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In this work, we study the status of negative coupling modifiers in extended Higgs sectors, focusing on
the ratio of coupling modifiers that probes custodial symmetry violation Ay, = ky /x,. Higgs sectors with
multiplets larger than doublets are the only weakly coupled models that give tree-level modifications to
Awz, and we explore all such models allowed by the constraint from the p parameter and perturbative
unitarity. This class of models has a custodial symmetry violating potential, while the vacuum
configuration preserves the symmetry. We apply precision measurements from ATLAS and CMS and
show that each dataset can exclude a vast set of models with Ay, < 0 at greater than 95% confidence level.
We give evidence that Ay, < 0 is excluded in all weakly coupled models.
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I. INTRODUCTION

The Higgs boson was the last missing piece for the
standard model (SM). After its discovery [1,2], the hunt to
uncover its underlying proprieties started. The LHC experi-
ments have measured many of its properties and showed
that the corrections from new physics, if they exist,
appear to be small [3-5]. We know, however, the SM
cannot be a complete theory of nature, so a thorough
search for deviations in the Higgs sector is of paramount
importance.

The fact that deviations from the properties of the SM
Higgs appear to be small may be an artifact of the way we
are accessing its information. Most observables of the
Higgs sector are cross sections and decay rates, which
normally are not sensitive to the sign of the underlying
coupling. This means that some new physics could hide in
plain sight if it generates couplings accidentally close to the
SM, but with flipped signs. A simple example of such a
scenario can be explored in looking at modifications of the
Higgs couplings to electroweak gauge bosons. If we
parametrize deviations from the SM predictions to those
couplings using xy and k; [6], then the agreement of the
measurements of H — ZZ* [7,8] and H - WW* [9,10]
with the SM prediction indicate that k3, ~ 1 and «% ~ 1. If
we define
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then the data imply Ay, = %1, but these processes cannot
distinguish the negative from the positive sign scenario.
This can be confirmed with a global fit of all the
Higgs data [4,5], which indicates that |ly,|~ 1 with
O(10%) precision. The ATLAS analysis [5], however,
assumes Ayz > 0 in its fit. The CMS analysis [4] does
allow either sign, but it has almost no discrimination
power for the sign. Interestingly, a negative value of Ay is
slightly preferred in the CMS fit.

Higgs couplings with similar magnitudes but opposite
signs of the SM prediction can be probed using
interference effects, for example in Higgs decays to
four leptons [11], WTW~H production [12], VBF-VH
production [13], and the combination of Zh and tH
production [14]. These measurements, however, could
also be affected by the presence of new states that can
also contribute to the interference measured, so it is
difficult to make a model-independent determination of
the sign of the couplings.

A particularly interesting feature of the Higgs sector in
the SM is that it exhibits an accidental custodial symmetry
[15] of SU(2), x SU(2)g. This custodial symmetry pre-
dicts the value of the p parameter:

2
_ My ~1
pP="7 7~
Cymz

(1.2)

After a more careful accounting of custodial symmetry
breaking effects within the SM, the measured value p
parameter agrees with the SM prediction with a precision
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~107* [16]. This is very strong evidence that custodial
symmetry is realized in nature. The custodial symmetry
also predicts Ay, = 1, and taking the precision of the p
parameter as a naive guide, deviations from 1 of Ay, are
expected to be small.

In order to quantitatively explore these flipped sign
scenarios, we must have models that go beyond the SM
and can modify the Higgs couplings. We are particularly
interested in the 1y, < 0 scenario, which means that these
models must break custodial symmetry.' The only weakly
coupled models that give tree-level modifications of Ay,
are models with extended Higgs sectors that have repre-
sentations larger than doublets, which are the models we
focus on in this work. These models are of course strongly
constrained by the measurement of the p parameter.
This constraint can be evaded in models that have
custodial symmetry built into them such as the Georgi-
Machacek model [18,19] and its generalizations [20].
In those models, the vacuum expectation values (VEVs) of
scalars in the same custodial representation are equal
and their contributions to the p parameter cancel at tree
level. In that case, however, modifications to Ay, are
also small.

In this work, we highlight that the p parameter has its
source in the vacuum configuration of the extended scalar
sector, while the Higgs coupling modifiers have most of
their contributions coming from the mixing between
multiplets. This means that there are models that avoid
the p parameter constraint and can still have a large
amount of custodial violation. These models have a
VEV that is custodial symmetric, but a potential that
violates such symmetry. We call this class of models
accidentally custodial symmetric (AC). These models
have the same field content as generalized Georgi-
Machacek models [20], while having a custodial breaking
potential. For completeness, we will also consider more
general field contents where contributions to the p
parameter from different custodial multiplets cancel one
another.”

Naively, one would think that it is necessary to work out
the potential for each possible extension and then perform
individual parameter scans, which would make it compu-
tationally infeasible to systematically cover the whole
parameter space. We can make the following observation
to avoid this problem: the parameters p and Ay, depend
only on the Higgs VEVs and the matrix that rotates
between the gauge and mass bases for the Higgs states.
While the VEVs and rotation matrices do in turn depend

'A custodial 5-plet does have Ay, = —1/2 [17], but such a
state has no couplings to fermions, so it is highly implausible that
the H(125) is a 5-plet.

The contributions from different multiplets are independent of
one another, so having their effects cancel is, of course, a fine-
tuning, but in this work we seek to explore even fine-tuned
models.

on the full scalar potential of the model, we will assume
that they are independent and consider the most general
possibility. Since we can then treat both the Higgs
eigenvector and the VEV as independent quantities,
the parameter scan is lower dimensional compared to
scanning the potential, and we can explore a wider class
of models. We will then show that even with this
assumption, all models studied are excluded at more than
95% C.L. using the ATLAS or CMS data.’ Given this
exclusion, it becomes unnecessary to study the full
potential of the model, since any solution arising from
the potential will be covered by our analysis and thus
excluded.

The remainder of this work is organized as follows.
In Sec. II, we introduce the AC triplet scenario which is the
simplest one that can give rise to large modifications of Ay,
and be consistent with bounds from the p parameter. In
Sec. III, we generalize to all multiplets allowed by
perturbative unitarity and discuss the set of models that
we are considering. In Sec. IV, we apply the experimental
bounds to the models and highlight the general features
that are common among all of them. We conclude in
Sec. V, and various technical details are given in the
appendixes.

II. ACCIDENTALLY CUSTODIAL SYMMETRIC
TRIPLETS

In extended electroweak sectors, particularly those with
scalar representations larger than doublets, the custodial
violation can come from two distinct sources: the vacuum
configuration, and the Lagrangian. The vacuum contribu-
tion modifies the p parameter at tree level, and it is heavily
constrained [16]. The custodial violation from interactions
enters only at loop level for the p parameter and is thus less
constrained. In the Standard Model, this is the case of the
hypercharge and Yukawa breaking of custodial symmetry.
We are interested in models that can avoid the p parameter
bound and still have large custodial violation. The class of
models that satisfy these conditions have a custodial
violating potential, but they have a limit where the vacuum
is custodial symmetric.

The simplest such model, which we study in this section,
has the same field content as the Georgi-Machacek model
[18,19], while the potential is the most general allowed by
the standard model symmetries. We have the usual Higgs
doublet (¢*, ¢°) with hypercharge Y = 1" a complex

3Using the ATLAS analysis, one model is excluded at
99.5% C.L., while all the rest are excluded at more than
99.7% C.L. (36). The CMS analysis does not give a correlation
matrix for the ratio of coupling modifiers, making it difficult to
make a more precise statement than we make here.

*The quark doublet has ¥ = 1/3 in this convention.
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triplet (y**, »*, ¥°) with hypercharge Y = 2, and a real triplet (£, £&°, £7) with hypercharge ¥ = 0. The most general

potential can be written as

V=wd'+uiny +5 s SEE+N(BT)? + Dl + 4B 9) (1 10) + Al (¢ P) (' 1°€) + Hoe

. . . N 1 N
+ 25T D) ') + A6 (DT D) (E7E) + 27 (xx)* + A5(57E)* + Aoy &P + Ao () (£79) - 5 M1’ A +Hel

M, . .-
+ =5 ¢ Mo — 6Moy Mgy,

where 7; and ¢, are the generators of the doublet and triplet
representations that can be seen in Appendix B. It is also

defined as
x ++
B A
AﬁE(f X+>, (2.2)
2T
T
V2
Ao—<_ N _£>, (2.3)
X V2
=& &0
Ap=|[ ¢~ 0 ¢ |, (2.4)
0 §+* 50
and the charge conjugation defined as
0 1
€= * 2.5
eo(U e e
0 0 1
=10 =1 0 |y~ (2.6)
1 0 O

This is the most general renormalizable potential for
these fields and was defined in [21-23] to study the
custodial violation in the Georgi-Machacek (GM) model
from the loop corrections. In the custodial limit, y and £ can
be organized into a bi-triplet written as

&yt
X = _X+* 50 )(+ ,
)(++* _ §+* )(0

(2.7)

and the allowed couplings can all be written in terms of X.
The specific relations between the couplings that enforce
the custodial limit can be seen in Eq. (27) of [22]. In our
case, we assume that the custodial symmetry is not an
underlying symmetry of the potential, rather it is emergent
from the vacuum configuration. Since the p parameter at
tree level is mostly sensitive to the vacuum, we can have a

(2.1)

|
large custodial violation without large contributions to the
p parameter. One loop corrections do contribute to the
p parameter, and even if they are small, they can be of the
same order as the experimental precision. This will gen-
erate additional bounds on the parameters of the model
[21]. Since we want to study the custodial vacuum, one
should also determine whether such a configuration is
stable. This analysis can be done using the methods
developed in [24,25]. In the analysis that we will perform
here, these bounds can enter in the final stages, if there is
any parameter space left.

The couplings of the scalars to the gauge bosons come
from the kinetic term that has the standard form:

1
'Ckin = (DM¢)TD/4¢ + (DM)TDM + E (Dug)TDuf’ (28)

where the covariant derivative depends on the representa-
tion of the field,

ig _ ie
D,=0,——(Wt.+W't_) -
g g \/z( " ) SWCW

The basis for each representation for #; can be found in
Appendix B, the charge matrix, and ¢* is defined as

(5 = s3.0). (2.9)

0=1+Y/2, (2.10)

L =1 F itz. (211)
Couplings of the scalars to fermions are very similar to the
SM: in the gauge basis, the doublet couples to all fermions
while the triplets do not.

We are interested here in the contributions from this
model to the coupling modifiers of the Higgs. After
electroweak (EW) symmetry breaking, we have the follow-
ing field redefinitions for the vacua:

“ %y ;

ZO :l/;(+\/—(){R+U{I)

E=v+ &,
(2.12)

Each CP even neutral component has a coupling to gauge
bosons. In this specific case, we have from the kinetic term
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9oww = 2g%ve, 980zz = 0. (2.13)

These couplings are in the gauge basis, but generically all
the states with the same electric charge will mix. Therefore,
once we go to the mass basis, states will couple with linear
combinations of the couplings in Eq. (2.13). One mass
eigenstate will be the 125 GeV Higgs, and its overlap with
the different gauge eigenstates can be used to compute the
coupling to the gauge bosons. Measurements of the
couplings of the Higgs at the LHC can then be used to
constrain the model.

As noted in the Introduction, deviations from the SM
predictions of couplings can be parametrized in terms of
coupling modifiers by dividing out the SM value [6]. To set
the notation, we first define the total Standard Model
vacuum expectation value in terms of the Fermi constant Gz

v = (V2Gy) 7t ~ 246 GeV. (2.14)
Then, let us define the general coupling modifier for a scalar
field X as

X
K=" (2.15)

We can include the fermion coupling modifiers by noting
that the fermions only couple the doublet in the gauge basis.
So in the gauge basis, the coupling modifiers are given by

The coupling modifiers in the mass basis can then be
computed in terms of the rotation matrix between the two
bases. This approach can be generalized to any multiplet.
The expressions of different coupling modifiers from differ-
ent multiplets can be seen in Appendix C.

Finally we can work out the p parameter at tree level. The
mass of the W and Z boson in this model is

92

m}, = T (vg + 4y + 417), (2.17)
2 e?
ms = prep) 5 (Vg + 813). (2.18)
From the definition of the p parameter we have
2 2 2
B mi, _1/(/,—1—41/)(4-414f (2.19)
Peam ™ 2182 ’
wiltz 17 X

We can see that we restore p =1 if v, = v, as in the
original GM model [18,19]. This is the custodial limit of
this model. Given the precise measurement of p, the model
is excluded unless v, ~ v;. For models with more than two
multiplets, we can have configurations that cancel the
contribution of the p parameter without being a custodial
symmetric vacuum, which we explore further in the
analysis of the other models.

) ] &t . o .
FT W z= 0 Now, we posit that the model is in the custodial vacuum
and study the mixing between the gauge eigenstates. The
KJJQ =0, Ky = 2\/51/1 , K = 4\/2/1 , important mixing is the one that will generate the 125 GeV
v v Higgs eigenstate in the neutral sector. The mass matrix, in
& =0, K, — dve ’ =0 (2.16) the basis .(;(%, &, #%) in terms of the parameters of
v Eq. (2.1), is
|
2 (M 24 2 A 2
l/tﬁ(ﬂ — F) =+ 4/1711 l/¢ 24 + 2\/51101/ - 6\/§M21/ V(/)VX()q =+ \/2/15 =+ \/l) M/ \/‘/_

M} = I/é% + 2\/_/110%{ - 6\/§M21/ I/é(% — Ay 4 82gv2 + 6M,v,

v

vty (Aa + V245 + /13) M

At this point, one could do a scan for the full
parameter space of the model and obtain for each parameter
point an eigenvector that corresponds to the Higgs.
Here we take a different approach and consider the
Higgs mass eigenvector and the set of VEVs to be

\/— Z/¢I/X (2/16 + \/5/14) - leéb

U(/,V){(z/% + \/5/14) - 711/(/)
2/11U{2/)

(2.20)

|

independent. This will encompass all possible model
points and may also contain points that are unphysical.
Therefore, if we can exclude this more general para-
metrization, we can conclude that the model is indeed
excluded.

035019-4



STATUS OF NEGATIVE COUPLING MODIFIERS FOR ...

PHYS. REV. D 105, 035019 (2022)

The 125 GeV Higgs eigenvector in the most general
form can be written as

h=Rix% + Ro&y + Ryl (2.21)
The VEVs can be written as
V= up 4 dup + 4 (2.22)

Let us now investigate the behavior of the ratios of coupling
modifiers for the AC custodial triplet (v, = v;). In terms of
these parameters we have

 2V2u,R, +4u,R, + Ry

Awz = (2.23)
Wz 4\/§IJXR1 + IJ(/)R?,
If we assume that Ay, = —1, we can find a relation
between the vector components and the VEVs:
Rsv, +2u,R
R =-—220 " "2 (2.24)

3 \/EUZ ’

Now, we can explore if it is possible for the other coupling
modifiers to be close to +1 to be consistent with Higgs
data. In this case we can use

K

Apy = é (2.25)
KKz

KfZ = i—h, (226)

where we use k;, parametrizes the deviation of the total
width of the Higgs away from the SM value,

27SM
k1

r,=-hh
1 — Bgsm

(2.27)

Without the inclusion of loop induced processes,” «;, can be
written as

k= /075 +0.226, + 0033, (2.28)

First, let us assume that /Ifz = +1, and this can give us the
following relation:

R3IJ¢

R, =F (2.29)

2w,

>The only limit where k, or kz, could give important
contributions to k; in a realistic scenario is where both x; and
ky are small. However, in such a limit ks, behaves as kzz ~ 0
which is excluded. We assume that the gluon coupling modifier is
controlled by K¢, since we do not include new colored states.

Finally, we want to know what are the possible values for
the last observable k,, and doing the substitutions we have

Kz =Rs2L for Ay =1, (2.30)
14

Yy
Kpz & —1.39R37 for A;7 = —1. (2.31)
From this result, we can see that it is impossible to have an
accidental cancellation in Ay, and still be close to the
Standard Model value for the other coupling modifiers.
We can at most have two of these three coupling modifiers
close to the SM value. In Eq. (2.30) both R; and ”7“’
are smaller than one, moving away from the SM value.

Using the unitarity of R we can place an upper bound
of k7 < 0.6. This highlights that accidental cancellations
can happen, but they can generally be constrained
by multiple observables. This analysis does not include

the correlation between v, and R which is present in the
model and could even further constrain the para-
meter space.

Using this type of reasoning we can explore this region
of parameter space without scanning the 16 parameters of
the theory. In the end, if the model or a region of the
parameter space is excluded for general VEVs and eigen-
vectors, the correlations of the variables will not change the
exclusion. When going to models with higher representa-
tions, this procedure will generalize to generating a random
vector R and a random VEV configuration. In summary,
treating the vectors as independent can exclude some parts
of the parameter space, but if some configurations are not
excluded by the data, the model would need to be further
investigated. This is the approach that we use for this
model and the generalization that we introduce in the next
section.

ITII. GENERAL PARAMETRIZATION OF AC
EXTENDED SCALAR SECTORS

We now generalize the analysis of the last section to
larger representations of SU(2). We already saw that the
AC triplets have the possibility of negative couplings
provided the mass eigenvector has the correct values.
Any extended sector with multiplets larger than doublet
can also have a region in parameter space where Ay, ~ —1,
provided the potential is custodial violating. We will
continue to use the nomenclature of accidentally symmetric
(AC) for models that have a custodial limit satisfied by the
vacuum but not the potential. The AC models can generate
negative couplings in a simple way, but we could also have
a situation where we are not in the symmetric vacuum or we
do not have any custodial symmetric limit. We also
investigate these possibilities to have an overall picture
of the status of negative coupling modifiers for any
extended Higgs sector.
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Since we want to give a general statement of the state of
such negative couplings for an arbitrary extended sector, we
first assess how many different models there are that can
have 1y, % —1. We can use perturbative unitarity of boson
scattering to constrain the number and size of additional
multiplets, which will in turn limit the total number of
possible models. In AC scenarios, the allowed multiplets
are those of the generalized GM models [20]: AC
triplet, AC quartet, AC pentet, or AC sextet. These models
have a field content that can be written as (N,N) of
SU(2), x SU(2)g, and under the EW group SU(2), x
U(1), has the following particle decomposition:
AC triplets have the representations (1,2) and (1,0). AC
quartets have the representations (3/2,3) and (3/2,1).
AC pentets have the representations (2,4), (2,2), and (2,0).
AC sextets have the representations (5/2,5), (5/2,3), and
(5/2,1). We can also have different combinations of those
models. In addition, we explore the possibility of intro-
ducing small custodial violation on the VEVs which is
constrained by the p parameter. As we will discuss, those
modifications are usually small, since the main source of
custodial violation needs to come from the potential.

Following [20], we construct a perturbative unitary
bound by computing the scattering matrix in the scalar
sector. The largest eigenvalue of the scattering matrix for a
single complex scalar multiplet with size n is given by

g Vn(® = 1)
23

For a real multiplet, the eigenvalue needs to be divided by
V2. We impose the perturbative unitarity constraint
|[Reaq| < 1/2. In the case with more than one multiplet,
the largest eigenvalue of the overall scattering matrix is
found by adding the eigenvalues for each multiplet in
quadrature. Using this expression and considering the case
with only one doublet, we have 4487 possible combina-
tions of scalar multiplets that preserve perturbative
unitarity. From these combinations, we can only have at
most one AC sextet, four AC pentets, 23 AC quartets, or

|

ao(T) =

16z (3.1)

145 AC triplets. For this work, we study the following
cases: AC triplet, AC quartet, AC pentet, AC sextet,
ACpentet + AC sextet, and two AC pentet + AC sextet.
Additionally, we also explore the case with general
VEVs for each of these models.

Each different multiplet has a coupling modifier for the
vector bosons V = W, Z that can be seen in Appendix C.
After the diagonalization to the mass basis, the Higgs will
have a coupling modifier of the form

multiplet (n-1)

4+ R,y .

multiplet 1

K}‘l/ :RIK'%I/OUblm—FRzKV (32)

The coupling modifiers are a function of the vacuum
expectation value of the given multiplet, while the diago-

nalization vector R depends also on the specific potential.
As noted already, we will assume that we have enough

freedom on the potential such that we can treat R as a
random unit vector that is independent of the VEVs.
Because of this assumption, we only need to generate a
random vector and the VEVs. Then, we check if it is
possible to generate a negative Ay, and also how the other
observables behave in such a region.

Besides these models, there could be a situation with a
large number of multiplets, each with a small VEV, but with
the total contribution to x’s being order one. To study these
possibilities, we pick the extremal cases of 145 AC triplets,
23 AC quartets, and 4 pentets. In these models we assume
that the VEVs are equal, but an arbitrary fraction of the total
VEV. In this case, the generation of the parameter space is
challenging because of the number of free parameters.
However, because we are interested only on the most
extremal case, where the couplings can be as close as
possible to the standard model, we can use the Cauchy-
Schwarz inequality to rewrite the «’s in terms of only three
random variables for the first two cases or four random
variables for the 4 pentets case. In order to illustrate this, let
us work the situation with N copies of two electroweak
multiplets’:

multiplet 1 multiplet 2 multiplet 1 multiplet 2
Ky = Ry 4 (Roiy ™ 4 Rary P 7) 4 (Ryrcy ™ 4 Rsicy P 4

_ RlKﬁl/oublet + (Rz + R4 +.. _)K_r‘r/lultipletl + (R3 + RS +.. _)K_r‘l;ultipleﬂ

7 _multiplet 1 7 _multiplet2
— Rch‘l/oublet+R2KV P —|—R3KV piet=

The inequality relations that can be constructed to bound R,
and R are the following:

®This encompasses the situation of 145 AC triplets and 23 AC
quartets. The generalization for the 4 pentets is straightforward,
by adding one additional variable Rj.

(3.3)

R R?
R?4+—24+3<1, 3.4
ity Ty S (34)
IR,| <V/N,  |Rs| < VN. (3.5)

Using these relations we can simplify the parameter
space and also obtain the maximal contributions for the
observables without having to resolve the degeneracy.

035019-6



STATUS OF NEGATIVE COUPLING MODIFIERS FOR

PHYS. REV. D 105, 035019 (2022)

Now that the framework is set we can apply the Higgs
data to the specific cases and try to understand the current
state of such models.

IV. EXPERIMENTAL BOUNDS ON NEGATIVE Ay,
FOR EXTENDED SCALAR SECTORS

The experimental values that we use for this analysis are
from ATLAS Higgs combination [5]. Our detailed stat-
istical procedure, as well as an analysis of the CMS
combination [4] data, is given in Appendix A. Our analysis
will use the fits for the ratios of coupling modifiers Ay,
Az, and ksz defined in Egs. (1.1), (2.25), and (2.26),
respectively. We fix 4y, to be negative and conservatively
allow it to be within the 50 allowed region:

—1.44 < Ay < -0.69. (4.1)
We can then see how the other ratios of coupling modifiers
|Az| and |k /7| behave given this constraint. We could be
more stringent and bound Ay, to be inside the 30 region
and include the correlation in this parameter. As we will
see, all models are excluded with this conservative bound;
thus they will also be in the stringent one. Note that we are
ignoring the contributions of k, and kz, to k), as explained
in footnote 5.

At this point, we should reinforce the reason that we are
using the ratio of coupling modifiers, instead of the x’s
directly. In these models, there is the contribution of
additional particles inside the processes h — yy, h — Zy,
and potential new Higgs decays. Although direct and
indirect experimental constraints on the Higgs boson width
exist, they are usually model dependent. Since I'j, is not
experimentally constrained in a model-independent way,
only ratios of coupling strengths can be measured
in the most generic parametrization considered in the x
framework. This is important because the negative xy is
disfavored in every other fit [26], especially because

2.0
ATLAS

—— 99.7% CL Awz € [-1.44, -0.69]

----- 95% CL
15

k2] 1.0 AC sextet
AC pente
AC quartet
0.5 AC triplet
0.0
0.0 0.5 1.0 1.5 2.0

1Az

cancellations in the diphoton decay cannot be counteracted
by new particles. The ATLAS analysis ignores the negative
Ky region because of this, but ends up also ignoring this
possibility in fits to the ratios of coupling modifiers.

In the left panel of Fig. 1, we give the accessible regions
in the |1,| and |k/z| plane for different models with a
single AC multiplet. These curves were generated with a
parameter scan, and the details are given in Appendix D.
We then compare the allowed region to the ATLAS fit and
see that these models are all excluded with greater than
99.7% C.L. It is interesting to note that larger multiplets can
come closer to the SM value of the couplings. This suggests
that if we could go to arbitrarily large multiplets, then we
could find a model that would still be allowed by the Higgs
precision measurements. However, these models are
excluded by perturbative unitarity, or at least, we cannot
trust the perturbation theory. This shows that, at least for
perturbative theories, all models with one AC multiplet are
excluded in the negative Ay, region.

On the right panel of Fig. 1, we also include the
possibility of custodial violation on the vacuum configu-
ration. Such models are bounded by the p parameter, and
we again take a conservative 5o allowed region for p:

0.99944 < p < 1.00134. (4.2)
We use only the tree-level contributions to p given in
Eq. (2.19) and its generalization to larger multiplets. Model
dependent one-loop contributions could potentially be of
similar size to the experimental precision on the p param-
eter. Therefore, in order to provide a model-independent
analysis, we use the loose 5o relation and we can expect
that the one-loop contributions will not significantly
modify the allowed values. Loop contributions to p, and
more generally bounds from precision electroweak and
flavor physics, are model dependent and require knowing
the full scalar potential and/or the particle spectrum of a
particular model. These bounds can be computed, for

2.0
ATLAS
—— 99.7% CL Awz € [-1.44, -0.69]
p €[0.99944, 1.00134]

----- 95% CL

15
|kz| 1.0 EN sexte . -
GEN penter™~——~——————
GEN quarte
0.5 GEN triplet
0.0
0.0 0.5 1.0 15 2.0
Az

FIG. 1. Accessible parameter space in |ksz| vs |Az| plane for models with a single AC (general) multiplet on the left (right). We also
show the 2 and 30 allowed regions from the ATLAS combination [5].
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example as in [27], but computing them for all possible
models would be technically challenging.

Comparing the two panels in Fig. 1, we see that custodial
violation on the potential is not important; it only slightly
changes the curves, but does not change the overall picture.
This occurs because the p parameter is a strong constraint,
even at 50. The small change does push some regions of the
GEN sextet model inside of the 3¢ ellipse; this model is
now excluded at 99.5% C.L., still well more than 2.

To give a general picture of other possible scenarios, we
can include the situations with more than one AC multiplet.
The overall picture does not change much since the main
contribution still comes from the largest multiplet. We can
see in Fig. 2 that we are still away from the 30 region and
there is little difference between the case with only one AC
sextet with the case where we add an AC pentet to the mix.
The extension for the general VEVs also shows the same
trend as before and does not differ much from the custodial
vacuum case. Note that in order to explore the boundary in
Fig. 2 from a high dimensional parameter space scan,
besides a random scan, MultiNest [28-30] is used to
scan the parameter that exploits nested sampling and

2.0

|| —99.7% CL
[|---95% CL

Awz € [-1.44, -0.69]

* AC sextet + AC pentet
--- AC sextet

1.5
|kiz| 1.0

{
\'
r
I
[
|
r
[
i
05;
|
1

automatically generates points close to the experiment’s
contours.

It is worth pointing out one important thing about the
behavior of the «’s in the case with more than one multiplet.
One would expect, given that models with more multiplets
have more free parameters, that those models have more
freedom to generate large contributions to the coupling
modifiers. However, it is possible to see in Fig. 2 that
adding more multiplets does not bring the coupling
modifiers closer to the Standard Model values or raise
the location of the bounding curve. The contribution is
always equal to or smaller than the case with only the
largest multiplet, which in this case is the sextet. This
behavior can be traced to the constraint on the total EW
VEV. The more multiplets share the EW symmetry break-
ing, the smaller is the individual contribution. In turn, the
lower possible values of VEVs constrain the maximum
contribution for the «’s and thus suppress the coupling
modifiers. This effect is greater than the possibility of
accidental cancellations between multiplets to enhance the
couplings. Then, adding more multiplets makes it harder to
generate a negative Ay, not easier.

—99.7% CL
[|---95% cL

1.5¢

2.0

Auz € [-1.44, -0.69] |

* AC sextet + 2 AC pentets:
--- AC sextet

|kz| 1.0f

20

1Az

" Az €[-1.44, -0.69]

p [0.99944, 1.00134]

* GEN sextet + GEN pentet
---GEN sextet

FIG. 2. Scatter plots for the cases of AC sextet + AC pentet (left), AC sextet +2 AC pentets (right), and general VEVs for sextet +
pentet (bottom). In all cases the expected behavior of being equal or worse than the situation with only the largest multiplet is

highlighted.
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20 —aTLAS
—99.7% CL
---95% CL

Az € [-1.44, -0.69] |

* 145 AC triplets
AC triplet
AC quartet

|kiz| 1.0

1Az
2.0

20 —aTLAS

L —99.7% CL
| ---95% CL

" Az €[-1.44. -0.69]

* 23 AC quartets
AC pentet
— AC quartet

|Kiz] 1.0¢

ATLAS
| —99.7% CL
| ---95%CL

|kiz| 1.0

Az € [-1.44, -0.69)

* 4 AC pentets
AC sextet
—— AC pentet

FIG. 3.

Scatter plots for the cases of 145 AC triplets (left), 23 AC quartets (right), and 4 AC pentets (bottom). The expectation values

for each case is assumed to be equal and a random fraction of the total VEV.

To highlight this behavior, we consider the possibility of a
large number of multiplets with equal VEVs as described in
detail in Eq. (3.3). One could imagine that the contribution of
each multiplet is small, but they add to make a large
modification to the coupling modifiers. This turns out not
to be the case as shown in Fig. 3, where the scenarios with
multiple multiplets are always further from the allowed
region than models with the next largest multiplet. Because
of that, we can conjecture that all weakly coupling exten-
sions of the Higgs sector have the negative coupling region
excluded, independent of the number of multiplets.

V. CONCLUSION

In this work, we studied the current status of negative
coupling modifiers in extended Higgs sectors, with the
focus on the observable Ay, which measures the amount of
custodial violation in the model. The experimental data
have bounded |1y,| ~ 1, but there is currently very little
information on its sign. We present the class of extended
scalar sectors (AC multiplets) that have the best chance of
generating Ay, ~ —1, while avoiding p parameter con-
straints. We analyze the simplest case of AC triplets, and
then we show how to generalize the procedure to different
multiplets.

The possibility of exploring this wide range of models
lies in the fact that the coupling modifiers, in the end,
depend only on the diagonalization matrix and the VEVs.
Thus we assume that the potential has enough parameters
such that we can treat the eigenvector as a random unit
vector that is uncorrelated with the VEVs. This approach is
more general than doing the individual potential scans, and
it is useful when one is looking for the exclusion of
parameter regions. With this tool at hand, we explore
different models that have a custodial vacuum.

Our analysis shows that all the models with one or more
AC multiplets studied here are excluded by the ATLAS [5]
results at 99.5% C.L. in Appendix A we also compare to the
CMS data [4] and show the exclusion is larger than
95% C.L. Making a more precise statement would require
the correlation of the coupling modifiers. This result
tays almost the same even when we allow for custodial
breaking vacua on these models. This was expected, since
the p parameter bound is very strong, even at using a
conservative 5o constraint.

In the analysis with multiple AC multiplets, we can see
the effect of suppression on the parameter space, moving
away from the experimental central value. We can under-
stand that if we add more AC sectors together, the overall
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behavior is still dominated by the largest multiplet. Because
of that, we can see that for all the cases explored here, these
models are excluded at 99.5% C.L. by the ATLAS data.
This exclusion will get stronger with future HL-LHC data.
We can also conjecture that all weakly coupled extensions
of the Higgs sector have the region with Ay, < 0 excluded,
independent of the number of multiplets.

What does this mean for negative Ay;? In any weakly
coupled model, the only way to acquire such values is with the
use of extended scalar sectors. There could be nonperturbative
effects that achieve the same feature, but this is not currently
known. We can then say that this region of parameter space is
heavily disfavored for any weakly coupled extended scalar
sector. The precision that we acquire in the Higgs sector now
is enough to detect this accidental cancellation and has a
powerful consequence for what can be beyond the SM. This
removes another potentially large custodial violation source
of the new physics, showing that custodial violation is likely a
good symmetry of nature.

In contrast, if the measured best fit value for the CMS fit
remains negative with more data and different experiments
confirm this, we would not be able to describe the new
physics using the current methods. This would indicate
the necessity of expanding the current understanding
of extended scalar sectors in the nonperturbative domain.
It may be that new physics is hiding in plain sight, after all;
only future experiments can tell.
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APPENDIX A: STATISTICAL COMBINATION OF
ATLAS AND CMS RATIOS OF COUPLING
MODIFIERS

To know if a model is excluded, we need the experi-
mental measurements for the observables. Because the
models described in this work have extended representa-
tions, we need to be careful with the existence of new
particles inside the loops for Higgs to diphoton decay.
Additionally, we assume there are no new fields that carry
color so the modification for the digluon decay occurs only
through the fermion coupling; this means that for these
extensions we have k, = k;. The important observables
that we use are the following:

KK
Kiz = ﬂ’ (A1)
Kp
/1WZ = K_W 5 (AQ’)
Kz
K
Az =-L, (A3)
Kz

with «;, defined in Eq. (2.27). We do not consider the
modification from «, since this is model dependent and will
be bound by other observables.

As mentioned before, the CMS measurement [4] indi-
cates a negative central value for Ay,. However, in their
work, there is no information on the correlation of the other
ratios of coupling modifiers. This is in contrast with the
ATLAS results [5]. Therefore we mainly use the ATLAS
result, and we assume that it is measuring only the absolute
value of the coupling modifiers. The observables that we
used are the following: k7, Az, Awz, A:z, Apz. We combine
1/224, Acz, and 4,7 into Ay, with a least squares fit. We do
not include the correlation for Ay, to preserve the shape of
the 2D plane. The inclusion of this additional correlation
would only make the results discussed in this work stronger
since they shrink the allowed parameter space for Ay .
From the combination we have the following central value
and covariance matrix from the ATLAS data:

(Asz.krz) = (0.99,0.98), (A4)
0.0093  —0.00054
COV = : (AS)
-0.00054  0.0020
Awz = 1.04750. (A6)

The fit for CMS uses the same observables. The
measured values from the CMS fit are

Kz = 1.03 £ 0.09, (A7)
Arz = 1.10£0.11, (A8)
Awz = —1.137919. (A9)

In our analysis, the standard deviation of ks, also plays an
important role, and as one can notice, the precision from
ATLAS is better than of CMS. Analyzing the CMS data
without correlations, we do have allowed points inside the
3o region, but they are excluded at 95% C.L. The results for
the uncorrelated CMS measurement are seen in Fig. 4.
Including correlation will make this result stronger; if the
correlation is similar to ATLAS, the allowed values would
be outside the 99.7% C.L. region.
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2.0 2.0

cMS cMS
99.7% CL Awz € [-1.44, -0.69] 99.7% CL Awz € [-1.44, -0.69]
p [0.99944, 1.00134]
----- 95% CL === 95% CL
15 15

..............

|kiz| 1.0 AC E E |kiz| 1.0

0.5 AC triplet 0.5

0.0 0.5 1.0 1.5 2.0 0.0
[ Az [ Az |

FIG. 4. Relation between [1,;| and [k/,| for Ay, negative and inside the 35 region of CMS values assuming no correlations for

models with one AC multiplet (left) or general VEVs (right).

APPENDIX B: GROUP THEORY BASIS

In this appendix we give the basis for the generators that we use for different SU(2) multiplets. The doublet generators are

(0 (0 -} (L0
S B AR I

=
o wI—
|~
(e)

The triplet generators are

1 i
05 0 0 -5 0 10 0
h=|7% 0 5| nw=|5x 0 -H|. nB=[00 0 (B2)
L i 00 -1
0 & 0 0 %5 0
The quartet generators are
0 2 0 0 0 - o0 o0 10 0 0
B o 1 0 Moo - 0 0l 0o o
n=|\"~ L o= . = ’ (B3)
0o 1 0 & o i 0 -5 00 -3 0
; i 00 o0 =2
0 0 % o0 0o 0 B 90 2
The pentet generators are
01 0 0 0 -i 0 0 0
3 . /3 2 00 0 0
10 ¢;o 0 i 0 ﬂ¢; 0 0
010 0 0
1= o\é 0 ¢§0, h=|0 iyF 0 4¢§0 . =000 0 ol @4
000 -1 0
0 0 32 0 1 0 0 i 0 —i
000 0 -2
00 0 1 0 0 0 0 i 0
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The sextet generators are

0 ¥ 0 0 0 0 0o =% 0o 0 0 0
B30 V2 0 0 0 S0 -2 0 0 0
0 vV2 0 2 0 0 o 2 o0 =¥ o0 0
tl_ 7t2_ s (BS)
o 0 2 0 V2 o0 0 0 3 0 -iv2 0
0 0 0 V2 0 ¥ o 0 0 W2 0 -iS
o0 0 0o ¥ 0 o 0 o0 0 M o0
500 0 0 0
030 0 0 0
001 0 0 o0
3= (B6)
000 -1 o0 o
000 0 =3 0
000 0 0 -3

APPENDIX C: COUPLING MODIFIERS FOR DIFFERENT MULTIPLETS

To know the total coupling modifier for the Higgs, we need the contributions from the different gauge multiplets.
Here we work out the different states that can have a custodial preserving vacuum. In this notation, the custodial limit
is the one where all the VEVs for each set of fields are equal. The general notation for the neutral component VEV is

<¢(1.Y)> =Vy)- (C1)
The only difference is the doublet VEV which we introduce as a factor of 1/1/2. The coupling modifiers are defined as
(1.Y)

ry) _9;
K. = .
i ngM

(C2)

First, we have the standard doublet with quantum numbers SU(2), x U(1), = (1/2,1) that generates the following
contributions:

K;I/Z.l) V/2,1) (1/2.1) Y/ (12,1 Yz (C3)

P
where v is the total electroweak VEV defined in Eq. (2.14). For the AC triplet, we have one field with (1,2) and another with

(1,0) quantum numbers, and then the coupling modifiers are

(12) _ (1.2) 2\/51/(1,2) (12) _ 4\/§V(1,2)

K¢ Ky = = (C4)

4
(1.0) 0. (1,0) V(12 K_(LO) —=0. (C5)

The AC quartet has one field with (3/2,3) and another with (3/2, 1) quantum numbers, and the coupling modifiers are

3W2 9v/2
K_(3/2,3) _ 0’ K_(3/2,3) _ \/.V(3/2,3) ) K(3/2,3) _ \/.l/(3/2.3) ’ (C6)
¥ w — z —
7V2 2
K320 _ B V2 Y2 6 V2 Va2 ()
! W 14 z 14
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For the AC pentet, we have (2,4), (2,2), and (2,0) with the
following coupling modifiers:

4\/2v 16V2v

2.4 2.4 2.4 2.4 2.4

K.(f I—0, K§V>: y( ), K29 _ U< ). (C8)
10v2v 4\/2v

22 22 2,2 2,2 2,2

K; )0, K<W>: y( ). 22 D< ). (C9)

12v
0=0, k0 =""200 B9 =0, (cl0)
' v

Finally, for the AC sextet, we have (5/2,5), (5/2,3), and
(5/2,1):

(525 _ L (5/29) 5V2us05) 5/25) _25V2u5p05)
f ] w - ’ VA - ’
14 14
(C11)
(523 _ g (5/23) _ 13v2u(5)5) (5123 _ V2503
f — w - ’ YA - ’
14 14
(C12)
AC triplet
20
B so
15H m :Z
05|
0.0 - B O W T P ST e or) K M o rara
0.0 0.5 1.0 15 2.0

1Azl

s _ o s _VIV2spn s V2
K =0, « == < K =,
! W 14 z 14

(C13)

APPENDIX D: FIT OF THE INDIVIDUAL SCANS

In this appendix, we want to highlight the fitting method
employed to generate the solid curves in Fig. 1. The
procedure is the following: we generate a random scan
using the methods described in the paper. Then, from the
random scan, we generate a scatter plot in the [k/z| vs [A/]
plane. To obtain the boundary of the scatter plot, for every
point in the scan, we find the point that has the largest value
of |ksz| among points with |A;,| similar to the original
point. This list of maximal values will then be a noisy
approximation to the boundary. We can then fit a smooth
curve to this list to obtain the solid curves shown in Fig. 1.
Using this method, depending on the nature of the points,
there could be a small number of points above the contour
curve. However, since the exclusion is at 99.5% C.L., this
method is still safe and makes it easier to compare the
information from different models. The comparison
between the scatter and the fit can be seen in Fig. 5 for
some specific models. The few points that lie above the
boundary are still excluded with well more than
95% confidence.

GEN sextet
2.0 y

| S0
8 40
d 30
15H ® 2

|kiz] 1.0 |

05|

0.0 05 10 15 20
Az |

FIG.5. Relation between the scatter plot and the fit in the [14,| and |« /| plane for two specific models. As in all previous figures, Ay
is negative and inside the 5o region of the ATLAS combination. Unlike in previous figures, we also include the 4 and 5¢ exclusion

contours.

035019-13



DE LIMA, STOLARSKI, and WU

PHYS. REV. D 105, 035019 (2022)

[1] G. Aad et al. (ATLAS Collaboration), Observation of a new
particle in the search for the Standard Model Higgs boson
with the ATLAS detector at the LHC, Phys. Lett. B 716, 1
(2012).

[2] S. Chatrchyan et al. (CMS Collaboration), Observation of a
new boson at a mass of 125 GeV with the CMS experiment
at the LHC, Phys. Lett. B 716, 30 (2012).

[3] G. Aad et al. (ATLAS and CMS Collaborations), Measure-
ments of the Higgs boson production and decay rates and
constraints on its couplings from a combined ATLAS
and CMS analysis of the LHC pp collision data at /s =7
and 8 TeV, J. High Energy Phys. 08 (2016) 045.

[4] A.M. Sirunyan et al. (CMS Collaboration), Combined
measurements of Higgs boson couplings in proton—proton
collisions at /s = 13TeV, Eur. Phys. J. C 79, 421 (2019).

[5] ATLAS Collaboration, A combination of measurements of
Higgs boson production and decay using up to 139 fb~! of
proton—proton collision data at \/s = 13 TeV collected with
the ATLAS experiment, CERN Report No. ATLAS-CONF-
2020-027, 2020, https://cds.cern.ch/record/2725733.

[6] J.R. Andersen et al. (LHC Higgs Cross Section Working
Group), Handbook of LHC Higgs cross sections: 3. Higgs
properties, arXiv:1307.1347.

[7] M. Aaboud et al. (ATLAS Collaboration), Measurement of
inclusive and differential cross sections inthe H — ZZ* — 4¢
decay channel in pp collisions at /s = 13 TeV with the
ATLAS detector, J. High Energy Phys. 10 (2017) 132.

[8] A. M. Sirunyan et al. (CMS Collaboration), Measurements
of production cross sections of the Higgs boson in the four-
lepton final state in proton—proton collisions at
\/s = 13TeV, Eur. Phys. J. C 81, 488 (2021).

[9] M. Aaboud et al. (ATLAS Collaboration), Measurements of
gluon-gluon fusion and vector-boson fusion Higgs boson
production cross-sections in the H — WW* — evuv decay
channel in pp collisions at /s = 13 TeV with the ATLAS
detector, Phys. Lett. B 789, 508 (2019).

[10] A.M. Sirunyan et al. (CMS Collaboration), Measurement of
the inclusive and differential Higgs boson production cross
sections in the leptonic WW decay mode at /s = 13 TeV,
J. High Energy Phys. 03 (2021) 003.

[11] Y. Chen, J. Lykken, M. Spiropulu, D. Stolarski, and R.
Vega-Morales, Golden Probe of Electroweak Symmetry
Breaking, Phys. Rev. Lett. 117, 241801 (2016).

[12] C.-W. Chiang, X.-G. He, and G. Li, Measuring the ratio
of HWW and HZZ couplings through WWH production,
J. High Energy Phys. 08 (2018) 126.

[13] D. Stolarski and Y. Wu, Tree-level interference in vector boson
fusion production of Vh, Phys. Rev. D 102, 033006 (2020).

[14] K.-P. Xie and B. Yan, Probing the electroweak symmetry
breaking with Higgs production at the LHC, Phys. Lett. B
820, 136515 (2021).

[15] P. Sikivie, L. Susskind, M. B. Voloshin, and V. 1. Zakharov,
Isospin breaking in technicolor models, Nucl. Phys. B173,
189 (1980).

[16] P. A. Zyla et al. (Particle Data Group), Review of particle
physics, Prog. Theor. Exp. Phys. (2020), 083CO01.

[17] 1. Low and J. Lykken, Revealing the electroweak properties
of a new scalar resonance, J. High Energy Phys. 10 (2010)
053.

[18] H. Georgi and M. Machacek, Doubly charged higgs bosons,
Nucl. Phys. B262, 463 (1985).

[19] M. S. Chanowitz and M. Golden, Higgs boson triplets with
m,, = m_cosf,,, Phys. Lett. 165B, 105 (1985).

[20] H.E. Logan and V. Rentala, All the generalized Georgi-
Machacek models, Phys. Rev. D 92, 075011 (2015).

[21] J. F. Gunion, R. Vega, and J. Wudka, Naturalness problems
for p =1 and other large one-loop effects for a standard-
model higgs sector containing triplet fields, Phys. Rev. D 43,
2322 (1991).

[22] B. Keeshan, H.E. Logan, and T. Pilkington, Custodial
symmetry violation in the Georgi-Machacek model, Phys.
Rev. D 102, 015001 (2020).

[23] S. Blasi, S. De Curtis, and K. Yagyu, Effects of custodial
symmetry breaking in the Georgi-Machacek model at high
energies, Phys. Rev. D 96, 015001 (2017).

[24] G. Moultaka and M. C. Peyranere, Vacuum stability con-
ditions for Higgs potentials with SU(2), triplets, Phys. Rev.
D 103, 115006 (2021).

[25] D. Azevedo, P. Ferreira, H.E. Logan, and R. Santos,
Vacuum structure of the Z, symmetric Georgi-Machacek
model, J. High Energy Phys. 03 (2021) 221.

[26] G. Aad et al. (ATLAS and CMS Collaborations), Measure-
ments of the Higgs boson production and decay rates and
constraints on its couplings from a combined ATLAS
and CMS analysis of the LHC pp collision data at /s =7
and 8 TeV, J. High Energy Phys. 08 (2016) 045.

[27] K. Hartling, K. Kumar, and H. E. Logan, Indirect constraints
on the georgi-machacek model and implications for higgs
boson couplings, Phys. Rev. D 91, 015013 (2015).

[28] F. Feroz and M. P. Hobson, Multimodal nested sampling:
An efficient and robust alternative to MCMC methods for
astronomical data analysis, Mon. Not. R. Astron. Soc. 384,
449 (2008).

[29] F. Feroz, M. P. Hobson, and M. Bridges, MultiNest: An
efficient and robust Bayesian inference tool for cosmology
and particle physics, Mon. Not. R. Astron. Soc. 398, 1601
(2009).

[30] F. Feroz, M.P. Hobson, E. Cameron, and A.N. Pettitt,
Importance nested sampling and the multinest algorithm,
Open J. Astrophys. 2, 10 (2019).

035019-14


https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1007/JHEP08(2016)045
https://doi.org/10.1140/epjc/s10052-019-6909-y
https://cds.cern.ch/record/2725733
https://cds.cern.ch/record/2725733
https://cds.cern.ch/record/2725733
https://arXiv.org/abs/1307.1347
https://doi.org/10.1007/JHEP10(2017)132
https://doi.org/10.1140/epjc/s10052-021-09200-x
https://doi.org/10.1016/j.physletb.2018.11.064
https://doi.org/10.1007/JHEP03(2021)003
https://doi.org/10.1103/PhysRevLett.117.241801
https://doi.org/10.1007/JHEP08(2018)126
https://doi.org/10.1103/PhysRevD.102.033006
https://doi.org/10.1016/j.physletb.2021.136515
https://doi.org/10.1016/j.physletb.2021.136515
https://doi.org/10.1016/0550-3213(80)90214-X
https://doi.org/10.1016/0550-3213(80)90214-X
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1007/JHEP10(2010)053
https://doi.org/10.1007/JHEP10(2010)053
https://doi.org/10.1016/0550-3213(85)90325-6
https://doi.org/10.1016/0370-2693(85)90700-2
https://doi.org/10.1103/PhysRevD.92.075011
https://doi.org/10.1103/PhysRevD.43.2322
https://doi.org/10.1103/PhysRevD.43.2322
https://doi.org/10.1103/PhysRevD.102.015001
https://doi.org/10.1103/PhysRevD.102.015001
https://doi.org/10.1103/PhysRevD.96.015001
https://doi.org/10.1103/PhysRevD.103.115006
https://doi.org/10.1103/PhysRevD.103.115006
https://doi.org/10.1007/JHEP03(2021)221
https://doi.org/10.1007/JHEP08(2016)045
https://doi.org/10.1103/PhysRevD.91.015013
https://doi.org/10.1111/j.1365-2966.2007.12353.x
https://doi.org/10.1111/j.1365-2966.2007.12353.x
https://doi.org/10.1111/j.1365-2966.2009.14548.x
https://doi.org/10.1111/j.1365-2966.2009.14548.x
https://doi.org/10.21105/astro.1306.2144

