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1. Cosmological anomalies and neutrino interactions

3

During inflation two types of perturbations are produced:

 scalar (or matter) perturbations 
 and

 tensor (or metric) perturbations (gravity waves) 
 
The prediction of their ratio  from inflationary models based 
on the Standard Model (SM) and the CDM model is in 
tension with the value found from the anisotropies of the 
cosmic microwave background (CMB). 

r
Λ
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Hubble tension: 

The value of the Hubble constant inferred from local measurements 
differs from the value found from CMB data. 

Both tension can be alleviated by postulating a new interaction between neutrinos 
mediated by a light (pseudo-)scalar.

Tensor-to-scalar ratio:  
I. M. Oldengott, T. Tram, C. Rampf and Y. Y. Wong, JCAP 11 (2017), 027. 
L. Lancaster, F. Y. Cyr-Racine, L. Knox and Z. Pan, JCAP 07 (2017), 033. 
C. D. Kreisch, F. Y. Cyr-Racine and O. Doré, Phys.Rev.D 101 (2020) 12, 123505. 
G. Barenboim, P. B. Denton and I. M. Oldengott, Phys. Rev. D 99 (2019) no.8, 083515.  

Hubble tension: 
N. Blinov, K. J. Kelly, G. Z. Krnjaic and S. D. McDermott, Phys.Rev.Lett. 123 (2019) no.19, 191102. 
M. Escudero and S. J. Witte, Eur. Phys. J. C 80 (2020) no.4, 294.
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Effective description for neutrino interaction with a scalar :  
                                        
with generation indices . 
From now one specify to , i.e. interactions of , for which laboratory 
bound are weakest. 
 
Red: Preferred region for  
         coupling and mass:

ϕ
Leff = gαβν̄ανβϕ

α, β = 1,2,3
α = β = 3 ντ

3
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FIG. 1. The contour of the extra radiation �Ne↵ ⌘ Ne↵�3 =
0.6 at a temperature of 1 MeV in the mS-g plane. The (light-
blue) region above the blue line is forbidden by primordial
helium and deuterium abundances, thus mS is in the sub-
keV range or mS � 30 keV. The red region corresponds to
10�2

/MeV2
< Ge↵ < 10�1

/MeV2, which is the 2� CMB fa-
vored region for Ge↵ > 10�4

/MeV2 [4]. Unlike SU(2) singlet
models our triplet model covers the whole allowed parameter
region, up to ms ⇠ 1MeV. For the displayed region with
g � 10�7 the bound m⌫⌧  1 eV implies vs  3.5MeV.

where it can be seen that two regions are consistent with
BBN and at the same time result in a Ge↵ able to change
the CMB temperature and polarization spectra.#2 A
heavy or MeV region with 0.03MeV  mS  1MeV and
a light or keV region with mS  0.1 keV.
Bounds from meson decays are irrelevant in our case

(and therefore not shown) as our new interaction con-
cerns only tau neutrinos. We further stress that none of
the bounds derived on Le↵ in Eq. (2) from ⌧ or tauonic Z
decays (see e.g. [14] for a recent study) applies to a com-
plete model like ours: The proper cancellation of infrared
singularities (for m� ! 0) requires the inclusion of vir-
tual corrections, which in turn involve also heavy fields
(like the charged components of �) to cancel ultraviolet
divergences.
The Higgs potential of � in Eq. (1), � = (�+

, v +
h+iap

2
)T , and �c = (v + h�iap

2
,��
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2�†� � µ

2
�Tr (�

†�) + �(�†�)2

+ ��

⇥
Tr (�†�)

⇤2
+ ↵1 �

†�†�� + ↵2 �
†��†�

+ ↵3 �
†�Tr (�†�) � �

�
�c †�†�+ �†��c

�

+ �1

�
�c †�†�+ �†��c

�2

� �2

�
�c †�†�� �†��c

�2
. (5)

V is complete up to terms of dimension 4#3 and the
dimension-6 terms involving �1,2 are instrumental to lift

#2 As was shown in [4] Ge↵ in the ballpark of 3-5 ·10�2 MeV�2

opens up the allowed window in the nS � r plane, significantly
a↵ecting the selection criteria for acceptable models of inflation.

#3 The term �0
�Tr (�†�†)Tr (��) is phenomenologically irrele-

vant.

the mass of either S or A above MZ . All parameters are
chosen real, so that V is invariant under charge conju-
gation C, and we only consider solutions with real vevs.
L is a good symmetry of V for � = �1 � �2 = 0. Any
other dim-6 operator can be expressed as a linear com-
bination of the terms in Eq. (5) and a �L = 0 operator,
which does not contribute to the A-S mass splitting. The
minimization conditions @V/@v = 0 = @V/@vs read:
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The parameter m
2 will govern the mass of the desired

light state. Avoiding fine-tuning between di↵erent terms
in Eq. (7) we must have
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Using the minimization conditions in Eq. (6) we trade µ

and � for v and vs in the formulae below for fields and
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Here G and G
+ are the massless Goldstone bosons eaten

by Z and W
+, respectively. Neglecting subdominant

terms the desired (squared) Higgs masses read

m
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We start our discussion with the role of U(1)L sym-
metry in V . For this it is helpful to use Eq. (6) to trade
m

2 + 2��v
2
s
for � in m

2
A
in Eq. (13) to find

m
2
A
= 4(�2 � �1)v

4 +
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. (17)

For exact U(1)L symmetry with � = 0 and �1 = �2 we
verify that A is the massless Goldstone boson of this
broken symmetry. This solution corresponds to the van-
ishing of the bracket in Eq. (6). (For the second solution
with vs = 0 the symmetry is unbroken and Eq. (17) does
not hold.) An interesting case is � = �1 = 0 with �2 6= 0:

mϕ /MeV

Blue: Excluded by primordial 
         helium and deuterium  
         abundances 
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  is not gauge invariant, need lagrangian in 
terms of the lepton doublet 

                                          


Standard solution:  is SU(2) singlet. Then  is a higher-
dimensional interaction from e.g. 

                                  
        is tiny.

Leff = g ν̄τντ ϕ
<latexit sha1_base64="gZ9qH49u1GmWlQbF5pyZjKRS+sw="></latexit>
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FIG. 1. The contour of the extra radiation �Ne↵ ⌘ Ne↵�3 =
0.6 at a temperature of 1 MeV in the mS-g plane. The (light-
blue) region above the blue line is forbidden by primordial
helium and deuterium abundances, thus mS is in the sub-
keV range or mS � 30 keV. The red region corresponds to
10�2

/MeV2
< Ge↵ < 10�1

/MeV2, which is the 2� CMB fa-
vored region for Ge↵ > 10�4

/MeV2 [4]. Unlike SU(2) singlet
models our triplet model covers the whole allowed parameter
region, up to ms ⇠ 1MeV. For the displayed region with
g � 10�7 the bound m⌫⌧  1 eV implies vs  3.5MeV.
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heavy or MeV region with 0.03MeV  mS  1MeV and
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decays (see e.g. [14] for a recent study) applies to a com-
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An SU(3) triplet field  permits a renormalisable coupling: 
 

                
 

Δ
<latexit sha1_base64="NXW+FRMC4LyPSiSTcl1OdzJs0/Q="></latexit>
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<latexit sha1_base64="kGMYvtgemqou84Eycdw+NEVJ+wI="></latexit>
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Majorana mass term

, with electroweak vev 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vs ⌧ v
<latexit sha1_base64="la7DclGXboI/k+5gJa02bAN2Y6s=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFcSMhobetCKLrQZQX7gCaUyXTSDp08mJmUltBfceNCEbf+iDv/xiSNoKIHLhzOuZd773FCzqQyzQ9taXlldW29sFHc3Nre2dX3Sm0ZRILQFgl4ILoOlpQzn7YUU5x2Q0Gx53DaccbXqd+ZUCFZ4N+rWUhtDw995jKCVSL19dLkEtUq1onlOcE0vqHtebGvl03j3EQXVROahpkhI3V0hiDKlTLI0ezr79YgIJFHfUU4lrKHzFDZMRaKEU7nRSuSNMRkjIe0l1Afe1TacXb7HB4lygC6gUjKVzBTv0/E2JNy5jlJp4fVSP72UvEvrxcpt27HzA8jRX2yWORGHKoApkHAAROUKD5LCCaCJbdCMsICE5XElYbw9Sn8n7RPDVQ1KneVcuMqj6MADsAhOAYI1EAD3IImaAECpuABPIFnba49ai/a66J1Sctn9sEPaG+ffX6Tdw==</latexit>

v = 174GeV

coupling       can be large 
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If lepton number  is broken spontaneously, there is a massless Goldstone 
boson, the majoron. 


Original idea: SU(2) singlet majoron, complex  with        
                                                         Y. Chikashige, R. N. Mohapatra and R. Peccei, 1980  
                                   tiny coupling to active neutrinos 
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 breaks ⟨ϕ⟩ L

2. Majoron models and modifications
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Higgs potential

9
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SU(2) triplet majoron      with                   Gelmini and M. Roncadelli, 1981 

          

L = − 2

For  potential conserves , which is broken spontaneously by             .β = 0 L
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vs 6= 0
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   implies two extra neutral Higgs mass eigenstates states:   and  . 
   For , however, one finds                       . 

S ≃ hs A ≃ as
β = 0
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Can one build a triplet model with S/A light and A/S heavy? 
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FIG. 1. The contour of the extra radiation �Ne↵ ⌘ Ne↵�3 =
0.6 at a temperature of 1 MeV in the mS-g plane. The (light-
blue) region above the blue line is forbidden by primordial
helium and deuterium abundances, thus mS is in the sub-
keV range or mS � 30 keV. The red region corresponds to
10�2

/MeV2
< Ge↵ < 10�1

/MeV2, which is the 2� CMB fa-
vored region for Ge↵ > 10�4

/MeV2 [4]. Unlike SU(2) singlet
models our triplet model covers the whole allowed parameter
region, up to ms ⇠ 1MeV. For the displayed region with
g � 10�7 the bound m⌫⌧  1 eV implies vs  3.5MeV.

where it can be seen that two regions are consistent with
BBN and at the same time result in a Ge↵ able to change
the CMB temperature and polarization spectra.#2 A
heavy or MeV region with 0.03MeV  mS  1MeV and
a light or keV region with mS  0.1 keV.
Bounds from meson decays are irrelevant in our case

(and therefore not shown) as our new interaction con-
cerns only tau neutrinos. We further stress that none of
the bounds derived on Le↵ in Eq. (2) from ⌧ or tauonic Z
decays (see e.g. [14] for a recent study) applies to a com-
plete model like ours: The proper cancellation of infrared
singularities (for m� ! 0) requires the inclusion of vir-
tual corrections, which in turn involve also heavy fields
(like the charged components of �) to cancel ultraviolet
divergences.
The Higgs potential of � in Eq. (1), � = (�+

, v +
h+iap

2
)T , and �c = (v + h�iap

2
,��
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V is complete up to terms of dimension 4#3 and the
dimension-6 terms involving �1,2 are instrumental to lift

#2 As was shown in [4] Ge↵ in the ballpark of 3-5 ·10�2 MeV�2

opens up the allowed window in the nS � r plane, significantly
a↵ecting the selection criteria for acceptable models of inflation.

#3 The term �0
�Tr (�†�†)Tr (��) is phenomenologically irrele-

vant.

the mass of either S or A above MZ . All parameters are
chosen real, so that V is invariant under charge conju-
gation C, and we only consider solutions with real vevs.
L is a good symmetry of V for � = �1 � �2 = 0. Any
other dim-6 operator can be expressed as a linear com-
bination of the terms in Eq. (5) and a �L = 0 operator,
which does not contribute to the A-S mass splitting. The
minimization conditions @V/@v = 0 = @V/@vs read:
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2
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The parameter m
2 will govern the mass of the desired

light state. Avoiding fine-tuning between di↵erent terms
in Eq. (7) we must have

µ
2
�,↵2v

2
,↵3v

2
 O(m2), (8)

Using the minimization conditions in Eq. (6) we trade µ

and � for v and vs in the formulae below for fields and

masses. Neglecting O

⇣
v
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⌘
terms the physical states are
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v
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Here G and G
+ are the massless Goldstone bosons eaten

by Z and W
+, respectively. Neglecting subdominant

terms the desired (squared) Higgs masses read

m
2
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2
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We start our discussion with the role of U(1)L sym-
metry in V . For this it is helpful to use Eq. (6) to trade
m

2 + 2��v
2
s
for � in m

2
A
in Eq. (13) to find

m
2
A
= 4(�2 � �1)v

4 +
�v

2

vs
. (17)

For exact U(1)L symmetry with � = 0 and �1 = �2 we
verify that A is the massless Goldstone boson of this
broken symmetry. This solution corresponds to the van-
ishing of the bracket in Eq. (6). (For the second solution
with vs = 0 the symmetry is unbroken and Eq. (17) does
not hold.) An interesting case is � = �1 = 0 with �2 6= 0:

⏟mϕ /MeV
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Higgs potential with dim-6 terms:
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} inspired by 4

FIG. 2. UV completion with heavy real scalars �1,2: Vs in
Eq. (18) contains the renormalizable couplings entering the
left diagrams. Integrating out �1,2 in these diagrams gener-
ates the depicted dim-6 operators �c †�†��†��c (top) and�
�c †�†�

�2
(bottom). By flipping all arrows in the bottom

row one generates the hermitian conjugate of the second op-
erator.

U(1)L is explicitly broken by a higher-dimensional term
only: The minimization equation (6) is not sensitive to
this term and features spontaneous U(1)L as in the orig-
inal, renormalizable majoron models. The phenomeno-
logical e↵ect of �2 6= 0 is to render mA massive, with the
possibility of mA > MZ , and we may view this case as
spontaneous symmetry breaking without Goldstone.
For fixed Ge↵ the perturbativity limit y

�
⌧

. 2 entails
an upper limit on mS through Eq. (4). In the scenario
with spontaneous U(1)L breaking (where � = 0) one nec-
essarily has m . vs. As a consequence, m�

⌫⌧
= y

�
⌧
vs .

1 eV pushes y�
⌧
andmS far below their otherwise theoret-

ically allowed upper bounds. Specifically, mS . 10 keV
for Ge↵ � 10�4 MeV�2 and the BBN constraint of figure
1 tightens this to mS . 0.3 keV. In the scenario, with
explicit U(1)L breaking, however, one easily infers from
Eq. (6) that one can choose m (and thereby mS) and vs

independently thanks to the free parameter �.
It is easy to find a UV completion generating the dim-6

terms in Eq. (5): Consider heavy real scalar singlets �1,2

coupling as

Vs = (⇢1 + i�1)�1�
c †�†�+ (⇢2 + i�2)�2�

c †�†�+H.c.
(18)

with real ⇢1,2, �1,2. Under charge conjugation we have
� $ �⇤, � $ �⇤. Choosing further �1 $ �1,
�2 $ ��2 under C and demanding C invariance of Vs

implies �1 = ⇢2 = 0. Integrating out the heavy sin-
glet fields as shown in Fig. 2 gives �1 = ⇢

2
1/(2m

2
�1
) and

�2 = �
2
2/(2m

2
�2
), and e.g. m�1 � m�2 produces the sce-

nario with heavy A and light S. Thus the UV completion
in Eq. (18) generates the desired dim-6 terms in Eq. (18)
without producing any other dim-6 operators.

Instead of invoking C symmetry one can also work
with L, by assigning L = 2 to � = �1 + i�2 enforc-
ing ⇢2 + i�2 = i(⇢1 + i�1). Compared to the minimal
model described above the UV sector must be richer and
break L(⌧) in a way to produce the desired mass hierar-

chy. Loop e↵ects and/or a small vev of �1 may render
� 6= 0, which is a welcome feature as discussed in the
paragraph above Eq. (18). Note that � does not need
to acquire a vev. If one chooses to consider scenarios
with a non-zero � vev, this vev must be small to avoid
large corrections to � spoiling |�| . O(vs) implied by
Eq. (6). Note that all other dim. 4 terms in V conserve
L and therefore do not receive contributions linear in the
L-breaking vev of �. We do not aim at an exhaustive dis-
cussion of all attractive UV completions here. Instead,
we consider it as an advantage that V in Eq. (5) allows us
to fully study the low-energy phenomenology (including
loop e↵ects where needed) without specifying the under-
lying fundamental theory.

III. PHENOMENOLOGY

Studies of perturbativity for the SM [15] and 2HDM
[16, 17] have shown that self-couplings should be smaller
than ⇡ 5. Applying this bound to ↵1 in Eq. (16) implies
that mH++ . 400GeV and mH+ . 280GeV. Current
collider bounds are much weaker, because the production
of these heavy charged Higgs bosons is an electroweak
gauge process (e.g. vector boson fusion at the LHC). Fa-
vorable decays are H

++
! ⌧

+
⌧
+ and H

+
! ⌧

+
⌫⌧ , un-

less y
�
⌧

is too small. In the latter case one must resort
to gauge-coupling driven decays like H+

! W
+
S,W

+
A.

For a cut-o↵ scale of ⇤ ⇠ 0.5TeV (and O(1) couplings
in the UV completion) we have �2v

2
⇠ 0.1 and Eq. (14)

givesmA ⇠ 120GeV. A is produced through gauge inter-
actions, and now a small y�

⌧
is welcome to suppress the

decay into neutrinos. Detection through A ! ZS will
fail if MA �MZ is smaller than the trigger threshold for
missing transverse momentum. It is therefore advisable
to focus on the searches for the charged bosons.

The model can be tested by its astrophysical signa-
tures as well. Depending whether our scalar field is in the
MeV or keV range di↵erent signals can be expected. As
mentioned before, CMB expriments are sensitive only to
Ge↵ and therefore both ranges give exactly the same phe-
nomenology cosmology-wise. This is not the case regard-
ing astrophysical experiments. For scalars in the MeV
range, the interaction introduced will make high energy
(⇠TeV) tau neutrinos from astrophysical sources scatter
resonantly with the CMB tau neutrinos and therefore a
deficit of tau neutrinos can be expected. More precisely
a dip in the tau neutrino spectrum corresponding to the
resonant energy [4]

Eresonant '
m

2
�

2m⌫⌧

(19)

is to be expected in experiments like IceCube and
KM3Net#4. Remarkably, IceCube seems to be seeing

#4 Note that when the tau neutrino mass drops below the neutrino

<latexit sha1_base64="vmcMvFcN/GWVoyvCS5L3v0cic00="></latexit>

�1,2 / 1

M2
X1,2
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Masses

13

Abbreviation: 
<latexit sha1_base64="LZrhH806pZp9XKdAeMNfE1rT4vs="></latexit>

m2 ⌘ � µ2
� + ↵2v

2 + ↵3v
2

Neutral Higgses: 
<latexit sha1_base64="eCA5e5Farf8iQKgW6H5InnFM58Y="></latexit>

m2
A
= 4�2v

4 +m2 + 2��v
2
s

m2
S
= 4�1v

4 +m2 + 6��v
2
s

m2
H

= 4�v2 = (125GeV)2,

m2
H++ = 2m2

H+ = ↵1v
2(Doubly) charged Higgs:

      in terms of                :
<latexit sha1_base64="8zOH0Ipjbeu+9KOzWaeq/3/T+M8=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjK11rqrunFZwT6gHUsmTdvQJDMkGaEM/Qg3LhRx6/e4829MpyOo6IELh3Pu5d57gogzbRD6cHJLyyura/n1wsbm1vZOcXevpcNYEdokIQ9VJ8CaciZp0zDDaSdSFIuA03YwuZr77XuqNAvlrZlG1Bd4JNmQEWys1IZQ9C/uyv1iCbmnyDuvIohclCIlNe/Eg16mlECGRr/43huEJBZUGsKx1l0PRcZPsDKMcDor9GJNI0wmeES7lkosqPaT9NwZPLLKAA5DZUsamKrfJxIstJ6KwHYKbMb6tzcX//K6sRnW/ITJKDZUksWiYcyhCeH8dzhgihLDp5Zgopi9FZIxVpgYm1DBhvD1KfyftMquV3UrN5VS/TKLIw8OwCE4Bh44A3VwDRqgCQiYgAfwBJ6dyHl0XpzXRWvOyWb2wQ84b58ad47I</latexit>

m2
A

<latexit sha1_base64="4JLDl2zNcUQPCCw9s/QYCUdkJ+o=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4KKUTK217opuXFawD2iHksnctqGZB0lGKKUbf8WNC0Xc+hnu/BvTdgQVPXC5h3PuJbnHiwVXmpAPK7O0vLK6ll3PbWxube/Yu3tNFSWSQYNFIpJtjyoQPISG5lpAO5ZAA09AyxtdzfzWHUjFo/BWj2NwAzoIeZ8zqo3Usw+6PghNe04hJaVC1wPT7TwpnhHnokIwKZI55qTqnDrYSZU8SlHv2e9dP2JJAKFmgirVcUis3QmVmjMB01w3URBTNqID6Bga0gCUO5kfMMXHRvFxP5KmQo3n6veNCQ2UGgeemQyoHqrf3kz8y+skul91JzyMEw0hWzzUTwTWEZ6lgX0ugWkxNoQyyc1fMRtSSZk2meVMCF+X4v9Js1R0KsXyTTlfu0zjyKJDdIROkIPOUQ1dozpqIIam6AE9oWfr3nq0XqzXxWjGSnf20Q9Yb5/jh5X5</latexit>

�1, �2,�

<latexit sha1_base64="z65yqX0FpkMI1djbq4+byangtT0="></latexit>

m2
A = 4(�2 � �1)v

4 +
�v2

vs

L violating parameters

<latexit sha1_base64="zJCfh/oWhUopEqjIplbkJCd1K4w=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFRKtte6KblxWsA9oSplMJ+3QyYOZm0IJ/RM3LhRx65+482+cpBFU9MCFwzn3cu89Xiy4Atv+MEorq2vrG+XNytb2zu6euX/QUVEiKWvTSESy5xHFBA9ZGzgI1oslI4EnWNeb3mR+d8ak4lF4D/OYDQIyDrnPKQEtDU3TFcwHC7uSjyfgLipDs2pbF7ZzVbexbdk5ctJwzh3sFEoVFWgNzXd3FNEkYCFQQZTqO3YMg5RI4FSwRcVNFIsJnZIx62sakoCpQZpfvsAnWhlhP5K6QsC5+n0iJYFS88DTnQGBifrtZeJfXj8BvzFIeRgnwEK6XOQnAkOEsxjwiEtGQcw1IVRyfSumEyIJBR1WFsLXp/h/0jmznLpVu6tVm9dFHGV0hI7RKXLQJWqiW9RCbUTRDD2gJ/RspMaj8WK8LltLRjFziH7AePsE1PSTKA==</latexit>

} We can choose 
or                    to forbid 

<latexit sha1_base64="ZL0unhqx7olz3XMUiw99UtucP3E=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5LUWuuu6sZlRfuANg2T6TQdOpOEmYlQQ7/EjQtF3Pop7vwbp2kEFT1w4XDOvdx7jxcxKpVlfRi5peWV1bX8emFjc2u7aO7stmUYC0xaOGSh6HpIEkYD0lJUMdKNBEHcY6TjTS7nfueOCEnD4FZNI+Jw5Ad0RDFSWnLNInfPBxXY933I3ZtBxTVLVvnEss9qFrTKVoqU1O1jG9qZUgIZmq753h+GOOYkUJghKXu2FSknQUJRzMis0I8liRCeIJ/0NA0QJ9JJ0sNn8FArQzgKha5AwVT9PpEgLuWUe7qTIzWWv725+JfXi9Wo7iQ0iGJFArxYNIoZVCGcpwCHVBCs2FQThAXVt0I8RgJhpbMq6BC+PoX/k3albNfK1etqqXGRxZEH++AAHAEbnIIGuAJN0AIYxOABPIFn4954NF6M10Vrzshm9sAPGG+fJ5SSIg==</latexit>

m2
A � m2

S<latexit sha1_base64="dwMbTW8icFDqLG9Vqh0iq5fqQWA=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5DUWuuu6sZlRfuANg2T6aQdOpOEmYlQQ7/EjQtF3Pop7vwbp2kFFT1w4XDOvdx7jx8zKpVtfxi5peWV1bX8emFjc2u7aO7stmSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttjy9nfvuOCEmj8FZNYuJyNAxpQDFSWvLMIvfO+2XYYwxy76Zf9sySbZ3YzlnVhrZlZ8hIzTl2oLNQSmCBhme+9wYRTjgJFWZIyq5jx8pNkVAUMzIt9BJJYoTHaEi6moaIE+mm2eFTeKiVAQwioStUMFO/T6SISznhvu7kSI3kb28m/uV1ExXU3JSGcaJIiOeLgoRBFcFZCnBABcGKTTRBWFB9K8QjJBBWOquCDuHrU/g/aZUtp2pVriul+sUijjzYBwfgCDjgFNTBFWiAJsAgAQ/gCTwb98aj8WK8zltzxmJmD/yA8fYJNv2SLA==</latexit>

m2
A ⌧ m2

S
<latexit sha1_base64="QLqWHVzdl9UsuWCDnYszTuitRxg=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBIvgapjRWuuu6sZlRfvAdiiZNG1DM5khyQhl6Ee4caGIW7/HnX9jOh1BRQ8EDufcS+45fsSZ0o7zYeUWFpeWV/KrhbX1jc2t4vZOU4WxJLRBQh7Kto8V5UzQhmaa03YkKQ58Tlv++HLmt+6pVCwUt3oSUS/AQ8EGjGBtpNZdV4fo/KZXLDn2ieOeVRzk2E6KlFTdYxe5mVKCDPVe8b3bD0kcUKEJx0p1XCfSXoKlZoTTaaEbKxphMsZD2jFU4IAqL0nPnaIDo/TRIJTmCY1S9ftGggOlJoFvJgOsR+q3NxP/8jqxHlS9hIko1lSQ+UeDmCOTcZYd9ZmkRPOJIZhIZm5FZIQlJto0VDAlfCVF/5Pmke1W7PJ1uVS7yOrIwx7swyG4cAo1uII6NIDAGB7gCZ6tyHq0XqzX+WjOynZ24Qest0/GrI84</latexit>

Z ! AS .

      With appropriate parameters we realise a triplet model 
      with one very light spin-0 boson and all other Higgs 
      masses                            .

⇒
<latexit sha1_base64="wQ+u+LeGaO3Oa3n0is4n7XYVXY8="></latexit>

O(100�400GeV2)
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3. Phenomenology

14

Recall:  
<latexit sha1_base64="MtWJHoKaO6Zk3D9p5B7jLcf+AOo=">AAACEXicdVBLSwMxGMzWV62vqkcvwSL0IGVTa623ohcPHirYB3TXks1m29DsgyQrlGX/ghf/ihcPinj15s1/Y9quoKIDgWHm+5LMOBFnUpnmh5FbWFxaXsmvFtbWNza3its7HRnGgtA2CXkoeg6WlLOAthVTnPYiQbHvcNp1xudTv3tLhWRhcK0mEbV9PAyYxwhWWhoUy5ZLucKDBB1WU2hFIoxUCC1PYJKgNLEu9VUuvqmmg2 LJrByb6LRuQrNizjAjDXSEIMqUEsjQGhTfLTcksU8DRTiWso/MSNkJFooRTtOCFUsaYTLGQ9rXNMA+lXYyS5TCA6240AuFPoGCM/X7RoJ9KSe+oyd9rEbytzcV//L6sfIadsKCKFY0IPOHvJhDHXpaD3SZoETxiSaYCKb/CskI6zaULrGgS/hKCv8nnWoF1Su1q1qpeZbVkQd7YB+UAQInoAkuQAu0AQF34AE8gWfj3ng0XozX+WjOyHZ2wQ8Yb58ah504</latexit>

�1,2 / 1

⇤2 with UV scale 

Perturbativity limit                       ⇒
<latexit sha1_base64="W7Fjwn9vveI1OdTbIW16UivbZgE=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchYy2te6KblxWsA9oQphMp+3QycOZiVjS/oobF4q49Ufc+TdO0wgqeuDC4Zx7ufceP+ZMKtv+MJaWV1bX1gsbxc2t7Z1dc6/UllEiCG2RiEei62NJOQtpSzHFaTcWFAc+px1/fDn3O3dUSBaFN2oSUzfAw5ANGMFKS55ZmjqYxyPsoSl0OL2FVeiZZduq2ui8ZkPbsjNkpI5OEUS5Ug Y5mp757vQjkgQ0VIRjKXvIjpWbYqEY4XRWdBJJY0zGeEh7moY4oNJNs9tn8EgrfTiIhK5QwUz9PpHiQMpJ4OvOAKuR/O3Nxb+8XqIGdTdlYZwoGpLFokHCoYrgPAjYZ4ISxSeaYCKYvhWSERaYKB1XUYfw9Sn8n7RPLFSzKteVcuMij6MADsAhOAYInIEGuAJN0AIE3IMH8ASejZnxaLwYr4vWJSOf2Qc/YLx9As/Lk6c=</latexit>

|↵1|  5

<latexit sha1_base64="TIHUo0ZgbHMCfwoEprUQarGVAiQ=">AAAB7nicdVDLSgMxFL1TX7W+qi7dBIvgashorXVXdOPCRQX7gHYomUzahmYeJBmhDP0INy4Ucev3uPNvTKcjqOiBwOGcc8m9x4sFVxrjD6uwtLyyulZcL21sbm3vlHf32ipKJGUtGolIdj2imOAha2muBevGkpHAE6zjTa7mfueeScWj8E5PY+YGZBTyIadEG6nTvzFRnwzKFWyfYeeihhG2cYaM1J1TBzm5UoEczUH5ve9HNAlYqKkgSvUcHGs3JVJzKtis1E8UiwmdkBHrGRqSgCk3zdadoSOj+GgYSfNCjTL1+0RKAqWmgWeSAdFj9dubi395vUQP627KwzjRLKSLj4aJQDpC89uRzyWjWkwNIVRysyuiYyIJ1aahkinh61L0P2mf2E7Nrt5WK43LvI4iHMAhHIMD59CAa2hCCyhM4AGe4NmKrUfrxXpdRAtWPrMPP2C9fQJADI+I</latexit>

⇤

<latexit sha1_base64="VgKnPUpoZLGhTOkKT5nW/iSZXx0=">AAACCHicdVBNS8NAEN3Ur1q/qh49uFgEQSkbrVpvogc9KthaaGrYbKft4m4SdzdiCTl68a948aCIV3+CN/+Naaygog8GHu/NMDPPCwXXhpB3KzcyOjY+kZ8sTE3PzM4V5xfqOogUgxoLRKAaHtUguA81w42ARqiASk/AuXd5OPDPr0FpHvhnph9CS9KuzzucUZNKbnFZuvHxRby+niSOgCtcIcTZcKQX3MRHUE8KbrFEytvE3tshmJRJhoxU7S0b20OlhIY4cYtvTjtgkQTfMEG1btokNK2YKsOZgKTgRBpCyi5pF5op9akE3YqzRxK8mipt3AlUWr7Bmfp9IqZS67700k5JTU//9gbiX14zMp1qK+Z+GBnw2eeiTiSwCfAgFdzmCpgR/ZRQpnh6K2Y9qigzaXaDEL4+xf+T+mbZ3ilXTiul/YNhHHm0hFbQGrLRLtpHx+gE1RBDt+gePaIn6856sJ6tl8/WnDWcWUQ/YL1+AP+2mLQ=</latexit>

mH++  400GeV
<latexit sha1_base64="4PETYAKlibECMMPJgOeQqP2Dqrk=">AAACBHicdVBNSwMxEM36WetX1aOXYBEEpWS11noretCjgv2Abi3ZdGqDye6aZMWy7MGLf8WLB0W8+iO8+W9MawUVfTDweG+GmXl+JLg2hLw7Y+MTk1PTmZns7Nz8wmJuabmmw1gxqLJQhKrhUw2CB1A13AhoRAqo9AXU/cvDgV+/BqV5GJyZfgQtSS8C3uWMGiu1c6uynRyfb6aegCu8XSbelif98CY5glrazuVJYZe4+yWCSYEMMSRld8fF7kjJoxFO2rk3rxOyWEJgmKBaN10SmVZCleFMQJr1Yg0RZZf0ApqWBlSCbiXDJ1K8bpUO7obKVmDwUP0+kVCpdV/6tlNS09O/vYH4l9eMTbfcSngQxQYC9rmoGwtsQjxIBHe4AmZE3xLKFLe3YtajijJjc8vaEL4+xf+T2nbBLRWKp8V85WAURwatojW0gVy0hyroGJ2gKmLoFt2jR/Tk3DkPzrPz8tk65oxmVtAPOK8fgaqXZQ==</latexit>

mH+  280GeV

Choosing 
<latexit sha1_base64="iDS2didrhychEJ9F2fTy+6eHuK0=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyGptdZd0Y3LCvYBTQiTybQdOpmEmYlQQsFfceNCEbd+hzv/xmkaQUUPXDhzzr3MvSdIGJXKtj+M0tLyyupaeb2ysbm1vWPu7nVlnApMOjhmsegHSBJGOekoqhjpJ4KgKGCkF0yu5n7vjghJY36rpgnxIjTidEgxUlryzQM3JEwh34EuY7B41HyzaltntnPRsKFt2Tly0nROHegUShUUaPvmuxvGOI0IV5ghKQeOnSgvQ0JRzMis4qaSJAhP0IgMNOUoItLL8vVn8FgrIRzGQhdXMFe/T2QoknIaBbozQmosf3tz8S9vkKph08soT1JFOF58NEwZVDGcZwFDKghWbKoJwoLqXSEeI4Gw0olVdAhfl8L/SbdmOQ2rflOvti6LOMrgEByBE+CAc9AC16ANOgCDDDyAJ/Bs3BuPxovxumgtGcXMPvgB4+0TO1qVCQ==</latexit>

�1 ⌧ �2 we can have <latexit sha1_base64="xMbx17J7qYlR02F78x7wCopxGw4=">AAAB6nicdVBNSwMxEM3Wr1q/qh69BIvgaclqrfVW9OKxUlsL7VKyabYNTbJLkhXK0p/gxYMiXv1F3vw3ptsVVPTBwOO9GWbmBTFn2iD04RSWlldW14rrpY3Nre2d8u5eR0eJIrRNIh6pboA15UzStmGG026sKBYBp3fB5Gru391TpVkkb800pr7AI8lCRrCxUksMWoNyBblnyLuoIYhclCEjde/Ug16uVECO5qD83h9GJBFUGsKx1j0PxcZPsTKMcDor9RNNY0wmeER7lkosqPbT7NQZPLLKEIaRsiUNzNTvEykWWk9FYDsFNmP925uLf3m9xIR1P2UyTgyVZLEoTDg0EZz/DYdMUWL41BJMFLO3QjLGChNj0ynZEL4+hf+Tzonr1dzqTbXSuMzjKIIDcAiOgQfOQQNcgyZoAwJG4AE8gWeHO4/Oi/O6aC04+cw++AHn7RNi3Y3i</latexit>mS in the desired range 
<latexit sha1_base64="a6L25Bpuqo/C2WDNqHRfyMccb6k=">AAAB/HicdVDLSgMxFM3UV62vapdugkVwIWWitVZwUXTjRqhoH9AZSiZN29BkZkgyYhnqr7hxoYhbP8Sdf2M6HUFFD1w4nHMv997jhZwpbdsfVmZufmFxKbucW1ldW9/Ib241VRBJQhsk4IFse1hRznza0Exz2g4lxcLjtOWNzqd+65ZKxQL/Ro9D6go88FmfEayN1M0XRPcankLk7DvCC+7iS9qcdPNFu3Rko5OKDe2SnSAhVXSIIEqVIkhR7+bfnV5AIkF9TThWqoPsULsxlpoRTic5J1I0xGSEB7RjqI8FVW6cHD+Bu0bpwX4gTfkaJur3iRgLpcbCM50C66H67U3Fv7xOpPtVN2Z+GGnqk9mifsShDuA0CdhjkhLNx4ZgIpm5FZIhlphok1fOhPD1KfyfNA9KqFIqX5WLtbM0jizYBjtgDyBwDGrgAtRBAxAwBg/gCTxb99aj9WK9zlozVjpTAD9gvX0CXaaT+g==</latexit>

mS < 1MeV,

while
<latexit sha1_base64="GZZw2ZW6S3RmjJMnjRQOj+E7kAQ="></latexit>

m2
A ' 4 �2v

4
 O (120GeV)2 for

<latexit sha1_base64="C0YXW7HYKnXtUfXNoCbQ4NfgqNU=">AAACBXicdVC7SgNBFJ2NrxhfUUstBoNgIWFWkxi7oIUWFhHMA7IhzE5ukiGzD2dmxbCksfFXbCwUsfUf7PwbJw9BRQ8MHM45lzv3uKHgShPyYSVmZufmF5KLqaXlldW19PpGVQWRZFBhgQhk3aUKBPehorkWUA8lUM8VUHP7pyO/dgNS8cC/0oMQmh7t+rzDGdVGaqW3nQsTblPsdOEa5wlx9h3PDW7jM6gOW+kMyeaJfVwgmGTJGGNStA9tbE+VDJqi3Eq/O+2ARR74mgmqVMMmoW7GVGrOBAxTTqQgpKxPu9Aw1KceqGY8vmKId43Sxp1AmudrPFa/T8TUU2rguSbpUd1Tv72R+JfXiHSn2Iy5H0YafDZZ1IkE1gEeVYLbXALTYmAIZZKbv2LWo5IybYpLmRK+LsX/k+pB1i5kc5e5TOlkWkcSbaEdtIdsdIRK6ByVUQUxdIce0BN6tu6tR+vFep1EE9Z0ZhP9gPX2CdkBl40=</latexit>

⇤ � 500GeV .
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Phenomenology

Since 
<latexit sha1_base64="KAkt/Qj8hULg7d2z9tqACsCpsGk=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXQ0ZrrbuiLlxWsA9oh5JJM21sJhmSjFCG/oMbF4q49X/c+Tem0xFU9MCFwzn3cu89QcyZNgh9OAuLS8srq4W14vrG5tZ2aWe3pWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2ML2d++54qzaS4NZOY+hEeChYygo2VWr0ryg3ul8rIPUXeeRVB5KIMGal5Jx70cqUMcjT6pffeQJIkosIQjrXueig2foqVYYTTabGXaBpjMsZD2rVU4IhqP82uncJDqwxgKJUtYWCmfp9IcaT1JApsZ4TNSP/2ZuJfXjcxYc1PmYgTQwWZLwoTDo2Es9fhgClKDJ9Ygoli9lZIRlhhYmxARRvC16fwf9I6dr2qW7mplOsXeRwFsA8OwBHwwBmog2vQAE1AwB14AE/g2ZHOo/PivM5bF5x8Zg/8gPP2CZTzjyc=</latexit>

� does not couple to quarks, 
<latexit sha1_base64="g9N6ogeK4N+j4s7QHOVfzB+3Gz4=">AAAB9XicdVBdSwJBFJ21L7Mvq8dehiQIlGW2zOzN6sVHozRBV5kdZ3Vw9oOZ2UIW/0cvPRTRa/+lt/5N47pBRR24cDjnXu69xwk5kwqhDyOzsLi0vJJdza2tb2xu5bd3WjKIBKFNEvBAtB0sKWc+bSqmOG2HgmLP4fTWGV/O/Ns7KiQL/Bs1Cant4aHPXEaw0lLvunReqveKuuJicdrPF5B5gqyzCoLIRAkSUrWOLWilSgGkaPTz791BQCKP+opwLGXHQqGyYywUI5xOc91I0hCTMR7SjqY+9qi04+TqKTzQygC6gdDlK5io3ydi7Ek58Rzd6WE1kr+9mfiX14mUW7Vj5oeRoj6ZL3IjDlUAZxHAAROUKD7RBBPB9K2QjLDAROmgcjqEr0/h/6R1ZFoVs3xVLtQu0jiyYA/sg0NggVNQA3XQAE1AgAAP4Ak8G/fGo/FivM5bM0Y6swt+wHj7BDelkQ4=</latexit>

S,A,H
+
, H

++ production at the LHC will 

involve gauge couplings; e.g. may proceed through vector-boson fusion.

Decays like 
<latexit sha1_base64="i/lPGG47mfwZ/3j5U/IihZobeyg=">AAACHnicdVDLSgMxFM34rPU16tJNsAhCpcxoW+uu6KbLCvYBnWnJpGkbmskMSUYoQ7/Ejb/ixoUigiv9GzPTClb0wg0n59xLco4XMiqVZX0aS8srq2vrmY3s5tb2zq65t9+UQSQwaeCABaLtIUkY5aShqGKkHQqCfI+Rlje+TvTWHRGSBvxWTULi+mjI6YBipDTVM0u1bpzPT6GjAt0o6uZn5ylMhAXeQ8LhUS+59cycVShZ9mXZglbBSisFFfvchvacyYF51Xvmu9MPcOQTrjBDUnZsK1RujISimJFp1okkCREeoyHpaMiRT6Qbp/am8FgzfTgIhG6uYMr+3IiRL+XE9/Skj9RI/tYS8i+tE6lBxY0pDyNFOJ49NIgY1J6TrGCfCoIVm2iAsKD6rxCPkEBY6USzOoRvp/B/0Dwr2OVC8aaYq17N48iAQ3AEToANLkAV1EAdNAAG9+ARPIMX48F4Ml6Nt9nokjHfOQALZXx8AR6ZoVE=</latexit>

H
++ ! ⌧

+
⌧
+
, H

+ ! ⌧
+
⌫̄⌧ are interesting, but maybe suppressed if 


the Yukawa coupling       is small.      
<latexit sha1_base64="xHz6S9RZNIo0LG/QERYCn0qICQE=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBbBU0i01nor6sFjBdsKTSyb7aZduvlwd1IIob/DiwdFvPpjvPlv3LYRVPTBwOO9GWbmebHgCizrwygsLC4trxRXS2vrG5tb5e2dtooSSVmLRiKStx5RTPCQtYCDYLexZCTwBOt4o4up3xkzqXgU3kAaMzcgg5D7nBLQkpv2HCDJnXPJBJBeuWKZJ5Z9VrOwZVozzEjdPraxnSsVlKPZK787/YgmAQuBCqJU17ZicDMigVPBJiUnUSwmdEQGrKtpSAKm3Gx29AQfaKWP/UjqCgHP1O8TGQmUSgNPdwYEhuq3NxX/8roJ+HU342GcAAvpfJGfCAwRniaA+1wyCiLVhFDJ9a2YDokkFHROJR3C16f4f9I+Mu2aWb2uVhrneRxFtIf20SGy0SlqoCvURC1E0T16QE/o2Rgbj8aL8TpvLRj5zC76AePtEwdFkkk=</latexit>

y�⌧
Safer: Look for gauge-coupling driven decays like

<latexit sha1_base64="kNHluvQvzrtiexLEaB4Ohtyk4UI=">AAACAHicdVBLSwMxGMz6rPW16sGDl2ARhMqyq7XWW9VLjxXtA/oim2bb0OyDJCuUZS/+FS8eFPHqz/DmvzG7XUFFB0KGme8jmbEDRoU0zQ9tbn5hcWk5t5JfXVvf2NS3tpvCDzkmDewzn7dtJAijHmlIKhlpB5wg12akZU+uEr91R7igvncrpwHpuWjkUYdiJJU00Hdr/agYd6UPW/0ivDlKrwsjP9ALpnFqWudlE5qGmSIlFevEglamFECG+kB/7w59HLrEk5ghITqWGchehLikmJE43w0FCRCeoBHpKOohl4helAaI4YFShtDxuTqehKn6fSNCrhBT11aTLpJj8dtLxL+8TiidSi+iXhBK4uHZQ07IoMqbtAGHlBMs2VQRhDlVf4V4jDjCUnWWlPCVFP5PmseGVTZK16VC9TKrIwf2wD44BBY4A1VQA3XQABjE4AE8gWftXnvUXrTX2eiclu3sgB/Q3j4B1GOT/A==</latexit>

H
+ ! W

+
S,W

+
A.
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•  Cosmological anomalies have triggered interest in a light scalar interacting with 
 active neutrinos. 
 SU(2) singlet scalars permit only tiny neutrino couplings.


•  An SU(2) Higgs triplet permits renormalisable,  couplings to neutrinos of two 
 neutral (pseudo-)scalars    and   . 
 But with a renormalisable Higgs potential either none or both are light and the 
 latter possibility is in conflict with               . 


•  With dimension-6 terms one can fix this and make either     or     heavy while 
 keeping the other boson light.  


•  This mechanism opens up the parameter range with testable features at 
 colliders. Upper bounds on triplet Higgs masses make the model falsifiable. 

𝒪(1)

<latexit sha1_base64="wVldg4y2uBpFcRtzdL64jS8W108=">AAAB73icdVDNSgMxGMzWv1r/qh69BIvgaclqrfVW9eKxoq3FdinZNNuGZrNrkhXK0pfw4kERr76ON9/G7HYFFR0IDDPfR74ZL+JMaYQ+rMLc/MLiUnG5tLK6tr5R3txqqzCWhLZIyEPZ8bCinAna0kxz2okkxYHH6Y03Pk/9m3sqFQvFtZ5E1A3wUDCfEayN1Lnt6RCeXpX65Qqyj5BzUkMQ2ShDRurOoQOdXKmAHM1++b03CEkcUKEJx0p1HRRpN8FSM8LptNSLFY0wGeMh7RoqcECVm2T3TuGeUQbQD6V5QsNM/b6R4ECpSeCZyQDrkfrtpeJfXjfWft1NmIhiTQWZfeTHHJqQaXg4YJISzSeGYCKZuRWSEZaYaFNRWsJXUvg/aR/YTs2uXlYrjbO8jiLYAbtgHzjgGDTABWiCFiCAgwfwBJ6tO+vRerFeZ6MFK9/ZBj9gvX0C/RGPTA==</latexit>

Z ! AS

<latexit sha1_base64="M7VZtYPon6+V6wX+l+oHSfcHIcY=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU9lorfVW9eKxirWFNpTNdtMu3WzC7kYoof/AiwdFvPqPvPlvTNIIKvpg4PHeDDPz3FBwbTD+sAoLi0vLK8XV0tr6xuZWeXvnTgeRoqxNAxGorks0E1yytuFGsG6oGPFdwTru5DL1O/dMaR7IWzMNmeOTkeQep8Qk0s15aVCu4OoJts/qGOEqzpCRhn1sIztXKpCjNSi/94cBjXwmDRVE656NQ+PERBlOBZuV+pFmIaETMmK9hEriM+3E2aUzdJAoQ+QFKilpUKZ+n4iJr/XUd5NOn5ix/u2l4l9eLzJew4m5DCPDJJ0v8iKBTIDSt9GQK0aNmCaEUMWTWxEdE0WoScJJQ/j6FP1P7o6qdr1au65Vmhd5HEXYg304BBtOoQlX0II2UPDgAZ7g2ZpYj9aL9TpvLVj5zC78gPX2CfuRjQQ=</latexit>

A
<latexit sha1_base64="2PnS3lIUVjGiWDAtKoHR1Pc5ACY=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU9lorfVW9OKxftQW2lA22027dLMJuxuhhP4DLx4U8eo/8ua/MUkjqOiDgcd7M8zMc0PBtcH4wyosLC4trxRXS2vrG5tb5e2dOx1EirI2DUSgui7RTHDJ2oYbwbqhYsR3Beu4k4vU79wzpXkgb800ZI5PRpJ7nBKTSNc3pUG5gqsn2D6rY4SrOENGGvaxjexcqUCO1qD83h8GNPKZNFQQrXs2Do0TE2U4FWxW6keahYROyIj1EiqJz7QTZ5fO0EGiDJEXqKSkQZn6fSImvtZT3006fWLG+reXin95vch4DSfmMowMk3S+yIsEMgFK30ZDrhg1YpoQQhVPbkV0TBShJgknDeHrU/Q/uTuq2vVq7apWaZ7ncRRhD/bhEGw4hSZcQgvaQMGDB3iCZ2tiPVov1uu8tWDlM7vwA9bbJxb6jRY=</latexit>

S

<latexit sha1_base64="M7VZtYPon6+V6wX+l+oHSfcHIcY=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU9lorfVW9eKxirWFNpTNdtMu3WzC7kYoof/AiwdFvPqPvPlvTNIIKvpg4PHeDDPz3FBwbTD+sAoLi0vLK8XV0tr6xuZWeXvnTgeRoqxNAxGorks0E1yytuFGsG6oGPFdwTru5DL1O/dMaR7IWzMNmeOTkeQep8Qk0s15aVCu4OoJts/qGOEqzpCRhn1sIztXKpCjNSi/94cBjXwmDRVE656NQ+PERBlOBZuV+pFmIaETMmK9hEriM+3E2aUzdJAoQ+QFKilpUKZ+n4iJr/XUd5NOn5ix/u2l4l9eLzJew4m5DCPDJJ0v8iKBTIDSt9GQK0aNmCaEUMWTWxEdE0WoScJJQ/j6FP1P7o6qdr1au65Vmhd5HEXYg304BBtOoQlX0II2UPDgAZ7g2ZpYj9aL9TpvLVj5zC78gPX2CfuRjQQ=</latexit>

A
<latexit sha1_base64="2PnS3lIUVjGiWDAtKoHR1Pc5ACY=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU9lorfVW9OKxftQW2lA22027dLMJuxuhhP4DLx4U8eo/8ua/MUkjqOiDgcd7M8zMc0PBtcH4wyosLC4trxRXS2vrG5tb5e2dOx1EirI2DUSgui7RTHDJ2oYbwbqhYsR3Beu4k4vU79wzpXkgb800ZI5PRpJ7nBKTSNc3pUG5gqsn2D6rY4SrOENGGvaxjexcqUCO1qD83h8GNPKZNFQQrXs2Do0TE2U4FWxW6keahYROyIj1EiqJz7QTZ5fO0EGiDJEXqKSkQZn6fSImvtZT3006fWLG+reXin95vch4DSfmMowMk3S+yIsEMgFK30ZDrhg1YpoQQhVPbkV0TBShJgknDeHrU/Q/uTuq2vVq7apWaZ7ncRRhD/bhEGw4hSZcQgvaQMGDB3iCZ2tiPVov1uu8tWDlM7vwA9bbJxb6jRY=</latexit>

S
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Minimisation conditions
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Minimum of the Higgs potential:
<latexit sha1_base64="PiMG/dE2zlnr6jgA4oon77to3oo=">AAACGXicdZDLSsNAFIYn9VbrLerSzWARXMWJ1loXhaIblxXsBdoQJtNJO3RyYWZSKKGv4cZXceNCEZe68m1M0igq+sPAz3fOmZnzOyFnUiH0rhUWFpeWV4qrpbX1jc0tfXunLYNIENoiAQ9E18GScubTlmKK024oKPYcTjvO+DKtdyZUSBb4N2oaUsvDQ5+5jGCVIFtH/RALxTCH7aMvO6mj+p/cliVbLyPjFJnnVQSRgTJlpmaemNDMSRnkatr6a38QkMijviIcS9kzUaisOL2ScDor9SNJQ0zGeEh7ifWxR6UVZ5vN4EFCBtANRHJ8BTP6fSLGnpRTz0k6PaxG8ncthX/VepFya1bM/DBS1Cfzh9yIQxXANCY4YIISxaeJwUSw5K+QjLDARCVhpiF8bgr/N+1jw6waletKuXGRx1EEe2AfHAITnIEGuAJN0AIE3IJ78AietDvtQXvWXuatBS2f2QU/pL19AD9+n9Y=</latexit>

@V/@v = 0 = @V/@vs
<latexit sha1_base64="92Z2tIdGLtocl382eTJcKl4ZyU4="></latexit>

µ2 = 2�v2 + O

✓
v4s
v2

◆

� = vs

✓
m2

v2
+ 4�1v

2 + 2��
v2s
v2

◆

<latexit sha1_base64="8YnT3v7DGopTNODV/VGGS4F2T7Y="></latexit>

m2 ⌘ � µ2
� + ↵2v

2 + ↵3v
2with

choose small to get desired light (pseudo-)scalar

At tree-level there is no fine-tuning between large parameters.


