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Overall I think this is a good review at a suitable level for Contemporary Physics. 
 
It is a little long but I don't think that is a major problem.   There are some things that are 
repeated and it could be shortened slightly by tidying this up - for instance the basic 
description of the instrument is repeated. Also the point about this instrument being novel, 
unique and innovative and complementing the larger lhc experiments is made several 
times.  But I don't think it's essential to reduce the length. 
 
I don't have any major problems with the scientific content. I think that the physics is 
explained at an appropriate level. It would be good though to add an explanation as to why 
(and for how long) particles are expected to be trapped in the aluminium - I didn't 
understand this point.  
 
In section 1 it refers to the start of data taking in 2015 so this clearly has to be modified 
now. There's a similar point later on too. (p12) 
 
There are several places where the grammar is not quite right - just missing words or extra 
words here and there. 
 
I didn't understand why beta comes into the substitution for magnetic charge on page 5 
near the top. 
 
The units seem strange in places.  The author should state what unit system he is using 
when it is not SI. 
 
The number of NTD  sheets seems to be different in different places and the number of 
surfaces did not make sense to me in some cases. Not a major issue but frustrating when it 
seems not to be consistent. This is on page 5 and 9. 
 
The figure numbering is completely messed up and needs fixing.  The figure on page 12 is 
labelled as 8 but referred to as 5, and it continues wrong from there on. 
 
I can't see where the beam is on figure 7.  The lettering is also hard to read. 
 
Fig '6' on p 16 is also hard to read. 
 
Should the caption to fig '20' on p 26 say charged quirks  rather than charged quarks?  
 
I'm happy to recommend for the article for publication if the author reviews these points.  
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The	Cosmic	Ray	Spectrum	

Adapted	from	a	Ralph	Engel	slide	
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•  Above	~1015	eV	CR	energy	&	ID	determined	via	hadronic	MCs	
–  p-N	collisions:	QCD	interac0ons	at	Ecm	up	to	√sGZK~300TeV	

•  Many	ques0ons:		origin	of	the	structures	in	the	energy	
spectrum?	What	is	the	sources	&	composi0on		of	UHECRs?	

4	

															High	Energy	Cosmic	Ray	Physics	and	QCD	



UHECR	Mass	ComposiOon		
ExtrapolaOon	
With	lower		
LGC	x-secOon	

•  Mean	Xmax	can	be	used	to	determine	CR	composi0on	
•  In		2006		the	main	hadronic	models	u0lized	to	understand	Xmax	

were:	QJSJET01	–	protons	and			SYBYLL2.1	–	mixed	
•  The	interpreta0on	at	the	0me	was	that	that	UHECRs	(extra	

galac0c)	were	protons	

Engel	 Engel	 Engel	
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Understanding	UHECR	Air	Showers	with	LHC	Data				

150	extrapolaOon	

LHC	Run-1/2	has	provided	a	significant	lever-arm	to	constrain	&	tune	
hadronic	Monte	Carlos	for	UHECR.	

				20	extrapolaOon	

√sGZK	=300	TeV	
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ATLAS	
LHCf	

CMS	
Totem	

LHCb	
MoEDAL	

ALICE	

The	Large	Hadron	Collider	
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					The	Large	Hadron	Collider	–	Run	2	

+	

Despite	“Sparky”	the		Field	MarFn	-	sFll	on	track	for		100	I-1	In	Run	2	
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READ	MY	LIPS		-	NO	NEW	PHYSICS	

Summary	of	ATLAS	New	Physics	Search	Results		



•  Cosmic	ray	p-N	collisions	in	the	atmosphere	above	“knee”	at	
~108	GeV/par0cle	can	be	probed	in	p-p	collisions	at	the	LHC	
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HIGGS	

σTOT	&	
σINEL	

A	factor	of		
109-1010	

													Cosmic	Ray		Versus	LHC	Energy	Spectrum		



cal	

|η|	<3.2	
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		The	ATLAS	Detector	



•  Forward	events	have	less	mul0plicity	but	higher	energy	
•  Large		coverage	of	phase	space.			

M
BT

S	

M
BT

S	
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p-p	@	14	TeV	 η	=	-ln(tanθ/2)	

ParOcle	flow	

Energy		flow	

																														ATLAS	(η,	pT)	Acceptance		



																				3.6m	16m																																				140m																			220m				240m	

LUCID		
(PMT-Cerenkov)	

ZDC		
(W-Quartz	Cal.)	

AFP	(2	Sts)	
(RPs-Si-ToF)	

ALFA		
(SciFi		tracker)	13	

MBTS		
(Scin0ll.		Det.)	

2.07 < |η| < 3.86

The	ATLAS	Forward	Detectors		



			The	“New”	MBTS	Detector		

•  The	new	MBTS	(updated	for	Run	2)	was	used	in	a	min.	bias	
trigger		to	make	new	measurements	of	the	inelas0c	cross-
sec0on	and	diffrac0on.	
•  The	old	MBTS	detector	ran	from	2009-2014.	

•  This	scin0llator	detector		was	placed		at	z	=	±	3.6m		
•  2	x	8	fold	segmenta0on	near	to	beam	pipe,	4-fold	further	out	
•  It	covers	the	range	2.1	<	|η|	<	3.8	 14	



•  The	ATLAS	ALFA	detector		was	
installed		in	the	shutdown	of	2010-11	
–  The	ALFA	detector	consists	of	Scin0lla0ng	

Fibre	(SciFi)		detectors	deployed	in	RPs	at						
±	240m	from	IP1	(237.7m	&	241.5m)	

–  Special	“high-beta”	op0cs	&	low	lumi	
(1027	cm-2s-1)	needed	to	reach	the	
Coulomb	Nuclear	Interference	region							
(	-t	~	6	x		10-4	GeV2	)	

•  The	purpose	of	ALFA:	
–  Absolute	lumi	determina0on	for	ATLAS	
–  Measurement	of	σtot	and	p-p	elas0c	

scasering	parameters	

–  Proton	tags	for	single	diffrac0on	and	
central	diffrac0on	

The	ALFA	Detector	
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σtotal	=	σelasFc	+	σnon-diff	+	σ	single-diff	+	σdouble-diff	+	σExclusive	+..		

~	55%	

~20%	

~16%	

~9%	
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INELASTIC	

The	Total	p-p	Cross-secOon		



€ 

sss

•  Non-diffrac0ve	(~70%	of	inelas0c):		parton-parton	interac0ons	
-	described	by	perturba0ve	QCD	

•  Diffrac0ve	(	~	30%	of	inelas0c):		colourless	Pomeron		exchange	
-	described	by	Regge-Gribov	type	models.	
– M	can	be	as	big	as	1	Tev	at	the	LHC	à	jets	&	other	hard	probes	

					The	InelasOc	p-p	Cross-secOon		

t	t	

       σnon-diff						σ	single-diff										σdouble-diff											σExclusive		

d

ξ		=	M2/s	=	1-	(E’p/Ep)	Δη	(RG)	≈	-ln	ξ			
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ξ	–	xi	–	ksaai		
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	The	p-p	Total,	ElasOc	&	InelasOc	Cross-secOon			

arXiv:1606.02625v2	[hep-ex]	15	Jul	2016	

arXiv:1607.06605v1	[hep-ex]	22	Jul	2016	

ALFA	 ALFA	

MBTS	 MBTS	



•  The	ATLAS	analysis	uses	MBTS		to	tag	inelas0c	collisions.	
–  Requires		≥	2	MBTs		hits		

–  Acceptance	neither	proton	can																																																																									
dissociate	into	a	system	of																																																																																		
Mx>13	TeV	à	ξ	=	Mx

2/s		>		10-6	
	

19	

Determining	the	InelasOc	Cross-secOon	@13	TeV	

	NBG:	Small	background	from	beam-gas,	
radia0on	&	ac0va0on	(51,187	events)	

Acceptance	&	migra0on	correc0on	from	MC	



•  Fiducial	cross-sec0on	
–  σfid

inel	=	68.1	±	0.6	(exp.)	±		1.3	(lum.)		mb.	

•  Extrapola0on	into	region	with	ξ	<	10-6	done	using	MC	
–  σinel	=	79.3	±	0.6	(exp.)	±		1.3	(lum.)		±	2.5	(extrap.)	mb.	

•  Result	is	in	good	agreement	with	EPOS-LHC	and	QGSJET-II	

ExtrapolaOon	to	the	Full	InelasOc	Cross-secOon	Determining	the	InelasOc	Cross-secOon	@13	TeV	
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										σinel	-	Comparison	with	PredicOons	

21	

The	results	are	consistent	with	models	based	on	Regge	
phenomenology,	eikonal	models	and	other	approaches	to	non-
perturba0ve	QCD	
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•  Measured	value	of		Rss	=	[10.4	±	0.4]	%	
–  fD	in	the	Pythia8	samples	is	between	25%	and	31%	

–  fD	the	EPOS/QGSJET	samples	give	37%	/35%,	
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DiffracOve	fracOon	

				The	DiffracOve	FracOon		

•  RSS	 =	Ra0o	of	 samples	with	one	 side	of	 the	MBTS	firing	 to	
the	 inclusive	 sample	 is	 used	 to	 tune	 frac0ons	 of	 events	
considered	diffrac0ve	in	each	MC	model	

SD	selec0on		≥	2	hits	on	1	side	only		

! 



•  Sample	with	only	one	side	of	the	MBTS	registering	ac0vity	
enriched	in	SD	events		
–  Number	of	MBTS	counters	firing	dis0nguishes	between	MC	
models	of	diffrac0on	

–  Surprisingly	QGSJET-II	and	EPOS-LHC		provide	a	rela0vely	poor	
descrip0on	of	the	data		-	PHYTHIA	DL	ε	=	0.085	is	best		

The	DiffracOve	FracOon		
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Single	sided	detec0on	 					inclusive	detec0on	



•  The	quan00es		σtot,	σel	and	σinel			can	
all	be	determined	from	a	
measurement	of	the	differen0al	
elas0c	cross-sec0on		
–  The	σtot,	is		found	using	the	op0cal	
theorem:	

	

–  The	σel	is	obtained	by	integra0on:	

–  The	σinel	is	derived	by		subtrac0on	
σel	=∫dσel/dt	

σinel = σtot-σel 
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ALFA	-	the	Total,	InelasOc	&	ElasOc		X-secOon	

The	differen-al							
	elas-c	cross	sec-on	

Elas-c	
selec-on	



	ALFA	-	Cross-secOon	Results	
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	Comparison	of	total	&	elas0c	cross-sec0on	measurements	presented	
here	with	other	published	measurements		and	model	predic0ons	as	a	
func0on	of	the	centre-of-mass	energy.	



Comparison	of	the	measurements	presented	here	at	√(s)=8	TeV	
with	the	measurement	published	by	the	TOTEM	Collabora0on.	
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	Comparison	with	TOTEM	

TOTAL	 ELASTIC		 INELASTIC	

TOTEM	

ATLAS	



			ATLAS	pp	Charged	ParOcle	DistribuOons	
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•  Trigger	one	or	more	MBTS		modules	above	threshold	on	either	
side	were	considered.	Date	taken	at	very	low	luminosity		

	

	

	

.	

•  Following	the	above	selec0ons,	the	event	yield	is:	
–  9.2	x	106	for	the	most		inclusive	phase	space	at	nsel	≥	2	&	pT	>	100	MeV	

–  The	phase	space	with	the	lowest	number	of	events	(	6.4		x	104)	
corresponds	to	nsel	≥	50	and	pT	>	500	MeV.	

			Event	SelecOon	
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ADDITIONAL		

SELECTIONS	

	ARE	MADE	ON	

MULTIPLICITY	

AND	TRACK	PT	



Charged	ParOcle	DistribuOons	@	√s	=	8TeV	
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Distribu0on	of	primary	charged	par0cles	in	events	for	which							
nch	≥	2,	pT	>	100	MeV	and	|η|	<2.5			pseudorapidity	(le�),	PT	
(middle)	and	charged	par0cle	mul0plicity	(right)	
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Charged	ParOcle	DistribuOons	@	√s=	13	TeV	

Primary	charged	par0cle	mul0plici0es	as	a	func0on	of	(le�)	
pseudorapidity,	η	,	and	(right)	transverse	momentum,	pT		



Charged	ParOcle	DistribuOons	@√s	=	8	&	13TeV	

The	average	primary-charged-par0cle	mul0plicity	per	unit	of	η	at	
η	=	0,		as	a	func0on	of	the	Ecm		
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												Cosmo-Collider	p-p	Cross-secOons		

arXiv:1606.02625v2	[hep-ex]	15	Jul	2016	

•  The	latest	Telescope	Array		(TA)	data	takes	the	measurement	of	the	
p-p	cross-sec0on	out	to	√s	=	95	+	5	−8	TeV	(AUGER’S	is	at	57	TeV)	

•  The	Pierre	Auger	Array	and	Telescope	Array	p-p	cross-sec0ons		are	
extracted	from	the	p-air	cross-sec0ons		using	the	Glauber	model	

•  Recent	results	from	ATLAS	and	the	TA	support	the	EPOS-LHC	
descrip0on	of	the	data	taking	the	extrapola0on	to	higher	x-sec0ons	32	

LHC	

AUGER	

TA	



•  SIBYLL2.1	predic0ons	confirmed	by	EPOS-LHC	and	QGSJETII-04	
but	QGSJET01	and	QGSJETII-03	disfavoured	

•  The	interpreta0on	of	the	composi0on	of	UHECR’s	moves	from	
the	picture	that	they	are	mostly	protons	to	a	mixed	
composi0on	 33	

Impact	of	the	LHC	X-sec	Measurement			

EAS	with	old	CR	models:	Xmax	 EAS	with	retuned	CR	models	using		
Run	1	LHC	data:	Xmax	
	

T	Pierog	HESZ	2015	-	 T	Pierog	HESZ	2015	-	



  	Cosmic	ray	models	essen0ally	validated	by	the	LHC		
  Reasonable	descrip0on	of	the	main	observables	
  Data	bracketed	by	CR	Models		

  Origin	of	the	Knee?	
 Most	likely	NOT	due	to	exo0c	hadronic	interac0ons	
 A	dependence	on	primary	CR	composi0on?	
 Or	a	nearby	supernova	(Wolfendale)	

ATLAS	
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7	TeV	à	pLAB	of		3	x	1016	eV	

Ralph	Engel	 Ralph	Engel	

										Is	the	Knee	Due	to	New	Physics?	



•  Purpose:	Measure	forward	protons	with	AFP	horizontal	Roman	Pot	
(RP)	detectors	to	study		so�	&	hard	diffrac0ve	processes		

•  TDR	approved	by	ATLAS	and	LHCC	–19	Jun	2015	
–  One	arm	of	prototype	AFP	(AFP0+2	includes	3D	Si	Tracking)	approved	for	

installa0on	by		LHC	in	Oct.	2015			

–  Installa0on	of	AFP0		arm	completed		in		Feb.	2016	(Tracking	only	no	ToF)	

–  Next	arm	to	be	installed	(AF2+2	this	coming	winter	2016-2017	(Tracking	&		ToF)	

205m	 217m	

						ATLAS	Forward	Protons	



•  3D	Pixels	in	(3	layers	Near	&	4	Far)	
•  Trigger	(each	sta0on)	in	reasonable	working	order		
•  Readout	chain	to	the	ROS	in	place	
•  AFP	TDAQ	integra0on	going	well	–	AFP	running	smoothly	in	ATLAS	

par00on	–	DCS	integra0on	ongoing.	
•  Several	AFP	inser0ons	already	–	Low	mu	physics	run		completed	

Current	Status	
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Expected	
“band”	of	
diffrac0ve	
protons	

Strong	correla0on		
indicates	mostly	good,	
parallel	tracks	

Number	of	raw	pixel	hits	 in	arbitrary	units	
of	a	 tracker	plane	 in	 the	near	 sta0on	AFP	
was	triggered	by	ATLAS.	The	diagonal	 line	
corresponds	to	diffracted	protons	

Correla0on	 of	 row	 pixel	 hits	 between	
consecu0ve	 tracker	 planes	 in	 the	 near	
sta0on	 C	 (205m)..	 AFP	was	 triggered	 by	
ATLAS	

Data	was	taken	the	300	bunches	LHC	intensity	ramp	up	(10th	May	2016)	 37	

Performance	Plots	



•  Muon	produc0on	in	EAS	data	is	s0ll	
not	being		consistently	reproduced	
even	by	post-LHC	MC		models.	

•  An	old	problem?	At	LEP	exis0ng	MC’s	
could	not	explain	the	number	of	
high	mul0plicity	muon	bundles	

					Cosmic	Muon	Mysteries	
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ALEPH	 DELPHI	 L3+C	

MUON													BUNDLES	



•  The		muon	bundle	mul0plicity	dist.	is	sensi0ve	to	composi0on		
•  The	ALICE-ACORDE	detector	result	on	muon	bundle	indicates	the	 		
	composi0on	gets	heavier	as	primary	energy	increases	

•  	ATLAS	would	measure		CR	muons	directly	using	12,000	m2	of					
		µ-tracking	+	calorimetry	~70m	underground	with	a	CT	 	 	
	trigger	provided	underground	or	from	a	surface	array	
• “Horizontal	area”		of	ATLAS	muon	system	is	~50	0mes	larger	than	
	the	ALICE-ACORDE	CR	detector		

	

						Cosmic	Muon	Physics	with	ATLAS?	
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ATLAS	



•  Direct	Inelas0c	Cross	Sec0on	Measurement	at	√s	=	13	TeV	
–  Agrees	with	all	reasonable	models	at	current	level	of	precision	
–  Provides	valuable	anchor	point	on	extrapola0on	to	60	TeV	
(AUGER)	and	95	TeV	(TA)	

–  Leads	to	beser	understanding	of	Xmax	distribu0on	and	the	
composi0on	of	UHE	cosmic	rays		

•  ATLAS	p-p	hadron	data	agree	quite	well	with	exis0ng	
“standard”	models	
–  Indicates	that	the	knee	in	the	cosmic	ray	energy	spectrum	that	is	is	
covered		by	LHC	data	is	probably	not	due	to	new	hadronic	physics	

•  The	AFP	detector	now	being	successfully	installed	(so	far)	gives	
the	promise	of	a	new	handle	on	diffrac0ve	physics	

•  The	possibility	of	cosmic	ray	muon	physics	(muon	bundles)	
using	the	ATLAS	detector	is	now	being	studied.	

Summary	
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