
Development	of	the	LHeC	
Deep	Inelas3c	ep/eA	Sca8ering	at	the	Energy	Fron3er	(√s	>	0.3TeV	-	HERA)	

	

Design	Concept	(CDR	2012)	
	
LHeC		into	the	Higgs	+	HL	LHC	era	
	
Detector	+	Accelerator	Studies	
	
Project	Development	–	Next	Steps	

Max	Klein	
University	of	Liverpool	

	
for	the	LHeC	Study	Group	

Development	of	the	LHeC,	POETIC7,	Philadelphia,	15th	of		November	2016	

For	references,		
please	consult	
lhec.web.cern.ch	
	
LHeC	CDR	
arXiv:1206.2913	
J.Phys.	G39	(2012)	075001	

					FCC_eh:	
			Ee	=60	GeV		
			Ep	=50	TeV		
				
					HE	LHC:		
			Ep=14	TeV	

					LHeC:	
				Ee=60	GeV		
				Ep=	7	TeV		



Bits	of		LHeC	History	(1984-2007)	

Lausanne	1984:	ep	at	CERN:	Altarelli,	Rueckl	
													
Aachen	1990:	LEP	x	LHC	Study	Group	
				Rubbia	DG@ICHEP:		pp	in	1996,	ep	in	1998		…	
	
HERA	(s=105	GeV2		at	L=	1-4	1031)	1992-2007	[FL]	
	
1997	E.	Keil:	ep	at	the	LHC	1032	–	LHC	Report	93	
	
HERA	III		(eD	and	eA,		EIC@DESY)	no	-		TESLA	yes	
	
THERA	2001	(1	x	0.5	TeV2)		with	1031	Luminosity..	
	
Snowmass	2001	Interac3on	with	EIC	(AD	et	al)..	
	
QCD	explorer	(CLIC	x	LHC’,	L	~	1030	),	ep	with	SPS?		
	
DIS2005	at	Madison:	LHeC	for	the	first	3me	

à	IniAalisaAon	of	the	CERN-ECFA-NuPECC	LHeC	Study	(2008-2012)	à	CDR	arXiv:1206.2913	



	Design	Report	2012	 CERN Referees

arXiv:1206.2913	

600	pages.	Physics,	Detector	and	Two	Accelerator	OpAons	
ring-ring	which	may	be	of	interest	in	the	HE-LHC	context	and	linac-ring,	the	default	LH(e)C	



	Default	Electron	Accelerator	Concept	

Polarized source Dump 

N x 10 GeV section accelerator N x 10 GeV section decelerator 

Source!Source!Dump Dump 

Energy flux is carried out by 10 GeV beams  

LHC p 

1.0 km 

2.0 km 

10-GeV linac 

10-GeV linac injector 

dump 

IP 

comp. RF 

e- final focus 

tune-up dump 

0.26 km 

0.17 km 

0.03 km 

0.12 km 

comp. RF 

total circumference ~ 8.9 km 

10, 30, 50 GeV 

20, 40, 60 GeV 

Conceptual	Design	Report:	arXiv:1206.2913	

Non	default:	An	expensive	generalisaAon	to	achieve	Ee=	500	GeV	or	more	

LHeC:	60	GeV	off	7	TeV,	L(ep)	=1034	cm-2	s-1		(1000	x	HERA)	in	synchronous	ep+pp	opera3on	

V	Litvinenko	



TOBB	ETU	

KEK	

	Accelerator	Design:	Par3cipa3ng	Ins3tutes	

Source	 Power	[MW]	

Cryogenics	(linac)	 													21	

Linac	grid	power	 													24	

SR	compensa3on		 													23	

Extra	RF	cryopower	 															2	

Injector	 															6	

Arc	magnets	 															3	

Total	 													78	



																											An	early	racetrack	embedded	in	the	Va3can	(XV	century)		



	Parameters	and	Design	

Designed	for		synchronous	ep	and	pp	operaAon	

Update of parameter table in view of H - arXiv:1211:5102	

“Q1”	SC	3-beam	IR	magnet	

1à3	beam	spreader	design	

257	pages	of	technical	design	
in	the	CDR	arXiv:1206:2913,	e.g.	



Linac	1	and	2:	Mul3-pass	ER	Op3cs	
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Acceleration/Deceleration 

Alex	Bogacz	Arc	op3cs:	Emi8ance	preserving	flexible	momentum	compac3on	cell	
3+3	arcs	of	normal	conduc3ng	“standard”	magnets	



from	CDR	LHeC	

Components	and	Cryogenics	
Chapter	9	of	CDR	

Need	to	develop	LHeC	cavity	(cryo-module)	[2013]	



The	LHeC	Physics	Programme	

		Ultra	high	precision	(detector,	e-h	redundancy)				-		new	insight	
		Maximum	luminosity	and	much	extended	range		-		rare,	new	effects	
		Deep	rela3on	to	(HL-)	LHC	(precision+range)									-		complementarity	

arXiv:1206.2913	(CDR)	1211.4831	and	5102	
	



LHeC	Detector	

Forward/backward	asymmetry	in	energy	deposited	and	thus	in	geometry	and	technology	
Present	dimensions:	LxD	=13x9m2		[CMS	21	x	15m2	,	ATLAS	45	x	25	m2]	
Taggers	at	-62m	(e),	100m	(γ,LR),	-22.4m	(γ,RR),	+100m	(n),	+420m	(p)	

PK:	Status	11/16	



Detector	Magnets	

Dipole (for head on LR) and
solenoid in common cryostat,
perhaps with electromagnetic LAr

3.5T field at ~1m radius to house
a Silicon tracker

Based on ATLAS+CMS experience 



Observa3ons	post	CDR	-		2012+	
LHC	brightness	2-3	3mes	higher	than	expected	
	
LHC	life3me	now	extended	to	2037	(4ab-1	un3l	2039)	
	
Discovery	of	the	Higgs:		L(ep):	1033	à	1034	cm-2	s-1	
	
No	further	discovery	at	the	LHC	(as	yet)	
	
Detector	technology	developments	(LHC	Det.	Upgrades)	
	
Strong	ERL	developments	(cβ,	Jlab,	BerlinPRO,	MESA..	)	
SC	RF:	802	MHz	(LHeC),		enhanced	Q0	through	Ni	doping	
	
EU	strategy	13:	exploit	LHC,	study	Higgs,	develop	SCRF,		
CERN:	new	accelerators	“with	emphasis	on	pp	and	ee”	
		Fine	with	the	LHeC	cost	being	a	small	frac3on	of	ILC,CLIC,FCC	
	
No	decision	on	e+e-	colliders,	for	how	long?	
	
à CERN	set	up	a	new	LHeC	organisa3on	with	a	new	
						Mandate	to	prepare	for	the	next	EU	strategy	19	
Two	main	goals:	Update	of	CDR	for	HL-LHeC	+	Tesyacility	



			A	New	Era	of	Par3cle	Physics	
4.7.2012	gree3ng	Melbourne	from	CERN	

“The	Higgs:	So	simple	and	yet	so	unnatural”	G.Altarelli,arXiv:1308.0545		



à	ν/e	H	X	



backup	



	Gluon	(gg)	Luminosity	Present	status	

LHeC/FCC-eh	

gg	à	H	dominant	process	in	pp	
Crucial	for	SUSY	searches/limits	
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LHeC:	
	
Exp	uncertainty	
of	predicted	H	
cross	sec3on	is	
0.25%	(sys+sta),	
using	LHeC	only.	
	
Leads	to	H	mass	
sensi3vity.	
		
Strong	coupling	
underlying		
parameter	
(0.005	à	10%).	
LHeC:	0.0002	!	
	
Needs	N3LO	
	
HQ	treatment	
important		…	

Precision	PDFs	for	Higgs	at	the	LHC	

O.Brüning	and	M.K.	arXiv:1305.2090,	MPLA	2013		



	Strong	Coupling	Constant	

Uncertainty	on	Higgs	cross	secAon	
Giulia	Zanderighi,	Vietnam	9/16,	
from	C.Anastasiou	et	al,	1602.00695	
who	also	discuss	the	ABM	alpha_s..		

-	αs	least	known	of	coupling	constants		
Grand	UnificaAon	predicAons	need	smaller	δαs		
	
-	Is	αs(DIS)	lower	than	world	average	(?)	
	
-	LHeC:	per	mille		-	independent	of	BCDMS!	
	
-	High	precision	from	inclusive	data	–	αs(jets)??	
	
-	Challenge	lamce	QCD	

LHeC	simula3on,	NC+CC	inclusive,	total	exp	error	

PDG	
LHeC	



Mee3ng	with	Eckhard	Elsen	

S.Forte	ECFA	11/15	

The	exp.	error	on	the	Higgs	cross	secAon	calculated	with	LHeC	PDF	is	0.3%	à	sensiAve	to	mass	



Chen	Zhan	12.4.16	(talk	at	annual	FCC	week	2016,	Rome)	



LHeC	at	POETIC	7	
	
N.	Armesto:	eA	
	
C.	Zhang:	Higgs	
	
A.	Stasto:	Satura3on,	VM	
	
C.	Gwenlan:	
Top,	elweak	+	BSM	
	
M.	Cooper	Sarkar:	PDFs	
	
M.	Klein:	EIC+LHeC	
(in	the	CTEQ	Part)	
	
+	

ßEIC	

Novel	LHeC	physics	studies	focus	on	LHC	complementarity	and	higher	luminosity	potenAal	
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High	x	crucial	for	HL	LHC	searches	
Related	to	DrellYan	,	W	mass	etc	
d/u	à	1	a	classic	ques3on,	s3ll	there	
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High	x	crucial	for	HL	LHC	searches	
Related	to	DrellYan	,	W	mass	etc	
d/u	à	1	a	classic	ques3on,	s3ll	there	

LHeC	



ep	+	pp	and	free	fit	to	u,d,s	

Full	unfolding	of	the	PDFs	(free	of	assumpAons)	including	strange,	charm,	beauty,	top,	and	the	gluon	
							Leads	much	beyond	extension	of	range	and	maximum	precision	in	conven3onal	analyses		

_	 _	



	Strange	Quark	Distribu3on	from	LHeC		

	
	
à First	(x,Q2)	
measurement	of	
the	(an3-)strange		
density,	HQ	valence?	
	
x	 = 10-4	..	0.05	
Q2	=	100	–	105	GeV2	
	

Ini3al	study	(CDR):	Charm	tagging	efficiency	of	10%	and	1%	light	quark	background	in	impact	parameter		



Heavy	Neutrino	Search	at	FCC	(ee,hh,eh)	
Oliver	Fischer	
Rome	Talk	
Sterile	Neutrinos	



	Future	eA	Colliders	

Extension	of	kinemaAc	range	in	lA	
by	many	orders	of	magnitude		
will	change	QCD	view	on	nuclear		
structure	and	parton	dynamics		
	
May	lead	to	genuine	surprises…	
	
-  No	satura3on	of	xg	(x,Q2)	?	
-  Small	frac3on	of	diffrac3on	?	
-  Broken	isospin	invariance	?	
-  Flavour	dependent	shadowing	?	

Relates	to	LHC	Heavy	Ion	Physics	
-			Quark	Gluon	Plasma	
-			Collec3vity	of	small	nuclei	(p)?	
-  ..	

SaturaAon:	needs	large	xg	at	small	x		
																						ep	and	eA	



Future		Nuclear	PDFs	with	LHeC	
From	an	eA	collider	one	can	determine	nuclear	PDFs	in	a	novel,	the	classic	way.	
Currently:	use	some	proton	PDF	base	and	fit	a	parameterised	shadowing	term	R.	
Then:	use	the	NC	and	CC	eA	cross	sec3ons	directly	and	get	R(x,Q2;p)	as	p/N	PDFs.	

1�-1	of	sole	eA	isoscalar	data	fi8ed		

Gluon	density	uncertainty	in	eA	

preliminary	
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Detector	and	Accelerator	Studies	



Simulation of Higgs àbb from 
LHeC ep 



Detector	design:	Inner	Silicon	Tracker	(status	3/16)	

More	detailed	designs	for	other	components	too.	DD4HEP	so�ware	developments..	
	An	opportunity	for	R+D	and		building	a	novel,	challenging		4π	detector	in	the	twen3es.	
Profit	from	HL	LHC	detector	upgrades,	also	ILC,	with	no	pileup	and	small	radiaAon	load	



Installa3on		
Study	

Detector	fits	in	L3	magnet	support	 Modular	structure		



backup	
Realiza3on	of	
the	LHeC	

MK	6/14	

~4	years	of	CE	

Physics	and	cost	will	
determine		footprint	



Civil Engineering  

CDR:	Evalua3on	of	CE,	analysis		
of	ring	and	linac	by	Amber	Zurich	
with	detailed	cost	es3mate	
[linac	CE:	249,928	kSF..]	and	3me:	
3.5	years	for	underground	works	
using	2	roadheaders	and	1	TBM	
	
	
More	studies	needed	for	
Integra3on	with	all	services		
(EL,CV,	transport,	survey	etc).	
Geology	
Understanding	vibra3on	risks	
Environmental	impact	assessment	
	
Tunnel	connec3on	in	IP2	

Shaft sinking installation 

Roadheader 1 

Roadheader 2 

J.Osborne,	Chavannes	



Beam	dynamics	studies	

cf	Dario	Pellegrini:	Talk	in	August	2016	
Accelerators	for	QCD,	Thessaloniki	



CE:	favoured	eh		
site	is	point	H	



LHeC/FCC-he	Civil	Engineering	

C.	Cook	

FCC-he	Civil	Engineering		

LHC	Point	8	&	FCC	Long	Straight	SecAon	L	
Further	Study	

FCC	Week,	Rome	2016	 Thurs	14th	April	2016	

TO	BE	STUDIED	

8	fold	way	..	for	
serving	LHC+FCC	



							work	in	progress					

May	count	on	1ab-1	in	10	years	of	OP,	1000xHERA	
in	ep	with	HL	LHC,	with	HE-LHC	and	with	FCC_eh	

Note	CEPC+SEPC	OpAons	
for	ep	in	China		



Project	Development	



Road beyond Standard Model	

At	the	energy	fronAer	through	synergy	of	

	

hadron	-	hadron		colliders		(LHC,	(V)HE-LHC?)	

lepton	-	hadron				colliders		(LHeC	??)	

lepton	-	lepton					colliders		(LC	(ILC	or	CLIC)	?)
	

Next	decades	

LHC	results	vital	to	guide	the	way	at	the	energy	fron3er	

Rolf	Heuer	at		
Aix	Les	Bains	
	1.	10.	2013	



Mandate	and	Goals	
LHeC:	Following	the	CDR	in	2012:	2014+16:	CERN	DGs	issued	Mandate	to	con3nue	the	study:	

DG:	Mandate		to	the	InternaAonal	Advisory	Commiree	2015-2018	
	
	Advice	to	the	LHeC	Coordina3on	Group	and	the	CERN	directorate	by	following	the		
development	of	op3ons	of	an	ep/eA	collider	at	the		LHC	and	at	FCC,	especially	with:	
	
	Provision	of	scien3fic	and	technical	direc3on	for	the	physics	poten3al	of	the	ep/eA		
	collider,	both	at	LHC	and	at	FCC,	as	a	func3on	of	the	machine	parameters	and	of	a		
	realis3c	detector	design,	as	well	as	for	the	design	and		possible	approval	of	an	ERL		
	test	facility	at	CERN.	
	
	Assistance	in	building	the	interna3onal	case	for	the	accelerator		and	detector		
	developments	as	well	as	guidance	to	the	resource,		infrastructure	and	science		
policy	aspects	of	the	ep/eA	collider.	

Two	major	next	goals:	
-Design	and	build	an	LHeC	ERL	demonstrator	(10mA,	3	turn,	802	MHz)	
-Update	of	the	CDR	by	2018:	LHC	physics,	1034	lumi,	detector	and	accelerator	updates	

FCC-eh:	U3lize	the	LHeC	design	study	to	describe	baseline	ep/A	op3on.		
Emphasis:	3	TeV	physics,	IR	and	Detector:	synchronous	ep-pp	opera3on.		
Open	to	other	configura3ons	and	new	physics	developments	(750..)		

Chair:	Herwig	Schopper	



Organisa3on*)	

Sergio	Bertolucci	(CERN/Bologna)	
Nichola	Bianchi	(Frasca3)	
Frederick	Bordry	(CERN)	
Stan	Brodsky	(SLAC)	
Hesheng	Chen	(IHEP	Beijing)	
Andrew	Hu8on	(Jefferson	Lab)	
Young-Kee	Kim	(Chicago)	
Victor	A	Matveev	(JINR	Dubna)	
Shin-Ichi	Kurokawa	(Tsukuba)	
Leandro	Nisa3	(Rome)	
Leonid	Rivkin	(Lausanne)	
Herwig	Schopper	(CERN)	–	Chair	
Jurgen	Schukra�	(CERN)	
Achille	Stocchi	(LAL	Orsay)	
John	Womersley	(STFC)	

Interna3onal	Advisory	Commi8ee	
	
“..Direc3on	for	ep/A	both	at	LHC+FCC”	

Nestor	Armesto	
Oliver	Brüning	–	Co-Chair	
Stefano	Forte	
Andrea	Gaddi	
Erk	Jensen	
Max	Klein	–	Co-Chair	
Peter	Kostka	
Bruce	Mellado	
Paul	Newman	
Daniel	Schulte	
Frank	Zimmermann	

Coordina3on	Group	
	
Accelerator+Detector+Physics	

5(11)	are	members	of	the	
FCC	coordina3on	team	
	
OB+MK:	FCC-eh	responsibles	
MDO:	physics	co-convenor	

PDFs,	QCD								
Fred	Olness,		
Voica	Radescu	
Higgs																
Uta	Klein,		
Masahiro	Kuze	
BSM	
Georges	Azuelos,		
Monica	D’Onofrio	
Top															
Olaf	Behnke,	
Chris3an	
Schwanenberger	
eA	Physics															
Nestor	Armesto	
Small	x													
Paul	Newman,		
Anna	Stasto	
Detector	
Alessandro	Polini	
Peter	Kostka	

Working	Groups	

*)August	2016	

IAC	being	renewed	by	new	DG	
We	lost	Guido	Altarelli.		



backup	

LHeC	CDR	update	because:	
	
-	Lumi	*	10	
-	LHC	results	
-	Technology	progress	

Open	for	any	parAcipaAon	



CDR	of	ERL	
demonstrator,	
and	test	facility	
with	physics		
applicaAons		
and	technology	
goals,	soon	out	
		
Cf	also		
ICFA	beam		
Newslerer	68/2016	

Physics	
ep	
R(p),	sin2θ	
Dark	photons	
γp	
1000*L(ELI)	
Eγ>30keV	
à Unique	
photo-nuclear	
Physics	
	
Technology	
High	Ie	~	10mA	
Mul3turn	ERL	
SC	RF	
Cryomodules	
Opera3on	
	
Tesyacility	1st	
Userfacility	2nd		
	



ERL	Tesyacility	

Parameter Value 

Dipoles per arc 
Dipole length 
Max B Field 

3/4   
50 cm 
1.1 T 

Quadrupoles per arc 
Quadrupoles in straight lines 

5 
4 

Dipoles in Spreader/Combiner 
Quads in Spreader/Combiner 

1-3 
3 

Dipoles for 
Injection-Extraction 

6 

Demonstra3on	of	high	current	
(10mA),	mul3(3)turn	ERL	
	
Test	and	development	of	802MHz	
SCRF	technology	
	
Ee	=	200	(400)	MeV	with	1(2)	module	
			which	houses	four	5-cell	cavi3es	 Footprint:14x4m2	

“PERLE”	CDR	to	be	published,	ICFA	Beam	Newslerer	68	(2016)	

BINP,	CERN,	Daresbury,	Jlab,	
Liverpool,	Orsay	(LAL/IPN),+	
	
Technical	Design	as	next	goal	
802	MHz	cavity	soon	produced	



802 MHz Cavity Parameters 
design to also test FCC-ee

Parameter Unit Value Value Value Value Value

cavity type
  LHeC 

prototype
(2016)

LHeC 
study
(2015)

LHeC 
study
(2015)

LHeC Ver. 1 LHeC Ver. 2

frequency MHz 801.58 802 802 801.58 801.58
number of cells   5 5 5 5 5
LacJve mm 917.91 922.31 922.14 935 935
R/Q = Veff

2/(ω*W) Ω 523.7 580.1 583.4 430 393
R/Q/cell Ω 104.7 116.0 116.7 86.0 78.6
G Ω 274.6 273.2 273.2 276 283
R/Q·G/cell   28765 31702 31877 23736 22244
Eq. Diameter mm 327.95 323.12 323.12 350.2 350.2
Iris Diameter mm 130 115 115 150 160
Tube Diameter mm 130 140 115 150 160
Eq./Iris raJo   2.52 2.81 2.81 2.19 2.19
Wall angle (mid-cell) deg 0 0 0 12.5 12.5
Epeak/Eacc (mid-cell)   2.26 2.07 2.07 2.26 2.40
Bpeak/Eacc (mid-cell) mT/(MV/m) 4.20 4.00 4.00 4.77 4.92
kcc % 3.22 2.14 2.14 4.47 5.75
N2/kcc

  7.78 11.71 11.71 5.59 4.35
cutoff TE11 GHz 1.35 1.26 1.53 1.17 1.10
cutoff TM01 GHz 1.77 1.64 2.00 1.53 1.43
F.Marhauser,	B.Rimmer,	J.Henry	(Jlab)	+	R.Calaga,	E.Jensen,	K.	Schirm	et	al	(CERN)	[4.8.16]	

Detail	end	group	+	flange	loca3ons	à	build	



“The	future	belongs	to	those	who	believe	
in	the	beauty	of	their	dreams.”	

	
Anna	Eleanor	Roosevelt	

(1884-1962)	

	

Universal	Declara3on	of	Human	Rights	(1948)	

cited	by	Frank	Zimmermann	at	the	FCC	Mee3ng	at	Washington	DC,	March	2015	



	QCD	-	Developments	and	Discoveries	
AdS/CFT	
	
Instantons	
	
Odderons	
	
Non	pQCD	
	
QGP	
	
NkLO	
	
Resumma3on	
	
Satura3on	and	BFKL	
	
Non-conven3onal	PDFs	…	

QCD	is	the	richest	part	of	the	Standard	Model	Gauge	Field	Theory	and	
will	(have	to)	be	developed	much	further,	on	its	own	and	as	background.	

Breaking	of	Factorisa3on	
	
Free	Quarks	
	
Unconfined	Color	
	
New	kind	of	coloured	ma8er	
	
Quark	substructure	
	
New	symmetry	embedding	QCD	
	

QCD	may	break	..	(Quigg	DIS13)	



can	one	build	a	2	km	long	linac?	

it	has	been	done	before	

Co
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Can	CERN	host	pp	and	DIS	at	once?	



..	in	the	80ies	it	successfully	did	
	

BEBC,	CDHS(W),	CHARM,		CHORUS	

BCDMS,	EMC,	SMC,	COMPASS	Pierre	Darriulat	
now	in	Vietnam	

UA1	

UA2	

Neutral	Currents	

Charged	Currents	



Concluding	Remarks	
-  The	LHeC	may	be	built	as	an	ERL	racetrack	accelerator	tangen3al	to	the	LHC	
-  The	current	LHC	schedule	points	to	LS4,	in	2028/29,	for	a	possible	installa3on	
-  The	luminosity	reach	is	1034cm-2	s-1	at	60	GeV,	with	L	~	1/Ee	at	fixed	power		
-  The	default	energy	is	60	GeV	(for	Higgs,	top	and	low	x	physics).	
-  Ee	may	be	larger	if	LHC	discovers	sth	(750	GeV	yy	was	at	the	edge..)	
-  Ee	may	be	chosen	to	be	smaller	for	cost	and	effort	and	schedule	reasons	

-  The	LHeC	would	be	the	cleanest	microscope	the	world	may	build	and		
-  a	unique	Higgs	laboratory	enabling	to	transform	the	LHC	into	a	precision	facility	
-  The	eA	programme	is	set	to	revolu3onize	the	QCD	of	nuclear	dynamics+structure	

-  The	linac-ring	configura3on	allows	for	one	novel	detector	(two	teams?)	
-  The	LHeC	detector	may	be	the	next	“GPD”	apparatus	PP	can	build	
-  A	modular	structure	and	on	surface	premoun3ng	enable	installa3on	in	2	years	

-  Following	a	CERN	DG	mandate,	an	organisa3on	is	established	to	lead	to	EU	2019	
-  The	development	of	the	LHC,	physics	and	technology	call	for	a	CDR	update	by	18	
-  A	3	turn,	10mA,	802	MHz,	2-400	MeV	ERL	facility	(PERLE)	is	under	design	
-  PERLE	is	a	development	ground	for	the	LHeC	ERL	concept	and	SCRF	technology		

-  Physics	(ep+eA)	and	technology	make	EIC	and	LHeC	partners	henceforth		



Many	thanks	to	all	LHeC/FCC-eh	collaborators,	the	IAC,	to	CERN	and	our	labs	

Logo	of	the	CDR	

W.Kandinsky:	“Circles	in	a	cirle”	(1923)	Philadelphia	(USA)	Museum	of	Art	
									First	shown	in	LHeC	context	in	a	talk	by		A.S.Vera		Workshop	2008	
	



“Critical gravitational collapse”“BFKL evolution and Saturation in DIS”

5d tiny black holes and perturbative saturation
Talk by A.S.Vera at LHeC Workshop 2008

Circles in a circle
V. Kandinsky, 1923
Philadelphia Museum of  Art



3tle	



à Cost	strongly	rising	with	tunnel	circumference.	Presently	s3ck	to	LHeC	default.	
à Maximise	independence	of	ring	installa3on,	design	for	synchronous	ep	and	pp	OP	

Choice	of	FCC_eh	Baseline	Configura3on	=	f(cost,Ee,s)	



		Low	x	
xg		for	x	<	10-4	not	known,		
it	is	not	unknown	above.	
	

Low	x	evolu3on	law		
unlikely	linear	DGLAP		
	
HERA:	where	is	BFKL?	
	
Needs	precision	F2	and	
FL	in	extended	x	range	
	
Search	for	Satura3on		
requires	xg	to	be	large	
and	αs	to	be	small	à	
Q2	ought	to	be	>	10	GeV2	

	
Affects		pp	rates	
because		
x=M/√(s)	exp(+-y)	

HERA	à	
LHeC	à		FCC-he	à	



Liquid	Argon	Electromagne3c	Calorimeter		
Inside Coil
H1, ATLAS
experience.

Barrel: Pb, 20 X0 , 11m3


      fwd/bwd inserts:


FEC: Si -W,  30 X0 ,0.3m3


BEC: Si -Pb, 25 X0,0.3m3


GEANT4 Simulation



	Hadronic	Tile	Calorimeter		
Outside Coil:  flux return 
Modular.  ATLAS experience.	
	

Combined GEANT4 Calorimeter Simulation

+5.9m	 -3.6m	

R=2.6m	



Injector

Arc 1,3,5 (3142m) Arc 2,4,6 (3142m)

Matching/splitter (30m)
IP line Detector

Linac 1 (1008m)

Linac 2 (1008m)

Bypass (230m)

Loss compensation 1 (140m)Loss compensation 2 (90m)

Matching/splitter (31m)

Matching/combiner (31m)

Matching/combiner (31m)

60	GeV	electron	beam	energy,	L=	1033-34	cm-2s-1,	√s=1.3	TeV:	Q2
max=	2	106	GeV2,	~10-6	<	x<	1	

Recircula3ng	linac	(2	*	1km,	2*60	cavity	cryo	modules,	3	passes,	energy	recovery)	



3tle	
A	Revival	of	electron-proton	(ion)	colliders	following	HERA	



			Gluon	Density	

Gluon	prior	to	LHC	data	(2011)	 Gluon	with	(first)	LHC	data	(2015)	
												used	by	CT14,NNPDF,MMHT	

High	x	



Rates	of	Higgs	Produc3on	at	the	LHeC	



Energy	Fron3er	DIS	



LR LHeC IR layout & SC IR quadrupoles

Non-
colliding 
proton 
beam 

colliding 
proton beam 

Electron 
beam 

Synchrotron 
radiation 

High-gradient SC IR quadrupoles based on Nb3Sn 
for colliding proton beam with common low-field

Inner triplets 

Exit hole for 
electrons & non-
colliding protons 

Inner triplets 

Q1 Q2 

Q2 

Q1 

Nb3Sn (HFM46): 
5700 A, 175 T/m, 
4.7 T at 82% on LL 
(4 layers), 4.2 K 

Nb3Sn (HFM46): 
8600 A, 311 T/m, 
at 83% LL, 4.2 K 

46 mm (half) ap., 
63 mm beam sep. 

23 mm ap.. 87 
mm beam sep. 

0.5 T, 25 T/m 0.09 T, 9 T/m 

As shown by F. Zimmermann at Chamonix12



 Silicon Tracker and EM Calorimeter
Transverse momentum
Δpt/p2

t à 6 10-4 GeV-1

transverse
impact parameter
à 10μm

LHeC-LHC:	no	pile-up,	less	radiaAon,	smaller	momenta	apart	from	forward	region	



Magnets Developments 
flux	density	in	the	gaps	 0.264	T	

0.176	T	
0.088	T		

magne3c	length	 4.0	m	

ver3cal	aperture	 25	mm	

pole	width	 85	mm	

number	of	magnets	 584	

current	 1750	A	

number	of	turns	per	
aperture	 1	/	2	/	3	

current	density	 0.7	A/
mm2	

conductor	material	 copper		

resistance	 0.36	mΩ	

power	 1.1	kW	

total	power	20	/	40	/	60	
GeV	 642	kW	

cooling	 air	

LR	recirculator	dipoles	and	quadrupoles	
New	requirements	(aperture,	field)?	
Combined	apertures?	
Combined	func3ons	(for	example,	dipole	+	quad)?	
LR	linac	quadrupoles	and	correctors	
New	requirements	(aperture,	field)?	
More	compact	magnets,	maybe	with	at	least	two			
			families	for	quadrupoles?	
Permanent	magnets	/	superconduc3ng	for	quads? 		
A.Milanese,	Chavannes	workshop	

Prototypes	for	Ring	dipoles	
Fabricated	and	tested	by	
CERN	(top)	and	Novosibirsk	

1/2m	dipole	model	
Full	scale	prototype	
Quadrupole	for	Linac	
	
Magnets	for	ERL	test	stand	
	
Collabora3on	of	CERN,	Daresbury	and	Budker	(Novosibirsk)	



	Spreader/Combiner		

Arc	Op3cs:	Emi8ance	Preserving	Flexible	Momentum	Compac3on	Cell	



LHeC	(CDR)	
60	GeV	*	7	TeV	

FCC-he	(ERL)	
60	GeV	*	50	TeV	

Interac3on	Regions	for	ep	with	Synchronous	pp	Opera3on	

S3ll	work	in	progress:	
may	not	need	half		
quad	if	L*(e)	<	L*(p)		

Tenta3ve:	εp=2μm,	β*=20cm	à	σp=3μm	≈σe	matched!	εe=5μm	..	
Rogelio	Tomas	et	al	



LHeC	Detector	CDR	2012	

Forward/backward	asymmetry	in	energy	deposited	and	thus	in	geometry	and	technology	
Present	dimensions:	LxD	=14x9m2		[CMS	21	x	15m2	,	ATLAS	45	x	25	m2]	
Taggers	at	-62m	(e),	100m	(γ,LR),	-22.4m	(γ,RR),	+100m	(n),	+420m	(p)	

Tile	Calorimeter	

LAr	electromagne3c	calorimeter		


