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Dark matter searches at e+e- colliders 5

Many hints for Dark Matter (DM) but its nature is unknown

Many possible scenarios with wide range of masses and couplings

e+e- colliders are unique offering many options for DM searches

Higgs boson - a unique probe

ngqs of fundamental questions in
Frontier HEP today
New Tool for
Discovery
Ener Luminosit
New unchartered area to F g y F : y Possible discovery in areas
be explored at high energy Frontier rontier that at LEP were limited
colliders Extendible ~1000x LEP statistically
to Multi-TeV g0

Tomohiko Tanabe @LCWS2021

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders >



Outline

% Linear collides and experiments
% Collider measurements
>  Higgs frontier

>  Energy frontier

% Non-collider experiments

% Conclusions
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Linear colliders and experiments -

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders 4



Colliders: ILC

International Linear Collider

e+ bunch
Damping Rings IR & detectors compressor

e- source

e bunch e+ source _
compressor positron
main linac _

11 km

central region
5km

electron
main linac
11 km

2km

Technical Design (TDR) completed in 2013
@ superconducting accelerating cavities
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e
o

2 km

arXiv:1306.6328

@ 250 — 500 GeV c.m.s. energy (baseline), 1 TeV upgrade possible

@ footprint 31 km
@ polarisation for both e~ and e™ (80%/30%)

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders
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Colliders: CLIC :

Compact Llnear Collider

Drive Beams
these electron beams provide the RF power to the main accelerators .
C : Detector : )
Y r /

7 —  — . .
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

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders



Colliders: detectors

Detector Requirement
Example event

“Particle Flow” concept: ete” — tt — 6)

High calorimeter granularity
= single particle reconstruction/ID

Precise momentum measurement
= best energy for charged particles
— dominates jet energy resolution

High precision vertex detector
= very efficient flavour tagging

Instrumentation down to smallest angles
— hermecity, missing energy tagging

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders
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Colliders: experiments ;

Detector Requirements  same for ILC and CLIC

@ Track momentum resolution: o1/, <5 - 107> GeV!
1 GeV
p sin3/2@
@ Jet energy resolution: og/E = 3 — 4% (for highest jet energies)
@ Hermecity: ©,,;, = 5 mrad

@ Impact parameter resolution: o4 < 5um & 10um

Detailed detector concepts for ILC and CLIC:
ILD

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders
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Colliders at the Higgs frontier ;

« Higgs precision measurements
« search for light scalars

VY
wEinl # W

i g W
" b et 2 B
2

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders 9



Higgs precision measurements
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First ILC running will be focused on Higgs measurements

Production cross sections

P(e, €)=(-0.8, 0.3), M =125 GeV

beam polarisation crucial
For ILC both beams polarised

Integrated luminosity planned with different polarisation settings [fb_l]

400 T
[ — SM all ffh
Py —Zh
S300[ — WW fusion -
C ZZ fusion
O
S200f
L I
%)
(D - 1  |ll...
©100}
O L
| | 1 1 ...I\.A..e_.

approx. 0.5 million Higgs with 2/ab at 250 GeV

\s (GeV)

J. Kalinowski (University of Warsaw)

200 250 300 350 400 450 500

Vs sgn(P(e”), P(e™)) Total
1) )

250GeV | 900 100 2000

350GeV | 135 10 200

500 GeV | 1600 400 4000

four measurements instead of one to:

arXiv:1903.01629

 increase accuracy of precision measurements
« more input to global fits and analyses

* remove ambiguity in many BSM studies

« reduce sensitivity to systematic effects

For CLIC only electrons polarised
380 GeV

1/ab

1.5 TeV
2.5/ab

Dark Matter Searches at e+e- Colliders

3 TeV
5/ab
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Higgs precision measurements
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At 250 GeV the Higgs production dominated by Higgs-strahlung (ZH production)

« initial state known
« reconstruct Z decay
« compute recoil mass

% ILD —e— Toy MC Data :
=> 400 + — Signal+Background —
- : Signal .

300 :— T Background
e'+e - uu + X @ 250 GeV E

200 |

100 |

Most important measurement:
model independent ZH production

cross section => access to Higgs width

Dark Matter Searches at e+e- Colliders

J. Kalinowski (University of Warsaw)

0 I S S TRl it Sl S S R
110 120 130 140 150
Recoil Mass (GeV/c?)

arXiv:2002.12048
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Higgs precision measurements ;

At 250 GeV the Higgs production dominated by Higgs-strahlung (ZH production)

. initial state known APAIEAN 2 AR

- reconstruct Z decay High sensitivity to invisible decay
« compute recoil mass

0 ——r T >><1o3 full simulation
+— I L A DL B UL
8 oo 1 Y R L S
Lu 400 __ ighal+backgroun —_ o ZZ
i Signal Al mww
B 4 ~ B , vwwZ 1
300 — e Background - €D 4 ﬂ_d__ [Jother bkg —
- e'res W + X @ 250 GV ] §> " |
200 ' w | e_Re+L
- 2
100 I
0 I P B e Tl o T o] R 0 i
110 120 130 140 150 100 110 120 130 140 150 160
Recoil Mass (GeV/c?) Mecoil [GEV]
Most important measurement: with 2/ab at 250 GeV expected
model independent ZH production 95% CL limit: BRyyy = 0.23%
Cross section => access to Higgs width a factor 10 better than HL-LHC

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders 12
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Search for light scalars

Higgs portal models: new scalars that couple to DM particles
can mix with the SM one

hi \ [ cosa sina h
(hz)_(—sina cosa)(qb)

 if mixing small, the h; state is the SM-like (125 GeV state)
it can also decay invisibly to DM by the ¢
component with BR~ sin2a

=> search for invisible Higgs decay

- if h,is also light, it can be searched in e+e- collisions in the same
way as the SM-like Higgs

=> search for additional scalars either directly
or via recoil mass

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders 13
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Search for light scalars ;

Many BSM predict new scalars that could be light if weakly coupled to SM particles

: e : : + - 0 + -
recoil mass distribution for various signals e'¢ =25 —pu'u +X

2000 fb' @ 250 GeV ILC
e A

ILD preliminary

o
(-
-
o
L L B B B

0 50 100 150 500
PoS(ICHEP2018)630 M ecoil (GEV/CY)

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders 14
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Search for light scalars ;

Many BSM predict new scalars that could be light if weakly coupled to SM particles

: e : : + - 0 + -
recoil mass distribution for various signals e'¢ =25 —pu'u +X

2000 fb' @ 250 GeV ILC
e A

ILD preliminary

To] L _]

Esoooo_— prre—aill  Ei SR —
-.g : 1 ; LEP S°- bb/tt /~ﬁ ’ i
20000 = ~ J :
- i B ]
I 107" FN\JJM///A |

i

_ ) + + 4 a
] 10 A LT T ++++§
| _3 [ I I I I I I I I 7
0 50 100 150 200 1O 50 100
PoS(ICHEP2018)630 Moo (GeV/c2) PoS(ICHEP2018)630 MS° (GGV/CZ)

search independent of scalar decay modes
10-100 times better than at LEP

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders 15



Search for light scalars
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Many BSM predict new scalars that could be light if weakly coupled to SM particles

recoil mass distribution for various signals

2000 fb @ 250 GeV ILC

||||||

o
(-
-
o
L L B B B

POoS(ICHEP2018)630

J. Kalinowski (University of Warsaw)

100

ILD preliminary

- 115 Gey - 105 Gey
- 95 Gev - 85 Gev
- 75 GeV - 65 GeV
D 55 GeV - 45 GeV
- 35 Gev - 25 GeV

15 Gev

- S$M backgrounds

150

200

lVlrecoil (GeV/ 02)

ete” 575> T+ X

sin(0)

4000 fb

Search for light extra scalars in e'e” — zs’

1 @ 500 GeV ILC

1 0—2 ------- OPAL, Eur.Phys.J. C27 (2003) 311-329
..... 105,500 Gev
IS (Lo Pythiastable partcl evel. 500 GeV_
A R R R
0 100 200 300 400
arXiv:2005.06265 Mso [GeV]

search independent of scalar decay modes
10-100 times better than at LEP

Dark Matter Searches at e+e- Colliders
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Colliders at the energy froniter

lepton signatures: e.qg. Inert doublet model (IDM)
mono-photon signature: a light mediator case

i

v"
\
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Inert doublet model )

One of the simplest extensions of the Standard Model (SM).
The scalar sector consists of two doublets:

@ &g is the SM-like Higgs doublet,
e ®p (inert doublet) has four additional scalars H, A, H*.

G* H*
Ps = 1| vintiGo Pp = | Hiia
V2 V2

We assume a discrete Z> symmetry under which

@ SM Higgs doublet ®g is even: &5 — dgs  (also other SM—SM)
@ inert doublet ®p is odd: op — —Pp.

= Yukawa-type interactions only for Higgs doublet (®g).
The inert doublet (®p) does not interact with the SM fermions!

= The lightest inert particle is stable: a natural candidate for dark matter!
We assume the neutral scalar H is the dark matter particle.
my < ma, my+

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders 18



Inert doublet model = .
V= —% [ ?1(¢E¢s)+m§2(¢g%)} + %(@TS%)M%@E@D)?
FA3(BLD) (BT D)+ (BLE ) (] D) + % (@E@D)u(@})%y]

After EWSB, the model contains a priori seven free parameters.
Two parameters can be fixed from the Standard Model (v, my).

We are left with five free parameters, which we take as:
= three inert scalar masses: my, ma, my=+
= two couplings, eg. Ao and A3s5 = A3+ A\q + A5

Inert scalars couplings to v, W* and Z determined by SM parameters
— well established predictions for production and decay rates!

We scanned the IDM parameter space looking for scenarios consistent with
current theoretical and experimental constraints, for masses up to 1 TeV.

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders 19



Inert doublet model > .

Out of about 15’000 points consistent with all considered constraints, we
chose 41 benchmark points (including 20 “high mass”) for detailed studies:

>1000F " T T T T T T T T T T g s T T
Q B P - [ B
S . ] 0] o°
., 800F . ] - s®
= - o ) £ 10% .9 E
600 | & - - i *®o
N ’." ] = ‘e, o
[ - I ®
- . B = .
200: g : 10 s ° .9
- - r
0 PURNS T SN [N RN SN S Y SN S S ST SN SUN S U S T S| | _J 1ol " i3 a3l
0 200 400 600 800 1000 ] 10 102
m, [GeV] m, - m, [GeV]

The selection was arbitrary, but we tried to
@ cover wide range of scalar masses and the mass splittings
@ get significant contribution to the relic density

JK, W. Kotlarski, T. Robens, D. Sokolowska, A.F. Zarnecki, JHEP 12 (2018) 081

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders 20
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IDM: dominant DM production

Production of IDM scalars at eTe™ colliders dominated by two processes:
ete” > A H ete” - HTH™

Leading-order cross sections for inert scalar production processes
at 500 GeV:

21 benchmarks 21 benchmarks

o) —-i'.'l T T T ] o 1025__ L B |_E

= =, i = : ®e, 3

—~ .. — s .

T B | T I ‘a |

<C . t

° . LT 10f X E

T 10 | - T - ™ 3

(o)) - . : - .

+ ] [ob) - .

(O] ] + u i
© )

4 © 1 §_ _i

1 P B B S 10_1 T T B

100 200 300 400 500 200 300 400 500

m,+m, [GeV] 2m. [GeV]

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders 21



IDM: leptonic signatures
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Same flavour lepton pair production can be considered a signature of the

AH production process followed by the A decay:

e—|—
Z
+
€ A RN
’ N H
Z N
e M H

J. Kalinowski (University of Warsaw)

e~ — HA — HHZ™ — HHu*u™

ete” — 'ty HH,

— ,u+,u_uuﬂu HH,

signal _ _
g —>T+,u vy, HH, ,u+7' v, vy HH,
— 7t~ HH, 777 v,v, HH,
ete” — M+M_7

= W i,

background Egnii s s
— T W UrVy, ' T V,lr,
— 77, Ty,

Dark Matter Searches at e+e- Colliders 22



IDM: leptonic signatures

\ b
\\ W7
\E\\ |’I,/

signature for HTH~ production: different flavour lepton pair

ete” — HTH™

J. Kalinowski (University of Warsaw)

ete

signal

€

background

Dark Matter Searches at e+e- C

s HHWHS W= gty

— ,u+yu e v. HH, e'v, u v, HH,
—u v, 7", HH, 77v, u i, HH,
Setv, 770, HH, T U, e D, HH,

ST JEUEL w e w  JELEL

- +

e = ,LL—'_I/M € Ve, € Ve U Uy,
+ oy + ——
— WV T Ur, T 'VUr i Uy,
— & W w D T e ® Do
T, T e T Dy .
olliders 23
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IDM: leptonic signatures

@ muon pair production, u*u~, for AH production

@ electron-muon pair production, e~ or e~ for H™H™ production

Both channels include contributions from AH and H™H~ production!
In particular due to leptonic tau decays.

Signal and background samples were generator with WHizard 2.2.8
based on the dedicated IDM model implementation in SARAH,
parameter files for benchmark scenarios were prepared using SPheno 4.0.3
Generator level cuts reflecting detector acceptance:
@ require lepton energy E; > 5 GeV and lepton angle ©;, > 100 mrad
@ no ISR photon with E, > 10 GeV and ©, > 100 mrad

No detector resolution/efficiency taken into account
(but only electrons and muons in the final state)

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders 24



IDM: expected significances

Search for pair-production of IDM scalars, for different /s

AH signature (") HTH~ signature (p*e™)
m 30F T Tt 1 m T | | | T
@ - ° 250 GeV - @ I i
_ 15 | —
= 380 GeV | = [ i
D SRS ® 500GeV - 2 -8 .
20 e 3 - i . °, i
i o © ° i 10 - ° .
.. B PY ‘ i
| & -~ - ! * )
- ] L [ J
10 i . ° o ° ° i 5 - @ - e -
""""""""""" ° :.'. e ..
_..I....I....‘.I....I....AI...’_|__ T .|....|’....9_
15 200 250 300 350 400 200 300 400 500 600
m, + m, [GeV] 2m.. [GeV]

Discovery reach mainly depends on the scalar masses!

@ my+ my < 220, 300, 330 GeV

o my+ < 110, 160, 200 GeV
for 1000 fb~! at /s = 250, 380, 500 GeV

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders
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IDM: expected significances

Comparing CLIC running scenarios:
2500fb~! at 1.5 TeV

1000 fb~1 at 380 GeV

AH signature (")

RIS
e
-

\ 1z

N

Fow

7/

\

including luminosity spectra

5000fb~! at 3 TeV
HTH~ signature (u*e™)

m 30F T T T o T T L L
|>CB - e 380 GeV o ® 380 GeV
> . 1.5 TeV 5 1.5TeV 7]
20 __ : ® 3TeV | o © 3Tev
i . 10 - N
% °
- @
10 & . °
| 5 —.F".’ """"""""""""""""""""""" =
----Oto ---------------------------------------------------------- o o ce o °
N ¢ [ J ... 0% o s o ] | o® . .. () [ ]
| 8. & 1%, .4.°%° %e.0 |, . . ] | o % 1 . & L
0 500 1000 1500 2000 500 1000 1500 2000
m, + m, [GeV] 2m.. [GeV]

Only moderate increase in discovery reach for 1.5 TeV:
@ neutral scalar production: ma + my < 450 GeV (290 GeV © 380 GeV)
(150 GeV @ 380 GeV)

might be worthwhile to invesitgate semi-leptonic signature for H+H- channel

@ charged scalar production: my+ < 500 GeV

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders 26
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Mono-photon signature ;

The mono-photon signature is considered to be the most general way to

look for DM particle production in future eTe” colliders.

0 /5= 500 GeV
/7 myx = 100 GeV

[pb]

do/dz,

1

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...

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders



Heavy mediator studies
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Scenarios with heavy mediator and coupling values O(1) (EFT limit)

Different polarisation combinations help to reduce the systematics
= significant improvement of mass scale limits

> [ Vector, 500GeV, 5007 TS
R :
e : ---- 4-_-..\ :
T] - "~.\ -
<°’ 2000 - AN
. \
1500 F - v o \—
[ Effect of polarisation 6*02 S .
1000 | —- P(e",e*) = (+80%,-60%) “on,,
- =" P(ef,e*) = (+80%,-30%)
500 |~~~ P(e7,e%) = (+80%, 0%)

—P(e ,e’)=( 0%, 0%)

L PR T N T T T T T
50 100 150

200 250
M, [GeV]

Sensitivity to the BSM mass scales up to A ~3 TeV

L L L L
[ Centre-of-mass energy Vector, 20years  ILD ]
- —— Combined ]
- ——— ]
i 500GeV, 4000 fb™ D N
- —— 350GeV, 200 fb" \ ]
L —— 250GeV, 2000 fb™ \ 1
| - s
- @*,Oe =
- Sxy, ey 1
: %%nm p
_ Yiop, | 4
B 1 A =
PR SR [N T T TR TR (NN ST TN TR TR AN ST YT AT TR MM S S S
50 100 150 200 250
M, [GeV]
2
/\2 _ My
‘gengXXY’

with full simulation: see arXiv:2001.03011

J. Kalinowski (University of Warsaw)
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Heavy mediator studies

Comparison of extracted mediator mass limits

HE-LHC gom=1,9q=1 ]

HL-LHC tt+MET

FCC-hh !
gom=1,90=1 |

LE-FCC

HE-LHC

Monojet

HL-LHC

CLIC3000

gom*ge=1 |

CLIC3gg -

ILC

Monophoton

FCC-ee 1
[ \ )
CEPC European Strategy, S C a I a r -_

0.1 05 1 5 10
MMediator [TCV]

ILC mass reach comparable with that of FCC-hh !

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders
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Light mediator study ;

DM production via a light mediator exchange still not excluded
for scenarios with very small mediator couplings to SM, Tgy << T

« Before assessing the discovery potential of the mono-photon processes
the SM background must be carefully studied

radiative neutrino pair-production radiative Bhabha scattering
9 e ~ e” e €

/ - v

L v e / v e \\/
' ) b '/ Z ” ’ ‘
Z \n r Nl ~. 7
> """ N Wi , \ i .
/\V\ - . /\‘~ ) = T
et g ¢t

» For simulation we used WHIZARD
the WHizARD ISR photons are not ordinary final state photons
hard photons from the matrix element must be added

» Dedicated simulation procedure to merge soft ISR and hard photons
and avoids double counting

JK, W. Kotlarski, P. Sopicki, A.F. Zarnecki, Eur.Phys.].C 80 (2020) 634

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders 30
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Merging ISR and ME photons

.0 0
Define for each photon q- = /4EE,, sin 37, gy = \/AEoE, cos 57

for events with only one photon these variables would correspond to
virtualities of electron and/or positron after photon emission

detector coverage in q—, g+  plane

; SERERES 7' e
=102k, | v QqpL
$ F : e O, :
O E C E
............... O'+ - :
I 10? L
10 F :
—BeamCal (E >30 GeV) - Y
[ 10 3 — BeamCal (E'>30 GeV)
i i;rs:k;r;?ofc;s - - — Tracking (E'>5 GeV)
1 3 sssy (:) ho \ c - ---ME photon cut
E S proton it 3 1 = -- - Hard photon cut
1 10 10° 110 10°  10°
ILC 500 GeV q [GeV] CLIC 3 TeV q [GeV]

Erin =1GeV, qnin =1 GeV
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Simplified model covering most popular scenarios of dark matter pair-production

Light mediator study

N\
)
\

Possible mediators: 'y Cross section for eTe™ — yx for
@ scalar M, = 50 GeV and My = 300 GeV
@ pseudo-scalar = - —
LI:I 4 B — /M = 0.01 T
® vector 5z 10°F /M = 0.1 E
| - . _ ]
@ pseudo-vector ° Lol M =05
: o U F
@ V—A coupling §
. 10% &
@ V+A coupling 0 :
: . 10 &
Possible DM candidates: , 5
@ real or complex scalar TE
@ Majorana or Dirac fermion — '3 —
2x10 10° 2x10
@ real vector /s [GeV]

model encoded to FeynRules and exported in UFO for Whizard simulations

JK, W. Kotlarski, K. Mekala, P. Sopicki, A.F. Zarnecki, Eur.Phys.]J.C 81 (2021) 955

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders 32



Light mediator study: setting limits ;

Experimental-like approach

Cross section for DM pair-production via mediator exchange depends on
@ mediator mass, My, and DM mass m,,
@ SM-mediator coupling value, geey and coupling structure Oy

@ DM-mediator coupling value, g,y and coupling structure O, y

The cross section can also be expressed in terms of the widths

127 Sleel
Tee 5 Y = — = XX
e R 7 Py Vi R VA3

o(e

In the limit 'ee < Iy, ~ Iy the cross section depends only on My, Ty,
Zeey and Ocey (dependence on my, g,y and O,y “absorbed” in Iy)

= study limits on the DM pair-production cross section (or geey )
as a function of the mediator mass and width (for given Oy )

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders
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Simulating mono-photon events
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Detectable hard photon emitted only in a fraction of signal events

o (e*e_ =X X A,'tag) fmono—photon 0 (efe_ =% X X (7) )

? -' l l‘ T -] 13 12 12 tiltxl 2 L2 l[lll] It
o~ ILC o~ | —— M=05 CLIC |
_é ‘—é MM=0.1
o o
S 15} - S 15[
L 7 a -
2 : 2 E
N s [
“— 10} B — 10
5F ] 5F
I | = B 2 o s I
102 10° 102 10° 10*
M, [GeV]

efficiency: for light mediators ~ 10-15%

for heavy ones only ~ 5% events can be tagged

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders
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Simulating mono-photon events

Background

107’

log

102
f1, =

10*

]
3
3
=

/—\/—\
SAL
'iarw
3
\—/ v

)

log

S
N3

CLIC 3TeV -80% e~ 4000 fb~! My =24TeV, /M = 0.03

J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders 35



Simulating mono-photon events
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Background Signal

= 10’

102

10*

=
10° 1
- f 107
10*
102
CLIC 3TeV -80% e~ 4000fb—?! My =2.4TeV, /M = 0.03
J. Kalinowski (University of Warsaw) Dark Matter Searches at e+e- Colliders

pY
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m

>
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log
£ —

e
log(

3
N3

g~ ]
%rs
=

use 2-D distributions
as input to RooFit and
calculate 95% C.L. for
cross section limits
using ClLg
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e‘e —
09 5%

[fb]

e'e —yyy
95%CL

Simulating mono-photon events
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—— Combined (H20) jLC | a [ —— Combined  cLiC |
LR 1600 fb™ o Neg 4000 fb’ P i
10F —— m 100 w? . 5, 10F — s ioas 5" : Cross section limits
: ro f : on radiative light DM
28 pair-production with
vector mediator
1F
solid lines — with
systematic uncert.
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Simulating mono-photon events
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Simulating mono-photon events
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limits on electron-mediator
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Simulating mono-photon events

Limits on electron-mediator couplings can be translated into limits on
the mediator branching ratio to charged leptons

ILC @ 500 GeV CLIC ©@ 3 TeV
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Simulating mono-photon events ;

Limits on electron-mediator couplings can be translated into limits on
the mediator branching ratio to charged leptons

ILC @ 500 GeV CLIC @ 3 TeV
- 1g - - T ™3 - 1g T T T T T T T T g
O E —e— [/M=05 E O E —e— [/M=05 E
R 107 o : R 107 1
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O(1) efe” =Y — ete” events expected at ILC or CLIC

= for light mediators the limits from mono-photon search are more
stringent than from the direct resonance search
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Simulating mono-photon events
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Simulating mono-photon events

Impact of beam polarisation

Combination results in best sensitivity to all scenarios
but also significantly reduces the impact of systematic uncertainties

Heavy mediator exchange Light mediator exchange
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Non-collider experiments

« beam-dump experiments
« experiments with extracted beams
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ILC beam-dump experiments ;

Electron and positron beams, with extreme intensities (~10%%e™ /y)
Many beam dump points planned around the ILC facility

N Bunch
Q~§ Compressor

S
$

l E+2 “E-2
60k gokw E+7 (photon)
< E/// 300K\) Y&

Y N

Bunch
Compressor

E-1 60KW__X\ E-6 =
S o S =7 %
Eid ——4 €4 60kW
aokw g7 E+6 —Eg 400kW
17MW
17MW sMw K.Yokoya @ LCWS'2021

Concept of main beam dump experiments searching for axion-like particles
or new scalars:

ldump lsh ldcc
) Muon shield a D I D;t t
ecay volume ctor
Beam dump y fe

e

5
Cd

Experimental setup ~130m

arXiv:2009.13790
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ILC beam-dump experiments
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Looking for SM decays of new exotic particles produced in the beam dump
arXiv:2009.13790

1072 ey

10-°

3 — ILC-250 (20 years)
TR BRI BT ETETTTT BT AN T BT
10°* 10° 102 10" 10° 10

=

m, [GeV]

J. Kalinowski (University of Warsaw)

Axion-like particle model

Dark Matter Searches at e+e- Colliders

looking for a — v~

2
—m;a

An order of magnitude better sensitivity than other experiments
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ILC beam-dump experiments

Looking for SM decays of new exotic particles produced in the beam dump

arXiv:2009.13790
107 grrprrm—rrrrmm—rrg e
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ILC beam-dump experiments ;

Significant interest in searches for sub-GeV DM with feeble couplings to SM

Benchmark model: dark photon mediating interactions of SM and DM

1 1 €
Lopg = =g Fp FW + oma AW AW — SFL ™ 43 (i) —my) x

a) mua < 2m, dark photon decays visibly

Beam dump Thick shield Jisible gecay
< Detector

With ILC 1 year statistics
T |||IIII| T IIIIII_
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....... 1500 3

104 | N

v' Main beam dump experiments can search on

- SN 500
the large unexplored region. 107° E S \ 90%CL for riig £
v If SHiP will not be realized due to high-cost w 10-6 ; —=:
issues, ILC will be the only experiment that can - B » t
access the small-coupling and high-mass region. E - E
o E,ISN| ....... ETTT
= -2
Sakaki@LCWS2021 10 O'Imx B 10
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ILC beam-dump experiments
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scenario compatible with DM thermal origin
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Experiment with extracted e+ beam

Missing Mass technique: positron beam
onthintarget, ¢"¢ — A’ 41

Detect photons ~10 m downstream at
0.5-2 deg. angle

2 2

Reconstruct MM: m,,... = (per + 0o — 1)

Bump-hunt over SM bg: 27,37, brem, ...

Setup similar to experiment
running at Frascati, with ~500 x beam
energy and large increase in statistics
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M. Perelstein @ LCWS2021

| |
- 10.0m »

Figure: Marsicano et al, 2007.15081
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Experiment with extracted e+ beams ;

Searching for Dark Photons with extracted positron beams

eTe” s A ~y M. Perelstein @ LCWS2021
Missing energy reconstruction in Thin target, missing mass
thick active target reconstruction in dedicated detector

“ILC-PADME” 7

“ILC-LDMX e+’

1073 1072 107! 1
m, GeV

107! 1
m,, GeV

LDMX for SLAC: arXiv:1807.05884 PADME @ Frascati: arXiv:1910.00764

Sensitivity extending down to the minimum couplings allowed by relic density bounds
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Conclusions
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Linear e+e- colliders will offer many complementary options for DM searches

» Different scenarios can be constrained via precision Higgs studies

» Clean environment, kinematic constraints and polarised beams in
e+e- collisions result in high sensitivity to different DM production scenarios

» Sensitivity extends to the TeV mass scales,
order of magnitude higher than the collision energy

» Unprecedented intensities of high energy electron and positron beams
for beam-dump and extracted-beam experiments enhance the value
of linear colliders
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Merging ISR and ME photons o

.0 0
Define for each photon q- = /4EE,, sin 37, gy = \/AEoE, cos 57

for events with only one photon these variables would correspond to
virtualities of electron and/or positron after photon emission

N\

detector coverage in g_, g+  plane
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Comparison with KK MC: photon multiplicity e

KKMC: soft photon resummation in CEEX + exact O(Born + o 3/?)
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distributions normalised to # events expected for 1/fb 56



Comparison with KK MC: photon p_T
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Simplified DM model

Dark matter particles, X;, couple to the SM particles via an 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
XRr mx,, 0 0 yes real scalar
Xc My, 0 0 no complex scalar
g Xm mx,, -%— 0 yes Majorana fermion
Xp mx, | 3 0 no Dirac fermion
Xy mx,, 1 0 yes real vector
5 YR my, | O 0 yes real scalar
% Yv my,. | 1 0 yes real vector
| Tc mr. | O 1 no charged scalar
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mono-photons: systematic uncertainty e

systematic uncertainties: following ILD study arXiv:2001.03011
CLIC mono-photon study arXiv:2103.06006

» integrated luminosity uncertainty 0.26% (ILD), 0.2% (CLIC)

» neutrino background normalisation 0.2% (th+exp)

» Bhabha background normailsation 1% (th+exp)

» uncertainty on beam polarisation 0.02-0.08% (ILD), 0.2% (CLIC)

> luminosity spectra shape uncertainty

nuisance parameters in the model fit: 11 (ILD H-20 secnario), 7 (CLIC)

Limits on production cross sections calculated with CLg using RooFit v3.60
59
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mono-photons: analysis framework e

JK, W. Kotlarski, K. Mekata, P. Sopicki, A.F. Zarnecki, arXiv:2107.11194

II/I

U
'\

Event selection Delphes framework used for detector
simulation and event reconstruction.

On generator level:
@ 1, 2 or 3 ME photons

Require:
o | @ single photon with
nonradiative eve.nts .for signal Pl >3GeV & || < 2.8 (ILC)
only (for normalisation) | |
pr>10GeV & |n7| < 2.6 (CLIC)
@ all ME photons with
gr >1GeV & E7 > 1GeV

rejected are events \iVIth o 1o dlictrans
g+ >1GeV & EY > 1GeV no LumiCal photons

for any of the ISR photons e no BeamCal photons
® no jets

@ no other activity in the detector
other reconstructed objects

@ at least one ME photon with
pr>2GeV & 5° <07 <175° (ILC 500 GeV)

pr>5GeV & 7° <07 <173° (CLIC 3 TeV)

Detector response simulated in the Delphes framework:
ILCgen for ILC, CLICdet extended to include BeamCal and LumiCal -



Mono-Z search at the LHC
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_CERN-EP-2021-204
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Figure 4: Exclusion limits for simplified DM models with g, = 1.0, g, = 0.25, and g, = 0, when assuming (a) an
axial-vector mediator or (b) a vector mediator. The region below the solid black line is excluded at the 95% CL. The
dashed black line indicates the expected limit in the absence of signal, and the yellow band the corresponding + 10
uncertainty band. The dashed red line labelled *Relic density’ corresponds to combinations of DM and mediator
mass values that are consistent with a DM density of QA2 = 0.118 and a standard thermal history, as computed in
Ref. [13]. Below the line, annihilation processes described by the simplified model mostly predict too high a relic
density while regions with too low a relic density are mostly found for myeq closer to the DM mass. The dashed
magenta line indicates the previous ATLAS result from a 36.1 fb™! dataset [21),

BR(H->inv) < 19% at 95% C.L.
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