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Lepton Flavor

Electron Thomson, Townsand, Wilson 1896 A

Muon Nedermeyer, Anderson 1937
+40 yrs

Tau Perl et al. 1975 4
Lepton Flavor Universality Pontecorvo 1946

Conserved Lepton Number Konopinski, Mahmoud 1953
Separate lepton “numbers (flavors)” pontecorvo 1959

N e Utri n 0 OSCi I Iati 0 ns : (Pontecorvo 1957 — Davis, Kamioka, SNO, OPERA, MINCOS... 1960—200 1)

Lepton flavor is not conserved. Neutrinos have (small) mass and mix.

Flavor is an enigmat
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SM Flavor Tensions

Several high precision measurements of accurately predicted SM processes show indications of
violating Lepton Flavor Universality and CKM unitarity.

e Muong-2 (->507)
B Decays (2-4 o)

B > DMt v/B - D¥luv ; charged currents
0O(10%) deviations from universality.

Both heavy quarks and leptons involved !

 CKM Unitarity (3 o)
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CKM Unitarity (~30) Connection to LFU?

.12 2 12 _
SM -' 'bed +Vus "‘Vub - 1 V , from f-decay & n-decay

0.226 G” Fermi const. from y decay

Apyy = (-19.5£5.3)x107 (3.7a)}¢

; used to extract V ,
0.225/

_ V. from K,; and 7 decay
0.224} \V4 K
‘ — from —%£%; also—2
Vud 72./12 72-13

0.223[ . o
i Agreement 1s poor; uncertainties

0229 from experiment and theory.

- Deviations could be

[ 0* — 0*(0.030%)
I Neutron (0.050%) —»
0220 —

90 0965 0.970 0975 corrections £, to
Vud

D.B., A. Crivellin, V. Cirigliano, and G. Inguglia, 2111.05338

explained by small

W-1-v couplings’

*Crivellin, Hoferichter, PRL 125, 111801 (2020)
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u-e Universality tested at O(103)

1-p/e Flavor Universality tested at O(10-)
4, SM

o
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Charged Lepton Flavor Universality in it Decay

(7 —ev(y))

(7> uv(y))
Marciano/Sirlin — Cirigliano

theory __
Re/ u

=(1.23524£0.00015)x10™*  (+0.012%)

Possibly the most accurately calculated decay process involving hadrons.
Current Result (PDG): R =1.2327+0.0023x10™ (£0.19%)
2 PILE NU

A
Best test of LFU: 7“ =1.0010%=0.0009 (£0.09%)

e

GOALS: PEN, PIENU (R®? <+0.1%); PIONEER (+0.01%)

Experiments: an order of magnitude less precise than theory.
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——
") PRL 115, 071601 (2015
22 PILE NU (2015)

SM

® Rey [Exp.]

. 4 Rem [SM]
® Ry [Goal: 0.01%) > P|[ONEER Goal

1.231 1.232 1.233 1.234 1.235
* -
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7" —e'v LFU Tests: Sensitivity to High Mass Scales

Pseudoscalar interactions

1 1 1
“_W o e Ers Charged Higgs (non-SM coupling)
W m g
N
1 _ Re/iw = :F\/Eﬂ- 1 m'.TQT (1T€V )2 5¢ 103
Res/jf Gp Agp me(md + mu) AeP Marciano...

Phase I PIONEER Goal: 0.01 % measurement=> A~3000 TeV

Many others:

Leptoquarks Induced Scalar Currents
EXCited gauge bOSO]]S Campbell and Maybury (2005), Marciano

Compositeness Re/ﬂ (0.01%)2 AS > 180 TeV(!)
SU2)xSU2)xSU2)xU(1)
Hidden sector ....

Apparent LFUV via massive sterile neutrinos (e.g. in 1t*—>I*v,) ;see DB and R. Shrock, PRD
100, 073011 (2019); Implications for leptogenesis (Elahi et al. PRD 105, 055024 (2022) ); or
other exotic processes like m*—>I*va (Altmannshoffer et al. PRL 130, 241801 2023)).

12/5/2023 Muons in Minneapolis -- Bryman 8



Heavy Neutral Leptons Coupling to 15t Generation

2203.08039 [hep-ph]

_» _Electron coupling dominance: U?: U?: U2 = 1:0:0
o 107 =

2 PILE N o4

Pioneer

1072 10 ] 10 10°
my (GeV)
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PIONEER builds on previous experience:

PIENU @ TRIUMF PEN @ PSI
The PEN/PIBETA apparatus

) u,,-;:nr_';traj : i.f:r‘;';‘;)l_:n;c-; 20% of 4n e 7E1 beamline at PS|
v AE = 2.2%(FWHM) + im
- Csl ring shower collector “ 2 StOPPEd %" beam Csl > PEN detector
» T tail suppression s — e active target counter § Runs 2-3
7

- Single crystal Nal(Tl) right behind the target

» gamma from radiative decay e 240 module spherical 12 XO pur.
- §SD and WC for particle tracking wcs\'n' ) ; pure Csl calorimeter i
» Identify n-DIF events in the ne; tail region Wel e [ € 0.8 % o central tracking
- Flash-ADC readout for all counters vig b i | PH
» Plastic Scintillator: 500MHz FADC W' === IE Nal(Tl) |5em e beam tracking : -
» Nal(Tl) and Csl: 60MHz FADC L i e digitized waveforms " i - ——— MWPCH
i dojeblabeidiiadid i WG et I x
» Pile-up tagging il i n/ 19X0 o I i ; vacuw| AD ]
! ' N o ﬁ _ MWPC2

T 60 kHz pions @ 75 MeV/c
nmp.:e=85:14:1

Nal slow but excellent resolution (1% o at 70 MeV)

" BC: Beam Counter PH: Plastic Hodoscope (20 stave cylindrical )
AD: Active Degrader  MWPC: Multi-Wire Proportional Chamber (cylindrical)
AT: Active Target mTPC: mini- Time Projection Chamber

BI Q
y §1 ' '
¢ TRIUMF M13 beamline /m' Ny
p Vi
‘ ‘ R .::' | ||| 2 - (lm) ::: “
-y N . =
| 4 s

L e e e Good geometry but calorimeter depth too small
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TRIUMF

) =
<« Pl E NU

x
| 6 cm
. Csl ring

BINA
19X,

80 MeV
70 MeV
60 MeV

45 50 55 60 65 70
Deposited Energy (MeV)

y Photonuclear peaks revealed in
2 T direct lineshape measurement.

-
-
-
----
e

s
-
-
.
.
.....

R =(1.2344+0.0023+0.0019)x10~*

el u
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_ (> ev(y))

R,, : Experimental Method
(7 — pv(y))

Simple experiment: count e* from 1 decay
_|_

T e e Nz—ev) = Nz—oev)

N Nz —> uv) N(r—>u—evy)

+ .}®

n Ktl__ e U — evv T — ev

--f--- > §x104

Lifetimes

T, =206ns .

T,=2.24us e
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A% P E NU

7 — ev: Experimental Method

e Pions stopped in an active target

¢ Positrons tracked; energy measured

_fﬁ‘hs,(ﬁr 7 ‘

e+

er
+
N et - lu

(Range:~1mm)

1n a calorimeter

e Decays tagged in target by energy and time

Many systematic
effects cancel in

measuring the ratio

e Principal sytematic uncertainty: Low energy "tail" AT o
of 7 — ev events under i — evv "background". :
“ s Target Energy (MC) T—o>H—e
Calorimeter Energy (MC) ooe Mo pn_.“_’e
10‘ r’f—fﬂ TTez tall 0-8:. \
n 0.6~ Wk
103 =) ;ll _> e S neﬁmency &mclo
0.2;
10° o
14 %
10 1M<,\/]
| T U Background suppression insufficient to

0 10 20 30 40 50 60 70 “312\/] determine “tail” for E<52 MeV.
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~) 7
< Pl E NU

Timing Analysis done for two Energy Regions

80

T—l—e

10} /I . p
g E fr; =e A t_e Aut "
Sl(}‘g -~ 10’
glO"-’ TS T v w— ———— —
Q . T/
O ‘ fpe:e 1 <

10° | -

/ Radiative \™~-.._
' PR PR - | ! | L t - . o biel b -
-300 -200 -100 O 100 200 300 400 500 300 <200 <100 0 100 200 300 400 500
Time (ns) Time (ns)

Correction for tail (E,.<52 MeV) obtained from direct
measurement of line shape; other corrections also applied
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PIONEER

Next Generation Rare Pion Decay Experiment

PIONEER Goal: Improve precision by order of magnitude.
e Phase I:
['(r—>ev+m—evy)

* Measure R, = : 0(2£0.01%)

I'(r—> uv+z— uvy)
* Improve exotic decay search sensitivities by an order of magnitude
€8 TeV, ;T > uv,;Tt—>eluvvvir —>el uvX
e Phase II — III:

+ 0 _+
LT 27 V). 5£0.2% — +0.05%)
C(z" — all)

* Measure R ; =
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PIONEER Proposal: 7° — e'v

Approved at PSI 2022 — beam tests 2022,23

e PSI cyclotron, 7E5 beamline — 6xrate (= Improvements Compared to PIENU)
e 25 X,, 37 sr LXe scintillation calorimeter
— Reduce Tail correction (5 x); — Improve uniformity (5 x)
Fast scintillation response (LXe) (10 x)
e Active Tracking Target — Reduce Tail correction uncertainty (10 x)
Fast pulse shape — allow 7 — 1 — e decay chain observation

e Fast electronics and pipeline DAQ — Improve efficiency

Active Target
and tracking

layers
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PIONEER Technologies for 7z© — e'v

Most intense low energy pion beam: PIES at PSI

L Xe Scintillation Calorimeter

25X, At~100 ps iEE~1.5%

Fast DAQ, high speed dlgltlzatlon etc.

12/5/2023 eapolis -- Bryman



Beam

PIONEER/MEG Elements

Native nES5 elements

<€

* piES @ PSI - World’s Brightest Stopped Pion Bear =
— Fundamental muon physics: MEG, Mu3e Planned

Location

Triplet II: Separator Triplet |:

QSK41,42,43 Q5841,42,43 '3 B
‘ Y 41 o

weag uoloid

* PIONEER requirements and test beam 2022 result
— Rate: 300k 1r/s stopped in ATAR: ok at 65 MeV/c
— Momentum bite: Ap/p <2%: marginal
— Spot size: <2 cm FWHM: not achieved
— M,e less than 10% 1T needs second focus extension

transport through /
- Simulation effort and beam design production target PIES y

— non-linear effects due to large phase space
— beam design with TRANSPORT, G4BL
— novel promising machine learning approach

18 Peter Kammel
Peter Kammel — PIONEER



PIONEER Target (ATAR) for z© —>e'v

Event Topologies

X Decay at Rest

-

1) @

m Decay at Rest &
) Decay at Rest

2) @

% Decay in Flight &
i Decay al Rest

3) @

4) @

4 MeV Mu stop time

7 Decay at Rest &
i Decay in Flight

At<12ps

12/5/2023

IT

"E‘; e

0-53 MeV

>

0->53 MeV

-

Muons in Minneapolis -- Bryman

o g

IT

-

+

—>u+—>e+

19



Active segmented LGAD 5D target

J Topology O Calorimetry O Timing

" DAR — e” m DAR — p* DAR — &' m DIF — p* DAR — e* m DAR — y* DIF — &'

i |- S

N 9 MIP MIP
A
A L\
A S MIP N .
AN N D
25 MIP A
A
- 26 ns » .—’26 ns = - _2'_2P§ - 4 26 ns »
Q_.._—_g'.g-p'.s——__—_.
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LGAD Si Strip Target
“5D” Detector (Space (3), Time, Energy)

0.12 mm
* Design: 48 layer Si strip target; stop pions ] /6 (<52 MeV)
* Compact 2x2x0.6 cm block full of silicon strips — __,HL-/""
T

* See all t—pu decays;

* Track n—e and n— p —e L1

* Requirements II I| I|

* Longitudinal segmentation:
Track, stop, localize pions; detect decays in flight J

* Compact, efficient: minimal dead material

* Fast collection time: separate pulses that are close in time from n—u —¢ and
n—e¢ decays

* Large Dynamic range (1000): measure energy depositions from positrons and
slow pions/muons

R&D in progress
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)

ATAR Si Strip Designs and Challenges

Specs: 48 layers; 120um thick; 200um pitch; 1000 dynamic range

* AC LGAD: High time resolution; minimum dead material; increased occupancy;
complicated pattern recognition for =—p—e; energy deposit saturation

* TI LGAD: Simple pattern recognition for n—pu—e; additional dead material;
energy deposit saturation

* PiN: Excellent energy linearity; long time constants needed for good S/N; modest
time resolution

AC-pads . JTE
dielectricf—lﬁ
q C A r ntt :
- : ﬁ
*) e
m .
n -
Epitaxial layer - pr Or - Or \ p bulk
e
: . i S —
pOQ
AC-LGAD TI-LGAD PiN
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Alternative ATAR design: Double sided strips

 LGAD or PiN type sensors

» Correlated x-y measurements
* Minimize dead material

* Minimize air gap (25um=->5um)

ab be

BNL prototype being evaluated at UCSC (SCIPP)
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PIONEER Positron Tracker

Tracker installed between the active target and the calorimeter
= connect the EM-shower to the pion stopping position.

» Low mass not to degrade the positron energy,
» Position resolution O (1 mm),
» Time resolution O (1 ns).

Possible options:

» u-RWELL (a type of micro-pattern gas detector),
» HV-MAPS (High Voltage Monolithic Active Pixel Sensors),
» Silicon strips.

Top Cu
Tep Copper (5 yum) ]
Polylméde L Polyimide —
Piich 140 e M e
DLC layer (<0.1 pm)
R - Resistive film (p)
M‘/‘
PCB electrode’ | preg —
SuipsiPads — ¢ W W W,

p-RWELL - JINST 14 (2019) PO5014
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Liguid Xenon Scintillating Calorimetry

J  Active Target

and tracking

Low intrinsic backgrounds
Expensive!

4 layers
Liquid Xenon is: .
B Bright (~60k photons/MeV) 178 nm Goals Based on MEG at PSI :
B Fast (~45 ns decay time) o
® Dense (3.1 g/cc) At~100 ps ; —=<1.5% (70 MeV)
B Homogeneous E
N
Ll
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PIONEER LXe Calorimeter Version 0 Concept

* / t Fiducial LXe volume
* 1000 PMTs
* Thin inner region windows

Current concept: Forward acceptance
geometry. Better acceptance; allows
direct positron beam line shape
measurements.
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PIONEER is considering both PMTs and SiPMs

MEG II replaced entrance window PMTs with SiPMs

S. Ogawa / Nuclear Instruments and Methods in Physics Research A 845 (2017 ) 528-532 529
V“," 7
b 2 ‘ “‘ I//’ '.»"l
2 .
b (A7 SiPM
|
FAV AP, .
degradation
DR
IV' | ,«": ¢ i

problem in
LXe.

YL
N4 "

) \
AKX
? @ — » i‘

Fig. 1. y-Ray entrance face of [Xe detector. (Left) MEG experiment. (Right) MEG Il experiment (CG). The uniformity and the granularity of the readout will improve with this
replacement.
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PIONEER LXe Photosensor Possibilities

VUV light collection in LXe

FLAT PANEL TYPE B
- VUV sensitive HAMAMARYTSW  WULTANODE PHOTOMULTIPLIER TUBE HAMAMATSL PHOTOMULTIPLIER TUBE
SIPMS FHOTOMN 130 URIELUSHINESE R12699_406_M4 PHOTON IS OUR BUSINESS H8520-40NR8520-5%
- Cryogenic PMTs [E‘TUREf“ — P —— FFEATURES
with fused silica 05 muiumode, i e 2408 2025 o/ anode g:E'ﬁ’ﬁﬁm .
windows m:"ﬂ‘:"‘:"" @HIGh UY sensiitely Sy symihebs sica wndow
T - ¥ APPLICATIONS /
N /4 High energy chysxs \
- Other options: “PPUCAI_',?,':E ; ~ s
@MCInar madcirg equipment (PET) ot i
- WLS (TPB OtheI‘S) Mijn | waw hasmmabe com comieal da hessenatas-photceoy st documests 99 _SALES 1IBRARY el R 1269030604 TPAMH! 64F 1 lnch fast OE 30%
deposited on Developed for PandaX : fast QE=33%
PM1/51PM $k8/tube! / . .
- WLS coated on . i
VuV SiPM : HPK / FBK
reflective detector / FBK VUVHD3
wall HPK VUV4-Q-50 BEING
- other (light guide Quad device CONCOMITANTLY
etc) 50um pitch TESTED in LOLX
C. Malbrunot
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100 L LXe Prototype (25 X0) under development

Objectives:

Validate simulations

Positron response at 70 MeV/c
Measure lineshape

Test thin windows

Test optical coatings
Investigate Cerenkov radiation
Do some physics?
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CALO R&D: LYSO option

being investigated vigorously.

* LYSO R&D (New SICCAS Crystals)

— scan 10 crystal array with e-beam ~ 10xLYSO

» LXe vs. LYSO Crystal

2.5x2.5x18
Detector Density  dE/dx Xo Ry;  Decay time \,,, Light output — demonstrate resolution ] 7
g/em® MeV/em  cm cm ns nm % back tteri 7‘.
LXe 2053 3707 2872 5224 3,27,45 178 100 — measure backscaltering y
LSO(Ce)  7.40 9.6 114 2.07 40 402 85 albedo |

Resolution 1.5% 4% |

] * Recent Test
Segmentation R&D natural run at PSI gives _—
Photosensors VUV standard promising ‘
Experience MEG mainly small Xtal for PET results.

Some experience with Mu2E/COMET LYSO 7
arrays (not good enough for PIONEER). Peter Kammel
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Special Minneapolis Diversion;

Possible New Physics Search with the PIONEER Calorimeter Prototype

New physics in multi-electron muon decays

Matheus Hostert,"* Tony Menzo,” Maxim Pospelov,”* Jure Zupan,®

Muon decay to on-shell dark Higgs h |
U —ehh, >y y, —>2ee)

+ + - + -

U —eeeee

Br(u — 5¢)~107"" <= Mass scale A~10"GeV

Current limit: Br(u — 5¢)<4x10°°

Hostertetal. arXiv:2306.15631v1 [hep-ph| 27 Jun 2023
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Muon decay: total EM energy Measurement
Poutissou et al., Nuclear Physics B80 (1974) 221

o H—=>Cyy
I T T
IrMOMaV) 4x107 Normal Decays
QUADRUPOLE . 000000 /-\ -
05 | LENS Nal(Tl) 40.6cm dia. x 61 cm long ! s .
AE " o
—(FWHM) ~ 5% =10% * ety
E 100000~ * -
ate (inst.) ~(1700/s)/0.3~5KHz
g 10000F , -
: .
RRAY . 7 7 D, E t Weetyy
--.' -.:_‘ Bi-_ll— ﬂSE .‘. ." 4‘. O 1000~ Threshold . —
St U e RReAzoss |ttt b .
‘l v - . . .'. = %
.t ‘t .. P v g 100 .ﬂ"‘ h
N *7 ] sorax BaGs | . +'. "
Y SR W, W
10cm LN 1or 7
[ HEAVY CONCRETE | :. '
. LEAD RS
* '] =23 ParaFFNeBORAX L ° T ° 15 5 s 35
Fig. 1. Experimental set-up. (MeV)

4x10" 11; 20 hrs. (30% efficiency)
Current limit: Br(u — 5¢)<4x107°
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Adrian Signer (PSI) private comm. To DB Sept. 14, 2023

New Calculation of the intrinsic background: <10-12 to 10-11

Integrated B, (¢« —>evvy) vs. E,  forE <10MeV.

miss
Emiss = m,u _Ee _Ey
_— B (Episs < Emax) integrated up to Epax
: sl Emax Bil?fl'LO Bi1r6d|NLO
i — 1MeV | 2.72(2) - 1015 2.23(3) - 10~
| — NLO 2MeV | 1.76(1) - 10~1%  1.54(3) - 1013
' 3MeV | 2.03(1)-10-12 1.83(2) - 10-12
o - | 4MeV | 1.160-10~  1.06(1)-10-!!
Figure 2: Differential branching ratio w.r.t. Eniss up to 10 MeV. EMeV | 4.488. 10_11 " 12(1) ' 10_11
6MeV | 1.360-10~1° 1.26(1) 1010
7TMeV | 3.484.10710 3.23(1)-1071°
8MeV | 7.888.10~10 7.35(1).10~10
. . 9a . 109 109
Experiment more likely to be IMeV'| 1.626-10" = 1.52(1)- 107
10MeV | 3.111-107°  2.91(1)-10-

limited by random pile-up
effects.
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N[ma s}

10 10 107 10® 10°

7M1 Fluxes

PIONEER LXe Calo Prototype for iz — 5¢?

Rough Estimate:
The PIONEER LXe prototype might be able to

reach ~O0(107'°) in a 10 day run at PSI 7M1 beam.

LI LI LI L L L
I I I I I

‘ '|J
S * s
/ "t N

YL S

r

™,

" »
/ e i

Ny

300 MeV/c u”

/A
("" "" - o,
I.,e’ LI 4
{f L ﬂ_ Y
A @
...........................
0 100 200 At 400 500
p [MeV/c]
aM1:
50kHz
12/5/2023
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Bryman
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PIONEER Energy Spectra & T—ev Lineshape

PIONEER will make direct measurements of the

calorimeter lineshape and "tail" with e+ beams; then

use simulations to obtain 7 — ev(y) response.

=
o
o

—
o
=

e

—
4

Relative Scale
o
&

[
o

-
o
&

P " o

N
il

4

:

Energy [MeV]

60 70
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The 7 — ev lineshape and low energy tail correction will

also be measured 1n situ using ATAR suppression of backgrounds:
1) 7 — u decay at rest (7DAR),

2) r — u decay 1n flight (uDIF)

3) Zpar = Hpw = €

Initial simulations:

1074 T T I - T . . .
—— n-u-ve[uDAR] T —> e - — pi—enu — pi[dar] - mu [dif] - e
y -e [ DAR Q ~
e | ;_.ZTE W ,:],,F] ‘ 5 107 ETail Fraction = 0.0165
o E c,,.,=0.000003
o B 2 6 c. =0.0119
10 E 10 :Eclow_ .
[&) -
o 1077 | . S 7L
swel 1 7 —> uDIF — e g
2 [ 10° &
E 109 e ’ ‘_ _ e e B L / 1 0_9 E
R ——T 1w
r HJJJ nDIF > u—e " L 10 /
1012 ‘
H 1 10~ al L . I . Oka .
L i 0 20 40 60 80
10-12 | Energy [MeV]
0 20 40 60 80

Energy [MeV]

e AE in first u strip
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7 — ev: Estimated Uncertainties To be verified by
simulations and

. — — —4 prototype
Error budget goals: gy = 055 = 0.7 X 10 SRS
2x108 1w — ev events (3 years)

PIENU 2015 PIONEER Estimate

Error Source % %

Statistics 0.19 0.007

Tail Correction 0.12 <0.01  (Calorimeter/ATAR)
to Correction 0.05 001 (ATAR timing/dE/dx)
Muon DIF 0.05 0.005 (ATAR)

Parameter Fitting 0.05 <0.01 (Calorimeter/ATAR)
Selection Cuts 0.04 <0.01 (Canrimeter/ATAR)
Acceptance Correction 0.03 0.003 (Calorimeter)

Total Uncertainty % 0.24 < 0.01

*
Pion lifetime uncertainty not included

77 = 7% v: Estimated Uncertainties

PiBeta PIONEER (Phase Ii;lil)

Statistics 0.4% 0.1%, 0.03%%
Systematics 0.4% <0.1% (ATAR (B), MC, Photonuclear, T>ev)
Total 0.64% 0.2%, 0.05%
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Conclusions: Testing Lepton Flavor Universality

with Pions

* Rare 1, y and K decays have unique and important roles to play in the
search for new physics involving exotic effects like Flavor Universality
and Lepton Flavor Violation --- especially sensitivity to very high mass
scales.

 TT/K/B results expected from PIENU, PEN, NA62, and LHCb, BESSIII,
BELLE-Il.... Important connections with searches for sterile
neutrinos/dark sector particles , high mass scale physics, and L(F/N)V
tests.

- Next generation pion decay experiment PIONEER aims at order of

magnitude improvements in high precision for measurements of ™ 2>ev
and pion beta decay to provide unique new information on Lepton
Flavor Universality and CKM unitarity.
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