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Partice Physics: Problem Sheet 4
QCD, gluons, partons and the weak force

1. At very high beam momenta, p ∼ 100 GeV/c, the total cross sections for π+p and
pp scattering is dominated by the exchange of a gluon between quarks inside the
pions and protons.

(a) Draw a Feynman diagram for pp and π+p scattering.

(b) Use the number of possible diagrams to calculate the ratio of cross sections
σ(π+p)/σ(pp). Hint: every (different) diagram you can draw is equally likely.

2. The J/ψ meson was discovered through its electromagnetic decays into e+e− and
µ+µ−. However, the J/ψ decays mainly through strong interactions such as: J/ψ →
π+π−π0.

Parity, π is a conserved quantum number in quantum numbers. The parity of J/ψ
meson is π(J/ψ) = −1 and the parity of a gluon is π(g) = −1. Recall (from nuclear
part of the course), that parity is multiplicative quantum number, i.e. you need to
multiply the parity of each of the particles to get the overall parity of the state.

By considering the conservation of parity and colour quantum numbers, draw
the Feynman diagram for the decay J/ψ → π+π−π0. Hence explain why, although
most of the decays of J/ψ are due to the strong force, it has a relatively long lifetime.

3. Draw a Feynman diagram for the process pπ+ → ∆++ → pπ+.

4. What is meant by colour confinement?
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MSTW 2008 NLO PDFs (68% C.L.)

Figure 1: MSTW 2008 NLO PDFs at Q2 = 10 GeV2 and Q2 = 104 GeV2.

with broader grid coverage in x and Q2 than in previous sets.
In this paper we present the new MSTW 2008 PDFs at LO, NLO and NNLO. These sets are

a major update to the currently available MRST 2001 LO [15], MRST 2004 NLO [18] and MRST
2006 NNLO [21] PDFs. The “end products” of the present paper are grids and interpolation
code for the PDFs, which can be found at Ref. [27]. An example is given in Fig. 1, which
shows the NLO PDFs at scales of Q2 = 10 GeV2 and Q2 = 104 GeV2, including the associated
one-sigma (68%) confidence level (C.L.) uncertainty bands.

The contents of this paper are as follows. The new experimental information is summarised in
Section 2. An overview of the theoretical framework is presented in Section 3 and the treatment
of heavy flavours is explained in Section 4. In Section 5 we present the results of the global fits and
in Section 6 we explain the improvements made in the error propagation of the experimental data
to the PDF uncertainties, and their consequences. Then we present a more detailed discussion of
the description of different data sets included in the global fit: inclusive DIS structure functions
(Section 7), dimuon cross sections from neutrino–nucleon scattering (Section 8), heavy flavour
DIS structure functions (Section 9), low-energy Drell–Yan production (Section 10), W and Z
production at the Tevatron (Section 11), and inclusive jet production at the Tevatron and
at HERA (Section 12). In Section 13 we discuss the low-x gluon and the description of the
longitudinal structure function, in Section 14 we compare our PDFs with other recent sets,
and in Section 15 we present predictions for W and Z total cross sections at the Tevatron and
LHC. Finally, we conclude in Section 16. Throughout the text we will highlight the numerous
refinements and improvements made to the previous MRST analyses.
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5. The above figure on the right shows the (predicted) parton distribution function for
the proton at momentum transfer (boson momentum) of Q2 = 104 GeV2, which is
roughly appropriate for proton-proton collisions at the LHC.

(a) At this value of Q2, what is the most commonly found parton in the proton?

(b) The ”hard scatter” is the term used for the collision of two partons. In one
particular collision event at the LHC, a gluon with x = 0.1 collides with an up
quark with x = 0.2. What is the effective collsion energy of this event,

√
ŝ?

6. Calculate the value of the cross section ratio, R:

R(ECM) =
σ(e+e− → hadrons)

σ(e+e− → µ+µ−)

in the range 4 < ECM/GeV < 10, when u, d, s and c quarks can be produced.
Compare these values, as best you can, to the values on the plot in lecture 6.

By considering the centre of mass energy which they are produced, what is the
quark content of the ψ(2S) and Υ states shown in the plot?

What is the peak at ECM ≈ 90 GeV?

7. Write down all possible decay modes of the W− boson into quarks and leptons.
What is the strength of each of these vertices?

8. By drawing the lowest order Feynman diagrams, show that both charged (W±

exchange) and neutral current (Z0 exchange) contribute to neutrino electron scat-
tering: νe + e− → νe + e−.

9. Draw the lowest order Feynman diagram for the decay of a tau into an electron and
into a muon: τ− → e−ν̄eντ and τ− → µ−ν̄µντ , respectively.

Calculate the matrix element for each of these decays. How does this relate to the
Fermi constant:

GF =

√
2 g2

w

8m2
W

?


