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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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Inert 2 Higgs Doublet model
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Benchmarks and tools

.71
.06

* N_gamma
* Upsilon

® CalcHEP+PYTHIA8+Delphes3 ISR scale = 1.00E+00*sqrt$
Beamstralun ON
B |SR+Beamstrahlung (CalcHEP) Bunch x+y sizes (mm)= 500.0
Bunch lenght (mm) = 0.300
ILC 500 Gev design (from ILC TDR) Number of particles = 2.0e+10

Benchmarks Beamstrahlung F(x) plot
Parameters BPI BP2 Beamstrahlung F(x)*%l—x)“(2/3)
Mp 60 60
M, 160 120 ® MicrOMEGAs
Mp, 160.85 120.85 ® relic density
PHDM parameters m DM DD and ID detection
— 1 ® |nvisible Higgs decay
Azt 6.5 %10 7.0 10 (under control — the small
A2 L0 1O value of Mp2 — My split)
DM observables
) SDM 0.111 0.112 m CheckMATE
{th FDM 0.108 0.109 = test against LHC current
7 rop] | 9D 617 x 1017 | 6.17 x 107 13 limits
sttPPL DT 1.67 x 10-17 | 1.65 x 10~ 1T
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The process under study
ete” = D™D — DiD\WT™W ™~ — D,D,q¢ qui
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= /5 Isfixed (up to ISR+BRM effects)

can be reconstructed: i, S

Observables
ete” = DYD™ = DiDIWTW ™ — D1Diq' quv

® Di-jet + muon + MET signature

M

Missing transverse momentum, El
charged lepton energy (muon), E,U,
angle of reconstructed W-boson

in the LAB system, COS Oy

the energy of W-boson reconstructed
from the di-jet pair, Ejj

The cross section itself,

which includes spin factors

(

104

103

Events / Bin

1071 4
1072 4

1073 4

50

wll=

0_

102 4
10! 4

10° 4

9
V5,0,0,0) =) P)

VLS

i[Onshell (BP1) Signal (SDM)

H £ = 50001 Signal (FOM)

3 [ BG1

_ BG2+BG3 (5DM)
3 BG2+BG3 (FDM)

[ BG4

0 100 200 300 400 500
Mmiss[GeV]

Alexander Belyaev NE& Decoding Dark Matter at future e * e ~ colliders o]



0.012

0.010 A

GeV1]

= 0.006 -

do/dE,,

1

0.002 -

0.000

o
o
o
o
1

> 0.004 A

W-boson and charged lepton energy distributions
6+6_ — D_'_D_ — D1D1W+W_ — Dlqu/CﬂLﬂ
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B \W energy distribution
(from D* decay) have edges

+) /A rx D 5 D
Eé@r ) (J[ W) =YD (EH,F + ,.iijHf)

which lead to kinks in muon energy
distributions

A(—) ~(—)y2
E(i) o L W + \/(EH-” ))
T 9

B between these kinks distribution is
approximately flat

— M3,

B the positions of the upper edge of
the di-jet (W) energy distribution and
the lower kink in the muon energy
distribution give two equations to
determine M, and M+
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Kinks and M_ and M, determination

P —— Mp=60GeV 1201 —— Mp =60 GeV
1807 Mp = 80 GeV Mp =80 GeV
—— Mp =100 GeV I —— Mp =100 GeV
160 b © 1007 '\ D J_
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m Either of two edges in E(W) or in E(muon) distributions can be used to determine M, and M+
B For certain D* and DM masses, edges either in E(W) or in E(mu) can overlap
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Kinks and M_ and M, determination
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m Either of two edges in E(W) or in E(muon) distributions can be used to determine M, and M+
B For certain D* and DM masses, edges either in E(W) or in E(mu) can overlap

B But the edges in E(W) and E(muon) never overlap simultaneously:
if distance between edges in E(W) distribution is small, the distance between edges in E(mu)
is maximal and vice versa — so the M and M+ can always be determined
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The role of the ILC in decoding the spin of DM
e+e- > D+ D- - DM DM W+ W- - DMDM jjuv

1 — cos® fps, for SDM
SIG:etTe~-»D*D-->W*DW~-D // BG:ete " -»W*TW-~ do
oC ’
— — , s—4M2
—— BGL  (0=8.1pb) FRlCRIE e + q—ig cos? §p=. for FDM
—— FDM BP1 (0= 0.48pb) s +4Mz
----- SDM BP1 (o =0.061pb)
—— FDM BP2 (0= 0.50pb)
1004 4 0 SDM BP2 (0 = 0.087pb)
E PP PPPIPR FDM
-té ﬁ ____=..-..-r"'"
o . VWV
= ~. 7 s
~ S /s
é: » ~ -1
-1 ) SDM L - o e VAVAVAVAVAVIR s Po
101 ®m  The angular W-boson distribution
] (either for real or virtual W) is found to be
1 1 . [ r r . . very important discriminator between DM
—1.00 —-0.75 —-0.50 —0.25 0.00 0.25 0.50 1.00 spin as well as the main BG
CcoSBOy =
B The shape of angular W-boson distribution
AB, Ginzburg, Locke, Freegard, Pukhov arXiv:2112.15090 is the same for two benchmarks for DM of
the same spin
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Signal vs BG analysis

o oo S SMBG cut flow
101 — 22;363 (SDM) Cut BGl BG4 Br “B;
104 se2+8G3 ;M) Parton Level 6.600 x 10° 1.947 x 10* 6.795 x 10° —
£ 19 = Reco Level 2.921 x 10°  1.842 x 10* 2.939 x 10° 0.433
PR - Myiss > 170 | 4.053 x 107 4.881 x 10>  4.101 x 10* 0.140
g Ej; < 200 3.718 x 101 2.993 x 10 3.748 x 10 0914
o = [cosBj;| < 0.9 | 1.902 x 10" 2.332 x 10> 1.925 x 10* 0.514
o ] W [cosf,| < 0.9 | 1.456 x 101 1.981 x 107 1.476 x 10* 0.767
10! ! Cutflow for the SM BG (BG1 and BG4), which are BP independent
Lo (84ys) for the 500 fb~' BP1 cut flow
07 0 1£|)0 200 3£I)U 4(I)U 500 SDNI (S B ) 5
MmissGeV] + Dy a(Ogys
Onshell (BP1) CZZ3 Signal (SDM) cut > =S B” “Bu BI Q'(O) ( &u(%ol)
10° 5] £ = 5001 1 Signal (FDM) Parton Level | 4519 x 10° — 1655 — 0.007 5464 0589
10° 4 T Be2+863 (50M) Reco Level 2185 x 103 0484 1256 0759 0007 4016 0623
109 BG2+8G3 (FOM) Mpmiss > 170 | 2182 x 103 0.999 1252 0.996  0.054 1050 3411
£ 1 == Ej; <200 | 2182x10° 1.000 1249 0998 0059 1096  3.663
5 0 lcos@;| <09 | 2132 x 10*° 0977 1064 0.852  0.111 1458 5921
g s |cosfy| < 0.9 | 2027 x 10* 0951 9.587 0.901 0.138 1565 6816
l:’ FDM
1023 Parton Level 3556 x 102 — 1540 — 0.052 4206  4.448
100 ] Reco Level 1.848 x 10*  0.520 1.185 0.769  0.063 33.06  5.017
L Mmiss > 170 [1.845 x 10* 0999 1.174 0.991 0450 7567 2201
“Jo 11 Ej; <200 1.844 x 10 1.000 1.168 0.994 0492  78.00 23.18
107+ - e — — 4 |cosfj;| <09 |1.651 % 10* 0895 0946 0.810  0.858 87.30  30.20
£, (Gev] |cosB,| < 0.9 |1.542 x 10* 0934 0.851 0.899 1.045 88.77 3243
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Signal vs BG analysis

107 -
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8 lecme—mmT - VS + B+ d5ys(S + B)
> 107 5 -
[~ I L
_g Luminosity required for discovery (at 5)/fb~"
° a(0) «(0.01)
[®]
L 10! - BPI1 | 51.1 149.
) ] SDM BP2 | 117. 789.
BP1 | 1.59 1.95
FbM BP2 | 5.21 7.25
10° -
1071 10° 10

Systematic error [%]
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170

Mass determination

%102

* Xin ﬂl..nt= 500fb-1 i — SIG (FDM)
BP1 2.5 !'9! 596 ! E?f .
B My —Mp < My D= | — Fit function — —
165 - M’+— 158.6 i 500fb 1 20ab 1
P 0] 1 [ : FDM Mp | 584720  57.6735
ey 5 M, | 158. 1+ 157.4727
4 C T
% £, 10 ; SDML My | 660703 643757
+ B 1 i 1 +14 T +3 3
155 ~ uﬁ i i
oy b : _
P ; 5006~ 20ab™
s NI | FDM Mp | 60.050%  60.070]
P i M, | 120. 0+ 120.070:2
P : SDM M | 60. o+fﬁ;§ 60.07 73
"% % 4o 45 S0 55 6 6 70 75 3 EE*) 50 (1) 100 150 pmaz 200 250 ﬂ[+ 1920). 0+2) 3 120_0"‘2 3
Mp " p E“[GEV] H —2.7
E.\" £
Bl = if B, < ES)
(&) =
. " The profile x? is calculated by minimising over
b it By 2 N B .
: e nuisance parameters a, b, c.
F(EL) =9 .. . 9
! (1 E, - EP B o o The minimum of this profiled x* corresponds
_ s - i < < pmar .
Epor — BV 2 £ to the global minimum for the fit,
when Mp, M, are also allowed to vary.
0 ), B
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Spin discrimination

L;,; to differentiate at 95% CL /fb—!

Shape only Shape and cross-section
Assumed nature | SDM FDM SDM | FDM
BP1 9.8 x 10% | 30 1.9 |34
BP2 23x10% | 1.2 x10% | 9.6 13.

We assume that the mass of the DM is precisely known: a more complete treatment would involve
a simultaneous fit of mass and spin.

Events are generated with the model assigned to ‘Assumed nature’, before statistical
comparison with the alternative model is conducted.

We perform the analysis for two cases:
1) using only the shape: signal strength becomes a nuisance parameter g

2) using the signal strength predicted by the specific model realisations.

Result: the luminosity required to exclude a given hypothesis at the expected 95% CL
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Conclusions and Outlook

® Future e*e colliders have unique power to determine the properties of DM,
including its spin!
= Two minimal models with DM spin %2 and 0 as an example of the case study

= New results: the power of E(mu), E(W), Cos(Bw) and missing mass to
= discover 100 GeV FDM (SDM) with the few (hundred) inverse fb integrated luminosity
= determine mass of DM with up to a percent accuracy
= discriminate DM spin (especially Cos(Gw))

= the edges of E(mu), E(W) distributions are very complementary: they never overlap
simultaneously, so the M  and M+ can always be determined

m Next step: vector DM case
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Thank you!
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It is convenient to use the cross section for SM process
_ - 2 /.
op=oleTe” =y — puTpT) =4ra”/3s

as a normalizer for the cross sections of the e™e™ — D™D~ processes under study. For ~-factors and velocities
of DT,
Ny = - : 1—4’\[2
T oML \/

the QED cross section of eTe™ — D™D~ process from the squared amplitude with the photon exchange only is
given by

, 202 : :
o084 [1 s +] if sp = %
(T,er_.,ﬁlr_. o .-'_}3
o0 itsp=20
while the total cross section is given by
R~Zz KzZz
O =0ny T 07 + 077 = 0y 1+ : VE +
1¥ Z
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I2HDM parameter space: the current status

103 103
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MFDM parameter space: the current status
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