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OUTLINE N%%

Kaons and CP Violation
The NA48 experiment at CERN:

@ experimental program

NA48: CP Violation in K° > 2r decays

NA48/1: CP Violation in Kg = 3n decays
NA48/2: CP Violation in K* = 3r decays
NA48/2: CP Violation in K* 2> 1tnly NEW RESULTS

@ Conclusions
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Kaons and CP Violation NM@

@ Motivation for Kaon experiments:

» a powerful probe of the flavour structure of the Standard Model and an
effective tool to investigate the nature of the physics beyond it

» CP violation represents one of the sectors where a large sensitivity to
possible New Physics (NP) effects can be expected.

@ Kaon meson system is a privileged observatory for flavour physics:
» Simple (minimal) flavour laboratory
» Nicely accessible experimentally
» CP violation of same size as in B

a All 3 types of CP Violation can be observed in K° decays
® in KO—K? mixing (AS=2, Indirect CPV: Re(g)),
= in the decay amplitudes (AS=1, Direct CPV: Re(g’))
= in the Interference between decays with and without mixing (Im(g) and Im(g’))

@ Only Direct CP Violation occurs in K* decays (no mixing)

@ Many complementary observables to measure CP Violation in Kaons
» ¢'/e, A,, asymmetries and other parameters of rare decays, ...
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The NA48 Experiment at CERN <2

The CERN Accelerator Complex NAA48 is a fixed target
The SPS at CERN provides protons at experiment at the CERN SPS
400 GeV/c using a multi-turn, fast and aiming at studing CP violation

slow, extraction system and rare decays with Kaons

o)
e

The SPS is used as well as s
injector for the LHC accelerator gesve

o S
(not to scale) 3

Jura mountains

NA48 —» NA62

‘‘‘‘‘‘‘‘‘‘‘‘
<<<<<
Fhes

‘‘‘‘‘

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice Gran Sasso (1)

PSB: Proton Synchrotron Booster T™ km

P5: Prolon Synchrotron

LINAC: LiNear ACcelerstor

LEIR: Low Energy Ton Ring Mell LIFY. 4% Devimion, €154, 02,0056

CNGS: Cern Neatrinos to Gran Sesso E"::_‘:.E'?EEF"I“ EPS-HEP 2009




The NA48 experimental program NM%

1997 gfe un K+ Kg

Data taking periods:

NA48 (1997-2001)
joo9 €€ mun Ks| = Direct CP violation in neutral kaon decays:
o Re(c'/s) = (14.7 + 2.2) x 10

1998 gfe un K+ Kg

KL+ I{S

Int

2000 Konly | U8 T8 | NA48/1 (2000-2002)

NO Spectrometer » Rare K decays
o0y  E/E mun Ks| + BR(Ks— n%e*e’)=(5.8*28,,%0.8) x 10?
K+ Ks M, BR(Kg — nfp*p) = (2.8+15,,,£0.2) x 10°
2002 Kg High Intensity NA48/2 (2003-2004)

®» Search for direct CP violation in K*— 37 decays
®» Rare K* decays

2003 K* High Intensity
Next: NA62 — G. Collazuol, this conference

2004 K* High Intensity

Results shown at this conference: E. Marinova, G. Lamanna
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NA48: beam and detector NM%

—  |SPS spill length : 2.38 s K, anticounter not to scale !
= _
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Ks tagging station

Decay Region
(~3.10 7protuns per spill) (~ m long)

~114m

P .

~ 126 m

NA48 (1997-2001): simultaneous K, -Kg beams
+ split same proton beam (~1072 ppp)

+ convergent K, -Ks beams

+ K from profons on near target

+ K identification via profon tagging

NA48/1 (2000-02): high intensity K beam

* new KS targef region more details in G. Lamanna talk

NA48/2 (2003-04): simultaneous K*-K~beam

¥ non separated, high-intensity, narrow band K* beams

uon veto sytem
Hadron calorimeter
Liquid krypton calorimeter

Hodoscope
Drift chamber 4
Anti counter 7

Helium tank
Drift chamber 3
Magnet

Drift chamber 2
Anti counter B

Drift chamber 1

Kevlar window

N

Magnetic Spectrometer
Aplp =1.02% @ 0.044% x p [GeV/c]

LKr Calorimeter
AE/E = 3.2%/VE ® 9%/E @ 0.42% [GeV]

= NA48: (170 = op(n*n) = 2.5 MeV
= NA48/2: c,(n*n’x%) = 0.9 MeV

+ trigger hodoscope, hadron calorimeter,

+ Upgraded detector: beam spectrometer, beam monitor photon and muon veto counters, ...
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Direct CP Violation in KO—s2r N¥=

Direct CP Violation in neutral kaons: Re(e'/e) # 0

— measure the Double Ratio R of the 4 observable
decay rates K’-»2x (counting experiments)

_ ‘7700‘2
‘m_‘z K, > x'zYT(K, >n'7")

T(K, >z Y[(Ky >7n'n7)

R = 1-6Re(e/e) = 1-6¢/¢

The last generation experiments for the Re(¢'/e) measurement were
designed to exploit cancellations of systematic effects at first order:

@ High intensity simultaneous K, and Kq beams
@ Simultaneous collection of the 4 decay modes
®» cancellation of detector inefficiencies

@ Precise magnetic spectrometer and EM calorimeter
® reduction of backgrounds due to other K decays
®» good control of the decay volume
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Experimental results on €'/¢

NA48 Final: Re(e'/e) = (14.7 £ 2.2) x 10

(PL B544, 2002)

PDG World Average: (1.65 * 0.26)x10-3

PDG2008 and 2009 partial update for the 2010 edition Theoretical predictions (SM)
(KTeV final result not included) 2
Re(e /¢) T LT SRR | 15 W W Bejjing
b
o
{;-_01 -
E73193 —a—s 74+ 59 o H | Lund
MA31 93 —a—— 2930+ B5 L 0 { Trieste CPEACSE
oy ) peserrs TR S S et e
NAA48 02 o 147+ 22 Habi 1 )
gl e . mgmmmienss
KTEV 07 — 19.2+ 21 Date of the measurements —
. L | # Measurement compatible with SM

0 o {20 30 (109 = Large hadronic uncertainty in the calculation

New World Ave. H;H 168+ 1.4 ® [mprovement expected with lattice QCD

» /¢ may become a quantitative test of SM

New World Averége: (1 6.8 & 1-4)X1 04 » physics beyond SM may contribute
Confidence level: 13% (E. Blucher, KAON2009)

Waiting also for KLOE results: different method
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The CP violation parameter | n, | NM%

@ The amplitude ratio 1, is a fundamental observable of CP violation:

_ S 104; Data, selected K2m
. A(K, > 771" )=crvdecay 8 - ONABIMK ) 5 e
77+_ =&+ & = — § w0k K, sample Ku3 MC
A(KS —> T T ) S F and bkgd Ke3 MC
§wp
@ The NA48 measurement method: "k
=» Measure directly the ratio: (K ) skl H ‘
%ﬂ.ﬂ- ; =l o by b b by P L P
BR(KL_)TE+TE_)/ BR(KL_)TEeV) = 2 + F 0.4 0.42 O.r:l]l 0.46 0.48 0.5 0.52 0.54 0.56 0.58 0.6
F(KL —> eV ) invariant T mass [GeV/cz]

» Compute = BR(K,—n'n)= LKL 2 ”; z) @
'K, > 77e’v )

» Extract = | Tl+| — F(KL —> ﬂ'+ﬂ'_) _ Bﬂ/{iﬁﬂ"‘ﬂ'—) Tks
- Ky > 7n'x”) R(K, > n"n ) \7y,

@ Use as external inputs the best single measurements of:
®» BR(K,—»rev) (NA48'04 + KTeV'04, KLOE'06)
®» BR(K,—»7n*n) (KLOE'06)
®» K (NA48'02) and K| (KLOE'06) /ifetime measurements
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NA48: the measurement of | n,
© Decicated K umin 1999 (2days ), (Corsconsandamfepalc et on 8
» ~80 million 2-track events recorded - y J
Particle ID (E/p) +1.34% 0.05%
@ Final data samples: K,, background ~0.49% 0.03%
B 47,142 K —n*r~ (CP violating); Muon ID +0.48% 0.18%
:4’993’12_6('1 KLI_bm Ie(v 4'in both g Trigger efficiency -1.29% 0.11%
small residual background in both modes K Energy spectrum 020%
NA48 results (PL B645, 2007) : Radiative corrections 0.10%
®» ratio R directly measured: MC statistics 0.10%
BR(K —)TE+7'C‘) Total +0.04% 0.33%
2R KL = (4.835+0.022,,£0.016 )x10-3
(K —>mev) PDG 2004
% branching fraction: BR(K, —»n*n~) = (1.941 £ 0.019) x 103 22881 0.014
- Inner Bremsstrahlung n*n~y component included e ﬂ;g f“ﬁ“g 0

-> Direct Emission (CP conserving) component subtracted
» the CP violation parameter :

BR(K »>ntn™) T NA48
In.| = (K ) s (2.223 £0.012) x 1073 —e—  2223+0.012
- BR(KS—>TE+TE_) TkL
w agreement among NA48, KTel/ and KLOE results 2.2 2.25 2.3 4
» revision of previous PDG result = |n,| =2233+ 0012 (PDG2008)  [In*I[107]
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CP Violation in Kqo>m0n0n® N2

Ke— 310 is CP violating: CP(Kg) = +1, CP(3r 9) = -1

@ In the SM: BR(Kg—37Y) = 1.9 x 10-°
@ Can be parametrized with the amplitude ratio n:
A(K;—>37")  |;, BR(K;—3z°) ,
= - = [Ngool =€ + €
Tou A(K, - 37°) \/ ry BR(K, - 37°) looo o0

®» If CPT is conserved = Re(ngy,): CPV in mixing, Im(n,): direct CPV

@ Best experimental limit (direct search, KLOE 2005):
» BR(Kg—>3n°) < 1.2 x 107
100l < 1.8:1072 at 90% CL

@ NA48/1: no direct measurement
®» sensitivity to |1y, from Kq /K, —37° interference at small decay times near the target

B aim: O(1%) error on Re(nggo) and Im(nggo)
®» results based on ~4.9x10° reconstructed Kq /K —3r° (2000 run)
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NA48/1: Ks—>7nn%7® and 1y N%%

@ Study the time evolution of K_s— 3n° close to the production target
® measure the intensity of (K—3n°) as a function of proper time
W sensitivity to 1,,, from Ks-K, interference superimposed on a huge flat K,—37° component

@ Method: measurement of Ks-K| interference close to the production target
» use 379 events from near-target ("Ks") run = Kg/K, -39
» normalize to K,— 39 from far-target (K, ”) run
» use MC fo correct for residual acceptance difference and Dalitz decays
w /it double ratio in E, bins (free parameters: Re(ny00), IM(My00))-

7" (Data, Kqrun) /K p—37" (MC, Kg run) S oo e 0
Kp— 37" (Data, K| run) [ Kp—37" (MC, K|_run) E 0041 A s )
I:I.I:IEZ— ) ..-E.ﬂ'_.l'..h': II.'
D: - ’/T\ f
NA48/1 results (PL B610, 2005) : VAN ‘ )
_ ooz fi KLOE'90% CL
» Re(Ngge) = -0.002 + 0.011, + 0.015 E (LA
» Im(nggo) = -0.003 £ 0.013, + 0.017, B AN
» | Ny | <0.045  90% CL R e PO
» Br(K;—3n0) < 7.4 x 107 at 90% CL 008 004 002 0 002 004 008

FI‘.E{nﬂm}
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NA48/2: Direct CP Violation in KiSRNM%

CP Violation in charged K decays = no mixing, any CPV is direct

@ Search for Direct CP Violation in K*,_
®» Two decay modes: BR(K*—ntrn*n)=5.57%;
BR(Kt—n*n710)=1.73%.
» Rate asymmetry I'(K*)= I'(K") experimentally not simple:
» CPV asymmetry of decay widths strongly suppressed
® Better: measure difference in Dalitz plot slopes

@ Method:
» The K*,_decay matrix: IM(u,v)|?~ 1 + gu + hu? + kv? ‘>‘K+

U = (S5-Sp)/m_2 and v = (s,-s,)/m 2 Teven
S = (PK_P‘n: i)27 i=1,2,3 (3=Odd TE), Sp = (S1+32+S3)/3;

. e _ _ 9./ 9- _ Ag g. = g(K*—>n*nn)
» Direct CP violating asymmetry: Ag = KTl = ; 9. = g(K—mmn)

» SM~O(107°-107%) (Gamiz, Prades, Scimeni, JHEP 10 (2003))
® New Physics (SUSY) could boost it up to O(107%) (G. D’Ambrosio et al., PLB480 (2000))
» Experimental limits before NA48/2: = O(1073)

» NA48/2 aim: precision O(107™) = large statistics, simple selection, low background
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Kf—>n*rm asymmetry:

The method: exploit maximal cancellations

@ Simmelrization of running conditions.

=» Simultaneous K* and K™~ beams, superimposed in
space, narrow momentum band with similar spectra

®» Equalize averaged K* and K- acceptances and
achieve cancellation of major systematic effects by
combining data collected with opposite polarities in the
relevant magnets (beam line and spectrometer);

=» Monitor residual fake instrumental asymmetries
with control samples.

a Measurement:

= measure the asymmetry exclusively from the slopes
of the ratios of normalized u distributions for K* and K™:

~ N7(u)
N*(u) 1+ gu + hu?

= fit a quadruple ratio of similar data samples taken at
different beam line (up-down) and spectrometer (left-
right) magnets polarities:

Ag u

oC

R(u)

R=Rgx Ry xRpgx Ry ~1+4 xAgxu
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T c,,=1.7 MeV/c?
o O KEsmintn M
g WA
Q 107t
W
106; \\
105; / \
: —>UV
4
107 3.11x10°
/ events selected
0.47 0.48 0.49 0.5 0.51 0.52
M(3r), GeV/c?
u?l 0 ?
10 5;
10%
: A 9.13x107
109 events selected
0.46 0.47 0.48 0.49

0.5 M(3r), GeV/c?
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K*t—3n* asymmetry: result

Ag =(0.6 £ 0.7, £ 0.4, £ 0.5,) x 10* = (0.6 £ 0.9) x 10+
A= (1511544 £0.9;, £ 1.1, x 104 =(-1.5+£2.1) x 104

EPJ C52 (2007)

@ Final result with the full NA48/2 data statistics (2003-04 run) 7

@ A factor x20 better precision than the previous measurements 15

@ Result compatible with SM, no evidence for CPV due to NP

@ Statistical uncertainties dominate

@ Limits improved to one order of magnitude to O(10-4) 05-
» NA48/2 design goal reached

IVl

Time stability of A

< 12
Ford et al. (1970) at BNL = ¥
B 500
% 8 C Ag 77777777777777 Agleft-right 7777777777777 Agup-down 77777 '
G [ | | oMC Control: 400 '=.
HyperCP (2000) at FNAL £ i 'T ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Beam line Asym| | .
S .
E T 1N I} e soof .
o d L. ® b g TF | | C .
ey R (R0 LV TRt e R .
NA48/2 final | [ .
. e ! | | +| T | | | | 100f Dalitz plot .
Y i H B . . >
PN T T N T T T T N S B Control: ® E .prOJECtIonsonu .
80 -60 40 20 0 20 40 8  DetectorAsym |, | , Y | | | | | Y5 1 =05 0 05 1
A, [10 012345678012345678012334up%rgarzlp?e u
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Kf>n*nOn® asymmetry: result

AgP=(22+21,,+0.7
AL=(1.8+17,+0.6

EPJ C52 (2007)

o) X 104 = (2.2 £ 2.2) x 104
) x 104 = (1.8 £ 1.8) x 10"

sta syst

Odd pion
o Final result with the full NA48/2 data statistics (2003-04 run) | —
@ Statistical precision in A ? similar to K* — n*n*n~ mode
@ Results compatible with SM: no evidence for CPV due to NP
o Limits improved to one order of magnitude 1 i+

=» NA48/2 design goal reached

< 12 Time stability of A c0d ot
Smith et al. (1975) at CERN-PS | & [ y g 1 K:->rg*z’z® U
. 3 Ag | Ag, r
T [ | | oMC
L r 'YX )
TNF (2005) at IHEP Protvino | 5 4 | 1T | Tk
—,— o -
S b, © 01_ l& T%
S o ETIT 1T hgl , | r|,,|,,, i
NA48/2 final e | I #l * _
. A e Dalitz plot
il it B projections on U
80 -60 40 20 0 20 40 89 R o A

A, [107]
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CP violation in Kt—n*r0y NM%

o Kt—> 0 sources of v radiation
Y Y

®» Inner Bremmstrahlung and Direct Emission
#» |Interference component: first evidence in NA48/2 = E. Marinova, this conference

Kinematic W2 _ (P_: ' P;;* )P, J:' P :}
Variable: 2
DE (mxm:r}

= anﬂ@2cus(+¢+@ o)mimy | X @z+m4mx{|xElz+le P’
A

aw oW .
Y Y
IB INT DE

@ A clean observable of direct CP violation is provided by the asymmetry
between K*—n*n% and K-—nn% decay widths (rates) and Dalits plots:

®»if $ #0 = I'(K*) * I'(K") = CP Violation

& SM prediction on asymmetry: 2 x 10°-107° for 50 < E*, < 170 MeV.

o Possible SUSY contributions can push the asymmetry up to 1074 in
some W regions.
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Search for CP violation in K*—n*rly N%%

Summary of NA48/2 results on CP Violation in Kf—r*nly

@ Measurement of rate asymmetry (1.08 million events):

Ay = (D(K*)-T(K)/(T(K*)+T(KY))
= (0.03 £ 1y, + 0.6,,,)-103
A< 15103 90% C.L.
PDG (2008): (0.943.3)-10-2

@ First limit on sing: )
sin(¢) =(-0.011+0.43)

Isin(#)] < 0.56 90% C.L.

@ Asymmetry in the W spectrum:
Ay~ (-0.6 £ 1,,,)-1073

=» compatible with A
=» no evidence for CP asymmetry
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Conclusions NM%

Over 10 years, the NA48 experiment at CERN has carried out an
extensive physics programme devoted to high precision study of
CP violation (and rare decays) with both neutral and charged K

@ Direct and Indirect CP Violation in neutral kaon decays (Direct CPV established)

@ Precise |n,_ | measurement (PDG revised)

@ Search for direct CP violating charge asymmetry in K*+-3n decays (order of
magnitude improvement in precision)

@ Search for CPV effects in radiative Kt—n*n% decays
@ All results all consistent with SM: no evidence for CPV effects due to NP

@ However, matter-antimatter asymmetry of the universe requires additional
sources of CP Violation generated by extensions to the Standard Model, to be
measured as small deviations from it

@ Quantitative tests of CKM mechanism and search for new physics beyond SM
are needed and become possible also with next generation K experiments:

®» Ultra-rare Kaon decay measurements (K—-nvv) = G. Collazuol, this conference
® J. Ocaritz, this conference (CKM): support kaon physics!
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