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Physics landscape @

¢ Why are we not seeing new physics around the TeV scale?
— is the mass scale beyond the LHC reach?

— is the mass scale within LHC's reach,
but final states are elusive?

¢ What we want from a next-generation collider:

Address both possibilities:
¢ precision measurements

# sensitivity to elusive signatures
¢ extended energy/mass reach

Wide exploration potential:

— in particular, full exploitation of new probes:

exploration of EWSB phenomena; Higgs and top
quark with precision significantly beyond HL-LHC,

including Higgs self-coupling and possible
existence of other particles coupling to Higgs

EPS-HEP2019, July 2019 Aidan Robson



The Compact Linear Collider &)

¢ A high-luminosity, multi-TeV electron—positron collider

¢ Planned for construction at CERN in three energy stages:

IRV 7T B 757
- Compact Linear Collider (CLIC) f
@S 380 GeV - 11.4 km (CLIC380)
0 1.5TeV-29.0 km (CLIC1500)
| [ 3.0TeV-50.1km (CLIC3000) = 4

+ 380GeV, focusing on precision
Higgs boson and top-quark physics,
starting around 2035

i
4.
£

¢ 1.5 and 3TeV, expanding Higgs
and top studies including Higgs
self-coupling, and opening higher
direct and indirect sensitivity to
Beyond Standard Model (BSM)

+ Nominal physics programme
lasts for 25-30 years

Geneva

¢ Benefit of linear machine: flexible
Length/energy staging plan can be
updated in response to developing
physics landscape

EPS-HEP2019, July 2019 Aidan Robson 3




New physics searches

¢ CLIC can probe TeV-scale electroweak particles, or - % ..
particles that interact with the SM with electroweak- X
sized couplings, well above the HL-LHC reach

¢ Indirect searches: can interpret precision
measurements in particular model scenarios

¢ Direct searches:

¢ For standard final states, SM background cross-
sections typically comparable with signal

¢ Clean e*e™ environment helps to isolate
non-standard signatures

—> explore landscape :
for broad classes of theories

See poster by Emilia Leogrande “The CLIC Detector”
https://indico.cern.ch/event/577856/contributions/3420146/

EPS-HEP2019, July 2019 Aidan Robson



ﬂb Probing using known processes @

& Precision Higgs physics:

¢ Single-Higgs production ¢ Higgs studies are all full GEANT-based
simulation studies including beam backgrounds

o f "

= Hvv, ;

;_<\102' / \ v
3 1 e+

L Y/ HeL/—:\e WH

T |

o "°OF r/ E w

”@/ ; ttH ZH v

; o
107 | 3 H
10—2I P B T SN R R

0 1000 2000 Iaoloox/s [GeV]
380GeV 1.5TeV 3TeV

¢ Combine all 3 stages for best measurements
—> global fit including correlations

¢ c/b/W/Z couplings significantly more precise
than HL-LHC already after 380GeV stage

EPS-HEP2019, July 2019 Aidan Robson 5




Probing using known processes @

& Precision Higgs physics:

¢ Single-Higgs production ¢ Higgs studies are all full GEANT-based
simulation studies including beam backgrounds

November 2018

7
9 1.1+ CLICdp | § ‘ ‘va 7 /l’—"‘,—'___l ?
0 model dependent 5102 i / \ .
5 Ty e DNEY Wy
2 ] -IE) o / N .
g. 3 - ttH
8 b 1E 3
10" =
-2 | 1 A S R S S SR NN T S T el | ]
i W t v ] 195 1000 2000 4000 /s [GeV]
380GeV 1.5TeV 3TeV
H
o 350GeV, 1ab’ :
. ¢ Combine all 3 stages for best measurements
0.9 — o +1.4TeV,25ab’ Zy — e ) )
e +3TeV 5ab" —> global fit including correlations
¢ Precision <1% for most couplings ¢ c/b/W/Z couplings significantly more precise
Based on Eur. Phys. J. C 77 475 (2017) than HL-LHC already after 380GeV stage

updated to new luminosity scenario arXiv:1812.01644
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@

& Precision Higgs physics:
¢ Single-Higgs production
¢ HH production allows
precise measurement of gyuy

Probing using known processes

¢ Higgs self-coupling
requires high-energy running

e+ Y,

complementary dominates
e+ at1.5TeV at higher Vs
o H
H GHHH
H & v
e— H 50 observation
GHHH at 3TeV stage

50 observation
at 1.4TeV stage

Template fit at 3TeV using two
variables: M(HH) differential
distribution and BDT score

0
AGunn/9unn = t;:/f)

Gives unrivalled sensitivity
to Higgs self-coupling:

See dedicated talk by Ulrike Schnoor in the Higgs sessions
https://indico.cern.ch/event/577856/contributions/3420199/

EPS-HEP2019, July 2019
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Probing using known processes @

& Precision Higgs physics:
¢ Single-Higgs production

o H.H production allows First study of boosted « Can probe CP-
precise measurement of gyuy top production 'nwe+e_ odd component of
& Precision top-quark physics: " " ttH coupling to
¢ Cross-sections, asymmetries & 0.02<Asin” ¢ <0.08
optimal observables at all energies fqrzf;II range of
sin

(necessary to disentangle effects),
including boosted regime, ttH

¢ Benefit from
electron beam
polarisation

See dedicated talk by Filip Zarnecki in the top sessions
https://indico.cern.ch/event/577856/contributions/3420354/

EPS-HEP2019, July 2019 Aidan Robson



@

& Precision Higgs physics:
¢ Single-Higgs production
¢ HH production allows
precise measurement of gyuy

& Precision top-quark physics:
¢ Cross-sections, asymmetries &
optimal observables at all energies
(necessary to disentangle effects),
including boosted regime, ttH

¢ Precision two-fermion
and multi-boson measurements

Probing using known processes

107
10°
10°
10*
10°
102

10

a(ete” — X) (fb)

1071
1072

qa(q =u,d,s,c,b)

& BSM physics reach via precision measurements:

/:\;c]elc%vy e+>'5v<€'+ Imagine measuring g; ~10%4 => 89, ~ 10
(Js=m,) &7 409z \e~ Effect grows ass Js=m,

Z ? same precision!

3000
. 012 ~1000

éﬁ:rlgh e+>'€:{: ...equivalent to 20 ~10% => 00, ~ 104

4 SM
(Js=3TeV) ¢/ 09z o 3Tev

—> strongly benefit from high energies

EPS-HEP2019, July 2019

Aidan Robson
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Global sensitivity to BSM effects @

Standard Model

Put precision measurements together in global fits
LoMEFT :@ Z@@ Includes CLIC measurements of: & Higgs
¢ Top

Dimension-6

Scale of new decoupled physics ~ ©perators s WW
o ete>ff
Universal EFT fit _ Strongly benefits from high-energy running
102 =l HL-LHC (3/ab, S1) + LEP/SLD light shade: CLIC + LEP/SLD BE
= | HL-LHC (3/ab, S2) + LEP/SLD solid shade: combined with HL-LHC(S2) E
~ I CLIC Stage 1 HL-LHC preliminary blue line: individual reach ]
[l CLIC Stage 1+2 yellow mark: additional result
10—l cLIC Stage 1+2+3 E
‘\l"_l [ | Smaller value corresponds il
% L] to higher scale A probed _
E o F
P i i
< 107'¢ —=
&) - ]
107 E
107°
CH OCww CgB CHw CHB Cegx10  Cy, C3 w Cws  Cr Cz W"102 C2 B><102 Ce
( J L J ] J
effects grow W|th energy +ff°mHH
arXiv:1812.02093 The CLIC potential for new physics, CERN-2018-009-M ee—

EPS-HEP2019, July 2019 Aidan Robson 10




Higgs and top compositeness

¢ Composite Higgs or top would appear through
SM-EFT operators — translate EFT limits into
characteristic coupling strength g. of composite
sector and mass m.

Top compositeness Higgs compositeness
y T 1 S5-odiscovery 10 gm0 E
12} total tr compositeness 1 regions (CLIC)
10} CLICdp . ]
: ) | exclusion region
semi-leptonic ft 1 HLLHC
8} fiH o ‘ (ARG cLic
> J:=380 GeV,1.4TeV,3TeV | > - ® hvv, hZ, WW, tth
6 el :er =50:50, 80:20, 80:20 I 1
4l ee—ff i
ar [ ® HL-LHC
2r 2 J
3 5 7 10 20 30 40 10 20 30 a0 =0
m.[TeV] m,[TeV]

CLIC can discover top or Higgs compositeness up to ~10TeV
compositeness scale (~30 — ~50TeV in favourable conditions)
— above what HL-LHC can exclude

arXiv:1812.02093 The CLIC Potential for New Physics
11
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Dark matter

Electroweak precision tests:

A

arXiv:1810.10993 - Di Luzio, Grober, Panico

Higgsino:

WIMP dark matter candidate, connected to weak scale

naturalness, and gauge coupling unification Precision measurements of

When other superpartners decoupled: do/d(cosf) in ete™ -> ff

x* slightly heavier than y° sensitive to new states o f
= —> a0 leaving ‘disappearing track’ in detector —> exclude mass ranges
\ /"
reach Higgsino rass of 1.1TeV, _ ) e.g. for n=3 Dirac fermion, m=2TeV
required for DM relic mass densﬂy\ diverse saturates DM relic mass density:
— even with some level of background experimentally can be excluded by CLIC
Higgsino 95% Exclusion Reach Other states 95% Exclusion Reach
v | \ (1,7, pr I I I | / |
2 stub \ - (1,7, €)cs
>1 stub+}(50) | - (1,5, 0)mr
>1 stub+y(100) (1,5, &)or
>1 stub+}(200) | (1.5, €)cs
(1,3,0)mr
2 stub+y(50) m 380 GeV | (1,3, pr 1.5 TeV
2 stub+y(100) W 1.5TeV (1.3, €)cs [ 13TeV
2 stub+y(200) O BOTev (1,2,1/2)pk
Ol l IZ(I)OI l l4(l)0l l l6(l)0l l l8(l)0l l 'IIOIOCIJ :IZIO(IJ - é - é
m [GeV] m [TeV]

EPS-HEP2019, July 2019

DF=Dirac Fermion, MF=Majorana Fermion, CS=Complex Scalar
SUB)xSU(2)xU(1) representation; different n-tuplet multiplicities

arXiv:1812.02093 The CLIC Potential for New Physics

Aidan Robson



Higgs + heavy singlet

Direct search for real scalar singlet ¢:

OoTTUTUT

LHC 8TeV Higgs couplings
LHC 300 b - i

-

-—

_+="THC 3 ab"
4

sin’y

h = hgcos~y + Ssin+y. 0.001 CLIC 3TeV, 3 ab” 1
. PR SR N S T S T TR AT ST S T U S S S S T N SR SR SR S R
¢ = Scosy — hgsiny 500 1000 1500 2000 2500
v is mixing angle of SM-like Higgs m,[GeV] '
(mh=1 25GeV), and singlet—like state ¢ arXiv:1807.04743 — Buttazzo, Redigolo, Sala, Tesi
arXiv:1812.02093 The CLIC Potential for New Physics

EPS-HEP2019, July 2019 Aidan Robson 13




Higgs + heavy singlet @

Direct search for real scalar singlet ¢:

OoTTUTUT

LHC 8TeV Higgs couplings
LHC 300 fb" """

’—,’

0.100

-

Complementary: 0.050 _-»"" LHC3ab" HL-LHC Higg¢ couplings|
Indirect search
using Higgs couplings
g gg p g N>. sY=mh/m¢
arXiv: 1608.07538 =
0.010} ~ . 1
§in2y<0.9% 95% CL (380GeV) 1 | AT
. 0.005 ) i T N
sin?y<0.24% 95% CL - e 1
(380GeV+1.5TeV+3TeV) LIC 0.38+1.5+3 TeVHggsﬂ_cguelingi’
h = hgcosy + Ssinvy, 0.001 CLIC 3TeV, 3 ab |
¢ = S cosy — hgsiny 500 1000 1500 2000 2500
v is mixing angle of SM-like Higgs m,[GeV]
(mh=1 25GeV), and singlet—like state ¢ arXiv:1807.04743 — Buttazzo, Redigolo, Sala, Tesi
arXiv:1812.02093 The CLIC Potential for New Physics

EPS-HEP2019, July 2019 Aidan Robson 14




Baryogenesis @

¢ We observe a matter-dominated universe arXiv:1807.04284 No, Spannowsky

. . arXiv:1812.02093 The CLIC Potential for New Physics
¢ For baryogenesis to account for this, need

to add something to the SM m, = 500 GeV, sind = 0.05
12

¢ EW phase transition

required to be first order

1

\ CLIC 1.5TeV
|‘ gbtag=90%

1

8.
¢ Explored for CLIC in the ‘
Higgs+singlet model: cLIC 3Te

resonant di-Higgs searches ] s regions also

Higgs self-coupling g, compatible with

>

o . ~— ] P .
¢ Sensitive to the & 0 _ 3 baryogenesis
1 1 1 -—— . ’]‘M
Interesting region = = | Y

1
4 T Sbtag=9o% 1

] ,

regions compatible w/
unitarity, perturbativity, LIC 3T

and absolute stability ——8fs=70% X;

of the EW vacuum \

HL-LHC not
sensitive at this
low mixing
sin6=0.05

—-12 :
well-constrained by —4 —2
CLIC Higgs self-coupling (black) a2

and CLIC resonant di-Higgs a, and by/v are pa.rameters of the temperature-dependent
searches at 1 5TeV and 3 TeV effective potential; m, and 6 are the singlet mass and mixing

OQOlm=———

EPS-HEP2019, July 2019 Aidan Robson



A=1,An =80

[ Higgs couplings LHC13 |
Il pp-¢->SMLHC13

3000 "

Interpretations and full programme

2l

_| M pp~¢—>SM LHC13
2500 -

"I -- pp~¢ (SM) Future

Higgs couplings LHC13

3=ty psm

Precision Higgs couplings and self-coupling
Precision electroweak and top-quark analysis

Sensitivity to BSM effects in the SMEFT

S2=App/psm H ]
v= Al Higgs and top compositeness

— 2000 -
-- pp—¢ (SM) Future

. — e* e">vv¢p (SM) Future () 1500_ Baryogenesis
] Hg_ [ Direct discoveries of new particles
N 1000 Extra Higgs boson searches
001 @ { ) Dark matter searches
. » . 500 - A Lepton and flavour violation
500 1000 1500 2000 500 1000 1500 2000 2500 3000

Neutrino properties
Hidden sector searches
Exotic Higgs boson decays

arXiv: 1807.04743  m, [GeV]
Higgs + singlet as NMSSM

m, [GeV]
Higgs + singlet as
Twin Higgs model

Large theory community involved: -
CLIC Physics Potential Working Group

Many more studies in:

The CLIC Potential for New
Physics (250 pages)

TR CLIC POTENTIAL FOR NEW PHYSIS

arXiv:1812.02093 CERN-2018-009-M

Aidan Robson

EPS-HEP2019, July 2019



European Strategy for Particle Physics @

Efforts to synthesize prospects from different proposed colliders for

European Strategy development, shown in Open Symposium in May

95% CL scale limits on 4-fermion contact interactions (W couplings) 95% CL limits on compositeness scale (O_H operator)
Preliminary, Granada 2018

(

European Strategy, HL-LHC + HE-LHC

Preliminary, Granada 2019

( Q
European Stra

HL-LHC HL-LHC

HL-LHC + ILC

HL-LHC + LHeC

HL-LHC + HE-LHC
HL-LHC + ILC

HL-LHC + CLIC R e
HL-LHC + FCC HL-LHC + FCC
HL-LHC + CLIC
0.00 25.00 50.00 75.00
Scale / coupling strength [TeV] 0.00 1.00 2.00 3.00 4.00 5.0(
Scale / compositeness coupling [TeV]
95% CL scale limits on contact interactions (O_W term) 95% CL scale limits on 4-fermion contact interactions (Y couplings)

HL-LHC Preliminary, Granada 2019

I )
European Strategy,

Preliminary, Granada 2019 HL-LHC

A
European §trategy

HL-LHC + HE-LHC
HL-LHC +ILC

HL-LHC + CEPC
HL-LHC + HE-LHC

HL-LHC + ILC
HL-LHC + FCC HL-LHC + FCC
HL-LHC + CLIC HL-LHC + CLIC
0.00 10.00 20.00 30.00 0.00 50.00 100.00
Scale / coupling strength [TeV] Scale / coupling strength [TeV]
From J. Alcaraz, EWSB Dynamics and Resonances —> CLIC h|gh|y competitive

https://indico.cern.ch/event/808335/contributions/3365188/attachments/1843613/3023844/Alcaraz_BSM1.pdf

EPS-HEP2019, July 2019 Aidan Robson 17




CLIC reports

mn memn—.

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE

'ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE
CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

THE COMPACT LINEAR CotLines (CLIC) THE CLIC POTENTIAL FOR NEW PHYSKS

THE COMPACT LINEAR COLLIDER (CLIC)
201K SUMMARY REPOKT

DETECTOR TECHNOLOGIES FOR CLIC
PROJECT IMPLEMENTATION PLAN

. b ad GENEVA
Y

CERN-2018-005-M  CERN-2018-009-M CERN-2018-010-M CERN-2019-001

http://dx.doi.org/10.23731/CYRM-2018-002 http://dx.doi.org/10.23731/CYRM-2018-003 http://dx.doi.org/10.23731/CYRM-2018-004

http://dx.doi.org/10.23731/CYRM-2019-001

A Ay Four CERN Yellow Reports:
| o The CLIC 2018 Summary Report
mwﬁ“mam mwi"““"“wm; The CLIC Potential for New Physics
T T The CLIC Project Implementation Plan
Detector Technologies for CLIC

Two formal ESU submissions

Many supporting notes and papers
Available at:
http://clic.cern/european-strategy

EPS-HEP2019, July 2019
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CLIC perspective @

¢ CLIC is a mature project with an attractive timescale, ready to start
construction in ~2026, with first collisions ~2035

¢ The main accelerator technologies have been demonstrated and the
detector concept and detector technologies R&D are advanced

¢ The coupling of lepton collider precision and multi-TeV energies gives a
physics case that is broad and profound, from precision Higgs and top

measurements, and their interpretation in new physics scenarios, to direct
BSM searches

¢ CLIC is the best option for a future collider at CERN
http://clic.cern/european-strategy

ompact Linear Collider Workshop
inuary 21 - 25,

EPS-HEP2019, July 2019 Aidan Robson
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@

New Physics Reach

&

Table 2: Indicative CLIC reach for new physics. Sensitivities are given for the full CLIC programme covering the three
centre-of-mass energy stages. All limits are at 95% C.L. unless stated otherwise. Details on many of these
examples are given in [9].

Process HL-LHC CLIC

Higgs mixing with heavy singlet sin” Y < 4% sin” Y < 0.24%

Higgs self-coupling AA ~ 50% at 68% C.L. [—7%,11%) at 68% C.L.

BR(H — inv.) (model-independent) < 0.69% at 90% C.L.

Higgs compositeness scale m,, m, > 3TeV Discovery up tom, = 10TeV
(> 7TeV for g, ~ 8) (40TeV for g, ~8)

Top compositeness scale m, Discovery up to m, = 8 TeV

(20TeV for small coupling g.)

Higgsino mass (disappearing track search) > 250GeV > 1.2TeV

Slepton mass Discovery up to ~ 1.5 TeV

RPV wino mass (¢t = 300m) > 550GeV > 1.5TeV

Z' mass (SM couplings) Discovery up to 7 TeV Discovery up to 20 TeV

NMSSM scalar singlet mass > 650GeV (tanff < 4) > 1.5TeV (tan < 4)

Twin Higgs scalar singlet mass mg = f>1TeV mg = f>45TeV

Relaxion mass (for vanishing mixing) < 24GeV < 12GeV

Relaxion mixing angle (m, < my /2) sin” @ <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 V,;l/ ? for LFV (€e)(er)

> 42TeV

Aidan Robson

From arXiv: 1812.07986
21



EFT fit results

M HL-LHC M HL+LHeC [l HL+HELHC W HL+ILC,s; | HL+CLIC;cod Ml HL+CEPC |
[ | Higgsarc we B HL+ILCspp HL+CLIC3000 .
iggs 3
10— L L —

}-0.32

1073}

- Or (O} (©s) Oan 04" Or " Op “Ore - Oy (Or9 025 02502100

Highlighted where CLIC1500 more sensitive than FCCee - benefit of high energy

Aidan Robson

From J. de Blas
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@b European Strategy for Particle Physics @

Efforts to synthesize prospects from different proposed colliders for
European Strategy development, shown in Open Symposium in May

Preliminary, Granada 2019

Wider programme; compare CLIC and FCChh: Wm!m.@

Y-Universal Z, 20

Composite Higgs, 20, CLIC vs FCC,,

100F 10F
[] FCC-hh |
80r 7 cLic 8
=1 ILCs00 -
g sor . 6F W Co
E s | .
= a0} | dew
4t 1 Cow
20} | C1 FCCan |
2 : .

00 02 04 06 08 10 12 14
gz

10 20 30 40 50 60

m.j|le
From A. Wulzer [TeV

EPS-HEP2019, July 2019 Aidan Robson



Hidden Valley models

a

CLICdp Full Simulation

Hidden Valley Displaced Vertex

LGP
Point Of Closest Approach +
Distance Of Closest Approach
Process 7t3 lifetime [ps] 7:3 mass [GeV/cz] cross section [pb]
W —mm) 1,10,100,300 25,35,50 0.42- BR
ee” —qg - - 2.95
e e —qgvv - - 0.55
e'e” —qqqq - - 1.32
e'e” —qqqqvv - : 0.07 ~ 1 :
o ]
- . . Oqn1
g Mr CUCHR ) 5 B CLICdp , (@) 2 10 b j
=6000F + * : 1 Z000F: : C3 S N :
zZ . Higgs pr S Higgs 6 %102 e (NN .
o ] 4000} ! e ey W ,
. . ] o — Tl ' ./00 pPSs
oor; A 3000f S € 0 e
. - =10 "N 10 ps
L ) - 2000 - v )’ ]
2000 : ‘.‘.‘ ] 'ﬁw\,-‘ 10_4 R / /, Ry
R 1000§ 3
0 L - ) 1 1 NN T
o0 R Geviel % 1 3 0 5 10 15 20 25 30
6 [rad) Rpy [Mm] m

Franceschini & Michael Spannowsky - LCWS 2018 - U. Texas Adington - https://agenda knecarcollider.org/event/ 7889/

From R, Franceschini

24
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Hidden Valley models

i
Hidden Valley Displaced Vertex

CLICdp Full Simulation

P
CLICDP-NOTE-2018-001 ete —=> hvy h — ny ny my — bb
N=4 exclusive kr jets
99 4qqvv 9999
= = Boosted Decision Tree: £sz0.1
=08k 12
i r
goe ;2068 3 -4 T T Ty T T TTT
# of tracks £z Son Mass of jj Q0" CLICdp §
—02F :0(:2 B : — L B J
% bL_ 016 20 o te— 150 ol;? m_. =25 GeV/c
Nr of tracks in rec. DV Di-jet inv. mass [GeV/c'] o >
e ~ — E m_. = 50 GeV/c®
:—é’ou " éﬂls- - ‘-,‘
%Db % 0.1 i ~ )
:04 ‘; . "'-B__i_ —r £
# of DV z Zoos} \ Mass of 4 ~ T
=02 -~ M;filf\_ — ﬂ:
0 : B = S m
0 5 10 15 0 100 200 300 403
Nr of rec. DVs Four-jet inv. mass [GeVic] X
R e e T .| oH)=042p
Mass of DV & » B0 bttt
ass o 3 I
g 0 Jets ya4 and yo3 1 10 102
= = 0.1 - .
z Lifetime [ps]

0 10 20 30 40 50
Inv. mass of rec. DV [GeV/c’]

.,
“0  0.0010.002 C.CC@ 0.004 0.005
ogly )

Roberto Franceschini & Michael Spannowsky - LCWS 2018 - U. Texas Arlington - https://agenda.linearcollider.org/event/7889/

From R, Franceschini

Aidan Robson
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QB Collaborations @

http://clic.cern/

CLIC accelerator collaboration CLIC detector and physics (CLICdp)
CLIC accelerator studies: Focus of CLIC-specific studies on:
« CLIC accelerator design and development * Physics prospects & simulation studies
* (Construction and operation of  Detector optimization + R&D for CLIC

CLIC Test Facility, CTF3)

& G@% ®e ® °

® e o
® o ® @%8;) < b.’o’:

@@ ® & QQ@ ® ® 8@ ® o
®
(O]
&

EPS-HEP2019, July 2019 Aidan Robson 26




CLIC

2013 - 2019 2020 - 2025 2026 - 2034

Development Phase

Development of a project plan for a
staged CLIC implementation in line
with LHC results; technical
developments with industry,
performance studies for accelerator
parts and systems, detector
technology demonstrators

2020 2026 2035

Update of the European Ready for construction First collisions
Strategy for Particle Physics

EPS-HEP2019, July 2019 Aidan Robson



A CLIC Staging (]

3 pillars of the CLIC ¢ Higgs physics

ohysics programme: ~ * VETP-GUENHS [PEies Staging scenario
+ Beyond Standard Model physics designed around this

'%' Mnegraeduminosty] | # Physics programme extends over 25-30 years
SO 6F— Total = . . . .
> [ l=__1%peak 1 & Ramp-up and up-time assumptions consistent with
S | ossTev 1.5 TeV stev || other future projects arXiv:1810.13022, Bordry et al.
S 4t dl
g - ¢ Electron polarisation:
% : —enhances Higgs production at high-energy stages
© 2 i | —provides additional observables sensitive to NP
5 :_:F‘i:f:‘ 1 —helps to characterise new particles in case of discovery
EO A & AR T AR I
0 5 10 15 20 25 Baseline polarisation scenario adopted:
Year

Ple”)=—-80% P(e”)=+80%
Stage  +/s[TeV] Ly lab '] | Ly [lab '] Lo [ab "]

1 0.38 (and 0.35) 1.0 0.5 0.5
2 1.5 2.5 2.0 0.5
3 3.0 5.0 4.0 1.0

EPS-HEP2019, July 2019 Aidan Robson



& Precise determination of g, from ZH
recoil measurement at initial stage crucial
for Higgs couplings at all energy stages

y 4
e+ 7 z .
Z leptonic decays: muons ‘obvious'’
e—
H Z
y 4

Z hadronic decays: jet-finding blurs
separation between H and Z

¢ Use Z hadronic decays for extra
statistics

¢ At 250GeV the background to Z
hadronic is more signal-like

& At 420GeV the cross-section is lower
and jet energy resolution worse

¢ In between gives best precision for H

Js  L.[ab] ofZH)ifb] Ao(ZH)
250 1 136 +2.6%
350 1 93  =1.3%
420 1 68  +1.9%

EPS-HEP2019, July 2019

Choice of 380 GeV

150

=

\s=250GeV Vs=350GeV Vs=420GeV
g signal’ ignal
€200 y

80 90 100 110 90

100 110 70 90 100 11C
m,/GeV my/GeV m,/GeV
Vs =250 GeV; Background Vs = 350 GeV; Background Vs = 420 GeV; Background
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- 1 Exof Eonof
150 150
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mquGeV
Eur. Phys. J. C 76 (2016) 72

+ Overall, 380GeV using Z hadronic is as good for Higgs
as 250GeV using Z leptonic

# Top cross-section increases after threshold; plateau
begins around 380GeV

+ Higgs favours slightly lower energy (o(ZH) falling);
top favours slightly higher energy (oft}) still rising)

—> 380GeV is optimal initial energy for e*e-
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&!B CLIC Physics at the initial stage @

¢ Initial stage \/s=380GeV

& Precision top-quark physics:

E 0_7 C T T T T T I T T T T ] H

& ~ fttthreshold - QQbar_Threshold NNNLO 7]

—~ ISR + CLIC LS Nominal _

= 06 B PS i

L —default-m "~ 171.5 GeV, I'; 1.37 GeV i

. T C m, variations + 0.2 GeV N

0 05 I, variations + 0.15 GeV ]

) B Z

N | -]
©04F

0.3F —

B I simulated data points ]

0.2 :_ 100 fb”" total _:

0.1F -

" CLICdp -

0 C | I I 1 I | I 1 I I | I 1

340 345 350
Vs [GeV]

¢ Top pair-production cross-
section, both polarisations ~1%

¢ Top forward-backward
asymmetries ~3-4%

Top-quark physics at CLIC arXiv:1807.02441 [in journal review]

¢ Intending threshold scan
near /s=350 GeV (10 points,
~1 year) as well as main
initial-stage baseline
Js=380GeV

¢ sensitive to top mass,
width and couplings

¢ observe 1S 'bound
state’, Am, ~ 50 MeV

+ Statistically optimal
observables for top EWK

couplings
—> all input to global fits

First study of boosted
top production in e*e-

ore> > e

—> initial and high-energy
stages are very
complementary

Polarisation provides new
observables

€ t

—> Guaranteed physics case at initial stage

EPS-HEP2019, July 2019
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Higgs self-coupling

¢ Higgs self-coupling
requires high-energy running

e+ Y,

2l

Double Higgs and self-coupling:

1.4TeV 3TeV
i H
et TSV Jomnates é o(HHvY,) | >30 EVIDENCE >8g OBSERVATION
| o w 9HHH o(ZHH) >50 OBSERVATION
- A
o '}' Gunn/gom, 1.4TeV: 1.4 + 3TeV:
gHHH —-34%, +36% —7%, +11%
rate-only analysis differential analysis
# Direct access to two processes that behave arXiv:1901.05897
differently with non-SM values of self-coupling:

CLICdp CLICdp Template fit at 3TeV using two
5115_;""""""5 SN A variables: M(HH) differential
— e HHv 3TeV | {1 — 03¢ e ZHH 1.4 TeV O distribution and BDT score
e T 1 Eo2st S
T o9 . - % ' ; Gives unrivalled sensitivity
LTos = } I 3 E/ 0.2F P —. to Higgs self-coupling:

b E .. ° .o.. ]
= o | | ~ o o® E
07} . | .7 o 5 AGund Goom = +11%
L I 1 o S o 7%
0.55- I E [ oo ]
0.45———— ‘II — = 'SM" 0'050_' B R S w— %M— See dedicated talk by Ulrike
9! 9o Schnoor in the Higgs sessions
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&

Glb Interpretations and full programme

FCC-hh has (unsurprisingly) the best mass reach for new resonances, in general:
— For new Z' bosons via direct production with couplings ~weak coupling size
— For W', gravitons, strongly-coupled resonances, vector-like quarks, ...

CLIC highly competitive for new physics via contact interactions:
— For new Z' bosons with couplings > 1 (above the weak coupling size)
— For 2fermion - 2boson contact interactions (e+e-—ZH channel)

— New physics scales from deviations in Higgs couplings

From J. Alcaraz, EWSB Dynamics and Resonances
https://indico.cern.ch/event/808335/contributions/3365188/attachments/1843613/3023844/Alcaraz_BSM1.pdf
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Collider environment @

20 ms
Not to scale! <>

High bunch charge density
—> beam-related backgrounds
small effect at \/s=380GeV
large effect at high energies

CLIC= =

Beam structure
at 3TeV

156 ns

Precise timing required
for beam background
rejection

1ns in calorimetry,
5ns in vertexing/tracking

High precision: CALICE / FCAL
jet energy resolution
—> fine-grained calorimetry o(ENV(E) ~ 3.5% for E>100GeV
momentum resolution o(pr)/p? ~ 2x10> GeV-! CLICdp vertexing/
impact parameter resolution &, ~ 5¢15/(p[GeV]sin®?6) um tracking orogramme

EPS-HEP2019, July 2019 Aidan Robson



@b CLICdet @

Solenoid magnet
B=4T

Ultra low-mass
vertex detector
with 25um pixels

Return yoke (iron)
with detectors for
muon |ID

Main tracker, silicon-
based (large pixels
and/or strips)

Triggerless readout

Tracker

spatial resolution: 7um
Material: 1-2% X, / layer

Vertex detector

spatial resolution: 3um
Material: 0.2% X, / layer
—> forced air cooling

Forward region with
LumiCal and BeamCal

Fine-grained calorimetry used
for Particle Flow Analysis

End coils for
field-shaping

EPS-HEP2019, July 2019 Aidan Robson



CLICdet Performance
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