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Community effort between Ex and Th

[mainly on kaon physics, RF6 Dark Sector Studies at High Intensities]

® | ctter of Interest by 4 people
for new light particles at kaon factories.

Letter of Interest:
Probing the Dark Sector at Kaon Factories

Evgueni Goudzovski!, Diego Redigolo?, Kohsaku Tobioka®?, and Jure Zupan®

e Essential to integrate experimentalists and theorists

e Joined by 60 experts, including people from NA62, KOTO, LHCb, BESIII,
KLEVER experiments

® |nclude topics beyond kaon, such as hyperon and BESIII.

Kohsaku Tobioka, Florida State University



64 Contributors

Editors: Evgueni Goudzovski', Diego RedigoloQ’S, Kohsaku Tobioka™”, Jure Zupan6

Authors: Gonzalo Alonso-Alvarez7, Daniele S. M. Alves8, Saurabh BansalG, Martin Bauerg, Joachim
Br0d6, Veronika Chabanovam, Giancarlo D’Ambmsioll, Alakabha Dattalz, Avital Derylg, Francesco
Dettori14, Bogdan A. Dobrescu'’, Babette Débrich'®, Daniel Egana-Ugrin()vic”, Gilly Elor®, Miguel
Escudemlg, Marco Fabbrichesim, Bartosz Fornalzl, Patrick J. F0x15, Emidio GabrielliQO’QQ’QS,
Li-Sheng Geng24, Viadimir V. Glig0r0v25, Martin Gorbahn®, Stefania G()ri27, Benjamin Grinstein™",
Yuval Grossmanlg, Diego Guadagndizg, Samuel HomillerBO, Matheus H0stert17’31’32, Kevin J.
Kelly2’15, leppei Kitahara™, Simon Knapen2’34’35, Gordan Krnjai636’37’38, Andrzej KupscggAO, Sandra
Kvedaraité®, Gaia Lanfmnchi41, Danny Marfatia42, Jorge Martin Camalich™™*, Diego Martinez
Santoslo, Karim Massri16, Patrick Meade45, Matthew MaulS0n41, Hajime Nanj046, Matthias NeubertlS,
Maxim Pospelav31’32, Sophie RennerQ, Stefan Schacht47, Marvin SchnubellS, Rui-Xiang Shi25’48, Brian
Shuve49, Tommaso Spadar041, Yotam Soreq50, Emmanuel Smmou51, Olcyr Sumensari52, Michele
Tammaro®, Jorge Terol-Calv043’44, Andrea Thamm54, Yu-Chen Tung55, Dayong Wang56, Kei
Yamam0t057, Robert Ziegler58

Kohsaku Tobioka, Florida State University



Precision Measurements

As a probe of heavy new physics via EFT

e Many BSM models biased heavy
particles above ~1eV. Driven by
hierarchy problem & WIMP DM

® [hen, precision measurements,
such as meson decay, are to probe
the heavy new physics indirectly.
Compatible with EFT approach.

Kohsaku Tobioka, Florida State University
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Feebly Interacting Light Particles

New DoF. EFT is invalid. Need model-dependent approach.

e Possibility of feebly interacting light Mass scale
K B tH W Z

particles (X) e light dark sectors, B ooMeV  00GeV Tev

with various motivation

Light DM, hierarchy problem, strong CP, v mass,
baryogenesis, (g-2)u anomaly...

LHC
Direct search

o
—~~
—h
~—"

c
® X can be directly produced, 2
)
but EFT approach won’t work 7 O Light Dark Sectors
c @
S g
§ = 102K ! 10°B ¢ Higgs Portal Hght DM portal
9 _ Hierarchy prob.
- e Axion/ALPs
B e Heavy Neutrin Strong CF
K-> SM+X Y ¢ Neutrino mass
eptonic force
N—>SM+ X P baryon asym.
° ..

' Muon g-2

feeble interaction

e HO tension ...
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Feebly Interacting Light Particles

New DoF. EFT is invalid. Need model-dependent approach.

e Possibility of feebly interacting light Mass scale
K B tH W Z

particles (X) e light dark sectors, B ooMeV  00GeV Tev
with various motivation |

LHC

Light DM, hierarchy problem, strong CP, v mass, o) Direct search
baryogenesis, (g-2)u anomaly...
L
® X can be directly produced, =2
out EFT approach won’t work 5 5 Light Dark Sectors
c @
. o O
® Signal strongly depenc;ls on nature of 5 2 . e Light DM porta
¥ © o iggs Porta
X. Model dependent signal/strategy. T | 10Kges 9 e Hicrarchy prob.
- e Axion/ALPs
. . . o _ e Strong CP
® |n each scenario, investigate K— SM+X  ¢HeawNeutringy =
what is allowed/interesting region A — SM+ X °Leptonic force
® paryon asym.
=target channel and BR ! ° ...

® Muon g-2
feeble interaction J

e.q.(g-2)u anomaly= BR(K—=p+inv)
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e HO tension ...



Why kaon decay for new light particles?

High precision, complementary to astro/cosmology and beam-dump exp.

prt K Mass scale
® More kaons (hyperons) from 10keV  1MeV  100MeV 100GeV ~ 1TeV

the experiments LHC

Direct search

e |imited decay modes to SM (v, e, u,
maybe 1) for mx <O(100)MeV

Interaction strength

Light
K—> SM+ X Dark

A—SM+X Sectors

eble interaction
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Why kaon decay for new light particles?

High precision, complementary to astro/cosmology and beam-dump exp.

prt K Mass scale
® More kaons (hyperons) from 10keV  1MeV  100MeV 100GeV ~ 1TeV

the experiments LHC

Direct search
Beam

e |imited decay modes to SM (v, e, u, dump
maybe 1) for mx <O(100)MeV

SN
e Can be long-lived (X~invisible),

complementary to beam dump
experiments and cosmological
imit (Tx>1sec)

012K

Light
. . Dark
® Mx ~O(1 0-1 OO)MG\/ IS unigue. N PR Sectors
mx <O(1)MeV can be constrained /)’o, O’l/

feeble i (o)
%

s y

‘o

by astrophysics (SN, start cooling)
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Why kaon decay for new light particles?

High precision, complementary to astro/cosmology and beam-dump exp.

e pt K Mass scale
® 3 Regions depending on 10keV  1MeV  100MeV 100GeV  1TeV
- flavor violation of X couplings : LHC

' Direct search

. —enhance K/A - SM + X. Beam
SRR 5 dump

1. visible

1.visible X decaying to SM.
X Is flavor conserving.

2.Invisible X beyond beam-dump.
Flavor conserving

3.Invisible X beyond BBN and

cosmology probes. E
X has FV coupling(AS=1). :
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What to look for?

e Study each model
Motivated parameter space”? Other bounds”?

e \What are the interesting channel?
Specific target BR”

Repeat, modeli, 2,

3...

e Categorize by signature

[possibly at NA62, KO

O/KLEVER, LHCb, BESII]

Kohsaku Tobioka, Florida State University

parent detectable
kaon oblects
NABD K charged SM, v,
MIsSsing
KOTO KL Y, MIsSsing
KLEVER
LHCb KS charged SM, vy
BESIII Hyperon various objects.
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Section 4,5

Section 2: Models

Decav \ Model 2.1 Higgs 59 ALP 2.3 Heavy 2.4 Dark 2.5 Leptonic 2.6 Strongly 2.7 GN 2.8 Two dark 2.9 Dark 2.10 More 2.11 Heavy
Y portal ' Neutral Lepton Photon Force (X) Int. Neutrino  Violation sector particles Baryons exotic New Physics
4.1 K — w+inv v v — v — v v v — — v
4.2 K — mr+nv CP viol. axial coupl. — v even massless — — — — — — —
4.3 K — my+inv posmb%e o poss1b%e o — v even massless — — — — — — —
extensions extensions
4.4 K — 2my+nv - - - Iy - - - - - possible -
negligible B B B B lifetime B B B B
45 K= myy (v'dilaton) v prompt loophole
lifetime
4.6 K — wl t, v/ prompt v/ prompt — v — loophole — — —
: axial coupl.
477 K — nml t,, CP viol. & prompt — — — — — — —
A/
48 K — mlylolals — — — — MeV axion, also — — —
K — mw2(,205inv
49 K; — vy+inv — — — — — — — — —
4.10 K — 7,3y — — — — — — — Lorentz viol. —
4.11 K; — ~yvy+inv — — — — v (Table 2) — — — —
412 Kg 1 — (10 +inv — — — — — — possible possible — — K¢ — up
412 Kg 1 — 202y — — — — — — possible possible — — —
413 K — 4¢ — — — — — — possible possible — — —
4.14 Kt — 0T +inv — — v — v (X —inv) v — — — — —
4.15 K — 3(+inv — — possible — V(X — 00 — — U(1)+HNL — — —
Kt = 7%tN ossible
+ . B o B p . B . B _ _
416 K" — l~y~vy+inv (my < 20 MeV) (X — 27) possible possible
4.17 LFV - - - - - - - - - FV ALP, Z' FV ALP
VKT - ("N .
4.18 LNV — — _ ’ — — — — — — — v (Maj. HNL
N =7 () (Maj )
Kg — m(m)2¢, Kg— Alny ,
4.19 Rare K g decays Kqg — m(m)2/4 i 7T(7r<)2)fy — _S> Al -~ — - Kqg — 44 - Kg — 2v+inv Ko — pp
4.20 Dark Shower — — — — — — — — — v —
Table 8 Table 1 Table 4
> Hyperon By = Bay By — Bya N By — ByA' N N N B — ~/M+inv N N

(partially) ongoing

possible, ongoing in similar channel
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1. visible X region

Axion like particles w/o flavor violation
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K Mass scale

10keV 1MeV  100MeV 100GeV 1TeV

Axion like particles w/o flavor violation
1. visible X region

1F 1F
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Leptonic force, Heavy Neutral Lepton, Higgs Portal

2. Invisible X region

® | eptonic force ® HNL. neutrino mass

g-2 target, light DM (HO problem) with type | seesaw

L |
107 vector ;w0
1078 scalar 10~
10_9 \ NE 1070
; ; 1078
1077 My = 3Mpwm §
- - gom = 0.03 S ]
1 5 10 50 100 - | e i
1072 107! 1
My (MeV) my [GeV] ® BRK*(K,) — nt(x")X)
e BRK* — u*X)~10-9(107) e BRK* — ¢+X)~10-10 ~10-1019)
lcurrently 10-7] lcurrently 10-9] [kaon>beam dump exp]
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QCD axion w/ flavor violation
3. Invisible X region

Flavor Anarchy
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e QCD axion with generic
quark coupling,
K—=1X(inv) IS the best
orobe >>SN,BBN

® |mprove as much as
-+ possible.
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| | | | m |
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Dark photon w/ AS=1 dipole operator

Signatures across K+, K., and hyperons

e Beyond kinetic mixing, UV physics can generate dipole operator w/ s—d

L~y (g smid
Laim—s = Pio™ (D + i D ) ¥ F,

allowed by kaon mixing— [~ (allowed by SN for ma<1MeV)
Kaons Hyperons

Decay mode Max branching ratio Decay mode Max branching ratio

K™ —7r A 13x107" (7.8x 107 ) A A 410" (80 x10°)

KT 7T+WA, 3.2 x 10~° (1.9 « 10—11) s+ pA’ 83 % 107 (4.9 o 10—10)

Ky — noyA 5.9 x 107° (3.4 x107) =0, 520 4 5.2 % 10°° (3.0 x 10°9)

K, —»7n'm A 56x107" (3.2x107") =0 A A 24 %107 (1.4 x 10~°)
Kp—qA" 68x107° (40x107%) 2 5% 4 61x107° (36x107°)
K — inv. 1x107" (65x1077) Q" 5% A 61x107° (3.6x107°)

Table 1: Upper bounds on the branching ratios for different radiative kaon and hyperon decay channels
using the maximal s — dA’ dipole transition allowed by AM from kaon mixing. If the stronger SN
constraints apply, the maximal branching ratios are those listed 1n the parentheses. For the hadronic
inputs we have used [190].

Kohsaku Tobioka, Florida State University
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Summary

® | ight new particles are interesting physics cases.

® Precision measurements = EFT—=New Physics, won't work for light particles.
Model dependent appoach needed.

e Kaon/hyperon is unigue playground complementary to astrophysics, cosmology,
and beam-dump experiments.

® [Nhe contributed paper gives comprenensive overview between models and
signatures.

® [he paper will serve as input for planning current and future strategies for the
kaon/Hyperon experiment.

Kohsaku Tobioka, Florida State University 16



Thank you!




What to look for?

Can be more efficient than case-by-case

Model common prediction x—=inv  (Model,2)
Model2 K- 1x x—yy (Modell, 3)
Model3 ...
parent | detectable _ X~ inv X— VY
- (Higgs portal, Only KO—Ttx
kaon objects ALP dark (ALP)
NAG2 K+ Cg?vrl?id ongoing possible NA
KOTO KL Y ongoing possible possible
LHCDb KS cg?vrlged possible? possible? possible
Y
Hyperon

Kohsaku Tobioka, Florida State University
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(Proposed) Channel —> Models to be probed

Decav \ Model 2.1 Higgs 59 ALP 2.3 Heavy 2.4 Dark 2.5 Leptonic 2.6 Strongly 2.7 GN 2.8 Two dark 2.9 Dark 2.10 More 2.11 Heavy
Y portal ' Neutral Lepton Photon Force (X) Int. Neutrino  Violation sector particles Baryons exotic New Physics
4.1 K — m+inv v v — v — v v v — — v
4.2 K — mr+nv CP viol. axial coupl. — v even massless — — — — — — —
4.3 K — my+inv poss1b1e o p0531b1.e o — v even massless — — — — — — —
extensions extensions
4.4 K — 2my+inv — — — ™ = A’ — — — — — possible —
negligible B B B B lifetime B B B B
45 K=y (v'dilaton) v prompt loophole
lifetime
4.6 K — mwl /,, v prompt v’ prompt — v — — loophole — — —
47 K — byl CP viol. axial coupl - v - - - - - - -
& prompt
A/
48 K — mlololpls — — — — — — MeV axion, also — — —
K — m2(,205inv
4.9 K; — ~vy+inv — — — v — — — — — — —
4.10 K — 7y, 3y — — — — — — — — — Lorentz viol. —
4.11 Ky — ~yy+inv — — — — — — v (Table 2) — — — —
412 Kg 1, — (10 +inv — — — — — — possible possible — — K¢ — up
4.12 Kg 1, — 2027 — — — — — — possible possible — — —
413 K — 4¢ — — — — — — possible possible — — —
414 K — (" +inv — - v - V(X —inv) v - - -~ —~ —~
4.15 K+ — 30+inv - - possible - V(X = 00) - - U(1)+HNL - - -
Kt = 7%tN ossible
+ . B o B p . B . B _ _
4.16 K* — {vyvy+inv (my < 20 MeV) (X = 2v) possible possible
4.17 LFV - - - - - - - - - FV ALP, Z' FV ALP
VKT - ("N .
4.18 LNV — — _ ’ — — — — — — — v'(Maj. HNL
N =7 ") (May )
K¢ — m(m)2/, Kog— A :
4.19 Rare K g decays Kqg — m(m)2/4 : 7T(7r<)2)7 — i A,’WW — — — K¢ — 44 — Kq¢ — 2vy+inv K¢ — up
4.20 Dark Shower — — — — — — — — — v —
Table 8 Table 1 Table 4
> Hyperon By = Bay By — Bya N By — By A’ N N N B — ~v/M+inv N N
ongoing possible maybe future difficult unknown



