Kaon Physics with KLOE/KLOE-2

Antonio Di Domenico i
Dipartimento di Fisica, Sapienza Universitadi Roma JNFN
and INFN sezione di Roma, Italy ( /

on behalf of the KLOE-2 collaboration

International Symposium Lepton and Hadro»r.l hysics ét Meson - Factories
Messina, 13-15 October 2013




DA®NE: the Frascati ¢-factory

KLOE run (2001-2005):

Daily performance;fL dt 7-8 pb-’
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KLOE results in kaon physics

» KLOE has measured all relevant
parameters for charged and neutral
kaons: BR’s, lifetimes, form factors

» SM test in the flavor sector through
precise measurements of V . and
Ry= I'(K—ev)/ T'(K— pv)

» CPT and quantum mechanics tests
with the analysis of the QM interference
of neutral kaons, K, semileptonic decays,
unitary (Bell-Steinberger relation)

» Recent results and ongoing analysis
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Measurement of BR(K*—n*mrt*(y))
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Measurement of absolute BR(K*—mw*n-m*(y))

= this measurement completes the KLOE program of precise and fully inclusive of FSR

K* dominant BR s
= this BR enters in the CUSP analysis to extract the s phase shift done by NA48, PLB 633 (2006)

= needed to perform a global fit to K* BR’s

lifetime and K+ — uv 0.6366(18) 0.3%  PLB 632(2006)
absolute BRs by KLOE  [K¥ —=qtd  0.2065(9) 0.5%  PLB666(2008)
(dBR/dt*and correlations  [jex o 005y 0.0497(5)  1.0%  JHEP 02(2008)
available) K* — nlu*v  0.0324(4)  1.2%  JHEP 02(2008)

K* — n*n'n° 0.0176(33) 1.7%  PLB 597(2004)

T* 12.347(30) ns 0.24%  JHEP 01 (2008)
PLB 666 (2008)
BR(K*—m*n*n")= 0.0568(22) from (1 —=BRy o)

Flavianet fit ‘010 BR(K—mw ) =(5.73£0.16)% ABR/BR =2.7x10?
EPJC 69 (2010) 399

available measurement dates back to 72’ (no informations on radiation cut-off)

CHIANG (3300 BR(K—mwwm®) = (5.56 = 0.20)% ABR/BR = 3.6x107
PRD 6 (1972) 1254
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BR(K™—m*n-m*(Y)): analysis strategy

triggering u™v tag on one side

the expected path of the signal K is given
by the tag K track backward
extrapolated to the |.P.

In the signal hemisphere we require
two reconstructed tracks making a
vertex along the K path before the
inner wall of the DC (RPC.___ =25 cm,
Ogeo = 26 %)

inner

signal =» missing mass spectrum of the 3" pion

selection efficiency measured on MC, and corrected using
data&MC control samples
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BR(K™—m*m~m*(Y)): analysis strategy

M

S/B = 88.4 e
tracks backward extrapolated 5 5 5 5 — back d £ MC
with Distance of Closest o ac gr:ouni rf)m
Approach to tagged K track, 10 T R A
DCA <3.cm ? T
Distance of Closest Approach - ............ | 2. ............. ............. _"Y_.._ ........ .............
between two selected tracks,
DCA,; <3.cm SR R i . R R o = = e

....E....E....E....E....E....E....E....: .i....
track momentum in K rest frame, 0. 10. 20. 30. x103

2 2
p*(m_) < 190. MeV/c to remove m? ss (Meve)

2 bodies decays

Oy < 24.cCm =fit of the missing mass spectrum using the MC signal
and background shapes
NO charge requirements N(K* -> 3m) v2/ndf P(x2Indf)
45054 + 212 47.6/45 .36

opening angle between the two
selected tracks =¥ |cos(0,,)|<0.90
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BR(K™—m*n~mw*(Y)): result

NK—>3.7'L’ 1

Now | £4Cr

/

BR(K'->na"nn) =

machine bck
filter correction

tag K ->uv sel. eff. tag bias and cosmic veto
using 174 pb' of the KLOE data sample gén';glx correction (MC) correction

" sample)
— KLOE preliminary

BR(K* ->m*w*(y)) = ( 0.05526 + 0.000354,, + 0.00036,,,), ABR/BR=9.2 x103

CHIANG (339 0v) BRK—mwrw*) = (5.56 £ 0.20)% ABR/BR = 3.6x10°
PRD 6 (1972) 1254

KLOE (1-SBR) ‘08 BR(K—m*n ) = (5.68 £ 0.22)% ABR/BR = 3.8x1072
PLB 666 (2008)

Flavianet fit ‘010 BR(K—mn )= (5.73£0.16)% ABR/BR =2.7x10?
EPJC 69 (2010) 399
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Search for CP violation in Kg decay
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Neutral kaons at a ¢-factory

Production of the vector meson ¢ ’\
in ¢"e” annihilations: N Ksi _
et 0p3 b < <
W=m,=1019.4 MeV K,
* BR(¢p — KK%) ~ 34% | \
« ~10% neutral kaon pairs per 1
pb'? produced in an i) = ﬁ[‘K p)|K’(-p)) -|K"(p)) K 0(—13)>]
antisymmetric quantum state N
with SO =1 - 5[ @)K (-5) - K. (B)|K ()]
px = 110 MeV/c
7»S=6mm 7\.L=3.5m N = 1+‘£ )(1+‘8 )/(l—eSgL)sl

The detection of a kaon at large (small) times tags a K¢ (K,)
=> possibility to select a pure K¢ beam (unique at a ¢-factory, not
possible at fixed target experiments)

A. Di Domenico International Symposium Lepton and Hadron Physics at Meson — Factories, Messina, 13-15 October 2013 10



K(— 170 : a pure CP violating decay

B 0 l m, mp, i(L, I
W) =a(r)K)+b(r)K") i) =H¥)  H-M-ZT (m21 m22) 2(1“21 1“22)

1 1
‘KS> = [‘Kl>+85‘K2>] ‘KL> = UK2>+5L‘K1>]
(1+‘85D (1+‘8L‘)

g =€+0| e, =e-0]
3nlis a pure CP=-1 state; observation of Kg — 3xn° is an (6: CPT viol.)
unambiguous sign of CP violation in mixing and/or in decay.

<JI70JL’O.7170 TIK,) ~ tolowest order in xPT [PRD21,178 (1980)]
= =E,+E
Mooo <J'L'OJ'EOJ'EO TKL> s T €00 g =-2¢
Standard Model prediction:
O BR(K; — 3m%) = 1.9 - 10
o] ~ r, BR(K; —~37°) SND 1999:  BR(Kg —> 3n%) < 1.4 - 105
Vs BR(K, —=37°) NA48 2004: BR(Kg — 3n%) <7.4 - 107

KLOE 2005: BR(Kg — 3n) < 1.2 - 107

11
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K — n%n%n? : analysis strategy

SIGNAL BACKGROUND

T Apterash”
p=0.22.(TOF)

o

K; = 31— 6y K¢ — 2m0 + accidental /splitted clusters
K, - 3n?% K- m* 1 (,fake K, crash”)
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K — ntn%0 : analysis strategy

The previous KLOE analysis has been updated:
- 1mproving clustering procedure to reduce split clusters
- hardening the $*(K;) cut for tagging the Ks decays
- 1.7 fo'' KLOE entire data set (~1.7x10° K(K; pairs)
6 prompt y’s required

Reject background with *-like variables (T, Cs,) in the 3n? and 2x” hypothesis
(2nY hyp.: selecting 4 y consistent with E,p conservation)

1 1600 F 0 3500 F
= 1400 : DATA T 2000 DATA
42 1500 MC Background f’E’ o MC Background
) : MC Signal @ 2900 (¢ i MC Signal
= 1000 { > o
m L 2000

o 1500 |

600 - - 4
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K — n%n%n : result

- N,s =0 evts. in data ;

Normalized to

N,_o/,.0=(1.14130+0.00011)x10®

FINAL KLOE RESULT

Nyc=0 evts. in MC ;
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PLB 723 (2013) 54

A. Di Domenico

Moool< 0-0088 @ 90% CL

x5 improvement on U.L. and x2 on |n| wrt KLOE(2005)

This result points to the feasibility of the first observation at KLOE-2 &r,,~1.9x109)
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A. Di Domenico

CPT and Lorentz invariance test
with entangled neutral kaons
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CPT and Lorentz invariance violation (SME)

» CPT theorem (Luders, Jost, Pauli, Bell 1955 -1957):

Exact CPT invariance holds for any quantum field theory which assumes:

(1) Lorentz invariance (2) Locality (3) Unitarity (i.e. conservation of probability).
» “Anti-CPT theorem” (Greenberger 2002):

Any unitary, local, point-particle quantum field theory that violates CPT invariance
necessarily violates Lorentz invariance.

» Kostelecky et al. developed a phenomenological effective model providing a framework
for CPT and Lorentz violations, based on spontaneous breaking of CPT and Lorentz
symmetry, which might happen in quantum gravity (e.g. in some models of string theory)
Standard Model Extension (SME) [Kostelecky PRD61, 016002, PRD64, 076001]

CPT violation in neutral kaons according to SME:

* At first order CPTV appears only in mixing parameter 6 (no direct CPTV in decay)
 § cannot be a constant (momentum dependence)

Eg, =E£0 S =isingg, e’ yK(AaO - BK A&)/Am‘

where Aa, are four parameters associated to SME lagrangian terms and related to
CPT and Lorentz violation.
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The Earth as a moving laborator

A. Di Domenico
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Search for CPT and Lorentz invariance violation (SME)

8 =isingg, e’ yK(AaO — B’K A&)/Am‘

0 depends on sidereal time t since laboratory
frame rotates with Earth.

For a ¢-factory there 1s an additional
dependence on the polar and azimuthal
angle 6, ¢ of the kaon momentum in the
laboratory frame:

5(pua) = 20 Py [Aa #
P Am Yk 12% (in general z lab. axis is non-normal
to Earth’s surface)

+fBAa, (cochos X —sinfsin¢sin X)

+ 5 :—AaX sinfsin¢ + Aa, (COSH sin ) + sinf cos ¢ cos X) sin Q27

- COS Qt}

+ -+Aay sinfsin¢ + Aa, (cos 0 sin x + sinf cos ¢ cos X)

Q: Earth’s sidereal frequency 7 : angle between the z lab. axis and the Earth’s rotation axis
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Search for CPT and Lorentz invariance violation (SME)

8 =isingg, e’ yK(AaO — B’K A&)/Am‘

At DA®NE K mesons are
produced with angular

0 depends on sidereal time t since laboratory
frame rotates with Earth.

For a ¢-factory there 1s an additional
dependence on the polar and azimuthal
angle 6, ¢ of the kaon momentum in the
laboratory frame:

1 iPsw
5(13,t) _ Isin qlz;;;e v {Aao

+fBAa, (cochos X —sinfsin¢sin X)

+ 5 :—AaX sinfsin¢ + Aa, (cosH sin ) + sinf cos ¢ cos X) sin Q27

- COS Qt}

+ -+AaY sinfsin¢ + Aa, (cos O sin x + sinO cos ¢ cos X)

Q: Earth’s sidereal frequency 7 : angle between the z lab. axis and the Earth’s rotation axis
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Search for CPTV and LV: exploiting EPR correlations
. 1 0\| 70 170 0
i) = [K")R) - |R k) 7, = ks

I(fl,fz;Af) {‘771‘2 I, Ar +‘n2‘2e_rsm _2‘7]1”772‘6 (Fg 4T, At/ZCOS(AmAt+¢2 _¢1)}

f ? < At=t -t I(AY) (a.u)
]>.t1: ______ b, ” e |

T T

K,)

Tliei(p =<fi

an example
with nearly

equal n;~n,

At/tg
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Search for CPTV and LV: exploiting EPR correlations
. 1 0\| 70 170 0
i) = [K")R) - |R k) n =lle® = (7 |T1K,)/{f 1K)

I(fl,fz;Af) {‘771‘2 I, Ar +‘n2‘2e_rsm _2‘7]1”772‘6 (Fg 4T, At/ZCOS(AmAt+¢2 _¢1)}

f ? < At=t -t I(AY) (a.u)
]>.t1: ______ b, ” e

m/n
from the asymmetry at small At

Ut e

an example
with nearly

equal n;~n,

At/tg
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Search for CPTV and LV: exploiting EPR correlations

. 1 0\| 70 170 0

i) = |k )R) - [R k) n =le® = (£ |0k, /(f Tk,
I(fl,fz;Af) {‘771‘2 I, A +‘n2‘2e_rsm _2‘1]1”772‘6 (T +T, At/ZCOS(AmAt+¢2 _¢1)}

f]>.t1:¢t2'.<f2 At=t -t, I(AY) (a.w)
/

Ut e

m/n
from the asymmetry at small At

an example
with nearly
/ equal n~n,
2
/M
‘ ./ 1‘ At/tg
from the asymmetry at large At it
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Search for CPTV and LV: exploiting EPR correlations
. 1 0\| 70 170 0
i) = [K")R) - |R k) 7, = ks

I(fl,fz;Af) {‘771‘2 I, Ar +‘n2‘2e_rsm _2‘7]1”772‘6 (Fg 4T, At/ZCOS(AmAt+¢2 _¢1)}

T§:>.tl.¢t2 ...... o« I(AY) (am)

T T

K,)

Tliei(p =<fi

At/tg
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Search for CPTV and LV: exploiting EPR correlations

K./,

1 (fl’f Y ) x {"71‘23 Ty ‘772‘26 A2yl T+ Jar/2 cos(AmAt +¢, - ¢1)}

KO)K®)-[K) k)] T T

N1 |
i) =ﬁ[ n, = Theupi =<fi KS>

I(AY) (a.u) |

At/tg
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Search for CPTV and LV: exploiting EPR correlations

KOIK?)-[K K]

T\K,)/{ £, T|K )

1 (fl’f Y ) x {"71‘23 Ty ‘772‘23 A2yl T+ Jar/2 cos(AmAt +¢, - ¢1)}

N |
i) =ﬁ[ n, = Theupi =<fi

I(AY) (a.u)

3(o/e) e /

from the asymmetry at small At

?ﬁ(é/s) ~(0 because dlée | IND
from the asymmetry at large At | >
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Search for CPTV and LV: analysis strategy

c0s8<0 cos>0 S =isingg, ey K(Aao . AZZ)/ Am

Possible effects due to Aa, are washed
out in the simple forward — backward
analysis (integration in ¢).

711— Ksi The quadrant analysis (¢ momentum =
kaons with different y factors: vy, =yx,)

recovers sensitivity to Aa,

cos0<0 c0s6>0
- At resolution
K B L = Before
coso>0 L,S L K2 ot After

Global
0 kj:_nemati

-_-:-.._ .'.‘ 4 L e
s " t =
- 1 e - - k
02+ =5 P ."‘ : FI
H':”:_u "- L
R AT
10 #
. ( 4

018 13 0.2 0.22 0.24 I

cosp<0
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Search for CPTV and LV: results

Data divided in Example: g -

4 sidereal time bins 1bin sidereal time z -

X 2 angular bins (0-4 hours) = 6

for quadrant

Simultaneous fit of the At (cosB>0 cosd>0). wl
distributions to extract Data: black points

Aa, parameters Fit result: green band -

20 -

with L=1.7 fo-! KLOE final result (2013) i

(paper in preparation) ol

=(=6.0£77 g 315 ) x 107 GeV
=(09£1.5,,, +0.64,)x10™ GeV
( 2015, £0.5,)x10™ GeV

A,
Aa,
Aa,
Aa, =(-3.1£1.7 5, +0.64,)x10™ GeV

v2=211/184 (P=8%)

Fit error includes:

-Data/MC eff. correction (~2%)
(Kus control sample)

- single bin MC efficiency (~5%)
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Data divided in
4 sidereal time bins
X 2 angular bins

Simultaneous fit of the At
distributions to extract
Aa, parameters

Search for CPTV and LV: results

Example:

(0-4 hours)
for quadrant

with L=1.7 fb-' KLOE final result (2013)

(paper in preparation)

Aa,
Aa,
Aa,
Aa,

=(=6.0£77 g 315 ) x 107 GeV
=(09£1.5,,, +0.64,)x10™ GeV
= (202155, 055,,)x10™ GeV
= (-3.1£173,, 064, )x10™ GeV

A. Di Domenico
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1 bin sidereal time

(cos0>0 cosp=>0).
Data: black points
Fit result: green band

Par

Aa,
Aa
Aa,
Aa

I(A7) (AN/zg)

Cut Fit
stability Range
1.1 2.4
0.3 0.3
0.2 0.3
0.2 0.2

[
=

=
=

40 -

20 -

........................

Bkg.
subtr

1.3
0.4
0.2
0.4

Total

3.1
0.6
0.5
0.6
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Perspectives and Conclusions
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Prospects for KLOE-2 at upgraded DA®NE

Param. Present best published KLOE-2 KLOE-2 KLOE-2
measurement L=5 fb! L=10 fb! L.=20 fb!
BR(K—3n’) <2.6x 108 <0.9x% 108 <4x 10° <2x 10? - seen
Ag 15+11)x 103 +2.7x 103 +1.9 x 1073 +1.4x 103
A (3322 +5.8+4.7)%x 103 + 8.9 x 103 + 6.3 x 103 +4.5x 103
Re(e’ /g) (1.92 £ 0.21) x 103 + (.72 x 103 + (.51 x 103 + (.36 x 103
Im(g’ /¢) (-1.72 £ 2.02) x 1073 +9.4 x 1073 + 6.7 x 1073 + 4.7 x 103
Re(0)+Re(x) Re(0) = (0.29 = 0.27) x 103 + (0.7 x 103 + (0.5 x 103 + 0.4 x 103
Re(x) = (-0.8 = 2.5) x 103
Im(d)+Im(x,) | Im(8) = (-0.6 = 1.9) x 10> (*) +9 x 103 +7x 103 +5x%x 103
Im(x,)=(0.2 £2.2) x 103 (*%)
Am (5.2797 £0.0195) x 10° s +0.096 x 10° s | £0.068 x 10° s! | +0.048 x 10° 5!

A. Di Domenico

(*) = using Bell-Steinberger rel.
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(**) = KLOE-CPLEAR combined fit
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Prospects for KLOE-2 at upgraded DA®NE

Para | Present best published KLOE-2 (IT) KLOE-2 (IT) KLOE-2 (IT)
m. measurement L.=5 fb-! L.=10 fb-1 L=20 fb-!
Coo (0.1 £1.0) x 10-6 + (.26 x 106 + (.18 x 106 + (.13 x 10
CsL (0.3 +1.9) x 102 + (.49 x 102 + (.35 x 102 + (.25 x 102
(-0.5+£28)x1017 GeV | £5.0x1017 GeV | £3.5x1017 GeV + 2.5 x 1017 GeV
B 25£23)x101°GeV | £0.50x 10° GeV | £0.35x101° GeV | £0.25 x 10'° GeV
(1.1£25)x 1021 GeV | £0.75x 1021 GeV | £0.53 x 1021 GeV | +0.38 x 102! GeV
compl. pos. hyp. compl. pos. hyp. compl. pos. hyp. compl. pos. hyp.
(0.7+1.2) x 1021 GeV | £0.33x 1021 GeV | £0.23 x 1021 GeV | £0.16 x 102! GeV
Re(w) (-1.6 = 2.6) x 104 + (.70 x 104 + (.49 x 104 + (.35 x 104
Im(w) (-1.7 £ 3.4) x 104 + (.86 x 104 + (.61 x 104 + 0.43 x 104
Aa, | (-6.0£8.3)x10'8GeV | £2.4x 1018 GeV + 1.7 x 1013 GeV + 1.2 x 1013 GeV
Aa, | (-13.1x1.8)x108GeV | +52x10"° GeV | +£3.7x 10" GeV +2.6 x 101° GeV
Aay y [<10-21 GeV] +4.7 x 10° GeV + 3.3 x 10° GeV +2.3 x 10 GeV

A. Di Domenico

[....] = preliminary

(IT) = with Inner Tracker
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Conclusions

*DA®NE commissioning in progress

*KLOE detector fully operational

*KLOE-2 upgrades installed (see Bossi's talk)

*An improvement of about one order of magnitude in the precision of

several CP/CPT symmetry and QM tests is expected at KLOE-2

(EPJC 68 (2010) 619-681)

T symmetry test with entangled kaons feasible with O(10fb-")
(NPB868 (2013)102)

*The analysis of the full KLOE data set is being completed:

*New upper limit for BR(Kg—310). At KLOE-2 this analysis will benefit of the
presence of low 0 calorimeters QCALT- CCALT. With O(10fb) it might be possible
to have a first observation of the decay

*New limits on CPT and Lorentz violation parameters Aa . At KLOE-2 this analysis
will benefit of the new inner tracker detector improving At resolution, and of the new
interaction region scheme with a doubled ¢ momentum (increasing the sensitivity to
Aap).

*New preliminary result on BR(K*—1r*1111* (V)). Improvement possible with the

analxsis of the full KLOE data samEIe.
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Entanglement in neutral meson pairs

Entangled states in QM: the INDIVIDUAL STATE of each neutral meson is NOT DEFINED
BEFORE the observation of the decay of its orthogonal partner.

e transitions involving also “CP states” K, (mzt decay) and K_ (3x° decay)
«decay as filtering

measurement
.entanglement ->
preparation of state

A
X

t t1=\ét=)tﬁ/ )

K —K  reference process

K —K"  T-conjugated process
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Direct test of Time Reversal symmetry with neutral kaons

T symmetry test
Reference T-conjugate
Transition Final state | Transition Final state
I'—(U S K (é&, ’/TO’/T()’/TO) K — I'—<() (7?'07&"071'0, (—)
K, - K" (7799 ¢+)| K=K, (0, mm)
K’ — K., (e, ) K, —- K (a%%° ¢°)
K. — K (mm, (1) K" - K_ (0, 7m)
One can define the following ratios of probabilities:
Ri(At) = P[K’0) — K+(At): /P [Ki(0) — K(At)]
Ro(At) = P K“(()) K_(At)] /P [K_(0) — K" (At)]
Ry(At) = P [K’(0) — Ky(At)] /P [Ki(0) — K'(At)
Ry(At) = P[R°(0) — K_(At)] /P [K_(0) — K°(At)

Any deviation from R=1 constitutes a violation of T-symmetry
J. Bernabeu, A.D.D., P. Villanueva: NPB 868 (2013) 102

Test feasible at KLOE-2 with L=0(10 fb-') (but quite challenging !!)

A. Di Domenico
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