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What is This Talk About?

x Muon-to-Electron Conversion
x \\Vhat’s That?
®= 3 muon changing into an electron

x \Who Cares?

» [t happens all the time in normal muon decay...

B —e Vel

= Butthisis different: W N — e N
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Why is this important?

= Because there are no neutrinosin = N — e~ N

= Muons interact by gravity, E&M, and the weak force

muon decay In the muon-to-electron
\Weak Interaction Conversion
Yy 33
12 2358
Mo U
W- New Physics

33 BRRR N n
U —e Ul pu N —e N
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MuZ2e Look For New
PhysiIcsS:

» Unlike Standard Model muon decay, no one has ever

Seern. 28
H B
New Physics
N N

= \\Ne propose to set a limit at ~10-17 and can make a
discovery at a few 10-16
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Why is this important?

= \\Ne think we
have a gooad
understanding

o ELEMENTARY
PARTICLES

constituents of

matter = Neutrinos

mix(neutrino

x modulo partiC|e OSCIIIa’EIOﬂS)

physics
arrogance given
that this is 5% of
the Universe

Force Carriers
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Why is this important?

x \\e think we x Quarks
have a good change type,
understandin IX (Vi
oo '8 EIEMENTARY | OfMmixiva
PARTICLES the W)
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Why is this important?

x Ve think we

x Quarks
have a gooq change type,
uncesiendd | ELEMENTARY | Ofmix(via
. PARTICLES e
constituents of
matter v | = Neutrinos
21 mix(neutrino
< |  oscillations)
U
Y1 = And neutrinos
* E change into
their charged
partners
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What's Wrong With this Picture?

ELEMENTARY
PARTICLES

Force Carriers
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What's Wrong With this Picture?

ELEMENTARY
PARTICLES

x \What’s "

going on g

with =

charged 2 | gq))

leptons? [ medzzlof L R

red O

Ll
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What's Wrong With this Picture?

ELEMENTARY
PARTICLES

= \\Vhat's o

. V
SRl ‘=] = Theydon't

with © B

charged :J)

leptons? =

o

LL.

T VIII

Three G
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What's Wrong With this
Picture?

ELEMENTARY
PARTICLES

Force Carriers
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What's Wrong With this
Picture?

ELEMENTARY
PARTICLES

= Why are there
three
generations?

Force Carriers
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Sound Bite Format:

Isidor |. Rabi L~ ¥ Follow

The muon: who ordered that !?

4 Reply

L3 Retweet * Favorite **® More

= \\Vhy are there three generations (flavors)?

= \\Ne can't come up with a sensible theory that doesn’t mix
charged leptons, aka charged lepton flavor violation (CLFV)

» [f It doesn’t exist, we need to know; and If it does,
why is it so small?
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Neutral and charged lepton
flavor violation

After the u was discovered, it was logical to think the
w IS just an excited electron:

x expect BR(u—ey) = 104

x Unless another v, In Intermediate Vector Boson
Loop, cancels (Feinberg, 1958)
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Neutral and charged lepton
flavor violation

After the u was discovered, it was logical to think the
w IS just an excited electron:

x expect BR(u—ey) = 104

x Unless anothe

Unless we are willing to give up the 2-component
neutrino theory, we know that y ~e+v+v.
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History of 4 — ey, ulN — eN, and u — 3e

10"
w

10713 V MEG Upgrade

10_15 O PSI, MUSIC
Mu2e, COMET

10"
Mu2e Upgrades

-19 lllllllllllllIlllllllllllllllllllIllllllllllll
101940 1950 1960 1970 1980 1990 2000 2010 2020 2030

Year

RHB and P.S. Cooper, Phys Rept C (1307.5787)
R.Bernstein /Fermilab




What is e Conversion?

muon converts to electron in the field of a nucleus

x Standard Model (neutrino oscillations)
Background of 1054

x Charged Lepton Flavor Violation (CLFV)

» Related Processes: i ort — ey, u or T — 3,
K; — ue, and more

R.Bernstein /Fermilab Mu2e

11




What is e Conversion?

muon converts to electron in the field of a nucleus

x Standard Model (neutrino oscillations)
Background of 1054

x Charged Lepton Flavor Violation (CLFV)

» Related Processes: i ort — ey, u or T — 3,
K; — ue, and more

R.Bernstein /Fermilab Mu2e

11




Experimental Signal

x A Single Monoenergetic
Electron

x . ~ muon mass of 105
MeV/c2

® clectron energy
depends on Z

= Nucleus coherently recolls
off outgoing electron, no
breakup

R.Bernstein /Fermilab MuZ2e
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| FV, SUSY and the L HC

Access SUSY
rate ~ 10-15 through loops.:

signal of lerascale
at LHC implies
~40 event signal /
<0.5 bkg In this
experiment
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Neutrino Oscillations and
Muon-Electron Conversion

= V'S have mass! individual lepton humbers are not conserved

x [herefore Lepton Flavor Violation occurs in Charged Leptons
as well

R.Bernstein /Fermilab Mu2e
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Sources of Muon-to-Electron Conversion

Supersymmetry Compositeness Leptoquark
Mg =
rate ~ 10-1° A, ~ 3000 TeV 3000 (A, d)\Le )12 TeV/c?

b 2 d
e
i

Heavy Z
Anomal. Z Coupling

M,. = 3000 TeV/c?

Heavy Neutrinos Second Higgs Doublet

U nUenl® ~ 8x10°% g(H,) ~ 10%g(H,)

also see Flavour physics of leptons and dipole moments, arXiv:0801.1826 ;
Marciano, Mori, and Roney, Ann. Rev. Nucl. Sci. 58, doi:10.1146/annurev.nucl.58.110707.171126 ;
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‘Model-Independent” Form

v K _ _ =
Ra,uueLFu + 1+ /{)AQ ML”V,UJEBL(UL’Y,LLUL + dL’Y/JJdL)

“Contact Terms”

€

I M_
“mass scale A

K
< > K =00
N N N
Supersymmetry and Heavy New Particles at High Mass Scale
Neutrinos (leptoquarks, heavy Z,...)
Contributes to u—ey Does not produce u—ey

MEG at PSI, world’s best CLFV experiment.
Quantitative Comparison?
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ue Conversion and u—ey

1) Mass Reach to
~104 TeV

2) roughly equal to
MEG upgrade in
loop-dominatea
physics

3) Mu2e is a
discovery

experiment:
~ 10-16

R.Bernstein /Fermilab

after Andre deGouvea

B(uN-eN on Al)>6x10"17

all 90% CL

014

~_ Blu—ey)>6x1

B(u—ey)>6x10713 X
Excluded (uN—eN on Au)

SINDRUM-II

Excluded (u—ey)

MuZ2e

higher mass scale

17




Overview Of Processes

- stops in thin Al foll |
i . 1= in 1s state

——

the Bohr radius is ~ 20 fm, ‘ Al Nucleus
so the u- sees the nucleus ~4 tm

60% capture
40% decay
muon capture,

muon “falls into”

nucleus: Decay in Orbit:

U +A2)—->v, +(AZ-1)

R.Bernstein /Fermilab Mu2e 18




Measuring 10-16 in Collider
Units

= [he captured muon is in a 1s state and the wave
function overlaps the nucleus (picture ~ to scale)

= \\Ne can turn this into an effective luminosity

= Luminosity = density x velocity Al
m3 Z*a*
[W(O)] x aZ = =~ SR S e Asec T

T

x [imes 1019 muons/sec X 2 usec lifetime

R.Bernstein /Fermilab Mu2e 75



Getting the Luminosity

1 =3/2 —r/
l//(r):—_ﬂao e”’o;
h? h* |
ao co3 2 oe: 2 3
me Zn e Zm o
I 1
Z3m 3a3
a0—3/2 26 i}
T

velocity in a s state?

x 13t Year QM:

Ze:  mv
= s mvr = nh;
r r
or
. V=20
for extra credit: e e
what happens for Z>1377? SRenaky
mZ ot
ly(O)P v=—L
T
R. Bernstein, FNAL Mu2e

20
LSS



Understanding the Normalization

= [he muon gets captured by the nucleus
= and many details cancel in the ratio we measure

® (we actually detect the muon falling into the 1s
state from X-rays, before capture)

= But first the wave functions have to overlap:

x What’s the Bohr radius for a 1s muon in

Aluminum?
2 o (0]
i i 2=0.529A><(’”’/‘e)>< 1 =2X%10" A
Zmuc m, 13
=20 fermi
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How Big Is A Nucleus?

x A few fermi for
the relevant
nuclei

I

Y

= | wish | hadn't
completely
avoided nuclear
physics as an 4 5 6 7
undergrad and radius (m)

grad student ®

http://www.nupecc.org/pans/Data/CHAPT 4.PDF
R. Bernstein, FNAL Mu2e 2
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How Long Does this Take?

x \\Vhat’s the Hamiltonian?

H = H 2t H capture

x 2.2 usec is from the
strength of the weak
interaction and Gr

muon decay

®x (0.804 usec is
measured

= and then the
branching fractions

dre.

R. Bernstein, FNAL Mu2e

AN  dN

S )
l dt muon decay dt capture
so with 7=1/"
| 1 1
202e0a 3
T Tmuon decay Tcapture
1 |
= +
2.2 usec 1.4 usec
or
T = 864 nsec
0.864
=—=0.61
capture 1 . 4
0.864
B, . =—=039
? 232
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What I'm Going to Tell You

= [here are two backgrounds that determine how the
experiment works

= ONne IS Intrinsic, and comes from the same muons we
study In searching for conversion. It determines the

detector design, required resolutions, and how the
spectrometer works.

= the other is beam-related. In order to improve on the

existing limits we need an entirely new way to make a
muon beam.

R.Bernstein /Fermilab Mu2e 3



Decay-In-Orbit:
Not always Background

Michel spectrum is V-A
weak decay for a muon

= Peak and Endpoint of
Michel Spectrum is at

Detector will be
INnsensitive to
electrons at this
energy

= Recall signal at
105 MeV>>52.6 MeV

R.Bernstein /Fermilab Mu2e 5
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Decay-In-Orbit Background

® Same Process as
before

®x [his time, Include
recoll of outgoing . ‘
electron off
nucleus

(exchange of
photon)

R.Bernstein /Fermilab Mu2e =5
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Decay-In-Orbit Background

® Same Process as
before

®x [hisS time, Include
recoll of outgoing
electron off
nucleus
(exchange of

What happens to the
photon) ¢ Michel Spectrum?

R.Bernstein /Fermilab Mu2e =5



Decay-In-Orbit Shape

Czarnecki et al., arXiv:1106.4756v2 [hep-ph] Phys. Rev. D 84, 013006 (2011)

u Decay in Orbit Spectrum Al

mi + mg
~ 52.8 MeV

2my,

_ E)5

( conversion

. .1(;'2. - ll'CI'SI = 11{;‘4.
Ee (I\/IeV
1 1 2 1

80

R.Bernstein /Fermilab




Decay-in-Orbit Shape

Czarnecki et al., arXiv:1106.4756v2 [hep-ph] Phys. Rev. D 84, 013006 (2011)

u Decay in Orbit Spectrum *' Al

(E conversion_ E )5

“l. - ‘1~Cl'3. - ‘1-214‘ -
Ee (MeV)
. . . L E, MV
100 )
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How Do We Suppress DIO?

»x Best possible energy resolution: we do not want DIO
events near the endpoint resolution smeared upwards
and promoted into the signal region, so we are sensitive
to both the “gaussian width” and especially to “high
side talls™

x \\Ne use a solenoidal field and annular detectors

x p=0BR; p for Michel edge at 52.8 MeV is about 1/2
of conversion energy of 105 MeV.

R.Bernstein /Fermilab Mu2e =5




|ﬂ piCtUVeS Looking along detector axis

105 MeV

= [his design gives us a few sighal®

10° muons to reconstruct

instead of ~ 1018 from the
distorted DIO spectrum f | ‘

= Making it possible to have
a small DIO background

x See Pasha’s talk! ? - 92.6'MeV
detectors oackground

R.Bernstein /Fermilab Mu2e e5:




What Is the 2nd Background?

= \\Vhen protons collide with a target, you make a lot of

pions; pions decay INnto muons, and those are the
MUONS We USEe

= But some pions live a long time and make it to our
Aluminum

» they can produce a background through “radiative

pion capture” (RPC) and sometimes the electron is at
the conversion signal energy

7 N - yN*" v > efte

R.Bernstein /Fermilab Mu2e 5




How Do We Suppress RPC?

= \\ith a pulsed beam — this is a key improvement over all
Previous conversion experiments

» recall muon lifetime is 2.1 psec; pion lifetime is 26 nsec

= Pjon backgrounds are suppressed by ~ 101 by waiting

Mu2e simulation, 1.6 x 10° protons / pulse

[}

c
o
-
-~
P4

N
[6))
o
o
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Extinction

= \When you make a proton pulse, sometimes protons get
through outside the pulse

Mu2e simulation, 1.6 x 10" protons / pulse

[::2 proton pulse arrival at the production target

beam flash arrival at the stopping target (x4)
ival at the stopping target (x70,000)

w
o
o
o
—
o

[\
[$)]
o
o

N/10ns

ival at stopping target (x300)
s/captures in the stopping target (x1000)

800 1201

= | ate-arriving proton “restarts the clock”™ and we get a smaller
suppression from the pion lifetime

= Extinction IS suppressing these protons; need
iINn-time/out of time < 10-10
MuZ2e -

R.Bernstein /Fermilab
I
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iINn-time/out of time < 10-10
MuZ2e -
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Prompt Backgrounao
and Choice of Z

Mu2e

ooooooo

Tt OIS N 0 Fre =

tttttt

sessses Conversion
Nucleus Rue(Z) I Rue(Al) Bound Lifetime Eneray
Al(13,27) 1 864 nsec 104.96 MeV
Ti(22,~48) 1.7 328 nsec 104.18 MeV
Au(79,~197) ~0.8-1.5 /2.6 nsec 95.56 MeV
R.Bernstein /Fermilab MuZ2e 33



Cosmic Ray Veto

= At 10-17 there’s a lot of rare backgrounds; here's one
that Is surprising but not too rare

H

|

:\ 105 MiaV slsctron

|

|
| get about
| 1 per day

R.Bernstein /Fermilab Mu2e
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Cosmic Ray Veto

= At 10-17 there’s a lot of rare backgrounds; here’s one
that Is surprising but not too rare

surround detector with 4-layer
scintillator veto;
99.99% efficient

R.Bernstein /-ermilao MuZze 34




MuZ2e Muon Beam:
Three Solenoids and Gradient

~ scale, typical physicist at work

® [arget protons at 8 GeV inside superconducting solenoid

e Capture muons and guide through S-shaped region to Al 2%
y "5..5
stopping target "-‘;t o
. : Muon Momeﬁtu?n
e Gradient fields used to collect and transport muons ~ 50 MeV/e:
muons range out in
Aluminum

R. Bernstein, FNAL Mu2e 3
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x \\Ne have 8 kWatlts in a superconducting magnet

= cnough heat to make superconductor go normal, so
we need complicated cooling and shielding of the
superconductor. This is “state of the art”

x And the protons are pointed away from the detector
to kKeep it from being overwhelmed by debris

R. Bernstein, FNAL Mu2e 35



What Happens Next’?

®x [he muons are in a solenoidal field, B = B, more or less
® N the x-y plane, pr = gBR, so they circle

= But they also have pi along the z-axis, so they

R. Bernstein, FNAL Mu2e S



What’s In the Middle?

= Remember we want a negative muon beam so the
muons will be captured by the atoms and fall into a
1s state

= But the muons at the production target are both
positive and negative

x How Do We Select Negative Muons?

R. Bernstein, FNAL Mu2e 33




Selecting Negative Muons

x &M to the rescue:

= Jackson, 2nd Ed., Sec 12.5: particle drifts m
Nonuniform, Static Magnetic Fields

= Curve of Solenoid gives “centrifugal acceleration”
from an effective electric field

3% R note the sign
i of the field flips with the sign
e R of the charge

R. Bernstein, FNAL Mu2e 35
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So This is What Happens:

: 13 m along the axis, 25 cm across
= Negative muons go one

way, positive muons the
other

x A rotatable collimator

lets us pick one charge \
or the other S
= And the 2nd half of the '
'S’ brings the beam green represents
pback on axis the coils of
superconducting
| cable
R. Bernstein, FNAL MuZ2e 5™



Why Is the electron spiral
bigger?

®x [he muons had momentum 40 MeV/c; the signal
electron has momentum 105 MeV/c

= Now apply p = gBR to get the big spiral

R. Bernstein, FNAL Mu2e 5t




Why Is The Field Graded?

= [f the field were constant, particles could
become “trapped’” and just circle around; this
leads to backgrounds

x The dB/ds <0 (graded) field tends to “push”
particles in the region of lower field, moving

them along.
R. Bernstein, FNAL Mu2e o’



An even better reason...

piece of Aluminum conversion material

x [ Nhe electron In a conversion

| . . toward
travels out isotropically, since
there’s Nno preferred direction
» Half travel from the detector
and would e lost ®
» But the gradient, which we need away

to send particles toward the
detector anyway, gets them back!

R. Bernstein, FNAL Mu2e o



How? A Magnetic Mirror

x Magnetic Fields do no work! (ever

x See Jackson, 2nd Ed. Sec. 12.4.
sufficiently slowly,

Ba®
p./B

near that”?)

f the field changes

y U (the magnetic moment of the current loop)

are adiabatic invariants

R. Bernstein, FNAL Mu2e
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Theretore

V|| 3 VL0= V0 g
s bounce™ here -
i sie Vs :_"'::: o 4—
B(z) B, ::;_T'.. j il
B(Z) % _'____-'_':_ _
edsssssesee: 2
Ve i J
5 start nere

as B grows, v, goes 1o zero
and the particle turns around with constant | |
— a magnetic mirror

R. Bernstein, FNAL Mu2e i




What Does A Solenoid
Really Look Like?

x Start with conductor, held in place by Al

R.Bernstein /Fermilab MuZ2e




Then

= \\ind it into about 75 km (45 miles) of cable, all in
custom-designed sections and lengths

1y

- S i “-':‘:;%.. ™7 j""
R S el i s~ ~ =
T e W VR —m e
'.-d
E'S

R.Bernstein /Fermilab
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Wind into Coils

R.Bernstein /Fermilab

MuZ2e
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Production Solenoid

e \\inding coils is non-trivial!

e
Bl L T[T v
= e

. )

R.Bernstein /Fermilab MuZ2e




% -
.,

eate
Radiation &
Shield

» [its inside
Production
Solenoid

““)‘; '," o_—
i /1
o /| 3
H N

L I RN R

\ ,
AR

this Is where

» Protects it from e prote?]r;ekisam
8 KW of beam ol

x Delivered! II ' | : 1

R.Bernstein /Fermilab MuZ2e
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Transport Solenoid

Upstream side

complete and

modules under

test (downstream started)

R.Bernstein /Fermilab MuZ2e i




Cold mass assembly at
Fermilab

B L[ m—

it
U

x First test unit assembled on warm bore; alignment ongoing

R.Bernstein /Fermilab MuZ2e 2




Calorimeter R&D/Construction

x Probably the best run system on the experiment (and by INFN)

» See lvano’s talk

Entries 1190 Beam at 0° - Hamamatsu
Cosmic Rays - Hamamatsu
Beam at 50° - SensL

Cosmic Rays - SensL

2/ ndf 26.39/27
n 0.07021 = 0.04812

6.572 = 0.202

>
©
=
-
@
2
=
£
w

88.12 £ 0.38

1108 = 33.8

x2/ndf 0.8783/2 w2/ndf  3.142/3 *

a 06 0 a .
3081/5  x/n 5.155/3

b0.2732 = 0.02913 - a 8906+02043  a 6.858 + 0.1425

c 4.05 = 0.2705 c N 0.118 + 0.007005 0.0911 £ 0.004349

70 80 90 100
Energy [MeV]

51 crystal prototype tested at Frascatl
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Cosmic Ray Ve

x Modules now at FNAL

* Area: 327 m?

* 86 modules of 6 lengths
* 5,504 counters

* 11,008 fibers

* 19,840 SiPMs

* 310 Front-end Boards

R.Bernstein /Fermilab
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Expected Reach

x 90% CL ~8 X 10-17; 50 ~ 2.5 X 10-16 (7.5 events)

Mu2e simulation

20
3.6 ><|‘10 POT —+ Total background (stat+syst)

m DIO background
Other backgrounds

m Conversion R, =2 x 10710

S © o © © o 9
W = Ot OO N oo © =

o
=
%]
=
10
<
(e}
-
5}
o
Z
S
>
M

S
_— DN

105
Track momentum, MeV/c
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Schedule

students have a lot they could do!

Commission Beamline 2023-2024

Commission Detector 2024

First Data- Taking 2025

Finish Data Taking end of decade

R.Bernstein /Fermilab Mu2e 5




Conclusions

= MuZ2e will either:

x Reduce the limit for Rue by four orders of magnitude
(Rue <8x1077 @ 90% C.L.)

x [Jiscover unambiguous proof of Beyond Standard Model
physics and

x Provide iImportant information either complementing
[.HC results or probing up to 104 TeV mass scales

= Ve are examining upgrades to go another order of
magnitude or study a signal

R.Bernstein /Fermilab Mu2e
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Background Estimates

Cosmic ray induced
Muon decay in orbit
I Antiproton induced C g D '
I Radiative muon capture ral g "
I Muon decay-in-flight
\' 10% Radiative pion capture
I Pion decay-in-flight
Il Beam electrons
52%

Process Expected Number
Cosmic Ray Muons 0.21 4 0.02 4= 0.06
DIO 0.14 £0.03 £ 0.11
Antiprotons 0.04 £ 0.001 4 0.020
RPC 0.021 £ 0.001 £ 0.002
Muon DIF < 0.003
Pion DIF 0.001£ < 0.001
Beam Electrons 20 107
Total 0.41 4 0.03
R.Bernstein /Fermilab MuZ2e 59



R. Bernstein, FNAL

BACKUPS

60



Choice of Stopping Material:
rate vs walt

|

= Stop Muons In

target (Z,A) Rate /rate.

= Physics sensitive
to Z: with signal, I SR
can switch target — | P
to probe source [T
of new physics e 5 Tt depens of e ¢ comerion e it sl apt

dominance models. We plot the conversion rates normalized to the rate in Aluminum

more |a‘ter (Z = 13) versus the atomic number Z for the four theoretical models described in the
text: D (blue), S (red), V) (magenta), V%) (green). The vertical lines correspond to

Z =13(Al), Z = 22(Ti), and Z = 83 (Pb).
= \Why start with Al?
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MuZ2e Upgrades

x Next Step in CLFV program

R.Bernstein /Fermilab MuZ2e




LHC inverse

CLFV and
the LHC New physics

at
LHC?

Look for new
physics at very high
mass scales

1) arXiv implodes : : :
) g fine tuning? Null results still

2) specific models have have enormous discriminating

to reproduce power among models
experimental results
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Studying a Signal

x \ary Z to probe new physics

FNAL Upgrades and new beams!

R.Bernstein /Fermilab Mu2e




Studying a Signal

x \ary Z to probe new physics

013 G. Fogli et al., arXiv:1205.5254

X7 from
Au to Al

V. Cirigliano, B. Grinstein, G. Isidori, M. Wise
Nuel.Phys.B728:121-134,20056

FNAL Upgrades and new beams!

R.Bernstein /Fermilab Mu2e
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Tracker resolution

= A high-side tail promotes
DIO into signal region

x Can only understand this
tall with measurements,
which Is why we measure
straw properties and

perform a “first-principles”

simulation

R.Bernstein /Fermilab
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peak is below zero because
of energy loss in the stopping target

high-side
tail
promotes
DIO into CE
region

‘= low-side tail

loses
acceptance
for both CE
and DIO
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reconstructed - true momentum [MeV/c]
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