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Z-fermion coupling
Coupling of Z to fermions completely determined by SM

This is seen in the SM Z current term:

Which can be rearranged to:
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𝒆𝒆−𝒑𝒑+ Scattering

• The structure of the proton can be probed 
by using a lepton

• Low energy photon exchange cannot 
resolve the inner structure but gives a 
measure of the proton size (elastic 
scattering)

• For 𝑞𝑞2 ~ 𝑚𝑚𝑝𝑝
2 you create hadrons, but 

proton remain intact (inelastic scattering)
• For 𝑞𝑞2 ≫ 𝑚𝑚𝑝𝑝

2 , proton completely 
dissociates (deep inelastic scattering)
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Deep Inelastic Scattering

4Blatantly stolen from Marjorie’s Lecture Notes



Neutral Current DIS
If we work out specifically the NC cross-section we get:

Decomposed into 𝑍𝑍/𝛾𝛾 components:

Where the Form factors can be written as:
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Neutral Current DIS
That was a lot, but to summarize, the NC DIS cross section 
can be written:

𝜎𝜎𝑁𝑁𝑁𝑁
𝑒𝑒±𝑝𝑝 ∝ �𝐹𝐹(𝑥𝑥,𝑄𝑄2)

These form factors in turn can be expanded to:

�𝐹𝐹 ∝ 𝐹𝐹𝛾𝛾 ,𝐹𝐹𝛾𝛾𝛾𝛾,𝐹𝐹𝑍𝑍

And these process specific form factors are written:

𝐹𝐹𝛾𝛾,𝛾𝛾𝛾𝛾,𝑍𝑍 ∝ 𝑐𝑐𝑉𝑉
𝑞𝑞 , 𝑐𝑐𝐴𝐴

𝑞𝑞

By measuring the cross-sections, you measure the Z-quark 
coupling!!
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https://indico.cern.ch/event/466934/contributions/2585282/attachments/1487945/2313405/EPS17-Gwenlan.pdf


H1 and Zeus Detectors
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Event Selection

• Well reconstructed interaction 
vertex

• Isolated electron in calorimeter
• Low MET requirement
• 𝐸𝐸 − 𝑃𝑃𝑧𝑧 ∼ 2𝐸𝐸𝑒𝑒
• Hadronic angle 𝛾𝛾ℎ large enough 

that you don’t have lost 
hadronic activity to beam pipe
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Results
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Before we wrote:

𝜎𝜎 ∝ 𝑐𝑐𝑉𝑉
𝑞𝑞, 𝑐𝑐𝐴𝐴

𝑞𝑞

How do we get a cross-section?

𝜎𝜎 𝑥𝑥,𝑄𝑄2 =
𝑁𝑁 − 𝐵𝐵
ℒ ⋅ 𝐴𝐴

⋅ 𝒞𝒞 ⋅ (1 + Δ𝑄𝑄𝑄𝑄𝑄𝑄)

As is customary, this is really a
counting experiment
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Measuring the Structure 
Functions

So now we have the cross-section, use this to 
derive �𝐹𝐹’s

𝜎𝜎 ∝ 𝐹𝐹𝛾𝛾,𝐹𝐹𝛾𝛾𝛾𝛾, F𝑍𝑍

Then in turn, we can use these structure 
functions to calculate coupling constants!

𝐹𝐹2
𝛾𝛾𝛾𝛾 = �

𝑞𝑞

2𝑒𝑒𝑞𝑞𝒄𝒄𝑽𝑽
𝒒𝒒𝑥𝑥 𝑞𝑞 + �𝑞𝑞

𝑥𝑥𝐹𝐹3
𝛾𝛾𝛾𝛾 = �

𝑞𝑞

2𝑒𝑒𝑞𝑞𝒄𝒄𝑨𝑨
𝒒𝒒𝑥𝑥(𝑞𝑞 − �𝑞𝑞)
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Finally! The Coupling Constants
• HERA calculated the up and down quark couplings to Z
• Agrees with SM EW predictions
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Coupling Constants
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Backup Slides
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Measuring L/R 
Asymmetry

• Parity violation built into SM
• Can calculate this through the Z 

quark couplings via L/R cross-
sections

• Asymmetry matches well with SM 
prediction
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Calculating Proton PDF

• Cross-sections can also be used
to measure proton PDFs

• 13 parameter fit for PDFs 
performed

• Combination of HERA I+II give 
more stringent PDF values
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Deep Inelastic Scattering
• Due to the high energy exchange, the 

interaction is between the electron and 
the parton inside the proton

• Cross-section of electron-parton scattering 
given by:

• Where 𝑊𝑊1 and 𝑊𝑊2 are structure functions 
which are dependent on the energy of the 
photon exchanged (Q), the fractional 
energy of the parton (x), and the parton 
distribution function

20
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𝐹𝐹2 = 𝑊𝑊2 ∗ 𝐸𝐸 − 𝐸𝐸′ ;𝐹𝐹2 = 2𝑥𝑥𝐹𝐹1



Parton Distribution 
Functions (PDF)

• Parton distribution function written,

• 𝑓𝑓𝑖𝑖
𝐻𝐻𝑗𝑗 𝑥𝑥𝑖𝑖 , 𝜇𝜇

• is the probability of finding parton 𝑖𝑖 in 
hadron 𝑗𝑗 with 𝑥𝑥𝑖𝑖 fraction of momentum at 
scale 𝜇𝜇

• Due to large mass of the charm and strange 
quarks, their respective pdfs are much 
harder to probe than the valence quark 
pdfs

• High energy protons allow for easier probe 
of these tougher pdfs

21R. D. Ballet al.(NNPDF), JHEP04, 040 (2015), [arXiv:1410.8849]



Parton Distribution 
Functions (PDF)

22R. D. Ballet al.(NNPDF), JHEP04, 040 (2015), [arXiv:1410.8849]

• Sum rules give constraints on the different 
gluon and quark pdf values in the proton

• Better measure of one pdf makes a 
difference in others
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