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The existence of Dark Matter is confirmed
by several independent observations at cosmological scale
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DM is very appealing even though
we know almost nothing about it!
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Vector DM

B The abelian/non-abelian Vector DM with Higgs portal

= U(l)D Group
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Vector DM

B The abelian/non-abelian Vector DM with Higgs portal
= U(l)D Group
m Vl'l; < —Vg Explicit Z> symmetry plus a Higgs portal to provide the
stability and the mass for VDM and connect it to the SM

1
L D —EVWVWHD@)T (DF®) — V(D) + Ap |H*|D|?

with D, ® = 0,P — gQaV, D
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Vector DM

B The abelian/non-abelian Vector DM with Higgs portal
= U(l)D Group
m Vl'l; < —Vg Explicit Z> symmetry plus a Higgs portal to provide the
stability and the mass for VDM and connect it to the SM

1
L D —EVWVWHD@)T (DF®) — V(D) + Ap |H*|D|?

with DH(I) — 8.U(I) — ng)Vu(I) , after SSB - @ = (’Uq) + (p(.fl?))

ol

so one has m%/ = g2Q%{, U?ﬁ
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Vector DM

B The abelian/non-abelian Vector DM with Higgs portal

= U(l)D Group

u Vg < —Vg Explicit Z2 symmetry plus a Higgs portal to provide the
stability and the mass for VDM and connect it to the SM

1
L5 ViV + (D,8) (D) = V(®) + Ap [H|0P
with DH(I) — 8.U(I) — ng)V”(I) , after SSB - @ = —\;_ (’Uq) + (p(.’l?))
2

so one has m%/ = g2Q%{, U?ﬁ

®  Quite a few papers:

Lebedev, Lee, Mambrini 1111.4482, Farzan, Akbarieh 1207.4272
= Baek, Ko, Park , Senaha 1212.2131 Duch, Grzadkowski, McGarrie 1506.08805
DiFranzo, Fox,Tait 1512.06853 ...,
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Vector DM with the Higgs portal

Arcadi, Djouadi, Kado 2001.10750

10

B Since VDM ‘“alks’ to SM via Higgs,
VbVpH coupling is limited from above by
DM direct detection and H— DM DM Br

g 0.1
QL% ~0.1
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Vector DM with the Higgs portal

Arcadi, Djouadi, Kado 2001.10750

10

B Since VDM ‘“alks’ to SM via Higgs,
VbVpH coupling is limited from above by
DM direct detection and H— DM DM Br

B Since DM Relic density should be equal or 2 04
below the PLANCK relic density limit 0
VoVpH coupling is limited from belo

h? ~0.1

PLANCK
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Vector DM with the Higgs portal

Arcadi, Djouadi, Kado 2001.10750

10

B Since VDM ‘“alks’ to SM via Higgs,
VbVpH coupling is limited from above by
DM direct detection and H— DM DM Br

B Since DM Relic density should be equal or
below the PLANCK relic density limit 0
VoVpH coupling is limited from belo

HVV

F od
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Vector DM with the Higgs portal

Arcadi, Djouadi, Kado 2001.10750

10
B Since VDM ‘“alks’ to SM via Higgs,

VbVoH coupling is limited from above by
DM direct detection and H— DM DM Br
B Since DM Relic density should be equal or
below the PLANCK relic density limit 0
VoVpH coupling is limited from belo

HVV

F o
h? ~0.1

B The Higgs portal VDM parameter space is PLANCK

very limited by interplay of collider, DD and 1
0.00

ON1T EXCLUDED

DM relic density 10 20 30 50 100 200300 500 1000

My[GeV]
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Vector DM with the Higgs portal

® Non-abelian case
®m  Generalisation to SU(N) case:

Gross, Lebedev, Mambrini 1505.07480

SSB with N-1 complex scalar N-plets in fundamental rep of SU(N) — gives mass to
VDM and predicts (N-1)?scalars
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Vector DM with the Higgs portal

® Non-abelian case
®m  Generalisation to SU(N) case:

Gross, Lebedev, Mambrini 1505.07480

SSB with N-1 complex scalar N-plets in fundamental rep of SU(N) — gives mass to
VDM and predicts (N-1)?scalars

m  electroweakly interacting non-abelian vector dark matter:
Abea, Fujiwara, Hisano, Matsushita 2004.00884

SU(2)pxSU(2)1 xSU(2)2xU(1)y : SU(2) < SU(2), symmetry provides
stability for VDM, so there are VDM triplet + vector triplet of unstable W'/Z’ bosons

Vicalar :Tn'QHTH + "-"(n'%)tr ((I)J{ (I)l) + "TT?-?I})[-I ((I)E(I)Q)

" 5 ; 2 3 2
CANHTH)? 4 g (tr (<1)1<I:~1)) e (tr ((I)gq)g))

Ao HTHtr (qf{q)l) N\ HT Htr (q);q)g) LA potr (q:q(bl) tr (q);q)g)
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Vector DM with the Higgs portal

® Non-abelian case
®m  Generalisation to SU(N) case:

Gross, Lebedev, Mambrini 1505.07480

SSB with N-1 complex scalar N-plets in fundamental rep of SU(N) — gives mass to
VDM and predicts (N-1)?scalars

m  electroweakly interacting non-abelian vector dark matter:
Abea, Fujiwara, Hisano, Matsushita 2004.00884

SU(2)pxSU(2)1 xSU(2)2xU(1)y : SU(2) < SU(2), symmetry provides
stability for VDM, so there are VDM triplet + vector triplet of unstable W'/Z’ bosons

Lrscala.r :'Tn'QH TH + .?n,%)‘[.f ((I)-{ (I)l) + '?T?-?I}tf ((I)E(I)Q)

F 72 o)) o))
CANHTH)? 4 g (tr (<1)1<I:~1)) e (tr ((I)gq)g))
Ao HTHtr (qf{q)l) N\ HT Htr (q);q)g) LA potr (q:q(bl) tr (q);q)g)

quite a non-minimal model
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Vector like fermion Portal for Vector DM

B Higgs portal is very-well studied and the parameter space for minimal scenarios
Is almost excluded
B S0, we are driven by curiosity, simplicity and by the experimental data!
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Vector like fermion Portal for Vector DM

B Higgs portal is very-well studied and the parameter space for minimal scenarios

IS almost excluded

B S0, we are driven by curiosity, simplicity and by the experimental data!

We consider SM + three ingredients: SUR2)r U(l)y | SU2)p
= SU(2)o : Dark non-abelian gauge group 0
= Complex scalar doublet charged under SU(2)o ¢D+%
= VL fermion doublet of SU(2)p ¢p = 0 1 0 2
‘PD_%
()5
0
b_ Vot
‘/,u, — V‘E)O-‘U’ 1 0 3
VD—,u,
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Vector like fermion Portal for Vector DM

B Higgs portal is very-well studied and the parameter space for minimal scenarios

IS almost excluded

B S0, we are driven by curiosity, simplicity and by the experimental data!

We consider SM + three ingredients: SUR2)r U(l)y | SU(2)p || Z-
= SU(2)o : Dark non-abelian gauge group 0
= Complex scalar doublet charged under SU(2)o SDD+% —
= VL fermion doublet of SU(2)p bp = A0 1 0 2 +
‘;OD_%
Note: b _
= DM must be Z; - odd since it is stable U = 'w 1 Q 2 +
= two scalar components of doublet (i.e upper '
part of the doublet) are Z, - odd -- they become VBﬂ _
longitudinal component of DM D 0"
g P Vb = Vgopﬂ 1 0 3 +
VD—,LL o
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Vector like fermion Portal for Vector DM

B Higgs portal is very-well studied and the parameter space for minimal scenarios

IS almost excluded

B S0, we are driven by curiosity, simplicity and by the experimental data!

We consider SM + three ingredients: SUR2)r U(l)y | SU(2)p || Z-
= SU(2)p : Dark non-abelian gauge group 0
= Complex scalar doublet charged under SU(2)o Ypil —
= VL fermion doublet of SU(2)o Pp = ( 0 2) 1 0 2 n
‘;OD_%
Note: b _
= DM must be Z; - odd since it is stable U = ( 'w ) 1 Q 2 +
= two scalar components of doublet (i.e upper '
part of the doublet) are Z, - odd -- they become V8+ ) _
longitudinal component of DM vl — | O ! 1 0 3 4
= the lower part of scalar doublet is Z,-even, o DO
since its acquires vev VD—,u —

Alexander Belyaev
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Vector like fermion Portal for Vector DM

B Higgs portal is very-well studied and the parameter space for minimal scenarios

IS almost excluded

B S0, we are driven by curiosity, simplicity and by the experimental data!

We consider SM + three ingredients: SUR2)r U(l)y | SU(2)p || Z-
= SU(2)p : Dark non-abelian gauge group 0
= Complex scalar doublet charged under SU(2)o Ypil —
= VL fermion doublet of SU(2)o Pp = ( 0 2) 1 0 2 n
‘;OD_%
Note: b _
= DM must be Z; - odd since it is stable U = ( 'w ) 1 Q 2 +
= two scalar components of doublet (i.e upper '
part of the doublet) are Z, - odd -- they become V8+ ) _
longitudinal component of DM vl — | O ! 1 0 3 4
= the lower part of scalar doublet is Z,-even, o DO
since its acquires vev VD—,u —

this means that one of the components of the vector triplet is Z;-even
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Vector like fermion Portal for Vector DM

B Higgs portal is very-well studied and the parameter space for minimal scenarios

IS almost excluded

B S0, we are driven by curiosity, simplicity and by the experimental data!

We consider SM + three ingredients:
SU(2)o : Dark non-abelian gauge group

VL fermion doublet of SU(2)o

Note:
DM must be Z; - odd since it is stable
two scalar components of doublet (i.e upper

part of the doublet) are Z, - odd -- they become

longitudinal component of DM
the lower part of scalar doublet is Z,-even,
since its acquires vev

this construction allows the ' W, &pf2™

Complex scalar doublet charged under SU(2)o

SU(Q)L U(l)y SU(Q)D Zio
0

O 1 _

b = ( 53*5) 1 0 2
‘;OD_% +
()5 —
v=(7) v +
VB—}—,{L _
V> = | Vpo, 1 0 3 +
ng—,u o

this means that one of the components of the vector triplet is Z;-even

term, connecting dark scalar and VL fermion and SM RH

fermion, meaning that one component of VL fermion doublet must be Z,-even and the other - Z,-odd

Alexander Belyaev NE><X-

Vector Dark Matter via a Fermionic Portal from a New Gauge Sector

23



Building Vector Like Fermion(VLF) Portal for Vector DM

70
lD+ ¢%+l
SU(2)p Vﬁ’: VBO bp = LPO 3
VB_ p—1
1 0
SSB: (¢p) = —
7 ()
ZZ: {_l_a_}
W+
SUQLx UMy Vu= W | .Be  @n=(% w\ (V) uR
<)L Y n— WS— » P H — szo dL ¢), e

1 .
‘C':_E{W:Lu/

] _ . _
)P = L (Bun) + Dby + Bl — (@ by) + £ BN — (v by f A+ )

_l(]ij ’ + 1D, ®p - + {_2 <I>T bp — A\p (I)T cI>D)'2
4 LV Iz HD® p D
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Building VLF Portal for Vector DM: Higgs portal is possible but not required

Vb WO
. D1
SU(2)p vD = | v, bp=| o7
0 p-1
D—
ZZ . {+5 _}
Wt

SU)L x U(l)y V

1

‘C:_E{Wi“/) (B,'.LI/) —|— ‘D (1:' | —|— 'u_ (1) {I)H — )\((I) (1) ) +fSM E)fSM . ( fSM ':I)H fg\"] + .h.f'.J
VSL 2 4+ |D,®p|* + ifED‘I’L‘I’D — J\D(‘DL‘I’D):
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Building VLF Portal for Vector DM: kinetic mixing is generated at higher loops

VU

D4 ‘:f':'{} 1
v D45
SU(2)p VD = | v, Op=| o2
Vﬂ \""D_%
D—
ZQ . {+~ _}
W+ N
g, _ I u v UR
SO x Uy Ve i?]_ B bu ((;';0) (d)}_ (é’ . drer
I i 2 2 2 2, M SN
‘C’:_E(W;w} _ 4{8}11/} + |D,LL(1)H| + Hz‘i)L‘I’H — /\(‘I’L@H) *|~‘]§\'1 I’E’fSM — {_‘q,-"]‘f“ by fEM + h.c.)
_l(vﬂf ~]2 1 |£}| §h) ‘2 4 ;2 {:[)i bdn — A {(I)Jr 60 )2
4 pis ) p D Hp p*D AD\¥ p¥D,
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Building VLF Portal for Vector DM: VLF plays the central role

a @) / —Mg U
D _ 0 _ D+ 5 [ ¥D v
VO D_% '
= 13
. N O
+ fundamental of SU(2)p (N2
- - D "'?f N\ 6
] _ — interacts with Ve, ’5@,\@,
Zo : {+,—} Introducing a fermion . Vector-like % O
—s no anomalies O }‘rc%_
« Charged under U(1)y ‘rc;:;: S/
—s interacts with SM o \°
W < "{
SURQ x Uy V,=|W B oy = (?F “ Y “R Up b
Z)L Y In WS_ » Dy H ngD d . ¢ . e D

] : l L] L] ] L — —
L=— 7 (W) = 7 Buw)’ + [Duul* + 1220y — N @f )" + 7 BN — 07 ®u fi + hc)
L . Dpiv
—— (VP

R )2 + |D,®p|? + ph®)®p — A\p(P]®p)? + Wip¥ — My T
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Building VLF Portal for Vector DM: VLF couples to SU(2), scalar and RH SM F

9 0 -
D+ @ Iy — MgV
SU22)p vl =] v bp=| o7 = (*j”) -
- )
VD_
V V
Lo - {—|—, —} |Dpt-"1}.-‘3'|2
Wt
SU(2)L x U(l)y Vo= 1| W3 , By by = (
W

J: l il el il - — . —
L=— (W) = S Buw)” + [Du®ul” + p By — M2y ®p)” + 77 i = (0 Puf + hec)

1
4
1

yDPi2 _|_ D, Pp ’ + 2 (I:-? dp — A\p (I:-? bp ! 4 IIJ;'E)LII _ ;'1‘11111'1’”‘];" — “IJIIIL(I)H}CSIVI + h.c
1 F HD™*D D R

[z
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Building VLF Portal for Vector DM: vo../ V% is Dark Matter

Vo 0
o "Dl YD
70 h “p_1 r
% N 3
D— Mo
“S< The only* Z,-odd neutral massive particles
Zr : {+,—} are the D-charged gauge bosons V.
=P dlark matter
+ *unless I is a neutrino partner
oT i v UR .
2 V —_ W f— I. ;'I/‘ 2l
SU( )L X U(I)Y H - » By 7 (cpﬂ) (r‘f)L ({?)L dr er YD ¥
W
] i 2 l D) ) ) + o) — . —
L=—2(Wu)" = 7(Buw)” + [Du®ul” + pbjy by — ML) + PN ip £ — M By M + heel)
I Di
— Vit

2 4+ |Du®pl? + 8L dp — Ap(P]&p)? + WiV — Mg W — (VU bpfsM + h.c)
L HD®p D R

Alexander Belyaev NE><X-
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Building VLF Portal for Vector DM: on the origin of Z, symmetry

VD 0
D+ Oy L oo
SU(2)p vD — [ vO Pp=| o 2 ="
K DO o? s
V0 D—1 '
D—

the ®p potential has a global custodial symmetry SU(2);,

Ify/ =0

[

1 . _ _
F— L (Bu)’ + DB+ R By — N2 Br)T DN = G Bu e+ hec)

L=— Z (WJLL v ) _
| . . f _ -
(DI 2 L 12 2 5T F N 2 . ,
— I {\ ‘/Ju_. :j ] _|_ ‘Dju, (I-'f_} | —+ ‘“r‘r} (:[) D (I}I;_) — ;\!)( (I_I‘{} (I) D } -+ 1:[] ;L:) \If — 4'1'1\11 l:[f 1:[] —
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Building VLF Portal for Vector DM: on the origin of Z, symmetry

VD4 0
0 "D+3 D
SU(2)p V2 = | Vpo dp=1| o 2 U=
P w
V(} D—3
D—
When y’ # 0 | Explicit breaking: SU(2);, — U(1).

" global charge conjugation

(‘ﬁ,-i-
W3 33” {I}H — ((‘b{})
W—

| 1 . o _
L= W,)" = 2 (Bu)” + IDp@ul* + p* @ — M@ 2n)" + 77 iDF — G Suf” + hec)
1 cv P A2 : 7 2 -i— : i . = . = - : SM )
_ I {\Lfr]u” ']“ + |D1u’ (I}‘;_}"' - ,‘!F}(I)f)(:['z'j — )\j)( (I.IIO{I)[J )“ -+ lIJ;D\IJ’ — ‘.'1,111, lIf \IJ' — {\_\" \IIL(II!}ff\) -+ f}_(_"]

Alexander Belyaev NE><X-
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Building VLF Portal for Vector DM: the origin of Z, — the conservation of dark charge

VD

g+ ¢g+l VD

SU(2)p %7 % op = 2 ="
K -l L. I

Vo_ D—3 |

When (®p) = L (D> SSB: SU(2)p x U(1). — global U(1) |Z, is a subgroup of U(1)
V2 - r
diagonal part

W+
ot u v UR ,.
2 = = , My -
SUQ)L x U()y Vs E— B, g (@0 D) () e o

I : I + _ _
L= (W,,)" = 2 (Buw)’ + IDu®ul’ + p* &y &y — X2y &)’ + 7 DS — 0" Bu fi +hoc)

I i 2 9 ) i 7 = .1 - = SN
_I(‘rf;?:jj“ + |DPJ(II‘;}‘“ -+ !;_I}(I)I)(I]!.j — /\I)((I';}(I),D)h - lIJfE)\IJ’ — ‘.'1,111, lIf\If — (_\‘F\I‘IL(I:"q'fENI 4 h‘.f_':l
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VLF portal: Z,-even fermions — RH SM ones and VL ones — mix

—Lr = (Y B M+ UL PpfRM + he) + Mg BT with U = (l?fs":”

S~——

P
(Pu) (Pp)
X X 1% 0
) 1 1 ; _ - 2
Lo IR - (73 YR Mr=1{ %)
S > L > 3¢ > y 7aMv
y y My
Zn-0dd 1'p is DM-SM mediator Zn-even b mixes with SM
Vit
__ fSM COS Qﬂjﬁ sin Qﬁjg f
¥D Y — = sin QfL RCOS QfL R F
L.,R i ; ) L.R
f

The hierarchy between mass eigenstates is always my < m,, < mp
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VLF portal: Z,-even fermions — RH SM ones and VL ones — mix

—L; = N on R+ Y TLOpfRM + o) + My T with U = (#"hf;‘

S~——

W
(Pu) (Pp)
X X 1‘% 0
_ [ V2
oo fe a0 VR Mr = %)
>—l > L > —> y M
y y My
Z»-0dd vp is DM-SM mediator Zn-even b mixes with SM
Vbt
M [ cosOpr sinOapr\ (f
oo Y LR —sinbg rcosOg g ) \ F LR
f

The hierarchy between mass eigenstates is always my < m,, < mp

Potential to introduce flavour structure(s) with VL fermions, including VL leptons to
explain various flavour anomalies, including (g-2)u !
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The gauge sector: V' / V; radiative mass split, no tree-level V' - Z mixing

SD
= At tree-level: myo = my0 = ——Vp
D+ DO 2
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The gauge sector: V' / V; radiative mass split, no tree-level V' - Z mixing

Att | | m m D !
. ree-level: 1,0 =m0 = —Vp
D+ Vo 2

= At loop-level:
Va7 F
Different loop corrections:

(V,}}):l: = V']_') al’]d VBO = V,) o D @ D

V!

2 _2 . _2
g&p "Mr T My,

2
327 mVD

my, — Myr ~ >0 for mg > mg,my,

The Z,-even gauge boson V' can only decay to ff, or VpV;; if m} — mi.-;‘,) is large enough
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The gauge sector: V' / V; radiative mass split, no tree-level V' - Z mixing

8D
= At tree-level: myo = mMyo = —VD
DO 2

D+

= At loop-level:

oy
Different loop corrections: y §
(V}})i = Vp and VE)O = V) o D D
_ V’ o
2 2
g% my — my,

my, — myr =~ >0 for mp > mp,my,

327 R m Vp

= Effect for WIZ boson masses

f1, Fi

Z Z

Modifications to SM

different for Z and W 7

Potential to explain W-boson mass anomaly

/ .
2 b

t
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The scalar sector: when the higgs portal is absent, the interactions become minimal

Including Higgs portal

( Without Higgs portal
p — :I: 4AD”2_2)\(I)H(I)D#’%) gg E)
— 2 — 22
EW + Dark < AAAD—AG &), V= )
symmetry breakin 3 > ) 2
PAp—X} 5

\

8 degrees of freedom, 6 massive gauge bosons, 2 physical scalars h, H

’2 A(I) 5 . 5 A —
AV % VVp . m?{v—)\—m’,‘!i’b AD
Ms =1 sinfg = /2 —
(I)H (I)D . ’2 H"JH —m
—3 VVD AD LD h

P W) 2 2 2\2 2 21,2
my, g = AV 4+ Apvp F \/()\1' ADVy)© + )\(I,H(I,DL Vh
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The scalar sector: when the higgs portal is absent, the interactions become minimal

Including Higgs portal

( Without Higgs portal
AN’ —2X3 3, 13, 99 P
y = + 2H D S 2
EW + Dark < AAAD—AG &), V= )
symmetry breakin 3 2 ) 2
y y g VD — :I: 4)\.”’D_2)\(I)H(I)DJU’ L’D p— :I: f:_g
4AAD—A% .
. H*D

8 degrees of freedom, 6 massive gauge bosons, 2 physical scalars h, H

A(I) 5
)\1’2 —4-D VVD . M2 Vv2\ —m2 2 AD
M = ( 2 sinfg = 4 /2 H——L42L

A(I) 155 ) PRy
H®D 2 gy —m
—5—>Wp ADV] h

P W) 2 2 2\2 2 21,2
my, g = AV 4+ Apvp F \/()\1' ADVy)© + )\(I,H(I,DL Vh

If no Higgs portal, the interactions of the new scalar H are limited to:

%4 Vb f Yp
v/ Vb f UD
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VL portal VDM: the summary of particle content

Scalars SUR). U(l)y|SUQ2)p || Za
' +
Vectors SUR2), U()y|SUQ)pl|Z> P,y — (d.(]) 5 /2 | n
O
L .
Wﬁf T 9‘90 1
W,u — W;u 3 0 1 + T g"‘? 1 0 2 ;
W; -+ L ]
B, 1 0 1 + Fermions SU(2), U(l)y |SU22)p||Z:
VQ B SM
D+ p M _ [ Ju L
0 . =15 2 c.—5 1 +
Vf: — Vm,t.g, 1 0 3 + - / irxg ( ’
0 — sM o sm k 5
V- H‘gm" V»‘E‘SM ! ? ! ! N
dp, g 1 —3,—1 1 o
P B
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VL portal VDM: the summary of particle content

Scalars SUR). U(l)y|SUQ2)p || Za

Fermions |SU((2), U(l)y |SU2)p || Z:

SM oM |
AR 0 | IR TR I
Jd. f
C L
!-!ES?M,L/EM 1 ;,0 1 —
| +
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Minimal VL top portal VDM: VL top portal without mixing

The|VL fermion is composed of top partnersjand there isjno mixing between scalars
D . :
U = T with - m; <my, < mr sinfg =0
5D parameter space: gp, My, My, mr, My,
VD V’ VD w1 @® generic DM annihilation @® overabundant DM region
E tpA H resonance region excluded by CMB DM ID
_ 5 co-annihilation region ® excluded by DM DD
Vb %4 Vp w71 : Ltmderabunda::lt DM rgegion @ excluded by LHC tt + Ef™s® & g Ip l{/ L
- - - iel ' > :_. I_-‘I_.*‘I ‘I ,7 R et S g o ~ Vg}ET .
WU A 8 D 1
1018 e
Vb Vb
S 10-1
: 102
8 8
1073 -

.. r .
10 102 103 10" P 2
my, (GeV)
Vo g vo 7 g
H
}""{E: just a simple realization of the model template -
Vb 8 multiple features and signatures




Minimal VL top portal VDM: projections of 5D scan in gD, "Mv,,, MH , MT, My,

@® cgeneric DM annihilation @ overabundant DM region
H resonance region excluded by CMB DM ID
@ (o co-annihilation region ® excluded by DM DD

@® underabundant DM region @ excluded by LHC tt + Efiss
.."\qusr TR

10° 10° 103 10
my, (GeV)
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Minimal VL top portal VDM: projections of 5D scan in &n, vy, , My, M7, My

@ generic DM annihilation @ overabundant DM region
H resonance region excluded by CMB DM ID

@ ! co-annihilation region @® excluded by DM DD

® underabundant DM region @ excluded by LHC tt + E[s®

> 102
Q
©
Q
S 102
10+ 1072 103 104
my (GeV)
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Minimal VL top portal VDM: projections of 5D scan in &n, vy, , My, M7, My

@® cgeneric DM annihilation @ overabundant DM region
H resonance region excluded by CMB DM ID
@ (o co-annihilation region ® excluded by DM DD

® underabundant DM region @ excluded by LHC tf + Ef*
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Minimal VL top portal VDM: projections of 5D scan in &n, vy, , My, M7, My

@® generic DM annihilation @ overabundant DM region
H resonance region excluded by CMB DM ID
tp co-annihilation region ® excluded by DM DD

underabundant DM region @ excluded by LHC tt + Ef'ss

mtD (G@V)
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

The|VL fermion is composed of top partnersjand there isjno mixing between scalars

U = (r;f) with  m; < my, < mp sinflg = 0

¢gp = 0.05,0.5  strong or weak cosmological constraints
Representative benchmarks: ¢ mr = 1600 GeV :
mer — 1000 Gev}heavy enough to evade LHC constraints

N .
9p=0.05 T

1000 | m,=1600 GeV T

lmy=1000Gev | .

500

S

8 10! [ Kinemati¢ limit
RS F ‘ ]

S

| Small mediator-DM mass gap
10: ::
200 400 600 800 1000 1200 1400 1600
my, (GeV)
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

The|VL fermion is composed of top partnersjand there isjno mixing between scalars

U = ("}2) with @ sinflg = 0

¢p =0.05,0.5  strong or weak cosmological constraints

Representative benchmarks: ¢mr = 1600 GeV
my =\ 1000 GeV

}heavy enough to evade LHC constraints

L e . B B L B e L B .
9o=0.05 Mediator mass bounded from below and above
1000 £| m,=1600 GeV 1
|mu=1000GeV |
500 - —
S
bl
4 ((\\9,'
9 Jn'Jr ;;I
b} /
O 100!
£ L
€ 50
103“:: g1
Pl ]
5L—é‘:l|.I||I|||.|.||||I||I|||E..::
200 400 600 800 1000 1200 1400 1600
my, (GeV)
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

The|VL fermion is composed of top partnersjand there isjno mixing between scalars

U = (r;f) with  m; < my, < mr sinflg = 0

gp = 0.05,0.5  strong or weak cosmological constraints
Representative benchmarks: ¢ mr = 1600 GeV :
mer — 1000 Gev}heavy enough to evade LHC constraints

L L S L S B S B B B S B B B B B B B B e i
95=0.05 ~__—=-"1  Mediator mass bounded from below and above
1000 fmr=1600 Gev . Light DM in non-perturbative region
F|mu=1000Gev | .-~ 1
500 - —
L qﬂ-—-ﬁ,\qoxé?t . -
D
L ;’,’ '5“04' J
S- II_, :.r
[1)] i '
O 100f ;
N 1 Vp, V' Vp, V'’
E goo ; 1
‘ pole
F . my, T —my o7
:. — o > 50%
10 — 7 - _ —
Z“_'gl non=perturbative k‘/’f_-
&L, (4 E]

P I TS SO G Sl G ST S ' |.I - )
600 800 1000 1200 1400 1600
m,, (GeV)

200 400
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

The|VL fermion is composed of top partnersjand there is|no mixing between scalars

t , .
U = (]’2) with  my < my, < mr sinflg =0

gp = 0.05,0.5  strong or weak cosmological constraints
Representative benchmarks: ¢ mr = 1600 GeV :
e — 1000 Gev}heavy enough to evade LHC constraints

90-0.05 __———-" | Mediator mass bounded from below and above
1000 mr=iB0 C . Light DM in non- perturbatwe regmn
E mHz 1=} _.,--""-- ’_," o
5001 1 LHC con ::tr "-m fc-' My — Myy, 2 Ny
[ g,& ‘f‘“"' (bounds almq |‘::%F endent ), mr and my)
W
‘S‘ L@-w
({\\0 g
> / 8 1
[ih] i D Emm
o 100/ ; — " D}
:-EI E ‘J s 4’_________..—---—'-'—'--_---_--- E g II}
E got 1
| Recast
| A.M. Sirunyan et al. [CMS], Search for top squarks and dark matter
' particles in opposite-charge dilepton final states at /5 = 13 TeV,
i Phys. Rev. D 97 (2018) no.3, 032009, arXiv:1711.00752 [hep-ex]
0} S 77777 g1
% non-=perturbative "l
5|_El :II A A A A S S T B T A A0 . | B - EJ_
200 400 600 800 1000 1200 1400 1600

my, (GeV)
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

The|VL fermion is composed of top partnersjand there isjno mixing between scalars

I .
U = (D) with  m; < my, < mr

T

sinflg = 0

Representative benchmarks:

gp = 0.05,0.5
mr = 1600 GeV
my = 1000 GeV

gp=0.05
1000 | m,=1600 Gev
lmy=1000 Gev

my, (GeV)
3

Sy _
5 ;_E ; I S [l I P Wl i G T S I e eV |
400 600 800 1000 1200 1400 1600

200

non-perturbative

|...direct detection

My =
r.r'Q|||T

m;, (GeV)

strong or weak cosmological constraints

}heavy enough to evade LHC constraints

Mediator mass bounded from below and above
Light DM in non- perturbatwe reg|on

LHC constrains m;,, for ms, — my, = m

(bounds almost in 1 F— de m ), M and mpy)

Very weak direct detectlon constraints
(mostly for m,;, ~ m, or m;;, ~ mr and light DM)

Vb Vb Vb Vg Vb
1 H - _Qpm
X SPlanck
- “2pm
g% g
g g

E. Aprile et al. [XENON],
Dark Matter Search Results from a One Ton-Year Exposure of XENON1T,
Phys. Rev. Lett. 121 (2018) no.11, 111302, arXiv:1805.12562 [asiro-ph.CO]
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

The|VL fermion is composed of top partnersjand there isjno mixing between scalars

U = (2‘2) with  m; < my, < my

sinflg = 0

gp = 0.05,0.5

mr = 1600 GeV

strong or weak cosmological constraints
my — 1000 Gev}heavy enough to evade LHC constraints

Representative benchmarks:

LI I s e —

95=0.05 - Mediator mass bounded from below and above
1000 g mr=te0 Gav s Light DM in non- perturbatwe reg|on
rlmu= e T
s00.— — LHC constrains m;,, for m;, — myy 2, my
— @ﬁ“ xg‘}i (bounds almost in i—“-FJ Id—“’I]T on gp, mr and my)
I .
S Very weak direct detection constraints
S / “Q (mostly for m,, ~ m, or m,, ~ mr and light DM)
S 100! Indirect detection constrains light DM
g 50 : *ET | ..direct detection

T e

200 4{}0 GDU 800

non- perturbatme |nd|rect detactlon

P T P
i,

..qu}

- 1
M W LN
1000 1200 140(] 1600

=

my, (GeV)

\

Vb vV Vpswaws—it Ip 8
Ip
Vb Vv Vpwwe7t 1 g

ID

2
Qo
X C EF | lﬂ(;
DM
N. Aghanim ef al. [Planck],

Planck 2018 results. VI. Cosmological parameters,
Astron. Astrophys. 641 (2020), A6, arXiv:1807.06209 [astro-ph.CO]

Alexander Belyaev

NE>-

Vector Dark Matter via a Fermionic Portal from a New Gauge Sector

52



Minimal VL top portal VDM: details of 2D space for chosen benchmarks

The|VL fermion is composed of top partnersjand there isjno mixing between scalars

t . )
U = (D) with m; < My, < Mt sinflg = 0

T

gp = 0.05,0.5  strong or weak cosmological constraints

Representative benchmarks: ¢ mr = 1600 GeV |
my = 1000 Gev}heavy enough to evade LHC constraints

Mediator mass bounded from below and above

gp=0.05
1000 ffmr=tea0 Gv Light DM in non- perturbatwe reg|on
Hmy= e
= ~ LHC constrains m;,, for n — mvy 2 m

(bounds almost in i—*-p- 1dﬁm on a'.:r-,.' and mpy)

Very weak direct detection constraints
(mostly for m,;, ~ m, or m;;, ~ mr and light DM)

overabundant relic density

<

3 Indirect detection constrains light DM

g ol |/ BE | roctdotocton | Strong cons_tr_amqfrom relic density .
| — the model “lives” on the red contours (£2,*)

10 R ]
A 74 non-perturbative indirect detection  +—+ A,
gl‘ P =

5|_ | I - L i i W ¢ b F oA A A AN R |1'L |
200 4(}0 GOU 800 1000 1200 1400 1600

m;, (GeV)
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

"_, _evérabundant
relic density

The|VL fermion is composed of top partnersjand
U = (UJ) with  m; < my, < mp

T

mr = 1600 GeV f
my = 1000 GeV

overabundant relic density : £)
Lel non=perturbative al
O._E.l|.-'l..4|.....|...L....—.....'.-..l... EJ_
S 200 400 600 800 1000 1200 1400 1600
(qj} mtD {GeV}
g . e direct detaction Strong constrain from relic density
S0 g — the model “lives” on the red contours (Qhak)
: — overabundant region shrinks for larger gp
L % — and |ID constraints vanish
108} e Eq
b/ non-perturbative - indirect detection Al
"ETI ¥ . Y &4
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200 400 600 800 1000 1200 1400 1600
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

The|VL fermion is composed of top partnersjand there isjno mixing between scalars

U = (?) with  m; < my, < mr sinflg = 0

gp = 0.05,0.5  strong or weak cosmological constraints
Representative benchmarks: < mr = 1600 GeV

ma — 1000 Gev}heavy enough to evade LHC constraints

—

95=0.05 Mediator mass bounded from below and above
1000fmr=te0 Gav o Light DM in non- perturbatwe region

M= <) _‘_.__.-—' e
500 R = LHC constrains my,, for my, — my, = m

- (bounds almost in Je :ne- C -ent on , my and my)

Ny Very weak direct detection constraints

/" y (mostly for m,, ~ m, or m,, ~ mr and light DM)
100{ | Indirect detection constrains light DM

Strong constrain from relic density

My, (Ge'\.")

— the model “lives” on the red contours (Qpek)
» overabundant region shrinks for larger gp
and ID constraints vanish
— efidgtive (co-)annihilation processes
10

A -
El X : K E-
AT non-perturbative - indirect detection i p
.é*l ¥ " ! £ -
5 LK L L L B " T A A A N ey 1!. ()
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

— Zoom on the small mass gap region

The|VL fermion is composed of top partnersjand

fE+ET=S

0500 1
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

The|VL fermion is composed of top partnersfand

U = (2‘2) with  m; < my, < my

Representative benchmarks:

gp = 0.03,0.5 -
mr = 1600 GeV r%‘?
my = 1000 GeV %
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

—{ Zoom on the small mass gap region

The|VL fermion is composed of top partnergland

: %, miss
0.500- 1, S

D . overabundant
= (T) with me < My, < mr \ relic density

g0 =005,05 g Ny S mmm |
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

The|VL fermion is composed of top partnergjan

U = (UJ) with  m; < my, < mp

T

Representative benchmarks:

gp = 0.05,0.5
mr = 1600 GeV

Vv
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|

mg = 1000 GeV [
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

The|VL fermion is composed of top partnersjand there isjno mixing between scalars

T

U = (ID) with  m; < my, < mp sinflg = 0

¢gp = 0.05,0.5  strong or weak cosmological constraints

Representative benchmarks: ¢ mr = 1600 GeV

my — 1000 Gev}heavy enough to evade LHC constraints

—_

95=0.05 Mediator mass bounded from below and above
1000 mr=1600 Gov Light DM in non-perturbative region
Flmy= 1] .
. ’ LHC constrains my, for my, — my, = m

500} i
I (bounds almost independent on gp, mr and my)

Very weak direct detection constraints

(mostly for m,, ~ m, or m;, ~ mr and light DM)

>

S 100/ Indirect detection constrains light DM

é&’ il fis s | drect dotocton Strong cons_t.r_alanrom relic density -
[l : — the model “lives” on the red contours (Qp3*)

:' | — overabundant region shrinks for larger gp
| — and |ID constraints vanish

' — effective (co-)annihilation processes

— on the Hp pole, exclusion from ID

10p - . £1 : | ’
1;9{, fon-peubstive indrectdstection "% The mediator 7p can be long lived, and V" too
:_ bt X o R R R i A A A A A A } Y ,_l N N B B

5 200 400 600 800 1000 1200 1400 1600 just a simple realization of the model template

m,, (GeV) multiple features and signatures
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Summary on Fermion Portal Vector Dark Matter (FPVDM)

» FPVDM is a new framework which does not require the Higgs portal
® [ncorporates many possibilities with new collider and cosmological implications
m Case study in the top sector with multiple phenomenological predictions

Great potential to explore flavour and DM phenomenal!
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Summary on Fermion Portal Vector Dark Matter (FPVDM)

» FPVDM is a new framework which does not require the Higgs portal
® [ncorporates many possibilities with new collider and cosmological implications
m Case study in the top sector with multiple phenomenological predictions

Great potential to explore flavour and DM phenomenal!

- to study (LFU, (g —2)p, mw...)

.thl

W W

.f21F2

-» Study of different
—» [Further analysis of and scenarios for
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Gauging the global U(1)

A dark electroweak sector

Extend the dark sector with a U(1)yp (dark hypercharge). Same scalars 5 and @p,.
G=GsmxGp=SUQ2)L xU(l)y x SUR)p x U(1)yp —> U(1)em x U(1)p

Conserved charge from the unbroken U(1)p symmetry: Op = Tzp + Yp

One assumption: SM fields do not carry Qp charge
The only Op-charged state is Vgi = Wp w=mPp stable === DM candidate

Renormalizable, gauge-invariant kinetic mixing between U(1)y and U(1)yp can be generated

1
— 0
‘v v, e n B" Vi—g2 cos B, —sin#; \ [ B
_‘CKM - thBp_yBJL + %BIJJLLVBE +TB,[“;B::) (B?£>_( 2 1 sin Bk COS 9k B%L

AV 1—e2
Mixing between all Q- and Qp-neutral bosons
> V|2 on &+ )WV —gpvh 2 4
{m;}. =0 "Mz =2 [g ts (l i (32+8’2}1'2—(3§;+352)1%E +OE)
M~y =0 2 _ v |2 2 £V —(8h+85 D 2 4
mz, = g |:gp ‘|_SD (l + (g2+g’2}v2—(g§)—l—g§}v%€ ‘|‘O(€ }

2 massless and 2 massive vectors

Connections with dark-photon phenomenology
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