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Motivation Why search K9 —invisible?

SM prediction
« In SM, the rate of neutral mesons K2, K — vv decays is predicted to be extremely small, because it’s
forbidden kinematically by angular momentum conservation. 5 _
v
B PRD 91, 015004 (2015) S ‘ Y
R 0 ~ (v N2 - 16 ~ -
'(M® - vv) (mMO) <10 - -

KQ - vv
« Any observation of K{ —invisible would signal the presence of new physics. S .
Initial state: S =0

Final state: S = +1
forbidden

Experimental limits

Ik, ks = X [i (KL (Ks) — visible) + K| (Ks) — invisible

Sum of all the possible modes of K based on PDG

==) Y Br;(Ks — visible) = 1.00068 + 0.00048 =) . Br(Kg — invisible) < 1.1 x 107* (95% C.L.), |

PRD 91, 015004 (2015)
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Motivation Why search K9 —invisible?

Mirror world y Normal world

Theoretical limits arXiv:2006.10746 0
|
*  Mirror matter model (M3 model), assuming that there exists an almost exact mirrored -
/ |
copy (n') of the known ordinary particles (n) , n’ can not be detected, and they can only G - G
|
interact with each other gravitationally. -
|
* Consider a gauge symmetry G @ G’ for the two worlds, we assume that the mirror @ n
symmetry M(G«< G') is spontaneously broken by the Higgs vacuum. ':> n — n’ oscillations
2
> Invisible decay rate: B _— lSmQ(gg) (A7)
inv AT)2 : 0 -0 0
2 1+ (A7) Neutral K] Kg T
: : : : hadrons
* Long lived hadrons can have relative large branching fractions,
Life time(s) | 5.12x1078 | 8.96x10711| 8.52
which are detectable at existing accelerator facilities x10~17
»  Br(K —invisible)= 1.8x107° '
emmmeccsssscssssssss====== : Biny 9.9%x107°% | 1.8x107¢ | 6x10718

But no direct measurement for K — invisible decay yet!
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Data sets

> Boss version: 708

» Inclusive MC: 10B J /vy inclusive MC
* Understand the potential backgrounds

* Optimize the event selection criteria.

» Signal MC:
e 600K J/¢ > ¢KIKQ,KQ — invisible
¢ Obtain the detection efficiency
»Blind analysis
«  Avoid analyst bias towards the physical result

« Use MC simulation samples to determine event selection criteria.

Open 10% of the data to verify consistency with MC samples.

s 1.

Once the analysis strategy is finalized, open all the data

»Semi-blind data
*  30% data @2009
* 10% data @2012, 2018, 2019

2
8

Events/( 32.0 MeV)
=
=

2000

Blind analysis result

Others from Inc. MC

= Signal MC

0 0.5 1 1.5
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Analysis strategy

» Analysis strategy

« Using J /¢ — ¢KIK as tag mode Signal

) et e~ side
« K — invisible is searched in the system recoil against pK —p —

» Tag mode:

= =/ ) ﬂ'+ Tag
= I/ > SKIKL, ¢ - KK, KY = m*n™, K¢ — anything (100%) K- D e

Ntag = N]/IIJXBU/IP - ¢K5(‘)KSO)XBinterxgtag

Binter = B(KY = ™ )xB(p - KTK™) = 0.34

> Signal mode: ‘ (K = mn”)xB(d )
= J/Y - ¢KIKQ, ¢ - KK, K » ntn™, K{ — inv

. = 00 . 0 : sig
Nsig = N]/IIJXB(] /¥ > PKsKs )XBlnfeTXB(KS - mv)Xg » Potential systematic uncertainty can be canceled

.................... > B(J/ - dKIK?)

1

! 0 . Nsigxgmg > Ny

: B(Ks — inv) = X eSig » Intermediate branching fraction
1

» Tracking, PID uncertainty of pion & kaon
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Selection of tag side

» Good charged tracks » @ reconstruction
° Loose Selectlon' 1.00 < MK+K— < 1.04 GeV/ C2
|cos 8] < 0.93
|VZJ|r<200m _ > Recoil side of the selected ¢p K2
Nigose = 2, Nigose = 2 c0S0pecoii < 0.8 to ensure the recoiling KJ flies
 Tight selection: withing the acceptance of detector
|cos 8] < 0.93
[Vey| < 1cm; |Vz| < 10cm .- ; £ o E 5
ém _ = Signal MC _ E [ = Sgnal MC 5
> K PID (TOF +dE/dx) B | 3t :
Lg > Ly Bl 2 5
O 1 (1"958 1 ’ l.;Z ’ LM I.;K liﬂl E 5
> KS reconStrUCtlon M(6)(GeV/c)) 0 o 05 052 p 051
PIDonm*m~: L, > L &L, > Ly M(KQ)(GeV/c’)

214 vertex fit :L /oy >2
0486 < M_+_- < 0.510 GeV/ ¢*
Ngo = 1

S
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Selection of tag side

> Recoil mass of K2 system

Erecoit = Epeam — E(l) - E}(g EZSO{) ;_ _%

—> —> - —> _ = Sig MC ]

. = — — = n _

Precoil PLab sz P¢> 8 2000 - -

0 2 52 EISO{) = =

RM(¢pKs) = \/Erecoil ~ Precoil q:) - .

= 1000 - —

> We require the recoil mass distribution RM (¢pK?) should 500 E

within 40 MeV/c? around the nominal mass of K¢ 0 & . .
0.4 0.55 0.6

RM(¢ K)(GeV/c?)

» Tag yields are determined through binned maximum
likelihood fit
= Nigg~3X% 10* is expected for the semi-blind data
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Selection of K§ - inv

N i
> To select the signal candidates of the invisible Ko decays, we =" —sgc E
further require: S E
= Four charged tracks with net charge equals zero §1500 - E
. . &= 1000 3
= No other charged track in the candidate events - .
500 =
e . ]
0.4 0.45 0.5 0.55 0.6
RM(¢ K)(GeV/e?)
» To suppress the backgrounds from J /Y — y¢pd,p > KTK~,¢p —
K{K) 2 ool
S L 5 4000 u s;therifrﬁom Inc. MG
= We require the recoil mass of ¢ satisfy: = I
< L ‘ KKt
MT'QCOil (¢) > 108 GeV/ C2 23000 i _;{W—:vw,q’—»K';K‘E
g [
5 2000 |
1000 |-
N

Mrecoil(q)) (GeV/ CZ)
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Background study

> Since the invisible K decay will not deposit any energy in the EMC, the energy sum of all the showers (Egyc) not
associated with any charged tracks, can be used to distinguish signal and background

* Good shower requirement:

Isolation angle 8 > 10°
trpc € [0, 14](Xx 50 ns)

» Dominant background
v KQ - anything
o Jy - ¢KIKQ, KS - nOr"
© Iy bfs f1 > KIS, K - nOn’
o Jy o KK K - it

Event display for signal MC Event display for K — °7°

v" Non — ¢ contribution

No. Decay Chain nEvt
N +p— 170170 1 Jy — ¢K2K2,Kg S>natnT, ¢ — K+K‘,Kg — 7979, 86668
J/W_) K™K KS KS 2 J/d/_)¢~;{.2’61‘20_) K+K_,f2' _I;OKgKI%E)KI%O_) ﬂ-IiZ(;—,KIgg _)71.0”0’K0 . 20232
. - 00 3 JIy - KV 9 > K*K~,K° - K2, K - KV, K? — ntn,KY — 720, | 16116
J/W_) K™K KS KL 4 J/z - (Iﬁ;"'K'KgKg,Kg - n*n‘,Kgs—> 7°7°, s S 4457
. . . 5 JIy — K+K'f2’,f2’ - KgKg,Kg - 7r+7r_,K2 — 79729, 3270
7 Iy — ¢£5(980),¢ — K*K~, fo(980) - KK, Ks — n*n~,Ks — n°n°, | 634
v’ Others backgrounds 8  Jy— KK, n — vy, 62
rest J/y — others (81 in total ) 1834
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T

BaCkgI’Ound Study Control sample study of K —»

Among the K — anything background, K§ — m°m° is the dominant backgrounds:

> Select K§ — m°m® control samples v 1C kinematic fit

» Study the consistency between data and MC shape Mass constraints on the missing track, Myjes = M. o

* For further systematic uncertainty analysis. Energy momentum constraints on K+ K=Ky, v, track;.

»Event selections ,
x2 < 100

¥ Charged tracks selection v’ Apply with the same veto cuts as the nominal analysis

Same as the nominal analysis

v'Showers selection = —————r
Isolation angle 8 > 10° Esooo =K§-> 2 MC
32500
trpc € [0, 14](Xx 50 ns) 2 2000
=
1000
v'110 reconstruction 500
0 i 1 n i 1 i
M,, € [0.115,0.150] GeV/ c? " MOyx. ) (GeVIc)
12
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0

T

KQ — n°

Control sample study of

Background study

» The control sample with high purity is selected (~95.1%)

» The MC shape consistent with data for the control sample
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Background study Non-¢b contribution

. . . e
» The Non—¢ contribution consists of : > »
é) — Semi-blind data
+1—170170 800 Others from Inc. MC
* ]/l/) - K™K KS KS < + + F7] K3 anything
+1—170170 % + +JT' 4 B« KKk
* J/Y > K"K KsK; < 600 Signal
Z
5 N
2 400 J o
» At the early stage of the analysis, a discrepancy between the .
e : -
: : : 200 B o ’
data and MC is observed, particularly for the energy deposited Ny X 3
: o SRR AT
around zero Fake signal? ol
0 0.5 1 1.5
w= The components in MC, as listed in the topology, have been Epy(GeV)
normalized with the PDG value No. Decay Chain nEvt
1 JI — ¢KIKS,KY — ntn,¢ —» K'K~, K] — 72", 86668
; : ; ; 2 I — éf;,6 = KK, f; = K{K{,K) — n*n, K — n°n, 29232
» The event display is used for checking the fake signal 3 I SRR 5 KO KOs KD, RO KO KO e KO — 200, | 16116
< ) 4 JW—> KK KJK(, Ky - nn K) — n°n, 4457
b) NO hlnt 5 J/¢ N K+K_f£,f2' N K(s)Kg’Kg N ”+”—,Kg N HOHO’ 3270
6 JiU— ¢£(1270), £(1270) - KYK), Ky — ¥, Ky — n'n°, 643
7 I/ > 6£5(980),6 > K*K~, £,(980) > KOKY,Ks — n*n~, K — n°n0, | 634
8 JIy = " nK*K™,n — vy, 62
rest J/¢ — others (81 in total ) 1834

Table 3: The topology results for inclusive MC after the event selections
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Background study

J/Y > KTK~KJK]

» However, we do find hint on the fake signal events on the mass distributions of M(K*K™)! With E < 0.1 cuts
v" The peak component seems to have a flat distributions in ¢ signal region EMc '
= KtK~ KJ + K?
%‘\ — T T T T T T T
= s | —Semi-blind data _:
3 = Signal MC
J/Y - ntn KIK? (3.8 +0.6)x1073 s 9F 7
JJY - nt KK (1.68 + 0.19 )x1073 gl JrJrHJr 4 JFHH JrJrJr - .
J/ — KYK~KIK? (4.2 4+0.7)x10~* 0 +Jf +H+ 1 f 41t i Hﬁﬁ Jrﬂ_f
+17—1 010 n B » g . . ]
]/lp _ K K KS KL ) ?].98 1 1.02 1.04 1.06 1.08
M($)(GeV/c?)
= The process /P — KtK~KJK}? has not been measured yet s
= = —Semi-blind data 3
= But we can extrapolate the BF from / /1) —» K"K K K, sincethe K® - Kg 2 Zﬁ 3 ~Signal M :
/K 1s already known % WE - E
> 300 + 3
= + + 3
+ 110170 — -4 200 £ LA g A E
V' Bexpt(J/P = KTKTKJKP) = (8.4 £1.4)x10 S | e, 3
0 £ L . ! + -H-E
1 1.2 14 1.6 1.8
M(9)(GeV/c?)
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Background study

> The contribution from K*K~KJ K}

v' Can be described by the Egpc shape of data in the ¢ sideband region
= Signal region : M(KTK ™) € [1.0,1.04] GeV/c?

w Sideband region : M(K*K™) € [1.1,1.14] GeV/c?

v" The shape of Egyc remains stable for the alternative choice of sideband region

s\ E
§ L
3 200}_ +Semi»blinddata
en L
£
s |
= 100 —++
[ M
g+
I T
L ot N
ob—— v Pl O
0 0.5 1 1.5
Epvic(GeV)

M(K*K™) € [1.1,1.14] GeV/c2
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Events/( 32.0 MeV)

200 i <~>Semi-mmd data
100 H
+ 1
T AL,
I Fotrbeb gy
0 1 1 \ | +++_‘_ ey ol
0 0.5 1 15

M(K*K™) € [1.14,1.18] GeV/c2
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Events/( 32.0 MeV)

J/Y > KTK~KJK]

300
<~> Semi-blind data

200
109 j++ Wt

C T

[ T e

0_ ol T++4|’+"'TI
0 0.5 1 1.5
Egyc(GeV)

M(K*K™) € [1.06,1.10] GeV/c2
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> Since the invisible K decay will not deposit any energy in the EMC, the energy sum of all the showers

Background study

16

! g-; anything

e K

by

Epvc(GeV)

E Others from Inc. MC
The consistency 1is greatly improved

4= semiblind data
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Summary

> We have done:

v’ Semi-blind data is opened to check the consistency between data and MC

070 with high purity are selected

v’ Control samples K§ >
v" The origin of fake signals are studied

v The method to describe the fake signals are developed

> We will do next:

[0 Estimate the systematic uncertainty

O Estimate the Upper limit of K& — inv (The expected UL ~10~* for the semi-blind data)

O release the memo soon...
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Backup
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Event display
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