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Summary	of	the	exercise 		
•  We’ll	do	an	(extremely)	simplified	analysis	of		
H➞	γ	γ	in	run	2	of	the	LHC.		

•  We	will:	
1.  Set	the	stage:		

•  Learn	about	the	LHC	and	its	experiments	

2.  Look	at	the	physics:	
•  Understand	the	signal	we’re	trying	to	find	

3.  Run	the	analysis:		
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The	LHC	

12/02/19	 4th	Lisbon	Mini-School	 3	



1.	The	LHC:	colliding	beams	
•  At	the	LHC	we	collide	protons	against	protons	

–  Protons	are	used	as	“bags	of	quarks	and	gluons”	
•  Protons	are	made	of	3	valence	quarks,	exchanging	gluons,	and	a	sea	of	

virtual	quark	pairs	
•  The	deeper	we	look	(more	energy,	smaller	distances)	the	more	we	see	

gluons	and	quarks	from	the	sea	
•  Note:	

–  Only	a	part	x	of	the	proton’s	momentum	intervenes	in	a	collision	
–  Generally	xproton	1	≠	xproton	2	=>	The	collision	reference	frame	is	boosted	
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Colliding	Beams	
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•  All	in	a	beam	≈	16	μm	
thick	

•  Typical	runs	last	≈	12	
hours		

•  Intensity	decreases	from	
losses	and	collisions	

•  Then	re-inject,	
accelerate,	and	collide	
again	

•  Beam	energy:	
•  2802	bunches	of	1.15x1011	protões	
•  7TeV	/	proton		(2015)	=	7x1012	x	

1.602x10-19	J		
•  Is	362	MJ	per	beam…	
•  Same	as	the	kineIc	energy	of	a	

20,000	t	aircran	carrier	travelling	at	
12	knt	(21.7	km/h)	
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1.	The	LHC:	Luminosity	
•  The	instantaneous	luminosity	measures		
the	rate	of	interacIons	

•  If	we	collide,	with	a	frequence	f,	two	“bunches”	with	width	σx	and	σy	
(rms)	containing	n1	and	n2	protons,	the	luminosity	is:		
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σy	

σx	

•  The	event	rate	Nexp	for	a	certain	process	is	given	by	
the	product	of	the	instantaneous	luminosity	and	the	
cross	secIon	σ	

R	=	L	σ	



1.	The	LHC:	luminosity	
•  The	instantaneous	luminosity	has	inverse	area	units,	usually:	[cm-2	s-1]	

•  The	integrated	luminosity	is	expressed	in	inverse	cross	sec7on	units	
–  Why	does	this	make	sense?	
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•  In	Run	1	we	accumulated	≈25	:-1	per	experiment	at	√s	=	7	/	8	TeV	
•  In	Run	2	(2015-2018)	we	got	≈150	:-1	at	13	TeV	per	experiment		
	
Note:		
1q-1	(1x10-15/q)	has	1000	Imes	more	data	than	1pb-1	(1x10-12/q)	



12/02/19	 4th	Lisbon	Mini-School	 10	

1.	The	LHC:	Experiments	
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1.	The	LHC:	trigger	
•  25	ns	bunch	crossing		

–  Means	40	million	crossings	per	second	
–  Each	collision	≈1.5MBytes	
–  Means	>	60TB	per	second	

•  Impossible	to	keep	all	these	data	
–  And	unnecessary!	
–  Most	collisions	are	boring	(>99.99%)	

•  Use	the	trigger	system	to	keep	only	1	
collision	for	every	40	000	
–  But	need	to	decide	quickly	in	real	Ime	

(in	2.5μs	for	the	first	trigger	level!!)	

•  In	our	exercise	we’ll	consider	that	the	
trigger	selects	events	containing	2	
photons	with:		
	pT	>	35GeV	and	|η|<2.5	
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1.	The	LHC:	the	full	picture	



1.	The	LHC:	TEST	

•  At	the	LHC,	proton	bunches	collide	every	25ns	
•  Each	bunch	has	1011	protons	and	a	radius	of	11.1μm	(rms)	
•  The	LHC	has	a	circumference	of	27	km	

1.  What	is	the	instantaneous	luminosity	measured	by	the	CMS	
experiment?	

2.  If	the	inclusive	cross	secIon	for	Z	boson	producIon	is	28nb,	
how	many	are	produced	per	second	in	ATLAS?	

3.  In	20q-1,	how	many	Higgs	bosons	were	produzidos	during	
LHC	run	1	if	the	inclusive	cross	secIon	is	20pb?	

4.  How	many	proton	bunches	fit	in	the	LHC?	
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2.	The	Higgs	boson	
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2.	The	Higgs	boson	at	the	LHC	
•  Many	different	producIon	and	decay	mechanisms	

–  Span	3	orders	of	magnitude	in	cross	secIon	and	branching	raIo	
–  Some	very	clean	decays	with	low	BR	(γγ,	4l)	
–  Other	very	difficult	with	higher	rates	(bb,	WW,	ττ,...)	

•  Access	Higgs	properIes	through	combinaIon	of	different	channels	
•  Enormous	amount	of	progress	since	discovery	6	years	ago!	

 [TeV] s
6 7 8 9 10 11 12 13 14 15

 H
+X

) [
pb

]  
  

→
(p

p 
σ

2−10

1−10

1

10

210 M(H)= 125 GeV

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
6

 H (N3LO QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→pp 
 ZH (NNLO QCD + NLO EW)

→pp 

 ttH (NLO QCD + NLO EW)

→pp 

 bbH (NNLO QCD in 5FS, NLO QCD in 4FS)

→pp 

 tH (NLO QCD, t-ch + s-ch)

→pp 

Ricardo	Gonçalo	 BEACH'18	-	Peniche,	Portugal	 16	



2.	The	Higgs	boson	at	the	LHC	
•  Many	different	producIon	and	decay	mechanisms	

–  Span	3	orders	of	magnitude	in	cross	secIon	and	branching	raIo	
–  Some	very	clean	decays	with	low	BR	(γγ,	4l)	
–  Other	very	difficult	with	higher	rates	(bb,	WW,	ττ,...)	

•  Access	Higgs	properIes	through	combinaIon	of	different	channels	
•  Enormous	amount	of	progress	since	discovery	6	years	ago!	
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2012:	Descoberta	do	bosão	de	Higgs:	H->γγ	
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2.	The	Higgs:	TEST	

•  The	centre	of	mass	energy	during	the	LHC	run	2	is	13TeV	
•  The	calculated	Higgs	producIon	cross	secIon	is	51.01pb		
•  The	Higgs	Branching	RaIo	to	2	photons	is	2.28x10-3	

1.  How	many	Higgs	bosons	do	we	expect	to	be	produced	in	an	
integrated	luminosity	of	10.0	q-1	at	the	LHC?		

2.  How	many	of	those	will	decay	into	2	photons?	
3.  What	do	you	expect	the	photon	spectrum	will	look	like	in	

approximate	terms?	
4.  Why	does	the	Higgs	decay	mostly	to	a	b-quark	pair?	
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3.	Running	the	analysis	
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3.	Running	the	analysis	

1.  Look	at	sensiIve	observables		
2.  Apply	selec7on	cuts	
3.  Take	a	background	template	from	a	control	region	
4.  Fit	the	signal+bacground	to	extract	signal	strength	
5.  If	Ime	allows:	extend	the	search	to	heavier	Higgses	
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2.	Explore	the	H➞γγ	signal	
•  Go	to	the	Monte Carlo	directory	:	
> cd Exercise/MC/!

•  Start	a	ROOT	session	opening	file	H0.root	and	use	.ls		
> root H0.root!
root [1] .ls!
TFile** ! !../SecondSet/data/data50.root !!
 TFile* ! !../SecondSet/data/data50.root !!
  KEY: TTree !T;1 !event Tree!
  KEY: TH1F !h_Nph;1 !Number of photons!
  KEY: TH1F !h_Njet;1!Number of jets!
  KEY: TH1F !h_Mgg;1 !Inv.mass of 2 lead photons!

•  TBrowser	->	starts	an	interacIve	browser;	use	it	to	look	at	the	file	contents		
root [2] TBrowser !
!
root [3] T->Print()!
******************************************************************************!
*Tree    :T         : event Tree                                             *!
*Entries :     2312 : Total =          218315 bytes  File  Size =     153299 *!
*        :          : Tree compression factor =   1.40                       *!
******************************************************************************!
*Br    1 :Nph       : Nph/I                                                  *!
*Entries :     2312 : Total  Size=       9781 bytes  File Size  =        238 *!
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2.	Explore	the	H➞γγ	signal	

•  Plot	the	transverse	momenta	of	the	photons	
root [19] T->Draw("ph_pT")!
•  Or	
root [20] T->Draw("ph_pT","ph_pT<200")!

•  Variables:	
–  Nph:	number	of	photons	
–  ph_pT:	photon	pT	(from	photon	0	to	photon	Nph-1)	
–  ph_eta:	photon	η	=	-ln	tan	θ/2	(pseudorapidity)	
–  ph_phi:	photon	polar	angle	
–  Njet:	number	of	jets	
–  j_pT:	jet	pT	(from	jet	0	to	jet	Nph-1)	
–  j_eta:	jet	η	=	-ln	tan	θ/2	(pseudorapidity)	
–  j_phi:	jet	polar	angle	
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2.	Explore	the	H➞γγ	signal	
•  For	more	complicated	things	use	a	macro..	

•  Go	to	directory	root/	
> cd ../root/!
> root!
root [0] .x analyze.C!
…!
analyzed 141070 events!
wrote histograms to file pyhistos.root!
root [1] TFile *f = TFile::Open(“histograms.root")!
root [2] .ls!
TFile** ! !histograms.root!!
 TFile* ! !histograms.root!!
  KEY: TH1F !h_Mgg;1!Invariant mass of 2 lead photons!
  KEY: TH1F !h_MggH;1 !Invariant mass of 2 lead photons!
root [3] h_Mgg->Draw()!
Info in <TCanvas::MakeDefCanvas>:  created default TCanvas with name c1!

•  Look	at	other	variables	to	get	a	feeling	for	the	signal…	
!
!
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h_Mgg
Entries  6545
Mean    125.2
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110 120 130 140 150 160
0

200

400

600

800

1000

1200

1400

h_Mgg
Entries  6545
Mean    125.2
RMS     3.621

Invariant mass of 2 lead photons



3.	The	analysis:	data	
•  Inside	directory	Exercise/	there	are	4	directories:	
•  data/:	contains	data	events	(√s	=	13TeV)	

–  Trigger	cuts:	2	photons	with	pT	>	35GeV	and	|η|<2.5	
–  383019	events	in	150	root	files	
–  Integrated	luminosity:	11.5q-1	

•  backgr/:	contains	a	sample	of	background	events	
–  Integrated	luminosity:	432pb-1	
–  11596	events	
–  Sideband:	Mγγ	<	120GeV	

•  MC/:	contains	simulated	H⟶γγ	events	(mH	=	125	GeV)	
–  10	000	simulated;	6545	passed	the	trigger	
–  Equivalent	integrated	luminosity:	156q-1	

•  root/:	contains	ROOT	macros	for	analysis	and	plo�ng	
–  analysis.C	and	analysis.h	contain	the	analysis	code	
–  analyze.C 	steers	the	analysis	code	and	has	the	list	of	data/MC	files	
–  plot.C	plots	the	histograms	created	in	the	analysis	
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3.	The	analysis:	the	code	
•  File	analysis.C	ontains	the	important	bits	of	the	analysis:		

–  In	method	Begin(),	instanIate	histograms	(declared	in	analysis.h):	
•  h_Mgg			=	new	TH1F("h_Mgg","Invariant	mass	of	2	lead	photons",30,90,190.);	
•  h_MggH		=	new	TH1F("h_MggH","Di-photon	invariant	mass	aner	cuts",30,90,190.);	
•  …etc	

•  In	method	analysis::Process(),	select	events	with	at	least	2	photons	and	calculate	the	
invariant	mass	of	the	two	leading	photons:	
float Mgg !

!= sqrt(2*ph_pT[0]*ph_pT[1]*(cosh(ph_eta[0]-ph_eta[1]) - cos(dPhi)));!
•  Then	apply	cuts	to	refine	the	selecIon	and	put	the	values	in	histograms	

if ( ph_pT[0] > 40. && fabs(ph_eta[0]) < 2.37 && !
! ph_pT[1] > 30. && fabs(ph_eta[1]) < 2.37 ) {!

      h_MggH->Fill(Mgg);!
      h_dPhiH->Fill(dPhi);!
…	

•  Run	the	analysis	code	on	simulated	signal,	on	the	background	sample	and	on	the	data	
–  To	steer	the	analysis	edit	file	analyze.C	and	change	variable	dataType!
–   // add each root file into chain of TTrees - only one in this case!
–    int dataType = 0; // 0 = signal MC; 1 = background data; other = data!
–  Rename	the	output	file	histograms.root	into:	

•  MChistos.root!
•  backgrhistos.root!
•  datahistos.root!
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3.	Run	the	analysis	
1.  In	ROOT,	execute	macro	plot.C		

–  Needs	files	MChistos.root, backgrhistos.root, 
datahistos.root	to	be		present	

–  You’ll	be	guided	through	the	various	plots	which	will	serve	to	illustrate	
aspects	of	a	real	analysis	

–  Look	at	observables	in	the	data	aner	the	trigger	selecIon	and	aner	
analysis	cuts	

–  A	pure	background	sample	can	someImes	be	taken	from	from	a	
control	region	like	a	sideband;	this	can	help	study	the	background	

2.  Now	go	back	to	refine	the	analysis	and	try	to	opImize	the	
selecIon	

–  E.g.	try	to	esImate	signal	and	background	in	the	signal	mass	peak	
and	change	cuts	to	maximize	S/√B	

3.  If	Ime	allows:	extend	the	search	to	heavier	Higgses	–	any	
surprises?	
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Now	let’s	try	an	interacIve	analysis	
h�p://opendata.atlas.cern/visualisaIons/analyser-js.php		
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2.	The	Higgs	at	the	LHC:	producIon	
•  The	Higgs	couples	to	parIcles	with	mass:		

–  Fermions	or	weak	bosons,	but	not	(directly)	gluons	or	photons	
–  But	there	are	many	gluons	in	our	beams	…	

•  Largest	cross	secIon	is	“gluon	fusion”	
–  Loop	is	dominated	by	the	massive	virtual	top	quarks	
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2.	The	Higgs	at	the	LHC:	decay	
•  With	the	mass	of	mH	=	125	GeV,	the	Higgs	

boson	decays	mostly	to	b	quarks	
•  But	it	is	basically	impossible	to	separate	

this	signal	from	the	b-quark	producIon	
background	(106	Imes	more	frequent!…)		

•  H⟶γγ	decays	through	W-	and	top-
dominated	loop	
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Now	let’s	try	an	interacIve	analysis	
h�p://opendata.atlas.cern/visualisaIons/analyser-js.php		
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The	Higgs	boson	discovery	in	cartoons...	
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Solenoid:	B	=	4	T	
Inner	Tracker:	
Si	pixels/strips	
σ/pT	=	0.02%	pT	(GeV)	⊕	0.005	

Muon	Spectrometer:	
Steel	return	yoke	and	gas-based	muon	chambers	
σ/pT	=	1%	@	50GeV	to	5%	@	1TeV	(ID+MS)	

EM	calorimeter:	
PbWO4	crystals	homogen.	
σ/E	=	2-5%/√E	⊕	0.005	

Hadronic	calorimeter:		
Brass+scint./Steel+quartz	
σ/Ejet=	100%/√E	⊕	0.05		
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Solenoid:		B	=	2	T	
Inner	Tracker:		|η|	<	2.5		
Si	pixels/strips	and	Trans.	Rad.	Det.	
σ/pT	=	0.05%	pT	(GeV)	⊕	1%	

Muon	Spectrometer:	|η|	<	2.7	
Air-core	toroid	+	gas-based	muon	chambers	
σ/pT	=	2%	@	50GeV	to	10%	@	1TeV	(ID+MS)	

EM	calorimeter:	|η|	<	2.5	(3.2)	
Pb-LAr	accordion	sampling	
σ/E	=	10%/√E	⊕	0.7%	

Hadronic	calorimeter:		
Fe/scinIllator	/	Cu/W-LAr	
σ/Ejet=	50%/√E	⊕	3%		

• L	=	44	m,	∅	≈	25	m	
• 7000	tonnes	
• ≈108	electronic	channels	
• 2-level	trigger	reducing	
40	MHz	collision	rate	to	1	
kHz	of	events	to	tape	
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1.	The	LHC:	Experiments	
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Quantum	Mechanics	Strikes	Back!	

•  Background,	
signal,	and	their	
interference!	
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Agora	os	problemas...	
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Isto não devia funcionar!… 
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