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Mu2e-II	Definition
• An	upgrade	to	current	Mu2e	construction	that

−Uses	~100	kW	of	PIP-II	protons
− Leverages	as	much	of	Mu2e	investment	as	reasonably	possible
− Achieves	an	order	of	magnitude	improvement	in	sensitivity	
(ie.	probes	Rµe ~	10-18 level,	extends	LNP reach	by	x2)

• Timescale
− Assume	2y	from	End-Mu2e	to	Start-Mu2e-II
− (3+1)y	of	data	taking	at	full	intensity
− Could	occur	on	2030	timescale
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Our	goal
We	want	Mu2e-II	to	be	a	serious	part	of	the	next	P5	discussion.
For	that	to	occur	we	need	to	address	the	following:

−Is	there	interest	in	the	community?
−Is	the	science	compelling?
−Is	the	experimental	concept	sound?
−Is	the	scope	understood?
−Is	the	remaining	R&D	specified?

In	the	remainder	of	this	talk	I’ll	address	each	of	these	issues.
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Community	Interest
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Expression	of	Interest	– Mu2e-II

• Submitted	to	PAC	09	February	2018
• arXiv:1802.02599,	Fermilab-FN-1052
• 130	Signatories,	36	Institutions,	6	Countries
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Science	Motivation
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Science	Motivation
• CLFV	is	a	deep	&	unique	probe	of	New	Physics	(NP)	parameter	space

−Next	generation	experiments	planned	in	Europe,	Asia,	and	Americas
− Probes	complementary	regions	of	NP	space	relative	to	rest	of	HEP	program
−Measured	rates	provide	model	discrimination
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arXiv:1709.00294v2[hep-ph]

from	L.	Calibbi and	G.	Signorelli,	Riv.	Nuovo Cimento,	41	(2018)	71



Science	Motivation

• Direct	µàe conversion	is	the	“Golden	Channel”	of	CLFV
−Provides	best	sensitivity	to	CLFV
−Probes	broad	array	of	NP	models
−Can	provide	unique	information	regarding												
underlying	NP	operators
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Science	Motivation
• Direct	µàe conversion	is	the	“Golden	Channel”	of	CLFV

− Provides	best	sensitivity	to	CLFV
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Process Current Limit Next Generation exp
t à µh BR < 6.5 E-8
t à µg BR < 4.4 E-8 10-9 - 10-10 (Belle II, LHCb)
t à µµµ BR < 2.1 E-8
t à eee BR < 2.7 E-8
KL à eµ BR < 4.7 E-12 NA62
K+ à p+e-µ+ BR < 1.3 E-11
B0 à eµ BR < 2.8 E-9 LHCb, Belle II
B+ à K+eµ BR < 9.1 E-8
µ+ à e+g BR < 4.2 E-13 10-14 (MEG-II)
µ+ à e+e+e- BR < 1.0 E-12 10-15 (µ3e Phase-I)
µ-N à e-N Rµe < 7.0 E-13 10-17 (Mu2e, COMET Phase-II)

(Current	Limits	taken	from	the	PDG)
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Science	Motivation
• Direct	µàe conversion	is	the	“Golden	Channel”	of	CLFV

−Mu2e-II	would	provide	the	best	sensitivity	to	CLFV	in	foreseeable	future
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10-18 Mu2e-II



Science	Motivation
• Direct	µàe conversion	is	the	“Golden	Channel”	of	CLFV

− Sensitive	to	broad	array	of	New	Physics	models
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Science	Motivation

• Direct	µàe conversion	is	the	“Golden	
Channel”	of	CLFV
−Once	an	observation	is	made,	can	
change	stopping	target	to	probe	
underlying	NP	operator
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Science	Motivation

• Mu2e-II	will	have	discovery	sensitivity	in	broad	array	of	New	Physics	models
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C.	Hagedorn,	M	Serone JHEP	10	(2011)	83.
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Mu2e-II	Motivation

• At	conclusion	of	Mu2e	there’s	a	strong	motivation	to	upgrade	
proton	source	and	detector	to	further	pursue	New	Physics	– Mu2e-II
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Does	Mu2e	observe	
a	signal?

Celebrate	discovery	of	CLFV!

Change	target	to	study	
underlying	New	Physics

Upgrade	proton	source	&	
detector	to	achieve	precision

Celebrate	successful	Mu2e!

Increase	rates,	reduce	bckgnds
to	reach	Rµe ~	10-18

Upgrade	proton	source	&	
detector	to	improve	sensitivity

Yes No



Experimental	Concept
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Feasibility	of	Mu2e-II	Experimental	Concept
• Mu2e-II	Experimental	concept	is	
straightforward	extension	of	Mu2e

• White	Paper	arXiv:1307.1168
− Associated	workshops	
(April-2013,	July-2013)

− Follow-up	workshops	
(July-2015,	March-2016,	June-2017)

• Used	Mu2e	simulation	&	
reconstruction	framework	to	estimate	
backgrounds	at	Mu2e-II	rates
− Includes	all	sources	of	background:	from,	

µ,	p,	beam	e,	&	cosmic	ray
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Feasibility	of	Mu2e-II	Experimental	Concept

• A	signal	electron,	together	with	all	the	other	“stuff”	occurring	simultaneously	
(e.g.	beam	backgrounds,	products	from	muon	nuclear	capture,	DIOs),	
integrated	over	500-1695	ns	window
− On	average	Mu2e	(Mu2e-II)	~2500	(7500)	hits	in	tracker	during	this	time	period

• Capture	products	:	50%	|	Beam	flash	:	40%	|	other	muon	stops	:	9%	|	DIO	:	1%
• On	average	a	signal	track	leaves	~45	hits	in	tracker

Straw	Tracker Crystal	CalorimeterStopping	Target

April	2018 D.	Glenzinski	|	Fermilab	 18

Mu2e-II	studies	utilized	full	sophistication	of	Mu2e	simulations	
and	reconstruction	software.



Feasibility	of	Mu2e-II	Experimental	Concept

• Aluminum	&	Titanium	stopping	targets	investigated
− Accounted	for	differences	in	density,	decay	fraction,	end-point	energy,	DIO	spectrum

• Total	background	can	be	kept	~1	event
− Discovery	sensitivity	continues	to	scale	linearly	with	single-event-sensitivity
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Upgrade	Scope	and	Required	R&D
Proton	Beam
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Challenges	associated	with	primary	beam
Discussed	and	documented	in	EOI	&	in	AD	Impact	Statement

−Does	PIP-II	meet	the	beam	requirements?
−What	level	of	secondary	extinction	is	required	after	the	PIP-II	chopper?
− Is	H- stripping	necessary	and	if	so	how	&	where	is	it	accomplished?
−What	are	implications	of	steering	800	MeV	beam	to	the	production	target?
−What	are	implications	for	the	production	target	at	the	required	beam	power?
−What	modifications	are	required	to	the	heat	&	radiation	shield	and/or	
production	solenoid	to	keep	superconductor	functioning	stably?	

−What	are	the	requirements	for	the	proton	beam	absorber	and	radiation	
shielding	for	an	upgraded	proton	beam?
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Studies	completed	or	in	progress



Studies	of	proton	beam	energy

• Muon	yield	at	0.8	GeV	is	~same	as	at	8	GeV,	while	coil	damage	is	~30%	smaller
• Strongly	prefer	an	energy	below	pbar production	threshold	(Tp <	4	GeV)
• Upgrades	required	so	that	Production	Solenoid	can	tolerate	100	kW
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(arXiv:1612.08931)
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Beam	requirements

• Total	POT	and	beam	power	are	approximate	– will	depend	on	details	of	
production	target	design	and	transport,	which	affect	the	stopped-µ yield
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Beam	requirements

• High	spill-time	fraction	important	in	keeping	instantaneous	rates	under	control
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Beam	requirements

• Narrow	pulses	&	better	extinction	important	for	reducing	p background
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Beam	requirements

• PIP-II	capable	of	meeting	these	requirements

17	July	2018 Mu2e-II	Expression	of	Interest	/	Fermilab	PAC 27



PIP-II	Capabilities

• PIP-II	is	capable	of	running	in	CW	mode	(with	sufficient	cooling)
− 2 mA	average	current	(H-)	at	800	MeV	(1.6	MW)
− LBNF/DUNE	needs	1.2	MW	at	60-120	GeV
− 100	kW	of	800	MeV	beam	for	Mu2e-II	is	readily	available	with	high	spill	fraction
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PIP-II	Capabilities

• PIP-II	is	capable	of	delivering	customized	pulsed	time	structure
− Utilizes	a	bunch-by-bunch	”chopper”	at	end	of	MEBT	section
− Prototype	built	&	demonstrated	to	work	at	PIP2-IT	facility
− Required	R&D:	What’s	the	level	of	extinction	achieved	by	chopper	alone?
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Required	R&D	– Extinction	from	Chopper
• LDRD	proposal	in	preparation
• Myron	Campbell	(U.	Michigan)	Paul	Derwent	(Fermilab)
• Will	measure	intrinsic	extinction	from	chopper	using	PIP2-IT
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• Important	to	understand	the	chopper	
extinction	performance	early
− Relevant	for	any	PIP-II	era	experiment	

• Beam	line	design	may	need	to	
incorporate	additional	extinction	
capabilities.
− Resonant	AC	dipole	(a	la	Mu2e)
− Stripping	of	H- upstream	of	production	target
− Beam	transport	studies	in	progress

PIP2-IT	at	Fermilab



Required	R&D	– Production	Target
• Main	issue:	need	to	tolerate	x10	more	power,	which	brings	the	power	
density	and	radiation	damage	“beyond	state-of-the-art”
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• Worked	with	lab	Directorate	to	establish	a	
Mu2e-II	Task	Force
− Pursue	integrated	approach,	
target+solenoid+beamline

− Charge	:	develop	conceptual	design	options	
for	Mu2e-II	target	station,	provide	prioritized	
R&D	plan	for	target	and	solenoid

− Chairs	:	S.	Werkema,	B.	Zwaska
− Final	report	by	31	January	2019



Required	R&D	– Beam	delivery
• Main	issue:	need	to	steer	0.8	GeV	beam	to	hit	the	production	target
• Internal	studies	(mu2e-doc-db-16205,	16328)	have	found	solutions

− Require	modifications	to	various	components	of	target	station	region
− Exact	solution	will	depend	on	details	of	production	target	&	solenoid
−Now	beginning	studies	of	stripping	&	secondary	extinction	options
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Upgrade	Scope	and	Required	R&D
Mu2e-II	apparatus
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Upgrade	Scope	and	Required	R&D
• Hosted	Mu2e-II	Workshop	at	ANL,	December	2017

− >70	participants	(~15%	non-Mu2e)

17	July	2018 Mu2e-II	Expression	of	Interest	/	Fermilab	PAC 34

Mu2e-II	Workshop	@	ANL,	December	2017

• Workshop	Goals:
− Summarize	experimental	challenges
− Brainstorm	ideas	for	addressing	these	
challenges

− Enumerate	high-priority	R&D	needs



Experimental	Challenges
Challenges	for	Mu2e-II	apparatus	are	known:
• Solenoids	&	collimators:	heat	&	radiation	loads
• Target	station:	convectively	cooled	production	target,	HRS,	remote	
handling,	proton	beam	absorber,	radiation	safety

• Tracker:	lower	mass,	increased	charge	deposition,	beam	flash
• Calorimeter:	background	rates,	light	yield	&	SiPM vs	dose
• Cosmic	Ray	Veto:	accidental	rates,	scintillator	&	SiPM aging
• TDAQ:	increased	rates	and	occupancies
• Electronics	:	radiation	tolerance	(~3	Mrad,	1012 – 1013 n1MeV-eq/cm2)
• Beam	monitors	:	rates	(STM),	sensitivity	&	feasibility	(ExtMon)
• Detector	Shielding	:	accidental	rates	in	CRV,	tracker,	calorimeter
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Mu2e-II	Workshop	at	ANL

• Summary	Report	:	mu2e-doc-db-15582
• Action	Items:

1) Develop	plan	for	beam	delivery
2) Develop	plan	for	and	pursue	R&D	for	

100	kW	production	target
3) Engage	labs	&	funding	agencies	to	

identify	resources	for	detector	R&D
4) Formulate	list	of	high	priority	

simulations	tasks
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Workshop	agenda

Full	agenda	–
lots	of	ideas	for	addressing	challenges

http://mu2e-docdb.fnal.gov/cgi-bin/ShowDocument?docid=15582



Next	Workshop	– Northwestern	University

• 29-30	August,	2018
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• Goal:
− Formalize	Mu2e-II	detector	R&D	plan	by	specifying	tasks	&	objectives	and	
identifying	interested	institutions

• Agenda	includes	working	sessions	for	each	major	sub-system
• Finalizing	talks,	identifying	session	conveners



To	Further	Define	Mu2e-II	Scope:
• Complete	Task	Force	work	and	then	identify	resources	to	pursue	the	TF	
recommendations	(e.g.	for	target	R&D)

• Measure	extinction	from	chopper	using	PIP2-IT	(e.g.	via	LDRD)	
• Develop	conceptual	design	for	beam	line	– extinction,	final	focus	to	target
• Develop	conceptual	design	for	production	solenoid	+	heat	&	radiation	shield

• Based	on	the	above	can	then
− Estimate	Heat	&	radiation	loads	on	collimators,	proton	beam	stop,	muon	beam	stop,	
detector	materials

− Estimate	Detector	occupancies	and	the	effect	on	backgrounds	and	sensitivity
− Estimate	Required	radiation	tolerance	of	electronics	components
− Understand	the	radiation	safety	needs
− Develop	remove	&	replace	plans

• In	parallel,	identify	and	initiate	high	priority	detector	R&D
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Summary
Mu2e-II	offers	compelling	science
• Provides	the	deepest	probe	of	CLFV	in	the	foreseeable	future

− An	order	of	magnitude	more	sensitive	than	any	other	experiment	
• Offers	additional	insights	into	New	Physics	parameter	space,	independent	of	Mu2e	outcome

− If	Mu2e	discovery:	Mu2e-II	achieves	precision	to	explore	underlying	NP	operators
− If	Mu2e	limits:	Mu2e-II	extends	sensitivity	of	Rµe another	order	of	magnitude,	LNP by	factor	2

Mu2e-II	can	be	an	important	part	of	FNAL	program	in	~2030s
• Science	goals	can	be	achieved	utilizing	an	upgraded	Mu2e

− Experimental	concept	established	using	detailed	simulation	and	full	sensitivity	estimate
− PIP-II	capable	of	providing	required	proton	beam
− Leverages	significant	investment	in	Mu2e	and	Fermilab Muon	Campus

17	July	2018 Mu2e-II	Expression	of	Interest	/	Fermilab	PAC 39



Punchline
We	want	Mu2e-II	to	be	a	serious	part	of	the	next	P5	discussion.
For	that	to	occur	we	need	to	address	the	following:
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Community	interest
Compelling	science
Science	goal	achievable
Scope	understood
R&D	specified

X
X

We	need	the	strong	support	of	the	laboratory	and	the	funding	
agencies	to	complete	work	necessary	to	define	scope	&	initiate	
required	R&D	studies.

X

X

X



Backup	Slides
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European	Planning
• Spoke	with	Halina	Abramowicz,	chair	of	European	Particle	Physics	
Strategy	Update
−Was	aware	of	Mu2e	and	Mu2e-II	and		our	significant	European	participation
−Discussed	complementarity	of	µNàeN,	µàeg,	µàeee
− Commented	that	a	joint	white	paper	would	be	most	useful	to	committee

• We	contacted	our	colleagues	at	PSI	and	JPARC	and	have	organized	a	
joint	submission	with	Mu2e(II),	MEG,	µ3e,	&	COMET
−Will	explicitly	discuss	Mu2e-II	as	possibility	of	future	FNAL	program
−Will	detail	possible	European	contributions	to	Mu2e-II
−Mu2e(II)	points-of-contact	:	S.	Miscetti (Italy),	M.	Lancaster	(UK)
− First	draft	expected	in	August
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Mu2e-II	Background	estimates

• From	Feasibility	study	(arXiv:1307.1168)
− Assumes	BaF2 calorimeter,	8	µm	thick	straw	walls	for	tracker,	extinction	10-12,	
CR	veto	efficiency	of	99.99%,	µ-stop/POT	is	same	as	Mu2e
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Demonstration	of	technique

• MuSIC facility	at	RCNP	(Japan)	measured	stop-µ
rate	(S.	Cook,	et	al.,	J.	Phys.	Conf.	408 (2013)	012079)
− 1	nA of	392	MeV	proton
− 3.5	T	solenoid	with	graphite	production	target
− 8.5	x	105 stop-µ /	W	/	s
− Agrees	with	simulation	estimates	<30%
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