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Dark Matter

Many hints for existence of Dark Matter (DM), but its nature is unknown.
Many possible scenarios, wide range of masses and couplings to consider.

No direct evidence within the LHC energy reach

= two options:

log €

log A

@ new physics mass scales are

o » Energy even larger
@\0\“ Frontier

= energy frontier

l o new particles are light, but their
recicion couplln.gs. to SM are very small
Frontier = precision frontier
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Introduction -2

Mono-photon signature
The mono-photon signature is considered to be the most general way to
look for DM particle production in future ee™ colliders.

e v X

e X
DM can be pair produced in the ete™ collisions via exchange of a new
mediator particle, which couples to both electrons (SM) and DM states

This process can be detected, if additional hard photon radiation from the
initial state is observed in the detector...

K.Mekala (University of Warsaw) DM searches with mono-photons ICHEP2022 July 7,2022  3/20



New approach to DM searches... -3
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Outline
0 Introduction

© Colliders

© Simulating mono-photon events
e Analysis approach

© Results

@ Conclusions

For details:  J. Kalinowski et al., Eur. Phys. J. C 80 (2020) 634, arXiv:2004.14486
J. Kalinowski et al., Eur. Phys. J. C 81 (2021) 955, arXiv:2107.11194
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Colliders -

International Linear Collider

e+ bunch
Damping Rings IR & detectors compressor -
iln
v
- bunch e+ source
compressor positron 2km
main linac
11 km
central region
5km
electron
main linac
11 km
2km
Technical Design (TDR) completed in 2013 arXiv:1306.6328

@ superconducting accelerating cavities

@ 250 — 500 GeV c.m.s. energy (baseline), 1 TeV upgrade possible
o footprint of 31 km

@ polarisation for both e~ and e™ (80%/30%)
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Compact Linear Collider

Drive Beams
these electron beams provide the RF power to the main accelerators

N / — I l — \ ..,

electron main accelerator electrons . positrons positron main accelerator
Main Beams

Conceptual Design (CDR) presented in 2012 CERN-2012-007
@ high gradient, two-beam acceleration scheme
@ staged implementation plan with energy from 380 GeV to 3 TeV
@ footprint of 11 to 50 km
@ e~ polarisation (80%)

For details refer to arXiv:1812.07987
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Running scenarios
Staged construction assumed for both ILC and CLIC.

ILC
Total of 4000 fb~! assumed at 500 GeV (H-20 scenario)

@ 2x1600fb~! for LR and RL beam polarisation combinations
@ 2x400fb~1 for RR and LL beam polarisation combinations

assuming polarisation of +80% for electrons and +30% for positrons
arXiv:1903.01629
CLIC
Total of 5000 fb~! assumed at 3 TeV
@ 4000fb~! for negative electron beam polarisation
@ 1000fb~! for positive electron beam polarisation

assuming polarisation of +80% for electrons
arXiv:1812.06018
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Simulating
mono-photon events

o
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Simulating mono-photon events in WHIZARD

For proper estimate of the mono-photon signature sensitivity consistent
simulation of BSM processes and of the SM backgrounds is crucial.

“Irreducible” background comes from radiative neutrino pair-production

e Ve e Ve
w Ve w Ve
e v w
e e 1

Detector acceptance & reconstruction efficiency
= significant contribution from radiative Bhabha scattering

WHIZARD provides the ISR structure function option that includes all orders of soft and

soft-collinear photons as well as up to the third order in high-energy collinear photons.

However, WHIZARD ISR photons are not ordinary final state photons:
they represent all photons radiated in the event from a given lepton line.
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Simulating mono-photon events in WHIZARD

ISR structure function cannot account for hard non-collinear photons
= all “detectable” photons generated on Matrix Element level

Dedicated procedure developed to avoid double-counting of ISR and ME
For details: J. Kalinowski et al., Eur. Phys. J. C 80 (2020) 634, arXiv:2004.14486

Two variables, calculated separately Detector acceptance /s = 500 GeV

for each emitted photon: / /
wp o

0 .
@ = VAEE sinl, o AN

6, I It
a+ = vV 4E0 E’Y * COs ? ’ 10% — BeamCal (E'>30 GeV)

[ — LumiCal (E">10 GeV)
| — Tracking (E'>2 GeV)

q, [GeV]

are used to separate the “soft ISR" gL - ME photon cut ;

. . . . E ---Hard photon cut .
emission region from the region F - pi=01,1,10, 100 Gev -
described by ME calculations. 1 10 102
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Simulating mono-photon events in WHIZARD

Simplified DM model
UFO model covering most popular scenarios of DM pair-production

. . = FeynRules wiki
Possible mediators: y

® scalar Cross section for ete™ — xx for
@ pseudo-scalar M, = 50 GeV and My = 300 GeV
o vector £ S —rm=oor
=0 —rM=o. ]
@ pseudo-vector x 10 —rm=01
. o —Tr/M=05
@ V—A coupling &%

@ V+A coupling

Possible DM candidates:

@ real or complex scalar

@ Majorana or Dirac fermion

@ real vector
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Simulating mono-photon events in WHIZARD

Tagging efficiency based on DELPHES simulation

Mono-photons reconstructed only in a fraction of generated signal event

+ = _ + -
a (e € — XX ’Ytag) = fmono—photon * g (e € — XX (’7) )
ILC @ 500 GeV CLIC @ 3 TeV
S T T el g =T " clic ]
= L 500 Gev | - Il —— riM=01 4
S L S I —— rm=003 —
S 15f 2 15F —— rm=o01 T
< [ <> [ 1
o [ o
5 i 5 r
= 10} 10}
5 —— rm=0s sk N
F—e— rM=01 o
[ —e— rmM=003 i
| —e— r/M=0.01 L
1 " " " 21 " 1 " ool " il
10° 10° 10° 10° 10
M, [GeV] M, [GeV]

Emission strongly suppressed for narrow mediator with My ~ /s
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Analysis approach -3

Light mediator exchange Eur. Phys. J. C 81 (2021) 955 [arXiv:2107.11194]

DM production via light mediator exchange still not excluded
for scenarios with very small mediator couplings to SM, sy < Tiot

“Experimental-like” approach
= focus on cross section limits as a function of mediator mass and width
= reduced dependence on the dark sector details

Detector response simulated in the DELPHES framework (fast simulation).
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Analysis approach > .

Background vs. signal distributions arXiv:2107.11194

For mono-photon events, two variables fully describe event kinematics
= use 2D distribution of (pJ., n) to constrain DM production

Background Signal
ILC 500 GeV ILC 500 GeV M, =400 GeV
> >
= [ ] =
2 2F
1 10° 1F
0 E ok
10
-1 -1F
-2 iy ,
| 10* 10
0 02 04 06 08 1 0 02 04 06 08 1
f i
i

T

ILC 500 GeV (-80%/+30%) 1600fb~! My =400GeV, ['/M = 0.03

Signal normalised to unpolarised DM pair-production cross section of 1fb
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Analysis approach 3

Cross section limits  for radiative events (with tagged photon)

Vector Mediator r/Mm = 0.03 with and without systematics
ILC @ 500 GeV CLIC @ 3TeV
g [T —— combined (H-20) e g " —— Combined ' cLic |
—— LR 1600 fb™* 500 Gev —— Neg 4000 fb™* aTev
z 10F —— Ru16001b? E = 10F . posi000tb? E
<A [ ] <= r ]
tQ ] 1Q C ]
3 1 oy [ 1
o O b L O n 4
© ] ©

my
L

102 10° 102 10° 10*
M, [GeV] M, [GeV]

Systematic effects reduced for on-shell production of narrow mediator
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Cross section limits  for total DM production cross section
Corrected for probability of hard photon tagging!

Combined limits for Vector mediator

ILC @ 500 GeV CLIC @ 3TeV
= [T T T T ] o)y I T T T T
=, —e— M=05 ILC =, —e— M=05 CLIC

[ —=— rM=01 4ab? @500 Gev | | —=— M=01 5ab’@3Tev |
o —e— M=003 o —e— T/M=0.03
T% 10° E —— rm=o001 3 Ifgloz E —— rM=o001 3
+8 w8 |
o}

10 £

3

1
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10°

10°

10*
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Radiation suppressed for narrow mediator with My ~ /s = weaker limits
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for mediator coupling to SM fermions
O(1) mediator coupling to DM, fixed by mediator width

Coupling limits

Combined limits for Vector mediator

ILC @ 500 GeV CLIC @ 3TeV
j :I —— [M=05 ' ILC ] j | —e— /M=05 ' CL|CI ;
LC), 1F —— rm=o01 4ab" @500 Gev g Lg 10 E —— rM=o01 sabi@3Tev, 3
=N E—— rm=003 E = F—— rM=003
5 [ —— rm=o001 L@O/ 1 [ —— M=o0 b
J07E 3 > E
[ Q -
G)m F )
107 107 E
102k 107 3
EI Ml El Il |
10° 10° 107 10° 10°
M, [GeV] M, [GeV]

Almost uniform

ICHEP2022

sensitivity to mediator coupling geey up to kinematic limit

July 7, 2022 16/20

K.Mekala (University of Warsaw)

DM searches with mono-photons



e

Mediator studies
Light mediator scenarios can be discovered at future ete™ colliders

already for DM production cross sections of O(10 fb)
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Percent level measurement for cross sections of (100 fb)

Vector mediator at 500 GeV ILC
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Mediator studies
Light mediator scenarios can be discovered at future ete™ colliders

already for DM production cross sections of O(10 fb)

Sub-percent precision for mediator mass determination

Vector mediator at 500 GeV ILC

Y [°/o]

—_
o

e vector mediator J
= scalar mediator
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Mediator studies
Light mediator scenarios can be discovered at future ete™ colliders
already for DM production cross sections of O(10 fb)

Mediator coupling structure can be identified using beam polarisation

Vector mediator at 500 GeV [LC M=300 GeV, =30 GeV
Signal scenario fit to mono-photon energy spectra for four polarisation settings
/\ T T T /\ L T T T T T
NX [ vector mediator scenario Q (0 -
\4  vector hypothesis c»‘o— i H\’\.\ 95% C.L.

m scalar hypothesis o ) [ \ 7
10°} 1 Vo 30
r . _ B
L vector mediator scenario
-6 n o scalar hypothesis ]
r IogIO (p-value )
102 k& I I L 8 L 1 1 1 1 1 ]
0 100 200 300 10 20 30 40 50
o(e'e > y x) [fb] o(e'e» y x) [fb]
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New approach to DM searches with mono-photon signature
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Future ete™ colliders: complementary option for DM searches.
Mono-photon signature: the most general way to look for DM production
EFT sensitivity extending to the O(10) TeV mass scales

New framework for mono-photon analysis developed
focus on light mediator exchange and very small mediator couplings to SM

e O(10fb) limits on the DM pair-production ete™ — xx(7)
except for the resonance region My ~ /s

e O(1073 — 107?) limits on the mediator coupling to electrons
up to the kinematic limit My < /s

For light mediators limits more stringent than from direct resonance search

If discovered, new mediator can be precisely studied at e™e™ collider
Coupling structure determination possible thanks to beam polarisation
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Detector Requirements  same for ILC and CLIC

e Track momentum resolution: 07/, < 5-107° GeV~!

° 1 GeV

p sin3/2@

@ Jet energy resolution: og/E =3 — 4% (for highest jet energies)
@ Hermecity: ©p,;, =5 mrad

Impact parameter resolution: o4 < bum @ 10um

Detailed detector concepts for ILC and CLIC:
ILD CLICdet
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Analysis cuts

WHIZARD level selection: DELPHES level selection:
e 1, 2 or 3 ME photons @ single photon with
@ at least one ME photon with pr>3GeV & || <28 (ILC)

pr >2GeV & 5° <07 <175° Y 5 10GeV & || < 2.6 (CLIC)
(ILC 500 GeV)

py>5GeV & 7° < <173° @ no other activity in the detector
(CLIC 3 TeV) other reconstructed objects

K.Mekala (University of Warsaw) DM searches with mono-photons ICHEP2022 July 7, 2022 20/20



\,
\
W

Backup slides -3

Simplified DM model

Dark matter particles, Xj, couple to the SM particles via a mediator, Y;.

Each simplified scenario is characterized by one dark matter candidate and
one mediator from the set listed below:

] \ particle \ mass \ spin \ charge | self-conjugate | type

Xr mxg 0 0 yes real scalar
Xc mx, 0 0 no complex scalar
% Xu mx,, % 0 yes Majorana fermion
Xp mxp % 0 no Dirac fermion
Xv mx, 1 0 yes real vector
:o: Yr My, 0 0 yes real scalar
3]
% Yy My, 1 0 yes real vector
gl Tc mr. | 0 1 no charged scalar
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Validation of the simulation procedure

WHIZARD predictions were compared to the results from the KKMC code
for eTe™ — viv + Ny

3TeV CLIC
z [ T T T3 oz T T T
» i —— Whizard-28.2 v3, 3 Tev E 103 - — Whizerd-282 v¥, 3 TeV
10° 1 10° 3
10° ¢ E 10} 4
10} 1 : E
£ n n n n L ] l? n n n n L n n \ﬂﬂ
0 2 4 6 0 500 1000
#photons p[GeV]

= very good agreement observed (both for shape and normalisation)

For more details:
J. Kalinowski et al., Eur. Phys. J. C 80 (2020) 634, arXiv:2004.14486
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ISR rejection probability

Fraction of events generated by WHIZARD removed in merging procedure
(ISR photons emitted in the phase-space region covered by ME)

ILC @ 500 GeV CLIC @ 3 TeV
¥ soF ' ] ¥ so0f ' =
S, L ILC (= CLIC T
g? 7 500 GeV ] 9_7 I i
x 40 x 40 B
@ @ C
30F 30 ]
20F 20 —
I —— rm=0s I —— rm=05 ]
10F —— rmm=01 - 10F —— rm=o01 .
[ —e— /M=003 ] [ —e— r/M=0.03 ]
[ —— rM=001 ] [ —e— rmM=001
1 " " " PR 1 " 1 " PRI | " PR |
102 10° 102 10° 10*
M, [GeV] M, [GeV]
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Systematic uncertainties

following ILD study: Phys. Rev. D 101, 075053 (2020), arXiv:2001.03011

Considered sources of uncertainties:

@ Integrated luminosity uncertainty of 0.26%
uncorrelated between polarisations

Luminosity spectra shape uncertainty
correlated between polarisations

@ Uncertainty in neutrino background normalisation of 0.2% (th-+exp)
correlated between polarisations

Uncertainty in Bhabha background normalisation of 1% (th+exp)
correlated between polarisations

Uncertainty on beam polarisation of 0.02-0.08% (ILC)/0.2% (CLIC)
correlated for runs with same beam polarisation at ILC

= nuisance parameters in the model fit (11 for ILC, 7 for CLIC)
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Comparison with ILD study arXiv:2001.03011
arXiv:2107.11194

. . 2 M3,
Effective mass scale limits: N = —Y
|gengXXy|

Limits from fast simulation (points) vs limits from full simulation (lines)

%‘ [ Vector, H2|0, only E=5IDOGeV % r H20 (500(;9\/) T T T LD
o (]
(‘2'3000 L DT —_— G, 3000 r
A I - an.
< C < [ TS
2000 :— Effect of systematics %, 2000 | Effective operators
I —4ab™, no syst. *%s,;:" y, [ — vector
[ —-4ab”, with syst. " [ scalar
1000 - 1000 [
50 100 150 200 250 50 100 150 200 250
M, [GeV] M, [GeV]

Very good agreement between full simulation and fast simulation results!
= reliable extrapolation to low mediator mass domain...
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