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The Mu2e experiment

A search for Charged Lepton

Flavor Violation (CLFV) T

1S Orbit
via the coherent conversion: Lifetime = 864ns

w +Al - e +Al \
E. = m,c* — (B.E.);s — Erecoil

At the Fermilab Muon Campus = 104.96 MeV 9

“+.Nuclear Recoil

Will improve by a factor 10 the world’s
best sensitivity (SINDRUM [I*) on:

['(uw+N—=e +N)
['(u= + N — all captures)
down to a Single Event Sensitivity of 3-10™"/

SM prediction is O(10™%): any observation

will be clear evidence for New Physics
*W. Bertl et al., Eur.Phys.J. C47,337 (2006) 2

R, =




CLFV searches

Muon sector currently provides the most stringent limits to CLFV

Process Current Limit Next Generation exp
T un BR<6.5 E-8
T uy BR<6.8 E-8 109 - 107 (Belle II)
T=> M BR<3.2E-8
T eee BR<36 E-8
K - en BR < 4.7 E-12
K*= neu* BR < 1.3 E-11
B> ep BR<78E-8

BR<4.2E-13 10'* (MEG)

BR < 1.0 E-12 106 (PSI)
R, <7.0 E-13 1017 (Mu2e, COMET)

“3 stars” discovery capability
InN many theoretical
frameworks

Different sensibility to
different processes makes
the 3 experimental searches
complementary

AC RVV2 | AKM SLL | FBEMSSM | LHT RS
D" —o° kkk | Kk * * * *kk | 7
Ex * ok | ook * * k| ko
Syg ek | dedede | ook * * ddd | dokok
Sercs hokok | kk k| kkok | kokok * ?
Acpe (B — Xa7) * * * *kd | ko * ?
Arg(B — K*ptp~) * * * *kd | ko ok ?
Al B — Keptp™) * * * * * * ?
B — Ktlyp * * * * * * *
B, = ptu ddk | k| ek [ kdkok TRk * *
K — whep * * * * * Ak | dokk
Ky —+ mlvp * * * * * Fook gk | ko
f—+ e dedod | dedede | oo | ek | ke | dedeode | ook
T = 17 ok | dedkodk * e | dededke | dedeode | ok
p+N—=se+ N drdd |k | dkdkdr | hdkk | Ak | Ak | hkk
dn ko | dedkede | Aok | ok L8 8 * dok ok
i dodcd | dedkedk | dok * * &k * ok
:_'.f—fi'_h ddcd | dedede | Ak | ok | ek * ?

Table 8: “DNA" of Asvour physics effects for the most interesting observables in s selection of SUSY
and non-SUSY models s o signals large effects, Y9 visible bat small effects and % mmplies that
the given model does not predict sizable effects in that observable.

W.Altmanshofer at al. arxiv 0909.1333v2

See more in Angela Papa’s talk



The Mu2e Experiment at Fermilab: the beam line

8 GeV
Proton Beam

Production Solenoid Detector Solenoid

Stopping Target

B=4.5T 25T 2.0T - 1.0T >~

Production Solenoid: p on tungsten, graded field sweeps low momentum particles downstream
Transport Solenoid: transmit negative particles with the right momentum, antiproton absorber
Detector Solenoid: Al stopping target, proton absorber, graded field to direct to detectors



The Mu2e Experiment at Fermilab: the beam line

Pulsed
Proton
Beam
Structure

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

= Proton pulse ] POT puise

n” arrival/decay time ( x 1M)
w arrival time ( x 400)
Prompt background ~ ----- " decay/capture time ( x 400 )
Beam period: 1695 ns ~ 2t

Beam intensity: 39 MP/pulse +50%

IIII|IIII|II

Live Window

———————————

—————————
——————
-------------------

Proton pulse

1600 1800

Time (ne)

Extinction

Factor <10

(fraction of protons
out of bunch)

Time window
to avoid
prompt
background
from

beam flash

5



The Mu2e Experiment at Fermilab: detectors region

The Detector Solenoid 13 ™

Calorimeter _

37 foils of Al

100 um thick

10T 150 mm diameter

43 mm diameter central hole

2.0T

Acceptance improved by magnetic gradient

Minimum amount of material before momentum measurement
Constant field in the tracking volume

18 straw tube tracker stations, 2 Csl crystals calorimeter disks



The Mu2e Experiment at Fermilab: Cosmic Rate Veto
Cosmic Ray Veto:

4 layers of

scintillator

counters covering
Detector

Solenoid and

Lower Transport
Solenoid

Ouitside | Front

Cosmic x /

About 1 cosmic event/day

emulating a 105 MeV electron
" ~105MeV e

7



The Mu2e Experiment at Fermilab: tracker

18 stations of 12 panels covering
120° each (s

~21000 straw tubes

5 mm diameter, 15um mylar
25 um tungsten wire @1450V
80:20 ArCO, gas mixture

Each read by 2 ADCs & 2 TDCs

DIO Rate (Arbitrary Units)

tereo view)

Tracker not sensitive to

No hits

particles with p.<80 MeV/c
(beam flash and most of DIOS)

Reconstructable tracks

S

100
Electron Energy (MeV) 8



Arbitrary Unit

0.01

IIT|II'III"III|'III1|II"I|IIII]

The Mu2e Experiment at Fermilab: tracker

FWHM = 283 pm

& 8-Straw Prototype
— B-Straw Prototype Fit
— (G4 + Straw Simulation

Arbitrary Unit

G4 + Straw Simulation Fit

1 I R T [ .
0.5 1 15

Drift Radius Residual (rmim)

120

100

=
=4

&0

40

20

Longitudinal Position Residual (mm}

Efficiency

Results of tests on prototypes

Efficiency

55 3 a5 4

Distance from wire [mm]



The Mu2e Experiment at Fermilab: tracker

momentum resolution at start of tracker (simulation)

Core width = 159 keV/c

Entries / 0.010 MeV/c

10°E

mﬂﬁwlﬂﬁ'ﬂﬁw "*

Left tail due to energy loss in material

10



The Mu2e Experiment at Fermilab: calorimeter

Geometry (acceptance optimized)
2 disks spaced by 70 cm

inner radius: 37.4 cm

outer radius: 66 cm

Active material:
pure Csl crystals
674 crystals/disk
3.4x3.4x20 cm?®

Sensors:

Arrays of 6 SiPMs
2 arrays/crystal
14x20 mm?* each

Readout electronics:
Preamplifiers on sensors back
Voltage control and Waveform
Digitizers in crates around disks

Calibration/monitoring system:
Fluorinert liquid in front of each disk
Laser and electronic pulses 11




The Mu2e Experiment at Fermilab: calorimeter

~105 MeVic muons Conversion Electrons

«=-Conversion Electrons

Particle g - P
identification: £~ 105 MeVic muons 5
105 MeVic g . g
Muon rejection £ 5.
factor ~400 ° .
a o DeltlgT[ns? : ’ ’
Pattern
MeV ..
'g recognition:
S use
Trigger: calorimeter

90% efficiency on

reconstructable CE,

97% if combined
with straw hit
information

-50

-100

380 400 420 440 460 480 500 520 540 5601 580
X(mm)

" cluster time to

reduce
combinatorial
of tracker hits

-800[ e ern wead B0

800

—800—600—400—2060 200400600500
X [mm]

800

600

400

. P P R el . .
-B00 -600 —400 -200 0 200 400 600 80O 12
X [mm]



The Mu2e Experiment at Fermilab: calorimeter

L' L | Test on a 51 crystal prototype with electrons
-"-':,...'-r{ and cosmic u at Frascati Beam Test Facility

o } For 100 MeV electrons:

0° 50° (CE peak)
Energy resolution 5.4% 7.3%
Time resolution* 160 ps 230 ps

*Obtained for 1 sensor from the time difference of 2 sensors

MuZ2e requirements satisfied

Energy profile Energy resolution Time resolution
R = 10 et R e e A aec
i BUE Entries 1180 — 9 &  MC: Orihogonal Baam S0.45c v Beamn a1 0° - Hamamatsu =
by F o 26.38 12T E B & MC:Boam & 50 ° b 0.4F *  Cozmic Rays - Hamamalsu
g 7OE £.E7021 . 004812 "'g F ' Beam at 507 - Senall. 3
'.E. EDE . [ ? ll35_— L] Cosmic Rays - SensL.
“ sk e i3 . # 100 MeV e-
- 1108 = 338 5;— ___‘—ﬂ—_ 0.25)
40F A3 E 0.27
- Eoe I ndf A 7 = ) | =
3,}5 DATA gf «*/ndf 0.8783/2 »/ndt 314273 e 0.15F 100 MeV e-
20l ST c a 0.5 0 a 06+ O E 0.1 - . + -
- 25 b0.2732 = 0.02913 b 03747 z 0.045 | £ oL DA St
101 1IE- € 4.05 = 0.2705 € 5.863 = 0.391 B 0.05- b 0118 + 0.007005 b 0.0911+ 0.004348
E " oL ol T I - UMMMALM
% 20 40 60 80 100 120 0 005 006 o007 008 003 01 011 10 20 30 40 50 60 Vo &0 90 100
E [MeV] E o [GOV] Highest crystal energy [MeV]

13



The Mu2e Experiment at Fermilab: cosmic veto

100.0 nght y|6|d
900 - | | | | | measured at
] Fermilab test
60.0 - beam

L 50,0 -

400 Testbeam [measured from near side) Effi Ciency

e Testbeam |measured from far side) compatible
200 | ® MC {measured from near side) ' -

100 7 . #® MC {measured from far side) . Wlth Muze
Yo e wm . e s | F€QUIrement:

1-¢ ~10*

14



Current Background estimate

Process

Expected event yield

Mitigation startegy

Cosmic rays

0.209 £+ 0.022 + 0.055

Cosmic veto, PID

Decay In orbit 0.144 £ 0.028 = 0.11 Momentum
resolution

Antiprotons 0.040 £ 0.001 £ 0.020 | Absorbers

Rad. Pion captures | 0.021 £ 0.001 £ 0.002

Muon decay IN ﬂlght < 0.003 De|ayed Ana|ysis
Window

Pion decay In flight

Beam electrons

0.001 + < 0.001
(2.1 +1.0) - 10*

Rad. Muon captures

0.000" 7 o

Kinematic end point

TOTAL

0.41 £ 0.13(stat+syst)

15




Current sensitivity estimate

1
0.9
0.8
0.7
0.6

Mu2e simulation
3.6 x 102 POT

1

Tt T
1
- :
I.I
. rl
1 L
. IJ
rI
. 1l
]J
= I.I
1

0.5
0.4

0.3

Events per 0.05 MeV /c

0.2

0.1

m Conversion K, = 2 X 10~16
-+ Total background (stat-+syst)
m DIO background

Other backgrounds

O I
102 103

104 105

Track momentum, MeV/c

Discovery reach (50):

Exclusion power (90% C.L.):

R, =2-10%

R, =810

106



MuZ2e status: detector hall

-y i
11111

17



Mu2e will make

a muon for every
grain of sand

on Earth’s beaches




MuZ2e status: beam line

M4 beamline completed up to
the diagnostic absorber

First 8 GeV proton beam
expected for April 2020

Final focus installation is Iin
progress

Diagnostic absorber wall

Final focus: large quadrupoles

19



MuZ2e status: transport solenoid

All colls
wound at AGS
(Genova, Italy)

T5U: .
Estimated completion: " 15

TS Coils at ASG - — =

-

— = -

T50:

mOdUIeS Iy 4 Bt]nﬁtempletinn:

K- et 4 _’_ delivered to | /[
. 2

L

Under test %>
at Fermilab NS
Test Facility '

L1 o
L T T
s

Fermilab Test Facility | 20



MuZ2e status: production/detector solenoid

In production at General
Atomics (Tupelo, US)

First DS module completed!
(244 turns 1 layer)

PS cryostat DS cryostat 21



Mu2e status: tracker

All straws produced

15 pre-production panels built
using final procedure

1 panel/day production starting

L] -y r
: U o
# | — L
E e
b T
. i E7
A
[
L
¥
i

Panel assembly at
U. of Minnesota

Panel vacuum test at Fermilab



Mu2e status: calorimeter

All SIPM delivered, QA test completed
1134/1450 crystals delivered and tested
Radiation hard electronics tested, starting production

Csl crystals FEE ?f’i‘[ ds + S'P“:' arrays

- ""::”f”= R T T T L A e B

Voltage control and Digitizer board

‘.h ‘_.—""'7. {
Disk mechanical mockup

23



Mu2e status: cosmic ray veto

o

CRV counter

12292736 di-counters produced

5 pilot production modules
completed and tested

4 layer module at U. of Virginia

24



Mu2e schedule

PS Falffication and QA

1
: ]
Fs Installation !

Fabricate and QA TS Modules, Assemble TS

J T3 Installation

]
| : |
alricatron a . I i
DS LrFalIatmn
I I I
1
1
1

i
Solenoid Connections, .—
Checkout and Cu:rmmissiu:ﬂlﬂing

| Accelerator and Bz amline Construction

| Tracker Construction and Installation
. . .

| Calorimeter Construction and Installation
I T

i |

Cosmic Ray Veto Construction
. i I
1
TODAD :
T T I
i i

Cosmic Ray 5*,'5t&|‘.:'|_5-:-[ : *{‘PP"-'
1 1
1 1
| Proposed Tier 1 Milestone for * i
t ! ! ! ! ! - ! ! ! Lsccelerator and Detector ' ! !
‘ ‘completion
FYT7 FY1e FY1o Fr20

a1e Aled v-10)

1
10maonths of float
i

Satisfied

* Begin commissioning beam line: mid 2021
* Begin commissioning detector: early 2022

* First data taking: early-mid 2023

* Anticipate 4-5 years of run time for full data set (including

calibration, ...)

IS A -1



Conclusion

* CLFV sensitivity In the muon sector Is expected to be improved Iin the
very next future by the experiments looking for u— ey, u— eee or
uN — eN

* If a violation will be observed in one of these processes, it will be very
Important to have the complementary information from the other two to
Investigate the origin of the violation

* Mu2e will improve by 4 order of magnitudes the current world
sensitivity on muon conversion to electron

* Prototypes test and simulation are confirming the design detector
performances

* Construction of the beam line, solenoids and detectors is under way

* EXxpect to start physics data taking in 2023.

26
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The Mu2e Experiment at Fermilab: the beam line

Production Solenoid: p on tungsten, graded field sweeps low momentum particles downstream
Transport Solenoid: transmit negative particles with the right momentum, antiproton absorber
Detector Solenoid: Al stopping target, proton absorber, graded field to direct to detectors




Extinction monitor

Magnet reom Spectrometer
\ — mapgnet

Detector
FOOTY

N S
B upstream
B collimator |
|!

Downstream
Filter collimator
magnet

Muon ID

Triggers and
pixel planes

Proton Beam
Dump

Validates the assumption of an extinction factor <101°

29



Stopping target monitor

Ge and LaBr detectors to detect
the monochromatic X and y rays
produced by muon captures in Al
with a statistical error <10%

Stopping
Target MBS IFB

Sweeper
Magnet

ECS

Field-of-view
Collimator

Spot-size
Collimator

HPGe
Detector(s)

30



Calorimeter calibration
“ =

“% 6 MeV liquid source
1 in front of crystals

(energy calibration) "'""'""|

Laser pulses r——
(energy and time
Calibration)
FEE pulses

Source calibration
tubes

Cosmic muons . . 7~
(energy and time ’ .
calibration)

0.030F

- o™ S o
g 0.020} :.' . Spectrum

= |2 oo1sf
y i

E/p and At from
muon decays in orbit : s
(DIO) and > ev S

decays at reduced B " Vs

H . 5 | \ , .m‘
field (e ne rgy and 0000 0 20 30 60 80 100
E, MeV)

Tracker-ecal time) 31
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MuZ2e track reconstruction

Stopping Target Straw Tracker Crystal Calorimeter

A typical Mu2e tracker event
integrated over the 500-1695 ns daqg window

Hits filtered according to their time, energy and position
Low momentum electrons hits rejected by dedicated algorithm
Candidate tracks searched by grouping hits in 50 ns time windows

32



COMET Phase |

COMET Prase-| hﬂtﬁ;‘;ﬁ{aﬁk -l

e _D-H‘ﬂt'lﬂ}" measure the muon hqeam oy

WItl" prntnt‘jﬁaﬁ of | PI‘IEI'SE' ” d&tectc:r

L v-ary useful to guide phase ||
1

See M&nabu Mﬂrﬂtsu Er poster
|

Search for F. e Eunverﬁlnu Wlth x,

Ejllﬂd_t_{l:iha:' detector (CyDet] WLth X
of L g s |,

magnitude improve mant}.

— e — = —
— — e,
i = — - —
- g R ==}
= ?':;:-""--_ =
e e
-‘,'x

— — o — o E e

Searches farﬂnrgud—antan Flawar Vielation in Expariments using Irtense Muaon Beams

COMET Phase-|

1"

{1x107% e

1
WSy Pursue options for a follow-up expedment
(A2l 14" o smaler

Data Tahing )
- (Approved Experimernts) - Proposed Future Bunning

From Wu Chen’s
presentation at
CLFV2019
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COMET Phase i

e (e et From Wu Chen'’s

F._e CDH\IFEEW ES

presentation at
CLFV2019

Searches for Charged-Lepton Flavar Vielation in Experiments using Irtense Muaon Beams

M e-1l writh PIP-1I1

e
{1x107%

WSy Pursue options for a follow-up expedment
(42010 | 1™ e smaler -

Data Tahing )
- (Approved Expariments) - Proposed Future Running
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