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Inert Doublet Model: Introduction

+
Building blocks SU(2) doublets, h = <:0>.

Bilinear h;j = h h;.

Varom = miyhuy + mazhas — <m%2h12 + h-C.>
1. - 1. 5
+ 5)\1/111 + 5/\2/722 + Azhi1hoy + Aahioho

1
+ {5)\5/7%2 + Aeh11h12 + A7haohio + h.c.} .
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Dark Matter in Inert Doublet Model and Three-Higgs-Doublet Models
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(Two inert doublets)
3HDM: [1407.7859], [1507.08433], [1712.09598];
_CP-3HDM: [1608.01673];

IDM: [1612.00511], [1809.07712];
IDM2 (one inert doublet): [1911.06477];
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S3-Symmetric Three-Higgs-Doublet Models: S; Group

Possible permutations: (1) (2)(3), (12)(3)..., (132)...
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Possible permutations: (1) (2) (3), (12)(3)..., (132)...

Transformations of an equilateral triangle:
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h
Ss irreducible representation: x1 ® x1/ @ x2. Assume (hs); ® <h1> .
2
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Symmetries reduce free parameters: NHDM 225 46 EEIN (12) —510.

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

11 real (w1, wo, ws),
vacuum: o
18 complex (W1e'™t, Wae'”?, Ws) .
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S3-Symmetric Three-Higgs-Doublet Models: Yukawa Interactions
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Whenever ws # 0 we can construct a trivial Yukawa sector:

1 u *
Mu:ﬁ(y,-j)ws, Mg =...

Fermions can transform non-trivially under Ss:

2:(Q Q)" (mrwr)", (irdr)” and 1:Qs, usg, dig,

[T u. ok u., ok u, ok
1 Yiws + ya wp Y2 wy Yawq
_ u * u * u * u * .
My = — Yawy YiWs —YaWy  YaWp |, Mg =...
\/5 u * u * u *
Ys W1 Y5 W2 Y3 Ws

Suppose that w; = 0:

1 yiws + ys'wy 0 0
M = — O UW* _ UW* UW*
u \/ﬁ n su )*/2 pl y‘: 2*
0 Y5 Wa Y3 Ws
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Physical Spectrum and Constraints
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Fermions transform trivially under Ss.
Models are analysed using 8 input parameters.

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

e Cut 1: perturbativity, stability, unitarity checks, LEP constraints;
o Cut2: h—{VV, FF}, Sand T, B — X(s)v;
e Cut 3: h — {invisible, vy}, Qcpmh?, direct searches;
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Results: Relic Density

C-lii-a
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Scans performed using micrOMEGAs 5.3.35.

Trilinear and quartic couplings are not tuneable!

g(XXh)

. _ _ 2 2
R-II-1a: v g(XXhh)}SM = %2 [m} +2m%].



Results: Scalar Masses
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Results: Direct Detection of Dark Matter
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Conclusions

e Multi-Higgs-doublet models are phenomenologically rich and can
accommodate a dark matter candidate;

e Possible dark matter candidates were identified within S3-3HDM;
e Viable dark matter regions: R-ll-1a [52.5,89] GeV, C-lll-a [6.5,44.5] GeV;
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Appendix: Inert Doublet Model Relic Density
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Appendix: Scalar Potential

VsupM = M% (h11 + h2) + ,ughss
+ A1 (hin 4 h2)? 4+ Xa (hio — ho1)® + A3 [(hll — h2)? + (hi + h21)2}
+ {4 [hs1 (b2 + h21) + hsa (b1 — h2)] + hee.} + As [hss (hi1 + h22)]
+ X [hushsy + hashsa] + { Az [y + K] + hc. | + Nahls.

1: 2®2:1, 1®1], [ ®1];
1: 2®2y, 1®@1]y, ' ®1]y;
2: 202k, [1®2L, 2®1], 1’ ®22, 2® 1]
Varpym = 122 ® 21 + 21 ® 1)1
+a(Rediepe) + (e oo ) +r(2e2heRo2)
+xn{(Redoned)+ X +x(Roieiell) + (120 Re 1))

+x{(teheled)+}+x(loholelh).



Appendix: Continuous Symmetries

Massless state:

V(Uh) =V (h),
(0] (Uh) |0) # (0]h|0).

Results of [2001.01994]:

Constraints Continuous symmetries # of massless
states
[Ae = 0] 0(2) 1
=0l 0(2)®U(1)ns 2
SU(2
e[+ A3 =0] ©) 3
[ 0(2)®U(1)s, ®U(1)h, ®U(1)ng |



https://arxiv.org/abs/2001.01994

Appendix: Dark Matter in S3-Symmetric Three-Higgs-Doublet Models

Vacuum vevs symmetry # massless states fermions under S3
R-I-1 (0,0, ws) 4 S3, hy — —hy none trivial
R-1-2a (w,0,0) V4 Sy none non-trivial
R-I-2b,2c (w, £1/3w, 0) 4 Sy none non-trivial
R-ll-1a (0, wo, wg) v Sy, hp — —hp none trivial
R-11-2 (0, w, 0) 0 hy — —hy, hg — —hg 1 non-trivial
R-1I-3 (wy, wp, 0) 0 hs — —hg 1 non-trivial
R-1ll-s (w1, 0, wsg) 0 hy — —hy 1 trivial
C-l-a (W1, £iwg, 0) VA cyclic Z3 none non-trivial
| ciia (0, Woe' @2, W) i So.hy — —hy none trivial
Clilb (i, 0, ws) 0 hy — —ho 1 trivial
C-lll-c (W1€'71, Wpel@2, 0) 0 hs — —hg 2 non-trivial
C-IV-a (#1671, 0, ws) 0 hy — —hy 2 trivial
Possible DM candidates: 3 (exact S3) and 8 (softly broken S3) solutions.




Appendix: SU(2) Doublets in Terms of the Mass Eigenstates

R-1l-1a:
h+
h1: . )
75 (n+ix)

b sin3GT —cosBH*

T %(sin/a’v—l—cosah—sinaH—i—i(sinBGO—cosﬁA)) '

b cosB Gt +sinBHT

5T %(cosﬁv—i—sinah—l—cosaH—i—i(cosﬁGo—i—sinﬁA)) ’
C-lll-a:

. Wt
h =e"” . ,
' <12(<P1+'802)>
A i sinBG" —cosBHT

=e , . . . ,

2 % (sinBv+isinBG+ 37 [sin BRY —cos B (R% + iR%)] Hy)

he = cos 3Gt +sinBHT
5= % (cosBv +icosB G+ 37 [cos BRY +sinB (R, +iR%)| H;) )



Appendix: Input Parameters

R-ll-1a (2 angles + 6 masses):

Diagonalisation angles {3, a};
e Charged masses m_+ € [0.07, 1] TeV;

e Inert masses m,, € [0, 1] TeV;

Active masses {my, ma} € [mp, 1 TeV];

C-lll-a (5 angles + 3 masses):
e Diagonalisation angles {3, v, 6, 03} and phase o;
e Charged masses {my+, my+} € [0.07, 1] TeV;
e DM mass my, € [0, 1] TeV;



Appendix: R-l1l-1a Benchmark Points

Parameter BP2 | BP3 | BPA BP7 | BPs | BP9
DM (1) mass [GeV w02 50

o mass [GeV 16938 025

i mas [GoV] | 1194 2101 [ 1705 | 220

H mas [GeV] | 1926 5 405 | 3198

Houas [GoV] | 2639 2052 | 1020 | 3655

Amass [Gev] | 1792 [2052 [ 253 |

i/m [ [016

51 1071 pb] 0.020 0.176
noxai % | 6327 5135
= xbb 19 048 1185
- i ! 2462 20.46
n— il %) 11.61 1033
noxZ 9998 | 5300 | 100 100 100
n— xA 16.91
Rt o xWH (% 100 | 100 | 9995 | 99.89 [ 99.99 [ 99.99 99.99
W+ — g [% 20.18 030
RS 0.16
16.94 66.82
2.0 5271
H 5 th (%] 9.07 | 14369 [ 9500 3151 | 93.59
H* — AW* (%] 2056 029 | 0.06 005 | 005 | 0.05
H* — hW+ [% 446 4.00 2.86 115 2
H* - bty 8.9 61.68
H™ - hx [%] 5.0 | 3374 | 326 068 | 553
015 | 003 | 007 | 087 | 153 6375
59 2080
307 9.0 | 3150 | 3353 | 133
0.09 70.93 | 13.91 7.61
1.06 10.40 I 34.98 I 1.89
477 | 15.29 | 14.82
H—h*h
H = qa %] 062 | 440 031 s00 | 012
Ay % 99.97 99.01
A 002 s1.15 s8] 002
A qq 3.75 0.39
Ao Ttr 10.19 9.24 1.13
A hZ [7 157 | 155 | 1208 | 0.6 | 5963 | 096 |12




Appendix: C-lll-a Benchmark Points

Parameter BP1 | BP2 | BP3 | BP4 | BP5 | BP6 | BP7 | BPS
DM (1) mass [GeV] | 6.85 | 1155 | 1624 | 20.82 | 2550 | 3036 39.73
2 mass [GeV] 291.06 | 221.63 | 22313 | 17151 268.90 | 265.78
Bt mass (GeV] 314.66 | 150.90 | 238.64 | 196.77 200.65 | 193.85
H* mass [GeV] 202,09 [ 1209 250.35 | 285.91
Hy mass [GeV] | 12649 | 14201 | 156.26 128.72 | 128.29 | 138.87 | 149.83
Hy mass [GeV] | 21 216.75 | 244.67 178.37 | 182.78 | 195.88 | 222.07
afn 0.365 | 0.633 | -0.370 -0.590 | 0.564 | -0.538 | 0541
B/m 0167 | 0.146 | 0.160 0128 | 0138 | 0.152 | 0.150
as1 [1071 pb] 9.23 1.55 145 1.65 1.23 0.67 3.09
2 = p1H1 (%) 088 | 015 | 128 007 377 | 211
w2 = o1 Hz [%] 749 | 044 | 288 007 64.02 | 60.25
@2 = o1 Hs %) 2480 | 2113
w2 1 Z %) 9163 | 7461 | 7470 | 96.73 | 99.20 | 99.85 | 100 | 3221 | 37.04
B = o HY (%) 63.84 | 44.92 60.98 | 65.40
At = W [%) 100 | 36.16 | 55.08 | 100 | 39.02 | 3460 | 100 | 100 | 100
H* = bty [%)] 33.91 45.61 7207 | 16.74
HY 5 HW* [%] | 226 3.10 225
HY = W (%) | 1519 9.34 10.73
H* = th [% 48.56 9978 | 41.88 27.68 | 70.15
HY 5 qq [%) 008 | 2932 | 017 | 0.06 | 2 30.14 0.10
HY =l [%] 008 | 70.68 | 0.05 69.86 | 015
Hy = prpn [%] | 99.96 | 99.99 | 99.99 | 9936 | 99.99 | 99.99 | 99.96 | 99.94 | 99.95
Hy— WIW (%] 0.60
Hz — q7 [%] 0.03 0.03 001 | 004 | 006 | 0.04
Hy = ppr (%] | 8199 | 96.04 | 7932 | 8349 | 9817 | 99.93 | 99.90 | 95.08 | 96.95
Hs — o102 [%)] 9.10 7.57
Hs — HiHi (%) 0.08
Hy — HiZ [%) 1.20 1582 | 257 0.01
Hy — Ha2Z %] 7.67 0.40
Hy — WHW- (%] 261 | 318 | 410 | 126 | 004 | 008 | 141 | 217
Hs = 27 [%) 105 | 134 | 176 | 047 048 | 087
Hy — bb [%] 0.03 | 027 | 034 008 | 002 | 001




Appendix: HiggsBounds Applied to R-ll-1a (Preliminary)
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