
George Gollin, University of Illinois at Urbana-Champaign. REU talk 7/23/03                          1

It’s Not Like Colliding 
Watermelons

How can we tell when mathematics and 
physical reality coincide?

Measuring (violations of) symmetry in the 
fundamental interactions

This is available on the web at http://www.hep.uiuc.edu/home/g-gollin/talks/watermelons.pdf

http://www.hep.uiuc.edu/home/g-gollin/talks/watermelons.pdf
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Outline

•Standard Model phenomenology

•Structure of subatomic matter and more phenomenology

•CP, T, and CPT symmetries in particle physics

•CP and K→ππ decays

•Standard Model, before the discovery of b, t quarks

•Testing the 2-generation Standard Model through a 
search for CP violation in K→ππ decays



George Gollin, University of Illinois at Urbana-Champaign. REU talk 7/23/03                          3

Standard Model phenomenology

The Standard Model

It’s a renormalizable relativistic quantum field theory with 
SU(3)×SU(2)×U(1) gauge symmetry.

The U(1) part corresponds to electromagnetic interactions 
(mediated by massless spin-1 photons)

The SU(2) part corresponds to weak interactions (mediated by 
massive spin-1 W± and Z0 bosons)

The SU(3) part corresponds to strong interactions (mediated by 
massless spin-1 gluons)

It is fabulously successful at describing (in principal) almost all 
observed phenomena with a few MAJOR problems…
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Standard Model phenomenology

The Standard Model’s problems

Any attempt to include gravity destroys its renormalizability

Convincing data demonstrate that neutrinos “oscillate”: a νe
leaving the sun is likely to arrive at the Earth as a ντ . (This isn’t 
part of the Standard Model’s phenomenology.)

Things that the Standard Model describes comprise only 4.4% of 
the stuff in the universe. “Dark matter” and “dark energy” are 
“beyond the Standard Model” phenomena, and mak up the bulk of 
what’s out there.

There are many free parameters in the Standard Model (e.g.
masses of its quarks and leptons) whose values are not set by the 
model.
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Standard Model phenomenology

An experimentalist’s view of the Standard Model
Here are the building blocks (let’s ignore the Higgs)…

2
3quarks with q = +

1
3quarks with q = −

leptons with 0q =

leptons with 1q = − 1q = ±

0q =

0q =

0q =

gauge bosons



George Gollin, University of Illinois at Urbana-Champaign. REU talk 7/23/03                          6

Standard Model phenomenology

Some notation and terminology

{ }quarks: ,  ,  ,  ,  ,  iq u d c s t b∈

{ }charged leptons: ,  ,  il e µ τ∈

{ }neutrinos: ,  ,  i e µ τν ν ν ν∈

{ }0gauge bosons: ,  ,  ,g Z Wγ ±

“neutral currents” involve γ, g, Z0

“charged currents involve W±
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Standard Model phenomenology

Some of the Standard Model Feynman rules

Neutral currents do not change quark/lepton “flavor.” 

 

g

g g 

g 

qi qiStrong interactions:

 

γ 

qi qi
 

γ 

li li
Electromagnetic interactions:



Some of the Standard Model Feynman rules
Standard Model phenomenology

 

Z 0

qi qi
 

Z 0

li li
 

Z 0

νi νi
Weak (neutral current) 

interactions:

 

W ±

qi qj

Vij
 

W ± 

νi li 
Weak (charged current) 

interactions:

Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix (magnitudes 
shown; in general some elements can be complex):

0.9741 - 0.9756 0.219 - 0.226 0.0025 - 0.0048

0.219 - 0.226 0.9732 - 0.9748 0.038 - 0.044

0.004 - 0.014 0.037 - 0.044 0.9990 - 0.9993

ud us ub

cd cs cb

td ts tb

V V V
V V V
V V V

   
   =   
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Structure of subatomic matter

Structure of subatomic matter

Observable particles have integral charge.

•quark-antiquark combinations are mesons

•three-quark combinations are baryons

•leptons and neutrinos have integer charge.

The only stable (free) particles are protons, electrons, photons, and 
neutrinos. (Other particles trapped in bound states can be stable too.)

We sometimes refer to particles which decay via weak interactions as 
“stable” too. (They’re not, but they live long enough so that we can 
make beams of them which propagate macroscopic distances.)



Structure of subatomic matter

The particle zoo
Here is a table describing a few of the light mesons:

( )
9

0 17

9

139.6 26 10

2 135.0 8.4 10

139.6 26 10

ud

uu dd

ud

π

π

π

+ −

−

− −

×

− ×

×

9

0

0

9

493.7 12.4 10
497.7
497.7
493.7 12.4 10

K us
K ds undefined
K ds undefined
K us

+ −

− −

×

×

particle quark content           mass     lifetime

we’ll talk 
about this…

Mass in MeV/c2, lifetime in seconds. (Proton mass is 938 MeV/c2.)
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Structure of subatomic matter

Feynman diagrams for meson decay, etc.

W +

u µ+ 

d νµ 

π + 

Vud 

π +→µ+νµ

 u

u

γ 

γ 

d

d

γ 

γ 

π 0→γγ
note: u and d charges are different 
so amplitudes don’t cancel.

us W +

u 
K + 

u

d

π 0 

π+ 

K +→π +π 0
K +→µ+νµ

s W +

u µ+ 

νµ 

K + 

Vus 



Structure of subatomic matter

Some neutral K meson Feynman diagrams

us W +

d
K0 

l + 

νl 

π− 

K0→π - µ+νµ or  π - e+νe

us W + 

d 
K0 

u

d

π− 

π+ 

K0→π +π -

note: lepton sign indicates whether 
an s or s quark decayed.

us W - 

d 

u

d

π+ 

π− 

K0 

K0→π +π -

us W -

d
K0 

l − 

νl 

π+ 

K0→π + µ -νµ or  π + e-νe



Matter-antimatter oscillations

us W +

d 
K0 

u

d

u s
W -

d 

u

d

K0 

or, more simply…

Structure of subatomic matter

W 

d

K0 

u, c, t

K0 W

s 

u, c, ts d 

The diagrams can be time-reversed: the transitions go in both directions.
0 0K K↔
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What do we mean by “lifetime?”
Structure of subatomic matter

Time evolution for the wavefunction of a particle which keeps its 
identity until decaying: 

( ) ( ) 2
2

0
mci

e
τ

ψ τ ψ
Γ − +  = !

τ is proper time (time in the particle’s rest frame).

( )
( )

2

2
0

e τψ τ

ψ
−Γ=

Particle survival probability decays exponentially; lifetime ≡ 1/Γ.

If survival probability isn’t exponential, the lifetime is undefined.
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K0 mesons do not have well-defined lifetimes
Structure of subatomic matter

K0 does not have a defined lifetime because it changes its identity 
(the weak interaction does not conserve “strangeness”), as well as 
undergoing decays: 

 

W

d 

K0 

u, c, t

K0 

W 

s

u, c, ts d

W

u, c, t

K0 

W

d

u, c, t s

During times when it is in a mixed state, interference between K0 and 
K0 decay amplitudes can alter the particle’s decay rate.
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Structure of subatomic matter

How to define a “better” neutral K basis?

We can produce beams of neutral K mesons which travel 
macroscopic distances before decaying.

A beam which is initially pure K0 will evolve into a beam which 
contains a mix of K0 and K0 as the beam propagates.

How might we choose a new basis in which the particles (call them 
K1 and K2) keep their identities until decaying?

Before 1964 physicists thought K1, K2 should be defined this way:

( ) ( )0 0 0 0
1 2

1 1
2 2

K K K K K K≡ + ≡ −
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Structure of subatomic matter

Quantum mechanical operations

In quantum mechanics we often deal with operators which do things 
to wavefunctions.

An example: “C” (“charge conjugation”) means to replace particles 
by antiparticles in an equation.

0 0 0 0C K K C K K= + = +

As a result,

( ) ( )

( ) ( )

0 0 0 0
1 1

0 0 0 0
2 2

1 1
2 2
1 1
2 2

C K C K C K K K K

C K C K C K K K K

= + = + = +

= − = − = −
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Structure of subatomic matter

C invariance

What do we mean when we say the universe is invariant under an 
operation?

C invariance:                         21% of the time.0K π π+ +→

( )0 0C K Kπ π π π+ + − −→ = →

If physics is C invariant, we should also see                  

21% of the time. (We do, as best as we can measure.)

0K π π− −→
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CPT, CP, T SymmetriesCP, CP, T

C: “charge conjugation.” Replace particles by antiparticles.

P: “parity inversion”   (x → -x, y → -y, z → -z)

T: “time reversal”

Combined operation CPT is automatically a symmetry of a 
relativistic (local, finite-dimension) quantum field theory. (So 
violation of CP must be accompanied by compensating violation 
of T)

C by itself is not a good symmetry:                   for example.

Nature can turn particles into antiparticles.

0 0K K↔



CP, CP, T

CP considerations in π +→µ+νµ

π + is a “pseudoscalar” (spin 0) meson:

,C Pπ π π π+ − + += + = −

µ + is a spin ½ antilepton; it tends to be produced with helicity +1

µ - is a spin ½ lepton; it tends to be produced with helicity –1

νµ is a spin ½ lepton; it is always* produced with helicity -1

νµ is a spin ½ antilepton; it is always* produced with helicity +1

Helicity ±1: spin along/opposite to velocity vector.

*if we pretend that mν = 0



CP, CP, T π +→µ+νµ decay kinematics
To conserve angular momentum, µ + must have helicity -1 since νµ
has helicity -1.  Investigate the C, P, CP conjugate processes:

π − 

µ − 

νµ
 

π − 

νµ
 

µ − 

C 

C 

P P 

π + 

µ + 

νµ
 

π + 

νµ
 

µ + 

NG: ν helicity wrong.
Decay is not C-invariant

NG: ν helicity wrong.
Decay is not P-invariant

OK

OK
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CP, CP, T

CP in π ± decay, again

If the weak interaction is CP-symmetric, we should find that our 
measurements of the properties of π +→µ+νµ decay can be used to 
predict the properties of π −→µ−νµ decay, for example the rate at 
which this decay mode occurs, etc. 

These parameters should be identical for π + and π − decays.

As best as we can measure, this is the case for π decay. 

The interaction causing π ± decay seems to be invariant under CP. 
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CP and K decay

CP and T invariance in the neutral K system

Might it be true in general, that all interactions conserve CP? 

If so, CP neutral K eigenstates won’t mix with each other before 
decaying.

Usual phase conventions for C, P and K mesons: 

0 0 0 0

0 0 0 0

C K K C K K

P K K P K K

= + = +

= + = +
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CP and K decay

CP and T invariance in the neutral K system
Note the following:

( ) ( ) ( )
( ) ( ) ( )

0 0 0 0 0 0

0 0 0 0 0 0

CP K K K K K K

CP K K K K K K

+ = + = +

− = − = − −

Define the CP eigenstates K1, K2 this way:

( ) ( )0 0 0 0
1 2

1 1 2 2

1 1
2 2

K K K K K K

CP K K CP K K

≡ + ≡ −

= + = −

Note that both CP eigenstates are “50-50” combinations of K0 and K0
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CP and K decay

CP and T invariance in the neutral K system

Because of the CPT theorem, CP invariance ↔ T invariance.

T invariance requires mixing rates to be symmetric:

( ) ( )0 0 0 0K K K KΓ → = Γ →

(We use Γ to indicate a rate.)

It makes sense that the non-mixing eigenstates contain equal amounts 
of K0 and K0 since an initial excess of one of them would slosh back 
and forth between particle and antiparticle as time passed.
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CP and K decay

CP considerations in K→π +π -

K0 is a spin 0 meson.  

π+ and π - spin 0 mesons.

Conservation of angular momentum and Bose statistics: 

( )21CP π π π π π π+ − + − + −= − = +

number of pions

Κ 

π − 

π +

C P Κ 

π + 

π − 

Κ 

π + 

π − 
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CP and K decay

CP considerations in K→π +π -

Neutral K mesons also decay to 3 pions:

( )

( )

30 0 0

30 0 0 0 0 0 0 0 0

1

1

CP

CP

π π π π π π π π π

π π π π π π π π π

+ − + − + −≈ − = −

≈ − = −

If CP is conserved:

K1 decays to 2 pions (but almost never 3 pions)

K2 decays to 3 pions (and other stuff too) but never to 2 pions since 
that would link a CP –1 initial state to a CP +1 final state.
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CP and K decay

CP considerations in K→π +π -

Decay rate goes up when “phase space” for final state particles goes 
up: the more energy/momentum available to partition among the 
decay products, the more rapidly the decay tends to take place.

•mKc2 - 2mπc2 ~ 214 MeV/c2

•mKc2 - 3mπc2 ~ 74 MeV/c2

so K1→2π happens quickly than K2→3π.

If CP is conserved (so one kind of K never decays to 2π):

•K1 decay rate is larger than K2 decay rate

•K1 lifetime is shorter than K2 lifetime
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CP and K decay

Neutral K meson lifetimes

Let’s give the short-lived state (which is the same as K1 if CP is 
conserved) the more generic name KS. 

Let’s give the long-lived state (which is the same as K2 if CP is 
conserved) the more generic name KL. 

In a beam of neutral K mesons, the observed lifetime difference is 
dramatic…



Neutral K meson lifetimesCP and K decay

Surviving K mesons in a 
beam, plotted as a function 
of proper time:

K
 m

es
on

s d
ec

ay
in

g 
pe

r m
et

er
 

1 2 3 4 5 6 7 8 9 10 

proper time (ns) 

KS lifetime ~ 89 picoseconds 

KL lifetime ~ 52 nanoseconds 

 
su

rv
iv

in
g 

K
 m

es
on

s  

1 2 3 4 5 6 7 8 9 10 

proper time (ns)

KS lifetime ~ 89 picoseconds 

KL lifetime ~ 52 nanoseconds 

K decay rate in a beam, 
plotted as a function of 
proper time (KS decay rate 
is ~580 times greater than 
KL decay rate):



Neutral K meson massesCP and K decay

There really are two different kinds of neutral K mesons!

Even though they have the “same” quark content (mixtures of d, s, d, 
s quarks) they decay to different final states.

The KL and KS are different particles.

Their masses are different, but only by a tiny (well measured) amount:

mL = 497.67 MeV/c2

mS = 497.67 MeV/c2

∆m ≡ mL - mS = 3.49×10-12 MeV /c2

Note that ∆m/mL ~ 10-14.
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Standard Model with two generations

Let us return to the Standard Model of yesteryear…
~1975: third generation of quarks and leptons was unknown…

2
3quarks with q = +

1
3quarks with q = −

leptons with 0q =

leptons with 1q = − 1q = ±

0q =

0q =

0q =

gauge bosons
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Standard Model with two generations

Cabibbo-Kobayashi-Maskawa matrix doesn’t exist

Instead, there’s just the real 2×2 Cabibbo matrix:

0.9741 - 0.9756 0.219 - 0.226
0.219 - 0.226 0.9732 - 0.9748

ud us

cd cs

V V
V V

   
=   

  

All Standard Model interactions must be CP and T invariant since 
Cabibbo matrix is real.

Long-lived neutral K mesons never decay to 2π (if S.M. is correct).

( ) ( )0 0 0 0K K K KΓ → = Γ →
The two kinds of neutral kaons with well-defined lifetimes contain 
equal amounts of K0 and K0 since
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Standard Model with two generations

Rewrite history somewhat…

Pretend that CP (in 1975) was still thought to be a good symmetry. (In 
reality CP violation was discovered in 1964.)

An experimental test of the 2-generation Standard Model: are CP and 
T absolutely conserved in all interactions?

If not, physics “beyond the Standard Model” is playing a role in
things.

The experimental test: look for signs that long-lived neutral K mesons 
do decay to 2π once in a while. If so, CP violation is part of our 
physical reality and the 2-generation Standard Model must be 
incomplete.
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Standard Model with two generations

Repeating myself

In the Standard Model (as people knew it in 1974) it is IMPOSSIBLE 
for a long-lived K meson to decay into a pair of pions.

Is the Standard Model all there is? Is it entirely correct?

Search for decays of long-lived kaons into pairs of pions as a test.

If long-lived kaons do decay to pairs of pions occasionally, the 
Standard Model is NOT CORRECT.
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Experimental search for CP violation

Searching for KL→π + π −

Here’s a simplified version of an experiment, using c. 1987 technology.

We need:

•a KL beam

•a detector which allows us to recognize (rare) KL →π + π J decays, 
and distinguish them from more common KL decay modes.

•event reconstruction and simulation software to unfold the physics 
from detector-induced effects

Useful facts: speed of light c is close to 1 foot per nanosecond.  
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Experimental search for CP violation

Making a KL beam, Fermilab-style

Diagrams are from Fermilab’s site: http://www.fnal.gov/

http://www.fnal.gov/pub/inquiring/physics/accelerators/
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Experimental search for CP violation

First we make a high energy proton beam…
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Fermilab: entire site
Experimental search for CP violation
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Fermilab: fixed target beam lines
Experimental search for CP violation



George Gollin, University of Illinois at Urbana-Champaign. REU talk 7/23/03                          41

Experimental search for CP violation

Accelerating protons

Use electric fields to accelerate protons to a speed close to c.

Use magnetic fields to steer/focus proton beam.

Fermilab’s large ring is 1 km in radius. It’s this big because each 
of the accelerator’s magnets can only deflect the high-energy 
beam  through a small angle.

Once per orbit beam particles pass through a region in which 
strong electric fields add energy to the beam.



Proton source and Cockroft-Walton “preacc”
Experimental search for CP violation

A small bottle of 
hydrogen is the 
source of protons to 
be accelerated.

Ions leaving here have 750 
keV of kinetic energy.



400 MeV linac and 8 GeV booster
Experimental search for CP violation

…8 GeV of kinetic energy

protons leaving here have 
400 MeV of kinetic energy
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120 GeV “main injector”
Experimental search for CP violation

protons leaving here have 120 
GeV of kinetic energy
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~900 GeV Tevatron
Experimental search for CP violation

protons leave here with 
~900 GeV of kinetic energy
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Extracted proton beam
Experimental search for CP violation

Extracted proton beam is steered (and focused) by magnets towards a 
target about a mile away.
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Proton beam and target
Experimental search for CP violation

proton beam characteristics:

•beam is extracted once per minute during a 22 second “spill”

•“buckets” of protons arrive every 19 nanoseconds during the spill

•each bucket contains ~1000 protons and lasts 2 nanoseconds

•about 1.6×1012 protons strike the target during one spill. 

•beam diameter is about 1 mm at the target.

target is a 2.2 mm diameter beryllium rod 36 cm long

lots of junk (pions, neutrons, photons, kaons, protons,…) sprays out 
of the target after the beam hits it.
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Experimental search for CP violation

Target pile

Lots of radiation, so lots of 

shielding blocks…

Target is inside the block house.
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Experimental search for CP violation

Making the K meson beam

Strong interactions between beam protons and target protons/neutrons 
make lots of 

•pions (π +, π −, π 0) (…and γ’s from the rapidly decaying π 0’s) 

•kaons (K+, K-, K0, K0)

•neutrons

•protons

We want the neutral kaons and must filter out other stuff as best as we 
can.

 uud s
s

uud

p

p p

Σ + 

K0
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Experimental search for CP violation

Cleaning up the beam

Use magnets to deflect charged stuff (protons, charged pions, charged 
kaons, electrons, muons,…) out of the beam downstream of the target.

Use a lead block to convert photons into electron-positron pairs which 
are swept out of the beam by more magnets.

Use machined slabs of copper (or tungsten or …) as collimators to 
define the edges of the beam.
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Experimental search for CP violation

Cleaning up the beam

Here’s a simplified version of how it’s done…

 sweeping magnets 

collimators 
lead 

(converts photons)

target 

proton beam 

neutral beam
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Experimental search for CP violation

Interaction of relativistic particles with matter
Energetic photons passing through stuff…

…convert rapidly into electron-positron pairs, which then lose 
energy rapidly through bremsstrahlung (braking) radiation. 

Average distance traveled 
before conversion to e+e-…

0.7 cmlead
2.3 cmiron
54 cmplastic

391 metersair
distancematerial
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Experimental search for CP violation

Interaction of relativistic particles with matter
Energetic muons passing through stuff…

…do not interact strongly. Since they are ~200 times heavier than 
electrons, they lose almost no energy through bremsstrahlung. 
Principal energy loss mechanism: scattering with electrons in the stuff 
through which they’re traveling. They travel quite a long way before 
“ranging out.”

22 MeVlead
15 MeViron
2 MeVplastic

0.002 MeVair
∆Ematerial

Approximate muon energy loss 
per cm of travel through material
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Experimental search for CP violation

Interaction of relativistic particles with matter
Energetic pions, kaons, protons, neutrons passing through stuff…

…interact via the strong nuclear force, making more strongly 
interacting particles of lower energy (~90% pions, ~10% kaons).

These particles, in turn, interact, producing more particles of still 
lower energy. Average distance traveled before strongly interacting:

16 cm
17 cm
89 cm

~811 m
π distance

lead
iron

plastic
air

material

10 cm19 cm
11 cm21 cm
57 cm111 cm

~520 m~1000 km
p, n distanceK distance
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Experimental search for CP violation

Removing unwanted stuff from the beam

Downstream of the target, place:

1. Sweeping magnets to deflect 
charged particles out of beam

2. Collimators to define edges of 
the beam

3. Blocks of carbon to improve the 
kaon/neutron ratio in the beam…

a sweeping magnet
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Experimental search for CP violation

Removing unwanted stuff…

Another sweeping magnet (deflects charged particles out of the beam)
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Experimental search for CP violation

Removing unwanted 
stuff…

Collimators to stop stuff 
outside the beam aperture
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Experimental search for CP violation

Removing unwanted stuff from the beam

4. Lead block to convert photons 
to electron-positron pairs…

5. more collimators and 
sweeping magnets to clean up 
the beam 

collimators
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Experimental search for CP violation

K beam arriving at the detector

K energy spectrum at experiment

50 
GeV

100 
GeV

By the time the beam reaches the 
detector, it contains about 107

neutral K mesons (and an equal 
number of neutrons) per spill.

K energy ~ 50 – 150 GeV
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Experimental search for CP violation

What the detector does…
 

vacuum 

drift chambers

K beam 

magnet
lead glass array

µ filter (Fe)

trigger hodoscope (scintillator)

π + 

π − 

x 

z 

ve
to

 h
od
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…is to tell us the x,y,z positions of charged particles at the drift 
chambers and to allow us to distinguish pions, muons, and 
electrons. (Particle trajectories are bent by the magnet.)
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Experimental search for CP violation

The detector, in more detail

horizontal and 
vertical scales are 
very different

2 
m

et
er

s

20 meters
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It’s not as pretty as the diagram
Experimental search for CP violation
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It’s mostly home-made by university and lab groups
Experimental search for CP violation

Experimental area before installation…
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It’s mostly home-made…
Experimental search for CP violation

Vacuum pipes before installation…
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It’s mostly home-made…
Experimental search for CP violation

Electronics and physicists live here (note the Sidewinder missiles)
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It’s mostly home-made…
Experimental search for CP violation

Building photon detectors for π 0 rejection
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It’s mostly home-made…
Experimental search for CP violation

Photon detectors packaged inside a small vacuum tank
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It’s mostly home-made…
Experimental search for CP violation

More photon detectors for installation inside the vacuum tank
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It’s mostly home-made…
Experimental search for CP violation

We drive our stuff out to Fermilab for installation
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It’s mostly home-made…
Experimental search for CP violation

Installing more instrumentation (a “transition radiation detector”)
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It’s mostly home-made…
Experimental search for CP violation

Rigging in the vacuum pipes
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It’s mostly home-made…
Experimental search for CP violation

Rigging in a station of photon detectors
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It’s mostly home-made…
Experimental search for CP violation

Installing beamline machinery
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It’s mostly home-made…
Experimental search for CP violation

Photon veto detectors in place, instrumented with photomultiplier 
tubes
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Experimental search for CP violation

Drift chambers

drift chambers before installation in a kaon experiment
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It’s mostly home-made…
Experimental search for CP violation

The cable infrastructure is messy
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It’s mostly home-made…
Experimental search for CP violation

Everything is computer-controlled.
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Experimental search for CP violation

Rejecting backgrounds to KL→ π +π −

Common decay KL modes:
0

0

3 (21.1%)

(12.6%)
(27.2%)

(38.8%)

L

L

L

L

K

K
K

K e
µ

π

π π π
πµν

π ν

+ −

→

→
→

→

Reject these by 

•discarding events with electrons, muons, or photons 
(from π 0 decay) in the final state

•kinematic reconstruction of mass of initial state
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Experimental search for CP violation

Momentum determination using the drift chambers

 

θ π + 

π − 

K 

1 pθ ≈
" so we can determine 

•the vector momenta of both pions (and their sum, naturally)

•the x,y,z coordinates of the decay vertex

•K direction of travel (target x,y,z is known)
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Experimental search for CP violation

Drift chambers

Field and sense wires held at various high 
voltages (~2 kV) to create electric fields.

Ionization electrons drift towards sense 
wire with speed ~50 µm/nsec, producing a 
detectable signal upon arrival.

Time delay between passage of track and 
arrival of drift electrons at sense wire 
determines track’s distance from sense 
wire.

Typical drift time ~300 nsec; typical 
position resolution ~100 µm; typical 
number of “primary” electrons ~20.

 

π + 

sense 
wires
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Experimental search for CP violation

Drift chambers

University of Chicago technician at work on a 4-plane (2 x and 
2 y) drift chamber
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Experimental search for CP violation

Spectrometer magnet and momentum resolution

θ 

6 m6 m

100 µm

Spectrometer magnet momentum kick is 200 MeV/c = 0.2 GeV/c.

θ = (0.2 GeV/c)/p for p in GeV/c

δθ ~ 100 µm / 6m

∴δp/p = δθ/θ ~ 8.5×10-5 p (= 0.85% at 100 GeV/c.)
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Experimental search for CP violation

Spectrometer magnet and momentum resolution

100D40 magnet (200 MeV/c pT kick) before detector installation
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Kinematics I
Experimental search for CP violation

 

K 

pπ +
 

pπ −
 

pπ +
 

pπ −
 

pπ −  +  pπ +
 

K direction 
pπ −  +  pπ +

 

pT = | pπ −  +  pπ + | sinθ 
θ 

Ideally, momentum of properly reconstructed ππ final state 
will be parallel to the K’s direction of travel so that  pT = 0.
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Experimental search for CP violation

Kinematics II

Momentum conservation: Kp p p
π π+ −= +

" " "
KE E E

π π+ −= +

Four-momentum definition: ( ),p E pµ ≡
"

Relativistic kinematics: ( )2 2 2mc E p p c= − ⋅
" "

Ideally: ( ) ( )2 2 2 2 497.67 MeVKE E p p c m cππ π π+ − + −+ − + = =
" "

Plot pT and “pair mass” to look for signal.
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Experimental search for CP violation

Kinematics III
Besides imperfect resolution, why might reconstructed pair mass and 
pT differ from mK?

•one particle wasn’t a pion so the use of the pion mass in the mass 
calculation fouled up the kinematics: KL→ πµν (27%), KL→ πeν
(39%)

•final state included undetected neutrinos which carried away 
some momentum

•final state included π 0’s which decayed immediately to γ’s, which 
were not reconstructed properly: KL→ π + π − π 0 (12%), KL→ 3π 0

(22%),

Reject backgrounds through recognition of muons and electrons and 
also through kinematic reconstruction. 
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Experimental search for CP violation

Muon veto
 

vacuum 

drift chambers

K beam 

magnet
lead glass array

µ filter (Fe)

trigger hodoscope (scintillator)

π + 

µ − 

x 

z 

ve
to

 h
od
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Muons lose very little energy in iron muon filter. Reject an event if 
scintillation counter(s) in veto hodoscope produce a signal.
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Experimental search for CP violation
Muon veto

Scintillation counter “hodoscope” 
downstream of iron muon filter.

Typical light yield in polystyrene 
plastic scintillator ~10,000 photons 
during ~25 nsec (blue/visible)

A photomultiplier tube attached to 
each counter registers light and 
produces a signal very rapidly.

Typical pmt gain ~107; timing 
accuracy ~1 nsec; noise ~500 
photoelectrons per second; pulse 
duration ~25 nsec; quantum 
efficiency ~20%.
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Experimental search for CP violation

Electron/photon identification
 

vacuum 

drift chambers

K beam 

magnet
lead glass array

µ filter (Fe)

π + 

e − 

x 

z 

Electrons lose energy very rapidly in heavy, dense material. Lead 
glass array causes electrons to dump most of their energy in the
space of a dozen centimeters. 

Reject event if energy seen in lead glass for a track is comparable to 
momentum for the track.
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Electron/photon identification
Experimental search for CP violation

Array of 804 lead glass blocks (50% 
Pb by weight).

Typical signal in photomultiplier
tubes mounted to the downstream 
ends of blocks is  about 600 
photoelectrons per GeV.

Energy resolution is ~0.06 E-0.5

Position resolution is ~2.8 mm. 
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Electron/photon identification
Experimental search for CP violation

1.00
0.95 1.05

Ratio of lead glass signal to 
track momentum for electrons
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Experimental search for CP violation

Time to test the 2-generation Standard Model

Data analysis, greatly simplified:

1. Reconstruct vector momenta of tracks in all events

2. Calculate Elead glass /pdrift chambers and discard events with electron-
like tracks (E/p ~ 1) to eliminate KL→π eν decays

3. Discard events with signals in muon scintillators to eliminate 
KL→π µν decays

4. Discard events with extra photons seen in lead glass or other 
photon detectors to eliminate KL→π +π −π 0 decays

5. Calculate rest mass of two-track system, assuming both particles 
are pions and see if there’s a bump at the K mass.
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Two-body invariant mass
We have measured momentum of each track; assume each particle 
is a pion (so we can make use of the known pion mass).

 

K ??? 

pπ +
 

pπ −
 

π  + ??? 

π  − ??? 

Relativistic kinematics:

( ) 2 2 4E p p c m cππ π π− − −= ⋅ +
" "( ) 2 2 4E p p c m cππ π π+ + += ⋅ +

" "

( ) ( )2

2 2

p p p pE E
m

c c
π π π ππ π

π π

+ − + −+ −

+ −

+ ⋅ ++ 
= − 

 

" " " "
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Experimental search for CP violation

Reminder about CP invariance

If CP is a good symmetry of the fundamental interactions, we will 
NEVER see a long-lived K meson decaying into a pair of pions.



Mass spectrumExperimental search for CP violation

Plot the two-track mass 
after throwing away 
events thought to be 
background.

If long-lived kaons 
decay to ππ final states 
there’ll be a bump in 
mass spectrum.

Look at that!

CP violation!



pT spectrum
Events in the bump in mass also are moving in the same direction as 
the parent K meson.

Top of first 
bin is here
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Experimental search for CP violation

The 2-generation Standard Model is incomplete.

Long-lived kaons decay to ππ final states, violating CP invariance. 

Branching fractions: KL→ π +π −J 0.2%,    KL→ π 0π 0J 0.1%. 

“Mass eigenstates” are not the CP eigenstates:

( ) ( )1 2 2 1

2 21 1
S L

K K K K
K K

ε ε

ε ε

+ +
= =

+ +

ε is determined experimentally: ε = 2.26×10-3 × ei44°
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Experimental search for CP violation

CP violation and T violation

“Mass eigenstates” contain more K0 than K0 (Reε > 0):

( ) ( ) ( ) ( )0 0 0 01 1 1 1S LK K K K K Kε ε ε ε+ + − + − −∼ ∼

Since mass eigenstates do not mix, 

( ) ( )0 0 0 0K K K KΓ → > Γ →

T violation (as required by CPT symmetry)!
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Experimental search for CP violation

CP violation and T violation

“Mass eigenstates” contain more K0 than K0…

us W + 

d 
K0 

l + 

νl 

π− 

K0→π - µ+νµ or  π - e+νe

us W -

d
K0 

l − 

νl 

π+ 

K0→π + µ -νµ or  π + e-νe

…so about 0.3% more “semileptonic decays” with positive leptons 
than negative leptons in a KL beam. (“semileptonic charge 
asymmetry”)
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Conclusions
We discussed these subjects:

•Standard Model phenomenology

•Structure of subatomic matter and more phenomenology

•CP, T, and CPT symmetries in particle physics

•CP and K→ππ decays

•Standard Model, before the discovery of b, t quarks

•Testing the 2-generation Standard Model through a search 
for CP violation in K→ππ decays
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