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																							Physics	
	
-	Microscope:	World’s	Cleanest	High	Resolution	
	
-	Empowerment	of	the	LHC	Physics	Programme	
	
-	Creation	of	a	high	precision,	novel	Higgs	facility	
	
-	Discovery	Beyond	the	Standard	Model	
	
-	Revolution	of	Nuclear	Particle	Physics		

Three	Raisons	d’etre	of	the	LHeC		

		Sustainability	and	Cost	
	
LHC:		
-	see:	SM,	Higgs	and	no	BSM	
-	use:	Investment	of	O(5)	BSF	
-	run:	HL	LHC	until	~2040	
LHeC		[1206.2913,	update	2/19]	
-	1.2	TeV	ep/A	for	O(1)BSF		
	
à	Establish	novel	ep+pp	
Twin	Collider	Facility	at	CERN:	
sustains	HL	LHC	and	bridges	to	
CERN’s	long	term	future			
For	installation	during	LS4	(2030+)	
and	long	term	use	(HE	LHC,	FCCeh)	

																			Technology	
	
Accelerator:	Novel	SRF	ERL,	green	power	facility	
Detector:	Novel	high	tech	(CMOS..)	apparatus	
	
à Keep	accelerator	and	detector	base	uptodate	
while	preparing	for	colliders	that	cost	O(10)BSF			
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N.	Armesto		DIS2018,	Kobe,	17.4.18,	+	today				and	E.	Ferreiro,	LHeC	Workshop	2018,	Orsay,	28.6.18		
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title	



The	LHeC	Project	in	brief	

Energy	Recovery	Linac	
	
Civil	Engineering	and	Configuration	
	
Luminosity	Performance	for	ePb	
with	HL-LHC,	HE-LHC	and	FCC-eh	



	60	GeV	Electron	ERL	added	to	LHC	

Concurrent	operation	to	pp,	LHC/FCC	become	3	beam	facilities.	Power	limit:	100	MW	
1034	cm-2	s-1	luminosity	and	factor	of	15/120	(LHC/FCCeh)	extension	of	Q2,	1/x	reach	
																1000	times	HERA	luminosity.	It	therefore	extends	up	to		x~1.		
Four	orders	of	magnitude	extension	in	deep	inelastic	lepton-nucleus	(ion)	scattering.	

U(ERL)	=	1/3	U(LHC)	



LHC	(HL+HE)								Footprint	of	ERL			FCC		



Kinematic	Ranges	of	Future	Electron-Ion	Colliders	

HERA	missed	the	
electron-ion	phase.	
No	deuterons	either.		



Energy	and	Luminosity	ePb	Prospects	

2017	



Nuclear	Parton	Distributions	

Remark	on	the	current	situation	
	
The	LHeC	nuclear	PDF	programme	
	
Simulations	on	xg,	light	and	heavy	flavours	



Parton	Distribution	Functions	

Kovarik	et	al	

nPDF	situation	is	like	
proton	PDFs	prior	to	
HERA:	huge	uncertainties	
especially	on	the	gluon	
and	range	restricted	to	
x	>	0.01.	
fits	on	many	nuclei	

W,Z	LHC	HI	data	hint	
to	enlarged	strange	
as	in	ep/pp	analysis.	
No	strong	impact	n	
nPDFs	
F	Olness,	DIS18	



title	

F	Olness,	DIS18	



The	nuclear	PDF	Programme	of	the	LHeC	
Extend	HERA	range	by	factor	of	20	for	proton	and	DIS	range	by	a	few	times	103	
à	access	x	near	1	through	huge	luminosity	increase	and	very	low	x	for	saturation	
	

Establish	new,	single,	coherent	set	for	proton	PDFs:	gluon	and	all	quarks.	
	
This	includes	direct	measurements	of	s,	c,	b	through	tagging,	and	u-d	separation	
through	photon,	Z	and	W	probes:	free	of	nuclear	corrections	[and	higher	twists]		
	

Measure	the	strong	coupling	constant	to	0.1%	precision	in	ep	
	

Establish	non-linear	parton	interactions	in	ep	through	F2	and	FL	precision	data,	
i.e.	establish	new	evolution	law	at	small	x	when	ln(1/x)	is	large	and	αs	is	small,	
independently	of	its	occurrence	~A1/3	in	the	nucleus		
	

“Repeat”	this	ep	programme	with	ePb	scattering	data,	10	fold	of	HERA	ep	lumi	
	
This	overcomes	the	proton	PDF	base	fit	approach,	and	disentangles	flavour,	
nuclear	and	non-linear	interaction	effects.	
	
It	determines	nuclear/proton	rations	Ri(x,Q2)	for	i=gluon	and	all	quarks,	with	
high	precision	as	the	inputs	are	precise	and	coherent	and	some	systematics	
cancel	in	the	ratios	à	get	flavour	dependend	shadowing	information	etc.		



DIS	ePb	data	from	LHeC	(FCCeh)	
Huge	extension	of	range.	For	
DIS:	3-4	orders	of	magnitude	
	
Statistics	10	x	HERA	ep,	about	
	
Very	precise:	kinematics	from	
scattered	lepton	and	hadronic	
final	state.	
	
Neutral	Current	down	to	10-5/6	
		-	charm	and	beauty	from	ePb	
	
Precise	Charged	Currents	in	eA	
	-	flavour	decomposition	
	-	strange	density	(	Ws	à	c)	
	
Coherent,	precise	determination		
of	quark	and	gluon	PDFs	for	
protons	and	nucleus	

x	limit	of	DIS	lA	data	



Determination	of	p	and	A	PDFs	at	LHeC	

N	Armesto,	FCC	Amsterdam	2018	

1509.00792	



Heavy	Flavour	–	Strange	in	ePb	-		from	CC	
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Max	Klein	nPDFs	with	LHeC	10.9.2015	POETIC	a	PARIS	
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Charm	Structure	Function	in	Nuclei	
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Physics	at	LHeC	as	an	EIC		

																											A	too	brief	summary	
	
Note	the	complementarity	of	LHEC	to	lower	energy	EICs	
	



Physics	at	LHeC	as	an	EIC		



Physics	at	LHeC	as	an	EIC		
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Detector	

Design,	Components	and	Installation	



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	



title	
LHeC	Detector	for	the	HL/HE	LHC	

e	

P.Kostka	et	al	

Length	x	Diameter:	LHeC	(13.3	x	9	m2)				HE-LHC	(15.6	x	10.4)		FCCeh	(19	x	12)	
ATLAS	(45	x	25)		CMS	(21	x	15):		[LHeC	<	CMS,	FCC-eh	~	CMS	size]	
Forward	p+n	taggers:	cf	presentation	by	P	Newman	at	Orsay	6/18	LHeC	workshop	
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H	ten	Kate	(EP-RD,	16.3.18)	



Installation		
Study	

to	fit	into	LHC		
shutdown	needs	
directed	to	IP2	
Andrea	Gaddi	et	al	

Detector	fits	in	L3	magnet	support	 Modular	structure		



Prospects	

Technology	Development	in	PERLE	
	
General	Physics	Case	
	
Strategy	of	exploring	energy	frontier	particle	physics		



	Powerful	ERL	for	Experiments	at	Orsay	

5.5	x	24m2	

at	20mA	à	10	MW	

New	SCRF,	High	Intensity	(100	x	ELI)	ERL		Development	Facility	with	unique	low	E	Physics	
cf	Walid	Kaabi	at	Amsterdam	FCC	

Max	Klein	Kobe	17.4.18		



Towards	PERLE:	802	MHz	cavity,	Source,	Cryomodule,	Magnets	
First	802	MHz	cavity	successfully	built	(Jlab)	

CDR	1705.08783	[J.Phys	G]	à	TDR	in	2019	

BINP,	CERN,	Daresbury/Liverpool,	Jlab,	Orsay,	+	

Max	Klein	Kobe	17.4.18		



																							Physics	
	
-	Microscope:	World’s	Cleanest	High	Resolution	
	
-	Empowerment	of	the	LHC	Physics	Programme	
	
-	Creation	of	a	high	precision,	novel	Higgs	facility	
	
-	Discovery	Beyond	the	Standard	Model	
	
-	Revolution	of	Nuclear	Particle	Physics		

Three	Raisons	d’etre	of	the	LHeC		

		Sustainability	and	Cost	
	
LHC:		
-	see:	SM,	Higgs	and	no	BSM	
-	use:	Investment	of	O(5)	BSF	
-	run:	HL	LHC	until	~2040	
LHeC		[1206.2913,	update	2/19]	
-	1.2	TeV	ep/A	for	O(1)BSF		
	
à	Establish	novel	ep+pp	
Twin	Collider	Facility	at	CERN:	
sustains	HL	LHC	and	bridges	to	
CERN’s	long	term	future			
For	installation	during	LS4	(2030+)	
and	long	term	use	(HE	LHC,	FCCeh)	

																			Technology	
	
Accelerator:	Novel	SRF	ERL,	green	power	facility	
Detector:	Novel	high	tech	(CMOS..)	apparatus	
	
à Keep	accelerator	and	detector	base	uptodate	
while	preparing	for	colliders	that	cost	O(10)BSF			



SM	Higgs	Physics	Prospects:	pp+ep+ee		
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				Rare	SM	H	decays	
à	HL	LHC	area	≤	1%	from	ee	and	ep	combination.	

	
Note	WW	&	ZZ	synergy.		Γtot	in	ee	
	
Little	influence	of	HL	LHC	on	dominant	channels	
	
SM	rare		Higgs	decays	are	for	the	pp	collider		à	

Huge	potential	for	exploring	Higgs	
at	percent	accuracy	with	pp+ep+ee	
in	the	about	20	years	ahead.	
	
Striking	example	for	pp+ep+ee		
synergy	at	TeV	scale.	

Kappa	framework	analysis	by	J.	De	Blas,	prel.:	Input:		
pp:	3	ab-1	ATLAS’14	w/o	thy	unc.–		update:	HL	LHC	WS	..	
ep:	1ab-1,	LHeC	Study	Group,	U.Klein	et	al.,		prel.,	
ee:	2	ab-1	ILC250	signal	strength	1708.08912	

δκ/%	

δκ/%	

Most	abundant	SM	Higgs	decays	

preliminary	

preliminary	



Particle	Physics	at	O(10)	GeV		~1968-1988	
																																																																																								Two	Decades	

Quarks		
Neutral	currents	

Singlet	eR	
Asymptotic	Freedom	

Drell	Yan	
Charm	
W,Z	
Jets	

Charm	
3	colours	
Gluon	Jets	

lh e+e-	

pp	

SU(2)L	x	U(1)	
							QCD	

(--)	

Fixed	target,	ISR,	SppS	

SLAC,	CDHS,	BCDMS,	EMC..	 PETRA,	PEP,	Tristan	

One	may	connect	the		
birth	of	the	Standard	Model		
with	the	discovery	of	quarks	
	in	ep,	Stanford	1968,	and	
“The	Model	of	Leptons”	
	by	Steven	Weinberg	+..	:	
	Experiment	and	accelerator	
	technology	and	theory	
	have	been	interlinked.	



b	quark	
top	quark	

MW	
No	SUSY,	BSM	

Gluon	dominance,	low	x		
Electroweak	Unification	
h.o.	strong	à	PDFs,	c,	b	

No	SUSY,	BSM	

MZ	,	sin2	Θ	
Three	neutrino	families	
h.o.	el.weak	à	mt,mH	

No	SUSY,	BSM	
	

ep	 e+e-	

pp	

The	Standard	
Model	Triumph	

Tevatron	

LEP/SLC	HERA	

CKM	-	B	factories	

Particle	Physics	at	O(100)	GeV	~1985-2015	
																																																																																							Three	Decades	

Neutrino	Physics	
		Oscillations,	PMNS	

Tevatron,	LEP	and	HERA	
established	the	SM,	its	
missing	center,	the		
Higgs	Boson	was	then	
discovered	at	the	LHC.	
They	found	no	BSM	sign.	
Particle	Physics	had		
managed	to	have		
hh,	ee	and	eh	collisions,	
for	securing	its	progress.	



Rare	Higgs	Decays,	H-HH?	
Precision	W,Z,top,		

QCD,	Flavour	
No	SUSY,	BSM	-	yet	

Maximise	LHC	Physics:	
Precision	QCD,	αs	,	el.weak	

Precision	Higgs	
BSM?	

Precision	Higgs	
Precision	el.weak	

αs	
BSM?	

ep	 e+e-	

pp	

Higgs	+		New	Physics?	
High	Precision	&	Searches	

LHC(b)	

ILC,	CepC,	CLIC	LHeC	

Particle	Physics	at	O(1)	TeV	~2010-2050	
																																																																															Four	Decades	

Neutrino	Physics	
Hierarchy,	CP,	..	factory	

SuperB	eA	

The	goal	of	current	
developments	is	to	
maximally	exploit	the	
LHC	and	to	complement	
It	with	ep	(LHeC)	and	
ee	(ILC,	CepC..??)	
colliders	to	explore	
the	TeV	scale	and	find	
new	directions	of	HEP	as	
theory	is	less	prescriptive	
	

Electrons	may	be	brought	
to	the	LHC	and	a	new	
1	TeV	energy	eh	collider	
can	be	built,	with	its	own	
fundamental	physics,	at	
a	cost	O(1/10)	that	of	the	
ee	machines	in	sight.	



The	early	beginning	

1900	
The	electron	was	discovered,		
next	to	92	chemical	elements.	

Lord	Kelvin:	There	is	nothing	new	to		
be	discovered	in	physics.	All	that	remains		
is	more	and	more	precise	measurement.	

1909	
	
Discovery	of	the	atomic	nucleus	in		
a	scattering	experiment	

E	=	5	MeV	
Geiger,		Marsden,	Rutherford		
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High	Field	Dipole	Magnets	



Parton	Distribution	Functions	

Kovarik	et	al	


