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DM is very appealing even though
we know almost nothing about it!
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How we can explore & decode
the nature of Dark Matter?

We need a DM signal first!

But at the moment we can:
* understand what kind of DM is already excluded
* explore and systematise the DM theory space
* prepare ourselves to discovery and decoding of DM
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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 3 S
in halo, core of the Earth 0.5 i
and Sun §§ -§ LHC signatures
* photons, %8 S * mono-jet
* Anti-protons =s k= * mono-photon
. i <0 =0 * mono-Z

positrons, EE a5 + mono Higgs
* Neutrinos = =

: : €4 50 * VBF+MET

[\lexrt;glr?dgelescopes. -g § & O * soft leptons+MET
* |cecube £ O W . ...
* 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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The LHC potential to probe DM
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Monojet — the most generic DM signature

process detector

Large :
: High P
- missing 3T
P, (2DM) * Jet
o

s

monojet
signature
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Mono-jet diagrams from EFT operators
Can we test DM properties at the LHC?
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Properties of MET distributions:

MET distributions are the same for the fixed mass of DM pair [M(DM,DM)] & fixed SM operator
With the increase of M(DM,DM), MET slope decreases (PDF effect)

a

P_(g) small — P_(g)large

m;.\l,:,DM) -3 A (x1x2)/(x1x2) is large
a and MET slope is steep
g
q P_(g) small — P_(g)large

= A (x1 x2)/(x1 x2) is small

M(DM,DM
) and MET slope is gradual

;
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Distinguishing DM operators/theories
The harder M(DM,DM) distributions <@=J»  The flatter MET shapes

Mpy = 10 GeV, v3 =13 TeV , MET >500GeV Mgy = 10, Vs =13 TeV
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:
N

...........

DMDM

= projection for 300 fb': some operators C1-C2,C5-C6,D09-D10,V1-V2,V3-V4,V5-V6
and V11-12 can be distinguished from each other

= Application beyond EFT: when the DM mediator is not produced on-the-mass-shell

and MDMDM is not fixed: t-channel mediator or mediators with mass below 2MDNI
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DM classification:
minimal consistent dark matter models
(MCDMs)
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Spectru m of Theory Space

Less Complet B & . cr g
S Pl .o \]1 universal building
\ Interactions } block for complete

4 models

Cacciapaglia,.Locke,Pukhov, AB
arXiv:2203.03660

Minimal
Consistent
DM Models

Effective Field Theories

Simplified

Models
UV Complete

;r' Contact §,~
{E"\i nteractions ',J H T
\ d‘;’-ﬁ portal
Models
Sketches of Models
Little
Higgs More
Complete
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Minimal Consistent DM (MCDM) Models

Properties
B gauge-invariant

Spin of
Dark

. Matte 0 1/2 1
B renormalisable B o — /
. anomaly_free o Mediator
B can also be a building block
of a blgger theory (eg SUSY ) spin 0 even mediator g{ﬁ{ ﬁ'{'gﬁ;’ ViEsL,
7 odd or even spin 0 odd mediator ‘;'{ ﬁ;{ I::}f :5_'{: F. ;- L‘:)u;' 2 f'}‘t 5'{-!,
2 MSSM!
+ !
Spin }X’L‘ ISOSpPIN spin 1/2 even mediator
Yy-<— hypercharge o - o
spin 1/2 odd mediator || SLEL, SLFL F&{F;.i*'f‘; Vo FL, VEELS
Classification
® DM is a part of EW multiplet . i
m Radiative mass split spin 1 even mediator Si’-l-”‘” F{- v’ l""i'{l’;’f:
m Disappearing track (DT) signatures
spin 1 odd mediator SEVE, F f‘:,": AT 'f{' Vi,

B at most one mediator multiplet

an important step for consistent exploration of DM theory space

G.Cacciapaglia, D.Locke, A.Pukhov, AB 2203.03660
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The role of loops in DM DD D 7P b

G.Cacciapaglia, D.Locke, A.Pukhov, AB 2203.03660
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Y=0 minimal candidates may be discovered or ruled out at next generation of DD experiments. But there is a cancellation
in amplitudes and some models could be accessible only at colliders!
[Initially noted by Hisano, Ishiwata, Nagata arXiv:1004.4090 |
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EYSY(CP — odd)

Minimal fermion DM model

with pseudo-scalar mediator
new model, has not been explored previously

Zi odd two-component DM model (pseudoscalar is accidentally stable)
Y 4 Isospin Spin of
X N
/( y\ 2 Matter 1
spin hypercharge Spinof O\
Mediator N

Z lal Cb}rqé{f
? SM Higgs
pseudoscalar doublet

LD iYwazﬂy‘r’w —

Fermion DM
Singlet

* a does not acquire VEV — no linear coupling to Higgs
« my <2my - “secluded DM”

* Model implemented in LanHEP, and numerical scan
performed using micrOMEGAs.

spin 0 even mediator

spin 0 odd mediator

spin 1/2 even mediator

spin 1/2 odd mediator

4 relevant parameters:

TTq) Y’L/JJ Mg, )\aH

G.Cacciapaglia, D.Locke, A.Pukhov, AB  arXiv:2203.03660
B.Diaz, P. Escalona,S.Norrero,A. Zerwekh arXiv:2105.04255

spin 1 even mediator

spin 1 odd mediator
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Minimal fermion DM model with pseudo-scalar mediator
rich phenomenology: relic density, DD, colliders

(co)Annihilation channels
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Minimal fermion DM model with pseudo-scalar mediator
PandaX-4T exclusion

Qioth? <0.12 & PandaX-4T & BR(H-inv) < 11%

Qioth? < 0.12 & PandaX-4T & BR(H—inv) < 11%

10° BEER Ty o  -TT Jenant i 10° 10° b R % 10°
- 107 X e 10t X
> = > o
[ L. Q i,
O 102 o O 102 a
P’ (@ e G
g H‘é Em A R e s s i H?n
e v . ; £ Wi L
= L1022 C 102 C}
1 5.7 | [ =3 1 1 I i L1 =3
m:m1 102 107 10° 10 mlul 102 10? 10t 1o
m, [GeV] my [GeV]
TTTTT @
'{.n"l" s 5 . ‘)\, a P
,a © Nt v
(¥ & ’ - o om m
f- I ‘ ‘

_ v 1.&%&‘ . a L o "
(8 S ’ i

I S & C‘) e =

a) b
Alexander Belyaev NEa Towards decoding the nature of Dark Matter 17



Minimal fermion DM model with pseudo-scalar mediator

LZ exclusion (projection)

Qith? < 0.12 & LZ & BR(H—~inv) < 11%

Qioth? < 0.12 & LZ & BR(H-inv) < 11%

10 ___ 109 10° — 10°
n =],
- 101 10
S N
- -2 ;A R
% - 1072 'U_ﬁba |Gb_'\_‘, QO 10 bru |mb
2 X
>
L © 5 Gz
< 02 G|l E 1072 Tla
—4
[ 1 10
1 1 » =5
10101 o7 e 7 A 1073 10,01 102 103 104 10
my [GeV] my [GeV]
¢ ‘s it 1 -
1 4 a - \ G' T \ H
4 PR a 113
_ e 4 p ol " v=eld
(1 ] = a g
- o= . ‘ F | [
U ‘l_riﬁlf_&‘\ 1 ‘-’ i l r.';b
; 2 s - ¥ e, !
“ ¢ ('IJ = ==
a) * ' f)
18

Alexander Belyaev NE & Towards decoding the nature of Dark Matter



Decoding Dark Matter
at future e*e- colliders
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Inert 2 Higgs Doublet model
Gl/2 (i2ZHDM)

1/2
Lo =|Dud1|* + [Dudal® — V(¢1, d2)

1 0 gbi(\/ﬁf’*)
qblﬁ(wﬂ)’ 2= /2 \D1 +iDy

Dy ,° D’
A /" 77Z "4
P
/
VWV el i L R
D- ~
\\ 'L \\
~ D 1
17
D:t/ ! D
wE .7 zZ / 1

- ! —.'_."

VA, b /B3 %

“ Mp+ — Mp, ‘ Mpo — Mp+

Minimal fermion DM model
ﬁll//jﬂg (MFDM)
Lrpr= EISM + (i) — my )Y
= _X—g(?a = 'ms))(g }U’W‘I’Xs) + h.c. )

2 § = \
o= ()

- 0
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Z D+
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Do /D
3/ D1 5=
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The process under study
ete” = D™D — DiD\WT™W ™~ — D,D,q¢ qui
B Di-jet + muon + MET signature

2M32

I‘T{_'}i_'j+ [1 + = ] if S = %
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The role of the ILC in decoding the spin of DM
e+e- » D+ D- - DM DM W+ W- - DM DM jj u v

{ —ots"lpe, for SDM
SIG:e*e~»D*D~-W*DW™D // BG:e*te =W+ W~ do
] = — dcosOpe s—4M2
= BG) (o=8.1pk) deosfp= - il t cos? 0=, fc for FDM
—— FDM BP1 (0= 0.48pb) s+ 4M7

..... SDM BP1 (o= 0.061pb)

—— FDM BP2 (0=0.50pb)
----- SDM BP2 (o= 0.087pb)
A FDM
e A —.—'vvvvvx, "
.-}.12' r’
\"'-\\ e

B  The angular W-boson distribution
(either for real or virtual W) is found to be
very important discriminator between DM
spin as well as the main BG

=
o
(=
PR |

do
OdcosBy =

1

101 4

-1.00 =0.75 —0.50 —=0.25 0.00 0.25 0.50 0.75 1.00
CcCoSsOyy =

B The shape of angular W-boson distribution
AB, Ginzburg, Locke, Freegard, Pukhov arXiv:2112.15090 is the same for different benchmarks for

DM of the same spin
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Beyond the weak interactions:
Vector Dark Matter (VDM)
from dark SU(2)

Deandrea, Moretti, Panizzi, Ross, Thongyoi,AB

arXiv:2204.03510,2203.04681
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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 VWV + (D) (D'®) ~ V(@) + Ap [H]0f
with DH(P = a'u(b — gQ@qu) , after SSB — O —\}_ (’U@ -+ QO(:I?))
2

so one has m%/ = ggQé ’U(%

®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

B Since VDM ‘talks’ 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 (- 50.1.
VbVpH 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 My[GeV]
viGe

10 20 30 50 100 200300 500 1000
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Vector DM and Vector-Like Fermionic Portal

B Higgs portal : the parameter space for minimal scenarios is almost excluded

B Vector Like(VL) fermionic portal for Vector Dark Matter (also in Nakorn’s talk)
m SU(2)r gauge triplet (new dark gauge) VMD
®m  Complex scalar doublet charged under SU(2)p ® p — to break gauge group
= Vector-Like fermion doublet of SU(2)p W — to “talk” to SM

Alexander Belyaev NE& Towards decoding the nature of Dark Matter 26



Vector DM and Vector-Like Fermionic Portal

B Higgs portal : the parameter space for minimal scenarios is almost excluded
B Vector Like(VL) fermionic portal for Vector Dark Matter (also in Nakorn’s talk)

SU(2)o gauge triplet (new dark gauge) VMD

Complex scalar doublet charged under SU(2)> ® p — to break gauge group
Vector-Like fermion doublet of SU(2)p W — to “talk” to SM

we assign the “dark charge” to the components

of the doublets, e.9. (Jp = Tl% +Yp

and require its conservation

SU(Q)D X U(l)glob —7 U(l)glob

pattern of dark sector breaking_

7 subgroup can be defined as: (—1)@P

Alexander Belyaev NE & Towards decoding the nature of Dark Matter
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Vector DM and Vector-Like Fermionic Portal
U@, [y Jsuey| Q| 2,

+| —

O |2
O| +

[ Yo — P ZTI—'
f’(ﬁ/) (F) (B o|+

e
D \/ﬂp * Vo T =
Mo pY| / 0
m [fwechose Yp = —|—1/2 v\/uD__ (X I E O|+
for®p and U then we have \/ 4 v, 1| —
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Vector DM and Vector-Like Fermionic Portal
U@, [y Jsuey| Q| 2,

+| —

| |0 | Z

O| +

[ Yo — P ZTI—'
f’(ﬁ/) (F) (B o|+

e
D \/ﬂp * Vo T =
M D % / O
m [fwechose Yp = —|—1/2 v\/uD__ ,X I E O|+
for®p and U then we have \/ 4 v, 1| —

Yy Urdp M + y% M he
y” eliminated, DM is stabilised!
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Fermionic Portal for Vector Dark Matter (FPVDM)

®m |t is the framework, representing the class of models
(Deandrea, Moretti, Panizzi, Ross, Thongyoi, AB — arXiv:2204.03510,2203.04681)

B Various realisations are possible, including one or several VL fermions

1, . _
Lrpvpy = _Z(V5MV)2+\11@D\11+\DM%F—V(@H,@D)

— WapVP @SR + he) — MyY U

V(®u,®p) = —pH®L®u —ph®L®p + A (0} Pp)’
+Ap(®L®p)? + Aup (@Y ®n)(PL,Pp)

/
m YaB can have a flavour structure — to explain flavour anomalies
®m Ay pcan be zero at tree-level, DM can be well-generated via FP

® the model with [ — ( ; ) and A\gyp = 0 was explored as an example

30
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~

FPVDM model with V,; = A ) the partner of muon

Lopvpm DO —Y VYyrPpugr+ h.c with Vp, V', Hp, M'S M

B has potential to explain DM relic density and (g-2), anomaly

® one should ensure
m  consistency with DD and ID DM search experiments

®m consistency with collider searches
Parameter space (A p = 0 for simplicity): |gp, mMv,, My, Mar, My
Interactions+mixing'

N o/ ~ / /
uj}‘\ Y Y Y{t {Hy Hp
([)

X
1
1
)

< mn

oy

Ju
>
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~

FPVDM model with V,; = A ) the partner of muon

L.pvDpMm D —y/\I’MLCI)D,LLR+h.c with f/D, V', Hp, M', M

B has potential to explain DM relic density and (g-2), anomaly

® one should ensure
m  consistency with DD and ID DM search experiments

®m consistency with collider searches

B Parameter space (Agp = 0 for simplicity): |gp, Mv,, My, My, My

B [nteractions+mass corrections:

(V

Vv JJ/] ‘L\LJ”./ ’\l-\y//
I

v iY :

2 2

2
\/ \/ \/ v/ QDW%W msp — mM
@ .'nz/ LrD P 7 T)! V [ = 2
™ ’ M M J‘"
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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

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

5D parameter space: gp, v, ., My, MT, My,

@ 9generic DM annihilation @ overabundant DM region
V[) V’ V/) [ H resonance region ( excluded by CMB DM ID
5 @ i co-annihilation region @ excluded by DM D_D |

@® underabundant DM region @® excluded by LHC tt + E£7*°

£ g A
- ‘D | pmiss
- : ‘H}L"
g Ip 7

D 8
g
n 8
H —
el Lo A 101 102 103 _ 104
y ; Even simplest realisation of the framework has
Vi Lt My, (GeV) multiple promising features and signatures
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Minimal VL top portal VDM: projections of 5D scan in gp, 1"vy,, My, 1T, N1y

generic DM annihilation @® overabundant DM region ) - genereaimanrkiion @® overabundant DM region
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The role of quantum corrections for DM direct detection

; . 5 Ve Vo Ve, Vi
Vb Vb Vb ‘ ;
lp lp
/ w 1 J'.H/ZIU

(a) (b) ()
v Vi Vet Vi Vi 7

T ) to 55

tp tp t i T t
q q q >
"";r/zln L]jr Z.”
(d) () (f)

,(‘\

M2,

revTpe g ¥ ; i &) o 3 Vo oo il 3 pic
Ve (prapa.q) = fi (pr— p2)t'g™ + (p1 —p2)!'q%q" + f5 (4" 9" — ¢"g"")

v
1ffi

ehapa 8 _ ,u'ﬁm A
I q }

oV Bp ;
+ifs € PR (py — o), +i="E(p1 — pa)po (€ q

There five CP - conserving Lorentz structures and the respective form-factors for DM
multipole interactions from triangle diagrams
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The role of quantum corrections for DM direct detection

Points with good relic density but excluded by DD “W

gp=0.3 g TU AR
[ my=1000 GeV
-101 B
500 -
L
— ‘&.J- N
& o (Qf’ &
3 @ Ok
10 & o @S
£ g fomeg |
= / } “l direct detection
100!
- 1071 L b
20 =t ._ &7
VL /- A
g|l} / ~nonsperturbative . : : 13
= S A e e TR T V. PRI Gl
10-2 200 400 600 800 1000 1200 1400 1600

1000

my, (Gev}

Both kinetic mixing and DM multipole interactions play a crucial role for
DM direct detection!
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Minimal VL top portal VDM: collider signatures

Process Representative diagrams
9 T
mono-jet (only loop)
UACIL L
tt + P
titt

g _ oo __
hV' and V'V’ (only loop) (/T ¢/T b .Hﬁ ?
g V' g ooues < V! g v
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V'and tp can be naturally long-lived

gp =0.05, m,, = 1500 GeV, my=1600 GeV gp =0.05, my, = 1599 GeV, my= 1600 GeV
19-3; fm 12 10~ T
%13—11 10-® r 10-
— Elﬂ =10 — 107 r ]
3 [ 0% % o ”
9 je2 e g
E_ glu'“ = L::f lﬂ'né o e
- one loop Jfl!}" m_u; - one loop {1077
—— freelevel }lﬂ & 10-13 ; — ftreeleve| } 10-2
| —— total i —— total
1D_1D L L L L L i i E'lu—!t 10'11 L L i L L i 0 -1
200 400 €00 EBOO0 1000 1200 1400 1600 200 400 800 800 1000 1200 1400 16!]!10
my, (GeV) my, (GeV)
If V' is light enough, its radiative decay will be
VD dominant, so V’ could be naturally long-lived
tD If the mass gap between odd-fermion (tp) and DM
Is below the top-quark mass, tp can also be
t. naturally long-lived
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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, V', V'H, long-lived V' and tp
= Gravitational waves from the interplay of EW and dark Higgs potentials

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

— Different realizations to study current anomalies (LFU, (g — 2),, mw...)
fi, Fi
W W
fo. Fs

—» Study of different theoretical embeddings
—» Further analysis of cosmological implications and scenarios for future colliders
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Note on DM Decoding Problem

B This is the problem of finding of the link between signatures and
underlying theory

B probably the most challenging problem to solve
* requires database of models, database of signatures

* requires smart procedure based on machine learning of matching signature from data
with the pattern of the signature from the theory

B HEPMDB (High Energy Physics Model Database) was created in 2011
hepmdb.soton.ac.uk

* convenient centralized storage environment for HEP models
* you can upload there your own model and perform its analysis
* ltis an important framework for decoding the underlying theory
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Conclusions and Outlook

= To decode the nature of DM we need a signal first! But at the moment we can
= understand what kind of DM is already excluded
= systematically explore theory/parameter space and prepare ourselves for DM
discovery and interpretation
= MCDM models: consistent but simple — one can explore the entire parameter space
m Systematic classification: new models can be found even for simplest cases
= Probing DM space
= non-singlets can be probed via DT searches or multi-lepton signatures at colliders
= DM DD is sensitive to the loop-induced diagrams but does not exclude all models
= rich phenomenology, complementarity of DM DD, collider signals and relic density
= FPVDM framework offers an elegant solution solution of DM , (g-2), and flavour
problems via VL fermion portal, new signatures and many promising projects
m Decoding the underlying theory is crucial problem to solve: requires joint effort of
theorists and experimentalists, models’ classification, ML approach
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