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SeBng	the	scene	
•  We	know	nowadays	that	the	Standard	Model	(of	
parBcle	physics)	works	beauBfully	up	to	an	energy	
scale	of	a	few	hundred	GeV	

•  However,	there	are	compelling	reason	to	state	that	it	
is	incomplete,	e.g.	
– Missing	dark	maLer	candidate	
–  Standard	Model	CP	violaBon	for	dynamical	generaBon	of	
the	baryon	asymmetry	in	the	universe	is	largely	insufficient	

•  As	well	as	more	fundamental	reasons,	such	as	
– Why	there	are	three	families	of	quarks	and	leptons?	
– Why	the	masses	of	fundamental	parBcles	span	several	
orders	of	magnitude?	

– How	to	accommodate	gravity	into	the	quantum	picture?	
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•  Instead	of	searching	for	new	physics	parBcles	
directly	produced,	look	for	their	indirect	quantum	
effects	that	the	existence	of	such	new	parBcles	
bring	down	to	low	energy	processes	
–  e.g.	c-	and	b-hadron	mixing	and	decays	
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Precision	measurements	of	
CP	violaFon	and	rare	decays	

Bsàµµ
Bsàφφ

B-B	mixing	



	

•  General	amplitude	decomposiBon	in	
terms	of	couplings	and	scales	
à	in	presence	of	sizeable	Standard	Model	
contribuBons,	new	physics	effects	might	be	hidden	
–  Need	high	precision	measurements	of	theoreBcally	clean	
observables,	e.g.	rare	decays	where	the	Standard	Model	
amplitude	is	very	small	

•  From	present	picture	in	the	flavour	sector,	sBll	room	for	new	physics	
at	the	10-20%	level	

•  Studying	CP-violaBng	and	flavour-changing	processes	à	two	
fundamental	tasks	can	be	accomplished	
–  IdenBfy	new	symmetries	(and	their	breaking)	beyond	the	SM	
–  Probe	mass	scales	not	accessible	directly	at	nowadays	colliders	
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Precision	measurements	of	
CP	violaFon	and	rare	decays	



The	LHCb	collaboraFon	today	

•  About	1200	members,	from	72	InsBtutes	in	16	Countries	
–  Steadily	growing	through	the	years	with	new	incoming	InsBtutes	

•  About	800	authors	
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LHCb	physics	paper	staFsFcs	

• 384	physics	
papers	in	total	so	
far	

•  For	a	complete	list	of	
LHCb	publicaBons	see	

hLp://lhcbproject.web.cern.ch/lhcbproject/PublicaBons/LHCbProjectPublic/Summary_all.html	

2011	 2012	 2013	 2014	 2015	 2016	 2017	2010	



LHCb	detector	layout	
•  LHCb	is	mainly	(but	not	only)	studying	beauty	(and	charm)	

–  At	LHC,	the	producBon	of	heavy	quark	pairs	is	peaked	forward/
backward	

–  The	detector	is	a	single	arm	spectrometer	
•  Both	b-hadrons	go	together	forward	(or	backward)	
•  Acceptance	2	<	η <	5	

–  A	b-meson	/	baryon	is	boosted	
•  It	flies	several	millimetres	before	decaying	
•  This	is	the	main	signature	for	selecBng	events	

•  General	detector	layout	
–  The	silicon	vertex	detector	is	a	key	component	
–  Dipole	magnet,	and	tracking	staBons	ager,	to	measure	
accurately	the	momentum	

–  ParBcle	idenBficaBon	by	two	RICH	detectors,	electromagneBc	
and	hadronic	calorimeters,	and	a	muon	system	
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LHCb	3D	sketch	

•  v	

8	



Collision point 

Y	

Maybe	easier	to	visualise	it	in	2D	
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•  Trigger:	 	OpBmised	for	highest	efficiency	on	heavy	flavours	
•  Tracking:	σp/p	0.4%–0.6%	(p	from	5	to	100	GeV),	σIP	<	20	µm		
•  Calo: 	σE/E ~ 10% / √E ⊕ 1%
•  PID: 	 	Excellent	PID	capabiliBes	also	for	hadrons	(RICH)	



•  Most	of	the	results	so	far	are	based	on	the	full	Run	1	dataset	

	
•  Due	to	luminosity	levelling,	same	running	condiBons	throughout	

fills	à	L	=	4x1032	cm-2s-1	
–  to	be	raised	to	2x1033	cm-2s-1	in	Run-3	

Luminosity	at	LHCb	
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Anomalies	in	bàsl+l-	
transiFons	

11	



12	

bàsl+l-	transiFons	
•  Quark-level	transiBons	entering	some	of	the	most	
relevant	decay	amplitudes	to	search	for	new	
physics	effects	

•  The	presence	of	new	parBcles	may	lead	to	sizeable	
effects	beyond	the	Standard	Model		



Earlier	lepton	flavour	universality	test	
with	bàsl+l-	transiFons	
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•  RaBo	(RK)	of	branching	fracBons	of	
B+àK+μ+μ-	to	B+àK+e+e-		
expected	to	be	equal	to	
one	in	the	Standard	Model	
with	excellent	precision	

– ObservaBon	of	lepton	flavour	
universality	violaBon	would	
be	a	clear	sign	of	new	physics		

– 2.6σ	deviaBon	from	the	
Standard	Model	seen	by	LHCb	

PRL	113	(2014)	151601	



•  Results	consistently	lower	than	SM	predicBons	

Other	anomalies	in	the	sector:	
differenFal	branching	fracFons	
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Other	anomalies	in	the	sector:	
angular	observables	
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•  Full	angular	analysis	of	B0→K*0µµ:	measured	all	CP-averaged	
angular	terms	and	CP-asymmetries		

•  Can	construct	less	form-factor	dependent	raBos	of	observables	
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•  Several	theory	groups	aLempted	to	interpret	results	by	
performing	global	fits	to	data	

•  Take	into	account	~90	observables	from	different	experiments,	
including	B→µµ	and	b→sll	transiBons	

•  Global	fits	require	addiBonal	contribuBons	with	respect	to	the	
SM	to	accommodate	the	data	at	about	5σ

•  But	other	theory	groups	are	more	skepBcal	on	control	of	QCD	
effects	in	branching	fracBons	and	angular	observables	
–  e.g.	correctly	esBmaBng	the	contribuBon	from	charm	loops	

Fits	to	all	observables	in	the	sector	
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•  Test	of	LFU	with	B0→K*0µµ and	B0→K*0ee,	RK*	

•  Two	regions	of	q2	
–  Low 	 	[0.045-1.1]	GeV2/c4	
–  Central 	[1.1-6.0]	GeV2/c4	

•  Measured	relaBve	to	B0→K*0J/ψ(ll)	
in	order	to	reduce	systemaBcs	

•  K*0	reconstructed	as	K+π-	within	100	MeV	from	the	K*(892)0	
•  Blind	analysis	to	avoid	experimental	biases	
•  Very	challenging	due	to	significant	differences	in	the	way	µ	
and	e	“interact”	with	the	detector	
–  Bremsstrahlung	
–  Trigger	

Measurement	of	RK*	
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Bremsstrahlung	recovery	
•  Electrons	emit	a	large	amount	of	bremsstrahlung	that	
results	in		degraded	momentum	and	mass	resoluBons	

•  Two	types	of	bremsstrahlung	

19	

Upstream 
brem 

Downstream 
brem 

	
	
Downstream	of	the	magnet	
Photon	energy	in	the	same	
calorimeter	cell	as	the	electron	
and	momentum	correctly	
measured	

Upstream	of	the	magnet	
Photon	energy	in	different	
calorimeter	cells	than	electron	
and	momentum	evaluated	
ager	bremsstrahlung	

Air 



Trigger	categories	
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L0	 Electron	 (L0E):	 electron	 hardware	
trigger	 fired	 by	 clusters	 associated	 to	 at	
least	 one	 of	 the	 two	 electrons	 (ET	 >	 2.5	
GeV)	

L0	 Hadron	 (L0H):	 hadron	 hardware	
trigger	 fired	 by	 clusters	 associated	 to	 at	
least	one	of	the	K*0	decay	products	(ET	>	
3.5	GeV)	

L0	TIS	(L0I):	any	hardware	trigger	fired	by	
particles	 in	 the	 event	 not	 associated	 to	
the	signal	candidate	

•  Trigger	system	split	in	hardware	(L0)	and	sogware	(HLT)	stages	
•  Due	to	higher	occupancy	of	the	calorimeters	compared	to	the	

muon	staBons,	hardware	thresholds	on	the	electron	ET	are	
higher	than	those	for	muons	pT	

•  To	parBally	miBgate	this	effect,	3	exclusive	trigger	categories	are	
defined	



Measure	as	a	double	raFo	
•  RK*	determined	as	double	raBo	to	reduce	systemaBc	effects	

•  SelecBon	as	similar	as	possible	between	µµ	and	ee	
–  Pre-selecBon	requirements	on	trigger	and	quality	of	the	candidates	
–  Cuts	to	remove	peaking	backgrounds	
–  ParBcle	idenBficaBon	to	further	reduce	the	background	
–  MulBvariate	classifier	to	reject	the	combinatorial	background	
–  KinemaBc	requirements	to	reduce	the	parBally-reconstructed	

backgrounds	
–  MulBple	candidates	per	event	randomly	rejected	(1-2%)	

•  Efficiencies	
–  Determined	using	simulaBon,	but	tuned	using	data	
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Fit	results	for	muonic	channel
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low-q2 central-q2 

BàJ/ψ(µµ)K*0 



Fit	results	for	electron	channel	
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low-q2 central-q2 

Leakage due to 
brem tail of 

B→K*0J/ψ(ee)  

BàJ/ψ(ee)K*0 



Signal	yields	
•  Precision	of	the	measurement	driven	by	the	staBsBcs	
of	the	electron	samples	

	

	

•  In	total,	about	90	and	110	B0→K*0ee	candidates	at	
low-	and	central-q2,	respecBvely	
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Stringent	cross	check:	rJ/ψ
•  Control	of	the	absolute	scale	of	the	efficiencies	via	the	raBo	

which	is	expected	to	be	unity	and	measured	to	be	

•  Result	observed	to	be	independent	of	the	decay	kinemaBcs	and	
event	mulBplicity	

•  Very	stringent	test,	which	does	not	benefit	from	the	
cancellaBon	of	the	experimental	systemaBcs	provided	by	the	
double	raBo	
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•  The	measured	values	of	RK*	are	found	to	be	in	good	agreement	
among	the	three	trigger	categories	in	both	q2	regions	

Final	results	
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low-q2 central-q2 



2.1	–	2.3	standard	deviaBons	from	the	Standard	Model	

2.4	–	2.5	standard	deviaBons	from	the	Standard	Model	

Comparison	with	SM	expectaFon	
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•  A	plethora	of	theory	
preprints	appeared	right	
ager	the	CERN	seminar	on	
April	18,	and	we	lost	count	
–  This	is	just	an	example	from	
Capdevilla	et	al.	
arXiv:1704.05340	

•  Some	possible	
interpretaBons	include	a	Z’	
boson	or	a	leptoquark	
coupling	to	quarks	and	
leptons	with	compeBng	
amplitudes	to	the	SM	

•  However	more	data	are	
needed	before	toasBng	

28	

Theory	at	work...	



Further	Lepton	Flavour	non-
universality	hints	with	

semitauonic	decays:	related	
to	bàsl+l-?	
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•  Measurements	of	R(D)	and	R(D*)	by	BaBar,	Belle	and	LHCb	
–  Overall	average	shows	a	4σ	discrepancy	from	the	SM	

•  LHCb	can	also	perform	measurements	with	other	b	hadrons	
–  e.g.	Bs,	Bc	and	Λb	decays	will	help	to	beLer	understand	the	global	

picture	à	very	soon	with	news	on	this!	

Status	with	R(D)	and	R(D*)

•  RD(∗)	=	
	 	 	BR(B→D(∗)τν)		

											 	BR(B→D(∗)μν)	



R(D*)	with	3-prong	τ	decay	
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R(D*)	with	3-prong	τ	decay	



Some	CKM	metrology	
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•  CP	violaBon	arising	from	the	interference	of	mixing	and	
decay	with	BsàJ/ψφ	

•  Measures	the	phase-difference	φs	between	the	two	diagrams,	
precisely	predicted	in	the	SM	to	be	
φs=−37.4	±	0.7	mrad	à	can	be	altered	by	new	physics	effects	

•  Conceptually	similar	to	measuring	sin(2β),	but	a	pseudoscalar	
to	vector-vector	decay	
–  Angular	analysis	of	decay	products	is	needed	
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Measurement	of	φs	=	-2λ2η



Legacy	φs	result	from	Run-1	
•  LHCb	measured	φs	from	Run-1	with	BsàJ/ψKK	(and	
BsàJ/ψππ)	already	some	Bme	ago	
–  but	the	measurement	only	included	the	KK	system	around	
the	φ(1020)	mass	

•  There	is	non	negligible	staBsBcs	for	mKK>1.05	GeV/c2	

35	

LHCb-PAPER-2017-008		



•  Quite	challenging,	as	a	decay-	
Bme	dependent	amplitude	
analysis	is	involved	

•  Results	for	mKK>1.05	GeV/c2	

•  And	averaging	with	low	KK	mass	

•  Finally,	including	also	BsàJ/ψππ	

36	

Legacy	φs	result	from	Run-1	
LHCb-PAPER-2017-008	



•  Several	measurements	at	
the	Tevatron	and	the	LHC	

•  World	average	
–  φs	=	−21	±	31	mrad	

•  SBll	compaBble	with	the	
Standard	Model	at	the	
present	level	of	precision	

World	average	of	φs

See	HFLAV	page	for	
the	list	of	references	
	
hLp://www.slac.stanford.edu/xorg/hflav/	



Measurement	of	γ

38	

•  γ	is	the	least	known	angle	of	
the	UT,	measured	via	
interference	between	bàu	
and	bàc	transiBons	

•  Simple	and	clean	theoreBcal	
interpretaBon,	but	
experimentally	very	challenging	



Latest	addiFon	on	γ	from	LHCb	
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LHCb-PAPER-2017-021	
(including	Run-2	data)	



LHCb	combinaFon	for	γ	
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•  A	plethora	of	independent	
measurements	exploiBng	
different	methods	and	decays	

•  Recent	addiBons	to	the	LHCb	
combinaBon	

BaBar	

γ =	(69							)o	+17	
-16	

Phys.	Rev.	D87	(2013)	052015	

Belle	
	arXiv:1301.2033
		
γ =	(68							)o	+15	

-14	

•  Significantly	more	precise	than	
previous	results	from	the	B-
factories	and	undergoing	
conBnuous	improvements	

LHCb-CONF-2017-004	

γ =	(76.8							)o	+5.1	
-5.7	



A	taste	of	very	rare	
decays	
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Very	rare	decays	as	another	avenue	to	
new	physics:	Bs→µ+µ-
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•  The	rarest	B	decay	ever	
observed	

•  Branching	fracBon	sBll	
compaBble	with	the	
Standard	Model	
expectaBon	at	the	
current	level	of	
precision	
– no	sign	of	new	physics	yet	

Phys.	Rev.	LeL.	118,	191801	(2017)	



B0	and	Bs→µ+µ-	history	
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EffecFve	Bsàµµ lifeFme		
•  Moreover,	it	starts	to	be	possible	to	measure	other	
properBes	of	the	Bsàµµ	decay,	such	as	the	
effecBve	lifeBme,	and	in	the	further	future	we	will	
have	CP	asymmetries	
– These	observables	will	be	parBcularly	relevant	for	
discriminaBng	between	NP	models	in	the	event	that	(or	
beLer	say	when?)	effects	beyond	the	SM	will	be	
observed	

44	

Phys.	Rev.	LeL.	118,	191801	(2017)	

•  Experimental	precision	not	yet	
in	the	interesBng	range,	but	
important	proof	of	concept	
that	allows	for	reliable	scaling	
to	larger	luminosity	



Heavy	Flavour	
Spectroscopy	
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The	pentaquark	

46	

•  For	the	first	Bme,	LHCb	
observed	two	states	composed	
of	five	quarks	decaying	into	a	J/ψ	meson	and	a	proton	

•  Since	the	quark	model	was	proposed,	50	years	were	needed	to	
demonstrate	unambiguously	the	existence	of	such	states	

•  Significant	efforts	undergoing	to	strengthen	the	first	
observaBon	improving	models	and	looking	for	signals	in	other	
modes	

Phys.	Rev.	LeL.	115	072001	(2015)	



ObservaFon	of	ΛbàχcJpK	decays	
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•  Similar	ΛbàχcJpK	
decays	can	provide	
another	avenue	for	
pentaquark	studies	
– First	step	is	observaBon	

•  Two	new	decay	modes	
observed	with	
overwhelming	staBsBcal	
significance	
– Λbàχc1pK	and	
Λbàχc2pK	

LHCb-PAPER-2017-011	



Tetraquark	states	in	J/ψφ
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Excited	Ωc	states	(?)		
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•  This	is	an	example	of	
a	very	recent	analysis	
that	lead	to	the	discovery	
of	five	new	states,	
aLributed	to	be	excited	
states	of	the	Ωc	baryon	
decaying	to	a	Ξc	baryon	and	
a	kaon	

•  Now	working	to	precisely	
pinpoint	the	quantum	numbers	
– No	theory	consensus	on	the	subject	
– Why	all	five	so	narrow?	Some	theorists	
speculaBng	on	charmed	exoBcs...	

Phys.	Rev.	LeL.	118,	182001	(2017)	



Doubly	charmed	baryons	

50	

First	observaFon	of	a	baryon	containing	two	heavy	quarks	
•  Now	at	work	to	measure	properBes:	lifeBme,	producBon	
mechanisms,	decay	modes,	...	

•  ...	as	well	as	to	observe	singly	charged	and	strange	partners	



What	else	to	make	LHCb	
a	general	purpose	
forward	detector?	
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Zàbb	decays	



Heavy	ion	collisions	
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Prompt	and	non-prompt	J/ψ	
producFon	in	pPb	collisions	
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Prompt	and	non-prompt	J/ψ	
producFon	in	pPb	collisions	



AnFproton	producFon	in	fixed-target	
pHe	collisions	
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•  Measurement	moBvated	by	the	need	to	understand	
energy	dependence	of	p	component	from	cosmic	
rays	in	space	

•  TheoreBcal	uncertainBes	
are	limited	by	precise	
knowledge	of	cross	
secBon	for	basic	
processes	in	the	
interstellar	medium,	
like	those	arising	from	
pHe	collisions	

•  LHCb	can	inject	gas	into	the	beam	pipe	for	relevant	
cross-secBon	measurements	in	the	sector	

LHCb-CONF-2017-002	



AnFproton	producFon	in	fixed-target	
pHe	collisions	

57	

•  The	data	sample	used	in	this	analysis	was	
collected	in	May	2016	with	6.5	TeV	protons	

•  One	difficult	aspect	to	measure	absolute	cross	
secBons	with	SMOG	is	the	determinaBon	of	
luminosity	

•  A	method	has	been	developed	to	exploit	elasBc	
pe- interacBons	
– well	known	cross	secBon	
–  look	for	single	e-	tracks	in	the	detector

LHCb-CONF-2017-002	



AnFproton	producFon	in	fixed-target	
pHe	collisions	
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•  Very	good	
agreement	
between	
simulaBon	
and	data	

LHCb-CONF-2017-002	



•  AnBproton	cross	secBon	
measured	with	10%	
precision	
–  The	measurement	is	

larger	by	1.5	with	respect	
to	EPOS	LHC	

•  TheoreBcal	interpretaBon	
ongoing	

•  AddiBonal	producBon	
measurements	are	also	
important	
–  anBprotons	from	Λ
–  anB-deuterium	
–  anB-He	

•  Rich	programme	to	
develop!	 59	

AnFproton	producFon	in	fixed-target	
pHe	collisions	 LHCb-CONF-2017-002	



LHCb	Upgrade(s)	
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LHCb	going	to	upgrade	at	the	end	of	2018.	Why?		

•  Main	limitaBon	that	prevents	
exploiBng	higher	luminosity	with	the	
present	detector	is	the	Level-0	
(hardware)	trigger	
–  Level-0	output	rate	<	1	MHz	(readout	
rate)	requires	raising	thresholds	

•  This	is	parBcularly	problemaBc	for	
hadronic	final	states	
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LHCb	upgrade	for	Run-3	
•  running	at	2x1033	cm-2s-1	with	full	sogware	trigger,	running	at	40	MHz	and	

record	20	kHz	



New	upgrade	in	Run-5?	
•  Expression	of	Interest	submiLed	by	the	LHCb	collaboraBon	
to	the	LHCC	to	propose	a	new	upgrade	to	be	in	operaBon	
for	the	Run-5	of	the	LHC	

•  A	series	of	yearly	workshops	in	place	
–  see	e.g.		hLps://agenda.infn.it/conferenceDisplay.py?ovw=True&confId=12253	

for	the	latest	one	

	
	

•  The	purpose	is	to	raise	the	instantaneous	luminosity	by	a	
further	factor	10	with	respect	to	the	forthcoming	upgrade	
à	very	challenging,	needs	major	refactoring	of	the	
detector	
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hLps://cds.cern.ch/record/2244311	



There’s	obviously	much	more...	
•  The	LHCb	collaboraBon	published	384	publicaBons	
since	the	start	of	the	data	taking,	mostly	with	LHC	
Run-1	data	
– An	another	15+	years	of	life	are	expected	

•  Only	a	few	examples	of	relevant	measurements	shown	
today	
–  e.g.	completely	skipped	Charm	physics	and	a	plethora	of	
other	important	measurements	in	various	sectors	

•  Upgrade	in	Run-3	well	on	track	and	thoughts	
developing	for	a	third	life	of	the	experiment	in	Run-5	

•  ExciBng	compeBBon	a	few	years	ahead	when	Belle	2	
will	start	taking	a	significant	amount	of	data	
–  and	ongoing	compeBBon	in	some	areas	of	the	flavour	sector	
(especially	when	dimuons	are	involved)	with	ATLAS	and	CMS	
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Thanks	for	the	invitaFon	
and	for	your	amenFon!	
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Stop	here	
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Vertex	detector	(VELO)	

•  84	silicon	micro	strip	sensors	
– 44	mm	radius	
– R	or	φ	geometry	
	

•  Open	and	closes	for	each	fill	
– Centred	around	the	current	beam	posiBon	

•  It	does	not	move	during	a	fill	

– Mechanically	reproducible	to	~5	µm	

•  The	silicon	sensors	come	as	close	as	8mm	to	
the	LHC	beam	
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•  The	VELO	allows	for	a	very	precise	measurement	
of	the	track	trajectories	close	to	the	interacBon	
point,	which	is	crucial	to	separate	decays	of	
beauty	and	charm	hadrons	from	the	background	

•  Impact	parameter	
(distance	of	a	track	to	
a	primary	vertex)	
resoluBon	is	essenBal	
– Very	good	resoluBon	

•  ~20	µm	at	high	pT	
–  This	means	over	2	GeV	

–  Primary	vertex	resoluBon	excellent	
•  ~16	µm	in	x,y,	~76	µm	in	z	(20	tracks)	

VELO	performance	
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Tracking	system	
•  One	staBon	(TT)	before	the	magnet	

–  Si	strips,	4	layers	
•  Dipole	magnet	

–  ∫Bdl	=	~4	Tm	;	polarity	switched	regularly	
•  3	staBons	ager	the	magnet	

–  Si	strips	in	centre	(IT),	straw	tubes	outside	(OT)	
–  4	layers	per	staBon	x-u-v-x,	(5	degree	stereo	angle)	

•  Tracking	efficiency	over	96%	
–  For	tracks	traversing	the	whole	detector,	over	5	GeV/c	
momentum	

•  The	tracking	system	provides	a	measurement	of	momentum	of	
charged	parBcles	with	a	relaBve	uncertainty	that	varies	from	
0.5%	at	low	momentum	to	1.0%	at	200	GeV/c		
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Cherenkov	detectors	
•  One	disBncBve	feature	of	LHCb,	when	compared	

to	the	ATLAS	and	CMS	detectors,	is	its	parBcle	
idenBficaBon	capability	for	charged	hadrons	

•  This	is	mainly	achieved	by	means	of	two	
ring-imaging	Cherenkov	(“RICH”)	detectors	placed	
on	either	side	of	the	tracking	staBons	
–  Once	parBcle	momenta	are	measured,	the	two	RICH	

detectors	enable	the	idenBficaBon	of	protons,	kaons	and	
pions	to	be	obtained	

•  ParBcle	idenBficaBon	from	2	to	~100	GeV/c	
–  2	RICH,	3	radiators	
–  Readout	by	HPD	

•  High	efficiency	
•  Very	low	noise	
•  10-20	replaced	each	year	

•  ParBcle	ID	performance	
–  ~95%	efficiency	for	5%	contaminaBon	

•  Averaged	over	B	daughter	tracks	
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Calorimeters	
•  An	electromagneBc	calorimeter	(ECAL),	

complemented	with	scinBllaBng-pad	and	
preshower	detectors,	provides	energy	and	
posiBon	of	photons	and	electrons,	and	allow	for	
their	idenBficaBon	in	conjuncBon	with	
informaBon	from	the	tracking	system	
–  made	of	shashlik	blocks:	lead-scinBllator	stack	
–  ~6000	channels,	readout	by	PMT	
–  ~10%	/	√E	+	1%	

•  The	electromagneBc	calorimeter	is	followed	by	a	
hadronic	calorimeter	(HCAL)	that	also	gives	some	
informaBon	to	idenBfy	hadrons	
–  scinBllaBng	Bles	in	iron	
–  ~1500	channels,	same	readout	and	electronics	

as	ECAL	
–  ~70%	/	√E	+	9%	
–  Mainly	used	for	trigger	

•  PreShower	and	SPD	
–  same	geometry	as	ECAL	
–  ScinBllator	Bles	readout	by	MAPMT	
–  IdenBfy	electron/photon,	used	in	L0	trigger	

70	



Muon	system	
•  Finally,	muons	are	idenBfied	by	a	
system	composed	of	alternaBng	
layers	of	iron	and	mulBwire	
proporBonal	chambers	

•  5	staBons	interleaved	with	iron	walls	
– First	staBon	before	the	calorimeters	
– ProjecBve	geometry	

•  Allows	it	to	be	used	in	the	L0	trigger	
– Muon	idenBficaBon	performance	

•  	~97%	efficiency	for	3%	mis-ID	
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Trigger	in	Run	1	
•  The	online	event	selecBon	is	performed	by	a	trigger	which	

consists	of	a	hardware	stage,	based	on	informaBon	from	the	
calorimeter	and	muon	systems,	followed	by	a	sogware	stage,	
which	applies	full	event	reconstrucBon	

•  L0	hardware	trigger,	custom	electronics	
–  High	pT	local	cluster	in	HCAL	(3.6	GeV)	or	ECAL	(2.6	GeV)	
–  High	pT	muon	(1.4	GeV)	or	di-muon	
–  Accept	rate	limited	to	1	MHz,	latency	<	4	µs	

•  HLT	sogware	trigger,	30000	copies	on	1500	nodes		
–  HLT1	mainly	a	topological	trigger		

•  At	least	one	track	with	pT	>1.6	GeV	and	impact	parameter	>100	µm	
•  Accepts	around	50	kHz	

–  HLT2	selects	by	physics	channel,	inclusive	or	exclusive	
•  Full	track	reconstrucBon	but	no	parBcle-idenBficaBon	

–  25%	of	the	input	events	in	Run	1	were	deferred,	i.e.	stored	on	disk	
and	processed	during	inter-fills	

–  Total	accept	rate	around	5	kHz	
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Trigger	evoluFon	

Run	1	 Run	2	 73	



LHC	luminosity	at	the	LHCb	interacFon	point	
•  LHCb	was	designed	for	single	collision	crossings	

– Worries	of	ambiguiBes	to	assign	the	B	to	the	proper	primary	
vertex	

•  Even	intended	to	reject	mulBple	interacBon	at	level	0	trigger	
–  Design	luminosity	2x10	32	cm-2	s-1	for	~2700	colliding	bunches	

•  Realised	later	that	higher	collision	rate	was	OK	
–  In	Run	1	and	run	2	running	at	4x1032	cm-2	s-1	with	only	1262	
colliding	bunches	

•  50	ns	separaBon	between	bunches,	25	ns	nominal	and	from	2015	
•  This	means	4	Bmes	more	collisions	per	crossing	than	in	the	design	
•  The	average	number	of	visible	collisions	per	crossing	is	~1.8		

•  The	luminosity	is	kept	constant	thanks	to	the	technique	of	
“luminosity	levelling”	

•  Achieved	by	a	dynamical	adjustment	of	the	transverse	offset	between	
the	LHC	beams	during	the	fill	

•  The	beam	separaBon	is	adjusted	a	few	Bmes	per	hour	to	maintain	the	
luminosity	constant	à	rouBne	operaBon	since	2011	
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Sub-detectors	to	be	upgraded	
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Upgrade	of	tracking	detectors:	VELO		
•  Pixel	based	vertex	detector	

–  50x50	µm2	pixels		
•  Good	3D	paLern	recogniBon		
•  Excellent	resoluBon		
•  Main	challenge	

–  RadiaBon	resistance	

The	layout	is	criBcal:	5	mm	distance	to	the	
beam	when	closed!	

Upgrade	of	tracking	
detectors:	UT	

•  Silicon	detector	plane	upstream	the	
magnet		

•  CriBcal	for	tracking	at	trigger	level		
•  Modules	assembled	in	long	staves	
•  Full	acceptance	and	minimal	material	budget	
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Upgrade	of	tracking	detectors:	
ScinFllaFng	Fibre	tracker		

	•  Large	scale	tracking	
system	based	on	mats	of	
2.5m	long	scinBllaBng	
fibres	of	250μm	diameter,	
readout	by	SiPMs		

•  About	10000	km	of	
scinBllaBng	fibres!	Fibre	
quality	control	is	an	issue	

1.  A	good	fibre	mat	and	
2.  a	mat	with	a	fibre	with	

wrong	diameter	

1)	

2)	77	



Upgrade	of	PID	detectors:	RICH	system		
•  Two	main	changes	needed	on	RICH	detectors	

– modify	RICH1	opBcs	to	cope	with	increased	
occupancy	

– 40	MHz	readout	implies	new	photodetectors	and	
new	FE	electronics		

NOW	 UPGRADE	
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•  		
Operator	product	expansion	
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Bremsstrahlung	recovery	
•  A	recovery	procedure	is	in	place	to	improve	the	momentum	

reconstrucBon	
–  Events	are	categorised	depending	on	the	number	of	recovered	photon	clusters	

•  Imperfect	recovery	due	to	
–  Energy	threshold	of	the	bremsstrahlung	photon	(ET	>	75	MeV)	
–  Calorimeter	acceptance	
–  Presence	of	energy	deposits	mistaken	as	bremsstrahlung	photons	

Incomplete	recovery	causes	the	reconstructed	B	mass	to	shig	
towards	lower	values	and	events	to	migrate	in	and	out	of	the	q2	
bins	



Tuning	of	simulaFon	

81	

•  ParBcle	idenBficaBon	
–  PID	response	of	each	parBcle	species	tuned	using	dedicated	
calibraBon	samples

•  Generator	
–  Event	mulBplicity	and	B0	kinemaBcs	matched	to	data	using	
B0→K*0J/ψ(µµ)	decay	

•  Trigger	
–  Hardware	and	sogware	trigger	responses	tuned	using	
B0→K*0J/ψ(ll)	decays	

•  Data/MC	differences	
–  Residual	discrepancies	in	variables	entering	the	MVA	reduced	
using	B0→K*0J/ψ(ll)	decays	

•  Ager	tuning,	very	good	data/MC	agreement	in	all	key	
observables	



Fit	procedure	for	muonic	channel
•  Simultaneous	fit	to	resonant	and	non-resonant	data	

•  Signal	parameterisaBon	
– HypaBa	funcBon	[NIM A, 764, 150 (2014)]	
–  Free	parameters:	mass	shig	and	width	scale	

•  Background	parameterisaBon	
–  Combinatorial:	exponenBal	funcBon	
– Λb→pK-J/ψ(µµ)	background	for	B0→K*0J/ψ	modeled	using	
simulaBon	and	data	

–  Bs→K*0J/ψ(µµ)	background	for	B0→K*0J/ψ has	idenBcal	
signature	but	is	shiged	by	mBs-mB0	 82	



Fit	procedure	for	electron	channel	
•  Simultaneous	fit	to	resonant	and	non-resonant	data	split	in	
trigger	categories	
–  bremsstrahlung	fracBons	fixed	from	MC	

•  Signal	
–  Crystal-Ball	(Crystal-Ball	and	Gaussian)	
–  Free	parameters:	mass	shig	and	width	scale	

•  Backgrounds	
–  Combinatorial:	exponenBal	
–  Λb→pK-J/ψ(ee)	background	for	B0→K*0J/ψ	modelled	using	
simulaBon	and	data,	with	yield	constrained	from	muonic	fit	

–  Bs→K*0J/ψ(ee)	background	for	B0→K*0J/ψ	same	signature	as	
signal	but	shiged	by	mBs-mB0,	again	constrained	using	muonic	fit

–  ParBally	reconstructed	decays	background	for	B0→K*0ee	
modelled	using	simulaBon	and	data	
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ParFally	reconstructed	backgrounds	

84	

•  These	are	due	to	decays	involving	higher	K	
resonances	with	one	or	more	decay	products	in	
addiBon	to	a	Kπ	pair	that	are	not	reconstructed	
– Mostly	coming	from	B→K1(1270)ee	and	B→K2*(1430)ee	



Other	cross	checks	
•  BR(B0→K*0µµ)	is	determined	and	found	to	be	in	good	
agreement	with	previous	LHCb	publicaBon	
–  arXiv:1606.04731	

•  If	correcBons	to	simulaBons	are	not	accounted	for,	the	
raBo	of	the	efficiencies	changes	by	less	than	5%	

•  Further	checks	performed	by	measuring	the	following	
raBos	

which	are	found	to	be	compaBble	with	the	expectaBons	 85	



Cross	check	on	bremsstrahlung	recovery	
•  RelaBve	populaBon	of	bremsstrahlung	categories	
compared	between	data	and	simulaBon	using	
B0→K*0J/ψ(ee)	and	B0→K*0γ(ee)	events	

	
	

•  Excellent	agreement	is	observed	
86	

not possible to 
assign 

unambiguously 
one photon to a 

track due to 
very small 

opening angle 
between 
electrons 



SystemaFc	uncertainFes	
•  As	RK*	is	determined	as	a	double	raBo,	many	experimental	

systemaBc	effects	cancel		
•  The	measurement	is	staBsBcally	dominated	(~15%)	

•  Total	systemaBc	uncertainty	of	4-6%	and	6-8%	in	the	low-	and	
central-q2	
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SystemaFc	uncertainFes	
•  CorrecBons	to	simulaBon:	besides	the	uncertainty	due	to	the	size	of	the	samples,	

an	addiBonal	systemaBc	is	determined	using	different	parameterisaBons	of	the	
correcBons	

•  KinemaBc	selecBon:	a	systemaBc	uncertainty	for	Data/MC	differences	in	the	
descripBon	of	the	bremsstrahlung	tail	and	the	MVA	classifier	is	determined	by	
comparing	simulaBon	and	background	subtracted	B0→K*0J/ψ(ll)	data	

•  Residual	background:	both	data	and	simulaBon	are	used	to	assess	a	systemaBc	
uncertainty	for	residual	background	contaminaBon	due	to	B0→K*0J/ψ(ee)	events	
with	a	K⟷e	or	π⟷e	swap	
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•  Mass	fit:	a	systemaBc	uncertainty	is	determined	by	running	pseudo-experiments	
with	different	descripBons	of	the	signal	and	background	fit	models	

•  Bin	migraBon:	the	effect	of	the	model	dependence	and	descripBon	of	the	q2	
resoluBon	in	simulaBon	are	assigned	as	a	systemaBc	uncertainty	

•  rJ/ψ	flatness:	the	raBo	is	studied	as	a	funcBon	of	several	properBes	of	the	event	
and	decay	products,	and	the	observed	residual	deviaBons	from	unity	are	used	to	
assign	a	systemaBc	uncertainty	
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SystemaFc	uncertainFes	



Efficiency	raFos	between	the	
nonresonant	and	resonant	modes		
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Measurement	of	sin(2β)
∫L	dt	=	3	�-1	

•  CP	violaBon	due	to	
interference	between	B0-B0	
mixing	and	B0àJ/ψKS	decay	

91	Phys.	Rev.	LeL.	115	031601	(2015)	



Measurement	of	|Vub|/|Vcb|	
•  Measure	𝔅(Λbàpµν)	
relaBve	to	𝔅(ΛbàΛcµν)	
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•  Fit	the	corrected	mass	

Signal	Λbàpµν decays	
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Measurement	of	|Vub|/|Vcb|	

Nature	Physics	10	(2015)	1038	
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Excited	Ωc	states	(?)		



Summary	of	Phase-II	upgrade	prospects	
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Key	goals	
•  The	Phase-II	Upgrade	will	be	capable	of	improving	on	a	broad	
spectrum	of	important	flavour-physics	measurements	
–  A	comprehensive	programme	of	measurements	of	bàsl+l-	and	bàdl+l-	

transiBons,	employing	both	muon	and	electron	modes	
–  Measurement	of	γ	with	a	precision	of	0.4o	
–  Measurement	of	φs	with	a	precision	of	3	mrad	
–  Measurement	of	the	raBo	B(B0àµµ)/B(Bsàµµ)	with	an	uncertainty	of	

about	10%,	and	the	first	precise	measurements	of	relevant	Bsàµµ	
observables	such	as	effecBve	lifeBme	and	CP	violaBon	

–  A	wide-ranging	set	of	lepton-universality	tests	in	bàclν	decays,	
exploiBng	the	full	range	of	b-hadrons	

–  CP-violaBon	measurements	in	charm	with	10-5	precision	
•  In	addiBon,	the	Phase-II	Upgrade	will	be	capable	of	major	

discoveries	in	hadron	spectroscopy,	and	pursuing	a	wide	and	
unique	programme	of	general	physics	measurements,	
complementary	to	those	of	ATLAS	and	CMS	
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Challenges	ahead	

•  The	project	is	very	challenging	
–  otherwise	we	would	have	done	it	already...	

•  The	mean	number	of	interacBons	per	event	will	be	around	50	
–  The	increased	parBcle	mulBplicity	and	rates	will	present	significant	problems	

for	all	detectors,	notaby	including	increased	radiaBon	damage	
•  An	essenBal	aLribute	will	be	precise	Bming	in	the	VELO	detector,	and	

also	downstream	of	the	magnet	for	both	charged	tracks	and	neutrals	
–  A	Bme	resoluBon	of	a	few	tens	of	ps	for	charged	tracks	and	photons	will	

dramaBcally	simplify	paLern	recogniBon	and	improve	associaBon	of	parBcles	
to	the	correct	interacBon	vertex	where	they	were	produced	

–  Furthermore,	a	high	granularity	tungsten	sampling	electromagneBc	
calorimeter	will	extend	the	experiment’s	capabiliBes	in	final	states	involving	
photons,	π0s	and	electrons	
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Timing	informaFon	
•  In	high	pileup	condiBons,	vertex	reconstrucBon	and	assignment	to	a	given	

decay	becomes	a	limiBng	factor	
–  ParBcles	produced	at	same	posiBon	can	have	very	different	producBon	Bmes	

•  Consider	two	beam	bunches	crossing	at	the	interacBon	point	

100	

•  In	this	cartoon,	interacBons	at	same	z	but	separated	by	300	ps	
•  If	we	would	have	precise	enough	Bme	informaBon	for	charged	

parBcles	and	neutral,	the	complexity	of	high-pileup	events	could	be	
reduced	to	the	present	situaBon	



•  By	instrumenBng	the	side	walls	of	the	dipole	magnet,	the	
tracking	acceptance	can	be	significantly	increased	for	sog	
tracks,	improving	detector	efficiency	for	high	mulBplicity	
decays	
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Challenges	ahead	



•  Downstream	fast-Bming	capabiliBes	will	allow	
improved	rejecBon	of	combinatoric	background	and	
can	also	be	used	for	improving	parBcle	idenBcaBon	at	
low	momentum,	along	with	improvements	in	the	
RICH	system	

•  IniBal	steps	of	a	limited	number	of	these	detector	
upgrade	projects	could	already	be	installed	for	Run	4,	
allowing	the	Phase-I	experiment	to	improve	its	
physics	reach	even	before	the	Phase-II	upgrade	takes	
place	
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Challenges	ahead	



Matching	the	LHCb	layout	
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