
Standard Model tests at the SppS

Claudio Luci – Collider  Particle Physics – Chapter 5 1

Collider Particle Physics
- Chapter 5 -

last update : 070117

Claudio Luci



q Parton-parton interactions
q W and Z properties
q Kinematics at the hadron colliders
q SM tests at the SppS: measurement of the W and Z mass
q 𝑠𝑖𝑛!𝜃" measurement
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proton-(anti) proton scattering
Naïve (but accurate) model to compute the proton-proton total cross-section.
The protons are treated as two billiards balls that interact only if they ``get in contact’’

But proton is composite. How to describe the interaction between
quarks and gluons occuring at high energies?
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Collinear Factorization 
The QCD factorization theorem permits to represent the
cross section of a given process as a convolution in partonic
Momenta of a perturbatively calculable part which involves
the hard scale of the process with non-perturbative (soft)
distributions of active partons inside the hadrons.

- At the SppS the prediction of the cross-sections
were certainly much less accurate that the ones
at LHC since the pdf had big uncertainties

(pdf)

Sum over initial partonic states i and j Parton Density Function Hard scattering cross-section



q Every partons carries a fraction x of the 
proton quadrimomentum, where x can be 
different from parton to parton. Let’s call fi(x) 
the probability that the parton of type i has
the fraction x of the proton quadrimomentum
(actually fi(x) is a density probability).
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Parton Density Function (pdf)

pdf
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2 u valence quarks

1 d valence quark

No strangeness

The quark probability density functions (pdf) must 
satisfy some sum rules.  For instance in the proton: 

Sum rules

momentum conservation



q PDF are not calculable, but measured in DIS experiments (with electron and neutrino scattering on nucleons)
q DGLAP (Dokshitzer–Gribov–Lipatov–Altarelli–Parisi) are the authors who first wrote the QCD evolution equation.
q QCD Evolution Equations for Parton Densities valid in the theory of the strong interactions, determine the rate of change of parton

densities  (probability densities to find a quark or a gluon in the proton) when the energy scale chosen for their definition is varied. 
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DGLAP evolution equation

100 𝐺𝑒𝑉 !

LHC is a gluon machine



q The initial quarks are coloured.  The final hadrons are white.
q The formation process of the hadrons is called hadronization. It happens for energies  “around”  1 GeV  and the 

process is not perturbative, so it can be described only by phenomenological models.
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hadronisation

This example is with an
e+e- collision.
With the hadron collision
is even more messy
because of the spectator
partons and the pile-up



q The degree of  “goodness” of the various hadronization models can be deduced from the comparison of Montecarlo 
predictions with experimental data for several quantities that characterize a hadronic event. For instance:
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Comparison between hadronisation models

Average number of 
charged particle in 
a jet as a function
of the center of 
mass energy of the 
system e+e-.

For instance the MC Jetset
7.4 ME and Cojets 6.23 do 
not reproduce the data well
enough at high energy.



q High-pT events are dominated by QCD jet production
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QCD background

q Most interesting processes are  rare processes:
Ø  involve heavy particles
Ø  have weak cross-sections (e.g. W cross-sections)
Ø  to extract signal over QCD jet background must look at decays to 

photons and leptons à pay a prize in branching ratio

QCD

q Strong interaction à large cross-section
q Many diagrams contribute:  qq à qq ; qg à qg ; gg à gg; etc …
q They are called “QCD background “ 

W - Z
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q Production mechanism of W and Z at the SppS (and Tevatron):
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How W and Z are produced 

q At the SppS the antiquarks are the valence quark of the antiproton. At LHC (proton-proton 
collider) they come from the sea.

q The center of mass energy of the quark-antiquark interactions is on average 1/6 of the proton-antiproton CoM
energy (quarks carry 50% of the proton momentum and we have three valence quarks)



q The calculation of the proton–antiproton cross sections at the SppS starts from those at the quark level and takes 
into account the quark distribution functions (pdf).

Claudio Luci – Collider  Particle Physics – Chapter 5 13

W and Z production cross sections

q The evaluation made in the design phase gave the values: 

q To be precise, both the valence and the sea quarks contribute to the process, however at 𝒔 = 𝟓𝟒𝟎 GeV the average 
momentum fraction at the W and Z resonances is < 𝒙 > 𝑾/ 𝒔 = 𝟎. 𝟏𝟓. Therefore, the process is dominated by the 
valence quarks, while the sea quarks have momentum fractions that are too small.

q At the SppS the W or Z were produced almost at rest because the parton center of mass energy was just about right.

q We thus know that the annihilating quark is in the proton, the antiquark in the antiproton. This information is lost 
at higher collision energies. 

q At LHC, with a proton-proton collision, the antiquark is coming from the sea.

Drell-Yan diagram/process



q W and Z decay in the 70% of the cases in hadrons (quark-antiquark channels); however this final 
state is not easily distinguishable from hadrons coming from QCD quark interactions and could not 
be used in the analysis.
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W and Z decays

q W decay B.R. in the lepton channel is about 10% per flavour
q Z decay B.R. in charged leptons is about 3.3%. per flavour
q Z decay B.R. in neutrinos (invisible width) is about 20%. 
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q Problem: in the parton-parton collisions the boost along z changes event by event and it is not known, 
so we need a quantity that is Lorentz invariant for a boost along z. Let’s see if the rapidity could help us.
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Rapidity

rapidity

If a very energetic particle has a little pz, then y =0
If it is moving close to the beam, y goes to plus or minus infinite

q We can write the rapidity in several ways:

q It could also be expressed like this: 𝐸! − 𝑝$! = 𝑀%
!

Invariant transverse mass

q Definition:



q Proof of the formula:
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Rapidity (proof of the formula)

rapidity



q Let’s do a boost along z:
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Rapidity property

q It can be simplified by noting that:

q This means that upon a Lorentz transformation parallel to the beam axis with velocity v=𝛽c, the 
equation for the transformation on rapidity is a particularly simple one :

…..

q but … still … β is changing event by event … so it seems we didn’t go very far after a lot of gimnastic.
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Rapidity property
q However, this simple transformation law for y has an important consequence: 

Ø Suppose we have two particles produced in a collision and they have rapidities y1 and y2 in the CoM of the parton-parton 
collision, that is moving with respect to the Lab frame.

Ø In the Lab we measure the rapidities y’1 and y’2:

The difference between the rapidities of two particles is invariant with respect to Lorentz boosts along the z-axis.

q Rapidity is often paired with the azimuthal angle 𝜙 at which a particle is emitted: (y, 𝜙 )
Ø In this way the angular separation of two events:

Is invariant with respect to boosts along the beam axis. 

q Histograms binned in either the angular separation of events or the rapidity separation of events can 
be contributed to by events whose centre of mass frames are boosted by arbitrary velocities with 
respect to the rest frame of the detector (the Lab frame).
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Pseudo-rapidity
q The only problem with rapidity is that it can be hard to measure for highly relativistic particle. You need

both the energy and the total momentum, which is not always easy to measure, in particular for high y.

q For highly relativistic particles the momentum p is much bigger than the mass m; we also do a binomial 
expansion of the square root:

𝒑𝒛
𝒑
= 𝐜𝐨𝐬𝜽

q However we can define a quantity that is almost the same thing as the rapidity which is much easier to 
measure than y for highly energetic particles: the pseudo-rapidity η.
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Pseudorapidity

q We define the pseudorapidity η as:

q For highly relativistic particles, or for massless particles, 𝒚 ≈ 𝜼
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Pseudorapidity: plot

Close to the beam pipe a small change in angle corresponds to a large change in eta.
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q W mass
Ø Jacobian peak in the lepton transverse momentum distribution
Ø invariant transverse mass 

q Z mass
Ø invariant mass
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W/Z mass determination

N.B. we can not use the invariant mass for the W because there is a neutrino in the leptonic decays.
        In the hadronic decays there are no neutrinos, but the jet energy resolutions is not good enough.



q The electron pT is the same in the two frames:
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W mass measurement: lepton pT

Let’s consider, in a first approssimation, that the
W does not have a transverse momentum

The W is moving with an unknown
velocity along the Z axis, and then decays

In the W CM the decays is
back to back:  𝑝& = 𝑝' =

(!

!

q The transverse momentum distribution is given by:

q The angular momentum distribution is: , 
but we don’t know θ*.

q The distribution in pT is equal to:

q is the jacobian of the transformation.

𝑝! = 𝑝 sin𝜃 ⟹ 𝜃 = 𝑎𝑟𝑐 sin
𝑝!
𝑝

𝑑𝜃
𝑑𝑝!

=
1
𝑝 -

1

1 − 𝑝!
𝑝

2

q The essential point is that the jacobian diverges for 



q Therefore the pT distribution has a sharp maximum at MW/2. This conclusion does not depend on the longitudinal momentum 
of the W, which may be large.

q The position of the maximum, on the other hand, depend on the tranverse momentum of the W, which is small but not 
completely negligible. Its effect is a certain broadening of the peak.

q W total width (which is not zero) is also contributing to smooth the maximum of the pT distribution
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W mass measurement: lepton pT

UA1 From this distribution UA1 measured:

𝑀) = 83 ± 3 𝐺𝑒𝑉

The error  is mainly due to to the systematic uncertainty
on the energy scale calibration.

From a similar distribution UA2 measured:

𝑀) = 80 ± 1.5 𝐺𝑒𝑉

The errors was so large that they didn’t have to worry
about gluons emission from the initial state.
Today, at LHC and Tevatron, it is one of the major 
source of error.
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Gluon radiation from the initial state

W/Z

Ferynman Assumption:
  infinite momentum frame.
Partons have only longitudinal
momentum, therefore the W/Z
does not have a transverse
momentum 

BUT … we have to take into account the QCD higher order corrections, namely the emission of gluons from the initial state. 

Now the W/Z has got a 
transverse momentum

Gluon jet

W/Z

W/Z

g

Angle between the 
W decay particles



q The total quadrimomentum squared is a relativistic invariant (for Lorentz transformation). 
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Reminder: invariant mass

𝑀*+, = 𝐸- + 𝐸! ! −  𝑝- + 𝑝! !
𝑃.
/ @ 𝑃.,/ = 𝐸- + 𝐸! ! − 𝑝- + 𝑝! !

Lab Frame
𝑃.
∗,/ @ 𝑃.,2∗ = 𝑀!

CoM Frame

J discovery at BNL

𝑝 + 𝑛𝑢𝑐𝑙𝑒𝑢𝑠 ⟶ 𝑒#𝑒$ + anything
Υ discovery at 
Fermilab

𝑝 + 𝑛𝑢𝑐𝑙𝑒𝑢𝑠 ⟶
𝜇#𝜇$ + anything

(to be noticed: only a very small fraction of the 
solid angle was equipped with the electron spectrometer)



q Neutrinos traverse the detector without interacting
 à they can not be measured directly

q They can be measured indirectly by requiring the  total momentum 
conservation between the initial state and the final state:
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Detection and measurement of neutrinos

q e+e- colliders:
If a neutrino is produced, then:

and

q hadron colliders:
Energy and momentum of the initial state (partons) are not known,
however: transverse momentum is conserved

If a neutrino is produced, we have missing transverse momentum:



q If the mass is small compared to its energy the 
missing pT is equivalent to missing ET.

q If the momentum of all particles (in the transerve 
plane) in a collision is added up the results should be 
zero (momentum conservation). Neutrinos can, 
however, not be detected and if the total 
momentum is different from zero, the event is said 
to have missing [transverse] momentum (or missing 
[transverse] energy).  

q In the SM only neutrinos contribute to missing 
energy but in other models, for instance SUSY,  other 
particles can contribute. So the missing energy is 
one of the typical signatures of new Physics.
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Missing ET or missing pT

UA1

Distribution of events with missing ET greater than 15 GeV
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Invariant transverse mass of a single particle

Lorentz boost along z

displacement 4-momentum

q In case of a neutrino or when the transverse momentum is much higher 
than the mass, the definition becomes:

q As a first approssimation we can assume that the CoM is moving only along the beam axis. 
q All quantities in the tranverse plane (with respect to the beam) are conserved in the two frames; we need to find quantities that 

are invariant with respect to a Lorentz boost allong the beam axis.

Big problem in the hadron colliders
the Center of Mass frame does not coincide with
the Laboratory frame.

𝐸! − 𝑝3! − 𝑝4! − 𝑝$! = 𝑀!

𝐸! − 𝑝$! = 𝑀! +𝑝3! +𝑝4!

Invariant transverse mass
𝑀"
# = 𝑀# +𝑝$# +𝑝%#

Invariant transverse mass

𝑀"
# = 𝑝$# + 𝑝%#



q Let’s see the definition of transverse mass in case of a particle M decaying into two particles:
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Invariant transverse mass through its decay product

q ET is the transverse energy of each daughther, defined using its true invariant mass m:
   

      (it corresponds to the definition of the transverse mass of a single particle).

q Combining the two expressions, we get:

q For massless daughters, where m1 = m2 = 0 (or if we can neglet the mass), we have ET = pT, then ET becomes:

q ϕ is the angle between the two daughters in the transverse plane. If the particle mother does not have any 
momentum in the transverse plane, then ϕ is equal to 180o, therefore:

𝑝%,- = 𝑝%,! = 𝑝% 𝑀% = 2𝑝%
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Invariant transverse mass of the leptonic W decay

𝑀%
) = 2𝑝&%

Here we neglet the W transverse momentum

q We have a maximum at MW
q The maximum is broadened by:

Ø Wwidth
Ø Calorimeter resolution
Ø W transverse momentum

mT
W ≡ 2!pTℓ

!pT
miss 1− cosΔφ( )With the W transverse

momentum

[histogram with background subtracted]
The distribution of MT has an end-point at the 
invariant mass M of the W, with MT < MW.



qUA2 had a better control of the 
energy calibration of the 
calorimeter.
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MW invariant transverse mass

mT
W ≡ 2!pTℓ

!pT
miss 1− cosΔφ( )

!pT
miss = − !pT

ℓ + !uT( )

UA1 UA2

𝑀% = 82.7 ± 1.0 𝑠𝑡𝑎𝑡 ± 2.7 𝑠𝑦𝑠𝑡 𝐺𝑒𝑉

Γ) < 5.4 𝐺𝑒𝑉

𝑀% = 80.2 ± 0.8 𝑠𝑡𝑎𝑡 ± 1.3 𝑠𝑦𝑠𝑡 𝐺𝑒𝑉

Γ) < 7 𝐺𝑒𝑉

uT comes from the calorimeter
energy cells



q Measurement of the electron helicity in the decays 𝑾 → 𝒆𝝂 in the W rest frame:
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Is the W spin = 1? Electron helicity in the W decay

q Because of the V-A structure of the weak CC,
the antineutrino must be righthanded and the
electron lefthanded (neglecting its mass)

q The W-- must be created by annihilation of anti-u
contained in the antiproton and the d of the proton.

q If we choose the Z-axis along the proton line of flight,
the total angular momentum is J=1 while JZ=-1

q θ* is the angle between the electron and the z-axis;
θ*=0 à JZ’=-1; θ*=180 à JZ’=1

q The differential cross-section of the scattering depends on
the angular momentum of the initial and final state. In this
case, with J=1, we have:

q These are the UA1 data:

cos 𝜃∗ =
1
𝑀%

𝑀%
' − 4𝑝!'

q The plot is consistent with a W with spin 1.
q N.B. The plot can not distinguish between 

V-A and V+A theory, because V+A simply reverse
the sign of all helicity.



qTwo energetic clusters with no
missing energy in the event
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Z boson event selection

Selecting only tracks and cells with pT > 1 GeV/c

UA1

A very clean signatures

In UA1 the two electrons (muons) must have opposite charge



q invariant mass:
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Z boson mass measurement

→ →

q invariant mass resolution:

In this case:

Evaluated from tracks

q the error on the angle is negligeable with respect to the calorimeter energy resolution (~ 2-3%).



q The signal peak is well separeted from the QCD background (combinatorial background) 
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Invariant mass distribution (1983 data)

UA1
UA2

𝑀( = 93 ± 3 𝐺𝑒𝑉
𝑀( = 91.5 ± 1.7 𝐺𝑒𝑉



q One of the most important parameter of the Standard Model is the weak (Weinberg) angle.  
Its measurement at the SppS collider was an important test of the theory.

q At the tree level we have:
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Sin2θW determination 

cos 𝜃) =
𝑀)

𝑀5
sin2𝜃) = 1 −

𝑀)

𝑀5

!

q Using the W and Z boson masses measured in 1983, it was obtained:

q These values were in agreement with what was measured in the neutrino scattering :

(CHARM2 result published in 1994)

q In conclusion, by 1983 the UA1 and UA2 experiments had confirmed that the vector mesons 
predicted by the electroweak theory exist and have exactly the predicted characteristics.



End of chapter 5
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End


