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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:

e [nert Doublet Model;
e General S3-3HDM,;
e Dark matter within S3-3HDM;
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Inert Doublet Model: Generalities

+
Main building block: SU(2) scalar doublet, h = <:0>-

Bilinear h; = h;rhj is a singlet under SU(2).

Viom = mishis + miyho —
1 2 1 2
+ 5)\1/711 + 5)\2/722 + Ashiiho + Aahizhoy

1
+{§)\5hfg+ +h4c.}.

h h h R
g [ o[ 0l £ o,
hg — 7h2, <0|h2|0> = 0.
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Inert Doublet Model: Profile

LEP excluded

DM DM — h
DM DM = ff *

V resonant co-annihilation

Qn?

DM DM — {W*W~, ZZ, hh}
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Dark Matter in Inert Doublet Model and Three-Higgs-Doublet Models
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Multi-Higgs-Doublet Models

Liinetic Vscalar

N
LNHDM = Z (D“hi)T (Duhi) =V (h1, ..., hn) —Lyukawa-
i—1


https://arxiv.org/abs/1007.1424

Multi-Higgs-Doublet Models

Liinetic Vscalar

N
LNHDM = Z (D“hi)T (Duhi) =V (h1, ..., hn) —Lyukawa-
i=1
Re parameters (dependent) of NHDM [1007.1424]:
N=1: Ntot = 2,

1 2 2 N=2: Ntot:]-47
Nigs = =N (N 3) N
ot * N=3: Ny =54,


https://arxiv.org/abs/1007.1424

S3-Symmetric Three-Higgs-Doublet Models: Generalities

Consider an equilateral triangle: (C)<I

(A)

(B)



S3-Symmetric Three-Higgs-Doublet Models: Generalities

(A)
Consider an equilateral triangle: (c)

(B)

Possible transformations:

e 2 rotations o 3 reflections o |dentity



S3-Symmetric Three-Higgs-Doublet Models: Generalities

(A)

Consider an equilateral triangle: (c)

Possible transformations:

e 2 rotations o 3 reflections o |dentity

S3 irreducible representation: x1 @ x17 D Xa2-
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S3-Symmetric Three-Higgs-Doublet Models: Scalar Potential

h
Assume an Sz structure (hs); & <hl> .
2
2

Vaupum = 3 (hit + ha2) + pohss
+ A1 (b1 + h22)2 + Ao (hi2 — hz1)2 + A3 [(hn — h22)2 + (b2 + hgl)z]
+ {4 [hs1 (P2 + ho1) + hso (h11 — )] + hec.} + As [hss (i1 + h22)]
+ X6 [mshs1 + hashsa] + {>\7 [h§1 + h%g} + h.c.} + \ghis.

Symmetries reduce free parameters:

NHDM 2P, (54) >34 10 Fo, 10

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

11 real (w1, wa, ws),
vacuum: i e
17 complex (Wle Lone'7?, Ws).
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S3-Symmetric Three-Higgs-Doublet Models: Yukawa Interactions
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S3-Symmetric Three-Higgs-Doublet Models: Yukawa Interactions

Whenever ws # 0 we can construct a trivial Yukawa sector, Ly ~ 1f ® 1p:

1
M, = —dia Loy, ys ) we, Myg=...
2 g()ﬁ Y2 )/3) S d

Fermions can transform non-trivially under S3, Ly ~ (2® 1)r ® (2® 1)
2: (1 Q2)T7 (3 UQR)T, (dir dZR)T and 1:Qs, uzr, dsr,
yiws + y'wy ya'wi ya'wy

i u. o u. o u. o u,,* _
Mu——ﬁ Yo wq YiWs —YaWa YaWo |, Mg =...
Y5 wi Vs ws y3ws



S3-Symmetric Three-Higgs-Doublet Models: Massless States

Massless state:

V(Uh) =V (h),
(0] (UR) [0} # (0] [0) -
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S3-Symmetric Three-Higgs-Doublet Models: Massless States

Massless state:

V(Uh) =V (h),
(0] (UR) [0} # (0] [0) -

Results of [2001.01994]:

f I
Constraints Continuous symmetries # of massless
states
[Aa =0] 0(2) 1
=0 0(2)®U(1)s >
SU(2
o F [+ A3 =0] ©) 3
[ 0(2)®U(1)n, ®U(1)4, ®U(1)hg ]
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S3-Symmetric Three-Higgs-Doublet Models: Dark Matter Models

Vacuum vevs A4 symmetry # massless states fermions under S3
R-I-1 (0,0, ws) Vv S3, hp — —h none trivial
R-1-2a (w,0,0) Vv Sy none non-trivial
R-1-2b,2¢ (w, £+/3w, 0) VA S none non-trivial
R-1l-1a (0, wp, ws) V4 So, hp — —hp none trivial
R-1I-2 (0, w,0) 0 hy — —h1, hs — —hs 1 non-trivial
R-11-3 (wy, wp, 0) 0 hs — —hg 1 non-trivial
R-1ll-s (w1, 0, ws) 0 hy — —hy 1 trivial
C-l-a (W1, £iwg, 0) V4 cyclic Z3 none non-trivial
C-lll-a (0, mpe@2 W) Vv Sy, by — —hy none trivial
C-lll-b (i, 0, Ws) 0 By — —ho 1 trivial
C-lll-c (W e'71, ipel®2,0) 0 hs — —hg 2 non-trivial
C-IV-a (W1€'71,0, Wws) 0 hy — —hy 2 trivial
Possible DM candidates: 3 (exact S3) and 8 (softly broken S3) solutions.
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Vacuum: {0, wz, ws}.

The Z> symmetry is preserved for: hy — —hy, {h2, hs} — £{ho, hs}.
The inert doublet is associated with h;.
Trivial Yukawa sector Ly ~ 1 ® 1p.

Mass eigenstates:

h+
hy = . ,
R A CRY)
sinBG" —cosBH"

ha = <12 (sinﬁv—f—cosah—sinaH—l—i(sinﬁGO—cosﬂA)))’

< cos 3Gt +sinBH"T )
hs = .

% (cosBv +sinah+cosaH+i(cosB G +sinBA))

Inert, physical states: {h*, 1, x}. Two possible DM candidates: {7, x}.

Active, physical states: {H*, h — H, A}.



R-11-1a: Model Analysis

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

Mass of the SM-like Higgs is fixed at m, = 125.25 GeV;

The Higgs basis rotation angle 8 € [-5, 7]
and the h-H diagonalisation angle a € [0, ;

The charged scalar masses m_+ € [0.07, 1] TeV;

The inert sector masses m,,, € [0, 1] TeV.
Either 17 or x could be a DM candidate, whichever is lighter;

The active sector masses {my, ma} € [my, 1 TeV];



R-11-1a: Model Analysis

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

e Mass of the SM-like Higgs is fixed at m, = 125.25 GeV;

The Higgs basis rotation angle 8 € [-5, 7]
and the h-H diagonalisation angle a € [0, ;

The charged scalar masses m_+ € [0.07, 1] TeV;

The inert sector masses m,,, € [0, 1] TeV.
Either 17 or x could be a DM candidate, whichever is lighter;

The active sector masses {my, ma} € [my, 1 TeV];

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

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

e Cut 2: SM-like gauge and Yukawa sector,
electroweak precision observables and B physics;

e Cut 3: h — {invisible, vy} decays, Qcpmh?, direct searches;
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R-1l-1a: Relic Density
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S P *---=- S .
X s 2Th Yo h X*so _.2Th
BT T Xt cel
X.-* N X X.o© sl
e N e o :

Trilinear and quartic couplings are not tuneable!

g(XXh)

v

= g(XXbh)|g\ = & [m) +2m}].

R-ll-1a

Rell-1a
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n<x
[ gnhv
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. o
my [GeV]

coupling

0 o
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Rell-1a

coupling

n<y
[ etnhh)

w0 o
my [GeV]

coupling

x<n
[ gbexhh)

= s
my [GeV]



R-1l-1a: Cut 3

All constraints satisfied:

e m, < my : no overlap in all parameters;

e m,; > m, : overlap in all parameters for m, € [52.5,89] GeV;

Cut3 Cut 3
n<x Qh?+ DD x<n QI + DD
—" 220 DD
LHC + DD LHC + DD
- ———
LHC + QI LHC+OW
20 40 60 80 100 120 140 20 40 60 80 100 120 140

m, [GeV] m, [GeV]
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R-1I-1a: Cut 3
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R-1l-1a: Cut 3

SCALAR DM MASS RANGES
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Conclusions

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

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

e Analysed the R-lI-1a model, and found a viable dark matter region
[52.5,89] GeV;
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Appendix

We can generate the following S3 structures:
1: @2, 1®1], [V @1
1: 22y, 1oy, ' @1
2: 2@2, [1©2 2@1], [I' @2k, 20 1]

Products:

X
( 1 o ) = (xiy1 + xey2); + (x1y2 — xey1)y + <
X2/, Y2/,

X1 N —xy
( % >2® (}’ )1/ = ( Xy’ >27
® .

)y

X1y2 + Xoy1 )
xay = xey2 ),

Varpum = pi[2 ® 2] + pa[l @ 1)1
+ A1 ([2 ®2L®2® 2]1) + A2 ([2 ®2y 2 2]11) + As ([2 ®2L®2® 2]2)
sym

+/\4{([2®2]2 ® [1®2]2)+ <—>} +)\5([2®2]1 OL® 1]1) +/\6([1®2]2 OR® 1]2)

+/\7{([1®2]2®[1®2]2)+ ﬂ)}+x8([l®1]l®[1®1]1)



Appendix

R-Il-1a masses:

> 2, 5 1 2
my = 72A3W2 + 5)\4W2W5 — 5()\6 + 2)\7)W5,
2
5 v
mi = — [Mawa — (X6 + 2)\7) ws],
2ws

m, = EAAWZWS,

5
me = —2(X2 + A3)wj + S Nawaws — 227we,
mf‘ = L ()\4W2 — 4)\7W5),
ws
) 1

mjy = e [4()\1 + A3) szwg + Agwaws (W22 — 3W§) Jr4)\gW;1 — WSA] s

my = 75 [4()\1 + A3) szwg + Agwows (W22 - 3W§> + 4)\8W2 + WsA] R
where

A% =16 (A1 + /\3)2 W;Wé —8(A1+ A3) W22W5 {)\4 (W23 + 3W2W§) + 4)\3W§]
+ 16)\§W22W;l — 48)\4)\aw23vvg + Ai (\/1/26 + 42W§W§ + 9W22W;)

+8AaAgwawd (W] +3ud ) +1673us.



Appendix

R-Il-1a gauge couplings:

Ly = LmZZMZ” + gmw W, WH™ | [sin(a + B)h + cos(a + B)H],
2 cos Oy s

g

L =— ——
VA 2 cos Oy

> hud >
" [naux — cos(a + B)hd, A+ sin(a + ﬁ)HDHA]
> <~ >
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R-I1-1a fermionic couplings:

g (hFf) = — %s'or;(; g (HFf) =

g (Aiu) = —757 tan B8, g (Add) = 757 tan 3,

;mr cosa
v cosf’

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

A2
g (H Gid)) = /% tan B [Pumy — Prmg] (Vexwm)

ij
2
g (H dy) = /% tan 3 [Prmy — PLmd] < cmr)

g (Hol) = _,ﬁ’”’ tan 3Pr,

g (Hfl_u) = \fm/

tan BP;.
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We adopt 3-0 bounds from PDG [2021]:

Koy =lsin(a + B)° € {1.19 4+ 30}, which comes from hsmy W W™,

. 2
_|Sihox
Rg =
C

cos 3

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

7 € {1.04 =30}, which comes from hs\ bb.

required for hsm — ¥7.


https://pdg.lbl.gov/

Appendix

We adopt the experimental value, Br (B — X(s)y) x 10" =3.324£0.15
PDG [2021] and impose an (n = 3)-o tolerance, together with an additional
10 per cent computational uncertainty,

Br (B — X(s)y) x 10" =3.32 £ \/(3.32 x 0.1)2 + (0.15 n)?.
The acceptable region, corresponding to the 3-c bound, is [2.76; 3.88].
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https://pdg.lbl.gov/

Appendix

Scatter plots of additional contributions to the di-photon decay amplitudes, normalised to the SM
value, expressed in per cent:
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Two-gluon versus di-photon Higgs-like particle branching ratios, normalised to the SM value:
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Parameter BP 1| BP2 | BP3 | BP4 | BP5 | BP6 | BPT | BPS | BPY
DM (x) mass [GeV 561 | 506 | 6302 | 657 | 703 | 150 | s22 | 886
7 mass [GeV 627 | 2088 1| 16938 | 1505 | 1577 | 2028 | 1278 | 2107
h* mass (GeV] | 1154 | 1674 6 | 1886 | 2141 | 1705 | 2320 | 1518 | 2430
HY mass [G 1926 | 3695 | 3674 | 2166 | 2655 | 4055 | 319.8 | 4106 | 3119
Homass [GeV] | 2639 | 319.3 | 3520 | 2763 | 2082 | 4020 | 3685 | 405.2 | 317.6
\mass (GeV] | 1792 | 2050 | 1907 | 1739 | 2052 | 2553 | 2513 | 330.0 | 247.0
3/m [“0:204 [ 0201 [ -0165 | 0218 | 018
o/7 0.763 | 0765 | 0752 | [ 0769 [ 0238
st (1077 pb] | 0.029 | 1456 | 4925 | 076 | 8553 | 101
- xai | |
7 xbb [% 1480 | 1485
P 2048 | 2046
nol 1033
0 X2 1% 9995 | 5309 | 100 100 100
0 xA | 691 | 1 [
oW 100 | 100 | 9995 | 9989 | 99.99 | 99.90 99.99
A 030
W i (%) | 988 | o6
& 1691 | 652
I — il % 2299 | 32.71
H* b 907 | 13.69 9509 | 9575 | 3095 3151
AW 2056 029 [ 006 | 56 | 005
HY - W (% [0 16 | 400 | 123 | 256 | 115
H* -kt (% 5.9 I I
H > nix %) | 50 | 3374 | 326
H = 015 | 003 | 007 | os7
H—>m (7 809 |
H - b (% 307 | 264 | 940 | 3159
H o AZ 009 | 1355 | 7093 | 1391
106 | 313 | 1040 | 3195 | 3335 | 189 | 1632 1170
175 | 143 | 477 | 1529 | 1482 | 088 | 753 662
05 | 1859 5201 | 5633
062 | 440 | 032 | 031 | 1043|2552 | 800 | 02
99.97 99.32 901
002 | 7975 | 8415 [T007 [ 838 [ 002 [ 476
[ 356 | 37 [ Tom 021
955 | 1019 | 113 061
681 | 187 | 06 | 8063 | 096 | 9142
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