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Spin-0 pseudoscalar meson (J°=0")

Charged PION ()
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Mass = 139.57039 + 0.00018 MeV [ppm]
Lifetime = 26.033 + 0.005 ns [~0.02%)]
Decay Modes:
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Quark model

Branching Ratio 99.98770 + 0.00004 %

B.R. (1.230 + 0.004) x 10~* [~0.3%]
B.R. (1.036 + 0.006) x 1078 [~0.6%]

—nt > etv,ete” B.R.(3.24+0.9) x 107°

Taken from PDG



Charged PION ()

Spin-0 pseudoscalar meson (J°=0")
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Branching Ratio 99.98770 + 0.00004 %
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Pion Leptonic Decays (rev/muv)

" ut(e)
 Weak decay only involves left-handed (LH) N Right-handed
leptons & right-handed (RH) anti-leptons I
w+
— LH: negative helicity at massless limit Left-handed
. . . d Vu(Ve)
— RH: positive helicity at massless limit
e Standard Model assumes lepton flavor
. . : Spin-0
universality " PEN
o ~— @ e
— Coupling is blind of flavor + momentum
- vu(Ve) ut(e)
[(r - ev) msZ/m2—m? |
R™: = ( ) Me (M~ Me =1.233 x 1074 |
[mr—>puv) mi\mi—mj Left-handed Right-handed, but
Negative helicity Negative helicity

Helicity suppression Phase space factors
4



History of R™

* 1940/50's: Development of V-A structure of weak interaction
* 1950’s: Many experimental confirmation of the V-A theory
» 1956/1957: Negative experimental result R < 107°

Note on the Decay of the »-Meson
Theory of the Fermi Interaction

M. RUDERMAN AND R. FINKELSTEIN
California Institute of Technology, Pasadena, California B P Pevaias ko M. Garr-Mii
(Received July 25, 1949) California Institute of Technology, Pasadena, California
(Received September 16, 1957)

TasLe 1] Ratio of m>(e, ») to m>(u, v)-decay |for
couplings (1) and (7).

Type of B-decay Experimentally’® no m—e+v» have been found, indi-
Do THmae Yewm T e cating that the ratio is less than 1075, This is a very
< Scalar 5.1 f 4 £ f . . .
| Pl }, 5]1 /) i , §er10usbdlscrell)an(<i:y. The authors have no idea on how
s Vector - 7 24 1t can be resolved.
= P-vector j f f 4.0 o
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Jan 22"9, 1957

Letter of W. Pauli to V. Telegdy

SR T e =y v .
fad wu - az L to algeV p plaldiw. ieo
?..,-. ‘chctessurar ' W«%/M& @a[.._g:wy

| still don’t know, why the reaction m = e + v does not occur.




Discovery of Pion
“Particle rush”
Development of SM

No electronic decay observed
PUZZLE!

... and “simultaneously” at Columbia University

Phys. Rev. Lett. 1, 249

... and confirmed at Univ. of Chicago

Phys. Rev. Lett.z, 64

First precise measurement (~5%)

“Precision area”
Search for BSM

P5Iby Czapek et al.

Phys. Rewv. Lett. po (1) 27-20

PIONEER

1947 Nature 155-6594-657 [L ¥UOVD CIMEXTO VoL VI, N. 8 19 Digemben 1057
Search for the Electronic Decay of the Positive Pion (%)
Search for the 2-Decay of the Pion. () .
. H. L. AnpEnsox ()
h LOEANATHAX ﬁI,'I'II'I- J. STEINBRERGER I.h‘:l Heovala di F".lrll'.t:imm'mru.'-ll in Figien Nucleare &0 ajveraild - Rowa
1955 Supl. Nuovo cimento 2:151 Nevia yeletvon Loboratories, Columbic Tndverwily C. M. 3. TATTER (%)
Depaeriment of Phycies - Neww Fork
Eurica Fermi Teditule for Nucleor Biudies
The Uwiversity of Chicaga - Chioags
1957 1l Nuovo Cimento W, &
Vorrus |, Nosmes 7 PHYSICAL REVIEW LETTERS Ocroarn 1, 1948
1958 First experi.mental obzervation of the ELECTRON DECAY OF THE PION
electronic decay at CERIN more than 60 years T. Fazzinl, G. Fidecaro, A. W. Merrison,
apol H. Paul, and A, ¥, Tollestrap”
1939 8o Phys. Rev. Lett. 1,7 CERN, Geneva, Switzerland
(Recelved Septembar 12, 1568)
l‘ . (]
xg put CERN on the map of high energy physics
1964 | DicCapuaetal Phys. Rev. 133(5B):B1333-B13go
r
X2
1986 TRIUMF by Bryman et al. Fhys. Rev. D3{g)azaa-a201 CU rtesy Of C. M d | er nOt
r
X2.5
1992 TRIUME by Britton et al. Phys. Rev. Lett. 6830003003
19493
X2
2015 | TRIUMF by Aguilar Arevalo et al. Phys. Rev. Lett. 115071801 Most precise measurement (~0.2%)
r
X20 7

o
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Previous R™ Experiments

* PIENU @ TRIUMF
* PEN @ PSI

* Several previous experiments

-

PIONEER Goal x20 improvement

First PINEU result @ 0.2% based on 10% of Data

PIENU 2015 | —)-://

VALUE (units 10_4) EVTS DOCUMENT ID TECN CHG COMMENT
1.2327+0.0023 OUR AVERAGE

1.23444+0.0023+:0.0019 400k AGUILAR-AR...15 CNTR + Stopping xt
1.2346+0.00354+0.0036 120k CZAPEK 93 CALO Stopping 71
1.2265+0.0034 +0.0044 190k BRITTON 92 CNTR Stopping 7T
1.218 +0.014 32k BRYMAN 86 CNTR Stopping 71
e o o \We do not use the following data for averages, fits, limits, etc. e o o

1.273 +0.028 11k 1 picapPuA 64 CNTR

1.21 +0.07 ANDERSON 60 SPEC

1 DICAPUA 64 has been updated using the current mean life.

PDG 2018: R™~ 0.19%

PIENU and PEN aims at 0.1% for their final measurements

_4..1"
ZDI'D_—
EIIHI_—
_ Crapek —
™~ Britton —k—
1990 —
g - Brymar —
i |
Plgﬁﬂ__
» Curtesy of C. Malbrunot
Ig?ﬁ__
u DiCapua (revised)
1960 — Anderson =
P I T S B [T T TR NI T [N N T R T M
S BE 1.2 1.25 13 1.35

Branching ratio (x 10™)



Pion Beta Decay B. R. (1.036 + 0.006) x 10~

Phase Space Suppression ‘

G2|Vyal? A\
[.=—& 1 — AS f(e, A)(1+ &
= T 3003 oM+ (&)1 + )
m 2
A=Mye = Myo; € = (%)

A
f: Fermi function; &:loop correction

~ 135 MeV

. Analogo.us to neutron .beta de.cay,.but with spin-0 7. ~139.6 MeV
(much simpler hadronic contributions)

* The theoretically cleanest way of measuring V4



Measurement of V

Pion (cleanest but hard BR~10%) * Super allowed 0* 2 0*

Neutron (also need g,) * T=1/2 mirrors (e.g. 3H & 3He)
nuclear neutron nuclear pion
o*—>» ot mirrors

003 F 3 F 3 F 9 E -
b _— s - - S
£ .002 | 4 L d L 4 kL -
©
Tt
o 1 0 v ] e e e =
(& ]

5 001} 1 ke _ __ 4 4 |- -
2020

— | L e | | s

Experiment - Radiative correction - Nuclear correction

Courtesy of Leendert Hayen



Pion Beta Decay Measurements

1947 1958 1962 1963 1968 1985 2004

Discovery ~Discovery Discovery  (1.15+022)  (1+£01)  (1.026+0.039) (1.036 +0.006)  PIONEER

of pion of mtev of n x 1078 x 1078 x 1078 x 1078 Goals

decay

Nature ~ PRL1,  Phys.lett.2, Phys.Lett.5, Phys. Rev. D 32, 547 I1: 0(0.6M)

159,674 247 23 61 0(700) events events
0(10) events  O(30) events PRL93,181803 lI: O(7M)

Nucl. Phys. B4, 189;  igmevsn——Y  O(70k) events events

Beam-defining -

was emrnseey NUCl. Phys. B4, 432 cotimator
0(100) events colfmator . \_..

= 2 on
+ 5 .
|
RN
\‘ > 3 %3880 1763
5 60 Ba mm
Pulse height (’?E{m?(;lro télf \
> otarg
||||||||
\ N |

'
l} [
Positron Energy Vacuum tank ond\\\Jl/
~ decay region

Electron

counters \
Veto counter
6
Converter Ny
array / y
Nal Energy - measuring Saraa
lead-glass array —
Muon cone I
N_"
!
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Why PIONEER?
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Standard Model of Particle Physics

* Direct evidence of physics
beyond standard model

— Neutrino oscillation = non-zero
neutrino mass and mixing
(19->26-28 parameters)

* Additional evidence of physics
beyond standard model

— Existence of Dark Matter and Dark

Energy
19 free

parameters 13




The main technique: Aim Collider at the Standard
Model and try to crack it

Warning: evidence of the unbreachable castle ...

Direct
approach

LHC7/8 & -
LHC i T e
w A

|

- Janjira - The Unconquered For

Coming up empty

14
Curtesy of D. Hertzog



What else can we do?

Direct
approach

AV
e

The Next Step i1s High Luminosity

i H H 1 - [1)
Curtesy of D. Hertzog But, there is also an indirect approach: “Quantum tunneling



Physics Motivation |: Testing Lepton Flavor Universality

i

* LFU in SM: the weak coupling “g” is the same for e/ /T leptons

I'(m—ev(y))
* Rejy = '

M(m—>pv(y))
524(015)
270(230)

2 4 Re/u [Exp.]

Rey [SM]
® Ry [Goal: 0.01%]

possibly the most accurately calculated
decay process involving hadrons

) [ 9 _ (9989 + 0.0009

Gu

PIONEER aims to measure R,
to ~0.01%, x20 improvement
over the current world best,
matching the SM precision to
test lepton flavor universality

1.231

1.232 1.233 1.234

1.235

currently best, tested charged LFU at 0(1073)

nnnnnnnn

3.

7 oseviat s uv

o ew/ T 5 vy

F—— K 5ev/K" > u'v

HHHHHHHHH

OOOOOOOOO
OOOOOOOOO
NNNNNNNNN
wwwwwwwww



Some anomalies pointing LFU Violation

Several new tensions in the flavor
sector, hinting toward lepton flavor
universality violation (LFUV)

o\ _ BoETpp
B K* ’
(LHCb arXiv:2212.09153)

B—-D*tv

B decays: R(D*) = YT 0(10%)
deviations at 3-40 from LFU

Muon g-2: 4.20 deviation from SM
prediction, hint of LFUV compared to
electron g-2

Cabibbo Angle Anomaly: 2-30 tension
from CKM unitarity from 8 and K
decays, hint of LFUV with modified

W v couplings

R(D*)

0.35

BNLg2 =~ PY

FNALg-2 +——@——+

<

4.20 >

B . _— +——t
Standard Model Experiment
Average
175 180 185 190 195 200 205 210 215

a,x10° - 1165900

Phys. Rev. Lett. 126 (2021) 141801

L EREEEE m e
Ay’ =1.0 contours  ~

L N I
0.226

0.225

0.224

VUS

] N
BaBarl2 —_ 3
el5 . .‘\;'Q
T . ‘ )
- I 2 v
\\ .

| 0.27%
0.223 ¢ ) '

é‘“
X )@

Bellel?

World Average

0222/ |
. | ¥ decays
7 (0.58%)

| o\
O
<« A
« e

2=  $UFLAVSM Prediction - R(D)=0356 10079 - o
- R(D) = 0.298 +0.004 R(DY) =07284 L0013, 0+ — 0+(0.030%)
R(D¥) = 0254 +0.005 bos0aT ‘ Neutron (0.050%) —
1 | I 'l ' .'z[': : ol a1 l- 0228 7976b7 77770 965 o 0 9‘70' -
0.2 0.2 0.3 0.35 0.4 045 0.5 0.55
R(D) Vud

arXiv:2111.05338

- Ayueun



Test BSM Explanations of LFUV Anomalies

U

extremely sensitive to presence of
new pseudoscalar or scalar couplings @ @
pp%e e
Pseudoscalar interactions @ b>dua

b—>utv

* Precision measurement of R;,, is

1-20

Andreas Crivellin

1
—) “‘<\, Charged Higgs (non-SM coupling)
(c)

RNew 2
1 — Reéf[ ~ F \fﬁ Ai Tx ~ (1/1\“61/ )2 x 103 Test beyond SM physics explanations of LFUV
e/ p Acp Me( + tha) e Mareiano. . anomalies through sensitivity to quantum

effects of new particles up to PeV mass scale

18
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Physics Motivation Il: Sensitivity to New Physics

* PIONEER will improve sensitivity by about one order of magnitude to a host of
exotic decays, including heavy sterile neutrinos, various light dark sector

particles, LFUV decays of muon into light NP particles

at = etv,

gat — e+vl

Decay Positron Energy

B, e e g e e e
100 120 140
Neutrino mass (MeV/c?)

If the mass of heavy neutrinos, which have implications for
leptogenesis, are M,, = 60~130 MeV /c?, additional low energy
positron peak can be detected in the 1™ — e™ energy spectrum

10—7 11

R. E. Shrock

1 1 1 | 1 1 1 i 1 1 1
26 28 30
Neutrino mass (MeV/c?)

Branching ratio upper limit

ut - et Xy
Decay positron energy (MeV)
25 20 15

40 35 30 10 5
1073 E\ T " T T ‘ T T T ‘ T T T | T T " T T I T T 7T ‘ T TT [ T
- Bryman and Clifford Bilger et al.
gl Derenzo

-
o

—-
o
&

AN e
- / \/ \\ ;"
\‘\r {

T
r
wl
1
'
v .
T
I
.
.

/"\\\

\\\l}‘f

PIENU
1065_ M
PIONEER
107 b1 T o Lo L L |
50 60 70 90 100

80
Mass m, (MeV/c?)



Exotic Searches — Global Experimental Context

 PIONEER will improve
previous limits by about
one order of magnitude to
a host of exotic decays in

the low mass region
1-120 MeV

Example papers published by & Pk E NIJ

A. Aguilar-Arevalo et al. Physical Review D 97(7) 072012 (2018)
A. Aguilar-Arevalo et al. Physics Letters B 798 (2019) 134980

A. Aguilar-Arevalo et al. Phys. Rev. D 102, 012001 (2020)

A. Aguilar-Arevalo et al. Phys. Rev. D 101, 052014 (2020)

A. Aguilar-Arevalo et al. Phys. Rev. D 103, 052006 (2021)

e [
o
= 107 -
1 0—5 CHARM TAS
! CMS
-1
107
—7 SHADQWS, 5x10"pot
1 O 1-spectrogter (dashed)
2-spectromgters (solid)
-8 ;
10
A SHiP 2x10” pot
1 O— -_cfé)tltléjcl: glllt{ll(i_s:‘l gfpper limit)
1 O_l 0 \-I}l?czd Ilfc'(l]t()tll‘l‘lzm bound)
- solid curve (5x10 pot)
1 O—l |
oy ) 1 L 1 a3l 1 L 1 a1 aaaal 1 M EEET1 1 L1 1 13111
10
) )
10~ 11 | 10 10

my (GeV)

2



determination of |V, 4]

_ REXP —

I(nt-nlev(y)) _ g
8 rall) = (1.036 + 0.006) x 10

— 3-fold improvement in R g with K — mlv(y) allows for a
0.2% determination of |V, /V,,4| matching axial channels

— 10-fold improvement allows for a 0.02% determination of
|V,,a|, comparable to super-allowed beta decay

L

Rugjan [Exp.]
Rngjan [SM 2004, 90% CL]
Rng,fa,q [Goal: 0.06%]

L

_._
1.030 1.032

—_—

1.034 1.036

RnB * 108

1.038

1.040

VUS

Physics Motivation lll: Testing CKM Unitarity

Pion beta decay provides the theoretically cleanest

~30 tension in the first-row of CKM unitarity
test (CAA: Cabibbo Angle Anomaly)

0.226

0.225 i
0.224 |
0.223

0.222]

0.221/

i I
| ﬁ%)

R
o
I o2l
©58%) «‘N@.@

0.220 L

0.960

D. Bryman et al.
arXiv:2111.05338

0+ — 0*(0.030%)
Neutron (0.050%) ——

0965 0.970

Vud

Ajenun

0.975


https://arxiv.org/abs/2111.05338

Connection between LFUV and CAA?

* Assuming CKM unitarity, V 4 (or V) deduced B
from K,, and K,; and nuclear beta decay is !
Inconsistent

A exp

0.976~

0975

Is this tension a sign of LFUV ?? 3 0974

0973+

 Modified Fermi constant in muon decay ke (s

0.972} ™ (0"=>0%)cms

1 (GC )2m5 o W (07=0)sGrr
=— (14 AQ)(1 + cee + epp)? |
. T 192:0

[ (Ta)sGPR

1275 1276 1277 1278
[A]

Construct ratio criveliin, MH 2020

K K
12 e
VUS _ VUS

= _q_ (

I6}
7 Viss \/1 — (Vu2)2 — ’ Vb ’2 Vis &;; are possible small corrections to the
ol ! ] charged W-€-v couplings

— LFUV effect enhanced by (V,4/ Vus)? ~ 20!

R(Vus) =

Crivellin-Hoferichter 2002.07184, PRL 22



Summary of PIONEER Physics Goals

Phase | Goals:

_ M(moev(y))
e/l T I(m-uv(y))

— Measure R to 0.015, matching SM prediction

precision
— Improve e/u universality test by an order of magnitude

Phase Il (Ill) Goals:

+ 0
— Measure RTL’ﬁ = F(T[ F(lee)v()/)) to 0.05%

— Improve CKM unitarity tests by an order of magnitude with
us | < 0.1% and |V,4|~0.02%

Vua
Parasitic Goals:
— One order of magnitude improvement in search for a host of exotic

decays including heavy sterile neutrinos, various light dark sector
particles, LFUV decays of muon into light NP particles

3
walO

Modified Wlv couplings

CKM Unitarity
Test

1.0

0.0

Light bands: current
Dark bands: Projection
with PIONEER

1.5 1.0 05 00 0.5 1.0 1.5

-1.0

We will focus on phase |, which is already a major challenge;
however, the core of the apparatus is designed to accommodate later phases

€, x10°

A. Crivellin and M. Hoferichter,,




What is PIONEER?
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Conceptual Design of PIONEER Phase |

: 8 —+ +
[ J ﬁ - .
Aims to coIIeFt 2xX10°m e™v events at Paul Convcuptund Dusier LXe Calorimeter
Scherrer Institute (PSI) to measure R, /, to 0.01% of PIONEER

Features of T - ev(y) T — uv(y) Detector
stopped nt decay u — evv(y) | technology
Decay Time 26 ns (m) 26 ns + 2197 ns (u)

Eeyy 69.3 MeV* 0 MeV -- 52.3 MeV (Fast) LXe calo. /
Pattern Two tracks  Three tracks (m+ p+e)  Active target + Beamn
recognition (m+e) (LGAD tech.) AR Active Target (LGAD)

*:there is a long tail at lower energy region and tracking layers
Time Information Energy Information Pattern Recognition Information
1 R LEE LTI 10°

S T — | ATAR
_g : - . 10721 NS n Decay at Rest ./—"”/6;.3 MeV 7T+ N 6+
=) E 10-4 LL n Decay at Rest & Ll
g — oty v 2)@ u Decay ét Rntsst 1 -«hhx\w
. b L e (TG 5 e
E e m— )@ 1 i ot syt et
z 10-% B q n Decay at Rest & 2

! L 4@ 14 Decay in Flight il LU -
L e L ity 0 - (>53) MeV
T T T T 0 10 20 30 40 50 60 70 80

Time [ns] Energy [MeV]

Also, i /u separation with dE/dx ?°



AHSW41

» Specifications:

— Momentum p=55-70 MeV/c allowing for E X B
separation of m from pand e

— Tight beam spot (< 2 cm?) and small divergence

— Narrow momentum bin (2%) for well defined nt
stopping location in active target

X 10° Hz
Beamline Position pr (MeV/e)| =™ Rate
QSB43 55 6.3
CALO Center 55 1.0
QSB43 75 61.5
CALO Center 75 11.1

<

0.5

Phasel 7 —> ev:

o7 Beam: 55 MeV/ec : 22 -2%: 3x10° Hz

2 x10° events in 3 "yrs"* — R,

../../processed/run307/data/subrun0/WD038_8.root 38_12

0.45F

0.4

Lo
0.35F———=%

03

0.25

0.2

) - -.- "]
0158 =" - 1

0.1

0.05f " Tpe= 1

szw'llwllw

Beam test @ 2022

P
+0.01%




Two Recent Pion Decay Experiments: PIENU and PEN

AX ; zt e v
fi\"ﬁ H E M—' P —),u+v
& exotics

- Single crystal Nal(Tl) right behind the target
» Geometrical Acceptance: 20% of 4n
» AE = 2.2%(FWHM)
- Csl ring shower collector
» Te2 tail suppression
» gamma from radiative decay
- SSD and WC for particle tracking

» ldentify n-DIF events in the e tail region

v
75MeV/c

S2

8 i 2
/"‘ / \ .".-‘....-""
' | 2.em (x10)
B2 |1 !

.....

& —eluv,

The PEN/PIBETA apparatus

.....

50cm

rt 5%y & 1" —>e v(y)

e TE1 beamline at PSI

e stopped 71 beam

e active target counter

e 240 module spherical
pure Csl calorimeter

e central tracking

e beam tracking I

e digitized waveforms o
Il

t i boam

BCy|

31T Sr
12 X,

PEN detector
Runs 2-3

BC: Beam Counter PH: Plastic Hodoscope (20 stave cylindrical)

AT: Active Target

PIBETA signal: 7° — yy

mTPC: mini-Time Projection Chamber

PIONEER will be clearer, larger, deeper, and faster!

AD: Active Degrader ~ MWPC: Multi-Wire Proportional Chamber (cylin™* 2222




PIONEER Detector Concept — best of both worlds 7" —¢e'v

Building on PIENU and PEN/PIBETA experiences: use emerging technologies (LXe, LGAD)
(= Improvements Compared to PIENU)

25 X,, 3t sr calorimeter = Improve uniformity (x5) = reduce tail correction (x5)
Fast scintillator response (LXe) = reduce pile-up uncertainties (x5)

Active target (“4D”) based on LGAD technology ' ==
—> reduce tail correction uncertainty (x10) [ ] =
Fast pulse shape = allow nt =2 p =2 e decay chain observation -8 f E

N
=l T

State-of-the-art additional instrumentation

— + LRWell Tracker; fast triggering; high speed digitization;
and pipline DAQ. = improve efficiency

Intense Pion beam at PSI

1 N Ao AiBer <uppo

il Flex caﬂis/’//

LXe ca?&imeter



PIONEER Detector Concept: LXe Calorimeter

* 25X, 3 sr calorimeter = reduce tail correction (x5) = Improve uniformity (x5)
Fast scintillator response (LXe) =2 reduce pile-up uncertainties (x5)

Experience from MEG
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Low energy tail of 1 — ev is the dominated systematic uncertainties
to reach the physics goal of Uncertainty on R,,,< 0.01%;
« Excellent energy resolution of calorimeter - minimize the

tail fraction
« [Fast detector response - more resistance to pile-up, and allows

for high statistics




An alternative LYSO based crystal CALO is being investigated to provide a comparison with LXe. To date, no LYSO
test array has met our required precision goal, but we are testing new crystals to see if improvements have been
achieved

New LYSO (16 X;)
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105, — LYSO+Csl
o Hybrid allows for “2 tails” to f
be measured vs simulation I/;
10°
r,a;fﬁ;’]w * Fast, segmented, compact
10? fnd B .
MquU‘“ * |s resolution good enough?
o J‘f! “ T e LYSO for HEP not yet demonstrated, given its
1°°]]J][|]FqIHHH‘]Fr[|Hq, ] — ”ﬂ” ol promise and extensive use in PET
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Prototype Detectors (to be tested @ PSI)

e 3x3 LYSO surrounded by Nal(TI) ”“""”_'T Llfwj
— Understanding the energy response iINEI ! o
* LYSO made by SICCAS in Shanghai [ EE L=
— 2 weeks beam test in Nov./2023 in o | t ! l» ~~~~~~ "
collaborating with STITU team "?“""“ 3 E fc:“;:”

* LXe prototype
— Based on MEGII prototype
— Test of window for positron
— Understanding the energy resolution
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In-situ Measurement of the Low-energy Tail

Energy Spectrum In a 25 Xy Calorimeter
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Low energy tail to be measured in situ

using ATAR suppression of decay-in-flight

backgrounds
« High segmentation allows for pattern
recognition and dE/dx information for

pion and muon
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PIONEER Detector Concept: Active Target (ATAR)

e Active target (“4D”) based on low-gain avalanche diode (LGAD) technology

* Requirements:

— High segmentation, compact with
less dead materials, fast collection
pion decay chain e Ml ,, —

| ATAR
/—

——

— Large dynamic range for electron " TRACKeR
MIP) and stoppi ' ~
gxlo(% i/rlllP)S oPPIE plOnS/mUOHS LGAD Strip Target (ATAR)
e Tentative design: - Development led by UCSC

— 48 layers X/Y strips: 120 um thick

— 100 strips with 200 um pitch covering
2x2 cm? area

— Sensors are packed in stack of two
with facing HV side and rotate 90°

80pm-wide strips, 100, 150,
200 pm pitch; 5-15pm resolution
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Acceptance Difference between ntev and mtuv

* Good position resolution (~¥100 um) of ATAR leads to
smaller acceptance difference between nev and nuv

— Requiring 5 positron hits in ATAR will enable an energy

threshold of 0.5 MeV (2 X 107° positrons below this energy

for Michel spectrum)

— Chance for large-angle (15°) Bhabha scattering within 1000

um in ATAR - Difference of acceptance ~ 2 e-4

(E,,cosB,,p,)

(xn't yn" Zn') or (Xe, ye' Ze)

nmev @ 70 MeV

(xTL" yTL" ZTC)
(E¢, c0S O , de)
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t
0.8
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0.4f
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spectrum
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scattering angle < 15 deg
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Alternative Designs Under Development

e 2-sided readout with X-Y strips

* Shared strip readout to minimize dead
materials

* PiN + slow low-noise electronics (e.g. 5 ns)
can be an alternative to the LGAD + fast
electronics (< 1 ns)

Bulk (120 um)
Readout strip (200 um
pitch, 100 width)

Layers are gradually
increased/decreased,
so that we can readout
from the sides

MIP track
(50 hits assumed with 2-
sided readout)

TO resolution 408 ps 408/sqrt(50) = 58 ps 103 ps 74 ps
Charge resolution  <13.1% 13.1%/sqrt(50) = 1.9% <131% <0.44%
(1024 e in 7 ns)
2-peak separation N/A N/A Good with 1.5 ns separation,
@ 3D point of the when delayed hit charge is
decay layer not too small

Example performance for a 5-ns electronics shaping time



7 — ev: Estimated Uncertainties To be verified by simulations and

prototype measurements.

PIENU 2015 PIONEER Estimate

Error Source % %

Statistics 0.19 0.007

Tail Correction 0.12 <0.01 (Calorimeter/ATAR)
ty Correction 0.05 ~0.01 (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 (Calorimeter/ATAR)
Acceptance Correction 0.03 0.003 (Calorimeter)

Total Uncertainty™ 0.24 < 0.01

*Pion lifetime uncertainty not included
Newly proposed measurement at TRIUMF

r* — r’e*v: Estimated Uncertainties
PiBeta PIONEER (Phase Il)
Statistics 0.4% 0.1%
Systematics 0.4% <0.1% (ATAR (B), MC, Photonuclear, n—>e v)
Total 0.64% 0.2%

37



Status of PIONEER Experiment
* PIONEER Phase | approved by PSI PAC

— 2 weeks beam time was allocated for 2022

* Establish the tune needed in piE5 beam line: categorization/optimization of beam
intensity, quality, spot size, momentum bite, background

— 2 weeks beam time was allocated for 2023 for CALO test
— Dedicated beam tests for ATAR/CALO in 2024

e Currently over 80 collaborators from 24 institutions

— Diverse research background: both nuclear and particle physics (U.S and
international) communities including PIENU, PEN/beta, MEG/MEGII
experiments, as well as experts in rare kaon decay, muon experiments, high-
energy collider physics, neutrino physics, PSI scientists, and leading theorists

— There is much work to do and many open topics: Tracker design, Calorimeter
choices, Trigger scheme, simulation efforts, JOIN US!
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Timeline and budget

2024 2025 2026 2027 2028 2029 2030 2031 2032
EXEHL st shutdoun  Upgace
LXe 100 L Active Tgt Test __ Run-1 Run-2 Run-3 Run-4
R&D R&D Large Prototype  Major construction period Install Phys Phys Phys
Funding
Profile Operating grants and small supplements Large purchases: ~1 SM
Special R&D award for prototypes [Xe procurement

Integral of green
equals Project
Request

Project funds

Photosensors and electronics

Total:

Calibration system

ASIC dev All electronics LXe and tanks ~S40 M
R&D: Active Target, 2nd LXe test Final install eng OPERATION SUPPORT OF GROUPS
LXe Prototype and Electronics Elect / DAQ

Aims at physics data taking by the end of this decade

Phase-Il and Phase Il will follow (15+ years program)



7 —>e'y Summa ry t — ety

PIONEER, a next-generation rare pion decay experiment, aims at testing lepton
flavor universality and unitarity of CKM matrix

— Good discovery potential with emerging anomalies in flavor physics

PIONEER employs state-of-art detector technologies (LGAD, Noble Liquid
calorimetry)

— Phase | approved at PSI with beam time in 2022 and 2023

— Rare Pion Decay Workshop (6-October 8, 2022): Overview - Indico (cern.ch)

— Expected start of data taking in ~5 years time scale with an overall time scale of 15+ years

JOIN us in this exciting experiment with excellent discovery potential and
cutting-edge instrumentations


https://indico.cern.ch/event/1175216/
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