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FCC-ee:ILC:CLIC

* The route to high-precision e+e- Higgs physics
= the Higgs is out there
= scalar field: a completely new form of “matter”
» strong argument to study/exploit the Higgs
*The ILC
= 250 GeV - 500 GeV: upgradeable to 1 TeV
= technologically mature, e.g. XFEL at DESY

= let’s hope it happens!
*CLIC
* 350 GeV -3 TeV
= technology still in R&D phase — but much progress
* Does all the ILC physics + sensitivity to higher mass scales
« e.g. sleptons/gauginos at ~TeV scale
* run 2 results could make a compelling case for CLIC

*FCC-ee
* 91 GeV - ~350 GeV
= limited energy reach, but potential for v. high lumi at lower s

= machine design needs to be fleshed out + cost of 100 km ring...

APersonal perspective/opinion... %
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A Brief Introduction to
CLIC
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CLIC in a Nutshell

CLIC = Compact Linear Collider

Accelerator:

* High luminosity, high energy e*e- linear collider
* Based on 2-beam acceleration scheme

= Gradient of 100 MV/m (warm technology)

= Strong accelerator R&D programme at CERN
* Energy:

* From a few-hundred GeV

= Upgradable in steps to 3 TeV

Detector:

* Two detector concepts CLIC_ILD and CLIC_SiD
= based on concepts developed for ILC
* Design driven by 3 TeV requirements
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CLIC Two-beam Acceleration Scheme @b

Accelerating gradient: 100 MV/m
— ‘“compact”

drive beam
Power-g €rating Structure
! P° =
Wer
ac

L

Two beam scheme:
* Drive Beam supplies RF power
= 12 GHz bunch structure
* low energy (2.4 GeV - 240 MeV)
= high current (100A)

* Main beam for physics
= high energy (9 GeV - 1.5 TeV)
= lower current 1.2 A

drive beams
these electron beams provide the RF power to the main accelerators

-—

electron main accelerator electrons

i /--.
detector
—_—

positrons positron main accelerator

main beams
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Is it Feasible?

*CLIC is a complex machine
= two beam lines
= a number of technical challenges
= nevertheless, very promising progress on R&D at CTF3 (CLIC Test Facility)
= CLIC Accelerator CDR (2013): no show-stoppers
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CLIC Energy Staging @}

* Currently foreseen that CLIC construction would be staged
= J]ower energy machine running during most of construction of next stage
= details of staging will depends on LHC physics results and/or CLIC goals.

Linac 1 I.P. Linac 2

oL

~350-500 GeV Stage

Injector Complex ~1 4 km
il T N
1-2 TeV Stage Linac 1 L.P. Linac 2

¥

Injector Complex

k— 7.0-14 km"l %— 7.0-14 km—)}
< ~20-34 km >|
3 TeV Stage
Linac 1 IP Linac 2
=
Injector Complex
‘L 20.8 km }< 3 km —*— 3 km >} 20.8 km J‘

A

‘ < 48.2 km
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§ Legend:

y e=ms CERN existing LHC
CLIC 500 Gev
CLIC 3 TeV
ILC 500 GeV

LHeC

Potential underground siting
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Experimental Conditions
at CLIC
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CLIC Machine Environment @b

* CLIC machine environment much more challenging than LEP or the ILC

L (cm2s-") 5%1031 5.9%1034
BX separation 247 ns 0.5ns _ Drives timing
#BX / train 4 312 > Requirements
Train duration 1us 156 ns K for CLIC detector
Rep. rate 50 kHz 50 Hz
o,/ o, 240/4 pm =45/1 nm p—
o, 44 ym
* Beam related background: PR
= Small beam profile at IP leads very high E-field: | - Beamstrahlung
* Beamsstrahlung v/v" q
¢+ Pair-background
» Interactions of real and virtual photons: —
+ yy— hadrons “mini-jets” VI q
Mark Thomson UK HEP Forum, 14/11/2014 13



Beamsstrahlung &!B

* Beamsstrahlung results in a distribution of centre-of-mass energies
= Large effect at CLIC due to small beam size, \'s’ > 99 % s

+ 77 % at 350 GeV y
+ 35 % at 3 TeV 3002 ;
0.0151 m

> 99 % 77 % 35 % 0-01;— —;
>90% 98%  54% s ousl _
>70% ~100% 76 % : |
>50% 100% 88 % O Tio00 2000 300

\s' [GeV]

* Impact on physics — depends on final state
* Reduces effective luminosity at nominal centre-of-mass energy
* not so important for processes well above threshold
= When well above threshold, boost along beam axis
 can distort kinematic edges, e.g. in SUSY searches
= Not a major issue in itself...

Mark Thomson UK HEP Forum, 14/11/2014
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Impact of Background @

Pile-up of “mini-jets”

%

Y/ q

*

Y/ q

20 BXs =10 ns of yy— hadrons

* Background must be accounted for in physics studies

Mark Thomson
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The CLIC Detector
Concept(s)
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UK HEP Forum, 14/11/2014

16



CLIC Detector Concepts QB

* CLIC Physics studies use detailed GEANT 4 simulation
* Detector models based on ILD and SiD concepts for ILC
* Physics studies use full reconstruction with background
* Focus on 3 TeV, where backgrounds are worse

* Detector concepts designed for high-granularity particle flow calorimetry
e.g. MT, NIMA 611 (2009) 25-45

Mark Thomson UK HEP Forum, 14/11/2014 17



Reconstruction in Time Q!b

* High granularity calorimetry allows individual particles to be reconstructed
= with times assigned to each particle based on individual hit times

* Pile-up from yy— hadrons can be effectively rejected using
spatial and timing information

* Studied at 3 TeV (the worst case)

|H||||| L. ¢

(- tCluster

eg. ee > H'H — 8jets
at Vs =3 TeV

Before (1.2 TeV
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Reconstruction in Time &!b

* High granularity calorimetry allows individual particles to be reconstructed
= with times assigned to each particle based on individual hit times

* Pile-up from yy— hadrons can be effectively rejected using
spatial and timing information

* Studied at 3 TeV (the worst case)

|H||||| L. ¢

(- tCluster

eg. e'e- >DH'H — 8je
at Vs =3 TeV

After 100 GeV
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Background Summary

cle

With a combination of:

* high-granularity calorimetry
* good time resolution
* hadron-collider motivated jet algorithms

—

Pile-up: no major impact on physics, even at 3 TeV

CLIC Physics Studies

* The following CLIC physics studies:

= all use full simulation/full reconstruction
= all include pile-up
essential to properly assess CLIC physics reach

Mark Thomson
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Physics at
CLIC
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CLIC Physics Potential

by

* CLIC is the most mature option for a multi-TeV future lepton collider

* In particular, electron-positron collisions at CLIC bring:
= precision Higgs physics (SM and BSM)
= access to weakly coupled BSM states, e.g. sleptons, gauginos

* Physics highlights include
= Higgs
= Top }
= SUSY

m Z’
= Contact interactions }
= Extra dimensions

Mark Thomson UK HEP Forum, 14/11/2014
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The Physics Landscape | &!b

CLIC is foreseen as a staged machine:

* First stage would focus on precision SM physics

= ~350 GeV* : Higgs and top

Cross-section [fb]
. o R <
T lllln] T lllllll T lllln] T lllllll T

-
Q
|

it H+X
ﬁ>< ;
I E
I ]

. % Not at the peak of Higgs cross section
E = But, luminosity scales with Vs

250GeV 350 GeV

_z. Int. £

|

-2:l|
10 0

I
I
I
I
I
I
I
I
I
i
I

1000

2000

73000
/s [GeV]

o(ete” — ZH)
o(e*e” — Hveve)

# ZH events
# Hv.Vv. events

* 250 GeV and 350 GeV give similar
precision for coupling measurements

240 fb 129 fb

8 fb 30 fb
250tb~!  350fb~!
60,000 45,500
2,000 10,500

* Energies of subsequent stages motivated by physics
= results from ~13/14 TeV LHC operation
= direct dark matter searches,

Mark Thomson
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The Physics Landscape li

* For example, illustrative SUSY “Model llI*” of Vol.3 of CLIC CDR

= Gauginos and sleptons at Vs ~ 1.5 TeV
= Squarks at Vs ~2.5 TeV

Precision measurements at CLIC

T ] oy
= 103 . I tf H+X _g = 103 tf HaX SUS:.modeI 11
c E : 3 c — Higgs
'9 2 i [\ .9 2 [\ — TL-" ﬁ, "é'
5 10° ¢ I 3 5 10 .
o) F : ] b} —— charginos
Ug) 10 é_ : . é 10 : squa-rks
e E I E :> 9 §M~tt )
O 1 E_ : _él O 1 - V‘E’ V.Lu v
: : 3 — neutralinos
107 | | . 107"
1 0-2 i 11, : PR [ S T ST TN N SN S R T 1 0-2 | I L 1 /-I
0 1000 2000 3000 0 1000 2000 3000
(s [GeV] /s [GeV]

*mSUGRA with non-universal squark masses with tanf3 = 10, Allanach et al., CERN LCD-Note 2012-003
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The Physics Landscape i

* For example, illustrative SUSY “Model llI*” of Vol.3 of CLIC CDR

= Gauginos and sleptons at ~1.5 TeV
= Squarks at ~2.5 TeV
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For example:

Stage |
Stage |l
Stage Il

PN I T T
2000

3000
/s [GeV]
~350 GeV
~1.5 TeV
~3 TeV

Precision measurements at CLIC

Stage | Stage Il Stage il
3 o I 17T SUSY model llI
10 | i 1 H+X _JI — Higgs
1 02 [\ | 11 —7 0
: —— charginos
10 I ! — squarks
: — SM ff
1 : — 9,9,V
: 1] — neutralinos
10 !
| I
10'2"':" r !
0O 1000 , 2000 3000

/s [GeV]

Higgs, Top
Higgs, gauginos, sleptons
Higgs, squarks, ?

Mark Thomson
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CLIC Physics Studies

* Mature studie: “CLIC Detector & Physics collab.” (CLICdp)

* CLICdp physics studies focussed around 4 documents
CLIC CDR Vol. 2: CLIC physics at 3 TeV

CLIC CDR Vol. 3: CLIC physics for a staged machine

CLIC Physics Snowmass Whitepaper

Higgs physics at CLIC: synoptic paper (in progress)

AL T 124

T i o

Physics at the CLIC e*e~ Linear Collider, SR
ORGANISATION EUROPENNE POUR LA RECHERCHE NUCLEAIRE Input to the Snowmass process 2013
CERN ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE s
form . CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH Higgs Physics at the CLIC Electron-Positron Linear Collider*

First Author', Second Author’*

e e S oy oy
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THE CLIC PROGRAMME: m——— o i s pieistpbeborruantoh
o § MK oV L Colldr st o CLIC T oo CLAC oo Do Bepr 012 oo iwEen O 1. Th CLIC g o sy o bt ke o ot s,
CLIC CoRcmnia D Raear TOWARDS A STAGED ¢ ¢~ LINEAR COLLIDER M. Achelr e (2 Precision Higgh ouldprovide 4 window (0
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Higgs Physics
at CLIC

Mark Thomson
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Standard Model Higgs &!b

* A number of SM Higgs processes accessible at CLIC

* Below Vs ~ 300 GeV e S 1.25.(?6}/:
Higgs-strahlung dominates Q - V’ ]
e’ —~ 4n2 L _
10 £ - E
|T : f\/ttH HZ ]
e +® i
D) 1 3 3
* Above Vs ~ 500 GeV T
WW fusion dominates 10 b i
|0-2 [ O T A T BTN
——— H 0 1000 2000 3000

Vs/GeV

e” Ve
* At Vs = 350 GeV both contribute
* CLIC energy stages, provide a rich programme of precision Higgs physics

Mark Thomson UK HEP Forum, 14/11/2014 28



Model Independence Q!B

*nggs-strahlung ¢
Total HZ cross section o(HZ) o gHZZ
(recoil mass) SN
e H

+exclusive cross sections

2
o(HZ) x BR(H — XX) c|g?,, gl;ﬂ
H

Mark Thomson UK HEP Forum, 14/11/2014 29



Model Independence &!b

*nggs-strahlung S
Total HZ cross section o (HZ) oC gHZZ B
(recoil mass) SN \
[ H \

+exclusive cross sections

o(HZ) x BR(H — XX) oc| g%, - ZHXX

9uzz ‘.
Iy ;
* Total Higgs width determined from WW fusion process ’:'
'R 2 I
et Ve e.g. O-(HZ) X BR(H — bb) o gHZZ LI
I ) o(Hvov,) X BR(H — bb) | Faww
W
- V. = [gaww |-
e 4
and gHWW

o(Hveve) X BRH — WW™) o
I'n
:> everything else follows.... all fully M.I.

Mark Thomson UK HEP Forum, 14/11/2014 30



* Model independent analysis
= Select Higgs from mass recoiling
against leptonically decaying Z
= Measure Higgs BRs

_—
-+ Input total

— Fitted total
— Fitted signal
---Fitted background

TR SR
150

200

Mrecoil [GeV]

* Measure Higgs production cross section independent of Higgs decay
= Sensitive to invisible Higgs decay modes

= Absolute measurement of HZ coupling

* Recent studies demonstrate can make Ml measurements with Z — qq

500 fb-! at Vs = 350 GeV

A(o)

——— NG

o

1.6 %

=

A(guzz)

Jguzz

~0.8%

Mark Thomson
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— Fitted total
— Fitted signal
---Fitted background

@q.é% =

o

A(guzz)

Jguzz

~0.8%

Mark Thomson
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Invisible Width

* e+ e- gives unique access to invisible Higgs width
= Take advantage of well-defined initial state
= Again Higgs-strahlung with Z — qq
= Recoil: Eec = Vs —Egq & Prec = ~Pyq

—> Br(H — invis.) < 1.0% @

70 80 90 100 110

90 % C.L.

Mark Thomson UK HEP Forum, 14/11/2014
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* In a higher energy stage of CLIC...
= Fusion cross section becomes large
+ + luminosity ~scales with s
= Large numbers of Hv.v. events

et Ve :
14TeV 3TV 4, 1| |
——— g IntLumi[for] 1500 2000 bm_f_ _
Cross section 278 fb 479 fb - ]
- ve  N(Hwv) 370,000 830,000 '3 io00 | 2000 3000
Vs/GeV
I:> Precise BR measurements
e’ t

* + Rarer processes give access to
= top Yukawa coupling ‘' H
» Higgs self-coupling...

Mark Thomson UK HEP Forum, 14/11/2014 34



fam L L L s >
% 14000 . [[] H— bbsignal 3 Tev ] 8
b O 12000 F-[] sM background . -~
I C . w .
10000 F E S
2 8000 : 2
c n - =
() - ]
H I, 6000 1| |H 2
4000 F r
- 2000 F = +
b et W : !
0 EO 100 150 200 105 110 115 120 125 130 135
bb invariant mass (GeV) Di-muon invariant mass [GeV]

= | o(H — bb) ~ +0.2% o(H — cC) ~ +3 % ocH—- pru) ~ £15%
statistical errors only

e t * Also sensitive to top Yukawa coupling
\ = studied at Vs = 1.4 TeV

Agui/ gui = 4.5 %

Mark Thomson UK HEP Forum, 14/11/2014 35



* Measurement of HH production directly € F
probes Higgs self-coupling A sm;m?;—
V. * Small cross sections: T 10k
= increase with \s o
= need energy N
* need luminosity... 10" E
Potentially important measurement E. } | | |
at CLIC 0 1000 2000 3000

* As for the LHC, in SM trilinear coupling enters through —ve interference

+ - et

€ €

Mark Thomson UK HEP Forum, 14/11/2014 36



* Measure HHv.V. cross section
= Map back to self-coupling

0.2 —\\\;

* CLIC with 80 % electron polarisation:

A/ ~ 24 %

(at 1.4 TeV)

* Measure HH cross section
= Map back to self-coupling

O e e el P el PR 1
04 06 038 1 1.2 14 SM1 .6
Mt M

A/A ~ 12 %

(at 3.0 TeV)

Mark Thomson
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Putting it all together

@

* Expected MI precision for CLIC programme

= Evaluated using full G4 simulations/full reconstruction |:> global fit

HZZ
HWW

Hbb

Hcc

0.8 %
1.8 %

2.0 %

3.2 %

3.6 %
3.5 %

5.0%
<1.0 %

0.8 %
0.9 %

1.0 %

1.4 %

1.1 %
1.5 %
19 %
4.5 %
24 %
3.6 %

0.8 %
0.9 %

0.9 %

1.1 %

1.0 %
1.4 %
10 %
4.5 %
12 %
3.4 %

CLIC gives 0(1 %)
— | model independent
Coupling determinations

—) Self-coupling
—» Higgs total width
—)> Invisible width

Mark Thomson
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BSM Higgs

* In MSSM have extended Higgs sector % _
= 5 Higgs states from 2 Higgs doublets 0fHee s ta5301
= gives rise to heavy states 1
= in CDR studied models with 750 GeV and o HH-
900 GeV (near degenerate) heavy Higgs | |/ .~ i
= cross sections significant at Vs = 3 TeV b w
= multi-jet final states AR O\
© 100 1000
p—— e My /Ma My /My [GeV
ete™ —» HYAY - bbbb e"e” - H'H — tbbt / a1t
T e A s s i BN 2 ab-' at 3 TeV
(4 C ©
N 10} |y Moy ¢+ £2.8GeV
',GEJ 80§ ;%3100 _ mHi - 24 GeV
0 ol 0
40f 50} Sensitivity up to
2F & e ST s . ] ma ~ 1.4TeV
0=%00 800 1000 1200 1400 0™500 800 1000 1200 1400

Di-Jet Invariant Mass (GeV/c?)

Di-Jet Invariant Mass (GeV/c?)

Mark Thomson
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Top Physics

Mark Thomson
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Top quark mass &!b

tL Y, tR
* The top quark appears to be special \\t//

= fermion mass at the electroweak scale

_ 1
m; = _YtU
= Yukawa coupling suspiciously close to 1 \&

|
|
|
|
X

* CLIC (and ILC @ Vs > 350 GeV) => precision top physics

* e.g. top quark mass from threshold scan

| {f threshold - 1s mass 174.0 GeV ]

- —TOPPIKNNLO +CLIC350BS +ISR | % Scan with modest lumi (10 fb'1/pt):

| I simulated data: 10 foVpoint

.6 |~ — top mass = 200 MeV : |:> m; . £33 MeV (stat.)

o
(o4

o
N

= measurement relatively easy
to interpret — “know what
you are measuring”
= theory uncertainties
relatively small

cross-section [pb]
o
(0]

o
N

T345 350 355
/s [GeV]
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above threshold &!B

* Above threshold, e'e” — tt cross section is large ~100s of fb
= fully hadronic tt — (bqq)(bqq) and semi-leptonic tt — (bqq)(b/v) decays:

4 \ = :
t b-ta b-t ] Use:
=) My < > m * Invariant masses
7\ 7@ t - Kinematic fits
Mw My

S1000F . 7 L = cey
[ i — (bga)(bqQ) 500 GeV' 4

* Large cross section & efficient event selection
= high statistics / high purity samples
= precision top physics, e.g.

=> | m; : £80MeV (stat.)

2 Ge
(0]

S

[

|

entries / (
3
o
I

400 .
200 [ * Potential for other precision measurements
i " Ars _
100 T 200 S50 = Anomalous couplings — energy helps !

top mass [GeV]
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Beyond the
Standard Model

Mark Thomson
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SUSY Benchmarks &!B

* e.g. in the CLIC conceptual design report, three benchmark
MSUGRA-motivated models defined:

* e.g. two high scale models (models | & II)
= e.g. one lower scale model (model lll)

* Main aim — to benchmark detector/physics performance
* CLIC very competitive for sleptons/gauginos

*SUSY Model Il *SUSY Model lll
m(§)) = 340 GeV m(y,) = 357 GeV
m( %), m(%;) ~ 643 GeV m(¥,), m(%) ~ 487 GeV
m(€g) = m(fig) = 1010 GeV m(€g) = m(fig) = 560 GeV
m(vy) = 1097 GeV m(vy) = 644 GeV
m(€r) = m(iy) = 1100 GeV m(€r) = m(iy) = 650 GeV
m(t)) = 1393 GeV m(t)) = 844 GeV

*for details see CDR

Mark Thomson UK HEP Forum, 14/11/2014 F & & &£ &£ &S 44
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SUSY Benchmarks

* e.g. in the CLIC conceptual design report, three benchmark
MSUGRA-motivated models defined:

* e.g. two high scale models (models | & II)

= e.g. one lower scale model (model lll)

* Main aim — to benchmark detector/physics performance

Model I Model lli
10° T T T T r—
t \-'.C—) 3 [ = |
ZH (\ Huw | — 10 3 it H+X E
— Higgs (- - :
10% | 1 o C_) L J
\ — 1T, I, e _,6 1 02 3 .
_ — charginos g 2 \ :
) @ e g0y e :
—svt 8 (== E
e o8 T
5 — V%V 1 3 r Ar’7- 4
— neutralinos | a, | D — ]
ot | 1 0-1 ‘p"‘l "?
[ 3
10 ‘ | . ‘ ‘ 1 0-2 El P PR ‘ 1 Ll /.I
0 500 1000 ‘/71(5)((:)3\/\ 2000 2500 3000 0 1 OOO 2000 3000
/s [GeV]
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* Slepton production at CLIC very clean

* Channels studied include

+ - ~4 ~— + . — =020
"CC =/ UgUr m W W A1 %y
"e'e” > &y —e'e” 7((1) 5’((1)
"efe” > VeV, » e WW R

* Acoplanar leptons and missing energy

* Masses from analysis of endpoints of energy spectra

1 OO EtiSng%?T)Z—S(Mg)é;vents: 2845
80 : My?= 841.75+ 6.38, %% ndf 24.5 /45 - m(l]R) : i 5.6 GeV
e.g.smuon gl | | Alichannels | m(z) : +2.8GeV
production  + | _; °°""°:'"ed m@e) : +3.9GeV
o0k - m(%)) : +£3.0GeV
N U SO m(%%) : £3.7GeV

0 500 1000 1500 2000
E [GeV]
Mark Thomson UK HEP Forum, 14/11/2014 S §&§ §§&&§




Gaugino Pair Production at 3 TeV G!b

* Test of particle flow reconstruction of boosted low mass (EW scale) state

* Pair production and decay: Full Simulation with background
ete” = 773 = DPWWT | 5 160
— ~0 ~ ~0 ~ (b} 0,0 _5 hh
ete” —> Xg Xg — hh X(l) X(l) 82 % 9 140 XKoo
Al

ete” — 5% — Zhi % 17 %

* Largest decay BR has same topology
for all final states

I’II|III|III|III|III+III

AP 0
O 100 120 140 160
M, , [GeV]

LTI BTN
* Separate using di-jet invariant masses 40 60 8

m(%7) : £7GeV
—> on
m(y,) : £10GeV
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SUSY Summary

* e.g. CLIC potential* for “Model lII” of Vol. 2 of CLIC CDR

Vs Process Decay mode SUSY Measured Unit Gene- Stat.
(TeV) model quantity rator  error
value
c fb 1L11 27%
O g — utp 7070 7 mass GeV 5608 0.1%
Z) mass  GeV 3578 0.1%
Sleptons c fb 5.7 1.1%
1.4 ~t I

7 mass GeV 558.1 0.1%
P mass  GeV 357.1 0.1%

o fb 56  3.6%
VeVe — 7070 e WHW - fmass  GeV 6443 25%
Zimass GeV 4876 27%

production épeg — ete X))

Stau —— —~0~0 Tymass  GeV 517  2.0%
L4 oroduction @71 T T Ak m fb 24  75%

Chargino  —.._ g~ _ Xi mass GeV 487  02%

Prodfction W = ROWW y b 153 13%
1.4 11| -

Neutralino  -,- /0 ~0~0 2, mass  GeV 487  0.1%

production 01— /220K c fb 5.4 1.2%

* Large part of SUSY spectrum measured at <1 % level
—)> Precision to resolve different SUSY breaking models

* For model | and model Il at Vs = 3.0 TeV — see backup slides
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SUSY and Beyond... B

* Have just scratched the surface of CLIC physics
= More details given in Vol. 2 & 3 of CLIC CDR
* Challenge the Standard Model with direct measurements
and the loop level
= challenge SM up to the 60 TeV scale

New particle CLICS
P ] ab~!
squarks [TeV] 1.5 } Direct
e.g. CLIC sleptons [TeV ] 1.5
at 3 TeV Z, (SM couplings) [TeV] 20 h

2 extra dims Mp |TeV] 20-30
TGC (95%) (3, copine) ~ 0.0001 > Loop/

u contact scale [TeV] 60 Effective operator

Higgs compos. scale [TeV] 60 _
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Summary/Conclusions
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Summary/Conclusions Q!b

* CLIC Physics:

« Complementary to the LHC/HL-LHC

* Focus on high precision measurements
* physic reach demonstrated (full simulation with pile-up)

» Staged approach = large potential for SM and BSM physics
= ~350 — 375 GeV : precision Higgs and top physics
= ~1.5 TeV : Higgs (including rarer decays), BSM physics
= >2 TeV : Higgs, Higgs self-coupling, BSM, ...
= Ongoing CLIC study of Higgs properties

at 350 GeV and 1.4 TeV

Mark Thomson UK HEP Forum, 14/11/2014 51
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Summary/Conclusions Q!b

* CLIC Physics:

« Complementary to the LHC/HL-LHC

* Focus on high precision measurements
* physic reach demonstrated (full simulation with pile-up)

» Staged approach = large potential for SM and BSM physics
= ~350 — 375 GeV : precision Higgs and top physics
= ~1.5 TeV : Higgs (including rarer decays), BSM physics
= >2 TeV : Higgs, Higgs self-coupling, BSM, ...
= Ongoing CLIC study of Higgs properties

at 350 GeV and 1.4 TeV

* CLIC is an exciting and realistic option for
a future energy frontier machine
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Thank you...

Mark Thomson
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Backup Slides
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Background Summary &!b

* Background conditions much more extreme than LEP

But combination of:

* With high granularity calorimetry,
* good time resolution
* hadron-collider motivated jet algorithms

I:> No major impact on physics, even at 3 TeV

Demonstrated with Physics Benchmark channels

* All full simulation, full reconstruction
* All with background pile-up
* Mostly focussed on worst case of 3 TeV
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CLIC Higgs Studies

Higgs studies for my =120 GeV

NG Decay Measured .. Generator Stat.
(GeV) Process mode quantity Unit value error Comment
c fb 49 4.9% Model
—utu~ .
350 ZH = p" X Mas GeV 120 0.131 independent,
using Z-recoil
SM Higgs ox BR fb 344 1.6%  ZH — qqqq
500 production ZH — 94499 Mass GeV 120 0.100  mass
reconstruction
500 ZH HvV ox BR fb 80.7 1.0% Inclusive
— VVqq Mass GeV 120 0.100  sample
1400 H—1tht 19.8 <3.7%
WWwW H — bb ox BR b 285 0.22%
3000  fusion H —cc 13 3.2%
H—-p u" 0.12 15.7%
Higgs
1400 wWwW tri-linear ~ 30 %
3000 fusion coupling ~ 16 %
8HHH

Mark Thomson
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Model | & |l Studies

NG Process Decay mode SUSY Measured Unit Gene-  Stat.
(TeV) model quantity rator error
value
c b 072 28%
iy — ptp 20" 7 mass GeV 10108 0.6%
Z)mass  GeV 3403  1.9%
c fb 605 08%
30  Sleptons eyeg —ete 00 1 fmass  GeV 10108 0.3%
production Z)mass GeV 3403 1.0%
e =050 4 -
e e —XiX1¢ € hh
?ZEZ _ i?-x-{)e+e_zozo (o] fb 3.07 7.2%
c fb 1374 24%
VeVe — XA Vet e WHW 7 mass GeV 1097.2 0.4%
Zi mass GeV 6432 0.6%
Chargino o 0RO — Zimass GeV 6432 1.1%
5o Production Wx— BHWW . c fo 106 24%
Neutralino  —gp-o P Zymass GeV 643.1 1.5%
production X242 — MZh/Z7H 7, G fb 33  32%
3.0 Production of __ s 57070 I Mass GeV 11237 0.52%
: right-handed ~ IRIR — 99X1 %1 ¢ fb 147  46%
squarks
Mass GeV 9024 03%
040
;0  Heavy Higgs H"A® — bbbb . Width GeV 31%
production YH- _ 1BbT Mass GeV 9063 03%
HH™ — tbit Width  GeV 27%

Mark Thomson
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Model lll Studies

NG Process Decay mode SUSY Measured Unit Gene- Stat.

(TeV) model quantity rator  error
value

c fb .11 27%

Oplg — ptu 070 7 mass GeV 560.8 0.1%

Z) mass  GeV 357.8 0.1%

Sleptons o fb 5.7 1.1%

L4 production &ieg — ete 07 L Fmass  Gev 558.1 0.1%

Z) mass  GeV 357.1 0.1%

o fb 5.6 3.6%

VeVe — XX et e WIW ™ ¢ mass GeV 6443 2.5%

X, mass GeV 487.6 27%

Stau . + o —~0~0 Tymass  GeV 517 2.0%

B production hh TTT AL i c fb 2.4 7.5%

Chargino . 00w 4u - X mass GeV 487  02%

14 production Xk = nnWow - c fb 153  1.3%

Neutralino  —o-o 0, 1705050 Zy mass  GeV 487  0.1%

production 0H — h/Z°h/ 2807 c fb 5.4 1.2%

Mark Thomson
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Possible Staging Scenario

@

* A number of possible staging scenarios
= details, currently being worked out, e.g.

parameter symbol
centre of mass energy Ecm [GeV] 500 1400 3000
luminosity L [10%* cm™2s71] 2.3 3.2 5.9
luminosity in peak Loo1 [103* cm™2s71] 1.4 1.3 2
gradient G [MV/m] 80 | 80/100 | 100
site length [km] 13 28 48.3
charge per bunch N [10°] 6.8 3.7 3.7
bunch length o, [pm] 72 44 44
IP beam size ox/oy [nm] 200/2.26 | ~ 60/1.5 | ~ 40/1
norm. emittance €x/€y [NM] 2400/25 | 660/20 | 660/20
bunches per pulse Np 354 312 312
distance between bunches Ay [ns] 0.5 0.5 0.5
repetition rate f, [Hz] 50 50 50
est. power cons. Pwail [MW] 271 361 582
Mark Thomson UK HEP Forum, 14/11/2014
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Composite Higgs

* In some scenarios, a light Higgs is a bound state of new strongly
interacting dynamics at the TeV scale  e.g. Giudice et al., JHEP 06 (2007) 045
= sensitivity from double Higgs production via WW fusion at CLIC

LHC Direct
LHC Indirect

EWPT \
“Artgb? .
qo \

| Y\,  CLIC Reach 1\._ Region favoured by
N0 EW precision tests

055

_\',
BT
A2

02t
0.1t

11 W

Dimensionless
Scale parameter

& o00sf

0.02}

001t

0.005}

o 2 4 6 8 10
Vector resonance mass ——s m, [TeV]

* Probe Higgs compositeness at the 30 TeV scale for 1 ab! at 3 TeV
(60 TeV scale if combined with precise measurements from single Higgs production)
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Power of precision

Precision measurements at CLIC allow one to distinguish between
models of new physics, e.g. following first observations at LHC

e.g. CLIC resolving power for SUSY breaking models

I N T T T
i ) — |
1400 U —di
1200H 1 o — 12 |
mGMSB —
1000 - mSUGRA - El |
Mass ) (A H), H*  gpol-
- - \ —
(GCV) 800} \_‘2 ‘X3,'l ]
— =—_ 8% -
600~ -0 -+ ) 880 - -
2 \—1 %2 €r, f/l
400 r O CLIC Measured| -
X1 —_— 7 ==C€R
200 .
1 | i i
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Higgs Production Rates

@

250GeV  350GeV 500 GeV 1 TeV 1.5TeV 3TeV
o(ete” — ZH) 240 fb 129 fb 57 tb 13 b 6 fb 1 fb
o(ete” — Hveve) 8 fb 30 b 75 tb 210 fb 309 fb 484 fb
Int. £ 250fb~"  350fb~!  500fb~' 1000fb~! 1500fb~! 2000 fb~!
# ZH events 60,000 45,500 28,500 13,000 7,500 2,000
# Hv.v. events 2,000 10,500 37,500 210,000 460,000 970,000

Mark Thomson
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Backgrounds in the Calorimeters @b

* Calorimeter backgrounds per bunch-crossing are manageable, ~ 60 GeV
* Want to integrate over as few as possible BXs
* Tight timing requirements !

=R

0.5 ns

* But can’t make calorimeter time window arbitrarily short...
* Time needed to accumulate all

—
o
o

calorimetric energy (due to low energy % D) Tungsten Absorber
particles, nuclear break-up etc.) 2 T 20 GeVHK
significant compared to 0.5 ns Bx S 80F
* HCAL resolution depends on time window & |
) L
(@]
o 60
Tungsten (Barrel): ~100 ns . — g
Steel (Endcap): ~10 ns sl

1 10 102 10°
ECAL/HCAL Timing Cut [ns]
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CLIC Timing cont. €}

* Tension between maximising calorimeter integration time and
minimizing number of BXs of yy — hadrons background
= e.g. reconstructed di-jet mass in e'e” — HA® — bbbb

aoF -

- — 0BX
30~ 5 BX _]

: ......... 20 BX

i =) [<
20 L --60 BX | 5 BX

I But < 2.5 ns not long
101 ] enough for calorimetry

0 : e T K
600 800 1000 1200 1400

Di-Jet Invariant Mass (GeV/c?)
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Impact of Background &!b

* Large backgrounds from interactions of real (Beamsstrahlung) and
virtual photons
= Coherent e*e” pairs (real)
+ 7 x 108 per bunch crossing (BX) at 3 TeV
* but mainly collinear with beams — impacts design of forward region
* Incoherent e*e” pairs
¢+ 3 x 10° per BX (low p;)
+* mostly low angle, impact design of low angle tracking/beam pipe
= YY— hadrons (real and virtual) - “pile-up of mini-jet events”

+ 3.2 events per bunch crossing at 3 TeV
+ main background in central tracker/calorimeters

*

* Bunch train structure =) pile-up of “mini-jets” Y/v" q
= CLIC: BX separation 0.5 ns

¢+ Integrate over multiple BXs of yy— hadrons

+ 19 TeV visible energy per 156 ns bunch train Y/

*

Naj
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A CLIC Detector in Time

@

* Based on trigger-free readout of detector hits all with time-stamps
= assume multi-hit capability of 5 hits per bunch train

* Assume can identify t0 of physics event in offline trigger/event filter
= define “reconstruction” window around t0

EEEm

EmEm
n
| "

* Hits within window passed to track and particle flow reconstruction

Subdetector
ECAL

HCAL Endcap
HCAL Barrel
Silicon Detectors
TPC (CLIC_ILD)

Reco Window Hit Resolution

10 ns 1ns
10 ns 1ns
100 ns 1ns
10 ns 1012
Entire train n/a

Sufficient calorimeter
integration window

—

CLIC hardware
requirements

* Still 1.2 TeV reconstructed background per event

Mark Thomson
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Jet Finding at CLIC

&

* At LEP, preferred jet-finding algorithm: Durham k;
= all particles in event clustered into the jets
= not appropriate for CLIC

* Events at CLIC
= significant background from forward-peaked yy — hadrons
= are often boosted along beam axis (beamsstrahlung)
= “hadron collider” type algorithms more appropriate

* Jet finding at CLIC
= studied for benchmark physics analyses (FASTJET package)
= preferred option “k;” with distance measure AR*> = An* + A¢?
 invariant under longitudinal boosts
= particles either combined with existing jet or beam axis
* reduces sensitivity to yy — hadrons

Mark Thomson UK HEP Forum, 14/11/2014
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A — ~0 ~0
xege'e D QRIR A9 X
= two jets + missing energy . A

All particles clustered

>=

> : L ',' L L '\ L 20 [ | | vl | | ]
8 100 i Durham ky 8 - “hadron collider” k; with AR=0.7 | 4
o i HMH} | i 100 — No Cut ]
S i ] S i Loose Cut
2 80f bl g W - QT o S ]
5 - | b { **i 1 ~ 80F M — Default Cut _
bob) i Hllﬂi || Ii {}* } ] % C | | —— Tight Cut ]
= 60 N T } ] = 60F m“ Ly 2
T i || '|++ h ||++ { #i i = B th ? -
W 4oL Y W | . L i i *+ )
i i i f i 40 - if h* B
B IH ++ e 1 7 B t 4
R N iy i + § 1+ t*
20 __ '“;"::* :4 "H“:tf* *ﬂ“ __ 20 :_ ’tg’ ";‘}# _:
N NG “++ ."...:.” " _ - 1? a2 ]
0 I R T S T S 0 -_...é‘? L ?”‘3;&__ T
O 1000 2000 3000 4000 0O 1000 2000 3000 4000
Ey;s [GeV] E,. [GeV]

* Two “weapons” against background: timing cuts + jet finding
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