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	50	years	ago	

			Robert	Jungk		(1966)		
		Die	grosse	Maschine			
			auf	dem	Weg	in	eine	andere	Welt	
			The	big	machine		
				on	the	road	into	a	new	world	
A	book	on	the	Proton	Synchrotron	..	

Niels	Bohr	at	1st	Council	1952	
Council:	highest	level	commi[ee	

ICHEP	1966	

No	Standard	Model,	Theory	confused,	
ECFA,	Amaldi:	SPS	for	CERN		
Experiment		paved	the	way:		
Quarks	(ep)	à	QCD,	SUL(2)xU(1)	



Funding	HEP	

E.Amaldi	to	ECFA,	10.7.1968		

convincing	us,	the	academic	and	the	public	society	–	necessary,	not	always	sufficient	

Max	Klein	-	Future	HEP	-	1.5.15	at	DIS2015	Dallas,	Texas	

So^ened	but	hard	
Brexit	from	SPS	in	68	
à	repeal	shortly	a^er	
	



;tle	
The	Current	Major	HEP	Funding	Resource	is	-CERN	

CERN	has	O(200)MSF	free	money	annually	à	100	years	to	fund	a	20	BSF	project	this	way.	



Time	ProjecSons	
European	Strategy	2006	

Apparently	we	are	unable	to	deliver	reliable	Sme	projecSons	
						…	and	yet	we	need	op;mism	in	order	to	progress	...	

Most		
likely,	
the	LHC	
will	have	
been	the	
main	base	
for	HEP	
for	~50		
years…	

Max	Klein	-	Future	HEP	-	1.5.15	at	DIS2015	Dallas,	Texas	



Spectroscopy	

				No	new	spectroscopy	appeared	–	neither	1992	(LEP)	nor	2012	(LHC),		
							No	SUSY,	neither	at	100	GeV	nor	at	1000	GeV	à	a	major	surprise		



The	Standard	Model	is	(formally)	complete	
SM	was	completed	with	a	series	of	pp,	ee	and	ep	machines	exploring	the	10	GeV	scale	
(ISR,SppS	–	PETRA,	Tristan	–	electron,	muon	and	neutrino	experiments)	and	the	Fermi	scale	
(Tevatron	–	LEP,	SLC	–	HERA),	besides	further	dedicated	experiments	[ep	SLAC78..].	
	
All	three	types	of	colliding	experiments	were	instrumental	in	the	SM	establishment:	
For	example:	LEP	predicted	the	top	mass	and	Tevatron	found	the	top	quark;		
HERA	measured	the	gluon	distribu;on	and	LHC	discovered	ggàHiggsà	4l,	yy.		
Tevatron	saw	excess	in	high	pt	jets,	yet	a[ributed	to	PDFs	with	DIS	etc	
	
For	the	first	;me	since	decades	we	have	NO	definite	guidance,	no	SM	par;cle	to	find.	Note,	
however,	that	the	Tevatron,	LEP	and	HERA	proposals	largely		emphasised	NOT	the	SM	but	
the	BSM	(SUSY,	LQ)	physics.		Rarely	the	SM	was	a	funding	argument	before	either	
and	the	theory	was	no	less	specula;ve	.	Theory		only	guides:		e.g.	Weinberg	1980	SU(5):		
end	of	colliders,	go	underground	to	see	proton	decay	…	to	find	neutrino	oscilla;ons	..	
	
The	LHC	stands	alone,	it	has	no	ep	partner	to	explore	the	1	TeV	scale	and	it	has	no	ee	
partner	to	study	the	Higgs	boson.	Can	we	build	in	;me	a	1	TeV	ep	collider	(yes	we	could)	
and	can	we	build	a	higher	(than	LEP)	energy	ee	collider	(for	Phil	to	discuss)	
	
The	FCC	study	has	hh,	ee	and	eh:	yet	5?:	Sme,	cost,	technology,	theory,	detectors	
+	the	public	acceptance	of	such	a	major	step	into	the	unknown	and	below	Lac	Leman	



HL	LHC	

Machine:	950	MSF	[170	CE,	120	in	kind],	LIU	180	MSF;		1800	CERN	person	years	+	1100	FTE	
ATLAS:	major	detector	upgrade	and	tracker	replacement;	CMS:	major	upgrades,	fwd	calo..	
	
Total	cost	may	be	close	to	2	BSF	and	involves	10k	physicists	in	experiment	and	accelerators	
	
The	first	priority	of	the	2020	strategy	update	will	no	doubt	be	the	HL	LHC,	for	2	decades	hence		
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HL	LHC	



Collider	Luminosi;es	vs	Year	(pp	and	ep)	

O.	Bruening	2/17	



Parameters	of	CERN	pp	Colliders	

F	Zimmermann,	June	2017	



Mee;ng	with	Eckhard	Elsen	

S.Forte	ECFA	11/15	

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

Precision	Measurement	Programme	with	HL	LHC	(High	Precision	with	ep)	



Extended	Search	Programme	(SUSY?)	

5σ	up	to	~3TeV	squarks	
5σ	up	to	~1.2	TeV	stops	
5σ	up	to	~1.3	TeV	sbo[oms	
	@	HL-LHC	

5σ	up	to	~2.5TeV	gluinos	
	@	HL-LHC	

ATLAS-PUB-2014-10	

Physics	studies	of	the	HL	LHC	Poten;al:	ongoing	à		HL/HE	LHC	Workshop	17/18	

SUSY	is	too	beau;ful	to	not	exist	but	it	is	broken	“heavier	and	heavier”	
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How	can	we	make	HL	LHC	sustainable	
if	nature	persists	to	hide	new	physics?	
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O	Bruening	7/17	



	Add	an	Electron	Beam	(ERL)	to	LHC	(+FCC)

Concurrent	operaSon	to	pp,	LHC/FCC	become	3	beam	faciliSes.	P(e)	<	100	MW	
1034	luminosity	and	factor	of	20	(LHC)	extension	of	Q2,	1/x	reach	vs	HERA		

				Conceptual	Design	Report	(2012),	Update	for	next	European	Strategy		



Op;mize	Cost	vs	Physics	and	Time	

A	rough	extrapola;on	of	a	3-turn	ERL	shows	how	
the	cost	rises	non-linearly	with	the	electron	beam		
energy.	Reliable	cost	es;mate	work	in	progress		

9km:						1/3	of	U(LHC)	leads	to	60	GeV	e	energy	
5.4km	:		1/5	of	LHC	circumference:	51	GeV	

Conclusion	on	LHeC:	may	build	an	ERL		tangenSal	to	LHC	(HL	and	HE	in	sight).		
Choice	of	energy	from	opSmizaSon	of	physics,	cost,	effort,	Sme	schedule..	

Ee/GeV	



Five	Major	Themes	of	electron-hadron	Physics	

Cleanest	High	Resolu;on	Microscopes	
	
Joint	ep	and	pp	Physics	
	
High	Precision	Higgs	Explora;on	
	
Discovery	Beyond	the	Standard	Model	
	
A	Unique	Nuclear	Physics	Facility	



Empowering	pp	Discoveries	

SUSY,	RPC,	RPV,	LQS..	

External,	reliable	input	(PDFs,	factorisaSon..)	is	crucial	for	range	extension	+	CI	interpretaSon			

GLUON	 QUARKS	

Exo;c+	Extra	boson	searches	at	high	mass	

ATLAS	
today	



Higgs	Physics	with	ep

κ	in	%	 HL	LHC	 LHeC		HL	 LHeC	HE	 FCC-eh	

H	à	bb	 10?	 0.5	 0.3	 0.2	

H	à	cc	 50??	 4	 2.8	 1.8	

High	cross	sec;on	(cc:	LHeC	200u,		FCC-eh	1pb)	
	
Electroweak	produc;on,	uniquely	CC	vs	NC	
	
Access	to	WW-H-WW	and	ZZ-H-ZZ	
	
No	pileup,	clean	theory,	challenging	simula;ons	

ep	when	added	to	pp	turns	the	pp	colliders	into	high	precision	Higgs	facili;es.	
Removes	PDF	and	coupling	constant	uncertain;es	in	pp	gg	fusion	process.		

Recent	Higgs-in-ep	studies	for	CDR:	Higgs	self	coupling	from	FCC-eh	
associated	top-Higgs	produc;on,	Higgs	into	invisible	(dark	ma[er),		
Exo;c	Higgs	physics:	H	into	light	scalars,		H-	-	and	others		
cf	U	Klein	at	FCC	Berlin	for	references	and	summary	

SM	coupling	measurement	expectaSons	



Possible	Discoveries	Beyond	SM	with	eh

						Search	for	Sterile	Neutrinos	
	(LHC/FCChh			FCCee	LHeC/FCCeh)	

QCD:	
	
(No)	saturaSon	of	the	gluon	density	
	
QCD	radiaSon	palern	(BFKL?)	– hh!	
	
New	QCD	states	(instantons)		
	
Higher	symmetry	embedding	QCD	
	
Electroweak:	
	
EFTs,	CI	to	300	TeV,	RPV	SUSY	
	
ExoSc	Higgs	Decays	(Dark	Maler..)	
	
Extension	of	Higgs	Sector	(H++..)	
	
Sterile	Neutrinos	…	



;tle	PERLE	at	Orsay	(LAL/INP)		Collabora;on:	BINP,	CERN,	Daresbury/Liverpool,	Jlab,	Orsay	+		
	
3	turns,	2	Linacs,	400	MeV,	15mA,	802	MHz,	Energy	Recovery	Linac	facility	
	
-Demonstrator	of	ERL	for	ep	at	LHC/FCC	
-SCRF	Beam	based	development	facility	
-Low	E	electron	and	photon	beam	physics	
-High	intensity:	O(100)	x	ELI			

See	also	h[ps://indico.lal.in2p3.fr/event/3428/	

Powerful	ERL	for	Experiments	(ep,γp):	PERLE	at	Orsay	

CDR	to	appear	in	J	Phys	G	[arXiv:1705.	08783]		
	

A.Bogacz	

5.5	x	24m2	

Strong	low	energy	physics	program:	
p	radius,	sin2theta,	dark	photons,	photon-nuclear	physics,	..	



FCC	

+	power,	ven;la;on,	logis;cs,	cryogenics,	turn	around,	safety,	radioprotec;on,	survey..		



;tle	

John	Osborne	May	17,	Berlin	



Designing	the	FCC-hh	

F.Zimmermann	1/17	
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M	Mangano	17.7.17	



Theory	to	pave	new	ways	

“Colored”	Naturalness		N.Craig	Aspen	1/15	



Direct	Discovery	Poten;al	of	the	FCC	(pp)	

M	Mangano	17.7.17	



Searching	for	no-lose	items..	

M	Mangano	17.7.17	See	D	Curtain	et	al	1409.0005	



FCC-hh	Detector	Study	

CMS	
FCC-hh	

W	Riegler	et	al	
June	2017	

70m	cavern	
18m	sha^	
“only	1	BSF”	
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;tle	

FCC-ee	count	on	seminal	luminosity	for	el.weak	and	only	later	H	measurements	
FCC-ee	as	“a	first	step”	would	defer	the	hadron-hadron	collider	to	in	+50	years..	
If	we	were	now	at	Lausanne	1984,	the	LHC	started	opera;ng	2009:	+25	years	
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Electromagnetic Calorimeter 

LHeC Detector 

Central Tracker 
circular-elliptical beam pipe  
4 layers Si-pixel  
5 layers Si-strixel 
 
(see Table of  Detector Dimensions/
Parameters in backup) 

Length of Inner Solenoid  ~12m 

FCC-he	Detector	Layout	-	Scaled	Version	of	LHeC	Detector	
Inner	Dipoles	and	Solenoid	



HE	LHC	

F	Zimmermann	6/17	



Parameters	of	CERN	pp	Colliders	

F	Zimmermann,	June	2017	
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Nb3Sn	Magnet	Development	–	16	T	

From	D	Tommassini	(June	17)	

Also	strong	SC	RF	developments	
and	progress	(cf	E	Jensen	Berlin)	

See	also	Luca	Bo[ura	summary	at	Berlin	FCC	



HE	LHC	Time	Schedule	

Produc;on	of	HE	LHC	Components:	O(10)	years.	
	
Injector:	Currently	scSPS	disfavoured	and	SPS	450	GeV	considered.	80	years	old	by	2050	
	
Detectors:	ATLAS	and	CMS	at	twice	the	proton	beam	energy	–	major	upgrades	to	study	
	
HL	LHC:	3ab-1	es;mated	dura;on:	un;l	2038	–	2040	
	

Dismantling	LHC,	Installing	HE	LHC	O(10)	years:	HE	LHC		in	2050	maybe	a	bit	earlier.		
	
Total	cost	O(5)	BSF:	25	years	of	200	MSF.	Magnet	cost	crucial	to	reduce.		Physics	?	

	D	Tommassini	(June	17)	



Projected	Timelines	for	Future	ep/eA	Colliders	

HERA:	Proposal	1984,	Data	1992-2007,	Publica;ons	1993-2018	
	
VHEep:	Plasma	e	–	LHC.			Chinese	ep/A	projects:	Lanzhou	(low	E)	and	CEPC/SPPC	

2025	 2035	 2045	

MK+RY,	April	7th,	2017,	DIS	at	Birmingham	

HL-LHC	 HE-LHC	

LHeC	

FCC	

RHIC	

Jlab12	GeV	

LHeC	

Disclaimer:	For	discussion	and	illustra;on	at	DIS17	only		

EIC	

something	yy?	in	between?	



Luminosity	for	LHeC,	HE-LHeC	and	FCC-ep	

ep	at	CERN:	1000	Smes	
the	luminosity	of	HERA	
<	100	MW	wall	plug	



Summary	
A	summary	is	personal	and	not	straighworward.	CERN	has	major	opportuni;es	and		
skills	to	drive	the	pp	energy	fron;er	higher	+	BSM.	This	can	be	substan;ally	enriched	
by	adding	an	ERL	electron	beam,	at	rela;vely	low	cost,	for	concurrent	pp+ep	
(as	well	as	AA+eA)	opera;on,	with	the	LHC,	the	HE	LHC	and	the	FCC.	
	
The	FCC	appears	as	a	vision	while	HL	LHC	is	the	next	program.	Working	on	the	
vision	is	important	(infrastructure,	magnets,	RF,	detectors…	).	We	shall	invest	in	
theore;cal	physics	for	without	convincing	guidance	(no	loose	no-lose..)	one	will	
not		be	able	to	a[ract	the	world’s	a[en;on	+	means	for	making	that	vision	real.	
	
In	between,	the	HE	LHC	offers	a	next		major	step,	based	at	large	on	FCC	technology.		
That	step	is	neither	easy	nor	cheap	and	will	be	real	hardly	before	2050	unless	the	
	HL	LHC	programme	will	be	substan;ally	shortened,	with	an	overriding	jus;fica;on..			

Many	thanks	to	many	colleagues:	M	Benedikt,	S	Bertolucci,	O	Bruening,	G	Dissertori,		E	Jensen,	P	Kostka,	U	Klein,		M	
Mangano,		V	Radescu,	D	Schulte,	H	Schopper,	A	Stocchi,		F	Zimmermann,	+	many	others,	the	LHeC	+		FCC	teams,	
my	colleagues	at	Liverpool	and	on	ATLAS	–		all	who	join,	tolerate	or/and	support	thinking	about	the	future.			

																																																							Sources	and	Events	2017	
FCC	Physics	Week	January,	FCC	at	Berlin	May,	IAC	FCC	Review	June,	LHeC/FCCeh	workshop	
September	11-13	(CERN),	HL/HE	LHC	Workshop	November	2017	..	2018	(CERN)		



;tle	
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Future	SUSY	

M.	Hance	Aspen	15	

For	the	FCC	to	be	built	we	need	overriding	reasons	which	the	society	can	accept	for	
the	project	to	go	ahead.	Magnets	and	theory	are	the	main	challenges	of	the	FCC.	

SUSY	is	too	beau;ful	to	not	exist	but	it	is	broken	heavier	and	heavier	

Max	Klein	-	Future	HEP	-	1.5.15	at	DIS2015	Dallas,	Texas	



Max	Klein	-	Future	HEP	-	1.5.15	at	DIS2015	Dallas,	Texas	



Development	of	High	Field	Dipoles	

Sc	wire:	higher	current,	higher	field.	Reduced	losses.	NbTi:	15T	at	10K,	Nb3Sn:	25Tat4K,	HTC	inserts	YBCO	
Cost	is	a	major	factor:	today:	Nb3Sn	is	5	;mes	the	NbTi	cost	and	HTC	is	10	;mes	Nb3Sn	(O.Bruening	at	KET	2/17)	
HE	LHC	needs	about	4500	tons	of	Nb3Sn,	ITER	needs	500	t	



HL	LHC	–	Replacement	of	Inner	Quadrupoles	
Inner	triplet	quadrupoles	receive	25MGy	of	radia;on	from	300u-1	of	pp	at	the	LHC	à	
Larger	aperture,	larger	field	to	ensure	high	luminosity	performance:	1-2	decades	of	design	
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The	10-100	GeV	Energy	Scale	[1968-1986]	

Quarks		
Neutral	currents	

Singlet	eR	
Asympto;c	Freedom	

Drell	Yan	
Charm	
W,Z	
Jets	

Charm	
3	colours	
Gluon	Jets	

lh e+e-	

pp	

SU(2)L	x	U(1)	
							QCD	

(--)	



The	Fermi	Scale	[1985-2010]	

b	quark	
top	quark	

MW	
	

gluon	
h.o.	strong		

c,b		distribu;ons	
high	parton	densi;es	

	

MZ	,	sin2	Θ	
3	neutrinos	

h.o.	el.weak	(t,H?)	

ep	 e+e-	

pp	

The	Standard	
Model	Triumph	

Tevatron	

LEP/SLC	

HERA	 CKM	-	B	factories	



Three	condi;ons	for	prosperity	of	HEP	

Posi;ons	for	next	genera;ons:	CERN	staff	+	visitors:	1960	1166	à	1965	2530	
A	major	new	step	will	depend	on	how	we	can	keep	HEP	a[rac;ve	for	life	plans.	

Staff	

Accelerators	
																																								???	
																																	LHC	
																			LEP,	HERA	
					SppS,	PETRA	
SPS	

PS	
ISR	

L.D.	Landau:		
Accelerators	have	the	advantage	to	control	the	iniSal	condiSons	

Accelerators	need	sites	
and	major	insStuSons.	
CERN	should	beler	have	
strong	European	partners	
DESY,	FrascaS,	RAL,	Saclay,..	
and	global	challenges	too.		

Europe’s	big	machines	

;me	

Max	Klein	-	Future	HEP	-	1.5.15	at	DIS2015	Dallas,	Texas	



			Robert	Jungk		(1966)		
																			

					Die	grosse	Maschine			
							-auf	dem	Weg	in	eine	andere	Welt	

	
					The	big	machine		

								-on	the	road	into	a	new	world	

Max	Klein	-	Future	HEP	-	1.5.15	at	DIS2015	Dallas,	Texas	



																																																																												
																																											

	
	
	
	
	
	
	
	
	
	
	
	

																																																																																																			New:	We	lost	the	SM	guidance	
																																																																																																			Reminds	on	Kelvin,	Planck	~1900	

																																																																																																								Note:	500		ATLAS	papers	

5.	Big	QuesSons	

-  Do	we	have	too	many	par;cles?		12	leptons,	36	quarks,	12	mediators,	1	Higgs	=	61	

-  Is	there	a	further	layer	of	structure	(preons?)	
	
-  How	can	we	unify	the	3	+	1	interac;ons	(SU(5)	failed	in	1980	but	established	neutrino	physics)	

-  Why	are	leptons	and	quarks	different?	

-  Can	one	restore	the	boson-fermion	symmetry	(SUSY	since	1972)	
	
-  Why	do	we	have	3	families?	

-  Neutrino	puzzles:	Majorana,	sterile	neutrinos	–	Oscilla;ons	(98),	Pontecorvo	(57)	

-  Is	the	proton	stable?	

-  …	

-  And:	what	is	“behind”	dark	ma[er..	?	Not	sure	that	is	a	par;cle	physics	ques;on?	
	



																																					Substructure	discovered	at	Stanford	
	
Hofsta[er	et	al:	1957:	ep	àep		Ee=200	MeV	beam:	proton	finite	radius	of	1fm	
	
Taylor	et	al:	1968:	ep	à	eX	Ee=1-20	GeV	beam	(2	mile	linac):	partons	at	0.1fm	

																																					W,Z	Bosons	discovered	at	CERN	
	
ISR	in	1970,		
SPS	in	1974	Ep=450	GeV	(fixed	target	lh,	hh	experiments,	injector	for	LHC)		
transformed	to	SppS	Collider	L=1030-31	cm-2	s-1	by	van	der	Meer	+	Rubbia	
UA1,	UA2:	first	full	acceptance	pp	detectors	to	catch	W	à	lnu	and	MET		

1.   The	increase	of	energy	and	luminosity	oten	led	to	discoveries																							
																									

	Partons	came	unexpected	-	despite	the	Quark	Model	
	W,Z	were	predicted	in	SUL(2)xU(1)	electroweak	theory		



backup	
Realiza;on	of	
the	LHeC	

MK	6/14	

~4	years	of	CE	

Physics	and	cost	will	
determine		footprint	
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Concluding	Remarks	
1.  Electron-hadron	sca[ering	has	five	big	themes	(Microscope,	Higgs,	Joint	to	pp,	BSM,	Nuclei)	
							à	It	thus	has	a	unique	place	in	High	Energy	Physics	(reaching	beyond	these	themes	too..)	
	
2.   ep	empowers	pp:	searches	and	high	precision	(e.g.	Higgs	in	pp+ep	–	an	especially	rich	mix)	
							à	ep	and	pp	can	operate	concurrently:	should	be	seen,	studied	and	understood	together	
	
3.  QCD	deserves	major	new	development	through	novel	exp	input	(ep	+	pp)	and	theory	
							à	QCD	may	fail	and	lead	BSM:	non-linear	evolu;on,	higher/grand	symmetry,	breaking	of	
								factorisa;on,	valence	components	of	heavy	quarks,	free	colour,	instantons,	substructure..	
	
4.  ions:	eA	at	CERN	is	to	revoluSonise	nuclear	dynamics	and	structure	physics	
							à	chromodynamic	understanding	of	QGP,	an	EIC	requires	highest	energy	to	be	of	highest	value	
	
5.  Detector:	one	in	LR,	two	in	RR	(HE-LHC?)	novel	experimental	opportunity	post	HL	LHC	upgrade	
	
6.   PERLE:	in	;me	and	scope	to	learn	how	to	build	and	operate	the	ERL	at	high	energy	
	
à Electron-hadron	configura;on:	genuine,	high,	added		+	crucial,	unique	value	for	HEP	
à The	ERL	at	the	HL/HE/FCC	is	affordable,	i.e.	it	does	NOT	affect	larger	scale	decisions	
						but	possibly	provides	;me	un;l	those	may	be	taken.	The	electron	energy	is	a	func;on	
						of	available	cost	(in	building	and	opera;ng	the	ERL).	The	ep	cms	energy	is	much	higher		
						than	that	of	ILC/CepC	or	FCCee	(even	CLIC	in	the	FCC-eh	case)	
à	ep	is	an	exciSng,	realisSc	opSon	for	a	next	energy	fronSer	collider	for	parScle	physics			
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Intensity	and	Energy	Fron;er	of	Future	DIS	

PERLE	



High	Precision	for	the	LHC		
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Predict	the	Higgs	cross	secSon	in	pp	to	
0.2%	precision	which	matches	the	MH	
measurement	and	removes	the	PDF	error	

Spacelike	MW	to	10	MeV	from	ep	
à	Electroweak	thy	test	at	0.01%	!	
	
Predict	MW	in	pp	to	2.8	MeV		à		
Remove	PDF	uncertainty	on	MW	in	pp	

ep+pp	deliver	high	precision	of	Higgs	and	
qcd	and	electroweak	physics	– compl	to	ee	

D.Britzger	on		
Thursday		

Higgs	pp	Cross	SecSon	



Energy	Fron;er	DIS	
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