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Motivations

e Multi-component DM seems to be a viable option as the SM contains a few
"components”

e Implications of interactions between DM components

e More flexibility while fitting existing constraints (Q2pash? and opys N)
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The model

Assumptions:

e Scalar ¢ and fermion v DM

e o and v stable by a virtue of symmetry G

e SM neutral under G

e Non-trivial interaction between the two components

e Dim 4 interactions only

then

Lint = OsmOpy + Lpom
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G = 7y X 4o to stabilize DM components: ¢ and v,

@N(_a_) VN(_i_a_) VhN(_v_i_)

C

“and v, =v¢.

where v = v
The most general, gauge- and G-symmetric renormalizable potential:

1 1
V(H,p) = —pyH H + Ag(H H)? + 5/@%’2 + 4_!)‘90 (<P2)2 + A H HY?,
0 .
o (H) = ( e ) with v = 246 GeV,
V2

e We require the G symmetry to remain unbroken, so ,u?o > 0, so (¢) =0,

e () =0 implies no mass-mixing between ¢ and H.

Mass eigenstates:

mpy® = —pu5 + 3Agv? = 2uy and mi = ,u?o + \p0?
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G = 7o X 7o to stabilize DM components: ¢ and v,

w~ (_7_) Vh ~ (_7+) v~ (+7_)
e The extra fermionic Lagrangian:

1 1 1 1
L = iy_hz@ vy, + §?iﬁu — il/;{Cuth — inCum,, + gL UpU.

e Interaction between the SM and DM and the DM self-interactions:

Ling = —A\H HQ* + g0 Vv

e No interactions between v}, v and SM
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Theoretical constraints:

1

T (¢?)” + A\ H Hy?

1
V(H,p) = —p23H'H 4+ \g(HTH)? + 5#3»902 +

e Vacuum stability:

A >\H mp A
A 0; o> —/ 2~ =— z
o 0i Se” 6 20 V73
e Tree-level unitarity:
Ay < 8, |Az| < 47
e Perturbativity:
Ay < AT, | Az| < 4m, g, | < 4m
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1

o ()4 A H

1
V(H, )= —p3H'H + A\ (H H)? + 5#3:902 +

Since pi7, > 0 and m? = 7, + A v*, therefore if A, > 0 then
mi > )\33?}2;

as a consequence, light scalars (m,, < v) must couple very weakly to the SM:
The above constraints imply that, the following regions are allowed:

0 < Ay < min {(%)2 ,47?}

—0.74 < =k /52 < A, <0,

where the maximal value of A\, = 87 consistent with unitarity was adopted.
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Ling = —MH HQ* + 9,0 v

N 7
N 7
A N )7 N )7 L h N N
© AN /7 h ©Y N\ / h | i %) \ b SM %) N h SM
X - - e > - > =
7N / N h / SM , 7 SM
v, J v, N L~ N v, 7
/ N / N s ~ s/ 7
FIgU re 1: Diagrams contributing to the scalar ¢ annihilation into SM particles.
~ - l/
v + crossed
Y _ - v
Flgu re 2: Diagrams contributing to the scalar ¢ annihilation into DM neutrinos.
Parameters:

® A\, gu, my, and my,

e M} - mass of the heavy "neutrino” assumed to be M; = m, + m, + 10 GeV
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Boltzmann equations: numerical and analytical solutions

ne +3Hn, = —(0ppssMsMV) (n?o - ”f@) ~ (<Usoso—>wv>”g20 — <UW—>90<,OU>”:2/>
hu + 3Hn,/ - (<qu—>sosov>nz% o <09090—>VVU>n920>
where
s W) = 1 / (xdPp  (xdPp (ydiq Cydid "
ATy N (nEQ)Q (27)32E,, (27)32E), (27)32E, (27)32E!
X
54 p+p —q—¢)|Mxxyy|Pe” ErtE/T
and

nk< ’
(Ovv—ppv) = n%? (Cpp—11V)

The solutions can be classified according to the mass hierarchy in the dark sector:

Case A: my, > my, Case B: m, < my,
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where

= o(T) {fi—foQ} +oa(l) ( EQ

o(T)

v

A(T) o (Gusspp)(T) = aT + O(T?)

5:3 ~ 2.3%

5;3 ~ 1.4%

12

(T pp—ssr smv) (1) = const + O(T)

2
v
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case A: m,=100 GeV m,=120 GeV case B: m,=105 GeV m,=100 GeV

1015’ ______ 1015,
,——x"f’—:’—r‘ CHL ™ A . ’ “ N
1012, ’__‘_,_r" - 1012, A n
Y ,—1""‘"‘ " = \'d . : u
W ::::::::- G G @ = = = = = [ = = = = = = = o e e e T _—— e R o e e
5 i i Suin Juik St Jeiel ek Sy °* .. 5 - 4 - » ) . . i )
°
10° ‘., 10° R ° .
° °
10%; 10°; .
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T [GeV] T [GeV]

Flgu re 3: Thermally averaged cross sections <O'g090_>SM s v)/ K (black points); (opp—vrv) /K (green points); (ovy—ppv)/K
(red points), as a functions of T" (in GeV), for Ay = .1 and gy = 2.5. In the left panel: my = 100 GeV, my = 120 GeV (case A); in the
right panel: my = 120 GeV, my = 100 GeV (case B).
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CASEA, m, = 100 GeV, m,=120 GeV CASE B, m, = 120 GeV, m,=100 GeV

= =
1 10 100 1 10 100
T [GeV] T [GeV]
CASE A, m, = 100 GeV, m,= 700 GeV CASE B, m, = 700 GeV, m,=100 GeV
1
1073
1076
=
= 10°°
10712
10—15
1 10 100 1 10 100
T [GeV] T[GeV]

Flgu re 4: Solutions to the BEQs for fx (1) = nX(T)/T3 for case A (left panels) and case B (right panels) for Ay = 0.1 and gp = 2.5.

Solid black (red) lines correspond to the equilibrium distributions, ng ( VEQ) for scalars (neutrinos), dashed lines are the corresponding

numerical solutions of the BEQs. Green dashed lines show numerical solutions of a single BEQ for scalars without neutrinos present in the theory.
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A, =f,— fE9 A =f, - fE9
A (TY) 2

Ay(T) = = fulTeuB) =
1 — A(TY) f;% o 4dT oa(TF)Ty
AL(T) re U+ tanh|ry(1 — T/T;f)] T ) 1
7 oT7 1+ utanhlry(1 —T/T7)] N
for -
Ly o Collly
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Flgu re b: Theratio fx(Tomp)™™/ fx (TCMB)approx for case A for scalars (left panel) and neutrinos (right panel). The parameters

mep, my, Agx, gv were chosen randomly within the range 10 GeV < mp, mpy < 2 TeV, 0.001 < Ag < 47 and 0.1 < gp < 4.
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FIgU re 0: Left panel: solutions of the BEQs for m = 150 GeV, my = 175 GeV (case A), Ay = 1. Pink, red, dark red lines: solutions
for the neutrino abundance for g = 0.1, 1, 10, respectively. Green: equilibrium distribution for neutrinos at 175 GeV. Right panel: solutions
to the BEQs: fy (dashed black line), ng (solid black line) and fp for my = 145,130, 120 GeV (light red, red and dark red dashed lines,

respectively), In all cases we chose m = 150 GeV, Ag = 1, gy = 7.5. Yellow lines are from the WMAP 6o allowed region of DM abundance.

The relic abundance

my T, +m
Qtot — Qz/ + ng — f (PfCPTCgl’MB

Perit

Qwnaph? = 0.1138 + 0.0045

CASE A, m, = 150 GeV, m,=175 GeV

-7

-~

T [GeV]

106 L

103}

10—3 L

10—6 L

CASE B, m, = 150 GeV, m,=145, 130, 120 GeV

T [GeV]
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1 GeV < my, <10 TeV, 1 GeV < m, <2 TeV, 0.001 < |A\;| <47, 0.1 < g, < 4m

m, < 100 GeV 100 GeV < m, < 1000 GeV
107 | | | | | ] 107 A M S
2 AA A tA A A4
: “A- " ﬁ‘A‘-‘A AAA AAAA
4 e antt . ‘A A4
1 17 L] "o Al AA A L
[ A.AAAA . 2 .' - .- ‘. AA AA . l‘:‘A Kl “ . A A : A.A Am A AA .l . u [ ] ..‘ A AAA-
: a A A " = .I A " A A A ‘-A n - u .. "
S ‘A. . ) ’A-l =a ’ - 3 = Ag b m ‘AA- -A...A.. .
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FIgU re 7: Points (obtained by solving the BEQs numerically) that satisfy WMAP bound for cases A and B and projected into the (Az, gv)
plane. Blue (circles): my < 100 GeV, green (triangles): 100 GeV < myp < 1 TeV red (squares): 1 TeV < my < 2 TeV and for scalar DM

mass ranges as indicated in each panel.
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FIgU re 8: Points that satisfy WMAP bound within 60 range projected into (Az, m) (upper), (gv, me) (middle) and (my, my) (lower)

planes. Green circles - case A points, dark green squares - case B points. Red triangles - points that also satisfy XENON100 limit. Blue diamonds -

points that also satisfy CRESST limit.
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Direct Detection

2
2 12902 N
N N A NV M (Zq Jq )

ODM—-N — —— 0OpN — A
Ny 4 Ty Ny + Ty \ My T,

N ~

N -~
~ 7~
N -
h

FIgU re 9: The Feynman diagram for the elastic scattering of ¢ off a nucleon.
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Flgu re ].0 DM _N 2s a function of the scalar mass m, for points satisfying the WMAP data within 60. Left panel: green circles (dark
green squares) correspond to case A (case B) solutions. Right panel: orange circles (dark orange squares) correspond to Q¢ < Qp ( Qp > Q).

The red line shows the XENON100 data, and the two islands in blue indicate 1 and 20 CRESST-II results.
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FIgU re 11: Len panel: plot of the invisible branching ratio BR(h — @) as a function of the scalar mass m. Right panel: plot of
the cross section ToN against BR(h — ). Green circles: points that satisfy also the WMAP data with 60 range; red triangles: points that

satisfy the XENON100 limit; blue diamonds: points that agree with the CREST-II M1 data.
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FIgU re 12: Selected solutions of the Boltzmann equation for parameters that satisfy both WMAP and XENON constraints.
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Conclusions

e The two-component DM model made of ¢ and v was discussed.

e Solutions consistent with QA% and opy_n Were found for

— m@:%' Qp >0y, my<mey, Ay 20
— my ~ 130 — 140 GeV: Q, >0, myKmy,, Ay <0
- my,=3 TeV: Q, <Oy, my >my, Ay >0

e In order to enhance the annihilation rate for v, large values of the v — ¢ coupling
, >~ 1 — 12 are favored by the WMAP data.
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FIgU re ].3 Points that satisfy WMAP bound within 60 range projected into (Az, my) plane. Orange circles - points where Q¢ < Qp,

dark orange squares - points where €2, > (2. The left panel corresponds to the solutions for positive Ay, while the right panel is for negative

Az. Blue dashed line is the consistency limit on Az, while the black horizontal dashed line is the stability limit A, = 8.
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FIgU re 14: Relative abundance of ¢ (left panel) and relative number density of ¢ (right panel) as a function of m for points that satisfy

WMAP bound within 6. Light red points: 1 < Ag < 10; red points: .1 < Agp < 1; dark red points: Ay < .1
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