Testing Lepton Flavor Universality
with Pions and Kaons
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“It was the best of times, it was the worst of times, it was the age
of wisdom, it was the age of foolishness, it was the epoch of
belief, it was the epoch of incredulity, it was the season of light, it
was the season of darkness, it was the spring of hope, it was the

winter of despair.”

— Charles Dickens, A Tale of Two Cities

BEST of Times WORST of Times

Experiments & Atome __ DarkEnergy
- ~.  74%
Standard Model 4% w
7 Dark Matter

ELEMEN’

I
PARTICI 299,

Matter in the Universe; Flavor;
Strong CP; Hierarchy.... (Gravity)
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Lepton Flavor

Electron Thompson, Townsand, Wilson 1896 A
Muon Nedermeyer, Anderson 1937 +40 yrs
Tau Perl et al. 1974 \ 4

Lepton Flavor Universality pontecorvo 1946
Conserved Lepton Number Konopinski, Mahmoud 1953
Separate lepton “numbers (flavors)” pontecorvo 7959

Neutrino oscillations:
Pontecorvo 1957 — Davis, Kamioka, SNO, OPERA, MINOS... 1960-2001

Lepton flavor is not conserved
Neutrinos have (small) mass and mix
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The Flavor Puzzle

Quarks Leptons
u (c |t e |B |T
s |b Ve |V | Vs

Weak states <5 mass states: mixing matrix; flavor not conserved.

Unexplained observations (no theory of flavor):

* Three (“identical”) generations; universal interactions

* Huge mass differences between and within the generations
Exceptionally small neutrino mass

 CP violation

« Symmetry between lepton and quark sectors (GUT, scale?)
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Flavor Tensions

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

- Muong-2 (420) . -

¢ iz )

N —

O e

e BDecays (2-40) ... .

a, *10° - 1165800

B > DMt v/B > DUluv ; charged currents
B OK®) utu/ B =>KMete : neutral currents
0O(10%) deviations from universality.

Both heavy quarks and leptons involved !

S. Benson, A. Rostomyan, TAU 18
re* 'K';tri ) F(B 'K.J‘J"! )
(Bt = K+ete™)
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Flavor Tensions HEER

Vie Vis Vi

Unitarity of Quark mixing matrix (CKM): 72 +v2+V> =1

3-5 o Discrepancy*®

S ) * V (B decay)
Voo | Acm Vel Vel  V,, (K decay)

Global fit:

0.226 | Ackm =- (15 £ 3)x104

“Mesons only” fit:
| Ackm =- (18 £ 6)x103

May be
related to LFU
violation

0224

—

=11 W

o* — 0
Muclear decays —
(0.015%) ]
U s oo oer0 vud —  *Seng et al._arXiv:2107.14708 [hep-ph]
V. Cirigliano
9/30/2021

PSI Colloquium- Doug Bryman

6



Hoferichter and Crivellin (2020)
Connecting CKM Unitarity and Lepton Flavor Universality

Modified Wiv Couplings from u decay; Gr = G%(l + e, + 6.W)'
input to V_,from Super-allowed £ decay

I El lﬂ+—>e+v/7z+—>,u+v

27 Tt >evw/th > uvy
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Rare Pion and Kaon Decays

A few special rare processes have strong
connections to flavor physics, precise

Standard Model predictions, and have
high sensitivity to non-SM physics.

5 —>ev(y) ~107° K" = 7'vir ~107°

7Z_+ AN 72'08+V(7/) - 10—8 KLO N 7Z_OV‘7 - 10—11

Deviations from SM predictions means new physics.
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Charged Lepton Flavor Universality in t Decay

 — Sr=0 R ——
-— y . —
- —_—
e Exd ]
Ve e
7|'+

RS 1“(7z+ —>e+v(7/))
g 1“(72+ — y*v(y))

=(1.2352£0.0001)x10 ) 0000

Marciano/Sirlin — Cirigliano

Possibly the most accurately calculated decay process involving hadrons.

Current Result (PDG): R = (1.2327+0.0023)x10™ (+0.19%)

72 Pl E NU

— Relative weak interaction strength: ¢ —0.9990+ 0.0009 (£0.09%)
Eu

Experiments are an order of magnitude less precise than theory.
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Charged Lepton Flavor Universality tested at O(103)

Light meson and Tau experiments compare SM expectations assuming 8.=8,78:

i 1 1 1 1 1 I
M T oeviaxTouv

el
w9
VerVu - - - -
T oevw/tT o> vy

¢~ 0.9990+0.0009
Eu

+

F—— K 5ev/K -5 u'v

: W™ —>evI W > uv
1 L

© ©o0 O ¥ KB B =B = =

Ve o o Qo Qo o o f= o

Yo} O e} (=} o o o =t

N w ~ o ~N wu ~J o N

w o v o v o v o v

gle,
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Universality Tests with T Decays

<0(0.2%) effects
T > evy . . T —> Uvv . .
for 7-x Universality and ad for 7-e Universality
u—evy u—>evy
TV . . TV . .
for 7-u Universality and for 7-e Universality
T—> v T —> eV

Table 1. Experimental determinations of the ratios g¢/g, [1,8,9].

Fr—)p/rr—)e' Fﬁ—»-p/rw—rf FI\'—:—p/FK—»e FI\'ﬁrp/FK%:e Fl'l'—s-p/rﬂ'—z-e
g./g.] 1.0017 (16)  1.0010 (9) 0.9978 (18)  1.0010 (25) 0.998 (4)

FT—E'!':‘/F;J—!-(:‘ F‘r—r,—./’rrr—m FT—B-[\'/F]\'—}p FH'—»T/FH'—.L;;

lg-/gu| 1.0011 (14) 1.0021 (25)  0.986 (7) 1.004 (16)
FT—?[I/FH—."(:‘ FW—.»T/FH'—,»e FT_)”/F”_)e
lg-/ge|  1.0028 (15)  1.022 (12) 1.0031 (26)

Pich 2012.07099 [hep-ph];
DB 1992 (updated)
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How to interpret non-universality observations?
Speculations :

e New non-SM couplings?
1000 TeV scale with couplings O(1)
Charged Higgs H"
Leptoquarks
New Z/

Hidden sector ...

e Sterile neutrinos or dark sector particles™
* Mesogenesis (Elahi et al. 2109.09751| hep — ph))

Could precise measurements of 1st, 2"d generation decays be used to
distinguish between models explaining 3" generation LFUV effects?
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77 —ev LFU Tests: Sensitivity to High Mass Scales

Pseudoscalar interactions

Doy | @<l H<' Charged Higgs (non-SM coupling)
S T ©

RNew ) :

1 eéif N$\/§ﬂ‘ i ms N(lTeV)QXm?,
Re/,u- GP:' AGP Ime(md =+ mU) AGP Marciano. ..

0.01 % measurement=> A~3000 TeV
Many hypotheses:

) Lep.toquarks Induced Scalar Currents ><i

° EXClted gauge bosons Cir)npbell and Maybury (2005), Marciano '

- Compositeness Re/ﬂ(0.0lA)). A >180TeV(.)

SU(2)xSU(2)xSU(2)xU(1)
Hidden sector ....
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“LFU Violation” Example:
Massive Sterile Neutrinos e.g. 1" —e"vy

U —> evy T —> eV

"
a016 &S ﬂ Extra channel changes

™ .

- L .
goou F 4 : A the 7 — ev branching
2 g i1 x10 o RO
el LELR
;:':' a0l ;

j .

3 Q008 m O
po | ~~

2 14

E CLOMOS

. LELIE

N 1

Energy (MeV)
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“LFU Violation” Example:
Massive Sterile Neutrinos e.g. 1" —1"v 4

3+n « Extra peak in 2-body spectrum

V, = E U ne « Effect on branching ratio
l + + + +
- R7., =T (M —e*v )/ T (m*—puv,)

|U4|? : mixing coefficient for e and v,

e T CE LAY DAL AT G SR ~(-|U,, )+|U,, " p(m,,m,,)
elu RSM (1_ | U“4 |2)+ | UU4 |2 ,(—)(mﬂ,mv4) ed ed e’"va

elu

[?g%) 1 Kinematic enhancements at large v, mass

. ) p [P

foal® < , _

[ {4‘ - -(4'\[) ~(4"U) . Decay (,m.r,,,)pnm Pmax
- ety 80.6 1.105 x 10°

+ Ratio of kinematic factors K* - ety 285 1.38 x 10°

T plz.y) _ plz,y) : D* = ety 1.08 x 10° 1.98 x 10°
p(z,0)  z(l-z)° Df — e, 1.14 x 103 2.20 x 106

Bt = ety 3.05 x 10° 1.58 x 107

R. Shrock and D.B. 2019
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deGouvea, Kobach, PRD D 93, 033005 (2016)

Connections: LFU, LFV, LNV with Sterile Neutrinos

. 2
Constraints on |U , |
wult—ey,ult—3e, ueC Ov G0 Decay -- Majorana v
( l[)l} H : H : H H H
10 \ | Mg = 0.4 eV, pz = —(100 Mey)2
\ 10 — g = 0.2 6V, p? = —(100 MeV)? []
107! 102 X — Mgy = 0, p* = —(100 MeV)? B
\ 10-3 \ e Mg = 0, p7 = —(200 MeV)? i
" lﬂ 2 o _IU_._1_ \
= 10-3 SHT \\ //,
1“—6 \‘ //’;’I
10 107 \ //e{”
HIUal? = Ul = Ul = |UP| 10°° \/
10— I I
1 10! 10" 10° 107 103 10* 1079l L L S
my [GeV] 10°107710°%10°10°*107% 102107 10° 10' 10 10°

my [GeV]

Other connections with LNV : uZ - e (Z -2), K — muy....
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Altmannshofer, Gori, Robinson, Phys.Rev.D 101 (2020) 7, 075002

Pion 3 Decay with Axion-like particles (ALP):

T—>eva& m—>eva,a—>yy

alp — 7 Mixing vs. m,

=1 0S
o10°e

e
o
&

Upper limit of branching ratio R™* (90%
o

-
o
&

RPENY
_B(r —>eva)vsm,

F —— Picciotto et al. [21]

—=— This work

I
0 20 40 60 80 100 120
Mass m,, (MeVic?)
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1072
'l 10—4
10-¢

PiBeta

sin? ¢

=3 PIENU (invisible)
= PIENU (prompt)

10_8 =] PIBETA (prompt)

10

a — yy Angular distribution

T—evaya—yy
for different m_
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K" — 77vv in the Standard Model

The K — 7nvv decays are the most precisely predicted FCNC decays.

SM diagrams involve all 3 generations of quarks and leptons.

S

&5
w. .t d

~_ u,c,t e

v 174 1%

A single effective operator (s,y"d, )(v, 7.Ve )
Dominated by top quark

(charm significant, but controlled)
Hadronic matrix element shared with Ke3

Remains clean in most New Physics models

L
1 =
P

B, (K" > 77vv)=(84+1.0)x 10" Expect total SM theory error <6%.

B.., (K’ > 7°vv)=(3.4£0.6)x 10" 30% deviation from the SM
SM L . .

would be a 56 signal of NP
A. J. Buras, D. Buttazzo, R. Knegjens, ArXiv:1507.08672v2



(1071

B(K; — 7n'vp)

New Physics Sensitivity of K™ — 77vv

B(K, — n'vv) vs B(K" — n'vv)

20

15F

10

A; or Ay only:

NP 2 PO
leg [T o< Im Ay [/ My

B(K+ )7,

o A + 8 | AR
J\(}v:wr;-tl NP o . -
10 15 20

)

25

(1071

Andrzej J. Buras, Dario Buttazzo

and Robert Knegjens
arXiv:1507.08672 (2015)
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Other potential correlations of K™ — 7 vV with

30

Minimum flavor violation models

Supersymmetric models

Littlest Higgs (LH) model

without/with T-parity

Randall-Sundrum models
-general LH, RH couplings

Partial compositeness

Models in which g€, constraint

applies

K} — uu, €' &, B— K(K*)uu
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Bordone, Buttazzo, Isidori, Monnard ArXiv:1705.10729

Testing LFU with K™ — 77 vv

Involves third generation quarks (top) and leptons (z,v.)

EFT approach to LFU violations new interactions with U(2), x U(2), symmetry.
NP coupled to left-handed lepton and quark singlets. Tuned to R(D*)=1.25*SM.

1—c3
ﬁsN—P;dr/u — A2 HQ‘ T‘td(“’L ;.LdL)(VT ;.LVT) :_I_]ll ; I.__I ]
. =
| | f 1
. — R 7 ]
Correlation of K™ — z7vv T sl [ [ L ]
i | | I
. * — | ' ' | f - 7
Wlth B+ 9 K +VV T II I| III' j."/.-" : F
! |- I
g | T o ] E
_ b 02| L 4 j
B(K* — 7vir) [=30%,+100%] : Ny -
- oz | : 4
o WY -
ol 0 0y ]
0 10 20 30 30

10" x BR(K* — m*vi)

20

9/30/2021 PSI Colloquium- Doug Bryman



Kamenik, Soreq, Zupan arXiv:1704.06005v (2017)

Example: Effects of LFU violation on K™ — 77 vv

Light Z' in b — s decays to explain R(K)

Couples to rt. handed top and muons i . (d p ’
W y W \
e o2 dj t { i ! {
TF € if ¢ i f ik . .
off = ———— Vi V. C:O:+C" 0 ) +h.c. - '
Hen th tslﬁ Z( i Ui 05 l)—l_lc d' t £ d T 7t 4
W W
A ¢ Al 7

NG
R, — 4N = —oN" ~ 0.60(15)

B(Kt = nrvr(y)) = (8.4+£1.0) x 10711

a2
i NP £NPy [T

1 sv(Co™ —Cry )
X = 1+

B(K* — 7'vi)
B(K' > 7'vv),,

~1.09 —1.28 (Possibly within reach of NA62)
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Experiments Status and Prospects
K > rnvy
7" —>ev(y)
" > e v(y)
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NAGZ ()

Kaon ID (KTAG)
Beam Tracker
Beam guard ring (CHANTI)

Im

/= 75 GeV K

CHANTI

(large angles)

((
NAG2 A t "t
| pp
calorimeter calorimeter
Detectors for Secondary Beam EM. (forward)
calorimeters

e —

= i
t Momentum Beam
. tracker : _
selection & - ; 1
collimation s o e AE B | RICH
L ) ; ¥ J
4 ! E.M.
Straw calorimeters
~100 m ~150 m Spectrometer (small angles)
a e an N ’

2

SPS proton » Secondary Beam

Kaon Decay

Detectors for decay products

400 GeV 75GeV/c, Ap/p~1% ~5 MHz Charged particle tracking
1012 p/s XY Divergence <100 prad 4.5 x 1012 /year Charged particle time stamping
3.5 s spill K(6%),m(70%), p(23%) 60 m length Photon detection
Total rate: 750 MHz 10~° mbar vacuum Pariicledl
Beam size: 6.0 x 2.7 cm?
Operation 2015-2018, 2021-2023 + beam dump mode)
9/30/2021 PSI Colloquium- Doug Bryman

NA62 physics data taking started in June 2015

Most
“efficient”
detector

ever
built.

CERN’s
longest
experiment?
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Analysis strategy K" —>rx'vy FE4ED

Decay—in—ﬂight < 7 mass assumed for the track
. rll‘2 =(P_P +)2
techmque miss K T
® Muon suppression: > 107

. 3
75 GeV K ® nosuppression (from K+—m+m0): > 10

-----------
---------------------------------
wune

® Excellent time resolution: O(100ps)

@ Kinematic suppression: ~ O(104)

g0z Kot theoretical
55-135— 5hape5 Process Branching ratio
0.16[-
i K—rn (K  0.2066
B _ Missing +
E ko) K—u'v (K 0.6356
cnzE | Mass by, ( ﬂz)
01 | spectrum Kr—mnm 0.0558
0.08 e
: Il & K'—n'me v 4.3x10°
0,06 — | & e
- Y i
s Region Il K*—m*vv (SM) 8.4x10"
- “--_h__q__‘ H‘-—lﬂ"-,.--
0.02 — v f-‘ffﬂmj
ﬂ:_' [ T -| | L1 | I || [ S I{F_}E*fn. 1
004 002 0 002 064 008 008 01 012 PSI Colloquium- Doug Bryman
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NAG2 Data Taking 2016-18

Blind analysis: control regions validated prior to opening box.
Backgrounds dominated by accidental upstream decays.

NAG2p, 2
(Missing Mass)~ vs P, (2018 data)
ﬂ'l | PAz el .  * ol e ]

- Missing mass? vs. Momentum

O P T : o
> ~ 2 N Trigger
v 0.08 [ 0 | gmn 1—_ . _ I I d t
e L (14t04) % o evel dala
| ’ G 0000 0.0.0.0.0.0.0.0.0.0.0.0.¢ i
£ f 8. 0.9.9.9.0.9.0.0.0.0.0.0.0.0.9.9.9
: 0.05— . 10
0.04 | :
[ L
0.02;‘ - » - PR - <+ (10941.1) o Bt
L o(12809) ™ Co— - Tel—— S | 1 - SR
0l RRRRRZRRIRXLR "« it (24232) . o
} 11 P i L
ot . A o
002 - o <7 I
L o212421) ¥ L S :
I 'U ||i’.|1]1|I|||I||||||||I||‘I||||||||'||||I|||I|||||||| ‘I
0.4 b 0 20 30 40 50 60 70 80 90 100

m+ Momentum GeV/c
" momentum [GeV/e]
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NAG2 . Measurement of K™ — 77vi

SM expectation: 10
NA62 (2020) Results (2016-2018 data):

Expected bkg.: 7
B(K" — z'viv) = (10.61‘:2 o, 0.9 Syst)'XI 07" (3.40 significance)  Observed: 20

In agreement with Standard Model: By, (K" = 7z'vv)=(8.4+1.0)x 10"

(Missing Mass)2 vs P (2018 data)

Blinded control
regions
validated prior
- = to opening box.

[GeVZ/ct]
[—]

miss

2

Backgrounds
dominated
by accidental
upstream
decays.

. " momentum [GeV/c]
9/30/2021 PSI Colloquium- Doug Bryman 26



B(K™ — 7"vv) vs. Year

=
&
LR R

107"

[y
<
-

Ty T H\I\| AL I‘

~-110
1071960

9/30/2021

B(K, — n’vv) vs. B(K* — n*vv)

—_ 1078
- s 10
V| Comeri ¥ Experimental upper limit @ 90 % CL °>g KOTO Exclusion 90% CL
i Experimental measurement T ______________________________ -
Klems Theoretical prediction M-} o —
¥ Cable T 10°° Grossman-Nir Exclusion /
==}
YV Asano
v E787 ’/
v NA62 Run1
v 107" E787/E949
E787+E949  NAG2
4
ISM
L l 1 2 SRR i { L 1 1 1 L L L 1 1 1 1 1 1 L 1l 10 ll I ‘ l X10-9
1970 1980 1990 2000 2010 2020 B . P
Year of Publication 0 005 01 015 02 025 03 035
Br(K*—>mtvw)
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Two Pion Decay Experiments: PIENU and PEN

TRIUMF

7t sev

RRENY o &7 e

Tt > uv

& exotics

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

» ldentify m-DIF events in the ne: tail region

- Flash-ADC readout for all counters vie
» Plastic Scintillator: 500MHz FADC W' =3 E
Vig

» Nal(Tl) and Csl: 60MHz FADC 75MeV/e
» Pile-up tagging P
Bl g
st
o TRIUMF M13 beamline \
R %

9/30/2021

E PR

pure Csl calorimeter
e central tracking

|

PSI

The PEN/PIBETA apparatus 7" — z’'v & 7" > e v()

e TE1 beamline at PSI
o stopped 7t beam 31 sr
e active target counter 12 XO
e 240 module spherical

PEN detector
Runs 2-3

e beam tracking ; \
e digitized waveforms uw
— S il i

Csl ring \
2om (xI0)
p—t \—\, BC: Beam Counter

PH: Plastic Hodoscope (20 stave cylindrical)
AD: Active Degrader ~ MWPC: Multi-Wire Proportional Chamber (cylin™ 22—
AT: Active Target mTPC: mini-Time Projection Chamber &

PIBETA signal: 7° — yy
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The PEN/PIBETA apparatus Pion Beta Decay and 7 — evy,

e TE1 beamline at PSI B o rocanic (Lva)
e stopped 7" beam 3 ‘
e active target counter 12 X,
e 240 module spherical

pure Csl calorimeter
e central tracking

PEN detector
Runs 2-3

e beam tracking !
e digitized waveforms I ﬁ 2__..--MWPC1
Fi x —VAcUM ng:C:E’ﬁr
_— Il beam AD A

. T
[l ——u' ol i
I - T~ ]
~~3m
flightpath \

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

RZ/e Precision Goal: <0.1%

PSI Colloquium- Doug Bryman
9/30/2021
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-9
fllE D. Potani¢ (UVa)

PiBeta result for 7+ — 7’e*v (73) decay [PRL 93, 181803 (2004)]

Pion beta decay yield normalized to measured m — er events:

B(z* — z%v) = (1.038+0.004,, +0.004_ +0.002_,)x10* (£0.66%)
PiBeta: V,, =0.9738(28) (1) ; PDG:V,, =0.97370(14)

exp

Key PiBeta spectra: me3 decay  (2004)
« 8000F *

P T

L + 0_+ = -5 ' . T . I+ T T
§ soook i —>1Le> 1/1 5 0=0.90 ns nt - nletv, e 64000
w LA _1=2623+0.12ns
© 4000 5 + 0 +
g | PB>700 § 1000 T —>rrev
£ 2000 £
z t B -
R SN I e DRI events
t(71 )"'t(')‘Z) (ﬂS) t(nD]—t(AD) (ns)
— T
[/2]
EzOOO_ 1\‘"—)1[°e"y A g mE T —-Tey
@ 1500  + DATA X g so0of N _
L / { 3 amp — simulation KEY Systema’ucs
@ [ | 3 *  measurement
{ 3000 .
€ 500l /4 : Acceptance: 0.19%
=z . L o / - . . . 0
% 50 S ‘ Normalization: 0.26%
E(n°) (MeV) 0 7T T S TV

Openina anale 6.+ (dea)
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CKM Unitarity: Vud, Vus/Vud

Tested in super-allowed B (V,4) and K decays (V,/V )
Czarnecki, v:us: Bcxm = [Vuel? + [Vusl? By

Marciano , B(K N 7Z'ZV)
Sirlin (2020) - —— Theoretically clean method to obtain
B(rm > rmev) V.

V /// K- mrev (0.27%)
w5 < 4+0.2%. >

ooooo
Nuclear decays -
nnnnn

us

Improve B(z* — 7°e*v) precision by >3x —
ud
Offers a new complemetary constraint in the V-V , plane.

" — r'e’v: Theoretically cleanest method to obtain V.,
PIBETA Experiment (£0.6%)

B(z" — z%"v) = (1.038 £ 0.004
v, =09738(28) (1),

+0.004__ +0.002_,)x10"

stat syst —

Not presently competitive precision for V ,. (Needs 10x precision.)
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R Pl E N PIENU Detector

- Single crystal Nal(Tl) right behind the target

» Geometrical Acceptance: 20% of 4n

» AE = 2.2%(FWHM)

- Csl ring shower collector
» Tte2 tail suppression
» gamma from radiative decay

- SSD and WC for particle tracking

» Identify nt-DIF events in the me; tail region
- Flash-ADC readout for all counters

» Plastic Scintillator: 500MHz FADC W' ==———>

» Nal(Tl) and Csl: 60MHz FADC
» Pile-up tagging

¢ TRIUMF M13 beamllne

75MeV/c WCZ\

..............
-* ol
'. .

" .
- -
Se -®
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60 kHz pions @ 75 MeV/c
M-p:e=85:14:1



Table Top Experiment

Monolithic Nal(Tl) crystal

Beam Wire
surrounded by 97 pure
Csl crystals Chamber

Silicon Trackers

Acceptance
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ire Chamber



['(r — ev)
['(r— uv)

. Experimental Method

Simple experiment: count e* from 11 decay

I[A

N(mr —ev)

llllll

Lifetimes [~

r, = 26ns k -
T,Ll — 2.2/«!}5’ - — T_"“i..w =

Time (hs)
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X N(z — uv)

N(z —>ev)

N(r —> u—evv)

U — evv

T — ev

oo X104

Energy (MeV)



7w — ev: Experimental Method

¢ Pions stopped in an active target
e Positrons tracked and energy measured
in a calorimeter
e Decays tagged in target and by energy and timing
e Principal sytematic uncertainty: Low energy "tail"

of 7 — ev events under i — evv "background".

Calorimeter Energy (MC)
10°; .
10 g
10§
0 10 20 30 40 50 60 70 80
[MeV]

u 4 MeV
(Range:~1mm)

Calorimeter

Target Energy (MC)

......................

inefficlency function ’Lk
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Many systematic
effects cancel in
measuring the ratio

T—e
T U—>e
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Background: 7 — u Decay-in-Flight (DIF) 1n target

_|_
Normalm - u—-e 7 — e v? e

DIFr>u—e T uoo T >
U _’\bg-_____e__>
Normal m —e T _>To[ -_-___e_
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Background Suppressed 7 — €

Counts/0.25 MeV

Suppress 7 — u—>e ~10°;
Residual bkeg.: 7 — DIF 1n target.

0E
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= —— Data T —>e

| = Fitting function

= Tt e

= e o’ e
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== Tail Correction

Important photo-nuclear effects observed.  Crystal Spectrometer Response
(Photo-nuclear effects)

=

S [ Black: positron-run data 0 degree f-,
W Red MC with photoneuclear effects

Pile- |1[1%
ignored in MC

—

70 80 80 100
Bina + Csl (MeV)

Tail Correction(%) vs Angle

4

Tail fraction (%)
w
w

- Blue: positron-run data
*— Magenta: MC estimation
- Special positron runs to understand the |
behavior of low-energy tail.

- Typical Tail-Correction factor is:
1.0261 + 0.0002(stat) + 0.0005(syst)

9/30/2021

i 50
Angle (degrees)



72 Pl E NU

Energy and time selections

Counts/(0.25 MeV)
3 2 8 3 5

=Y

9/30/2021

T—u—e

n—ev

20 30 40 50 60 70 80 90 100
Energy in Nal + Csl (MeV)

Counts/(2 ns)

Counts/(2 ns)

10’
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10*

10°
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—
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Current PIENU Result :
R°P* =(1.2344+0.0023 + 0.0019Sys )x1 0’

elu
Consistent with SM and lepton flavor universality.

Statistics 0.19%

Tail correction 0.12%

to correction 0.05%

1t decay-in-flight correction | 0.05%
Fitting parameters 0.05%
Selection cuts 0.04%
Acceptance correction 0.03%
Total 0.24%

Full Data Sample: 10’ 7* — e'v Events; Precision Goal:  +0.1%
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2 PLE NU

Search of Massive Neutrinos e.g. a*—u'vy,

'I'[+ — “’+ VH

2 10 —— oma - s
© F s Sum of backgrounds =3
S BERLLLLCLL] Gaussian function =
g 105;_ —— ' ot W -_
g 10t ;_ {5 — 21?:!5:10‘(7_&.0&\1 B e+
3E :
| o -
W E S R T-0ns Target  Ti
10°- +
; i O 1 > 12Mev
L. : u>1.2Me
- .-' b
1 i
E.H.ﬂtu..l.,..lj...x..‘.1,.-1.|.H.|“..|...Ll1 H
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Tu = 02
i 10°- —+— Data
s E Sum ot tunctions
=} - =eeee=== Main peak at 4.1 MeV
3 [ === Quadratic tunction T=0ns
E 1 e -
(§ F 8 2000 = U f=3.0:10" 01 T,20.025 MoV p ey 3
C §om Tu<1.2MeV
!U.__ 1600 it
e e
3 3 205 0 05
e F i 2 300 — 500 ns
102 ) Tl = Target - Q3 - [pion beam energy]
e e T
T, (MeV)
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R5 PLE NU

Search for Heavy Neutrinos in n©° — v, Decay

2
‘Uw‘ vsm, ,

T, (MeV)
2 1.5 1 0.5
:" 3 I I 1 I I I I | | l | 1 I l LI I I LI I LI
(&) L
= L Bryman and Numao [12]
S
“_10* & Daum et al. [13]
=] 3 e
= Abela et al. [11] »
1\/\5‘/‘{%‘/\ /\/ o
®
10° = r‘\* .‘h——l/.
:; 00 0 This work,
o C O
o 50" OOocfoo OOOOOOCOO )c) or R e
. ReieEng % O .
Op® o
10% This work, T > 1.2 MeV
:I 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1

16 18 20 22 24 26 28 30 32
Neutrino mass (MeV/c?)
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\U

. ‘2 vsm,, (MeV -GeV)

U
10°
u Capture By
-2
10 u Spectrum \D
N 10—4 -
;{ My, PIENU J K> KEK
= 10 L
— MKMZ NAG2
*
10-8 M2 PSI2 ® K2 BNL Ky NAG2
10_10 LE | Lk | I R | LI |
10° 10+ 10° 10°

R. Shrock and D.B. 2019

9/30/2021

m,, (MeV)
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& PLE NU

SIS e
:é’g
E]‘10‘-?::'0
< E @
2 E°
§103—_
mE
10°
10 .
= L ]
{
1 | ' l | ' i l Il l I 1 1 l ' | § l 1\ l '
0 10 2 50

60 70 80
Positron Energy (MeV)

A. Aguilar-Arevalo et al.
Phys. Rev. D 97, 072012 (2018)
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&
R PLE NY 0P mr—etv,,
‘ e4 VS v4
Positron Energy (MeV)
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5 I T | T
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Massive Sterile Neutrinos

Could range in mass from eV to GUT scale; constraints from oscillations, cosmology, HEP....
Possible correlations with LFV, LNV...

2
5 ‘Ue J vsm, (MeV -GeV)
‘Ue4 vsm,, (<l MeV)
10°
10° fis
PIBETA
ol KENU-
" \ BD1 N PIENU-H
o BD2 i
) _a ™ — DseZ
’z [47] 1071 KENU
£ i N\5%CL.
Z 10 Keo
g B KEK
£ 10 6 d
F \/\ Koz NAG2
Z
7 108 4
ReEST Kea NAG2*
107" R , e ~
10 100 1000 10—10 —r—rrrrr] S— E— T r} .
10° 101 102 103
m ,(kel")

m,, (MeV)

R. Shrock and D.B. Phys. Rev. D 100 (2019) 073011

S. Friedrick et al., arXiv:2010.09603v1

9/30/2021 PSI Colloquium- Doug Bryman 46



How to improve experimental precision by another order of
magnitude to match theory?

RY  =(1.2353+0.0001)x10"  +0.008%

el 1
10 x more precise than experiments!

7" — e"v Experiments -- stopped pions
CERN (1958) 6 events

Chicago (1960) — magnetic spectrometer o Anderson et al. (1960)
« 1t precise measurement 6% . di Capua et al. (1964)
Columbia (1964) Nal(Tl) crystal; £ 2% o et (1956
TRIUMF (1986, 1992, 2015 - PIENU)
Nal(Tl)/Csl crystals i crapekera (B9
+0.24% —0.1%? 107 events £ I
PSI (1994 — PEN) Sl AwieAmaosal Cos)
BGO — Csl crystals >107 events [ERNE AR ET I R R R
+0.4% — <0.1%7? L Dora

PIONEER: — <0.01%7?
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PIONEER

Next Generation Rare Pion Decay Experiment

e . : . : 9 ) - - el sate E
W. Altmannshofer?®, H. Binney!2. E. Blucher®®. D. Bryman®®. S. Chen*, V. Cirigliano®.

A. Crivellin®™8, S. Cuen-Rochin®. A. Czarneckil®, A. DiCanto!®. L. Doriall, A.

Fienbert?, A. Gaponenko?®, A. Garcia'?, L. Gibbons!3, C. Glaser'*, M. Gorchtein!!, T.
1 . ! 9 " of y - : 9 ~ . §
yorringe!®. S. Gori®®, A. Grillo®®, D. Hertzog!2. Z. Hodge!2, M. Hoferichter!®, S. Ito!®,

T. Iwamoto!”, D. Jaffe!®, P. Kammel'2, J. Kaspar 12, S. Kettel'?, B. Kiburg®, A.

Knechtb, T. Koffas®, K. Labe!3, J. LaBounty'?, U. LangeneggerS, C. Malbrunot®, W.

Marciano!, S. M. Mazza?3., S. Mihara?®, R. Mischke?, T. Mori'”, J. Mott!®, E.
Muldoon!?, T. Numao 3, W. Ootani!”, C. Ortega Hernandez!, K. Pachel®, D.
Pocani¢t4, C. Polly?*, D. Ries'!, R. Roehnelt!?, D. Salvat?!, B. Schumm?, A.
Seiden??, A. Soter?®, R. Shrock?®”, T. Sullivan??, D. Sweigart!?, V. Tischenko!®, A.
Tricoli'®, B. Velghe?, T. Wataru!”, C. Welch!?, V. Wong?, and E. Worster!?
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PIONEER
Goals:

I'(mT—>ev+m—>ev
e Measure R,,, = ( 7)

: 0(£0.01%)
I'(r—> uv+mz— uvy)

+ 0 _+
HZ 2>7e V). 020.05%)
(7" — all)

e Improve search sensitivities by more than an order of magnitude

e Measure R ; =

e.g. mev, ;T > uv, x>/ wyvvvir— e/ uy)yvX
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A Y PIONEER Method

(= Improvements Compared to PIENU)
Calorimeter : 30 X; 37 sr; LXe or L(Y)SO

— Reduce Tail correction (10 x);

— Improve uniformity (5 x)

— Reduce pile-up uncertainties (5 x)
Active Target

— Reduce Tail correction uncertainty (10 x), pile-up effects (5 x)
— allow 7 — u — e decay chain observation
Fast electronics and pipeline DAQ

— Improve efficiency

30 XO X p Z = LXe
At~50ps;

AE | _
_Nl(y L ote 4

Active Target
77 Beam

and tracking

layers

9/30/2021
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Simulated line shapes with 30 X, LXe

T T T T T T T T T T T T T T T T T T T T T T T T T T T

T T T T T

= 5 o Depos;‘i't'éa"éﬁé'réy"'"
TTESVES evv) (PIENUXe)

LTl <P'ENUXe> | I S

ﬂ 0 "nnr'l"M] e
o - er% point |

TaII Fractlon IIIIIIIIZZZIEIIZZIIIIIZI_.....-.-.é......_.....___.....-..s.....
e ﬁﬁﬁﬁfﬁ:ﬁffﬁﬁfﬁ:ﬁﬁ?ﬁfﬁ:ﬁffﬁﬁfﬁfﬁﬁfﬁfﬁf?ffﬁﬁffﬁﬁﬁﬁ:ﬁf" RS 6V (PIENUXe)

J— 1 1 1 1

Low energy tail reduced x 10 (PIENU) - uncertainty on R,,: £ 0.01%
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Simulated line shapes with 30 X, LXe

1!—) ev (PIENUXe)

................ (; IR, otk i (RS

Low energy tail reduced x 10 (PIENU) = uncertainty on R,,;: + 0.01%

9/30/2021 PSI Colloquium- Doug Bryman
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PIONEER : Calorimeter Concepts

Candidate materials (30 X,): LXe (like MEG I1) and LSO/LYSO(“like” PiBETA/PEN);
Desire high energy resolution 6~1% (like PIENU) with 5x faster timing.

LXe mechanical concept showing LXe calorimeter being extracted.
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MEG & MEGII Experiments at PSI

pey

‘. igh rate LXe Calorlmeter‘

Fﬂmmﬁ

Liquid Xenon 4 e I
COBRA Magnet a % Y Scintillation Detector .
N
Thin Superconducting Coll g
| X = Tz
_—
Stopplng Target :
> ; i
Muon Beam
| =Y

e 7x107 n/sec; 100% duty factor )

Variable Foreseen Obtained Upgrade Scenario
AE, (%) 132 1.7 1.0
Aty (ps) 43 67 <67
Y position (mm) 4-6 4-6 ~2
Y elficiency (% > 40 63
AP, (keV) 200 306 <130
e’ angle (mrad) 5(¢),5(0) 8.7(¢),9.4(0) <4(¢p),<5(0)
Aty (ps) 50 107 30
e’ efficiency (%) 90 40 > 85
Aty (ps) 65 122 80
MEG I

Proposal (1999): goal <2x10-14
2016 Result*: <4.2x10-13

. . . . ° _ . -14
e LXe for efficient y detection -SiPMs New goal (~202X): <6x10
e Solenoidal magnetic spectrometer “Baldini A. et al, et al., Eur. Phys. J. C (2016) 76.
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PIONEER : LGAD Si Strip Target Concept

Beam pipe

- 7
Be window — e —— Additional LGAD Si
;___.——-—- e { ébun fiiét sipport Str|p beam and

i = - positron tracking (not

Flex cables e
BRI . shown).

Low Gain Avalanche Detector (LGAD "4D") o ponc
Active Target (ATAR) concept for 7 — u — e tracking; ] i
Fully active for energy measurements and tracking;

Challenge: wide dynamic range in Si strips (~1000).

PSI seminar Sept. 2021 S. Mozza
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LGAD Si Strip Target

*Design: 48 layer Si strip target; stop pions
*Compact 2x2x1 cm block of fully active silicon

*See all ni>u decays; CSM e (<52
*Track m>e and m—> p e \Wew
*Requirements "
e Longitudinal segmentation:
Track, stop, localize pions; detect decays in flight

* Compact, efficient: no dead material

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

eLarge Dynamic range (1000): detect energy
deposition from positrons and slow pions/muons
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AC-LGAD Target Concept

Fast signals
48 layers of 2 cm x 200 y#m (wide) x 120 gm (thick) strips J

s
00k
004
-0.06>
—-0.08

1 01

-0.12
gau
-0.18
3«0,1!

10*

Current [A]
L &

g = iy f
RN on L oo

VAPPETITIY FRVRT PAAT TP I TP
05 1 15 2 25 3 35 4
Time [s]

~Readout
Wirebond
~300um

Figure 9: Simulated 120um thick LGAD pulse shape for a MiP (weight-
field2 [22]). The black line is the response of a 2GHz bandwidth elec-
tronic readout.

BNL AC-
LGAD strip
prototypes

Figure 8: Prototype strip AC-LGADs produced at BNL, sensors di-
mensions are 1.6x1.6 mm with 200 um pitch (left) and 2.6x2.6 mm
with 200 um, 150 um and 100 um pitch (right)
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PIONEER Beam Requirements:
Matched well to PSI beam: PIE5*

T—>ev: N
* : : Ap 0/ . 5

7 Beam: 75 MeV/c ; —~1-2%; 3x10° Hz &
p ‘PiES

*3 x10" events; R, ,+0.01% in 2 yrs

7t = rlev:

e7"Beam: 100 MeV/c ; A—p~3%; 10’ Hz

p
*7 x10° events; R ,+0.04% 1n 4 yrs

*(And possibly PIE1)
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7 — ev: Estimated Uncertainties

To be verified by simulations
and prototype measurements.

PIENU (Current) PIONEER

Statistics 0.19% 0.006%
Tail correction 0.12% <0.01% (Calorimeter/ATAR)
tp correction 0.05% -- (ATAR timing)
it decay-in-flight correction | 0.05% <0.01% (ATAR)

Fitting parameters 0.05% <0.01% (Calorimeter/ATAR) *
Selection cuts 0.04% <0.01% (Calorimeter/ATAR) *

Acceptance correction 0.03% 0.005% (Calorimeter)

Total 0.24% <0.02%

* Reductions in uncertainties due to reduced pile-up effects.

75— 7'e*v: Estimated Uncertainties

PiBeta PIONEER
Statistics 0.4% 0.04%
Systematics 0.4% <0.04% (ATAR (B), MC, Photonuclear, t2>e v)
Total 0.64% 0.06%

9/30/2021 PSI Colloquium- Doug Bryman 59



Conclusions: Testing of Lepton Flavor Universality
with Pions and Kaons

* Rare u, T 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 soon 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

maghnitude improvements in high precision for measurements of 1 2>ev
and pion beta decay to provide unique new information on Lepton
Flavor Universality and CKM unitarity.
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