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Next 3 topics
● Neutral currents
● J/ψ (charm quark)
● W and Z

These 3 discoveries killed the old particle physics paradigmas, and 
imposed what we now call the Standard Model. (Which is the 
paradigma that could be killed by LHC experiments...)

A bit of theory will be spread across the next lessons, with the purpose 
of encouraging you to think yourself about the data↔theory link.

But, as the original experimenters, you must not believe a theory until 
the data that you see oblige you to take it as the explanation!
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Some experimental tools



  

Momentum measurement
● Fundamental formula: q*p

T
=B*r

➔ p
T
[GeV]=0.3*B[T]*r[m]

● In a solenoidal field, B is uniform
● To measure p

T
, you need at 

least 3 points
● Homework: demonstrate that

✔ p
T
=0.3*B*L2/8s

✔ δp
T
~p

T
2

● Hint: first demonstrate 
δp

T
/p

T
=δs/s (δs is the spatial 

resolution, which is constant)



  

Specific energy loss by ionization

Curves are from the Bethe-Bloch 
formula for ionization

Question: how do we distinguish 
muons from pions?

● Hint: list all possible interactions for 
the two particles



  

Bubble chambers
● A sudden reduction of pressure 

(by moving the piston) puts the 
liquid in a super-heated state
– This means that normally, at that 

pressure, the liquid should boil
– But if there is a very good 

homogeneity, no bubbles form 
spontaneously

● The passage of a charged particle 
perturbs the liquid, and small 
drops form along its trajectory
– A picture is taken
– Then the piston moves back, 

destroying the drops before a new 
cycle of the accelerator



  

Theoretical context

● In the next slides, I'll tell you only things that a 
physicist in 1970 could have thought

● At the blackboard, I'll “translate” them into the 
concepts that a physicist would use in 2010



  

Neutral and charged “currents”

(Most textbook figures taken from 
Galison; in its convention for Feynman 
diagrams, time flows vertically)
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Neutral and charged “currents”
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Analogy with the N-N interaction

● Both the strong interaction (at the N-N level) 
and the weak interaction are short range forces

● Explained in Yukawa theory by the exchange of 
massive bosons, π and W respectively

● Weak force: W+, W- ; Strong force: π+, π0, π-

● No compelling reason for “W0”, but also no 
fundamental reason preventing it to exist
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How to look for (weak) neutral 
currents: why using neutrinos

Note: why is it not called W0? See appendix
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Neutrino beams: general idea

● Protons are shot against a target
● Several hadrons are produced, mostly π and K
● Magnets select the desired charge (and momentum)
● Pions and kaons travel long enough that most of them 

decay (favored decay mode: µ+ν
µ
/µ−ν

µ
)

● Before reaching the detector, a shield of concrete 
absorbs most of the hadrons that did not decay

-



  

Accelerator schematics

Question: draw the diagrams for 
pion (ud) and kaon (us) decay.- -



  

Gargamelle

● Bubble chamber
● Length: 4.8 m
● Diameter: 1.9 m
● Liquid: freon
● Strong magnetic field



  

Gargamelle's priority list

● 1 - W search
● 2-7 ...
● 8 – Neutral currents search

t
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Z: atomic nucleus of charge Z*e; the highest the charge, 
the more probable is the interaction with a virtual photon.

Very often, big experiments have one single strong motivation but the same data can be 
analysed for studying other processes. A modern example: LHC's main motivation is to 
search for the Higgs boson, but we will also test other theories.



  

Event classification

CC

NC

ES
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e-

µ−

π+ Λ0

ν↑

νµ+p=µ−+Σc
++

                          ⇓
                 Λc

++π+

                    ⇓
                   e++Λ0+νe

                 

νµ+d=µ−+c
               ⇓
                e++νe+s

Interpretation with quarks:

Example of CC:



  
Question: how can you deduce 
the outgoing neutrino direction?

Example of NC

ν

ν



  

CC faking NC



  

Associated event, or “neutron star” 
(AS)

Note: AS is a subset of the CC category.



  

AS as a “control sample” for 
estimating fake-NC properties



  

Gargamelle's final results

X axis: position of interaction 
along the Gargamelle axis

Run ν: 102 NC, 428 CC, 15 AS
Run ν:   64 NC, 148 CC, 12 AS-



  

Background estimation (simplified)
● We want to estimate B, the number of fake NCs
● Total neutron interactions (in CCs): N = B + AS
● On the other hand, AS = N<P>

– P: probability for a neutron to interact before leaving the 
detector; P = 1 – exp(-L/λ)

– L: distance between point of interaction and detector end
– λ: neutron interaction length (in principle a function of 

energy), extracted by other experiments or by fitting AS data
– < ... >: average over detector volume, neutron energies, ...

● Result: B/AS = (1/<P>)-1 (and this gave B/AS<1)
● More precise estimations with Monte Carlo, simulating 

the quantity and density of material around detector



  

ES: the “golden” event

● Experimenters were worried 
that νN interactions were not 
clean enough, from two points 
of view: experimental 
(backgrounds) and theoretical 
(protons are not elementary)

● ES events (ν
µ
e→ν

µ
e) were the 

most clean, but also the rarest:
 σ(νX→νX) ~ m

X
E

● Only 1 event was found

– It was during an anti-ν
µ
 run ν↑

Given the sign of 
the magnetic field, 
we know that it 
was e- and not e+



  

What can be a background to ES
● A small fraction of ν

e
 contaminates ν

µ
 beams

– BR(π+→e+ν
e
)/BR(π+→µ+ν

µ
) ~ 10-4

– Muon decay: µ+→e+ν
e
ν

µ
 (but most muons are wiped out by magnets)

– But there are no ν
e
 (but anti-ν

e
) in pure anti-ν

µ
 beams! 

Only if the beam is not pure, some ν
e
 can sneak in...

● Inverse beta (ν
e
n→e-p), with p not seen (reabsorbed)

– The probability of missing a proton could be estimated 
from ν

µ
n→µ-p: 3% of these CC events had no proton

– Multiplying this by the number of observed ν
e
n→e-p, 

gave 0.09(±0.07) events as estimated background

-



  

So, Neutral Currents were
proved to exist...

● And a theory existed already, which predicted 
their existence: the Standard Model
– Because of the ElectroWeak Unification (see 

Appendix) it predicted the existence of an additional 
massive boson, the Z

– The strength of the Z-mediated interaction between 
νe, νe, νu, νu, νd, νd as predicted by the SM was 
compatible with the NC/CC ratios observed in ν

µ
 

and ν
µ
 runs

-

-

- -



  

E1A, a.k.a. HPWF
(Harvard, Pennsylvania, Wisconsin, Fermilab)

Energy deposition
(“calorimeter”) Presence of a µ

The primary proton beam at Tevatron had P=300-400 GeV.
To be compared with 24 GeV at CERN (for Gargamelle)



  

● ABCD: fast counters
– Used to “trigger” the rest 

of the detector
– Question: make sure 

you don't miss NC & CC
● 1-16: liquid scintillators

– Light output proportional 
to deposited energy

● SC1-8: spark chambers
– Used for offline tracking

● Muon Spectrometer:
– Iron slabs between SCs
– Magnetic field

Question: how 
do you explain 
this shape?



  

E1A versus Gargamelle
● Gargamelle gave a complete description of the event
● E1A had to be triggered: only interesting events were 

recorded; dangerous, but offline analysis was much faster
● Easier to increase the volume of a spark chamber system 

than of a bubble chamber
– E1A's volume was ~10x Gargamelle

● <E
ν
> ~ 2 GeV Gargamelle, ~ 20 GeV E1A

– And σ(νX→νX) ~ m
X
E

● Gargamelle had an advantage in statistics, at start:
– E1A: 5x109 protons/pulse (1972) → 8x1012 protons/pulse (1974)
– GGM: 2x1012 protons/pulse (1972) → 5x1012 proton/pulse (1973)



  

CC seen as NC: escaping muons

Question: how do you expect this to depend on neutrino energy?



  

NC seen as CC: “punch-through”

Questions: how do you expect this to depend on neutrino energy?
How would you measure this effect from CC data?



  

AEBC events: no signal in A, 
signal in B&C, total calorimeter E 
above some threshold

-



  

Final results

The neutrino beam was mixed
Question: explain this stripe



  

Let's go back to the beginning...

● How to concile the absence of this process with 
what we have just seen today?
– I will tell you in the next lesson...
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Appendix:
introducing the Standard Model

● Warning: you still don't know what is a gauge theory 
(and why it is so important to know what it is)



  

The Standard Model

● Forces are carried by bosons: 
photons, W/Z, gluons, gravitons

● Matter (fermions) is composed of 
quarks (sensitive to QCD) and 
leptons (neutral to QCD), grouped 
in 3 generations

● What we call “Standard Model” of 
High Energy Physics is Electro-
Weak Theory (with Higgs 
mechanism) + QCD
– Gravity is not really included!



  

Electro-Weak Unification

● QED is a gauge theory
● Gauge theories imply mass=0 for the force carriers 

(e.g. the photon in QED)
● At least two weak force carriers exist, charged (W+ and 

W-), since weak decays affect the charge
– n→peν interpreted as n→pW-(*), W-(*)→eν

● The phenomenology of the weak interaction suggests 
that the range is short, which can come in a natural 
way if the force carriers are quite massive (Yukawa)

● So, weak interaction seemed not to be explainable 
with a gauge theory

- -



  

Electro-Weak Unification

● Why a gauge theory is desirable: you can reabsorb all 
the possible divergences of your theory in a finite 
number of empirical terms

● A non-gauge quantum field theory will always contain 
somewhere some divergence that you cannot reabsorb

A different way to see the 
problem: if you calculate the 
probability that this process 
occurs in an e+e- collision, you get 
that starting from some energy 
the probability is >100%, i.e. 
σ(e+e-→W+W-) > σ(e+e-→anyth.)! 
Complete nonsense...

g
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Electro-Weak Unification

● A suggestive coincidence: if you assume g~e, summing 
the amplitudes of these two diagrams gives a 
cancellation up to some higher energy:

This delays the 
problem to higher 
energy, but does 
not solve it...+-

-1 +1

-1

-1
g

g

ee



  

Electro-Weak Unification

● Hypothesis by Glashow, Salaam, Weinberg (1967): a 
new process where a new boson is present in the 
intermediate state (so that the sign of the amplitude is 
the same as for the diagram with the photon)

+- -
ee

g

g

g g



  

Experimental check

This check could be done 
only in the late '90s, when 
the LEP energy was 
sufficient to probe the 
energy regions where the 
old theory started to have 
problems.
At the time when the EW 
Unification was proposed, 
the problem just concerned 
the inner mathematical 
consistency of the theory.
(This doesn't mean that it wasn't 
serious.)



  

Electro-Weak Unification

● If g=e, and γ, W and Z masses are equal, the 
cancellation is exact!

● But of course masses are not equal
– photon is massless
– W is not massless, otherwise weak force would have 

long range
– Z is not massless, otherwise we would have 

observed it since long time, exactly as the photon
● But when you consider energies >>M

W
,M

Z
, you get the 

desired cancellation and your theory has a perfect 
symmetry between the EM and the Weak aspects


