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Charge Lepton Flavour Violation

CLFV strongly suppressed in Standard Model: BR <10-° = its observation indicates
New Physics

CLFV@MuZ2e: coherent neutrinoless conversion of a muon to an electron in the field of

a nucleus = discovery sensitivity on many NP models [ .. < aie discovery up to 10k Tev
Goal: 104 improvement w.r.t. previous conversion A RO X o Al 6 10
experiment (SINDRUM II) e
10000 - el
I~ +N(A,Z) »e +N(A,Z so00 |
R#e — (ﬂ + ( ) )) + ( ) ) S 6 x 10—17 (@QO%CL) 000
I'(u=+ N(A,Z) = all muon capture)
,a,-i?n A%’
Experimental technique: s ot S ool
Lifetime = 864ns ~.NPclear Recoil
MEG N SINDRUM-II
X Beam of low momentum muons \ 0 bR e \_ CR(uN €M) o Au
) E. = m,,rj - (B.rh).)IS — Erecoil < 4.9 % 10-13 \ < 7% 10-13
X Muons stopped in Al target — 10LI0Ae o \
X Muons trapped in orbit around the nucleus o . —
X

Loop Ze Contact
Look for u”N(A,Z) = ¢"N(A,Z) events: mono-energetic dominated Idominated
e~ with E ~ Mu, produced with rMA' = 864 ns A

A 2?
S.Giovannella — The Mu2e Tracker and Calorimeter Systems — 8 July 2017 2 ] e




The Mu2e Experiment

SES @ 2.4x10' requires demanding detector technologies: -10%° p on target in 3 years
= Npeyg< 0.5 running

@ 8 GeV @
- Protons @ e
_— 27 I :”

- vriale
— LR P

,,,,,,,,

Detector Solenoid
= Muon capture on Al target
= Tracker, EM Calorimeter

» Qutside: Cosmic Ray Veto

Production and Transport

Solenoids

Production, selection and transport
of low momentum muon beam

v

1695 ns peak-to-peak

A

Bunch structure: 0.08E- 3x107p
« Pulsed proton beam 0.07E- [ POTpulse
and a delayed live gate oo x arrival/decay time (x 1M)
= Prompt bckg ——— w arrival time ( x 400 )
to suppress prompt 00sE _ .
P E u decay/capture time ( x 400 )
backgrounds 0.04E
* Narrow proton pulses 0.03
* Out-of-time protons 0.02

suppressed by O(10%%) ..

Signal window

1 1 1 1 'l 1 A | 1 el 1 1 1 1 | 1 1 " 1 | 1 i1 1 1 1 1
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The Tracker

One of two Decay in it Spectum for ™A x Nuclear modifications push
main bckg: T oo CLFV signal DIO spectrum near

Decay In Orbit | =% :
y \ conversion electron

LU— e Vﬂ v, “|= o0.025 101
~200
(~39% on Al) “’" X DIO and CLFV signal,
00 a9 8 Conversion Electron (CE),

L overlap after energy loss

0.015

T T I T T T T

Michel Peak
0.005

oo e e and detector resolution
Detector requirements: Low mass straw drift tubes design:
1. Small amount of X, - = 5 mm diameter, 33 — 117 cm length
2. 0,<180 keV @ 105 MeV = 15 um Mylar wall, 25 um Au-plated W wire

= 80:20 Ar:CO, @ 1 atm

3. Good rate capability: = Dual-ended readout

= 20 kHz/cmZ? in live window

= Beam flash of 3 MHz/cm?
4. dE/dx capability to distinguish e /p
5. OperateinB =1T, 10~ Torr vacuum
6. Maximize/minimize acceptance for CE/DIO

l"l‘ M
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Tracker Design

> 20,000 tubes arranged in planes on stations

Self-supporting panel consists of 2x48 straws, two staggered layers

6 panels assembled into a plane, 2 planes assembled into a station, 18 stations
Rotation of panels and planes for stereo reconstruction

*xX X X X

Tracker Station: Tracker:18 stations

Tracker Plane 2 rotated planes

3.2 meters

X Inner 38 cm is purposely un-instrumented
» Blind to beam flash (low momentum particles)
» Blind to >99% of DIO spectrum

l"l M
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Tracker Performances

Expected tracker performances from full simulation
After track selection

©
@

T

©
>

<
o~
N
8 =
momentum resolution at start of iasker 0.1017 c s { 92%
0" RMS 0.3394 © ., + ) .£70
: P e S L
Core width = 115 keV/c Underflow 4 Q Ug '+ +
High tail slope = 179 keV/c Overflow 0 Q o= X + +
High tail fraction = 2.9% x" / nat 117.1/103 O ss—
pfob 01626 (U : —————————— -+- ——————————————————————
10° Norm 5419+ 11.3 f s +
x0 -0.04433 + 0.00306 i
sigma 0.1147 + 0.0027 © 8'2: ! 1 1 1 L L 1
a 3.615 4 0.332 "6 Nominal ~Degraded Flashx2 Protonsx2 Neutronsx2 Photonsx1.5 OOT p 2
10 b— alpha 0.9598 + 0.0463 =
: tailfrac 0.02894 + 0.00273 Reco Momentum Resolution vs Effect
- 4 ~~~ 300_
- taillambda 0.1786 + 0.0091 2 E -m— Core 6
- > s = Tail A
1 ! g -
J]J 7 JI T w0 — . ] m | | & L ||
1 1 oA e d a -
VT © b 115 keV/
- ev/c
Prec - I:)tru (MeV/C) wb ™ - = u = = n
505—
X Well within physics requirements oE . : . . l 1
Nominal Dearaded Flashx2 Protonsx2 Neutronsx2 Photonsx1.5 OOT u x2

X Robust against increases in rate Variations in accidental hit rate
X Inefficiency dominated by geometric acceptance
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S.Giovannella — The Mu2e Tracker and Calorimeter Systems — 8 July 2017 6 ( UE.B



MuZ2e Tracker: 8 channel prototype

Test with cosmics to measure gain, resolution...

ity -

———

Pixels

-‘é E 120—
2 o + 8-Straw Prototype 2 |+ eSvawProype Parameter Value Reference
s ¢ mean = 0.004 = 0. — 8-Straw Prototype Fit g 100 m — 8-Straw Prototype Fit
g 25— :;:‘,}.‘E:f:‘zé"lg::; #l — G4+ Straw Simulation g F 1l fG4+StrawS?muIation ' N glec.tror)s < N >=2 | NIMA 301, 202(1991)
o z‘:‘;;;’fi%;"m‘ \ \| — G4 + Straw Simulation Fit 80— — G4 + Straw Simulation Fit per ionization
b senmmmn s smeec | o s Energy per 39 eV NIST (27-100 eV)
Jé e ionization electron and G4
40—
g g ) Prototype
osf af Avg. Straw Gain 70k (PAM tgg?:e)
off P N N EA AN R ARV B _wm./xus_' A 1 P
A4 08 -0 2 ; } ; X X & g E roto e
T oe e e 0 Dri?tzRadoiuAs Rggiduz-‘;la[mm]1 ° o 10l;_ongitudoinal Pos;t‘:)on Resolzg?ion [mrr?]o Threshold Value 12 mV (DVM tglspFe)
Transverse Resolution Longitudinal Resolution Spice Sim
(Data vs MC) (Data vs MC) Threshold Noise 3 mV (V. Rusu)
Odata = 0.113 £ 0.002 mm Odata = 42 £ 1 mm Shapi . 55
aping Time 22 ns Prototype (*°Fe
ome = 0.102 + 0.001 mm ome =43+ 1 mm Ping type (“Fe)
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Panel Prototype

X First pre-production prototype, with final
design, recently built and being tested

X Orders placed for final production
X FEE prototypes tested successfully

X Vertical slice test to be performed on fully
instrumented panels with entire FEE chain
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The Electromagnetic Calorimeter

Calorimeter provides confirmation for CE and other crucial functions:

X PID: e/u separation Requirements: . Fast (1<40 ns)

X EMC seeded track finder |* oe/E=0(5%) forCE Operate in 1T and 10 Torr
_ * o7 <500 ps for CE Redundancy in readout
X Standalone trigger * oxysS1cm « Radiation hard: 90 krad

= High acceptance for CE photons and 3x10'2 n/cm?2

EMC Design:

X Two disks, R,=374 mm, R, =660 mm,
10X, length, ~ 75 cm separation

X 674+674 square x-sec pure Csl crystals,
(34x34%x200) mm3

X For each crystal, two custom array (2x3 of
6x6 mm?2) large area UV-extended SiPMs

X Analog FEE directly mounted on SiPM

X Calibration/Monitoring with 6 MeV
radioactive source and a laser system

Disks spaced by 2 A of the helix (min-max distance from axis) for CE tracks u
Mu
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Calorimeter Performances

JINST 12 (2017) P05007

S300C T T T T T T
X Small prototype tested @ BTF (Frascati) 2 [0 Good Data-MC

== Monte Carlo

) : 2550l .
in April 2015, 80-120 MeV e~ 52505 eindt 1016766 comparison
g200;— n 0.3457 = 0.0204 _;
X 3x3 array of (30x30%x200) mm? undoped 2 o o 6106 + 0.002 E
Csl crystals coupled to Hamamatsu E B 85472017 g
M PPC 1005_ N 3999 + 66.7 _E
501 =
X DAQ readout: 250 Msps CAEN V1720 - AR
Wave Form Digitizer VTR e a0 100 erea Mev]
& 9T T T T T T T T T T T T T T 7 03gT 1 — T 7]
é' o Y dat R = = [ J Single crystal @ 0 deg =
qu 855_ Sma” matrIX, Slgnlflcant ata —E O...O 25:_ O All crystals above 10 MeV @ 0 deg _:
o 8F leakage contribution o MomeCare 15 r -l Cosmics .
= - - [ J Neighboring crystals @ 50 deg -
7.5 _; 02_— A Single crystal @ 50 deg ]
75 = - B Most energetic crystal @ 50 deg N
- = B A All crystals above 10 MeV @ 50 deg ]
6.5;— g 0.15:— ia —:
6 — 1: ® i
5.5F *2 / ndf 2.866/3 3 0.1 E
- J%E__a gy E - lo.=a/E ®b X2/ ndf 38.14/17
5 E VE [GeV] a 1.38 = 0.3253 1 0.05- | ! a 0.004904 = 0.0001544 -
4.5 b 4911 1.092 1 i b 0.08667 +0.003319 ]
4307 0075 008 0085 0.09 0095 01 0105 O002" 008 004 005 006 007 008
Total energy [GeV] Energy [GeV]
o ~ 6.5% at 100 MeV or~ 110 ps at 100 MeV
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Test of pre-production crystals

X 3x24 pre-production crystals from three different vendors

X Optical properties tested with 511 keV y’s along the crystal axis
X Crystals are wrapped with 150 um of Tyvek and coupled to an UV-extended PMT

Light Output Longitudinal Resp. Uniformity

10| 2 RMS/MEAN of
i wkE Light Output
b - values along axis
6 F 8
- 6
F :
2F 2
%00 110 120 130 140 150 160 170 180190200 "0 1 2 3 4 5 6 7 § 9 10
N,/MeV LRU (%)
Energy resolution Q(200ns)/Q(3ps)
14 F
F Fast/Total
12F
10 —
8 F
F
4F
2F

=

10 11 12 13 14 15 16 17 18 19 20 60 65 70 75 80 85 90 95 100 105
o/u (%) F/T (%)

Irrad

1.05

1

Normalized LO of 200 ns Gate

0.65

0.6 =

iation test up to 100 krad

2 3 4 5 6
10 10 10 10 10 10

Integrated Dose (rad)

All satisfy Mu2e
100 krad requirement
(40% max. loss)
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Test of pre-production SiPMs

X 3x50 MuZ2e pre-production SiPMs from three different vendors
3x35 were characterized, all six cells in the array

X

Entries
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0; | I I | :
2500

1 1 I 1 1
2000
Elapsed Time [h]

1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
0 500 1000 1500
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Module 0

Large EMC prototype: 51 crystals, 102 SiPMs, 102 FEE boards
Mechanics and cooling system similar to the final ones

Goals:

X Integration and assembly procedures

X Work under vacuum, low temperature, irradiation env.

X Test beam with 60-120 MeV e~ done, analysis in progress
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Conclusions

X The Mu2e experiment will exploit the world’s highest intensity muon
beams of the Fermilab Muon Campus to search for CLFV, improving
current sensitivity by a factor 104

X A low mass straw tube tracker and a pure Csl crystal calorimeter with
SiPM readout have been selected to satisfy the demanding requirements

X Both systems are concluding the prototyping phase

X Production phase is starting, moving to full regime for end 2017

X Detector installation in 2020, followed by Mu2e commissioning and data

B Mu2
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Beam for Muon Campus

Recycler: fixed 8 GeV proton ring

Beams both to Muon Campus and
neutrino experiments

Separate runs for g-2 and MuZ2e

g-2: target before the delivery
ring, 3.1 GeV n* selected,
clean, polarized u* beam

MuZ2e: 8 GeV protons to MuZ2e hall

Accelerator Readiness Review
took place in March 2017

3@ Dellvery
i< Rlng

Beam commissioning for g-2
started beginning of April

First p/m/u beam in the ring in
June (no target and del. ring)

H M
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CLFV

Standard Model
LL>-e conversion

W. Altmannshofer, ef al, arxiv:0909.1333 [hep-ph]

AC | RVV2 | AKM | 6LL |FBMSSM | LHT | RS Supersymmetry Compositeness Leptoquark

2oy Taeal x [« [ o [« [axa] - rate- 10 o

A, ~ 3000 TeV 3000 (A, A\.,)"2 TeV/c?
x * [ dokx [xak| x| x| kk [Hokx 2o ° Bted
Se kK | Kk [ kkk | * * | hkk | kK l 'T . w e W——¢—d
Sexcs *hkk | kk | Kk | kkk| kkk | * ? W g e >‘< La
Ace (B = X.7) * * * | kkk| Akk | * ? q q q q d —‘—e'
Ars(B— K*utp) | % * * | khkk| kkk | kk | ? ,
ABoKuwu) | * | * | % | % * *x | 7 Heavy Neutrinos Second Higgs Doublet Anom:IeaZV)(/.‘,iupling

*),,5 .
B — K®Wup * * * * * * * IUpNUeN|2 ~ 8x10-13 g(Hpe) - 10-49(pr) )
B, - pty- Tk | ko | khk | kkk | *Ax | * * . 2 = 3000 TeV/c
K* —» ntvp * * * * * *kk | kkk 9
Kz — m%0 * | * | x | * * | Kk | kK u‘*"—w EL "{ZZ[
15— e ko | kkok | dokk | kkk | dkk | kkk | kkk Q—L -
T — pry *hk | khkk | Kk | hkk| dkk | kkk | hkk
u+N e+ N e e dib e dR s e dB s e dlR ¢ o dlE ¢ ¢ B 8.6, If SUSY seen at LHC N rate ~10-15
dn *hk | kkk | kkk | kk | kkk | K | Kkk
d *hk | khkk| kk | k | dkk | K | kkk
— ? ; i

(9= 2, Khk | Kkk | hk |hkk| Kk | k| Implies O(40) reconstructed signal events

Table 8: “DNA” of flavour physics effacts for the most interesting ohservables in a selection of SUSY

a::d qon-SUS}ln:iode]s **‘::;?ignz.ﬂs:lug;eﬁect's,:*v}i)sS:‘)lel’}:tlxtsma]leﬁ'ectsand*impliesthat With negligible baCkground in Muze for
many SUSY models.

MuZ2e keeps discovery sensitivity for all SUSY benchmark point for LHC Phase2

l"l‘ M
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Model independent Lagrangian

e 7000 ——r—r—rrrrr——t—r—rrrre——r—r—rrrrr
| - 6000+
A | sooo|
2 N = eN) in 27Al < 10718 o vananl T
e | BN = eN)in AL 0] vt aoon} I S
3000+ Rt T ottt
alcaeae” i I " B(u—ey)=10" |
10°F : 2000 ., o

Blu — ey)=10™

U —;'gee)=10"‘
1000 -
800+

80O+
700+
' v 600}
Bip— ey) <10 co0
! 400F . ’_
10°} g d 300+ DS o)
EXCt.UDED(Qo% cL) . “ J
10-2- 10, : " ’{ Ioz 10,2 10_1 ) ” ,{I 102
m K
Leppv = RO e F1 + pryuer (ey'e
(k4 1)A2 a (k + 1)A27ETH ( )

“dipole term” “contact term”
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CLFV along the years

1
L_l) 10" 2 % * Hinks and Pontecorvo
3l ) v u—ey
R 10°F = Lagarrigue and Peyrou H ’)
o - v o 1 — 3e
A
®
= 107 - !.,
E F .
1 10° = "' .
o L
107 = TRIUMF j = = Y
ol ¢ - = ¥ MEG Upgrade
107 SINDRUMII V¥
107 = @ PSI, MUSIC
— ] Mu2e, COMET m
1077 = arXiv:1307:35787
— Mu2e Il ®
10-191111]111111111'111111111'1111111111111111111111
1940 1950 1960 1970 1980 1990 2000 2010 2020 2030
Year

e Mu2e will improve by a factor 10* the present best limit!
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DIO background

No hits Reconstructable tracks

= 0.04r
T B I >
-
50.03 -
§ !
£ 0.02 M
55
)
e 0.01

00— 50 100

Electron Energy (MeV)

The tracker is blind to most of the DIO background
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Track reconstruction and selection

0.8

0.6
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cumulative acceptance
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c n oy,
CE iency

[ 1.0000 0.981 0.9771 0.9974
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PID and
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Total = 8.5%
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Straw leak test

Two methods:
« CO, permeation

 Vacuum

>100 straw/day: do every straw
Needs cross calibration

Absolute measurement
~ 1 per day (sample of straws)

751/7

leak rate comparison | ¥ / ndf

g 10F PO 1.312 £ 0.07174

C -

S d

E T ?

t e

(7]

(] -

g L

§ ——

T °f

T F

8 L

mb 4—

e I

dé -

% 2

§ [

-
0 71 1 L 1 l il 1 1 1 | Il 1 L 1 l 1 Lol 1 l L Ll L l 1 1 L 1 I 1 1 L 1
(] 1 2 3 4 5 6 7

Leak rate (10° ccm), York measurements

Agrees within uncertainty
in correcting for difference
in diffusion of Argon vs CO,
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Straw leak test

e The full tracker leak rate

N T . Straw Leak Rates
limit is 6 cm3/min . § S ok o
< 18F J Mean 5217
: T F AMS 1639
* many possible sources 7}
g 14l
e individual straw leak B"?
limit is 9.6 x 105 cm?/ E
min i3 Limit
o
* 124 straws tested at 2
FNAL last summer;121 AU N f.llwul‘lgl.glw.‘;[.l‘;mm
passed Leak Rate (10* com, adjusted to ArCOZ 80:20)
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Panel leak test

e |arge vacuum vessel to test 6 panels per day
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Calorimeter: e/p separation

With a CRYV inefficiency of 10-4 an additional rejection factor of ~ 200 is
needed to have < 0.1 fake events from cosmics in the signal window

® |05 MeV/c e are ultra-relativistic, while

105 MeV/c u have B~ 0.7 and a kinetic
energy of ~ 40 MeV

LI S B S S B S e B LA B
- |—CE -

F [— & @ 105 Mev/c

Entries/ 0.01

® Likelihood rejection combines
At = terack - teluster and E/P

InL., =P, ,(At)+InP. ,(E/p)

g mimicking the CE 2 v2000” =
~ e e 'z‘[n:mf §1000OE—

"g 8000— —

Al target 50005 E
T :
S - 4000—

20005— —

tracker calorimeter 920 sl R ol 5

Atlnsl

A rejection factor of 200 can be achieved with ~ 95% efficiency for CE "
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Calorimeter seeded track finder

e Cluster time and position are used for filtering the straw hits:
v time window of ~ 80 ns

v spatial correlation
no selection calorimeter selection

y [mm]
8 8 8 8

X [mm]
® black crosses = straw hits, red circle = calorimeter cluster,
green line = CE track
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Calorimeter radiation damage

Front disk: Dose / year [kRad]

Calorimeter radiation dose driven by beam flash
(interaction of proton beam on target)

Dose from muon capture is x10 smaller

Dose is mainly in the inner radius

» Highest dose ~10 krad/year

« Highest n flux on crystals ~ 2x10" n/cm?/year

» Highest n flux on SiPM ~ 10" n,y,qe/cm?/year Tt e e
= 10°g A I 10" AL R e L
g F i ! B e 5 ' S‘Pr'v1 ' .
.md A DEUTERON £ | A DeuTEROM
2 102; crystal dose Tom '§10’2 ........ _ s RN
= F oo S neutron-damage —
§ 10?'-0—-.-4__._ 5.;‘,‘“ l = 2'1011 _ .. °::m
8 1: 8890000006000 000000 E E '00.o.oo!ooo.oo..$...._
: - 2 o Bt
10-1 E’——-O:J— S By N T B e N IL o By I, .: o By = ‘-l:
33-0-45'—-0»0-0—0-0—0—0—0—<>—o—o—o—oi-o—o—o—o—d—o—o—o—oi u e
St RGeS E RULIE 2 S50 I T IR NI I
o e e SO
10—31"’"—_‘-1‘—1111111 [ | TN SN TR TR N TR SN N 103.. L IR TN TR T T TR TR TN T NN TN T S 1 PR T 1
400 450 500 550 600 650 400 450 500 550 600 650
R [Imml R Imml]
Qualify crystals up to ~ 100 krad, 10" n/em? Thjs includes a safety factor
Qualify SiPM up to ~ 102 ny.ye,/cm? of 3 for a 3 year run
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Calorimeter calibration

® Liquid source FC 770 + DT generator: 6 MeV + 2 escape peaks
® Laser system to monitor SiPM performance

)

M

10K entries/crystal/min

8

EVG@ I 0.0QZS MeV )

:

10000

%5 3 3.5 rE—y 5 5.5

Liquid source prototype

6 6.

5
(MeV)

YFtn— N +a
By = 10"+ 8 t1,=Ts
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Calorimeter simulation

e Offline simulation including background hits
® Experimental effects included: longitudinal response uniformity (LRU),
electronic noise, digitization, etc

® Waveform-based analysis to improve pileup separation
pile-up separation
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Nbkg (cosmics): 0.05 (3 years run)

Cosmic Ray Veto

Cosmic ray muons will produce one fake signal event
per day without a CRV. The muon itself can fake a
105 MeV e~ or it can knock out an e~ from material

in the detector (delta ray), which can fake the signal %

—> Passive shielding + PID trk/EMC + CRV

Qutsige ( Front

» Four layers of extruded plastic scintillator,
(5%2) cm?
+  WLS fiber + SiPM readout

s ‘-“P-L— _.l L_ Fewmal Gan

CR veto inefficiency = 104

€y = 99.99%

Ecrvplane = 99.6% (14 pe/MeV for
longest module)

Thr @ 0.5-1 MeV to reduce n/y, An experimenter

avoiding dead time (m.i.p. 2 MeV/cm) W
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The COMET Experiment
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Prctons Protons Pion Capture Section
\\\ \ A section to capture pions with a large
\\ solid angle under a high solenoidal

magnetic field by superconducting
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A detector to search for
mucn-to-electron conver-

| Muons Slon processes.

Stopring

Targst \é/

- @\////Mﬂuumuuuununmnnnunnuunnunuluuuuu
Pion-Decay and
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A szction 10 collect muons from
decay of pions under a solenoi-
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