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Summary of Lecture 3

= K% and K° mesons are not mass eigenstates; K and K, are mass eigenstates
= K, mesons discovered at Brookhaven Laboratory

= 3 K will oscillate into a K® and vice versa

= neutral K mesons produced in ¢ decay are ~100% “quantum correlated”

= K mesons are “regenerated” when a K| passes through matter

* Discovery of K, 2>m*n” decays proved that CP symmetry is violated

ilmM,, + 5 ImI]
o . . — C o -3 — 12 2 12
Measurements consistent with K =K, + £K;; €= 2.2x10> ¢ (M, —M,)- ‘T, +T)

* Phase of £ consistent with CPV originating _  ilmM,, + I
from short-distance Mass-Matrix terms (M, -My)— 5T +T))

* Many beautiful, high-statistics measurements of CPV interference effects reported



Question from lecture 3

how do we measure time?
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infer time from distance

d=vt=Bct,>t=d/Bc

CPLEAR
— this is the time in the lab frame

time in K° rest frame is,T=t/y

=

“proper time”

t=d/yBc=m,d/p
(YBe=p/my)

proper time distance
interval interval

At=(my/py)A

decay probabilty in Ad = At/



comment on widths, lifetimes,
branching factions, partial widths

branching fraction

# of P — xyz decays
Bf (P —>xyz) = 0= =

all P deccays

Y Bf(P-oi)=1

i—all modes

T'=total partial width

wisth p _ 1 Fm:Bf(P%xyz)xF:Bf(Pr_)xyZ)

T T these are what theories calculate

t=lifetime
| r= » T,
we use units where [1=c=1 i—all modes




example: K¢ & K, mesons

Kk DECAY MODES Fraction (I'j/I) K DECAY MODES Fraction (I';/T)
Hadronic modes Semileptonic modes
'Jr‘j_rr[}_ (30.69+0.05) % ateFuy, (6] (40.55 =0.11 )%
T (69.20+0.08) % Called KGE.
Semileptonic modes 7t uTu, [e] (27.04 £0.07 )%
7t etu, lp] ( T0a+0.08) % 104 Hadronic modes
30 (19.52 +0.12 )%
Mean life T = (0.8954 + 0.0004) x 10~ 10 s o w0 (12.54 +0.05 )%
total widths Mean life 7 = (5.116 &+ 0.021) x 10~8 s
22 0 6.58x10*?MecVs
r - 0 _6.58x10 Nf;eVs —735%10 2MeV I, =——-= ——=128x10"MeV
T, 0.895x10 s T 5.12x10s

partial widths
I =Bf (K, > nev)xI', =0.52x10 "MeV T’ = Bf(K, > nev)xI',, =0.52x10 “"MeV

Ks—ymev KL ymev

although Bf(K;>mev)<<Bf(K >mev), the partial widths are equal



units when h=c=1

mass, energy & momentum units are MeV (sometimes GeV)

length and time units are MeV-!

in “normal” units:

a 1 MeV1 length unit = [Ic/l MeV =197 fm =197 x 10 "cm

& a 1 MeV-! time unit = [I/l MeV =6.58 x 10 **s



Comments on choice of C

-- my choice for (Cvalues --

C, P & (P formand K mesons

Input: (*=1 and (|z°) = +|7°)

-- others (mostly theorist’s) choices --

C, P & (P forwand K mesons

Particle

Particle | p C P

) 1 ) )

B) 1 +| %) -| %)

) 1 +) )

1K) 1 +1K) 1K)

[K?) 1 +K%) -|K°)

T<O) 1 +K) -[K9)

3 1 +[K) -[K*)
k) =5(K°)+|K°)) = cPeven
K,)=%5(k°)-|K®)) < cPodd

ce(nr|A|K°) =+{nr| 4’ |K°)

P C CP

N B ™

[ %) -1 |70 -|7®)

) 1 i) )

[K*) -1 [K) -1K)

RERE ) +R)

<) . -1K) +1K9)

1K) 1 +IK) -[K*)
K,)= %(‘K()) — ‘I?O» & (Peven
K,)=5(k°)+|K°)) < cPodd

C@<7r7r|ﬁ‘K°> = —(mrIﬁ*‘I?O)

Physics stays the same (of course)



Superweak model for CPV?

K,) = (|K,)+elK,)) - mMat I

ikl (M, -M)— (T +T,)

CPV is very small, ~103G.2: is there a new “superweak,” very
short-ranged AS=2 interaction that directly couples K° to K°?

via off—shell states,
weak box—diagram

I

Lincoln Waolfenstein \“\_______
1 ___..--"‘!
pul 07

via on—shell states,
P=f == p’

This interaction has a coupling strength ~101° G, and is only

strong enough to produce ImM,,, i.e. & and nothing else. It
is seen in K, decay because AM, (<1012 MeV) is so small.



Decay of the K|

CP odd CP even

1+e| aé
0K &
“% oK X
' or °n'n’ ' oor m'm
CP odd CP even

s there a direct decay Kqp_o4q to ™ or n0n0?

The Superweak model says no!



N..and ny, with direct decays

(wr K, _ (xn HK,) el k) (w|HIK)

n..=

(fc"';rc‘ ‘H|KS) - (:rc"':.'r‘ ‘H‘KJ —ET <ﬂ'+ﬂ'_ |H|K1>
_ <:*r“:n:” |H‘KL> _ <:ﬂ:“ﬂ:“ |H‘K2>+E<?’EGIEG|H|KI> . <IEG?EG‘H‘K2>
oo = (x“n”‘H‘KS) - <3'ED.TEG ‘H‘KJ B (?IDR'D ‘H|K1>
If Superweak is correct, and (z*n |HIK,) (n"n°|H|K,)
there are no direct CPV terms: <7r+7r_ ‘H|K1> =0 and <n‘07r0 ‘H|K1> -

_ e _(w'r|HK,)/(ma|HIK)
Then n._=¢& & Ny =€ - - <n’0n'9 |H|KL>/<7L'07EO |H‘KS> =1




Predictions of Superweak model

All CPV is due to influence of € no other measureable results

2
n..| K, »>n'n)/IK;, >n'n")
N =Ny =6 R= = 0.0 N
Moo K, »n'n)/I(K;, ->m'm)
(2AM )
phases of 77,_and 77,,, ¢,_and ¢, = arctan ~ 45° < "SW phase"
Al

different ¢+_ measurements

: . SW phase

._ (degrees)

¢

5250 5300
My, - M (106hs™)



direct K, >ntrt effects nrn & w70 differently

since we use CP(K%)=-K°
(mr; 1 ZO‘H‘KC’) =Ae”  (mml :0‘[—[‘[?0) — L/A;eh‘ﬁo
(st =K = A (st =2lH[R") = Al

l?ebsch—Gordon coefficients

)= 2|7l = 0)+ /Y| am T =2) 1) = LA I = 0)+ 2| 7wl = 2)

(wn 1K) = |77 [HIK )+ (a7 |HIK")] (n'n’H|K,) = 5 [(n°z’|H[K") - (z°n° |H|K")]
=4 (V3 (4, - 4)e™ +[5(4, - A)e™ = L (54— A)e™ + /24, - A)e™ )
=iy/3(+V2ImAe™ +ImAe™) =iy3(~ImAe™ +2ImA,e™)

(w7 H|K,) =/}(V2Re Ae™ +Re A,e™) (n°n°|H|K,) = /3(~Re Aje™ +\2Re A,e™)

Physics is in the difference between A, & A, phases. It is customary” to chose A, to be real
<71'+7r‘H‘ = '\/zlmf]2‘c,""52 <7r°7r°‘H‘ = \/IIm Aze'ﬁ’-

)
(n*:r“H‘ \one L1+ Re::: e a)} <”o”o‘H‘ \/_Ao L \/55::142 (8,5 J

*T. T. Wu and €. N, Yang, Phys. Rev. Lett, 13, 380 [1964)



<7r+7r‘H‘ \fImAfe' from previous
Az \ slide <ﬂ0EO‘H‘K2>:i\/§ImA2eiSZ
Re
(w'n | H|K,) = [t 4,e" L1+ & N ol V2Re4 )

4 )

\\ V24
define: , i ImA4 o150 ReAzei(rSz—Jo)

g:\E 7 =
(o) . NERlHK) o

<7r°7r° ‘ H‘ K1> = \/%Aoe"s" —1+
' L

<7[+7z'_‘H‘Kl>_l+\IEa) <7Z'07Z'0‘H‘Kl>_ 1_\/5(0
Al=1/2 rule > _Red, \/Bf(K*—m*fr")rKS _ [021x0.lns 1
ol = 4 JBf(K, > 7' m ), ~V069x12ns = 22
<72‘+7z'_‘H‘ K2> q g <7r°7r°‘H|K2 L
<7r+7r_ ‘ H‘ K1> <7r°7r0‘ H‘ K

n =c+¢&' €—— different —> Mo =€~ ¢!



Al=1/2 rule

K DECAY MODES Fraction (I, /) K+ DECAY MODES Fraction (I";/T)
Hadronic modes
o0 modes 15)°% ) Hadronic modes
il 69+0. . at ( 20.67 +0.08 )%
T (69.20=0.05) % at 7050 ( 1.760+0.023) %
Semileptonic modes atata— ( 5.583+0.024) %

T etu, [p] ( Toa+0.08) « 104

Mean life 7 = (1.2380 + 0.0020) x 10~ % s
Mean life ~ = (0.8954 £ 0.0004) x 10710 5

- + + .0
_BHKomm )=5-1x10—12MeV Lo .= R 277) 5 4x10°Mev
ES—satm TKS K >»>nrrm T N
L 0450xC .
Ks—>n'n K'>n'n
phase space is same for both modes
2 2
oC
x4+ ‘ phase space | R |s‘p1:12—‘z phase space

Ispin=0 Ispin=2
- L T
TR T

= A ~4504, n 224, Ko lrT ) a ot

K' > (x*:r" )H <Al =2 disfavored



direct CP violation double asymmetry

If there are direct CP violations:

FK—)ﬂ'JZ')

L

| = 52‘1+ 5'/g|2 s 52(1+2Re5'/5)

=

K >rnr

(

( )"
F(K - 7r°7r°)

( )

7

L

I'K,»>z'7n

‘1]00‘ —|5 25| =& ‘1 25/5‘ RE (1 4Re5/5)

T(K,»>n'n)IT(Kg>n'n7) 1+2Reé/e
(K, > z'7")IT(K; > n°2°) 1-4Reé'/¢

~1+6Ree/¢

precision measurements of K, 27’ are very important



Quest for K, >nnt°

_|_
”Easy” Tc
distinguishable tracks
0 + ot
_———— |_(_?7_T_7t_ - clean vertex
op~0.2%p
Tt
=
Hard! _ 1. _
P v matching ambiguities
KO- 7070 no",,—’ ———— 4 no well defined vertex
------------ 0. Y SE~5%/VE
/ T ===l ___ é
unmeasurable \‘~\\
decay paths TS~ gets better at

E high energy



15t attempt by Cronin

oy ) dN,}, dN’J’ _ Py,
Exploit kinematics  for yrays: = , where p,. is the momentum 4 0
dp, dE_, T
component perpendicular to the beam direction
g
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Trigger on one y-ray with P;:>160 MeV

Measure angle and energy of one
y-ray well; directions of other 3 y’s

C cownters
5
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Figure 13: Spectrometer at PPA for the measurement of the v-ray spectrum from K decay
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J. Cronin

J. Pilcher
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£

-

~
GHT

WE

EVENTS

400 | a)
300
200 |

100}

b)

400

results

REGENERATOR
660 REAL EVENTS

g B 4

X : =
400 500 600

MASS (Mevrel)

VACUUM
130 EVENTS

4 r—
500 » 600
MASS (MeVic )

00
Ks>7m K, 2> n0r°
signal signal
C) REGENERATOR
m .
L2t
- |
Lid |
=
Lt |0|e
W) - |
A - — " - = e . A A = ]
160 200 240 60 200 240
TRANSVERSE MOMENTUM TRANSVERSE MOMENTUM
[ Me\ie) (Meviic)
€) REGENERATOR [ - f) vacuum n
r 40|*
| |
300 | 30!'
=
i
Z
by I-IEl ?Or
@
10 ¢
1,0 0o 0 .0 ) w0
COSINE OF w° OPENING ANGLE COSINE OF »° OPENING ANGLE

IN./Moyl? =1.0310.07 < Phys. Rev. 188, 2033 (1969)

7% precision



The early measurements

3100 r°r® events
all results are consistent with £'=0

.............................................. .
-
0.03

Princeton (72 o d\\

) -
D 5“?6(‘\,\‘ Q’O\k / 1% precision
\ ~£ CERN (72) | BNL|(77)




1989 on hon-zero measurement of &

After 1 submitted my paper to

Physical Review Letters I received a reluctant acceptance from the
referee who objected that my paper made no predictions. What he
really meant was that the superweak theory predicted nothing; that is,
nothing else would be found beyond the parameter € in the K° system.

Unfnrtunptely, this prediction has proven all too true.

L. Wolfenstein (1989)

I \
Lincoln Wolfenstein



Go to higher energy

US: E731 at Fermilab

Europe: NA-31 at CERN
LHC

North Area .




NA31 (CERN) 1%t “evidence” for £’20
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E731 (Fermilab) finds £€’=consistent with O

8,

Re[—) =(74+60)x10™
€ B, C HNOsCorrs, LEAD wWalL

LEAD GLASS

PHOTON FETOES

HII‘E
.H S TR

DECAY
2 beams with \ [ |

a regenerator d\ ] \ !
that moves / @ \ |
L[.I-I:I nisJ HEEEI-EMIM L rargss VACTUM DAIFT CAAM '

I:I|
! PLANE ViNDOw PHOTON YE1DES

Lo 130 120 1 |15 EL L |180 jL%0
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Big Controversy

In any case, while the average is well within the range ex-
E73 1 ° pected in the standard model, the evidence for a nonzero
effect is less than two standard deviations.

Re(g’/g) = (7.4+6.0)- 1074 B |

NU f dis JOFQ The NA3L result is more interesting in that it tends to disagree with the latest
predictions from the Standard Model, On the other hand, the ET31 result is

in the range Tavored by the Standard Model and as well it doesn't quite rule
out the Superweak Model (Re«r = 0) with any confidence. The results differ
by about two standard deviations, nevertheless, the conclusions are sufficiently
different that it would not be appropriate to average the results prior to the
establishment of a non-zero effect.

The E731 result does not confirm the non-zero result of NA31 nor does it FSEFl I

significantly disagree with it. s0 that we cannot as yet claim that d:erccl EF‘ vmlatmn is
established.
What are we to conclude from these experiments? The most important con- [° §

clusion Is that_they must be continued 1o stil! higher pccurgoy, The point is
not to find the exact value of ¢: the point is to make absolutely sure that £ s

non-rerc, Tne NA3]L experiment has wounded the superweak theory. The time
has come to really kill it

F
' However, a result consistent with zero will not rule out ( ’ ) -— - ( - ) . -4
the standard model, because of the uncertaintics in the RE E !E 23'0 6' 5 1 0

prediction.

Inconsistent with

NA31
superweak



e'=0? or €'# 07, that is the question

60 -
MU anyway, £ 1s small enough
> Woads for us to say €~ ¢
4 Burkhardr
: NA31
5 i
30 T
| Barr
= M NA31+
w |
5
5 — Gibbons
&= E731 ,l
0
Ll
-10 Patterson
E731
-20

F988 19940 1993 1999 2001 2002 2003



Experimental goal

Measure:

K, »rn'n)/IT(Ky >n'n)

ER_ 0,0 0,0
K, »nn)/I(K;, >n'm)

with =+ 0.1% precision



The NA-48 experiment at CERN

Muon veto sytem
Hadron calorimeter
Liquid krypton calorimeter

Hodoscope

Drift chamber 4
Antl counter 7

Helium tank
Drift chamber 3

Magnet

Drift chamber 2
Anti counter &




NA48: K, and K, beams simultaneously

. Ks: yBet ~3.5m
—  |SPS spill length : 2.38 s Kanticounter ~ ForEy ~70GeV, .= P = oL
= L: YBet~ 2.
e Cycle time : 14.4 5 Ks (AKS) .
’g Proton momentum : 450 GeV/c T‘“’gl‘*t :
Lﬂ| Ks |
- £ KLT arget !3/
E I
wy l
= |

e ShEee =
................... -
Muon sweeping :
Bent / / . S
cristal / : i
Last collimator : E"
Ks tagging station |
SEE Decay Region :
(~3.10 Tprutﬂns per spill) (~ 40 m lﬂllg) ]
~120 m ~120 m S
- : :

are distinguished from K;, by tagging the protons upstream of
their production target.



Ks and K| signatures

. + K, Vertex
10 T selected

10
1 EJ 1 I | 1L I. L 1 L 1 I 1 L

=10 ] 10
M(ns) At(ns)
10°
10 0_0 E 0_0
E o E T
ICI'EE—
10 =
10 -
1
1EIIIIJIL|LILIIII EIII!I_IJI|]
=10 Q 10 —-10 0 10
M(ns) AMt(ns)

Event time — proton beam counter time



K=>101t0 events

Krs — 210 — 4y

Find the value of D that
gives the correct M value

10

M_2) (GeVic?)

10

0.135 0.14 ’ %.13 0.135 0.14
M_ (1) (GeV/c?) M. (1) (GeVic?)




K= 110 event selection
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K=>7mtm detection

X 10 2

1600 ;_ .................... {\ .................... 80000 ;
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K=t selection
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Problem: different decay-time

distributions

Reconstructed Vertex z Distributions

D_IIII|IIII.IIIII|.IIII|III
110 120 130 140 150 160

Vertex z position (m)

270000
60000 |
50000 [
40000 |
30000 | K, - o

20000 |

10000 F

0
T

I.IJI.JJI.JLL]L'.]Llll.lll

0k
110 120 130 140 150 160

Vertex z position (m)

from KTeV
x 103

110 120 130 140 150
Vertex z position (m)
x 10 2

160

lllllll—llllllJlI

110 120 130 140 150

Vertex z position (m)

160

Ideally, efficiency corrections
cancel out in the ratios:

K, »n'n)/T(K; »n'n)

(K, >n'n")/TK, ->r°r’)
However, because of the
differences in the decay vertex
distributions, these
cancellations are not so
effective.



Determining the R (double ratlo)

S |.;-n FE LR S r

! R

i
My T @ agee T

cexlinrmat o = ",
e e e s sl S c et

L

o FRey- T S e rmatic Eayaoast oofF Thee P =1 S s rea RS s Chhaamisasc 1 erErm Ccihamnmibasr 2

Consider a slice of decay volume, Az, at z;. and a range of K momentum Ap; at p; :

numbers of K, L(S) in
(Az,Ap)) during
efficiencies the expe

this is A1/t

decay branching fraction
probablllty for

numbers of to this channel

detected events

Nis) @:P))

this is 00(+-) spe{;fic;

same for K, &K this is K, & K specific " NLO(()E,T) z,Dp,)
00(+) _ ~00(+) 1-*( N (7[7[) (=) J
€ =& (Zupj) same for 00(+-) I(S) £0000) [7L(S)
d’n M Az, g ¥
F/O == 40, p Az dp,

Y dudp Pty

tot



Low statistics experiments

Compute £%°+)(z,p) with Montecarlo;
Determine F (z,p) from K 2> 1t*rtm® decays + Monte Carlo, etc

Weight events
00(+—)

<
Determine: I—(KL(S) _)(nn-)oo('f'—))zz L(S) ( tp )

00(+) 7= 00(+)
i 81-]- F.

Make ratios

Systematic errors are dominated by MC, but are smaller than statistical errors



High statistics experiments (+-)

~ l'(KJL —Mr"'s'r")
- I'(KS —m'*':r'r‘)

measure 9{1; -

Z;

|
;:I

k

e -
=K, ——>ITIT
o

1
i i 1 - i i N Ll i a Il IlIJ | | i l i i | B B

e
Op

120 130 1 <O 1 S0
“Wertew = positiomn (rxa)

for events with vertices in the small region Az,,Ap,

N,(K, »r'n)

G- K, »n'n”) ~ e Fr
i NK; »n'n) - N,(Ks —»n'n)
g F;

. FNyK, —n'n)
" FIN,(K; —>n'n")

16O efficiencies cancel



Efficiency weighting (00)

00 r(KL _}HOH‘-G) . . . .
measure R’ = -y for events with vertices in the same region Az,
I'(KS —=an )
Z.

| 0.0
(K, %)

L 0,0 00 ;o L

SROOZI—(KL —>7£7t): SUEJ
" MKy —-n'n’) N,(K; >n'n)

00§

& by

00 EfNij (KL %”071.0)
v FiN,(Ks; —>n’n’)

efficiencies cancel

KL% :n:‘]:h:ﬂ

|IIII|IIII|IIII|IIIII\III]IIIIIHII III|IlI|III|III|III|III|III|||
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High statistics experiments

make a double ratio: R B Fj Nij(KL —>7£+7r_)/FJ‘- NQ.(KS —>7r+7.r')

tot __
i op00 T 8 0.0 L 0.0

Ry FS-N,(k, >n'n’)/FL N, (K; —>n'n’)
-- beam flux factors cancel --

)

no dependence on efficiency
or beam intensity just count events

o N;(K, —m*:r‘)/Nij(KS ')
i NI.J.(KL —>7t°7r°)/ij(KS —mono)

This results in many (N=2,_,/AzxP, ./Ap?)

tot
independent measurements with no MC EQ‘RU

dependence & small systematic errors combine these to o 1

get the final result:

_ U
9{ﬁnal _ 1 +
Z_ 1
N
Py i Oy

The final statistical error is larger, but the systematic error is smaller



Use “life-time weighting”

W | | | ST | | 1
3] r
g [
f L Important to correct
8,7k | for different decay
g : vertex distributions
=) s J
a
Nt :
E | ]
2.0 Weighted K|
o F :
= ]
-4
0 F E
JRg|<— AKS cut
10 F =
I-I A4 1 a4 I LB 4 i I L 8 i I L 8 i I L & i I L1 &8 i I L1 B J-
-0.5 0 0.5 1 1.5 2 2.5 3 3.9

Reconstructed Lifetime (ctg)



The K1eV Detector 6

MUON FILTERS MUON COUNTERS

LEAD'WALL

Csl CRYSTAL CALORIMETER
HODOSCOPES

DRIFT CHAMBER 4

NN * Charged particle momentum
e =S W BACK-ANT] : 0 .
PN _.:s;fjj-.:E R e resolution < 1% for p>8 GeV/c;
S Momentum scale known to
MAGNET TRD'S (E799)

0.01% from K—n'n~
ummmam\t\_\“ * Csl energy resolution < 1% for

e 8 E, >3 GeV; energy scale known

~\ SPECTROMETER ANTI to 0.05% from K—mev.
HELIUM BAG
[ if
For B, ~ 70 GeV, s+ YBcT~3.5m

\/mmﬁvnos ) KL TBCT“-' 2.2 km
K, +pKs

HEGENEHATDH (EB32)
MASK-ANTI (EB32)

DRIFT CHAMBER 3




Double-beam with active regenerator

N

Beam collimators N
N

active regenerator:

/

2 K, beams

Ky >

Kk, —

10

Y]
%’Q“ 10*

reject incoherent events ™ =

135 140 145 150 155

use K =21t — K21t interference

to measure p

Ky
K, + pKq

} atn or 7°x°
0=0.03




KTEV Event Diggplay

Ausrkpasa‘dataldéidata/posic
ard_2pi0. dat

Bun Number: 6918
Splil Number: 3

Event MNumber: 337734
Trigger Mask: 8

Al Slices

Track and Cluster Info

HCC cluster count: 4

I Xesi YWesi P E
C1: 05621 0.6272 1.44
C2: 02722 0.08368 26.095
C 3: 02656 -0.1320 16.01
C4;-0,4359 -0,2878 8.03

Werlex: 4 clustars

X Y Z
0.1380 -0.0202 152811

Mass=0.40609
Pairing chisq=1.52

B - oooGev
= 1.00 GeV
« 010 GeV
B - 001 GeV

©

=\

Jer

| R ER e

L

e—gt —>|
o

10



KTEV Event Display

Run Number; 8087
Spill Number: 210

Event Mumber: 40284859

Trigger Mask: 1
All Slices

[

Track and Cluster Info

HCC cluster count: 2

ID ¥esi Yesi PorE
T1:-0.4710 03490 -34.088
C2:-:04769 03477 17.30
T2: 0.3155-05218 +10.68
C1: 0.3088 -0.5177 0.44

Wertex: 2 racks

X

01265 0.0232 127122
Mass=0.4994 (assuming pions)
Chisq=0.00 Pt2v=0.000010

O

A Z

- Clustar

% -

. - 10.00 GaV

= 1.00 GeV
- 010 GeV
= 0 GeV
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. NNN NE
R
85 _ Wi
- o -
ot u
= 1T
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1.05;
a5z
02 In:l <
a8 = 1
o | |
= f i
| N I I O A R A A RO A A N D A A N A O Y I A T N I U TN I I U U IR A U I B A |
120 130 ndi 155 160 170 180 180



Invariant Mass Plots

|0 "k " -
E? * Data 10’ . ® Data
07 .- MC 10° .- McC
05} - ] Mcsig | s - 7+ MCsig
|0 4— _.‘* 1 10 4
0 3— S| 100
0%F 102
0 | KL—>R+TIZ_ 10 HKe—1 ™
[T B I B I A B P B B | '
1460 480 500 520 _540 14ED 480 500 520 540
MeVZ/c? ‘MeV/c®
Vac beam n'n” mass Reg beam n"x mass 3 5 " -
r 1IJEt (a) nl:uumnnus
;‘m“t KL—}T[ 7T
Z 103 ! .
Mass resolution is ~1.5 MeV/c? o s | e—e—
0.46 0.48 0.5 052 054
for both decay modes. a P e o
%::5 : {b) Regenerator Beam
‘i 10° “KS—VRO'RO”
£ 10°

0.46 0.48 0.5 0.52 0.34
Recomstrucied imwariant mass (GeWic)




Reweight K, decays to reg. beam distribution.
97 Data

10° ’ — Vacuum (no reweighting)
+ Regenerator 1

IIIHIII| IIIIIUJ IIIII|,|,|,| IlIIIIll| IIIIII|,|,| Illllul

o

10° . — Vacuum (reweighted)
% + Regenerator

I II1II|,|,| ] IIIIIII| ] IIII|,|| ] IIIIII]| IEIII|,|,|,| L E-;

—
o)
o

120 130 140 150
Decay Position (m)



Huge numbers of events

KTeV NA-48

Ké-l R G‘gs,,
Vacuum Beam Reg. Beam 4.8 million °nt® events total

K—ntm- 8,593,988 14,903,532

K—n'n? 2,489,537 4,130,392

~1000x increase over the best pre-1990 experiments



Final €’ results

Re('/e) = (1—|ngo/n+-[)/3
We have neglected terms of order w-Re(€' /¢), where w = Re(Ag)/Re(Ag) =~ 1/22. If
included, this correction would lower Re(e' /) by about 0.04 x 1073, See SOZZI 04.

VALUE [units 103} DOCUMENT 1D TECN  COMMENT

1.66 £0.23 OUR FIT Error includes scale factor of 1.6.
1.68 £0.20 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram

below.
1.92 +0.21 1 ABOUZAID 11 KTEV Assuming CPT 64M 11T evts & 16M non° evts
1.47 +0.22 BATLEY 02 NA48 17M ©t*mt evts & 3.6M 10 evts
0.74 +0.52 £0.29 GIBEONS 938 E731

WEIGHTED AVERAGE
1.6820.20 (Error scaled by 1.4)

Walues above of weighted average, errar,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the same as our 'best’ values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

2

X

—+\- - - - ABOUZAID 1 KTEV 1.3
—+ - |- - BATLEY 02 NA4B 0.8
BARR 930 NA31 0.8

GIBBONS 936 E731 2.5

5.6

(Confidence Level = 0.132)
| 1 1 1 | |

-1 0 1 2 3 4 5

Re(e'/¢) = (1—|nog/n4—)/3




Final €’ results

Burkhards

1988 1990 1993 1999 2000 2002 2003

=11.7+£0.2) x10".



What do the theorists say?

4 Theoretical predictions for Re(¢’/e) generally

below 11073
0.003 ‘
T i
0.002 | F\*E(E';‘JE) = (212 + 4#6) 10—4
\ i |
o.c-m-— +
| |
| A
' |
or ® Dortmund
A Roma
- ®Trieste
0.00], . . L |

Re(e'fe)



g, MN,.and n,, today

Not to scale!!
g’ =0.002¢

Re x10°



CP violating asymmetries in QM

requirements for a CPV-generated particle-antiparticle asymmetry:

1) a process with a non-zero CP phase (5.;) i>f ioF

2) a competing process with the same final state Mcpphase Ocp  -Ocp
M, phase 0., O.m

J) a non-zero commeon (or strong) phase (5_,,,)

0 ,the "common" or "strong" phase,
com

of M ,is the same fori— f and i — f




CPVinK —2>mtn-

Not to scale!!

p? =q* =1
£ =0.002

—e— e e e e e e e e e e e e e e e e e = 2



S-wave it phase shifts




KO> KO KO in pp>KOK T+ (KOK*7U ) (CPLEAR)

Agyrmmatry A, _

B W(fr) — aN(T)
A ) = T T aN ()

common phase

|']?+ |E;( flTS Tfm)cns@ é'l'_) =0,
L+ [ga_Pelr/ms—rimn)

KO —)/7 - A A L A A i 1 s
\ 2 4 6 B 10 12 14 16 18 20
8 _ Am - ™ Newtrol—koon decay time [1,]
com / +
—>- —



direct CP parameter ¢’

j ImAZ common phase
g = .

B4

Not to scale!!
el[1X0.02¢

_8,(1=2)-5,_,(1=0)=-40°

e === >




If it’s not superweak, what is it?



Can CPV fit into the Standard model?

Clue: CPV is seen in strangeness-changing
weak decays.

maybe CPV has something to do with
flavor-changing Weak Interactions



Flavor mixing

&
CP Violation



Three Quarks for Muster Mark

1963: all known strongly interacting
particles are comprised of three basic
constituents: fractionally charged

quarks (and their three anti-qua

partners). @ @
Q
q:+2/3 /u \ proton

q=-1/3 \d ) S @

mr-meson



The elementary particles before 1974

3 MATTER FORCE ;

Ouarks .. .Gau g e Bos

Leptons




Weak Interactions in the 3-quark era

1964--1974
3 quarks: g=+2/3 \ K™ —n'ev 4{
n—pev 4( u N K%
R s enycY M I NYVC T S
K
_ Y, S
g=-1/3

4leptons:  ((a=\ ([ ;1) we
v,N e e A = ILl W G i

e v v, |
L \Vel/ \Tu')




Problems with the Weak Interactions
& the 3-quark model



Ill
(]

1) anomalous quark W.1.“charges”

Strength of the weak interaction, characterized by the
Fermi constant, G, is well measured in muon decays

Fermi Constant >
Ge , G, =1.1663787(6)x10°GeV~
H . e
N
n—pev K —n’ev
same guantity measured for
d->u d- and s-quarks gives different results su
G~ 0.98G, G~ 0.21G,




dl

Cabbibo’s solution: flavor' mixing

Weak Int
flavor state

Ny

mass
eigenstates

:ocdj +ﬁs/

(1,=0.98 u
G
d %“F +S
"W-



Missing neutral currents

2: no flavor-changing “neutral currents” seen.

" Z°
GN K— U
d,u
N
flavor-preserving neutral currents  flavor-changing neutral

(e.g. vN—VvX) are seen currents (e.g. K> I*I-) are
strongly supressed

)
¢

discovered at CERN



GIM soln: Introduce a 4™ quark

2 quark doublets:  -harmed quark

‘u )

N

@4

S

Weak’/

elgenstates

GIM: Glashow, lliopoulis and Maiani

*uw(@\

d,

S/

\ s

elgenstates



d&s are mixed d & s

4-quark
flavor-mixing
matrix

! _ mass
weak .~ \S J \ ﬁ o S}genstates

elgenstates




Mixing matrix must be Unitary

‘o Blo —g) (1 0
B ajf o ) \0 1,

Uu'=1

laf?+[|BP=1 & o*f—ap*=0



W.I. quark spinors

(M) T A
L d" JL 5 J:L ad%+ﬂs—% JL —ﬂd%+as—% J



Charged currents (u-quark)

N\
[ u% |AS|=1

/N
\Old /4 +,BS %J
aGe ~u(c) BG. ulc)
d(s) \\_\ s(d) °~.
W W

G; modified by Ol G modified by [3



Charged currents (c-quark)

e
|AS|=0 ) ) =
"~ ﬂd % + S %/
_BGF\ C aGF C
o o S R

W W

G modified by [3 G modified by O



Flavor preserving Neutral Current

N
app°Gy S |d)=ald)-Als)
d,(s) ZO s)=a|s")+ p|d")

(dld)=(a (@]~ B (s)(cld)-Bs))

+ ‘ﬁ‘ =1 From Unitarity

OK



Flavor changing Neutral Current

(@ B+RG (s d)=a|d)-As)
T 5)=als)+ )

(sld) = (o (5|~ B(@])(cld)+ Bs))
=‘“\2<S'Jo V+a"Bs \ )-Bald|d) s (ds')

— (Ot*ﬁ— ﬁa) =(| From unitarity

GIM-
FCNC forbidden by Unitarity Mechanism




Flavor mixing with 4 quarks

-- 2-dimensional rotation --

(d" (cos(-)c sind.| d
\S‘ y \-sim'ﬁiC costl.| s y

/ mass
s’ t

eigenstates

S
Weak Int _| d’
flavor state | / /
. g



Cabibbo’s flavor mixing revisitd

Weak Int flavor mass

flavor state eigenstates

—ad + s

B=sin0_=0.21

Nicola Cabibbo
1935-2010 O(,—cose =0.98

4 GF/_ aG/ SBG/

N
N
~

\W_
Unitarity: |of? + |B]* = 1 a=cos 0 B =sin 0,
0_=“Cabibbo angle”=12°



short-distance K%K% mixing

K W W~ KO AS=2 process
d | u,.c 3
L 4 O
4-quark world: ' _ Vi Vi |d _ cos@. sinf, [d H |
) \Vy, V,ls) (—sinf. cosf. )s ~=Cabibbo angle
T
W.I. eigenstates mass eigenstates
il VL:; Vud ‘/}F iy
(97> T 9 ——9 > sPIFCNC
Wi Wi W \th

Am;;ld ec GI% (V;Vudf(mu) T chvcdf(mc ))

cosy_sSIing, -cost sinb,
Am! o< G2 ( f(m)-f (mc)) cosBfsinB =~ G,m: cosBsinb

if m_and m_ were equal, GIM mechanism would make AmS,¢ =0




| Am_| =] mKS-mKL\ constrained original
prediction of c-quark mass

Original GIM paper:
PHYSICAL REVIEW D VOLUME 2, NUMBER 7 1 OCTOBER 1970

Weak Interactions with Lepton-Hadron Symmetry*

S. L. Grasmow, J. Iutorouros, ANp L. Marant}
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachuseils 02139
(Received 5 March 1970)

.. from the observed KiK. mass difference we now
conclude that A must be not larger than 3-4 GeV.

m.



Japan physicists knew about the ¢ quark

1971 paper by Nagoya particle physicist
Kiyoshi Niu and colleagues

Prog. Theor. Phys. Vol. 46 (1971), No. 5

A Possible Decay in Flight
of a New Type Particle

Kiyoshi N1U, Eiko MIKUMO
and Yasuko MAEDA¥*

Institute for Nuclear Study
University of Tokyo
*Yokohama National University

August 9, 1971

Number
2 X Projection Y Projection
40
azf 1.38cm A
10_
; 2mm

2k
20
16f v
15F 376cm
14
13F
172r i
1 3
10 /J'

-/

) [+] B C 1 f‘r.' A
E-r‘n {BXC)
Fig. 3(b).
Assumed
decay mode M, GeV T, sec
X—>n04-n* 1.78 2.2x10714
X-onl+p 2.95 3.6x 10714

Shuzo Ogawa (Nagoya) interpreted this event as production of one particle
with a c-quark (X=>n°p) and one with an anti-c-quark (X2 n°n#).



Introducing a CP-violating, complex
amplitude into the Standard Model



The elementary particles in 1973

In Nagoya In the rest of the world

j MATTER FORCE"', MATTER FORCE

; Quarks o . .. Gau g e Bos : Quarks o . .. Gau g e Bos

Leptons Leptons




1973 Kobayashi & Maskawa

Nagoya Theory'

Makoto
Kobayashi

Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

CP-Violation in the Renormalizable Theory
of Weak Interaction

PAGE 1

Makoto KOBAYASHI and Toshihide MASKAWA

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

“quartet scheme”
In a framework of the renormalizable theory of weak interaction, problems of CP-violation / 4_ qu a r'k mo d el

are studied. It is concluded that no realistic models of CP-violation exist in the quartet
scheme without introducing any other new fields. Some possible models of CP-violation are




Quark-flavor-mixing for 4 flavors

™~~~
<
7

A%

QU
_

.V

Can we add a complex CPV phase
to one of these matrix elements?

_ U Uus
T
S ) Ve Vs AS)
o S 3
V‘I‘ V= 1 rVu’; Vit Vcﬁf V=1

= 4 conditions :

i, -

.

VV +VV =1

Vu’; Vus + Vcti Vcd = 0
V'V +VV =0

us' ud cs' cd

Number of parameters: 8
Unitarity conditions:
4 flavors; # of arb. phases:

# of free parameters:

Only 1 free parameter:
the Cabibbo angle, 6.

cosf,. sinf.

-sinf. cosO



KM paper, page 12

"6 quark model”

Next we consider a 6-plet model, another interesting model of CP-violation.

d’ d

! C12%13 5 S12%13 5 513 !
_ _ . ] o 1

8 = S12%23 7~ C12523513 C12C23 — 512523513¢€ 5 S23€13 8

' _ _ _ i

b 512523 ‘:’12‘32331 C12%23 7 512%23513¢  ©23%13 b

3 Euler angles: 0, 0, & 05, plus 1 CP-violating phase: 6

Then, we have CP-violating effects through the interference among these different

current components.

i.e., theory can accommodate CP violation, but only with 6 (or more) quarks



eigenstates

What about 6 quark flavors

( Vud Vu

S

cd

Vi

(0N

%

s

Vv
|4

ub

V%

cb

QU

Can we add a complex CPV phase
to one of these matrix elements?

Number of parameters: 18
Unitarity conditions: 9
6 flavors; # of arb. phases: 5

# of free parameters: 4

Yesl!

4 parameters, 3 or rotations
(Euler angles: 6, 6, & 6;) with
one left over for a CPV phase



Quark field “re-phasing”

multiply each quark by an arbitrary phase factor:

q. — ei¢"q_ 6 (2N) arbitrary phase factors: ¢,
l l

simultaneously “rephase” the CKM matrix:

( “, 0 \( Vud V V \( e 0 0 \

€ 0 us ub or i( ¢f _¢ J )
vl o & o || v, v. v, 0 e* 0 Vij € sz
0 0 ¢&* V. V. ¥, 0 0 e

<z7,.|Vij|dj_> is unchanged: <l_li

) (@]e e y,e"

’ df>:<l_li

V.

y

)

1 overall phase can be factored out:

for example ¢, 0 0 V.oV Vv
V. 4

‘) Y B
L 0 e(¢ —¢,) Vcs g
g _)ez(¢,- ¢u)qi L 0 oy { A J

d

=

5 (2N-1) arbitrary phases in CKM matrix + 1 overall (trivial) phase



KM paper was in 1973, the 3-quark age
1964-1974

3x3 matrix =3 generations, i.e. 6 quarks

predicted by GIM
discovered in Nagoya 1971 In 1973, these were

6 q uarks - rest of the world: Nov 1974 not in our dreams.

q=+2/3 /U% A @\ (t% A

o ¥

S CEYACKIAULY



History

November 1974:

Charmed (4t") quark “discovered”
@ Brookhaven & SLAC J/) =

. E—— 7 T ]
= 5000 | 1
" (a) |
| 2000 | n i
1000 ¢ i E
r | e ]
500 | o ]
r Pt ]

T

i —_
) N A | 1976 Nobel prize
g Py —
"1 50 | | 4]
_______ .4 -
20 r
o LW
118 A . T v 10 E | I :
M(e*e’) E..(e"e)
2J/y +X; J/yete
pp=>1/y /v e*te=> hadrons

Phys.Rev.Lett.33:1404-1406,1974.
Phys.Rev.Lett.33:1406-1408,1974



More History

November 1977: February 1995:
Bottom (5t) quark discovered Top (6™) quark discovered
@ Fermilab @ Fermilab

cm?/GeV/nucleon
Events/10 GeV/c>

-38|
10+

€ 7T 8§ ¢ 10 1 B T Top Mass (GeVic?)

mass (GeV) CDF: Phys.Rev.Lett.74:2626-2631,1995
Phys.Rev.Lett.39:252-255,1977. DO: Phys.Rev.Lett.74:2632-2637,1995



1963
1973
1974
1978
1995

A little history

CP violation seen in K° system

KM 6-quark model proposed

charm (4t" ) quark discovered
beauty/bottom (5t") quark discovered
truth/top (6%") quark discovered



CKM matrix today

x*
PV phases are Vub./ -
in the corners @ b .
3 Loowh

/d A /Vudvus(/d |
S

d
R RN AVVAY,

cs ' cb

‘ Wtsvtb /\b/
D



The challenge

x
ﬁ’/ - Vie

b . S +
Wi t W
Measure a complex orin t->d
phase for b2>u

or, even better, both



Summary of Lecture 4

The Superweak model was a plausible explanation for the K,=>n*n observation
It predicted the phase of ¢ = ¢, =arctan(2AM,/AT")=45°, in agreement with experiment,
no other observable CPV processes, & a dull future for specialists in the field.

Precise comparisons of the rates for K 2>n*n and K =2>7r° in high-statistics
experiments exposed a direct CPV amplitude in K, 2nn decays, killing the

Superweak model

The measured Weak Interaction charge of the d-quark is 0.98 G,, that for the
s-quark is 0.21 G;. These differences from G; are due to quark-flavor mixing

The non-existence of Flavor-Changing Neutral Currents was explained by the
discovery of the charmed quark & Unitarity of the 4-quark flavor mixing matrix

Kobayashi & Maskawa: a CP violating phase can be accommodated in the quark-
flavor mixing matrix but only if there are 6 quark flavors (not 3, known in 1973)

Three more quark-flavors are discovered: charm, bottom and top.
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