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Weak Interactions

* (continued)

Weak decays of quarks. The GIM model and the CKM matrix

Neutral K mesons
CP violation in the neutral kaon system

Cosmological CP violation
DO-DO and BO-BO mixing
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Classification

Weak interactions are mediated by the “intermediate bosons”
W= and Z°

Just as the EM force between two current carrying wires
depends on the EM current, the weak interaction is between
two weak currents, describing the flow of conserved weak
charge, g
J =Pty
Two types of interactions:
- CC (charged current) W=

U d

- NC (neutral current) vy } Vy
ZO
e (4
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Classification

Weak interactions occur between all types of leptons and
quarks, but are often hidden by the stronger EM and strong
intferactions.

Semi-leptonic Leptonic
€ - Ve Vy Vy
W= :%0
U d e e

Non-leptonic
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Lepton universality

Unit of weak charge

- all the leptons carry the same weak charge and therefore couple to
the W= with the same strength

- The quarks DO NOT carry the same unit of weak charge

Muon decay
(i — ev.p,) = —& szi
- _
2035
- Gmy,
19277
experimental: T, = 2.197 x 10° sec
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Lepton universality

Tau decay
1
['(T— ev,y Y= B(T—evv) — X G*m>
T Y5 T
szsT
19273
Y%
B(T—=evv)=17.80+0.06% 1;—9/ e
. . . . 2 ~ 4
Test universality: since '~ 6%~ g 9<\,

g4 = BE—evv)/(m’T,)

4 5
g i} my Ty
L) =Bt — ev,;) | £ e
(g[.l. ’”r Tr
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Lepton universality

Test universality:

. 4 5 /I'

gr . Ty, i

L) - Blt — ev i) (—’ -—
A A

i
M /

With t, = 2.197 x 10765, 7, = (291.04+1.5) x 107 g, m,, = 105.658 MeV
m, = 1777.0 MeV and B(T—=¢c¢vv)=17.80=0.06%

87 _ 0.999 + 0.003
g

51 _ 1.001 4+ 0.004
8e
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Lepton universality

Lepton universality also holds for the Z couplings:

Z% > ete i putu e =1:1.000 % 0.004 : 0.999 & 0.005

-0.032 T

T . L] l L L] Ll I
[ Im=178.0 + 4.3 GeV
m,= 114...1000 GeV

From the muon lifetime we can
compute the Fermi constant, G:

| | 68% CL
-0.503 -0.502 -0.501 -0.5
Oal

J. Brau Physics 662, Chapter 7 8



Nuclear -decay: Fermi theory

The decay of the neutron provides the prototype weak interaction
n—p+e+v,

The quark level interaction is

d—>u+e +v,

W=

7 d

J. Brau Physics 662, Chapter 7 9



Nuclear -decay: Fermi theory

Since g% <« M, interaction is effectively pointlike

2 dN n .
w = 2" T 2|M| Y

h dEo

(Fermi’ s Golden Rule) P

IM|2 =1 if J(leptons) =0 (Fermi transitions)
IM|2 =3 if J(leptons) =1 (Gamow-Teller transitions)

dN/dE is the density of states

J. Brau Physics 662, Chapter 7 10




Nuclear -decay: Fermi theory

Density of states

- humber of ways of sharing the available energy in the range E, —
Eo"'dEo

dE, — i ~— dN states

V&

Final state

- Consider the neutron decay

P+q+p=0 o

Proton

T + Ej+E = Eq

J. Brau Physics 662, Chapte:




Nuclear -decay: Fermi theory

m,~0, so E,=qc
E; =1 MeV (very approx.), so Pc =1 MeV
T = P2c?/(2Mc?) = P?2/(2M) = 10-3 MeV, which is negligible
energy, E,, is shared entirely between electron and neutrino:
qc=Ey-E
Number of states available to an electron, in volume V, in
momentum range (p,p+dp) inside solid angle dQ:
VdS2 .
(27)3h°

2 2
Electron phase space factor is 47D dP and neutrino 4Tq°dg

(2m)3h° (27)3h°

J. Brau Physics 662, Chapter 7 12



Nuclear -decay: Fermi theory

The proton momentum P is fixed, once the electron and neutrino
is specified (there is no more freedom):

P=-(p+q)
so the number of final states is:
(47)? 2 2
dN = dpd
(2]T)6h6p q apaq

for a given p and E of the electron, the neutrino momentum is
fixed q = (Eo— E)/c inthe range dq = dE,/c

dN l
Hence: 2Es — EY2d
5, = amipea P (Bo— EVdp

J. Brau Physics 662, Chapter 7 13



Nuclear -decay: Fermi theory

dN B l
dEy  4g*hSc3

p(Eg — EYdp

This expression gives the electron spectrum, since the matrix
element |M|2 is a constant when integrated over angle

N(p)dp x p*(Ey — E)*dp

SH — 3He+e + v,
Kurief Plot
Langer and Moffatt (1952)

/N(p) F(Z. p)
pz

£ OkeV t Franz N. D. Kurie

13 14 15 16 17 18 19
E, keV
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Nuclear $-decay: Fermi

theory

/N(p) F(Z, p)
pz

For a non-zero neutrino mass, the expression has a simple change

N(p)dp  p*(Ey — E)*dp

m, c2

N(p)dp « p*(Ey — E)*,[1 —

dp

Eg— E

H - Heve + 7,
Langer and Moffatt (1952)

95% CL Limit on electron
neutrino mass (< 2 eV)

13 14 15 16 17 18 19 0.02F

J. Brau Physics 662, Chapter 7

0Q%.

0.05F
0.045F

0.04F

0.015F

® Mainz 98/99 data

— fit for m,?=0

55 18.56 18.57 18.58

retarding energy [keVl



Inverse (3-decay: neutrino interactions

The physical existence of the neutrino required a demonstration of
Its interaction

Vet p—>n+te”

2 2
oo+ p—>ntety= ZmpL
T ViUr

o(be+p— e +n)~100YE? cm? (E in MeV)

mean free path of a1 MeV antineutrino is 50 light years of water |

J. Brau Physics 662, Chapter 7 16



Inverse (3-decay: neutrino interactions

Neutrinos from
1000 MW reactor

core

Flux ~ 1013 cm-2s-!

Target:

- CdCl, + water

Few events

observed per hourism.| -

J. Brau

Reines and Cowan (1956)

Vet p—>n+te”

__> = e |

Physics 662, Chapter 7

Events identified by
sequence of pulses
in scintillator
separated by
useconds

Prompt pulse (10-°s)

- positron annhilates
to gamma rays

Delayed pulse (10-%s)

- neutrons moderate
and are radiatively
captured by
cadmium

17



Parity nonconservation in (3-decay

1956 - Lee and Yang conclude weak interactions violate parity
conservation (invariance under spatial inversion)

K+ — 2n  (final state has even parity)
K* — 3n (final state has odd parity)

1957 - Wu et al test this
- 90Co at 0.01K inside solenoid
- high proportion of spin 5 cobalt nuclei are aligned with field

1@ =14+ g—F
)=1+a—

p vV
\_ =14+ ao—cosb
Electran C
______ Q J (°°Co)

experiment showed a = -1

60 60 ,,- - —
Co — N1+e+*».?e

— H (2-aXi$)

J. Brau Physics 662, Chapter 7 18




Parity nonconservation in (3-decay

o-p
I0)=14+og— .
E mirror

The fore-aft asymmetry

\

_— A ‘s | nuclear
implies parity is violated i spin
- spin (o) does not change sign
under reflection I ;
- momentum (p) changes sign nuciear spin
under reflection
- therefore o - p changes
sign under reflection +1 fore®, thus P = 4v/c
Q=
—1 fore ,thus P = —v/e
- If parity were conserved,
the experiment would find
az0 where P=av/c

J. Brau Physics 662, Chapter 7 19



Parity nonconservation in (3-decay

—-1.0

32P
—0.8 |

60C0
—-0.6

—0.4}

P=av/c

—-0.2

—-0.0

0.2 0.4 0.6 0.8 1.0

v/c

J. Brau Physics 662, Chapter 7
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Helicity of the neutrino

The elegant experiment of Goldhaber, Grodzins, and
Sunyar(1958) established the helicity of the neutrino

The neutrino is emitted along with a positron in g* decay
The antineutrino is emitted along with an electron in - decay

Reaction used is K-capture in 1°2Eu to an excited state of 1°2Sm

- the excited state of 192Sm decays by emitting gamma ray,

- resonance scattering of gamma-rays from ground state ¢f S
reveals the polarization of the event, and the helicity of t
heutrino

J=0 1%2Ei
K-capture
= 1528m* 4 v
W 152¢m — lSZSm* —>y+ 152¢m (’ 960 keV
J=0 525m

J. Brau Physics 662, Chapter 7 21



Helicity of the neutrino

)

AN

152EU

4
Nal counter

I

Photomultiplier

J. Brau Physics 662, Chapter 7

. Electromagnet

Sm,0; ring
scatterer

Electromagnet
permits control on
absorption of y rays,
determining
polarization of y rays,
and consequently,
neutrinos (d)

Resonance scattering
in ring selects y rays
emitted in direction
of recoiling 12Sm”

(to allow for nuclear
recoil)

22



Helicity of the neutrino

J=0 152Ey J
G — ———
K-capture - () = | RH
152G o ¥
Jo= 1 152Gm* 4 v S
J —T e
y. 960 keV - —(O = vLH
J=0 1525m Helicity of 1°2Sm* is the same
(a) as that of the neutrino
— 5 = 1 e § =
J LH==s /Ay M= umumaang
— ——- ——
L W W e eV e U T o
B g B
LH ~—— RH -
15‘2Sm* —*—Je \'\"_*/7 G’e
Forward Backward X
No spin-flip Spin-flip

Gammas emitted forward have same polarization . o . o
as the neutrino (and the highest energy) Gammas with spin aligned with B field in
electromagnet are more absorbed (since

electrons are aligned against B)
J. Brau Physics 662, Chapter 7 23



Lepton Polarization in 3-decay

With determination that the neutrino is left-handed,
and given the velocity dependence of the electron
helicity, the polarization of the leptons in p-decay are:

Positron Electron Neutrino Anti-
neutrino

Particle

+v/c -v/c -
polarization

J. Brau Physics 662, Chapter 7 24



Projection Operators

For massless particles, the opera’ror's
L P
- +_ L
Pru® 3 (] E )

project out states of particular helicity from two-
component spinors:

Y=Y +Y
So ; ;
Pryy =2 (14 ==2) (o + vi) = v
]
Py = 5 ( GTP) (YL +¥r) =Yy

J. Brau Physics 662, Chapter 7
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Projection Operators

For massive particles, the operators shown here,
project out P = + v/c

Pri= /2 2vs), Ys = WiYaVaVs
where Y = B oy = [_gk%( ] k=123
and

V4= P Y5 = LY1Y2Y3Y4

IR I (Rl G e (R

J. Brau Physics 662, Chapter 7 26




Weak interaction theory

Fermi’ s original theory of the weak interaction

uses EM interaction as model n N,
Z
M F«]baryon chpton

e

J]epton = 1,[/: VaVule = ’s}e)’;ﬂ/’e _
Jbaryon — d[pyu I/Ip 1!’(:‘ . we )/4

M = GIEX Ik = G, OYn) (e OY)

epton

Fermi assumed O is a vector operator, as it is for
the electromagnetic interaction

J. Brau Physics 662, Chapter 7 27




Weak interaction theory

The discovery of parity violation in the weak
interaction indicated O must be a combination of
two types of interactions, of opposite parity

Relativistic invariance allows five types of operators

J. Brau Physics 662, Chapter 7 28




The V-A interaction

General combination of V and A:
3(Cy + y5Ca)
Y5 = Y1Y2Y3Y4

Left-handedness of the neutrino requires C, = -C,

A and V have opposite parity = “maximal parity violation”

J. Brau Physics 662, Chapter 7 29



Conservation of weak currents

The weak charge is not conserved by the strong
interaction (unlike the electromagnetic charge,
which is unchanged by the strong interaction)

C, = -Cy for the leptonic weak interactions,
but not for those involving hadrons at low energy

neutron p-decay C,/ Cy=-126
A p-decay c,/C,=-072
> — nev B-decay C,/C,=+0.34

Conserved vector current (CVC)

Partially conserved axial-vector current (PCAC)
J. Brau Physics 662, Chapter 7




Non-conservation of weak currents

The weak charge is not conserved by the strong
interaction (unlike the electromagnetic charge,
which is unchanged by the strong interaction)

The violation of weak charge conservation by
low energy hadrons is understood to originate
from the strong quark-quark interactions.

For example, the difference |C, / C,/| -1 in
neutron decay was accounted for by virtual
emission and re-absorption of pions by the
nucleon (Goldberg-Treiman).

J. Brau Physics 662, Chapter 7
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The weak boson and Fermi couplings

In modern theory, g is the coupling of a lepton to the W.
Relating this to the Fermi constant:

g G
My, V2

Then, having measured G, and making assumptions of g, a
prediction of M, can be obtained.

G has been slightly redefined (replaced by G/v2) from original Fermi theory,
since original theory only had vector interaction, and modern theory has V-A

J. Brau Physics 662, Chapter 7 32



Pion and Muon decay

As Wu et al were observing lepton helicities in Co p-decay,
others observed effects in decay of pions and muons

JT+—>/,L++U“

et v+ 0,

?" ‘ 'iz+ :;.,. ‘P. 1)
T S s
Pion rest frame Muon rest frame

favored configuration

J. Brau Physics 662, Chapter 7 33



Pion and Muon decay

{#—e counts, arbitrary scale

6000 == - == —=
+ + :...‘.
]T _> I,L + Uu :.: » yl
by -
V0P T —> e + v, + V| e .
4000 |- . 5 N 3
T — e +vV ?
' £
3000 — . | 2
. l P
. . : <- scale change §
] ° o
2000 +— _ ‘ 10 o
% | | ¥
o. | L] B 8 k
{ .
> 6
1000 |— . « L.
s* I .u s ] 4
o | .
. . | . =
L 1 I N P L 1 T, P
0 10 20 30 a0 50 60 70 80
Electron energy, MeV
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Pion and Muon decay

- Pions decay in flight 7t = pt 4,

+  Forward going muons, those with highest momentum and

negative helicity, were selected

;T — A - In V-A theory, n decay proceeds
through A coupling

*  Muons were stopped and angle of positron was measured

dN o
d—g'z-zl—é—COSG a=1 = et + v+,
mﬁA*¥ﬁ* I
This result is predicted by V-A i ENErgy 1.

I also measur'ed 2

I g
| .
L ]
,—,L’ — :IJ’ 2000[— = - 10
At 2 . . . 5 I..:'_ 42
Energy spectrum . o j
suggests this configuration ‘B éz*;o Jo ﬁ{""' s

J. Brau Physics 662, Chapter 7 | 35



Pion and Muon decay

Pion decay has two modes:
Tt Ut
Tt—=erv,
V-A theory predicts the polarization of the charged antilepton

Np— N
p— R L:+B
NR‘f—NL C

But charged antilepton must have same helicity as neutrino (-1),
so probability is:

Ny _1l v 1_3_ 2m?
Ngx +N; 2 ¢ ¢ m2+m?

J. Brau Physics 662, Chapter 7 36



Pion and Muon decay

Phase space also affects the rate:

Eo=my = p+/p?+m?

so the phase space factor is:

,dp  (mi4+mHm: —m?)?

prﬂ,z dm?

combining this with the polarization:

p2£p._ 1_2 =?ﬁ 1_ﬂ2_)2
dE, c 2 m2

J. Brau Physics 662, Chapter 7
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Pion and Muon decay

T—>e+v, m? 1
R = =

= =9 =1.28 x 107
T = p+v oms (1 —m?/mk)

| \
6000 =] e N A
| :.:'.""{.1 Rexp e 1.23 X 10

5000 = : e '.\
% I . * \\ o~
i 4000 — ; o Y %
g \ 4
£ i A 3
i 3000 Ly z
= 3 B
C . +
£ | \ o — T e
; 2000[» I || < Z T .——————-—J "
3 5 v

- i » e+
1000L { !
| Rate is suppressed by
S T L W T AN requirement that antilepton
° e be left-handed
Electron energy, MeV
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Pion and Muon decay

Alternative interaction in pion decay to the A (axial vector)
coupling is the P (pseudoscalar) coupling

There are distinctively different predictions

- The neutral lepton and charged antilepton would favor having the
same helicity, resulting in the probability for the configuration:

NL 1( v
— — ]_ + —
NR + NL 2 (&
- The predicted branching ratio is then:
p_T>E +v _ 1 _55
m—put+v  (1-~m2/mZ)?

- while experiment yields:

Riss =128 % 107*

J. Brau Physics 662, Chapter 7 39




Neutral weak currents

Neutrino beams and experiments

200 GeV
7, K beam
Steel Earth
7 r 7
| \
S e NN/
Muon\m/onilors
_——_II 0 Decay tunnel Detdcror
2.0 r
E s K decays
=
&
3 1.0
g
R]
o
E ..
g 0s n decays
‘ 1 N

0 50 160 15lO 200
Neutrino energy, GeV
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Neutral weak currents

Accelerator neutrino beams gave evidence in 1962 for lepto
flavors

v+ N—->pu +X

vo+ N —>e + X
In 1973, neutrino interactions without a charge lepton were
discovered: Neutral-current events

v, + N —> v, + X

v, +N—=> vy, + X

Vit @™ ~>i€" Dy

Vy+& —> & =V,

J. Brau Physics 662, Chapter 7
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Neutral weak currents

First neutral current
interaction seen

vy t+e —e v,

\ A 4

antineutrino

vl v v

vvyy

v
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Neutral weak currents

- Charge current interaction (Gar'gamelle bubble chamber - CERN)
- 15 tons Freon
(CF5Br)

\ A 4

\ A 4

nheutrinos

v

vvyy

v

v
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Neutral weak currents

- Neutral current interaction

\ A 4

\ A 4

nheutrinos

v

vvyy

v

v

J. Brau

Physics 662, Chapter 7
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Neutral weak currents

The discovery of neutral current interactions established the
unified theory of weak and electromagnetic interactions

Estimates of the masses of the W= and Z° were possible

Once the masses were known, experiments could be planned to
search for the infermediate bosons

J. Brau Physics 662, Chapter 7 45



Prediction of W* Boson

From the standard Glashow-Salam-Weinberg model, bouyed by

the observation of neutral currents, the mass of the W boson is

Eredic’red from the coupling constant, g, which can be assumed to
e the same in electromagnetic and weak interactions (g=e):

/M2 ~6 = M, =~——==90GeV - 1006eV

JG

where G ~ 1x105GeV-2, e? = 4r/137.
Later, the improved model based on the Higgs Mechanism:

) gz\/z ) 82\/5
8G  8Gsin’ 0,

sin® 0,, value from Gargamelle was 0.3-0.4, predicts a value of M,
~ 80GeV.

J. Brau Physics 662, Chapter 7 46
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Observation of W= and Z° bosons
in pp collisions

W and Z bosons first :
observed at CERN in 1983 p{ u

&
ol
}

lo

<
Q.

In 1978, A. Astbury et al i+d—=> W= etdu, wt+ »
proposed to transform the = _ B s o
CERN SPS into app colliding ~ “ T4 = W = e 4ve u 4,
beam machine, the SppS. U—+u

! 0 t,= -
d+d]—>z —>e'e , WU
Required 806eV in qq collision

- corresponds to 400-600GeV in pp

CERN proposed center of mass energy /s=540GeV
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SppS Collider

SOURCE

ENLARGEMENT FOR

EXPERIMENTAL AREA = : %
& : : \ < ngﬂ-@ﬁg_wﬂ P

-.3 ———— £

\ ) | -.
{ D

TRANSFER LINE

1
=/
S

A

1000 m
i
|
l!llll
|
. 'l + lu
m0om coo o
2 5 Genaral Lay-out of the p-p Collider.(From Ref. E)



CERN Proposal

* To calculate the number of interactions per second,
Rate = oL, where ois the cross-section and L is the
luminosity.

+ L is found from: N N-

L =143x10" 22
n

where N is total number of particles, and n is number
of bunches of particles (5 in SppS).

For all interactions (not just W producing ones)
o = 50mb.  Produces value of 5x10%int/sec.

J. Brau Physics 662, Chapter 7 49



Observation of W= and Z° bosons
in pp collisions

= 2y _
oud - WH — ety,) = : An kgl e /4 2J +1

Ne 2sq + 1)(2sy + DI(E — Mw)? +T2%/4] 3

X = 2/E (deBroglie wavelength) = 2/M,,
(2J+1)/3 accounts for V-A (LH quarks and RH antiquarks)
1/N. assures color match

o LT > TR 3 by 471'2 Fualev - 47
3Mg, T2 81 M7,
=9.2.nb
BR’s: BR(ud) =1/3 BR(Iv) = 1/9

BR(cs) = 1/3

Z production 10 times smaller

J. Brau Physics 662, Chapter 7 50



Observation of W= and Z° bosons
in pp collisions

Discovery experiment at CERN: 270 GeV x 270 GeV
pP — Wand pp — Z cross sections from integration over
quark distribution functions:
o(pp—=W —ev)=1nb=1033 cm?
o(pp—Z — ee)=0.1nb =103 cm?
while  o(total) =40 mb =4 x 10" nb
very small signal relative to background

select high pt events to suppress background

J. Brau Physics 662, Chapter 7 51




Observation of W= and Z° bosons
in pp collisions

46 GeV electron in event (white), with p+ = 26 GeV/c

Missing pr = 24 GeV/c (consistent with neutrino)

J. Brau Physics 662, Chapter 7 52




Observation of W= and Z° bosons
in pp collisions

Many events observed with
systematic balance of p; of electron

and missing pr

Missing Py in electron-beam plane

60

40

20

Pr of electron, GeV/c

J. Brau Physics 662, Chapter 7

UA 1 | Pyl
/
.
i
L ¥
5
( ﬂ* 1 J
////
e e g ey g |
0 10 20 30 40 50
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Observation of W= and Z° bosons
in pp collisions

W'’ s are polarized in
production by V-A interaction

le

J,=1
S
ﬁ{“

u

<O

Q.

W decay asymmetric by V-A
inferaction

. —

30 w
/
/
20k (] +0089)2 ~ ]

10+

cos

dN
d(cos @)

= |d{ ;|* = (1 +cos §)?

Physics 662, Chapter 7
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Mass measurement of W= bosons
in pp collisions

! 1 |

UA 1 —"W=ngy
Fil"ST mCThOd: —— X —aeyv
lepton E+ measurement ol 63 Events ¥
compare with Monte Carlo
could be affected by the = p
transverse energy in 3 /
. - !
production s 5| :, :
0
0 16

Electron E; {GeV)
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Mass measurement of W= bosons
in pp collisions

| § 1 ] 1 1 1 1

a)
Second method: UAT —Wesey o
transverse mass measurement
compare with Monte Carlo
independent of the transverse
energy in production

v
=
I

—_—— X —ppyv
43 Events

Events / & GeV/c?

36 4 52 60 68 76 84
My (GeV/c?)
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Z° production at e*e” colliders

Following the discovery of the
W and Z bosons at CERN in
1983, LEP at CERN and SLC at
SLAC were built and began in
1989 to produce and study the
Z with high statistics

e'e— Z — anything

_ Anx*Q2J +1) r.I'/4
TT T @s+1)2 (E - Eo)? +I2/4]
J. Brau

30

10

0 | 1 |

| S 1 | 1

Shape distorted by radiative corrections

88 90 92

cms energy, GeV

Opux(eTe™ = 20— anything) =

where X = 2/E = 2/M,

Physics 662, Chapter 7
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Z° production at e*e” colliders

At the Z peak

- 0
Gl (i) — 9/02 (0.034)
o (point) a2 \ T

o(point) = o(e* e- — p* n-) = 4na’/3s = 87nb/s(GeV?)

This ideal value of R = 5700 is reduced to R = 3200 by
radiative corrections (initial state radiation)
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e* e~ annihilation to hadrons

LA

| Illll”l | HIIHII | IIIHHI | IIHIHI

1 IIIIII[
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J. Brau
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e* e~ annihilation to hadrons

10

10

10

0

LA

I IIIHTII | ITIIIHI

LI TIHI]]

Illlll| | ¥

J/p

IIIIIII

Y(2S5)

| | |

}

;
VA
/

IIIII|

1
l

\

L1 1

Ll lIIIlII
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W pair production in e*e-
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W pair production in e*e-
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W pair production in e*e-
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W pair production in e*e-
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Gauge Boson Exchange in ep

(\ll ].0 F
= neutral
O
1 -
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Weak decays of quarks.
The GIM model and the CKM matrix

AS = 1 weak decays are suppressed relative to AS = O weak decays
by a factor of about 20

Y —>n+e +v. (AS=1)
n—p+e +v. (AS=0)

Fermi constant (G) deduced from neutron p-decay is slightly
smaller than 6 deduced from muon decay (u* — e* + v, + v, )

Can these facts be explained?

Cabibbo theory: d and s quarks interacting in weak force are
not flavor eigenstates, but rotated by a mixing angle (6,)
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Weak decays of quarks.
The GIM model and the CKM matrix

lepton doublets ( = ) ; ( i )
V, Vi

U
quark doublet ( s B, 43 i 96)

These three quarks were the only known quarks at the time
Cabibbo wrote down his theory

With this assumption the “effective” couplings will be:
G cos 6, for AS=0 (d —u)
Gsin6,. for AS=1 (s —u)

experiment yields 6= 13°% (sin 6, =0.22)

J. Brau Physics 662, Chapter 7
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Weak decays of quarks.
The GIM model and the CKM matrix

Flavor-changing neutral currents

H + Y -10
K¥»at+vtb _os| [L7£1X1070 o 10s
Kt—a%+put+v, 3.353 £ 0.034 %
2011
u (dcosBc + ssinfe)
Z° $ z°

(d cos B + §sinfc)
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Weak decays of quarks.
The GIM model and the CKM matrix

u (dcosBc + ssinfe)
Z° $ z°

; (d cos B + §sinfc)
Neutral current interaction should be:

uit + (dd cos® 0, + s5 sin? B) + gs(? + d5) sin 6, cos 6,
AS =0 AS = ]

so flavor-changing neutral interactions should be allowed,
with a slight suppression.

Why were they so rare?
GIM mechanism (1970)

J. Brau Physics 662, Chapter 7
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Weak decays of quarks.
The GIM model and the CKM matrix

GIM mechanism (1970): introduce fourth quark (charm)

c ¢
( ’) (dcos& + 5 sin 6, ) (s’) B (scos@c—dsinec)

(dcos B + ssinfc)

u
>’\ . b Neutral current interaction becomes:
+$
. (d cos 6 + §sin c) uil + ¢ + (dd + 55) cos” 0. + (s5 + dd) sin” §,
C>,_.
G

(scosfc — dsinb) AS =0
:*'(Sf? +5d — §d — sd) sin 6, cos 6.
2° AS=1

Z
2% %

(§cos b — dsin Bc)
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Weak decays of quarks.
The GIM model and the CKM matrix

The quark mixing,

BN, u ey c
d ) \dcosb.+ssinf,. )’ s’ ] \scos6, —dsin6,

can be expressed in matrix form:
d\ ( cosf. sinf, d
s ]\ —sinf, cosH. s

The weak interactions involving the four light
quarks are consistent with this model, being
defined by a unique value of 6,
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Weak decays of quarks.
The GIM model and the CKM matrix

Six quark model, mixing matrix (CKM matrix) is 3x3:

d’ d Vud Vus Vub
g | =V s V=|Vy V., Vg
b’ b th Vts th

NxN unitary matrix has n(n-1)/2 real parameters (Euler angles)
and (N-1)(N-2)/2 non-trivial phase angles

so this 3x3 matrix has 3 Euler angles and 1 phase
*this phase results in T-violation (or CP-violation)

(CKM = Cabibbo, Kobayashi, Maskawa)
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Weak decays of quarks.

The GIM model and the CKM matrix

V4 (=cos 6,) determined by comparing Vud
nuclear B-decay and u-decay rates Vi=| Ve
Vid

Vus Vub
Vcs Vcb
Vrs th

most precise from superallowed 0+ — O+
nuclear beta decays, pure vector transitions:
|V 4l =0.97425 + 0.00022 (avg of 20 meas.)

Vs determined from semi-leptonic decays
of strange particles,

eg. Kg — Tev, K% — TV, K+ - woeiv,

K+ - mOuTv and Kg — Tev.
|V sl =0.2252 £+ 0.0009

J. Brau Physics 662, Chapter 7

73




Weak decays of quarks.
The GIM model and the CKM matrix

V,, measured by selecting B semi-leptonic Vua Vus Vb
decays to non-strange particles V=|Va Vs Vo
(inclusive B — X, | v decays) Via Vis Vi

for example, at the end-point
V.| = (3.89  0.44) x 1073

V., from exclusive and inclusive semileptonic decays of B mesons
to charm (eg. B — Dlv) R - clv)  GPm}

— Vsl
- 19273 Vbl S

I'(b— clv) =

V.| = (40.6 £ 1.3) x 1073
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Weak decays of quarks.
The GIM model and the CKM matrix

V.4 from v, di-u events Via Vs Vi
vy +d— w-+4+c V=|Va Vs Vo
- " Vie@ Vis  Vu

S+u"+v,

and D —> mlv
V4| =0.230 + 0.011
V. from semileptonic D decays (eg. D* — K% e* v,)

or leptonic D, decays (eg. Dy — u'v,)

IV..| = 1.023 + 0.036
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Weak decays of quarks.

The GIM model and the CKM matrix

V.4, Vi from B-Bbar oscillations mediated by

box diagrams with top quarks, or loop- Vud
mediated rare K and B decays V=|Vu
Vid

Vus Vub
cs Vcb

=

V| = (8.4 +0.6) x 10-3
V.| = (38.7 £2.1) x 1073
V;, from top decay branching fractions
R = B(t = Wb)/B(+ — Wq)
= |Vipl2/(ZIVigl®) = [Vip]2, where g = b s d.
V| = 0.88 £ 0.07

J. Brau Physics 662, Chapter 7
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Weak decays of quarks.
The GIM model and the CKM matrix

V= 097425 V= 0.2252
+ 0.00022 + 0.0009

Vg = 0230 V_=1023 +
VCKM = + 0.011 0.036

V,, = 00084 V, =0.0387
+ 0.0006 + 00021

Diagonal terms are close to unity
Off-diagonal terms are small

J. Brau Physics 662, Chapter 7

V,, = 0.00389
+ 0.00044

V., = 0.0406
+ 0.0013

V,, = 088+
0.07

Particle Data Group
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Unitarity of the CKM Matrix

V= 09742  V,=02252 V,=0.0039
V., =023 V_,=102 V., = 0041

V,, = 00084 V,=0039  V, = 088

Verm =

From the independently measured CKM elements,
the unitarity of the CKM matrix can be checked.

wl? Vsl + [V yol? = 0.9999 £ 0.0006 (1st row)
adl? * IVesl? + |V |2 = 1.101 £ 0.074 (2nd row)
w2+ [Vgl? +|[Vyl? = 1.002+0.005 (1st column)
2 +|V|?2 +|V|? = 1.098+0.074 (2" column)

us

< < < <

us
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Weak decays of quarks.

The GIM model and the CKM matrix

“Standard” parametrization of CKM matrix (PDG)

Vs (*812%3—"12923913‘3
“129937%12%23713

12513
s k.

(_"'613

Cjj = €os 05 s;; = Sin B;;
(unitarity requirement limits tfo 3 angles and one phase)

Can we approximate?

Verm =

Vud = 0.9742
Vcd - 023
V,y = 0.0084

—C129%3 7 919%3% 3

F12%13 : wt
id

C1a€p3 —8 98938 3¢ 13 gyae) 4

0 :
13 epaeq

V,=0.2252 V, =0.0039
V=102 V., = 0041
V,,=0.039  V, = 0.88

Diagonal terms are close to unity

Off-diagonal terms are small:

J. Brau

S13 << Sp3 << Spp

Physics 662, Chapter 7
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Weak decays of quarks.
The GIM model and the CKM matrix

Diagonal terms are close to unity

— i,
€12%13 5 912%13 5 813¢ 13
! .' ]
V = { —s1pe03—¢10803813¢ 13 ejpeg3—8 99939 3¢ 13 sy3ey3

id a0
819893 —C19C3913¢ 13 —€15853 815038 3€ 13 ehqe4

Wolfenstein Parametrization
A = Sy, introduce A, p, 1

1 —A%/2 A AN (p —in)
Vorm = = 1 = A2/2 AN?
AR =p=in) =AI? ]
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Global fit in the Standard Model

The CKM matrix elements can be most precisely determined
by a global fit that uses all available measurements and
imposes the SM constraints (i.e., three generation unitarity).

A =0.2253£0.0007, A =0.808100%%,
0.022 -

= 0.1321 %4, - 7=0341£0013.

p = p(1 —)\2/2—}-...)

‘Ql

+0.00015 +0.0011
0.2252 = 0.0007  0.97345 "5 00016 0.0410% ' 0007

0.97428 £ 0.00015 0.2253 & 0.0007  0.003479-99016
VekM = ( )
+40.00026 +0.0011 +0.000030
0.0086210-00026 (.0403+9-901L  (.999152:+0-000030

Particle Data Group
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The GIM model and the CKM matrix

Weak decays of quarks.

Wolfenstein parametrization
plot on n—p plane

1—22/2 A AV (p—in) °f
Vekm = —A 1 —A2/2 A)? ol
AV =p—=in) —AX? ]
0.5 i
A = 0.2253 = 0.0007 £ oo
A =0.808 + 0.022 - 0.015 j
-0.5 r ;
-1.0:— € —
Via Vus Vs : o 0085
V — Vcd Vcs Vcb '1'§1.ol . I-ol.sl . Io.lol . Io.lsl |1.|ol I1.Isl o
Via Vis Vi - P .
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Weak decays of quarks.
The GIM model and the CKM matrix

el '
"~ excluded area hasCL 0.95 %

Y *9

1.0

0.5

= 0.0 = = Moz
0.5 -

1.0 [

-1-5 i I | Ll
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
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Neutral K mesons

Quark Mass,
I I3 S Meson combination Decay MeV
%— % +1 Kt us Kt — nv 494
5 —3 +1 K ds KO — mtm= 498
-3 -1 K- iLs K~ — pv 494
% -é— —1 K ds K% > ntn— 498
5 i S i
T ol
d W:i: i
K° wt C ) K* -
d d
d u u 1]
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Neutral K mesons

KO and K° are particle and antiparticle

related by charge conjugation

reversal of I; and change of strangeness AS =2
These particles are clearly distinctive in strong interaction

since ST conserves isospin and strangeness
However, in propagating through free space, mixing occurs:

2m

0/’ B

K KO

N
RY1

a pure K° state at =0 will become a mixed state:
K (1) = a()|K®) + BOIK®)

J. Brau Physics 662, Chapter 7
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Neutral K mesons

CP eigenstates can be defined for the K° mesons
K° and KO are not CP eigenstates:

CP|K% — K%, CPIK% — 7|K°)

we can form the linear combinations:
Ks) = /L (K) +1R%),  CP=-+]

Ki) =3 (KO —18%), CP=-1

resulting in:

CP|Ks) = |Ks), CP|KL) = —|KL)

J. Brau Physics 662, Chapter 7
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Neutral K mesons

Consider K° production and
subsequent decay

o
®
1

I
)
1

Why don’ t the K%' s decay away with
a single exponential?

Remaining Kaons
o
-

e
()
1

KO" s are mixtures of K and K, ;

Ks = 27(CP =+1), t5=0893x10""s
K, = 37(CP=-1), 1 =0517x107"s

J. Brau Physics 662, Chapter 7

0.8953 + 0.0005 x 10-1%s
0.5292 £ 0.0009 x 10" s

2011
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Neutral K mesons

It can be shown that the 2x state has CP = +1,
and the 3x state has CP = -1

Thus, if CP is conserved,

Ks = \/§<K° + K% > 2(CP = +1),
K; = \@(KO — K% — 37(CP = -1),

Since the 2 and 3-pion decays have different Q values,
the decay rates are different:
Ks = 2n(CP = +1), 15 =0.893 x 107" s
K — 37(CP =-1), 1, =0.517 x 107" s

which is why the CP=+1 state is called K-short(K.)
and the CP=-1 state is called K-long (K,)
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Neutral K mesons

1.0

Strangeness oscillations

0.8

Ag(t) = AS(())e“‘(rs/ZHms)t
A{,(l‘) = AL(())e—(FL/ZHmL)t

o
o

Intensity

o
~

I(K®) = 1[As(t) + AL(DIAS(@) + AL ()]

- %[err‘st + e—-FL: + 2e—(PS+I‘L)r/2 cos A’nt] 0.2

Assuming an initially pure K° beam, so .
As(0)= A (0)=1/V2

Am=m: —mc

1(K% = i[e"rsr 14 e TLt 2= TsHTLI/2 o5 Amnt]

2011

— —-12 Am =0.5292+0.0009 x 1010+ s-t
Am = (3.491 + 0.009) x 1072 MeV £ 05292:0.0009 x 1004 5
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Neutral K mesons

Am =0.5292+0.0009 x 1010 s-!
= 3.475 + 0.006 x 1012 MeV

This mass difference corresponds to the rate at which K°
oscillates into K°.

This oscillation proceeds through the second-order weak

inferaction J W- 5
The c quark dominates  « 2 La e &0
(CKM matrix)
s w* d
G2
Am = —m K f m; 2 cos? 6, sin* 6,

J. Brau Physics 662, Chapter 7 90




Neutral K mesons

G? T

Ay = 22 2 0. si 2 /4

m = 4~meKmC cos” 6, sin” 6.
T

fi is the called the “kaon decay constant”
sz 12 mn

mf 2 relates to |y(0) |2, the wavefunction at the origin,
or the point at which the quarks interact

measurement of Am allowed the mass of the charmed quark
to be estimated (m. = 1.5 GeV) before it was discovered.
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Neutral K mesons

KC Regeneration

_ 1 (g0 __ 50
K9 and K° are absorbed differently

1/, (FKO-FKO) = 1/, (f+F)K_ + 1/, (F-F)Ks

J. Brau Physics 662, Chapter 7
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CP violation in the neutral kaon system

K, is the CP=-1 eigenstate, and is
hot supposed to decay to two pions,  x—
just to three pions

Z Collimator Z

Helium bag

1964 - experiment finds that K does
decay to two pions with BR = 0.003
K, — wtn~ (0.002)
KL — 70xY (OOO].) ----- Monte-Carlo

(a)

calculation 1100

This violates CP since K_was is the
CP=-1 eigenstate, but the CP of two
pions is +1

0.998 0.9|99 l 1

(b)

J. Brau Physics 662, Chapter 7
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CP violation in the neutral kaon system

Let K, represent the CP = +1 state and K, the CP = -1 state

|
K, = (K7 4+ ¢Ky)
RNk
1
Kg = (K; — &eK3)

J1+ g2

¢ is a small parameter quantifying the CP violation,
which must be determined experimentally

_ampl(K;, — ntmT)

Ine_| = = (2.29 £0.02) x 10~*

ampl(Ke — wtm )

WK 0,0
amplRp = 7 ) _ 528 4+0.02) x 10°3

700l = ampl(Kg — n979)

J. Brau Physics 662, Chapter 7

le| = (2.228 + 0.011) x 10-3
In._| = (2.232 + 0.011) x 103
INool = (2.221 + 0.011) x 103

2011
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CP violation in the neutral kaon system

(a)

Interference between KO — mrtm

Ks and K, Amplitudes

——— With interference
— — — Without interference

We've seen, starting from a pure K° beam: 0k

I(KO) = %[e’rst 4+ e et 4 2= TsHIL/2 pq Amt] ol

-
S
——

Now, K, will contribute 2z with amplitude n,_

D (t
2 ( ) - e—I‘gr + |n+_|2e—r‘,,r + 2|n+_| e—[(rL+Fs)/2]t COS(Am i ¢+_)
I (0)

where ¢ is the phase angle between the K,
and K, amplitudes
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CP violation in the neutral kaon system

CPLEAR

pp — K atKP°
pp— K'n K°

Measured asymmetry
between K° and K°

6 drift chambers

J. Brau

3 proportional
chambers

13 MeV/c?
(5 —10) ps

2

L4
cherenkov scintillator

Physics 662, Chapter 7
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CP violation in the neutral kaon system

Interference between K. and K, Amplitudes
I2n(t) -
L (0)

where ¢ is the phase angle between the K,
and K, amplitudes

pp— K n*K®|  Measured asymmetry
CPLEAR pp— K*x~R®| between K®and K°

2|74 |elTs=TL2Y cos(Am t + ¢,-)
1+ [14— ey
¢ =43.7° £ 0.6° oo = 43.5° £ 1.0°

Ap_(t) =

d, =(43.51 £ 0.05) dgo = (43.52 £ 0.06)> (2010 PDG)
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CP violation in the neutral kaon system

There are two possible sources of CP violation in the K° decay:
1. Indirect CP violation - admixture of ¢

d w-

—______T\/\./\/\MMr———-————s

2. Direct CP violation = ¢', from interference

Penguin

KO w . )

< :(, + diagram
- :

o= inele®="=a g

noo = |noole’®™ =~ & — 2¢’
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CP violation in the neutral kaon system

Measuring precisely ¢'/e has been a major effort at CERN and
Fermilab for many years

Re(%)= (1.65+ 0.26) x 1073 (2010 PDG)
Direct CP violation is established.

This is a puzzle for the Standard Model because the interference
(and therefore ¢') should be small with m; = 175 GeV

s u
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CP violation in the neutral kaon system

CP Violation in leptonic decays
K, — e +v,+m~
K; — e + v, + at
These decays transform into one another under the CP operation,
so CP-invariance demands they be equal
_rate(Kp — et + v, +77) —rate(K, - e + V. +7T)
rate(Kp - et + v, + ) +rate(K;, - e~ +v,+ 1)
= (0.327 £ 0.012) x 1072
Since e* must come from K®and e- from KO

4l —(1—-¢f?
Tl e+ (1 —e]?

~ JRee

=> A’ =0) =2ncos¢ = (0.332 £ 0.004) x 1072
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CP violation in the neutral kaon system

Superweak Interaction?

Wolfenstein postulated (1964) that CP violation arises from a
new superweak interaction (AS = 2)

an alternative to the six quark model explanation
Prediction:

¢’ =0 (no Direct CP violation)
which now has been ruled out
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DO-DO and BO-BP mixing

Mixing which is seen for Kaons, can also occur in
charm and bottom mesons

Mixing in the charm meson is expected to be very small:

the b quark diagram in D mixing depends on
V., V|2 =10.004 x 0.04]|2 = |0.00016|? ~ 3 x 108

and the s quark diagram is suppressed by the small
value of the s quark mass
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DO-DO and BO-BO mixing

Mixing in the bottom meson is dominated by the t quark exchange,
and is substantial b W a

BY u.c,t A yu,c,t B®

——————— el NSNS NSNS NSNS P

d W~ b
Tt [Tt g4+l
for kaons we had P(t)dt = [ 5 + > + cos th] dt
=g+ I)/2=Ts/2; y=(Tg- ')/ 2I'=1;x=Am /T =0.95

For Bs, T = (I's+ I')/2
y=(@Is-T)/2r=0 (BY and BY decay to common channels)
X=Am/T

P(t)dt =

—I't

[1 :i:cost‘t]dt . x-072

J. Brau Physics 662, Chapter 7 103




DO-DO and BO-BO mixing

CKM matrix should be unitary

Via =0975 V,; =0.221 V. =0.005
Vea =0.221 V,=0974 Vo =0.04
Via=001 V,;=0041 V;, =0.999

Vekm =

Therefore of f-diagonal " i .
terms will vanish, such as:  VuaVy + Vea Vi + ViaVy, =0

UniTariTy Tri gle B (p,1)
e
1—22%/2 A AX3(p —in) n i
Vekm = = 1 =22/2 AN? ';
AN =p=in) =AN? ] ;
¥ ! 6]
0 ' 1

— P —>
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CP Violation in the B System

CP violation shows up as large asymmetries in decay modes with
very small BRs
eg. B —=J/y K

Roxe/*(1 £sin2BsinAmt) '

sin 2 = 0.679 = 0.020 ol
http://www.slac.stanford.edu/xorg/hfag/

L ViV el
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DO mixing revisited

CP eigens’ra’res_
ID; > = pID® £ q|DD, |q/pl =1

M112: M + AM
rl,Z =TI + AT

x=2AM/ (I +T,)
y= ([ -T,)/ (T; +T5)

J. Brau Physics 662, Chapter 7
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DO mixing revisited

Xxz=2AM/ (I +T,)
y=(; -T,)/ (I'y +T,)

3620310-001

EPS 2009 j |
2 s CPY allowed I
i
>‘0.5:—
0
05} et S S | 1
- | B30
40
- T R e e I S — T
._1Illllil‘l'lllllillll{lllllllll
-1 =05 O 05 10 15 20
X(°/o)
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Cosmological CP violation

1966 - Sakharov

showed that three conditions are required for the baryon
asymmetry of the Universe to have developed

1) B-violating interactions
2) a non-equilibrium situation
3) CP and C violation

However, the CP violation observed in the K and B systems is not
Sufficiently large to explain the baryon asymmetry

additional CP violation must occur

could it be from the lepton sector?

or possibly from very high mass new physics?
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