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Introduction Inert Doublet Model Three-Higgs-Doublet Models R-II-1a

Introduction

Particle physics is best described by the Standard Model.

However, it fails to describe

dark matter

.

Possible solution:

extend the scalar sector with interplay of symmetries

.

Motivation: check S3-3HDM for dark matter candidates.

Outline:

� Inert Doublet Model;

� General S3-3HDM;

� Dark matter within S3-3HDM;
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Inert Doublet Model: Generalities

Main building block: SU(2) scalar doublet, h =

(
h+

h0

)
.

Bilinear hij = h†i hj is a singlet under SU(2).

VIDM =m2
11h11 + m2

22h22 −
(
m2

12h12 + h.c.
)

+
1

2
λ1h

2
11 +

1

2
λ2h

2
22 + λ3h11h22 + λ4h12h21

+

{
1

2
λ5h

2
12 + λ6h11h12 + λ7h22h12 + h.c.

}
.

Z2 :

{
h1 → h1,

h2 → −h2,
vacuum:

{
〈0|h1|0〉 6= 0,

〈0|h2|0〉 = 0.
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Inert Doublet Model: Profile

LEP excluded

DM DM → f̄ f ∗

V resonant co-annihilation

DM DM → h

DM DM → {W+W−, ZZ , hh}
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Dark Matter in Inert Doublet Model and Three-Higgs-Doublet Models

R-II-1a

100 GeV

IDM

50 GeV 500 GeV200 GeV

3HDM

SCALAR DM MASS RANGES

IDM2

1000 GeV

3HDMCP

Z2

Z2

Z2

�
⌘

1

IDM: [1612.00511], [1809.07712];

IDM2 (one inert doublet): [1911.06477];

(Two inert doublets)

3HDM: [1407.7859], [1507.08433], [1712.09598];

��CP-3HDM: [1608.01673];

https://arxiv.org/abs/1612.00511
https://arxiv.org/abs/1809.07712
https://arxiv.org/abs/1911.06477
https://arxiv.org/abs/1407.7859
https://arxiv.org/abs/1507.08433
https://arxiv.org/abs/1712.09598
https://arxiv.org/abs/1608.01673
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Multi-Higgs-Doublet Models

LNHDM =

LKinetic︷ ︸︸ ︷
N∑

i=1

(Dµhi )
† (Dµhi )−

VScalar︷ ︸︸ ︷
V (h1, . . . , hN )−LYukawa.

Re parameters (dependent) of NHDM [1007.1424]:

Ntot =
1

2
N2
(
N2 + 3

)
→


N = 1 : Ntot = 2,

N = 2 : Ntot = 14,

N = 3 : Ntot = 54,

· · ·

https://arxiv.org/abs/1007.1424
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S3-Symmetric Three-Higgs-Doublet Models: Generalities

Consider an equilateral triangle: (C)

(B)

(A)

.

Possible transformations:

• 2 rotations • 3 reflections • Identity

S3 irreducible representation: χ1 ⊕ χ1′ ⊕ χ2.
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S3-Symmetric Three-Higgs-Doublet Models: Scalar Potential

Assume an S3 structure (hS )1 ⊕

(
h1

h2

)
2

.

V3HDM =µ2
1 (h11 + h22) + µ2

0hSS

+ λ1 (h11 + h22)2 + λ2 (h12 − h21)2 + λ3

[
(h11 − h22)2 + (h12 + h21)2

]
+ {λ4 [hS1 (h12 + h21) + hS2 (h11 − h22)] + h.c.}+ λ5 [hSS (h11 + h22)]

+ λ6 [h1ShS1 + h2ShS2] +
{
λ7

[
h2

S1 + h2
S2

]
+ h.c.

}
+ λ8h

2
SS .

Symmetries reduce free parameters:

NHDM
3HDM−−−−→ (54)

S3−−→ 12
Re−−−→ 10.

S3-3HDM models were classified in [1601.04654]:

vacuum:

{
11 real (w1, w2, wS ) ,

17 complex
(
ŵ1e

iσ1 , ŵ2e
iσ2 , ŵS

)
.

https://arxiv.org/abs/1601.04654
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)
.

https://arxiv.org/abs/1601.04654


Introduction Inert Doublet Model Three-Higgs-Doublet Models R-II-1a

S3-Symmetric Three-Higgs-Doublet Models: Scalar Potential

Assume an S3 structure (hS )1 ⊕

(
h1

h2

)
2

.

V3HDM =µ2
1 (h11 + h22) + µ2

0hSS

+ λ1 (h11 + h22)2 + λ2 (h12 − h21)2 + λ3

[
(h11 − h22)2 + (h12 + h21)2

]
+ {λ4 [hS1 (h12 + h21) + hS2 (h11 − h22)] + h.c.}+ λ5 [hSS (h11 + h22)]

+ λ6 [h1ShS1 + h2ShS2] +
{
λ7

[
h2

S1 + h2
S2

]
+ h.c.

}
+ λ8h

2
SS .

Symmetries reduce free parameters:

NHDM
3HDM−−−−→ (54)

S3−−→ 12
Re−−−→ 10.

S3-3HDM models were classified in [1601.04654]:

vacuum:

{
11 real (w1, w2, wS ) ,

17 complex
(
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S3-Symmetric Three-Higgs-Doublet Models: Yukawa Interactions

Whenever wS 6= 0 we can construct a trivial Yukawa sector, LY ∼ 1f ⊗ 1h:

Mu =
1√
2
diag (yu

1 , y
u
2 , y

u
3 )w∗S , Md = . . .

Fermions can transform non-trivially under S3, LY ∼ (2⊕ 1)f ⊗ (2⊕ 1)h:

2 : (Q1 Q2)T , (u1R u2R )T , (d1R d2R )T and 1 : Q3, u3R , d3R ,

Mu =
1√
2

yu
1 w
∗
S + yu

2 w
∗
2 yu

2 w
∗
1 yu

4 w
∗
1

yu
2 w
∗
1 yu

1 w
∗
S − yu

2 w
∗
2 yu

4 w
∗
2

yu
5 w
∗
1 yu

5 w
∗
2 yu

3 w
∗
S

 , Md = . . .
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S3-Symmetric Three-Higgs-Doublet Models: Massless States

Massless state:

V (Uh) = V (h) ,

〈0| (Uh) |0〉 6= 〈0|h|0〉 .

Results of [2001.01994]:

Constraints Continuous symmetries
# of massless

states

[λ4 = 0] O(2) 1

· · ·+ [λ7 = 0] O(2)⊗U(1)hS 2

· · ·+ [λ2 + λ3 = 0]
SU(2)

[ O(2)⊗U(1)h1
⊗U(1)h2

⊗U(1)hS
]

3

https://arxiv.org/abs/2001.01994
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S3-Symmetric Three-Higgs-Doublet Models: Dark Matter Models

Vacuum vevs λ4 symmetry # massless states fermions under S3

R-I-1 (0, 0,wS )
√

S3, h1 → −h1 none trivial

R-I-2a (w, 0, 0)
√

S2 none non-trivial

R-I-2b,2c (w,±
√

3w, 0)
√

S2 none non-trivial

R-II-1a (0,w2,wS )
√

S2, h1 → −h1 none trivial

R-II-2 (0,w, 0) 0 h1 → −h1, hS → −hS 1 non-trivial

R-II-3 (w1,w2, 0) 0 hS → −hS 1 non-trivial

R-III-s (w1, 0,wS ) 0 h2 → −h2 1 trivial

C-I-a (ŵ1,±i ŵ1, 0)
√

cyclic Z3 none non-trivial

C-III-a (0, ŵ2e iσ2 , ŵS )
√

S2, h1 → −h1 none trivial

C-III-b (±i ŵ1, 0, ŵS ) 0 h2 → −h2 1 trivial

C-III-c (ŵ1e iσ1 , ŵ2e iσ2 , 0) 0 hS → −hS 2 non-trivial

C-IV-a (ŵ1e iσ1 , 0, ŵS ) 0 h2 → −h2 2 trivial

Possible DM candidates: 3 (exact S3) and 8 (softly broken S3) solutions.
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√

S3, h1 → −h1 none trivial

R-I-2a (w, 0, 0)
√

S2 none non-trivial

R-I-2b,2c (w,±
√

3w, 0)
√

S2 none non-trivial

R-II-1a (0,w2,wS )
√

S2, h1 → −h1 none trivial

R-II-2 (0,w, 0) 0 h1 → −h1, hS → −hS 1 non-trivial

R-II-3 (w1,w2, 0) 0 hS → −hS 1 non-trivial

R-III-s (w1, 0,wS ) 0 h2 → −h2 1 trivial

C-I-a (ŵ1,±i ŵ1, 0)
√

cyclic Z3 none non-trivial

C-III-a (0, ŵ2e iσ2 , ŵS )
√

S2, h1 → −h1 none trivial

C-III-b (±i ŵ1, 0, ŵS ) 0 h2 → −h2 1 trivial

C-III-c (ŵ1e iσ1 , ŵ2e iσ2 , 0) 0 hS → −hS 2 non-trivial

C-IV-a (ŵ1e iσ1 , 0, ŵS ) 0 h2 → −h2 2 trivial

Possible DM candidates: 3 (exact S3) and 8 (softly broken S3) solutions.
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R-II-1a: Physical Spectrum

Vacuum: {0, w2, wS}.

The Z2 symmetry is preserved for: h1 → −h1, {h2, hS} → ±{h2, hS}.

The inert doublet is associated with h1.

Trivial Yukawa sector LY ∼ 1f ⊗ 1h.

Mass eigenstates:

h1 =

(
h+

1√
2

(η + iχ)

)
,

h2 =

(
sinβ G+ − cosβ H+

1√
2

(
sinβ v + cosα h − sinαH + i

(
sinβ G 0 − cosβ A

))) ,
hS =

(
cosβ G+ + sinβ H+

1√
2

(
cosβ v + sinα h + cosαH + i

(
cosβ G 0 + sinβ A

))) .
Inert, physical states: {h±, η, χ}. Two possible DM candidates: {η, χ}.

Active, physical states: {H±, h − H, A}.
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R-II-1a: Model Analysis

The model is analysed using the following input (6 masses + 2 angles):

� Mass of the SM-like Higgs is fixed at mh = 125.25 GeV;

� The Higgs basis rotation angle β ∈ [−π
2
, π

2
]

and the h -H diagonalisation angle α ∈ [0, π];

� The charged scalar masses m
ϕ±i
∈ [0.07, 1] TeV;

� The inert sector masses mϕi ∈ [0, 1] TeV.

Either η or χ could be a DM candidate, whichever is lighter;

� The active sector masses {mH , mA} ∈ [mh, 1 TeV];

Both theoretical and experimental constraints, at 3-σ, are evaluated:

� Cut 1: perturbativity, stability, unitarity checks, LEP constraints;

� Cut 2: SM-like gauge and Yukawa sector,

electroweak precision observables and B physics;

� Cut 3: h→ {invisible, γγ} decays, ΩCDMh2, direct searches;
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R-II-1a: Relic Density

Trilinear and quartic couplings are not tuneable!

g(XXh)
v

∣∣∣
SM

= g(XXhh)
∣∣
SM

= 1
v2

[
m2

h + 2m2
X

]
.

X

X

h
h

h

X

X

X

h

h

X

X

h

h
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R-II-1a: Cut 3

All constraints satisfied:

� mη < mχ : no overlap in all parameters;

� mη > mχ : overlap in all parameters for mχ ∈ [52.5, 89] GeV;
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R-II-1a: Cut 3

Cut 1: Unitarity < 16π

Cut 2: 3 -σ

Cut 2: 2 -σ

Cut 3
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R-II-1a: Cut 3

R-II-1a

100 GeV

IDM

50 GeV 500 GeV200 GeV

3HDM

SCALAR DM MASS RANGES

IDM2

1000 GeV

3HDMCP

Z2

Z2

Z2

�
⌘
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Conclusions

� Multi-Higgs-doublet models are phenomenology rich and can

accommodate a dark matter candidate;

� Possible DM candidates were identified within S3-3HDM;

� Analysed the R-II-1a model, and found a viable dark matter region

[52.5, 89] GeV;

Work supported by the Fundação
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Appendix

We can generate the following S3 structures:

1 : [2⊗ 2]1, [1⊗ 1]1, [1′ ⊗ 1′]1;

1′ : [2⊗ 2]1′ , [1⊗ 1′]1′ , [1′ ⊗ 1]1′ ;

2 : [2⊗ 2]2, [1⊗ 2]2, [2⊗ 1]2, [1′ ⊗ 2]2, [2⊗ 1′]2;

Products:(
x1

x2

)
2

⊗
(

y1

y2

)
2

= (x1y1 + x2y2)1 + (x1y2 − x2y1)1′ +

(
x1y2 + x2y1

x1y1 − x2y2

)
2

,(
x1

x2

)
2

⊗
(

y ′
)

1′ =

(
−x2y ′

x1y ′

)
2

,(
x′
)

1′ ⊗
(

y ′
)

1′ =
(

x′y ′
)

1
.

V3HDM =µ
2
1[2⊗ 2]1 + µ

2
0[1⊗ 1]1

+ λ1

(
[2⊗ 2]1 ⊗ [2⊗ 2]1

)
+ λ2

(
[2⊗ 2]1′ ⊗ [2⊗ 2]1′

)
+ λ3

(
[2⊗ 2]2 ⊗ [2⊗ 2]2

)
+ λ4

{(
[2⊗ 2]2 ⊗ [1⊗ 2]2

)
+

sym←−−→
}

+ λ5

(
[2⊗ 2]1 ⊗ [1⊗ 1]1

)
+ λ6

(
[1⊗ 2]2 ⊗ [2⊗ 1]2

)
+ λ7

{(
[1⊗ 2]2 ⊗ [1⊗ 2]2

)
+

sym←−−→
}

+ λ8

(
[1⊗ 1]1 ⊗ [1⊗ 1]1

)
.
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Appendix

R-II-1a masses:

m2
h+ = −2λ3w 2

2 +
5

2
λ4w2wS −

1

2
(λ6 + 2λ7)w 2

S ,

m2
H+ =

v 2

2wS

[λ4w2 − (λ6 + 2λ7) wS ] ,

m2
η =

9

2
λ4w2wS ,

m2
χ = −2(λ2 + λ3)w 2

2 +
5

2
λ4w2wS − 2λ7w 2

S ,

m2
A =

v 2

2wS

(λ4w2 − 4λ7wS ) ,

m2
h =

1

4w 2
S

[
4 (λ1 + λ3) w 2

2 w 2
S + λ4w2wS

(
w 2

2 − 3w 2
S

)
+ 4λ8w 4

S − wS ∆
]
,

m2
H =

1

4w 2
S

[
4 (λ1 + λ3) w 2

2 w 2
S + λ4w2wS

(
w 2

2 − 3w 2
S

)
+ 4λ8w 4

S + wS ∆
]
,

where

∆2 = 16 (λ1 + λ3)2 w 4
2 w 2

S − 8 (λ1 + λ3) w 2
2 wS

[
λ4

(
w 3

2 + 3w2w 2
S

)
+ 4λ8w 3

S

]
+ 16λ2

aw 2
2 w 4

S − 48λ4λaw 3
2 w 3

S + λ
2
4

(
w 6

2 + 42w 4
2 w 2

S + 9w 2
2 w 4

S

)
+ 8λ4λ8w2w 3

S

(
w 2

2 + 3w 2
S

)
+ 16λ2

8w 6
S .
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Appendix

R-II-1a gauge couplings:

LVVH =

[
g

2 cos θW

mZ ZµZµ + gmW W +
µ W µ−

]
[sin(α + β)h + cos(α + β)H] ,

LVHH =−
g

2 cos θW

Zµ

[
η
↔
∂µχ− cos(α + β)h

↔
∂µA + sin(α + β)H

↔
∂µA

]
−

g

2

{
iW +

µ

[
ih−
↔
∂
µ
χ + h−

↔
∂
µ
η − cos(α + β)H−

↔
∂
µh

+ sin(α + β)H−
↔
∂
µH + iH−

↔
∂
µA

]
+ h.c.

}
+

[
ieAµ +

ig

2

cos(2θW )

cos θW

Zµ

](
h+
↔
∂µh− + H+

↔
∂µH−

)
,

LVVHH =

[
g 2

8 cos2 θW

ZµZµ +
g 2

4
W +

µ W µ−
](

η
2 + χ

2 + h2 + H2 + A2
)

+

{[
eg

2
AµW +

µ −
g 2

2

sin2 θW

cos θW

ZµW +
µ

] [
ηh− + iχh− − cos(α + β)hH−

+ sin(α + β)HH− + iAH−
]

+ h.c.

}

+

[
e2AµAµ + eg

cos(2θW )

cos θW

AµZµ +
g 2

4

cos2(2θW )

cos2 θW

ZµZµ +
g 2

2
W−µ W µ+

]

×
(

h−h+ + H−H+
)
.
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Appendix

R-II-1a fermionic couplings:

g
(
hf̄ f
)

= −i mf

v

sinα

cosβ
, g

(
Hf̄ f

)
= −i mf

v

cosα

cosβ
,

g (Aūu) = −γ5
mu

v
tanβ, g

(
Ad̄d

)
= γ5

md

v
tanβ,

and for the leptonic sector, the Dirac mass terms would lead to similar relations.

g
(
H+ūidj

)
= i

√
2

v
tanβ [PLmu − PRmd ] (VCKM)ij ,

g
(
H−d̄iuj

)
= i

√
2

v
tanβ [PRmu − PLmd ]

(
V †CKM

)
ji
,

g
(
H+ν̄l

)
= −i

√
2ml

v
tanβPR ,

g
(
H− l̄ν

)
= −i

√
2ml

v
tanβPL.
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Appendix

We adopt 3-σ bounds from PDG [2021]:

κ2
VV ≡ |sin(α + β)|2 ∈ {1.19± 3σ}, which comes from hSMW+W−,

κ2
ff ≡

∣∣∣∣ sinα

cosβ

∣∣∣∣2 ∈ {1.04± 3σ}, which comes from hSMb̄b.

We impose the same sign for these two couplings not to spoil the interference

required for hSM → γγ.

https://pdg.lbl.gov/
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Appendix

We adopt the experimental value, Br
(
B̄ → X (s)γ

)
× 104 = 3.32± 0.15

PDG [2021] and impose an (n = 3)-σ tolerance, together with an additional

10 per cent computational uncertainty,

Br
(
B̄ → X (s)γ

)
× 104 = 3.32±

√
(3.32× 0.1)2 + (0.15 n)2 .

The acceptable region, corresponding to the 3-σ bound, is [2.76; 3.88].

https://pdg.lbl.gov/
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Appendix

Scatter plots of additional contributions to the di-photon decay amplitudes, normalised to the SM

value, expressed in per cent:

Two-gluon versus di-photon Higgs-like particle branching ratios, normalised to the SM value:
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