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•  Diffrac'on	in	pp	collisions	at	LHC	
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•  ATLAS	up	to	2015:	σEL	&	σTOT,	Diffrac'on	Studies	
with	Rapidity	Gaps	in	Central	Detector		

•  Increasing	ATLAS	Physics	Reach:	the	AFP	Project	
–  2016:	AFP	Single	Arm	Configura'on	

•  proton	tag	valida'on	
–  2017:	AFP	Double	Arm	Configura'on	

•  Current	Status		
–  Expected	Physics	Reach	

•  The	(foreseeable)	Future	
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Diffrac?on	in	pp	collisions	at	LHC		
σtot	=	σinel	(≈	75%)	+	σEL		(≈	25%)				
σinel	=	σND+	σSD+	σDD+	σCD			(diffrac've	part	25-30%	of	inelas'c)	
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Diffrac've	events	characterized	by	exchange	of	colorless	objects:	photons	(QED)	
or	pomerons	(QCD).		Pomeron	cons'tuents	resolved	in	hard	diffrac'on.	
Experimental	Signatures:	rapidity	gaps	and	very	forward	protons			
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LHC	Running	Parameters	and	
Strategies	

Main	Machine	SeXngs:	
•  Filling	Scheme:	from	few	to	~	2800	bunches,	
isolated/	trains,	beam	intensity	

•  ECM		
•  Beam	Op'cs:	standard	(	β*<1		m),	and	special	with	
β*	=	90	m,		1	km,		2.5	Km,	…	

	
Running	Strategies:	
•  Rare	processes:	Maximize	Luminosity	àmany	
bunches,	high	intensity,	low	β*,		large	μ	=	pile-up	of	
inelas'c	interac'ons	

•  Elas'c	scaqering,	B,	ρ		à	Large	β*	and	low	μ	
•  Pile-up	modeling,	Underlying	Event,		Diffrac'on	
without	proton	tags	/ToF	à	Special	low-μ		at	
nominal	β*		

•  σtot	,	ρ	evolu'on	à	Special		ECM	(900	GeV)	
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ATLAS	up	to	2015	
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•  Central	Detector		|η|<4.9	
•  LUCID	at	17	m	from	IP	(luminosity	monitor)		
•  ZDC	at		140	m	from	IP,	to	detect	neutrons/photons	in	HI	collision		
•  ALFA:	scin'lla'ng-fiber	tracking	detectors	in	ver'cal	Roman	Pots		
at	237-245	m	from	IP,	op'mized	for	elas'c	scaqering:	proton	
frac'onal	momentum	loss	ξ	≈	0	and	small	pT	 	 		

ZDC	
	
ALFA	

	
ALFA	ZDC	LUCID	 LUCID	

Side	A	 Side	C	

LHC	Collimators,	Dipoles,	Qualdrupoles	



pp	Diffrac?on	with	ALFA		
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Proton	ξ	=1-Ep/Ebeam	acceptance	strongly	dependent	on	
beam	op'cs:	

•  Standard	op'cs	(β*<1m)	with	limited	acceptance	for	diffracion,	and		not	
useful	for	studying	Elas'c	Scaqering	

•  Detectors	moved	close	to	beam	(<10	σbeam)	in	large	β*,	dedicated	runs	only	
•  Studies	on	Diffrac'on	with	large	β*	runs	also	possible		
	

ξ	 ξ	 ξ	

v	v	 PT	 PT	 PT	β*	=	0.55	m	
0.06	<	ξ	<	0.12		

β	*	=	90	m	
			ξ	<	0.17		

β	*	=	1	km	
ξ	<	0.17		



pp	Elas?c	Scaaering	with	ALFA		
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Acceptance	as	a	func'on	of	true	value		
of	Mandelstam	t	for	β	*	=	90	m	
beam	op'cs	at	7	and	8	TeV		

•  Parallel-to-point-focusing	
in	ver'cal	plane		
•  Precise	knowledge	of	LHC	
magne'c	laxce	and	
detector	posi'on	needed	
to	count	events	as	a	
func'on	of	t			
•  Goals: σTOT	,	ρ,	B		and	
Absolute	Luminosity	via	
elas'c	pp	scaqering	in	
Coulomb-Nuclear	
Interference	region	(very	
small	t)	 		

β	*	=	90	m	 β	*	=	90	m	



σEL	and	σTOT		

8	

•  σTOT	from		σEL	+	op'cal	theorem	in		
β*=	90	m	runs	at	8	(and	7)	TeV		

•  Fit	range:	0.014	Gev2	<	-t	<	0.1	GeV2		

•  Extrapola'on	to	tà0	
•  Luminosity	from	other	detectors	

(main	syst.	for	σTOT	)	
•  B-slope	fit	(main	syst.	from	beam	

momentum)	

Analysis	of	runs	taken	with	β*=1	Km						
(8	TeV)	and	β*=2.5	Km	(13	TeV)	coming	
soon	(smaller	t	à	ρ measurement)	

	
LHC	at	ECM	=	900	GeV	with		

β*=100	m	probably	before	winter	TS	
		

Phys.	Le+.		B	761	(2016)	158	
Nucl.	Phys.	B	889	(2014)	486	
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Hard	Diffrac?on	with	Central	Detector:	
Dijet	+	rapidity	gap	@	7	TeV		
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correla'on	between	true	frac'onal	proton	
momentum	loss	ξ	and	es'ma'on	from		
energy	deposited	in	Central	Detector	(ξ)	

par'cle		
level	

par'cle		
to	detector	
level	

_	

Other	studies	on	rapidity	gap	
survival	(S2),		forward	gap	spectra,	
SD+DD,	limited	to		µ<1 runs	(RUN	I)	

Ø  Rapidity	gap	(ΔηF)	à	µ<1 data	
Ø  Proton	frac'onal	momentum	loss	es'mated	

with	calorimeters	(ξ	)	
Ø  Diffrac've	component		dominant		at	largest	

ΔηF	and	smallest	ξ	à	comparisons	to	MC	
Ø  Overall	MC	descrip'on	good	

_	

Phys.	Le+.	B	754(2016)	214	 S2	=	0.16±0.04±0.08	(with	LO	POMWIG)	

_	



The	AFP	Project	
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LoI	(phase	I	upgrade)	in	2011:	CERN-LHCC-2011-012	
Approved	in	2014,	TDR	in	2015:	ATL-TDR-024-2015	



AFP	Proton	Acceptance	versus		
Beam	Op?cs	
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β*	=	0.55	m	 β*	=	90	m	 β*	=	1	Km	

				Best	acceptance	in	frac'onal	momentum	loss	for	standard,	low	β*	op'cs	
independently	of	crossing	angle	

Complementary	to	ALFA		

0.02	<	ξ	<	0.12		

	ξ			 ξ			

	pT			



Tracking	Detector	Requirements	
•  ξ	=	1-Ep/Ebeam	acceptance	

dependent	on	x-distance	from	
beam	à	minimum	dead	area,		as	
close	to	beam	as	possible	

•  Radia'on	hard	(expect	from	
5x1012	to	3x1015	neq	for	10		|-1	)	

•  2-3%	resolu'on	on	centrally	
produced	mass	à	σx	=10	µm,						
σy	=	30	µm		
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for	distance	≈	15	σbeam	(2	mm)	
0.02	<	ξ	<	0.1		

Upper	limit	set	by	posi'on	of	
LHC	collimator	

	

Beam-pipe		view	

Inserted		
detector	

Scaqered		
Proton	
posi'ons	

two	photons	
Mass	of	centrally		

Produced	
system	X:	
MX

2	=	ξ1	ξ2	s	



Selected	Tracker		
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•  Slim	edge	3D	pixel	sensors	(as	in	ATLAS-IBL		+	
dead	area	cut	to	150	µm)			

•  validated	for	non-uniform	irradia'on	up	to	
5x1015		neq/cm2		

•  FEI4	readout	chip	(4	bits	for	ToT)	
•  4	layers	of	336	x	80	pixels	of	size		50	x	250	µm2			
•  14o	'lt	in	x	(2	pixels/cluster)	σx	≈	6	µm/plane		
•  Staggered	along	y	

Beam	test	
2016	



Timing	Detector	Requirements	
•  Iden'fy	primary	vertex	in	high	
pile-up	events	(up	to	μ≈55)				à		
σt	≈	10	ps,	or	σZ	≈	2	mm	
•  Ε	>	90%		(trigger)	
•  Granularity	to	reject	pile-up	
protons	in	AFP	itself	(SD	+	ND,	DD	
events	with	protons	from	
hadroniza'on	+	beam	halo,	beam-
gas…)	
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25	primary	verteces	in	~	10	cm	

Essen'al	to	exploit	high	pile-up	data!!!	

zvtx=	½c(tL-tR)	



Selected	ToF	
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•  4	trains	of	4	Quartz	Lbars	at	Cherenkov	
angle	with	respect	to	impinging	protons	

•  light	readout	by	MCP-PMTs	
•  Electronics	includes	CFD	for	triggering,	

HPTDC	for	Time	of	Flight	
•  Approaching	goal	resolu'on	with	4	

uncorrelated	measurements	(beam	test		
for	R&D	s'll	on-going)	

bars	

trains	 48o	
beam	

ligth	

Beam	tests	
in	2016	

(June,	Sept.)	



	AFP	0+2	(2016):	First	Data		
•  3(4)	planes	of	SiT	in	near	(far)	sta'on	(side	C)		
•  No	ToF	
•  DAQ	ready		by	March,	inser'ons	during	LHC	

intensity	rump-up,	beam-based	alignment	
Ø  good	plane	alignment,	signals	as	expected		
Ø  Trigger	(plane-majority	logic)	'med	in	

16	

Observed	hit	paqern		

Observed	hit	
correla'on	in	
different	
planes	

Observed		Pixel		
Mul'plicity:	
mostly	1	par'cle	
(2	pixels	thanks		
to	14o	'lt)	
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Data	from	300-bunch	run,		μ≤26,	β*=0.4	m	



Events	with	tagged	protons	and	jets	

AFP	triggered	
§  	≥	5	AFP	tracker	planes	with	one	cluster	
§  at	least	one	jet	with	pT>	20	GeV	and	|η|<3	
§  no	more	than	one	vertex,	no	pile-up	
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Low	pile-up	run:		μ≈0.3,	β*	=	0.4m	

Minimum	Bias	triggered	
§  ≥	2		hits	in	MBTS	
§  at	least	one	jet	with	pT>	20	GeV	and	|η|<3	
§  No	more	than	one	vertex,	no	pile-up		

Normalized		
to	compare	
shapes	

ATL-PHYS-PUB-2017-012	

ξcal	=	ξ		
es'ma'on		
from	energy		

in	calorimeters	

SD	 ND	
Energy-posi'on	
correla'on	in	SD	

p	tag/rapidity		
gap	correla'on		



2016	summary			
•  First	arm	of	AFP	installed	(	2015	End	of	Year	Technical	
Stop)	with	Si	trackers	in	two	sta'ons	and	fully	
commissioned		with	2016	beam	

•  AFP	inserted	up	to	20	σbeam	(~3	mm)à	ξmin	≈3.5%	
•  Various	inser'ons	in	fills	at	high	pile-up	(alignment,		
study	of	beam	bkg,	radia'on)	

•  hit-probability	in	AFP	per	minimum	bias	event:	1.5%	
(near	sta'on)	2.0	%(far	sta'on)	à	es'mate	of	pile-up	
in	high-μ	double	tagged	events	for	2017	

•  AFP	validated	as	proton	tag	to	select	SD	events		
•  Two	low	pile-up	runs		(μ<0.3,	L	≈	0.5	pb-1	)	to	be	
analyzed	for	Physics	
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AFP	2+2	(2017):	Second	Arm		
•  Successful	installa'on		and	

calibra'on	of	second	arm	(side	A)			
•  All	detectors	in:	ToF	in	far	sta'on	

behind	SiT	on	both	sides	
•  Qualified	for	full	inser'on	

			12σ+0.3	mm	(1.5-2.7	mm)	
•  Full	integra'on	in	ATLAS	DAQ	
•  Correla'on	between	ToF	and		SiT	

signals	observed	
•  Trigger	signals	to	ATLAS	'med	in	

correct	BCID		(both	SiT	and	ToF	)	
•  ToF	resolu'on	under	study	with	both	

data	and	beam	test	(understand	
cross-talk,	efficiency,	resolu'on,	
showers,bkg…)	
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A	HUGE	amount	of	work!	

SiT	+	ToF	in	FAR	sta'on	
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AFP	now	taking	data	all	the	'me	at	high	pile-up	
	



few	opera?onal	issues…	
•  Jiqer	in	reference	clock	(one	side)	solved	at	
beginning	of	September	(no	z-vertex	
reconstruc'on	before)	à	focus	on	gexng												
z-vertex	distribu'ons	since	then	

•  HV/LV	cables	integrity	(SiT	plane	inefficiencies)		
•  Radia'on	effects	(SiT	currents,	auto-recovery	
from	SEU	in	electronics)	are	maneageble	

•  Ageing	of	DAQ	fibers	(monitored/under	control)		
•  …	
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…	and	no	show	stoppers	



Physics	with	AFP	0+2	(μ	≤	1)	
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ATLAS	SD	studies	based		

on	rapidity	gaps

	L ≈	0.5	pb-1		
In	2016	at	μ<0.3			

	

Pomeron	flux,	MC	tuning	
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Physics	with	AFP	2+2	(low	µ)
•  So�	diffrac'on:		separa'on	between	SD/DD	components,	

high	purity	samples	for	quan'ta've	model	tes'ng	
•  All	SD	channels	men'oned	before	
•  DPE	jet	and	γ+jet	produc'on	(DPDF,	gluon/quark	content	of	

Pomeron	in	clean	samples)	
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Up	to	10	pb-1		expected	in	2017-2018	runs	
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p

p

jet		
	
jet	

Central	Exclusive	Jet	
Produc'on	
First	observed	by		CFD@Tevatron	
Low	σ			à	high	pile-up	run	
	 						à	double	tag	
														à	ToF	to	control	bkg														
	
Photon-induced		
WW/ZZ/γγ Produc'on	
Best	sensi'vity	to	aQGC	(few	%	
missing	mass	resolu'on):	factor	100	
beqer	than	“standard”	LHC		analyses	
(sensi'vity	to	higgless	models,	extra	
dimensions)	
	
New	Par'cles?	
		

Physics	with	AFP	2+2	(high	µ)	

p p

pp

W,	Z,	γ	

W,	Z,	γ	

Compare	mass	and	rapidity		
of	central	and	pp	systems	
	

Dileptons	good	for	calibra'on	



The	(foreseeable)	future	

•  Run	III	(2020-2022)		
–  Run	with	possibly	improved	detector	(luminosity	in	
standard	runs	increased	mostly	by	leveling)	

•  HL-LHC	(2025	and	beyond)	
–  Available	space/op'cs?	
–  Detector	at	420	m	for	exclusive	Higgs	(defined	spin-parity	
state)	and	Hàbb	(couplings)?		

–  	γγàWW/ZZ/γγ	and	new	high-mass	resonances		
–  …	
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Research	Program	will	depend	on	LHC	strategy		
and	Previous	Results		



Conclusions	
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•  ATLAS	has	been	complemented	with	a	new	system	to	
tag	Forward	Protons,	complementary	to	ALFA	(the	
former	for	standard	β*	runs,	the	laqer	for	large	β*	
ones)	

•  AFP	is	now	taking	data	with	ATLAS	and	is	qualified	for	
full	inser'on	at		12σ	+	0.3	mm	(1.5-2.7	mm)	

•  Work	s'll	ongoing	to	get	z-vertex	resolu'on	
•  A	rich	physics	program	including	studies	of	pomeron	
structure	and	searches	for	BSM	Physics	is	opening	in	
RUN	II		

•  Perspec'ves	for	RUN	III	and	beyond	under	
inves'ga'on	


