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Original scalar DM model: IDM
It is a 2HDM with a Z2 symmetry1 Introduction

Notation used for the potential:

V =
X

i,j

µ2
ij hij +

X

i,j

�ijkl hij hkl (1.1)

hij = h†
ihj or �†

i�j (1.2)

VIDM = µ2
11h11 + µ2

22h22 + �1111h
2
11 + �2222h

2
22 + �1122h11h22 + �1221h12h21

+ �1212

�
h2
12 + h2

21

� (1.3)

Z2 : h1 ! h1, h2 ! �h2 (1.4)
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Note the similarity!

Di↵erences:

(1) The IDM has the �1212 (�5) term;

(2) U(1)⌦ U(1) potential has couplings between the two inert sectors of h2 and h3

{h1, h2} ! {ei✓h1, h2} or {h1, e
i✓
h2} or {ei✓h1, e

�i✓
h2} (1.6)

{h1, h2, h3} ! {ei✓h1, h2, h3} or {h1, e
i✓
h2, h3} or {h1, h2, e

i✓
h3} (1.7)

Ivanov, Keus, Vdovin:

U(1)1 : {h1, h2, h3} ! {ei✓h1, e
�i✓

h2, h3} (1.8)

U(1)2 : {h1, h2, h3} ! {h1, h2, e
i✓
h3} (1.9)
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“Generalize”:
2HDM             3HDM
Z2                     U(1)

More terms in potential, with 3 doublets 
More constraints, with higher symmetry

Come to talk by Anton Kuncinas!



U(1) symmetry:
2HDM context:

3HDM context:
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transformations



2HDM:

Enlarging the symmetry from Z2 to U(1) leads to a 
reduction in the number of parameters: 
from n=7 to 6

Consequence: some physicsl parameter (mass or 
coupling) vanishes, or two are related



3HDM:

The Z2 symmetric potential has  
4 bilinear parameters and 17 quartic ones

U(1)1: 3 bilinear and 10 quartic

U(1)2: 4 bilinear and 14 quartic

U(1) X U(1): 3 bilinear and 9 quartic most symmetric among these



Symmetry: broken and unbroken
2HDM:

3HDM (examples):

Z2 : vacuum (v, 0) unbroken (1.10)

2

Z2 : vacuum (v, 0) unbroken (1.10)

U(1)1 : vacuum (0, 0, v) unbroken (1.11)

U(1)2 : vacuum (v1, v2, 0) unbroken (1.12)

U(1)2 : vacuum (v, 0, 0) unbroken (1.13)

U(1)⌦ U(1) : vacuum (0, 0, v) unbroken (1.14)

2

IDM
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Figure 3: Allowed couplings for some U(1)-based potentials. Red bilinears represent
possible soft breaking terms. The underlying symmetry is specified below each block. To
the right of the blocks, the total numbers of bilinear and quartic terms are indicated.

We shall present the scalar potential in terms of the SU(2) singlets,

h†
ihj ⌘ hij. (4.1)

The most general phase-independent scalar potential of the 3HDM is then
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where all coe�cients are real. The model is CP conserving.
Apart from defining the scalar potential we need to consider di↵erent implementations

which arise due to several possible vacuum configurations. Since the scalar potential is
highly symmetric (the form of the scalar potential is left intact under any of the S3

permutations among the doublets) we do not need to consider di↵erent permutations of
vevs. For example, the scalar content and interactions of (v, 0, 0) is identical to those of
(0, v, 0) and (0, 0, v). Moreover, the absence of complex couplings in the U(1) ⌦ U(1)
scalar potential indicates that the phases of the vacuum can be rotated away and hence
are unphysical. We can exploit this property and restrict the discussion to real vacua.
Table 1 summarises all possible cases.
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U(1)2 : vacuum (v, 0, 0) unbroken (1.13)

U(1)⌦ U(1) : vacuum (0, 0, v) unbroken (1.14)
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This was U(1)2 : {h1, h2, h3}
Consider U(1)1 : {h1, h2, h3}
(v, 0, 0) single degeneracy (v, 0, 0) double degeneracy

(0, 0, v) double degeneracy

U(1)⌦ U(1) : {h1, h2, h3}
(v, 0, 0) ⇠ (0, v, 0) ⇠ (0, 0, v) double degeneracy

O(2)⌦ U(1) : {h1, h2, h3}
(0, 0, v) quadruple degeneracy

3

These cases are not related by a re-labelling. Note the potential:

Z2 : vacuum (v, 0) unbroken (1.10)

U(1)1 : vacuum (0, 0, v) unbroken (1.11)

U(1)2 : vacuum (v1, v2, 0) unbroken (1.12)

U(1)2 : vacuum (v, 0, 0) unbroken (1.13)

U(1)⌦ U(1) : vacuum (0, 0, v) unbroken (1.14)

Unbroken U(1) in the 2HDM [Ferreira et al]:

MH = MA,

both decouple from gauge bosons and charged scalars

“Peccei-Quinn DM”
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Terms in the potential, hh3i = 0:

hijh33 ⇠ vivj(⌘23 + �2
3)

h3ihj3 ⇠ vivj(⌘23 + �2
3)

U(1)1 : vacuum (0, 0, v) unbroken

U(1)2 : vacuum (v1, v2, 0) unbroken

U(1)2 : vacuum (v, 0, 0) unbroken

U(1)⌦ U(1) : vacuum (0, 0, v) unbroken

Potential contains terms like

�1233h12h33 and �1332h13h32

both lead to mass terms for neutral fields in h3:

�1233v1v2(⌘23 + �2
3) and �1332v1v2(⌘3 + i�3)(⌘3 � i�2

)

M2
(⌘23 + �2

3)

⌘3 and �3 are mass-degenerate!

U(1)⌦ U(1) symmetric potential (real):

VU(1)1 = V0 + {�1323h13h23 + h.c.} . (1.16)

2

treats 3 differently from {1,2}



Spectrum - 3HDM

Terms in the potential, hh1i = hh2i = 0:
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This was U(1)2 : {h1, h2, h3}
Consider U(1)1 : {h1, h2, h3}
(v, 0, 0) single degeneracy

(0, 0, v) double degeneracy

U(1)⌦ U(1) : {h1, h2, h3}
(v, 0, 0) ⇠ (0, v, 0) ⇠ (0, 0, v) single degeneracy
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using also hypercharge rotations

Terms in the potential, hh1i = hh2i = 0:
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This was U(1)2 : {h1, h2, h3}
Consider U(1)1 : {h1, h2, h3}
(v, 0, 0) single degeneracy

(0, 0, v) double degeneracy

U(1)⌦ U(1) : {h1, h2, h3}
(v, 0, 0) ⇠ (0, v, 0) ⇠ (0, 0, v) double degeneracy

3

DM

Z2 : vacuum (v, 0) unbroken (1.10)

U(1)1 : vacuum (0, 0, v) unbroken (1.11)

U(1)2 : vacuum (v1, v2, 0) unbroken (1.12)

U(1)2 : vacuum (v, 0, 0) unbroken (1.13)

U(1)⌦ U(1) : vacuum (0, 0, v) unbroken (1.14)

Unbroken U(1) in the 2HDM [Ferreira et al]:

MH = MA,

both decouple from gauge bosons and charged scalars

“Peccei-Quinn DM”
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U(1)1 : vacuum (0, 0, v) unbroken

U(1)2 : vacuum (v1, v2, 0) unbroken

U(1)2 : vacuum (v, 0, 0) unbroken

U(1)2 : vacuum (0, 0, v) unbroken

U(1)⌦ U(1) : vacuum (0, 0, v) unbroken

Potential contains terms like

�1233h12h33 and �1332h13h32

both lead to mass terms for neutral fields in h3:
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⌘3 and �3 are mass-degenerate!

U(1)⌦ U(1) symmetric potential (real):

VU(1)1 = V0 + {�1323h13h23 + h.c.} . (1.16)
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Terms in the potential, hh1i = hh2i = 0:
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This was U(1)2 : {h1, h2, h3}
Consider U(1)1 : {h1, h2, h3}
(v, 0, 0) single degeneracy

(0, 0, v) double degeneracy

U(1)⌦ U(1) : {h1, h2, h3}
(v, 0, 0) ⇠ (0, v, 0) ⇠ (0, 0, v) double degeneracy

O(2)⌦ U(1) : {h1, h2, h3}
(0, 0, v) quadruple degeneracy

3

constrained by O(2)

Terms in the potential, hh1i = hh2i = 0:
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This was U(1)2 : {h1, h2, h3}
Consider U(1)1 : {h1, h2, h3}
(v, 0, 0) single degeneracy

(0, 0, v) double degeneracy

U(1)⌦ U(1) : {h1, h2, h3}
(v, 0, 0) ⇠ (0, v, 0) ⇠ (0, 0, v) double degeneracy

O(2)⌦ U(1) : {h1, h2, h3}
(0, 0, v) quadruple degeneracy

3

Degeneracy: two states with same mass: CP even and odd

Double degeneracy: two pairs with same mass: each pair: one CP even and odd

Quadruple degeneracy: four states with same mass
but only one quantum number, CP, restricted to only two values

no way to make all four states mutually orthogonal
UNPHYSICAL

Terms in the potential, hh1i = hh2i = 0:
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This was U(1)2 : {h1, h2, h3}
Consider U(1)1 : {h1, h2, h3}
(v, 0, 0) single degeneracy

(0, 0, v) double degeneracy

U(1)⌦ U(1) : {h1, h2, h3}
(v, 0, 0) ⇠ (0, v, 0) ⇠ (0, 0, v) double degeneracy

O(2)⌦ U(1) : {h1, h2, h3}
(0, 0, v) quadruple degeneracy

3



Comparing 3HDMs
Different symmetries lead to DM models with common spectra

(in terms of structure)

However, couplings (for example number of independent ones)

are different. See Anton’s talk.

Some implementations violate CP

If we just impose a vanishing vev, and allow the symmetry to be partly 
broken, then massless (Goldstone) states appear. Can be cured by soft 
symmetry-breaking terms. Such models could also accommodate DM 
stabilized by a remnant symmetry.



Symmetry breaking

Setting one or two vevs to zero, for example:

Terms in the potential, hh1i = hh2i = 0:
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This was U(1)2 : {h1, h2, h3}
Consider U(1)1 : {h1, h2, h3}
(v, 0, 0) single degeneracy (v, 0, 0) double degeneracy

(0, 0, v) double degeneracy

U(1)⌦ U(1) : {h1, h2, h3}
(v, 0, 0) ⇠ (0, v, 0) ⇠ (0, 0, v) double degeneracy

O(2)⌦ U(1) : {h1, h2, h3}
(0, 0, v) quadruple degeneracy

(v1, v2, 0) or (v, 0, 0) (1.21)

3

typically breaks the underlying symmetry, and leads to massless (Goldstone) states

Exceptions: In some cases (of broken symmetries) no massless states
Instead, we observe a mass degeneracy

This is possible if “only” a discrete symmetry is broken



Summary

DM models with unbroken U(1) symmetry exhibit mass degeneracies.
One interpretation: under CP one even and the other odd
Other interpretation: the two states carry opposite U(1) charge

For a full discussion of 11 different symmetries, come to Anton’s talk

We studied only cases of unbroken symmetry

Different symmetries may lead to the same potential

Cases with broken symmetry might also be of interest
(some remnant symmetry could stabilize DM)

Different potentials may lead to the same spectrum
 (but different coupling structure)


