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NA48 - the CP violation experiment

NA48 (1997-2001)

@ Direct CP violation in neutral kaon decays
Re(e’/e) = (14.74+2.2) x 1074

B Measurement of CP violation parameter |7, _|
New result!

NA48/1 (2002)

W Rare Kg and hyperon decays
NA48/2 (2003-2004)

B Search for direct CP violation in K+ — 37 decays
Final results!

Future experiments: NA62 / P326 (2007,...)
B Measurement of I'(K* — e*v,)/T(K* — puFv,)

® Measurement of BR(K* — ntvp)
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The NA48 Detector at CERN-SPS
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CP violation

W CP violation found 1964 by Christensen, Cronin, Fitch and Turlay
through decay K, — =

(In case of CP invariance: CP(Ky) = —1and CP(rm) =41 = K / 7m)

= Why we are interested in CP violation?

M e.g., the universe consists only of matter, not of matter and
anti-matter

W Sacharov (1967): existence of our universe requires CP
violation

® put: CP violation in SM is too small to explain the matter
anti-matter asmmetry in our universe

= What is wrong with the universe, CP violation, SM,... ?
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CP violation parameter n, _

Parameter n4._ = fundamental observable of CP violation, defined as the
CP-violating ratio of the neutral kaon decaying into two charged pions

 A(Kp —7tnT)
== A(Kg — ntm—)’

Ny— =E+¢

new measurements (KTeV, 2004 and KLOE, 2006) disagree with PDG

short reminder: LS
Ko@s) [; K'ws)

" observed kaons: Kg = K1 + Ko,
K = Ko +eKy

W CP eigenstates: K1 = K° + K9, CP(K1) =+1 1 (ad) | n —
Ko = K0 — KO, CP(Kj)=-1 ) — @@ y I3
™ indirect CP violation: K;, = Ko + K| = ¢
L>7T7T
“ direct CP violation: K;, =Ko+eK; =& (K ¢) -1 =5

L K (as) KO (ds)
T
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CP violation parameter n, _

Parameter n4._ = fundamental observable of CP violation, defined as the
CP-violating ratio of the neutral kaon decaying into two charged pions

A(Kp —» o)

_ _ /
== A(Kg — mtn—)’ - =ete

new measurements (KTeV, 2004 and KLOE, 2006) disagree with PDG

What we measure

Ky —7tn)
['(Kp — ntetv)

W Determine |7, | via the ratio of decay rates

Ky —»7ntn™)

-BR(K teF
'K — mtefrv) (Kp = metv)

B BR(Kp —ntn) =

.| = 'K —7ntn~)  [BR(Kp, —7ntn) Tks
G I'(Ks —ntr~) \| BR(Ks —ntn~) 7KL
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I'kor /T ke3: €VeNt selection

W Special run 1999 (two days) with pure K. beam at low intensity and
simple trigger condition to select events with two charged tracks

Decay region
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I'kor /T ke3: €VeNt selection

W Special run 1999 (two days) with pure K. beam at low intensity and
simple trigger condition to select events with two charged tracks

K; — nTefv K; — ntn¥
W Selecting 2 tracks with one W Selecting 2 tracks, no e or p
electron (— Errr/pir ~ 1) W ~ 47000 selected 7+7— events
W About 5 million K.3 events se- with ~ 0.5 % background
lected with ~ 0.5 % background
= x10° % 10" Data, selected K2
S | O}
~ 1500 1 3 K2nMC
.g S 10 Ku3 MC
= - electrons \ S Ke3 MC
1000{— 5 2 10°
(D) i
i > . L
pions S 10 BRI "
500( / \ & e )
o] N
E 14 H ‘
} ; L = I it SRRSO T AR ERRPRTEN Sy N NERTIN AT | AN AN = I
00 — '0_2' ' '0_4' ' 'oj.e 0_8‘ ' i —r 0.4 0.42 0.44 0.46 0.42_3 0.5_ 0.52 0.54 0.56 0.58 20.6
E/p: energy deposited in Lkr / track momentum invariant T'tt mass [GeV/c']
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Results published in Phys.Lett.B 645:26-35, 2007)

DKL —mim ) (4,835 & 0.0225¢az, £ 0.016,y5.) X 1073

NNKp—rtefrv)

= (4.835 £ 0.027) x 103

BR(K; —»ntn™) = NKp—min) .BR(K — mteTv)

— I(Kp—7mTeFv)

= (1.941 4 0.019) x 10~3

B Includes =7~ ~(IB) component, IB = Inner Bremsstrahlung

® Direct Emission (DE) component, which is (mostly)
CP-conserving, was subtracted

B Take updated NA48 result BR(K; — nteTv) = 0.4022 £ 0.0031
(published in Phys.Lett.B 602:41-51, 2004)

| = \/TKS BR(EL—mtn) _ (9993 40.012) x 10~3

Tk, BR(Ks—wtm—)
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Comparison of results

I'(K2x) [ T'(Kes) -
PDG 2004 PDG 2004
5.37+0.10 +H——¢— 2.288+0.014 —¢—
KTeV 2004 KTeV 2004
4 1.856 + 0.029 —e— 2228+ 0.010
NA48 NA48
&4 4.835+ 0.027 —e— 2 223+0.012
L | L L L | L L L | L L ) | L ] 1 L L L ] 1 ! | !
4.8 5 5.2 5.4 . 2.2 2.25 2.3 ,
[ KZH/ B Kes [10 7] In+-| [10 ]

W Good agreement with results from KTeV and KLOE

W Experiments commonly contradict PDG 2004
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CP-violating asymmetry in K+~ — 37

Observable for direct CPV

¥ The matrix element as function of the Dalitz variables u, v

(M (u,v)|? <1+ gu+ hu?+ ko?

with parameters |h|, [k| < |g| and = 22 - 0 =2 ;SQ
mﬂ_:t mﬂ_i

si = (Px — Pr;)?,i=1,2,3(3=o0dd 71); so=1/3(s1 + s2+ s3)

N
A, 9 9

W Define slope asymmetry : = — —
gt +g

= Any value of A, # 0 is a manifestation of direct CP violation!
(only direct CPV in K= possible - no mixing!)
B SM prediction for A, between 10~° und 10~°, processes beyond the SM
do not exclude enhancements of the asymmetry A, up to a few 10~*

® Experimental limits on A, at a few 1077,
NA48: measurement of A, at 10~* level — test on New Physics!
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NA48/2 beams setup in 2003 + 2004

W Simultaneous Kt and K~ beams with similar momentum spectra
W Polarities of magnets (beam + spectrometer) regularly reversed

\ Momentum Beam Beams coincide
/ B selection spectrometer within ~1mm
: ;Hf Pﬁsp!ectr.a, \i\ M t e 8]
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Event selection in K* — 3w decays

Event selection
W Require simplicity and charge symmetry

W In K* — 77 T7~ selection only spectrometer information used
= 3.11 x 10? events

™ In neutral mode, mainly information from charge-blind LKr detector
= 9.13 x 107 events

161 F‘rﬂ 101
101 ‘ ; \L ‘ 107;

— . d

A
| HLl
10 // ﬁ H\\\

10 i“"r.,‘r'"
Kt - atata— K- —n nhtn~
047 048 049 05 051 0.52 047 048 049 05 051 0.52
2 m /| (GeV/c2
Mrrn / (GeV/C ) Symmetry tests in NA48 with kaons, Matthias BehTIgZT NTIrENU(2007—p.13/28



Extraction of A,: Quadruple ratio

W Compare the reconstructed u-spectra of K™ and K~ decays in

N, (u) Agu
four u-ratios: R, =2~ 1+

with the four possible combinations of magnetic field polarities
W Achromat: x = U(up), D(down)
B Spectrometer: y = J(Jura = left), S(Saleve = right)

Not all experimental asymmetries (beamline and left-right asymmetries)
cancel in one simple ratio but in the product of all four ratios!

Y
boX
Achromats: K+Up
N5/ Jura B TR
"""" g N z
4 1 B S e e
/1 NV Saleve /
051 =05 0 05 1% 15

Achromats: K* Down g

u
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Extraction of A,: Quadruple ratio

W Define quadruple ratio | R4(u) = Rys(u) - Ryy(u) - Rps(u) - Rpy(u)

W Extract Ag by fitting the quadruple ratio with a function

4
X2 / ndf 29.76 / 26
f(u)=n- (1 + Agu - 510.6 n 10.38 + 0.00
T A e e NI s rriery
+ gu + T — —— ——
T g Ag ‘ ‘ | A |
= |A; = - e
gr+g 29
W . . =-021134+0.00017; . 2% 1 | | |
h_ o+ + - = 0.01848 4+ 0.00039 (NA48/2) 5 S R R — ] ]
W g + 0.0=0.626+0.007; 15 -1 05 0 05 1 15

h_+ 0.0 =0.052 = 0.008

W The analysis does not rely on a detailed Monte-Carlo to calculate
acceptances (MC only used to study systematic effects)
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Final results for 2003 + 2004

Charged mode (K* — ntntn™)

Ay = (=15 + 1550 £ 0949 £ 1.15y6) x 1074 = (=1.5£2.1) x 1074

Neutral mode (K* — 7nt7%7Y)

Ay = (1.8 £ 1. 7510t £0.555,.) x 107* = (1.8 £1.8) x 10~*

= no evidence for direct CP violation of the order 10—
(About 10x more precise than previous measurements)

Ford et al. (1970) at BNL Smith et al. (1975) at CERN-PS
Charged Neutral
mode HyperCP (2000) at FNAL TNF (2005) at IHEP Protvino mode
NA48/2 final NA48/2 final
IIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIII
-80 -60 -40 -20 0 20 40 -80 -60 -40 -20 0 20 40
A, [10 ] A_ [10 ]
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NAG2: Testing e — p universality with K= — [Fv

Within the SM: Ry = — ) 2
mK —m

[(K — eve(y)  m? (m% — mE)Q (1+90Rk)

with radiative corrections:
5 SRy = (—=3.78 £ 0.04)%

o
K = Ry = (2.477+£0.001) - 107

|

(Cirigliano, Rosell (2007))

¥ LFV in SUSY could change R by up to £3%.
(Masiero, Paradisi, Petronzio (2006))

= precise measurement provides sensitive test on SM and e —
universality

= experimental error more than one order of magnidute larger than
theoretical one
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NAG2: Testing e — p universality with K= — [Fv

Three new preliminary measurements:

m KLOE, presented at KAONO7:
About 8000 signal events: Rk = (2.55 +0.05 +0.05) x 10°

® NA48/2 (2003 data), presented in 2005:
About 4000 signal events from normal running period:

Rk = (2.416 +0.043 +0.024) x 10~°

¥ NA48/2 (2004 data), presented at KAONO7:
About 4000 signal events from special minimum bias trigger

Rx = (2.455 + 0.045 +0.041) x 10~°

PDG 2006
Clark, 1972 —
Heard, 1975 ®
Heintze, 1976 @
NA48/2 (2003), prel. - SM
i /
NA48/2 (2004), prel. KAONOT —r—
\:
KLOE, prelim. E ¢
........................................

21 22 23 24 25 26 27 28 29
r(Kez)/r(sz) [10‘5] Symmetry tests in NA48 with kaons, Matthias Behler, MENU 2007 — p.18/28



NAG2: Testing e — p universality with K= — [Fv

NAG2: data taking in 2007 (June 19th - beginning of October)

® Goal: ~ 150,000 K+ — ey, events 0%

and ORp ™ 0.3% 10 9
— USing eXiSting NA48 detector 1045’ Kinematically selected K,
® minimun bias trigger 103

m experiences from 2004: 02
all systematics < 0.2% except

10 b

background from K+ — pu*v
(measured from data) ! £
5002 t ﬁ* i Ko

- . 1” #I }* I *#**H m Lead
400;“ """""" :f' """" f i#&*#i o o) PlateN SRR S

B ) ! iTa \
300F ' g 2

E My, A 1K
200[— .J i

- ' A
1005 K 2 bkg g .

A e “‘uo“......... | U
010207340 5060 70 80 HOD(H)

HOD(V
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Conclusions

= New measurements from NA48 of

® the CP violation parameter |, _| = (2.223 £0.012) x 1072
= in agreement with KTeV and KLOE

B the CP-violating asymmetry in K+ — 3
Aj(K* - n¥rtr™) = (-1.54+2.1) x 1074
Ay(KF — 757979 = (1.8 £1.8) x 1074

= no evidence for direct CP violation of the order 104
(About 10x more precise than previous measurements)

¥ running / future experiments:

F(Ki — eiye(V))

B NA62: is takin m B
NAG2: is taking data to measure Ry T(KE = uFv,(7))

with OR, ™ 0.3%

B P326: Measurement of BR(K* — ntu) ~ 10711 — 10719,
data taking in 2011
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Spares
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Comparison of results

BR(Ky — ntnm™)

PDG 2004
2.090 + 0.025 : ®
KTeV 2004 (incl. IB, DE negligible)
—— 1.975 £ 0.012
NA48 (incl. 1B, no DE)
— 1.941 + 0.019
NA48 (incl. IB and adding DE)
*— 1.969 + 0.019
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
1.9 2 2.1 2.2

BR(K, — 1077) [10™]

W For comparison it's important to point out the treatment of
radiative decays (IB + DE)
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'kor /T ke3: Systematics

Correction [%] Uncertainty [%]
E/p cut +1.34 0.05
Background in Ky, —0.49 0.03
Muon cut +0.48 0.18
Trigger efficiencies —1.29 0.11
Energy spectrum - 0.20
Radiative corrections - 0.10
MC statistics - 0.10
Total correction +0.04 0.33
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I'kor /T kes: radiative Corrections in K3
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Asymmetry in K* — w*xt#~: stability checks

Slope difference x 10*

x?/ndf =9.7/8

gLl | ——
012345678

™ Ag extracted from quadruple ratio as function of supersamples 0-8

" Agsy and Agyp extracted from corresponding double ratios in which not alll
asymmetries cancel intrinsically

B Rss(u) = Rs(u)/Ry(u): effects by global time-dependent detector variations
¥ Ryp(u) = Ry(u)/Rp(u): effects by differences of the two beam paths

= Our detector Is really symmetric! Symmery tests in NAAS with kaons, Matthias Behler, MENU 2007 — p.25/28



Asymmetry in K* — wn*x%x0: stability checks

N
o

ce x 10%

_|||I\!)
5 5

Slope differen
—e
_-._
.—
o
o
9
__w

1
N
|

W N [ (.
i x2/ndf = 1.5/6 O MC

_20_I I I I I I I I I I I I I I I I I I I I I
[m v v vevie | i imiv v vevi 11 ity v ViVl

Supersample

™ Ag extracted from quadruple ratio as function of supersamples I-VII

" Agsy and Agyp extracted from corresponding double ratios in which not alll
asymmetries cancel intrinsically
B Rss(u) = Rs(u)/Ry(u): effects by global time-dependent detector variations
B Ryp(u) = Ry (u)/Rp(u): effects by differences of the two beam paths

= Our detector is really symmetric!
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Asymmetry in K+ — m*xt#x—: Systematics

Systematic effect Correction, uncertainty §(Ag€) x 104
Spectrometer misalignment +0.1

Spectrometer magnetic field +0.3

Beam geometry and stray magnetic fields +0.2

Pile-up + 0.2

Resolution and fitting + 0.2

Total purely systematic uncertainty + 0.5

L1 trigger inefficiency +0.3

L2 trigger inefficiency —0.1 £ 0.3
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Asymmetry in K+ — 7#Tx%x%: Systematics

Systematic effect Uncertainty §(Ag™) x 10%
Overlap of LKr showers +0.5
LKr resolution +0.1
LKr non-linearity +0.1
Photon pairing in reconstruction + 0.1
L1 HOD trigger inefficiency +0.1
L1 LKr trigger inefficiency +0.1
L2 trigger inefficiency +0.3
Stray magnetic fields +0.1
Pile-up + 0.2
Total systematic uncertainty +0.7
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