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or dark matter is abundant and compelling

Galactic rotation curves Particle DM:

°
@ Bullet cluster [0 Massive, non baryonic, elec. neutral.
@ Weak lensing J Non relativistic at decoupling.
@ Cluster and supernova data [J Stable or longlived
@ Big bang nucleosynthesis 0O Qpa ~ 1/4.
@ CMB anisotropies
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It is usually assumed that the DM is entirely explained by one single
candidate (x?, Ng, a, S, etc).



Multicomponent DM

e It may be that the DM is actually composed of several species (as the
visible sector): Qpar = Q1 + Qo + ...

e These scenarios not only are perfectly consistent with observations
but often lead to testable predictions in current and future DM exps.

What is the symmetry behind the stability of these distinct particles? J




Zn multicomponent scenarios

It seems that a single Z is the simplest way to simultaneously
stabilize several DM particles. Batel 2010, Belanger et al 2014, Yaguna & OZ 2019.
e Models featuring scalar fields are particularly appealing.
e For k DM particles, they require £ complex scalar fields that are
SM singlets but have different charges under a Zy (N > 2k).
e The Zy could be a remnant of a spontaneously broken U(1) gauge
symmetry and thus be related to gauge extensions of the SM.

Zy: D1, P25 P3
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M/ (M+Mo+Ms) Yaguna & OZ 2019.



Two singlet complex DM fields: Zj

Belanger, Pukhov, Yaguna & OZ JHEP2020.
@ Models with sizeable trilinear couplings (semiannihilations)
become viable over the entire range of DM masses.
@ The lighter DM particle accounts for most of Qpay.
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One complex ¢4 and one real ¢p: Zs,

V4

¢ 4,p singlets under Ggar (va,p = 0); SM is singlet under Za,.

da — why, (M < n); OB — wy, = —1; wap, = exp(im/n).

V2o, (04,08) = V1 + Va.

1
Vi = pA|oal® + Maloal* + §MQB¢QB + Ao
1
+ Naapl@al’ 0% + AsalH P |oal” + S Aspl HI* 65,

Vy accommodates the invariant terms associated to the specific Zs,
symmetry; it does not include any quadratic terms on ¢;.



Z4 model

P~ wa, o ~wi. VI (1, pe) = 2 [us103¢2 + As197 + he]

M, (GeV) M,,,(GeV)

¢1 always gives the dominant contribution = 90% of Qpy.



Z(23) model

¢o ~ W, B3~ Wi VI(d2, d3) = Sus203 + hoc..
¢2 and ¢3 are both stable independently of their masses.

M,, (GeV)




Singlet and doublet: Zy (N > 4)

e Possible interaction terms: SH; Hy, S§? H;r H; .
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5] H;r H; — mixing term: one single DM component.
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Singlet and doublet: Zy (N > 4)

e Possible interaction terms: SH;f Hy, S§? H;r H; .
ZN(HQ) = ZN(S) = WN

5] H;f H; — mixing term: one single DM component.

Zn(S) =wy, Zn(Hy) = w?: complex scalar DM

L D X S H} H;.

A Special case: IN = 4. Belanger et.al. PRD2021, JCAP2014, JCAP2012.
— S p— 5
Zy(S) =ws, Zs(Hz) =wj=-1:

LD Ny 82 Hi Hy + X S? H} Hy + \s (H} Hy)2.




Singlet and doublet: Zy (N > 4)

e Possible interaction terms: SH;f Hy, S§? H;r H; .
ZN(HQ) = ZN(S) = WN

5] H;f H; — mixing term: one single DM component.

Zn(S) =wy, Zn(Hy) = w?: complex scalar DM

L D X S H} H;.

A Special case: IN = 4. Belanger et.al. PRD2021, JCAP2014, JCAP2012.
— S p— 5
Zy(S) =ws, Zs(Hz) =wj=-1:

LD Ny 82 Hi Hy + X S? H} Hy + \s (H} Hy)2.

e Other charge assignments are equivalent to a Zs ® Z} scenario.



Real singlet scalar model
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Inert doublet model

1
V'3 [ Ha*+ No| Ho| '+ Xs| Hy | Ha P4 Xa | HI Haf* + S As [ (HLH )P +hec),
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If A5 = 0: stringent DD constraints. Ruled out.



Singlet and doublet: N > 5

Vg, Ha) = 15| H|* + [ H[" + p3|8]* + Ng|d|* + As1| Hi %[
+ 3| Hal? + No| Ha|* + N3 | Hi |2 Ho|? + \a| H| Ho|?

1
+ Xl Hal |62 + 5 [Ae¢? HYH: + hic.]

Free parameters: A2, Ay, As1, AL, Ag, A7, My, Mo, M.

Hy = (\f(vo—i— h)) Hy = (?Iz)

A A
M2 =2+ 2202 MZe = pd+ 0,
2 2
A3+ A
Mo = u3 + Mvz = p3 + Ao’
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DM processes

According to the number of SM particles (Ngy):

Annihilation (2), semi-annihilation (1), conversion (0).

Processes that can modify the relic density of ¢ and H°.

¢ Processes ‘ Type
¢+ ¢t — SM + SM 1100
¢+ ¢t — HO 4 HOt 1122

¢p+¢— H°+h(Z), HE + WT | 1120

HO Processes ‘ Type

HY + HY — SM + SM | 2200
HO + H — ¢ + ot 2211
HO+h—o¢o+0¢ 2011
HO + ¢ — ¢ +h(Z) | 2110




DM annihilations: Higgs portal

DM annihilations proceed via the usual s-channel Higgs-mediated
diagram, with W+ W~ being the dominant final state for Mpy; > Myy.

¢, H° W, Z
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DM semiannihilations: A7




DM semiannihilations: Higgs, gauge and \; interactions




The Boltzmann equations
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Parameter dependence: DM conversion

A =0, Ag1 = Ap, = 0.1, Mpy+ /Mo =11, Mv’f —1.2.
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e Quartic interaction \g affects Q2po; the effect on €24 is negligible.
o (), is determined by the Higgs-mediated interactions of the singlet scalar
model. Therefore the same stringent DD constraints apply.




Parameter dependence: DM conversion

A =0,As1 =Ar =0.1, Mpg+/Mgo =1.1, M O =1.2.
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o g deeply affects 24; the effect on Qo is slightly small.
e (o is determined by the Higgs portal interactions. Stringent DD
constraints apply.




Parameter dependence: DM semiannihilation

M0
My

Ao =0, Ag1 = A, = 0.1, Mys/Myo =1.1, =1.2.
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e (0 can be suppressed by orders of magnitude as a consequence of the
exponential suppression ¢ + HT < ¢T + h: dYyo /dT < o210V, Y.

e Qo increases rapidly once the process ¢ + ¢ — H° + h is open.

e At intermediate values of Mgy, Q4 can be reduced by up to two orders of

magnitude.
20



Parameter dependence: DM semiannihilation

A6 =0, As1 = A = 0.1, Mpys/Mpo = 1.1, > = 1.6.
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Parameter dependence: DM semiannihilation

Ao =0, As1 = Ap = 0.1, My /Mo = 1.1, 17

HO

=1.2
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e )7 leads to a large reduction of Qg while {2yo is slightly affected.
e At intermediate values of Mo, Qo can be reduced by one order of
magnitude.
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Parameter dependence: DM semiannihilation

Mg

Ao =0, As1 = AL =01, Mpyz/Mpo =11, 7% =16.
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e )7 leads to a large reduction of Qg while {2yo is slightly affected.
e At intermediate values of Mo, Qo can be reduced by one order of
magnitude.
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Direct detection
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Direct detection
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Direct detection

o, H' o H° o i
h z
q " " q q " " q
si_ 1wy 205+ B+ (A-2)(7 + L)P
NT A2 !

For |[Az| < 3 and Mpyo 2 100 GeV the cross section becomes

G% % 2 12 -3
ogo~ LN [(A—2) — Z(1 —4siy)]” =2 x 107 pb. (1)
s

Thus, in order to be below the upper bound imposed by XenonlT the

relic density must be suppressed at least by 6 orders of magnitude.
276



Constraints

Scalar potential: bounded from below

)\1’2 >0, Ag+ Mg — ’)\5’ 4+ 24/ A1 A2 >0, A3+ 24/ A1 > 0.

Contribution to the oblique parameters S, T"

1
S:fn(r); r = My /Mgo,
6
 Mi, ot —1-4r%Inr
 16mmdy, sy, r2—1

LEP the constraints:

Mgo + M+ > My, 2Mgo > Mz, 2Mp+ > Mz, Mg+ > 70 GeV.
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Constraints

Invisible Higgs decays: B;n, < 0.13.

1/2
. Py 4M?2
h

Higgs diphoton decay:

IDM
R _op=h o)™ o(pp o h =)™ [Br(h = 77)]
vy T

o(pp = h =)™ a(pp = h =)™ T Br(h s 4)
ATLAS 0.12 CMS 0.09
ROV =1.03T075 , Ry = 112700 .

1 [Asv? As(ty+) 2
R,y =11
Y ‘ + ASM |: QMIQJ;{: )

Asm = —6.5, Ag(t) = —772(1 — arcsin® /7), Tgx = MZ/(AM%L).

IR



Viable parameter space

40 GeV < My, Mpo < 1TeV,
1< Mpgo/Myg < 2,

1 < Myo/Mys < 3,

1071 < [Asal, AL, [Asl, [A7] < 3,

Qd’ + Qpo = OQpmM. QDMh2 =0.12£0.01.
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Relic density
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Parameters

M¢ (GeV)
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Parameters
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Parameters

2.0

1. | | | | |
%O 100 150 200 250 300 350

M¢ (GeV)

5



Parameters
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Direct detection: ¢
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@ The interplay of the SS and IDM models allows us to have a viable
multicomponent scalar complex scenario compatible with all DM
constraints.

@ Due to semiannihilations it is possible to satisfy € &~ 0.25 and
current DD limits over the mass range My = (50, 350) GeV (by
reducing couplings of each DM component to the Higgs).

©

Qpar is always dominated by the lighter DM particle ¢.

@ DD experiments offer great prospects to test this model, including
the possibility of observing signals from both DM particles.

@ The most promising process for ID is ¢ + ¢ — W+ + HF, Z + H°.

Besides being simple and well-motivated, Zn models are consistent and
testable frameworks for two-component dark matter.
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