CP Violation

-- Lecture 3 --

July-August, 2018



Question from Lecture 1

why does this term appear
in the QCD Lagrangian,
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LSPV= ¢ 3“2" G, G
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QED and QCD, similarities and differences

QED Lagrangian: | pf — 1}(1'7“1)!; - m]ﬂ) = %(E2 — Bz)
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Vacuum polarization QED vs QCD
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ED & QCD long-distance behavior
is very different
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Technical details

gluon self-couplings produce different behavior as r > infinity:

QED: [ﬂ Fﬂvﬁw dA — 0

y—>»a0
no effect on dynamics, absent from the Lagrangian

QCD: [ﬂ GZ’V@“’”" dA x> 0

effects the dynamics, must be included in the Lagrangian



Question from lecture 2

non-zero CPV phase| e only use decay modes common to D° & D°
b U Bf0.14% 040%  1.4%
E< D' — U KK L0 1
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Kp and Kp interactions are different

1 - -
- K K
10 - Iﬂ"mpﬂﬂﬂﬂ'.mp,mhl

K p:
uSund
resonances
K P- 2 bt 3 E MY
u@ d 10!} Yr,s_ﬂﬂj

no resonances 5 10! 2

1T

So, we can expect that DK can differ from D K.

In fact, LHCb measures 8, -0, ~110°



Lecture 2 Summary |

&.p measurements require an interfering
process with a non-zero 6,

The @ operator for Dirac spinors is Lo 0 U

the © matrix; P2 =1 =19 0 1 0

Fermions and anti-fermions (i.e. spin % particles) have opposite P

Coperating on a fermion = an antifermion; Pions have P=-1

P 7r+> =— 7r+>
for {=fermion-antifermion eigenstate: CP W = (—1)S+€+1W P 7r0> =— 7r0>
P 7r_> =— 7r_>




Lecture 2 Summary Il

_ _ (C =+1 = only even number of photons
C eigenstates with: C=-1 9 only odd number of photons

K mesons discovered in a cosmic ray cloud chamber experiment with a magnetic field

The \ - | puzzle was resolved by the discovery of ® violations

in the Weak Interactions

C and @ violations in [ * decays were found such that CP seemed

to be conserved

The C-parity of the ©t° has to be +1: C‘ f]'ﬂﬂ> — +‘ ?ﬂ:ﬂ>

By (our) choice: ¢ 7[+> =7 71-‘)

C 7r‘>:+ 7r+>



The K mesons



K mesons: K*, K, K%, K9

u s S(s-quark)=+1
K+ Charge (Q) =2/3 +1/3 =1
3"

/ Strangeness (S)=0 + 1 =1
‘_g KO:'% ‘_g Q=-d1/3 +s1/3=o
+ g S=0+ 1 =1
S 2 _
.-'.(_3_ RO: a'l/i@ -'.(_3. S d S K)=-1
= ~ S Q=-1/3 +1/3=0 (s-quark)=-
S= -1 + 0=-1

\- s u
( A

S= 1+0=11



Pof the K mesons

fermion-antifermion "atom"”  quarks are Dirac particles
from Dirac Egn

(l) =-1 [ =0

same for K-

“Para-positronium”

P -1

same for K°



C-operator on K* and K°?

(w25, CK>EK
§+1/3
K*)
CKO>¢,KO
€. and &, can be either +1 or -1 i‘K‘))

the choice is arbitrary

I chose both ¢,=+1 and =1, same as the C-parity of the n®

C

w)=dln)  Cln)=+jn)



C, P & (P for

and K mesons

Particle C Cq)
| %) +| ) -|7)
| ) +|n0) | %)
|7T) +| ) |t)
beware:
|K*) +|K) -|K) some literature uses
I3 i AR || clw)=-lke); crlre)= &)
) N e C|&*)=—|K*); CPIR)=+|K")
|K-> +|K+> |K+>
© —1 —1




But this is not the whole story



P2 K> )+ @O(>pr)

| S=+1> KO



Bubble chambers

Camera
— Pressurize the liquid to ~10 Atm
to keep it from boiling

Pass particle beam through liquid

-

¢ > Cryogenic liquid

(_> aboveits normal jid
-

-

boiling point Rapidly depressurize the liquid

--it starts to boil around the
track-induced ions.

Particles

Magnet coils

Allow bubbles to grow for ~3 msec

000000000000

Flash lamps; take photographs

Recompress before general boiling
Magnetic field occurs.

Repeat

1959 Nobel physics prize

Donald Glaser
1926-2013



Bubble chamber event

A careful study of this photograph reveals the reaction to be PP — P at K n” g-;':' KD n. where

+ the slow proton is identifed by its heavier ionisation,

« theK® subsequently decays into a pair of charged pions,
= the antineutron annihilates with a proton a short distance downstream from the primary interaction, to produce three charged pions,

« the neutral pion decays into two photons, which (unusually for a hydrogen chamber) both convert into e¥e™ pairs,
» (external particle detectors were used to identify the charged kaon).



=0 S=-2
Kp—2> K° =0 it it event

K- S=-1 KO S=+1




e |
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: .l iy B, My, 't .lr-"'_'-

4 o e i
T [ e/
=y AT AR sAWas S0

. cannot tell
KO both decays are allowed KO L
=-1 <€ > &X5=+1
G, - G, -



The K° and K° mesons are coupled

Behavior of Neutral Particles under Charge
Conjugation

b M. Gell-Mann and A. Pais [ |
£ ( L Phys. Rev. 97, 1387 — Published 1 March 1955 : :
Gellka“.n B a0
KO and K° can both decay to [I*[ - via a | &5 |=1 weak interaction
D+
KO Ko L
G ®5=-1 ®G=+1
F [ GF -

Thus, the K° and K° are coupled by a |&5|=2, 2"d-order weak interaction

D+
KO KO
—_ RS |=2
G, G,
—

The coupling is very small (G;)?,
but the K° & K® are coupled!!

2nd_order Weak Interaction



Coupled systems in classical physics

—%91 +kb(B, —8,) = mb),

equations of motion:

—kb(6, - 6,) +?¢92 = mé,



Coupled oscillator problem

use: Equations of motion matrix form
. 5 )

0= (0}+€)f, —€b, =6, w,+e  —€ |6 d'6,

i 2 A & wl+elb,) d’le,

m

assume solutions of the form: 0,(¢) = ae™™
W, +€ -0’ —€ %,
—€ W, +&-0* | a,

Solve determinant eqgn. for eigen-frequencies

_ 2
0 pick positive > a_ = \/ a, +2¢&

w; +&€—-w’ £

solutions

£ W, +£—°



Solve for the normal modes

for * = w; +2¢ for 2 = o,
(_8 _8] af =0 +& -—-¢ b} =0
—€ —€ )l 4, -€ +e )| b,
a—a:>®(t) ae 9 b b:>®() b

[\
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( mixing
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L(r) 60,cos(®, - @,)t X cos3(w,

Tw |
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i

+w,)t

I W

-

0,(t) = 0 sin(w, - ®,)t X sin3 (@, + 0, )t



Common feature of coupled systems

a coupling drastically changes the system properties

91 1 91 o 92 1 ¢
92 are relevant 0 + 92 are relevan

even for very weak couplings



Prediction of a long-lived K® meson

Behavior of Neutral Particles under Charge
Conjugation

M. Gell-Mann and A. Pais
Phys. Rev. 97, 1387 — Published 1 March 1955

...the §°

must be considered as a "particle mixture" exhibiting two distinct

lifetimes, that each lifetime is associated with a different set of decay

modes, and that no more than half of all §°’s undergo the familiar decay

into two pions.

= fwo neutral K mesons
= they have different lifetimes
= only one of them decays to [1*[T-



Pais Gell-Mann prediction

. e1 e1 B 82 . .
just as = in a mechanical system
82 el T 82

K’ K’-K°
0 = 204 10 in the neutral K meson system
_I_

(K ‘- K 0) and (K '+ K 0) are CP eigenstates with opposite

eigenvalues and different masses, decay modes & lifetimes



The K° — K° system

In a neutral K meson system, the K° < K° coupling
makes it a time-dependent mixture of K°and KP.

a(t)
b(t)

Schrodinger’s eqn gives the time dependence:

ih%‘l’(t) - H¥(¢)

(1) = a(t)K°)+b(1)K°)

H = Hamiltonian operator, inthe ., _ <K0 ’H‘KO> <K0 ‘H‘EO>
K restframe, H= “mass matrix:” (K°|HK®) (K°|H|K")



Properties of the Mass Matrix
-- assuming CP symmetry --

| ignore KO life-time
terms (for now)

CPT symmetry requires: <KU ‘H‘K°> — MKO = ME“ =<I?G ‘H‘I?‘}) = MK

CP symmetry says: <I?0 ’H‘K"j):_ﬁl = =<K0 ‘H‘Eg>=5

K°—>K° K°—>K°

K°|H|K®) <K0HK0>J=[MK SJ

(o) (KK
(K°HIK®) (K°HK®)] \ 6 My

assume solutions of the form: y,(¢) = ae ™"

Schrodinger’s equation {MK o Iai}mt 7 0 [az}m,
. _ P =1h— ’
for energy eigenstates; ) M, | b, o\ b.

[}

M,—-A 0 % 0 h -t
MU M, -2 b, ) (=1



Solutions for / (t)

world’s simplest MK — /’Li o)
eigenvalue =(
equation: 6 MK — /li

eigenvalues eigenstates

1: A =M, -0; ‘K (‘KO> |§0>)
20 Ay=M+8 |K,)=F(K°)+[K"))

i

i

using:

CPIK’)=—K"): CP K1>:ﬁ(—‘fo>+‘K°>)=+\Kl> (P even

CP|K,)=5(HK®)-|K") =-|K,)| c occ




Decay modes of the K, and K, states

CP R'i> =—1 7r¢> CP( 7z:+> 7[‘)) =+ 7l'+> 7[‘> (P even
CP\n’)=-1x" _ _
') =-1x") CP(|n ) )x°)) = —|a)m-m?) | P oue
Gell-Mann & Pais:
OK + 0.0 “...no more than half
CP even K > T Or mn|w of all (%s...decay into
CPodd K, ——— n'nn or B'R'w
K, — nn < phase space large K, — mnn < phase space small

lifetime is short: T=0.1ns lifetime is long: T = 50ns



K, & K, lifetimes

FEZEE]
K2 =2 [F 1719 has little phase space

Q, = my—3m; =380 MeV

Kl = [I* [~ has more phase space
Qq, =my—2m; =215 MeV

Easier for K, to decay > 4 ‘ (<< ‘ 6



1956: Search for long-lived K°

Brookhaven-Columbia Expt

Cloud
Chamber

20-BaV
Froton Beam

Copper
Targai
(Short Sweeping
Distance Magnet
Run}

Copper Targed
(Long Dustance Run)

Cosmotron



First observation of a long-lived neutral K meson




K¢ & K, mesons

Two neutral K mesons were identified:

K, = O ‘Kq =~ 0.1 nanosecs (=10%)

500x bigger

K, =» [0 ‘ « =50 nanosecs (z51x10'8s)

Kl m—) KS “K-Short” Kz m— K|_ “K-long”
N N\

“capital S" “capital L"




K¢ & K, mesons

K DECAY MODES Fraction (I;/T)
Hadronic modes

7070 (30.69+0.05) %

M (69.20+£0.05) %

Semileptonic modes
T=et v, [p] ( 7.04+0.08) x 10—4

Mean life T = (0.8954 £ 0.0004) x 10710 s

TrT W

k9 DECAY MODES Fraction (;/T)
Semileptonic modes
T et v, [p] (40.55 +0.11 )%
Called K2,
T LTy [e]l (27.04 +0.07 )%
Hadronic modes

(19.52 +0.12 ) %

0 (12.54 +0.05 ) %

Mean life 7 = (5.116 & 0.021) x 10~ % s



C, P & (P for

and K mesons

Particle

C CP

|7*) +|r) -|7)

19) +179) |79)

|7) +| ) -| )

|K*) +[K) -|K)
_|KS> B KS> +‘KS>
X,) + KL> _IKL.>

1K) FIKD K

© - -




K DECAY MODES

K¢ & K, mesons

Fraction (I';/T)

Fraction (I';/T) K?_ DECAY MODES
Hadronic modes
(30.69+0.05) % LT
T EeT L,
(69.20=0.05) % Called HES.
e
Semileptonic modes T T Ly )
[p] ( 7.04+0.08) x 104 Hadronic modes
30
Mean life 7 = (0.8954 £ 0.0004) x 10710 s rt a0

Semileptonic modes
[0] (40.55 +0.11 )%

[p] (27.04 +0.07 )%

(19.52 +0.12 ) %
(12.54 +0.05 ) %

Mean life 7 = (5.116 & 0.021) x 10~ % s



Production of K, and K, mesons



K, & K; mesons in e*e” annihilation

E.,=m\ =1.02 GeV. L need K° and K° with JP¢=1-

" J=1: KandKin a P-wave

m P=-1: (-1)K ('1)|< ('1)P-wave
= C=-1: (+1)K5 (_l)KL

only K.K has C=-1

C=-1

T W T T T T | T T T T \ 'factory:
(j) 1
:/E’LE' >) KK,
4 @ E,=1.02 GeV
p.::'r:‘:. ill 'C\’, widiz,
‘. i j::.. LT mmERmMRea
1 E | g
® Sum of exclusive
neasurements
0 | L |
B 0.5 1 1.5



e*e” | -factory at Frascati, Italy

Da¢ne collider KLOE detector




ete ) -factory in Novosibirsk, Russia

VEPP collider CMD detector




K, & K; mesons from an e*e" | -factory

Ks = K-short pg =110 MeV

- <yBc |> = 6mm

D-
+ 510MeV )
e e
/ >10MeV

D+
J\’/ pL=1i|.0 M;X \:fﬁ'
o “ / <yBc [>=3.4m M()) = 1020 MeV
T K, = K-long Same quantum numbers

As ortho-positronium



) DK, +K,

“guantum-correlated” decays

99.9%: Dméksé@ _—
of 2 vents T~ . 0
R} o~ e V=41% (K.)

T Uv=27% (Km)

3w =32%

“flavor-tagged” decays

K, 50%
K o
0.1%: 7 < é@e,(o
of all events e- K, 50%
CHARM-FACTORIES B-FACTORIES
—quantum correlated = few% —quantum correlated = 1%
BEPC/BES3: y" Belle/BaBar: Y(4S)

—flavor tagged = 95% —flavor tagged = 99%



Experiment
in Italy i I

S|
= 0\ V&
| N | /47

In this event the K|
only travels “1m
before it decays




Usually, the K, traverses to entire 2m radius
of the drift chamber

\
1
1
|
|
|
L
!
|
¥




Neutral K mesons “Basis” sets

These have a
well defined
quark structure

strong interactions select these

~

K°-K°

Flavor States

These are the

particles with
/ well defined
lifetimes that
exist in Nature

I(s'KL

Mass eigenstsate

I(1"(2
CP eigenstates

are these
the same?*

weak interactions select these



K° KO oscillations (mixing)

e—i(ML+%FL )t

K, (0))
K(0))

Now let us consider K, (D)
decay times |K (t)>
S

, eigenstates
e—i(MS+i2FS )t

start at t=0 with a K°: ‘Ko(l‘ =0)> = —%GKSU =0)>+|KL(t =0)>)

then, at a later time t: ’K”(r)) = —ﬁ(e"iw”%rs )“KS(O)> +e Mkl )I‘KL(O)»

= f.(|K°)+ £ (HK°)
£.(2) = %[e—i(Ms+%l“s 4 e—i(ML-I-%FL );]
2 2
These are the I(KU _>K0;t) - IO <K0 |K0(t)>‘ - IO‘f+(t)| l, = beam intensity

KO and K° rates # of particles/s)

we measure

_ _ 2 5
IK® K% =1, <K°|K°(z‘)>‘ =1|f.(t)



K° survival; K° appearance

--strangeness oscillations--

—

=
i

=
ey

=)
-l

=
=

PK"=P(K)

=
(£

=
=

_ B .
— IK° 5K =11 e 4o 4275 cosAM  t

— B _l -
—— IK° K%ty =11 e 45" =27 cosAM  t

6
K d{\“\@ \‘Q;é
' W 6“5’0
K\O\L 0\16
SN
0° w2
/”
i e aeaca
B T — 1000
proper lime (ps)




Comparison with classical system

Start with 6,=6,; 6,=0

i ul'n' ‘4

(!

xln'h‘ II| | | J” I AL
N

(I I“ml\]l

0,(t) = 0 ,cos(w, - w,)t x cos (a) +w,)t

Al

(U vilnr

Il f'! l’ih I
l‘[l 11T

0,(1) = Osin(w, - w,)t x sin (@, + @,))t

Kl‘l
—)
K
e —
" — 1000
proper time (ps)
I'c+T
IK® =K1 = 1[ Tty ‘S“”cosAMK:]

_1
K" =K 1) = ilo[e—“‘ +e s _ e st )‘cosAMKr]



Producing K mesons with [1 beams

Threshold for producing a K° (or K*)

[T KO }'

Op=2>K @: E, >161GeV; E>0.9GeV

Threshold for producing a K° (or K)

- o

.
““
“

[p—>KKN: E., >193GeV, E>1.41GeV

Easier to produce K mesons than K mesons at fixed target hadron machines



Distinguishing K° from K° decays

The AS=AQ rule




KO>

'e+{ and not

®5=®Q rule




K0->O*e<” and not OeXs

79
RB=RQ '
_ ;
= rule . X
\ Y
AN
\ \
\ \
\ \
\
\ \
\ \
\
\ \
AY \
]
1

use K — m*/*v to distinguish K and K°
NKO_NE():NIJF_NI_
NK0+NE0 Nz++Nr

[ =e" or u*




Detecting K° & K° in a neutral kaon beam

start with =75% K° and =25% K°

ol - ‘
CHARGE ASYWMMETRY BN THE OECAYS K'—m nfefv

N+—N_ s = i

N +N~ _ AM, =M, — M, =(34810.02)x10 *MeV
Al =T -1, =(7.28+£0.01) X 107*MeV
I___{I.I:I:I- zTCXTKS :::.ZRXIKS
".'; i li_j.-?*_'_ ++ — _——
.;‘ a 1 ;:l__ i IR a-:l 1
'EJ. i T K DECHY TME ¢ [10*gec)
;)
L0k — 1
+ — —(Te+I5 )t
N —-N e s L)cosAMKt

T N +N~ et 4ottt
) ~all K’ |




Let’s put in some numbers

AM,=M,— M, =(3.48£0.02)x10"*MeV=0,,

1 1 1
Al =T -T,=———=(7.284£0.01)x10"*MeV = —
TS TL TS
AM 0.5
—E£ =048 0, ~—
A T
0.5
mK ];~Osc.f££aticm = —ZI—Osciﬂaricm = 27[ = II—Oscilfarion = 47{ TS
S
et/ls: 1 0.05  0.0025 10*  6x10°

A

! ! ! ! —
0 X |, Xornl,  X3rl, Xarl,




revisit the -factory

-1

CP=-1\\ eKSK AL/CP=
CP=+1 /

2K

S
OXK K, violate CP
Le

nj LI*

NG f -
510MeV 3
e e
510MeV

[ pva—

7



KLOE sees many e\ > events

p (K )= 110 MeV
<©y |>=6mm

Is this CP violation?



The O0<¢ ) »00 events have strange

pattern

uuuuuuuuuuuuuu

radius p (cm)



KON & K°N cross-section differences

-- N= proton or neutron --

RO: K- & contain an s-quark
KO- K*: & contain ans-quark
The ® and ©, €, © all contain an s-quark:

Z°: @; @’: @:

K+ N2>z (©) +[1 <—allowed K+ N2>z (©) +[] «— forbidden

conserves Strangeness violates Strangeness

K + N has many possible channels K + N has only a few channels



K N cross-sections larger than KN

(1o(mb)
10%} * [(oe(RN)
| e (KN)
5_
fa

2 ;X LT

ol Vs Gev
2 5 10! 2

When penetrating material K is more strongly affected than K



K, -beam

~

r~

~

=N N

~

r~

K=K regeneration

» K
» K

|:|+

»K

» K

“regenerator”

L



K=K regeneration in KLOE

Drift Chamber (DC)
& Y axis 1 ! data
1001
25cm
é.' 100001
. =]
. Beam Pipe (1) ", . -
4.4cm 2 ais et | e )

- Beryllium (Ee) - o
R AW

200

1]

uuuuuuuuuuuuuu

radius p (cm)

The peaks correspond to the location of material



K=K regeneration in KLOE




Angular dist for K, 2K regeneration

60000

Fa¥k

50000 |__— coherent

40000 |

(% | [ %

.— incoherent
30000

20000 f 1

10000

[ %

0
0 20 40 60 80 100120140160 180
regeneration angle (deg)




Coherent regeneration

f=A\=0) f=A(\=0)
remains coherent with initial beam Scatters out of initial beam
[ scintillating material [ fﬂ,ﬁf’"’
v v .
Coherent Inelastic
K, =1K'+K") = L (K, +1K,) I, =T ¢ b

* dangerous background

« very useful experimental tool



Some K-meson properties

Properties of kaons

Commonly
Particle | Particle Antiparticle Quark Rest mass G PC . decays to
$ $ 2 ¢ M & J ¢ 5 ¢ C &| B ¢ Mean lifetime (s) $
name @ symbol symbol content (MeV/c*<) (>5% of
decays)
+
Ho+v,0r
+ 0
(1] + = = 1 - 8 m +T or
Kaon K K us 493.677 £0.016 /2 0 1 0 0 (1.2380 £0.0021) x10 . -
m+T +T Oor
0 +
m+e +Ve
Kaon'?! K° K ds | 497.614 0024 % 0" 1 0 0 [a] .
N - Self dg\f_;d 497.614 £0.024° 0 . 0 0 8.954 £0.004) x 107" e
Shortl®! Ks = [b] ) Sk 2 ) (8. +0.004) x 0 0
m+Tt
+ F
m4+e +Ve or
K- e T +u +v,or
" K’ Self V2 49761400247 0 () 0 0 | (5.116 £0.021)x10® HoT
Longl“] L o e +rCor

+ 0 -
m+TM +T

AM, =M, - M,=(3.48+0.02)x10"*MeV
AT, =T, -T, =(7.28 £0.01) x10"*MeV



the search for CP violation



Properties of the Mass Matrix

-- slide 26 --

| ignore KO life-time
terms (for now)

CPT symmetry requires: <KU ‘H‘K°> — MKO = ME“ =<I?G ‘H‘I?‘}) = MK

CP symmetry says: <I?0 ’H‘KU>=_,91K0_>ED = Azo_ o =<K0 ‘H‘Eg>=5
this conditin L _[(KlHIE?) (K°HK®)) (M 8
o violated | |(R°HK) (RHIR®)| & M,

assume solutions of the form: y,(¢) = ae ™"

Schrodinger’s equation {MK ) Iai}_ih .ha[ai}_m;
for energy eigenstates; S = |
gy eig 5 M, |b ot \ b,

i

M, -2, 0 % 0 h—t
ME M, -2 |b, ) (=1



Hamiltonian operator with decays

=M - - 1"‘ now we will include decays
A 0
: Hermitian
Mass matrix Decay matrix
— i —
(K, HK,)=(K, - 4(K[0K,) = M, - 4T, = X,

(<K0|H|KO> <KO|H\KU>J:[MH_%

(K |H|K®) (K°[HIK®)

CPT symmetry: M11 — M22 1“_1_l =1“22
no assumptions about C®

Hermiticity: X, = M, —iT,
H {



Schrodinger’s Equation

-- allowing for CP violation and including decays --

_ _ s 2
X1 = Ago_go =[P (
to conform to the

|l
<
[\

I
N[~
]
(o

.2 ;
standard notation: Xy = Ao 0o =119 (= M,, -

ih%‘l’(t) - H¥(¢)

assume solutions of the form: y,(f) =ae”

)
— a | . a | .
Schrodinger’s equation X“2 I R W _; (% | i
for energy eigenstates; —ip X, \b; ot\ b,

iAt



Solutions for W(t)

eigenvalue Xll B A’i —lq
ion: . 2
equation —lp X11 . /fL

eigenvalues eigenstates

i=1: A, =M -1 =X +ipq K (1)= p21+q2(PK°>—qK
i=2: A4, =M —31' =X, —ipq KL(l‘)>=\/Ifq2(pK°>+qK

HW

in terms of the
CP eigenstates: K \V\=-214_(|K L N G p—

‘K°>:f(|Kl>+|K2>) S> ) ( 1>+ _ ‘ 2>) 1+|£|2(
&)= 5()-1k) [K,) =2 (K) e K) = 2=

K,)+€K))

K,)+elK,))

A=A, =2ipg=(M,-M,))—<(T, -T,)

HW




Decay of the K|

CP odd CP even

K= )+ 6l

CP odd CP even

+ - 0.0
ntnn’ or °n'n’ TTw o or mT

If C® is violated: K, contains a (P-even K; component



Discovery of K, decays to m*m



“Hint” for K >t ?7?

a Bubble chamber
in a neutral beam
at Brookhaven saw
some T events

neutrons & K’s

980 985 580 995 1.00

K,>m*mevents or K 2K via regeneration




proposal

PROPOSAL FOR K°, DECAY AND INTERACTION EXP  ames Cron val Fitch
J. W. Cronin, V. L. Fitch, R. Turlay
(April 10, 1963)
1. INTRODUCTION
The present proposal was largely stisulated by the recent anomalous
resulcs of Adair et al., on the coherent regeneration of Inl mesons. It

is the purpose of this experiment to check these resulrs with a precision

far transcending that attained in the previous experiment. Other results

to be obtained will be a nev and much better limicr for the partial rate

+ -
of KO, + 1" + 2 , 4 nev limir for the presence (or absence) of neutral

r
currents as observed through Iz - H+ - u-. In addition, 1if time permits,
the coherent regeneracion of El': in dense materials can be observed

with good accuracy.



AGS Brookhaven’s 2" HE accelerator

-- world’s first strong focusing accelerator, still running, more than 50 years later --
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BEPC—AGS see the differences?




AGS combined function magnets
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the “inner Mongolia” beam line

“Inner Mongolia”
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Fig. 7.5. Schematic view of the experimental arrangement for the C'P invariance test.
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The Fitch-Cronin experiment

Water
Scintillators] e &Mk
PLAN VIEW Magnet
——
| foot
Helium gas
ff»’fff—f#’/’
o /Egllsznﬂf 7 2 Spark Chamber
%
Magnet
57 Ft. to «—— :
m;alnl*rI-(ulhi:\r/gH Helium Bag Scintillator
wat
decayed Ce:'e:kuu

Rev. Mod. Phys., Vol. 53, No. 3, July 1981



Spark chamber




Fig. 26. View of thin foil chamber constructed at Princeton University.






The experiment that discovered CP violation at Brookhaven was set up in a neutral beamline, directed inside the
ring of the Alternating Gradient Synchrotron. Visible here are the two spectrometer magnets positioned at 22° to the
beam. Spark chambers tracked particles before and after the magnets.

Image credit: Brookhaven National Laboratory.




Data-taking and analysis
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(a)
— DATA: 52I1 EVENTS
* —--- MONTE-CARLO f'::ﬂLCULATlON (b)
VECTOR <= =05 1600
—— DATA
4500
““““ MONTE- CARLO CALCULATION —l—-
e .
[ — VECTOR £, =0.5 4
4300 1:
4200 3
4100 :
1 . A i 1 1 L ~%m ] 1 T
1

300 350 4?9—4—56—?69—5—59—602 O MeV 0.998 0.9199
M("EJFE_"): (Err++Efr—) _(ﬁﬂ'++p}1—) COS 8

FIG. 2. (a) Experimental distribution in m* com-
pared with Monte Carlo calculation. The calculated
distribution is normalized to the total number of ob-
served events, (b) Angular distribution of those events
in the range 490 <m* <510 MeV. The calculated curve
is normalized to the number of events in the complete
sample.
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5211 K, =» nt* + v candidates remeasured on a
commercial bubble chamber measuring machine

nt “invariant mass” M(mt* ) <M(K,)

2 484<m* < 494 1o

ety o

M(n*rt)=M(K,)

Mr'T) = (B E, ) ~(punt5)

30
K;_ - ?Tr:?'-
= 1.04dd Y 0
2n decay: 3-body-decay: rog =
h . :'
5, ..\. i iR B - o
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VoLUME 13, NUMBER 4 PHYSICAL REVIEW LETTERS 27 JuLy 1964

EVIDENCE FOR THE 2m DECAY OF THE Kzﬂ MESON*T
J. H. Christenson, J. W. Cri:min,I V. L. Fitch,I and R. Turlay§

Princeton University, Princeton, New Jersey
(Received 10 July 1964)

We would conclude therefore that K,° decays to
two pions with a branching ratio R=(K,~7" +77)/
(K, -~ all charged modes)=(2.0+0.4)X 10”~® where
the error is the standard deviation. As empha-
sized above, any alternate explanation of the ef-
fect requires highly nonphysical behavior of the
three-body decays of the K,°. The presence of a
two-pion decay mode implies that the K,° meson
is not a pure eigenstate of CP. Expressed as



Results

Bf (K, ->n'n)

: =2.0+04 %107
Bf (K, —charged particles)

| |_ Bf (K, »n'n” )r;,, _ |Bf(K, »m'n)T,
1= Bf (K, »n*n )T, Bf (K, »rn"n )1,

tot

n,.|= ~lg|=23+£02x10




CP is violated!!

Ja[nes Cronin Val Fitch

James Cronin “al Fitch

1980 Nobel Prize for Physics No prizes for Christenson or Turlay



25 year anniversary reunion

From left : Val Fitch, René Turlay, Jim Cronin and Jim Christenson.



Let’s look at &:

definition of &:

rewrite €in terms
that we know:

what we know about p & g

—ip® = (Mfz _%E*z) =/ p’ = iMfz -5,
_iq2 = (M12 _%1—;2) = q2 =IiM,, +%E2

Ag—A, =2ipg=(M;,—-M,)—+1;-T,)
= 2pq=i(M, _MS)_%(FS —-1,)

P-4 P-4 _pP-q
(p+q9)°  4pg+(p—q@)° 4pgq
>
(p—q)” ~ € < small

E

p°’-q¢°  —2ImM,,+ilmI},
4pg  2i(M, -M,)—-(I;-1,)

iImM,, +ImI;,

“TM,-M,)-i(,-T)



Some comments

2 CP is only violated if the off-

diagonal terms are different

)
NI-- NI-

-1
=21

1

; 1
— tlm M, + %Imriz Hermiticity: M,,=M3, & I';,=T'%,
(ML - MS) - %(1_:9 _FL)

CPV only driven by imaginary terms

Latest numbers:

Bf(K, »n'n") _ B CPV is very small, ~103G¢?, far from
Bf (K, —all) =1.97+£0.01x10 the maximum that is possible

(unlike P and C violations)

i, |= A& =7 ”)~\ =223+0.01x107
AK; >m'n)




virtual & on-shell K°--K°® couplings

73]
__C
O
o

N G
u,c S

Ol&

via off—shell states,
weak box—diagram

M,
/,...—-—'— 12 _""--\\
po Fﬂ

5 12

via on—shell states,
P—=f = pf

. iImM,, +5ImT,
(ML _MS)_%(FS

2"d-order quark-level
virtual |[AS|=2 process

“short-distance processes”
due to Mass Matrix CPV

On-shell pion-induced
|IAS|=2 process

“long-distance processes”
due to Decay Matrix CPV



Phase of ¢ (n,.)

. iImM,, + 5 ImI;,
(ML —Ms)—é(ré _FL)

: iIm M
if ImI", =0, £= 12
(M, - M)+ -T)
2A
& bsw = tan~! “— — 43.30° + 0.16°.
= AT

¢sw="$uper'weak phase”

)2 (K=K 7 _22x1073 |peq|?
as5°

q% (K*—=K*)

FIG. 4. Vector diagram showing schematically the difference
in the amplitudes for K°—K° and K° —K°".



0 .- K9 basis states with CPV

I

K, =5 (K +€K,) = 5 (A+e)K° -(1-6)K°)

K, %(KﬁsKl):ﬁ((l—S)KOJF(HS)EO)

2

I

Solve for K% and K°
L(1-eK.+(1+6)K Please check
(=K +1+0K,) - e e
L(A+e)K, - (1-8)K,)

K
K



The CPLEAR experiment

CFPLEAR Detector

Ekctromagnetc calorimeter

Dnft chambers

Bearm montar
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Strangeness-tagging at CPLEAR

An example of a CPLEAR event K~ (SH)

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Production:
pp —| K nKY

Decay: / Mixing

—0 —
K —lntte |V,

*For each event know initial wave-function,

7'L'+ e.g. here: |y(r =0)) = |K")

for pp —> K+7r_|K : ‘l//(t = 0)> =‘IZ°>




Time-dependence of KO(K%)>m*m

K1) =

Dl

(1 —8)|KS> e_E(MS —3Ts)t N | _ “t}“‘*\ KS
(1 +£)|KL> ‘TL,_ e_i(ML —5TL)t+¢, 4 - g 8

e—i(MS —ITg)t

— (1+&)Ky) -t
K° — L § _ ,- :
) 2((8—1)KL>J|71+_|8"(M“F“’”‘°+ S

-

| Al
2 4 B 8 10 12 14 16 18
rfrs




Phase of (n,_) from CPLEAR

Asyrmmatry A,

|7}+_ ‘E%(T!TS_TIJTLJ Cﬂﬁ(ﬁmT — é'l‘_) -0,

— 9
L+ [y e/
B S S R TR R PR TR R
Hewlral—kaan decay lme [T,
Ne_| = (2.312 £+ 0.04354¢. + 0.0304yst. = U.l]llTS) x 109
¢, = 42.7°+0.9,., + 0-6:;,;515. + 0.9%,, -

CPLEAR Phys. Lett. B458, 545 (1999)



Neutral Kaon spectrometer @ CERN
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Exploit K, =K. coherent regeneration

0 7 0 -
K, =5 K +K") K'=LL(K, +rKy)

Need to know regeneration phase

N\

y e_i(MS _%FS )t+¢reg

77:+ ‘m_‘e_i(

M, —%FL )t+¢ n+-




AM and ¢(n,.) measured via regeneration

108

2w INTENSITY (4-10 GEV)

[ EXPERIMENTAL POINTS
\ —— NO INTERFERENCE

K

N..=[(2.27+0.02)x10"*|exp[i(44.7° £1.2°)],
AM=Mg -M, =-(0,535+0,002)x10'° sec ™!,
I's =(1.121 £0.003) %10 sec™!,

hKL(X 77+-} | .

NA31 Phys. Lett. B237, 303 (1990)

02 Lo o w0
O 1 23456789101 121314

PROPER TIME x10-10 gee

FIG. 2. Yield of " events as a function of proper time
downstream from an 81 cm carbon regenerator placed in a K; beam



K®< KO oscillations (mixing);no CPV>CPV

e—t(ML —£T )t

K, (0))
K(0))

K, (D)
K(0))

, eigenstates
e—i(Ms -3¢t

start at t=0 with a K°: ‘k@ (t E(Uba‘ E%—(%{Fklg((f 5@))41 fff}J&Eﬂgw

then, at a later time t: ’K O(rﬁﬂﬁﬁ% ((%@g‘(?@%ﬁ%‘%ﬁﬂgﬁ#ﬂ%g;@g{rkja))}DKL (O)))
= f.()|K°)+ f.(0K°)
120 £ ™85y £

2
These are the IK® 5K%n) =1, <KO|KO(Z‘)>‘ =L|f. ()] lo=beam
— Intensity
K® and KO rates o e . (particles/s)
we measure IK® >K";t)=1,(K°|K (t)>‘ = 1| f-(0)



KO~K° in a neutral K beam with CPV

N —N~
N +N-

(R =M (" N

acd

095

Qe

il

start with =75% K° and =25% K°

CHARGE ASYMHETRY i THE DECAYS B"—m nfely

AM, =M, — M, =(34810.02)x10"*MeV
AT, =T, -T, =(7.28 £0.01) x 10" *MeV

okt — l—-JZReSZ

- i I— N M —
© ® 1 |3.4+0.2x10°

K" DECSY TRE t' [0 Mzec)

N+ — N~ —3(Ts+1p )t AM .t
_ z[Re(e) +£ el

NT+N~

el 4o




Measurements of 2Re€ (circa 1974)

MEASUREMENTS OF THE CHARGE ASYMMETRY IN LEPTONIC ki DECAYS
K. ~m'e'y
this experiment o
Fitch 1973 ——i
Ashford 1972 | = o
Marx 1970 —e—
Saal 1969 ——
H.H. Williams 1973 O - — -
K- p'v
this experiment —O—
Piccioni 1972 —O—
Mc Carthy 1972 00—
Paciotti 1969 —0
| I I I ! | |
0 2 4 6 8

CHARGE ASYMMETRY (107)



Recent values of K-meson CPV
parameters

Quantity(units)  Fit w/o CPT Fit w/ CPT

< 6: () 434£05 (5=1.2) 43.51£0.05 (S=1.2) >

Am(10%R s TV X U52B9 E0.00I0 0.5293 £ 0.0009 (S=1.3)

7. (107 1%) 89564 + 0.00033 0.8954 £ 0.0004 (S=1.1)
oo (®) 43.7+0.6 (S=1.2) 43.52£0.05 (S=1.3)
Ap(®) 0.34 + 0.32 0.006 £ 0.014 (S=1.7)
e () 43.5\ 0.5 (8=1.3)  43.52£0.05 (S=1.2)
y2 16.4 20.0

# Deg. Free. 14 16

\ consistent with ImI";,=0,
& ImM_, responsible for all of the CPV



Summary of Lecture 3

= KO 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
» Measurements consistent with K =K,+eK,; = 2.2x1073
* Phase of € consistent with CPV originating from short-distance Mass-Matrix terms

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