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The existence of Dark Matter is confirmed
by several independent observations at cosmological scale
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The evidence for Dark Matter is a
very appealing argument for BSM
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DM is very appealing even though
we know almost nothing about it!
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How we can decode
the fundamental nature of
Dark Matter?

We need a DM signal first!

But at the moment we can:

0 understand what kind of DM is already excluded
0 explore theory space and prepare ourselves to
discovery and decoding of DM
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DM DM

Correct Relic density: efficient

Efficient (co) annihilation at the time
annihilation now: of early Universe
Indirect Detection

Dark Matter
(DM)
Signatures

Efficient production
at colliders
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Efficient scattering off nuclei: Direct Detection
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Complementarity of DM searches
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EfflClent Scatteril?g Off nuclei: negligib|e/suppressed DD rates
DM Direct Detection (DD)

e

Important: there is no 100%correlation between signatures above. E.g. the high rate of
annihilation does not always guarantee high rate for DD!

Complementary Exclusion power of DM observables:
Effective DM annihilation — low relic density but large signal at the LHC (and vice versa)
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DM candidates: interaction vs mass

) :http://science.energy.gov/hep/hepap/reports/

neutrinos
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branon
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SuperWIMPs :
l gravitino
KK graviton
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B Planck mass BH remnants: tiny black
holes protected by gravity effects [Chen
'04] from decay via Hawking radiation

B Wimpzillas: very massive non-thermal
WIMPs [Kolb,Chung,Riotto'98]

B Q-balls: topological solitons
that occur in QFT [Coleman '86]

B EW scale WIMPs, protected by
parity — LSP, LKP, LTP particles

B SuperWIMPs: electrically and
color neutral DM interacting
with much smaller strength (perhaps only
gravitationally)

M Neutrinos: usual neutrinos are too light-
HDM, subdominant component only (to be
consistent with large scale structures); but
heavier gauge singlet neutrinos can be
CDM

B Axions: MF,WF,W

32pi2

Oqcp is replaced by a quantum field, the
potential energy allows the field to relax to
near zero strength, axion as a
consequence
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Mass range for thermal DM
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Tools are important to make
theory — observables link !
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Tools are important to make
theory — observables link !
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large annihilation cross-section”

“CMB constraints on Dark Matter models with
) '09 Gallia, locco,Bertone, Melchiorri
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Tools are important to make
theory — observables link !

Feynman ) . (Matrix CEvents ) CDetector )
\ T (FAST/FULL
CalcHEP, CompHEP SVTHIA Detector
LanHER FormCalc,MadGraph, HERWIG Simulation
geAyR?EliljleS e G JSRET PGS, Delphes
Sherpa, WHizard Sherpa P P
CMSSW,

\ATHENA J

Q
\3,23’ Relic Density : :
? CColllder signatures )
DM Direct Detection
CmicrOMEGAs MadDM)
DM Indirect Detection

Analysis Frameworks:
CheckMate, MadAnalysis,

CMB constraint on ) Rivet(+Contur), GAMBIT, ...
<QoV>
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CMB constraint on <ogv>

'09 Gallia, locco,Bertone, Melchiorri

10 » secondary particles produced by DM
annihilation with z ~1000 affect the
107 process of recombination, leaving an
imprint on CMB anisotropies and
® 102 polarization
= E
% i « WMAP place constraints on<ov>
& 107 3 especially for models that exhibit a large
* : Sommerfeld enhancement Planck
10-26 :»Tﬁgrr:]al relic cross sectionxf(muons)g- improves ConStraints by at IeaSt one
" ] order of magnitude
10 D craenil o o el cpo el weed
1 10 100 1000 10000
m.(GeV)

* f(z) is the fraction of energy that is absorbed by the plasma at each z. Depends on
DM mass and annihilation channel

It is important to incorporate this constraint to micrOMEGAs and MadDM!
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The challenge is to evaluate thousands

Evolution of neutralino relic density

time evolution of number density is given

annihilation/co-annihilation diagrams by Boltzmann equation

dn/dt=-3Hn-(cav)(n® — nZ,

Packages: (o Av) = T
MicrOMEGAs(Pukhov et al), MadDM, DarkSusy, ISARED Q mass of the
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B relic density depends crucially on (o Av) is
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u i ‘n = -m/T - —10(3eV 2
universe cools: n = ngg~ € < __ 10 €
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Direct Dark Matter Detection

B Search for the recoil energy of a nucleus in an underground detector after
collision with a WIMP

DM DM
B Elastic recoil energy . © P .
2M?<NU2 2 \ /
Epn = cos“ 0 ~Sa %
my
B Minimum WIMP speed mnyEr X
required to produce VUmin = s reco;iling
a recoil energy 205 N \w

B The differential event rate (per unit detector mass):
astrophysics

/

dR P~ 3 do N
— d’ v X ) o 1
dEn  mymuy /wﬁmm V dE, ¢ daet(GD
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Direct Dark Matter Detection

B Search for the recoil energy of a nucleus in an underground detector after
collision with a WIMP

DM DM
B Elastic recoil energy . © P .
2M§<NU2 2 \ /
Er = cos” 0 ~a %
my
B Minimum WIMP speed mnyEr X
required to produce VUmin = s reco;iling
a recoil energy 205 N \w

B The differential event rate (per unit detector mass):

. astrophysics
dR L O'[]FZ(ER) 0 T](’U _ t)
dEr Qme;LfiN X 2 haointegral
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Power of DM DD to rule out theory space
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DM DD: uncertainties
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DM DD: uncertainties
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DM DD: uncertainties
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DAMA results, even being
controversial played a very
positive role:

boosted exploration

uncertainties in all details,
boosted low DM mass exploration
motivated robust cross check with
SABRE in opposite hemisphere
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Collider Searches

detector

Alexander Belyaev
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Collider Searches

Nothing!
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Monojet Signature

detector

Large .
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Can we test DM properties at the LHC?

Let us check the effects of DM spin on Missing transverse
momentum (MET) distributions at the LHC:

m et us start with EFT approach first — the simplest model-

Independent approach:

m Complete set of DIM5/DIM6 operators involving two SM quarks

(gluons) and two DM particles
m consider spin=0, 1/2, 1 DM
® mono-jet signature

m explore LHC discovery potential for scenarios with different DM

spins and potential to distinguish these scenarios

Alexander Belyaey  NE»& Towards the Consistent and Systematic Dark Matter Exploration
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Mono-jet diagrams from EFT operators
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DIMS5/6 operators (spin 0,1/2,1)

Complex scalar DMT Complex vector DM*
baq [C1]* ZLViVEge Vi~
Ag ﬁf)Tfo?I"}’ q [C2]™ =V, VFGivq (V2™
5 thorﬂ dgv" q [C3] 5 (VI vy — VYo,V igytq [V3]
[ S S P~ 5
2.;'51'“;}“ dgyH g [C4] 3:2 [Fidrtvi v drtvi)qi’}’“’}’ q [V4]
LS 6G G [CO) 2 ViVigiot q NG
N Lot oG Gy [C6]* A2 ViVugot g [Ve]
(Vo + v ar vl gyt [V7P]
Lz (vievv, V”a”v’* YgivH g [V7M]
Dirac fermion DMT e (VT YV, 4+ VY VT )qf-}r“f-}fﬁq [V8P]
- — . 5
A2 = y Fyv=y
XXV g [D3]™ ff " M{V' @v N V {;‘qu“? [W ]
v xav’q [D4]* Az e (vio, V + Vo V')f?’}’p:’}’ q [VI0P]
%zi"}’ N (DS5] Az etVPT(VEOV VY, — VYOV V] )givuy g [VIOM]
Alz XY "Tﬁxff’mq [D6] A_QV' V“GMGM [(vii]®
xt xq’nnf g [D7] LVIVEGTGpo [Vi2]"
1 —
1\12 JET j :EQT“ T 9 [DS] . * operators applicable to real DM fields, modulo a factor 1 /2
A2 xot X499 pvd [DQ] T Listed in J. Goodman et al., Constraints on Dark Matter from Colliders, Phys.Rev.
12 o VI.’}’SX{_?'G'.LLM q [D10] a D82 (2010) 116010, [arXiv:1008.1783]
A ¥ All but V11 and V12 listed in Kumar et al., Vector dark matfter at the LHC, Phys.

Hev. D92 (2015) 095027, [arXiv:1508.04466]
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Mapping EFT operators to simplified models

Scalar

1, y y 5 5 & medlator ¢+ SDM
C5,C5A 73z¢ oG G™ ab PGHY GHY P > <.
PHO hN
8 s Spwm
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Mapping EFT operators to simplified models

Scalar
. & medlator ¢ SDM
C5,C5A 3@ OGH G 4T G G —— se=’
g PO \\ B
1 L q —p—1—> X DM —
D1T-DAT 12 XIIX —p 5\ Sscalar
1 mediator
q g—1 X DM
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Mapping EFT operators to simplified models

Scalar
) & mediator., < Spm
C5,C5A F PTG G cb PG G —— >e <
£ o° \‘ Som
1 o Y ——— XDM
DIT-DAT ;2 X44X —B oo ek
1 mediator Vector .
| g 1 —< X DM < mediato;r' Som
(2 sk * — ¥ %
C3 F[Cb (8}1,@ - (aﬁbgb )Cb]qﬂ)"l q > q Ve "~ Spm
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Mapping EFT operators to simplified models

Scalar
1 o & mediator., + Spm
C5,C5A [z @ ¢G"G* cb PG G —— 3¢ =
g PO \\ S
1 - Y ——— XDM b
DIT-DAT A2 X94X —B g Scalar
1 mediator Vector .
. q ——L—<— XDM ! mediator - 22
(2 sk * — ¥ %
C3 F[Cb (6}1,@5 - (a)u,cb )Cb]qﬂ)ﬂl > q Ve "~ Spm

Vector Scalar

1
Dl'D4, D5-D8 F)_(’}/“Xqﬁ}/ﬂq A2 Xqu W }edm{
dHo
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Mapping EFT operators to simplified models

Scalar

1, g g y S & medlator ¢ SpM
C5,C5A 3@ G GH o G G — o
PO \\ )
1 L q —p—1—> X DM s Spm
D1T-DAT FXQC]X —P> 5 | Scalar
1 mediator Vector .
_ q : s Som
. q it X DM mediator -
l * * — L ~
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1 r_-_ e Scal
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_ Vo _XS
q X DM 7 D X DAt
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A2 A2 _> %_(:
q o0 N Som
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Mapping EFT operators to simplified models

g Scalar Skt
1, medlator =
C5,C5A 3@ OGH GH 4" G — o
PO \\ )
1 L q ——T> X DM = Spm
D1T-DAT FXQC]X —P> 5 | Scalar
1 mediator Vector .
(i o IAS
q it X DM mediator - 2
?: * * — L ~
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1 r_-_ e Scal
D1-D4, D5-D8 73\ X070  RZXXAL  "pediaoy” "y mediatoy” *
_>.<_
> q v e q b X DM
1 - v — Scalar
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_ PO .
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NVX TV pd — XYY X )
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c1.C2

Missing E_ (MET) distributions: |- - ciacza ¢ 1ar
the Iarge range of slopes oo o DM
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¢ With the increase of M(DM,DM), MET slope decreases (PDF effect)

Properties of MET distributions:

¢ MET distributions are the same for the fixed mass of DM pair [M(DM,DM)] & fixed SM operator

pp — DM DM + jet, LHC@13 TeV m . .
e 1§ M(DM,DM) = 500 GeV —— M(DM,DM) = 1000 GeV Eqb Pqq C1]
Q B - - C1 - = C3 - - C1 - = C3 1
g i D1 . -~ DS D1 D5 L - -
. - V3 eee Vi eese V3 A2 XX49 .Dl.
— - ik M - -
? ; A2 V Vg V1)
Em" ;
T 10 - 1 T
5 : 12?19, $q7"q [C3]
: _ L _ o,
— sy A2 X7V Xq7uq  [DY]
C "-A‘z
: - L
10 i PR RN RN N TN TR TR N TN NN N Y ST SN TR IS SR TN SO N h | 4 | A2 XO_ qu-/,l,l/q [Dg]
200 400 600 800 1000 1200 1400 " N
mlss (GeV) —A2 V V,,Q’LO' q [V5]
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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)

g
g
Small
M(DM,DM)

|

P_(g) small — P_(g)large

- A (x1x2)/(x1x2) is large
and MET slope is steep
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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)

g
g
Small
M(DM,DM)

|

P_(g) small — P_(g)large

-3 A (x1x2)/(x1x2) is large
and MET slope is steep

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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Application to SUSY Compressed Mass Spectrum scenario

¢ The most challenging case takes place when only x°, , and y*are accessible at the
LHC, and the mass gap between them is not enough for leptonic signatures

¢ The only way to probe CHS is a mono-jet signature
[ “Where the Sidewalk Ends? ...” Alves, lzaguirre,Wacker '11] ,
which has been used in studies on compressed SUSY spectra, e.g.
Dreiner,Kramer, Tattersall '12; Han,Kobakhidze,Liu,Saavedra,Wu'13;
Han,Kribs,Martin,Menon '14

detector

Large
mlssm iah P_iet
P.(2x°) g¢ L

A
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Signal vs Background

¢ but the difference in shapes is

¢ difference in rates encouraging: large DM mass — bigger
IS pessimistic ... M(DM,DM) — flatter MET
PP—VV]j VS. pp—yxl PP->VV] VS. pp->xX]
g 10° — Background 1 :I=r — Background
2 107 e 1=93 GOV E - 1=93 GeV
S of S and BG - - u=500 GeV 10 E - - n=500 GeV
RRL= number of events for 107
10* 100 fb"
102 _ g 10 Ef T
10 - = _
) T — 10°® E T
10 T e 78 normalised signal and Zj
e T " & background distributions
& 500400 600 800 1000 1200 1460 1806 1300 3000 1070500 400 500 500 1000 1200 1200 1600 ‘1800 2000
F’( eV) P, 1(GeV)

Signal and Zj background p_distributions for the 13 TeV LHC
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LHC/DM direct detection sensitivity

LHC13 20 contour (M1>0) LHC13 50 contour (M1>0)
D e s e e e el e G e [ G G 7 B L e e P e e o e e e e e
30k 1 30F 5
258 ] 25F ;
> 20F i o 20F —
) - O, E
= L § = - ]
= 15| e, = 158 e,
- H\\ - r‘?%) %\\ J%
10} . ] ] 7. ]
B \\\ : : \\ -E;, :
5¢ : 5¢ :
D:LII-[CIJ.EI 100 Elb'lj‘l:?,%lj . II_.HICI?}E‘E Iabl":'I{E?s} IIIIII i O:  LHC13 3?‘?.1:.'.1{:535; IIIIIIIIIIIIII
20 100 150 200 250 300 50 100 150 200 250 300
m, o [GeV] m, o [GeV]

AB, Barducci,Bharucha,Porod,Sanz JHEP, 1504.02472

* SUSY DM, can be around the corner (~100 GeV), but it is hard to detect it!
* Great complementarity of DD and LHC for small DM (natural)SUSY region
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Spectrum of Theory Space

Less Complete

Tim Tait’s sketch

Effective Field Theories

Models

Simplified
Models

~ ~ o
v .
Higgs ~
portal “u
UV Complete
Models
Sketches of Models
Little
Higgs More
Complete
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Spectrum of Theory Space

Less Complete

universal building
block for complete
models

Effective Field Theories

Models

Simplified
Models

Minimal
Consistent
Models

UV Complete
Models

Little
Higgs More
Complete

Sketches of Models
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Minimal Consistent DM (MCDM) Models

Properties
B gauge-invariant
B renormalisable
B anomaly-free
B can also be a building block
of a bigger theory (e.g. SUSY)
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Minimal Consistent DM (MCDM) Models

Properties
B gauge-invariant
B renormalisable
B anomaly-free
B can also be a building block
of a bigger theory (e.g. SUSY)

Classification is important
for systematic DM
exploration

B DM is a part of EW multiplet

B at most one mediator multiplet

B very important for consistent
exploration of DM theory space

Z,0dd or even

v

spin »Y?™ isospin
i Xy‘ hypercharge
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Minimal Consistent DM (MCDM) Models

Properties
B gauge-invariant
B renormalisable
B anomaly-free
B can also be a building block
of a bigger theory (e.g. SUSY)

Classification is important
for systematic DM

exploration
® DM is a part of EW multiplet

Spin of
Dark
Matter 0 1/2 1
Spin of
Mediator
spin 0 even mediator §{f.5'{;, ﬁ}{SO' f/u'{:S{/’,
spin 0 odd mediator g{fg o Ey5e ﬁ{;S{f V{;g 2

spin 1/2 even mediator

B at most one mediator mUItlplet spin 1/2 odd mediator g{ﬁ}‘; §{/ﬁ§r2‘ ﬁl{ﬁ’;iﬁ ﬁ{ﬁg, lﬁé{ﬁ{;ff
B very important for consistent
eXplorat|On of DM theory space spin 1 even mediator §§VD’” E’f;VD’” VJVJ:
Z,0dd or even
+ spin 1 odd mediator % 17;: ﬁ{ 17;: ﬁ{ 17;::‘3 17';' V;:
. APl H H
spin > X% isospin
Y=< hypercharge G.Cacciapaglia, D.Locke, A.Pukhov, AB to appear
Alexander Belyaev NEJ- Towards the Consistent and Systematic Dark Matter Exploration 46




L

Cirelli,Fornengo,Strumia hep-ph/0512090 (Minimal Dark Matter) qp — wO

DM multiplet only [N
— i@/YMDulb — mD?;??D ¢:+

(.Y)={0,0, {%,"%}, {1,0} P

Z,forbids yukawa couplings

{0,0} — no gauge-interactions — invisible to direct detection \ e )
and collider but over(under) abundant if thermal (non-thermal)

Y £ 0 (Dirac DM) Is excluded by direct detection or

requires additional sector — which splits the mass of ¥

Radiative mass split — very important for the phenomenology
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The role of loops in DM

D D D DJ/D D

—43 ATF /!
10 XENONL1T } 10 e
1078 !
_ ; 5 Y n
8 ] : |
c 102 : DM DM
S _ =
u 10_10'5 3
o ] wn
G ] o
c E o
S 1071 4 5
g- § ¢ ¢
o ] o
= 107124 < DM DM
= ] =
- =
N — n=3, y=0 ' &
10713 ' — =5, Y=0 — Dirac ' 10~
n=2,Y=1/2 == PseudoDirac -
J =— n=4,vY=12 aaam Pure Majorana }
].0_14 T T T LI B B N | ™1 10—50
101 102 103 10* 1 1
MD [GEV] _ . . .
Y=0 minimal candidates may be
G.Cacciapaglia, D.Locke, A. Pukhov AB to appear (preliminary) discovered or ruled out at next
generation of DD experiments
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Radiative mass Split
simplest models with Y>1/2 are excluded

.- 2Y (Q) — )
m JIQ o ﬂfQ’ ‘-mD>>-mW ~ ¢ am’IT [(Qz o 'Q,Q) + (-2 -2 )]
> - - 2(1 +cw)

¢+

pr Yy

500 F

100}

7 Excluded above these masses|

/ 1 |
.’ Z—-D*"D Y > 5 is excluded;

Mq - My [GeV]

CW

20

15
1.0

05

0.0

Y=1/2,Q
3 2 1 -1
If"/’fu ra—— —r— L L e
0 100 200 300 400 500
mp [GeV]

Left: maximum value of mj above which the lightest particle has charge Q = -1 for various values of Y

Right: spectrum for a generic multiplet with Y = 1/2, with mD < 570 GeV.
The vertical line shows m_ ~ m_/2, below which the model is excluded by the Z decays
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Long Lived Particles (LLPs)

B | [ Ps appear in the minimal DM models D™
with DM being the part of the EW D° | — AM=Mps — Mp ~ My
multiplet: the radiative mass split of D~
charged and neutral components is — | (O Q)
of the order of pion mass Mg — Mol sy = 0+ o) [(02 - Q")+ (H '
® The hypercharge of the mUItiplet Cirelli, Fornengo,Strumia 2005 (scalar and femion DM)
® a) should be zero, otherwise the the model
is excluded by DM DD constraints from Z- AN — Sgt (Mw — ¢y Mz)
boson exchange 327
| b) or neutral component (D|\/|) of the AB, Cacciapaglia, McKay, Marin, Zerwekh 2018 (vector DM)

multiplet should be split by additional
(e.g.Yukawa) interactions, which eliminate D+ — DO7T+ is the dominant decay, D*is LLP
DM-DM-Z

= ¢) multiplet for non-zero hypercharge can
not be large — negatively charged
component becomes the lightest particle

This small mass gap
(~ pion mass)
provides
disappearing track
signature
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D* (charged partner of DM multiplet) decay

® D" life-time should be properly evaluated using

W-pion mixing

(otherwise overestimated by factor of 10)

B —

Ei2HDM

D+Dn—

ﬁl\fIFDM

D+Dx— — —

[:M SSM

D+Dr— —

L:VD M

D+Dr— —

U'Jrc)’“'r + h.c.

9  Ix
Jﬂfua
J frr

44/2M3,

g fr

(pp — P}) * Pr-

IENCIVE R

gdfw

2V2M3,

cos(0pp, )Pl -

D

Pyt
T +

|D"Dn~ +he.

D7+*Dx~ 4+ h.c.

ct (cm)

10% ¢
102}

10t |

(1D = P )" 9" = Py + i 9] e D3 Dy

AB, Prestel, Rojas, Zurita [arXiv 2008.08581]

— Vt 5 VOt |
Vt 5Vt ud |]

200 400 600 800 1000
My ( GeV)

D7 (g, Pr + gpy"' Pp) D~ + hec.

7 + h.c.

Alexander Belyaev

NE><-

Towards the Consistent and Systematic Dark Matter Exploration 51




Using DT to probe minimal DM models

We apply our validated analysis to minimal consistent models
B Scalar: Inert two-Higgs doublet model (i2ZHDM)
Minimal Fermion Dark Matter model (MFDM)
Vector: Minimal Vector Triplet Dark Matter model (VTDM)

B Two classes of processes: D*D- and D*D%D-D° production
mediated by s-channel Z/y and W*/W- respectively

(a) pp — XTYJ (b) pp — xixTJ
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Tools to Study Disappearing Track Signature

B The strategy used [arXiv:2008.08581]
m | anHEP— CalcHEP (LHE) — PYTHIA 8.245 (Latest CKK merging) — Delphes 3.4.1 — analysis
code
= LanHEP/CaclHEP: i2HDM, MFDM, VTDM models with the correct W-pion mixing, models are public at
HEPMDB https://hepmdb.soton.ac.uk/ (0820.0330, 0820.0329, 0820.0331)
= PYTHIA 8.245: improved CKK merging (Stefan Prestel)
= Delphes 3.4.1: ATLAS card, in particular, to simulate correctly MET from visible ET leptons and jets
= analysis code (Felipe Rojas): implements ATLAS cuts and efficiency “heatmap” for tracklet ID,
evaluates efficiencies and limits for general models
m  Validate our code by comparing with ATLAS limits
®  Find new limits for generic DM models with spin 0, 72, 1
®m  Provide publicly the code and efficiency/limits map in (MDM-t) plane
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Using DT to probe minimal DM models

Scalar: Inert two-Higgs doublet model (i2ZHDM)

Minimal Fermion Dark Matter model (MFDM)

Vector: Minimal Vector Triplet Dark Matter model (VTDM)

Cross section and Transverse momentum distribution hierarchy: VIDM — MFDM — i2HDM
defines the respective hierarchy of the efficiencies and the LHC sensitivity

—_ -+ - -
LHC@13TeV pp-»D*D~/D*D° pp— DDj, pT(j) > 100 [GeV] for M _, = 400 [GeV]
—-—=N\TDM /0 _ 1=
N VTDM V+V— > = VoM
Y 3 F i
1 —==-MFDM x*x° N T — i2HDM
104 e R N LELLLL L MFDM x+x_ 'E_ 107 E
] ——MFDM x*x° + x*x~ T F
103 4 ———-i2HDM D*D; , S
— E N T CETTTLE i2ZHDM D*D~ =10°? =
q.g 102 :._ —i2HDM D*D; , + D*D =
5 f . | B
101_5 10 E_
10° 4 I
E 0 e
1071 4 -
10—5||||||||||||||||||||||||||||||||||||
102 : : : : [ 0 200 400 600 800 1000 1200 1400 1600 1800 2000
200 400 600 800 1000 o pTD [GeV]
Mpe (GeV)
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The power of DT for DM probe versus mono-jet limits

D*D° D*D¥ production

® New DT limits for DM models with 101
different spin

B The limits are well beyond those
from mono-jet signature analysis for

100_
T~1ns
w
£
Models Mass (GeV) |tau (ns) S w000 s 300 152
i2HDM 237 0.5 10-1. oot
MEDM 436 0.9 300 fo?
VIDM 822 0.7 *L 2HDM
WINO 587 1.0 o
— \/TDM
_2 : : ‘ ‘ : : : :
m VIDM - MFDM — i2HDM 10 100 200 300 400 500 600 700 800 900 1000
hierarchy is defined by CS and PT Mp- (GeV)

AB, Prestel, Rojas, Zurita [arXiv 2008.08581]
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1/2M0

1/2

Z2 odd

. 4 isospin

o y\
hypercharge

 ILC:
D.Locke,
A.Freegard,
|.Ginzburg, T.Hosken,
A.Pukhov, AB (to appear)

* Drell Yan, VBF:
U.Blumenschein,
A.Freegard, S.Moretti, AB
(to appear)

Minimal fermion DM model
+Mediator

Spin of
Dark

Matter 0 1/2 1
Spin of
Mediator
spin 0 even mediator g{/SP; ﬁ{;SO’ ﬁ’{:SF;
spin 0 odd mediator g{,.g;{;; ﬁi{gf;, f’{;ggf ﬁg‘;gg,
spin 1/2 even mediator
spin 1/2 odd mediator g{;ﬁ'{: g{/ﬁl‘;‘f Fl F;:illx/% 17}‘;?}{', f’%f‘{;ﬁ
spin 1 even mediator g{, V{)P f'}‘; VDP @'V}ii
spin 1 odd mediator SLVE By Py Vs
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1/2 0
1/2M

Minimal fermion DM model (MFDM)
gives 2/3 -lepton signatures at the LHC

Lrpy = Lsyr + (D — my)

1

+ =x0(id — ms)Xy — (Y ($@x5) + h.c.)

2

_ X o : :
Y= (L (X? i ixg)) , additional Majorana singlet

V2

fermion xg

Z
D3 /D

wt

D, /Dg

D1/D3/Dg 77" <91/D3

[Mp1,AMpy, AMps3]

only three parameters (effectively two for the LHC)

Alexander Belyaev
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FY2 070 Minimal fermion DM model (MFDM)

1/2 gives 2/3 -lepton signatures at the LHC
Lrpym = LiSM + (i) — my)Y
+ 5x3(id — mo)xs — (Y (92x;) + h.c)
X-l-
=11 /.0, ;0| ,additional Majorana singlet
% (i +9¢) fermion Xg
VA
D3/ D)
D, /D3

w+
D/ DglDg e
1/P2/Ds3 <D1/D3

[Mp1,AMpy, AMps3]

only three parameters (effectively two for the LHC)
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F1/2 370 Minimal fermion DM model (MFDM)
1/2 gives 2/3 -lepton signatures at the LHC
Lrpy = Lsy + Y1) — my)y
1 = " 0 i 0
+ §X(sj(?’a - mS)XS o (Y(QP(I)XS) Tr hC)
pp —£/24/3L + DM,DM, £=13.3 fb~!
xt MFDM 13TeV: p,p, 2+~ + EMisS, AMps; = 10 GeV
=1 1 ( 0 5 a , additional Majorana singlet C
7 \X1 -t 2)(2) . 0
fermion x, :
Dy DY ,,, =5 *0
z z e
D3/ D1 D s om omom R
+ ] s i
w+ = D1/Ps 5 W 10 <
Py fi0n f Dy e
L/ P2/ D3 <Dl /D3 0.5
[MDI'; AMD-I—; AMD3]
0.0

40 50 60 70 80 90 100110120130140150160170180

only three parameters (effectively two for the LHC) Mo, (GeV) U.Blumenschein, A.Freegard,
S.Moretti, AB (to appear)
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F1/2 370 Minimal fermion DM model (MFDM)
1/2 gives 2/3 -lepton signatures at the LHC
Lrpy = Lsy + Y1) — my)y
1 = " 0 i 0
+ §X(sj(?’a - mS)XS o (Y(QP(I)XS) Tr hC)
pp —£/24/3L + DM,DM, £=13.3 fb~!
xt MFDM 13TeV: p,p, 2+~ + EMisS, AMps; = 10 GeV
=1 1 ( 0 5 a , additional Majorana singlet C
7 \X1 -t 2)(2) . 0
fermion x, :
Dy DY ,,, =5 *0
z z e
D3/ D1 D s om omom R
+ ] s i
w+ = D1/Ps 5 W 10 <
Py fi0n f Dy e
L/ P2/ D3 <Dl/D3 0.5
[MDI'; AMD-I—; AMD3]
0.0

40 50 60 70 80 90 100110120130140150160170180

only three parameters (effectively two for the LHC) Mo, (GeV) U.Blumenschein, A.Freegard,
S.Moretti, AB (to appear)
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MFDM Results

pp—4/21/31+ DM, DM, £=133 ! pp —4/22/3¢ + DM, DM, £=13.3 fb~!
MFDM 13TeV: p,p,f*1~ + E™SS, AMp3 = 10 GeV MFDM 13TeV: p,p,L*{~ + EJS, AMp3 = 10 GeV

35

9]

(%)

(=]
B

11
(31
o

i
B

30

25

- 1.5

20

OpmiOos
= opm/Ogs

T
L
]

r

AMp, (GeV)

15

&JHD.'_ (GeV)
ot
(¥, ]
o
i
o
r
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20 LL‘“ .. 0 L T T 1 1 T \ T 1 1 T 1 1 L 1
18 S M T o 40 50 60 70 80 90 10011012013014015016017018
40 50 60 70 80 90 100110120130140150160170 180 Mp1 (GeV)

Mpi (GeV)

e As AMp3 increases. coupling between D1 — = increases, while heavy D3 leads to suppressed
production cross-section - ‘no-lose’ theorem
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MFDM Results

pp - £/2L/3f + DM,DM, £=133 fb!
MFDM 13TeV: p,p, £ *1~ + EMs, AMps = 100 GeV

pp = 1/20/31 + DM, DM, £=13.3 fb~!

40
! g o W 2
g 1 u wooEr = 30
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e With increasing AM p3, Higgs to invisible limit covers larger M p1 upto Mp1= Mp/2
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10° 4
104 E

103 4

102

Events / Bin

107!

10 A

S

O_

Decoding the nature of DM at the ILC

muon spectrum from the models with scalar and fermion DM

101 3

100

T Onshell (BP1) Signal (SDM)
1l z;e = 500fb 1 Signal (FDM)
[—1 BG1
i S  — BG2+BG3 (SDM)
BG2+BG3 (FDM)
E 1 BG4
1 -

e+e- - D+ D- - DM DM W+ W- - DMDMjjuv

—_ Benchmarks

Parameters . BPI
Mp 60
My 160
Mp, 160.85
[2HDM parameters
/\345 6.5 x 10_4
A2 1.0
DM observables
)2 SDM 0.111
FDM 0.108
o% [pb] SDM G.lz X l(}:i
FDM 1.67 x 10

-1.00 -0.75 -0.50 -0.25
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AB, Ginzburg, Locke, Freegard,

Pukhov preliminary
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EYSY(CP — odd)

Minimal fermion DM model
with pseudo-scalar mediator

new model, has not been explored previously

Z2 odd
% two-component DM model (pseudoscalar is accidentally stable)
Y . isospin
(2
X Spin of
/( y\ Dark
spin hypercharge Matter 0 1/2 1
Spin of
Mediator
spin 0 even mediator g{,S{;, R‘;S@F ?{;S{/’,
spin 0 odd mediator g{,g{;, F{:gfj, ﬁ'ﬁﬂgﬂf ?ﬁgff’,
spin 1/2 even mediator
spin 1/2 odd mediator g{;ﬁ}‘:’, :S'U{;ﬁ{:f ﬁ;ﬁ;ill//é I‘%{F‘{T/Z ﬁ{ﬁéf;c
spin 1 even mediator g{/ VOI ] ﬁ){ VD‘]r ’ I?;Vlf:
spin 1 odd mediator 5{ 173‘;: F{ 175: ﬁéﬁ;:r ?;‘7;:
G.Cacciapaglia, D.Locke, AB arXiv:2104.xxxxx
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EYSY(CP — odd)

new model, has not been explored previously

Minimal fermion DM model
with pseudo-scalar mediator

Z2 odd
% _ _ two-component DM model (pseudoscalar is accidentally stable)
Y 4 isospin
3
X Spin of
/_( y\ Dark
spin hypercharge Matter 0 1/2 1
Spin of
)\ H -I- Mediator
. 7.0 a 2
L: D ZYID ij’)/ /L’b 4 |a ‘ ¢I{ ¢<_I spin 0 even mediator §{,S{:, ﬁ’}fS{ f’E{S{/’,
. ? SM Hi S spin 0 odd mediator gfzg{:, Fég{j, ﬁi{gy-{f ‘7}{5:{/’,
F_ermlon DM pseudoscalar 99
Singlet doublet
* a does not acquire VEV — no linear coupling to Higgs | spin 1/2 even mediator
e M,y < 2m¢, - “secluded DM" spin 1/2 odd mediator 5{,&{1 §{;ﬁ§f,€ ﬁ‘;ﬁ;fl//; I‘}fﬁ’{’, ﬁ{ﬁéic
* Model implemented in LanHEP, and numerical scan
performed using micrOMEGAs. ; _ _— i —
spin 1 even mediator S{- VDI F)‘L VD‘r V)ftV)f,
4 relevant parameters: spin 1 odd mediator SLVL v v Ve
M, Yoy, Mg, AgH
G.Cacciapaglia, D.Locke, AB arXiv:2104.xxxxx
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Alexander Belyaev




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

(co)Annihilation channels

Mg +mp  3Mmpy
> _a > ~
my = 9 ~ A 90GeV
/
4 >
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e Y
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Minimal fermion DM model with pseudo-scalar mediator:

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

Xenoni1T vs LZ exclusion

H-=inv) <11%
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Minimal fermion DM model with pseudo-scalar mediator:

Xenoni1T vs LZ exclusion

Qith? <0.12 & LZ & BR(H=inv) <11%

Qith? < 0.12 & LZ & BR(H=inv) <11%
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Minimal fermion DM
non-thermal ¢
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Decoding Problem: Data — Theory link

B probably the most challenging problem to solve — the inverse problem of

decoding of the underlying theory from signal
* requires database of models, database of signatures
* requires smart procedure based on machine learning of matching signal from data
with the pattern of the signal from data
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Decoding Problem: Data — Theory link

B probably the most challenging problem to solve — the inverse problem of

decoding of the underlying theory from signal
* requires database of models, database of signatures
* requires smart procedure based on machine learning of matching signal from data
with the pattern of the signal from data

B HEPMDB (High Energy Physics Model Database) was created in 2011

hepmdb.soton.ac.uk
* convenient centralized storage environment for HEP models
* it allows to evaluate the LHC predictions and perform event generation using
CalcHEP, Madgraph for any model stored in the database
* you can upload there your own model and perform simulation
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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
= sensitivity is highly dependent on mass-split
= rich phenomenology, complementarity of DM DD, collider signals and relic density

= Data — Model link is missing, time to work on it (HEPMDB might be useful)
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Thank you!
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Topics For Discussion

B \What is your favourite model?

B In which experiment you would expect DM to be discovered first (and when)?
B How we can explore the full theory/parameter space of DM models?

B \Which tool (or its part) for DM exploration needs to be developed further?

B \What is the biggest model building problem related to DM?

B \Which experiment is missing?

B Your topic for discussion goes here
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Backup slides
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Details on DT studies
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Public source for the interpretation

B The reinterpretation code is public at https://github.com/llprecasting/recastingCodes/
[reads root file after LHE— PYTHIA — Delphes simulation]

B Tables of efficiencies and limits in MDM-t plane allow to quickly find the reach for your
own

tau Mass (GeV) tau Mass (GeV)

(ns) 100 200 300 400 500 600 700 (ns) | 91 200 300 400 500 600 700 800
0.01 1.37e-06 1.90e-07 5.64e-08 1.86e-08 1.17e-08 2.59¢-11 2.41e-09 0.01 {968.4 10390 63800 318700 1.44e+06 4.17e+06 2.08e-+07 1.993e+09
0.02 |2.31e-05 9.19¢-06 4.13¢-06 2.26e-06 1.46e-06 6.29¢-07 3.84e-07 88? {fﬂé Zjﬁ; é:;% féié 1;;2340 33192;(? 6:02540 121712;60)
0.03 [8.6Te-05 5.20e-05 3.10e-05 2.06e-05 1.43e-05 8.99e-06 6.72e-06 0.04 170.91 142.5 293.7 4825 768.2 1179 1909 9814
0.04 |1.90e-04 1.43e-04 1.02e-04 7.52e-05 5.61e-05 4.06e-05 3.24e-05 005 |58.26 97.35 173.7 259.1 377.6 538 797.9 1107
0.05 |3.19e-04 2.83e-04 2.27e-04 1.77e-04 1.42e-04 1.10e-04 9.33e-05 0.06 [51.03 74.99 120.8 167.5 2973 305.9 4278 568.8

efficiencies Limits in fb

= available at zenodo https://zenodo.org/record/4288736
(thanks to Sabine for idea about zenodo)
= efficiencies for separate channels of D*D- and D*D%D-D° production

are important for more general interpretation — being produced now
(thanks to Felipe Rojas)
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Minimal fermion DM model with pseudo-scalar mediator:
rich phenomenology: relic density, DD, colliders
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MFDM parameter space: the current status
MO =1 GeV MY =100 GeV

102 102
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