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The talk layout

OKA beam, detector
Search for the ALP in the K" —n'n’a decay
K" — u'vy, measurementof F -F,

Kr—>eva'y, K > uvn’y, yPT O(p*), search for T(CP) violation
K> ntn' oy, n'n’n’y test of ¥PT
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7 ! a Operating frequency,(S-band) 2865 MHz
L os H A Wavelength, A ~10.5cm
Fos | 2 Effective deflector length 2.74 m
04 U \ e Number of cells/deflector 104
0 U \ T Mean deflecting field ~1(0.6) MV/m
. L .. T Working temperature 1.8 K
KD . 5 10 15 20 ) .25
p p. GeV/c
: /\ ANE AV Main beam parameters :
\f-(/ \/ T 3 s Primary proton beam energy 50 GeV
//’: 3 U’ﬁ 1 b) Primary proton beam intensity 7-102 ppp
' 1 A Secondary beam momentum 17.7 GeV
o4 ilAVa Length of the beam line ~200m
02 I v \/ == K* intensity at the end ~ 0.5-10°
bbbl LMA ) K in the beam ~13%

[~ a5 Cc3 Qs QrF QB Q9 Q10 Q11 Qiz gi13 Q14015 Q18017 CE Q18—020

| § [ 4 4 § § X [
- \_R;i//-\‘——_'_'_‘ ™ RF2 /
1 M - Wt I,
1 == = I E———
s \/"
] | | ¥

Y, cm

D:% ”"h
:
E?



Sy BPCy) BPC(ax,av) 53 PCis.8) g STi123) HODO
bk1
S, BPC s,y BPC PCa..4
YA a. (2Y.2X) 4 {4X.47) BGD (1.4 SM ” ] GAMS g
Decay Volume, GS (ECAL . ¥
2m " i C. s e : Cs 1A°02 © GDAjcay
¢, 2 _
ey Ko
O fe———B——— ——— - I |
beam ” 1 m I
-1mE L .—]
] M L Lo P T TR P i N L " P P PR P P N i N MEFEPETE B i L L i P i -
m -30m -20m -10m Om 10m Fid
1. Beam spectrometer: Imm pitch BPC ~1500 channels; Sc and C counters

2. Decay volume with Veto system:
L=11m; Veto: 670 Lead-Scintillator sandwiches 20* (Smm Sc+1.5 mmPb), WLS readout

3. PC's, ST's and DT's for magnetic spectrometer:

~5000 ch. PC (2 mm pitch) + 1300 DT (1 and 3 cm)
. Pad(Matrix) Hodoscope ~300 ch. WLS+SiPM readout
. Magnet: aperture 200*140 cm?
. Gamma detectors: GAMS2000, BGD EM cal. ~ 4000 LG.
. Muon identification: GDA-100 HCAL + 4 muon counters (uC) behind
. For some runs Cu target inside decay volume was used: =8 cm, t=2mm and C3 big Cerenkov counter

0 3 N L b~

Main triggers $,°5,°83°C1Cy Sy [ Zoams™2-5GeV |UI2<MH< 4]
Prescaled trlggers SISZS3C1CZSbk/10 SISZS?,CICZSbkuC /4
Run’sin 2010-2013,2016,2018 N_~5x 10"

Main directions of the data analysis:
K'—e'vrn’, K'—>p'v, K* Cu — K'n’ Cu, K'— n'na, K'=> p'vy, K'=e'v n’y, K'= u'v iy, K'— n'n'ny, K'— n'n’nly
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RF deflector in the beamline Liquid He lines Tail of the beam line




(alogayy o

£ = qua{d(yu[FY+ 175/ FA)s)

1 o ] |
V2 (7 (pa)m” (ps)| E“.r“'-’ffi |K™(p))
([:Fr_(}:'gj‘,?r_ [:_p'ﬁj}f=] | .;J‘.['ﬂ"lr'au |I{_{‘p))

—i, . '
o7 Flp + pa)' + G(pa — pa)" + Rpf)

F,G,R from K" - n'n v (Kl4)

Start from 3.65 10°_events

£ ©€ € ¢ ¢ ¢

n° identification

vertex 1nside the DV .
17 0 < pbeam < 186 GeV

The QCD Axion is a hypothetical pseudoscalar particle, invented to solve the strong CP
problem. It’s properties are described by the decay constant f; , related to Peccei-Quinn

symmetry braking scale Apq : f, =Apo/ 41 . The QCD axion mass mj, = my f;/f, .

a—> vy ; Ta = 287°f%/(am,?) . If axion is dark matter — 1,> 13.8 Gyr — m, < 10eV.

For axion-like particles (ALP) mayp is not set by QCD only — two free parameters:
marp , farp  marp <1 GeV.

Axion may have vector and/or axial couplings to quark currents, in particular to sd FCNC
P-conservation — vector K" > n'a  axial K'—>n'nla

& = quald(yu/FY + yuvs/Fa)s)

We assume that the axion decays outside the setup.

Common cuts for K" - n*n’a and K* — n*n’
1 beam track , 1 secondary track 6 > 4 mrad , vertex matching CDA < 1.25 cm.

no extra track segments behind the SM magnet

number of showers in GAMS or BGD not associated with track =2

Imyy - Mao | < 15 MeV

After selections 44.5 10° K" - nt'n®
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In order to disentangle K* — n*n’a from K* - m'n’(y), Kf > m'n’n’, K* e vn’, K »>p*vn’

Ex+ - Eni - Eno> 2.8 GeV

* P ,<150MeV,P, <189 MeV

012

No signal in muon counters pC

E/p <0.83

Cut on missing energy
Cuts on the momenta of pions in the K* rest frame againsts K" — m'n’

to suppress K —p* v’

E- the energy of the shower, assosiated with the track, againsts K" —e* v’
track is identified as m" in GAMS or in GDA-100

Ecs <100 MeV the cut on the energy in the guard system - against K* — " n’n’
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1 Searchfor the axionin K'->mra decay

A
~90% C.L. UL for Br(K* — n'n°a) LL for Fyy (GeV)

g 107 > 10°F
—+}— Data % 8 %
Kon'n’n® (@) —_
10° —+— Kon'n® ® ﬁ TN
—— Kom'n’y =
—4— Kouve®
= :
. %m*@m
~0.04 0.03 m(::: (Gevi ;.;): ‘A— \
= o | | | | | | : 5 “.
o e e 1970502 004 008 008 01 012 014 046 0.18 02 105" 0.02 0.04 006 008 0.1 012 014 016 018 02
= ﬁ% A T vy i m, (GeV) M (V) m, (GeV) Mes (62V)
100 = # } i é‘z‘;ﬁo:n)* K—evr® ‘ a 4
80 - I }
i
jz = l,ﬂ }I The obtained Lower Limit Fi > 6.5-10’GeV for axion mass below 70 MeV ,
2: ; N T b H b At A %ﬂfi 14*'1?&“%4;;%;;%%% is the best among the HEP experiments: Phys. Rev. D 102 015023 (2020).
-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 m(:in::: (GEVZ/(?;)S Prmess F;; (Gev} F.E} (ch}
K* = x 7% BNLE-787 1.7 x 107
“E A — na(decay) 6.9 x 10° 5.0 x 10°
= E | 2 It = pa 6.7 % 100 2.3 x 10°
NIRRT LT TR WRSTRT 10X 107 13 107
S T LM L = 3% 1.6 x 107 2.0 x 107
= | - . X .
. < K-K (Amy) 5.1 x 107" 2.0 x 10°
w0k (€x) 0.9 x 10 4.4 x 107
-0.04 -0.03 —-0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05

m .2 (GeV?/c?)

Supernova bound: In the neutron stars(NS) n, p, e, A coexist. A > na
new cooling mechanism of NS. Maximum during few seconds after SN
explosion, when protoneutron star reaches T~ 0.1 MeV

SN1987A F2,FY, >10°GeV Model dependent !

sd?
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Main background sources

1 ¥ ut nt

dr 4
T = Arg fre(x, ) + Aspl(Fy + Fa)? fsp+ (x,¥) +(Fy — FA)* fsp-(x, y)]
—Aint(Fy + Fa) finr+(x, v) HFv — Fa) finr—(x, v)]
L l—y+r 3 2xr(l —r)
f,E(x‘})_[x—E{x+y—l—r}] x[x +2(1—x)(l—r)—m]
fsprix.y) =[x +y—1—rllil —x)(1 —¥)+r]
fsp-x.y) =1 —-y+rllix+y -1l —x)—r] cm cm
I—vy+r X=2Ev =2Eu
fl.'\-".l"+[1~,‘r')=[m}x|“ —x(l —x —¥yi+r] m ’ mg
L I—y+r 2 e
f"w_[x'})_[x—(ijy—l—r)] xx"—(1—x)l—x—y)—r]
2
a1 —a S S L) I a1 Mk My
IB—ZHFK"Z[l—r)Z’ Asp 27IFK’1241"(1—r)2 P Aunr 2711—“1(“2(1—r)2 K r m,
V2M a\2m
XPTO|p*): FV:BHTFKZO.OQG; FA:F—K(L;)+L;0):0.042; F,—F,=0.054

xPTOp%): F,=F,(0)(1+A(1—x]); F,(0/=0.082; A=0.4; F,=0.034

VALUE CL% EVTS DOCUMENT ID TECN CHC
—0.21 +0.06 22K DUK 2011 ISTR

+ « « We do not use the following data for averages, fits, limits, etc. « « «

—0.24 to 0.04 80 2588 ADLER 2000B  B7Fs7 +
—221t00.6 20 DEMIDOV 1990 XEBC

-25100.3 920 AKIBA 1985 SPEC

References:

DUK 2011 PL Bg95 59 Extraction of Kaon Formfactors from K~ — ey Decay at ISTRA+ Setup

ADLER 2000B  PRL 85 2256 Measurement of Structure-Dependent K° — u~ v,y Decay
DEMIDOV 1990 SJNP 52 1006 Measurement of the K~ — u v+ Decay Probability
AKIBA 1985 PR D32 2911 A Study of the Radiative Decay K~ — p v,y
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1 beam K* track

1 secondary track identified as p in GAMS, GDA-100 and MC

Decay vertex inside DV

1 e.m. shower in GAMS with E >1GeV not associated with charged track
E,<10MeV ; E_ . <100 MeV

£ £ £ 0 O

o Fit procedure

¢ x,y region is devided into strips Ax=0.05 (~12 MeV)

¢ plot y-disribution; select cuts {y .y _ }; plot ; select cos . cut; Plot M
¢ Simultaneous fit of the 3 histograms, parameters- N_, N, cosd,,

both signal(IB) and background shapes are taken from MC
¢ to correctly estimate errors, fit only M, — plot with initial parameters of the
simultaneous fit

50 From the fits, in total 144115+380 signal events 25 < E*Y <150 MeV

N, events
2400 ha107 hS507
2200+  Kuwvy Ve osem| 600 7
2000 Sid Dev 0L1292
1800
1600
1400
1200+
1000
800 -
600
400 200
200 /
%205 0.6 0.7 08 0.9 1.0 L1 -1.0 —0.6 -02 0.2 1.0 0 02 04 06 08 1.0

Y cosl,, My

2 2
Geant3 MC: 22M sig. , 624M bkg. Strip #6 (0.35<x<0.4) My =(p,+p,*p,]

2500

Sud Dev 0.07614

500 2000

400 1500

K2n 300 1000

500

o b,=Bx—P,—P, ; E,=Ip
only IB term in signal p,=Px—P,~b,; E,=|p|
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10.37/8
0.9952 + 0.0050
0.1346 + 0.0165

0.92 e

0.8B8 fron

0.84 ki
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1

NDATA

1 i
010 0.15 020 0.25 0.30 0.35 040 045 050 0.

/' N, ratio as a function of x(blue points)

1
55 0.60

X

Red line is the result of the fit with P, (X)=p0(1+pl O (X)/05(X)
pO is the normalization p0=0.9952 + 0.005 ; p1=Fv-Fa=0.135+0.017
¢, (X)- x-distribution of reconstructed MC-signal weighted events
Wi (M F) £ KoYine)s 9p(X)- the same with wis = £,(x, .y,...)

Systematics

€ Non-ideal description of signal and background by MC: 1.3<y*/NDF<1.7

Stat. errors in each bin of N

/N, -plot scaled with V(3*/NDF). New value Fv-Fa=0.138+0.026 (nominal 0.134+0.021) — O pape —0-012

DATA
& Width of -x- strips: Fv-Fa calculation repeated for 2 different values of width Ax=0.035, Ax=0.07 (nominal 0.05) — o, =0.008
¢ The fit range in X (number of -x- strips): remove one or two bins on the left(right) edge. —o  =0.005
@ -y- limit in the strips: instead of maximizing S/N(S+B) use FWHM from the signal MC — o, =0.005
¢ Effect of INT+: INT+ term is added to N, /N fit. The BNL E787 value [Fv+Fa|=0.165+0.013 is used (+0.178) — o, ,,=0.018
— 0,=0.024
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“OKA” F -F, =0.135 £ 0.017_+0.024

syst

V2M, A2M,, . .
¥PT O(p*) FV:8n2Fn:o.o96 ;F,= : (L9+L10):0.042
F,-F,=0.054 2.8 o difference

Lattice calcullations: F -F,= (0.083 +0.013) -(0.019 +£0.012)-x, Phys. Rev. D 103, 014502 (2021) (1.8c)

The measured value is in a reasonable agreement with ISTRA+ result: F-F,=021+0.04 +0.04 (1.17 o)
And with a (model dependent) result of BNL E865 (K" — p've'e + u've'e) F-F,=0.077+0.026 (1.47 o)

Expect doubling of the statistics by the end of 2024
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This decay complements Ke3y much better studied by OKA and NA62. OKA publications: JETP Lett. v.116 No 9 (2022), EPJ C(2021) 81.
K*u3y was first seen by ISTRA+ and KEK K470 in 2006 and later by BNL E787 in 2010.
For K° was discovered by NA48 in 1998 and later improved by KTeV in 2005 Neo—Nego

I 3
There are calculations of Branching and T-odd asymmetry: §=p, (B xXpa)imc A= N. +N

&>0 £<0

VALUE (10-) az EVTS DOCUMENT ID TECN CHG COMMENT EVent selection
1.25£0.25 OUR AVERAGE & 1 beam K* track
110 £0.52 +0.05 e HATLER 2210 “BE/ S0 e CONeY & 1 secondary track identified as uin GAMS, GDA-100 and uC
146 £0.22 £0.32 153 21CHKIEY 2007  ISTR : 30 < B, < 60 MeV. @ Decay vertex inside DV
* + We do not use the following daa ,fits, limits, efc. o » . . .
— - S U?Hm:\zz Gk :‘O’O:' MK'::;’ St —— & 3 e.m. shower in GAMS with E > 0.6GeV not ass. with track
.4 £0.5 0. + i eV; > 20° . . . 0 o
4 & 7° identification |my, - mm|< 15 MeV (best combination)
<6.1 90 0 UUNG 1973 HLBC + E(y) >30 MeV o E - 0 5 G vV
1 Value obtained from B( K+ — ﬂnu*rlﬂ ) =(2.51 +0.74 +0.12) 10> obtained in the kinematic region E, > 20 MeV, and then theoretical K 3, spectrum has been used. Also B[ K — miss . € L. .
A7) = (158 £0.46 0.08) x10%, for E, > 30 MeV and 8 ,, > 20°, was defermined. & The position of radiative photon at GAMS surface is
2 Obained from measuring B{K,3,) / BUK, ) and using PDG 2002 value (K3 ) = 3.27%. B(K,s,) = (8.82 £0.94 £0.86) <10~ is obtained for 5 MeV < E, < 30 MeV. not near beam hole nor at the boudary
& E, <10MeV;E <100 MeV
K13y theory, experiment Br Kp3y BrKe3y Ac Kudy Ac Kedy & Number of additional track segments after spectrometer
x10° x10% QED FSI QED FSI

magnet is zero
& Miss-mass (Px - Pr: - Pro)? < 0.014 GeV? (against K—nn'n® bkg)

Bijnens et al. (1993) ¥PT O(p°®) 1.9 2.8 30 MeV <E"
ev<Lb,
Braguta et al. (2002) 7PT O(p?) 2.15 3.18 1.14x104  -0.59x10* OKA Preliminary
250
Khriplovich, Rudenko (2011)  1.81+0.2 27201  238x10%  -030x 10* g"igg
© 150
NA62 3.087+ 0.037 <86x 103 g lgg
S 75
-+ 50
OKA 2.0+0.1 2.98+ 0.094 <0.1 <13x103 § z
L
From Braguta et al. (2003) for NP Ku3y : a0 [ 950- 55 v
120 ’
Ae=—(3.6-10"Im(gs) +1.2-102Im(gp) + 1.0- 102 Im(gv + ga) ) 100
80
Sensitivity of Ke3y to NP is not as good : -
20

A= _(2'9' 107 Im(gs) +3.7-107° Im(gp) +3.0-107 Im(gv + ga) ) 0o 0475 045 0475 05 0525 055 0575 0.6
M(unOvy), GeV 12/17
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Branching : The decay K-—p' v’ isused for the normalisation

Br(Kp3y)/Br(Kp3) = (4.5 + 0.25 (stat)) -10*, 30 MeV < E; <60 MeV

Using PDG value: Br(Kup3) =3.352%:

Br(Kp3y) = (1.49 £ 0.085 (stat) ) - 10° , 30 MeV <E’, <60 MeV
in agreement with ISTRA+ measurement, but statistical error is 3 times smaller.

For the comparison with theory :

Br(Kp3y) = (2.0 = 0.1 (stat) ) - 10 ,

Bijnens etal. ¥PT O(p®) 1.9x 10,

For the T-odd asymmetry the result is:

>
© 4500 2500 oy
= K—)TC*TEOTEO
2 4000
% K—mnly
€ 3500 K—on'p v 2000
>
w
3000
1500
2500
2000
1000
1500 +
1000
500
500
0 0 ot
o 50 100 150 200 0 50 100 150 200
Ey*, MeV

Distribution over E¥, - photon energy
in the kaon rest frame

E,>30MeV,6, >20°

OKA Preliminary

=)
®

4.477TM
Ku3 selection B/S ~0.5%

Events/0.004 GeV

Braguta et al. ¥PT O(p*) 2.15x 105, Khriplovich etal. 1.8 x 10° S W U

Events/0.08

A:=-0.006£0.069 (A:<0.1 90% C.L.)

30 MeV <E,

250

225
200 ++

175

150

125

100

75

50

25

120 —

100

o] 0.5 1
COS(uy)

cos(0*,,) distribution

Events/0.0004

M(unOv), GeV

pt v i invariant mass

30 MeV <E,

.01 -0.008-0.006-0.004-0.002 0 0.002 0.004 0.006 0.008 0.01

160
140 +
120 +

90,01 —0.008-0.006-0.004-0.002 0 0.002 0.004 0.006 0.008 0.01

H
Distribution over §=ﬁy'(ﬁzxﬁn)/ m
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G. D’Ambrosio, G. Ecker, G. Isidori, H. Neufeld “The present experimental status of K3pig decays is rather meager”
¥PT O(p*) “generalized bremsstrahlung”

K" — n'n'n vy was first found in ITEP Xenon BC B.B. bapmun u ap., S® 50(1989)679-682

Entries/1 Mey
& w =@ & B @
= = = = = =

5=
(=]

P
=1

dam¥ g ¥, o

0.9

Lo

1.1

1.2 1.3 1.4 0.
F'(anig']_.-"F'hm

7ev. E ,~ 5-10 MeV, Br. measured

o
T

=
Branchings 107

w0

0.03 0.03% U.ﬁd- 0045 0.05 0055 006 0065 0.07
M{3pigl, GeV Egamma, GeV

With normalization on ~ N(K — 37) ~ 20M

Br(K™ - mnmw y) = (7.1 04,403 ) 10° E' >30 MeV

*PT O(p*)

6.65 - 10°

Study of this decay is being continued on ~20 times higher statistics of NA62
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Complementary to K*— ' v, less charged particles in the final state

K — nn’r’y searched for at ISTRA B.H. Bonoros u ap., ITucema B XKDT®, 1985 1.42, Bbi.9, ¢.390-392
5ev. E*y >10 M»B, Br. estimated

1 q
)
§ [+
© «
5_, “
w0
2
g
on
=4
[X]
&]—2
o
0.5 [+
" <
—3
10 0 Itos @
—4
10 “

1

0 0.2 0.4 0.6 0.
Signal sﬁ'l’cisncy

NN performance : with RFBN>0.6 the background is
suppressed by ~1000 with a signal efficiency of 0.2

53.8 = 13 events in the peak.
p-value of the no-signal hypothesis is 9-107

Events selection (started from 3.6°10° events)
1 beam K* track
1 secondary, 8>2 mrad, # (uC), = (E/p GAMYS)
Decay vertex inside DV, CDA < lcm.
5 e.m. showers in GAMS E > 0.5 GeV not ass. with a track
Selection of T 7®: (My1y2 - Map )> + (My3y4 - Mg ) (best combination)

230K events, main background - K—7'7’n® (x5000 )
Then NN (Radial Basis Function Network RFBN) is used
Input parameters for NN:

AE=E;. + XE -Ebcam
E,s - energy of free (5-th) gamma
dys - distance from 5-th gamma to the track on the GAMS plane
y* of the shower shape fit for the 5-th gamma
y* of the Kr—n*nn® 3C- fit
x* of the K'—>nn’n®y 3C- fit
M(rtrn®)

RBFN>0.5

0.48 0.5 0.52
M(m*n°n’y), GeV
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;:’_ 1,94M events
RBFN>0.5 BR(K'_> ) =
= (1.7640.023)%
2000 -
1000 —
l}D.oll II.;? Udllllﬂ.'ﬂl IIII.EHIID..&I ﬂ.lﬁ2 0.53
0.48 0.5 . M(n*n"n"), GeV

M(n*n°n%), GeV

With normalization on  N(K*" — n'n’n’) ~ 2M
53.8 13 ev. Br(K* — n'n'n’y) = (3.7 0.9 £0.3_ )" 10°¢ E’ > 10 MeV
Br(xPT O(p*) = 3.76 - 10°®

25

20 -

The differential spectra over E° and cosOx, o ue

in the K™ rest frame are also obtained o}

Data

] .01 U.Iﬁz 0.03 0.‘04 0.05 -1 05 ID l'l‘ﬁ
E,, GeV cos@'(n*y)
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v Search for the ALP in the decay K* —mn'n’a is performed. No signal found, 90% C.L upper limit
Br< 2.5.10 %= 2.10 "for the ALP mass from 0 to 200 MeV. A lower limit for the F fa - coupling
constant of the axion to the axial sd current is F% > 6.5-10’ GeV for the ALP mass below 70 MeV.

v The radiative decay K* — p* v v is studied on statistics of ~144K events for 25 MeV < E*Y <150 MeV .

A destructive interference between IB and SD- is clearly seen. The difference of the vector and axial vector constants
Fv-Fa is measured:

F-F,=0.135+0.017  +0.024
which is 2.8 ¢ from yPT O(p*) and 1.8 ¢ from Lattice .

t

v The decay K" — p* v i’ y is studied on statistics of ~1K events for E > 30 MeV region.
Branching fraction is measured:
Br(Kp3y) = (1.98 + 0.1 (stat) ) - 10
To be compared with yPT O(p*) 2.15-10° ; ¥PT O(p®) 1.9 -10°
An upper limit for the CP-odd asymmetry is obtained:

A:=-10.006 = 0.069 (A:<0.1 90% C.L.)

v The decay K™ — m'n’n’y is seen for the first time ~50 events with E > 10 MeV.
Branching fraction is measured:
Br(K"—> n'n'n’y) = 3.7 0.9, +£0.3 ) - 10°¢ E" >10 MeV
To be compared with Br(yPT O(p*)) =3.76 - 10¢

v The decay K' — e'va'n’n® is searched for . No events found. Br(K*— n'n’n’y) <5.4 - 108
(See talk of A. Kulik on Thursday morning session)

The work is supported by the RSCF Grant Ne 22-12-0051
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