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Introduction to CLFV 

•  Charged Lepton Flavor violation  is forbidden in 
the Standard Model:  
–  µ→eγ, µ→eee, µ-+A à e-+A,, τ→e(µ)γ, τ→e(µ)h, 

KL→µe, K→πµe, and many others 
•  Neutrino oscillation may induce CLFV but very 

small (due to GIM-like mechanism and neutrino 
mass) 

 
 
•  If CLFV found à Clear evidence of Physics BSM 
•  Many theories BSM predicts CLFV 

G. Venanzoni for the New Muon (g-2) Collaboration – ICHEP14, 5 July 2014 

BR(µàeγ)~O(10-54) 



Many CLFV Processes 



Various models predict CLFV  

G. Venanzoni for the New Muon (g-2) Collaboration – ICHEP14, 5 July 2014 
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Supersimmetry as source of CLFV 



Correlations: µ à eγ vs (g-2)µ
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Muon is a golden channel 



µàeγ: Signal and Background 

Accidental Background dominate: 

∝ Rµ x ΔEe x ΔEγ2 x Δθeγ2 x ΔTeγ

 



MEG@PSI 



MEG@PSI; result 

Likelihood function in terms of Signal, 
Radiative muon decays and accidental 
background number events and PDFs 



MEGII @PSI Going to improve the sensitivity by one order of 
magnitude 



Mu3e@PSI 



Mu3e@PSI 



Mu3e@PSI 



µ-e Conversion in Nuclear Field 

•  Muonic Atom (1S state)   
–  Muon Capture (MC) 

µ- + (A, Z) à νµ + (A, Z – 1) 
–  Muon Decay in Orbit (DIO): 

• µ- à e- v v 
–  MC: DIO = 1:1000(H), 2:1(Si), 13:1(C) 
–  τµ = 2.2 µs 
–  τµ (Si) = 0.76 µs 

•  Charged Lapton Flavor Violation (µ-e 
conversion in nuclear field) 
–  µ- + (A, Z) à e- + (A, Z) 

G. Venanzoni for the New Muon (g-2) Collaboration – ICHEP14, 5 July 2014 



µ-e Conv. Signal & Backgrounds 

1.7µs 



Mu2e@FNAL 



COMET@JPARC 



DeeMe@JPARC 

Production target and 
conversion target the same  

S.E.S.= 



Current upper limits on LFV τ decays



Status of τ à µ-γ



Summary of LFV searches 



Muon	g-2:	summary	of	the	present	status	

•  E821	experiment	at	BNL	has	generated	enormous	interest:	

	
•  Tantalizing	~3σ	deviation	with	SM	(persistent	since	>10	years):	

  

•  Current	discrepancy	limited	by:		
•  Experimental	uncertaintyà	New	experiments	at	FNAL	and	J-PARC	x4	accuracy	
•  Theoretical	uncertantyà	limited	by	hadronic	effects	

 

aµ
E821 =11659208.9(6.3)×10−10

aµ
SM =11659180.2(4.9)×10−10 (DHMZ )

aµ
E821 − aµ

SM ~ (28±8)×10−10

aµ
SM = aµ

QED + aµ
HAD + aµ

Weak

(0.54	ppm)	

aµ
HLO = (692.3±4.2)10-10  

δaµ/aµ~0.6% 

M.	Davier,	A.	Hoecker,	B.	Malaescu	
and	Z.	Zhang,	Eur.	Phys.	J.	C71	(2011)	

Hadronic	Vacuum	polarization	(HLO)	



•  New experiment at FNAL (E989) at 
magic momentum, consolidated 
method. 20 x stat. w.r.t. E821. 
Relocate the BNL storage ring to 
FNAL.  

3.3 σ

(g-2)µ: a new experiment at FNAL (E989) 

→ δaµx4 improvement (0.14ppm)  

E821 



•  New experiment at FNAL (E989) at 
magic momentum, consolidated 
method. 20 x stat. w.r.t. E821. 
Relocate the BNL storage ring to 
FNAL.  

E989 

3.3 σ

8 σ
If the central value remains the same 
⇒ 5-8σ from SM* (enough to claim 
discovery of New Physics!) 

*Depending on the progress on Theory 

Complementary proposal at J-PARC in progress 
 
    

(g-2)µ: a new experiment at FNAL (E989) 

→ δaµx4 improvement (0.14ppm)  



How	to		measure		g-2	in	a	storage	ring	

(1) Polarized muons 
 ~97% polarized for forward decays 

 

(2) Precession proportional to (g-2)  
  
  

(3) Pµ magic momentum = 3.094 GeV/c 
  

 

 E field doesn’t affect muon spin when γ = 29.3 
(4) Parity violation in the decay gives 

average spin direction 
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G. Venanzoni for the New Muon (g-2) Collaboration –EPS15, 24 July 2015 
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Measure 2 quantities



•  Consolidated	method	
•  More	muons	(x20)	
•  Reduced	systematics	(ring	and	detector)	
•  New	crew	

•  E821 at Brookhaven 
 

•  E989 at Fermilab 

G. Venanzoni for the New Muon (g-2) Collaboration –EPS15, 24 July 2015 

4	key	elements	for	E989	at	FNAL	

0.07ωa⊕ 0.07ωp 

0.2ωa⊕ 0.17ωp 



Fermilab	Muon	Campus	Vision,	circa	2012	
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•  Convert FNAL anti-proton source to produce customized muon 
beams for experiments like Muon g-2 and Mu2e



Muon	Campus	Reality	–	View	from	
Wilson	Hall	Today		
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•  Muon g-2 hall complete, BNL storage ring installed and operational
•  Mu2e civil construction complete, building outfitting underway
•  Conversion of accelerator complex to muon source nearing completion



Ring Reassembling (July 2014 – June 2015) 

34 
Achieved full power in September 2015 



Crea%ng	the	Muon	
Beam	for	g-2	

•  8	GeV	p	batch	into	
Recycler	

•  Split	into	4	bunches	

•  Extract	1	by	1	to	
strike	target	

•  Long	FODO	channel	
to	collect	π àµν

•  p/π/µ	beam	enters	
DR;	protons	kicked	
out;	π	decay	away	

•  µ enter	storage	
ring	

Intensity	profile	is	120	ns	
wide	with	“W”	shape	



Second	challenge	–	ωa	systematics	

36 

•  Tackling each of the major systematic errors with knowledge 
gained from BNL E821 and improved hardware



New	detector	systems	to	be	installed	by	March	2017	

•  Calorimeters	24	6x9	PbF2	crystal	arrays	with	SiPM	
readout,	segmentation	to	reduce	pileup	

•  New	 electronics	 and	 DAQ,	 800MHz	WFDs	 and	 a	
greatly	reduced	threshold	

•  Three	 1500	 channel	 straw	 trackers	 to	 precisely	
monitor	 properties	 of	 stored	 muon	 beam	 via	
tracking	of	Michel	decay	positrons,	 significant	UK	
contributions	

•  New	laser	calibration	system	from	INFN	crucial	for	
untangling	gain	from	other	systematics	
	

37 

Top view of 1 of 12 vacuum chambers  

800 MSPS Digitizers 
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•  Need to know the average field observed by a muon in the storage ring 
absolutely to better than 70 ppb, many hardware improvements 

•  Very challenging…first major step is making the field as uniform as possible 
–  Has been our main thrust over the last 9 months 

Third	challenge	–	ωp	systematics	



Field	stability	and	uniformity	improvements	

•  Environmental 
–  2’9” heavily-reinforced floor 

installed on 12’ deep excavation 
of undisturbed soil 

–  Temperature control to +/- 1C 

•  Construction tolerances 
§  26 ton pieces of yoke steel (30 of them) 

placed to 125 micron tolerance 
§  Pole pieces aligned to 25 micron 

•  10 months of interactively shimming B-
field with bits of steel and current loops 
(just ended last month) 

39 



Progress	on	Field	

40 
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Oct 2015 à Aug 2016
Goal 

~1400  

ppm 
~200  

ppm 

~50 
ppm 

goal •  Magnet achieved full power September 21, 2015  
•  Field started out with a peak variation of 1400 ppm 
•  June 2016 peak to peak variation was reduced to 200 ppm 
•  The goal of shimming is 50 ppm with a muon weighted 

systematic uncertainty of 70 ppb 
•  BNL achieved 100 ppm with an averaged field uniformity of 

+- 1ppm. They estimated their systematic uncertainty of 140 
ppb. We would like to improve of a factor 2! 

Progress	on	Field	



Short term schedule 

42

Mar/Apr 17 May/Jun 17 Jul/Aug 2017 Sep/Oct 17 Nov/Dec 17 Jan/Feb 18 Mar/Apr 18 May/Jun 18 Jul/Aug 18 

Accelerator 
commissioning 

Finish proj. 
scope 

Physics production running + continued 
intensity tune-up 

Shutdown 

Accelerator comm. 
+ intensity ramp up 

1st results 
analysis 

First beam available 
to ring w/ protons 

Additional ring/detector  
commissioning 

•  After many years of design and construction, we are essentially ready for beam 
•  June:  Commissioning 
•  Fall:  Commission Delivery Ring and optimize Muon Storage 
•  CY2018:  Efficient data taking 
•  Summer 2018:  Our goal is a “BNL level” 1st result  
•  2 years run for 4x reduction of error (final result expected ~2020) 



The J-PARC approach 
Injection of an ultra-cold, low-energy, muon beam into a 
small, but highly uniform magnet 



What makes them different? 
•  Eliminate electric focusing removes β x E term 

•  à Do need ~zero PT to store muons 
•  à Not constrained to run at the “magic momentum”  
•  Create “ultra-cold” muon source; accelerate, and 

inject into compact storage ring. 
•  Consequences are quite interesting … 

–  Smaller magnet; intrinsically more uniform 
–  Issues related to needed counts 

•  Aim for BNL level precision as an important check  

44 



Ultra-cold Muons 
•  Surface µ+ 

•  Stop in Aerogel 
•  Diffuse Muonium (µ+e-) atoms into 

vacuum 
•  Ionize  

–  1S à 2Pàunbound 
–  Max Polarization 50% 

•  Accelerate 
–  E field, RFQ, linear structures 
–  P = 300 MeV/c 

45 





Continuous detector system of 
silicon trackers 

47 

Expected data.  Note shorter lifetime at 
this momentum, and  lower asymmetry 
owing to polarization of source 







50 Gorringe and Hertzog, Progress in Nuclear  and Particle Physics, Volume 84 (2015) September 2015 

Comparison 



Summary 

•  FNAL:  status and the plan going forward … 
–  Design complete and implementation well along 
–  Beam on; magnetic field ready 
–  Detector almost ready; starting commissioning 
–  Beam expected in late 2017 
–  Goal remains 140 ppb  (or 16 x 10-11) on aµ

–  EDM parasitically 

•  J-PARC:  novel method being developed 
–  Working out key new issues: source;  magnet; detectors, etc. 
–  Concept has greater reach for EDM owing to detector coverage 
–  Aiming at 2019 Phase 1 start with 

•  g-2 to ~400 ppb,  
•  EDM ~10-21 e-cm;  



Phys. Lett. B 746 (2015) 325

Eur. Phys. J C  77 (2017) 139

Measurement	of	aµ
HLO	with	a	150	GeV	µ	

beam	on	e-	target	at	CERN	



Muon	g-2:	summary	of	the	present	status	

•  E821	experiment	at	BNL	has	generated	enormous	interest:	

	
•  Tantalizing	~3σ	deviation	with	SM	(persistent	for	>10	years):	

 

•  Current	discrepancy	limited	by:		
•  Experimental	uncertaintyà	New	experiments	at	FNAL	and	J-PARC	x4	accuracy	
•  Theoretical	uncertaintyà	limited	by	hadronic	effects	

aµ
E821 =11659208.9(6.3)×10−10

aµ
SM =11659180.2(4.9)×10−10 (DHMZ )

aµ
E821 − aµ

SM ~ (28±8)×10−10

aµ
SM = aµ

QED + aµ
HAD + aµ

Weak

(0.54	ppm)	

aµ
HLO = (692.3±4.2)10-10 

δaµ
HLO/aµ

HLO~0.6% 

M.	Davier,	A.	Hoecker,	B.	Malaescu	
and	Z.	Zhang,	Eur.	Phys.	J.	C71	(2011)	

Hadronic	Vacuum	polarization	(HLO)	



aµ
HLO		calculation,	traditional	way:	time-like	data		

Traditional	way:	based	on	precise	
experimental	(time-like)	data:		

aµ=(g-2)/2 

K(s) = dx x2 (1− x)
x2 + (1− x)(s /m2 )0

1

∫ ~ 1
s

σ
e+e−→hadr

(s) = 4π
s

ImΠhad (s)

aµ
HLO =

1
4π 3 σ

e+e−→hadr
(s)K(s)ds

4mπ
2

∞

∫

•  Main	 contribution	 in	 the	 low	 energy	 region	
(highly	fluctuating!)	

•  Current	 precision	 at	 0.6%	 à	 needs	 to	 be	
reduced	by	a	factor	~2	to	be	competitive	with	
the	new	g-2	experiments	

aµ
HLO = (692.3±4.2)10-10  (DHMZ) 

R = σ had

σ µµ
0



	aµ
HLO	from	space-like	region	

t =
x2mµ

2

x −1
0 ≤ −t < +∞

x = t
2mµ

2 (1− 1−
4mµ

2

t
); 0 ≤ x <1;

aµ
HLO = −

α
π

(1− x)
0

1

∫ Δαhad (− x2

1− x
mµ

2 )dx

x	

(1− x)Δαhad (− x2

1− x
mµ

2 )

(t=0) (t=-∞) 
0.92	

•  aµ
HLO	 is	 given	 by	 the	 integral	 of	 the	 curve	

(smooth	behaviour)	
•  It	 requires	 a	 measurement	 of	 the	 hadronic	

contribution	 to	 the	 effective	 electromagnetic	
coupling	 	 in	 the	 space-like	 region	 Δαhad(t)	
(t=q2<0)	

•  It	 enhances	 the	 contribution	 from	 low	 q2	

region		(below	0.11	GeV2)	
•  Its	precision	is	determined	by	the	uncertainty	

on	Δαhad	(t)	in	this	region	

	t=-0.11	GeV2	
(~330	MeV)		

t=q2<0 α(t) 



High	precision	measurement	of	aµ
HLO	with	a	

150	 GeV	 µ	 beam	 on	 Be	 target	 at	 CERN	
(through	the	elastic	scattering	µe	àµ	e)	
 

t=q2<0 
µ

e

µ

e

µ

e

target 

α(t)
α0

2

=
1

1−Δα(t)

2

150 GeV 

Experimental approach:



Why	measuring	Δαhad(t)	with	a	150	GeV	µ	beam	
on	e-	target	?	

•  µ	e	àµ	e		is	pure	t-channel	(at	LO)	

•  	It	gives	0<-t<0.161	GeV2		(0<x<0.93)	

•  The	kinematics	is	very	simple:		t=-2meEe		

•  High	boosted	system	gives	access	to	all	
angles	(t)	in	the	cms	region		

•  It	 allows	 using	 the	 same	 detector	 for	
signal	and	normalization		

•  Events	 at	 x~0.3	 (t~-10-3	 GeV2)	 can	 be	
used	as	normalization	(Δαhad(t)	<10-5)	

		

normalization	 signal	

It	looks	an	ideal	process!	

tmax=-0.11GeV2	

θe
LAB<32 mrad (Ee>1 GeV)

 θµ
LAB<5 mrad Δαhad (x)

x	

x	

(1− x)Δαhad (x)



•  Modular	 apparatus:	 20	 layers	 of	 3	 cm	 Be	
(target),	each	coupled	to	1	m	distant	Si	(0.3	mm)	
planes.	It	provides	a	0.02	mrad	resolution	on	the	
scattering	angle	

•  The	t=q2	<0	of	 the	 interaction	 is	determined	by	
the	 electron	 (or	 muon)	 scattering	 angle	 (a`	 la	
NA7)	

	
•  ECAL	 and	 µ	 Detector	 located	 downstream	 to	

solve	PID	ambiguity	below	5	mrad.	Above	that,	
angular	measurement	gives	correct	PID	

•  It	 provides	 uniform	 full	 acceptance,	 with	 the	
potential	 to	 keep	 the	 systematic	 errors	 at	 10-5	
(main	 effect	 is	 the	 multiple	 scattering	 for	
normalization	which	can	be	studied	by	data)	

•  Statistical	 considerations	 show	 that	 a	 0.3%	
error	can	be	achieved	on	aµ

HLO	in	2	years	of	data	
taking	with	2x107	µ/s	

	

θµ

θe

x	

(1− x)Δαhad (x)

ECAL µ ID

Si Be Si Si Be Si 

ß1mà 

ß 1m  à Detector	considerations	 



•  Focus	on	Multiple	Scattering	(MSC)	effects:	
•  How	 non	 gaussian	 tails	 affects	 our	 measurement	 and	 can	 be	 monitored/

controlled	(2D	plots	and	acoplanarity)	
	

•  Background	subtraction	and	modeling	in	GEANT	
	
•  Optimization	of	target/detector	and	full	detail	simulation	
	
•  Test	beam(s)	and	proto-experiment	with	a	realistic	module		
	
•  NNLO	MC	generation	of	µe	process	
	
•  Design	possible	implementation	in	M2	

•  Consolidate	the	collaboration	and	write	a	CDR	

µ-e	proposal:	plans	(next	2	years)

Proposal part of the Physics Beyond Collider Working Group!
http://pbc.web.cern.ch/



Conclusions	

•  Lepton	Flavor	Violation	is	one	of	the	most	important	gateways	to	
phyisics	BSM	

•  µàeγ	already	provides	constraints	to	new	physics	thanks	to	MEG	
(and	an	upgraded	MEGII	is	under	going)	

•  Mu3e	experiment	in	preparation	

•  µ-e	 conversions	 experiment	Mu2e	and	COMET	will	 reach	 10-17	 in	
few	years	from	now.		

•  Many	results	from	τ	from	B	factories	and	LHCb	

•  Important	inter-connection	between	g-2	&	LFV	
l  New	muon	g-2	experiments	undergoing	at	Fermilab	(E989)	and	in	
J-Parc	(E34).		E989	expected	to	take	data	by	the	end	of	this	year.	

l  New	proposal	for	aµ
HLO	with	a	150	GeV	µ	beam	on	e-	target	



SPARES	



SPARES 



SPARES 



SPARES 



First	challenge	-	statistics	

65 

Recycler Ring

Delivery Ring

Achieving required statistics is a 
primary concern 
 - Need a factor 21 more statistics 
than BNL 
 - Beam power reduced by 4 
   

Need a factor of 85 improvement in 
integrated beam coming from many 
other factors 
 - Collection of pions from Li lens 
 - Capture of decay muons in FODO 
channel 
 - pπ closer to magic momentum  
 - Longer decay channel 
 - Increased injection efficiency 
 - Earlier start time of fits 
 - Longer runtime (~18 months for 
production running + systematics) 
 
 
 
 
 
 
 



Mu2e@FNAL 



A	pure	muon	beam	of	3.1	GeV	

67 

No hadronic flash 
-  Pions all decay 
-  Protons removed by a DR kicker 

Forward muons collected 
•  95% polarized 
•  ~800,000 µ+/fill (δP/P 2%) at ring 

8 GeV Protons 

Pions 

Muons 

4 bunches 

All protons are “excess” from 
those used for NOvA ν 
Program  

Possible Cycle: 16 Shots / 1.33 s Cycle 



Conclusions	
•  KLOE	has	 pioneered	 the	 ISR	method,	 performing	 in	 the	 last	 15	

years	 factor	 a	 series	of	precision	measurements	with	 ISR	which	
confirmed	 a	 3σ	 discrepancy	 between	 aµ

SM	 	 and	 the	 BNL	
measured	value	

§ The	running	of	the	e.m.	coupling	constant	α	has	been	measured	in	
the	process	e+e-	→	µ+µ-γ		in	the	0.6	-	0.98	GeV		Mµµ	invariant	mass	
range	at	1.7	p-1.	

§ Clear	 contribution	 of	 the	 ρ-ω	 interference	 to	 the	 photon	
propagator	with	6σ	statistical	significance.	

§  Imaginary	and	Real	part	of	Δa	extracted	for	the	first	time.	
l  By	a	fit	of	the	real	part	of	Δa(s)	and	assuming	lepton	universality	
the	branching	ratio	of	ω→µ+µ-  has	been	extracted.	

l  New	 proposal	 to	measure	 aµ
HLO	 in	 the	 space-like	 region	 using	 a	

high	energy	muon	beam	(E~150	GeV)	at	CERN	(µ	e	àµ	e)	

G. Venanzoni, Seminar at CERN, 28 March 2017 



Conclusion	

•  	 During	 the	 last	 ten	 years	 the	 muon	 (g-2)	 provided	 one	 of	 the	
strongest	tests	of	the	SM,	thanks	to	the	impressive	accuracy	of	BNL	
experiment		(δaµ

EXP	=	0.54	ppm).	Important	interplay	with	LHC!	

• 	 At	 present	 a	 discrepancy	 of	 	 more	 than	 3	 “standard	 deviations”	
between	 SM	 and	 Experiment;	 uncertainty	 dominated	 by	 BNL	
experiment.	Possible	sign	of	New	Physics?		

• 	New	(g-2)µ	experiment	at	Fermilab	with	a	fourfold	reduction	δaµ
EXP	

=	0.14	ppm	.		Data	taking	expected	in	2017.	

• 	 Field	 shimming	 is	finished,	now	moving	 into	period	where	 rest	of	
experiment	is	under	construction	through	March	2017	

•  	 First	 muons	 stored	 in	 mid-2017…first	 result	 (with	 comparable	
accuracy	of	BNL)	in	2018!	

Stay Tuned! G. Venanzoni for the New Muon (g-2) Collaboration – ICHEP14, 5 July 2014 
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Schedule	

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar 
2015 2016 2017 

Field Shimming 
Prepare vacuum chambers/align cages w/ rails, quad, kicker plates 

Prepare old inflector/install infrastructure 

Install 
Chambers 

Construct 1st full calorimeter 

Assemble kicker plates, cages, pulsers 

Construct & install quad pulsed power supplies, feedthroughs, connections 

Construct and test upgraded NMR trolley & absolute calibration 

He leak repair 
(magnet warm) 

Install final focus on AP0 target 

Install/test 
old inflector 

Final test 
quads 

Receive calo crystals/SiPMs 

Install Blumleins, PS, & kickers Test 
kickers 

Test NMR 
systems 

Install trolley & 
calibration 

SLAC 
test 

beam Electronics & DAQ development 
WFD production & QC 

Calo production & installation 
DAQ installation & testing 

Laser system installation 
2 trackers assembly & installation 

Dry runs & 
mock data 
challenge 

Electronics install 

Construct M2/M3 beamlines from AP0 to Delivery Ring 
Modify AP0 Li lens and PMAG PS for g-2 rep rate, replace beam dump 

Install Delivery Ring injection, transport, and extraction 
Construct M4/M5 beamlines from DR into g-2 ring 

Commission 
primary proton 
beam to AP0 

G.	Venanzoni,		CSN1,	4	March	2016	



The	New	Muon	g-2	experiment	at	
Fermilab	(E989)	

MUSE General Meeting 29/9/16 



Mu3e@PSI Irreducible background 



Mu3e@PSI 

Kinematics: 3-body decay; coplanarity Σp=0, ΣE=mµ

background: radiative decays; accidentals 
beam: continuouos 

disegni 
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Mu3e@PSI 

Kinematics: 3-body decay; coplanarity Σp=0, ΣE=mµ

background: radiative decays; accidentals 
beam: continuouos 

disegni 



(g-2)µ, ν-Oscillations & µ-LFV 

Discovery of µLFV (possibly) around the corner 



µ à eγ & µ-e Conversion (II) 



µ à eγ & µ-e Conversion 


