
BSM	physics	at	CLIC	
Rosa	Simoniello	(CERN)	

On	behalf	of	the	CLICdp	collabora<on	

ICHEP,	Chicago	
3-11	August	2016	



The	Compact	Linear	Collider	(CLIC)	

•  2-beam	accelera<on	scheme	with	100	MV/m	gradient	at	room	temperature		
•  Physics	program	over	20	years:	

•  √s	=	380	GeV:	precision	Higgs	and	top	physics	
•  √s	=	1.5	TeV:	BSM	and	rare	Higgs	decays	
•  √s	=	3	TeV:	BSM	and	rare	Higgs	decays	

•  Stages	can	be	re-defined	in	case	of	discoveries	at	LHC	
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“Updated	baseline	for	a	staged	Compact	Linear	
Collider”	à	soon	available	as	CERN	Yellow	Report		
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S.	Lukic’s	talk		
A.F.	Zarnecki’s	talk		



Detector	requirements	

•  2	detailed	detector	models	based	on	ILC	concepts:	different	technology	choices		

Ultra	light	vertex	detector	with	excellent	
flavour	tagging	performance	
0.2%X0	per	single	layer,	3	µm	resolu<on	

Large	and	light	tracker	with	excellent	
track	momentum	resolu<on	
ΔpT/pT2	~	2⋅10−5	GeV−1	

Highly	granular	calorimeters	
designed	for	par<cle	flow		
ΔEj/Ej	~	3-5%	
	

High	forward	coverage	for	
electromagne<c	physics	objects	
down	to	10	mrad	
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D.	Dannheim’s	talk		



CLIC	BSM	physics	program	
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CLIC	benchmark	analyses	chosen	to	emphasize	the	poten>al	physics	
reach	and	to	demonstrate	key	aspects	of	the	detector	performance	

•  Large	physics	poten<al	+	complementary	to	LHC	
q  More	sensi<ve	to	electroweak	processes	
q  Very	rare	processes	accessible	due	to	low	level	of	backgrounds	
q  Beam	polarisaBon	can	enhance	analyses	sensi<vity	à	not	always	

included	in	the	results	in	this	talk	

Direct	searches	(SUSY,	Dark	MaFer,	Hidden	Valley,	etc…	)	
q  Possible	direct	observa<on	of	new	phenomena	and	

corresponding	precision	proper<es	measurement	
q  Accessible	up	to	the	kinema<c	limit	of	3	TeV	

Indirect	searches	(ee	→	γγ,	vector	boson	scaFering,	etc…)	
q  Precision	measurements	–	possible	devia<on	from	SM	predic<on	
q  Possibility	to	reach	higher	energy	probes,	tens	of	TeV		



DIRECT	SEARCHES	
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SUSY	models	
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Investigated SUSY models

CDR Model I, 3 TeV:
• Squarks
• Heavy Higgs

CDR Model II, 3 TeV:
• Smuons, selectrons
• Gauginos

CDR Model III, 1.4 TeV:
• Smuons, selectrons
• Staus
• Gauginos

Wider applicability than only SUSY: Reconstructed particles can be 
classified simply as states of given mass, spin and quantum numbers

Wide	range	of	mass,	spin	and	quantum	numbers	tested	
à	wider	applicability	than	only	SUSY	

Model	I,	3	TeV	
•  Squarks	
•  Heavy	Higgs	

Model	II,	3	TeV	
•  Smuons,	selectrons	
•  Gauginos	

Model	III,	1.4	TeV	
•  Smuons,	selectrons	
•  Stau	
•  Gauginos	



SUSY	results	
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Summary of the SUSY studies
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Slepton Production 

Mark Thomson LCWS 2011, Granada 24 
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"  Slepton production at CLIC very clean 
"  Use SUSY model II: slepton masses ~ 1 TeV 
"  Channels studied include  

!   
!    
!   
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"  Acoplanar leptons and mssing energy  
"  Masses from analysis of endpoints of energy spectra 

e.g. smuon 
production 

m(µ̃R) : ± 5.6 GeV
m(ẽR) : ± 2.8 GeV
m(⌫̃e) : ± 3.9 GeV
m( �̃0

1) : ± 3.0 GeV
m( �̃±1 ) : ± 3.7 GeV

All channels 
 combined 

Mass	from	endpoint	
of	energy	spectra	
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Slepton Production 

Mark Thomson LCWS 2011, Granada 24 
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m(ẽR) : ± 2.8 GeV
m(⌫̃e) : ± 3.9 GeV
m( �̃0

1) : ± 3.0 GeV
m( �̃±1 ) : ± 3.7 GeV

All channels 
 combined 

Mass	from	endpoint	
of	energy	spectra	

03/06/2016 Philipp Roloff BSM at √s > 500 GeV 6

Reconstruction of SUSY particles
Endpoints of energy spectra:

Complex final states:

e+e- → HA → bbbb
e+e- → H+H- → tbbt

≈ 0.3% precision on 
heavy Higgs masses

Jet reconstruction

Precision on the 
measured gaugino 
masses 
(few hundred GeV):
1 - 1.5%

CLIC
3 TeV

CLIC
3TeV

CLIC
3 TeV

CLIC
3 TeV

slepton masses:
1.0 - 1.1 TeV

Final	state	discrimina<on	
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Summary of the SUSY studies

Slepton Production 
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Complex	final	state	

Heavy Higgs 

Mark Thomson LCWS 2011, Granada 26 
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e+e� ! H0A0 ! bbbb e+e� ! H+H� ! tbbt
"  SUSY (and in general 2HDMs) give heavy Higgs states (900 GeV in model I) 
"  Analysis:  

!  force events into four jets (the top quarks highly boosted) 
!  use b-tagging, kinematic fits, top-tagging (jet structure)  
!  Heavy Higgs mass from di-jet mass distribution 
!  tests: b-tagging and jet energy res. for high mass states 

mA0/H0 : ± 2.8 GeV
mH± : ± 2.4 GeV

2 ab-1 

Final	state	discrimina<on	
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Reconstruction of SUSY particles
Endpoints of energy spectra:

Complex final states:

e+e- → HA → bbbb
e+e- → H+H- → tbbt

≈ 0.3% precision on 
heavy Higgs masses

Jet reconstruction

Precision on the 
measured gaugino 
masses 
(few hundred GeV):
1 - 1.5%

CLIC
3 TeV

CLIC
3TeV

CLIC
3 TeV

CLIC
3 TeV

slepton masses:
1.0 - 1.1 TeV
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Dark	MaOer
•  ~25%	of	the	universe	made	up	by	Dark	Maker	
•  Search	for	direct	WIMP	producBon	

q  Assump<on	of	weak	interac<on	with	SM	
q  SUSY	only	one	of	the	interpreta<on	

•  Iden<fy	events	asking	for	single	photon	+	ETmiss	

•  Main	backgrounds:			
ee	→	ννγ (irreducible),		
ee	→	eeγ, ee	→	γγ�
à	forward	e/γ	iden<fica<on	is	crucial

•  Assuming	similar	energy	distribu<on	between	
signal	and	SM	background,	the	total	systemaBc	
error	(theory,	luminosity,	γ	id,	e±	veto)	is	larger	
than	the	sta<s<cal	error	

•  Detail	studies	using	full	detector	simula<on		
on-going	
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ee	→	γ + ETmiss	

Sta<s<cal	error	 6⋅10−4	

Systema<c	error	

Δεid(γ)/εid	 10−2	

Δεveto(e±)/εveto	 10−2	

ΔL/L	 5⋅10−4	

Δσth/σth	 10−3	



INDIRECT	SEARCHES	
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e+e−	→ γγ:	test	of	QED
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Precision study of e+e− → γγ (2)

e+e− → γγ

e+e− → e+e−

e±γ → e±γ

Selected events:

√s = 3 TeV, L = 2 ab-1,
CLIC_SiD detector

Λ = ± 4 TeV

Fit result: Λ > 6.33 TeV
(or electron size < 3.1 x 10-18 m)

Combined LEP data: Λ > 431 GeV
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Precision study of e+e− → γγ (1)
New physics searches with ee → γγ:
deviation from QED expectation

Simplest Ansatz: QED cutoff parameter Λ
(other interpretations possible: 
excited electrons, ...)

Events with small energy loss 
due to Beamstrahlung and ISR
are selected
→ two back-to-back photons

Most critical background:
e+e− → e+e−

Fit	result:	Λ	>	6.33	TeV	
(or	electron	size	<	3.1	x	10−18	m)		
Combined	LEP	data:	Λ	>	431	GeV		
(or	electron	size	<	4.6	x	10−17	m)	

•  Possible	devia<on	between	measured	and	predicted	
QED	cross-sec<ons	and	angular	γγ	spectrum	can	be	
used	to	test	extension	of	the	QED	(finite	electron	size,	
extra		dimension,	mass	of	excited	electrons,	…)	

•  Events	with	small	energy	loss	due	to	
Beamstrahlung	and	ISR	are	selected		
à	two	back-to-back	photons		
(veto	on	3rd	γ	with	E>50	GeV)	
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•  Main	backgrounds:		
ee	→	ee,	eγ	→	eγ�
à	e-γ	iden<ficaton	in	the	forward	
region	is	crucial	

•  Finite	electron	size	→	energy	cut-off	Λ



Vector	boson	scaOering:	test	of	EWSB	
•  Vector	boson	scakering	provides	an	important	

test	of	the	electroweak	symmetry	breaking		
à	sensiBve	to	new	physics	in	the	Higgs	sector	

•  Search	for	addiBonal	resonances	and	
anomalous	quarBc	gauge	boson	couplings		

•  Devia<ons	from	the	SM	parametrised	in	terms	
of	2	parameters:	couplings	(FS0,	FS1)	

	

•  Study	done	at	generator	level	with	separa<on	
of	hadronic	Z	and	W	decays	from	full	simula<on	

•  Main	backgrounds:	�
ee	→	WWνν (irreducible), �
ee	→	WWee,	ee	→	WZeν �
à	forward	electron	tagging	is	crucial	
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ΔFS,0,1	~	5	TeV−4	(@	3	TeV)		
~100	<mes	beker	than	at	LHC	@	8	TeV	

in	this	analysis	VV	=	WW	or	ZZ	
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Figure 9: 90 % exclusion sensitivities for polarized (solid) and unpolarized (dashed) particle
beams at energies of

p
s = 1 (black), 1.4 (blue), 3TeV (red) combined, assuming integrated

luminosities of 5 ab�1, 1.5 ab�1 and 2 ab�1, respectively.

take the simulation results and apply a proper fitting procedure that takes into account all
available information. Such an analysis of VBS data would exploit a complete set of observables.
In particular, it will be advantageous to resolve the decay products of the vector bosons into
individual jets – quarks in the language of the partonic elementary process – and take into
account their angular and energy distributions. For illustration of the added value, we have
generated WHIZARD event samples for the complete exclusive process e+e� ! ⌫̄⌫ + 4j with
all possible Feynman graphs included, summed over neutrino and quark flavors, for the SM and
for some nonzero values of the EFT operator coe�cient FS,0, Fig. 10.

In this figure, we show the distribution in the polar angle ✓⇤ between the final state jets in
the rest frame of the parent (o↵-shell) vector boson. This cut is applied at Monte Carlo truth
level to both jet pairs including all combinatorics. Expanding on this result, to enhance the
vector boson scattering signal further above the background, the following cut on the angle
✓⇤ could be used (as before: first number applies for 3 TeV and the number in brackets for
1.4 TeV):

0.2(0.4) < | cos(✓⇤)| < 0.75 (21)

A more sophisticated analysis would exploit the complete information from this distribution
and add in any further observable that provides discriminating power.

19

no	polarisa<on	

1	TeV,	5	ab−1	
1.4	TeV,	1.5	ab−1	
3	TeV,	2	ab−1	

P(e−,e+)	=	(80%,0)	

arXiv:1607.03030	



e+e−	→ µµ:	test	of	Z’	
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Precision study of e+e− → μ+μ−

Minimal anomaly-free Z' model:
Charge of the SM fermions 

under U(1)' symmetry:

Q
f
 = g

Y
'(Y

f
) + g'

BL
(B-L)

f

Observables:
• total e

+
e

−
 → μ

+
μ

−
 cross section

• forward-backward-asymmetry

• left-right asymmetry 

(±80% e
-
 polarisation)

If LHC discovers Z' 
(e.g. for M = 5 TeV):
Precise measurement of the 

effective couplings

Otherwise:
Discovery reach up to tens of TeV 

(depending on the couplings)
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effective couplings

Otherwise:
Discovery reach up to tens of TeV 

(depending on the couplings)arXiv:1208.1148	

•  Test	extension	of	SM	à	addi<onal	gauge	group	
(GUT,	string	theory,	likle/composite	Higgs,	etc…)	

•  Minimal	anomaly-free	Z’	model:	U’(1)	
q  No	extra	exo<c	fermions	in	par<cle	spectrum	
q  3	free	parameters:	M(Z’),	g’Y,	g’BL		

Qf	=	g’Y(Yf)	+	g’BL(B-L)f	

•  Precise	measurement	of	cross		
sec<on	σ(ee→µµ),	AFB,	ALR		
(±80%	beam	polarisa<on)	

•  In	case	of	discovery	at	LHC,		
precision	measurements		
of	the	effec<ve	couplings	

•  Otherwise	possible	discovery		
at	CLIC	or	limits	set	up	to		
tens	of	TeV		

•  Systema<c	uncertain<es			
dominant	for	L	>	500	y−1	



Composite	Higgs	
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•  Minimal	composite	Higgs	scenario	
q  It	predicts	direct	and	indirect	effects	

•  Indirect:	modifica<on	of	the	SM	Higgs	
coupling	propor<onal	to	ξ	=	v2/f2	
à	CLIC	very	suited	for	it	

•  Direct:	produc<on	of	EW	vector	resonances	
(vector	triplet	mass	mρ,	coupling	to	SM	gρ)	
narrow	resonance	assumed	
à	hadron	colliders	more	suited:	high	√s	

•  Rela<on	between	indirect	and	direct	

⇠ =
g2⇢
m2

⇢

v2

Indirect	searches	more	effec<ve	for	large	gρ,	
while	direct	searches	for	small	gρ	

arXiv:1502.01701	
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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Conclusion	
•  CLIC	has	a	large	discovery	poten<al	for	BSM	physics	
•  In	case	of	discovery	(either	at	LHC	or	CLIC)	precision	measurement	of	the	

new	par<cle	proper<es	is	possible	
•  Indirect	searches	can	constrain	new	BSM	physics	up	to	tens	of	TeV	
•  More	informa<on	at:	hkp://clicdp.web.cern.ch/	
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If you want to know more...

CLIC Conceptual Design 
Report (CDR) Vol. 2:
Physics and Detectors
(mostly at 3 TeV)

arXiv:1202.5940

CLIC CDR Vol. 3:
Staged construction, 
SUSY at 1.4 TeV, Z'

arXiv:1209.2543

Snowmass white paper:
Most of the Higgs studies

arXiv:1307.5288
(last update: 01/10/2013)

CDR	vol	2:		
arXiv:1202.5940		

CDR	vol	3:		
arXiv:1209.2543		

Snowmass	paper:		
arXiv:1307.5288		



BACK-UP	
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Machine	environment	

•  Small	beams	at	IP	lead	very	high	E	field	à	Beamstrahlung	
•  Beam	induced	background:	pair	produc<on	and	γγ->hadrons	

à	Strongly	reduced	with	subdetector	specific	Bming	cuts	(pT	,	θ)		
•  Luminosity	spectrum:	it	can	distort	kinema<cs	edges	

à	Important	issue	for	analyses	
2.1 THE CLIC EXPERIMENTAL ENVIRONMENT
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Fig. 2.1: The luminosity spectrum for CLIC operating at (left)
p

s = 500 GeV and (right)
p

s = 3 TeV.

2.1.2 Beam-Induced Backgrounds
There are three main sources of beam related backgrounds at CLIC:

– e+e� pairs which are predominantly produced with low transverse momenta pT;
– gg ! hadrons which result in pile-up of low energy particles with pT . 5 GeV;
– beam halo muons.

Each background has been studied in detail and the impact on the detector design has been carefully
evaluated using full GEANT4 [2] simulations of the CLIC detector concepts which are described in
Section 2.2 and Chapter 3. The beam-beam backgrounds are estimated from simulation. First, the
particles in the CLIC beams are tracked from the beginning of the main linac to the interaction point [3].
Then the resulting distributions are used, without modifications or approximations, as input for the beam-
beam simulation code GUINEAPIG [4] which uses the known cross sections for the relevant physical
processes [5]. Uncertainties on the simulation of the production rates and of the detector response have
been estimated. As a result, safety factors of two for the background rates from gg ! hadrons and five
for the ones from e+e� pairs have been estimated. Details are described elsewhere [6, 7]. Throughout
this document, results obtained with nominal parameters are presented in most tables and figures, while
safety factors are mentioned explicitly in the text.

Table 2.2: Fraction of luminosity above
p

s0/
p

s.

Fraction
p

s0/
p

s 500 GeV 3 TeV

> 0.99 62% 35%
> 0.90 89% 54%
> 0.80 97% 68%
> 0.70 99.3% 76%
> 0.50 99.9% 88%

2.1.2.1 Pair Background
The large flux of beamstrahlung photons will produce e+e� pairs in the strong electromagnetic fields
of the electron and positron bunches, both by coherent and incoherent pair creation processes [8]. The
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CLIC	dual	beam	scheme	
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1	drive	beams	accelerator	for	380	GeV	and	1.5	TeV	



CLIC	dual	beam	scheme	
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2	drive	beams	accelerators	for	3	TeV	



Vector	boson	scaOering	
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Figure 8: ±1� exclusion contours in the FS,0/FS,1 plane for the two signal processes e+e� !
⌫̄⌫W+W� and e+e� ! ⌫̄⌫ZZ including all background processes based on the assumption
FS,0 = FS,1 = 0. The e�(e+) beam is polarized at a degree of 80%(0%) at energies of 1.0 TeV
(upper left plot), 1.4 TeV (upper right plot) and 3 TeV (lower plot). The corresponding inte-
grated luminosities are 5 ab�1, 1.5 ab�1 and 2 ab�1, respectively. All cuts have been applied
and detection e�ciencies are included. The thick line indicates the 90% exclusion sensitivities
obtained by the combination of the two signal channels. All cross sections are unitarized.
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Hidden	valley
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•  Search	for	neutral	long	lived	parBcles	(1ps−1ns)	
q  Hidden	valley	model	(but	not	only!)	

•  Wide	range	of	final	state	à	star<ng	with:	
H	decaying	in	hidden	valley	pions	decaying	in	bb	
q  Reconstruc<on	of	displacement	verBces	

•  Main	backgrounds:	mul<-jets	final	state

communicators		
(H,	Z’,	Z,	χ,	…)	

Promising	channel	at	CLIC	→	Studies	in	the	full	simulaBon	to	extract	final	sensiBvity	


