16)
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Figure 2. Ratio of the value of the down-type fermion couplings to Higgs bosons to their SM
values in the case of low p (Lq1; ~ 0), as obtained from eq. (5.14), and eq ~ 0.

In figure 2 we display the value of —s,/cg in the m4 — tang plane, for low values of y, for
which the radiative corrections to the matrix element L1; and Lio are small, eq. (5.14). As
expected from our discussion above, the down-type fermion couplings to the Higgs become
independent of ¢g in large regions of parameter space, and the ratio to their SM values is
well described by eq. (5.15). We see that under these conditions, a measurement of the
down-type fermion coupling to the Higgs that deviates from the SM value by 3% or less
will allow us to infer that the non-standard Higgs boson masses are at or above the TeV
range. The strong enhancements of the down-type couplings at low values of m4 would
also imply a correlated enhancement of the Higgs width, leading to a suppression of the
decay branching ratio of the Higgs into photons and weak gauge bosons. The above results
imply that such suppression is only weakly dependent on ¢g, which explains the numerical
results of ref. [69] where the relevant Higgs decays are studied.

5.4 Alignment: p ~ O(Mgysy) and large tan 3

The situation is quite different for y ~ O(Mgysy), since in this case there may be important
radiative corrections to quartic couplings, leading to non-vanishing values for A5 ¢.7. Instead
of just taking the alignment conditions in terms of the quartic couplings, we shall rewrite
them in terms of the radiative corrections to the matrix elements Mj; and M3, since it
allows us to get a clear idea of where the important contributions are coming from. We
shall then make contact with previous expressions. Quite generally, from eq. (2.20),

—(m%+m%)sgcs+v°(s5 ALia+spcg ALy)

Sa —

_ 12 2
\/[(mi—i—m%)%cﬁ—v?(sé ALja+spcg Ale)} + (mis%+mgzc%—m%+v2 AL118%>
(5.17)
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where, as before, the AL;; denote variation due to radiative corrections. We have further
separated out the corrections to the Lio component into ALy and ALqo, which contribute
with different ¢5 factors. In terms of the quartics these loop corrections are

ALy ~ A7, Ailg ~ A ()\3 + )\4) , AL >~ As, ALgy ~ \o. (518)

In the above, we have only kept terms which are relevant for moderate or large values of ¢,
and we have included ALso for future use. In particular, since c% < 1, we have dropped
the A\; term which is proportional to c% and the Agcg term, since Ag is already a small
quantity, generated by radiative corrections. We have kept the ALjs contribution to the
matrix element L1 since it has the same tg3 dependance as the tree-level contribution, and
for sizable p but small pAy, with f = {¢,b, 7}, may also be competitive to the radiatively
generated A7 contribution.
Since tg > 1, and hence sg ~ 1, the condition in egs. (3.4) and (3.5) now read

m,% = —m2Z + 02 <AL11 + Afle + tgAng) , (5.19)
m% = mQZ + 02 (AL22 + C%AINAQ + CﬂAng) . (5.20)

Observe that for moderate or large values of {3 the second expression above just shows
that the Higgs mass is strongly governed by A2, while the first expression shows that one
reaches the alignment limit for values of tg given by

N m2 +m% — v} (ALyy + ALy) B m2 — v2);

tg ~ = 21
A v2AL1s vZ\7 (5.21)

in agreement with eq. (4.14) derived in the previous section. This is also equivalent to
eq. (2.15) in ref. [68] after using egs. (5.19) and (5.20).

5.4.1 Radiative loop corrections

The radiative corrections to the quartic couplings A3 and A7, for small differences between
the values of the two stops, sbottoms and stau masses, have been computed previously in
refs. [38, 56, 57, 59]. Using these expressions one obtains

1 A A? 3A ht 3 A,
ALy ~ pi L2 S _6) i L IR ET ] (5.09)
32m? Mgysy \Mgysy Mgysy 3 Mz

B 2 2 A2
(ALu +AL11> o SH [h;* (1 A ) + R (1 b )

167T2M52USY 2MS2USY 2MS2USY
M2 A2
h4 SUSY 1— T 9

where, for simplicity, we have ignored two-loop corrections.

Observe that for moderate values of |A;| < V6Msusy, the top contributions to ALjs,
(A7), become positive for negative values of A; and negative for positive ones. On the other
hand, for | A;| > v/6Msusy, the sign of AL1s is given by the sign of A;. Interestingly enough,
the radiative corrections to Ay (and therefore to my,) are maximized at |A;| ~ v6Msusy,
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leading to a Higgs mass of order 130 GeV for stop masses of the order of 1TeV (see, for
example, refs. [46-57]). Therefore, one can get consistency with the measured Higgs mass
for values of |A;| larger or smaller than v/6Msysy. The sbottom and stau contributions to
A7 become relevant only at large values of g and are positive for (uAyp ) > 0. Regarding,
(Ailg + ALqy), A)s, again we see that the sbottom and stau contributions will only
become relevant for large values of 5. However, the sign of all of the corrections, including
the stops, does not depend on the sign of Ay, but rather would be positive (negative) if
|A¢| < (>)V2Msuysy. Further, noting the different coefficients in egs. (5.22) and (5.23),
observe that values of ]Ailg + ALj1| may be pushed to larger values compared to values
of |[ALjal.

Keeping these considerations in mind, in our numerical work we will take representative
values of these loop corrections to be 3272ALyy = {—1,5} and 327%(ALyp + ALy;) =
+25. Such values can be naturally obtained for non-extreme values of (u/Mgysy) and
(Ay/Msusy) and lead to either no alignment or alignment at ¢g ~ 20, respectively.®

5.4.2 Values of tan$ at alignment

One can write the large tg alignment condition in the MSSM as

120 — 3272 (ALH + Aiu)
327T2AL12

tg ~ (5.24)
where we have made use of the fact that all contributions to A7 in eq. (5.22) are proportional
to 1/(327w2) ~ O(1/300) and rescaled both the denominator and numerator by a factor of
3272, The numerator of eq. (5.24) tends to remain positive and large after the inclusion
of the radiative corrections. Therefore, in order to obtain sensible values of ¢z consistent
with a perturbative description of the theory, 0 < tg < 100, it is necessary that 3272A Lo
be positive and larger than one. This can only be achieved for large values of |u| and of
some of the trilinear couplings, Ay.

One important implication that can be inferred from egs. (5.22) and (5.23) is that the
values of ALjs depend in a relevant way on the values of the bottom and tau Yukawa
couplings. Since these couplings grow with ¢, it is clear that AL (A7) is not independent
of tg. This leads to new solutions for the alignment condition at very large values of g,
that would not exist if A7 were independent of ¢3.

Figure 3 shows contour plots of the values of t3 where alignment is achieved for different
values for the ratio (u/Msusy) and for positive/negative values of (A;/Mgsusy), keeping
the t3 dependance in the Yukawas explicit. The value of tg is obtained by solving the
corresponding algebraic equation exactly, without the approximations done in eq. (5.24).
In figure 3 we chose equal values of the (Af/Msusy) parameters. We find two different
roots for the algebraic equation and display them in figures 3(i) and 3(ii). The second root,
displayed in figure 3(ii) appears due to the tg dependence of the bottom and tau Yukawa
couplings.

8Sizable values of (1/Msusy) and (Ay/Msusy) can induce relevant contributions to flavor processes and
may also have implications for the stability of the electroweak vacuum [58].
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Figure 3. Values of g, at which alignment without decoupling occurs, using egs. (5.22)—(5.23) . We
assume common masses, Mgysy and include the contribution from the bottom and tau Yukawas,
fixing A, = A, = A;. The branch of solutions displayed in (i) (left panel) would exist even if one
neglected the bottom and tau Yukawa couplings. Those in (ii) (right panel) appear due to the extra
ts dependence associated with the down-type fermion Yukawa couplings.

In figure 4 we show similar results, but for A, = —A, = —A,. Moderate values of
tg may be obtained for either large values of (A;/Msysy) or for negative values of this
parameter. The second root, displayed in figure 4(ii), moves now to positive values of Ay.

Finally, in figure 5 we show the effect of setting the A, and A, parameters to zero or
to large values. Only one root appears in both cases, and the difference between the results
in the left and right panel of figure 5 is only visible for very large values of tg, which is
when the bottom and tau Yukawa couplings become relevant.

Looking at the results presented in figures 3-5, we see that in general, one obtains a
wide range in both the values of ¢3 at alignment and the associated parameter space where
this would occur. However note that values of t3 < 10 at alignment are only obtained for
very large values of (Ay/Msysy), which could be significantly constrained from both the
Higgs mass and the stability of the vacuum. A detailed analysis of the phenomenological
implications for such a scenario is beyond the scope of this work.

5.4.3 Departure from alignment

As explained previously section, it is important to study the departure from the alignment
condition. The effect of this will be most readily visible in the couplings of the lightest
SM-like Higgs boson to down-type fermions. Re-writing eq. (5.12), close to alignment for
small values of €4, this coupling reads, approximately

Ihdd oy cits <1 + S“) . (5.25)
95 cs cs
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Figure 4. Same as figure 3 but now showing alignment values of ¢t under the assumptions A, =
AT = _At'
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Figure 5. Same as figure 3 but now showing alignment values of g under the assumptions: (i)
Ap = A; = 0and (ii) Ap/Mgusy = A./Msusy = 3. Only one set of solutions appear in these cases.

This means that positive (negative) values of ¢; tend to suppress (enhance) the coupling
departures from the SM values, a tendency that is enforced for larger values of tg. On the
other hand, at values of tg larger than the ones leading to alignment, positive values of
A Lo tend to suppress the departure of gpqq from SM values. Hence, the effect of negative
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Figure 6. Blue shaded region denotes current LHC limits. The ratio of the Higgs coupling to
down-type quarks to the SM limit is shown by the red dashed contours for ¢; = —0.01. The top
two panels have (32/7%)AL1z = 5 and the lower ones (32/m2)ALjs = —1. The left panels are
for (32/72)ALy; = 25 and right for (32/m72)AL;; = —25. ALjs = 0 in these figures since its
contribution in the mixing angle is suppressed by cs and is effectively negligible.

values of €¢; may be partially compensated (enhanced) for positive (negative) values of
AL1s, and vice versa.

In figures 6 and 7 we display deviations with respect to the SM of the Higgs-to-down-
type-fermion couplings in the m4 —tan 3 plane for fixed representative values of 3272AL;;
and for two different signs of the one-loop contribution to the Yukawa couplings, ¢; = —0.01
and e; = 0.01, which could be considered to be associated with the 7 and bottom couplings,
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Figure 7. Blue shaded region denotes current LHC limits. The ratio of the Higgs coupling to
down-type quarks to the SM limit is shown by the red dashed contours for ¢; = 0.01. The top
two panels have (32/7%)AL12 = 5 and the lower ones (32/72)ALjs = —1. The left panels are for
(32/7%)ALy; = 25 and right for (32/72)ALy; = —25. ALy, is again chosen to be 0.

respectively (see eq. (5.11)). We are neglecting the ¢3 dependence of the quartic couplings
which eliminates additional alignment solutions that may appear at very large values of ¢,
but makes the interpretation of the results more transparent. Moreover, we show regions
that are excluded by current direct searches at the LHC [70].”

For negative values of 3272AL1s, as shown in the lower panels, there is no alignment
solution and the deviation of the couplings from the SM values depend mostly on m 4 and

9Larger values of y than those assumed in the m*** scenario would lead to slighter stronger bounds [40].
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not on tg. The value of the down-type fermion couplings to the Higgs is always enhanced
with respect to the SM value, as happens whenever ¢ is below the one associated with the
alignment solution. On the other hand, in the presence of alignment, as is the case in the
upper panels of figures 6 and 7, suppression of the Higgs couplings to down fermions may
be obtained for tg larger than the ones leading to alignment (see eq. (4.29)). Additionally,
even when the ?g at alignment is large, there can be significant variations in the gpqq
couplings at much smaller values of ¢, as can be seen from the top panels in both figures 6
and 7.

In the absence of any €4 corrections, the deviations in gp4q couplings are flavor universal.
The impact of non-zero ¢; can be seen by comparing figures 6 and 7. These corrections
are enhanced by tg in gpqq. Any deviation in the ratio of gnps/gnr- from its SM value,
mp/my, should predominantly come from the e; dependance of these couplings. Further,
independently of the value of ALjs, the largest deviation in gppp/gnr+ occurs at low values of
m4 and larger tg, which are constrained by direct searches for non-standard Higgs bosons.

Figures 6 and 7 also illustrate the so-called wedge region which is difficult to access
using direct searches. It is commonly assumed that measurements of the Higgs couplings to
down-type fermions could effectively constrain this wedge region. However, as can be seen
from these figures and from eq. (4.29), these constraints depend strongly on the precise
value of tg leading to alignment, and become weaker when this value becomes smaller.

5.5 Beyond the MSSM

In the previous section it was shown that in the region of MSSM parameter space where
pu < Msysy and tg is moderate, alignment without decoupling never occurs because the
quartic coupling Ag is too small and the alignment conditions in egs. (4.9) and (4.10) are
never fulfilled. However, one could increase the value of A3 by augmenting the MSSM with
either a singlet scalar, as in the case of NMSSM [71-81], or a triplet scalar [34, 35]. In
these models, a gauge singlet, S, in the case of NMSSM, and a triplet scalar, 3, in the
case of triplet augmented MSSM, are added to the superpotential with the following cubic
couplings, among others,

AgW = \SH,Hy,  ArW = AH,SH,. (5.26)

Since the Higgs with a mass of 125 GeV appears to be mostly a doublet scalar by all
accounts [3-10], it is reasonable to consider a limit where the singlet and triplet scalars are
much heavier than the doublet scalars so that the singlet/doublet or triplet /doublet mixing
is small. As such, the singlet and triplet scalars can be integrated out of the low energy
spectrum. However, if the superpartners of singlet and triplet scalars are also integrated
out at the same time, one would just regain the MSSM at low energies and no new insights
could be obtained relative to what was already discussed previously. Therefore we shall
consider a limit where only the scalar components of the singlet and triplet superfield are
integrated out [82]. In this scenario new contributions to A3 in the scalar potential are
generated, which are not present in the MSSM. Then a solution for alignment without
decoupling could be found in the branch of t53 ~ O(1).
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More explicitly, after integrating out the singlet or triplet fields, one finds a correction
to the quartic coupling A3 given by,

A3 =c A\, (5.27)

where ¢ = 1 or ¢ = 1/2 for the NMSSM [83] or the triplet-augmented MSSM [34, 35],
respectively.

Alignment in this case would occur if the values of A are such that the relations in
eqs. (4.7) and (4.10) are satisfied. Since A\; ~ m%/v? ~ 0.137 and thus (Agm — A1) ~ 0.123,
using eq. (4.11) we find

~ 0.123 0.123
A3 — AgMm =~ 7 ASM — Ao —_ (5.28)
ts ts

Then, in order to obtain a solution for tg3 2 2, not only does one have to obtain large
radiative corrections to A9 to raise its value to be very close to Agy, but also A3 has to
be adjusted so that eq. (5.28) is satisfied simultaneously. Using the tree level value of

X%ASSM ~ —0.137, we see the new coupling in the superpotential must be

1 12
A2 ==C (0.397 42 5 3) . (5.29)
c tﬁ

In the triplet-augmented MSSM (¢ = 1/2), for t3 ~ 2.7, one gets A ~ 0.9, which is in
excellent agreement with eq. (2.21) in refs. [34, 35]. Larger values of tg can be obtained by
simultaneously adjusting A and A2 so that both conditions in eq. (5.28) are satisfied.

The NMSSM has been widely studied in the literature, since for small values of g
large corrections to the SM-like Higgs mass may be obtained due to the non-decoupling
F-terms described above. This tree-level correction reduces the need for large radiative
corrections from the stop sector, ameliorating the fine-tuning problem. For this to happen
without spoiling the perturbative consistency of the theory up to the GUT scale, one must
have A 5 0.7 [71, 72]. On the other hand, since the tree-level Higgs mass is given by

(m%)tree = M%cgﬁ + 2)\21123%0% , (5.30)

a large tree-level contribution to the Higgs mass, beyond the one obtained in the MSSM,
may only be obtained if A > v/2Mz /v ~ 0.5, and a sizable reduction of fine tuning demands
even larger values of A and tg = O(1). Therefore, there is a small range of values of A and
tg for which the fine-tuning is reduced without spoiling the perturbative consistency of the
theory.

Interestingly enough, for ¢ = 1 and tg > 1, eq. (5.29) shows that alignment can also be
obtained for 0.65 < A < 0.75, with smaller values of A\ corresponding to the larger values of
t3 necessary to satisfy the alignment conditions. Therefore, there is an overlap between the
widely studied NMSSM parameter space, tg ~ O(1) and A ~ 0.7, and the ones necessary to
satisfy the alignment conditions. Small departures of tg from the alignment values lead to
a variation of the bottom and tau couplings with respect to the SM values. Smaller values
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Figure 8. Blue shaded region denotes current LHC limits. The ratio of the Higgs coupling to

down-type quarks to the SM limit is shown by the red dashed contours for various values of .

of t3 lead to an enhancement of these couplings and larger values to a decrease in them.
This is shown in figure 8 where the ratio of the down fermion coupling to the Higgs with

respect to the SM values is presented for different values of A as a function of the heavy
CP-odd Higgs mass, m4. We have assumed that the singlet states are decoupled and do

not affect the heavy Higgs bounds.
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In general, due to the presence of alignment, values of 0.75 > A > 0.6 lead to a drastic
variation of gpqq with respect to the SM expectations as compared to the small i case
in the MSSM (A = 0) represented in figure 2 and eq. (5.15). The variations of these
couplings depend very strongly on the precise value of A\.' As happened in the MSSM
case, suppression is obtained for values of ¢z larger than the one leading to alignment, while
enhancement is obtained otherwise. However, note that unlike in the MSSM, alignment
can occur for small values of tg3 < 5. This implies that one can go to very low values of m 4
without significant variations of the Higgs couplings to fermions and gauge bosons (figure 8
(iii)). In addition, as can be seen from figures 8 (i) and (ii), it is possible to have significant
suppression of the down-type couplings in the wedge, unlike the MSSM case.

6 Conclusions

Models with an extended Higgs sector appear in many theories beyond the SM. Among
them, 2HDMs represent some of the simplest extensions of the SM Higgs sector and are
realized in both supersymmetric and non-supersymmetric theories. When masses of the
non-standard scalar are much larger than the Z mass, it is well-known that the mass
eigenbasis, described by the mixing angle, «, in the CP-even sector, aligns with the basis
characterized by the angle 3, in which the Higgs VEV resides in only one of the doublets.
This leads to the alignment limit where cos(a — ) = 0 and the lightest CP-even Higgs
behaves as the SM one. It has also been known for a long time that alignment can be
obtained without having to decouple the non-standard Higgs scalars [33]. However, to the
best of our knowledge a comprehensive study of the conditions for which alignment occurs
in 2HDMs has not been carried out. In this article we present such an analysis.

In general 2HDMs, absence of tree-level FCNC could be achieved by a discrete sym-
metry forbidding the Ag and A7 couplings, in which case we show that alignment occurs for
specific values of the quartic couplings. More specifically, alignment only happens when g
is a common solution to two independent algebraic equations and is therefore not a natural
occurrence in this scenario. Furthermore, if certain orderings in the quartic couplings are
not satisfied, alignment would never occur; this is the case for the MSSM at tree-level.

More interestingly, if Ag and A7 are non-zero but much smaller than the other couplings
in the theory, perhaps as a result of a softly broken symmetry, we discover that alignment
could exist for generic values of the quartic couplings. In this case, one can show that
alignment may occur at both small and large values of tg. In particular, the large ¢
solution may be realized in a wide region of parameter space. Furthermore, this solution
may be realized in the MSSM, where the coupling A7 is generated radiatively. A positive
A7 is required in this case. Moreover, we obtain that small values of (u/Mgysy) are not
compatible with alignment without decoupling. Therefore, small deviations from the SM
expectations in the Higgs couplings to fermions and weak gauge bosons without any signal

10Because there is such strong dependance on the precise value of ), the s at alignment could be very
sensitive to small loop corrections to A3, which enter into d\s as in eq. (5.26), which have been neglected
in this analysis.
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of non-standard Higgs bosons in direct searches, would imply either large m4 or large
values of (u/Mgsusy).

Other realizations of alignment without decoupling in supersymmetric theories can be
obtained by going beyond the MSSM, which relaxes the strict relations among the tree-level
quartic couplings of the MSSM Higgs potential. One simple possibility is to extend the
MSSM Higgs sector by adding more scalars, such as an electroweak singlet (the NMSSM) or
a triplet. When one takes the limit that the singlet/triplet scalars are heavy and integrated
out, new contributions to the scalar quartic couplings are generated. More specifically, new
contributions to A3 are generated, thereby allowing for alignment without decoupling even
if A\ and A7 continue to be zero.

Last but not least, we consider the effectiveness of using precision measurements of
Higgs couplings to fermions to probe the wedge region in the ma4 — tan g plane. If in
the future no relevant deviations of the Higgs-fermion couplings from their SM values
are observed, it could be naively inferred that large values of m4 are required, thereby
disfavoring the wedge region. The possibility of alignment without decoupling opens up
this region of parameter space, implying that new physics beyond the SM would have
to be probed by other means. These would include, for example, measurements of loop-
induced Higgs couplings, flavor physics, relic density and direct detection of dark matter,
as well as direct searches for new physics beyond the 2HDMs. Moreover, alignment without
decoupling also highlights the necessity of devising new search strategies to look for light
non-standard Higgs bosons. We will return to these important topics in the near future.
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