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Flavor'Viola*on'

•  Quarks$mixing$!$(Quark)$Flavor$ViolaKon$
–  CKM$matrix$

$

•  Neutrinos$mixing$!$Lepton$Flavor$ViolaKon$(LFV)$
–  PMNS$matrix$

$

•  What$about$charged$leptons?$$
–  Charged$Lepton$Flavor$ViolaKon$(CLFV)$
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What'is'Mu2e?'
$

– A$search$for$ChargedALepton$Flavor$ViolaKon$via$

–  It$will$use$the$new$Fermilab)Muon)Campus)and$
modest$modificaKons$to$the$current$accelerator$
complex$to$reach$a$sensiKvity$10$000$beWer$
than$world’s$best$$

$

–  It$will$have$discovery$sensiKvity$over$a$wide$
range$of$New$Physics$parameter$space$
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CLFV'in'the'Standard'Model'

•  Strictly$speaking,$forbidden$in$the$SM$
•  Even$in$νASM,$extremely$suppressed$$
$$$$$$$$$$$$$$$$$$$$$$$(rate$~$(Δmν

2$/$Mw
2)2$<$10A50)$

•  However,$most$all$NP$models$predict$rates$
observable$at$next$generaKon$CLFV$experiments$
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New'Physics'Contribu*ons'to'µN!eN'

µN!eN$sensiKve$to$wide$array$of$New$Physics$models$
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Mu2e'Sensi*vity'

Mu2e$SensiKvity$best$in$all$scenarios$
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Courtesy$A.$de$Gouvea$,$B.$Bernstein,$D.$Hitlin$

A.$de$Gouvêa$and$P.$Vogel,$$
Prog.$Part.$Nucl.$Phys.$71,$75$(2013)$



Mu2e'Strategy'
•  Generate$a$beam$of$low$momentum$muons$(µ�)
$

•  Stop$the$muons$in$a$target$
– Mu2e$plans$to$use$aluminum$
–  SensiKvity$goal$requires$~1018$stopped$muons$

$

•  The$stopped$muons$are$trapped$in$orbit$around$the$
nucleus$
–  In$orbit$around$aluminum:$τµ

Al$=$864$ns$
–  Large$τµ

N$important$for$discriminaKng$background$
$

•  Look$for$events$consistent$with$µN!eN$
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Mu2e'Proton'Beam'

Mu2e$will$use$a$pulsed$proton$beam$and$a$delayed$
live$gate$to$suppress$prompt$backgrounds$
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Mu2e'Signal'
$

•  The$process$is$a$coherent$one$
– The$nucleus$remains$intact$

$

•  Very$clean$signal$
$$

•  Experimental$signature$is$a$monoenergeKc$
electron$and$nothing$else$
– Energy$of$electron:$Ee$=$mµ$A$Erecoil$A$E1SAB.E.$
– For$aluminum:$Ee=104.96$MeV$
–  Important$for$discriminaKng$background$
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Mu2e'Sensi*vity'
•  Design$goal:$singleAeventAsensiKvity$2.9$x$10A17$

– Requires$about$1018$stopped$muons$
– Requires$about$1020$protons$on$target$
– Requires$extreme$suppression$of$backgrounds$

•  Expected$limit,$in$absence$of$a$signal:$
$ $$Rµe$<$6$x$10A17$@$90%$CL$

– Factor$104$improvement$

•  Discovery$sensiKvity:$all$Rµe$>$few$x$10A16$
– Covers$broad$range$of$new$physics$theories$$
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Mu2e'Backgrounds'
1.  Intrinsic$–$scale$with$number$of$stopped$

muons$
•  µ$DecayAinAOrbit$(DIO) $ $ $(55%)$
•  RadiaKve$muon$capture$(RMC) $ $(<3%)$

2.  Late$arriving$–$scale$with$number$of$late$
protons$

•  RadiaKve$pion$capture$(RPC) $$
•  µ$and$π$decayAinAflight$(DIF)$

3.  Miscellaneous$
•  AnKAproton$induced$
•  CosmicAray$induced$
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Designed$to$be$nearly$background$free$
(<$0.4$events$for$6.8x1017$stopped$μ$in$6x107$s$of$beam$Kme)$

(10%)$

(35%)$



1.'Intrinsic'Backgrounds'

2)  Capture$on$the$nucleus:$$$$$(61%)$
a)  Ordinary$µ Capture$
µ�NZ$AA>$νN*

ZA1$$(good$for$normalizaKon)$
$
b)  RadiaKve$µ capture$
µ�NZ$AA>$νN*

ZA1$+$γ$$$(#$RadiaKve$/$#$Ordinary$~$1$/$100,000)$$
(Eγ$kinemaKc$endApoint$~102$MeV:$asymmetric$γ$AA>$e+eA$pair$producKon$$
may$yield$a$background$electron)$$
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Once$trapped$in$orbit,$muons$will:$
$$

1)  Decay$in$orbit$(DIO):$$$$$$$$$$$(39%)$
� µ� N$AA>$eA$νµνeN$$
�$eA$spectrum$has$tail$out$to$104.96$MeV$

DIO'spectrum'



2.'Late'Arriving'Backgrounds'
•  Backgrounds$arising$from$interacKons$at$the$
producKon$target$

$$

–  Overwhelming$prompt'background'eliminated$by$defining$a$signal$Kming$
window$starKng$700$ns$ater$the$iniKal$proton$pulse$

$$

–  Must$eliminate$outKofK*me'(“late”)$protons,$which$would$otherwise$
generate$these$backgrounds$in$Kme$with$the$signal$window$

$$

''''''''outKofK*me'protons'/'inK*me'protons'<'10K10'
$$

–  RadiaKve$π Capture$
•  π�NZ$AA>$N*

ZA1$+$γ$$(for$Al,$RπC$fracKon:$2%)$
•  Eγ extends$out$to$~mπ$
•  Asymmetric$γ ��> e+eA$pair$producKon$can$yield$background$electron$

$$

–  Beam$electrons$
•  OriginaKng$from$upstream$π� and$π0 decays$
•  Electrons$scaWer$in$stopping$target$to$get$into$detector$acceptance$

$$

–  Muon$and$pion$DecayAinAFlight$
$$

•  They$account$for$~10%$of$the$total$background$and$
scale$linearly$with$the$number$of$outAofAKme$protons$
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3.'Miscellaneous'Backgrounds'

•  AnKAprotons$
•  Proton$beam$is$just$above$pbar$producKon$threshold$
•  These$low$momentum$pbars$wander$unKl$they$annihilate$
•  A$thin$window$in$beamline$absorbs$most$of$them$
•  AnnihilaKons$produce$high$mulKplicity$final$states$e.g.$$π�$
can$undergo$RπC$to$yield$a$background$electron$

$

•  Cosmic$rays$
•  Suppressed$by$passive$and$acKve$shielding$
•  µ$DIF$or$interacKons$in$the$detector$material$can$give$an$eA$
or$γ$that$yield$a$background$electron$

•  Background$esKmates$demand$veto$efficiency$of$99.99%$
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Mu2e'Experimental'Apparatus'
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•  Consists$of$3$solenoid$systems$

ProducKon$
Solenoid$

Transport$
Solenoid$

Detector$
Solenoid$

(about$25$meters$endAtoAend$



Mu2e'Experimental'Apparatus'
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•  Consists$of$3$solenoid$systems$

ProducKon$
Solenoid$

Transport$
Solenoid$

Detector$
Solenoid$

ProducKon$Solenoid:$$
8$GeV$protons$interact$with$a$tungsten$target$to$produce$µA$(from$πA$decay)$



Mu2e'Experimental'Apparatus'
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Transport$Solenoid:$$
Captures$πA$and$subsequent$µA;$$momentumA$and$signAselects$beam$

ProducKon$
Solenoid$

Transport$
Solenoid$

Detector$
Solenoid$

•  Consists$of$3$solenoid$systems$



Mu2e'Experimental'Apparatus'
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Detector$Solenoid:$$
Upstream$–$Al.$stopping$target,$Downstream$–$tracker,$calorimeter$
(not$shown$–$cosmic$ray$veto$system,$exKncKon$monitor,$target$monitor)$$

•  Consists$of$3$solenoid$systems$

ProducKon$
Solenoid$

Transport$
Solenoid$

Detector$
Solenoid$



Mu2e'Experimental'Apparatus''
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•  Consists$of$3$solenoid$systems$

ProducKon$
Solenoid$

Transport$
Solenoid$

Detector$
Solenoid$

Graded$fields$important$to$suppress$backgrounds,$to$increase$muon$yield,$and$
to$improve$geometric$acceptance$for$signal$electrons$

4.6$T$
2.5$T$

2.0$T$
1.0$T$



The'Mu2e'Detector'

" I$will$cover$briefly:$
#  Tracker$$
#  Calorimeter$$

#  CosmicARay$Veto$
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" I$will$not$cover:$
#  Mu2e$beamlines$$
#  Magnets$
#  ExKncKon$and$target$monitors$
#  Shielding$and$proton$absorber$



The'Mu2e'Tracker'
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• $5$mm$diameter$straw,$spiral$wound$
• $12$µm$Mylar$+$3$µm$epoxy$$
$$+$(500$Å$Al$+$200$Å$Au)$+$(500$Å$Al)$
• $25$µm$AuAplated$W$sense$wire$
• $334$–$1174$mm$acKve$length$
• $80/20$Ar/CO2$with$HV$<$1500$V$
$

straw'tube'

panel'='96'straw'tubes' plane'='6'panels'

sta*on'='2'planes'



The'Mu2e'Tracker'

•  detector$is$in$vaccum$and$inner$38$cm$is$
purposefully$unAinstrumented$
–  Blind$to$beam$flash$
–  Blind$to$>99%$of$DIO$spectrum$

•  AcKve$tracking$region$from$38$cm$to$70$cm$
•  Services$and$structure$from$70$cm$
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Escape$thru$$
center$of$Tracker$

Fully$
fiducial$

detector='18'sta*ons'



Expected'Result'

SingleAeventAsensiKvity$=$2.9$x$10A17$
Total$background$<$0.5$events$
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For:$
$$3.6x1020$POT$
$$6.7x1017$µA$stops$
$$assuming:$$
$$$$$$$$$$Rµe$=$1x10A16$
$
Signal$yield$=$3.5$evt$
DIO$yield$=$0.20$evt$



The'Mu2e'Calorimeter'

•  Crystal$calorimeter$
•  Compact$
•  RadiaKon$hard$
•  Good$Kming$(1$ns)$and$

energy$resoluKon$(5%)$
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! Will$employ$2$disks$$
$(radius$=$36A70$cm)$
~2000$BaF2$crystals$with$$

$hexagonal$crossAsecKon$~3$cm$diameter,$~20$cm$long$(10X0)$
$Two$photoAsensors/crystal$on$back$(APDs$or$SiPMs)$

!  Role$of$calorimeter$
•  parKcle$id.$
•  CR$rejecKon$



The'Mu2e'CosmicKRay'Veto'

Veto$system$covers$enKre$DS$and$half$TS$
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Cosmic$µ$can$generate$background$events$via$decay,$$
scaWering,$or$material$interacKons$

Without'the'veto'system,'
expect'~1'cosmicKray'induced''
background'event'per'day'



The'Mu2e'CosmicKRay'Veto'

Will$use$4$overlapping$layers$of$scinKllator$bars$
separated$by$~$10$mm$absorber$

$$

– Each$bar$is$5$x$2$x$(300$÷$660)$cm3$

– 2$WLS$fibers$/$bar$
– ReadAout$both$ends$of$each$fiber$with$SiPM$
– Have$achieved$ε$>$99.4%$(per$layer)$in$test$beam$
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'Mu2e'Schedule'
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Detector$
Commissioning$

CDA1$ CDA3a$ CDA2/3b$ Project$
Complete$

Detector$
Hall$Design$

Superconductor$
R&D$

Detector$ConstrucKon$

Accelerator$and$Beamline$$

Solenoid$Infrastructure$

Solenoid$
InstallaKon$and$
Commissioning$

KPPs$saKsfied$

Solenoid$Design$

FY14$$$$$$$$$$$$$$FY15$$$$$$$$$$$$$$FY16$$$$$$$$$$$$$$FY17$$$$$$$$$$$$$$$FY18$$$$$$$$$$$$$$FY19$$$$$$$$$$$$$$FY20$$$$$$$$$$FY21$
Produced:$February$2015$

Site$
Work$

Cosmic$
Tests$

CDA3c$

Solenoid$FabricaKon$and$QA$

Detector$Hall$
ConstrucKon$

Fabricate$and$$QA$Superconductor$

Beam$line$
Commissioning$



Summary'

The$Mu2e$experiment:$
$

•  Improves$sensiKvity$by$a$factor$of$104$$

•  Provides$discovery-capability-over$wide$range$
of$New$Physics$models$

•  Is$complementary$to$LHC,$heavyAflavor,$and$
neutrino$experiments$

$
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The$Mu2e$CollaboraKon$

•  ~160$People,$32$InsKtuKons,$3$Countries$
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Mu2e$CollaboraKon,$November$2013$



Addi*onal'informa*on'

•  Technical$Design$Report$

•  Experiment$web$site$
– hWp://mu2e.fnal.gov$
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arXiv.org'>'physics'>'arXiv:1501.05241$

h`p://mu2e.fnal.gov'


