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CMS	?	
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The	CMS	collabora@on

˜3500	scien@sts		
from	200	ins@tutes	
	in	46	countries
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The	Large	Hadron	Collider	(LHC)

Large	diameter:	27	km	!	
!
Collides	two	counter-circula@ng	beams	of	protons.	
!
40	millions	of	collisions	per	second.	

13 TeV
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Neat	numbers	to	remember	about	LHC…

!
Over	2000	superconduc@ng	dipoles	at	8.3	T.	
!
!
!
!
Pressure	in	long	vacuum	pipes	is	10-13	atm	
!
						→	lower	than	on	the	moon	
!
!
!
!
Magnets	kept	at	1.9	K,	using	over	100	tons	of	liquid	helium									

						→	colder	than	deep	space
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What	is	produced	?

Partons	follow	PDFs:	f(x,q),	probability	to	find	a	parton	
with	momentum		x,	x+dx.	
q	momentum	transfer.

Cross	sec@on:
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What	is	detected	?

Can	see	par@cles	because	they	interact	with	mafer.		

!
What	can	we	detect?	

	 •	Has	to	have	strong	or	EM	interac@ons  
	 •	Sufficiently	long-lived	to	make	it	through	the	detector	

!
Can	directly	observe: 
	 •	Electrons,	muons,	photons  
	 •	Neutral	and	charged	hadrons	

!
Can	indirectly	observe: 
	 •	Weakly	interac@ng	par@cles	(via	missing	energy) 
	 •	Short-lived	par@cles	(from	kinema@cs	of	decay	products)	

(*)	positron	discovery	1932	
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The	CMS	experiment

Mul@purpose	detector:	
!

• Find	Higgs	and	measure	its	
proper@es	

•	Find	supersymmetry	

•	Find	whatever	other	high-energy	
physics	that	comes	along…	

	

14000	tons.	
15	m	diameter,	28.7	m	length.	
3.8	T	magne@c	field.
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Coordinate	system

pp

Transverse	plane:	
perpendicular	to	the	beam	
transverse	momentum:	pT	=	p	sin(θ)

Pseudo-rapidity:	
ƞ=	-	ln(tanθ/2)	
!
dσ/	dpT	dƞ is	Lorentz-invariant	
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How	do	we	iden@fy	par@cles	in	CMS	?

Like	an	onion.	
Each	layer/detector	measures	E	or	p.
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The	CMS	tracker

Reconstruct	trajectories	of	all	the	charged	par@cles	from	collisions.	

214	m2	silicon,	65.9	M	silicon	pixels,	11.4	M	silicon	strips.	

Heavy	material	budget	!
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Plaques de métal 

Milieu scintillant  
et transparent 

12

The	CMS	calorimeters

76k	scin@lla@ng	PbWO4	crystals:	

→	Heavy	(so	par@cles	interact	with	it	a	lot)		

→	Transparent	(so	you	can	collect	the	light	at	the	end)	

	

Detec@on	principle	:		

stop	a	par@cle 
measure	its	signal	

Transparent	scin@lla@ng	plas@c

Brass	or	copper	walls

ECAL HCAL
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Muon	chambers

Three	types	of	detectors	→	redundancy	
!
• drip	tubes	(DT)	→	fast	!	
• resis@ve	plate	chambers	(RPC)	→	fast,	radia@on	tolerant	
• cathode	strip	chambers	(CSC)	→	radia@on	tolerant	

!
!
!
!

Muons	are	typically	very	penetra@ng.	

S@ck	the	detectors	in	giant	hunks	of	iron	so	nothing	else	gets	through.	
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How	to	combine	all	these	measurements	?

What	proper@es	can	we	measure?		

!
•	Energy	(calorimeter)  

•	Momentum	(tracking)																															𝐹	=	𝑞𝑣𝐵	=	m𝑣2/𝑅
					

→				𝑝	=	𝑚𝑣	=	𝑞𝐵𝑅	

!
• Charge	(also	tracking,	using	the	bend	direc@on)		

• Life@me	(also	tracking)	

• Mass																																																											𝐸2	=	𝑝2+𝑚2					→					𝑚	=	sqrt(𝐸2−𝑝2)	
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Par@cle	flow	algorithm
!

✦ Par@cles	well	separated	in	the	3.8	T	magne+c	field	
!
✦ Silicon	tracker	of	1m	radius:	excellent	track	resolu@on,	able	to	go	down	to	very	low	momenta	
(a	few	hundred	of	MeV)	

!
✦ Highly	granular	calorimeters:	
!

✦ excellent	resolu+on	of	the	EM	calorimeter	
✦ Only	10%	of	the	energy	stems	from	neutral	hadrons,	that	can	only	be	measured	by	the	HCAL	

!
→	Informa@on	from	all	detectors	combined	op@mally	to	reconstruct	each	par@cle	
→	Tracking	is	used	together	with	calorimetry	to	reconstruct	showers,	jets,	etc		
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Par@cle	iden@fica@on

Dedicated	algorithms	to	iden@fy	key	par@cles…	

+	μ	in	muon	chambers	and	𝛾	in	ECAL
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Pile	up	?

Pile-up	:		
addi@onal	p-p	interac@ons	inside	a	bunch	crossing

primary	vertex	(PV)
pile-up	vertex	
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PV

18

Pile	up	removal	!

Pile	Up	Per	Par@cle	Iden@fica@on	(PUPPI)	method:	
!
Weight	each	p-flow	par@cle	according	to	the	presence	
of	neighbours…	
!
Weight	α	allows	to	separate	PU	par@cles	from	others.
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Trigger	system

Trigger	strategy
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100	kHz

1	kHz
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HLT
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1.6 Il processo pp�Z + jets 25

Figura 1.6: Sezioni d’urto per interazioni protone-protone in funzione dell’energia nel riferimen-

to del centro di massa. La sezione d’urto per la produzione della Z è circa 1/10 di quella relativa

alla produzione del bosone W a LHC.

LHC	rate	=	40	MHz

Rate	to	be	wrifen	on	disk	
1	kHz

Physics	rate	
10	Hz
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How	does	the	trigger	work	?

✦ Independent	trigger	paths	;	
✦ Common	sequences	;	
✦ Different	streams	and	datasets	;	
✦ Specific	trigger	memus	for	commissioning,	cosmics,	low	PU	and	heavy	ions.
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LHC	schedule

Run	1	

Run	2	

LS	1

2009-2012		7,	8	TeV

2012-2015	

2015-2018		13	TeV	
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!
N(events)	=	cross	sec@on	*	
integrated	luminosity	
!
Instantaneous	luminosity	depends	
on	LHC	parameters.	
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Where	do	we	stand	?	2017,	a	new	pixel	detector	!

22
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Physics	?	
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Spectacular	confirma@on	of	the	Standard	Model	of	par@cle	physics

Observa@on	of	well	known	resonances	in	first	data	!
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Spectacular	confirma@on	of	the	Standard	Model	of	par@cle	physics

Measurements	of	the	produc@on	cross	sec@ons	of	various	processes	!	
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Spectacular	confirma@on	of	the	Standard	Model	of	par@cle	physics
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Last	missing	piece	

In	the	SM:	gauge	invariance	if	all	par@cles	are	massless.	

!
!
!
Introduc@on	of	field	with	“mexican	hat”	poten@al:	

• At	origin	par@cles	are	massless	

• When	par@cles	see	this	poten@al,	the	minimum	energy	state	is	to	hang	out	in	fundamental	state	

• This	is	called	electroweak	symmetry	breaking		

• W	and	Z	bosons	get	mass	from	this	mechanism	

• Any	par@cle	that	interacts	with	the	field	will	get	mass.	

!
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Last	missing	piece	

𝓛SM		=				𝓛gauge(Aa,𝜓i)				+				𝓛Higgs(φ,Aa,𝜓i)

Natural	
Experimentally	tested	with	high	accuracy	
Stable	w.r.t.	quantum	correc@ons	
Symmetric

Ad	hoc	
Necessary	to	describe	data	
Not	stable	w.r.t.	quantum	correc@ons	
Introduces	a	flavour	structure	in	the	model

Can	be	measured	in	LHC	data	!	
!
𝜆	=	1/2	mH2/v2					𝜇2=1/2	mH2					mW=1/2gv				Yij	=	Yukawa	couplings		
		
(v=	246	GeV,	Higgs	vacuum	expectaAon	value)
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Higgs	boson	discovery

Announced	by	ATLAS	and	CMS	
on	july	4th	2012	!



physics	@	CMS 30

Higgs	boson	discovery	-	historical	plots	

Z→4l	(control	region) ZZ→4l
ɣ+jet,		jet+jet	backgroud	
jet	faking	ɣ	
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What	have	we	learned	about	the	Higgs	boson	?
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fH	and	tH	not	yet	observed	!	
Decay	modes	observed	:	

ZZ,	𝛾𝛾	
𝜏𝜏,	new	!	

WW	ongoing…	
bb,	cc,	huge	background	!	

μμ,	very	small	cross	sec@on	!	
Higgs	boson	to	heavy	to	decay	to	top-quarks	!
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What	have	we	learned	about	the	Higgs	boson	?
mH	=	125.09	±	0.21	(stat)	±	0.11	(syst)	GeV	
ΓH	<	26	MeV		
!
Higgs	boson	seems	to	behave	in	a	standard	model	like	way:	

• JCP	=	0+	
• Yukawa	couplings	follow	the	SM	within	measured	precision	
• BR	(H→BSM)	<	34%	at	95%	CL	

!
!
!
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Historical	plots	-	an	update…

!
New	measurement	of	mH	in	H→4l:	
mH	=	125.26	±	0.20	(stat)	±	0.08	(syst)	GeV	
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First	differen@al	measurements	!

Cross	check	observables	with	theore@cal	calcula@ons	and	simula@on	!	
!
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Observa@on	of	H→𝜏𝜏

H→𝜏𝜏	observa@on	!	
Difficult	channel,	neutrinos	from	taus	escape	detec@on.
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Search	for	top-an@top-Higgs	

36

Direct	measurement

Indirect	access	to	top-Higgs	coupling

top,	b,	new	par@cule	?

top,	W,	new	par@cule	?

1%	of	the	Higgs	boson	produc@on	cross	sec@on		
top-Higgs	coupling:	√σ(fH)	

Higgs	bosons	can’t	decay	in	top	quarks,	how	can	one	measure	the	top	Yukawa	coupling	?	
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Top-an@top-Higgs:	several	final	states
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Need	to	iden@fy	top	quark	pairs:	
top	→	W+	b	(˜100%)

Higgs	boson	final	states:	
several	possible	final	states…	

+
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Top-an@top-Higgs:	mul@leptons	final	state
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BDT (ttH,tt)
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Top-an@top-Higgs:	mul@leptons	analysis	strategy

Mul@variate	techniques,	e.g.	boosted	decision	tree	(BDT)

BDT	against	T BDT	against	TZ	and	TW
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Top-an@top-Higgs	-	latest	results

40

Expected	signal	strength	μ	=	1.0	+0.45	-0.41,		2.4σ		significance	w.r.t.	the	absence	of	signal	hypothesis	

Observed	signal	strength	μ	=	1.5	+0.5-0.5,		3.3σ		significance,	first	evidence	!
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Higgs	boson	mass	is	problema@c…

Higgs	mass	should	also	get	correc@ons	from	loops	of	“virtual”	par@cles.	

Λ𝑈𝑉		:	energy	where	new	physics	comes	along	(Planck	scale	1019	GeV	?)	

Λ2𝑈𝑉	,	quadratic	term,	corrections	are	important	!	

How	do	these	correc@ons	cancel	out,	so	that	mH	=	125	GeV	?	

!
!
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Supersymmetry

42

+

SUSY	par@cles	have	not	been	observed.	
→	Supersymmetry	must	be	a	broken	symmetry	
→	SUSY	par@cles	must	have	a	higher	mass	
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Supersymmertry

43

!
New	quantum	number	introduced:	R-parity	=	(-1)3B+2L+S	
Else	protons	would	decay…	
All	SM	par@cles	have	R	=	+1,	all	SUSY	par@cles	have	R	=	-1	
!
!

Consequences:	

• SUSY	par@cles	go	in	pairs	
• If	a	SUSY	par@cle	decays,	it	has	to	go	to	another	SUSY	par@cle	
• The	lightest	SUSY	par@cle	(LSP)	is	completely	stable	
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Vue transverse Vue en perspective 

44

Key	ingredient:	missing	transverse	energy	(MET)

herme@c	detector	 energy	balance	in	transverse	plane	

MET	=		-	ΣET(measured)
→ →
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Higgs	boson	mass	is	problema@c…

Higgs	bosons	mass:	addi@onal	correc@on	with	opposite	sign	from	SUSY	par@cle.							

	Λ𝑈𝑉:	mass	scale	of	the	new	SUSY	particles	?																																																																																																													

Mass	scale	of	SUSY	par@cles	needs	to	be	~	1—2	TeV,	so	that	SUSY	remains	“natural”.	

!
!
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Other	reasons	to	search	for	supersymmetry	?

46
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Other	reasons	to	search	for	supersymmetry	?

47

LSP	could	be	an	excellent	dark	
mafer	candidate	:	
• neutral	
• weakly-interac@ng	
• completely	stable

Gas	interacts
dark	mafer	is	non	

collisional
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Heavy	resonances	-	bump	searches…

48

Select	final	state	objects:	electrons,	muons,	taus,	photons,	jets…	

Form	invariant	mass	of	the	objects	(or	transverse	mass…)	

Model	independent:	for	a	given	mass	put	limit	on	cross	sec@on.	

Or	model	dependent:	cross	sec@on	limit	is	turned	into	mass	limit.

Electrons,	muons,	photons	provide	the	cleanest	channels.	

But	many	BSM	physics	include	resonances	that	decay	to	di-jets.	
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Supersymmetry	-	strong	produc@on

49

Simplified	models	of	SUSY	assumed,	specific	final	state	assumed,	branching	frac@ons…	

High	jet	mul@plicity	is	expected	from	strong	produc@on.	

Flagship	analyses	:	0,	1,	2,	and	three	or	more	leptons,	high	jet	mul@plicity	and	significant	MET.	

!

Gluino	pair	produc@on	decaying	to	tops:	gluino	masses	up	to	about	2	TeV	excluded.		

Squark	pair	produc@on:	masses	up	to	1.5	TeV	excluded.	
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Supersymmetry	-	electroweak	produc@on

50

If	squarks	and	gluinos	too	heavy,	EWK	produc@on	may	be	the	only	accessible	produc@on	mechanism.	

Searches	target	chargino-neutralino	produc+on	decaying	via	sleptons	(and	then	leptons)	or	via	W,	Z	or	
H	bosons	(R-parity	conserving	models).	

!

Neutralino	2,	chargino	1	masses	
excluded	up	to	1.2	TeV.		
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Supersymmetry	-	stop	searches
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Top	quarks	are	very	important	in	SUSY	searches.	

Stop	expected	to	be	light,	cf	“natural”	SUSY.	

Direct	stop	searches:	stop	excluded	up	to	1.1	TeV.	



physics	@	CMS

Supersymmetry
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“Exo@c	searches”…
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CMS Exotica Physics Group Summary – ICHEP, 2016!
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Long	lived	par@cles	
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CMS long-lived particle searches, lifetime exclusions at 95% CL

Many	different	signatures	possible,	many	dedicated	searches	needed,	with	specialised	triggers…		
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!
Other	ways	to	search	for	physics	beyond	the	Standard	Model	?	
“Precision	physics”…

New	measurement	of	MW	by	ATLAS:	80369.5	±	18.5	MeV	!	
!
Mtop	measured	with	0.5%	accuracy,	but	s@ll	third	systema@c	in	BS→𝜇𝜇	searches,		
plays	a	role	to	understand	if	the	Higgs	poten@al	is	stable	or	metastable,	indirect	W	mass	measurement…
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!
Other	ways	to	search	for	physics	beyond	the	Standard	Model	?	
“Precision	physics”…

Use	the	top-an@top	cross	sec@on	to	search	for	stop	pair	produc@on	where	the	stop	mass	is	
close	to	the	neutralino	1	+	top	mass.
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!
Other	ways	to	search	for	physics	beyond	the	Standard	Model	?	
One	example	in	the	Higgs	sector…

57

																																																														α𝜏≄0	?	

CP	viola@on	in	Higgs	coupling	to	fermions	?	
!
!
!

Study	tau	spin	observables	in	Higgs	decays.	
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Tracker	and	forward	calorimeter	need	to	be	replaced	!	
!
HL-LHC:	140-200	pile-up	events	per	bunch	crossing	(x	5	LHC)	
																Instantaneous	luminosity	:	5e34	cm-2.s-1	(x	2-3	LHC)	

HL-LHC	phase	2		(2026	-	2035)
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HL-LHC	phase	2
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New	tracker	!

New	strategy	!	
Include	tracker	informa@on	
in	first	trigger	level	!
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HL-LHC	phase	2
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HGCAL:	high	granularity	forward	calorimeter	1.5<|ƞ|<3	
6M	Si	channels	(x	100	CMS	calorimeter)

High	granularity	+	@ming	will	allow	to	deal	with	
pile-up	and	background	rejec@on	:	p-flow	!	

Energy	
3D	posi@on	
50	ps	@me	resolu@on	
!
Operated	at	-30	deg
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What	physics	at	HL-LHC	?
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Observe	Higgs	self-coupling:	HH	observa@on	
Observe	rare	decays:	𝜇𝜇,	Z𝛾	

Search	for	forbidden	decays:	𝜇𝜏…

Search	for	SUSY,	dark	mafer,		
other	Higgs	bosons…


