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CP Violation in the Early Universe

* Very early in the universe might expect equal numbers of baryons and anti-baryons
* However, today the universe is matter dominated (no evidence for anti-galaxies, etc.)

* From “Big Bang Nucleosynthesis” obtain the matter/anti-matter asymmetry

np —ngp ng _
E="2"B~ 2107
My My
i.e. for every baryon in the universe today there are 10%tons

* How did this happen?
% Early in the universe need to create a very small asymmetry between baryons and
anti-baryons

e.g. for every 10° anti-baryons there were 109+1 baryons
baryons/anti-baryons annihilate [
1 baryon + ~10° photons + no anti-baryons

% To generate this initial asymmetry three conditions must be met (Sakharov, 1967):

® “Baryon number violation”,i.e. 7B — g is not constant

® “C and CP violation”, if CP is conserved for a reaction which generates
a net number of baryons over anti-baryons there would be a CP
conjugate reaction generating a net number of anti-baryons
® “Departure from thermal equilibrium”, in thermal equilibrium any baryon
number violating process will be balanced by the inverse reaction
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The Weak Interaction of Quarks

% Slightly different values of G measured in u decay and nuclear 3 decay:

e

G* = (1.16632 4 0.00002) x 10 5 Gev-2 GP = (1.136 +0.003) x 1075 GeV 2

% In addition, certain hadronic decay modes are observed to be suppressed, e.g.
compare K~ — u~ vy and 7w~ — U~ v, Kaon decay rate suppressed factor 20
compared to the expectation assuming a universal weak interaction for quarks.

;)d>\/vv\,<vu i)vvv\<
» Both observations explalned by Cablbbo hypothesis (1963 ): weak elgenstates are

different from mass eigenstates, i.e. weak interactions of quarks have same
strength as for leptons but a u-quark couples to a linear combination of s and d

d\ [ cos6, sin6, d
s ]\ —sinB, cosB, s
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GIM Mechanism

% In the weak interaction have couplings between both ud and wus which
implies that neutral mesons can decay via box diagrams, e.g.

cos6., W~ -
, | d > H M, =< g}, cos O, sin 6,
K u vy
S Historically, the observed branching
ésin@ et ut was much smaller than predicted

% Led Glashow, llliopoulos and Maiani to postulate existence of an extra quark
- before discovery of charm quark in 1974. Weak interaction couplings become

7) u C C
COS ;;V‘%< 4 sin 9:/;;“2< s - sint;’:%—%i 4 ©os 91:‘;—%;< s
* Gives another box diagram for KV — utu~
—sinf, W~ :
3 - u- M> —gév cos 6,.sin 6,
KY clY Vu -Same final state so sum amplitudes
S
—<— ut M|* = |M, + M |* ~ 0
cosf. W+ -Cancellation not exact because  m,, #~ m,
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i.e. weak interaction couples different generations of quarks

N

u u
= +

EW EW EW.

IRy cos 6, v J sin 6, 5 S

(The same is true for leptons e.g. e v,, e v, , e v, couplings — connect different generations)

% Can explain the observations on the previous pages with 6. =13.1°
-Kaon decay suppressed by a factor of tan? 6. ~ 0.05 relative to pion decay

d  Jcos®] _Vu 5 sinb4 Ve
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CKM Matrix

% Extend ideas to three quark flavours (analogue of three flavour neutrino treatment)

d’ Vida Vus Vb d By convention CKM matrix
/A : defined as acting on
S| =1 Vea Ves Ve S = : J
i quarks with charge  _1
v Via Vis Vo J \o) DT 38
Weak eigenstates CKM Matrix Mass Eigenstates

— — ~
( Cabibbo, Kobayashi, Maskawa )

% e.g. Weak eigenstate  d’ is produced in weak decay of an up quark:

g_\/‘% d ! Vu*d g\/_% d Vb;ks f/_‘% S Vu*b f/_‘% b
u ﬁ—{ u + u + u —)—-L/Z;
Wt Wt Wt

W—I—
* The CKM matrix elements Vij are complex constants

* The CKM matrix is unitary
* The Vl-jare not predicted by the SM — have to determined from experiment
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Feynman Rules

- Depending on the order of the interaction, U —d or d — u ,the CKM
matrix enters as either V4 or V

*Writing the interaction in terms of the WEAK eigenstates

aw 1 NdOTEt u'i.s the t
adjoint spinor no
d’ _)fz‘{ jd’u — U [—lg—\/vg’}ﬁu%(l — ’}/5)] d/ theJ> anti-Sp quark
W 8w
*Giving the | d — u/weak current: Jdu = U [—iﬁy“%(l — YS)} Viad

‘For u — d’the weak current is:

ue—f{d juar =d [—ig—%y“%(l—f)]u
W

*In terms of the mass eigenstates d — A"y — (V,qd) ™y = Vu*ddTyO —

*Giving the |u — d|weak current: ; ] [_ig_W yﬂ 1 (1 — }’5)] U
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*Hence, when the charge —% quark enters as the adjoint spinor, the complex
conjugate of the CKM matrix 1s used

% The vertex factor the following diagrams:
u E U W~ W—I— E
W~ W=  d u
: .EW
'S —i==Vg ¥ 5(1-7)

V2

% Whereas, the vertex factor for:

W‘I— W—I— u d
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/Cabibbo matrix

...................... Y .

Vial Vsl Vi | 0.974 0.226 0.004
[Vea| [Ves| [Ves| | ~ [10.23 0.96 : 0.04
Vial Vis| Vil 0.01 0.04 0.999

% NOTE: within the SM, the charged current, WlL, weak interaction:
(D Provides the only way to change flavour !

@) only way to change from one generation of quarks or leptons to another !

% However, the off-diagonal elements of the CKM matrix are relatively small.
* Weak interaction largest between quarks of the same generation.
» Coupling between first and third generation quarks is very small !

% The number of free parameters in the CKM matrix are three real parameters and one
imaginary phase

% The presence of an imaginary phase is source of CP violation!
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The Neutral Kaon System

» Neutral Kaons decay via the weak interaction
* The Weak Interaction also allows mixing of neutral kaons via “box diagrams”

W~ u,c,t
e S 4> >—>—s
KO . u,c, i\ u,c,t . EO KO . W+ wW- a EO
S S
W u,c,t

*The fact that for the quarks eigenstates of flavour are NOT eigenstates of mass implies
that the u couples not only with the d, but with the s as well (this would not happen
otherwise)

* This allows transitions between the strong eigenstates states KO, fo
» Consequently, the neutral kaons propagate as eigenstates of the overall strong
+ weak interaction; i.e. as linear combinations of KO, K

‘These neutral kaon states are called the “K-short” Kg and the “K-long” K
These states have approximately the same mass m(Ks) ~ m(Ky) ~ 498 MeV

-But very different lifetimes: 7(Ks) = 0.9 X 10~19s 7(Kz) = 0.5 X 10775
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CP Violation and the CKM Matrix

% How can we explain F(E?ZO — K% £T(KY, — EO) in terms of the CKM matrix ?

% Consider the box diagrams responsible for mixing, i.e.

wW- q
d 5 VN 2 d > > >—s
R jmy NLR K we Sw- ||
+V\Vf/\+/\‘_é 2 < </ <
q

where g = {u,c,t}, q’ = {u,c,t}

% Have to sum over all possible quark exchanges in the box. For simplicity
consider just one diagram

Vcd V;;
d N\ \N\N\—>— S
KY = cVY /\t . EO Mfi OcActhdV:thd t>sl<
S |
—<—N\VV\N—&— N A constant related
Vi Vida to integrating over
virtual momenta
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—0 -0
% Compare the equivalent box diagrams for K'—K and K —K'

Ved s Ves tZ’
d S S d
KV c VW t . EO KO c V t K0
S d d S
+
V:v Vi ctl Vis
M o< A VeaViViaVis M}i o< ActVCZVcs ZZVIS = M;Zl-

% Therefore difference in rates
-0 —0
T(K°— K') —T(K" — K°) o< My; — M}; = 23{Mj;}
% Hence the rates can only be different if the CKM matrix has imaginary component

€] o< 3{Mji}

% In the kaon system we can show

€] o< Ayt S{Vua Vi ViaVis } +Act 3{VeaViViaVis } +Au S{ViaVisViaVis }

Shows that CP violation is related to the imaginary parts of the CKM matrix
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Neutral Meson Oscillations

Neutral meson oscillations are caused by the eigenstates of flavour not being eigenstates of

TS py=pipyealp) P = (PR IR)

K ) h P>+ lgI* =1
Py) =p|P) - q|P) P = 5P =1 Po)]

This terms are responsible for

The Hamiltonian is given by / oscillations

2 My, My, v (T'yy Tyo
H=M - T = - =
) (1‘[12* 1\[11) 2 (F12* rll)

Oscillation Decay

Allowing the decay of the meson we also have an imaginary (dispersive part)

Hermetian matrixes M and Gamma, H is not Hermetian, why?

oo My, My,
St (f\flg* 1\f11>
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Neutral Meson Oscillations

Assuming CPT symmetry

i i
M_Er M12_§r12 ]
H = '. i with
My—5T;, M-3T

Il
=
I
=<

=
Il
=]
1
5'-1

1"

eigenvalues are

i i N - i
Wy, = M_EF + \/(Mu_i I‘12)("”12_5I‘12) =my,—5 0y,

eigenvectors imply
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Neutral Meson Oscillations

If a particle is in the initial state |P> at t=0

P©)=|P) = 5 (1P0) +1Pu)

It will evolve according to

1 . .
|g:t(t)|2 _ Z (e—FHt + e—FLt + e—Ft(e—zAmt + e—}—zAmt))
1, r T T
The transition probability is given by -1 (67 +e 2 £ 2e7 " cos Amt)
2 —I't 1
(PY|P°(t))|* = |g_(t)|? P - ¢ 5 (COSh §APt + cos Amt)
q

M = (myg+mz)/2 and Am = myg —my,

I' = (FL+FH)/2 and AF:PH—FL
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Neutral Meson Oscillations

related to oscillations “frequency”:

related to oscillations “damping”:

These quantities can be expressed in the same unites (MeV or ps)

Mark Thomson/Nico Serra

T=1/T Am T Y
K-system | 0.26 x 1077 51 5.29 ns~! | 0.477 |-1
D-system | 0.41 x 107125 | 0.0024 ps~! | 0.0097 | 0.0078
B-system | 1.53x 1072 s | 0.507 ps!| 0.78 | 0.0015 2
Bs-system | 1.47 x 1072 s | 17.77ps ' | 26.1 | 0.06 2
KTIl - 2017 16



Amg=~05ps™!
1/Fd = 1.506 Ps
|AF,,|/2F,; < |

Amy/Tq ~0.75

Neutral Meson Oscillations
Amyg =~ 5.3ns"

Amg Am
—_ L d
‘-0_0 C—
AFI\/QFA ~ —] B B )

Amg /T =~ 0,945

KR
KY

L
M /Ty = 51.7ns

l\'()
1/T's = 89.3 ps
0

I Eps)

J
-10 -5 0 5 E [ns'l]
Amp ~ 0 - Am,
0 730 Py zE ) k
Amp < 0.2ps™! B-SBS Amg > 14 ps"

/ \ 1/Tp = 0.415ps 1/Ty = 1.47 ps

Al p|/2T'p < 1 B.. B.y Al“_,/:?l‘“_,. ~ —0.10
Amg /"y ~ 20 — 40

[\ Amp/Tp < 0.09
/ \\\\___ J
S0 5 10 15 g
[from a seminar by G.Hamel de Monchenault]
KTII - 2017 —F
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Neutral Meson Oscillations

d
&)

E 1— 0 0 E I~ 0 0
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X - X 0
= osf- - PK')-K 1) = osf = PO’)~D ()
0.6:— 0.6
0.4 0.4
0.2f 0.2F
0—11|||1|||| 0_ AR T B B T
0 01 02 03 04 05 06 07 08 0.9( )1 0 05 1 15 2 25 3 35 4 4.5@)5
t (ns t (ps
& [ 2 [
2k 2 I+ 0 0
3 T — PB°()— B'() S| — P(B () B,(1)
| 0 l‘l 0
< o8- -~ PB° (W)~ F (1) = osfth -== P(B°()> B, (1)
0.6~ 0.651'.ﬂ
04:— 0.45-
- al
0.2 o.2lv
0005 1T 15 2 25 3 35 4 45 5 0 05

t(ps)
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CP Eigenstates

*The Kgand K; are closely related to eigenstates of the combined charge
conjugation and parity operators: CP

_ -0, =
‘The strong eigenstates K"(ds)and K (sd)have  JP =~

with —  PIK%) = —|K%), PK)=—K)

*The charge conjugation operator changes particle into anti-particle and vice versa

C1KO) = C|ds) = +|sd) = |K")

.

similarly é‘EO> — ’KO> 'The + sign is purely conventional, could
have used a - with no physical consequences

*Consequently

i.e. neither KYor anre eigenstates of CP

*Form CP eigenstates from linear combinations:

Ki)=J5(K) - [K))| | CPIK:) =+IK1)
Ko) = (KO + )| | CPIK2) = —|Ko)
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CP Eigenstates

*Neutral kaons often decay to pions (the lightest hadrons)
*The kaon masses are approximately 498 MeV and the pion masses are
approximately 140 MeV. Hence neutral kaons can decay to either 2 or 3 pions

*We already showed that particle and antiparticles have opposite P, therefore ground state
scalar mesons have negative parity

Decays to Two Pions:

‘The z0 — \%(uﬁ_ dﬁ) is an eigenstate of C
°It is easy to show that 613(77:+717_) = +1 and CP(?IOEO) = +1

Decays to Three Pions (Assuming L=0):

*Excited L are suppressed for the angular momentum barrier

P(n’n'nY) = -1.-1. - 1. Pintra’)=—-1.—-1.—1.
C(n°n'z) =+1.+1.+1 C(rtrn n’)=+1.C(ntn™)
=  CP(n’n%7%) = —1 = CP(ntn %) =-1.

» So the two pion state is CP even, the three pion state is CP odd!

Mark Thomson/Nico Serra KTII - 2017 20



% If CP were conserved in the Weak decays of neutral kaons, would expect decays
to pions to occur from states of definite CP (i.e. the CP eigenstates K| ,K> )

—0 .
Ky) = %(\K% —|K"))| CP|K))=+|K\) | |K; — = | |CPEVEN

K>) = S (K% +[K")) | CPIKy) = —|Ky) | | Ko — | [CP ODD

* Expect lifetimes of CP eigenstates to be very different
- For two pion decay energy available: mg —2mg ~ 220MeV
* For three pion decay energy available: mg — 3my ~ 80MeV

% Expect decays to two pions to be more rapid than decays to three pions due to
increased phase space

% This is exactly what is observed: a short-lived state “K-short” which decays to

%UKO) —|K"))  withdecays:  Kg— T

Kp) = |K) = %(|KO> + |EO>) with decays: K; — AW
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CP Violation in the Kaon System

% So far we have ignored CP violation in the neutral kaon system
% ldentified the K-short as the CP-even state and the K-long as the CP-odd state

Ks) = |K1)
Kp) = |K2)

— 1
_—L(
\/i

\KO> - |EO>) with decays:

KO+ |K”))  with decays:

K¢ —nrm

Ky —nrnrw

% At a long distance from the production point a beam of neutral kaons will

be 100% K-long (the K-short component will have decayed away). Hence,

if CP is conserved, would expect to see only three-pion decays.

% In 1964 Fitch & Cronin (joint Nobel prize) observed 45
in a sample of 22700 kaon decays a long distance from the production point

CP = +1

CP =-1

K =TT decays

—> |Weak interactions violate CP
CP is violated in hadronic weak interactions, but only at the level of 2 parts in 1000
K, — ntnn® BR=126% CP=-1
000 _ _

K, to pion BRs: — T BR = 19.6% CP=—1
— ntr BR=020% |CP=+1
— 'z BR=0.08% |CP=+1

KTl - 2017 >
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Y Two possible explanations of CP violation in the kaon system:
1) The Kg and K| do not correspond exactly to the CP eigenstates K, and K,

) = s ) )] | | 1Ku) = e K el
with |€] ~2x 1073
*In this case the observation of K; — mms accounted for by:
Ki) = s [0 elKi)
L > 2z [cP=+1
T |CP=-1
ii) and/or CP is violated in the decay
Kp) =|Ky) |cP=-1
\_) w7 |CP =-1 Parameterised by 8/
nmw  |CP=+1

% Experimentally both known to contribute to the mechanism for CP violation in the

kaon system but i) dominates: g'/e=(1.740.3) x 10~ 3 { E¢:3 FCeErFf]I,\IL)ab)

Mark Thomson/Nico Serra KTII - 2017
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Neutral Kaon Decays to pions

*Consider the decays of a beam of KV
*The decays to pions occur in states of definite CP

* If CP is conserved in the decay, need to
express K9 in terms of Ks and K;

Ko) = 5 (IKs) + |KL))

*Hence from the point of view of decays to pions, a K’ beam is a linear
combination of CP eigenstates:
a rapidly decaying CP-even component and a long-lived CP-odd component
*Therefore, expect to see predominantly two-pion decays near start of beam
and predominantly three pion decays further downstream

>

K¢ — 7w

At large distance left
with pure K, beam

K; — nnm /

>

Log Intensity

Distance from KO production
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Cronin, Fitch, Turlay experiment

WATER
CERENKOV
COUNTER
REGION OF \
OBSERVED DECAYS SCINTILLATOR
PLAN VIEW
—

1t

E’ COLLIMATOR i 5
0 _ lddtdidid il R
Kz_. - B S A "
/ \\

57 f1 TO=—1 Lt
INTERNAL HECIM o=

TARGET

wvumm/

WATER
CERENKOV
COUNTER

2-body decay (signal):

3-body decay (background):

- No evident discrepancy in the invariant mass
- Excess of 49+/- 9 events when plotting the pointing angle in the kaon mass region

484 <m* < 494 {10

I I [ PP

(a)

—— DATA: 5211 EVENTS
o ——-- MONTE-CARLO CALCULATION
VECTOR -:—: :0.5

;
/
T 5 1

—4600

4500

41400

4300

4200

1100

1 A
(a) 300 350 400 450 500 550 600 MeV

Low mass (peak around 350MeV)

KY — ntn—n0

High mass

K) — muv and K — mev

30

+ 20

494 < m*< 504

NIIMRFR OF FVFNTS
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Neutral Kaon Decays to Leptons

*Neutral kaons can also decay to leptons yi
-0 _— —0 _—
K —nte Vv, K —rntu-v, <

d
gl

*Note: the final states are not CP eigenstates 9
which is why we express these decays in terms of KO, K

* Neutral kaons propagate as combined eigenstates of weak + strong
interaction i.e. the Kjg, K7 . The main decay modes/branching fractions are:

Ks — ntn BR = 69.2% K, — ntna® BR=12.6%
— 7'z BR =30.7% — 1972920  BR=19.6%
— 7w e'v, BR=0.03% — gmetv, BR=202%
— nte Vv, BR=0.03% — gmte v, BR=202%
— mutvy BR=0.02% — mutvy, BR=135%
— 1 u~v, BR=0.02% — muv, BR=13.5%

*Leptonic decays are more likely for the K-long because the three pion decay
modes have a lower decay rate than the two pion modes of the K-short

Mark Thomson/Nico Serra KTII - 2017
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Strangeness Oscillations (neglecting CP violation)

*The “semi-leptonic” decay rate to T et V. occurs from the KV state. Hence
to calculate the expected decay rate, need to know the K9 component of the
wave-function. For example, for a beam which was initially K" we have (1)

w(t)) = J5(65()IKs) +6.(1)|KL))
‘Writing K, K; in terms of KO,EO
() = 3 |6s()(IK”) ~ [K") +0.() (K) + |K”))|

—  1(65+6)|K") + 1 (6. — 65)[K)

Because 0g(t) # 6y(t)a state that was initially a K evolves
with time into a mixture of gVand EO - “strangeness oscillations”

‘The KVintensity (i.e. KYfraction):
[(KLy — K°) = [(K°|y(1))|* = ;165 + 6| (2)
similarly (K% —K) = [(B |w(t)))> = 1|65 — 6, (3)

Mark Thomson/Nico Serra KTII - 2017
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-Using the identity |21 +22|% = |z1|2 + |22 > £2R(z123)

‘QSZIZGL‘Z _ ‘e_(im5+%rs)tie_(imL+%rL)f‘2

_ _ g _1 ° _1
— [t Le It + 29’{{6 lmSl‘e ZFSt.e_l_lmLte 2FLZ‘}
FS+FL

— e—FSt + e—FLt +2e" T2 l‘g{{e—i(ms—mL)l‘}

B B _FS+FL
= e s pe i £ 20777 T eos (mg —myp )t

. . _FS—I—FL
= e FSt—Fe Fet 920 2 'cosAmt

*Oscillations between neutral kaon states with frequency given by the
mass splitting Am — m(KL) _ m(KS)
*Reminiscent of neutrino oscillations ! Only this time we have decaying states.

*Using equations (2) and (3):
[(KLo— K’) =

o Tt 1o T2t 1 9= (U512 o6 At (4)

_e—FSl‘ i e—FLZ L 2€_<FS‘|‘FL)I/2 CcOS Amt_ (5)

I(Kly— EO) =

N[ N

Mark Thomson/Nico Serra KTII - 2017
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% Strangeness oscillations can be studied by looking at semi-leptonic decays

% The charge of the observed pion (or lepton) tags the decay as from either a EO
or KV because

K' = etv, but K’ 4 metv,) NOTALLOWED
_O o
K —nte v, KO nte v,
*So for an initial K" beam, observe the decays to both charge combinations:
0 0 —0
L ety, L nte v,

which provides a way of measuring strangeness oscillations

Mark Thomson/Nico Serra KTII - 2017 29



The CPLEAR Experiment

e Charge of decay products tags the decay as either as being either Klor K

*CERN : 1990-1996
*Used a low energy anti-proton beam
*Neutral kaons produced in reactions

pp — K~ ntKY
— _ 50
pp—K'n K

* Low energy, so particles produced

almost at rest

e Observe production process and
decay in the same detector
« Charge of K=*7T in the production
process tags the initial neutral kaon
as either gOor T
—0

* Provides a direct probe of strangeness oscillations

Mark Thomson/Nico Serra
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An example of a CPLEAR event

Production:
pp —| K™ nHKY
Decay A/ Mixing
—0 -

*For each event know initial wave-function,

e.g. here: |y (t =0)) = ‘K0>

Mark Thomson/Nico Serra
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Can measure decay rates as a function of time for all combinations:
eg. R"=T(K’,—n etV,)<T(K,— K"
*From equations (4), (5) and similar relations:

R.=T(Ky— T eVe) = Ngevy [e_rst + e Tt 4 2o~ (TsHTL)1/2 cog Amt}
R_ = F(KP:O — 7'L'+e_ve) — NTL‘eVl |:e_FSt + e_FLt — 26_(FS+FL)Z/2 COSAmt}

R.=T(K,_,— nte V,) = Nzev 3 {e_rst +e Tt 4 e~ TstIL)t/2 cosAmt}

R, = F(E?:O — T eTV,) = Ngev 3 {e_rst + e TLt e~ (s +TL)t/2 COSAmt]

where Nj.y is some overall normalisation factor
*Express measurements as an “asymmetry” to remove dependence on  Nzey
(Ry +R-) — (R-+Ry)
(Rt +R-)+ (R_-+Ry)

Am —

Mark Thomson/Nico Serra KTII - 2017
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*Using the above expressions for

A. Angelopoulos et al., Eur. Phys. J. C22 (2001) 55

R etc., obtain

2~ UsTIL)/2 o5 Amt

AAm —

%<§’ 0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

-0.1

g
By

\

\
e
\
\

o

— |\

T

°
sugoees e"0q0 g0 Sette 00 00un,” 0sst,

5 10 15 20

Neutral—kaon decay time [ 1]

% Points show the data

% The line shows the theoretical
prediction for the value of Am

most consistent with the CPLEAR
data:

Am = 3.485 x 10712 GeV

*The sign of Am is not determined here but is known from other experiments
* When the CPLEAR results are combined with experiments at FermiLab obtain:

Am = m(Ky) —m(Ks) = (3.506 £0.006) x 107> GeV

Mark Thomson/Nico Serra
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CP Violation in Semi-leptonic decays

% If observe a neutral kaon beam a long time after production (i.e. a large distances)
it will consist of a pure K, component

Kp) = f \/W [(1 +¢€)|Ko) + (1 — e)|EO>}

L Loaety,
»T eV,

% Decaysto 71 e™ V, must come from the EO component, and decays to
TTe” Vv, mustcome from the KV component

T(K, — e V,) o (K IKL)? o< |1 — e> = 1 — 2% {e)
C(K;p — nnetv,) o [(KYKp)|? o< |1 +€]? ~ 1 +2R{e}

% Results in a small difference in decay rates: the decay to n_e+ve is
0.7 % more likely than the decay to gT¢~ v,

*This difference has been observed and thus provides the first direct
evidence for an absolute difference between matter and anti-matter.

% It also provides an unambiguous definition of matter which could, for example,
be transmitted to aliens in a distant galaxy

“The electrons in our atoms have the same charge as those emitted
least often in the decays of the long-lived neutral kaon”
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Appendix |: Determination of the CKM Matrix

Non-examinable

*The experimental determination of the CKM matrix elements comes mainly from
measurements of leptonic decays (the leptonic part is well understood).
* It is easy to produce/observe meson decays, however theoretical uncertainties
associated with the decays of bound states often limits the precision
e Contrast this with the measurements of the PMNS matrix, where there are few
theoretical uncertainties and the experimental difficulties in dealing with neutrinos
limits the precision.

xX ..
® ||V,4l| [from nuclear beta decay ( B :>

u

v Super-allowed 0*—0* beta decays are
I ud / Ve relatively free from theoretical uncertainties

I o< |Val?

e

V| =0.97377+£0.00027| (= cos6,)
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® ||V,.|| [from semi-leptonic kaon decays ( x )
- oL
¢ //u w [ oc [Vs?
al ER Vo 7 Ve
""b< Vsl = 0.225740.0021]  (~sin6,)
-
® V.dl from neutrino scattering| v, +N — utu—Xx (X )

Look for opposite charge di-muon events in V,, scattering from production and

decay ofa DT (cd) meson

opposite sign
uu pair

Rate o< |V,4|*Br(

DT —Xutvy)

-

~

Measured in various
collider experiments

V4| =0.23040.011
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from semi-leptonic charmed meson decays

()

d X0 I o< [Ves ‘2
- S *Precision limited by theoretical uncertainties
g Ves| = 0.957 4£0.017 £0.093
M~ M=
e’ experimental error theory uncertainty

from semi-leptonic B hadron decays

|

C FOC ‘Vcb’2

e V.| = 0.0416 £ 0.0006

from semi-leptonic B hadron decays

e.d.
d
Dt |,
6 Ivcbl
e.g. -
B ()
@ Ivubl
e.d.
7]
B~

<|
o

()
()

V| = 0.0043 £ 0.0003
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Appendix II: Particle — Anti-Particle Mixing

*The wave-function for a single particle with lifetime 7 = 1/1" evolves with time as:
l//(t) — Ne11/2,—iMi
which gives the appropriate exponential decay of
(W) (1)) = (w(0)|y(0))e ™/
The wave-function satisfies the time-dependent wave equation:
Aly(0) =01 T o) = i) A

°For a bound state such as a KO the mass term includes the “mass” from
the weak interaction “potential” H a1

. KO\A M2 s
M = myo + (K| Aeai|K©) + Y K ek )7 o—jSum over
F mgo — L

states j
| ¢
A\
d > N d The third term is the 2" order
KY cVY /'\t KO |term in the perturbation expansion
S = corresponding to box diagrams
< <S5 resulting in g0 _, £0
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* The total decay rate is the sum over all possible decays KV —; f
0\ |2
I'= 277:2‘ f|Hweak|K >| PF ¢

% Because there are also dlagrams which allow KV « K mixing need to
consider the time evolution of a mixed stated

y(t) = a()K® +b(1)K’ (A2)

% The time dependent wave-equation of (A1) becomes

My —gily Mo —3iTn ) (1K0(0) K1)
(M21 - Lir Moz iirz) (\E“<r>>> (rK (1 >>) )

the diagonal terms are as before, and the off-diagonal terms are due to mixing.

<K0|ﬁweak’KO> ‘2

Density of final states

M = M g0 + <K0‘ﬁweak‘KO> —|—Z ’
n

mKO - El’l
O Lo\ o\ % ol ¥ _O d + S
M, = Z <K ‘Hweak‘]> <]J?Hweak‘K > K0 oV t EO
' Mo — L S q
J S_¢ d
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*The off-diagonal decay terms include the effects of interference between
decays to a common final state

~ N ~ —0
1_‘12 — 277:Z<f|Hweak’KO> <f‘Hweak|K >pF
f

In terms of the time dependent coefficients for the kaon states, (A3) becomes

nl) 6

where the Hamiltonian can be written:
My M ' I
H=M-ilr= (
2 My, Mp 151 I
*Both the mass and decay matrices represent observable quantities and are
Hermitian

My =M{,, My =M;,, My =M
'y =17, Twa=13%, TI'n=1%

*Furthermore, if CPT is conserved then the masses and decay rates of the g
and KYare identical:

My =My=M, Iy1=Ipn=I

0
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*Hence the time evolution of the system can be written:

M—%il“ Mlz—%irlz a —li a Ad
*To solve the coupled differential equations for a(t) and b(t), first find the
eigenstates of the Hamiltonian (the K, and Kg) and then transform into

this basis. The eigenvalue equation is:

M — %il“ M12 — éirlz X1 — 2 X1 (A5)
12 21F M — zil“ b %) X)
*Which has non-trivial solutions for
H—AI| =0

= (M_ %iF—)L)z - (Mikz _ %irfz)(MU - %irm) =0
with eigenvalues

A=M— %il_':lz \/( = %irfz)(Mu — %iru)

*The eigenstates can be obtained by substituting back into (A5)
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(M — $iD)x) + (M — 4il1p) = (M — 30/ (M5, — LiT}) (M — 4iT10) )

My, — i
= X2 _ 4 12 % . 12
X1 My, — zlrlz
% Define . MT2 o %ZFTZ
M — 3T
% Hence the normalised eigenstates are
1 1 1 0 —0
) = (1) - (1K%) £n[R")
VIHMPEAEL 1+ n)?

% Note, in the limit where Mj;, 11> are real, the eigenstates correspond to the
CP eigenstates K, and K,. Hence we can identify the general eigenstates as

as the long and short lived neutral kaons:

K.) (1K%Y +n[K"))| ||Ks)

1
IRVAERTIE IRVAERTIE

(K% —n[K"))
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% Substituting these states back into (A2):

w(e)) = a(t)K®)+b()K)
[ a(t)

b
= 1+Wm2‘§—@l+Kﬂ+"ZT@l—K@]

VT
e (9450«

2 2n

With ..................................................... .....................................................

% Now consider the time evolution of qa; (t)

da; da idb
— =i— +

Jdr ot n ot

% Which can be evaluated using (A4) for the time evolution of a(t) and b(t):
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da . . 1 . ok .
i = (M= 4iT)a+ (My —%zl“lz)b]Jrﬁ [(Mlz—%zru)H(M—%zr)b]

, b : | o
= (M—3il) (CH‘ E) + (M2 — 3iT),)b + H(MU —3i},)a

= (M —3i)ap+ (M, — 3iT,,)b+ (\/(1\4;<2 — Ll (M2 — %il“lz)) a

= (M—3iD)aL+ (\/(Mfz —3iT) (M2 - %irlz)) (CH %)

= (M~ 3il)as+ (\/(Mfz = 5il,) (M2 — %iF12)> aL

8aL
: : 1
* Hence: === (mp — 5il; )ar
ity = eyt~ b = 3 )
and IL = F—23{\/(Mfz_%iriz)(Mu_%iFlz)}
KT - 2017
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% Following the same procedure obtain:

dag 1.
== = (ms — 51l )as

it ms = a5l \fo, iy

and TIs = I'+23 {\/(M;<2 — L)) (Min — %iru)}
Y In matrix notation we have

My -5, 0 a,\ _.9 (a
0 MS—%iFS as ot \ as

% Solving we obtain
CIL(I) o e—lmLt—FLt/Z as(t) o e—zmst—FSt/2

% Hence in terms of the K, and K¢ basis the states propagate as independent

particles with definite masses and lifetimes (the mass eigenstates). The time
evolution of the neutral kaon system can be written

“//(t» ZALe_imLZ_FLZ/z\KL> —I—ASe_imSt_FSZ/Z\KS>

where A, and Ag are constants
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Appendix lll: CP Violation : 7tit decays

Non-examinable

% Consider the development of the K0 _ KO system now including CP violation

%* Repeat previous derivation using

1
V1+eP K1) +£|K2)] Kp) =

*Writing the CP eigenstates in terms of KO, KO

Ks) =

|K2) +€|K1)]

1
Vv 1+ |€|?

o0
Ki) = f W (14 €)[Kn) + (1) KY)

— 0.1
|KS> \/_\/W _(1+8)|K0>_(1_8)|K >_

-Invertlng these expressions obtain

*Hence a state that was produced as a KO evolves with time as:

) = P (001K + 65(0) K5)

T T
where as before 0g(t) = e_(‘mSJFTS)t and O(f) = o~ (imp+~)t
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If we are considering the decay rate to 7t need to express the wave-function
in terms of the CP eigenstates (remember we are neglecting CP violation
in the decay)

w(t) = \%?:(|K2>+8|K1>)9L(t)+(|1<1>+8|K2>)9s(f)]
11

—=7—— (s +€0.)|Ki) + (6. + €65)|K>)]
V21+e ——  __ «_|CPEigenstates
*Two pion decays occur with CP = +1 and therefore arise from decay of the

CP = +1 kaon eigenstate, i.e. K,

1] 1 [ )
(kg — 7)o [(Kilw() = 5 | | 165+ €61
Since |¢| K 1
1 ]° 1 1
— | = ~ ~1—2N{e
l1+¢ (1+¢e*)(14+¢€) 142R{e} 1€}

‘Now evaluate the |05+ 89L|2 term again using

71 £ 22|17 = |21 > + |22* £ 2R(z125)
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‘9S+89L’2 — ‘e_imSt_r_jgt+ge—imLt—rTLt’2
= eI + ‘8|2 —l —|-2§){{€ imgt— r t o primpt— Fth
°Writing E = |8|el¢
|GS + 89L|2 — e_rst + ‘EIZe—FLZ i 2‘8’6_(FS+FL)Z/29'{{ei(mL_mS)l‘—¢}

e Tt e Tt 4 2|g|le” TsHLI2 cos(Am.t — ¢)
*Putting this together we obtain:

}

1
(KL, — mn) = 5 (1-2%{e})Nrz [e‘—FSf + 8|ze_:” —I—2|8|e_(FS+FL)’/2’COS(Am.t - ¢)]
Z 3\ \
/ \ \
Short lifetime CP violating long Interference term
component lifetime component
Ks—an K —nn

°In exactly the same manner obtain for a beam which was produced as EO

IK,_y— nw) = %(Hzm{g})zvm [e—st+|e|2e—FLf K2|8|e FS+FL>f/2cos(Am.z—¢)}

\
Interference term changes sign
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% At large proper times only the long lifetime component remains :
1
KL, — mn) — (1= OR{e})Nyy.|e|?e 11!

i.e. CP violating K; — s decays

% Since CPLEAR can identify whethera K0 or EO was produced, able to
measure T(K°  — nx) and F(K?ZO — TUTT)

Prediction with CP violation

q

10

—_
o

7 decay rate
)

Number of events

104 E

10°

102

75 10 128 1 1768 20 228 28
t/10"0s

tagged initial KV "+¢+fmm”rﬁf

CPLEAR data
T

+ interference term

2

4

6

8 10 12 14 16 18 20
Neutral-kaon decay time [Tg]
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*The CPLEAR data shown previously can be used to measure & = |g|e'?
*Define the asymmetry: A F(f?zo — ) —[(KY, — nx)
B F(F?:O — m)+ (K, — 7x)

*Using expressions on page 443

 AR{e} [e7 TS 4 |gfe ] - 4le|le”TLHS)/2 cos(Am.t — @)

Al
T 2[eTst 4 |e2e T — 8R{e}e|e~ TLtTs)/2 cos(Am.t — ¢)
o< |8\9{{8} i.e. two small quantities and
can safely be neglected
2R{e} [e7 15" + | 1et] —2|g|le” TLtLs)/2 cos(Am.t — ¢)
Lo R

e Tst 4 [¢2eTu!
2|e|e=TLtTs)/2 cos(Am.t — @)
e Tsl 4 [g[2e Tt
2|e|eTsTL)/2 cos(Am.t — @)
1+ |8‘26(FS_FL>[

=2R{e} —

=2R{e} —
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A.Apostolakis et al., Eur. Phys. J. C18 (2000) 41
0.5
04 |
0.3
0.2

Best fit to the data:

Asymmetry A.e].)f

0.1F

e| = (2.264 £0.035) x 1073
¢ = (43.194+0.73)°

d
-0 |

0.2}
031
-04-
050 e
2 4 6 8 10 14 16 18 20
Neutral-kaon decay time [1]

|

12
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Appendix IV: CP Violation via Mixing

Non-examinable

% A full description of the SM origin of CP violation in the kaon system is beyond
the level of this course, nevertheless, the relation to the box diagrams is
illustrated below

% The K-long and K-short wave-functions depend on )

—0 1 0 —0
KL) = (1K) +nIK"))| |IKs) = (IK") —nlK™))
V1+[n)? V1+[n]?
with n :\/Mik2_%lr>lk2
My — 3iTyo

*xIf M;,=Mp; 1I7,=112 thenthe K-longand K-short correspond to
the CP eigenstates K, and K,

*CP violation is therefore associated with imaginary off-diagonal mass
and decay elements for the neutral kaon system
~ 1

*Experimentally, CP violation is small and n

*Define: f L__—g —> n = I_<
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Consider the mixing term M|, which arises from the sum over all possible
intermediate states in the mixing box diagrams

V *
e.g. cd V
d > Ls > -
0 E 7 * Y7k
K 2 C V At o KO M12 — ACtVCdvcs‘/ts‘/l‘d _|_
S« hannl—« 0
|7 Vid

*Therefore it can be seen that, in the Standard Model, CP violation is associated
with the imaginary components of the CKM matrix

It can be shown that mixing leads to CP violation with

€] o< I{M12}
*The differences in masses of the mass eigenstates can be shown to be:
2
_ ~ F 2 * *
AmK — mKL — mKS ~ Z —371_2 meK|quVqSVq/qu,S|mqmq/
q.q'

where ¢ and C]’ are the quarks in the loops and fK Is a constant
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°In terms of the small parameter &

i) = [(1+e) K% + (1) K")

2/ 1+ef? L

1 ) o
2\/@ _(1_8)‘[{ >+(1+8)’K >_

% If epsilon is non-zero we have CP violation in the neutral kaon system

Ks) =

| :
Writing n= My, — 517, _ z and z=ae'®
M12 — %irlz <
gives nN=e
% From which we can find an expression for ¢
, 1—e 1—¢t®  2-—cos¢ N,
E.E = —. : = tan™ —
l4+e 9 1+4e®  24coso 2
_ ¢
€] = [tan 3|
% Experimentally we know ¢ is small, hence ¢ is smaII
1 1 S{Ml iF }
€| ~ —<P——agz Y Flz
2 M- 2l 12|
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Appendix V: Time Reversal Violation

*Previously, equations (4) and (5), obtained expressions for strangeness
oscillations in the absence of CP violation, e.qg.

K, — K" = % {e_rst e Tt o= s+t CosAmt]

*This analysis can be extended to include the effects of CP violation to give the
following rates (see question 24):

[(KY, — K)o 1 [e_rst + e Tt 4 2o (LsHTL)/2 cog Amtw

a
F(E?:O —K)) 1 [e‘FSt + e TLt 4 2o~ (s HTL)t/2 cosAmt}

F(E?_O K% o (1+49{{8})[ —Tst o= T1t _ 9= (Ts+TL)1/2 o g Amt}

(K2, — K’ ) o< g(l —49?{8});[ st o7t _ 9= (TsHTL)t/2 cosAmt}
% Including the effects of CP violation find that

F(EO o — K%) # F( ‘o — K ) Violation of time reversal symmetry !

% No surprise, as CPT is conserved, CP violation implies T violation
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Summary

% The weak interactions of quarks are described by the CKM matrix
% Similar structure to the lepton sector, we will introduce the PMNS matrix next time
when we discuss neutrino oscillations
% CP violation enters through via a complex phase in the CKM matrix
% A great deal of experimental evidence for CP violation in the weak
interactions of quarks
% CP violation is needed to explain matter — anti-matter asymmetry in the
Universe
* HOWEVER, CP violation in the SM is not sufficient to explain

the matter — anti-matter asymmetry. There is probably another mechanism.
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