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The neutral K mesons

* The K mesons are the lightest mesons with strangeness: M,*=493.677+0.016 MeV; M,°=497.648+0.027 MeV

* The K belong to an isospin doublet as far as strong interactions are concerned:

K* =us K° = ds
KO = ds K~ =0s

® These are the mass eigenstates that are also eigenstates of the strong interactions; these are the states that are
produced in all processes where strong interactions take place.

* Forinstance: 7 +p — AO+K0 (associate production)

e The K° production needs a more exotic process: TT+p > > +K° + p+n (or 7r++p —+KY+ K" + p)

e Since the threshold of the first reaction is lower than the second ones, we can have a pure beam of KO

without any contamination from K°

e The K are not stable, they decay into particles with lower mass, but since they are the lightest strange particles,
their decayd must be mediated by weak interactions (strangeness violation decays).
e From the study of the K decays (charged and neutral) it has been found the first hint of parity violation of the w.i.

e The weak interactions violate separately both C and P, but they seems to conserve the combined symmetry CP.

e Then it seems reasonable to assume that the K eigenstates that participate in the weak interactions are
eigenstates of CP and not eigenstates of strangeness, that intervene in the strong interactions.
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CP eigenstates

e KOand KO are eigenstates of strangeness but not of CP symmetry.
P KO> =—| KO> ;P KO> =—| /20> (negative intrinsic parity)
CP|K®) =-C|K% =—|K%) ; CP|K®) =—C|K") =~|K")

* However the following linear combinatios are CP eigenstates with eigenvalues +1 and -1:

KD = (1K 1K) (cP=+1)
K9 = (1% +1K%)  (@p=-1)

e Pay attention that this definition is not unique because it depends on the arbitrary phase that intervenes in the
application of the charge conjugation operator. If we use another definition with respect to the one adopted in

the book by Burcham and Jobes, we get: 0 1 0 o
. _ |KDY === (1K% +1K%)  (CP=+1)
CIK% =K% = CP|K% =-C|K% = |KO) V2
CIK% ==1K% = CP|K® =—C|K% = |K?) |K§>=%(| KO -1K%)  (CP=-1)

In any case the CP eigenvalue of K, is +1 while the one of K, is -1

¢ We must point out that K; is not the antiparticle of K,, as we can see:
1 1

V2 V2

This implies that K, and K; can have different masses and lifetimes

CIKD) = =(C1K% -CIKY) (1K% =1K%) = 1K)
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K, and K, decays

* We saw in the t-0 puzzle that the K can decay into states with two pions or with three pions. We have to
determine the CP eigenvalue of these two states and associate them to K; and K,

Two pions state: o and e

e Let’s call | the relative orbital angular momentum, so the parity of the state is (-1)’

e since the O is eigenstates of C and that m*and - are antiparticles, the charge conjugation is equivalent to a
parity operation, therefore: C(m;m,)=(-1)'

= CP(mmp) = +1
Three pions state: n°n%m° and P

T 1 Ty * Since the K has spin zero, then I=L
®  The Qof the reaction is small, about 90 MeV, so most likely I=L=0
L * The Bose statistics for the system monm® wants an even |, then I=2 is highly
® ™o

suppressed because angular momentum effect. So the system is in a S-wave state.

e From the above argument, m;m, has CP=+1. The ni® has C=+1 and P=-1, therefore the combination of the n® with
the system m;m, gives a state with overall CP eigenvalue equal to -1

|; |K§)>—>7m (CP = +1)
|K(2)> —> T (CP=-1)

e The Q of the first reaction is much bigger than the second one (there is one pion less), therefore the decay
rate (') of K; is much bigger than the one of K,

e, =0.5:107 s
|:> %, >> 7,

¢ =0.9:10% s

Claudio Luci — Introduction to Particle Physics — Chapter 8




Strangeness oscillation

* Since K°and K° are superposition of two states with different mass, they give rise to a phenomenon very
important and very interesting, known as strangeness oscillation in the time evolution of the two eigenstates of

the strong interactions (K° and KO°).

Let’s suppose that at t=0 we produce a pure beam of K9, for instance through the process mp—> A%KO°:

1
K% = (KD +1K3))
The two states can be written as : 1
70\ _ L (1 0\ _| 40
K% == (1KD) - 1KD)

e At t=0the KOwave functionis: | W(t)) =| KO(t)) = %(l Klo(t)> + | Kg (t)))

® For an unstable particle of mass m and lifetime 1=1/T, the time dependent wave function, in the center of
mass of the particle where E=m, can be written as:

r

| W(t) = w(0)) e™ . e 2
t

® this is consistent with the exponential decay law for unstable particles: N(t) = |\}f(t)|2 — |\y(0)|2 eIt =N0e_;

¢ Since the states K; and K, are two different states for the weak interactions, they can have different masses and
lifetimes, as they do, that we will call: m, I, and m,, I, (let’s recall that T = 1/1)

1 1
e oIt Lo oIt
1 | KO(0)) - e™™te 277 4| K9(0)) - e ™ie 2
1 2
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« Attimet the intensity of the KO state in the beam is: I(K°) = ‘(Ko | ‘P(t))‘ =

e (KO | KO(0)e (m+Ti/2)ty 1 (KO | KOye(im;+T:/2)t
1
= (KO 1W(E) = S (KD 1K)

2 _
= [k 1w =i{eﬂf+ et e 2

_ B B 5 I,
® For the K®we have: (K%)= ‘(KO | \y(t»‘ - %[erlt + et _2e 2

Strangeness oscillation

1

2

((KOTKDE) +HKO TR ()

(i 1 (i
° <KO | K(z)(o)e (/m2+F2/2)t> _ —<KO | K0>e (im,+T, /2)t
2 2
. Flt . —th _
emt. g 2 4 gMt g 2 N.B. (KO|K% =0 ; (K°|K% =1
L+, JLVRL PP 1| r¢ ¢ L+,
ellme=mt 7 Gllm-m,)t =7l¢€ T+ e 2 +2e 2 cos(Amt)

Iy +T,

cos(Amt)] AmM=m, —my

e The intensities of the K and K° oscillate with the frequency Am/2m. From the frequency measurement we
can get the mass difference Am.

N.B.I'1 >> 1T

t

—e 2 >e

Fl > I‘2

t

21

1
I(t)
3/4

1/2

1/4

I

I(KO), Am=0 Examples of possible oscillations

I(K°), Am=T,

The oscillation form
depends on Am and I,

I(KY), Am=L /2

I(K%), Am=0

2 4 6 8 /g, 10
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Strangeness oscillation

* In order to measure the oscillation frequency we need to measure the intensity of the K°or K° as a function of the
time, namely as a function of the distance from the production point of the KO beam.

* |tis convenient to measure the K%intensity since we start with a pure K°beam.

* To identify the presence of the K° in the beam we exploit the different behaviour of the K% and KOin the matter. Let’s
recall that the K9 has strangeness +1 while the KO has strangeness -1 therefore , since in the target there are no
baryons with strangeness +1, the K° can only do elastic scattering or charge exchange, like for instance K%+p—>K*++n.

« Instead the KO has strangeness -1, therefore it can produce baryons with strangeness -1, like for instance:
Ko:4p > A%t KoO4po32%t; Ko4postrts ; etc..

* By measuring the production of strange hyperons as a function of the distance from the production point,
it is possible to determine the K° intensity and then Am

_ _ 2 1 _+l,
I(K°) = ‘(KO I ‘P(t)>‘ = el et _2e 2 cos(amt)
e Since I';>>[, the K; decays immediately, therefore we have:

T
_ 1t
I(Ko)z% et _2e 2 cos(Amt) | = % for 7, <<t<<r,

e Experimentally we measure: [Am- | =0.477 +0.002

® From this result we get Am, since we know t;. The sign can be deduced from other experiment about Ks
regeneration and it is such that m, > m;,.

AM = (0.535 + o.ooz) 10710 = (3.52 + 0.01) 10 %eV
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Transitions with AS=2

* The strangeness oscillations happens because the K° and K° can decay in the same final states, like for instance:

KO ntn «KY or KO= ntr 7% « KO

e then we can have transitions from K° to K° through an intermediate state of two or three pions:

7Z'+ 7Z'+
KO RO KO m RO
P> \:/ P>
v T

e this is possible because K° and KO are two neutral particles, one the antiparticle of the other, but they are
distinct states (contrary to the m° that it is own antiparticle) because they have quantum numbers, in this case
strangeness, that distinguish the two particles.

e The weak interactions do not distinguish the strangeness, therefore we can have transitions from a state to the
other one mediated by weak interactions. These are second order transitions characterized by AS=2

e As far as the strong interactions are concerned the two states K9 and K° are orthogonal, while the weak
interactions connect the two states.

KOTKOY =0 ; (KO|Hy K =0 ; (K| Hyear K% = 0

e At quark level, the transition AS=2 happens through a box diagram like this:

~ S From this diagramm we can compute Am
’ W G* 2 2 2
KO(ds) O Am = —= fgm¢ cos* 0, sin® 6,
u,c,t B " i
W K*(ds) . .
d —— e mm h A computation made by Gaillard, Lee and Rosner, before
d 1974, using the measured values, predicted m=1.5 GeV.
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K, regeneration

* In 1955 Pais and Piccioni suggested that the existence of the states K; and K, should give rise to a phenomenon
known as K, regeneration.

* Let’s suppose to produce a pure beam of K% and to let it advance in vacuum. Initially the beam consist in an
equal mixture of the states K; and K,

51K +18)

e Let’s now choose t >>t;; the K; component with short lifetime (that decades in two pions) will be completely
decayed and the wave function will be:

1 1

now the beam contains only the component K, with long lifetime that is composed by:

| w(0)) 5| K°(0)) =

1

i ——th _
| KS(0))y-e"™te 27 & | K(0)) - e

1
2

e Let’s suppose now that we place a block of material in the beam:

| KDy =—=(1K% +1K%)

- 0 0 0 4,0 0
u I K Ky B KKy K3
target regenerator

e The KO and K° have different strong interactions with matter, in particular the Ko, has a bigger cross-section
therefore it will be more strongly absorbed in the block.

Claudio Luci — Introduction to Particle Physics — Chapter 8




K, regeneration

e Let’s call f and f the fraction KO e KO that are left in the beam after the passage in the block:

1
N

¢ In terms of the states K; and K, we have:

W) =—=(FIK® +FIK")

W) = %[f(l KO) + KD+ F (1K) —|Kf))}:%[(f—f)leH(fﬂ?)lKg)}

e Since f #f the state with short lifetime has been regenerated by the presence of the material in the beam line.

e This phenomenon can be verified experimentally by looking for K decays in two pions along the beam line
before and after the regenerator.

N.B. to be sure that the two pions are coming from the K decay, we have to verify that their invariant mass is equal
to the K mass and the momentum sum is equal to K initial momentum.

x N

(p,+Pp,)> =pr=m
By + B, = By

If in the decay is present a third pion that goes undetected, these relations are no longer valid:

2

KO Pk 4 (py+ Do) # P = # Mg
> P> |:> Py + P, # Py
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Christenson, Cronin, Fitch, Turlay Exper.

* In 1963 Cronin, Fitch et al., made an experiment at the AGS accelerator at Brookhaven that was looking for two
pions decays in a K, beam.

* The K° were produced by bombarding a Berillium target with a primary proton beam of 30 GeV, obtaining K° with
momentum of = 1 GeV/c

e The component with short lifetime had a decay lenght (yBct;) of about 6 cm.
e The KO were made decay along a vacuum tube 15 m long, before to reach the experiment.
e The goal of the experiment was to put an upper limit the the B.R. of the K, in two pions.

e Instead the experiment observed the K, decay in two pions that was the first clear evidence of the CP violation in
the weak interaction.

He at STP. The greatest experimental ‘gg:z;km
problem was the K, regeneration Scintillato
PLAN VIEW Mgt e
—y
i foot \
// \
C/'/‘///{/y //
0 K? T / il 2° Spark Chamber

7077 ~

57 Ft.to Mopnet b

A Ii
internal target meliim 849 Scintillator

water
Cerenkov
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Results of the experiment

0 +_— - = =
Kl >rnn +X Py, =P, + P,
0 is the angle between pis e px 484 <m* < 494 + 10
If X # 0, then: m(zr) < My {;HJ-I_IJ-LLL.—I
If X = 0, then: | ,_F{L‘:”'[n_é : f'r’_‘-Lo
0
KO " A Py K
® - P2 | @ 30
P> m(zz) = My o
p,, = B, = cos6 =1 p,, # B, = €0s6 <1 T2 é
Ll
S
e The calibration of the apparatus was checked by placing a 494<m¥*< 504 - | -
tungsten regenerator just before the experiment. i
e The events in figure with cos8> 0.99999 have an invariant §
of 499.1+0.8 MeV - + ' ©
e The events in the peak, after background subtraction, are
45X9 over a total of 22700 K, decays. m(zr) > My
504<m*< 514 T10
0 + -
:> R= TWKL=>77) _(5040.4)-107
F(KL — all charged) M—u
+ O

The normalization is done with respect to all charged K, decays: ©0.9996 0.9997 0.9998 0.9999 1.0000

[B.R. KCL) — 297970 = 210/0J cos 8
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CP violation

The state K,, that has CP = -1, can not decay in two pions if CP is conserved in the weak interactions.

* The 1963 experiment by Christenson, Cronin, Fitch and Turlay showed instead that the K, decays in two pions
(n.b. the results of the experiment were published 1964)

* As afirst step this lead to a change in the name of the neutral K states: the state with a short lifetime (where it is

predominat the CP = +1 component) was called K (K Short) and the state with a long lifetime (where it is
predominant CP =-1) was called K.°(K Long).

* The result found by Fitch and Cronin was:

B F(kE > )
r'(kY — all charged)

- (2.0+0.4).103 Today: B.R.T(k] — n*n")=(2.090+0.025)-107

We can no longer identify Ks with K; and K, with K,

e Contrary to the parity violation, the CP violation gave a lot of theoretical problems to be incorporated in the
various models/theories of the week interactions existing at that time.

e The transition K, & mut can be explained in two ways: indirect CP violation and direct CP violation:

Indirect violation:

We suppose that the weak interactions do not violate CP, but the state K, is a linear superposition of the
states K; and K,, ; the observed decay in 2 pions is due to the K; component present in K,

Direct violation:

In this case we suppose that the weak interactions violate directly the CP symmetry by connecting two states
with different eigenvalues of CP. In this case we should observe the CP violation also in other weak processes.
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Indirect CP violation

To take into account the CP violation in the K, decay we make the hypothesis that the eigenstates of the weak
Hamiltonian, Ks e K|, are not eigenstates of CP but are a linear superpositions of the latter (K; and K,). This

mechanism is called indirect CP violation because the violation happens in the mixing of the states and NOT in
the weak interactions matrix element.

| KOy +& | KD)
|2

| KSy +&| KD)
|2

| K2) = ;KD =

1+|5 1+|5

® ¢ is a small complex number that measure the amount of CP violation induced by the mixing of the KO states.

0 0 0y _ 0
* The two states Ks and K are not CP eigenstates: ~ CP | K2) = CPIKL) +eCPKy) _ 1K) - £1K3)

1+ JL+ P

(the same is true for K|)

+ | K

e Ks and K, are not even orthogonal states. The lack of “orthogonality” was expected since both states have the
same decay channels, for instance the one in two pions.

KL 1Kg) = %(<K§ |+& (K} |)(| KO +e| K§>)= L

1+‘e‘ 1+|e

* e+e 2Rele
(e TRD) + &7 (K0 | KOy) = £ = 2E)
1+‘s‘ 1+‘g‘

the amount of non orthogonality is a measure of the amount of CP violation

¢ The observed decay of the K, in two pions is due to the decay in two pions of its component K;. In principle it is

also possible the K;decay in three pions due to its K, component, but its B.R. is very small (3.2:107) because it
prevails the much faster decay in two pions.
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CP violation in the mixing

1 0 0 —
ﬁ(lK ) —| K >) (CP=+1) | KO = | K3) +¢ | KY)

1K) = 1K +1R%) (cP=-1) Vel

We can express K, also in the base K° —anti K° (this is the formalism used in the BO mixing)

| KDy =

|K°>—|K§>+8|KS>= L L (ko4 kO LKO—KO:‘=; 1+e)K?+(1-¢)K°
A Bl ) 2[1+82][( e
1

| KDy = qIKD+pIK%|  q=l+s ; p=l-s

In the direct CP violation we have (for instance):

F(KO —>7z‘+e++ve)¢1“(lzo —>7z++e_+17€)

But even if the two I were equal, we would have an indirect CP violation in the mixing because
because € is not equal to zero, therefore the content of K°®in K, is not equal to the anti-K° one.

Actually it is also present the direct CP violation, but at the level of per mille with respect to the
indirect one, so it is very difficult to detect its effects.
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K eigenstates and CP violation

Strangeness eigenstates

K%°=ds, S=+1 cPK%=K"
K%=ds, S=-1 cPX%)=-k"

CP eigenstates
K=(K°+K°)2, CP=+1 =z
K,=(k*-K°)V2, CP=-1 = mmx

AR 3
K4
Summary of the various K° = Ko
system eigenstates and the g
two CP violation mechanisms
o X
S -0
& K
: ¥1 Y
Mass eigenstates 7
Kg=pK®+¢K° =K, +2K,
K; =gk%+pK° =zK; + K,
B
N
“indirect” CP violation K,>nrr
Re(&) =2.3x 107 “direct” CP violation
[pf” +af £|<<|e
]S -0 =0 _, 7
P(K® > F)= PK°>F
( £

Have a choice when ‘pararﬁéﬁrizing' Ks and Ki:
[. in terms of K and K°
2. in terms of K, and K;

l

In the K° system we use option 2) while in the B® system we use option 1)
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Summary about K decays

Isospin
Kaons... - .
| KO (sd) KT (3u)
mk ~ 494 MeV/c? R i KO - d)
No strange particles lighter than kaons exist = (S’U,) (8
= Decay must violate “strangeness” " -
4 8 -1 +1  “Strangeness
Strong force conserves “strangeness”
=>Decay is a pure weak interaction . FRxs
¥ T /3
d BTy o W’y_c
w- W d P+3e+
8 Sas > u 5 — - u
-t - — e
E,v e d_,ll’ ?'i li Syt
hadronic decays: semi-leptonic decays: leptonic decays:
Kt — atx° atx—at, xtal2® K* — n%ty,, 7%ty Kt — pty,, ety,
K- - 72, ate, 7 x%n° K- — =% pg, 7% g K — pv,ev
K° — %% x%%°, xtx—, xta—n® K° — npty, mety, K° — ppt eet
K° — 7% x%%%°, xtx—, xta—n® KY — ntpy, nte v, K° — ptp, ete
: . Semi-leptonic decays:
Hadronic and leptonic decays: : e : G |
: : : particle and anti-particle are distinct!
particle and anti-particle behave the same » .
AQ=AS rule
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Semileptonic K° decays

K0—>7r_+e++ve l?0+7r++e_+\7e
S <e+ S <e
————p X —p-:-—-b—:-—
we o % >
K°(ds) g v K°(ds) u Y
7 - _a

—_——— —> >

d d

B.R.(KE - Jrie%u) = (38.81+0.27)% <«— The two final states (K° and K°) are summed up
B.R.(KE — ni;ﬁv#) = (27.19+0.25)% <«— Phase space effect

¢ The two final states are CP conjugate (you can go from one to the other one with a CP transformation).
e Let’s recall that from the sign of the the charge of the lepton we know if we are dealing with a K° or KO decay.

e |f CP was conserved, the K, would have the same decay rates in both final states because the K, would be an
equiprobable mixture of K° and KP°.

e From an experimental point of view, we start from a pure K° beam and we measure as a function of time the
difference between the decays with a positron (N*) and the decays with an electron (N-) [strangeness oscillation].

e We wait long enough (that is we are far enough from the K9beam production point) in a such a way that the Ks

component decays and we are left only with the K, component. Without the CP violation we would have an equal
number of positron decays and electron decays.

e Therefore we measure as a function of time the charge asymmetry defined as follows:

B N(KE — ﬂ_e+ve)-N(K8 > 7178 V) 2Re(e)

0,
’ N+ 1+]of
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operative definition of the sign of the charge

N —N~
Nt + N~
~
z
+
+
Z
=
z
|
+
Z

0.08
0.06
0.04
0.02

-0.02
-0.04
-0.06
-0.08

Charge asymmetry in
the decays K’ —» n¥e*v

The K, preferes the decay in positrons

Skt — 2=
L1 1 110 1 1 1 1 210 1 1 Tl(lo—los)
K° decay time 7'(107's)
+p-
5-N_=N_ _(0.327+0.012)%
N* + N~

e For the first time we have a process that is able to distinguish between matter and antimatter and can
provide an operative definition of the sign of the electric charge.

The positive charge is the one carried by the lepton that it is preferentially produced in the K, decay.

e The CP violation treats in a different way matter and antimatter; it could explain why in the Universe now
we have only matter and no antimatter anywhere (at least as far as we know at the moment).
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Direct CP violation

e Usually the CP violation is parametrized through the ratio of K; and K, decay amplitudes into a pair of charged or
neutral pions:

_ma LHIKD e
Tt | H K2> o H is the Hamiltonian responsible of the
transition between the initial and the final states
00 0
<7T7T|H|KL>_ 77
loo = = |noo| €

N 0_0 0

(r"m” | H | K5>
e |f the CP violation in the K| decay is due only to the K; and K, mixing , then the K, decay in two charged pions or in
two neutral pions is due to the K; component, therefore we should have:

An'mT |H| ek?)
(m'n” |H|KD)

B (n°n° |H|8K10>_

Moo = —€
(r°n® | H|KD)

=¢ and

n,._
e The measured value of these parameters are (PDG 2016):

n, | = (2.232£0.011):10° ; ¢, =43.4°+0.5°
noo’ = (2.220i0.011)~10_3 ;

:> Too
n,._

e Data are consistent with the hypothesis of the CP violation in the K; and K, mixing.

0yo =43.7°£0.6°

= 0.9950£0.0007 ; ¢y,- ¢, =0.34°+0.32°

e However the agreement is at the level of per cent therefore it is not excluded the direct CP violation, but if
this one exists, it should be at the per mille level with respect to the indirect CP violation.

e It means looking for effects at 10 level in the neutral K decays. This the reason why the direct CP violation in
the K decays has been observed only in 2002, almost 40 years later than the Fitch-Cronin experiment.
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Direct CP violation

* We can have n,.and ng different from zero even without the mixing of the eigenstates K and K, (¢=0), if the weak
Hamiltonian is able to connect states with different CP eigenvalues. This mechanism is know as direct CP violation.

. : : : 0 0
We have to evaluate the following matrix element: (77 | H, K> or (zr|H, |KS)

e it is useful to decompose the two pions state in term of total isospin components. The pion has isospin 1,
therefore the two pions system can have total isospin 0, 1, or 2.

e If we consider the total wave function of the two pions system, we have:

v = p(spatial) - y(spin) - E(flavour)

® Pions are bosons, therefore the total wave function must be symmetric. We saw that spatial part is symmetric

and the spin part is not present, therefore the flavour wave function must be symmetric as well; as a consequence
the total isospin must be even, hence we have I=0 or |=2.

e By using the Clebsch-Gordan coefficients we have:

+ -1 = 11 2 . 0 01 — |2 -1
= kel + 2o a=Lel - Lo
where: (7777 = i(<”1+7[£|+<”1_”§|) (symmetrized state)

V2
e We have four amplitudes that describe the K and K, decays in two pions:
O Hy 1K 5 21H, K

O|H, K 5 @IH, KD

e H, isthe weak Hamiltonian responsible of the decays.
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Direct CP violation

* The K has isospin % therefore in one case we have a Al = % transition and in the other one we have Al = 3/2. The

two transitions can have a different phase factor, therefore we have a phase shift in the final state composition
that depends on the total isospin

* Let’s call §, the phase shift of the I=0 component and 6, the one of =2, therefore we have:

(7| = \E &% 2| + ﬁ e'% (0|
(z°20 = ge‘5z<2| - ;ei50(0|
e Let’s define the amplitudes of the K° decays as follows: A =(0|H |K®)  and A,=Q2|H, | KO

e Assuming the CPT invariance, we can deduce also the amplitudes of the K°decays. Let’s recall that:

CP|K% =-1K% = CPT|K® ==K ; CPT{0| = |0y ; CPT(2| = |2) Thetwo pions have CP=1
(The Time Reversal changes the inital state in a final state and viceversa)
e |f we assume that the weak interactions are invariant under CPT, we have:
Ag=(0|H, | K% T 5 -(K|H, |0) =-A,
A,=2|H, | K% T 5 -(K°|H,|2) =-A;
e We get rid of one phase by choosing A, real. Let’s recall the expression of K; and K in terms of K® and KO:

A+ K - A=) KD .| o, A+ [KD) + (1-9)|KD)

| Kg> N 2 2
2(1 + |g| ) 2(1 + |8| )

e We can express the Ks and K transitions in two pions through the amplitudes A,;, A, and the term that express
the CP violation.
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Direct CP violation

e Let’s recall the direct CP violation parametrization:
_(a [HIKD) _ | @ oo = (%720 | H | KO
wa IHIKY T 2% I HIKY)

e We have to compute the four amplitudes. With the previous definitions we have:

L = |7700| ei¢oo

(n'n” |HW | KE) = costant- e(fz@Azei5Z+\/§A0ei5° )+JmA2ei52j

(nn™ | H, | Kg> = costant - ReAzei52+\/EAoei5°+81mAzei52) costant= —3
(r°n® |H, | K)) = costant (8(\/5f1{eA2ei52 - Aoei5°)+\/EImA2ei52) 1+’8
(7% |[H | KO = costant -[ V2reAe®-A e+ ey21mA_e!%:

wiRs 2 0 2

. . . &+ — h e|(5z_5o)
(n"n” | H | Kf) SQ{eAZGISZ+8\/£Aoe|6°+lmAzel52 f
> N,_= = -

+ - 0y i5 i, i5 _
(w'm” [HIKg)  ®eAe +\/EAOe +ermA, e L1 Rg[Az]

B 1 Im(Az)ei(52_5o)}{1_1qQ€(A) |(5 6)} et 1 Im(A) |(6 -6,) _ '

oy L L) o,

m(As) _i(s,-5 .
e With the same procedure we get: 7o ® € — \/EA—Z e(%2=%) = o _2¢
0

1 Im(A) |(6 =6,)

:>'[A
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Direct CP violation

* We can define the parameters that describe the direct CP violation in the neutral K system as follows:

(722 H KD
(7°7° | H | K2)

(A |HIKD

P 0 =¢-2¢'
(m'm |H|Ks>

e e+ & Moo
e Let’s recall that if the CP violation is only present in the K; e K, mixing (indirect violation), then n,.and ny, must

be equal, therefore €’ = 0.
e The direct CP violation implies the existence of the parameter €’ different from zero.

e Since the discovery of the CP violation in 1964 were realized several experiments to measure €', however this
measurement is very challenging from an experimental point of view because we have to measure a parameter
of the order 10-¢.

e The experimental procedure consist to measure a double ratio between partial widths, in a such a way that many
systematic errors cancell out:

R |00 ’ _ (K — 2°2°)/T(KP > 7'77)
n|  T(KE - 22 /T(KE - zt7)
’ ‘g'l‘gl’z 1
R—l: ni = =—221+6%[£]
Mool [e-2e :

® The existence of the direct CP violation implies that the violation can be observed in other decays besides
the neutral K system, for instance in the charged K decays
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Measurements of the direct CP violation

2

Moo| _ F(K? — EOEO)/F(KLO > 1)

R =

n_|  TK2 - 2% /T(KE - zt77)

Rl =

n

Moo

+_

e A value of R different from one is the proof of the existence of the direct CP violation.

This measurement took almost 30 years of experiments before being achieved

L= |Moo/M4 |
0.15 _
001
NA31
Banner et al. K T1993
(1~ 9 1972 K
T ,/ 0.008
7 ’ ®
0.05 g 0.006 -
Black et al. 1985 ./
0 1d4—e E . _ 0.004 -
- Bernstein et al. 1985\\\ 0.002- e
-0.05 -
Holder et/al. " E731
1972 1993
| Christenson et al. 1979 0
-0.1

KTeV 2001
(partial)

I

|

F—@®—

NA48
2002

oo
M,

=0.9950 + 0.0008

.

&
&

j =(1.67£0.26) 10>
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SAPIENZA  End of chapter 8
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