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Elementary Particle Physics: What are the basic forms of matter and forces in the Universe?

Known Puzzles?

EL l* ME NIFA RY
PARTI(JL-F5 Standard Model

RE—

Ordinary matter (4%)

Strong Dark Matter (22%)

Weak Dark Energy (74%)

Electromagnetic Matter — not anti-matter
Gravity

3 copies of each particle

I

Approaches:

* High Energy Frontier: LHC and future colliders
* Cosmic Frontier: e.g. CMB; direct & indirect dark matter searches
* Precision Frontier: e.g. Rare decays; CP violation; dipole moments
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The Flavor Puzzle: 3 flavors of quarks and leptons

Quarks Leptons
u |c |t e b T
d |s |b Ve |Vu |Vs

Weak states < mass states; Quark, lepton flavors not conserved

Unexplained observations (no theory of flavor):

 Three (“identical”) flavors/generations
— Huge mass differences between and within the generations
— Exceptionally small neutrino mass

» Universality of lepton interactions

* CP (T) violation

* Symmetry between lepton and quark sectors (GUT, scale?)
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Rare Decay Strategies to Address Flavor

 Search for forbidden reactions.

 Measure precisely calculated reactions.

Even small new physics effects may be able to compete with
reactions that are otherwise suppressed to low levels.
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Rare Decays may shed light on high mass scales of new physics

Suppression of the rate of nuclear beta decay is
due to exchange of the heavy weak force
carrier W-; m,,=80 GeV/c?.
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n

https://en.wikiversity.org/wiki/Beta_decay
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Suppression of the rate of u—>ey could be due to

exchange of very heavy particles e.g. related to
supersymmetry; e.g. m, ~ 1000 TeV/c?.

SUSY ﬂff;
T a
,u// e
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Seeking Insight into the Flavor Puzzie

New Physics at High Mass Scales or Small Couplings

1. High u— ey,3e Lepton Flavor Violation
Sensitivity WN—>eN toenuy K e
Searches :

New physics if seen. BP,, Lepton Number Violation

Experiments limit how | e, u,n edm CP/T Violation
far we can go.

2. High Precision |(& —2), Higher order effects

- | m—>ev r—sevv B—>Drv : ,
Measurements: —; ; Universality
New physics if T—=>MV T—>uvv B—>Dly

deviations seen from — —
precise SM predictions. K*—>z'vv, K] >7z’vy SM Suppressed

Theory limits how far B — uu,b—sy,...
we can go.
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Hincks, Pontecorvo

History of Lepton Flavor Violation Experiments
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New experiments coming.
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High Sensitivity: Charged Lepton Flavor Violation
Next Generation Searches aim at improvements of 10,000 x

u Al — e Al

M2E Experiment at FNAL ‘ —

Sensitivity goal: <8 x 101/
(Similar to COMET at JPARC (Japan))

Muon Tracker
Stopping Target
—16 } ~20m {
1 — 3e at PSI: Goal <10 o —
e e e e e i Ml [EEE
“ 50pm Monolithic active pixel (MAP) detectors
T —> e/ u y atBellell
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High Precision Test of SM Lepton Universality:

Pion Decay
+ + + +

T > UV, Tm—>ev,
Classic SM process SM helicity Suppression
1st Order Weak Interaction — 1in 10 thousand pion decays.

N gﬂ H + >u £ ge ¢

T — T N

139Mev — 4 W v, 139Mev ~— 4 L,
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High Precision Test of SM Lepton Universality:

Pion Decay
SM Theory F
0 LI DVIXDNV)) g 53504(15) 6107 (+0.0012%)

I'(r—> uv+r— uvy)
Cirigliano,Rosell 2007
The most precise SM weak interaction observable involving quarks!

Experiment: PDG (TRIUMF PIENU)

o L(T—>ev+m—evy)
el u

=1.2327+0.0023x10*  (20.18%)

_F(ﬂ—>yv+7z—>,uvy)

Electons and muons have same weak strength: S _ 1.0010+0.0009 (£0.1%)
8e
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High Precision Pion Decay

Sensitive to high mass scales and new physics

Example: Non-standard Higgs couplings e.g. o W e/ W 1
Pseudoscalar or Scalar interactions T _> H* o 80GeV —100TeV
d Y,
T(r—>ev+m—>evy) f
=
O T(r > puv+r— uvy) .
0.01% measurement sensitivetom . ~300TeV
10°
Example: Addition of heavy neutrinos . BETA RKENU,{'
el BD1 ~_ j PIENU-H
o~ 10—* e
['(r—>ev+m—oevy,) =
— :cu 10-6 @
/
O T(r> uv+r— uvy,) — R, ,K“Z ez
10- ez PIERL Ke> NAG2*
3+n.
Vg = Z Uf‘i Vi o 10° 10! 102 10°
DB, Shrock,Phys.Rev.D 100 (2019) 073011 11
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PIONEER: Next Generation Lepton Flavor Universality test aims at 10 x precision.

F 7Z. % e V N urrent Expt. Avg.
ely = ( ) = +0.01% precision doo ] -
(7w — uv(y))
o Paul Scherrer Institut; most intense 7 beam S
o LGAD (S1strip) Tracking target"ATAR"; 7 > eand 7 —> u—e¢
o Scintillating calorimeter (LXe or LYSO) P ———————

Calorimeter (25 X0) 7t —>eluv,,. 10x

LGAD Si strip tracking target (ATAR)

! A /
N
e e
o 7 Decay at Rest L | (’q‘d\
7 Decay at Rest & ,|||
+ B e 11 Decay at Rest >
_ + + -
72' eam 7 Decay in Flight & | I 0-53Mev V[ ‘u — e
o 11 Decay at Rest -
e 7 Decay at Rest & 0->53 MeV
Decay in Flight 12
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High Precision Flavor tests of SM with KAONS

+ +. =
K" —>mv
3 quark flavors
0 0. — 3 neutrino flavors
KL > T VY Charged and neutral bosons

*Suppressed 2nd order weak flavor-changing neutral currents
*Sensitive to CP-violating and CP- conserving effects

K] — 7’vv is purely CP-violating
* Hadronic matrix elements from K — 7 /v

* Highly accurate SM predictions ( £5%) limited by quark mixing (CKM) parameters

BM(K* —> 7' w)=8.60+0.42x10" B (K" — z°v)=2.94+0.15x10"

A.J.Buras arXiv:2307.15737v2 [hep-ph]16 Sep 2023
5/28/2024 Doug Bryman CAP 2024 13



K — mvv : High Sensitivity to New Physics

Sensitivity to new physics at high mass scales
complementary to B physics and lepton flavor violation

Extra Dimensions as a Theory of Flavor,Z’, Dark Sector, Sterile Neutrinos, Leptoquarks, MFV...

B(K, — z°vv) vs. BK™ — 7'vv)

20

[10711]

—
a
A
"
: Ay or Ag only:
= s s ues
5 leg | o Im Ay / M

zn

[Buras et al., JHEP11 (2015) 166]
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B(K* = atwr) (1071
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K — mvv ExperimentHistories

JHEP 06 (2021) 93 Time evolution of BR(K*—nr*vv)
f-\ 10—4 v Camerini
E | v Experimental upper limit @ 90 % CL
T 10—5 = § Experimental measurement
T ems Theoretical prediction (SM)
é 10° 'm Cable
= 10_7_ WV Asano
s v E787
10 A/
oF Gim v BNL  CERN
107 - E787+E949  NAG2
10_10 SM B oscillations E + } "
F t quark Isospin relations
10—11_ PRI 1 L | | L1
1960 1970 1980 1990 2000 2010 2020
Year of Publication

E787+E949: BR(K* — n*w)=1.73"122 x107°

Prior toNA62, K™ — 7"w experimens used stopped K.
NA62uses 75GeV/c K" decays-in - flight.
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Time evolution of BR (K, — n’vv)

10 -1 Y Linenberg V Upper limits 90%c.l.
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K} — 7’vv limit from isospin (GN):

BR(K} —n"wW)<44xBR(K" —n"wW)
<4.6x107"°

(Grossman, Nir (1997))
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Current K — mvv Experiments

CERN x5z

NAG2 )

J-PARC  K' - 7%

d n Neu!

o.*

. -
trino beam to Kamioka
o £

T PR T

Material and Life
J science Facility (MLF)

S V
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K — mvv Experiments

K" —>aw

K,(j — 7'VY
Strategies
Determine everything possible about the K* and w*
*  Particle ID better than 10° (w*/u*/e* )
Eliminate events with extra charged particles or photons - need highest efficiencies.
Suppress backgrounds below the expected signal
* Predict backgrounds from data
* Use “Blind analysis” techniques including blinded control regions

Experimentally weak
signatures: potential
backgrounds may
exceed signals by >101°

“...when you have eliminated the impossible,

whatever remains, however improbable, must be the
truth?”

Sherlock Holmes in The Sign of the Four (1890)
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Target KTAG II-

GTK

2

COL

* Hadron Beam 75 GeV/c (+ 1%)

6% kaons, 24% protons, 70 % pions

* Average beam rate (2018): 500 MHz

CHANTI

LJHH.H il

LAV

,/—'I'TH“FW

STRAW

T

b

Pion momentum range: [15,45] GeV/c

MUVO
CHOD
MUV1,2
T; Iron
= SAC
= ||
HASC
RICH

lch Dump
LKr

_T_T. T
0
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250
Z[m]

Measurements -
K" momentum
7" momentum, energy
Particle ID: 7, 1, €
RICH, Calorimeters
Photon Vetos
LKr, LAV ,others

JINST 12 (2017) P05025
JHEP 06 (2021) 093
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Key Techiques
* Main kinematic variable: missing mass:
2
my,;ss =(Pg — Pn)z
» Kinematic regions above/below K,
» Signal and contol regions blinded

Main Backgrounds

* Random K, accidentals
* K" > ntn® (Kyp)

- K" H+V (K[,LZ)

« Kt -osnatnetv (K.,
e Ktontntn™ (K;3)

5/28/2024

miss T

% F
S 0.1 —
¥ B
= 0.08 [

4 u
!‘-IE =
£ 0.06 [

004 E
0.02 |-

"
-0.02

_0.04_ 1111[1.1111111111111111111111111:

20 30 40 50 60 70
" momentum [GeV/c]

Doug Bryman CAP 2024 19

10



NAG2

2018 Data Set

Control (blue) and signal (red) regions blinded

o012 - Data
N - B o SM K*—mHw
w 0.1 .
O -
S 008 :
T 0.06

15 20 25 30 35 40 45
" momentum [GeV/c]
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NA62
é Observed (expected) events in control regions.

2018 Data Set
— 0.1

0.08
£ 0.06

mfnm [GeVzlc

0.04
0.02
0
—0.02
—0.04
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Signal regions blinded
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L 24l Opening signal regions

2018 Data Set .
Combined Run 1 Data

_ Observedevents : 17
f§ 0.12 N e e Events observed: 20
@ 01
i 0.08 Background expected: N, = 7030
£ 0.06 . ® e » o ] .
0.04 Single event sensitivity : SES = (0.839+0.053 )x10™"
0
—0.02 NA62 + +. =\ +4.0 -11
o i S BRY(KT - avi) = (10.675£0.9,)x10
15 20 25 30 35 40 45
T momentum [GeV/c] Background only p - value:3.4x10™
Significance:3.40
SM —11
BR™™ =8.60%+0.42x10
JHEP 06 (2021)093
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OS¢ JPARC KOTO:Searchfor K! — z'vi

Measurement Principles

Two stages of collimator and
a sweeping magnet

Photon absorber

Signal: “2y+Nothing+Pt”

30 GeVic /k A

proton —
commiong | N —
gold target

16 degree
production

T. Nomura
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Calorimeter e Assume 2y from 1,

’ * (Calculate z vertex on the beam axis

|—DJ v * Calculate n° transverse momentum P,
K, . Y * Invariant masss m?(n®)=2E,E,(1-cosB)

!—DW I_‘ * Collimated beam — high resolution P,

|

4 4y
" S— Backgrounds:

e Kaon decays

Pr
* 1%n production from

neutrons
e Hadron cluster background

v

Z vertex
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[m] FB Hinemos NCC MB | IB |CV LCV CC03 OEV CC04 CC05S CC06 BHCV
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0 l ,K‘ heam %'

BHPV BHGC

\XT_‘E L\L L\LRJ }\J\J J_T
1 :E_% =
V=

- —_— - Decay volume = —
a 2 (Vacuum) & I8
K = — = — Downstream

I

180

3
beam pipe -
@] f \ Membrane e
Calorimeter T e
1 T T T T 1T 1 T T 1 T alorumeter Concrete/iron shield
L : : : : 0 : it 15
: 15 - [m]
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V Example Background Mechanisms

K = 77" more photons " Background

KL beam line

1¢ collimator miu\at
Photon absorber

zmcolmaw

KOTO detector
CSI calorimet:

darea

. 30 GeVic l ii:
2o roton
“ : . o

Hadron cluster background

Upstream 7'

Neutron make 2 clusters
through hadronic interactions

Halo neutron

+ Discriminate “neutron cluster”
from “photon cluster”
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Kt—u:oe*u
I K ; 27I Ii

Wrong E measurement due to
photo-nuclear interaction in CSI

Wrong vertex
reconstruction

T. Nomura
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“**"KOTO 2021 data analysis:
Results

Signal region opened.
» Unblinded the hidden region & 500

- | KOTO 2021 Data
= No signal candidates ASOE e : .4.5

e on e woms | o la | D
signal region. i

......... I .:25

- Set the upper limit to be )
BR(KL.—Tow) < 2.0x10-° & [ F 28 | [ 0

at 90% confidence level. 100 ,

- Corresponding to SESx2.3 50 .
based on Poisson statistics. 0 '2'0i0‘0' '3'0‘0'0' ; 4'0‘0'0‘ ‘5'0i0‘0' ‘6‘010'0'
Rec. 7’ Z , (mm)

Rec. n’ P, (MeV/
W
i
=

1.5

B ._
L ITarday |
L
o

l!‘

"
1
E

[u—

T. Nomura

BR™ =294+0.15x107"
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Conclusions: Rare decays probing the

Lepton Flavor Puzzle

* Rare m, 4, K, B and T decays have unique and important roles to play in
the search for new physics involving exotic effects like Lepton Flavor
Universality and Lepton Flavor Violation --- especially sensitive to very
high mass scales.

* New T1/K/B/T results expected from PIENU, PEN, NA62, KOTO, and
LHCb, BESSIIl, BELLE-Il.... Important connections with searches for
sterile neutrinos/dark sector particles, high mass scale physics, and
Lepton Flavor/Number Violation tests from Mu2e, COMET, u3e, Ov3f.

* Next generation pion decay experiment PIONEER aims at order of
magnitude improvements in high precision for measurements of m 2>ev
and pion beta decay to provide unique new information on Lepton
Flavor Universality and quark mixing matrix (CKM) unitarity.
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