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Staged implementation

— Possible adjustments based on any potential discoveries

Three main areas of research:

e Top physics

 Beyond Standard Model searches

Baseline: several energy stages
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Simulation and software framework

» Whizard (+Pythia) as the main generator Z — e
* Most of results based on Geant4 full simulation (recent on DD4hep) ﬁ TR —
» Comprehensive set of tools for reconstruction include: ’_:dai :

— Conformal Tracking, PandoraPFA libraries, VLC algorithm for jet &:10‘3

reco., tools for flavour tagging, isolation, and more S

— all now available in key4hep ° 10 =
» Set of Delphes cards for fast simulation ‘

20 40 60 80
0[]

Beam-induced backgrounds

taken into account in full sim.

— Timing cuts applied to reduce
them (yy — hadrons events)

- tt events before and after cuts
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Higgs physics

ZH (Higgsstrahlung)

» At 380 GeV (close to max. cross section)

o E N L R N E
= - | me— i .
< [ Hvgve | e Precise mass and coupling
I
p 107 |3 measurements
i B / He'e =
"o s y
° oL // |_: Production in Vector Boson Fusion
[ ttH C4, | VBF
1 B I_'  WW fusion dominant at high energies
* Allows complementary measurements
E | - increasing precision
107 E
- \'I ] Di-Higgs production
102 | : |30I00  Significant cross section in WW fusion
's [GeV] at 3 TeV

* Self-coupling measurement
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Higgsstrahlung and global fit

ZH (Higgsstrahlung)

 Use Z — ee, uu, and Z recoil mass to identify
HZ events

— model-independent g ., coupling determination

* Further improvement with Z — qq

Invisible decays

* Model-independent measurement of BR(H—inv.)

Events / 2 GeV

W
o
o

200

100

— T T
CLICdp Vs = 350 GeV |
ZH; Z— ptw
¢+ simulated data
—fitted total
—fitted signal —
- - fitted background

< 12
e Can be constrained to 1% at 95% C.L. g | model mependent
Model-independent global fit (no assumptions on BSM scenarios) 3 JHl‘ ----- L H

e Possible only at |epton colliders 1:‘“:: |‘%I% %# :ﬁlﬁlﬁ%ﬁ%ﬁ{ I%}:‘:l::

* Fit to oxBR measurements in HZ, VBF (different channels, energies) |~ I

* Precision <1% for most couplings or o zw ]
* Model-dependent fit also possible (see EPJ C 77 (2017) 475, arXiv:1812.01644) sziGTVVV;ZEb
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http://dx.doi.org/10.1140/epjc/s10052-017-4968-5
https://arxiv.org/abs/1812.01644

Higgs self-coupling

Determines shape of the scalar potential

— important for vacuum metastability, hierarchy problem,
electroweak phase transition and baryogenesis

Direct access possible only above 500 GeV c.m. energy Higgs@FC WG Saptember 2019
UL L L L B di-Higgs  single-Higgs
HL-LHC HL-LHC HL-LHC

Cross section for HHvv grows with energy

— g, can be extracted using: HELHC YT oo [T zceciennn
HHH 1LE;/FCC LEFCC
- F(D(}(—)has‘m \ FCC»ehmm
* 1.5 TeV (ZHH and HHwv) and 3 TeV (HHwv) data FeC-eefhh T 000 | =™ s | .......
) 24% (14%)
. . . . FCC-ee
* Cross section measurements and distributions of FCC-ee 15
sensitive variables L T S [
G, Wy
V) (o) e 27% =) 38% (279%)
— leads to -8%, +11% precision on g,,,,, CEPC |- R Py
CEPC
. . - s e b 49% (17%) ...
As g, also contributes to HHvv, simultanous fit can be oLic Wom [

i i Y I L Feoml S g
performed to constrain both couplings T T

50% (46%)
Eur. Phys. J. C 80, 1010 (2020)

68% CL bounds on Kj [%] il tuture coliders combined with HL-LHC
25 October 2023 Jan Klamka, CLIC physics potential 7


https://doi.org/10.1140/epjc/s10052-020-08567-7

Top quark




tt production

« At 380 GeV (close to max.
cross section)

* Precise mass measurements

ttH production

* At 1.5 TeV (close to max.
rate due to higher lumi)

* Top Yukawa coupling
measurement

tt production in VBF
e At 3 TeV
* Sensitive to BSM effects

J. High Energ. Phys. 2019, 3 (2019)

Top physics
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Other highlights in the top sector:

e Electroweak couplings
CP properties (ttH)
Forward-backward asymmmetry

* New physics searches
(compositeness, FCNC, and more)

25 October 2023
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https://doi.org/10.1007/JHEP11(2019)003

wars®

Top threshold scan:

Top mass measurements

 Dedicated runs at 10 points (10 fb~* each) around 350 GeV
with reduced charge lumi. spectrum — lower beamstrahlung
« Uncertainties from Yukawa and o_ couplings

e Most precise method for mass measurement

— T T T T T T T
[ tithreshold - QQbar_Threshold NNNLO

[ ISR + CLIC LS 90% Charge -
[ — default- m® 171.5 GeV, T, 1.37 GeV ]
F m, variations + 0.2 GeV

I, variations + 0.15 GeV

1 simulated data points
100 fb”" total

CLICdp '
— uncert. 20 MeV (stat.) and 50 MeV (tot.) T T
Vs [GeV]
[7)] T T T T
Complementary methods: T [ e I
. + T T I )
* Radiative events (tty) at 380 GeV € y Z
— Similar method to threshold scan, 400 - -
~140 MeV uncert.
. . >k * 200_ n
* Direct mass reconstruction at 380 GeV Y/ Z° - cLicds |
. ' Licdp |
— large theoretical uncert., ol AT
\ . . t 330 340 350 360 370 380
experimentally challenging /s’ [GeV]
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EFT framework

precision reach of the Universal EFT fit

10 = HL-LHC (3/ab, S1) + LEP/SLD light shade: CLIC + LEP/SLD 41071
. HL-LHC (3/ab, S2) + LEP/SLD solid shade: combined with HL-LHC(S2) ]
C CLIC Stage 1 blue line: individual reach i
CLIC Stage 1+2 yellow mark: additional result
10 E CLIC Stage 1+2+3 3
5 SO ]
+
. > 1 41 =
© E 17 =
= - ; =
= < i i @
qu) — 10_1 = 3 .S.
(o)) &) - :
ot - ]
= 1072 =10
10—3
CH ©Cww ©CBB Chw CHhe Cggxe €, C3w OCws Cr OCo @ 2 :@ Cs
- s Lopr=Losp+Y ~—0;+0 (A
Based on CLIC combined precision measurements of: eff = LSM A2

7

Higgs couplings, top-quark observables, WW production and ee — ff
mm) CLIC improves the new physics reach by orders of magnitude

arXiv:1812.07986, arXiv:1812.02093
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https://arxiv.org/abs/1812.07986
https://arxiv.org/abs/1812.02093

Direct BSM searches

arXiv:1812.07986, arXiv:1812.02093, arXiv:2111.04787

Process

HL-LHC

CLIC

Higgs mixing with heavy singlet
Higgs self-coupling AA
BR(H — inv.) (model-independent)

sin”y < 4%
~ 50% at 68% C.L.

sin” y < 0.24%
[—8%, 11%)] at 68% C.L.
< 1% at 95% C.L.

Higgs compositeness scale m.,

m, > 3TeV
(> 7TeV for g, ~8)

Discovery up to m, = 10TeV
(40TeV for g, ~8)

Top compositeness scale m,

Discovery up to m, = 8 TeV
(20TeV for small coupling g..)

Higgsino mass (disappearing track search)
Slepton mass
RPV wino mass (¢7 = 300m)

> 250GeV

> 550GeV

> 1.2TeV
Discovery up to ~ 1.5 TeV
> 1.5TeV

Z' mass (SM couplings)

Discovery up to 7 TeV

Discovery up to 20 TeV

NMSSM scalar singlet mass
Twin Higgs scalar singlet mass

> 650GeV (tanf < 4)
mg = f>1TeV

> 1.5TeV (tanff < 4)
mg=f>45TeV

Relaxion mass (for vanishing mixing)
Relaxion mixing angle (my < my /2)

< 24GeV

< 12GeV
sin 8 < 2.3%

Neutrino Type-2 see-saw triplet

> 1.5TeV (for any triplet VEV)
> 10TeV (for triplet Yukawa coupling ~ 0.1)

Inverse see-saw RH neutrino

> 10TeV (for Yukawa coupling ~ 1)

Scale VLTLI * for LFV (ee)(et)

> 42TeV

mm) For many BSM scenarios CLIC improves the sensitivity

25 October 2023
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https://arxiv.org/abs/1812.07986
https://arxiv.org/abs/1812.02093
https://arxiv.org/abs/2111.04787

Summary

e CLIC, as a mature option for a future Higgs factory, has a broad physics programme for
staged running at 380 GeV, 1.5 TeV, and 3 TeV

* Higgsstrahlung channel allows for Higgs measurements independent on its decay channels

* Higgs couplings can be measured at CLIC with unprecedented precision in a model-
independent way

e CLIC is the earliest project where less than 10% presicion on Higgs self-coupling can be
reached

* Top quark measurements include precise determination of mass and width (in the
threshold scan), Yukawa and EW couplings

* CLIC high energy stages offers great possibility for direct BSM searches, in many cases
surpassing HL-LHC reach
CLIC 2018 Summary Report: CERN-2018-005-M

25 October 2023 Jan Klamka, CLIC physics potential 14


https://arxiv.org/abs/1812.06018
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Higgs potential

Courtesy of Roberto Franceschini

, CLIC physics potential 16



Model-dependent global fit )

November 2018

%
2 11 CLICdp n
‘G"J model dependent
=
©
o
(@) B .
=
a
2
Q
o
1
B W t Y i
A H
350 GeV, 1 ab
0.9 0 +1.4TeV,25ab" Zy |
+3TeV,5ab”

EPJ C 77 (2017) 475, arXiv:1812.01644
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http://dx.doi.org/10.1140/epjc/s10052-017-4968-5
https://arxiv.org/abs/1812.01644

Higgs and top compositeness ﬂb

10 - L) LI Ll Ll L=
total tz compositeness
CLIC
81 © semi-leptonic ff ]
. cLIC ¢ tth 3
> ® hvv, hZ, WW, tth - -
al o eeoff -
® HL-LHC :
2t i
T T S ™
m.[TeV] m,[TeV]
Higgs compositeness scale and Top compositeness scale and
coupling coupling

arXiv:1812.02093
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https://arxiv.org/abs/1812.02093

Disappearing tracks

95% Exclusion Reach

« Small mass difference between
higgsino and neutralino

« At least 4 hits in tracker required

>1 stub

2 stub

=1 stub+y(50)
>1 stub+y(100)
=1 stub+y(200)

| 380 GeV |

2 stub+y(50)
2 stub+y(100) B 1.5TeV
1 3.0 TeV

2 stub+y(200)

600 800 1000 1200
m, [GeV]

0 200 400

— Reachable higgsino mass of 1.1 TeV required for exact DM relic density

arXiv:1812.02093
Jan Klamka, CLIC physics potential 19



https://arxiv.org/abs/1812.02093

Heavy Scalar Singlets

LHC 8 TeV Higgs couplings
LHC 300 fb~!  _-=~

-

0.100

-—
-

0.050 ~-~"LHC3ab~! HI [ HC Higgs ouplings]

sin®7y

0.010}

0.005F

R

;9
Ay . = - TS
\3 Y Jrl”;.l‘ ,'f”ur}

CLIC 3 TeV, 3 ab~!

0.001 ¢

S00 1000 1500 2000 2500
my [GeV]
Heavy scalar SM singlet mixing with the Higgs boson

Limits from direct production and indirect from Higgs couplings
arXiv:1812.02093
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https://arxiv.org/abs/1812.02093

Invisible scalar decays

° > I I 1 RN A I ]

U) =

BR(H., — inv.) < 1% (95% CL.) 3 / ]

I —1 .

(380 GeV, 1 ab) sl S

|T :

° - 2 s q) |

Higgs Portal SM-like Higgs field o

- "6’ 1072 OPAL, EPJ C27 (2003) 311 _|

125 GeV state — put -~ ILC, 250 GeV, 2 ab”" E

o — — ILC, 500 GeV, 4 ab™ ]

CLIC, 380 GeV, 1 ab” ]

H COS v Sin (87 h = —— CLIC, 380 GeV, 4 ab”’ i

( H’ — . QS _ new scalar field E 109 bt 7= GLIC, 1500 Gev, 25ab”

S Cos 0 100 200 300 400 500 600

m,, [GeV]

CLICdp o iy
——— S

Interpretation in terms of E  Famcov,ta T % /]
Vector-fermion DM Model c e 107 E S :

° © ATLAS /A

E E ]

Much better constraints than current 3 3 1
fI'Om ATLAS and CMS 210" 4 1072 E

& & ]

. I2(I)0 — I4(I)0 — I6(I)0 — I8(I)O — 1 OIOO 0 - 210 - 4I0 — 6I0

Eur. Phys. J. Plus (2021) 136: 160 . [GoV] m, [Gev)
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https://link.springer.com/article/10.1140%2Fepjp%2Fs13360-021-01116-5

Most general approach for DM search

Simplified DM Models framework

Vector, axial-vector and scalar
mediators

Coupling geY = 0.1, 1

+80%, -80% and no beam polarisation considered

Best limits using: ¢(Pe=—80%)/c(Pe=+80%)
(sys. uncert. cancel)

D@scrimination between vector and axial-vector mediators,
with my = 3.5TeV, mx = 1TeV
WIMP mass determination with 1% accuracy

DM searches - mono-photon channel

CLIC 3TeV, geY =0.1

= 1600F
& F
= 1400}~
E [
1200F
1000F
800F
600F

400k

vector, pol. ratio

200/~

A
axial-vector, pol. ratio %,

CLIC 3 TeV, geY =1

vector, pol. ratio
\

axial-vector, pol. ratio\
1

scalar, pol. ratio

arXiv:2103.06006
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https://arxiv.org/abs/2103.06006

10 F

T
cLIC |

107 10°

04

1
M, [GeV]

Mono-photon — light mediator

oo Kk [fb]
3

10

Light fermionic DM pair-production

for vector mediator

--------- Pseudo-Vector
| — Scalar 1 |
--------- Pseudo-Scalar Y ]
V-A coupling fl‘ ‘\\
V+A coupling J“ ) ey
;;
i PRI | ]
10 10° 10°
M, [GeV]

Combined limits, I'/M = 0.3

Weak dependence on the model scenario!

Eur.Phys.J.C 81 (2021) 10, 955
Small masses and couplings

»Experimental” approach - limits
depending on width and mass

—
o
m

E —— IM=0.5
I'™M=0.1
T —— I/M=0.03
1F —— rM=001 5

T T
cLIC

1073 & Ll il
For high masses limits on EFT mass scale: M2 10° 0 [ég\‘/]
6-10 TeV = Y
’gengxxY‘
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http://10.1140/epjc/s10052-021-09758-6

Inert Doublet Model A

o &

4 wars®

cLicdp Vs=3TeV
) . m e L =
Good agreement between full and fast simulation G 40F o rusimisn -
L [ ] Fast simulation (yy — had.) .
— realistic predictions for all scenarios R ]
205‘ 5 ) i
Wide range of scenarios at 1.5 TeV and 3 TeV CLIC : o 7
analysed e o E

400 600 800 1000 1200
Almost all scenarios could be discovered cucdp 2m,,. [GeV]
[} [~ 1 "~ 1 "~ 1 1T ]
. % 50 F 15TeV
Scalars with masses of 1 TeV accessible g f S3Tev ]
— significant increase w.r.t. previous study S 40 | E
(based on leptonic channel) R ‘ '| l E
L . 20}‘{|.' th 3
Significance reaching even 500 b * L . E
EPJ C 82 (2022) 8, 738 °TTs0 000 1500 é‘z”ﬁ’r?
Hir
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http://10.1140/epjc/s10052-022-10615-3

Heavy neutrinos dh

D
Semi-leptonic channel allows
full neutrino reconstruction
W w _~q
N NN /777 a0 g 7 F e
qqa /N Y g0z L
¢ =P 0T T e AHGA0TS
Based on DELPHES simulation, with e~y, 7y :
backgrounds considered 10°° E\
10°°

Observation expected almost up to the

IIII|_|,|,|I IIIIII_I,II IIII|_|_|,|,‘rI L1l

-_I_LLLI.IJ.II

kinematic limit 1077 . .
3x10? 10° 2x10°

Limits stronger than from LHC and FCC-hh
JHEP 06 (2022) 010

25 October 2023 Jan Klamka, CLIC physics potential
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https://inspirehep.net/literature/2032064
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