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The “proton structure” is a wide field. Discussed are predominantly the precision mea-
surements of the proton structure functions at HERA and some of their implications for
the LHC measurements. In addition, a discussion of what a proton structure function
represents is provided. Finally, a connection to nuclear physics is attempted.

1 Introduction

The proton is quite a fantastic particle. If free, it doesn’t decay on any timescale people have
been able to explore. It has an immense ability to heal itself, demonstrated in the high rate of
diffraction even for interactions with large momentum transfer. What the author really knows,
is actually quite limited. The charge was determined to be “+1”, the mass was measured to be
1.6 x 10727 kg and the spin is 1/2. Spin will not be discussed in this contribution; there are
others who will write about it.

If the proton is probed with enough energy, three valance quarks are revealed. If it is
probed with even more energy, the QCD affliction of the proton, i.e. the glue and the sea
become visible. QCD is always used when the results of one measurement are used to make
predictions for another. And one part of this ansatz are parton distributions functions, PDFs,
of the proton. They are a very successful tool. However, their shape is entirely heuristic; QCD
cannot predict them from first principle.

Protons are a vital part of nuclei. Together with neutrons, they provide the rich world of
elements that we so dearly love. However, in this environment QCD is generally not the theory
of choice to predict what happens. Inside a nucleus, a proton can decay because the energy
to become a neutron comes from the nucleus. Nuclei are not spheres; the proton itself is often
depicted as one, but that is also too simplistic.

2 Proton Structure Functions at HERA

2.1 Deep Inelastic Scattering

At HERA, the structure of the proton was probed with electrons and positrons. Figure 1 illus-
trates deep inelastic scattering, DIS, which is generally used to determine the proton structure.
The castle is destroyed to learn about its inhabitants, i.e. the quarks and gluons, and their
habits. It is interesting to note that the castle rebuilds itself in about 20 % of the interactions.
However, this, i.e. diffraction, is not the subject of this contribution.

DIS 2012 1



Figure 1: Illustration of deep inelastic lepton proton scattering. At HERA the lepton was an
electron or positron. In this demonstration, a charged current interaction destroys the proton.

More commonly used to illustrate DIS is the Feyn-
man diagram depicted in Figure 2. It should, however,
be noted that this Feynman diagram describes the in-
teraction in lowest order while Figure 1 includes all
orders. Anyhow, the process can be described in terms
of the kinematic variables z, y, and Q?. The vari-
able Q? is defined as Q% = —¢* = —(k — k’)?, where
k and k' are the four-momenta of the incoming and
scattered lepton, respectively. Bjorken z is defined as
r = Q*/2P-q, where P is the four-momentum of the
incoming proton. The fraction of the lepton energy
transfered to the proton in the rest frame of the pro-
ton is given by y = P-q/P -k = Q?/sx, where s is the
square of the lepton-proton centre-of-mass energy.

k 3

Figure 2: Feynman diagram of deep
inelastic lepton proton scattering

In neutral current, NC, events, most of the information can be deduced from the deflected
probe. However, quite often the hadronic system is also used in order to optimise the uncertain-
ties. In charged current, CC, events, the outgoing neutrino evades detection and the hadronic
system is all we have. This makes things are a lot more difficult.

2.2 Cross sections

All our understanding of DIS is connected to the paradigm of factorisation.

In lowest-order QCD, three processes contribute to the NC DIS cross section, namely the
Born (V*q — ¢, with V* = ~* Z*), the boson-gluon-fusion (V*g — gq) and QCD-Compton-
scattering (V*q — qg) processes. The cross section for the production of an observed hadron,
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H, in the final state in DIS can be expressed in QCD, using the factorisation theorem, as

olep—se+ H+X) = Z fip(@,Q) ®655(x,Q, 2) ® Fryj(2,Q),

7,3'=4,4,9

where the sum runs over all possible initial (final)-state partons j (j'), f;/, are the proton PDFs,
which give the probability of finding a parton j with momentum fraction x in the proton, 6;; is
the partonic cross section, which includes the matrix elements for the three processes mentioned
above, and F'y/; are the fragmentation functions, which give the probability that a hadron H
with momentum fraction z originates from parton j’.

This contribution concentrates on inclusive measurements, so that the fragmentation “only”
shows up in the calculation of the systematic uncertainties connected to the acceptance and
the efficiency to reconstruct an event. The cross sections are measured and their description
in QCD is used to extract the PDFs which in turn are used to make predictions. This works
extremely well as long as the same assumptions are made for the extraction and the predictions.

For a complete overview of neutral current, NC, and charged current, CC, cross sections,
please check your favorite textbook. The electroweak Born-level cross section for the e*p NC
interaction serves as an example here:

2+ 2

) e VPl Q)+ Yo Fs(a, Q) — P, Q) )
where « is the fine-structure constant, Yy = 1+ (1—y)? and Fy(z, Q?), F3(z, Q?) and Fr(z, Q?)
are generalised structure functions. The contribution of the longitudinal structure function F,
to d?c/dxdQ? is approximately 1%, averaged over the relevant kinematic range; it contributes
up to 10% at high y. The F term only starts to contribute significantly at Q2 values of the
order of the mass of the Z boson squared.

The reduced cross sections for NC e®p scattering are defined as

* 2
setp _ 1 o(e*p) e N o 9 ,
7 2ra?Y, dz dQ” = F3(z, Q%) F Y+9UF3(33,Q ) Y+FL(96,Q ). (2)

The zF; can be obtained from the difference of the e~ p and e'p cross section.

The different structure functions in the Born-level approximation are directly connected
to different combinations of quark momentum distributions. The structure function Fj, for
example, provides information about the u and d valence quarks.

2.3 The advent of precision

The definition of precision is certainly not objective and what it really means in this context
is debatable. However, from the viewpoint of HERA, precision structure functions came about
when the two experiments, H1 and ZEUS, started to combine their already individually beautiful
data.

The two collaboration published their combined results on data taken in the period of 1993 —
2000 in 2010 [1]. The 10 years it took indicate that such a combination is difficult. The bins
and the kinematic ranges need to be adjusted, the uncertainties evaluated according to their
correlation, and, in order to do so, the team has to understand both experiments. The result
is depicted in Fig. 3. Due to the careful analysis of the correlations between the systematic
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Figure 3: Combination of reduced cross section from [1]. The left panel demonstrates the power
of combination for selected values of x while the right panel shows the wide kinematic range
covered by HERA.
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Figure 4: HERAPDF1.0: The left panel demonstrates the importance of the valence quarks
at relatively low @2 while the right panel shows the growth of the sea and the glue with Q2.
Please note that sea and glue are scaled down by a factor 20.
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uncertainties, the gain is significantly larger than expected if only the statistical precision is
considered.

The results of the combination were used to produce the first HERAPDF [1], entirely de-
duced from HERA inclusive data, see Fig. 4.

2.4 The PDF fitting industry

There is quite a number of groups who perform fits to a wide variety of data sets in order to
extract PDFs. They go by acronyms representing names or ideas, in alphabetic order: ABKM,
CTEQ, HERAPDF, GJR, NNPDF, MSTW. The acronyms are usual augmented by a version
number. HERAPDF was so far restricted to HERA data. Other groups use HERA data, but
not exclusively.

Different PDFs can be extracted at varying order in perturbative QCD, using different flavor
schemes, different parameters like charm mass and different parametrisations. It is of great
importance to use the same schemes and assumptions used for the extraction when making
a prediction. The predictions you see in the plots showing cross sections were of course all
extracted keeping that in mind.

2.5 Towards the final HERA precision

The data taking period that will

provide the final precision in cross g F RN A ‘ E
sections and PDFs from HERA is S 10F iRy * PG et
the HERA II period from 2004 to 2 F - ;:ﬂ:j;xg::_—gg(preu.) E
2007. The data are still being anal- G_‘g § — SMe’p NC (HERAPDF 1.0) %
ysed and some results are only avail- Rl . T SMePNCHERARDFIO)
able as preliminary releases so far. L "= _
It is expected that both the H1 and E
ZEUS collaborations will publish fi- 0% o e E
nal results this summer. L = zEUS e CC 0607 (prel) .
Figure 5 gives a taste of the pre- 10_5; ’ Z:,U::ch ;2:110F1_0) é
cision obtained from HERA II data. SM e'p CC (HERAPDF 1.0) E
At high @2, the NC and CC cross F y<0o e
sections become equal because the o7l il T A

70 starts to dominate over the pho- 10° 10'
ton. The difference between elec-

tron and positron data also becomes Figure 5: A demonstration how precision data reveal the

. . . 2
clearly visible at high Q°. unification of the electroweak force and parity violation
The CC data also provide other 2 2
at Q% > m7o.

valuable information. As there is no

interference from photon exchange,

the CC process was used to check the V-A structure of the weak interaction using the polarisa-
tion of the lepton beam in HERA II [2]. However, for this contribution the access to the quark
structure of the proton is more interesting. As an example, Fig. 6(left) shows the reduced cross
sections for CC positron interaction as published by ZEUS [3] . These data give access to the
d and s as well as @ and ¢ content of the proton.

Q% [GeV?]
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Figure 6: Access to the charm content of the proton. Left: through CC interactions, right:
through D meson production.

While the CC data give a hint of charm, the production of D mesons in all varieties give
a direct handle on the ¢ content. This is used to extract the charm structure functions. A
preliminary result obtained from combined ZEUS and H1 data is depicted in Fig. 6(right). The
charm structure function is an important input to LHC analyses, where the knowledge or lack
thereof could provide a dominating systematic uncertainty.
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Figure 7: Available HERAPDFs as seen on the web [4].

2.6 The HERAPDF family

The HERA data was used over the past years to create a family of PDFs. Data were included
as results became available. The table depicted in Fig. 7 provides an overview as given on
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Figure 8: The currently recommended member of the HERAPDF family. The NNLO extraction
has a larger uncertainty on the glue and the sea. Experimental, model and parametrisation
uncertainties are given separately.

the net at the time of the conference [4]. The youngest member of the family, HERAPDF1.7,
is not only based on inclusive measurements, but also on jet and charm data. Charm data
was already used previously for a charm mass scan. The currently recommended version is
HERAPDF1.5, available at next to leading order, NLO, and at next-to-next to leading order,
NNLO, see Fig. 8. It is, as HERAPDF1.0, based on inclusive data only. As soon as the final
results for the inclusive measurement of ZEUS and H1 as well as combination paper on charm
will be published, a new major version of HERAPDF will be extracted.

The working group extracting, i.e. fitting, all the HERAPDFs has developed a tool named
HERAfitter [5]. This tool allows the extraction of PDFs for a flexible set of input assumptions
and input data. This tool has become “open source software” and is a service to the HEP
community at large. It is not only used in the HERA, but also the LHC community.

3 HERAPDF goes LHC ?M$ pfelirpingry‘ 234 pp" at ‘\/7‘= 7TeV

The HERAPDFs are being used to predict the out- > 02 . ]
come of measurements done at the LHC. Figure 9 g Py >25GeV P /,/-;"" .
gives an example from CMS who measured the % P i 1
muon charge asymmetry from W decays. This is ?g, o2p "o e i -
sensitive to the difference between the v and d va- g I 1/‘ MCFM: ]
lence quark distributions. HERAPDF1.5 is quite = —i’r o = oo rel) |
successful predicting this asymmetry. 2 —— CTiow 1

LHC has also started to contribute to the o1 I
PDFs. The HERAfitter tool was used to ex- ‘ ‘ ‘

0 1 2
tract the strange quark content of the proton [6]. Muon Pseudorapidity !

The strange quark cannot be well constrained by

HERA data, as it would require a CC analysis of Figure 9: Muon charge asymmetry from W
D mesons which so far is a “mission impossible”.  decays compared to predictions.
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4 Low-x partons

The physical interpretation of PDFs is not clear to

the author. The parametrisations are not predicted by any theory; they are based on common
sense arguments like they should be zero at © = 1. The variable z itself is generally interpreted
as the fraction of the momentum of the proton that a parton carries. At very low x, however,
the Heisenberg uncertainty principle teaches us that such a parton cannot be confined inside
a proton. The interpretation is only valid in a reference frame in which the proton is fast and
in the context of a scattering process with a certain momentum transfer, Q2. In the reference
frame where the proton is at rest, the variable x can be interpreted as z = 0.1 -![fm]|, where [
is the coherence length of fluctuations of the exchanged photon. For x < 0.1, [ is larger than
the size of the proton of about 1fm. A detailed discussion can be found in [7]. The effect is
demonstrated in Fig. 10. The photon fluctuates into a quark-antiquark pair and this fluctuates
further into a hadron like object which interacts with the proton.

DESY: B.Liebaug

Fluctuations
in the photon can grow.
For low Q? they live long and prosper.

DESY: B.Liebaug

e

r~1/Q

For high Q2 only a color dipole forms.
No time for more.

Figure 10: The ep scattering process in the rest frame of the proton. The photon looks like an
extended object. At low Q? , top, it has time to grow into a complicated object. At high Q?Z,
bottom, there is only time to form a so called “color dipole”.

In general, physics should not be dependent on the rest frame in which it is looked at.
Therefore, the two different interpretations should only be seen as something to guide us through
perturbation theory. Somehow, what me measure has to be connected to the structure of the
underlying interaction. At low x, the PDFs represent more the strong and electroweak field than
the proton. It would be nice to base the parametrisations that we use on some understanding
of these fields. Another interesting question in this context is, whether the PDFs that could
be measured in neutrino proton scattering would be the same as in electron proton scattering.
After all, there is no photon to fluctuate in this case. The guess of the author is that at low
x the result would be different. The photon probably just looks like a hadron. Thus, probing
with a hadron would give the same results as probing with a photon(electron).
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5 Test of the color dipole picture

At the very end of the HERA run-
ning, data were taken at lower pro- DESY10-228 H1 Collaboration
ton energies. This facilitated di- FLoafes =8 ¢ @ ¢ :

rect measurements of the longitu-

dinal structure function Fp, [8, 9. 03
These measurement are tricky, be- | [ _.--=
cause they require the identifica- 02r 71 :
tion of electrons with a relatively

low energy, down to 3.4(6.0) GeV 01
for H1(ZEUS). Both collaborations . 1 _ é\go@ e H1 Data

published results which clearly show 50
that Fr, > 0. The results on Ff, can Q?/ GeV?

be taken as a probe of higher orders
of perturbative QCD, but they can Figure 11: Measurement of the structure function Fp,

also be used to test the color dipole compared to predictions from colour dipole models, TIM
picture[10]. The H1 collaboration and B-SAT, and others, ACOT and RT [8].

compared their results to different

model predictions as depicted in Fig. 11. The predictions based on the color dipole model de-
viate from the PDF-based ones at low Q2. The data seem to have a preference to fall between
the two ways of looking at things. It should be noted that nature does seem to have a sense of
humor.

Another test of the color dipole model is provided by Deeply Virtual Compton Scattering,
DVCS. The measured dependence of the cross section on the squared momentum transfer at
the proton vertex, t, was compared to predictions of the colour dipole model and the model did
quite well [11].

6 The looks of a proton

The PDFs as so far discussed in this contribution only give infor-
mation about what happens in momentum space. It is possible
to define generalised parton distribution functions which are used
for two-gluon exchanges like in DVCS. The interpretation then
is in longitudinal momentum and transverse position space. The
aforementioned dependence of the DVCS cross section on ¢ can
be parametrised as do /dt ~ exp(—b|t|) and b can be converted to Figure 12: Standard illus-
an average impact parameter. The H1 collaboration has done so tration of a “HEP-proton”.
[11] and obtained 0.654-0.02 fm for x=0.0012. Is this the trans- Three valance quarks are
verse expansion of the partons engaged in the interaction? Is this imbedded in a cocoon of glu-
the size of the proton? Or the size of the photon fluctuation? Or ons and sea quarks.
the relevant size of the field? Anyhow, there is a quite a number
of b-slope measurements available, not only for DVCS, but also for vector meson production.
It might be interesting to interpret these measurements with respect to impact parameters.
Most of the time, the “HEP-proton” is depicted as in Fig.12. The charge radius of the proton
is not measured in HEP, high energy physics, but in low energy physics. The most precise
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values come from electronic and muonic hydrogen [12]. The rms values are 0.8768+0.0069 fm
and 0.84184+0.00067 fm. The two values disagree by four standard deviations which in itself
has triggered some discussion, including discussions about physics beyond the standard model.
However, the value of 0.65fm is certainly quite different. But that is something that should
not surprise too much. The author would assume that the charge radius as measured at low
energies is related to the valence quarks. The “radius” measured with DVCS is connected to
x=0.0012 and that should not be valence quarks at all.

The picture of Fig.12 is in many ways mislead-
ing. Three charged objects as depicted would cre-
ate an electric dipole moment, but this is known
to be less than 0.54 10~23ecm. And in addition,
the proton cannot be spherical at all, because it
has a magnetic moment, which was first measured
in proton — A excitations [13]; the most precise
measurements come from single trapped protons
[14]. The nuclear physicist’s view of a proton is
shown in Fig.13 [15]. Also shown is an indication
of a meson cloud. This has to be there; other-
wise the proton could not stick together with other
baryons. This is again a completely different inter-
pretation than typical HEP view of perturbative
QCD. However, the meson cloud was observed in
HEP, remember the EMC effect.

The next step in understanding the proton, or perhaps
baryon or even nuclei in general, would be to match the
pictures of nuclear physics with the ideas of QCD. There
is some input on this from lattice QCD where the shape
of baryons is actually predicted [16]. Figure 14 gives as
an example the shape that is the result of a lattice QCD
calculation.

* Meson cloud

Figure 13: A proton as seen by a nuclear
physicist [15]. It has a shape to support its
magnetic moment and a meson cloud.

It seems a worthwhile enterprise to think about ways
how to measure such a shape and how to measure the spatial Figure 14: The shape of a A as
distribution of what is inside. In Fig. 1 it is shown, how we predicted by lattice QCD [16].
destroy the castle in order to find out what is inside and
who just got married. It would be nice to open the door, have a look inside and just ask.
However, many of the dynamics inside the castle might evade our observation, if we look with
too much energy, because that means averaging over time; Heisenberg all over again.

7 Summary and Outlook

The proton as we know it still holds a lot of secrets. What is called the proton parton distribution
functions, PDFs, was measured with excellent precision at HERA. The final results from HERA
will be a very valuable legacy for a long time. They are expected within a year.

These PDFs are and will be one of the inputs to make precise Standard Model predictions
for the LHC and other future experiments. The extraction of PDFs is one of the great success
stories of HERA. The tools developed in this context will also survive and become part of the
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HEP daily work.

The interpretation of proton PDFs in the context of understanding the proton itself is not
trivial and there is more to the proton than PDFs. There are many questions about size, shape
and the spatial distribution of quarks and gluons that should be addressed. In the end, it will
take more than perturbative QCD to understand the proton.
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