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CP Violation

Charge conjugation C: g — —q for all charge-like quantum numbers

Parity P: (x,y,2) — (—x,—y,—2)

Time reversal T: t— —t

all three conserved in strong and electromagnetic interactions

 C and P maximally violated in weak interactions v, > X
L
» predicted in 1950 (Nobel 1957 CP
* first observed in 1953 in decays of polarized *°Co nuclei >< S5 v
VR

violation of combined symmetry CP in weak interactions
* discovered 1964 in K° decays (Nobel 1980)

» explained by a single complex phase in 3x3 CKM matrix (Nobel 2008)
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' Neutral Kaon System

Transitions K° — K° through exchange of two W bosons (“box diagrams”)

d u,.c,t 3 d w* s

-+ «——------ e
K w* we K K° u,c,ti yuct K°

e > —— - - - >

S u,c,t d S w- d

. K° (or K°) produced at time t=0 will evolve into a mixed state at time >0
y(t) = alt)-|K") + b(t) - |K")

Can define mixed states that are Eigenstates of the CP operator

K, = Jz 1K +|k® | = cPlK, = —2 KO +[K | = +]K,]
Ky = 5K -IKY | = oplKy = KO-k = K,

* these are also Eigenstates of the weak interaction, if CP is conserved
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NUST MISIS, Russia, Moscow

Neutral Kaon System

Look at decay of Kaons into two pions

« Kaons and pions are spin-0 mesons
. ] = L__
e conservation of angular momentum in the decay

* CP(nn)=-1t = 2= final state is CP even

If CP is conserved in weak interactions

« K, (CP odd) cannot decay into 2x

- other decay channels for K, also suppressed

08 F -

« K, — 3r by phase space e’

Intensity
[l
[+7]
® I
=1
N
~
1

« K, — a*{F v, by parity violation

« K, has much longer lifetime than K,

02

e this has been observed: !
'meaSUFGT(K)z5OOx‘E(K1) 9 '20"'40"_'850"'80"'100

o
n~
T T T v
| P
C’_—_lf
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Neutral Kaon System

! ———t————r7—T———

K°/K® propagating in vacuum

08 F

« K, component decays = pure K, state e '

e e ¥

o
[+

e e.g. after 20 x K,-lifetime:
« K, intensity down to 2 x 10 } of initial

Intensity

o
i
T s S e =
L z
c,__lf

. K, intensity still at 96% intensity %
If K, beam traverses material ELEE R T
1 { 0> |_0>} vacuum material vacuum
|K2>=ﬁ-|K—K - e
Pt N 1!
_ o et D N
« K’ (ds) and K° (ds) have different L 2‘ E
strong interaction cross sections Ko <! : = =< <=
* KK® mixture changes _HT K, ?1‘ K,
R .
 regeneration of a K, component o 7 '
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Discovery of CP Violation

Observation of decays K, — nt"n~ (Christenson,Cronin,Fitch, Turlay, 1964)

« search for " n~ decays in a pure K, beam

e e m(x)<m(K) |
* to identify n* n~ decays use
e energy conservation: invariant mass of «t* 7t~ pair --m.-rfhﬂnw‘tp ikl ®
. 30
* momentum conservation: momentum balance R
m(n*n”)=m (K°) .
oz, 2-body decays: . 0 §
S COUNTER 56 signal events it
g Y 494 < m*< 504 o 6
i
m (x*7”) > m (K°) 10
57 f1 TQa———"
INTERNAL
et gLy ] rw .
CERENKOV 0.99%6 09997 0.9998 09993 1.0000

COUNTER

cos 0
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Discovery of CP Violation

Interpretation: Kaon mass eigenstates are not identical to CP eigenstates

 long lived mass Eigenstate (K ) has small admixture from CP-even state K,

_ 1
K= Ko —e K kLK,
_ 1
Ks) = 1+|8|2'[|K1>+8'|K2>] K,
\ - ~— - /:
g: complex parameter K,

* measure |g| through decay width ratios of CP forbidden and allowed decays

N.. = F(KL"“T_) = (2.286 + 0.017)-10° ~ ¢
I (Ks-m T )
_ DiKpa'a) 2,274 + 0.017)-10°° ~
Noo = F(Ksénoa'l:o) - " - V-
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CP Violation in the Standard Model

3 quark generations: 3x3 quark mixing matrix (Kobayashi-Maskawa,1973)

a I t
d'l [V Vi Vil [d ! N
Sl v v vl e ==
S b’ Vo Vi Vol |b y d S b

* 9 complex numbers = 18 parameters
— 9 unitarity constraints (V'V = VW =1)
— 5 arbitrary (“unphysical’) phases
= 4 free parameters: 3 rotation angles + 1 complex phase
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CP Violation in the Standard Model

3 quark generations: 3x3 quark mixing matrix (Kobayashi-Maskawa,1973)

4 N t
d' (Vi Vie V| [d X .
s'| = vcd vcs vcb S ¢M¢
b’ Vi Vi V| |\b d S b
K t t t /
9 complex numbers = 18 parameters u-ey .
— 9 unitarity constraints (V'V = VW =1) d'_)eicpjdl = V;2e TV,
j j

— 5 arbitrary (“unphysical’) phases e
= 4 free parameters: 3 rotation angles + 1 complex phase

FROM MGA TO NUST MISIS
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CP Violation in the Standard Model

3 quark generations: 3x3 quark mixing matrix (Kobayashi-Maskawa,1973)

a ™ ¢
d ' vud vus vub d N ¢
S = vcd vcs vcb S t%t
Y b’ Vi Vi V| |\b y. d S b
* 9 complex numbers = 18 parameters
— 9 unitarity constraints (VIV = VV' =1) source of

— 5 arbitrary (“unphysical”) phases CP violation

= 4 free parameters: 3 rotation angles + 1 complex phase

Wolfenstein parametrisation

1-7%/2 A\ (p—in)
Ve = - 1-0%/2 A\ + O(AY)
—A\? 1

A\ \(1 p—ln)
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Indirect and Direct CP Violation

i=u,c,t
Explains “indirect” CP violation in Kaon mixing - Vid_ =7 Vis
u,c, S
* interference of box diagrams with different o R .
quarks (= different weak phases) in the loop K W'E EW' K
S
Predicts “direct” CP violation in Kaon decays S u,c,t ” d
is id
* due to interference of “Tree” and “Penguin”
diagrams with different weak phases Ve, d ,
 can be measured by comparing V. 4: u %
_ TlKsnta] , K S —e—« u -
N = T (Ks»a'n™| eE+e d > d
i=u,c,t
_ T[Kp2a’a’ _ _ ' Vis Vi _
Moo = r (KS—)uouo) -t 2¢ S—<—------ d +
¢ =0 if CP violation only in mixing K° u,c,t .
. expect g'le = 10'3 in Standard Model d . d T
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Indirect and Direct CP Violation

i=u,c,t
Explains “indirect” CP violation in Kaon mixing - Vid_ = ¢ Vis B
u,c, S
* interference of box diagrams with different - ¥ "
T . RO Wi. |Wi KO
quarks (= different weak phases) in the loop ! !
e
Predicts “direct” CP violation in Kaon decays S v u,c,t ’ d
is id
* due to interference of “Tree” and “Penguin”
diagrams with different weak phases - Vis 5 B
S ~2 u o
* can be measured by comparing . u T
K vV’ _
_ TKpa'| o d 5
M- = T Ks»a'n™| eTe d g d
i=u,c,t
T [K,»a’x’ B , Vi Vi,
Moo = T Kg»a'n® £ 2¢ S - d o,
< d 7%
¢ =0 if CP violation only in mixing K° u,c,t .
. expect g'le = 10'3 in Standard Model d . d n’
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'Search for Direct CP Violation

Measure Re (g'/e) through “double ratio” of decay widths

2 0_0 0_0 ,
R = [Mof — I‘(K,_-)n:rc)/I‘(K-):n::rc_) ~1—6-Re(%)
+- ' K»>n'n|/T[Kson'n
Experiment: count number of events
0 0 0 o0
R, = N(KL"’ﬂ ©)/NKsn'n’) e N = [@t|-T-Alt| dt
N K,»>a*n |/ N Ks>a*n | ¢

® (t] : particle flux (accelerator) ; Alt| : efficiency (detector)

* double ratio: many systematic uncertainties cancel to first order,
if the four event rates are measured at the same time in the same experiment

et | @D TR a'n) - Aitl]
T|Ks>n'n|-A__It]]
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NUST MISIS, Russia, Moscow

Search for Direct CP Violation

Measure Re (g'/e) through “double ratio” of decay widths

2 0_0 0_0 ,
R = [Mof — I‘(K,_-)n:rc)/I‘(K-):n::rc_) ~1—6-Re(%)
+- ' K»>n'n|/T[Kson'n
Experiment: count number of events
0 0 0 o0
R, = N(KL"’ﬂ ©)/NKsn'n’) e N = [@t|-T-Alt| dt
N K,»>a*n |/ N Ks>a*n | ¢

® (t] : particle flux (accelerator) ; Alt| : efficiency (detector)

* double ratio: many systematic uncertainties cancel to first order,
if the four event rates are measured at the same time in the same experiment
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'Search for Direct CP Violation

Measure Re (g'/e) through “double ratio” of decay widths

2 0_0 0_0 ,
R = [Mof — I‘(K,_-)n:rc)/I‘(K-):n::rc_) ~1—6-Re(%)
+- ' K»>n'n|/T[Kson'n
Experiment: count number of events
0 0 0 o0
R, = N(KL"’ﬂ ©)/NKsn'n’) e N = [@t|-T-Alt| dt
N K,»>a*n |/ N Ks>a*n | ¢

® (t] : particle flux (accelerator) ; Alt| : efficiency (detector)

* double ratio: many systematic uncertainties cancel to first order,
if the four event rates are measured at the same time in the same experiment

R_J" @4 K-):rtocrco @'(0) K-)n::rl: (t)] d
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Search for Direct CP Violation

Relative measurements
are often more precise
than absolute measurements
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Ideal Experiment

Identical detector | =

Simultaneous
K., Ks beams

I lumination

K., Ks beams

>

g

\_Decay Volume -

Identical K, K
energy spectra

(J""F_
Identical trigger
and acquisition

Overlapping

biases

ooooooooooooooo
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NUST MISIS, Russia, Moscow

Real Experiment

Non overlapping
decay volume
ifetime)

'erhur"l' term
variation
K., Ks beams

Different | ———
illumination .

I, - 8 b o AT -
e ey R L S
2 e e TL b e e T o
5 - =Ly e -
T e g e e T T e s Dy
ey S el e B
e e T

> L e e ik o
2 .-.' iy L " o S

B
T o el e el L gl L L R e e A
. e Sl ok P w N B i e e g
e e e s e P R e P T e T R e

K., Ks beams

g

g

Non identical K,
K; energy spectra

¢ Decay Volume /;_.:{.-;:_: ;;

Trigger and
acquisition
biases (intensity, |\
accidentals)

Collimator
scattering

Different
backgrounds
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NUST MISIS, Russia, Moscow

Backgrounds

K, : large backgrounds from CP-conserving 3-body decays

o K e S (1) N
Lo ew (39%) backgrounds for n* n~ reconstruction
« KL-owp'v  (27%) > < neutrino leaves no trace in the detector
« K —owtna® (13%) » 7° could be missed
« K — 0’  (21%) } background for n’ =’ reconstruction

° 0 .
c Kl > (0.206%) one n- could be missed

 photon clusters from two x%'s could merge
« Ko a'n’ (0.09%)

* apply selection cuts on event topology, kinematics, particle identification
to suppress these backgrounds

Ks: backgrounds completely negligible

 but apply the same selection cuts as for K| to minimize systematics

MISIS/D

National University of
and Technology
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Princeton Experiment (1972)

First measurement of double ratio in one experiment

Dipole magnet Tracking
Calorimeter %1 detectors
g A
s "?—__\_
K, beam (with or
" Srirr s «— .
¥ | | | I S i without regenerator)
4{ ‘\
N1
Converter
Cherenkov counters, Scintillator (used for n’n’ removed for x')

muon vetos Hodoscopes

* but: four decay modes measured in four consecutive data taking periods
(charged vs. neutral detector) x (with vs. without K regenerator)

 dominating systematics: beam flux monitored to 3% precision

. statistics: 124+11 K. — n’n’ events collected
Re (¢'/e) = -0.008 £ 0.020
e collaboration: 5 physicists

MISISKD 3:3 LHCD L University of
82018 | Sierma | SHE, \ <ary Lurich™ 21
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E731 at Fermilab (1985-87)

Two parallel K| beams, one of them with a K regenerator

Decay region in Vacuum

wire chambers + dipole magnet

for reconstruction of n* n~ decays @ ‘ ‘ ‘ ‘
* electromagnetic calorimeter |KL : B
for reconstruction of n’ n° decays T %
By | -
* photon and muon vetos ‘ ‘ ‘
for background rejection sl g Calorimeter - .= 4
Hodoscope Muon Veto
« K, and Kg; modes collected at the same time
4
* but very different decay vertex distributions ] Regenerator Beam
. . . = + g K
for K and Kq due to the different lifetimes 3 "
different illumination of detector 5 S .
E
e acceptance correction by Monte Carlo simulation =

Distance from target -

MISIS/D
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University of
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NUST MISIS, Russia, Moscow

NA31 at CERN (1986-89)

Separate K _and K  production targets in the same proton beam

Decay region in vacuum

* wire chambers and hadron calorimeter AT
for reconstruction of n* n~ decays L ‘
(no momentum measurement !) e \ =
. . T =
* electromagnetic calorimeter o - g
gneti me ] e L
for reconstruction of n’ n° decays \C\H /tKS .
* photon and muon vetos ‘
KL target y ‘ ‘
. !
- moveable K target to emulate flat Had Calorimeter
decay vertex distribution by taking X
data at different target positions Se b b
2
* much smaller acceptance corrections
TR A \ -
« but K and Kg modes not collected at the same time M N T B
KS target train stations
M|S|S:D I Cl\? University of

Nt IU rsity of
dT chnology

19182018 SHiP_ Zurich* 23
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Final Results (1993)

E731 NA31
e about 410 k reconstructed * about 428 k reconstructed
K, —n’n’ events K, —a’n® events
{ Re (¢'/€) = (7.4%£5.2+£2.9) x 10* } Re (¢'/¢) = (23.0£4.1£5.1) x 10*
* total uncertainty 6.0 x 10 * total uncertainty 6.5 x 10
* result compatible with zero * 3.3 o deviation from zero

= New round of experiments
“3d generation”
goal: measure Re (¢'/€) to precision of 1-2 x 10

V‘V

SHiP

Search for Hidden Particles
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NUST MISIS, Russia, Moscow

KTeV at Fermilab (1996-99)

Setup similar to E731, but significant improvements in details

* more intense beams to
collect more statistics

« K, regenerator switched

between the two beams
once every minute

 more precise detectors for
better background rejection

 in particular, Csl calorimeter
with excellent energy resolution

magnet muon detectors

photon vetos Csl
20 cm - calorimeter
f
decay region |
1
K, beams I vacuum wmdow '
regenerator | /n/ /
\ | / I
trigger
drift chambers - hodoscope
| 1 | 1 | | | 1
120 140 160 180
distance from target [m]
Signal with

. Improved resclution

Better resolution — narrower signal window
— less background in signal window
— smaller uncertainty from background subtraction

Hurnber of events

MISIS/D

Nt IU rsity of
dT chnology
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' NA48 at CERN (1997-2001)

Simultaneous measurement of K _and K.

Kg target

\ Farrosan .
AKS |

7.2cm “i

— |

ko)
j
-4
- |
N |
: |
—
3
(e’
L%
I | | |
I | | |

._1 r J
A i ! | == |

SO N D

F Decay region
Bent crysta - o O <]
£ O £ET B
EE SE  LE
L — ﬂ f—t p—
28 ©38 c 8

~11dm
= =g =
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Simultaneous measurement of K and K

same proton beam on
K and K targets

- I _— |

I
(Bent crvsiu! !

Defininig
collimator

t
X
o
3

NUST MISIS, Russia, Moscow

NA48 at CERN (1997-2001)

l | ]

|

| .

Decay region
> 5 5
.E O o}
FE gE
0 9 & 9

~]11dm
in- —uf -
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NUST MISIS, Russia, Moscow

NA48 at CERN (1997-2001)

Simultaneous measurement of K _and K.

proton “tagger”
to distinguish between I SO -

K, and KS events /‘l.
| hoger |
p‘x _11 [ | ‘
Al I 4

———— =z [

2 F Decay region
Bent crysta - o O <]
= © £ET B
£EE EE SE
L ﬂ — —
28 ©38 i 8
~126m ~114dm
fin= =ag} =

EARS |3
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NUST MISIS, Russia, Moscow

NA48 at CERN (1997-2001)

Simultaneous measurement of K _and K.

K| decays

Kg decays

same decay region
for K and K, events

F Decay region
Bent crysta - O S
T O £ 9 o
eE GE i
88 ©8 £38
~126m ~11dm
==l fin~ =—ag} =
100! MISIS/@ e:g University of

National University of
Science and Technology
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NUST MISIS, Russia, Moscow

NA48 at CERN (1997-2001)

Simultaneous measurement of K _and K.

K, and K, beams ‘@ Ks decays
converging towards I

K| decays

detectorvolume = | mil aks/
I _ |
p‘x _11 || ‘
Al I 4
P

Bent crysta

Decay region

Defininig
collimator
collimator

Final

~114m

fin~ =—ag} =

t

X
o
3

H
]

EARS |3
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NUST MISIS, Russia, Moscow

KL and KS Beams

Similar momentum spectra Intensities equal to a few %

* important because detector * important because overlapping
acceptance and reconstruction events in the detector can cause
efficiency depend on momenta efficiency losses

x 102
w 40000 2500 r ~— 0.012 -
® C 0_0 - to 3 B --"'".:f.T::;sa:;w*ﬁ“ﬁwgmwm;h’:gﬁ‘ﬂ*mmm*‘
g 20000 } KL — I Tl:. s 2000 ;*E(L —T TE Z 0.01 : _;—:‘,::-,:-1.
E_ L -98+99 1500 - v 0.008 - =
@ 20000 | . 0.006 Kg
I - 1000 | F - . K,
2 10000 - 0.004 E
2 - ¥ 500 ¢ 0.002 -
2 ; C L L L :P'Illlll\l‘lll\||||I|\I\I|IIII||||||\||||||II‘I\||
5 0,80 100120 140 760 , 50 100 120 140 160 00 025 05 075 1 125 15 175 2 225 25
o * 107 Kaon energy (GeV) * 10 Kaon energy (GeV) time in spill (s)
E 2000 [ 5510000 . A LA
3 - Kg—>nn - Ks—omn S 12f
© 1500 | 8000 ¥ g K/K,
2 - 5000 M AT, = s
= 1000 £ 1 Fy " ”+:+++++Jr + 4+ 44 4 phhe
O . 4000 F B AT byt Fhi +++H++_+ 7 ++++++++ T
Z r : 0.9F
500 ¢ 52000 © 0l
C 80 100120 140760 O 80 100120 140160 07 02505 075 T 125 15 175 2 225 25
Kaon energy (GeV) Kaon energy (GeV) time in spill (s)
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NUST MISIS, Russia, Moscow

Detector

Simultaneous measurement of x*x~ and n%x°

Muon-veto:sylem Liquid-Kr electromagnetic calorimeter:

RS Hadron i
iauid kypton catorimeiz> 4 position and energy of photons

Hodesgas from K— n%(—yy)n%(—yy) decays

Drift chamber 4

Drift chambers + dipole magnet:
direction and momentum of
charged pions from K— " m~

Kinematic reconstruction
| of Kaon momentum and
- . Kaon decay vertex

Veto counters to suppress
background decays

ooooooooooooooo ‘“ f : f . °
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Detector
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NUST MISIS, Russia, Moscow

Electromagnetic Calorimeter

10 m® of liquid Krypton (at 7 = 120 K) as converter and detection medium

+ 4_8 mrad

« 27 X, thick = electromagnetic showers contained to >99%

* 13'500 readout cells, defined by Cu-Be ribbons

* 3000 V between electrodes to collect charges
generated by ionization in the LKr

* “accordeon structure” to improve

homogeneity of response
—-2cmx2cm cell

* excellent energy resolution t + * cathodes
anodes

* almost as good as Csl in KTeV
* excellent time resolution
* better than 250 ps

* will see later why this is important

MISIS/D

Nt IU rsity of
dT chnology
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NUST MISIS, Russia, Moscow

K — n®®® Reconstruction

Select events with four y-clusters in the calorimeter

measure cluster positions (x,y)) and energies (E)

 assume that the 4y come from a Kaon decay
* |.e. assume invariant mass is equal to Kaon mass
calculate decay vertex position along beam axis

2
A X,EEr
mK
» calculate 2y invariant mass for all pairs of clusters o
VEE.r? i
M; = Myy; = —'D' - E;;SB
s,

g

calculate combined compatibility with the n° mass,
select best combination, cut to reject background

M, + My, — zmn")z + M- M,

0“M1z'*'Ma.4 0“M12_Ms4

&%
o

0.134

2 0.132

o

MISIS/:.))

National University of
Science and Technology

P S T T T Y S N S
0.136 0.138 £.14

M(y,7,) (GeV/c")
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NUST MISIS, Russia, Moscow

Dipole Spectrometer

Typical setup of a fixed-target experiment

e four planar drift chambers

* two before and two after a 0.83 Tm dipole magnet

Kaon Decay

* each chamber four detection layers \

* wires vertical, horizontal, +45°, —45° e

e each detection layer: two staggered wire planes

VIEWV

VIEW U
VIEWY
A AN MBS 15 mm field wires
// \\
1a N X X X x/ \x X X
. . . . [} 1 6 mm gra:gh;:f- ;;?; ed
X X X X X X X Y
¢y 6 mm ¢
N L X X X X X X
[ ] [ ] [ ] [ ] [ ] [ ] L ]
X X X x I x I x
1 con
| [~ \/‘
1 NA48 \Y // sense wires
CHAMBER BEAMS Beam direction
120 cm

'?L!?'@
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Dipole Spectrometer

Drift chambers embedded in a 23 m long, 2.8 m @ Helium tank

Muon veto sytem
Hadron calorimeter
Liquid krypton calorimeter

* to minimize multiple scattering of the n*
* multiple scattering deteriorates momentum resolution

* inside this tank: vacuum beam pipe for the kaon beam
* wall as thin as possible to minimize multiple scattering
* initially aluminum, then replaced by carbon fibre
* suddenly imploded after 2 years of operation

 drift chambers destroyed, had to be rebuilt

MMMMMMMMMMMMMMMMM
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K — tt m~ Reconstruction

Select events with two reconstructed tracks °
* reconstruct position of Kaon decay vertex from
track segments upstream of dipole magnet |
e transverse vertex resolution ~ 2 mm o
o . . T “‘K WL B
- sufficient to separate K and K, vertices N ik Ziem)
—> bUt used Only in CrOSS CheCkS (See Iater Slide) _10—5;|D||IDHIEISDID”{DD‘DI I1IEDIDI IZIDDIDHZIEDID‘ IS:DDIDI ISIED‘DI I4IDDIDI I4IEDD
* reconstruct momenta from bending in magnet 21o% =25 MeV
* assume n* mass for both tracks, calculate 5000 |- + 2001 <« rebuilt
invariant mass and Kaon momentum w000 | - 98+99| original
 cut on kinematic variables 3000
to reject background 2000 |
1000 —
0 5iE 049 05 57

M{ﬁ?’)s(‘eew.:"‘-)
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Trigger

Requirements

* fast response, good background rejection

» efficiency >99%
to minimize systematics

* no deadtime \
between n’z’ and w'n”

 well understood response to “accidentals”

Implementation

« custom-made electronics boards
 fully pipelined to avoid dead time
 novel at the time

* design specs for n'n” implementation ) =~ 1.3 % inefficiency
made slightly too optimistic assumptions ~ 0.3 % deadtime

on hit multiplicities in wire chambers — source of systematic

« FPGAs were very expensive at the time ) uncertainty

MISIS/D
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“Accidental Activity”

Inefficiencies due to accidental coincidences

o

=]

&
T

= K T

* cause systematic effect if losses are
different for x*n~ vs x’x® or for K| vs Kg

[N T o ol

Proba bigty accidental activity
o
5}
T

- difference between K| and K is small by design | ——

Q.01 |

« simultaneous beams = K and K decays always

see the same beam intensity o

" .
Time in spill (s)

oy
=]
]

- difference between n*m~ and a%x° is mainly
due to different trigger dead times

2001 sample ——

ot
=
=

* dead-time conditions are continuously recorded
during data taking

J -

=
o
o

e

—

Event koss from accidentals
®
B
E)

* same dead-time conditions are then applied to all 002 A I

event types by “throwing away” events during - it
the offline reconstruction i T + By

* small loss of statistics but large gain in systematics 0%

MISIS/D 4™ University of
Nt IU rsity of ),.,M,‘,,I-I,H}Pm 5 ZurichUZH !

dTh ology

2 3
Instantane ous Intensity (a.u.)
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K | K, Tagging

To distinguish K decays from K_decays

 measure time difference between
* the event measured in detector
» 1°x°: electromagnetic calorimeter

* xt'n: scintillator hodoscope -~ Decay region
Bent crysta

collimator
collimator

 a proton on its way to the K, target

Defininig
Final

e tagging counter in proton beam

K—=n'n (vertex selected)

« time coincidence = “K_ event” E Tagging Window
- no time coincidence = “K_event”
* need excellent timing resolutions
(200 ps) to keep mis-tag rates small ° Untogged Ke
* for n'n: cross check by comparing Y Ks

with the reconstructed vertex positions e L LR IM |}

Kaon time - nearest proton time (ns)
9
M ISIS/D
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Decay Volumes

Define region along K _and K._beams from which decays are accepted

* most critical: definition of upstream 8 g

limit of K. decay region e Ks ol

S y g 3 1.25
\
: “ ” _\, vetoed by AKS

« dedicated veto counter (“AKS”) ] A
» definition of all other limits: use

reconstructed kaon proper life time

T = ZK/(BKYKC) 0 b
« possible systematic bias on t, due to o
. . . gasnu — E_TDDDD — ._.-".__\. K N Jto Jto
* |ateral dimensions of drift chambers Fo ] S
] ) ] 2500 _ 50000 — i \"\1
* |ateral dimensions of calorimeter ot A
. 1500 — 30000 — _. \\H_\

* absolute energy scale of calorimeter o oo |- .y
* cross check by comparing reconstructed =

z position with known position of AKS © z,[cm] © z,[cm]
100: MISIS/:')) raCh 11" University of
19182018 | sty | SHP \ a5 Zurich™ 42
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Lifetime Weighting

Still need to correct for the very different lifetimes of K _and K

* leads to very different decay vertex distributions along the fiducial region:

 different detector acceptance

= [Tla.
- different illumination of detectors £ "
= —O—
 simulation: causes 10% systematic effect £ HHHH%:HMH
- =t o
on the measured value of double ratio ‘§Gg e Weighted K, data A T
) ) ) ) =8 o Without weighting
o trick: in analysis, weight each K, event
70 80 [0 100 110 120 130 140 120 160 170
Kaon energy {(GeV)
-k
w = exp — : —
P Bk ¥xC Ts T
* results in similar “effective” decay time e oK,
distribution for K as for K| o éﬂot weighted
10 _— |’<
* increase statistical uncertainty by = 35% Je—AKS Pos,t,oﬂ o
L. . . -0.5 a 05 2 2.5 3

but large gain in systematlc uncertainty Reconstrctad proper time (c7s)
00! MISIS/D i) University of
982008 | e | SHP @y Lurich™ n
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Lifetime Weighting

lllustration: effect on “effective” detector illumination

* n’n°: radial cluster positions * w'rw: radial position of innermost
in electromagnetic calorimeter hits in 15tdrift chamber
100 < Kaon Energy <110 GeV 100 < Kaon Energy < 110 GeV
T 002 [ .k, S : e .k
%0015 i. . ELweighiod % 0.1 __ . EL“igth
Z 001 | . € 005 | S
™0.005 | r s
0:||||||||||||||||||||||||||||||||||||||||||||||| 0 L L1 L1 L1 I R |
20 30 40 50 60 70 80 90 100 110 4 15 20 25 30 39 40 45
il Ks /K unweighted 3 E Ks /K, unweighted
1.2 = .ulum'n‘o'o.““‘““. " -3
1 ;_ ...-.""""""'"".'.'-.'“...“' Z2 F g
0.8 £ n =
20 30 40 50 60 70 &0 90 100 110 4 15 20 25 30 35 40 45
14 — . s DATA i H s DATA
10 E Ks /K weighted e 3 - Ks /K, weighted e
1 . = e " ®, ® 2 ;
04 £ 1
U8 B v o s o s oo s oo tom s e i s s v e A-TEEXESEESS EEEENERES EED EREEENR
20 30 40 50 60 70 &0 90 100 110 15 20 25 30 335 040 . 45
Photon radius at LKr (em) for K’ — n'n’ Rmin at drift chamber 1 (cm) for K' — n'n
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Summary of all corrections applied to
the raw value of the double ratio:

* all in units of 10*
 statistical uncertainties in green
* systematic uncertainties in red

 sum of all corrections is smaller than
the deviation of the double ratio
from unity

Final result:

NUST MISIS, Russia, Moscow

Corrections and Systematics

2001 98-99
77w background 14.2 + 3.0 16.9 + 3.0
m071° background <5 16 == &1 259 &+ 2.0
beam scattering -8.8 £ 2.0 -9.6 £ 2.0
Tagging inefficiency o &1 s+ 34
Accidental tagging 6.9+ 2.8 8.3 4+ 34
7T~ scale + 2.8 2.0 = 2.8
7070 scale + 83 + 5.8
AKS inefficiency L2 +: 0.3 1.1 +04
Acceptance 21.9 &= &5 6.7 == 4.1
+ 4.0 + 4.0
777~ trigger 524 3.6 3.6 +5.2
Accidental activity
intensity diff. i<l I | + 3.0
illumination diff. + 3.0 +: 3.0
Ks in time activity i 1.0 s 140
Total +35.0 £6.5 | +35.9 £ 8.1
+ 9.0 + 9.6

R=1-(1.169 £ 0.147)% + (0.350 £ 0.111)%

J
v 4

> 4

Y
result before corrections
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Cross Checks

Study stability of result against various parameters, e.g.

e calculate the double ratio in bins * calculate Re (g'/€) separately
of the reconstructed kaon energy for different run periods
x 107
g M o 30
= R
o i no data in 2000:
E 25 rebuilding
& 1.05 - drift chambers

0.95 -

0g L I - I - l : ' - ' - I | | | | |
80 100 120 140 160 < 1997 1993 1999 2000 2001
Kaon Energy {GeV) year of data taking
M ISIS/D

Nt IU rsity of
dT chnology
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Cross Checks

Recalculate double ratio for different values of the selection cuts

total syst. error

Cg- 11.5em
Cg< 7 em

AM < 4a

AM_<2a |
p2< soxta?

p2< 1.5xta?
v < 17.1
12 < 8.9
1< &8,
<281,
tagging window + 2.5 ns
tagging window * 1.5 ns
accepl QX dead time
accep! MBX dead time
reject DCH-ovif + 234 ns
reject DCH-ovif + 350 ng
no exira elusters inn'n
no Ke/Ki intensity waighting
¥ radivs = 20 em H
frack radiys = 20 em
mom. asym. < 0.2
no mom. asym. cul
ingoing tracks
oulgoing tracks | ———%— | |
=20 -10 (4] 10 20 30

Beam Halo

Charg. Backg.

Neut. Backg.

Energy scale

Tagging

Accidentals

'$'}‘.E”.ihifii"£*!'

Estimated systermatic
= for correction under test
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Final Results

NA48 (data taking 1997-2001, final result announced in 2002)

E Re ('/c) = (14.7£2.2) x 10 }

KTeV (data taking 1996-1999, final result announced in 2009)

E Re (¢'/e) = (19.2£2.1) x 10* }

g'/e # 0 was an important milestone
* ruled out alternative models of CP violation (e.g. new “Superweak” interaction)

unfortunately large theoretical uncertainties on Standard Model prediction
* do not learn much about the Standard Model parameters, p and n
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Final Results

This might actually be changing
due to improved precision In
lattice-QCD calculations

N
unfortunately large theoretical uncertainties on Standard Model prediction

* do not learn much about the Standard Model parameters, p and n
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Other Neutral Meson Systems

B°B° and BB ° systems d uct b
o +1 — 0
* significant mixing and CP violation B w-. W B
: >
predicted and observed b u.c.t d
e one of the main research topics in LHCb
* many decay channels, many observables, 3 u,c,t b
. . g « T « T «
precise theory predictions 0 Wii EW* B0
* allows precision tests of the Standard Model S N S
D°D° system b u,c,t s
* mixing and CP violation predicted u d,s,b c
to be very small _, T T - .
- also studied in LHCb b= w- w- D
* mixing has been observed :: d,:‘,b TJ

e CP violation has not yet been observed
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Unitarity Triangle
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Unitarity Triangle
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The slides of this lecture are available at

http://www.physik.uzh.ch/~olafs/pdf/190220 MISIS.pdf
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