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Abstract Phenomenological studies performed for non-
supersymmetric extensions of the Standard Model usually
use tree-level parameters as input to define the scalar sec-
tor of the model. This implicitly assumes that a full on-shell
calculation of the scalar sector is possible — and meaning-
ful. However, this doesn’t have to be the case as we show
explicitly at the example of the Georgi-Machacek model.
This model comes with an appealing custodial symmetry
to explain the smallness of the p parameter. However, the
model cannot be renormalised on-shell without breaking the
custodial symmetry. Moreover, we find that it can often hap-
pen that the radiative corrections are so large that any con-
sideration based on a perturbative expansion appears to be
meaningless: counter-terms to quartic couplings can become
much larger than 47 and/or two-loop mass corrections can
become larger than the one-loop ones. Therefore, conditions
are necessary to single out parameter regions which cannot be
treated perturbatively. We propose and discuss different sets
of such perturbativity conditions and show their impact on the
parameter space of the Georgi-Machacek model. Moreover,
the proposed conditions are general enough that they can be
applied to other models as well. We also point out that the
vacuum stability constraints in the Georgi-Machacek model,
which have so far only been applied at the tree level, receive
crucial radiative corrections. We show that large regions of
the parameter space which feature a stable electroweak vac-
uum at the loop level would have been — wrongly — ruled out
by the tree-level conditions.
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1 Introduction

Already five years have past since the discovery of a new
scalar at the LHC [1,2]. In the meantime, the properties of
this particle have been measured with an astonishing pre-
cision. All coupling measurements agree very well with the
expectations for the standard model (SM) Higgs boson. Thus,
this particle is at least a SM-like Higgs. Maybe, itis the Higgs,
i.e. the only fundamental scalar which exists in nature and
which is involved in the breaking of the electroweak (ew)
gauge symmetry. However, it is much too early to draw this
conclusion and there is still plenty of space where new Higgs-
like particles as predicted by models beyond the SM (BSM)
might show up. The motivation to introduce new scalars in
BSM models can be quite different and either stem from a
top-down approach like a new proposed symmetry, or from
a bottom-up approach where new scalars are needed to get
some specific feature in the model. One can count supersym-
metric models, models with a grand unified theory or models
with an extended gauge sector to the first category, models
like those with only additional scalar doublets or triplets to
the second one. The interesting feature of these models is that
they can offer very interesting, phenomenological effects like
changes in the couplings of the SM-like Higgs to fermions
or vector bosons, charged or even doubly-charged scalars, or
signatures of additional light or heavy neutral scalars. Mod-
els with additional Higgs triplets are constrained by the p-
parameter which relates My, Mz and the weak mixing angle.
This parameter is measured to be very close to one. While
additional doublets only contribute loop corrections to this
parameter, vacuum expectation values (VEVs) of triplets, vr,
usually enter already at the tree-level. This imposes an upper
limit on v7 of just a few GeV [3,4]. However, this constraint
can be circumvented if several triplets are arranged in such
a way that they obey a new (custodial) symmetry: in this
case, the tree-level contributions to §p cancel and the triplet
VEVs can be much larger. This was the original idea pro-
posed in Refs. [5,6]. The model known today as the ‘Georgi-
Machacek’ (GM) model comes with one complex and one
real triplet. The impact of loop corrections to the p-parameter
in the presence of triplets were considered in literature and
potentially large effects were found [7].

Many other aspects of the GM model were studied in
detail in the last years like the properties of the couplings
of scalars [8—18] or vector bosons [19], or the potential sig-
natures at colliders [20-28]. Not only the phenomenological
consequences of the new states were explored, but also the
theoretical properties of the extended Higgs sector were stud-
ied. This was used to impose constraints on the parameters of
the model. For instance, limits for the quartic couplings were
derived from the unitarity of the tree-level 2 — 2 scattering
[29,30]. Also the stability of the ew vacuum was checked,
and dangerous regions in which the potential is unbounded-
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from-below (UFB) were singled out [31,32]. However, all of
these constraints have up to now only been studied at low-
est order in perturbation theory and it has not been checked
whether the conclusions still hold once loop corrections are
included. Moreover, it was so far not clear if higher-order
corrections could even be implemented in a sensible way or
if some regions in parameter space cannot be treated per-
turbatively. If this were the case, Born-level results would
not be good approximations of the ‘full’ result, but might
be completely meaningless. This is actually an issue which
has so far hardly been discussed in any non-supersymmetric
BSM model, which might sound surprising as it was already
shown in Ref. [33] for the SM that a naive limit like A < 47
is too weak and that perturbation theory can break down
at much smaller coupling values. Among the reasons why
this breakdown of perturbation theory has not been checked
exhaustively for many BSM models are the missing but nec-
essary higher order results: the only rigorous way to claim
a breakdown of perturbation theory is to calculate observ-
ables at different loop levels and compare the residual scale
dependence which, if a perturbative treatment is possible,
must shrink from every order to the next. This would make it
necessary to calculate decays or scattering processes at least
up to the two-loop level, which would cause a tremendous
amount of work. However, some results can be obtained in an
easier way which should give more sophisticated hints as to
when perturbation theory is in trouble than the simple rules
of thumb which say that a quartic coupling must be smaller
than some factor times . A first idea in that direction was
shown in Ref. [34] where the one- and two-loop corrections
to the scalar masses in the MS scheme were compared. If
the two-loop corrections become larger than the one-loop
corrections, this already points already towards a problem.
Indeed, it has been shown in Ref. [34] at the example of the
GM model that the two-loop corrections can be several times
as large as the one-loop corrections.

We are going to investigate this potential breakdown of
perturbation theory in the GM model in more detail in this
work. We propose different conditions which could be used
to check for dangerous regions in parameters space. These are
not only the size of the one- and two-loop corrections in the
MS scheme, but also the values of the counter-terms (CTs)
when performing an on-shell (OS) normalisation of the scalar
sector at the one-loop level. Since these CTs will enter at all
higher loop levels, they cannot be too large without disturbing
the convergence of the loop series. The methodology which
we develop to apply perturbativity constraints is not restricted
to the GM model, but can be applied similarly to other BSM
models.

A second main aim of this work is the promotion of the
vacuum stability constraints to the loop level: as we will see,
the loop corrections in the GM model are always sizeable.
Even if perturbation theory might still be under control, tree-
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level results can be very misleading. For instance, it was
shown in Ref. [35] that UFB directions in two Higgs doublet
Models (THDM) usually disappear once loop corrections are
included. We will find similar results for the GM model.
We will show that many parameter regions which seem to
pass all tree-level constraints are often in conflict with the
constraints from perturbativity. On the other side, parameter
regions which are unstable at tree-level become stable once
the loop corrections are included. We will present some indi-
cations where these effects are most likely to happen in the
parameter space of the GM model.

This work is organised as follows: in Sect. 2, we explain
the basic ingredients of the GM model with and without the
custodial symmetry, as well as the two different normali-
sation schemes, MS and OS, which we use in this paper.
In Sect. 3, the existing tree-level constraints on the model
are summarised, and our new constraints are explained. In
Sect. 4, the impact of our new constraints is discussed. We
start with specific examples to discuss the impact of the per-
turbativity constraints as well as the loop-improved vacuum
stability checks before we explore the consequences in the
full parameter space. We conclude in Sect. 5. The appendix
contains a long collection of additional material: all tree-level
couplings of all scalars, the expressions for the one-loop cor-
rections to self-energies and tadpoles as well as the necessary
CTs to renormalise the scalar sector of the GM model on-
shell.

2 The Georgi-Machacek model

In the GM model, the SM is extended by one real scalar
SU (2) -triplet n with hypercharge Y = 0 and one complex
scalar triplet y with ¥ = —1 (using the notation Qem =
T31. + Y). Those can be written as

n= —1 < no _ﬁ (n_)*>
V2 \—V2nm =)
! X ﬁ(xo)*>
= — . 2.1
X \/5 <_\/§X__ —X &8
with (n%)* = °.

2.1 Unbroken custodial symmetry

After imposing a global SU(2); x SU(2)gr symmetry on
the model, the most compact way to write the Lagrangian in
a form which explicitly conserves this custodial symmetry
is to re-express the Higgs doublet & as a bi-doublet under
SU2)r x SU(2)r and the two scalar triplets as a bi-triplet:

¢0* ¢+ XO* r}—(: X++
d = (¢_ 40 ) : A= x= n° x*
x = n x°

2.2)

The scalar potential can then be written as

w3 w3 2

V(@A) = 2Tro o+ DTraTa 4, [Trclﬂcb]

+ MTrd O TrATA

s 2

+ASTrATAATA + 2y [TrATA]

— AsTr (CDTO’GCDO’b) Tr (ATt”Atb)

— MTr (qﬂr“qnb) (UAU Y ap

— MyTr (AWM’) (UAU)
where 7¢ and ¢ are the SU(2) generators for the doublet
and triplet representations respectively, and U is for instance
given in Ref. [30].

After EWSB, the neutral, complex fields ¢0 and XO split
in CP eigenstates,

1
0 0 - v 0
X — —(XR—l—zXI)

V2

with X = {¢, x}. The vacuum expectation values (VEVs) of
the triplets read

1 v, O Ov
<n>=ﬁ(0”_vn>, (x)= (0(;),

while the doublet VEV is (¢?) = vg/ V2 as usual. The gauge
boson masses then read at tree level

1
2 2 2 2 2
[uW = Zgz (l)d) +4(Un + UX>> .
1
2 2 2 2 2
M= (g2 +23) (v +802).
If the custodial symmetry is preserved, the triplet VEVs are
identical, v, = vy, and there are no tree-level contributions

to electroweak precision observables as a consequence. The
electroweak VEV v can then be written as

(2.3)

2.4

2.5)

v? = v; 4 8v7 ~ 246 GeV, (2.6)

so that the massive gauge bosons end up with the known SM
tree-level masses, and it is common to define the angle

sp=sinfy =272, ey =cosby =2 @7
v v

The minimisation conditions for the scalar potential read
av
0 —

2 2 2
= — = 4)\. v 6)\. v
8U¢ ¢<M2+ 1 ¢+ 2Uy

2 3
~3hsv} — S Mivy ). 2.8)
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Vv
= — =3, (,u% + 2)»21)5) — )\5v¢2, — 6Mpvy

0=
vy

2 2 3 2
+4a302 + 12A4UX) — S}, (2.9
which we solve for u% and ,u% to eliminate these parame-
ters from the scalar potential. Note that we have assumed
all parameters to be real, resulting in CP conservation in the
scalar sector.

The mass eigenstates of the scalar fields can be divided into
singlets, triplets and fiveplets under the custodial symmetry.
At tree level, the masses within each triplet and fiveplet are

degenerate, and, using the above equations, are given by

M 3
m? = 4_1U; + 12Mavy + Shsvg + 8havy

3
—v(sH(3«/—M2+sHk3v)+cH( + )L5v)>
V2sy
(2.10)
2 2
vs + 8v vM, 1
2 ¢ X
m; = ——= (M +2v, X + A v?
3 4UX ( 1 X 5) \/_SH 5
(2.11)

The mass matrix of the CP-even scalars reads in the basis
0 0 0
(¢72’ n, X’R)

V =m3(p'p) +miTe(x" %) +miTr(n?)
+ 119 ng + pa(p” (i) x¢ +hec)
+ a3 Tr(exn) + 1(97¢)
+ pi (Tr(ﬂ)())2 + o2 Tr(x " x x " x0) + p3Tr(n*)
+ paTr(x O Tem?) + psTe(x ') Tr(nx)
+ o Te(x " X)p ¢ + 029 x " xd + 03Tr(n*)p" ¢

+ 04(¢" x 0o + h.c). (2.16)

Note that the above equation differs from Ref. [36] in x <
x " because of the differing definitions of x . Here, ¢¢ = it¢*.
For easier comparison with the limit of conserved custodial
symmetry, we re-write the potential as

V= u50"¢) + 1 Te(x " x) + u,,Tr(n ) + 411 (97 ¢)?
+20"9) (222 Tr(x 1) + mmn*n))
+ 223,Tr ((TITU)Z) +2X3p (Tr ((Xfx)z)

+ 3Tr(xTxxxT)> + a3 T xn™nx o xm)

2 2 v Y v Y
8cyiv —5caM _TZCHM
) o(V2G Mi+353 M)+ 2550, (ati)+e529))  2(252 hgmc )
miy = . X 7 — 3sgMpv , (2.12)
v (2&2 v(A3 +2)»4)+L‘%_1 (W2M1+sprs v))
25H
where

M = My 4+ V2sgv(hs — 212). (2.13)

After the diagonalisation, one mass eigenstate corresponds
to the fiveplet mass, Eq. (2.10), whereas the other two mix
to form the mass eigenstates 7 and H.

They are given in the gauge basis by [30]

h =cosa H) —sina H,

H = sina HY + cosa HY, (2.14)

where

1 2
—oh mr =i 2

2.2 Broken custodial symmetry

(2.15)

Without the custodial symmetry, the most general gauge-
invariant and CP-conserving form of the Higgs potential is
given by [36]

@ Springer

2 2
+ Mg (Tr(nTn)> + 4hgp (Tr(xfx))
+ A Tr () T x) = Asa@ x50 — ¢ xx ')
+ x/z)»sb(qﬁ%n)(;fd)c +h.c.)

£ =M o+ 2 My (67 (r2)x0 + he)
Mo+ ) .

+ 3V2M> (Tr(xTxn) +h.c.). 2.17)

At the tree-level where custodial symmetry is conserved, we
have

ANa = ANp =2, = {2,5}, (2.18)

ANa = ANb = ANc =A3, = {3,4}, (2.19)
as well as

My, = M, =M, (2.20)

uy = ul =p3. (2.21)
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The parameters of Egs. (2.16) and (2.17) are related via

1 1 1
AL =S4, Aag=-\|o1+z02]),

4 4 2
1
Mg+ Agg = ! A3p = ! A3e = !
3a 4a = 2:03s 3 = 4/027 3c = 4:05,
ray = (o 42 e = & (2.23)
ab=g\PE5e), de = 7 P4 .
A L A (2.24)
= ——09, = ———oy, )
5a 502 b 7 4
uy=my, opy=my.  pp=2my,
M3
Mg =~2p1, Miyp=2p, My=———. (225
a ©w W 6v2

The tadpole equations in the case of broken custodial sym-
metry read

av
3U¢
— 2M1pvy — Adspuyvy + 8h2qvf — 2hs4v3),

2
Mlbv(p

v
0= = 7(15(2/1,% + 8)\,11); - Mlavr; + 4)\v2hvr2]

(2.26)
W
vy 2
+ 0, Quy + 4havg — Asavy — 12Mavy,
+8hacvy + 8hzpvy + 16Aapv)),

oV My
vy 4

+ 4X34 v2 + 4X44 v,?

2
— ksbv(pv,,

(2.27)

+ M%vn + 2A2bvévn
PU 2 2
— AshUgVUy — 6M2vX + 8A4cvnvx. (2.28)

After solving these equations for u%, ui and u%’, the CP-
even scalar mass matrix is at tree level given by

—%v(p (47))()‘517 — 8vyiop + Mla)

2 3207 A3 +320; hag+4vy U3 Asp+Migvg+24Mav7
h = ’ 4v,

2
8A1v¢

Mbvx + ll;lav,7 —@ —@
4M. U2+21J2)\ v +1\;1,,u2 ~
m%_li = . e S M S e ) ‘f‘v:b X ¢ —%)\5;,1)425 - MQUX
M,,vé+2v,,)\5hvdz)+41l;lgvx vy
4vy
(2.31)
where
My = Myg +2vyAsp,  Mp = Myp +2v)Asq,
My = 6My + 4v,Ase, (2.32)

and the mass of the doubly-charged scalar is given by

2
vnv¢k5b

) 2
Mygss = U¢)\5a + 8UX)L3b + ZUX

bV
+ ]2M2U,7.
Uy

(2.33)

2.3 Renormalisation of the scalar sector of the
Georgi-Machacek model

So far, the scalar sector of the GM model has only been
studied at tree level in the literature. The only exception is
Ref. [34] which has pointed out that an on-shell renormal-
isation of the model is not possible without breaking the
custodial symmetry. Moreover, it was found that the loop
corrections to the scalar mass matrices can become huge.
Here we are going to apply two different renormalisation
schemes to this model. We start with the discussion of a MS
scheme, before we turn to an on-shell scheme.

2.3.1 MS renormalisation

The easiest option to renormalise the scalar sector of the GM
model is to use the MS scheme which is applicable to any
model. Another advantage of this scheme, beside its general
applicability, is that it makes large loops corrections imme-
diately visible without hiding them in counter-terms.! The
renormalisation procedure is as follows:

v (78UX A2q+2vy Asq +2v,7)\.5b+M1b)

V2
u;x5b+4vx (3Ma—4vyhac)

7 , (2.29)

vé (2vn)\5b+M1b)+32v; k3b+64v; Aap

dvy

and the mass of the physical pseudo-scalar state is

2 2, 2\ [(Vnrsb | My
my = (8v, + v ) +—.
A ( rre ( 2uy duy >
The mass matrix for the singly-charged scalars reads, in Lan-
dau gauge,

(2.30)

1. We match the measured SM parameters (o, Qew, mf, GF)
to the running MS parameters at the scale Q = M. The
matching procedure is explained in Ref. [37].

1 When speaking about ‘counter-terms’, we always refer to the finite
part.

@ Springer



185 Page 6 of 46

Eur. Phys. J. C (2018) 78:185

2. We run the SM parameters using three-loop SM renor-
malisation group equations (RGEs) to the scale of new
physics, which we set to either m5 or my. At this scale,
the model-specific input parameters (A1,...As, M1, M>,
sg) are taken as input. In addition, we solve the tadpole
equations to obtain the numerical values of the quadratic
mass terms.

3. All tree-level masses are calculated and the shifts to the
SM gauge and Yukawa couplings are included. This is
done by imposing that the eigenvalues of the one-loop
corrected mass matrix of the fermions

1
m P (phy =m{ = Zs(ph) = Sr(phym!
—m " SL(pD) (2.34)
agree with the running MS masses. In the gauge sector,
the electroweak coupling is shifted as

M)

Aew
1 — = Aew

21

M) = with

4 1
Aew = 3 logn s /Q) + 3 D log(m 2/ Q).
i=1
(2.35)

The changes in the weak mixing angle are calculated from
the Z and W self-energies, see Ref. [37] for more details
of the matching procedure at the example of the MSSM.
4. In order to ensure that we are operating at the bottom
of the potential at each order of perturbation theory, we
demand that the loop-corrected tadpole equations fulfil
T; + 8™ = 0. (2.36)
Here, T; are the tree-level tadpoles, and § ) t; are the shifts

at the n-loop level. These conditions introduce the only
three finite CTs which we need:

8™ = —sMy,, (2.37)
§Wuy = -8, (2.38)
8M s = =8, (2.39)

Note that the breaking of the custodial symmetry at the
loop level already becomes visible at this stage due to
3 (")t,, #6 (”)tx and therefore 1, # 1, . We will make use
of the functionality of the tools SARAH/SPheno which
are able to calculate §"¢; up to two-loop.

5. We calculate the one-loop corrections IT to the scalar mass
matrices. At the one-loop level, the full dependence on
the external momenta is included, while at two-loop, the
approximation p> = 0 is used. The pole masses are the

@ Springer

eigenvalues of the loop-corrected mass matrix calculated
as
M(ZL)( 2) M(ZL)

(2.40)

Here, M¢ is the tree-level mass matrix including the shifts
Egs. (2.37)—~(2.39). The two-loop self-energies are avail-
able for all real scalars in SARAH/SPheno. For charged
scalars, the scalar masses are available at the one-loop
level,

1L 1L
M (p?) = M — T, (pH D). (2.41)
The calculation of the one-loop self-energies in both cases
is done iteratively for each eigenvalue i until the on-shell
condition

(2.42)

[eif:gM(;")(p2 = mil_)]i = mil_
is fulfilled.
We present the explicit expressions for the one-loop cor-
rections to the tadpoles and self-energies in “Appendix B”.
The two-loop corrections are too long to be presented in
this work. However, they are available in the
Mathematica format and can be sent on demand or
generated automatically with SARAH.

In the MS scheme, all masses receive finite corrections at
the loop level. Thus, mass parameters used as input are only
Lagrangian (MS) parameters which are different from the
values of the pole masses. This has the drawback that one
can’t use physical parameters as input. On the other side, as
we already mentioned, it makes the presence of large loop
corrections immediately visible. Moreover, if one wants to
draw the connection to a more fundamental theory which
predicts the Lagrangian parameter at a higher scale, one must
start with the running MS parameters at the given scale and
include the higher order corrections to all masses.

2.3.2 On-shell renormalisation

In an OS scheme, the tree-level masses and rotation angles are
taken to be equivalent to the loop-corrected ones. Therefore,
an OS scheme has the advantage that physical parameters
can directly be used as input. This scheme is often the pre-
ferred option if a sufficient number of free parameters exists
to absorb all finite corrections. However, one needs to be care-
ful as this is not always possible. The best known exception
are supersymmetric models: the SUSY relations among the
terms in the potential reduce the number of free parameters
and make a full OS calculation of the Higgs sector even in the
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simplest models impossible. Also the custodial symmetry of
the GM model reduces the number of free parameters and
there are not sufficient CTs to renormalise the scalar sector
on-shell. Therefore, we need to give up this symmetry at the
loop level and introduce CTs for all potential parameters

X =X + 8)(» X € {)"11 )‘*Zav )"2b» )\31,1’ )"3b7 )"363
Mas habs M Msas Msp. Mia, My, Mo, 5, m}, m? )
(2.43)

With this extended set of CTs, it is now possible to renor-
malise the scalar sector completely on-shell. We are doing
this at the one-loop level using a similar ansatz as in Ref. [38]
for the THDM. The CTs are fixed by the following renormal-
isation conditions:

8T; + 8101 =0, (2.44)
sM" + 11" =0, (2.45)
SMA + 114 =0, (2.46)
sMHET 1 H" =, (2.47)
sMHET LT =o. (2.48)

Here, §7; and M ® are the counter-term contributions to the
tadpoles and mass matrices. §¢; are the one-loop corrections
to the tadpoles, and 1% are the one-loop self-energies. For
simplicity we assume that IT® are calculated with vanishing
external momentum, i.e. p> = 0. This approximation is jus-
tified because we are only interested in the overall size of
the CTs and their impact on the vacuum stability constraints.
The explicit expressions for the CTs stemming from these
conditions are given in “Appendix C”.

In order to obtain the finite values for the CTs, we perform
the following steps:

1-3. These steps to get the parameters at the renormalisation
scale are identical to the MS calculation.
4. The one-loop tadpoles and self-energies are calculated.
5. Equations. (C.1)—(C.14) are used to obtain the finite
values for the CTs.

As explained, the custodial symmetry gets broken by the
one-loop shifts in the parameters A;. This effect is triggered
by the hypercharge and one might expect that it is rather mild.
This was for instance also found in Ref. [36] where the effects
of custodial symmetry breaking through RGE evolution have
been studied. However, if we compare the dominant contri-
butions to the CTs of §A3, and 513, see Egs. (C.3) and (C.4),
we find for small sz

8A3p — OA3e = (Hﬁ’++ + 14, -2 ng";) . (249)

2.2
Sy v

The divergence for sy — 0 is caused because the trilinear
coupling M, becomes huge in this limit for fixed ms. Includ-
ing only the contributions from the ew gauge couplings and
assuming the new scalars to be degenerate, we getforms > v

g1 m3
SAzp — Sh3e = -, 2.50
3b T 22 (2.50)

i.e. the effects are enhanced by a factor m% /(spv)?.

3 Theoretical constraints
3.1 Tree-level unitarity constraints

The first, and already at tree level rather severe, constraint on
the parameter space of the GM model is perturbative unitarity
of the 2 — 2 scalar field scattering amplitudes. This means
that the Oth partial wave amplitude ap must satisfy either
lag| < 1 or |Relag]| < % The scattering matrix element M
is given by

M =167 Z(ZJ + Day Py(cos ),
J

3.1

where J is the angular momentum and Pj(cosf) are the
Legendre polynomials. At the tree level, the 2 — 2 ampli-
tudes are real, which is why one usually uses the more severe
constraint |Relag]| < %, which leads to M| < 8. For
analysing whether perturbative unitarity is given or not, it
is common to work in the high energy limit, i.e. the dom-
inant tree-level diagrams contributing to | M| involve only
quartic interactions. All other diagrams with propagators
are suppressed by the collision energy squared and can be
neglected. Moreover, effects of electroweak symmetry break-
ing (EWSB) are usually ignored, i.e. Goldstone bosons are
considered as physical fields.

The condition |[M| < 8w must be satisfied by all of
the eigenvalues x; of the scattering matrix M. M must be
derived by including each possible combination of two scalar
fields in the initial and final states. The explicit expressions
for the eigenvalues x for conserved custodial symmetry are
for instance given in Refs. [29,30]. They can be translated
into the following tree-level unitarity conditions:

\/(611 — Th3 — 11a4)? + 3643 + |6A1 + Th3 + 11h4] < 47,

V@425 = 20002 422 4 201 — A3+ 204] < 4,
[2X3 + A4l < m,

Ay — As| < 2m. (3.2)

Without the custodial symmetry, the eigenvalues of the

scattering matrix have not been calculated before, but are
given here for the first time. Still most eigenvalues of the
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more complicated scattering matrix have simple, analytical
expressions:

£ 8(2A3p + Aap), (3.3)
£ 4Q2hap + A3p), 34
+2 (2?»311 + 2(X4q + Aap) + 313

/s — 3hap + 2hgq — 20ap)? + 8k§c> , (3.5)
£ 8(2)‘3c + )\4c)7 (36)
+ 4Q2h4e + A30), (3.7)
+ (4X2q — Asa)s (38)
+ 2(2r24 + Asa), 3.9)

+2 (2)»1 +204p — A3p £ \/(2)»1 + A3p — 2h4p)% + kga) ,
(3.10)

+2 (u] + 2h4e — A3 £ \/m] + Aze — 2h4e)? + x§b> :

(3.11)
1
+ 3 ( — 4oy — 4hop — Asg
:t\/(4)\2a —4rap + Asa) + 8A§h> , (3.12)
+ (2)\2a + 2A2p — Asg
i\/ (2224 + 2A2p + A50)* + 8A§b> . (3.13)

Three other eigenvalues are the solutions xj 2 3 of the poly-
nomial

0 = 384[ 201 (S(hsa + ) Bhap + 43ap) + (Bhac + A30)?)
— 222002 (Bhae + A3e) + 543, (34
+ A4q) + K%b(3k3b + 4k4b)]

+ x [16(2(311 (5434 + Shaq + 613 + 8A4p)
— (Bhae + 230)% + 5(h3a + raa) BAzp + 4hap))
- 3)‘517 - 6)‘%51)]

+ x2 [4(5X34 + Shaa + 611 + 6A35 + 8Aup)] + x°.
(3.14)

These expressions were extracted from SARAH as described
in appendix D.

From these eigenvalues, we can derive the following tree-
level unitarity conditions in the case of broken custodial sym-
metry

[2A3p + Aap| < T,
[2X3¢ + Aac| < 0,

(3.15)
(3.16)

@ Springer

12434 + 2(X4a + Aap) + 3A3p|

+ \/ (2A3a — 3X3p + 2haq — 2h4p)? + 823.) < 4,

(3.17)
12445 + A3p| < 27, (3.18)
[2X4c2 + A3cl < 27, (3.19)
[4X2q — Asal < 8, (3.20)
12424 + Asa| < 4, (3.21)
[4X24 + 4hop + Asql
+ \/ (4hoq — 4hap + Asq)? + 842, < 167, (3.22)
12%24 + 222p — As4l
/(<2020 + 20 + 2502 + 8L, <87, (323)

121 + 20ap — A3p| + \/(ZM + A3p — 2hap)? + A3, < 4,

(3.24)

1201+ 2hae — Al 4/ @01 4 he — 2ha)? + 22, < 4,
(3.25)
max(x1,2,3) < 8m. (3.26)

Even though we will always assume that the custodial sym-
metry is conserved at tree-level, we will make use of these
‘generalised’ unitarity constraints in combination with new
perturbativity constraints as explained in Sect. 3.3.

3.2 Vacuum stability constraints
3.2.1 Tree-level considerations

Another theoretical constraint which has already been stud-
ied in the context of the GM model is the vacuum stability
constraint at tree-level. In general, there are two possible sit-
uations which can cause an instability of the vacuum with
correct EWSB: either directions in the scalar potential exist
in which the potential is unbounded from below, or other
local minima exist in the scalar potential which are deeper
than the ew one.

Unbounded from below UFB directions exist if quartic cou-
plings fulfil specific conditions. The simplest condition is
A1 < O since in this case the potential approaches — oo
for vy — oo. The full list of tree-level conditions to avoid
unboundedness from below in the case of conserved custo-
dial symmetry was derived in Ref. [30]. It reads:

A > 0, (3.27)

s, A3 >0,

A > {_M w20, (3.28)
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%)»5 — 2.\ (%)»3 + )»4),

w4 (8)As — 24/A1(CA3 + A4),

A5>0 A A3 >0,

Ay > A >0 A A3 <O,

@ (L)As —24/A1(EA3 +Ag), A5 <O,
(3.29)
with
1
w+($) = 5(1 — B(2))
2 1 172
:E\/T_ [(1 — B(£)) <§ + B(§)>i| ,
3 1
B(¢) = 5 <§ - g) (3.30)

Equation (3.29) must be satisfied for all values of { € [% l].

If the custodial symmetry is broken, more conditions need
to be checked. These conditions were derived in Ref. [36]
assuming two simultaneously non-vanishing field directions.
We have re-derived these conditions using our parametrisa-
tion, shown below. Not derived in Ref. [36] were UFB con-
ditions on the “custodial” direction with (n°) = (x°) # 0
and (¢°) # 0 which we also present here. The set of UFB
conditions reads

A >0, (3.31)
A + Aaa > 0, (3.32)
A3p +2A4p > 0, (3.33)
Asp + Agp > 0, (3.34)
e + V2 (h3a + haa) Aap + 2h4p) + 20ae > 0, (3.35)
V2 (3a + haa) A3p + 20ap) + 204 > 0, (3.36)
V(i3a + haa) Aap + Aap) + Age > 0, (3.37)
Ae + v/ (A3q + Ada) (h3p + Aap) + Aae > 0, (3.38)
4z + 4V2 M (h3p + 2hap) — Asg > 0, (3.39)
420 + 42301 (R3p + 2hap) + Asa > 0, (3.40)
A2a + 2/1 O + Aap) > 0, (3.41)
Aap + 2y/A1(A3a + Aaa) > 0, (3.42)
Aa + 2A3p + Ada + dhgp + dhge > 0, (3.43)

2024 + Aab 4+ 23/ k1 (A3q + 2436 + Aag + 40hap + rac))
— (A54/2) — Asp > 0. (3.44)

Note that after translating the parameters according to
Egs. (2.22)-(2.25), Egs. (3.37) and (3.38) differ w.r.t. the
fourth and fifth line in Eq. (12) of Ref. [36] in that we do
not have a factor 2 in front of the square-root. The last two
conditions are shown here for the first time.

Other minima Even if the potential is bounded from below
in all possible field directions, additional minima are usu-
ally present. In these minima, the sum of all neutral VEVs

/2 + 42 + v3) usually doesn’t agree with the measured
value of 246 GeV, i.e. those minima are not viable. Moreover,
also minima can occur at which charge is broken sponta-
neously by the VEV of a charged scalar. If any of those min-
ima is the global minimum of the scalar tree-level potential,
then the ew minimum is unstable. If tunnelling is assumed
to be instantaneous on cosmological scales — as it is usually
done — this vacuum configuration is forbidden. All possible
minima of the scalar potential at tree-level can be found by
solving the minimisation conditions of the potential, i.e. in
the most general case a set of seven coupled, cubic equations
must be solved. Another method of finding all minima by
using a re-parametrisation of the scalar potential is discussed
in Ref. [30].

3.2.2 Loop effects

Up to now, the vacuum stability in the GM model has only
been checked at tree level. However, using UFB conditions
at tree level can be very misleading since these conditions
involve very large field excursions — which demand a proper
treatment of radiative corrections. Usually, the best method
to deal with very large field excursions is to use the RGE-
improved potential. In the limit of very large VEVs, the
potential can be approximated very well by the tree-level
potential where the running quartic couplings are inserted.
Thus, to single out UFB directions, it is necessary to check
that the conditions hold in the limit

AN = AN(Q)] 0= 00> N=1,...,5. (3.45)
It has already been pointed out in the context of the THDM
[35] that UFB directions usually disappear in the RGE-
improved potential in the presence of large quartic couplings.
This can be understood from the general form of the RGEs:
bosonic contributions increase the size of the quartic cou-
plings with increasing energy while fermionic contributions
decrease them. We can confirm that a similar observation
holds in the GM model. If we forget for a moment the break-
ing of the custodial symmetry via hypercharge effects, the
one-loop RGEs for the quartic couplings are given by [36]:

9g4
16776, = == — 9g3h

32
3
+ 3 (6arf +8r07 1223 23 - ).
(3.46)
3¢ 33g2h
1672 B, =—2 — —°2=
P =5 2
+ 20, (24,\1 + 83+ 283 + 44A4 + 3y,2)
+ 42, (3.47)
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Fig. 1 Thescale dependence of two combinations of quartic couplings.
The input parameters at m, have been A = 0.05, A = 0.5, A3 = —1.5,
A4 = 1, A5 = 5. Negative values would point towards UFB directions,
i.e. it is shown that these directions disappear at large energy scales

3 4

16728, =% — 24g323 + 803 + 960344 — A2, (3.48)
3 4

167° By, =% — 248304

+8 (x% 4322+ 14304 + mﬁ) +22,
(3.49)

1
1675 = s (—33g§ 4 8(4h; + 8hn

— 203+ 4hg + A5) + 12y3). (3.50)

We show the running of the two coupling combinations A3 +
A4 and 44y — |As| +4+/2+/A1 (A3 + 2A4) in Fig. 1. The input
values at m; were chosen to be A = 0.05, A, = 0.5, A3 =
—1.5,A4 = 1,15 = 5,1.e. both combinations of couplings are
negative at m;. This would give the impression of two UFB
directions. However, we already see at scales which are below
one TeV that both combinations of couplings turn positive.
Thus, the UFB directions disappear once the loop effects
are included. Since the running of the quartic couplings is
usually very fast and since the scale at which the couplings
(or combinations of them) change their sign is not far above
the input scale, we can assume that the dominant radiative
effects are also covered by the effective potential without an
RGE resummation. See also Ref. [35] for a similar discussion
in the context of the THDM.

‘We will use in our numerical studies the one-loop effective
potential Vélg to check the vacuum stability. The different

ingredients are
Vip = Viree + Vi + V- (3.51)

Here, VC(IT) is the counter-term potential, and the sum Vrree +
VC(IT) is given by Eq. (2.17) and replacing

AN — XNx = AN + SANy. (3.52)
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Note, the derived CTs depend on the ew VEVs, i.e. they
result in a cancellation between Vet and Vew only at the ew
minimum, but not at other positions of the potential. Thus,
the conditions Egs. (2.44)—(2.48) don’t imply that the full
one-loop potential is in general identical to the tree-level
potential. The Coleman-Weinberg potential Vc(i,z, is given by
[39]

all fields

m2
> risiCim} logQ—'z—ci . (3.53)

1

1
a _
Vew = 1672

with r; = 1 for real bosons or Majorana fermions, otherwise
2; C; = 3 for quarks, otherwise 1; {s;, ¢;} = {—%, %} for
fermions, {%, %} for scalars and {%, %} for vector bosons. As
for the other calculations, we choose Q = msor Q = mpg
depending on the choice of the input as described in Sect. 4.2.
It is important to stress that, for the check for spontaneous
charge breaking via VEVs of the charged scalars at the
loop level, the calculation of the physical masses must be
adjusted. The reason is that the additional VEVs, which can
be potentially present, also mix particles with different elec-
tric charge. If we assume no spontaneous CP violation, this
results in a 7 x 7 mass matrix for CP-even (@) and a 6 x 6 mass
matrix for CP odd scalars (¥). Analogously, both fermions
and vector bosons of the same colour mix. Thus, in this case
the more explicit expression for the CW potential is

7 2
1 1 mg,. 3
(€)) 4 D,
Vew = 1672 7.[2[1 <§ :mcb,- <1°g—Qz - 5)

i=1

(3.54)

Because of the length of the mass matrices in the case of
charge breaking VEVs, we don’t give them explicitly in this
paper. Instead, we provide on request the SARAH model files
for the charge breaking GM model to generate them.

3.3 Perturbativity constraints

As we have seen, the GM model provides in principle a suf-
ficient number of CTs to renormalise all masses on-shell if
the custodial symmetry is given up at the loop level. How-
ever, this does not yet ensure that such an on-shell calculation
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would also be trustworthy as one always needs to assume that
the perturbative expansion is working. If this is not the case,
then the calculation of the CTs and also all other loop cal-
culations are not meaningful. Naively, one might expect that
problems with perturbativity occur once quartic couplings
O(4 ) are involved, or that at least the tree-level unitarity
constraints are strong enough to filter out points which vio-
late perturbation theory. However, it was shown for the SM
that problems can occur much earlier [33] and that a better
limit for the quartic coupling in the SM is 2. In the spe-
cific case of the GM model, it was pointed out in Ref. [34]
that problems with perturbation theory can show up for even
smaller coupling values. It was observed that, in sizeable
regions of the parameter space of the GM model, the two-
loop corrections to masses can become larger than the one-
loop contributions. This was demonstrated at the example
of the SM-like Higgs mass for which the one- and two-loop
corrections in the MS scheme were compared. Of course, for
a robust statement about whether perturbation theory is still
working or has already broken down, it would be necessary
to compare physical processes and their scale dependence at
different loop levels. However, this is hardly possible in the
GM model - or any other BSM model. Therefore, we want to
use information which is easier accessible to get some indica-
tion whether loop calculations for a given parameter point are
trustworthy or not. For this, we are going to check the effects
of four different conditions which might point towards the
breakdown of perturbation theory. These conditions are:

1. A parameter point is considered to violate perturbation
theory if the two-loop corrections to at least one scalar
mass are larger than the one-loop corrections, i.e.

M) Tree — (MLl < ()L — mpLl.  (3.55)

This is very close to the ansatz of Ref. [34]. However,
we do not only consider the SM-like mass, but test all
three neutral CP-even states, i.e. ¢ = h 2 3. In addition,
we impose a lower threshold on |(m§>)Tree — (mé)1L| of
20% GeV? for this test. The reason for this exception is
that the one-loop corrections might be very small due to
an accidental cancellation which is not any more present
at two-loop level — which would therefore otherwise lead
to a constraint according to Eq. (3.55) without actually
violating perturbation theory.

2. A parameter point is considered to violate perturbation
theory if the CT to at least one parameter is larger than
the tree-level value of this parameter times some constant,
ie.

ox

X

> . (3.56)

For the most conservative choice, v = 1, this forbids
points with [6x| > |x|. We apply this constraint to all
quartic couplings.

3. A parameter point is considered to violate perturbation
theory if the CT of at least one quartic coupling becomes
larger than some fixed value, i.e.
|6x| > ¢ - m. (3.57)
We are going to test ¢ within 1 and 4. Since §x enters
the two-loop corrections, a CT as large as 47 is for sure
problematic. However, problems might occur even for
smaller values as one has seen in the SM.

4. A parameter point is considered to violate perturbation
theory if the generalised unitarity constraints Egs. (3.15)—
(3.26) are violated when inserting the renormalised cou-
plings, i.e.

IM(ANy = AN + SAny)| > 8. (3.58)
This condition is similar to the third condition but doesn’t
involve any (arbitrary) upper limit on the quartic cou-
plings. In addition, it indicates the robustness of the uni-
tarity constraints under radiative corrections. Of course,
to be sure if the unitarity constraints are really violated
or not, one would need to calculate in addition the vir-
tual and real corrections to all possible 2 — 2 scattering
processes.

All four conditions are not rigorous in the sense that they
can provide a definite answer if perturbation theory is still
working or not. It is also in some sense a matter of taste which
condition is considered as the most reasonable or reliable
one. However, as we will see, one can get some very clear
hints if problems with perturbation theory are present or not.
In particular, if several conditions fail at the same time, one
should be tempted to take results obtained from a calculation
at Born- or even one-loop-level with care.

4 Results
4.1 Numerical setup

For our numerical study we used the Mathematica pack-
age SARAH [40-44] with the implementation of the GM
Model discussed in Ref. [45]. In a first step, we used
the model files to generate a spectrum generator based
on SPheno [46,47]. SPheno calculates by default the
mass spectrum at the full one-loop level and includes all
important two-loop corrections to the neutral scalar masses
[34,48,49]. Special care is needed at the two-loop level to
avoid the so-called Goldstone boson catastrophe [50]. In
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addition, SPheno calculates all decay modes of the parti-
cles at tree- and one-loop-level [51], including the modes
discussed recently in Ref. [18]. This information is also used
to write the files necessary to test a parameter point with
HiggsBounds [52-54]. SPheno performs in addition a
calculation of flavour and precision observables like §p or
g —2[55]

For this project, we have extended the list of precision observ-
ables by the oblique parameters S, T and U [56]. The main
reason for this was mainly that §p, respectively the T param-
eter can’t be used to constrain the GM model: even if the
tree-level contribution vanishes for v, = vy, the one-loop
correction is formally next-to-leading order. Thus, a fine-
tuned CT can be added to cancel this contribution in prin-
ciple. Therefore, we use the S parameter as main constraint
as proposed in Ref. [32]. We also compared our numerical
values of a full one-loop calculation of the S parameter with
those obtained with gmcalc and usually found agreement
within 5-10%.

We have modified one instance of SPheno to include the CTs
to keep the scalar sector on-shell as explained in Sect. 2.3.2.
A second version was kept unmodified and used to get the
size of the one- and two-loop corrections to the masses in the
MS scheme, see Sect. 2.3.1 for more details.

We further used Vevacious [57] to test the stability of the
one-loop effective potential. The necessary model files have
been generated with SARAH. Here, we use two two differ-
ent implementations: the standard one with only the three
standard VEVs for the neutral scalars, and one with the pos-
sibility that all seven scalars can obtain a VEV. Since the
check of the vacuum stability with seven VEVs is quite time
consuming, we only test points which have passed all other
constraints.” As input for Vevacious, we used the spec-
trum files written by SPheno. Vevacious automatically
adjusts the counter-term potential based on CTs which are
present in the SPheno spectrum file.?

We made use of gmcalc [58] to double-check the tree-level
constraints like tree-level unitarity, unboundedness from
below and the presence of other minima as well as the calcu-
lation of the S parameter as already mentioned. In order to cir-
cumvent the command line input, we have modified gmcalc
to read in a file with all necessary parameters (A;, M;, /Liz)
as well as the running electroweak VEV as calculated by
SPheno. In addition, we added a function to write the results
for the tree-level unitarity check, the check for other minima
as well as unbounded-from-below directions into an external
file in a SLHA-like format. The different codes are combined
in numerical scans using the tool SSP [59].

2 We find that roughly 1% of the otherwise valid points have a deeper
global minimum where electric charge is broken spontaneously.

3 Inpractice, Vevacious checks for SLHA blocks starting with TREE
and LOOP in the spectrum files.
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4.2 Input parametrisation

Atthe tree-level, i.e. with conserved custodial symmetry, and
after applying the tadpole conditions, there are seven free
Lagrangian parameters

A, A2, A3, A4, As, My, M.

In addition, the relative size of the SU (2)-doublet and -triplet
VEVs, controlled by sy, is a free parameter. In principle,
these parameters could directly be used as input. However,
the overall majority of randomly chosen points would then
be ruled out by the requirement to have a CP-even scalar
mass with ~ 125 GeV. Therefore, it is convenient to use m,
directly as input. We have explored two different sets of input
parameters:

1. Input I: here, we use the SM-like Higgs mass my as
input, together with the mixing angle o between the CP-
even neutral SU (2)-doublet and -triplet components. In
addition, the heavy Higgs mass mpy is used as input to
set the overall mass scale of the new scalars. Using those
input parameters, A1, M1 and M> are calculated according
to

3sp,/2 — 253 (12 4+ 1) 02 (20 — As) — 24/3mity + 24/3m3 1y

3 /1 =53 (22 +1)v

“.1)

et (3
952\ /1 — 57 (12 + 1) v2

+2+/353 — 2f3) =32 =25 (12 4+ 1) (200 (sf — 1)

+ 53 (=(A3 +314)) — Assy + As))

+ (_ms;,ta 32— 2m +zm) | @
2 2 .2
= my, + myty (43)

8(s — 1) (g +1)v>

where t, = tan«. The full list of input parameters for
this choice is

My, My, o, Ay, A3, A4, A5, SH. 4.4

The advantage of this input is that Higgs constraints can
easily be kept under control by choosing small or moder-
ate values of s and « at the same time. The disadvantage
is that the independent handling of sy and o implies a
tuning of the other dependent tree-level parameters. As a
result, loop corrections can have a significant impact, as
we will see below.
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2. Input II: here, we use m; and ms instead of A; and
M as input. Moreover, M is set relative to M; via a
dimensionless parameter r12. The used relations are

SH (v2 (3A5 (s%_l — 1) — 2)L3s;_1) + 2m§)

_ 4,
M V2v ((6r12 - l)xlz,_l —+ 1) ’ ( 5)

(4.6)

My =rioMi,

1
32 (s} —1)v? (v (ﬁ.rilv(k3+3}\4)—s%1(M1 +3M2)+M1)—«/§m%sy)

A=

X [3SH (v,z,_, — 1) v? (4M1 sgv(As 72)\2)+2\/§s,2_, v2(As 72)\2)2+ﬁM12)

+4mv (=253 00 + 3ha) + sF (M1 +3M2) = My ) + 4ﬁm;‘lm].
“4.7)

Thus, the full list of free parameters for this input is

my, ms, Ay, A3, A4, A5, 12, SH. 4.8)
The advantage of this input is that one has direct con-
trol over the SM-like Higgs mass as well as the BSM
scale >~ ms. On the other side, the mixing between the
SM-like Higgs and the other states is not an input, i.e. it
can in principle become very large. This will then cause
conflicts with Higgs coupling measurements.

Other proposed input sets, which we don’t explore fur-
ther in the following, are: {mp, A2, A3, Aa, A5, M1, M>},
{mp,mg, mz, ms, o, My, Ma}, and {my, ms, Ao, A3, A4,
My, M>}.

We are going to start now to investigate the loop con-
straints on the GM model using the two input sets defined
above. We start with a discussion of the perturbativity con-
straints before we turn to the vacuum stability constraints.
First, we concentrate on specific parameter regions to study
the different effects. In a second step, we consider the global
picture by performing random scans over large parameter
ranges.

4.3 Perturbativity constraints
4.3.1 Dependence on sy

We start with discussing the role of sy since it was shown
in Ref. [34] that large sz usually implies large radiative cor-
rections. For this reason we consider the parameter point

M =0.1, A3 =0.5, 24 =—-0.02, A5 =0.1,
o =20°, with my = 300 GeV or 800 GeV.

The tree-level masses of the three CP-even scalars are shown
in Fig. 2. As can be seen, a large separation between ms and
mp can be present for both small and large sy . In general,
the very heavy states for small values of sy do also increase
the size of the loop effects as we will see.

2000 T T T

1500

1000

mp, [GeV]

500

oM oo TS
010 015 020 025 030 0.35 040
SH

Fig. 2 The (tree-level) masses of the three CP-even states as function
of sy for two different values of mpg: 300 GeV (blue) and 800 GeV
(dashed red). The other input parameters are: A, = 0.1, A3 = 0.5,
Ag = —0.02, A5 = 0.1, o = 20°

Consequently, we find that perturbativity constraints are
not only important for large sy, but that they can also be
significant for small sg. This is shown in Fig. 3 where we
show the size of the different loop effects. In the first row of
Fig. 3, we show the ratio of the different CTs normalised to
the tree-level coupling. Here, we have defined

In/hn = Max{|6Ana/Anl, 16Anp/Anl}, n=2,5, 4.9)
hn/An = Max{[8Ana/Anl, [8Anp/2nl, 18Ane/Anl}, n=3,4.
(4.10)

We see that for myg = 300 GeV, the couplings A3, A4 and
As fail the constraint 61 /A < 1 for values of sy up to 0.2.
And again for sy > 0.4, A3 is in conflict with this constraint.
For mpy = 800 GeV, there is always a contribution which
violates this bound over the entire range of s . This choice to
define perturbativity seems to be quite strong. It might also
give a ‘false-positive’ result since large 5A /A can easily occur
if the tree-level quartic is very small. This means that there
is some tuning of parameters at tree level which gets spoilt
by the loop corrections. In this case, it can happen that the
perturbative series behaves well and that higher order terms
remain small corrections to the one-loop terms. Therefore, a
more robust limit is to check the absolute size of the CTs: if
those are very large, e.g. > 4, then higher order corrections
are expected to become more and more important. Therefore,
in the second row of Fig. 3 the absolute size of the counter-
terms is shown. Here, we defined

hn = Max{[8Anal, [8Ansl}, n=2>35,
hyn = Max{[8Anal, [8Anpl, [8Ancl}, n=34.

.11
4.12)

The qualitative behaviour of the different lines looks very
similar to the case of §A/A. Note that for my = 800 GeV
and small sy, the CTs to some quartic couplings can become
as large as O(10* GeV). This demonstrates how bad the
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Fig. 3 The relative (first row) and absolute (second row) size of the
counter-terms to the quartic couplings A; as a function of sy . The third
row gives the absolute value of different eigenvalues of the scattering
matrix when using the renormalised quartic couplings as input. The
fourth row shows the size of the one- and two-loop corrections to the

perturbation theory can behave and that an OS calculation,
although formally possible, is not well defined in this param-
eter region. In this example, because of the steep increase of
83 towards small values of sy, the bounds on sy are rather
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scalar masses in the MS scheme. The red line in the second row indi-
cates values of 7, 27t and 477 and in the third row of 8. On the left we
set my = 300 GeV, on the right m iy = 800 GeV. The other parameters
are analogous to Fig. 2

independent of the choice of the maximal value for the quar-
tic CT, i.e. [6A| < 27 and [6A| < 47 result in approximately
the same bounds.
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Since the maximal value of |61| which we still consider as
viable is arbitrary, we also test another condition to get an
upper limit of |§A| which is the behaviour of the scalar 2 — 2
scattering. For that, we calculate the eigenvalues of the scat-
tering matrix with the renormalised couplings instead of the
tree-level values. This not only gives hints for the pertur-
bative behaviour of the parameter point but also indicates
the robustness of the tree-level unitarity constraints under
radiative corrections. We show in the third row of Fig. 3 the
absolute values of the eigenvalues y; ... yg defined as

y1 = Max {81203 + Fapl, [23c + Aacl,

2 <|25»3a +2(haq + hap) + 323

+\/ (2Fa — 3h3p + 2hag — 25ap)? + 8X§C) } (4.13)

¥2 = Max {41234, + Ry, 41204 + el (4.14)
y3 = Max {|4Xza — Ksal, % (14320 + 432p + Asdl

+\/ (4h2q — 4hap + A5a)? + sig,,) : (4.15)
v4 = Max {2|25»2a + Asals 12224 + 2A2p — Asal

- (<2ha + 202 + A5 + 832, | (4.16)

V5 = 2MaX{|2)~L1 + 25»41, — 5\3b|

+ \/(25»1 + X3y — 2hap)? + A3,

201 + 204e — Azel + \/(211 +hse = 2hae)® + ng}’
(4.17)

Y6 = Max(x1,2,3), (4.18)

where x1 > 3 are the solutions of the polynomial of Eq. (3.14).
All y; should be smaller than 877. We find that this in general
results in stronger constraints than those from the condition
[6X] < 2m. For mg = 300 GeV, these ‘loop corrected’
unitarity constraints are comparable to those from 61 /A < 1,
while form g = 800 GeV, they are a bit weaker: not the entire
parameter range is in conflict with this condition in contrast
to |6A/A < 1| which is violated everywhere.

We now turn to the constraints using the MS calculation.
The size of the one- and two-loop corrections to the CP-even
masses is shown in the fourth row in Fig. 3. We see that
these corrections could cause shifts of hundreds of GeV in
the masses, i.e. for small and large sy, they can be as large
as the tree-level values. Moreover, we find that the two-loop
corrections can be larger than the one-loop corrections. This
reflects again a breakdown of perturbation theory.

InFig. 4, we summarise the limits on s 7 using the different
perturbativity limits. We see that for my = 300 GeV the
overall limits from 6\, /A, and |§A,| are quite similar. We
further observe that the limits from the one- and two-loop
MS corrections are slightly weaker for small sz but stronger
for large sy. All in all, we find that for mg = 300 GeV, a
sizeable range of s is still allowed by all constraints. This is
different tom y = 800 GeV where |§A, /Ay | is violated in the
entire range, while for the other three sets of constraints still
a window in sy exists where these constraints are fulfilled. It
is interesting to note that the constraint from %3 and A3 give
quite similar results. Thus, there is an obvious correlation
between the size of the one-loop CTs in the OS scheme and
the hierarchy between the one- and two-loop corrections in
the MS scheme.

Before we move to the impact of the other parameters
on the perturbative behaviour of the model, we comment on
the dependence on the different input choices. It has already
been shown in Ref. [34] that the loop corrections are usually
small for sy if m;, and ms are used as input, but not . We
also find this for our input choice II, cf. Eq. (4.8). As shown
in Fig. 5 on the right column, one can go up to sy = 0.7
for ms = 300 GeV without running into obvious problems
with perturbation theory. However, there is a strong correla-
tion between sy and « and for large sy the mixing between
the SM-like Higgs and the triplets becomes so large that this
causes conflicts with Higgs observables as indicated by the
vertical dashed line. We find a similar behaviour for input
choice I if we impose a correlation between « and sy ‘by
hand’: if we demand o = 755y %, then we can also go up
to very large values for sy together with my = 300 GeV
without running into trouble with perturbativity. However,
again the region of sy > 0.3 is ruled out by the Higgs con-
straints. Hence, the overall picture between both input modes
is comparable. We also learn from this comparison that large
loop corrections occur if the chosen mixing angle « is far
away from a natural value which is correlated with sg. As
a consequence, we use for the further examples with Input
I values of sy between 0.2 and 0.3 and take o between 10°
and 20°.

4.3.2 Dependence on heavy scalar masses

We have already seen in the last subsection during the dis-
cussion about the dependence of the loop corrections on sy
that the loop corrections usually become more important the
heavier the new scalars are. The reason is that large scalar
masses imply large values for the trilinear couplings M and
M, which enter the scalar loop corrections. One finds for
instance that the one-loop corrections to the neutral CP-even
Higgs with mass m5 scales as
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Fig. 4 Comparison of the perturbativity limits of the parameter point of
Fig. 2. The left-hand side corresponds to m y = 300 GeV, the right-hand
side to my = 800 GeV. We show here the allowed parameter ranges
which fulfil different sets of constraints. (i) /;: I(m%l_ )Tree — (m121, L] >

m2
Am3 ~mi |1+ cv—25 (4.19)
Here, we have neglected all quartic couplings and expressed
M1, M> by ms. The coefficient C is a complicated function
of sy and of the ratio M /M>. The important point is that it
is usually much larger than 16]7 and can become O(1) for
large s and/or large ratios.
We show the impact in Fig. 6a where we give the size of
the loop corrections using a fully numerical calculation as a
function of m . The other parameters are set to

M =01, A3=1, Agq=-0.1,
A5 =0.1, « =20°, sy =0.25.
In all four different formulations of perturbativity constraints
shown in Fig. 6a, we find that large m g is generically more
constrained than lower masses, i.e. the values of the CTs

as well as the size of the loop-corrected MS masses increase
with increasing m g, up to a few specific values where cancel-
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(iii) [61x /Ax| < 1., (iv) y; are the absolute values of different eigenval-
ues of the scattering matrix when using Ay + dAx, as input

lations among the different loop contributions are present. In
the lower panel of Fig. 6a we present the size of the one- and
two-loop corrections to the neutral CP-even MS masses. We
observe that, for values of m g above 1.1 TeV (1.3 TeV), the
two-loop corrections to /i, (h3) are larger than the one-loop
corrections. Thus, in this example, the strongest perturba-
tivity constraints in the MS scheme are actually not due to
the loop corrections to the SM-like state but due to the new
scalars. For the SM-like state we see a short range between
600 and 800 GeV where the two-loop corrections are larger
than the one-loop corrections. However, this is obviously
because the one-loop corrections are suppressed by an acci-
dental cancellation. Therefore, we extend the MS perturba-
tivity limit by a threshold for the minimal size of the one-loop
corrections, cf. Sect. 3.3: only if the one-loop corrections to
the squared masses are larger than (20 GeV)? and if the two-
loop corrections are larger than the one-loop corrections, we
consider this as breakdown of perturbation theory.
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Fig. 5 On the left: the same as Fig. 3 for my = 300 GeV with the
additional condition « = 755y ;5. On the right-hand side, we use
input choice II as defined in Eq. (4.8), i.e. (mp, ms) as input instead

For the one-loop CTs in the OS scheme, shown in the upper
two panels of Fig. 6a, we find again that the strongest lim-
its on perturbativity stem from the constraint |§A,/A,| < 1.
Looking at the unitarity constraints, shown in the third panel,
we end up with a similar upper bound onm g < 800 GeV for
this particular parameter point, more than ~ 200 GeV lower
than the limit from the MS mass corrections. The constraint
|§Ax| < m,inturn, leads to alimit on m g of 1.2 TeV, which is

10g10(6A4/Ax)
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of (mp, mpy, @) with ms = 300 GeV, A; = 0.2 and rip = 0.15. The
vertical orange dashed line shows the HiggsBounds limit

in-between the one obtained from the loop corrections to m,,
and my,. Using a weaker upper limit of 27 or 4w wouldn’t
lead to any constraint in the tested parameter range. Quali-
tatively, however, we observe a clear correspondence of the
perturbativity constraints formulated in the MS scheme and
the ones from the OS CTs. In Fig. 6b, we show the ranges of
allowed m y for this scenario, analogously to Fig. 4.
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Fig. 6 Perturbativity limits as a function of m y. The other parameters are chosenas 1o = 0.1,A3 = 1, A4 = — 0.1, A5 = 0.1, = 20°, s = 0.25

4.3.3 Dependence on large quartic couplings

So far, we have not considered the role of the quartic cou-
plings on the perturbativity limits. Unlike in the THDM, the
quartic couplings in the GM model are usually not taken very
large, i.e. O(10). This is due to the tree-level unitarity limits
in this model which already severely constrain combinations

@ Springer

of couplings to be much smaller than 47, see Eq. (3.2). For
instance, if we assume only A3 and A4 to be non-negligible at
tree-level, then large A3 is only allowed if it cancels against a
large A4, confining both parameters to a narrow strip around
A3 = —“7& + 27” which is cut off at roughly A4 =~ 2.

On As, however, there are comparably weak tree-level uni-
tarity constraints, i.e. [As| > 1 is easily possible without
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Fig. 7 Perturbativity limits as function of As. The other parameters are chosen as: Ap = 0.1, A3 = 0.5, 24 = —0.1, « = 20°, sy = 0.3,
mpy = 750 GeV

violating any unitarity limit. On the other hand, A5 enters the
one- and two-loop corrections, i.e. large effects are expected
there. This is depicted in Fig. 7a where the loop effects are
plotted as a function of As. The other parameter values are

set to

A =0.1, A3 =0.5, Ag

o =20° sy =0.3, mg =750 GeV.

=—0.1,
(4.20)

For positive values of X5, there is a fast increase in the size of
the loop corrections. In particular the two-loop corrections to
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the SM-like Higgs grow very quickly and are as large as the
tree-level mass for A5 =~ 2. For the second-lightest Higgs, the
two-loop corrections are larger than the one-loop corrections
for A5 >~ 2.25. This roughly corresponds to the value at which
8A3 =~ m, depicting again the correlation between the two-
loop corrections in the MS scheme and OS CTs. For positive
values of As, similar constraints are also found when using
the condition [6Ay/Ay| < 1 or the ‘loop improved’ unitarity
constraints. For negative values of As, in turn, these two sets
of conditions are much more restrictive: they would forbid
values of A5 below —2, while the other two sets of conditions
are fulfilled until A5 >~ — 4.

We now turn to the other quartic couplings. Even though
those are constrained to smaller values than A5 due to the tree-
level unitarity bounds, the one-loop corrections to those quar-
tics can turn out to be so large that we end up with stronger
perturbativity constraints on Aj...4 than on As. An indication
is already seen in Fig. 7 where it is actually the counter-terms
to A3 which become problematic much earlier than those to
As. In Fig. 8a, we show the loop effects as a function of A,.
The other input values are set to

A =0.5, Ay =—0.1, A5 =0.1,
o =20° sy =0.25, myg = 600 GeV.

We find almost continuously increasing CTs and loop cor-
rected masses for increasing A,. The two sets of constraints
which have been the most restrictive ones on the other exam-
ples (|[6Ax/Ax| < 1 and the unitarity constraints) are already
violated for Ap =~ 0.2. In this case, this is quite similar to
the upper limit which is obtained from the two-loop cor-
rections to 3. On the other hand, when using the absolute
size of the CTs or the two-loop corrections of the first two
scalar masses as constraints, the limits are much weaker and
range between Ay >~ 1 --- 1.5, comparable with the tree-level
unitarity constraints. The constraints from the different per-
turbativity requirements are summarised in Fig. 8b.

4.3.4 Impact on parameter regions

We have seen in the last subsections that the loop corrections
in the GM model can become huge, indicating a breakdown
of perturbation theory. Of course, it is difficult to define an
absolute condition when this breakdown takes places. We
have investigated four sets of conditions which ended up in
different constraints on the parameters. Which conditions are
applied depend on how conservative one wants to be. How-
ever, the important observation is that at some point all con-
ditions point towards severe conflicts with the perturbative
expansion: if the CT to a quartic coupling is O(100) and if the
two-loop corrections are larger than the one-loop corrections
by an order of magnitude, it is clear that one has entered the
strongly coupled regime of the model.

@ Springer

We demonstrate at one example the impact of the differ-
ent perturbativity constraints on the parameter space which
seems to be valid at tree-level. We show in Fig. 9 an overlay
of the allowed parameter space at tree-level and the differ-
ent loop constraints in the (m g, sg) plane for four different
values of A;. The other parameters have been set to

A3 =05, s =—0.1, hs = 0.1, @ = 20°.

The green shaded areas in Fig. 9 show the parameter space
which is allowed at the tree level. The areas shaded in red
(blue) [brown] indicate when the MS two-loop correction
to mp, (mp,) [mp,] becomes larger than the corresponding
one-loop correction. The other contour lines show the OS
perturbativity bounds as well as tree-level unitarity bounds
calculated with the renormalised couplings A: the blue lines
show the contours of constant Max (|61, |) of = (dotted), 27
(dashed) and 47r (full line). The black lines show the contours
of constant ratios Max(|§A,/Ay|) of 1 (dotted), 2 (dashed)
and 4 (full line). Finally, the unitarity bounds are represented
by the red contours, showing constant scattering eigenvalues
of 47t (dotted), 87t (dashed) and 167 (full line).

The first observation is that in neither of the four subfig-
ures, any of the parameter space features generalised scatter-
ing amplitudes with y; < 4. As in the previous examples,
we will however always use the less restrictive bound of 81,
as defined in Eq. (3.58). In the left upper panel of Fig. 9,
we present the case Ap = 0.5. We observe that in this case,
the loop corrections behave comparatively well — most of
the parameter space which is allowed at tree level is still
viable if the higher-order constraints are taken into account.
The only exception is the ratio of CTs over the tree-level
coupling which would exclude most of the valid parame-
ter space if we were to apply the most restrictive bound of
Max(|6Ax/Ax]) < 1. We further observe that the other, less
conservative OS bounds agree well with the MS conditions.

For increasing values of A;, the perturbativity constraints
invade more and more the valid tree-level regions. Finally,
for Ao = 1.25, nearly the entire parameter space which is
allowed at tree-level seems to demand a non-perturbative
handling.

In all four examples in Fig. 9 we see that the strongest
constraints always come from the ratios Max (|61, /Ax]) < v,
especially if v = 1 is considered as the maximally-allowed
ratio. However, also using v = 2 or 4 as bounds, these limits
are always stronger than the ones from the absolute values
of |8Ax| < cm, even if we apply ¢ = 1 or 2 as condition.
The exclusion regions when demanding that the tree-level
unitarity constraints calculated with renormalised couplings
should be fulfilled are comparable with those from the rela-
tive size of the CTs when imposing < 8 for the maximal
eigenvalue of the scattering matrix. If eigenvalues up to 167
are accepted, the condition becomes more comparable to the
ones on the absolute value of the CTs with ¢ = 1.
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Fig. 8 Perturbativity limits as function of A,. The other parameters are chosen as: A3 = 0.5, A4 = —0.1, A5 = 0.1, « = 20°, sy = 0.25,
mpy = 600 GeV

Similarly, also the hierarchy between the one- and two-loop ~ icant part of the parameter space. The constraints from the

corrections to the scalar masses leads to quite severe con-  absolute size of the quartic couplings result, for this example,
straints. It is in particular interesting to see that for different  in the weakest limits.

parameter points the corrections to different masses are more Quite generically, however, we observe again clear corre-
important. Because of this complementarity, the superposi-  lations between the size of the CTs and the hierarchy between

tion of the constraints from all three masses cover a signif-  the one- and two-loop corrections in the MS scheme.
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Fig. 9 Impact of the perturbativity constraints in the (m g, sg) plane
for different values of A, on regions which are allowed at tree-level
(green areas). The other parameters are set to A3 = 0.5, A4 = —0.1,
L5 = 0.1, « = 20°. The shaded area indicates the Higgs mass con-
straints (| (mp, ) ) tree — (mj; )Ll > |(mj; )ar. — (mj; )1 ) [red: hy; blue:
ho; brown: h3]. The blue lines are the contours of constant values for

Finally, we want to show some constraints on a partic-
ular benchmark, the so-called ‘HSplane’, which has been
promoted for the Georgi-Machacek model recently, see
Refs. [61,62]. This plane is characterised by only two free
parameters ms and sy . The other parameters are fixed accord-
ing to

mp=125GeV, i3=—0.1, =02,
ms \/ESH 5 5 M,
)\, = 04—, M = N M - —.
2 TTev 1 5 (ms +v°) H z
(4.21)
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Max(|§Ay|) = cm [dotted: ¢ = 1; dashed: ¢ = 2; full ¢ = 4]. The black
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Obviously, the input parametrisation for this plane is different
from the standard input choices I and II defined above. We
have modified our code accordingly.

It has already been shown in Ref. [34] that there are, what
appears to be, serious problems with perturbativity for large
values of ms. This was shown using the MS scheme, with
the result that in large regions of the parameter space the 2-
loop mass correction to the SM-like Higgs must are larger
than the 1-loop correction. In Fig. 10, we now show the con-
straints arising from all other perturbativity conditions. As
can be seen from there, the perturbativity constraints cut
deeply into the parameter space of the HS5plane. In partic-
ular, demanding in the OS scheme that |64y /A,| < 1 (thick
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Fig. 10 Constraints on the parameter space in the ms-sy plane using
the other parameters according to eq. (4.21). Points above the black
(blue) thick line are excluded due to theoretical tree-level bounds (direct
LHC searches [60]) according to Ref. [61]. The grey shaded area with
the red contour lines shows the OS perturbativity constraints based on
the relative size of the counter-terms. The red contours correspond to
Max(|5Ax/Ax]) = 1, 2, 4, 16 and 64. The yellow shaded area corre-
sponds to the unitarity constraints using renormalised parameters. The
black dashed contours correspond to the associated scattering eigen-
values of 4, 87, 16 7 and 64 . As the green contour we show the
MS constraints from the size of the two-loop corrections vs. the one-
loop corrections. Regions tainted green do not pass the constraint, i.e.
Max(| (mg, )L — (mg )iLl/10mg ) rree — (mg)1Ll) > 1,1 = 1,2,3.
Finally, the purple shaded area corresponds to the perturbativity con-
straints on the absolute size of the CTs. The purple dot-dashed contours
correspond to Max(|6Ax|) =27 and 47

red contour line) only leaves valid parameter space below
ms < 500 GeV. Only considering the perturbative unitar-
ity cuts using renormalised couplings and demanding 8 & to
be the upper limit (thick black dashed contour line), instead
leaves points up to about 1.2 TeV. The loosest constraints
come from the absolute size of the CTs. Only the parameter
space below ms >~ 2.1 TeV (2.5 TeV) violates this condition
if the cut |6A,| < 27 (4m) is applied. In addition to the
MS constraints already discussed in Ref. [34] for the light-
est neutral scalar, we include the same condition for the two
heavier neutral scalars. In fact, it turns out that the 2-loop
corrections to the second mass eigenstate (corresponding to
ms) are the most dangerous. The parameter space in conflict
with Max (|(mg, )au = (mg LI/ e — (mg )1vl) > 1
is shown in green.

Also shown in the figure are the constraints extracted from
Ref. [61]: only points below the black solid line are allowed
from theoretical tree-level constraints. Note that for large sz,
this line is in agreement with the loop-level unitarity bound

— considerable deviations however appear below sy < 0.4.
The parameter space above the blue line is excluded from
the LHC direct searches for doubly-charged scalars [60]. In
total, depending on how conservative a perturbativity cut is
applied, the left-over parameter space of the H5plane is either
small or even just a tiny strip.

4.4 Vacuum stability

So far, we have discussed one-loop perturbativity constraints
on the parameter space of the GM model, a new kind of
constraint which, to the best of our knowledge, has not been
discussed in literature in the context of the GM model — or any
other BSM model — before. However, also the impact of loop-
corrections on well-known constraints which already exist at
tree level is expected to be significant. Here we turn to the
discussion of the vacuum stability constraints and show how
the impact of the loop corrections can alter the conclusions
drawn on that basis. A discussion of these effects for the
THDM was done in Ref. [35], and we can find here quite
similar features for the GM model.

4.4.1 Stabilising UFB directions

We start with unbounded-from-below directions which exist
for the tree-level potential for many different field combi-
nations. We have already discussed in Sect. 3.2.1 that these
directions are very often expected to disappear once loop
effects are included. While we have focused in Sect. 3.2.1
on the RGE-improved potential containing only quartic cou-
plings — which is a valid approach in the limit of very large
scales — we use here the one-loop effective potential. There
are mainly two reasons for that: (i) the running of the quar-
tic couplings is usually very fast, i.e. the scale at which the
couplings or combinations of them change their sign is not
for away from the input scale. Thus this scale is often not
much higher than the scale of the dimensionful parameters
in the potential. (ii) Even if the UFB conditions are satisfied
at higher scales, this doesn’t mean that those points are nec-
essarily stable: it can and will happen that the potential in
the UFB directions is deformed to a local minimum which is
deeper than the electroweak one. In order to check this, one
needs to find all minima of the effective potential and com-
pare their depths. We do this explicitly at one example in
Fig. 11 where we compare the vacuum stability at tree level
and at the one-loop level as a function of tree-level input
value A3 as well as m . We used as further input

A =0.1, A4 =—=0.1, A5 =0.1, « = 15°, sy = 0.23.

At tree level, the most constraining condition A3/3 4+ 14 < 0
for the presence of a UFB direction, cf. Eq. (3.43), therefore
becomes
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Fig. 11 Comparison of the vacuum stability at tree-level and one-loop
level. The shaded areas represent the stability of the potential at tree-
level: unbounded from below direction exist (red), other minima deeper
than the ew vacuum exist (orange), the ew vacuum is stable (green). The
green hatching indicates a stable ew vacuum at one-loop whereas no
hatching corresponds to a metastable vacuum at one-loop. Black lines
show the value of constant A3/3 + A4 at tree level, and the blue ones of
min{A3, +2A3p + Aag + 4hap +4hac, A3a + Aaa, A3p +2hap, Azp+
Mby Ae + V27 (Mg + Aaa) ap + 2hap) + 2A4c) at one-loop. The
black area is forbidden by the tree-level unitarity conditions. The grey
shaded area indicates the perturbativity constraints. The other parameter
values are Ap = 0.1, .4 = — 0.1, A5 = 0.1, = 15°, sy = 0.23

A3 < 0.3. (4.22)
This rules out a large fraction of parameter space in the shown
plane. Moreover, also for A3 > 0.3, other and deeper minima
than the ew one are present at tree-level. As a consequence,
the tree-level potential is only stable in a small region with
A3 >~ land my < 900 GeV. At the one-loop level, there
are finite corrections to the quartic couplings. Therefore, the
most constraining conditions to not have a UFB direction in
the combined tree-level and CT potential become

min{Asg + 2A3p + Aaq + 4hap + dhac,  A3g
+ Ada,  A3p +2Aap,  Azp + Aap,

Me + V2 Oza + haa) M3 + 2hap) + 2040} > 0,
(4.23)

with Ayy = Any + SAny. The contours for constant val-
ues of Eq. (4.23) are also shown in Fig. 11: negative values
appear only for a rather small region with mainly A3 < 0 and
mpy < 1 TeV. Thus, the UFB directions in the other parts of
the plane disappeared already just because of the CTs inde-
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pendently of the other one-loop corrections.* As expected,
not the entire region where the loop potential doesn’t have
a UFB direction also provides a stable ew vacuum. There is
still a non-negligible region where the ew minimum is not
the global minimum of the scalar potential. Nevertheless,
the region with the ew minimum as the global minimum is
significantly larger than at tree-level.

A similar mechanism also works for other UFB directions.
In Fig. 12 we show the A5 — mpy plane and consider the
condition

1
Ay — Z|)\5| 4+ /2212 g +23) >0

which is violated in the depicted (15, m ) plane at tree-level
roughly for As < —1 (up to some corrections stemming
from the changes in A; in this plane). We show for compari-
son again the contours of the equivalent conditions for UFB
directions in the tree-level plus CT potential, i.e.

min{4ia, — |Asq| + 44201 2Qhap + A3p),

2020 + Mp + 27/ A1 (M3a + 243 + Ada + 4(hap + Aac))

(4.24)

1
— ZAsq — Asp} <0,

: (4.25)

cf. Egs. (3.39), (3.40) and (3.44). The difference between
these lines is not as pronounced as in Fig. 4.23 — however,
the regions with a stable minimum at the one-loop level are
still significantly larger than at tree-level. This means that
also in this example the loop corrections from the Coleman-
Weinberg potential are very important to stabilise the UFB
directions. In the entire plane the more stringent condition of
Eq. (4.25) is 4hp4 — |Asa| +44/2X12hap + A3p), Which cor-
responds to the direction (H?) = (x ") = (¢ ) = (x ") =
@%) = 0, (HT) = x(x). In this direction, the terms pro-
portional to (x°)* in the CW potential which don’t come
together with a logarithm are

1
~55 (64(A% + 832 + 200304 + 1723)

+ 422 4+ 4(82(611 + 242 + T3 + 1144)
+ 2(2A1 + 4% — A3 4 20425 + 3)x?

Vew

+3(643 + 123 + 2d)at). (4.26)
In the next step, for achieving an insight into the question
where the UFB directions go at one-loop, we add these
terms to the tree-level + counter-term potential according
to Eq. (3.51) and re-derive the UFB condition of Eq. (4.24)
for the modified potential. The corresponding dashed blue
contour lines are shown in Fig. 12. We see that the corre-
sponding values are positive over the entire parameter range

4 One can check that the additional loop corrections are also positive.
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Fig. 12 Comparison of the vacuum stability at tree-level and one-
loop level. The shaded areas represent the stability of the poten-
tial at tree-level: unbounded from below direction exist (red), other
minima deeper than the ew vacuum exist (orange), the ew vac-
uum is stable (green). Hatched regions feature a stable ew min-
imum at one-loop. Black lines show the value of constant A, —
%|A5| + 2A1(2h4 4+ 13) using the tree-level input values, and the

— which means that the tree-level UFB direction becomes
bounded from below at the one-loop level.

4.4.2 Stabilising meta-stable regions

If no UFB direction exists, the ew vacuum could still be
unstable due to the existence of other minima deeper than
the one with correct EWSB. This case was to some extent
already mentioned in the last subsection. Here we are going
to investigate it in more depth. In Fig. 13, we show the differ-
ence AV between the ew minimum and the panic vacuum,
AV = VEwsB — Vpanic- The panic vacuum is defined as the
minimum which is deeper than and closest in field space to the
ew vacuum, i.e. the one to which the ew vacuum configura-
tion would tunnel to eventually. AV is a positive-semidefinite
quantity: if the desired (i.e. ew) vacuum configuration corre-
sponds to the global minimum of the potential, then such a
panic vacuum does not exist (or is exactly as deep as the ew
minimum) and we define AV = 0. Positive values of AV
are, in turn, reached if there is a non-ew panic vacuum. The
contour lines drawn in the figure correspond to lines of con-

full blue ones of Min{dho, — |Asq| + 44201 (2Aap + A3p), 2h0a +
A2p + 2/ 2 (A3a + 2035 + A +4(hap + Aac)) — %)»Sa — Asp}. For
the dashed blue lines, the term of Eq. (4.26) was added in addition to
the tree-level + CT potential and the UFB condition of 412, + As, +
4/2x1(2Aap + A3p) > 0 has been re-derived. The grey shaded area
indicates the perturbativity constraints. The other parameter values are
d=0.1,23 =05, 14 = —0.1, ¢ =20°, sy = 0.33

stant ./ vé + 4(v} + v2). On the left-hand plane of Fig. 13,
we present the result at the tree-level, and on the right-hand
side with the full one-loop corrections included. The other
parameters were set to

A =0.1, A4 =—0.1, A5 = 0.1, @ =20°, sy = 0.33.

We see that at tree-level, only in one corner of the depicted
parameter region, the ew minimum is also the global mini-
mum of the potential. The depth’ of this minimum is about
—10’GeV*. For A3 < 0.8 and/or my > 600 GeV, minima
occur which are deeper than the ew one by several orders of
magnitude. Note that the sum of all VEVs , / v¢2, +4(v2 +v2)
for these other minima is in the TeV range, i.e. clearly larger
than the ew scale. Nevertheless, those minima are not ‘too
far’ away in field space, meaning that the tunnelling from the
ew to the panic vacuum is very fast. We are going to quantify
this statement below.

3 The ‘depth’ is the difference of the potential with a given VEV con-
figuration compared to the potential with all VEVs vanishing.
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Fig. 13 The scalar potential at the tree-level (left) and one-loop level
(right): the colour indicates the difference between the panic mini-
mum and the electroweak minimum. The contour lines are constant

Turning to the vacuum structure of the one-loop poten-
tial, shown on the right in Fig. 13, we observe that the ew
vacuum corresponds to the global minimum of the potential
for a much larger region of the depicted parameter space.
Up tompg ~ 1200 GeV, values of A3 exist for which the ew
potential is stable. Obviously, the one-loop corrections can
be large and positive: they manage to overcompensate the
potential difference at tree-level of 10 orders of magnitude.
This large value is not surprising because one could estimate

the corrections to be O(%). Only for small values of A3,
the other minima remain deeper than the ew one.

We conclude this discussion with a brief analysis of
the tunnelling rate. We have calculated the tunnelling
from the desired to the panic vacuum using the code
CosmoTransitions [63] in combination with
Vevacious. The result is shown in Fig. 14, where we have
zoomed into the region 600 GeV < mpy < 900 GeV of the
right-hand side of Fig. 13. We find that there is only a narrow
band where the life-time of the ew minimum is comparable
to the age of universe when calculating the tunnelling rate at
zero temperature. These points could in principle be consid-
ered as ‘long-lived’, i.e. viable. However, once the thermal
corrections are included as explained in Ref. [64], they also
usually become short-lived. Therefore, from now on, we are
going to consider all points which feature a deeper panic vac-
uum as not viable. This is similar to the THDM where it was
also found that the tunnelling to deeper minima is always
very fast on cosmological time scales [35,65].

4.4.3 De-stabilising stable regions

So far, we have discussed the situation that the stability of
the potential is increased once loop corrections are included.
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Fig. 14 Zoom into the parameter plane of the right-hand side of Fig. 13
and presenting the calculated life-time of the electroweak vacuum nor-
malised to the life-time of the universe at zero temperature

We found this situation to appear far more often than the
opposite effect. However, it can also happen in some cases
that the stability of the ew potential is decreased via the loop
corrections. The reason is that the loop corrections are often
positive. Thus, if they are larger than the depth of the ew
minimum at tree-level, they can push it to positive values.
Consequently, the minimum with all VEVs set to zero is
deeper at the loop-level. In other words, it can happen that
the ew symmetry is restored by the loop corrections. We show
an example of this situation in Fig. 15. Here, the stability at
tree level and the one-loop level is shown in the (mg, sg)
plane for
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Fig. 15 Comparison of the vacuum stability at tree level and the one-
loop level. The shaded areas represent the stability of the potential
at tree level: unstable (orange) or stable (green). The green hatched
area is stable at the one-loop level. The green, purple and red contour
lines show the depth of the loop-corrected ew minimum: the values
are sign(V) log,, |V /GeV*|. The grey shaded area indicates the pertur-
bativity constraints where we have used the MS condition. The other
parameter valuesare A = 1,13 = 0.9, A4 = —0.2,A5 = 0.2, ¢ = 15°

=1, 23=09, A4 =—-02, A5 =02, 0 = 15°.

The tree-level vacuum is stable in a strip around the line
(sg = 0.7,mg = 250 GeV) to (sy = 0.35,myg =
450 GeV). However, once the loop corrections are included,
the depth of the ew potential in a large fraction of this area
becomes positive. This is indicated by the green, purple
and red contour lines which show the logarithmic values
for negative, zero, and positive potential depth of the ew
minimum. For mg = 250 GeV, all points which are sta-
ble at the tree level are actually unstable at the loop level.
For mpg = 350 GeV, still more than half of the sy range
which is allowed at tree level is forbidden after the inclusion
of loop corrections. Only for mg > 450 GeV, all the points
which are stable at tree level are also stable at the one-loop
level. In general, we find that the restoration of the ew sym-
metry at the loop-level appears mainly in parameter regions
with small m g and not too small sg. On the other side, we
find that the entire area which is ‘below’ the green band, i.e.
where the tree-level ew vacuum is unstable, is stabilised at
the loop level. Hence, the overall picture that loop corrections
increase the parameter space in which the vacuum is stable,
still holds.

4.5 The global picture

We have discussed so far the perturbativity constraints as well
as the loop-improved vacuum stability constraints at selected
examples. As the final step, we want to obtain an impression
of the ‘global picture’, i.e. the impact of these constraints in
a wide fraction of the full parameter space of the GM model.
For this purpose, we performed random scans for both input
choices according to Egs. (4.4) and (4.8), in the following
parameter ranges:

1. Input I:

ary, A3, g € [—1,1], As € [—2.5,2.5],
mpg € [200 GeV, 2000 GeV],
o € [3°,50°], sy € [0.05,0.95].

2. Input II:

)‘*27 )"3’ )"4 € [_13 1]7 )"5 € [_25’ 25]3
ms € [200 GeV, 2000 GeV],
ri2 € [1072,10%], sy € [0.05,0.95].

The values of the A’s were chosen to ensure that a large
fraction of them are in agreement with tree-level unitar-
ity conditions, i.e. to make the scan more efficient. The
scans were carried out until for each input choice, 250,000
points were collected which (i) have a tachyon-free parti-
cle spectrum, (ii) which pass the tree-level unitarity con-
straints and (iii) which are in agreement with the S parame-
ter. Afterwards, these points were confronted with different
cuts. First, the experimental constraints on the Higgs cou-
plings were applied using HiggsBounds. In the second
step, the consequences of the tree-level constraints (UFB,
other minima) were compared to the loop-improved vacuum
stability constraints and to the perturbativity constraints in
addition. In the case of the perturbativity cuts, we made two
choices:

1. weak condition (“Weak P.”): the condition that correc-
tions to the scalar masses calculated in the MS scheme
must be smaller at two-loop than at one-loop is applied.
In addition, an upper limit for the absolute value of the
CTs for the quartic couplings of 27 has been set.

2. strong condition (“Strong P.”): the condition that the gen-
eralised tree-level unitarity conditions must be fulfilled
for the renormalised quartic couplings is applied.

A summary of the number of points surviving the differ-
ent cuts is given in Table 1. Passing the HiggsBounds
constraints (column ‘HB’) is taken as a prerequisite for the
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Table 1 Summary of the results of a random scan using Input I and
II. A sample with 250,000 points each has been generated which pass
the tree-level unitarity constraints. The numbers give the points surviv-
ing the different cuts. As weak perturbativity cut we applied the MS
condition based on the hierarchy of the one- and two-loop corrections
to the masses of the CP-even neutral scalars. The strong cut uses the

generalised unitarity constraints with renormalised couplings. Under
‘Agreement’, we list the number of points which pass both the tree-
and loop-level constraints. We show in brackets how many of the points
passing the tree-level constraints also pass the loop constraints and vice
versa

Input HB Tree-Level Loop-Level Agreement

UFB Stability Stability Weak P. Strong P. Weak P. Strong P.
I 121,034 23,417 2114 12,749 3220 1558 1150 (54%, 35%) 662 (31%, 42%)
1I 159,588 27,316 14,288 34,143 14,222 5704 7105 (49%, 49%) 3258 (22%, 57%)

subsequent columns. The numbers in the columns “Tree-
Level” as well as in “Loop-Level” show a cutflow in itself,
i.e. points which pass “Tree-Level Stability” also pass the HB
as well as Tree-Level UFB constraints, and points which pass
“Loop-Level Weak/Strong P.”” also pass the HB and Loop-
Level Stability constraints. Points which pass the loop-level
constraints do not necessarily also pass the tree-level con-
straints and vice versa, in accordance with the previous obser-
vations that tree-level constraints are often changed signif-
icantly at the loop level. In the last column “Agreement”,
we compare the numbers from the tree- and loop-level con-
straints: first, we show the number of points which pass
both tree and loop constraints. In brackets, we show which
percentage of points which pass tree-level constraints also
pass the one-loop constraints and vice versa. For instance,
54% of those points which pass the tree-level cuts are still
viable after imposing the loop-level “Stability” and “Weak
P.” conditions. In turn, out of all points which pass the lat-
ter, only 35% would have also been considered viable at
tree-level. A cross-check of the viability of the results is that
the fraction of points which have passed the “Strong P.” cut
and are also in agreement with the tree-level conditions is
always larger than the analogue with the “Weak P.” cuts.
This means that the stronger constraints are more stringent
in filtering out points at which the loop corrections have a
large impact.

The overall result is that the theoretical constraints at tree
level have a misidentification rate of about 50%. That means
that roughly half of the points which seem to be viable when
applying tree-level conditions are in conflict with the loop
conditions. On the other side, also a large fraction of points
which look fine at the loop level would have been discarded
if only tree-level conditions had been used. If the strong per-
turbativity cut is applied, only one third (Input I) respec-
tively one fourth (Input II) of the points which appear to
be valid at tree level also pass the loop constraints. Since
these are quite large effects, it is important to understand
them in some more detail. In the following subsections, we
are therefore going discuss the effects and try to pin down
where the differences between tree- and loop-level are most
pronounced.

@ Springer

4.5.1 Perturbativity

The main difference between the two input modes I and II is
the treatment of «: while it is an input parameter for Input
I, it is dynamically calculated for Input II from the other
parameters by diagonalisation the scalar mass matrix. One
finds approximately the following dependence of « on the
other parameters

2

sin2a ~ s 1—s2L
Hy H 2 2"

my, —m

4.27)

Therefore, usually a correlation between sy and « is vis-
ible and « is naturally large for large sy. On the other
side, for Input I one can, in principle, choose « arbitrar-
ily small independently of sg. The only constraint is that
this could lead to tachyons in the scalar sector. To get a pic-
ture from the possible values of « for the two input modes,
we present in the first row of Fig. 16 the minimal value of
o which we found in our random scans in the (mpyg, sg)
respectively (ms, sg) planes. As expected, for Input II, the
minimal values of « tend to be larger for large sy than
for Input I. Of course, since both inputs are related by just
a re-parametrisation, they should be equivalent at the end.
However, in order to keep o small for large sy, some tun-
ing in the other parameters is required which is not easily
achieved in a random scan. Thus, from this point of view,
Input I looks much more promising to find points which
pass the constraints on the Higgs couplings. This is also
confirmed in the second row of Fig. 16 where we show the
minimal value of « in the same planes after the Higgs con-
straints have been applied. There are parameter regions like
sy > 0.3,my > 1200 GeV which are hardly accessible
via Input II when choosing the input randomly, but which
are populated for Input I. However, we had already observed
in Sect. 4.3.1 that the perturbativity constrains are in par-
ticular strong for cases in which some tension between the
values of sy and « is present. This is also nicely confirmed
in our random scan. If we apply in addition to the Higgs
coupling constraints the perturbativity constraints, as done
in the last row in Fig. 16, we can observe that the two input
modes show quite similar results even in the random scans.
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Fig. 16 Results of the parameter scan. First row: the minimal value
of « found in the (mp, sy)-plane for Input I (left) and the (ms, sy )-
plane for Input II (right). In the second row, we show the same figures

All regions where only for Input I, points had survived the
HiggsBounds cuts, are in conflict with the (weak) pertur-
bativity constraints. Thus, the accessible regions as well as
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after applying the HiggsBounds cuts, and in the third row after both
HiggsBounds and weak perturbativity cuts

the minimal value of « in these regions look very similar
once the HiggsBounds constraints are combined with the
perturbativity constraints.
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Fig. 17 Fraction of points passing the weak (first row) or strong (second row) perturbativity cut. Only points which have initially passed the
HiggsBounds checks are taken into account. The left column is for Input I, the right one for Input II

We can confirm this picture also from another point of
view. In Fig. 17, we show the fraction of points which pass
the weak or strong perturbativity constraintin the (m g s, sg)
planes for Input I respectively Input II. One finds that these
cuts are particularly strong for Input I in the case of (i) large
sy and m g or (ii) very small sg. In these parameter regions,
up to 100% of the points require a non-perturbative treatment.
Is is remarkable that the ‘strong’ cut as we called it since it
affects on average more points, can be even less restrictive
than the ‘weak’ cut in some regions of parameter space. This
is especially the case for Input I and small m g in combina-
tion with large sy . However, one should note that the number
of points per bin in these regions is also smaller than in other
regions. For Input II, we find in contrast only a soft depen-
dence on sy as long as it is below 0.5 (strong cut) or 0.3
(weak cut). On the other side, a strong tendency is visible
that the perturbativity cuts are more important for increasing
ms.

In general, it is worth noticing that even in those parameter
regions where the perturbativity cuts are the least constrain-
ing, they still affect at least 15% of the shuffled points.
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4.5.2 Vacuum stability constraints

We now turn to the vacuum stability constraints and dis-
cuss the main differences between the tree-level and loop-
improved constraints. A comparison between the tree-level
and one-loop constraints in the (m g, sg) and (ms, sy) plane
for Input I and II, respectively, is shown in Fig. 18. In this
figure, we consider all points which are either stable at the
tree- or one-loop-level and show the fraction of points which
are also stable at loop- or tree-level, respectively. Thus, these
plots present

#|stable at loop|stable at tree

R =
#|stable at loop

. #|stable at tree|stable at loop

R =

(4.28)
#lstable at tree

For Input I, we find that at most 60% of the points per bin

which are stable at the one-loop level would also have passed

the tree-level constraints. In other words, the misidentifica-

tion rate that stable points are considered as unstable from

tree-level considerations (‘false negative’) is at least as large
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Fig. 18 First row: fraction of those points which are stable at one-loop and also pass the tree-level constraints. Second row: fraction of those points
which are stable at tree-level and pass also the loop constraints. The left columns shows the results for Input I, the right column for Input IT

as 40%. For Input II, the ‘false negative’ misidentification
rate can go down to 20%. However, this is only the case
for a small band of very small ms of 200-300 GeV. Other-
wise, this misidentificatio rate is often 70% and more. For
Input I, parameter regions exist where nearly all points with
a stable vacuum at the loop-level would be ruled out by the
tree-level constraints. This is in particular the case for very
small sy or for somewhat large sy (~ 0.4) together with m g
above 500 GeV. For Input II, there is also one spot where
the misidentification rate is close to 100% at sy ~ 0.35,
ms ~ 800-1000 GeV.

In contrast, the large majority of points which pass the
tree-level constraints is also stable at the loop-level. The
main exception is for Input I in the limit of large sy and
small m g where the loop corrections restore the ew symme-
try as explained in Sect. 4.4.3. In these regions, the misiden-
tification rate that points are assumed to be stable based on
tree-level consideration is up to 30%. In all other parameter
regions, it is significantly smaller and at most a few per-
cent. Since the effect of symmetry restoration comes with

large sy together with rather small values of «, it is much
less pronounced for Input II. Consequently, the ‘false pos-
itive’ misidentification rate is, with the exception of one
bin, always below 10% in the (ms, sg) plane. Since for the
vacuum stability constraints, and in particular for the check
against UFB directions, the quartic couplings are crucial, we
show in Fig. 19 the ‘false negative’ misidentification rate
alsoin the (X2, A4) and (A3, A5) planes for Input I and II. The
overall situation for both input modes is quite comparable.
One finds in particular for negative A, and/or A4 that a large
majority is mis-categorised. Only for A; — 1, A4 — 1, more
than 50% of the points which are stable at the loop-level are
also considered ‘stable’ from tree-level checks. The reason
is that, although the loop corrections are in principle more
important for larger quartic couplings, large A and A4 make
it less likely that a given parameter point fails one of the
tree-level checks for UFB directions.

In the lower row of Fig. 19, which gives the results for the
(X3, X5) plane, the picture changes. Here we find that most of
the points for which the tree-level checks also return ‘stable’
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shown in the (X2, X4) (upper row) and the (13, As) plane (lower row). The left column uses the points with the input choice I, the right column uses

Input IT

if the point is deemed stable at one-loop reside around small
absolute values of A3 and As. In this case, the misidentifica-
tion goes down below 60% for Input I and even below 30%
for Input II. On the other side, if either |A3| or |15] are large,
less than 20% of the points are categorised correctly. The rea-
son is that for large couplings, the loop corrections are even
more important. In contrast to Ay or A4, the quartic coupling
s enters the UFB checks as |As|, i.e. UFB directions are
as likely for large positive As as they are for large negative
values. In the case of A3, points with large negative tree-level
values for that coupling are likely to have a UFB direction at
tree-level which becomes bounded from below after includ-
ing the loop corrections, analogous to A> and A4; recall also
the example of Fig. 11. At large positive A3, in turn, a point
which is considered unstable at tree level because of a deeper
non-ew minimum of the scalar potential can become stable
at one-loop after the inclusion of the large loop corrections
as we have seen at the example of Fig. 13.
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Finally, we want to remark again what is particularly
noticeable in Fig. 13: one clearly sees that, if a point passes
the loop-level constraints, there is in general a higher chance
that it also passes all tree-level tests if Input II is used rather
than Input I. This is a result of the smaller amount of param-
eter tuning which is needed in average (i.e. for a randomly
chosen parameter point) if « is calculated rather than used as
an input.

4.5.3 Maximal sy

We want to close the discussion of our random scans by
checking the maximal allowed value of sy which is possible
in the different parameter regions when applying the vari-
ous tree- and loop-level constraints defined above. Here, we
concentrate on Input II because of the larger number of valid
points when using both tree- and loop-level checks. L.e., we
consider a comparison between results of the lowest order
and higher orders of perturbation theory as more robust for
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Fig. 20 Maximally allowed value for sy using different sets of con-
straints. Upper left figure: maximal value of sy in the (ms, r12) plane
for Input II after the HiggsBounds cut and all loop constraints. For
the perturbativity cuts, we have used the weak conditions. Upper right
plane: the relative difference to the maximal value when using only
tree-level constraints and not checking for perturbativity (depicted is

Loop _ Tree
IOOSH—SH;L). In the second row, the difference is shown if tree-level
H

this input choice. In the first row of Fig. 20, we show the
maximal value of s which we find after applying the weak
perturbativity constraints and checking the stability of the
one-loop effective potential. We see that very large values
are only possible for ;2 < O (i.e. opposite signs for M; and
M>) and small ms below 500 GeV. For increasing ri or ms,
the maximal possible value of sy quickly goes down to 0.3
and less. We can now compare these values with s7;** which
we would find in the same plane if we apply the tree-level
vacuum conditions and if we don’t check for perturbativity.
The results are depicted as well in the first row of Fig. 20, on
the right-hand side. First of all, a band with large r12, shown
in purple, wouldn’t have been accessible at all under these
conditions. Close to this region, i.e. still for ri = 1, the

~J
relative changes in s};** can be 150% and more. Of course,

vacuum stability constraints are combined with the weak perturbativity
cuts (left), or the one-loop vacuum stability is checked but the pertur-
bativity constraints are not applied (right). The purple regions are not
accessible if the tree-level cuts are applied. In the black bins, no point
was found in our random scan after applying the one-loop perturbativity
constraints on points with a stable tree-level vacuum

in total numbers this means for this parameter region rather
moderate shifts of 0.01-0.10 in the maximal possible value
of sy . In the other parameter regions, the relative differences
in s7;** are not too pronounced; they lie between — 25 and
+100%. Nevertheless, these are effects which are not negli-
gible even if one has averaged over thousands of points, i.e.
the general behaviour of the model is affected. Of course, for
a single point which should be for instance used for collider
studies, it is even more important to apply robust checks to
test whether the point is allowed or not.

In the second row of Fig. 20, we show the difference in
s when using the tree-level checks and either the weak per-
turbativity constraints (lower left plane) or the loop-corrected
vacuum stability checks (lower right plane). If one would
use the tree-level vacuum stability conditions and apply the

@ Springer



185 Page 34 of 46

Eur. Phys. J. C (2018) 78:185

weak perturbativity conditions in addition, the sample of
points considered as ‘valid’ will shrink. Therefore, also sﬁ‘”‘
becomes smaller. The differences can be up to -50% for large
ms. On the other side, if only the loop-improved vacuum sta-
bility checks were used without perturbativity checks (right-
hand plot), the sample of ‘valid’ points would increase signif-
icantly, resulting in larger positive shifts of s3;** up to 500%
for large r12. Moreover, a rather large region in the parameter
space would seem accessible in this case: the region at large
r12 and large ms which is purple in the lower right plane but
white in the upper right figure appears to be allowed if the
perturbativity constraints are disregarded.

This shows that the two proposals to improve the the-
oretical checks for parameter points in the GM model are
complementary, and we stress that a check of the stability at
the loop level is only meaningful if the perturbative series is
trustworthy.

5 Summary and conclusions

We have investigated in this work the perturbative behaviour
of the Georgi-Machacek model, focussing on the scalar sec-
tor. An on-shell renormalisation of the scalar masses and mix-
ing angles is formally possible once the custodial symmetry is
given up at the loop level. However, it has been shown that in
large regions of parameter space, very large loop corrections
can appear, pointing towards the breakdown of perturbation
theory. Therefore, these regions are most likely strongly cou-
pled although naive limits for the quartic couplings would not
indicate this. For a definite answer to the question whether
the perturbative expansion works or not, it would be nec-
essary to check for the decrease in the scale dependence of
different physical processes — which is so far hardly possible
in most BSM models since one would need to calculate the
two-loop results for several decay or scattering processes.

We have therefore proposed a set of easily-accessible
checks which should help to get an impression of how
well the perturbative expansion works. These checks either
include conditions on the size of the counter-terms to the
quartic couplings which should be fulfilled in an on-shell
scheme, or use the hierarchy between the one- and two-
loop corrections to the scalar masses in the MS scheme. The
methodology developed in this work therefore solely relies
on calculations which are, as of late, possible in an automated
way for many BSM models via the Mathemat ica package
SARAH. The perturbativity conditions proposed here are thus
alot more sophisticated than the simple tree-level checks and
at the same time already easily calculable with the help of
modern particle physics computer tools.

We have shown at the example of the Georgi-Machacek
model that those comparably easily-accessible conditions
are, in many parameter regions, sufficient to be certain that
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perturbation theory is not applicable: we have found exam-
ples in which the counter-terms to quartic couplings are larger
than 100 or in which the two-loop mass corrections are sev-
eral orders of magnitude larger than the one-loop corrections.
There are, however, also regions where the results are not
that clear. For instance if the two-loop corrections are com-
parable to the one-loop corrections or if counter-terms are of
order one. Here, it is still a matter of taste or conservatism if
one assumes that Born-level or one-loop results for masses
or processes are still reliable. Although in these cases, we
cannot provide a definite yes/no answer to the question of
perturbativity, we think that this work has pointed out the
potential problems with perturbativity arising in particular in
non-supersymmetric models in the presence of sizeable quar-
tic couplings. We further hope that the presented ansitze are
a step forward towards more reliable checks of this issue in
the future.

In the specific case of the Georgi-Machacek model, we
could identify several parameter regions where the loop cor-
rections tend to be large. In particular, we found that a check
for perturbativity is inevitable if (i) the new scalar masses are
large, i.e. 1 TeV or more, (ii) if there is a mismatch between
the actual values of sy and the scalar mixing angle « either
due to the choice of the input parameters or due to acciden-
tal cancellations, or (iii) if quartic couplings become large
(although still well below the limits from the tree-level uni-
tarity conditions).

The second main outcome of this work is that we have
revised the checks for vacuum stability, which have so far
only been done at tree-level, by including loop corrections.
We have shown that those tree-level checks are usually not
reliable in the Georgi-Machacek model. In particular, in
many cases, a vacuum configuration which appears to fea-
ture an unstable electroweak vacuum at the tree level turns
out to be stable once the one-loop corrections are included.
This is the case as (i) a change in hierarchy between dif-
ferent minima of the scalar potential can easily occur at the
one-loop level, and (ii) because field directions which appear
to be unbounded from below at the tree level turn out to be
bounded after the inclusion of the loop corrections. The oppo-
site case that the vacuum is destabilised at the loop level is
much less likely. Depending on the parameter regions, we
found misidentification rates of the tree-level checks com-
pared to the more reliable loop-level checks of up to 100%.
In the entire parameter region which we have checked, the
misidentification rate was always above 15%. Therefore, we
conclude that, for a reliable prediction if a point has a stable
or unstable electroweak vacuum, tree-level conditions are
not sufficient. On the other side, one needs to be sure that
perturbation theory is working if loop corrected checks for
the vacuum stability shall be applied. This shows the strong
connection between the two topics discussed in this work.
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A Vertices

The Feynman rules for the GM model are partially given
in Refs. [20,30,66]. These works focused on the couplings
which are important for collider phenomenology like cubic
scalar couplings, or the couplings of the scalars to vector
bosons or fermions. However, other couplings which are
important for loop corrections like the quartic scalar cou-
plings or the interactions with ghosts have not yet been given
explicitly in literature. Therefore, we provide in the follow-
ing all couplings of the scalars in the GM model in the limit
of conserved custodial symmetry and also of no CP violation,
i.e. all parameters are taken to be real. The expressions for
the general case are available via SARAH.
We define the following rotation matrices

1 0 0 0
v o - /2 L o e
zZ" = 3 A x| S« c« 0 (A1)
o L % 0 0 1
3
74 = ( CH - SH ) (A.2)
—SH CH
1 0 0
b 0 0 1 CH SH 0
zZ = V2 V2 X —SH CH 0 (A.3)
0o —-L % 0o 0 1

which diagonalise the mass matrices given in Eqgs. (2.29)—
(2.31) in the limit of the conserved custodial symmetry.

In the following, the vertices are categorised according
to inclusion of scalar (S), fermionic (F) or vector (V) par-
ticles. The conventions are as follows: Chiral vertices are
parametrised as

L R
UrFisPL+ TR Fys PR

where P; p are the usual polarisation projectors. The
momentum flow in scalar-scalar-vector (SSV) vertices is

i w
FS[S_,- v# (PS]. — Dg,)s

i

where p,, are the momenta of the external fields.

ssS
L a0a0s, = %(z{;( =22 ((432 = 2s)vzff
i 4\/5(%4 + A3>vx zH
+ (= 6M2 + 8340, ) Z3)
+ V27 (2050 + M) Zf] + 20505 213) )
+ 28 (V22 (200, + M1 ) ZE8 + 2050573
= 2 (16210571 + (4350,
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= sz 24)) + 25 (2(4(% + 24) 21,252
+ 225 (775 + 2521 )
+ 25 (9a(26 25 + 75,75) - 157571
+ 255 (202257 75 + 2521 )
+ 25(7h 75+ Z571) )

+ + ot t ot gt gt
+Zj (8)‘lzklzll —As (Zkzzl3 + Zk3Zzz>)))

(A20)
Crn—nen— = —i(4(20a +23) (2575
+ Z575) + (42— 35)Z4ZH)  (A2D)
i n = —8i (2 +3a) (A.22)
SSvV

1 .
FA?hjZ,A = _E(gl sin Ow + g2 cos @)W) (22{%2% + ZﬂZjH])

(A23)
Caomtws = %gz (Vazhzt+ 247 (A.24)
Cavnrws = %gz (\/Ez,f;zjg +z4 zjl) (A.25)
Ty by = %gz (2287} +2zlizh + 2H7)) (A2
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i
Dyarwy = —302(22825 +V228z5+ 2l{zZ)  (A2D)

i .
Thaty, = —§<2<g1 cos Oy Z 25, + g2 sin @szzzjz)

+ (g1 cos Ow + g2 sin ®W)Z$Zj'l) (A.28)
Tprn—wr = —i822Z (A.29)
i .
FH?H;Z“ = _E( — 2gysin G)WZ?;Z;% + 2g2 cos (*DWZ?;Z;'2
+ (—g1 sin @)W—I—gzcos@W)Z;qZ;rl) (A.30)
Ty—n—y, = i(gl cos Oy + g sin (—)W> (A31)
Cy—-n—-z, =i(—g1 sin ®w + go cos ®W) (A.32)
Ppep—wi =822 (A.33)
with the Weinberg angle ®y = acos 2 .
V& +&
SSvv
i
Caoawrws = 585(22520% + 22}, (A34)
i . 2
Laor0z,2, =3 (gl sin ®w + g> cos ®w)
i
(4252;*2 +zA z;*l) (A.35)

r —l cos Oy zAZH
AVHF Wy, = 282 81 WZi14 ;1

+ ﬁ(2g1 cos Oy — g sin ®W)Z[;Zj+3) (A.36)

1 : At
Pavurwyz, = —Egz(gl sinOwZ;1 25,
n fz(zgl sin O + g2 cos @W)Zi/‘zz;) (A.37)

I o+ +=lg2 — g1 cos® zAz7
A;H/VMW\; 2 WZi1 41

+ \/E( —2g1cos @ + gosin ®W>ZiA22;r3)
(A.38)

Cpon—wiwy = —2¢37} (A.39)

r _ ] inOwZ4ZH

AVHTWEZ, —55’2 g1SmBwL; £ 5y
+ ﬁ(Zgl sin Oy + g2 cos G)W)Z{XZZ%) (A.40)
Cpon—wiws = V2637 (A41)

L 2(noH o H Ho H | o H H
Chinwitwsr = 582 <2Zi3 Ziz+4Zin 2 + Zj) Zjl) (A.42)
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i
2

H—~H H—-H
(4zi3zj3+z,.lzj1)

2
Chin;z,z, = <g1 sin Oy + gz cos G)W)

(A.43)

i .
p— §g2(2g2 sin©wZf 2}, + g1 cos Ow Z[{ 77,

+ ﬁ(zg] cos Oy — g sin @W)zg zjg) (A.44)

i H o+
Fhl‘H;W[TZV = —Egz( — 2g2 COSs @Wziz ij
+ g1 sin (~)Wzi’{zj+1

+ \/E(Zgl sin ®w + g2 cos ®W>ZSZ;T3) (A.45)

i .
FhiHj*y,LWJ = Egz (2g2 sin O Zl-ngz + g1 cos G)WZifl’ZjTLl

+ \/E(2g| cos O — g sin (-')W)ZSZE) (A.46)

Thn—wiws = iV282Zf3 (A.47)

i H o+
FhinWIZu = —Egz( — 2g> cos @WZiZij
+ g1 sin@WZiI{Z;'I

+ x/§<2g1 sin ®w + g2 cos G)W) z,.g’ Zﬁ) (A.48)

Thn—wiws =iV26Z (A.49)

. 2t ot
FHI.'*'H]'.*'W,TWJ' = _2’g2Zizzj2 (A.50)

i . P

+ 4<g]2 cos OF ZEZ ] + g3 sin G%VZ;SZ;E»

(A.51)
FHfH,,yMW;r =ig <2g1 cos Oy + g sin @W)Zg (A.52)
i
rHi+HfV[LZV = —Z(( — 281820820
+(— g3+ ) sin20w) 2 75,
+4sin20w (12525 - 832575,))  (AS3)
FH,.”'H--W,TZ\, = ig2< — 2g1sin O + g1 cos (~)W>Z;§ (A.54)
i
Cormrwiws = 38 (22;5215 +4ZHZH + Z,*lzjl) (A.55)

2

i : L

FHI.'*'H]'.*'Z#Z,, = <(— g1sinOw + g7 cos @)W) Z”Zj]
4

2
+4( g7 sin O3, 2575 + g3 cos 03, 25255 ) )
(A.56)
2
Th iy =20 (g1 cos O + g2 sin @W) (A.57)
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—i( — 28182 0820w

+ (- & +g}) sin20w)

Uy—n—y,z, =

Cotr—wiy, = i82(281 cos Ow + g25in O )2

tzh

FHi+H;’W,TWJ'_ ZthZ Z
_ 2
FH"H"WJWJr =18

2
Ch—t--2,2, = 2i( — g18in Oy + g2 cos @W)

Chrn—wiz, = ig2< —2g1sin Oy + g3 cos ®W>Zl.‘§

SVV

i 2 H H H
Dhwiwy = 583(2v20, 28 + 40,2 + v, 211

i 2
%(gl sin Oy + g2 cos G)W)

(4v20, 281 + vy 21 )

Uniz,z, =

i
FH,»*WJV,L = 5gz <2vX <<2g1 cos O — g2 sin ®W>

Zg + g2 sin G')WZE) + g1vg cos @WZ;)

i .
Chbwiz, = —EgQ(ZUX ((2g1 sin Ow + g3 cos @W)

Zg — g2cos @WZiE) + g1vg sin @WZH>

i .
FH,-*VUW,T = Egz(ZUX (<2g1 cos Oy — g2 sin @)W)

7 + go sin ®szg) + g1Ug cos @szl)
', wrw+ = 2ig2v
H— WS W, 2Vx

i .
FH,»*WJZH = _Egz <2Ux ((2g1 sin ®w + g2 cos G)W)

Zig — g2 cos (—)WZ?D + g1vg sin (—)WZI.J]>

— i
FH**W(,*WI = 2igjvy

(A.58)

(A.59)

(A.60)

(A61)

(A.62)

(A.63)

(A.64)

(A.65)

(A.66)

(A.67)

(A.68)

(A.69)

(A.70)

(A71)

FES
. 1 303 . o
FJ,-udj/,Agg = _ﬁ‘saﬂ };; Ug.iaYa.aUL jpZiy
FgadjﬁAg = 0‘5 Z Z Ui Jja¥a abUf v Zih
b=1a=1
33
FéejAk - ZZ RiaquabUz,jbzl?l

303
1

R _ e A

e a0 = ﬁbE,:E_: Uk jaYe.abUL ipZicy

L
FﬁmujﬁAg aﬂ ZUR iaYuabUL ijkl
b=1a=1
R
D540 = uﬁZZUR jaYuab UL i Ziy
b=1 a=1
Fd,ad,,gh,\ aﬁ ZZUR iYaanUf j»Z
b=1a=1
R —
D =~ f‘gaﬂ ZZUR ja¥a.abUf 1 Z{3
: b=1a=1

3 3
L .
Fﬁiadi;;H; - lsaﬂ Z Z UR ia Yu, abUL IbZkl

b=1a=1
33
R . d u +
Py =~ D D Uk ja¥aaULinZi
b=1a=1
L
Fé,-ej-hk = ZZUR ia eabUL ]bzkl
b 1a=1
R —
ré,-ejhk = ZZUR ja Y, abUL zbzkl
h 1a=1
L —
Fﬂie.fﬂk+ =0

3
R . e .7+
Fite =~ 2 Uk jaYeai Zis
a=1

L _
rﬁ,uumhk = = aﬂ ZZUR iaYu ubUL ijkl
b=1a=1
R _
Fﬁiaujﬂhk - Olﬂ ZZ UR Jja Yy “hUL IbZkl
b=1a=1
303
L _ . d u +
Dy = ~10ap 2D UkidYaawUf 3 Zf;
b=1a=1

R — - u d +
D sy = 10a8 2D Uk jaYuaUL i Zs
b=1a=1

(A.72)

(A.73)

(A.74)

(A.75)

(A.76)

(ATT)

(A.78)

(A.79)

(A.80)
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3

e,ujH,( lZUR iaYeaj Z{ TS ot =0 (A.81)
GGS
1
Dyogeap = 7836w+ (ﬁux z4 + %z;‘]) (A.82)
1
Py = —386ws (Vav,zdh +ve74) (A.83)
i .
Cizgn, = 582 (26182 c0520w + (= g3 + g7 ) sin20)
X (4«51))( zZH+ v¢Z,fII) (A.84)
i .
Fn;ny o= —Zg2$W+ <2vX <2g2 sin @WZ;'2 + g1 cos G)WZ;;)
+ vy <g1 cos Ow + g2 sin G)W)Z;rl) (A.85)
i .
F’I__VIVH: = —Zg2§W+ (ZUX <2g2 sin @WZ;E + gj cos ®WZ,(+3)
+ vy (g1 cos O + g2 sin G)w)Z;r]) (A.86)
i
D, = — 786w+ (40,288 +V2v, 25+ vp2f1)  (A8T)
i
oop— = _§8§”X§W+ (A.88)
i .
Wit = ZgQEZ <g1 sin Ow + g2 cos ®W>
x (4ux ZH+ v¢z,j1) (A.89)
i
Lo = —Zg%SW+ <4vX Zh + V2, 2 + v¢Zﬁ) (A.90)
i .
F,;ZTH; = Zgzéz (gl sin ®w + g2 cos G)w)
x (4UX Zh+ v¢Z,:'1) (A91)
Lopp— = 2g2vX§W+ (A.92)
i . 2
TZnZhe = —ZSZ(gl sin Ow + g cos ®w>
x (420,25 + vy 211) (A.93)
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] .
Fn_ﬂ;ZHk* = —1825W+ ( —2g1vy sin (-')WZ;L3

+4gov, cos ®WZ,:F2 + v¢( — g15in Oy + g cos @W)Z,jl)

(A.94)

i .
F’I:'?ZH; = —Z&’ZSW*(— 2g1vy sin @)WZIQL3
+ 4gavy cos ®WZ;r2 + v¢< — g1sin Oy + g» cos ®W>Z,2L1>

(A.95)

B One-loop corrections

Here we give the expressions for the one-loop tadpoles and
self-energies. For that, we refer to the vertices listed in the
last subsection. Since the corrections are applied to the mass
matrices but not the mass eigenstates, external gauge eigen-
states must be used. Therefore, the rotation matrices of these
states must be replaced by the identity matrix. We label the
corresponding fields as X.
In addition, we introduce the following abbreviations:

X(a,b) =X (p* a,b)

= {Bo, B1, Go, Fo} (B.1)

LR =L < R (B.2)

The results are expressed via Passarino Veltman integrals
[67]. The basic integrals are
d"q 1

A =1 2 4—n
o(m) = 167°Q z(2n)”dq1 e
q

(B.3)

By(p.my.my) = l6w*Q* @)

1

|:q2 —m3 + ie] [(q - p)2—m3+ is:|
B.4)

)

with the renormalization scale Q. All the other, necessary
functions can be expressed by Ag and By. For instance,

Bi(p,my,mp) = [Ao(mz) Ag(my)
+(p? +m? —m3)Bo(p, my, mz)},
(B.5)
and
Fo(p,my,mp) =Ag(my) — 2A0(m3)
— 2p* 4 2m? — m3)Bo(p, m1, my),
(B.6)
Go(p, m1, my) =(p* —m} — m3)Bo(p, m1, m>)
— Ao(m1) — Ag(m2) B.7)
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Tadpoles

51‘(1) + Ao( )Ffvti,n;w* + Ao(m%,)rﬁi’n:’n,

+ Ao(mfiz)rﬁi,nj,nz — Ao (m%_l,,>r};i’H++’H,,

miy 2
4T, e (= 55+ Ao(my))

my
+2ry, 5 (= + 40(m3))
1 2
— EZAO(mig)Fi'uAO Ag
a=
3

2
-2 AO(’”H:>FE,-,H;,H:
1 2
-3 ZAO(mha>Ffz,-,ha,ha
a=1
3
+6)_ Ao m)"”( bdva, T T dada)

3
L R
+ ZZA()(m “)meﬂ( vzaéal,ea + Ffliaéuseu)
a=1

3
L R
+6 Z Ao(m a)mu" (Fh,,ua,ua + Ffli»ﬁmua) (B-8)

Self-energies

1. CP-even Higgs

2 2
- BO(m,ﬁs mn+>r‘hm}+ ot bttt
— Bo(m?_ ,m?>_\r; - Ty -
O™y M= ) == o

1
- 2 2 * .
+ ) Z Z B()(mAg:’ mAg>F;,j,Ag,Athi,Ag,Ag

1 3
t3 ; B()(mﬁ”,m%h)rgj,ha,hbrilisha,hh
3 2
+ZZB°('"% : i())rg,‘,ha,Agrili,ha,Ag
3
+ 3 Bo(m )Fﬁ/ b oy Ui e

3
2 Lx L
+3)0 [G(’(md«’mdb)rh s\

2 2 Lx R
ZmdaB()(mda,mdb)mdhl"h TR db-i—LR]

3
2 2 Lx L
+ Z [Go(me“’meb>r‘hvjvémebrﬁi,5a‘€b
a,b=1
—2me, Bo(m, 2, Yme, L Tt LR}
L* L
+3 Z [GO( ”") hj vﬁa-ubrﬁisﬁu«”h

a,b=1
2 Lx R
2my, Bo(mua, mub>muhl"h/ i Mth: Gty + LR]

22
Zrh Z,A9 T, Z,AZFO(mAg’mZ>

+2Zr e Tinow- sy Fo(mlys ) (B.9)

2. CP-odd Higgs

+ 4T 50 jo - W+(_ TW + A()(mw))
i 7’ ’
2
2050 40 2 z( 2Z + AO(’"Z))
t J’
1 2
2
) ZAO( AO)FAO £0,49, 49
a=1
1 2 2
2
" EzlbleO(mAS’m )FZO a0, T 40,40,
3
—ZAO(miﬁ)FAO A0 - ot
a=1 ¢ pre
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3 2

+ZZBO(mh mAO)FZOh AOFA ha, A

a=1b=1

2 2 *
+ BO(’"H*’mH;)F,&?,H;,H;FA?,H;,H;
3
2 *
Z Bo(mha mhb)Fth thA?shaahb
b=

3
Lx* R
-3 Z |:2mdaBo<md mdl>mdeA0 da,thA?,cZa.db

—Go(m3,,m?, )Fggd wTiod +LR]

3
2 2 Lx R
_ Z |:2meaBo<meu,meh)mebl"Ao _ ebrfi?,éa,eb
a,b=1

,ami)FLv* rt, +LR]

A().,Ea,eh A?aeuseb

2m,, B ( 2) rtx TR
bz |:mua 0 Ug 7mub mub AO TR A?.L_la,ub

2 L L
(u ub)rv* rt,  +LR

0 -~ 0
A;,ua,uh A,~ sUa,Up

2 2
00, w- H*F W‘,H;FO(mH;’mW)

(B.10)

3
-2 0
a,b=1
3
Z AO Ztho(mﬁb,mZZ)
-
+2T

3. Charged Higgs

4 1
l_Il.Ith (pZ) = 4(30(0, m%[,> — E)F;, - yrl-?»’.wty
W i
1
+ 4(30("1%4/’ mZZ) - E)F*I:Iiz W+I‘1~VI.’,Z,W+
iz i
B()<m7271,m2 )FH - n,l"H+ -z

2 - . -
B()( Mt ng>FH:_”Z,,,+ FH;r-'?Z,ﬂ+

2
A0<mH**)F1§i+,I:1]’,H++,H”

2
+ F*H HA W F[.};,HJrﬁW—FO( H,,,mW>
2

my 2

+ 4r,;[+yg,jww,vw+(— o Ao(mw>>
2
mz 2

+ zrﬁfﬁ:z‘z( T + AO(’”Z))
_72140( ) H+H AOAO
- ZAO( ) YA Hy HE

2
Z (mhu)rmﬂ hasha

a=1

0| =
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+

M

2 2 *
> BO('"HI’ mA2>FH;,Hr,A2FHFvHa*vA2
1b=1

a

+

- f9-

2 r* T
BO(’"H*’mhb) H HY o HTHT g
1

+ I

2
1_} ZH+rH ZH*FU( H+s Z)

S
Il

3
2 2 L* R
b=1

a,b=

2 Lx L
—=Go (mdn’ mlll:)rH da,up 1_‘H oy up + LRi|
3

2 2 Lx R
a,b=1

2 2 L« L
— m; ,m; JI': re LR
GO( e "b) iy any Bz ]
2
, 2 2
+Zrﬁ_,‘WﬂAorHingFO(mAO,mw)
= ; » Hi b
2 *
+ Z BO('”H”’ )FHJ*.HH,H,; Cri s my

2
+ZFH Wy W thO(mhb’mW)

+Zr v T VH+F0< H+,0) (B.11)

4. Doubly-charged Higgs

= +2|FH++,W*,W* |2

1
X (— 3 + Bo(m%v, m%,v))
- Bo<m3;—’m%‘*’)rH**,n*,n:FH**,n_*,n*
— Ay (m?q——)rH——,HH',H*'*',H"
+ IFH++,H”,),|2FQ(m%_1,,,O)

+ |FH++,H77’Z|2F()(m%1__,mZZ)
2
_Mw 2
+4Cg— g+ w-.w+ ) + Ao(my
2

_mz 2
+2FH——,H++,Z,Z ) + Ao|my

2
1
3 ZAO( A())FH—— H++, A9, A)
a=1
3
—2 Ao (mi;)FH",HH,H;,HJ
a=1

3

1
— 5 ZAO(m%lu)FH__,H++,]1¢4aha
a=1
3
2
+2 bZI|FH++H H—l BO( H+’ Hl:r)
a
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3

2 2 2
+ Dty [2Bo(m3y— m?, )
b=1
3

+Z|FH++W Hy | FO( H+,m%v)

b=1
(B.12)

C Counter-terms

Here we present the counter-terms necessary to renormalise
the scalar sector of the GM model on-shell.

1 3 H
o1 = — 5, (—v¢n” +5r1) (C.1)

Shog = +A +1v—2v*1
2a = 2b 3 o Yx

( 22613 — 20, T1H) + 461y + ﬁU¢n13)
1 —_
+ Ev;2(8v)2( + v%) (4\6&31))( — 88tvy
+ v¢<4vxl'11f12+ — 41))(1'11;‘;r — U¢1—[§I; + U¢H§§+))
(C.2)

1 2 2\ 2 _ 6
SA3p = =V, SUX + vy 10248k4cvx

g8 X
+ 640} (= 48003 + V2 + 1)
— dvduy (280 + V2813 + v (— 30fY
—ni 4 fznﬁ))
_ 32v)3( <ﬁ8t3 + v¢< I"I13 + Hf];))
+ 8up02 (v( = 211" + 292118, - 2634003 + 2117
— N I+ ) +on)
+ uj,ﬁ( - 2(112‘%+ + n3”3+)

+ V218 + 0 g, )) (C3)

Shse = %v;z(slﬁ( + ué)fz( — 10248h40°

— 8dnvy (41}2 + vé) — 4«/§8t3vx <4v2 + vé)

+ 4o, (M + ") + o (- 2mf” + v2nfh)
_ H3H3+)

+ 8902 (= 28hac0] + vp( - 205" + 27218,

— 320 (2115’3 — 22T + 88hav] — T2

—nf 4 nf 4 n?{g*) n 8t1)) (C4)

I
Bhaa = 10y (8] +3) (—1024(5A3a+5x4c)v§

— 64vh (=215 + 4(8h3q + brac v — V214 )

— 32v)3( (46t2 + v¢( - Hf’; + nfl;))
+ 4v5,vx( 681 — /2813 + U¢(3H12 + Hf?))
)+ Vo)

+ 8052 (261 + vy — 2001 +2v2014

+ vj (208 —2(T1fh" + it}

_ z(axaa + (SMC)u; vant —nit 4 n;’;))) (C.5)

Sap = 116 v 2 (8u2 +03) 2(10243A4Cu§
— 640} (= 48haev} — M+ V2IH 4 TTH)
+ 32003 (- Mff + M) - 4u;vx (26
+ V2613 + vy ( - 2v20, + 3010 + 1Y)
+ 830 ( —omf + 21 4 onf — 2v2m4
+ 28he0] —2m? T il nf{)
+ (2( — g, + i 4 ng”;)

- V2nf - nfT 4 k) (C.6)

5o = vy (807 +3) 2(2565/\2bv¢v§

+ 03 (2802 — vpT1fh ) + Bug02 (261 — V2513

+vp(—2mfy -y +v2ng + 1))

— 64y (- + b+ 0l

+ 200, (25A2bv; —n4 -n4 4 n§’3+)

+ 160} (u(43x2bvg —n4 —nd 4 ng*) + 5:1))

(C.7)

SAsp = v¢1 ;1(81) —|—v¢) 2(2568)»2;,1)451))5(

+ ) (251‘2 - v¢nf’2) — 320} (21‘1{’2 —ni 4 n{’;)
+ dvpu2 (260 — V281 + v <3n{’2 —amt 4 n{’;))
+ 20vy (2&2,,113, —n4 - ng’;)

+ 803 (200 + vy (= 201017 + 883203
- n 4 n))
—1 2 2\ 2 5
IMia = 2U¢ <8UX + Ud’) ( - 2568A2bv¢vx

+ v;(v,ﬁl—[f’z - 43t2)

+ 8up02 (V2613 = 2812

)

+ 640y (— iy + b+ i)

(C.8)

H H*
+ U¢<2H12 =30
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+ 4v2,vx ( - 5)\21,1)3, + l'[é"gr + H%Jr)
— 1603 (2011 + vy (= 21101 + 483200}
- i)

-2
sMp = 5" (802 +03) (= 5126320503

(C.9)

— 480 (4v¢v§ + v;) + 2v;( — ﬁ513 + v¢1'1fé)
+ 64vy (211f — "+ 11L7) = 8ug0? (= V2013
+ vp (27211 + 305" — 4mifh + n{’;))

+ 4o, (= 2000003 + Ty + 11" + 1AL

—~ 160} (45;, + v¢( —omd —ant”

+ 88hypv] — TH + nf{))) (C.10)

1 )
oMy = v 2 (802 +u3) (102480400

12/
T e
n fzng) + 40202 ( — 281, + /2613
+ v - 30 +4nf, - nfY’))
+ 32v¢vi (21'[{12 _ 1-[1172* + H{?)
+vpuc (2" + f)
— 4810} — V21H)

— Sugv} (2611 + vg( = 20017 + 29218, — 26300}

+ 88hppv] — B + ngf;))) (C.11) 1
2
2 ife o 2\72 6 3
ou3 = v, (80 +v3)  (— T68812pu 0 )
+ vg<35z1 —vprf}) ;

— vpuy (272815 — 20,11} + 8512 + V2u, M1} )
+ 6403 (- 2mfy” +2mf +2mfy” — v2nf) ;

— 16090 (2612 — V2813 + vy (— 215 + 315"
+ V21 + V2l + i) 0
+ 42 (1260 + vy (2T + 1) o
— 3] — 411} +113,)) .
+ 3208 (380 + vy (— 210 + 2110 — 6530503 i
i o+ n;’;))) c1
2 1 2 2 -2 6 2 3 2 o
o = (807 +03) (10248000 — 85325 (Supo], + v} ) i

+ 64vy (- 2118 — 3V21% + 480403
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+ 9603 (482‘2 + v¢( - Hf’f))

+ 12v5v, (6812 + V2813 — vy (31‘[11L12+ + 1‘[13;))
+ Ug( —onk —3v2nk + 6(1'1512+ + 1'151;))
+ 8v¢v)2( ( — 6511 + vy (28}\4cvi + 31—151;

—3nf" —ank 4 enf — 6ﬁn§§))) (C.13)

1 _
Z(m(s)uk.vi +, ! (2ﬁ5t3 + 20,14, — 481

—V20,111} ) — 2(4822p03 + V2115, + 1155

(Sui

~1
+ (802 +93) (203(2nfi” - mf"+ mfy + M)
— 651104 + Svy (4&2 + V2813 — vpT1H
-2
+ 0pT1f5") ) + 203 (802 + 03 ) (8(V2513 + 812 )
+ v (361 — v, (2(" + 1)
+ +
+ V21 + v (- 2nff +2nf - )
+ My + 1+ 7)) (C.14)

We have imposed here A3, = 8A3p. The remaining two
parameters are chosen as dAyp = Sige = 0.
D Tree-level unitarity conditions with SARAH

The tree-level unitarity conditions can be obtained with
SARAH as follows

(* loading SARAH and the model *)

<< SARAH.m

Start ["Georgi -Machacek"];

(* extracting all scalars *)

AllScalars = <
Transpose [Select [Particles [GaugeES], <
#[[4]1] == S &11I[I[111;

(* Creating all possible 2-tuples with the <
scalars and the complex conjugates <
ones *)

AllScalars = Join[AllScalars, conj /@ <

AllsScalars];
Intersection[Map[Sort [#] &, —

(231, {1}¥11;

pairs =

Tuples[AllScalars,

(* calculating the scattering matrix *)
ScatterMatrix =
Table [

(* symmetry factors *)

If[pairs[[i2, 2]] === pairs[[i2, 1]], <
1/Sart[2], 1]
If[pairs([[il, 2]] === pairs[[il 111 >

1/Sqgrt (2], 1]
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(* derivation *)
DI
DI
DI
D[
LagSSSS[GaugeES], (* the —
scalar potential in SARAH *)
1111,
2111,
1111,
2111,

Length[pairs]},

pairs[[il,
pairs[[il,
pairs[[1i2,
pairs[[i2,
{i1, 1,
1,Length([pairs]}];

{iz2,

>

(* Taking the eigenvalues *)

Eigenvalues [ScatterMatrix]

This method can also be used for any other model imple-
mented in SARAH. Only if coloured scalars are present in the
model, one needs to take care of the colour factor in addition.
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