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Charged Lepton Flavour Violation (CLFV)

@ Flavor is not conserved in:
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Charged Lepton Flavour Violation (CLFV)

@ Flavor is not conserved in: o

@ Quarks (quark mixing, CKM matrix) ><char%
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Charged Lepton Flavour Violation (CLFV)

@ Flavor is not conserved in:

@ Quarks (quark mixing, CKM matrix)
(2]
© Charged leptons 7

@ CLFV processes can occur through neutrino
oscillation.

3a 1
BR(p — ey) = 3o ( )sin220135in° 03] ]\421‘3|2

down strange bottom
osuimeves | =w0scolevie | (=Liren Gevir
. & Py | » T
electron muon tau
10eve oo | (<82 wevis
o DUl | Pl | Ny

T Ve v, Vi
electron Mon tau
neutrino || _n¥ltrino || neutrino

N. Chithirasreemadam Mu2e Novemb




Charged Lepton Flavour Violation (CLFV)

@ Flavor is not conserved in:

@ Quarks (quark mixing, CKM matrix)
2]
© Charged leptons ? S | o | mha
@ CLFV processes can occur through neutrino M- Semirm | eiem
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@ BR of CLFV processes through neutrino oscillations . :
are suppressed by factors proportional to

(Am2)? /M3, to undetectably tiny levels, < 1070.
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Charged Lepton Flavour Violation (CLFV)

@ Flavor is not conserved in:

@ Quarks (quark mixing, CKM matrix) ><cha,k <
2} =
© Charged leptons ? down || strange || botiom
@ CLFV processes can occur through neutrino M- Semirm | eiem
OSCiuatiOD. electron muon tau
301 : w:_?:tvl
[0 312 electron ion tau
BR — ey SZTL229158’LTL 923 1 neutrino | |_nutrino | |_neutrino
@ BR of CLFV processes through neutrino oscillations . :
are suppressed by factors proportional to

(Am2)? /M3, to undetectably tiny levels, < 1070.

Observation of CLE'V process would be unambiguous evidence of
New Physics J
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BSM models

Pictures adapted from W, Marciano
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Most BSM theories predict CLFV processes with B.R. much higher
than the SM predictions, up to the order of less than 10~1°, and are
within the sensitivity of next-generation experiments.
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] independent £ for CLFV

A model independent effective Lagrangian involving muons [1]:
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A model independent effective Lagrangian involving muons [1]:
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@ A is the effective mass scale and x controls B[errana

the relative contribution of the dipole
interaction term and the four fermion term.
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@ A is the effective mass scale and x controls B[errana

the relative contribution of the dipole
interaction term and the four fermion term.

@ K < 1, dipole interaction term dominates,
mediates p — ey directly, uN — eN at order
Q.
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] independent £ for CLFV

A model independent effective Lagrangian involving muons [1]:

m K
_ H - v = —
Lorry = muRU;weLF“ + mﬁ%%% g aar
. . q=u,d
3 v
Loops Contact Interactions
W o) ¢ I 7
N
N ! N N N
@ A is the effective mass scale and x controls B[errana

the relative contribution of the dipole
interaction term and the four fermion term.

@ K < 1, dipole interaction term dominates,
mediates p — ey directly, uN — eN at order
Q.

@ k> 1, the four fermion contact term
dominates, mediates uN — eN at LO and

w — e at loop level.
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Muon CLFV channels
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@ Muons are among the most promising candidates for CLFV searches:
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Muon CLFV channels
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@ Muons are among the most promising candidates for CLFV searches:

@ Easy to produce (from pion and kaon decays).

N. Chithirasreemadam

Mu2e




Muon CLFV channels

m A cosmic ¢
102
- ee—rir
o 1t 7 beam
) N -
Pt L] b
3 % §
= [
E 10t
] *Rmm sbeam
10 A me
A We A
oaa "W
102 . L .
SINDRUM m MEC
10 O MEG Upgrade
A O Musefl
10 O Mujell
A
101 A
1940 1950 1960 1970 1950 1990 2000 2010 2020 2030
Year

@ Muons are among the most promising candidates for CLFV searches:
@ Easy to produce (from pion and kaon decays).
@ Muon lifetime (7, ~ 2.2us) is much longer than tau lifetime
(1- ~ 0.29 ps), enabling the formation of high intensity muon

beams.
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@ Muons are among the most promising candidates for CLFV searches:
@ Easy to produce (from pion and kaon decays).
@ Muon lifetime (7, ~ 2.2us) is much longer than tau lifetime
(1- ~ 0.29 ps), enabling the formation of high intensity muon

beams.

@ Golden channels: u™ — ety
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Muon CLFV channels
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@ Muons are among the most promising candidates for CLFV searches:
@ Easy to produce (from pion and kaon decays).
@ Muon lifetime (7, ~ 2.2us) is much longer than tau lifetime
(1- ~ 0.29 ps), enabling the formation of high intensity muon

beams.

@ Golden channels: u™ — ety
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@ Search for neutrinoless, coherent ovrsion
conversion of muon to electron in the field -@® =- ®° -® .
of a nucleus by measuring,

u~ +N(Z,A) = e +N(Z,A)
I'(p=+ N(Z,A) - v, +N(Z—-1,4))

R, =

For Al target, signal is a ~105 MeV e™.
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u~ +N(Z,A) = e +N(Z,A)
I'(p=+ N(Z,A) - v, +N(Z—-1,4))
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For Al target, signal is a ~105 MeV e™.
@ Advantages of this channel:

@ Almost no combinatorial
background.
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For Al target, signal is a ~105 MeV e™.
@ Advantages of this channel:

@ Almost no combinatorial
background.

© Best sensitivity to a large range of
NP scenarios.
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@ Search for neutrinoless, coherent
conversion of muon to electron in the field -@® =- ®@° -® o
of a nucleus by measuring,

u~ +N(Z,A) = e +N(Z,A)

Bue = 07N (Z, A) = v, + N(Z — 1, A))

For Al target, signal is a ~105 MeV e™.

@ Advantages of this channel:

Burod2) | BurZ=13)

© Almost no combinatorial
background.

© Best sensitivity to a large range of T e T e e
NP scenarios.

© Can give unique information
regarding underlying NP operators.

©~ — e~ conversion ratio plotted as
a function of atomic number, Z. The
conversion ratios are normalized by
the conversion ratio in aluminum
nucleus (Z4; = 13) [2].
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@ Search for neutrinoless, coherent ovrsin
conversion of muon to electron in the field -@® =- ®@° -® o
of a nucleus by measuring,

u~ +N(Z,A) = e +N(Z,A)
I'(p=+ N(Z,A) - v, +N(Z—-1,4))

R, =

For Al target, signal is a ~105 MeV e™.

iee(Z=13)

@ Advantages of this channel:

Bu® B,

© Almost no combinatorial
background.

© Best sensitivity to a large range of T e T e e
NP scenarios.

© Can give unique information
regarding underlying NP operators.

@ Current best limit set by SINDRUM II
experiment R, <7 x 10713 (90% C.L).

©~ — e~ conversion ratio plotted as
a function of atomic number, Z. The
conversion ratios are normalized by
the conversion ratio in aluminum
nucleus (Z4; = 13) [2].
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Mu2e experiment

Production
solenoid _

Proton beam Detector solenoid
Muon stopping target

Production target ~11m Calorimeter

Transport solenoid Tracker
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Production Proton beam
solenoid

Detector solenoid
Muon stopping target

Production target ~11m Calorimeter

Transport solenoid Tracker

PS

8 GeV pulsed
proton beam
interacts with the
production target,
mostly produces
pions. Pions decay
into muons.
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MuZ2e experiment
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8 GeV pulsed S-shaped.
proton beam Selects
interacts with the low-momentum
production target, muons and pions.
mostly produces Rotating
pions. Pions decay collimator COL3
into muons. selects = /u™
\ beam.
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8 GeV pulsed S-shaped. Muons stop in the
proton beam Selects Al stopping target.
interacts with the low-momentum Annular tracker
production target, muons and pions. and calorimeter to
mostly produces Rotating detect potential
pions. Pions decay collimator COL3 conversion e~
into muons. selects p~ /ut (CE).
- beam.
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Signal and Backgrounds
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@ Signal: Monochromatic conversion electron (CE)
with energy,

Aluminum nucleus

Ecg = my — Eyind — Erecoil

where FEy;,q is the binding energy of 1s state of
the muonic atom, F,ccoq is the recoil energy of
the target nucleus.

Muonic Al lifelime = 864 ns
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@ Signal: Monochromatic conversion electron (CE)
with energy,

Aluminum nucleus
Ecg = my — Eyind — Erecoil ~ N\p
where FEy;,q is the binding energy of 1s state of \ Q P )
the muonic atom, F,ccoq is the recoil energy of Dok o

the target nucleus.

@ For Al target, Ecp = 104.97 MeV.

1
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@ Signal: Monochromatic conversion electron (CE)
with energy,

Aluminum nucleus

Ecg = my — Eyind — Erecoil ~ ﬁ

where FEy;,q is the binding energy of 1s state of \ Q )
the muonic atom, F,ccoq is the recoil energy of Dok

the target nucleus. W ©
@ For Al target, Ecp = 104.97 MeV.
@ The lifetime of the muonic aluminum atom is
~864 ns. Muons can undergo,
Wil \ F :
U X 55 :§

November 23, 2025
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@ Signal: Monochromatic conversion electron (CE)
with energy,

Aluminum nucleus

Ecg = my — Eyind — Erecoil ~ ﬁ

where FEy;,q is the binding energy of 1s state of \ Q )
the muonic atom, F,ccoq is the recoil energy of Dok
the target nucleus.

@ For Al target, Ecp = 104.97 MeV.

@ The lifetime of the muonic aluminum atom is
~864 ns. Muons can undergo,

@ Nuclear muon capture (~61%):
W+ Al — v, +3 Mg*
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@ Signal: Monochromatic conversion electron (CE)
with energy,

Ecg = my — Eyind — Erecoil

where FEy;,q is the binding energy of 1s state of
the muonic atom, F,ccoq is the recoil energy of
the target nucleus.

@ For Al target, Ecp = 104.97 MeV.

@ The lifetime of the muonic aluminum atom is
~864 ns. Muons can undergo,

@ Nuclear muon capture (~61%):
W+ Al — v, +3 Mg*
(Normalizing factor in R,.)
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@ Signal: Monochromatic conversion electron (CE)
with energy,

Aluminum nucleus
Ecg = my — Eyind — Erecoil .
where FEy;,q is the binding energy of 1s state of \ Q P )

the muonic atom, F,ccoq is the recoil energy of D
the target nucleus. - 2 e 5

@ For Al target, Ecp = 104.97 MeV.

@ The lifetime of the muonic aluminum atom is
~864 ns. Muons can undergo,

@ Nuclear muon capture (~61%):
I +%§ Al — Yy +%§ Mg* “'\‘,ﬂv‘!‘;\‘
(Normalizing factor in R,.) i
@ Muon decay in orbit (~ 39%):
w35 Al = e + U + vy, 35 Al
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@ Signal: Monochromatic conversion electron (CE)
with energy,

Aluminum nucleus

Ecg = my — Eyind — Erecoil ~ b

where FEy;,q is the binding energy of 1s state of ' Q p ) k
the muonic atom, F,ccoq is the recoil energy of 7
the target nucleus. )

@ For Al target, Ecp = 104.97 MeV.

@ The lifetime of the muonic aluminum atom is
~864 ns. Muons can undergo,

@ Nuclear muon capture (~61%):
W+ Al — v, +3 Mg*
(Normalizing factor in R,.)

© Muon decay in orbit (~ 39%):
w35 Al = e + U + vy, 35 Al
(Potential background)
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Background

+m

@ Decay in orbit (DIO) : Free p~ decay
follows the Michel spectrum with e~
kinematic endpoint at m,/2. In the field
of a nucleus, the endpoint extends to the
CE energy [3]. B

mieml
E (max) = <~ 52.8 MeV
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Background

@ Decay in orbit (DIO) : Free p~ decay
follows the Michel spectrum with e~
kinematic endpoint at m,/2. In the field
of a nucleus, the endpoint extends to the
CE energy [3].

Use a straw tracker with good momentum
resolution.
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@ Decay in orbit (DIO) : Free p~ decay
follows the Michel spectrum with e~
kinematic endpoint at m,/2. In the field
of a nucleus, the endpoint extends to the
CE energy [3].
Use a straw tracker with good momentum
resolution.

(Arbitrary Units)

Cosmic Rays: Cosmic muons interacting

or decaying within the detector are
expected to produce ~1 CE like event per

day.
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Background

@ Decay in orbit (DIO) : Free p~ decay
follows the Michel spectrum with e~
kinematic endpoint at m,/2. In the field
of a nucleus, the endpoint extends to the
CE energy [3].

Use a straw tracker with good momentum
resolution.

(Arbitrary Units)

© Cosmic Rays: Cosmic muons interacting
or decaying within the detector are
expected to produce ~1 CE like event per

day. | |

. . 00 A 1A
A cosmic ray veto system built from ‘&W Ny
scintillator counters surrounds the Tcker srow His b Gormeter

detector solenoid.
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Backgrounds

@ Radiative Pion Capture (RPC):
= + N(A, Z) = yH(ete”) + N(A, Z 1)
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Backgrounds

@ Radiative Pion Capture (RPC):
= +N(A,Z) = y*)(ete”) + N(A, Z — 1) Due to short lifetime of
pions, this background can be suppressed by using pulsed proton beam
along with a delayed live-time window.

x10°

@ 3000 WuZe simulafion, 1.6 % 10" profons  pulse

s E

= 2500 — ] proton uise

= bes
2000 o stopping arget (70,000 R

E h topping targe (300) 2]

1500 E W docays/captures in the stopping target (x1000)

. AN\ delayed live-time window

200 200 400 600 800 1000 1200 1400 1600 1800
Time (ns)
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Backgrounds

@ Radiative Pion Capture (RPC):
= +N(A,Z) = y*)(ete”) + N(A, Z — 1) Due to short lifetime of
pions, this background can be suppressed by using pulsed proton beam
along with a delayed live-time window.

x10°
@ 3000 WuZe simulafion, 1.6 % 10" profons  pulse
s =
= 2500 —
z
2000 — J’l A
1500 |— |
E H | 1 J' 1 1
1000 1
E i Sl
500 — [ l NN \ |
. delayed live-time window I
200 § 200 400 600 800 1000 1200 1400 600 1800

Time (ns)

@ Radiative Muon Capture: u~ + N(A, Z) — ) + v, +N(A Z—-1)
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Backgrounds

@ Radiative Pion Capture (RPC):
= +N(A,Z) = y*)(ete”) + N(A, Z — 1) Due to short lifetime of
pions, this background can be suppressed by using pulsed proton beam
along with a delayed live-time window.

x10°
@ 3000 WuZe simulafion, 1.6 % 10" profons  pulse
s E
3 2500~ EEER
2000 — J’l A
1500 |— |
E H Yo J’ 1 i
1000 1
E pt Sl
500 — [ l NN \
E . delayed live-time window
200 § 200 400 600 800 1000 1200 1400 600 1800

Time (ns)

@ Radiative Muon Capture: u~ + N(A, Z) — ) + v, +N(A Z—-1)
Analogous to RPC, but with lower maximal energy. In Al it is ~102
MeV.
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Backgrounds

@ Radiative Pion Capture (RPC):
= +N(A,Z) = y*)(ete”) + N(A, Z — 1) Due to short lifetime of
pions, this background can be suppressed by using pulsed proton beam
along with a delayed live-time window.

x10°
g 3000 WMuze simulation, 1.6 x 107 profons / pulse
s E
3 2500~
2000 — “ I &
1500 [ ;
E H { i 1 i
1000 1
E gy ol
500 — [ l NN \
i - ) delayed live-time window
200 ] 200 400 600 800 1000 1200 1400 1600 1800

Time (ns)

@ Radiative Muon Capture: u~ + N(A, Z) — ) + v, +N(A Z—-1)
Analogous to RPC, but with lower maximal energy. In Al it is ~102
MeV.

© Antiprotons: Produced in the proton beam interactions with production

target, can reach the stopping target and annihilate to produce
signal-like e™.
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Backgrounds

@ Radiative Pion Capture (RPC):
= +N(A,Z) = y*)(ete”) + N(A, Z — 1) Due to short lifetime of
pions, this background can be suppressed by using pulsed proton beam
along with a delayed live-time window.

x10°
3000 WMuZe simulation, 1.6 x 107 profons  pulse

s E
= 2500 — ]

z

2000

TTTTTT f‘

500 — [ . _ delayed live-time window

1200 1400 600 1800

200 § 200 400 600 800 1000
Time (ns)

@ Radiative Muon Capture: u~ + N(A, Z) — ) + v, +N(A Z—-1)
Analogous to RPC, but with lower maximal energy. In Al it is ~102
MeV.

© Antiprotons: Produced in the proton beam interactions with production
target, can reach the stopping target and annihilate to produce
signal-like e~. Absorber elements placed at entrance and center of the
Transport Solenoid.
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< O3CWuze Run 1 simulation ICE ¢ O EMuze Run T simulation e
° E s R S1.0x10" —— Cosmic rays| @ Al R :1.0x107 —— Cosmic rays|
e o : 0 B0 e v o e = DIO
30.25[ 4+, NG stops) : 6 x 10 o5 e 17 N(u" stops) : 6 x 10 -
5 [+ T :(640,1650] ns hec & dop :[103.60,104.90] MeV/c “hec
5 02f i
frrf S
F *
0.15
0.1 "
0.05—
WNEE _1
G | "":.. " " 108
1025 103 103.5 104 104.5 105 600 800 1000 1200 1400 1600
Momentum (MeV/c) Time (ns)

Left: Momentum distribution of the CE signal and expected backgrounds.
Right: Time distribution of the CE signal and expected backgrounds.
Signal region selected for analysis, 103.60 < p < 104.90 MeV /c and 640 < T0 < 1650 ns.

@ Mu2e Run I assumes an integrated flux of 6 x 10'® stopped muons.

@ The expected Run I 50 discovery sensitivity is R, = 1.2 x 107°, with a
total expected background of 0.11 £ 0.03 events.
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Left: Momentum distribution of the CE signal and expected backgrounds.
Right: Time distribution of the CE signal and expected backgrounds.
Signal region selected for analysis, 103.60 < p < 104.90 MeV /c and 640 < T0 < 1650 ns.

@ Mu2e Run I assumes an integrated flux of 6 x 10'® stopped muons.

@ The expected Run I 50 discovery sensitivity is R, = 1.2 x 107°, with a
total expected background of 0.11 £ 0.03 events.

@ In the absence of a signal, the expected upper limit is R, < 6.2 x 10-16
at 90% C.L [4].
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Mu2e Detectors
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@ Annular geometry to reject most of DIO

electron tracks. i @
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@ Annular geometry to reject most of DIO

electron tracks. i @

@ Low-mass detector to reduce energy loss |y |
and multiple scattering, with excellent s
momentum resolution, < 200 keV/c.
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@ Annular geometry to reject most of DIO
electron tracks.

@ Low-mass detector to reduce energy loss
and multiple scattering, with excellent
momentum resolution, < 200 keV/c.

@ It consists of 18 stations. Each station is
made by 2 planes, each plane by 6 panels,
and each panel contains 96 straws.

3270 mm long, 1620 mm diameter
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Annular geometry to reject most of DIO
electron tracks.

Low-mass detector to reduce energy loss
and multiple scattering, with excellent
momentum resolution, < 200 keV/c.

It consists of 18 stations. Each station is
made by 2 planes, each plane by 6 panels,
and each panel contains 96 straws.

Each straw is made of 25 um diameter
gold plated tungsten sense wire centered
in a 5 mm diameter aluminized mylar
tubes. The straw length can vary from 40
to 120 cm.
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Annular geometry to reject most of DIO
electron tracks.

Low-mass detector to reduce energy loss
and multiple scattering, with excellent
momentum resolution, < 200 keV/c.

It consists of 18 stations. Each station is
made by 2 planes, each plane by 6 panels,
and each panel contains 96 straws.

Each straw is made of 25 um diameter
gold plated tungsten sense wire centered
in a 5 mm diameter aluminized mylar
tubes. The straw length can vary from 40
to 120 cm.

Each straw is filled with 80%:20%
Ar:CO; gas.

N. Chithirasreemadam November 23, 2025



Electromagnetic Calorimeter

@ Works in tandem with the tracker to
confirm CE identification by providing
powerful e/u separation, and a fast
seeding for track reconstruction.

Normalized Entries
B
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Electromagnetic Calorimeter

106 MeVic muons Conversion Electrons

@ Works in tandem with the tracker to
confirm CE identification by providing
powerful e/u separation, and a fast
seeding for track reconstruction.

Normalized Entries

@ Consists of two annular disks with an
internal radius of 35 cm and an external
radius of 66 cm, separated by 70 cm.
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Electromagnetic Calorimeter

@ Works in tandem with the tracker to
confirm CE identification by providing
powerful e/u separation, and a fast

seeding for track reconstruction.

Normalized Entries

@ Consists of two annular disks with an
internal radius of 35 cm and an external
radius of 66 cm, separated by 70 cm.

@ Each disk has 674 undoped CsI crystals,
readout by SiPMs.
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Electromagnetic Calorimeter

@ Works in tandem with the tracker to
confirm CE identification by providing
powerful e/u separation, and a fast
seeding for track reconstruction.

Normalized Entries

@ Consists of two annular disks with an
internal radius of 35 cm and an external
radius of 66 cm, separated by 70 cm.

@ Each disk has 674 undoped CsI crystals,
readout by SiPMs.

@ Tests of the prototype using a 100 MeV
e~ beam have demonstrated energy

resolution AE/E = 16.4% FWHM and
time resolution oy = 110 ps [5].
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Cosmic R

@ It covers the entire Detector Solenoid and
part of the Transport Solenoid.
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Cosmic R

@ It covers the entire Detector Solenoid and
part of the Transport Solenoid.

@ Consists of multiple layers of long plastic
scintillating counters, embedded with
wavelength-shifting fibers and SiPMs at
both ends for read-out.
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Cosmic R

@ It covers the entire Detector Solenoid and
part of the Transport Solenoid.

@ Consists of multiple layers of long plastic
scintillating counters, embedded with
wavelength-shifting fibers and SiPMs at
both ends for read-out.

@ Counters are coated with 7705 to
enhance internal reflections and improve
light yield.
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Cosmic R

@ It covers the entire Detector Solenoid and
part of the Transport Solenoid.

@ Consists of multiple layers of long plastic
scintillating counters, embedded with
wavelength-shifting fibers and SiPMs at
both ends for read-out.

@ Counters are coated with 7705 to
enhance internal reflections and improve
light yield.

@ When signals are detected simultaneously
in adjacent counters across at least three | | h“ ]
of four layers, it is identified as a cosmic ) O O |%

Internal Gap —sle— sl ke Extermal Gap
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Cosmic R

@ It covers the entire Detector Solenoid and
part of the Transport Solenoid.

@ Consists of multiple layers of long plastic
scintillating counters, embedded with
wavelength-shifting fibers and SiPMs at
both ends for read-out.

@ Counters are coated with 7705 to
enhance internal reflections and improve
light yield.

@ When signals are detected simultaneously
in adjacent counters across at least three |
of four layers, it is identified as a cosmic . O O o
ray event. E T | B

@ To achieve the desired experimental wet Lo o] e oo o] o]
sensitivity, Mu2e CRV must be 99.99% monsomrde e enaon
efficient at rejecting cosmic rays.
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Stopping Target Monitor

@ Positioned ~35 m downstream of the
stopping target, the STM provides the
primary means of normalization for the
experiment.
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Stopping Target Monitor

@ Positioned ~35 m downstream of the
stopping target, the STM provides the
primary means of normalization for the
experiment.

@ Consists of a solid state HPGe and a
scintillating LaBrs detector.
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Stopping Target Monitor

@ Positioned ~35 m downstream of the
stopping target, the STM provides the
primary means of normalization for the

experiment.
@ Consists of a solid state HPGe and a @ 5 {“”)»4 *
scintillating LaBrs detector. (OO
@ It measures the rate of photons produced 2 e 4
when negative muons interact with the Bt ©

ST.
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Stopping Target Monitor

Positioned ~35 m downstream of the
stopping target, the STM provides the
primary means of normalization for the

experiment.
@ Consists of a solid state HPGe and a @ 5 {“”)»4
scintillating LaBrs detector. (OO
@ It measures the rate of photons produced 2 e 4
when negative muons interact with the Bt ©
ST.

@ Here is an example spectrum from the
AlCap experiment which measured
photon spectra from muons stopping in
aluminum, at low rates.

N. Chithirasreemadam Mu2e



Status of the Experiment

N. Chithirasreemadam Mu2e November 23, 2025 18 /52



Status: Solenoids

@ Production Solenoid: Fully assembled in
winter 2024. Delivered to the Mu2e hall
in August 2025.
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Status: Solenoids

@ Production Solenoid: Fully assembled in
winter 2024. Delivered to the Mu2e hall
in August 2025.

© Transport Solenoid: TSu was delivered in
12/23 and T'Sd in 2/24. Rotating
collimator and antiproton absorber
installed. Cryogenic system connection
progressing.
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Status: Solenoids

@ Production Solenoid: Fully assembled in
winter 2024. Delivered to the Mu2e hall
in August 2025.

© Transport Solenoid: TSu was delivered in
12/23 and T'Sd in 2/24. Rotating
collimator and antiproton absorber
installed. Cryogenic system connection
progressing.

@ Detector Solenoid: Inner bore inserted
into cold mass and cold mass into vacuum
vessel. Expected delivery end of 2025.
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Status: Tracker

@ Stations installation completed.
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Status: Tracker

@ Stations installation completed.

@ Cosmic and noise runs currently
being taken using the first
assembled station.
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@ Stations installation completed.

@ Cosmic and noise runs currently
being taken using the first
assembled station.

@ Tracker moved to the Mu2e hall
and installed on the rails on
18/11/2025.

N. Chithirasreemadam
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racker moved to Mu2e Hall
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Status: Tracker moved to Mu2e Hall
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Status: Calorime

@ The calorimeter disks were assembled,
instrumented, and tested by June 2025.

@ Fully calibrated. Successful readout of all
channels and good data quality.

@ Moved to the Mu2e Hall in Fall 2025.

N. Chithirasreemadam



Calorimeter moved to the Mu2e Hall
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Status: CRV

@ All the CRV modules have been
constructed and are stored in
Fermilab.

o All the counters (scintillator with
fiber and SiPM) have been tested.
VST is progressing well.

@ Expected to be installed in the
Muz2e hall in 2026.

N. Chithirasreemadam



Commissioning and Run Plan

@ By end of 2025, we plan to start a commissioning cosmic run with the
calorimeter and a fraction of the CRV.
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Commissioning and Run Plan

@ By end of 2025, we plan to start a commissioning cosmic run with the
calorimeter and a fraction of the CRV.

@ Installation of the tracker at the end of 2025, and start another cosmic
run with the PS and TS in 2026.
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@ By end of 2025, we plan to start a commissioning cosmic run with the
calorimeter and a fraction of the CRV.

@ Installation of the tracker at the end of 2025, and start another cosmic
run with the PS and TS in 2026.

@ Perform in-situ calibration of both the main detectors.
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Commissioning and Run Plan

@ By end of 2025, we plan to start a commissioning cosmic run with the
calorimeter and a fraction of the CRV.

@ Installation of the tracker at the end of 2025, and start another cosmic
run with the PS and TS in 2026.

@ Perform in-situ calibration of both the main detectors.

@ DS installation and commissioning, and another cosmic run in late 2026.
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Commissioning and Run Plan

@ By end of 2025, we plan to start a commissioning cosmic run with the
calorimeter and a fraction of the CRV.

@ Installation of the tracker at the end of 2025, and start another cosmic
run with the PS and TS in 2026.

@ Perform in-situ calibration of both the main detectors.
@ DS installation and commissioning, and another cosmic run in late 2026.

@ Physics Run I in 2027 for a few months before the Fermilab accelerator
shutdown for PIP-II installation (January 2028).
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Commissioning and Run Plan

@ By end of 2025, we plan to start a commissioning cosmic run with the
calorimeter and a fraction of the CRV.

@ Installation of the tracker at the end of 2025, and start another cosmic
run with the PS and TS in 2026.

@ Perform in-situ calibration of both the main detectors.
@ DS installation and commissioning, and another cosmic run in late 2026.

@ Physics Run I in 2027 for a few months before the Fermilab accelerator
shutdown for PIP-II installation (January 2028).

@ Aim to collect upto 10% of the total protons on target. The sensitivity
goals are:
o At 90% C.L, R, <6 x 1071¢
o 50 discovery limit, R, < 1.2 x 10715 with a total expected
background of ~0.1 events.
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Commissioning and Run Plan

@ By end of 2025, we plan to start a commissioning cosmic run with the
calorimeter and a fraction of the CRV.

@ Installation of the tracker at the end of 2025, and start another cosmic
run with the PS and TS in 2026.

@ Perform in-situ calibration of both the main detectors.
@ DS installation and commissioning, and another cosmic run in late 2026.

@ Physics Run I in 2027 for a few months before the Fermilab accelerator
shutdown for PIP-II installation (January 2028).

@ Aim to collect upto 10% of the total protons on target. The sensitivity
goals are:

o At 90% C.L, R, <6 x 1071¢
o 50 discovery limit, R, < 1.2 x 10715 with a total expected
background of ~0.1 events.

@ Delay in the delivery of the DS could impact run time and sensitivity.
Contingency plans with reduced CRV coverage are currently being
explored.
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Summary

@ MuZ2e aims to improve up to four orders of magnitude the current limits
of the CLFV search with muon-to-electron conversion in a nuclear field.

N. Chithirasreemadam Mu2e November 23, 2025



Summary

@ MuZ2e aims to improve up to four orders of magnitude the current limits
of the CLFV search with muon-to-electron conversion in a nuclear field.

@ Detection of a CLFV process will be an indisputable evidence of New
Physics.
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Summary

@ MuZ2e aims to improve up to four orders of magnitude the current limits
of the CLFV search with muon-to-electron conversion in a nuclear field.

@ Detection of a CLFV process will be an indisputable evidence of New
Physics.

@ One year commissioning run is expected to start in late 2025 followed by
physics run in 2027 before the 2-year long accelerator shutdown.

N. Chithirasreemadam Mu2e November 23, 2025



Summary

@ MuZ2e aims to improve up to four orders of magnitude the current limits
of the CLFV search with muon-to-electron conversion in a nuclear field.

@ Detection of a CLFV process will be an indisputable evidence of New
Physics.

@ One year commissioning run is expected to start in late 2025 followed by
physics run in 2027 before the 2-year long accelerator shutdown.

@ Run I goal is to collect at least 10% of the total protons on target.
Simulations show that it will improve the current sensitivity by O(103).

. Chithirasreemadam Mu2e November 23, 2025



Mu2e Collaboration
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Back-up Slides
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CLFV model-indey

1dent Lagrangian

<7000
g 6000
< 5000

4000

3000

T

B(u —ey)=10"?

EXCLUDED (90% CL)

. B(u—ey)=10"

B(u — eee)=10"°

B(u —'gee)=10"

If the new physics is best captured by the following “leptons-only”

effective Lagrangian:

m
Lorry = 0+n

N. Chithirasreemadam

Mu2e
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CLFV model-independent Lagrangian

An alternative EFT formulation, proposed by Adrian Signer et al,

Lsmprr = Lsy + %0(5)62‘5) + %CfG)QEG) +o

where the Wilson coefficients at the high scale, C’i(6) () depend on the
energy scale u. CLEV processes take place at an even lower scale than
Mgw, (my, m; < Mpw < A). Thus they are better described by
LEFT:

1
MEw

1
,CLEFT:ﬁQED—i—ﬁQCD_FMiEWZCKj(E))ng(S)_i_ ng(G)agj(G)-l-...
J

% (u,r) at low energies can be determined from the SMEFT coefficients
C(MEgw) via matching, followed by RGE evolution down to p ~ my,.
Mixing can transfer strength from the dipole operators to the four
fermion operators. Large log(A/u) factors can enhance loop-induced
contributions, making certain contact interaction terms numerically
significant at low energies.
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CLFV model-independent Lagrangian

H=my p=my

-~ comeT @R

107 10° 107 10° 107 107 10° 107 10° 10° 107 m’

Ei/i BN

Figure 2: Comparison of limits obtained from the muon CLFV channels on Wilson
coefficients €(Mpgyw ) of LEFT. Left panel: scalar four-fermion operator involving b quarks,
Cl;quR v/s dipole operator, CLD; right panel: vector four-fermion operator CY. 2% v /s scalar
four-fermion operator C‘;SLLe. The expected improvement in constraining the limits on the

operators due to future measurements are indicated by the dashed lines [6].
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Figure 3: “DNA” of flavour physics effects for the most interesting observables in a selection
of SUSY and non-SUSY models FFF signals large effects, 3 red stars: two blue stars: visible
but small effects and 1 black star implies that the given model does not predict sizable

N. Chithirasreemad
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Fermilab Accelerator Ove

@ Linac: Protons are generated and
accelerated to a few hundred MeV.

@ Booster: Accelerates protons up to 8
GeV.

@ Recycler Ring: Re-bunches the protons
into narrow bunches as per Mu2e
requirements.

Main Injector Recycler

@ Delivery Ring: Proton bunches prepared Fied Target 2 ¥a iy Eiberinente
Experiments, « y

for resonant slow extraction. Tost Boam_P

Facility

lon Source  Muon—=

@ Proton beam is delivered to Mu2e for e Experiments
about 0.4 s every 1.4 s Main Injector
cycle.

@ They arrive at the production target in
microbunches spaced about 1.7 us apart.
Each microbunch is 250 ns wide.
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Mu2e beamline
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Figure 4: Fermilab accelerator overview. Figure (a) shows a labeled map of the Fermilab
accelerator facilities with the Booster, Recycler, and Delivery rings shown. The M4
beamline connects the Delivery ring to the Mu2e building. Figure (b) gives an overview of
the timing of proton pulses as they move through the Fermilab accelerator system. The
three plots show the timing structure of how proton pulses are extracted from the Booster
ring, rebunched in the Recycler ring, and then transferred to the Delivery ring, respectively.
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Mu2e Run I plan

Mean Proton Pulse

Running Mode Intonsity Running Time (s) N (POT) N (Stopped Muons)
Low intensity 1.6 x 107 9.5x 10 29 x 10 4.6 x10"
High intensity 39x107 1.6 x 10° 9.0x10'® 14x10%
Total 11.1 x 10° 3.8x 10" 6.0x 10"

Figure 5: Expected running time, proton counts, and stopped muon counts for Mu2e Run I.
The running time is the time, in seconds, during which the experiment is running and
taking data. The numbers in the last two columns do not include the trigger,
reconstruction, and selection efficiency [4].
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Mu2e background estimate for Run I

Channel Mu2e Run |
SES 24x107%
Cosmic rays 0.046 + 0.010 (stat) + 0.009 (syst)
DIO 0.038 + 0.002 (stat) fggfg (syst)

Antiprotons
RPC in-time

RPC out-of-time ({ = 10710)

0.010 + 0.003 (stat) + 0.010 (syst)
0.010 +0.002 (stat) *399! (syst)

(12 4£0.1 (stat) *31 (syst)) x 1073

RMC <24x107°
Decays in flight <2x1072
Beam electrons <1x1072
Total 0.105 + 0.032

Figure 6: Background summary and SES using the optimized signal momentum and time
window, 103.60 < p < 104.90 MeV /c and 640 < Ty < 1650 ns [4].
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Why Al stopping target

Practical Advantages Physics Advantages
Chemically Stable Conversion energy such that only tiny fraction of photons produced by muon radiative capture.
Available in required size/sh: /1 Muon lifetime long compared to transit time of prompt backgrounds.

Low cost Conversion rate increases with atomic number, reaching maximum at Se and Sb, then drops.
Lifetime of muonic atoms decreases with increasing atomic number.

Lifetime of muonic atom sits in “goldilocks” region i.e. neither longer than 1700 ns pulse spacing
and greater than our pionic live gate.

10 - 25x10°
pommm———r e —m
09 ___—Free muon (x = 2,197 ns)
Capture: N »v N

- ;,/"’Z., "o
Fool 4 E . The lifetime of a muonin a
g | « R . "
Sos 3 muonic atom decreases with
F2F I 4 wacp ) oNETem increasing atomic number.
Sosf B 3
“oaf | 5 sono n

4 ;’ DIO: N > e vy N = & _cu

0.0 0.0

0 10 20 30 40 S50 60 70 80 90 100 0O 10 20 30 40 50 60 70 80 90 100
z z
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Straw tube track

Tracker Calorimeter

A

Straws hit by electron
- 105 MeV signal makes 1.5-3 turns
- ~40 straws hit on average
- High pileup rate (~100 KHz/straw)
- >5 GHz of stopped muons 600 600 400 200 0 200 400 600 600
- No hardware trigger X [mm}

Stopping

RV =

105 MeV electron

- No external or event to constraint Simulated straw hits in one ~1 us event
- muons are pulsed, but decay time is random with CE (green line)

Mu2e simulation*

20

1000

=%

RN —
6P=P Py (MeVic) P Puc (MeVic)
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tracker

lonization Clusters

VOO DO

Incident Particle

]
wire
(ose)

Cluster Arrivals

ty 7]
A=t —t,

Drift time ToT

- Drift time — radial resolution ~250 um

- Time division — longitudinal resolution ~4 cm

- Time-over-threshold — Measure of path length / radius independent of ty
- Digitize waveform to reject highly ionizing backgrounds

motoree ] | E oromee ﬂl

[ ] o=2sms=170um

Longitudinal resolution, middle

80% of straw length (VST data),
requirement <40 mm

N. Chithirasreemad

Drift resolution, excluding inner
0.5mm (VST data), requirement
<250 mm

Mu2e

Efficiency vs distance to wire (VST
data), requirement >90%




Gas system

[
Loggl/remote

PQcontrol 4

Gas line DC-DC
convertor

N. Chithirasreemadam

- 'vertical slice: Testing full chain from

straws to readout to processed data on
disk

- Six fully instrumented pre-production

panels (576 straws) in plane
configuration with associated
HV/gas/cooling infrastructure

- Read out by streaming DAQ over optical

fiber

- Source and cosmic ray data taken in

several configurations

- Demonstrates performance under

realistic conditions

Novemb



Calorimeter design

674 Csl crystals/disk
1348 SiPM units/disk
1348 FEE units/disk

674 ROU units/disk

338 FEE-MZB Cables/disk
70 MZB boards/disk

70 DIRAC boards/disk

1 Source system

1 Laser system

8 x 110 Laser Fibers/disk

Large mechanical parts

N. Chithirasreemadam
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OFE o %]

10 A DATA: Beam @ 50 *
9? B MC: Orthogonal Beam
af h . ¥ MC:Beam @50 °
7f M E
6\‘\‘\&\
5( 2
45 2/ nat 0.94/2 »*/ndf 311/3 3
3f Prob 063 Prob 037 3

Fa 0.70 = 0.00 @ 0.70 = 0.00
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0: .................................
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@ DATA: Orthogonal Beam
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Cluster energy [GeV]
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0-35 T -
& [ .
v Beam at 0
g 03 E © Cosmic Rays - Hamamatsu
A Beam at 50°
0.251- L] Cosmic Rays - SensL. |
0.2 b
100 MeV e-
0.15}~ 3
= »
0.1
F52/ndt 1.631/5  x*/ndf 277613
0.051- a 629202011 a 4852:01309
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A module 0 prototype with

* 51 crystals

* 102 SiPMs+FEE boards

* a commercial digitizer

* Cooling lines for SiPMs

The 2017 test with a beam in
Frascati has measured for 100
MeV e- with 50° impact angle*:

ot = 230 ps (only 1 sensor)
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ECAL calibration

Radioactive liquid pipes

Phomdmda
L —‘ To Disk 1

E |
o I
1'3 Photomnﬂi'
" Vacuum
E i : Phutn\!iqge'
i
| Ve
3 Filter wheel > Monitor | 1 .
“ss e \_ | Protodiode,
R H ~_Photodiods “__
R s TR p— Secondary To-  ToDisk2
2200080 0t Goyion | distrbution

N. Chithirasreemadam




COSMIC RAY VETO (CRV)

Vetoes cosmic ray muons that produce
conversion-like backgrounds (~once/day)

Covers entire Detector Solenoid (DS) and half
of the Transport Solenoid (TS)

4 overlapping layers of extruded polystyrene
scintillator bars, separated by ~ 10 mm
absorber
— 2 wavelength shifting (WLS) fibers per bar
— Silicon photomultiplier (SiPM) readout,
most modules on both ends
— 125 ns veto when 3/4 layers hit (localized
in space and time)

High efficiency (>99.99%) veto, help to reduce
total background over the entire experiment to
<0.5 event (about half is cosmic background,
still the main background of Mu2e)

N. Chithirasreemadam

Simulated cosmic event that produces 105 MeV
electron when interacting with the stopping target.

QLA A A

¢4
~105 MeV e \




Mu2e event reconstruction

@ From MC, > 90% of the hits in
an event are from low energy
et /e~ and protons. They have to
be flagged as background (FBH)
prior to the track reconstruction.

@ We cluster the hits within a time
window to form TimeClusters
assuming that such hits are made
by the same particle.

o Hits from the TimeClusters are NI e
used to form helices. : m

@ Final parameters of the track are
determined by the Kalman fit.
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Mu2e DAQ

N. Chithirasreemadam

A > 7
Y - Y
Discrete  Commercial Analog ICs FPGA FPGA

Figure 8: Signal flow in tracker straw
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Figure 9: General Mu2e DAQ architecture
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MuZ2e Trigger

Muze Simulation R ———

Trigger: tpr

Trigger: cpr

o
@
T

| 10°
20 40 60 80 100 120
Protons/pulse

Figure 10: Trigger efficiency for p~ — e~ conversion on Al (red markers) relative to the
offline reconstruction efficiency as a function of the proton pulse intensity. Also shown are
the efficiencies of the online triggers running the individual pattern recognition algorithms:

the stand-alone (TrkPatRec) and the calorimeter-seeded (CalPatRec).

The expected instantaneous trigger rate is about 60 Hz for the low beam
intensity mode. The Mu2e experiment is expected to generate about 14 pB of
data per year. The trigger system is optimized to keep the trigger rate below
a few kHz, equivalent to ~ 7 pB/year and achieve a processing time below 5
ms/event.
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Status: Beamline and ST

@ Delivered beam upto the
diagnostic absorber in April,
2022.

@ First slow extracted beam with
only electrostatic septum on July
2023. Slow extraction with two
septa currently in progress.

@ Stopping target fully assembled.
Made of 37 aluminum foils of 100
pm thickness and 75 mm radius.
Supported by gold-plated
tungsten wires.
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inction Monitor

@ Extinction is the suppression of
protons out of the live-time
detecting window.

@ MuZ2e physics goals requires an
extinction level of 1071 or better. Permanent
AC dipole system upstream of the pos
production target that deflects
out-of-time protons. Fabrication
of dipole magnets in progress.

Production solenoid

Beam dump
Target Collimators

@ Extinction Monitor downstream
the production target that
measures remaining out-of-time
protons. It is currently being
assembled and tested in the Mu2e
hall.
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Future plans

@ Mu2e II [8]: Will Utilize the PIP-II linac at Fermilab, 800 MeV proton
beam (100kW on target).

@ Improve sensitivity by another two orders of magnitude beyond the level
Mu2e will achieve.

@ Significant changes to PS and the shielding to handle higher rates as well
as detector upgrades.
@ Advance Muon Facility (AMF) [9]: Will also Utilize the PIP-II

accelerator.

@ PRISM (Phase Rotated Intense Source of Muons) system to produce
muon beam with well defined momentum.
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