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Prospects for a Vua measurement
with the PIONEER Experiment

Quentin Buat (University of Washington)
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PIONEER Physics Case

Lepton Flavor Universality

Re/ﬂ =1(m - ev(y) +1'(x = uv(y))
-+ World average W@D/EER

-+ Theory

Goal: 0.01% Goal of PIONEER

R, [Exp.] = 1.23270(230) x 10~

15-fold improvement over
the current world best

Avg. dominated by && Pk E N

PRL 115, 071601 (2015)

-+
BSM constraints:
; EFT analysis (JHEP. 2013, 46 (2013))
| | | | | ~330 TeV (pseudo scalar)
1.231 1232 1233 1234 1.235 ~5.5 TeV (axial currents)

Phase | of the project
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PIONEER Physics Case

Exotic decays of the charged pion

Lepto-philic axion

LA i By " 107"

107k

: Goal of PIONEER
: _ Increase reach of the global search
K" o aa - program for feeble interactions (ie ALPs,

SIE Weak-Preserving | . . .
s s Acion sterile neutrinos) in the 10—100 MeV
1 1 TN | 1 1 1 L1 11 11 1 1 1
| 10 100 range
m, [MeV]

W. Altmannshofer, J. Dror, and S. Gori )
Phys. Rev. Lett. 130, 241801 Searches profit from the very large

datasets needed for R,;, measurement

Phase | of the project
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PIONEER Physics Case

piBeta measurement and Vuq4 extraction

+ 0,+
_F(]Z’ - 7me'v,)

Rﬂﬁ =
[(z+ — all)

- World average
9 Theory (90% CL)
Il Goal: 0.1%

R,4[Exp.] = 1.036(0.006) x 10~
vz, =0.97386(283)

- ‘It 7
,}’f“\ PRL 93, 181803 (2004)
.

+

| Goal of PIONEER

| Reduce the uncertainty as much as

| ossible to be relevant in comparison to
"’E’yEER/ : P _all P
. l | | . | super-allowed beta decays and neutron

1.030 1.032 1.034 1.036 1.038 1.040 1.042 measurements
Rng x 108

Phase lI-lll of the project
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Landscape of Vuda measurements

T 0.977 ]
> N .
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0.971 :_ ----- ACEEEEEE PIONEER Phase Il _:
L V4 from unitarity with Vus = 0.22431[85] (PDG average) _|
0.97C — ' ' . -
0"—0 Neutron Pion

Data Source

VO~ = 0.97367 (11)gxp (13) a5 (27)ys
vPDG = 0.97430 (2),, (13),,(82), (28),
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VZ = 0.97386 (281)gR (9),.

m The pion beta decay: Theory

Speaker: Marc KNECHT

Pion lifetime

0t-0*

arXiv:2301.03975

Neutron

Mirror Pion

B Experiment
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(28), [283;

Radiative B Nuclear

total

Phase space dominated
by exp. uncertainty
on pion mass splitting


https://arxiv.org/abs/2301.03975

Role of piBeta measurement

Vus VS Vud Representation

Vs 7
. - Assume V,, from SFT + n decays
* Now: not competitive V., = 0.97384(26)
|V, 4 pi-beta; x3 improvement
X3 improvement: nice, maybe it 0.225 - Vud Pi-beta; x6 improvement
gets added to the plot
e X6 iImprovement: competitive with -
neutron estimates, useful cross-
check i
’;u/ J ;l(l from K/l.‘!
. I V.. from K,
* x10 improvement: become the v from SFT + n decays
reference 0.220 - 1 | 1 1 1 | | | 1 | 1 | L 1 l lA |
0.965 0.970 0.975

V,

ud
Courtesy Matt Moulsen



Measuring R ;
Event Topology

nt — nlety, \

mn.+ — 139.6 MeV
mﬂ.o = 1350 |\/|eV
Tﬂo = 0084 fS

PiBeta Experiment

Lt ety
| —yty2 T
- — GEANT MC

Two back-to-back photons
Very low energy positron

Number of Events
5
o
(@]

11111111111111

%) 165 170 175 180

O(y1y2) (deq)

FIG. 5. Histogram of the y-y opening angle in 75 decay.



R,; measurement

The PiBeta Experiment Approach

Measure ratio to z7 — e"v, BR

Alleviates the need to count every pion
(difficult in high rate experiment)

Requires to control relative acceptance of

nt — ey, and 7t — etv, events

In the piBeta run

['(zt — n*v,)
R —_—

Z ['(zt - etv,)

X R

elu



http://pibeta.phys.virginia.edu/

The piBeta experiment

PSI nE1 Beam Line at 110 MeV/c
10° pions/s stopped in active target

Gamma and positron energy
measured by Csl calorimeter

Plastic Scintillator Hodoscope (PV)
and Multi-Wire Proportional

Chambers (MWPC) for tracking and
particle identification

10 cm


http://pibeta.phys.virginia.edu/

The piBeta experiment

Uncertainty budget
Phys. Rev. Lett. 93, 181803
Uncertainty type Quantity Value AR ;g (%)
External R7Y 1.230 X 104 External input
:‘Lw 0.9880 0.03
" lifetime 26.033 ns 0.02
Combined external 0.33 Rolat
N o . 8 elative
Internal N :17 (Sﬁslt) 6.779 X 10 acceptance of
ﬁ/A i 0.9432 xt = nlety,
/ G L.130 e and 77 — ey,
N;W’ 0 <(.1
‘fcppcxnrecﬁon 0.9951 0.10
fph correction 0.9980 0.10
Combined internal ).38 Statistical
Statistical N,z 64 047 0.395 it

uncertainties

Equal contributions from statistical uncertainty (size of the piBeta decay sample)

and systematic uncertainties (acceptance effects)
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The piBeta experiment

Uncertainty budget

Phys. Rev. Lett. 93, 181803

Uncertainty type Quantity Value AR ;g (%)
External R7Y 1.230 X 104 0.33
i\p_,w (0.9880 0.03
" lifetime 26.033 ns 0.02
Combined external 0.33
Internal N“’:, (syst) 6.779 X 108 0.19
{;/AHl 0.9432 0.12
r-G = f /f""- 1.130 0.26
N;,“'d 0 <0.1
fepp Correction 0.9951 0.10
fph correction 0.9980 0.10
Combined internal ), 38
Statistical N.g 64 047 0.395

Can we collect enough 77 — «

11

Oety, events?
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Pion Beamline at PSI

PIONEER/MEG Elements Native nE5 elements

|
b >l < "
|
PIONEER B
Planned | |
o I Triplet |
Triplet II: : , N
Qska1 42,43 P2 05BA1 42 43S . , s
{ Ay,
{ AST Y A X/ / N ) 8
/ L 4 4 S
: ®
‘ Q
y 3
lltt
" "AHSW
/’TgE

Beam properties Phase | Phase lI-lI
Pion Decay of Interest TH—>e+Ve mr—mletve
Rate (pions/s) 3.10° 3 .107
Momentum (MeV/c) 65 85
Momentum bite —Ap/p (%) 1 3
Statistics (events/year) 108 106
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Collecting 7t — 7% "1, events

Assumes detector efficiency of 20%
and typical PSI experiment runtime

l

Improvement Targeted Required
over piBeta statistical number of Number of years
Baseline 0.4 64047 N/A
X3 0.1 106
X6 0.05 4.106
x10 0.01 107

But this requires handling the beam at a rate of 3.107 pions / s

14



PIONEER Detector concept




PIONEER Detector conceptS

Two calorimeter options
LYSO Crystals Liquid Xenon

120° Fid. volume
P —

15 cm inner radius
42 cm total radius

Size driven by shower containment
By far the priciest component of the system
Will build one for the entire life of the experiment (PHASE I-I11)

16



Detecting 7+ — 7’ v, events
The importance of segmentation

* Segmentation is necessary to distinguish gammas ; oo
from each other and coincident particles o+

—50

—140

* A high density is necessary to limit pileup events
that cannot be distinguished from the gammas

* @iven the high probability of spatial overlap,
a Liquid Xenon calorimeter is not favoured* P

Calorimeter Inner Radius Molicre Radius Calo Surface Area* pi-beta Area | Overlap Probability
PIBETA CslI 26 cm 3.5cm 8495 cm” 308 cm? 3.6%
PIONEER LYSO|| 15cm 2.07 cm 2827 cm? 108 cm? 3.8%
PIONEER LXe 15 cm 5.22 cm 2827 cm? 685 cm? 24.2%

* without making some significant

1 changes to the design (add a magnet?)



Detecting 7+ — 7*v, events

Charge exchange process

Pion charge exchange 7t +n — 7z’ + p
looks like the pion beta decay in the calorimeter

These charge exchange events occur promptly

A 1 (2) ns cut around RF times would remove
100% of charge exchange events

Such a cut would retain
77 (95)% of the pion beta decay events

18

Charge Exchange Time

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time [ns]

pi-beta Event Time with Charge Exchange Overlay

1000
800 :
600 __
400 :

200
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0 50 100 150 200 250
[




Detecting 7+ — 7’ v, events

Mass reconstruction

« Mixed Michel events:

- 71 — u( — evv)v is 108 more frequent

than 7zt — 7V v

« Muon life time is 2.2 pys while the pion
lifetime is 26 ns

« We expect a continuum of positron
(ranging from 0 to 53 MeV) in the
detector

- Many will happen in time coincidence

* Ability to reconstruct the photon pair
invariant mass alleviate the issue for

collecting 77 — 7'e*L events

Invariant Mass of 'pi-beta' Events

— pi-beta Events

Counts

10° _ ,
—— Mixed Michel Events

—— Charge Exchange Events

107

10

ik m

50 60 100

1 1 0 120 130 140 1 5(
Mass [MeV/c?]

Relative rates of Michel Pileup
and Charge Exchange to pi-beta
are not to scale

19



The piBeta experiment

Uncertainty budget
Phys. Rev. Lett. 93, 181803
Uncertainty type Quantity Value AR ;g (%)
External 0.01%
s o - PIONEER
7" lifetime 26.033 ns 0.02 I%asel
Combined external 0.33
Internal N, (syst) 6.779 X 10° 0.19
A'f”[r,/A“('2 0.9432 0.12
reg = f15/ f78 1130 0.26
N;‘fgid 0 <0.1
fepp correction 0.9951 0.10
fph correction 0.9980 0.10
Combined internal ).38
Statistical N,z 64 047 0.245 0.04%
PIONEER will be able to collect

axt — Ve efficiently

20



The piBeta experiment
Uncertainty budget

Phys. Rev. Lett. 93, 181803

Uncertainty type

Quantity Value AR ;g (%)

External

Combined external
Internal

Combined internal
Statistical

=YY

" lifetime 26.033 ns 0.02

0.33
N, (syst) 6.779 X 10° 0.19
A%/AH‘I2 0.9432 0.12
Fug = fon/ e 1.130 0.26 r—
N;‘f;;id 0 <0.1
fepp correction 0.9951 0.10
fph correction 0.9980 0.10
0.38

N5 64 047 03¢5 | 0.04%

21



Gate Fraction Ratio (1, = /™ /%)

* 0.26% Uncertainty in PiBeta Experiment Time Difference of pi-beta Events

— PIONEER
0=144 ps

— PIBETA

0=900 ps

IS
o
o
o

Counts

3500

* This is the probability the decay occurs Iin
some data collection window

2000

 The uncertainty is primarily from determining
window opening

500

-P_IIIIIIIIIlllllllllllllllllllllllII|IIII

 PiBeta triggered on the beam and the
calorimeter and used a 10ns hardware veto

|1 ©

L L L 1 | 1 | 1 1 1 1 1 L 1 1 1 1 L L L ! ! 1 L
-3 -2 -1 0 1 2 3 4
Time Difference [ns]

e Some delay is needed to remove charge |
LYSO Test beam result: https://arxiv.org/abs/2409.14691

exchange events

— Fitted function: 1377.0 / E [MeV] ® 122.5

* Thus, the gate opening time needed to be
determined from experimental data

800 A

600 A

* This method includes more [ events,
maximising useful statistics

Time Resolution [ps]

<200 ps resolution for
pulses larger than 10 MeV

400 A

200 T

S

* PIONEER timing resolution should be much .

better and alleviate this issue Energy [MeV]
22


https://arxiv.org/abs/2409.14691

The piBeta experiment

Uncertainty budget
Phys. Rev. Lett. 93, 181803
Uncertainty type Quantity Value AR ;g (%)
External
n'..“y.y ] oJe, ]
" lifetime 26.033 ns 0.02
Combined external 0.33
Internal N, (syst) 6.779 X 10° 0.19
A';E/AH"Z 0.9432 0.12
raG = fab/ 28 1.130 03
N';‘,Cg‘d 0 <0.1
fepp correction 0.9951 0.10
fph correction 0.9980 0.10
Combined internal 0.38
Statistical N.g 64 047 0.245 0.04%
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The piBeta experiment
Uncertainty budget

Phys. Rev. Lett. 93, 181803

Uncertainty type

Quantity Value AR ;g (%)

External

Combined external
Internal

Combined internal
Statistical

=YY

" lifetime 26.033 ns 0.02

0.33

N, (syst) 6.779 X 10° 0.19 €=

A%/AH‘I2 0.9432 0.12 €=
Fug = fon/ e 1.130 OO
N;‘f;;id 0 <0.1
fepp correction 0.9951 0.10
fph correction 0.9980 0.10
0.38

Nzp 64 047 0.245 0.04%
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+ + lot
nt — e v, Count (N_)

* 0.19% Uncertainty in PiBeta Experiment

* Uncertainty primarily from measuring the tail of '124000
n* — e'v, — The PiBeta experiment used g2000
Monte Carlo estimates =
 PIONEER should have a better

understanding of the tail fraction from Phase
| — the fraction will change if the target is
changed for phase |l ;

 PIONEER’s increased calorimeter depth will
greatly decrease the tail size compared to
PiBeta (20 RL vs 12 RL)

« The PIONEER ATAR will provide a huge
performance boost to reveal the tail

= More quantitative estimates needed

25

PiBeta Experiment

---------------------------------------------

of — GEANT MC
O -
%0 25 50 55 60 65 70 75 80 85
E(Csl) (MeV)
Energy Resolution 70 MeV -- 1.82%

600f—
500f—
400:—
300}~
2003

100|~

htot_E_zoomed

- Mean

— X2 / ndf
p0

Entries 38593
6.7533e+1
3.9184e+0
263.5/245

635.0+50

Std Dev

p1 0.3321 +£0.0087

— p2 34.92 +13.89
— p3 1.279 £ 0.015

70.08 + 0.03

PIONEER
(LYSO)

A

Eﬁergy [Me\ﬁ0



Acceptance Ratio (A 753

* 0.12% Uncertainty in PiBeta Experiment

* Acceptance uncertainty dominated by
uncertainty in pion stop distribution

* PiBeta backtracked charged particles
from their trackers to the target to
determine the pion stop distribution (50
micron uncertainty)

« The PIONEER ATAR and tracker should
be able to improve this precision

= More quantitative estimates needed

26

Absolute Differential Acceptance

7[62)

0.004 |

0.002

lO

0.5

cos(0)



PIONEER'’s Active Target (ATAR)

The heart of the experiment

LYSO Calo Tracker

Beam

Halo Monitor
y

Readout Cables DTAR ATAR

27



ATAR Design

f

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

Tentative design (PHASE )

_ Thickness must be increased to
48 layers: 120 pym thick 1.1cm for PHASE II-II]

(for a pion momentum of 85 MeV/c)

100 strips per layer with 200 pm pitch
covering 2x2 cm2 area

Layers packed by 2 with rotating
orientation for 3D position determination

28



Active Target

x | dx = (Eo/5.56)169: - i iigh e
0 0151 LA Tt IR |10
» Thick and highly segmented target to y B e
* stop the pion 0.05
* tag and measure the decay chain % o
o LVIE
° Measure time, pOSition, and energy _ —— pi—enu (default) pi—enu (sat. 1 MeV) —— pi—enu (sat. 1.5 MeV)
% - RMS ~ 1pm
Pion stop determined with 1 ym precision =L
piBeta had a precision of 50 pm 005 |
. i .
Opportunities to redesign the measurement Ogi_ | n
strategy and count all the stopping pions? 00 0005 Pio Travel Last St Bco - True. [y

29



PIONEER Timeline

2024 2025 2026 2027 2028 2029 2030 2031 2032
XL s shutcown / Upgade
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
The next 4 years piBeta run?

Detector R&D in calorimetry and tracking
Simulation studies to model a high precision experiment

Putting an experiment together from concept to first data
Civil engineering, beam optics, detector manufacturing,
LXe/LYSO acquisition, electronics, ...

30



A growing collaboration

Cornell University

AN

I‘;\lv > hep-ex > arXiv:2203.01981

High Energy Physics - Experiment
[Submitted on 3 Mar 2022 (v1), last revised 8 Mar 2022 (this version, v2)]

PIONEER: Studies of Rare Pion Decays

S

Project approved by PSI in 2022

October 2023 collaboration meeting in Seattle
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https://arxiv.org/abs/2203.01981

Opportunities for R ;

Presented preliminary studies on piBeta

Most of them carried by Bradley Taylor,

a junior PhD student at UW
Many opportunities to get involved!

Simulations

Measurement strategy
Detector drawing (CAD, ...)
Beam design

Get in touch:

Quentin Buat: gbuat@uw.edu ,

Chloé Malbrunot: cmalbrunot@triumf.ca,
David Hertzog: hertzog@uw.edu,

Doug Bryman: doug@triumf.ca

32
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