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The existence of Dark Matter is confirmed
by several independent observations at cosmological scale

Galactic rotation curves

Kmn/:
vy =) observed . —";"‘l
—
r__g._.-!;—r—*'.‘"

CMB: WMAP and PLANCK

Bl Large Scale Structures

, £ R expecied 3 e L l“‘.-it r = r
i from = ! et e | e e
= g Y YT ==~ _ _ _ luminous disk o | | : 4
1.
0 R (kpek

M33 rotation curve

o
-----
.....
Teaa
.....
-----

-------- =

------- -

.....
-----
.....
.....

‘e
.
te,
o,
»,
0
O
O
e,
‘e
e,
‘e
O

ordinary
matter

-

L -
- -
L e

Alexander Belyaev

Vector Dark Matter via a Fermionic Portal from a New Gauge Sector 2



DM is very appealing even though
we know almost nothing about it!

Yes |.? No

Couplings symmetry behind
gravity stability | ?
weak
higgs
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DM candidates: interaction vs mass

DM candidates: the interactions strength vs mass range

Planck mass BH remnants: tiny black holes
protected by gravity effects [Chen '04]
from decay via Hawking radiation
Wimpzillas: very massive non-thermal
WIMPs [Kolb,Chung,Riotto'98]

Q-balls: topological solitons

that occur in QFT [Coleman '86]

EW scale WIMPs, protected by

parity - LSP, LKP, LTP particles
SuperWIMPs: electrically and

color neutral DM interacting

with much smaller strength (perhaps only
gravitationally)

Neutrinos: usual neutrinos are too light-
HDM, subdominant component only (to
be consistent with large scale structures);

but heavier gauge singlet neutrinos can be
RHINOs CDM

Neutrinos

WIMPs
neutralin
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Black Hole Remnant

wimpzilla

Taxino

SuperWIMPs Axions:  9QCD Ly

1 - 32pi?
Fuzzy DM lgrawtmo . .
1 ] KK graviton 0oc D is replaced by a quantum field, the
potential energy allows the field to relax to
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Direct DM search: testing DM interactions rate versus mass

IuperCDMS Soudan GOMS-lite ArXiv:1310.8327

SuperCOMS Scudan Low Threshold
up St Ly T Snowmass CF1 Summary
; ECDM&“IIIGE Low Threshold {2011) .

~_CoGeNT
« {2012}
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MNeutrinos 7
i Neutrinos e

(Violet oval) Magnetic DM
| (Blue oval) Extra dimensions
(Red circle) SUSY MSSM
MS5M: Pure Higgsino
MSSM: A funnel
MSSM: Bino-stop coannihilation
& MSSM: Bino-squark coannihilation
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® Improvements in technology have given impressive limits on properties of DM
® But nothing conclusive yet ... However DM can be around the corner !
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DM Observables: the power of WIMP

Correct Relic density: efficient (co) annihilation
WMAP, Planck ; annihilation to photons can affect CMB

Signatures from (—) (_)

neutralino annihilation 'g g

in halo, core of the o5 - )

Earth and Sun -9 S LHC signatures
o% = _

* photons, = a S * mono-jet

* Anti-protons == b= * mono-photon

. . =N 50 * mono-Z

positrons, c o - * mono Higgs

* Neutrinos sS= £ g

Neutrino telescopes: $o o9 * VBF+MET

« Amanda S 2 = o * soft leptons+MET

* |Icecube = 'g ° ...

* Antares W=

Eff|C|ent scattering off nuclei:
DM Direct Detection (DD)

Signature from energy deposition from
nuclei recoil: LUX, XENON, WARP,

Note: there is no 100%correlation between signatures above. For example, the high rate of
annihilation does not always guarantee high rate for DD!
Actually there is a great complementarity in this:

* In case of NO DM Signal — we can efficiently exclude DM models

* In case of DM signal — we can efficiently determine the nature of DM
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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
= Vg < —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 —Zvﬂuwu(p@)* (DF®) — V(D) + Ap |H*|®|?

with D, @ = 9, — gQsV, P
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Vector DM

B The abelian/non-abelian Vector DM with Higgs portal
. U(l)D Group
= Vg < —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 —Zvﬂuwu(p@)* (DF®) — V(D) + Ap |H*|®|?

with D, @ = 9,0 — gQsV, P  afterssB . P — (ve + (x))

1=

So one has m%/ = gQQ?{, ’Ufi
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Vector DM

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

. U(l)D Group

= Vg < —Vg Explicit Z> symmetry plus a Higgs portal to provide the

stability and the mass for VDM and connect it to the SM

1

£ 5 S,V (D,0) (D"0) — V(@) + Ap [H 0P

with D@ = 0,8 — gQoV,® atterssB - — _\1[ o - o]
>

So one has m%/ = gQQ?{, ’Ufi

m  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 ‘talks’ to SM via Higgs,
VpVpH coupling is limited from above by
DM direct detection and H- DM DM Br

g 0.1
QL% ~0.1

0.01
PLANCK

0.001
10 20 30 50 100 200300 500 1000

My[GeV]
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Vector DM with the Higgs portal

Arcadi, Djouadi, Kado 2001.10750
10 ,

B Since VDM ‘talks’ to SM via Higgs,
VpVpH coupling is limited from above by
DM direct detection and H- DM DM Br

B Since DM Relic density should be equal or 2 o4

below the PLANCK relic density limit ., - ;O.l

VoVpH coupling is limited from below

PLANCK

0.001
10 20 30 50 100 200300 500 1000

My[GeV]
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Vector DM with the Higgs portal

Arcadi, Djouadi, Kado 2001.10750
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VpVpH coupling is limited from above by
DM direct detection and H- DM DM Br

B Since DM Relic density should be equal or 2 o4

below the PLANCK relic density limit ., - ;O.l

VpVpH coupling is limited from below

PLANCK

0.001
10 20 30 50 100 200300 500 1000

My[GeV]

Alexander Belyaev Nx Vector Dark Matter via a Fermionic Portal from a New Gauge Sector 16



Vector DM with the Higgs portal

Arcadi, Djouadi, Kado 2001.10750

B Since VDM ‘talks’ to SM via Higgs, ;
VpVpH coupling is limited from above by
DM direct detection and H- DM DM Br

B Since DM Relic density should be equal or g
below the PLANCK relic density limit Oh2 ;0.1
VpVpH coupling is limited from below

B The Higgs portal VDM parameter space is PLANCK

very limited by interplay of collider, DD and

0.001

DM relic density 10 20 30 50 100 200300 500 1000

My[GeV]
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Vector DM with the Higgs portal

B 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

Alexander Belyaev NE>&- Vector Dark Matter via a Fermionic Portal from a New Gauge Sector

18



Vector DM with the Higgs portal

B 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)axU(1)y : SU2) - SU(2),symmetry provides
stability for VDM, so there are VDM triplet + vector triplet of unstable W'/Z’ bosons

Vicatar =m”HH + mgtr (“I)J{'ibl) + matr (%5@)
5 2 9
=+ )\(HTH)‘ + Ap (tl‘ ((I)J{(I)l)) + A\p (tl‘ ((I)‘E(I)?))

e H Htr (01®1) + No HT Htr (B5dy ) + Aotr (BTD ) tr (D5 ds
1 2 1 2
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Vector DM with the Higgs portal

B 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)axU(1)y : SU2) - SU(2),symmetry provides
stability for VDM, so there are VDM triplet + vector triplet of unstable W'/Z’ bosons

Viealar =m>HTH + -m.?I)‘[.r ((I;{(Dl) - fm%,tr ((I)E(I)g)
> 2 2
FAHTE? + 2 (tr (f®1))" + X (tr (qﬂgq)g))
+ o HHt (qf{q:»l) + M HHer (0]02) + Aoty (@[®1) tn ((I)}bg)

guite a non-minimal model
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Vector like (VL) fermion Portal for Vector DM

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

IS almost excluded
B We are driven by curiosity and simplicity to find an alternative portal for

Vector Dark Matter
SM + three ingredients:

= SU(2)o new (dark) non-abelian new gauge group Vf’
= Complex scalar doublet charged under SU(2)o dp
= Vector-Like fermion doublet of SU(2)o \
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Vector like (VL) fermion Portal for Vector DM

B The general form of the Yukawa terms of the new fermion sector reads
—L;= MgV + (U @p fpM + " V@G fRM + hec)

. . / /!
where PpH = imP* while Y and Y are new Yukawas, connecting SM fermions

and new VL fermions
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Vector like (VL) fermion Portal for Vector DM
B The general form of the Yukawa terms of the new fermion sector reads
—,Cf = M\I;\IJ\IJ —+ (y/\I/L(I)Df}S%M -+ y”\I/L(I)% }SzM + hC) ;

/

; ; / /
where PpH = imP* while Y and Y are new Yukawas, connecting SM fermions

and new VL fermions

/ 7
Problem: the presence ofboth Y and Y breaks the stability of gauge bosons, since
Is breaks global SU(2) in the dark sector

Alexander Belyaev NE>&- Vector Dark Matter via a Fermionic Portal from a New Gauge Sector
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Vector like (VL) fermion Portal for Vector DM

B The general form of the Yukawa terms of the new fermion sector reads
—L;= MgV + (U @p fpM + " V@G fRM + hec)

. . / 1/
where PpH = imP* while Y and Y are new Yukawas, connecting SM fermions
and new VL fermions

/ /!
m Problem: the presence of both Y and Y breaks the stability of gauge bosons, since
IS breaks global SU(2) in the dark sector

: 3
® |f we assign the “dark charge” to the components of the doublets, e.g. QD — TD + Yp
and require its conservation, we will get

x» SU(2)p x U(1)glob — U(l)gmb pattern of dark sector breaking
n 2o Subgroup can be defined as 7, : (—1)QD '
s for Pp  we choose, eqg, Yp = 1/2 ,then 1 is eliminated, stabilizing VDM
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Vector like fermion Portal for Vector DM

m So,wehave: SU(2)p x U(L)gioh — U(1) 3, 2o (-9 Qp = T% +Yp

Yp = 1/2 for the doublet and Yp =0 forthe triplet
B Different components of the doublet and triplet will have 0/1 dark charge, so +/- Z,

(=)

-

0
* two scalar degrees of the doublet _ YD+1/2
(i.e upper part of the doublet) are Z, - odd — ®p = ( ("9[1]?'—1X2 ) ? ((I)D>

they become longitudinal component of DM

the lower part of scalar doublet is Z,-even, ’
it contains vev SU(2)L U(l)y | SU(2)p Z2/Qp
0
* this means that one of the components of the &, = SDE?*% 1 0 2 —/+1
vector triplet is Z,-even s B +/ 0
: / _ 1
* the term, connecting dark scalar and VL U — “’D> 1 2 / +
fermion and SM RH fermion: ( (0 QEm +/ 0
T SM
Y \I’L(I)DfR 5 VJ%HL —/ +1
one component of VL fermion doublet is Vi = Vgoﬂ 1 0 3 +/ 0
Z»-even and the other - Z,-odd VD_;,L —/ =1

Alexander Belyaev NE>&- Vector Dark Matter via a Fermionic Portal from a New Gauge Sector 25



Building VLF Portal for Vector DM: V%./ V°%. Dark Matter

74% 0
0 PDt1 Up
SU(2)p VE = | Vp S bp = 0 > = {7
V“ S Fp_1 v
D— & 3
“~s The only* Z,-odd neutral massive particles
2 are the D-charged gauge bosons V3§ .
= dark matter
W e * unless I is a neutrino partner
SUQLx Uy Va=|ws |.B.  ®u=(% W (VY ur
=L Y H 5 3L H — Crf)[] “r . e . dR CR YD Y
W
I -
;:———(ww,) ~ 7 (Buv)” P4 Dy + D) By — M@ Ru) + P B LY — O Pufr + hc.)

-SM

4 (v, Di ) + |D,, <I>D| e HD:}L:-D-:DD o /\D{f]_) Q:-D] + UiDV — Mg — (YU dp Y

—|— Jlrf.f.‘jl



VLF portal: z,-even fermions - RH SM ones and VL ones - mix

—Lp = (v PufR + Y Vidpf" +he) + Mg UV with U = ("D)

(o
(Pu) (Pp)
X e 1‘—\/— 0
" | . I — gl v
Jr I IR 1 WL PR Mg = /D
S— > L S - > y aMe
v V My
Zn-0dd vp is DM-SM mediator Zn-even 1) mixes with SM
Vbt
y e [ cosOp g sinbar\ (f
¥D (b LR — sin QfL:R{TE}S 9}153 F LR
7

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

—Lp = (v PV o fRM + Y ULPpfRM + hoc) + Mg Ul with U = (LD)

'?_Ii_!
(Pu) (Pp)
X X 1‘% 0
— [ 7
I ; Ir : WL PR Me =1 N5
! 3o L - e Yy aMe
V vV My
Zn-0dd vp is DM-SM mediator Zn-even 1) mixes with SM
Vbt
y e [ cosOp g sinbar\ (f
¥D (b LR " \—gin 9ﬁ=R{TL15 9}!}_7&- F LR
7

The hierarchy between mass eigenstates is always m; < 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

- gD ) |
= Attree-level: /M,0 =My, = —VD
D+ DO

Alexander Belyaev NE>&- Vector Dark Matter via a Fermionic Portal from a New Gauge Sector
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The gauge sector: v’/ V, radiative mass split, no tree-level V' — Z mixing

_ _ &b
B ”lVO B 7l"D

= At tree-level: My,0
DO

D+

= At loop-level:
Different loop corrections: @

0 _ 0 _
(Vpy = Vp and Vpy = V7) V! o %
Similar diagrams appear for

Kinetic mixing (backup slides)

2 m% — m%b

my,, — my:r ~ 2 >0 for mg > mpmy,

32712 my,,

Alexander Belyaev NE>&- Vector Dark Matter via a Fermionic Portal from a New Gauge Sector
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The gauge sector: v’/ V, radiative mass split, no tree-level V' — Z mixing

8D
= Attree-level: M,,0 —MmMy,0 — —Vp
YD+ Vo 2
= At loop-level:
Different loop corrections: v v
0 0 _ 17 D D
(Vpe = Vpand Vp,, = V') o
Similar diagrams appear for

Kinetic mixing (backup slides) ;
g5 m% —

32712 my,,

my, — Myr ~ >0 for mp > mg,my,

= Effect for WIZ boson masses _
Z .]‘1 ; Fl
Modifications to SM

different for Z and W P

Potential to explain W-boson mass anomaly

X

f2, F
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Minimal VL top portal VDM: VL top portal without higgs portal mixing

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

D . ;
U = (T) with - m; <my, < mr sinfg = 0
oD parameter space: g¢p, mvy, My, mr, M,
VD V, VD Wingr—t @ generic DM annihilation @ overabundant DM region
DA ©  Hresonance region ¢ excluded by CMB DM ID
g - @ o co-annihilation region @® excluded by DM DD P
Vb v Vpwvwn<7 ® underabundant DM region @ excluded by LHC £ + Efris g Ip {V
L f e e 2t IMISE
: PR T i - = VB}ET
g D 7
Vb
g -9

| ; D 5
g
my, (GeV) B > { .



Minimal VL top portal VDM: VL top portal without higgs portal mixing

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

D . ;
U = (T) with - m; <my, < mr sinfg = 0
oD parameter space: g¢p, mvy, My, mr, M,
VD V, VD Wingr—t @ generic DM annihilation @ overabundant DM region
DA ©  Hresonance region ¢ excluded by CMB DM ID
g - @ o co-annihilation region @® excluded by DM DD P
Vb v Vpwvwn<7 ® underabundant DM region @ excluded by LHC £ + Efris g Ip {V
L f e e 2t IMISE
: PR T i - = VB}ET
g D 7
Vb
g -9

; .
r ¢
14 102 103 10° = g :
my. (GeV
. . s (GEV) i >"““°"{ .

H . .
}---{{: Even simplest realisation of the framework has
£ o multinle promisina features and sianatures



Minimal VL top portal VDM: projections of 5D scan in gD, 111vy, s M, 1T, iy

@ generic DM annihilation @ overabundant DM region
¢ Hresonance region ¢ excluded by CMB DM ID
@ i co-annihilation region @® excluded by DM DD

@ underabundant DM region @ excluded by LHC tt + Eiss

101 102 103 104
My, (GEV)
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Minimal VL top portal VDM: projections of 5D scan in gD, 1"vy, s Mg, T, My,

@ generic 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 + E{™®
104 _ \
—_— 3
> 10
()
O
S
Q
>
g 107
101 L o Saeiiel : el s
10! 102 103 104

Mgy (GeV)
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Minimal VL top portal VDM: projections of 5D scan in gD, 1"vy, s Mg, T, My,

@ generic DM annihilation @ overabundant DM region
© Hresonance region excluded by CMB DM ID
@ (o co-annihilation region ® excluded by DM DD

@® underabundant DM region @ excluded by LHC tf + Efiss

Wy T ‘- "
A R

§
Ay
|
Cod

e,
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Minimal VL top portal VDM: collider signatures

Process

Representative diagrams

g - Vp : ‘
) . Vp . .
mono-jet (only loop) 4t/ tp }E{H“* f‘:’rl",,: - }f; + jet from ISR or from loop
g woTTT——"WWW\ |/ v
g t
P ; II':!_J‘
tt _|__ EIITIISS D }b‘__“_'i-‘*-"' J.'_,;I_lllih.-i
T .‘"‘D /3 Vp 1
g t
tttt
G AW = = h
hV' and V'V’ (only loop) t/T /Tt
g . V' g-oroee—< vl
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

The

Representative benchmarks:

VL fermion is composed of top partnergland there is

- (r?,?) with  m; < myy, < mr

gp = 0.05.0.5
mr = 1600 GeV
myg = 1000 GeV

no mixing between scalars

sinflg =0

strong or weak cosmological constraints

my, (GeV)

}heavy enough to evade LHC constraints

o i o e o T LIS -
95-0.05 " Mediator mass bounded from below and above
1000 fm;-1600 Gev e Light DM in non- perturbatwe regmn
my=1000Gev | _— .- e
500} < LHC constrains My, for my,, — my 2
[ & 6“ (bounds almost independent on gp, my and mg)
£ C IS : . : N gp ANA my
o &40
F ‘5“0
A P 3 g 1
/ ; 0D miss
100/ L — V U}E
50+
Recast
A. M. Sirunyan et al. [CMS], Search for top squarks and dark matter
H particles in opposite-charge dilepton final states at /5 = 13 TeV,
[ Phys. Rev. D 97 (2018) no.3, 032009, arXiv:1711.00752 [hep-ex]
10} s £
Fal/ non-perturbative Al
5:5 Ny e e S R N v b o o A ) ey v E_
200 400 600 800 1000 1200 1400 1600

m, (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 is

T

I 4
U = (D) with  m; < my,, < mr

no mixing between scalars

sinfg = 0

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

Representative benchmarks:

e e e, e e, s | |!|1—.—r||.|.|—r|.||||_._l______|-
gp=0.05 ___,_.---"‘_'f::: =
1000 | m=1600 Gev
:?mH_1iJDD GeV ': S
500 - i
L (5.\ 6\\, ¥
m £
& o
6\\0
S‘ __f". I;
(i1} / i
g 100¢
8 [
B 50 - W direct detection
::1 LY
1D§I e || g:
MV non-perturbative Al
SLE:I'_.u_.I._.|.|I.|'_|l|||_|:|_|::I.|_E__I
200 400 600 800 1000 1200 1400 1600

m;, (GeV)

strong or weak cosmological constraints

}heavy enough to evade LHC constraints

Mediator mass bounded from below and above
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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, < my sinflg = 0

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

me — 1000 Gev}heavy enough to evade LHC constraints
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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

v = (?) with  m; < my, < mr sinfg = 0

gp = 0.05,0.5  strong or weak cosmological constraints

Representative benchmarks: ¢ mr = 1600 GeV :
mpy — 1000 Gev}heavy enough to evade LHC constraints
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

The|VL fermion is composed of top partnersjand o=05) s
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

4( Zoom on the small mass gap region |;
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

—{ Zoom on the small mass gap region
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

The

VL fermion is composed of top partnersjan
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Summary on Fermion Portal Vector Dark Matter (FPVDM)

" FPVDM is a new framework which does not require the Higgs portal
®m Has new features with new collider and cosmological implications

m Simple realisation of the top sector — several promising predictions
and signatures

= great potential to explain dark matter
= collider signatures: tt+miss, Z', Z'H, long-lived Z'
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Summary on Fermion Portal Vector Dark Matter (FPVDM)

" FPVDM is a new framework which does not require the Higgs portal
®m Has new features with new collider and cosmological implications

m Simple realisation of the top sector — several promising predictions
and signatures

= great potential to explain dark matter
= collider signatures: tt+miss, Z', Z'H, long-lived Z'

= great potential to explain flavour anomalies, (g-2),, baryogenesis,
W-mass, ... while it was not deliberately designed to do this!
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Outlook

—» Different realizations to study current anomalies (LFU, (g — 2)., mw...)

fla-FI

ﬁ!an

—» Study of different theoretical embeddings
—» Further analysis of cosmological implications and scenarios for fuiure colliders

V' Kinetic mixing DM interaction with Zly at loop level
Vo (p1) Vi (p2)
N
vV V', Z,~
4 V', Z,~
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Summary on Fermion Portal Vector Dark Matter (FPVDM)

= FPVDM is a new framework which does not require the Higgs portal

® Has new features with new collider and cosmological implications

® Simple realisation of the top sector — several promising predictions and signatures
= great potential to explain dark matter

= collider signatures: tt+miss, Z', Z'H, long-lived Z'

= great potential to explain flavour anomalies, (g-2)., baryogenesis, W-mass, ...
while it was not deliberately designed to do this!
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Thank you!
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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 SU2)p x U(1)yp — U(1l)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 == stable === DM candidate

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

1 _ 0
w v - B* Vi—e2 cos By —sinb; \/ B
—Lxm = 3BuuB"Y + §BpuuBpY +5B,.Bj); (BODE>_( g2 1 J\sinf; cosb Bél

1—g2

Mixing between all Q- and QD-neutraI bosons

2 _ vV (g +g )1 —SD*D 4
M~y =0 2 é 2 ” &V —(ep+ep )VD 4
HlZ,f ==atm |:ED —I_ gD (l —|_ (gE_i_gr’?)L__(gD_F VE) )] —I_ O(E }

2 massless and 2 massive vectors

Connections with dark-photon phenomenology
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The scalar sector: when the higgs portal is absent, the interactions become minimal

Including Higgs portal

i Without Higgs portal

p — :I: 4AD”2_2)\(I)H(I)D .”’QD gg 5)

= 5 _ B

EW + Dark > . AAD=AG @), b= A
| 2
symmetry breaking B ALY —2A g ) 12 iy = ] ED
Vp — :I: 0] )\D

A=Y, 5,

\

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

7 APy b
AV- # VVp ) mi, V2 —-mivi’) AD
MS == X = S111 95 — 2 il T
(i)H(I)D - A J2 HIH_”IJ
——5a VKD DVp 1

2 .9 2 2 2\2 2 30
My, g = AV + Xpvy, F \/(/\v — ApVp)* + X iy VUL

Alexander Belyaev NE>&- Vector Dark Matter via a Fermionic Portal from a New Gauge Sector 53



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

Including Higgs portal

( . Without Higgs portal
V — :I: 4AD,U,' AA(I)H(I)D”I—) 2
T ) — o
EW =+ Dark ) IMAD=AG, 5, V=g
symmetry breakin 3 1 0 2
¥ y g e INpE =223, @ 12 V=i a D
D= T AD
| D=2,

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

0 Ady®
A2 !; D vy, > "”H‘ 2X— m""i“ AD
Ms=| . . 2 sinfls = 4 /2 1
Bydp 9 Mgy —m,

—Lyvp  ApVp

m; H = A" + Apvp F \/ A2 — Xpvp)? -}-/\(I, &, vZv,
If no Higgs portal, the interactions of the new scalar H are limited to:

Vp I Wp
f YD
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VL portal VDM: the summary of particle content

Scalars SUR)L U()y|SUQ2)p || Za
Vectors SUQ) UMy [SUQ (|22 &, — (c::;) > 12| 1 ||+

Fermions |SU(2), U(l)y |SUQ2)p||Z

o]

fSM
SM _ [ Ju,v | 1
i = | sm B 61 3 1 T
fd,{? ;2
z-tiM, .UEM 1 =. 0 1 -+
SM ,SM
dy” by +-
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Kinetic Mixing in FPVDM models

% V', Z,~
Vb Vb
e V', Z,~
99D 7
€Ezv = m (-;EqZTvi+qL(Tf? P ) Qfs%v}—f?};(?’fa?“%))
(10 ———ar__ 4peQ
\/1_Eiv_fzzv cav = zﬂgffAV(?”fa?’wD)
EZV
vEM _ | 01 —

\/1_E?4V_E:3?V
1

Y=l

\UU
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Kinetic Mixing in FPVDM models

v V', Z,v
VD VD
v’ V', Z,y
gD=O.2 1 '”(.T(h‘v‘}({b)
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generic DM annihilation
H resonance region

overabundant DM region
excluded by CMB DM ID
excluded by DM DD

excluded by LHC tf + Efiss

tp co-annihilation region

@000

underabundant DM region

103 2L e
103 104
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 = (I;:") with  m; < my, < mp sinfg = 0

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

mi — 1000 Gev}heavy enough to evade LHC constraints
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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 @ 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
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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 = (I;f) with  m; < my, < my 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
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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

T

I 4
U = (D) with  m; < my,, < mr

no mixing between scalars

sinfg = 0

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

Representative benchmarks:

e e e, e e, s | |!|1—.—r||.|.|—r|.||||_._l______|-
gp=0.05 ___,_.---"‘_'f::: =
1000 | m=1600 Gev
:?mH_1iJDD GeV ': S
500 - i
L (5.\ 6\\, ¥
m £
& o
6\\0
S‘ __f". I;
(i1} / i
g 100¢
8 [
B 50 - W direct detection
::1 LY
1D§I e || g:
MV non-perturbative Al
SLE:I'_.u_.I._.|.|I.|'_|l|||_|:|_|::I.|_E__I
200 400 600 800 1000 1200 1400 1600

m;, (GeV)

strong or weak cosmological constraints

}heavy enough to evade LHC constraints

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

LI ~Aanctraine r oo oa
L} A ',.-L.—[’-[:--.la".‘-_i| S ""’?'.': |k, I' My, — My

oy, M7 |.| I

Very weak dnect detectlon constramts |
(mostly for m,;, ~ m, or m;, ~ mr and light DM)

(bounds almost indep:

Vb Vp Vb Yy g Vb
1H . _Slpm
.X W
g* g
£ £

E. Aprile et al. [XENON],
Dark Matter Search Results from a One Ton-Year Exposure of XENONIT,
Phys. Rev. Lett. 121 (2018) no.11, 111302, arXiv:1805.12562 [asiro-ph.CO]

Alexander Belyaev NBE>&*

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

62



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, < my sinflg = 0

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

me — 1000 Gev}heavy enough to evade LHC constraints
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

— Zoom on the small mass gap region

TheVL fermion is composed of top partnersjand

U = (?) with  m; < my, < mr
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

4( Zoom on the small mass gap region |;
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Minimal VL top portal VDM: details of 2D space for chosen benchmarks

—{ Zoom on the small mass gap region

| LA

The|VL fermion is composed of top partnersjand

i .
U = (D) with  my < my, < mr

overabundant
relic density

T

gp = 0.05,0.5 ¢

: = 0.100. o~
Representative benchmarks: < mr = 1600 GeV r% - s
95-0.05 | Med
1000 || m=1600 GeV L;gh - ;
[ mi=1000 Gev T 95=0.05 & |
500 o LAY _||mr=1600 GeVN] "™ | ]
r e overabundant relic density| 1 (bou 0 {}10% =100 Ge'y &
-F"‘;" (Q.w : -~ 1{tp) (ns) o
&y | Very o0kl &
< y (“;. (mo9 200 400 600 800 1000 1200 1400 1600
S 100 {f | Indif ay, (GeV)
s _ HiE (S et o . Strong constrain from relic density
S0 |4 ] | 1 — the model “lives” on the red contours ()
" ' — overabundant region shrinks for larger gp
L | A — and ID constraints vanish
: — effective (co-)annihilation processes
10gwfffww“t% £ — on the Hp pole, exclusion frpm ID
;s; non-perturbative _ indirect dotection 4 5 The mediator /p can be long lived
e L | L L L l._I_l._L._.L._':._|_J....|_.l._'a__1...1|| 8
200 400 600 800 1000 1200 1400 1600
my, (GeV)
Alexander Belyaev NE>&- Vector Dark Matter via a Fermionic Portal from a New Gauge Sector



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

The|VL fermion is composed of top partnersjan
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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 = (ID) with  m; < my, < mr sinflg = 0

T
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gp=0.05, my, =1500 GeV, mr=1600 GeV

gp = 0.05, my, = 1599 GeV, mr=1600 GeV
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