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Motivation

axion-like particles (ALPs) are well motivated and naturally arise in many
extension of the SM:

e QCD axion/strong CP problem
e dark matter

e portal to dark sector

e ‘axiverse’

e composite models

e supersymmetry
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Motivation

Flavor Probes of ALPs

e.g. Bauer et al. 2110.10698
Camalich et al. 2002.04623

e flavor and CP violation are suppressed in the SM

e flavor violating & CP violating observables are very sensitive to small
BSM contributions

e charged kaon decays place strong bounds on axions

K* = nha(inv) — fa/Csqa > 10° GeV

NAG62 2103.15389
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Motivation

Flavor & CP Probes of ALPs

e neutral kaon decays are unique probes of CP-violation (CPV) in

BSM sector
e for ALP couplings, CPV and FV are related
( SM Yukawa'’s no additional )
only source CP
of FV — violation in ALP
\(minimal flavor violation - MFV) couplings y
additional — additional CP
sources of FV violating phases
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Motivation

Flavor & CP Probes of ALPs

e goal: study 3-body decays of neutral kaons:

K; — n°rla K; - nna

I (KL — 7TO7TOCL)
F(KL — 7TOCL)

SM:
I (KL o 7TO7TO7TO)

= 200
['(Kp — 7%x0)
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Plan

K; — m’7'a

|. Theory: focus on FV and EW contributions
(R. Balkin, S. Gori, CS: 2507.01947)

lI. Application using KOTO calibration data
(R. Balkin, S. Gori, D. Robinson, CS: 2508.08402)
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Flavor violating ALP couplings - from UV to IR

1 1 d,a -
Lq(A) :5(8Ma)(8“a) — §m§ a® + % E FepvyF
F
o @ = 47 1 I o1 a ~
— -G GYHY — W' WH*" ——-B,,, B""
+CGG47Tf Y +CWW47Tf "y +CBB47Tf M
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Flavor violating ALP couplings -from UV to IR

1 |
Lq(A) :5(8Ma)(8#a) - §m a’ ZFCF Vs J
%5 8 ca Gapw %2 T 4 e LR B
—I—CGG wa/G —I—CWW ow/W +CBB4 7
in MFV:
[+ c? Y,)2 + O(e
— . f Yt)2V + (’)( ) real coefficients!

K :?O]n .Yt)2 +O(e
Kd Z_gjl
8
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Flavor violating ALP couplings - from UV to IR

above the QCD scale:

0,a - -
L) D%(KJRCZR’YMSR + krdryusr + h.c)

with
KR = [Cap(A)]12

K = [€q,(A)]12 + Ak

mass basis matching
contribution
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Flavor violating ALP couplings - from UV to IR

above the QCD scale:

0,a - -
L) D%(KJRCZR’YMSR + krdryusr + h.c)

with

KR = [Cap(A)]12

o =[Ca, ()l + An — [cosliz + VaVer (foay )22 — [co,]11)
mass basis matching

contribution —|—V't2‘/ts ([CQL]33 — [CQL]11)+. ..

in MFV: cq, ~ diag(0, 0, y?)

[€q,(A)]12 = [Vieq, V]
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Flavor violating ALP couplings - from UV to IR

above the QCD scale:

0,,a _ _
L) DL(deR’yusR + krdrvus1, + h.c)
f |
RGE evolution

with Arr =ndei(A) +nglfea(A) +mweww (A) +nsfsr(A)
KR = [Caz(A)]12 cit = [Cu, |33 — [CQ, 33
~ 5 1
KL = [CQL (A)hg —I— Cga = Caa T ETI‘ [Cup + Cap — 2€q,]
mass basis :;no?tcr?kizgon Cww = Cww — ETr [3CQL + CLL]
_ 1 1 1
¢cgg =cpp + 1t gcuR + ngR — ECQL — ECLL + Cep
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Flavor violating ALP coulings - from UV to IR

below confinement scale: chiral Lagrangian

1 2
Liin = 5(%&)2 = ?”Tr [D*%(D,x")]

2

1

L = T”B()Tr [ﬁlqET + h. c.] — §m2’0a2

4N,
Lopeak = f28 [L.L*% + h.c.
% = exp [ill/ f]

0ua (. .

DS =09,% — i+ <kQ2 - qu>

. : a(z)
m, = exp —2chGGT m,
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Flavor violating ALP coulings - from UV to IR

below confinement scale: chiral Lagrangian Kinetic term:
1 2 - FV interactions proportional to
Lyin = 5(8"&) 2 “LTr [D*S(D,E)] off-diagonal ALP couplings
kinetic mixing

2
A 1
L = T”B()Tr [quT + h. c.] — §m2’0a2

4Ny
f2

£weak - [L,uL'u]?’z + h.c.

% = exp [ill/ f]

0ua (. .
DY =0,%— ZT koY — Yk,

. ) a(z
m, = exp [—2chGG T] m,
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Flavor violating ALP coulings - from UV to IR

below confinement scale: chiral Lagrangian Kinetic term:
1 2 - FV interactions proportional to

Lyin = 5(%&) 2 “LTr [D*S(D,E)] off-diagonal ALP couplings

72 1 - kinetic mixing
Ly, =|=—BoTr m2T+hc]——m2a2

[ " [ ! J 2! Mass term:
4Ny - mass mixing
Lovear = 12 — (L L™ + hec. - flavor preserving interactions
¥ = exp [iIl/ fx]
0ua (. .

DY =98,% - i~ <kQ2 - qu>

. . a(zx)
m, = exp | —2ikq¢Caa 7 m,
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Flavor violating ALP coulings - from UV to IR

below confinement scale: chiral Lagrangian Kinetic term:
1 2 - FV interactions proportional to
Lyin = 5(%&) 2 “LTr [D*S(D,E)] off-diagonal ALP couplings
- kinetic mixing

fa . L o 2
e = BoTr mgX' + h.c. ||— 5 Ma,00

Mass term:
r 4N8 L,L" b - mass mixing
weak = "¢ 7 | 1P|+ hec. - flavor preserving interactions
Weak-mediated term:
: - flavor violating interactions
Y= IT T q -
exp i1/ ]a 0/ A proportional to diagonal ALP
DY = 0,3 — Z% <kcz2 - Ekq> couplings
PR P COR i iR eimepes i - kinetic mixing (neutral and charged
q_ p[ Phacac ] o e B2 meson, neutral and ALP mixing
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Kaon decay amplitudes

1) move to physical basis (remove all mixings)

2) sum up all relevant 4-point contact terms Ky \ 0

3) sum up all relevant factorizable contributions m

a

4
4
'l
K, —@— 0
Kg
71,()

Christiane Scherb KEK Theory Meeting



Kaon decay amplitudes

2

2V2fr f

2

2v/2fr f

M(KL—>CL7TO 0): (Re Mg + icIm M)

M(Kg — an’n%) = (Im My — icRe My)

2 2
My — My

2f

(

M(Kp, — 1) = ) (Imﬂ— icRe .//\\/l/>
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_ 2
S0 = (pw(l) +p7rg)

:l{A(ﬁ—:l)‘l‘NS(CQ‘}'C:;fnL;)
K " K
“direct” “indirect”

2 2
B ) my  mg
Cl == 2(7(;(7(1\) = 2[0,[] 11 ac [CQ] 11 5 = [CQ]ZZ +0 D S T
"11\’ ml\-
m2 m?2 )
R T
771»1\: 771‘1\-
7”‘2

3

B By
’”‘K IILI(

G = —eao (M) = Aed], # [ea]s + [ealyy +© (

m2

C3 =— 3[052]11 +2[cd]22 ot [CQ]-zz +0 (

—~—

M = gy + NgCy



FV and CPV - some numbers

e = 2.228(11) x 10~ 3¢ |Ng| =~ 1.53 x 10~ 7 -
” ViV |« gy 104
0 ~ 0.76 st [~ [~ —oxa0 | (0,33 40.134) x 1073

contributes to &’

1107.6001
hep-ph/0309172
hep-ph/0005189
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Kaon decay amplitudes

2
MKy — an®7%) = —K _ (Re My + iclm M CP- i
(K, —wan 7)) 2\/§fﬂf( eaXialg iclm My) preserving
2
M(Ks — am®71°) = — 2K (Im Mg — icRe M
CP-violating
_(mE —m7

M(K1 — 7°a) =
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Ratio of rates

_ Br(Kp — n’n’a)

Ry — R, — Br(K; — n"n"a)

Br(Kr — nla) Br(K; — n%a)

largest CP-conserving coupling |*

Ro, R ~ I

largest CP-violating coupling

phase space ratio I ~ O(10™° — 10 ?)
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Scenarios

1. maximal flavor violation Kz > V,;Vis

2. minimal flavor violation kr = cyry Vi Vis

“directly mediated” Ng < curvVigVis Ro ~ O(107?)
“mix” eNg < cyryViiVis < Ng Ry ~ O(107* — 10)
“indirectly mediated”  ¢mrvV;qVis < €Ng Ry ~ O(10% — 10°)
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Minimal flavor violation - neutral

cmrvViyVis < €Ng
“directly mediated”

eNg < cyrvVigVis < Ny
“mix” o3

Ns < cyry Vi Vis
“‘indirectly mediated”

Christiane Scherb

10°g

107'F ¢
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Minimal flavor violation - neutral

10(—) T T T T T

T ! ! ! | ! ! . ! | ' ! ! ! 1 ! 3

105E — /= 10°GeV

. 8 3

N8 << CMFV‘/;ZV ----- f = 10° GeV -é

“directly mediated L

eNs < C{}ﬁ;‘@d‘@s ) What do we do with this now?

Ng K CMFVVt:;Vts o
“‘indirectly mediated” 10—4E
10457 i i : i ] ; ) ) ) | ) L .E L | L 1 L 1 1
0. 0.05 0.1 0.15 0.2
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Minimal flavor violation - neutral

106 T T T T I T T T T I T T T T I T T T T | T
_ 3
mSE — [ =10°GeV

Ng K CMFVthVJ """
“directly mediatecd

eNg < cmrvVigVis < What do we do with this now?

mix” )
We sweep some chimneys!

-~
LR
-~
.....
-
-
-
-
-
-
-

Ng < eprvVigVis -
“indirectly mediated” 1073 Ce(A) #0
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Look at some data!

< 10° — Data
y = — K,—3n° MC
Long-lived neutral-kaon flux measurement E 16 mm Other K, MC
for the KOTO experiment Z 10
=
N )
T. Masuda'-'*, J. K. Ahn?, S. Banno®'”, M. Campbell*, J. Comfort’, Y. T. Duh®, R
T. Hineno!-'8, Y. B. Hsiung®, T. Inagaki’, E. Iwai®-1%, N. Kawasaki!, E. J. Kim8, Y. J. Kim®, « 10
J. W.Ko’, T. K. Komatsubara’, A. S. Kurilin'®", G. H. Lee®, J. W. Lee*?, 8. K. Lee®, - ,
G. Y. Lim’, J. Ma''"2!_ D. MacFarland®, Y. Maeda!-22, T. Matsumura'2, R. Murayuma", 1
D. Naito', Y. Nakaya™ ', H. Nanjo', T. Nomura’, Y. Odani'**, H. Okuno’, Y. D. Ri**, el i
N. Sasao'?, K. Sato*, T. Sato’, S. Seki!, T. Shim()gawa”"q. T. Shinkawa'2, LE) 1.8 F % {,
K. Shiomi*1?, J. S. Son®, Y. Sugiyama?, S. Suzuki'3, Y. Tajima'3, G. Takahashi!, 14 E . {. ][
Y. Takashima®2¢, M. Tecchio®*, M. T()gawu3 A Toyodu" 271 Y. C. Tung{"zs, Y. W Wz}h”, § 1 ; .% {]L#{'%'}%#*}%{%ﬁ;FWW*Mw%WMﬂMH’%ﬂH{V% 'H‘H ﬁH,]l"%
H. Watanabe’, J. K. Woo?, J. Xu*?!, T. Yamanaka?, Y. Yunagida"'z(). H. Y. Yoshida'>, @ 0.6 E {PL t % * t 1 ++ +
and H. Yoshimoto®3? 02 E ) ) ) ) ) ) ) ) )
400 420 440 460 480 500 520 540 560 580 600

Reconstructed K B Mass [MeV/c?]
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KOTO

=
GsIC

KOTO measures photon energies and positions , ,

to reconstruct kaon mass:

1. use opening angle between any pair of photons to find potential kaon decay vertex
mio = 2F1E5(1 — cos6)

2. choose photon pairing combination that minimizes

15 - 2
(Z; — Z 1Zi]o%;

-3 : )’ ith 7= 1 2/
=1 zz Z 1/Jzz

3. reconstruct photon momenta and pion and kaon mass
4. choose events with Am . < 10 MeV
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How would that look for ALPs?

one photon pair originates

events/bin

4

AL —> 27ra — 67
= KOTO data
—— MC sim

IT.Tr] ﬁﬁ R .I.II[,H]TTITT TIIT

from an ALP

ALP mass must be close to
pion mass to be selected

meq = 150 MeV

events/bin

||||||||||||||||||

(V)
SNOTABUG
TS AFEATURE

1
0.1 k& .T.ﬂ‘ I .ﬂ[ ‘‘‘‘‘ L T FE IIIIIIIIIIIIIIII i dmy, ~ —[mKL/3m7ro]5m ~ —1.26m
420 460 500 540 580 420 460 500 540 580
mie. [MeV] mie. [MeV]
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Fits and limits

KOTO signal contains detector backgrounds that we can’t simulate!

Christiane Scherb
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10* £

10% £

events,/bin
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data/fit
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¥ % +—— MC sim
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Fits and limits

KOTO signal contains detector backgrounds that we can’t simulate!

use lineshape fit instead o] A Koo
Ny 2 _ 9m20 2k—2 ny 2 _ 9m20 k . j \-\ === Voigt fy 3 fit
Fonom, (1) = Y p? — Qmio{ ; a2k e #2; ] F LZ:; bk%} Vs,o(p — mx, + Jm)} 10° L ;’ X\%
construct likelihood ratio 3 i A,,»/fz \iy% |5
. L 9 S L ’ f If E I ol -
5X (mcu p) T i(‘sub (maa p) T XO 7 wh]ﬁ]i IHNIII

fit residuals of e [ e

re-fitted lineshape - & "
(KO-II-O d al ta + p I:DA\LP E 1 l{{ ﬁ#IIIIHHIHIIHHIIEHHIHIﬂﬁﬂfzﬁ}ﬁﬂlﬁiﬁﬁ}}}H{[H{[HIII H%fifﬁlﬁfﬁi

contribution) ‘ 0 560 5

0 1 L L 1 L
1 1 420 440 460 480 500 520 540 560 580
fit residuals of o i

p = Br[K — 2r°a]/Br[K; — 37°] > 0 lineshape - KOTO data
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Results

1072 F | -
oo 107!
® . @
= 1077
1 “ c
kS e g 1073
1073 [ o i
& e & S
E o [ ] . }
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e ¢ 104
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[ -5
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Beyond the chimney

for small ALP masses, ALPs become long-lived
alternative selection:
- only require two photon pairs to reconstruct kaon vertex

(now 45 possible combinations of photon pairs)

- ALP momentum coplanar to kaon-two-pion momentum

plane and plane of kaon vertex and last two photons /

- introduce displacement parameter in ALP momentum, so that

\/[p27r° + k1a(Ak,) + k2a(Ak,)]” = mu,
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Results

L B e AL e B S E
i % Komo TP
4 28 (2xm";'mrw\“.
0 <r_———o—f——ﬂ7f E 107 h |
=) i 1 )
G107 | E . 1077
N E — T = CTr 3 i i
i r — cr=1lcm ] %
S L — cr = 10cm 1 O 1078
X106 L . ~
M L e ¥ ]
___________________ & supelt ] 10
e Laa= . - ) 4
g T B e o .
S-------------""::::::::;;;=H,‘..u--""“““"‘ 1 10-*
faoooomoozosopasiiaiess ] oo = —(3/2)cay = ¢
10_8 " X . . | X . g . | . g g ! | i . ) ) | . L | L L L 1 L L L | L " L | L L L 1 L
40 60 0 100 120 0.04 0.08 0.12 0.16 0.2
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Summary

e first calculation of ALPs in 3-body neutral kaon decays, probing the CP
properties of ALP couplings

e in some scenarios, 3-body decays are the dominant channel for
neutral kaon decays

e can potentially provide the strongest probe in some part of the

parameter space, e.g. in the pion chimney using

KOTO K — 37° — 6+ data
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Backup
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Starting point: Ny =3 QCD

ota

La(fgep) D CGGIFGG 7 — (qrkovuqr + drk¢VuaR)

Field redefinition:
a(z)

—] q(z)

q(x) — exp [—z’(éq + K¢Y5)caa 7

a(x)

kQ — f{Q(a) — U (kQ n ¢;)Ui | e m, — m,; = exp [—2ZRqCGG _f :| m,

1 I ; :
k, — kq(a} = Ui (kg + ¢;)U+ , a Trlky] =1 — removes GG term
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Classification of decay amplitudes in terms of CP and P

P=-1 (ky,Ng) P =41 (ka, Ng)
CP=+1 Ks — ma K; = 7%7% or ntna
(Relc], e-Im]c])
CP=-1 K; — 7% Kg — %1% or ntna
(Im[c], e-Relc])
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Residuals

1 T 1 1 ] A T ] b 1] T T T
3 my = 120 MeV L mga = 138 MeV L 4 Fit residuals i
10 - = M = Ky — 27a, 90%CL
_ 10 s

2 0.1
B
wm
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2.0
<))

—10

—10%

103

10
g

5 0.1
T
)
k=

£—0.1
<]

—10

—10°

420 460 500 540 580 420 460 500 540 580
m; [MeV] m; [MeV]
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Validity of ChPT

Ora ~ fn/f X cx/|0m,| K 1
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