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Kaon physics at ¢ factory

¢ BR(p -K*'K") =49.2%
¢ BR(9p—KK?) = 33.8%
¢ neutral kaon pairs produced in a pure

gquantum state (JP¢=1-)

i)oc w(\KUm\KV p)-1K.-p)K,p)

¢ detection of one kaon guarantees the presence
of a second one with known momentum

and direction (tagging)
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DA®NE e*e: collider

* best performance in KLOE run (2005):

LINAC 10 m

Frascati ¢-factory: e+ e- collider
@ Vs =1020 MeV = M, , Opeak =3.1 pb
two storage rings and two interaction points

ek = 1.5 x10%2 cm?s", | Ldt=8.5 pb'/day
DA®NE upgrade (2008): new interaction scheme;
large beam crossing angle + crabbed waist sextupoles
DAO®NE operations restarted in July 2013
KLOE-2 run started on November 2014

best performance in KLOE-2 run:
Loe =24 %x102cm2s?, | Ldt =11 pb'/day
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KLOE & KLOE-2

g -
sjo/] > [(Me

* 1999: first events collected by KLOE
« 2000 — 2006: KLOE data-taking
=25t @Vs=M ¢

July 2013: DADNE operations restarted
November 2014: start of KLOE-2 run
2014 — 2018: KLOE-2 data-taking
March 30, 2018: End of KLOE-2

+ 250 pb ' off-peak @ Vs=1000 MeV data-taking = 5.5 fb - collected @Vs=M ¢
« 2008: DAONE upgrade: new - , | | | |
interaction scheme 7000|--- (EEEET— - ‘
. . KLOE-2 Acquire :
« Dec 2012-Jul 2013: installation of 5500~ : ; : Eiun1ll; .
6000 e : =1 - ‘ ;
.,the new detectors Jssnf [asma e | fofi=gow | |/, Goal
Integrated luminosity: 4 5000 ; ; 5 T
S Run Il
- ¢ £ 4000 :
w0} 2005: 1256 pb_: 2005 §asoolRUDIL L=16f" | . JRun IV
s| 2004: 734 pb 2004 Baooo] L= 0810 | effi= 82% el |L=141b"
600 2002: 320 pb™ gammo SR : ' |eff.=81%
[ 2001: 172 ph; = 2000{ - 2 IOTL DT A ol ROTCL (SRS AR R (RIS
400 f 1500
2002
200 } W 2001 1000
500
’ Jan Feb Mar Apr May Jun Jul AugI SepIOctll\'ovl Dec 19/14 heths OlK)ngg-z RUN gﬂ;s(mnth/ygg)w w2 D3/i8

KLOE + KLOE-2 data sample: ~ 8 fb"= 2.4 x 10" ¢’s produced
= the largest sample ever collected at the ¢(1020) peak
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KLOE « LOng Experiment

CDIL

Drift chamber
> gas mixture: 90% He + 10% C,H,,

> op,/ p, <0.4% (0>45°)
> 0,, =150 pym ; 0,= 2 mm
> Overtex = 3 MM

Electromagnetic calorimeter

> lead/scintillating fibers

> 98% solid angle coverage

> gel E = 5.7% IN(E(GeV))

> 0, = 57 ps | V(E(GeV)) ®100 ps

> PID capabilities
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Neutral kaon beams

UNIQUE
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K‘—_ / _—77 ’i‘—_ d | 9 s
K, tagged by K¢ tagged by
Ks — mt*mt vertex at IP K_ interaction in EmC
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KLOE-2 upgrades

Inner Tracker
> 4 layers of cylindrical
triple GEM

> better vertex
reconstruction near IP

> larger acceptance for
low p, tracks

QCALT

> W + scintillator tiles +
SiPM/WLS

> QUADS instrumentation for
K, decays

CCALT

> LYSO + APD

> increase acceptance for y’s
from IP (21°—8°)

- A
___:'_'3-__ g —
?M” § S
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KLOE-2 upgrades

2+2 detector stations
for leptons in
e'e—eteyy—eeX

High Energy Taggers (HET)
> E>400 MeV

> 11m from IP

> scintillators + PMTs

Low Energy Taggers (LET)
> E=160-230 MeV

> inside KLOE detector

> LYSO+SiPM
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Test of Quantum Coherence
and CPT symmetry with
¢ —-K K, ->T T T

ICHEP 2022 - Eryk Czerwinski 9



Test of quantum coherence and

CPT test KE

I(n*n‘,n*n‘;At) = |<.7'E n |K K'(At) >‘ |<n A |K K°(At >‘2

_(1 29%(<n+n‘ ot ‘K "K°( At)>< vt ‘I? 'K 0(At)>*)]

E depends on the decoherence mech. basis KoKy or KsKv.
[Bertimann et al. PR D60 (1999) 114032]

a2

— 6
From CPLEAR data £p=04+07 E=4x102__

[Bertimann et al. PR D60 (1999) 114032]
In the B-meson system 00® =0.029 £ 0.057
[BELLE coll. PRL 99 (2007) 131802]

_—

(A (au.)

EPR correlation:
no simultaneous decays

(At=0) in the same final
state due to the

E]

Decoherence parameter
E=1 — total decoherence (also known as

Furry's hypothesis or spontaneous fact.) - destructive QM
[W.Furry, PR 49 (1936) 393] | / terforence
QM predicts § = 0 S AR TURT T T UCTOUOT RO VWA OV |

ICHEP 2022 - Eryk Czerwifiski At/ 10



Test of quantum coherence and

835y -10%  8g0 - 107

8y -10?1GeV SRew - 10*

CPT test

Slmw - 10%

KL

5lw| - 10

Cut stability +0.56 2.9
41 Background +0.37 +1.9
Regeneration el e
Resolution +0.18 s
Phys. Const. +0.04 =
Total +0.71 +3. 7

+0.33

+0.22
+0.10

+0.10
+0.02

+0.42

SEH055

1032
+0.06

+0.15
+0.03

+0. 64

+0.65

+0.19
+0.63

+0.09
+0.09

+0.93

+0.78

+0.32
+0.58

+0.15
+0.07

+1.04

KLOE data: £=1.7 fb

improvements wrt past analysis:

e cOS(0 »+-- ) >-0.975 cut to improve At

resolution

simprovede*e” »n'n '

1000

Events

800

600

background evaluation from 2D fit of the

invariant mass.

400

Fit including At resolution and efficiency

effects + regeneration.

Statistical uncertainty reduced by half.

KLOE-2 JHEP 04 (2022) 059
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T

I*#i—_ﬁ_ﬁﬁ

——

e Data
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Test of quantum coherence and

CPT test

Quantum gravity effects might induce decoherence and CPT violation

= modified Liouville — von Neumann equation for the density matrix — «, 3, y CPTV
parameters, in the complete positivity hypothesis oo =y and = 0 — y as a single
independent parameter at most y = O(m?% /Mpianck ) ~ 2 X 10%° GeV
[ J.R.Ellis, J.L.Lopez, N.E.Mavromatos, D.V.Nanopoulos, PRD 53 (1996) 3846 ]
= modification of the initial correlation of the kaon pair
(at most w = O(M? /Mpianek /AL’) ~ 1 X 1073)
[ J. Bernabeu, N.E.Mavromatos, J. Papavassiliou, PRL 92 (2004) 131601 ]

i) o« (K%K - KK ) @)KOI?O + KK°)

60 ( 0.5 + 8. Ostat + 3. 7syst)><10_7
{SL — (0 1+1. 6stat + 0. 75 st)X10_2

— —22
y = 1.3+ 9450 + 4 zsyst)xw GeV | kLOE-2 JHEP 04 (2022) 059
Rw = ( 2. 3+1 S stat + 0. 6syst)X10_4 improvement wrt

:vsw ( 4. 1+2 8 . + 0. 9Syst)><10_4 KLOE PLB 642 (2006) 315
o] = (4.7 + 2.9, + 1.0,,,)x10™*
(pbw — _2-1 i 0 zstat + 0 15y5t l‘ad 12




Direct test of T and CPT
In neutral kaon transitions
with
KK, -t e*v,3n°
and
KK, - T, e v

ICHEP 2022 - Eryk Czerwinski
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S|K°)=+1]K°) S=+1
S|K®)=—1|K° 5=
K, :%[‘KOF‘KOH CP=+1
K, =K -k cp=—1

T and CPT test in transitions

K- ml'v S=+1
Ko— 1, S=-

Ki— 7t CP=+I1
Ko— 3n° CP=-1

K, KK,
* o > ¥
t

t1 to
At =t t. \

Transition T -conjugate
1| K=Ky (¢ ,7nm) Ky — K° (379, 67)
2 | KR—=K- (7,379 Ko — K° (7w, £7)
3| KO =K. (£, 7m) Ky — KO (37°,47)
4| KO —-K_  (£F, 379 K. — KO (mm, £7)

Direct, model independent tests. Only

K-l K370 feasible with entangled neutral mesons

K"K, =K,y 2K

[ Nucl. Phys. B 868 (2013) 102,

JHEP 1510 (2015) 139 ].

First observation in system of B mesons
by the BABAR Collaboration:

[ Phys. Rev. Lett. 109 (2012) 211801 ]



T and CPT test in transitions

RT(A#) — PIKY(0) — K(At;} _ I(mTe v, 3nY; At) 1

KL

PK_(0) I(ntn—,netv; A) . D’
. PR (0) > K_(A)]  I(r—etv,37% A1) 1
R4 (At) — 0 _I T T __'A X 5,
PK_(0) = K (At)] Imt7=,mhe v At) o BR(KL = 31%)7s
ROPT(Af) = P[K°(0) — KB(At)] _ I(rtem, 37r0;_ Ay 1 | BR(Ks — 77 ~)7,
PIK_(0) > K (Ay)] MW@tn=,a%ev;At) D
PR (

— o, 2.0,
RgPT(At) _ I<7T € U, 37 ,At) 1

| _
t)]  I(rta—, 7 ety; At) D

P[K_(0) — KO(
Single ratios at limits:

RI(At> 19) ~1—4Ree,
Ri(At>1g) =~ 1+4Ree,
CPT double ratio at limits:

RSPL(At > 19)/RYFT (At > 79) =1 — 8Red — 8Rex_,

RSFT (At > 1¢) ~1—4Red,
RYPT (At > 1¢) ~144Red,



Systematic uncertainties

Effect RY R REFT RYFT  RI/R] REFT/RYT RGF REF
Residual background model 0.002738 0.004615 0.002789 0.004429 0.004432 0.004414  0.004369 =
Smoothing of efficiencies from MC  0.002460 0.005310 0.002430 0.005260 0.006700 0.006830 0.006760 0.000165
At bin width 0.008000 0.005000 0.007500 0.005500 0.009000 0.009000 0.008900 0.000030
Fit range position 0.007250 0.007280 0.007270 0.007260 0.005140 0.005270 0.005200 0.000205
Fit range width 0.001110 0.005080 0.000858 0.005050 0.006070 0.005480 0.005780 0.000359
Effects of cuts in the mer 37° selection

Kg vertex p 0.000411  0.002300 0.000417 0.002260 0.002240 0.002290 0.002270 =
Kg vertex z 0.000397 0.000242 0.000405 0.000239 0.000736 0.000760  0.000748 -
M(7, ) 0.002480 0.001340 0.002520 0.001310 0.001560 0.001630 0.001600 —
15t TOF cut 0.001600 0.002220 0.001620 0.002190 0.003830 0.003950  0.003890 &
24 TOF cut parameter A 0.000671  0.000581 0.000684 0.000569 0.000878 0.000899  0.000889 =
284 TOF cut parameter B 0.000369 0.000433 0.000375 0.000426 0.000076 0.000077  0.000076 =
2" TOF cut parameter C 0.000152 0.000399 0.000154 0.000393 0.000278 0.000283 0.000281 =
2" TOF cut parameter D 0.001420 0.000850 0.001450 0.000836 0.002050 0.002110 0.002080 -
3 TOF cut circle R 0.005140 0.004470 0.005230 0.004390 0.003560 0.003640  0.003600 -
3" TOF cut ellipse A 0.002280 0.001020 0.002320 0.001000 0.002760 0.002850  0.002800 =
34 TOF cut ellipse B 0.000412  0.000993 0.000420 0.000973 0.000956 0.000975  0.000965 =
e/m/u classification 0.004000  0.004330 0.004070 0.004250 0.009100 0.009340  0.009220 =
Classifier training with data/MC  0.002620 0.000800 0.002630 0.000810 0.002050 0.002170 0.002110 -
Effects of cuts in the 77~ mer selection

Kg vertex p 0.000002  0.000002 0.000002 0.000002 0.000000 0.000000 — 0.000000
Kg vertex z 0.000007  0.000003 0.000003 0.000007 0.000004 0.000004 — 0.000005
M(7, ) 0.002220 0.002280 0.002240 0.002260 0.000024 0.000024 — 0.000027
|Prot] 0.000152 0.000181 0.000178 0.000154 0.000021 0.000021 — 0.000022
m3 +m? 0.001480 0.001320 0.001310 0.001490 0.000202 0.000208 - 0.000210
15* TOF cut parameter A 0.000021  0.000385 0.000389 0.000020 0.000392 0.000405 —0.000426
15* TOF cut parameter B 0.001450 0.001080 0.001070 0.001470 0.000407 0.000417 — 0.000417
22d TOF cut parameter Ry 0.000171  0.000256 0.000262 0.000175 0.000126 0.000130 — 0.000140
224 TOF cut parameter Ry 0.001570 0.001200 0.001190 0.001590 0.000399 0.000410 — 0.000414
Total systematic uncertainty 0.014 0.015 0.014 0.015 0.019 0.019 0.019 0.00089
Uncertainty on the D factor 0.012 0.012 0.012 0.012

Including the D factor 0.018 0.019 0.019 0.019



T and CPT test in transitions

KL

1.50

1.25 1

1.00

0.75 1

0.50

1.50

1.254

1.00 1

0.75

0.50

1.50
Ry + + + 1.25 R20PT++ + + H021 per o +
+ + ol T :+__ t 1.01 + -}-__+_
**""*"+'*’+¥"+"++¥j'+'"++ S SR eat: ++ L T ﬁﬁ
50 100 152t ] 200 250 300 l'ro 50 100 15gt ] 200 250 300 - 50 100 15Zt ] 200 250 300
BT | perr | RET/RET
4 + 1.251 U _+_ 1.951 + +
:{_ ————————————— _}- 1.00 1 - ————————————_i_—— ——_f:_t 1.00 + _{_
Gttt R e gt bt T ) TR e P *#H
50 100 150 200 250 w0 0T 5 100 150 200 250 50 0T 5 100 150 200 250 300
At [rg] At [75] At [75]
» Analysed data £=1.7 fb"
» Four processes studied: p—KK, —ne*v 3n° and n'n ne*v
In the asympotic regime.
» Time of flight technique to identify semileptonic decays.
» Residual background subtraction for ne*v 3n° channel.
» Selection efficiencies estimated from data with 4 independent

control samples.
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R = 0.991
RI'= 1.015
RSTT = 1.004
R{PT = 1.002
RST = 0.992
R¢T = 1.00665
RI/RY = 0.979
RYFT/RYPT = 1.005

w{ | |
First T and CPT test in kaon transitions - 1 i

+0.017 ggar & 001445 £ 0.012p,
+0.0184qr = 00155 £ 0.012p,
+0.01751q¢ £ 0.0144,5 £ 0.012p,
+0.017 101 £ 0.0154,5 £ 0.012p,
+0.0281qr = 0.019,y51,
+0.00093szaz & 0.00089, 4,
+0.028440¢ £ 0.0195y61 100

T and CPT test in transitions

KL

Error bars:
solid — stat
dotted — total

1£0.029444¢ = 0.01946 .

KLOE-2 result (2022)

(paper in preparation)

1.008 - _
H 1.006—____+ """
T H Rgip
o S
S
; i it

Ry
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KL

Conclusions

* The entangled neutral kaon system at a ¢-factory is an excellent
laboratory for the study of discrete symmetries.

« KLOE-2 data-taking succesfully closed on March 30 (2018)
~ 20 years after the first events collected in KLOE.
« Luminosity goal reached = acquired 5.5 fb™'.
« KLOE + KLOE-2 sample = ~8 fb' largest sample in the world at the ¢ peak
» Latest studies on entangled neutral kaons:
Improved search for decoherence and CPT violation effects,

First direct test of T and CPT symmetries in neutral kaon transitions.

* The analysis of KLOE-2 data ongoing.
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