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Recently have been arise a lot of researches about the viability of
models which includes a Zy symmetry that stabilizes the dark matter
fields. That is the case of the N = 5 model.
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The multi-component dark matter models are well motivated. The Zs
model includes two new complex scalar fields, both candidates to dark
matter.
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The multi-component dark matter models are well motivated. The Zs
model includes two new complex scalar fields, both candidates to dark

matter.

Opm = Q1 + Qo. (D
This model have the minimum value of N which allows two complex
fields.
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Bélanger, Pukhov, Yaguna and Zapata (2020), showed that the
parameter space of the model has viable points which satisfy the
experimental constraints imposed by direct detection experiments like
XENONIT, LUX-ZEPLIN and DARWIN.
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Bélanger, Pukhov, Yaguna and Zapata (2020), showed that the
parameter space of the model has viable points which satisfy the
experimental constraints imposed by direct detection experiments like
XENONIT, LUX-ZEPLIN and DARWIN.
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The model

The most general scalar potential invariant under Zs symmetry and
renormalisable, is given by
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where the charges under Zs for the two new complex scalar fields are

b1 ~ws, B2 ~ w3 ws = /5
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The model

The most general scalar potential invariant under Zs symmetry and
renormalisable, is given by

Vi, = — il HP? + Au|H|* + p3|o1]” + As1|H*|¢1]? + Aaa| o1 |*
+ 113]d2* + Aaz| 2| + As2|H || d2|? + Aa12]d1[*|¢2|?

1 . )
+ 5(#3@%% + 1520301 + As107da + As2165° + h.c.),
(2)

where the charges under Zs for the two new complex scalar fields are

b1 ~ws, B2 ~ w3 ws = /5

In the model, ¢1 2 do not acquire VEV and M; < M> < 2M; so that
both are stable. They are singlets under Gsy and the SM particles are
singlets under Zs.
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The parameter space

The SM-like Higgs doublet is defined as H = (G, (h + vg) /2)".
Therefore,
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The SM-like Higgs doublet is defined as H = (G, (h + vg) /2)".
Therefore,

—p3 = Ao 3)

Setting A = 0.129 and vy = 246 GeV, we have then seven
dimensionless and four dimensionful parameters, which have to be
restricted.
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The parameter space

The SM-like Higgs doublet is defined as H = (G, (h + vg) /2)".
Therefore,

—p3 = Ao 3)

Setting A = 0.129 and vy = 246 GeV, we have then seven
dimensionless and four dimensionful parameters, which have to be
restricted.

Set of free parameters

M;, Aaiy Asiy Aa12, [4Sis A3i- 4
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The new parameters

The p151¢3¢% term together with Ag;| H|?|¢;|?, contributes to dark
matter semi-annihilation processes like the following
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The new parameters
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With the same term, we can get dark matter conversion processes.
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We have quartic interactions which contribute to dark matter
conversion because the A31¢3¢o and A3a¢1 05> terms.

Z5 multi-component dark matter model MOCa (2022)



We have quartic interactions which contribute to dark matter
conversion because the A31¢3¢o and A3a¢1 05> terms.

Zs multi-component dark matter model MOCa (2022)




We have quartic interactions which contribute to dark matter
conversion because the A31¢3¢o and A3a¢1 05> terms.

o1 $1 @5 o1

And for the A\gy2|é1[?|é2|? term,
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We have quartic interactions which contribute to dark matter
conversion because the A31¢3¢o and A3a¢1 05> terms.
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Initial thresholds

The initial viable space, following the considerations of Bélanger,
Pukhov, Yaguna and Zapata (2020), is
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Initial thresholds

The initial viable space, following the considerations of Bélanger,
Pukhov, Yaguna and Zapata (2020), is

40 GeV < M, < 2 TeV,

M1 < MQ < 2M1,

107* < Mgy, [Ma1a,si,3i] < Vi,
100 GeV < |usi| < 10 TeV.
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Relic abundance and cross section

The DM relic abundance, must be bounded according to the reports
from PLANCK collaboration,

Qpmh? = 0.1198 + 0.0012. (6)
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The DM relic abundance, must be bounded according to the reports
from PLANCK collaboration,

Qpmh? = 0.1198 + 0.0012. (6)

The effective cross section is bounded following the curve for WIMPs
which report the direct detection experiments such as XENONIT,
PANDAX, DARWIN and LUX-ZEPLIN.
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Relic abundance and cross section

The DM relic abundance, must be bounded according to the reports
from PLANCK collaboration,

Qpmh? = 0.1198 + 0.0012. (6)

The effective cross section is bounded following the curve for WIMPs
which report the direct detection experiments such as XENONIT,
PANDAX, DARWIN and LUX-ZEPLIN.

We calculate Qpph? using micromegas 5.2 and defining the scaling
factor as & = €2;/(£21 + Q2) for re-scaling €2 to each DM particle.
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Direct detection bounds
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Theoretical bounds

The model must fulfill the following theoretical bounds,
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Theoretical bounds

The model must fulfill the following theoretical bounds,
@ Perturbativity.
@ Unitatiry of S-Matrix.

o Positivity of the scalar potential and vacuum stability (bounded
from below).

@ Stability of the scalar potential (BW , Zs).
All of the above up to energy scales = GUT.
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7.3 constraints

We may see these analysis, e.g. for
the Z3 model in Andi, Andrzej and
Kristjan (2019), Improved bounds
on Zs singlet dark matter
(arXiv:1901.08074).
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Z.3 constraints

We may see these analysis, e.g. for
the Z3 model in Andi, Andrzej and
Kristjan (2019), Improved bounds
on Zs singlet dark matter
(arXiv:1901.08074).

Vz, = i HI? + Ag|H|* + 13| S|?
+ Xs|S|t + Asu|S|?|H|?
+ % (53 + ST3) .

Perturbativity
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Renormalization group equations

The renormalization group equations (RGEs) at two-loops, for
dz/d(In ) = BP /(1672) read
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Renormalization group equations

The renormalization group equations (RGEs) at two-loops, for
dz/d(In ) = BP /(1672) read

2
B =323, (A — 3Aai2) — 90 (11Ag; + 3Aara) — = (—6g2A%,

5
—30g50%; + 60003, + 253 0\ + 1035 + 50 0%,
+20)\3 %), (7)
(2) 1671 9
= 1 2 1 )
Bre = 91>\H)\s + 7295 i Asi + 2007 gidsi + 591)\
9
+ ggle)\Si + 3g50%,; — fgQASZ- — 722 )%, — 600% \g;

— 1IAS; — 48X4i\g; — 40AT;Asi — AdioAsi — AsiAg;

9 3
— 8M\12A5iAg; — 5)‘§i (3Asi + 2Xs5) + §A§j (Asi — 6As;)
— AAp12A%; — 4AG 1A, ®)

and so on.
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Perturbative unitarity

We must ensure the likelihood conservation, maintaining the unitarity
of the S-Matrix. We can do this, ensuring that its eigenvalues verify
the condition
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Perturbative unitarity

We must ensure the likelihood conservation, maintaining the unitarity
of the S-Matrix. We can do this, ensuring that its eigenvalues verify
the condition

Re(ap) < 5 Vi, ©)
where

2|p°||p?|

1
7= 251225345/_1 d(cos @) My, (cos@)Py(cosh), (10)
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Perturbative unitarity

We must ensure the likelihood conservation, maintaining the unitarity
of the S-Matrix. We can do this, ensuring that its eigenvalues verify
the condition

Re(a)) < = Vi, 9)

where

2|p°||p?|

1
7= 251225345/_1 d(cos @) My, (cos@)Py(cosh), (10)

The S-Matrix was calculated by using SARAH 4.14.4.
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Perturbative unitarity at s — 0o

For s — o0, the eigenvalues are analytical and read
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Perturbative unitarity at s — 0o

For s — o0, the eigenvalues are analytical and read

Agi < 8,

‘2>\4i + A9 * \/18/\§i =+ (2)\41' — /\412)2‘ < 167T, (11)
lar23] < 1/2,

where «; are the roots of the polynomial c3x + cox? + 1 + g with

co = 207 (—=3N\j 1o m + A1 (48Xao Ay — 40%,)
— AN Xg + 2A 12251 A82)

1 = 6mvE (24 (A1 + Aa2) Amr — Afio + 16X41\a0
~2(\§1 + X&) -

co = 5127%0% (3 + 2 (M1 + Ma2))

c3 = 4096730,

(12)
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Positivity

The positivity of the scalar potential ensure that it is bounded from
below, and consist in maintain the copositivity of the dimensionaless
coupling matrix. Taking momentarily A3; = 0, we have
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Positivity

The positivity of the scalar potential ensure that it is bounded from
below, and consist in maintain the copositivity of the dimensionaless
coupling matrix. Taking momentarily A3; = 0, we have

Vi = Agh* +As1h2 03+ 107+ a20s+Aseh? s+ A1aies. (14)
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Positivity

The positivity of the scalar potential ensure that it is bounded from
below, and consist in maintain the copositivity of the dimensionaless
coupling matrix. Taking momentarily A3; = 0, we have

Vi = Agh* +As1h2 03+ 107+ a20s+Aseh? s+ A1aies. (14)

22 g As1 g2 h?
(R 0} @3) [ As1 2Am Mai2 o1 ] (15)
As2 A412 2M42 o3

N |

Vy =
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Positivity conditions \3; = 0

We have the following restrictions:

The Zs multi-component dark matter model | MOCa (2022)



Positivity conditions \3; = 0

We have the following restrictions:
(4] )\H>O,)\4k>0,

The Zs multi-component dark matter model | MOCa (2022)



Positivity conditions \3; = 0

We have the following restrictions:
(4] )\H>O,)\4k>0,

@ Ap = Ask + 2V AEMk > 0, A3 = M2 + 2V A1 M2 > 0y
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Positivity conditions \3; = 0

We have the following restrictions:
(4] )\H>O,)\4k>0,

© A= Ask + 2V Aa Ak > 0, Ag = Aa12 + 2/ A1 da2 > 0y

® 2V ArA A1 2+ As1vV A2+ As2v A1 + A2V AE VA1 AA3 >
0.
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Positivity conditions \3; # 0

For A3; # 0, we obtain the following conditions.
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Positivity conditions \g; # 0

For A3; # 0, we obtain the following conditions.

A >0,D>0A(Q>0VR>0), (16)

D = 2723, Aa1|* — 4 X2 As1 [ + 18| A2 | Aao A2 | A1 [°

— 42 A10]As1|* + [As2 *Ad12 | As1]® — 6]As2|* Aa1 Adaz| Az [

+ 14421 M 5o M 12 X312 — 192|A32| A5 AGo | Asi |

— 80| As2| A1 A2 A 1| As1| + 18] AsaPAu1 a1z Azt | + 16X41 a2\ dyo

+ 25603 Aty — 4 a2 P A Ao — 27| Asa| AT — 12805 Ao AT

+ 144 A3 > A3 A2 Aar2,
Q = 8y 12 — 3|Az1]?,
R = —=3A31|* + 16X A12|As1 | + 6403 Ao

— 16A%; (A2 + [As1llAs2]) -
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Positivity conditions \g; # 0

For A3; # 0, we obtain the following conditions.

A >0,D>0A(Q>0VR>0), (16)

D = 2723, Aa1|* — 4 X2 As1 [ + 18| A2 | Aao A2 | A1 [°

— 42 A10]As1|* + [As2 *Ad12 | As1]® — 6]As2|* Aa1 Adaz| Az [

+ 14421 M 5o M 12 X312 — 192|A32| A5 AGo | Asi |

— 80| As2| A1 A2 A 1| As1| + 18] AsaPAu1 a1z Azt | + 16X41 a2\ dyo

+ 25603 Aty — 4 a2 P A Ao — 27| Asa| AT — 12805 Ao AT

+ 144 A3 > A3 A2 Aar2,
Q = 8y 12 — 3|Az1]?,
R = —=3A31|* + 16X A12|As1 | + 6403 Ao

— 16A%; (A2 + [As1llAs2]) -

Allowing Ag; take negative values, arise further conditions. They are
not shown here by their analytical extension.
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Negative values of \g; are allowed due some values of the quartic
couplings. So, fixing momentarily A\y10 = A3; = pg; = 0, we obtain:
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Negative values of \g; are allowed due some values of the quartic

couplings. So, fixing momentarily Agy12 = A3; = pg; = 0, we obtain:
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Vacuum stability implications

Many points are killed since the vacuum stability is broken at
A ~ 10" GeV as is expected.

The Zs multi-component dark matter model | MOCa (2022)



9]
o=
o
=
S
Q
e
o
E
>
+
h
“m
<
+~
90]
o)
=
8
>

Many points are killed since the vacuum stability is broken at

A ~ 10" GeV as is expected.

1
2
]
e
g
5}
=1
=
g
=
=
]
=
=
Q
=
5]
=]
g
5]
(5]
7
=
=
g
0
S\
(5}
ds
T




0.12

\
0.10
\
0.08 \
3006 \
0.04
0.02
0.00
2 16 8§ 10 13 11 16
7 108 (A s/ GeV)
-
-
0.0010 &=
0.0005
e s
—0.0005
—0.0010 . : : . :
105 106 107 108 109 110

1.1 112
mponent dark matter model

MOCa (2022)




Stability

We have different minima of the scalar potential, for the cases in that
EW symmetry be broken or the Zs be broken, i.e., (¢1) = v1 # 0 or

(¢2) = v2 # 0:
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Stability

We have different minima of the scalar potential, for the cases in that
EW symmetry be broken or the Zs be broken, i.e., (¢1) = v1 # 0 or
(p2) = va #0:

o My: v4 =0, v?=0.

o Mp: v, =0, v}2#0, v?2=0, for i # j.

o M¢c: v =0, v2#0.

o Mp: 0% #0, v?#0, 1)]2»20, for i # j.

o Mp: v4#0, v?=0.

e Mp: U%I#O, v-27é0.

1
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Stability

We have different minima of the scalar potential, for the cases in that
EW symmetry be broken or the Zs be broken, i.e., (¢1) = v1 # 0 or
(p2) = va #0:

o My: v4 =0, v?=0.

o Mp: v%, =0, v2#0, ’UJQ-:O, for i # j.

o M¢c: v =0, v2#0.

o Mp: 0% #0, v?#0, 1)]2»20, for i # j.

o Mp: v4#0, v?=0.

e Mp: U%I#O, v-27é0.

They must fulfill
M4
V7. = —4AH < Vz. (17)
MEg 4H Ma B,c,D,F
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Stability conditions

Here, we report the analytical minima of the potential,
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Stability conditions

Here, we report the analytical minima of the potential,

V7

Vi,

V7.

Ma

Mp

A Ay — R s

Mp

0, (18)

ot
Dy

19)

(20)
Wi — A2,

The expressions for the remaining minima are quite involved
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Stability bounds
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Expected results

We expect improve the analysis with the implement of all the
restrictions at once. Currently, we have few statistics for points that
satisfy this.
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Expected results

We expect improve the analysis with the implement of all the
restrictions at once. Currently, we have few statistics for points that
satisfy this.

On the other hand, the implementation of all the restrictions will allow
to us, observe how the parameters are bounded at each energy scale.
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All the constraints
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@ The parameter space is widely restricted by implementing RGEs
at GUT energy scale.
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at GUT energy scale.

o Ensure the stability of the scalar potential, kill many points at
high energy scales.
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@ The parameter space is widely restricted by implementing RGEs
at GUT energy scale.

o Ensure the stability of the scalar potential, kill many points at
high energy scales.

@ The perturbative unitarity of the model is broken for few points
in the parameter space.

@ The positivity of the scalar potential and the vacuum stability
show that there are viable points for negative coupling with the
SM-Higgs.
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@ The parameter space is widely restricted by implementing RGEs
at GUT energy scale.

o Ensure the stability of the scalar potential, kill many points at
high energy scales.

@ The perturbative unitarity of the model is broken for few points
in the parameter space.

@ The positivity of the scalar potential and the vacuum stability
show that there are viable points for negative coupling with the
SM-Higgs.

@ The vacuum stability is mainly unsatisfied at
1019 Gev < A < 10! GeV.
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The parameter space is widely restricted by implementing RGEs
at GUT energy scale.

Ensure the stability of the scalar potential, kill many points at
high energy scales.

The perturbative unitarity of the model is broken for few points
in the parameter space.

The positivity of the scalar potential and the vacuum stability
show that there are viable points for negative coupling with the
SM-Higgs.

The vacuum stability is mainly unsatisfied at

1010 Gev < A < 10" GeV.

Real values of the parameter space are not ensure for all the
points at all the energy scalar.
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The parameter space is widely restricted by implementing RGEs
at GUT energy scale.

Ensure the stability of the scalar potential, kill many points at
high energy scales.

The perturbative unitarity of the model is broken for few points
in the parameter space.

The positivity of the scalar potential and the vacuum stability
show that there are viable points for negative coupling with the
SM-Higgs.

The vacuum stability is mainly unsatisfied at

1010 Gev < A < 10" GeV.

Real values of the parameter space are not ensure for all the
points at all the energy scalar.

We observe a global restriction for the self-coupling of dark
matter: A\g; < 0.1
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