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The LHC: a proton-proton collider

• The LHC works by colliding proton beams head on at high energy.

• We examine the debris of these interactions for signs of the Higgs and 
its interactions.

• Before getting to that: we need to understand what we are colliding.

• The proton: What is it? What is it made of? How does it behave when 
given the LHC treatment? 
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What is the Proton?
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A Proton Roadmap
• In 20th century, layers of proton complexity/substructure uncovered:

1910s: Rutherford and the  
compact atomic nucleus

1950s: Measurement of 
proton radius

1960s: The Quark Model

1970s: QCD and 
the proton.

p
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2019: proton collisions, the 
LHC discovery tool!
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Observing Nuclear Structure

• Start of 20th century: no clear picture of 
structure of atom

• Need to ‘look’ inside atom. Idea: fire beam of 
particles at target of interest, and measure the 
corresponds scattering in detector.

Beam: alpha particles from 
radioactive source

Target: Gold Foil
Detector: Geiger and 
Marsden sitting in basement

• This basic idea is fundamentally unchanged today: forms the basis of all 
particle physics.
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Rutherford 
in 1909:

⇡ 10�10 m
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Rutherford Scattering

•      particles observed to occasionally deflect at very large angles. Could only 
be explained by compact, ~ point-like nucleus!

• Data well described by scattering due to 
electrostatic repulsion by positive ‘point-like’ 
charge:
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• In what sense was nucleus point-like? Only within resolution 
of experiment.

• Here ‘point-like’ scattering observed up to closest permitted approach of 
alpha particles ~ 30 fm (~ 1/10000th of atomic radius).
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1 fm = 10�15 m
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Looking Into the Proton

• By 1950s still no idea of internal structure of proton/neutrons. How to 
probe this? Use cleaner electron beam.

Prof. M.A. Thomson Michaelmas 2011 153

•The cross section calculated above is appropriate for the scattering of two
spin half Dirac (i.e. point-like) particles in the ultra-relativistic limit
(where both electron and muon masses can be neglected). In this case 

•We will use this again in the discussion of “Deep Inelastic Scattering” of
electrons from the quarks within a proton (handout 6).

• Before doing so we will consider the scattering of electrons from the composite 
proton  - i.e. how do we know the proton isn’t  fundamental “point-like” particle ?

e–e–

p p

•In this discussion we will not be able to use the
relativistic limit and require the general expression 
for the matrix element (derived in the optional part of 
Q10 in the examples sheet): 

(3)

Prof. M.A. Thomson Michaelmas 2011 154

Probing the Structure of the Proton
!In e-p ! e-p scattering the nature of the interaction of the virtual 

photon with the proton depends strongly on wavelength
" At very low electron energies                  :

the scattering is equivalent to that from a 
“point-like” spin-less object

e–

e–
" At low electron energies                  :

the scattering is equivalent to that from a 
extended charged object 

e–" At high electron energies                  :
the wavelength is sufficiently short to
resolve sub-structure. Scattering from
constituent quarks 

e–
" At very high electron energies             :

the proton appears to be a sea of
quarks and gluons.

• Thus higher energies      see further inside proton! Plugging in some 
(rough!) numbers… Energy unit (LHC beam = 7000 GeV)

• Electron interacts with proton via photon 
exchange. Resolution       photon wavelength:

• Much less than LHC energies but at time required cutting edge technology 
to accelerate electrons.

)
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� ⇠ 1 fm ) E = 1GeV
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STRU CTURE OF THE PROTON

runs, except at 300 Mev where only a single run was
taken. %e have also made a run at 200 Mev, but since
it agrees excellently with the earlier data taken with the
smaller spectrometer, "we do not show it separately
here. The 200-Mev data appear in Figs. 11and 13, along
with data of all other energies. In Figs. 6 to 9 there also
appear solid lines going through most of the experi-
mental curves. These are not experimental lines, but are
actually the result of theoretical calculation which we
shall discuss shortly. Also shown in Figs. 6 to 9 are the
point-charge curves of Rosenbluth. "These are desig-
nated r,=0, r =0, to indicate that the rms radius of
the charge and magnetic-moment distributions are each
zero, in other words, that the charge and moment are
points.
In order to compare the experimental curves with

theory, we have employed the same phenomenological
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Fro. 9.The experimental points at 550 Mev. The theoretical calcu-
lations are similar to those referred to in the legend of Fig. 6.
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and X is the de Broglie wavelength of the electron.
The eGect of using the form factors is shown in Fig.

10. For this 6gure an exponentia1. model of the proton
is assumed as an example. By this, it is meant that the
proton has a charge density given by
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FIG. 8. The experimental points at 500 Mev. The theoretical calcu-
lations are similar to those referred to in the legend of Fig. 6.

scheme presented in the earlier paper. ' This amounts
to using a separate form factor Ii» for charge and Dirac
moment of the proton, and an additional independent
form factor Ii2 for the anomalous or Pauli magnetic
moment. In the static limit, Ii ~=F2= 1, and the Pauli
moment takes on its value, 1.79 nuclear magnetons,
compared with the Dirac value, 1.0 nuclear magneton.
F~/ j. implies a spread-out charge and spread-out
Dirac moment and F2/1 implies a spread-out Pauli
moment. For reference, the Rosenbluth formula with
phenomenological form factors is

e' (cos'(8/2) y 1

4E' & sin4(8/2)) 1+(2F/M) sin'(8/2)

Fy'+ L2 (Fyy pF2)' tan'(8/2) +p'F gq, (3a)
4M' 1

"M.N. Rosenbluth, Phys. Rev. 79, 615 (1950).
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FIG. 10. Shown are the point-charge curve r,=0, r =0 and
various theoretical curves for an exponential proton with equal
radii, such as 0.4,0.4 up to 1.0,1.0. These curves were obtained
from Eq. (3) and the form factors F&, Ii& appropriate to an ex-
ponential model with the stated rms radii.
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Elastic ep scattering (5)

Rosenbluth separation method:

Scattering of electron (Spin 1/2) on proton (Spin 1/2)

   
   

   
   

   
 d
σ

/d
Ω

 [c
m

2 /s
r]

Electron scattering 
on hydrogen target: 
188MeV

Mott

Dirac

Experiment

Point-
charge, 
point-
moment

                                    θHofstadter

Nobel Prize 1961 

 

Bernd Surrow
EIC Collaboration Meeting at SUNY Stony Brook
Stony Brook, NY, January 10, 2010

15

Elastic ep scattering (5)

Rosenbluth separation method:

Scattering of electron (Spin 1/2) on proton (Spin 1/2)
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Point-like 
theory

Data

• 1950s experiments of Hofstadter: collisions of 
electron beam (up to ~ 0.5 GeV) with protons.

• What is the nature of this 
extended object? Continuous 
extent of charged ‘stuff’, or 
formed of something more 
fundamental?

• Clear deviation 
from point-like 
behaviour seen  
proton has size!

)
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~Number 
of scattered 
electrons

⇡ 1 fm
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Looking Deeper

VoLUME 2$, NUMBER 16 PHYSICAL REVIEW LETTERS 20 OcTQBER 1969

OBSERVED BEHAVIOR OF HIGHLY INELASTIC ELECTRON-PROTON SCATTERING

M. Breidenbach, J. I. Friedman, and H. W. Kendall
Department of Physics and Laboratory for Nuclear Science, *

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

and

E. D. Bloom, D. H. Coward, H. DeStaebler, J. Drees, L. W. Mo, and R. E. Taylor
Stanford Linear Accelerator Center, g Stanford, California 94305

(Received 22 August 1969)

Results of electron-proton inelastic scattering at 6' and 10' are discussed, and values
of the structure function ~2 are estimated. If the interaction is dominated by transverse
virtual photons, vW2 can be expressed as a function of v = 2M v/q within experimental
errors for q2 & 1 (GeV/c)2 and &u &4, where v is the invariant energy transfer and q2 is
the invariant momentum transfer of the electron. Various theoretical models and sum
rules are briefly discussed.

In a previous Letter, ' we have reported experi-
mental results from a Stanford Linear Accelera-
tor Center-Massachusetts Institute of Technol-
ogy study of high-energy inelastic electron-pro-
ton scattering. Measurements of inelastic spec-
tra, in which only the scattered electrons were
detected, were made at scattering angles of 6'
and 10' and with incident energies between 7 and
17 GeV. In this communication, we discuss some
of the salient features of inelastic spectra in the
deep continuum region.
One of the interesting features of the measure-

ments is the weak momentum-transfer depen-
dence of the inelastic cross sections for excita-
tions well beyond the resonance region. This
weak dependence is illustrated in Fig. 1. Here
we have plotted the differential cross section di-
vided by the Mott cross section, (d'a/dQdE')/
(do d/Q) M«, as a function of the square of the
four-momentum transfer, q'= 2EE'(1-cos0), for
constant values of the invariant mass of the re-
coiling target system, W, where W'= 2M(E E')-
+M' -q'. E is the energy of the incident electron,
E' is the energy of the final electron, and 0 is
the scattering angle, all defined in the labora-
tory system; M is the mass of the proton. The
cross section is divided by the Mott cross sec-
tion

(
dG e' cos'p(9
d Mott 4E Sin 2

in order to remove the major part of the well-
known four -momentum transfer dependence aris-
ing from the photon propagator. Results from
both 6' and 10' are included in the figure for each
value of W. As S'increases, the q' dependence
appears to decrease. The striking difference

~ —W= 2 GeV
--- W=5 GeV
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FIG. 1. (d o/dQdE')/oM «, in GeV, vs q for W
=2, 3, and 3.5 GeV. The lines drawn through the data
are meant to guide the eye. Also shown is the cross
section for elastic &-p scattering divided by OM«„
(do/dD)/oMo«, calculated for t) = 10', using the dipole
form factor. The relatively slow variation with q2 of
the inelastic cross section compared with the elastic
cross section is clearly shown.

between the behavior of the inelastic and elastic
cross sections is also illustrated in Fig. 1, where
the elastic cross section, divided by the Mott
cross section for L9 = 10', is included. The q' de-
pendence of the deep continuum is also consider-

• 1976: The Stanford Linear Electron 
Collider (SLAC) collider pushed to 
unprecedented electron energies.

• Electrons scattered inelastically, 
destroying proton, seeing deeper inside.

• Something completely new: scattering 
of electron with point-like object!

‘Deep 
Inelastic 
Scattering’

Point-like 
scattering!

Diffuse 
proton cloud

�(observed)

�(point� like)
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‘Cross Section’    ~ Scattering Rate�
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Quarks
• These objects, first given the agnostic label of ‘partons’ by Feynman, but soon 
identified with the ‘quarks’ needed to explain the ‘hadron zoo’.

!

!

!

!

!

!

The Dawn of the Standard Model

6

Status of high-energy physics in the early 60s:
By early 30s, after discovery of electron, 

proton, neutron, and positron, we had a 
reasonable description of particle physics!
The discovery of the muon (37) was 

completely unexpected: this new particle, a 
heavier electron, did not fit in!!
 To make things worse, a plethora of new 

strongly interacting particles (pions, kaons) 
with no role in Nature, was soon discovered!
 How to make sense of this chaos?

Leptons: electromagnetic !
and weak interaction

Hadrons: 
electromagnetic, strong 
and weak interactions

Many conceptual questions unanswered:!
How are atomic nuclei bound together?!
What is the origin of the weak interaction?!
Are hadrons fundamental particles or 
composite states?!
What is the mathematical language to 
describe particle physics?

15. Quark model 13

Figure 15.4: SU(4) multiplets of baryons made of u, d, s, and c quarks. (a) The
20-plet with an SU(3) octet. (b) The 20-plet with an SU(3) decuplet.

For the “ordinary” baryons (no c or b quark), flavor and spin may be combined in an
approximate flavor-spin SU(6), in which the six basic states are d ↑, d ↓, · · ·, s ↓ (↑, ↓ =
spin up, down). Then the baryons belong to the multiplets on the right side of

6⊗ 6⊗ 6 = 56S ⊕ 70M ⊕ 70M ⊕ 20A . (15.24)

These SU(6) multiplets decompose into flavor SU(3) multiplets as follows:

56 = 410 ⊕ 28 (15.25a)

June 5, 2018 19:52

Neutron Proton

• Initially required 3 distinct types (up, down, strange). Since 
then 3 more discovered (charm, bottom, top).
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The Proton

• Proton naturally described in quark model: one part of a larger family of 
‘baryons’ - bound state of 3 quarks.

• Proton: two ‘up’ quarks and one ‘down’. 

• Quarks carry fractional electric charge:

Up quark: +2/3 Down quark: -1/3 Proton: 2⇥ 2

3
� 1

3
= +1

<latexit sha1_base64="4LApkoEsASHUQ/TLhLtgeHo4usU="></latexit>

• This is the basic idea, and it still holds true today. But more fundamental 
questions remained unanswered:

❖ What is the force that is binding these quarks together? 

❖ How do we describe it theoretically?
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Quantum Chromodynamics

• Nuclei as bound states of proton and neutrons: required introduction of 
completely new attractive binding force: the ‘strong nuclear force’.

• Can now be understood in terms of more fundamental quark interactions.

QED QCD

Electrons Quarks

$
<latexit sha1_base64="l03E+fsfP3P5cJxjPutFe9D60ec=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInspuFfRY9OKxgv2AdinZNNuGZpMlmVXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmhYngBjzv2ymsrW9sbhW3Szu7e/tl9+CwZVSqKWtSJZTuhMQwwSVrAgfBOolmJA4Fa4fjm5nffmDacCXvYZKwICZDySNOCVip75Z7gkWg+XAERGv12HcrXtWbA68SPycVlKPRd796A0XTmEmgghjT9b0Egoxo4FSwaamXGpYQOiZD1rVUkpiZIJsfPsWnVhngSGlbEvBc/T2RkdiYSRzazpjAyCx7M/E/r5tCdBVkXCYpMEkXi6JUYFB4lgIecM0oiIklhGpub8V0RDShYLMq2RD85ZdXSatW9c+rtbuLSv06j6OIjtEJOkM+ukR1dIsaqIkoStEzekVvzpPz4rw7H4vWgpPPHKE/cD5/AGukk5U=</latexit>

Photons Gluons

Electric 
Charge

Colour 
Charge

$
<latexit sha1_base64="l03E+fsfP3P5cJxjPutFe9D60ec=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInspuFfRY9OKxgv2AdinZNNuGZpMlmVXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmhYngBjzv2ymsrW9sbhW3Szu7e/tl9+CwZVSqKWtSJZTuhMQwwSVrAgfBOolmJA4Fa4fjm5nffmDacCXvYZKwICZDySNOCVip75Z7gkWg+XAERGv12HcrXtWbA68SPycVlKPRd796A0XTmEmgghjT9b0Egoxo4FSwaamXGpYQOiZD1rVUkpiZIJsfPsWnVhngSGlbEvBc/T2RkdiYSRzazpjAyCx7M/E/r5tCdBVkXCYpMEkXi6JUYFB4lgIecM0oiIklhGpub8V0RDShYLMq2RD85ZdXSatW9c+rtbuLSv06j6OIjtEJOkM+ukR1dIsaqIkoStEzekVvzpPz4rw7H4vWgpPPHKE/cD5/AGukk5U=</latexit>

$
<latexit sha1_base64="l03E+fsfP3P5cJxjPutFe9D60ec=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInspuFfRY9OKxgv2AdinZNNuGZpMlmVXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmhYngBjzv2ymsrW9sbhW3Szu7e/tl9+CwZVSqKWtSJZTuhMQwwSVrAgfBOolmJA4Fa4fjm5nffmDacCXvYZKwICZDySNOCVip75Z7gkWg+XAERGv12HcrXtWbA68SPycVlKPRd796A0XTmEmgghjT9b0Egoxo4FSwaamXGpYQOiZD1rVUkpiZIJsfPsWnVhngSGlbEvBc/T2RkdiYSRzazpjAyCx7M/E/r5tCdBVkXCYpMEkXi6JUYFB4lgIecM0oiIklhGpub8V0RDShYLMq2RD85ZdXSatW9c+rtbuLSv06j6OIjtEJOkM+ukR1dIsaqIkoStEzekVvzpPz4rw7H4vWgpPPHKE/cD5/AGukk5U=</latexit>

$
<latexit sha1_base64="l03E+fsfP3P5cJxjPutFe9D60ec=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInspuFfRY9OKxgv2AdinZNNuGZpMlmVXq0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmhYngBjzv2ymsrW9sbhW3Szu7e/tl9+CwZVSqKWtSJZTuhMQwwSVrAgfBOolmJA4Fa4fjm5nffmDacCXvYZKwICZDySNOCVip75Z7gkWg+XAERGv12HcrXtWbA68SPycVlKPRd796A0XTmEmgghjT9b0Egoxo4FSwaamXGpYQOiZD1rVUkpiZIJsfPsWnVhngSGlbEvBc/T2RkdiYSRzazpjAyCx7M/E/r5tCdBVkXCYpMEkXi6JUYFB4lgIecM0oiIklhGpub8V0RDShYLMq2RD85ZdXSatW9c+rtbuLSv06j6OIjtEJOkM+ukR1dIsaqIkoStEzekVvzpPz4rw7H4vWgpPPHKE/cD5/AGukk5U=</latexit>

• New force carrying ‘gluon’ particle mediating interactions between quarks, 
which carry ‘colour’ charge.

• Mathematical framework direct generalisation of QED. New effects:

❖ 3 different colour charges (just 1 electric charge).

❖ Gluon carries charge: can self-interact!
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What do proton collisions at the 
LHC look like?
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Colliding Protons

• How do we apply this model to proton collisions at the LHC?

• For now, stick with simpler electron-proton collision case.

• Basic idea: potentially complex electron-proton interaction really due to 
simple scattering between point-like electron and quark within proton.

�(ep) ⇠ �(eq)
<latexit sha1_base64="QRp1CkaxDtm+cIrmO9GE/tPT/nA=">AAACA3icbZDLSgMxFIbPeK31NupON8EitJsyUwVdFt24rGAv0A4lk2ba0GRmTDJCGQpufBU3LhRx60u4821M2xG09YfAl/+cQ3J+P+ZMacf5spaWV1bX1nMb+c2t7Z1de2+/oaJEElonEY9ky8eKchbSumaa01YsKRY+p01/eDWpN++pVCwKb/Uopp7A/ZAFjGBtrK592FGsL3CRxiVkUKCf+12paxecsjMVWgQ3gwJkqnXtz04vIomgoSYcK9V2nVh7KZaaEU7H+U6iaIzJEPdp22CIBVVeOt1hjE6M00NBJM0JNZq6vydSLJQaCd90CqwHar42Mf+rtRMdXHgpC+NE05DMHgoSjnSEJoGgHpOUaD4ygIlk5q+IDLDERJvY8iYEd37lRWhUyu5puXJzVqheZnHk4AiOoQgunEMVrqEGdSDwAE/wAq/Wo/VsvVnvs9YlK5s5gD+yPr4Bcj6Wvw==</latexit>

• But is this really sensible? Can we simply ignore fact that quarks is part of a 
complex and strongly bound system (the proton)?
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Colliding Protons
• Proton at rest: complex system of interacting quarks (                        ).

• However we are interested in very high energy proton collisions. Proton 
has velocity v ~ c, and relativity comes into the game.

• What does electron ‘see’? Time dilation: proton ‘clock’ much slower than 
when at rest, electron only sees a ~ static snapshot of the proton!

• Electron-quark interaction 
time     timescale of internal 
quark interactions!

⌧
<latexit sha1_base64="rkCJi+haOHzi+H0ZzMPIMKM5lPE=">AAAB6nicbZC7SgNBFIbPxluMt6ilzWIQrMJuLLTwErCxjGgukCxhdjKbDJmdXWbOCmHJI9hYRMTWF7HwBex8Dl/AyaXQxB8GPv7/HOac48eCa3ScLyuztLyyupZdz21sbm3v5Hf3ajpKFGVVGolINXyimeCSVZGjYI1YMRL6gtX9/vU4rz8wpXkk73EQMy8kXckDTgka664lRDtfcIrORPYiuDMoXH2/4+Xo4qPSzn+2OhFNQiaRCqJ103Vi9FKikFPBhrlWollMaJ90WdOgJCHTXjoZdWgfGadjB5EyT6I9cX93pCTUehD6pjIk2NPz2dj8L2smGJx5KZdxgkzS6UdBImyM7PHedocrRlEMDBCquJnVpj2iCEVznZw5gju/8iLUSkX3pFi6dQrlc5gqCwdwCMfgwimU4QYqUAUKXXiEETxbwnqyXqzXaWnGmvXswx9Zbz8BM5ID</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

⌧qq ⇡ 10�24s
<latexit sha1_base64="lm0q2GggzZkBoFkm7SDZOMaSX4w="></latexit>

tqq = �⌧qq � teq
<latexit sha1_base64="GyvCmIV8BNoYCZLHCE9ZXyVMI+I="></latexit>

� =
1q

1� v2

c2

� 1

<latexit sha1_base64="Pyq15vlj1b9OfJ/3mzycmgGvGlM="></latexit>

teq
<latexit sha1_base64="Mg1pP0Vf8mHUecAt7aXXdQI92GU=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4Gmampa3goiCIG6GifUA7lEyatrGZZEwyQhn6D25cKOLW/3HnV/gLZloFFT1w4XDOvdx7TxAxqrTjvFmZhcWl5ZXsam5tfWNzK7+901Qilpg0sGBCtgOkCKOcNDTVjLQjSVAYMNIKxiep37olUlHBr/QkIn6IhpwOKEbaSE3dS8jNtJcvOPZRteyVytCxHafiem5KvEqpWIKuUVIUavD88n3sn9Z7+dduX+A4JFxjhpTquE6k/QRJTTEj01w3ViRCeIyGpGMoRyFRfjK7dgoPjNKHAyFNcQ1n6veJBIVKTcLAdIZIj9RvLxX/8jqxHlT9hPIo1oTj+aJBzKAWMH0d9qkkWLOJIQhLam6FeIQkwtoElDMhfH0K/ydNz3aLtndh0jgGc2TBHtgHh8AFFVADZ6AOGgCDa3AHHsCjJax768l6nrdmrM+ZXfAD1ssHTnWSkA==</latexit>

tqq
<latexit sha1_base64="M5Xhf6AyS/B8B8nYkywM6gcSBRA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4Gmampa3goiCIG6GibYV2KJk0bWMzyTTJCGXoP7hxoYhb/8edX+EvmGkVVPTAhcM593LvPUHEqNKO82ZlFhaXlleyq7m19Y3Nrfz2TlOJWGLSwIIJeR0gRRjlpKGpZuQ6kgSFASOtYHSS+q1bIhUV/EpPIuKHaMBpn2KkjdTU3WQ8nnbzBcc+qpa9Uhk6tuNUXM9NiVcpFUvQNUqKQg2eX76P/NN6N//a6Qkch4RrzJBSbdeJtJ8gqSlmZJrrxIpECI/QgLQN5Sgkyk9m107hgVF6sC+kKa7hTP0+kaBQqUkYmM4Q6aH67aXiX1471v2qn1AexZpwPF/UjxnUAqavwx6VBGs2MQRhSc2tEA+RRFibgHImhK9P4f+k6dlu0fYuTBrHYI4s2AP74BC4oAJq4AzUQQNgcAPuwAN4tIR1bz1Zz/PWjPU5swt+wHr5AGC9kpw=</latexit>



Colliding Protons

• Electron scatters off a quark within the static proton snapshot. The 
quark interactions within the proton are frozen and can be ignored.

• Valid to consider in terms of free quark-electron scattering.

�(ep) ⇠ �(eq)
<latexit sha1_base64="QRp1CkaxDtm+cIrmO9GE/tPT/nA=">AAACA3icbZDLSgMxFIbPeK31NupON8EitJsyUwVdFt24rGAv0A4lk2ba0GRmTDJCGQpufBU3LhRx60u4821M2xG09YfAl/+cQ3J+P+ZMacf5spaWV1bX1nMb+c2t7Z1de2+/oaJEElonEY9ky8eKchbSumaa01YsKRY+p01/eDWpN++pVCwKb/Uopp7A/ZAFjGBtrK592FGsL3CRxiVkUKCf+12paxecsjMVWgQ3gwJkqnXtz04vIomgoSYcK9V2nVh7KZaaEU7H+U6iaIzJEPdp22CIBVVeOt1hjE6M00NBJM0JNZq6vydSLJQaCd90CqwHar42Mf+rtRMdXHgpC+NE05DMHgoSjnSEJoGgHpOUaD4ygIlk5q+IDLDERJvY8iYEd37lRWhUyu5puXJzVqheZnHk4AiOoQgunEMVrqEGdSDwAE/wAq/Wo/VsvVnvs9YlK5s5gD+yPr4Bcj6Wvw==</latexit>

• Final element: what does the frozen distribution of quarks look like?
Relevant degree of freedom: amount of proton’s energy carried by quark.

• Introduce new variable: x =
Equark

Eproton
<latexit sha1_base64="riRmCN2mIK0aI1yWflEJrVGGhvc=">AAACD3icbVDLSgMxFM34rPU16tJNsCiuykwVdCMURXBZwT6gHYZMmmlDM8mYZMQyzB+48VfcuFDErVt3/o1pO4K2Hrhwcs695N4TxIwq7Thf1tz8wuLScmGluLq2vrFpb203lEgkJnUsmJCtACnCKCd1TTUjrVgSFAWMNIPBxchv3hGpqOA3ehgTL0I9TkOKkTaSbx/cn3VCiXB66acdGcHbBMlBlv08Yym04Fnm2yWn7IwBZ4mbkxLIUfPtz05X4CQiXGOGlGq7Tqy9FElNMSNZsZMoEiM8QD3SNpSjiCgvHd+TwX2jdGEopCmu4Vj9PZGiSKlhFJjOCOm+mvZG4n9eO9HhqZdSHieacDz5KEwY1AKOwoFdKgnWbGgIwpKaXSHuIxOPNhEWTQju9MmzpFEpu0flyvVxqXqex1EAu2APHAIXnIAquAI1UAcYPIAn8AJerUfr2Xqz3ietc1Y+swP+wPr4BlMAnXw=</latexit>

0 < x < 1
<latexit sha1_base64="+HscOAo3C61u1Z4vRZDjdKUXJ5U=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioEWKoI1lBC8JJEfY2+wlS/Z2j909MRz5DTYWitj6g+z8N26SKzTxwcDjvRlm5oUJZ9q47rdTWFvf2Nwqbpd2dvf2D8qHRy0tU0WoTySXqhNiTTkT1DfMcNpJFMVxyGk7HN/O/PYjVZpJ8WAmCQ1iPBQsYgQbK/lu/anu9csVt+rOgVaJl5MK5Gj2y1+9gSRpTIUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSgWOqg2x+7BSdWWWAIqlsCYPm6u+JDMdaT+LQdsbYjPSyNxP/87qpia6DjIkkNVSQxaIo5chINPscDZiixPCJJZgoZm9FZIQVJsbmU7IheMsvr5JWrepdVGv3l5XGTR5HEU7gFM7BgytowB00wQcCDJ7hFd4c4bw4787HorXg5DPH8AfO5w/GxY4B</latexit>

quark has all 
proton energyquark has no 

energy
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u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

d
<latexit sha1_base64="i4T7bfCHibYNJNngwp/p1+TXADk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyTeM7A==</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

x ⇠ 1
<latexit sha1_base64="mfbESNpo+fIdKva3IWatkB5N2UE=">AAAB8XicdZDLSgMxFIbPeK31VnXpJtgKroaZiuiy6MZlBXvBdiiZNNOGJpkhyYil9C3cuFDErW/jzrcx005BRX8I/HznHHLOHyacaeN5n87S8srq2npho7i5tb2zW9rbb+o4VYQ2SMxj1Q6xppxJ2jDMcNpOFMUi5LQVjq6yeuueKs1ieWvGCQ0EHkgWMYKNRXeVB9TVTCC/0iuVPffMy4Q811uYnPg5KUOueq/00e3HJBVUGsKx1h3fS0wwwcowwum02E01TTAZ4QHtWCuxoDqYzDaeomNL+iiKlX3SoBn9PjHBQuuxCG2nwGaof9cy+Fetk5roIpgwmaSGSjL/KEo5MjHKzkd9pigxfGwNJorZXREZYoWJsSEVbQiLS9H/pll1/VO3elMt1y7zOApwCEdwAj6cQw2uoQ4NICDhEZ7hxdHOk/PqvM1bl5x85gB+yHn/AuYvj8A=</latexit>

x ⌧ 1
<latexit sha1_base64="zqZ3SzMBZPoR7F0zVBHn2bztiBs=">AAAB8HicdVBNTwIxEO3iF+IX6tFLI5h42uwuBPBG9OIRExEMbEi3dKGh7W7arpFs+BVePGiMV3+ON/+NXcBEjb5kkpf3ZjIzL4gZVdpxPqzcyura+kZ+s7C1vbO7V9w/uFFRIjFp44hFshsgRRgVpK2pZqQbS4J4wEgnmFxkfueOSEUjca2nMfE5GgkaUoy0kW7L97DPGHTLg2LJsc8aNa9ag47tOHXXczPi1auVKnSNkqEElmgNiu/9YYQTToTGDCnVc51Y+ymSmmJGZoV+okiM8ASNSM9QgThRfjo/eAZPjDKEYSRNCQ3n6veJFHGlpjwwnRzpsfrtZeJfXi/RYcNPqYgTTQReLAoTBnUEs+/hkEqCNZsagrCk5laIx0girE1GBRPC16fwf3Lj2W7F9q68UvN8GUceHIFjcApcUAdNcAlaoA0w4OABPIFnS1qP1ov1umjNWcuZQ/AD1tsnZCaPfQ==</latexit>

x =
Equark

Eproton
<latexit sha1_base64="riRmCN2mIK0aI1yWflEJrVGGhvc=">AAACD3icbVDLSgMxFM34rPU16tJNsCiuykwVdCMURXBZwT6gHYZMmmlDM8mYZMQyzB+48VfcuFDErVt3/o1pO4K2Hrhwcs695N4TxIwq7Thf1tz8wuLScmGluLq2vrFpb203lEgkJnUsmJCtACnCKCd1TTUjrVgSFAWMNIPBxchv3hGpqOA3ehgTL0I9TkOKkTaSbx/cn3VCiXB66acdGcHbBMlBlv08Yym04Fnm2yWn7IwBZ4mbkxLIUfPtz05X4CQiXGOGlGq7Tqy9FElNMSNZsZMoEiM8QD3SNpSjiCgvHd+TwX2jdGEopCmu4Vj9PZGiSKlhFJjOCOm+mvZG4n9eO9HhqZdSHieacDz5KEwY1AKOwoFdKgnWbGgIwpKaXSHuIxOPNhEWTQju9MmzpFEpu0flyvVxqXqex1EAu2APHAIXnIAquAI1UAcYPIAn8AJerUfr2Xqz3ietc1Y+swP+wPr4BlMAnXw=</latexit>

• Collision by collision the 
proton snapshot will be 
different, but expect it to have 
some statistical distribution.

Collision 1

 17



u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

d
<latexit sha1_base64="i4T7bfCHibYNJNngwp/p1+TXADk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyTeM7A==</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

x ⇠ 1
<latexit sha1_base64="mfbESNpo+fIdKva3IWatkB5N2UE=">AAAB8XicdZDLSgMxFIbPeK31VnXpJtgKroaZiuiy6MZlBXvBdiiZNNOGJpkhyYil9C3cuFDErW/jzrcx005BRX8I/HznHHLOHyacaeN5n87S8srq2npho7i5tb2zW9rbb+o4VYQ2SMxj1Q6xppxJ2jDMcNpOFMUi5LQVjq6yeuueKs1ieWvGCQ0EHkgWMYKNRXeVB9TVTCC/0iuVPffMy4Q811uYnPg5KUOueq/00e3HJBVUGsKx1h3fS0wwwcowwum02E01TTAZ4QHtWCuxoDqYzDaeomNL+iiKlX3SoBn9PjHBQuuxCG2nwGaof9cy+Fetk5roIpgwmaSGSjL/KEo5MjHKzkd9pigxfGwNJorZXREZYoWJsSEVbQiLS9H/pll1/VO3elMt1y7zOApwCEdwAj6cQw2uoQ4NICDhEZ7hxdHOk/PqvM1bl5x85gB+yHn/AuYvj8A=</latexit>

x ⌧ 1
<latexit sha1_base64="zqZ3SzMBZPoR7F0zVBHn2bztiBs=">AAAB8HicdVBNTwIxEO3iF+IX6tFLI5h42uwuBPBG9OIRExEMbEi3dKGh7W7arpFs+BVePGiMV3+ON/+NXcBEjb5kkpf3ZjIzL4gZVdpxPqzcyura+kZ+s7C1vbO7V9w/uFFRIjFp44hFshsgRRgVpK2pZqQbS4J4wEgnmFxkfueOSEUjca2nMfE5GgkaUoy0kW7L97DPGHTLg2LJsc8aNa9ag47tOHXXczPi1auVKnSNkqEElmgNiu/9YYQTToTGDCnVc51Y+ymSmmJGZoV+okiM8ASNSM9QgThRfjo/eAZPjDKEYSRNCQ3n6veJFHGlpjwwnRzpsfrtZeJfXi/RYcNPqYgTTQReLAoTBnUEs+/hkEqCNZsagrCk5laIx0girE1GBRPC16fwf3Lj2W7F9q68UvN8GUceHIFjcApcUAdNcAlaoA0w4OABPIFnS1qP1ov1umjNWcuZQ/AD1tsnZCaPfQ==</latexit>

x =
Equark

Eproton
<latexit sha1_base64="riRmCN2mIK0aI1yWflEJrVGGhvc=">AAACD3icbVDLSgMxFM34rPU16tJNsCiuykwVdCMURXBZwT6gHYZMmmlDM8mYZMQyzB+48VfcuFDErVt3/o1pO4K2Hrhwcs695N4TxIwq7Thf1tz8wuLScmGluLq2vrFpb203lEgkJnUsmJCtACnCKCd1TTUjrVgSFAWMNIPBxchv3hGpqOA3ehgTL0I9TkOKkTaSbx/cn3VCiXB66acdGcHbBMlBlv08Yym04Fnm2yWn7IwBZ4mbkxLIUfPtz05X4CQiXGOGlGq7Tqy9FElNMSNZsZMoEiM8QD3SNpSjiCgvHd+TwX2jdGEopCmu4Vj9PZGiSKlhFJjOCOm+mvZG4n9eO9HhqZdSHieacDz5KEwY1AKOwoFdKgnWbGgIwpKaXSHuIxOPNhEWTQju9MmzpFEpu0flyvVxqXqex1EAu2APHAIXnIAquAI1UAcYPIAn8AJerUfr2Xqz3ietc1Y+swP+wPr4BlMAnXw=</latexit>

• Collision by collision the 
proton snapshot will be 
different, but expect it to have 
some statistical distribution.

Collision 2
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u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

d
<latexit sha1_base64="i4T7bfCHibYNJNngwp/p1+TXADk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyTeM7A==</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

x ⇠ 1
<latexit sha1_base64="mfbESNpo+fIdKva3IWatkB5N2UE=">AAAB8XicdZDLSgMxFIbPeK31VnXpJtgKroaZiuiy6MZlBXvBdiiZNNOGJpkhyYil9C3cuFDErW/jzrcx005BRX8I/HznHHLOHyacaeN5n87S8srq2npho7i5tb2zW9rbb+o4VYQ2SMxj1Q6xppxJ2jDMcNpOFMUi5LQVjq6yeuueKs1ieWvGCQ0EHkgWMYKNRXeVB9TVTCC/0iuVPffMy4Q811uYnPg5KUOueq/00e3HJBVUGsKx1h3fS0wwwcowwum02E01TTAZ4QHtWCuxoDqYzDaeomNL+iiKlX3SoBn9PjHBQuuxCG2nwGaof9cy+Fetk5roIpgwmaSGSjL/KEo5MjHKzkd9pigxfGwNJorZXREZYoWJsSEVbQiLS9H/pll1/VO3elMt1y7zOApwCEdwAj6cQw2uoQ4NICDhEZ7hxdHOk/PqvM1bl5x85gB+yHn/AuYvj8A=</latexit>

x ⌧ 1
<latexit sha1_base64="zqZ3SzMBZPoR7F0zVBHn2bztiBs=">AAAB8HicdVBNTwIxEO3iF+IX6tFLI5h42uwuBPBG9OIRExEMbEi3dKGh7W7arpFs+BVePGiMV3+ON/+NXcBEjb5kkpf3ZjIzL4gZVdpxPqzcyura+kZ+s7C1vbO7V9w/uFFRIjFp44hFshsgRRgVpK2pZqQbS4J4wEgnmFxkfueOSEUjca2nMfE5GgkaUoy0kW7L97DPGHTLg2LJsc8aNa9ag47tOHXXczPi1auVKnSNkqEElmgNiu/9YYQTToTGDCnVc51Y+ymSmmJGZoV+okiM8ASNSM9QgThRfjo/eAZPjDKEYSRNCQ3n6veJFHGlpjwwnRzpsfrtZeJfXi/RYcNPqYgTTQReLAoTBnUEs+/hkEqCNZsagrCk5laIx0girE1GBRPC16fwf3Lj2W7F9q68UvN8GUceHIFjcApcUAdNcAlaoA0w4OABPIFnS1qP1ov1umjNWcuZQ/AD1tsnZCaPfQ==</latexit>

x =
Equark

Eproton
<latexit sha1_base64="riRmCN2mIK0aI1yWflEJrVGGhvc=">AAACD3icbVDLSgMxFM34rPU16tJNsCiuykwVdCMURXBZwT6gHYZMmmlDM8mYZMQyzB+48VfcuFDErVt3/o1pO4K2Hrhwcs695N4TxIwq7Thf1tz8wuLScmGluLq2vrFpb203lEgkJnUsmJCtACnCKCd1TTUjrVgSFAWMNIPBxchv3hGpqOA3ehgTL0I9TkOKkTaSbx/cn3VCiXB66acdGcHbBMlBlv08Yym04Fnm2yWn7IwBZ4mbkxLIUfPtz05X4CQiXGOGlGq7Tqy9FElNMSNZsZMoEiM8QD3SNpSjiCgvHd+TwX2jdGEopCmu4Vj9PZGiSKlhFJjOCOm+mvZG4n9eO9HhqZdSHieacDz5KEwY1AKOwoFdKgnWbGgIwpKaXSHuIxOPNhEWTQju9MmzpFEpu0flyvVxqXqex1EAu2APHAIXnIAquAI1UAcYPIAn8AJerUfr2Xqz3ietc1Y+swP+wPr4BlMAnXw=</latexit>

• Collision by collision the 
proton snapshot will be 
different, but expect it to have 
some statistical distribution.

Collision 3…
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u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

d
<latexit sha1_base64="i4T7bfCHibYNJNngwp/p1+TXADk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyTeM7A==</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

x ⇠ 1
<latexit sha1_base64="mfbESNpo+fIdKva3IWatkB5N2UE=">AAAB8XicdZDLSgMxFIbPeK31VnXpJtgKroaZiuiy6MZlBXvBdiiZNNOGJpkhyYil9C3cuFDErW/jzrcx005BRX8I/HznHHLOHyacaeN5n87S8srq2npho7i5tb2zW9rbb+o4VYQ2SMxj1Q6xppxJ2jDMcNpOFMUi5LQVjq6yeuueKs1ieWvGCQ0EHkgWMYKNRXeVB9TVTCC/0iuVPffMy4Q811uYnPg5KUOueq/00e3HJBVUGsKx1h3fS0wwwcowwum02E01TTAZ4QHtWCuxoDqYzDaeomNL+iiKlX3SoBn9PjHBQuuxCG2nwGaof9cy+Fetk5roIpgwmaSGSjL/KEo5MjHKzkd9pigxfGwNJorZXREZYoWJsSEVbQiLS9H/pll1/VO3elMt1y7zOApwCEdwAj6cQw2uoQ4NICDhEZ7hxdHOk/PqvM1bl5x85gB+yHn/AuYvj8A=</latexit>

x ⌧ 1
<latexit sha1_base64="zqZ3SzMBZPoR7F0zVBHn2bztiBs=">AAAB8HicdVBNTwIxEO3iF+IX6tFLI5h42uwuBPBG9OIRExEMbEi3dKGh7W7arpFs+BVePGiMV3+ON/+NXcBEjb5kkpf3ZjIzL4gZVdpxPqzcyura+kZ+s7C1vbO7V9w/uFFRIjFp44hFshsgRRgVpK2pZqQbS4J4wEgnmFxkfueOSEUjca2nMfE5GgkaUoy0kW7L97DPGHTLg2LJsc8aNa9ag47tOHXXczPi1auVKnSNkqEElmgNiu/9YYQTToTGDCnVc51Y+ymSmmJGZoV+okiM8ASNSM9QgThRfjo/eAZPjDKEYSRNCQ3n6veJFHGlpjwwnRzpsfrtZeJfXi/RYcNPqYgTTQReLAoTBnUEs+/hkEqCNZsagrCk5laIx0girE1GBRPC16fwf3Lj2W7F9q68UvN8GUceHIFjcApcUAdNcAlaoA0w4OABPIFnS1qP1ov1umjNWcuZQ/AD1tsnZCaPfQ==</latexit>

x =
Equark

Eproton
<latexit sha1_base64="riRmCN2mIK0aI1yWflEJrVGGhvc=">AAACD3icbVDLSgMxFM34rPU16tJNsCiuykwVdCMURXBZwT6gHYZMmmlDM8mYZMQyzB+48VfcuFDErVt3/o1pO4K2Hrhwcs695N4TxIwq7Thf1tz8wuLScmGluLq2vrFpb203lEgkJnUsmJCtACnCKCd1TTUjrVgSFAWMNIPBxchv3hGpqOA3ehgTL0I9TkOKkTaSbx/cn3VCiXB66acdGcHbBMlBlv08Yym04Fnm2yWn7IwBZ4mbkxLIUfPtz05X4CQiXGOGlGq7Tqy9FElNMSNZsZMoEiM8QD3SNpSjiCgvHd+TwX2jdGEopCmu4Vj9PZGiSKlhFJjOCOm+mvZG4n9eO9HhqZdSHieacDz5KEwY1AKOwoFdKgnWbGgIwpKaXSHuIxOPNhEWTQju9MmzpFEpu0flyvVxqXqex1EAu2APHAIXnIAquAI1UAcYPIAn8AJerUfr2Xqz3ietc1Y+swP+wPr4BlMAnXw=</latexit>

• Collision by collision the 
proton snapshot will be 
different, but expect it to have 
some statistical distribution.

…Collision N
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Mapping out the Proton

u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

d
<latexit sha1_base64="i4T7bfCHibYNJNngwp/p1+TXADk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyTeM7A==</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

 21

• Statistical distribution known as ‘Parton Distribution Function’ (PDF).

f(x) :
<latexit sha1_base64="xKwFEvEPFN13MpsWdm3KTXTuHc8=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BItQL2W3CoqnohePFdxaaJeSTbNtaDa7JFmxLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXpAIro3jfKPCyura+kZxs7S1vbO7V94/aOk4VZR5NBaxagdEM8El8ww3grUTxUgUCPYQjG6m/sMjU5rH8t6ME+ZHZCB5yCkxVvLC6tPpVa9ccWrODHiZuDmpQI5mr/zV7cc0jZg0VBCtO66TGD8jynAq2KTUTTVLCB2RAetYKknEtJ/Njp3gE6v0cRgrW9Lgmfp7IiOR1uMosJ0RMUO96E3F/7xOasJLP+MySQ2TdL4oTAU2MZ5+jvtcMWrE2BJCFbe3YjokilBj8ynZENzFl5dJq15zz2r1u/NK4zqPowhHcAxVcOECGnALTfCAAodneIU3JNELekcf89YCymcO4Q/Q5w/rro4Z</latexit>

Probability of finding a quark with energy 
fraction    in proton snapshot.x

<latexit sha1_base64="GBFky7oBpg2cOFl0/yUt0NkoTlA=">AAAB6HicdZDLSgMxFIYz9VbrrepSkGARXA0z09JWECy4cdmCvUA7lEyatrGZzJBkxDJ06cqNC0Xc+hRufQV3PoM+hJlWQUV/CPx8/znknOOFjEplWa9Gam5+YXEpvZxZWV1b38hubjVkEAlM6jhggWh5SBJGOakrqhhphYIg32Ok6Y1Okrx5QYSkAT9T45C4Phpw2qcYKY1ql91szjIPy0WnUISWaVkl27ET45QK+QK0NUmUO35+u9p9qr1Xu9mXTi/AkU+4wgxJ2batULkxEopiRiaZTiRJiPAIDUhbW458It14OugE7mvSg/1A6McVnNLvHTHypRz7nq70kRrK31kC/8rakeqX3ZjyMFKE49lH/YhBFcBka9ijgmDFxtogLKieFeIhEggrfZuMPsLXpvB/03BMO286NStXOQIzpcEO2AMHwAYlUAGnoArqAAMCrsEtuDPOjRvj3niYlaaMz55t8EPG4wdWdZG7</latexit>

�ep =

Z 1

0
dxfq(x)�eq(x)

<latexit sha1_base64="HMl2rdUkAF+DQ/0ZnT0Vsrbluuw=">AAACInicbVDLSgMxFM34rPVVdekmWIQKUmaqoC6EohuXFewDOnXIpJk2NMmMSUZahvkWN/6KGxeKuhL8GNMHoq0HAodzzuXmHj9iVGnb/rTm5hcWl5YzK9nVtfWNzdzWdk2FscSkikMWyoaPFGFUkKqmmpFGJAniPiN1v3c59Ov3RCoaihs9iEiLo46gAcVIG8nLnbmKdjjyEhKl8By6VGjPvnVg4koO22kfBl5ylxb6B+4h/ImOBC+Xt4v2CHCWOBOSBxNUvNy72w5xzInQmCGlmo4d6VaCpKaYkTTrxopECPdQhzQNFYgT1UpGJ6Zw3yhtGITSPKHhSP09kSCu1ID7JsmR7qppbyj+5zVjHZy2EiqiWBOBx4uCmEEdwmFfsE0lwZoNDEFYUvNXiLtIIqxNq1lTgjN98iyplYrOUbF0fZwvX0zqyIBdsAcKwAEnoAyuQAVUAQYP4Am8gFfr0Xq23qyPcXTOmszsgD+wvr4Bzw+jNQ==</latexit>

Electron-proton 
scattering rate:

• Electron energy and scattering 
angle directly related to quark    
and photon resolution.

!
<latexit sha1_base64="cxWfgFGGW5x61BC31F0o7CjuqG0=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7AekoWy2m3bpJht2J0op/RlePCji1V/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqGZVpxptMSaU7ITVcioQ3UaDknVRzGoeSt8PR7cxvP3JthEoecJzyIKaDRESCUbSS39ViMESqtXrqlStu1Z2DrBIvJxXI0eiVv7p9xbKYJ8gkNcb33BSDCdUomOTTUjczPKVsRAfctzShMTfBZH7ylJxZpU8ipW0lSObq74kJjY0Zx6HtjCkOzbI3E//z/Ayj62AikjRDnrDFoiiTBBWZ/U/6QnOGcmwJZVrYWwkbUk0Z2pRKNgRv+eVV0qpVvYtq7f6yUr/J4yjCCZzCOXhwBXW4gwY0gYGCZ3iFNwedF+fd+Vi0Fpx85hj+wPn8AcQJkZE=</latexit>

 By scanning over these, can map 
out entire distribution!

x
<latexit sha1_base64="GBFky7oBpg2cOFl0/yUt0NkoTlA=">AAAB6HicdZDLSgMxFIYz9VbrrepSkGARXA0z09JWECy4cdmCvUA7lEyatrGZzJBkxDJ06cqNC0Xc+hRufQV3PoM+hJlWQUV/CPx8/znknOOFjEplWa9Gam5+YXEpvZxZWV1b38hubjVkEAlM6jhggWh5SBJGOakrqhhphYIg32Ok6Y1Okrx5QYSkAT9T45C4Phpw2qcYKY1ql91szjIPy0WnUISWaVkl27ET45QK+QK0NUmUO35+u9p9qr1Xu9mXTi/AkU+4wgxJ2batULkxEopiRiaZTiRJiPAIDUhbW458It14OugE7mvSg/1A6McVnNLvHTHypRz7nq70kRrK31kC/8rakeqX3ZjyMFKE49lH/YhBFcBka9ijgmDFxtogLKieFeIhEggrfZuMPsLXpvB/03BMO286NStXOQIzpcEO2AMHwAYlUAGnoArqAAMCrsEtuDPOjRvj3niYlaaMz55t8EPG4wdWdZG7</latexit>
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The Proton ‘Sea’
• So far have only considered possibility of electron-
quark scattering. Seems sensible given basic uud picture 
of proton. But is this the whole story?

• No! In fact proton is a much more complex object than basic uud 
picture would predict. Uncertainty principle:

�E�t ⇠ ~
<latexit sha1_base64="wqwZVD9WoLNzn1D4OnpTGTg6ZpQ=">AAACBXicbZDLSsNAFIYn9VbrLepSF4NFcFWSKuiyeAGXFewFmlAm00k7dCYJMydCCd248VXcuFDEre/gzrdx2mahrT8MfPznHM6cP0gE1+A431ZhaXllda24XtrY3NresXf3mjpOFWUNGotYtQOimeARawAHwdqJYkQGgrWC4dWk3npgSvM4uodRwnxJ+hEPOSVgrK596F0zAQTf4BwAe5pL7A0Corp22ak4U+FFcHMoo1z1rv3l9WKaShYBFUTrjusk4GdEAaeCjUteqllC6JD0WcdgRCTTfja9YoyPjdPDYazMiwBP3d8TGZFaj2RgOiWBgZ6vTcz/ap0Uwgs/41GSAovobFGYCgwxnkSCe1wxCmJkgFDFzV8xHRBFKJjgSiYEd/7kRWhWK+5ppXp3Vq5d5nEU0QE6QifIReeohm5RHTUQRY/oGb2iN+vJerHerY9Za8HKZ/bRH1mfP3pwl0o=</latexit>

Quark-antiquark pairs can snap in and out of existence if:

�t <
~

2mqc2
<latexit sha1_base64="0v4+D9atnjkd9YucfhNAepePPXY=">AAACC3icbVC7SgNBFJ2NrxhfUUubIUGwCruroIVFUAvLCOYB2bjMTmaTITO768xdISzpbfwVGwtFbP0BO//GyaPQxAMXDufcy733BIngGmz728otLa+sruXXCxubW9s7xd29ho5TRVmdxiJWrYBoJnjE6sBBsFaiGJGBYM1gcDn2mw9MaR5HtzBMWEeSXsRDTgkYyS+WvCsmgGDA59gLFaGZ1w+IGmUulv49pnfuyC+W7Yo9AV4kzoyU0Qw1v/jldWOaShYBFUTrtmMn0MmIAk4FGxW8VLOE0AHpsbahEZFMd7LJLyN8aJQuDmNlKgI8UX9PZERqPZSB6ZQE+nreG4v/ee0UwrNOxqMkBRbR6aIwFRhiPA4Gd7liFMTQEEIVN7di2icmETDxFUwIzvzLi6ThVpzjintzUq5ezOLIowNUQkfIQaeoiq5RDdURRY/oGb2iN+vJerHerY9pa86azeyjP7A+fwApK5nc</latexit>

• Proton is in fact filled with a ‘sea’ of quark-antiquark pairs snapping in 
and out of existence.  In addition to so-called ‘valence’ uud.

!
<latexit sha1_base64="cxWfgFGGW5x61BC31F0o7CjuqG0=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7AekoWy2m3bpJht2J0op/RlePCji1V/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqGZVpxptMSaU7ITVcioQ3UaDknVRzGoeSt8PR7cxvP3JthEoecJzyIKaDRESCUbSS39ViMESqtXrqlStu1Z2DrBIvJxXI0eiVv7p9xbKYJ8gkNcb33BSDCdUomOTTUjczPKVsRAfctzShMTfBZH7ylJxZpU8ipW0lSObq74kJjY0Zx6HtjCkOzbI3E//z/Ayj62AikjRDnrDFoiiTBBWZ/U/6QnOGcmwJZVrYWwkbUk0Z2pRKNgRv+eVV0qpVvYtq7f6yUr/J4yjCCZzCOXhwBXW4gwY0gYGCZ3iFNwedF+fd+Vi0Fpx85hj+wPn8AcQJkZE=</latexit>
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2

In the parton model, it was assumed for many years that
the mechanism of Fig. 1a and iterations of this mechanism
dominate the creation of the sea. This assumption is a good
approximation at low x and high energy scales. Since the
gluons do not carry flavor, the quark-antiquark pair is flavor
neutral. One of the successes of quantum chromodynamics
(QCD), the theory that describes the interaction of colored
quarks and gluons, is that the change in parton distributions
with respect to the scale, µ2, of the interaction, the QCD
evolution (a more precise definition of the meaning of the
scale and the evolution equations will be given below), can
be quantitatively described. There was speculation that in
a proton the Pauli exclusion principle would limit the phase
space for the majority quark flavor and lead to more down
antiquarks (d̄) than up antiquarks (ū), d̄(x) > ū(x) [1]. Ross
and Sachrajda [2] showed that the perturbative QCD evolution
contribution to the integral of d̄(x)� ū(x) was numerically very
small and argued that the Pauli blocking was not important (but
see Gluck and Reya [3] and the discussion below). Global fits
of the distribuions of partons to all the available data built the
assumption d̄(x) = ū(x) into their analyses up to 1989. Gluck
and Reya [4] and others, for example [5], took this a step further
and assumed all the sea quarks and glue were generated by
QCD evolution, i.e. that at some low scale, µ2

i , all the sea quark
distributions (ū(x, µ2

i ), d̄(x, µ2
i ), s(x, µ2

i ), s̄(x, µ2
i ) for the up and

down antiquarks and the strange and anti-strange quarks) and
the gluon distribution G(x, µ2

i ) were 0. Unless explicitly noted,
the contributions for the heavier charm, bottom and top quarks
will be ignored. These approaches had considerable success
describing the measured parton distributions until the early
1990’s.

The situation changed in 1990 when the New Muon Col-
laboration (NMC) at CERN first reported [6] a deep inelastic
scattering measurement of the Gottfried sum [7] of the di�er-
ence in the structure functions F2 for the proton and the neutron.
With the assumption that the strange quarks contributions are
the same in the proton and neutron then
π 1

0

dx
x

⇥
Fp

2 (x) � Fn
2 (x)

⇤
=

1
3
+

2
3

π 1

0
dx

⇥
ū(x) � d̄(x)

⇤
.

(4)

NMC measured the integral on the left-hand side to be 0.240 ±
0.016 showing that d̄ > ū. The precise relation between the
structure functions F2 and the experimental cross sections
for deep inelastic scattering will be given in the next section.
Later NMC measurements [8] led to an updated value of
0.235 ± 0.026. It was quickly pointed out in Ref. [9] that the
Drell-Yan process [10] of hadron-induced di-lepton production
would be much more sensitive to the antiquark distributions.
The CERN NA51 collaboration measured proton-induced Drell-
Yan reactions on targets of hydrogen and deuterium [11] and
found in a leading order analysis

ū
d̄
(hxi = 0.18) = 0.51 ± 0.04 ± 0.05. (5)

The NUSEA collaboration at FNAL was able to perform proton-
induced Drell-Yan measurements on hydrogen and deuterium

p (uud)

n (udd)

!" (u$̅)

Figure 1. 1a) Sea quarks created in a gluon splitting fluctuation, 1b)
Sea quarks created in a pion-nucleon fluctuation

over a more extended kinematic range (0.015 < x < 0.35).
Their final results for d̄(x)/ū(x) are shown in Fig. 2 [12] along
with the NA51 result. The analysis was based on a next-to-
leading order analysis assuming the other parton distributions
were well described by contemporaneous global fits( [13] [14])
and that nuclear corrections for deuterium are small. Figure 3
shows the inferred values of d̄(x)� ū(x). The resulting integral
is
Ø 0.35
.015 dx

⇥
d̄(x) � ū(x)

⇤
= 0.080 ± 0.011 at an average scale

of 54 GeV2. Extrapolating to the integral from 0 to 1, NUSEA
obtained 0.118 ± 0.012. This value is 10% of the integrated
flavor di�erence of the valence quarks. The x dependence of
the di�erence was confirmed by semi-inclusive deep inelastic
scattering measurements of the HERMES collaboration [15]
which are also shown in Fig. 3. As will be discussed below, the
apparent reduction of the ratio above x of 0.2, admittedly with
relatively large uncertainties, is di�cult to explain in current
models. The behavior of the ratio at larger x will be our third



u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

d
<latexit sha1_base64="i4T7bfCHibYNJNngwp/p1+TXADk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyTeM7A==</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

x ⇠ 1
<latexit sha1_base64="mfbESNpo+fIdKva3IWatkB5N2UE=">AAAB8XicdZDLSgMxFIbPeK31VnXpJtgKroaZiuiy6MZlBXvBdiiZNNOGJpkhyYil9C3cuFDErW/jzrcx005BRX8I/HznHHLOHyacaeN5n87S8srq2npho7i5tb2zW9rbb+o4VYQ2SMxj1Q6xppxJ2jDMcNpOFMUi5LQVjq6yeuueKs1ieWvGCQ0EHkgWMYKNRXeVB9TVTCC/0iuVPffMy4Q811uYnPg5KUOueq/00e3HJBVUGsKx1h3fS0wwwcowwum02E01TTAZ4QHtWCuxoDqYzDaeomNL+iiKlX3SoBn9PjHBQuuxCG2nwGaof9cy+Fetk5roIpgwmaSGSjL/KEo5MjHKzkd9pigxfGwNJorZXREZYoWJsSEVbQiLS9H/pll1/VO3elMt1y7zOApwCEdwAj6cQw2uoQ4NICDhEZ7hxdHOk/PqvM1bl5x85gB+yHn/AuYvj8A=</latexit>

x ⌧ 1
<latexit sha1_base64="zqZ3SzMBZPoR7F0zVBHn2bztiBs=">AAAB8HicdVBNTwIxEO3iF+IX6tFLI5h42uwuBPBG9OIRExEMbEi3dKGh7W7arpFs+BVePGiMV3+ON/+NXcBEjb5kkpf3ZjIzL4gZVdpxPqzcyura+kZ+s7C1vbO7V9w/uFFRIjFp44hFshsgRRgVpK2pZqQbS4J4wEgnmFxkfueOSEUjca2nMfE5GgkaUoy0kW7L97DPGHTLg2LJsc8aNa9ag47tOHXXczPi1auVKnSNkqEElmgNiu/9YYQTToTGDCnVc51Y+ymSmmJGZoV+okiM8ASNSM9QgThRfjo/eAZPjDKEYSRNCQ3n6veJFHGlpjwwnRzpsfrtZeJfXi/RYcNPqYgTTQReLAoTBnUEs+/hkEqCNZsagrCk5laIx0girE1GBRPC16fwf3Lj2W7F9q68UvN8GUceHIFjcApcUAdNcAlaoA0w4OABPIFnS1qP1ov1umjNWcuZQ/AD1tsnZCaPfQ==</latexit>

x =
Equark

Eproton
<latexit sha1_base64="riRmCN2mIK0aI1yWflEJrVGGhvc=">AAACD3icbVDLSgMxFM34rPU16tJNsCiuykwVdCMURXBZwT6gHYZMmmlDM8mYZMQyzB+48VfcuFDErVt3/o1pO4K2Hrhwcs695N4TxIwq7Thf1tz8wuLScmGluLq2vrFpb203lEgkJnUsmJCtACnCKCd1TTUjrVgSFAWMNIPBxchv3hGpqOA3ehgTL0I9TkOKkTaSbx/cn3VCiXB66acdGcHbBMlBlv08Yym04Fnm2yWn7IwBZ4mbkxLIUfPtz05X4CQiXGOGlGq7Tqy9FElNMSNZsZMoEiM8QD3SNpSjiCgvHd+TwX2jdGEopCmu4Vj9PZGiSKlhFJjOCOm+mvZG4n9eO9HhqZdSHieacDz5KEwY1AKOwoFdKgnWbGgIwpKaXSHuIxOPNhEWTQju9MmzpFEpu0flyvVxqXqex1EAu2APHAIXnIAquAI1UAcYPIAn8AJerUfr2Xqz3ietc1Y+swP+wPr4BlMAnXw=</latexit>

Collision 1

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

• Back to the electron-proton 
collision: this seething proton 
sea is also ~ frozen in the 
proton snapshot.

!
<latexit sha1_base64="cxWfgFGGW5x61BC31F0o7CjuqG0=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7AekoWy2m3bpJht2J0op/RlePCji1V/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqGZVpxptMSaU7ITVcioQ3UaDknVRzGoeSt8PR7cxvP3JthEoecJzyIKaDRESCUbSS39ViMESqtXrqlStu1Z2DrBIvJxXI0eiVv7p9xbKYJ8gkNcb33BSDCdUomOTTUjczPKVsRAfctzShMTfBZH7ylJxZpU8ipW0lSObq74kJjY0Zx6HtjCkOzbI3E//z/Ayj62AikjRDnrDFoiiTBBWZ/U/6QnOGcmwJZVrYWwkbUk0Z2pRKNgRv+eVV0qpVvYtq7f6yUr/J4yjCCZzCOXhwBXW4gwY0gYGCZ3iFNwedF+fd+Vi0Fpx85hj+wPn8AcQJkZE=</latexit>

Electron can scatter off 
these frozen quark-
antiquark pairs!
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u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

d
<latexit sha1_base64="i4T7bfCHibYNJNngwp/p1+TXADk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyTeM7A==</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

x ⇠ 1
<latexit sha1_base64="mfbESNpo+fIdKva3IWatkB5N2UE=">AAAB8XicdZDLSgMxFIbPeK31VnXpJtgKroaZiuiy6MZlBXvBdiiZNNOGJpkhyYil9C3cuFDErW/jzrcx005BRX8I/HznHHLOHyacaeN5n87S8srq2npho7i5tb2zW9rbb+o4VYQ2SMxj1Q6xppxJ2jDMcNpOFMUi5LQVjq6yeuueKs1ieWvGCQ0EHkgWMYKNRXeVB9TVTCC/0iuVPffMy4Q811uYnPg5KUOueq/00e3HJBVUGsKx1h3fS0wwwcowwum02E01TTAZ4QHtWCuxoDqYzDaeomNL+iiKlX3SoBn9PjHBQuuxCG2nwGaof9cy+Fetk5roIpgwmaSGSjL/KEo5MjHKzkd9pigxfGwNJorZXREZYoWJsSEVbQiLS9H/pll1/VO3elMt1y7zOApwCEdwAj6cQw2uoQ4NICDhEZ7hxdHOk/PqvM1bl5x85gB+yHn/AuYvj8A=</latexit>

x ⌧ 1
<latexit sha1_base64="zqZ3SzMBZPoR7F0zVBHn2bztiBs=">AAAB8HicdVBNTwIxEO3iF+IX6tFLI5h42uwuBPBG9OIRExEMbEi3dKGh7W7arpFs+BVePGiMV3+ON/+NXcBEjb5kkpf3ZjIzL4gZVdpxPqzcyura+kZ+s7C1vbO7V9w/uFFRIjFp44hFshsgRRgVpK2pZqQbS4J4wEgnmFxkfueOSEUjca2nMfE5GgkaUoy0kW7L97DPGHTLg2LJsc8aNa9ag47tOHXXczPi1auVKnSNkqEElmgNiu/9YYQTToTGDCnVc51Y+ymSmmJGZoV+okiM8ASNSM9QgThRfjo/eAZPjDKEYSRNCQ3n6veJFHGlpjwwnRzpsfrtZeJfXi/RYcNPqYgTTQReLAoTBnUEs+/hkEqCNZsagrCk5laIx0girE1GBRPC16fwf3Lj2W7F9q68UvN8GUceHIFjcApcUAdNcAlaoA0w4OABPIFnS1qP1ov1umjNWcuZQ/AD1tsnZCaPfQ==</latexit>

x =
Equark

Eproton
<latexit sha1_base64="riRmCN2mIK0aI1yWflEJrVGGhvc=">AAACD3icbVDLSgMxFM34rPU16tJNsCiuykwVdCMURXBZwT6gHYZMmmlDM8mYZMQyzB+48VfcuFDErVt3/o1pO4K2Hrhwcs695N4TxIwq7Thf1tz8wuLScmGluLq2vrFpb203lEgkJnUsmJCtACnCKCd1TTUjrVgSFAWMNIPBxchv3hGpqOA3ehgTL0I9TkOKkTaSbx/cn3VCiXB66acdGcHbBMlBlv08Yym04Fnm2yWn7IwBZ4mbkxLIUfPtz05X4CQiXGOGlGq7Tqy9FElNMSNZsZMoEiM8QD3SNpSjiCgvHd+TwX2jdGEopCmu4Vj9PZGiSKlhFJjOCOm+mvZG4n9eO9HhqZdSHieacDz5KEwY1AKOwoFdKgnWbGgIwpKaXSHuIxOPNhEWTQju9MmzpFEpu0flyvVxqXqex1EAu2APHAIXnIAquAI1UAcYPIAn8AJerUfr2Xqz3ietc1Y+swP+wPr4BlMAnXw=</latexit>

Collision 2…

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

• Back to the electron-proton 
collision: this seething proton 
sea is also ~ frozen in the 
proton snapshot.

!
<latexit sha1_base64="cxWfgFGGW5x61BC31F0o7CjuqG0=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7AekoWy2m3bpJht2J0op/RlePCji1V/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqGZVpxptMSaU7ITVcioQ3UaDknVRzGoeSt8PR7cxvP3JthEoecJzyIKaDRESCUbSS39ViMESqtXrqlStu1Z2DrBIvJxXI0eiVv7p9xbKYJ8gkNcb33BSDCdUomOTTUjczPKVsRAfctzShMTfBZH7ylJxZpU8ipW0lSObq74kJjY0Zx6HtjCkOzbI3E//z/Ayj62AikjRDnrDFoiiTBBWZ/U/6QnOGcmwJZVrYWwkbUk0Z2pRKNgRv+eVV0qpVvYtq7f6yUr/J4yjCCZzCOXhwBXW4gwY0gYGCZ3iFNwedF+fd+Vi0Fpx85hj+wPn8AcQJkZE=</latexit>

Electron can scatter off 
these frozen quark-
antiquark pairs!

u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>
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u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

d
<latexit sha1_base64="i4T7bfCHibYNJNngwp/p1+TXADk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyTeM7A==</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

x ⇠ 1
<latexit sha1_base64="mfbESNpo+fIdKva3IWatkB5N2UE=">AAAB8XicdZDLSgMxFIbPeK31VnXpJtgKroaZiuiy6MZlBXvBdiiZNNOGJpkhyYil9C3cuFDErW/jzrcx005BRX8I/HznHHLOHyacaeN5n87S8srq2npho7i5tb2zW9rbb+o4VYQ2SMxj1Q6xppxJ2jDMcNpOFMUi5LQVjq6yeuueKs1ieWvGCQ0EHkgWMYKNRXeVB9TVTCC/0iuVPffMy4Q811uYnPg5KUOueq/00e3HJBVUGsKx1h3fS0wwwcowwum02E01TTAZ4QHtWCuxoDqYzDaeomNL+iiKlX3SoBn9PjHBQuuxCG2nwGaof9cy+Fetk5roIpgwmaSGSjL/KEo5MjHKzkd9pigxfGwNJorZXREZYoWJsSEVbQiLS9H/pll1/VO3elMt1y7zOApwCEdwAj6cQw2uoQ4NICDhEZ7hxdHOk/PqvM1bl5x85gB+yHn/AuYvj8A=</latexit>

x ⌧ 1
<latexit sha1_base64="zqZ3SzMBZPoR7F0zVBHn2bztiBs=">AAAB8HicdVBNTwIxEO3iF+IX6tFLI5h42uwuBPBG9OIRExEMbEi3dKGh7W7arpFs+BVePGiMV3+ON/+NXcBEjb5kkpf3ZjIzL4gZVdpxPqzcyura+kZ+s7C1vbO7V9w/uFFRIjFp44hFshsgRRgVpK2pZqQbS4J4wEgnmFxkfueOSEUjca2nMfE5GgkaUoy0kW7L97DPGHTLg2LJsc8aNa9ag47tOHXXczPi1auVKnSNkqEElmgNiu/9YYQTToTGDCnVc51Y+ymSmmJGZoV+okiM8ASNSM9QgThRfjo/eAZPjDKEYSRNCQ3n6veJFHGlpjwwnRzpsfrtZeJfXi/RYcNPqYgTTQReLAoTBnUEs+/hkEqCNZsagrCk5laIx0girE1GBRPC16fwf3Lj2W7F9q68UvN8GUceHIFjcApcUAdNcAlaoA0w4OABPIFnS1qP1ov1umjNWcuZQ/AD1tsnZCaPfQ==</latexit>

x =
Equark

Eproton
<latexit sha1_base64="riRmCN2mIK0aI1yWflEJrVGGhvc=">AAACD3icbVDLSgMxFM34rPU16tJNsCiuykwVdCMURXBZwT6gHYZMmmlDM8mYZMQyzB+48VfcuFDErVt3/o1pO4K2Hrhwcs695N4TxIwq7Thf1tz8wuLScmGluLq2vrFpb203lEgkJnUsmJCtACnCKCd1TTUjrVgSFAWMNIPBxchv3hGpqOA3ehgTL0I9TkOKkTaSbx/cn3VCiXB66acdGcHbBMlBlv08Yym04Fnm2yWn7IwBZ4mbkxLIUfPtz05X4CQiXGOGlGq7Tqy9FElNMSNZsZMoEiM8QD3SNpSjiCgvHd+TwX2jdGEopCmu4Vj9PZGiSKlhFJjOCOm+mvZG4n9eO9HhqZdSHieacDz5KEwY1AKOwoFdKgnWbGgIwpKaXSHuIxOPNhEWTQju9MmzpFEpu0flyvVxqXqex1EAu2APHAIXnIAquAI1UAcYPIAn8AJerUfr2Xqz3ietc1Y+swP+wPr4BlMAnXw=</latexit>

…Collision N

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

�ep =

Z 1

0
dx [fq(x)�eq(x) + fq(x)�eq(x)]

<latexit sha1_base64="jxXj7I1oH/OAsdT0cy5xLzQZIBg="></latexit>

Probability to find antiquark 
with energy fraction    within 
proton snapshot.

fq(x) :
<latexit sha1_base64="st4DMRE2VUhvl1OxGa+d4deeNwA=">AAAB/XicdVBLSwMxGMz6rPW1Pm5egkWol7K7XdrqqejFYwX7gLaUbJptQ7ObNcmKdSn+FS8eFPHq//DmvzHbVlDRgcAwM1/yZbyIUaks68NYWFxaXlnNrGXXNza3ts2d3YbkscCkjjnjouUhSRgNSV1RxUgrEgQFHiNNb3Se+s0bIiTl4ZUaR6QboEFIfYqR0lLP3Pd7SYfrRHpBcj2Z5G+PT3tmziqcVEqOW4JWwbLKtmOnxCm7RRfaWkmRA3PUeuZ7p89xHJBQYYakbNtWpLoJEopiRibZTixJhPAIDUhb0xAFRHaT6fYTeKSVPvS50CdUcKp+n0hQIOU48HQyQGoof3up+JfXjpVf6SY0jGJFQjx7yI8ZVBymVcA+FQQrNtYEYUH1rhAPkUBY6cKyuoSvn8L/ScMp2MWCc+nmqmfzOjLgAByCPLBBGVTBBaiBOsDgDjyAJ/Bs3BuPxovxOosuGPOZPfADxtsnFbKVog==</latexit>

x
<latexit sha1_base64="5N5vXGU2TJ3AeihCnWvyr/37MPg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsMjMrhpAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781iMqzWN5b8YJ+hEdSB5yRo2V6k+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+UfjPg=</latexit>

• Scattering rate becomes:
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u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

d
<latexit sha1_base64="i4T7bfCHibYNJNngwp/p1+TXADk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyTeM7A==</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

x ⇠ 1
<latexit sha1_base64="mfbESNpo+fIdKva3IWatkB5N2UE=">AAAB8XicdZDLSgMxFIbPeK31VnXpJtgKroaZiuiy6MZlBXvBdiiZNNOGJpkhyYil9C3cuFDErW/jzrcx005BRX8I/HznHHLOHyacaeN5n87S8srq2npho7i5tb2zW9rbb+o4VYQ2SMxj1Q6xppxJ2jDMcNpOFMUi5LQVjq6yeuueKs1ieWvGCQ0EHkgWMYKNRXeVB9TVTCC/0iuVPffMy4Q811uYnPg5KUOueq/00e3HJBVUGsKx1h3fS0wwwcowwum02E01TTAZ4QHtWCuxoDqYzDaeomNL+iiKlX3SoBn9PjHBQuuxCG2nwGaof9cy+Fetk5roIpgwmaSGSjL/KEo5MjHKzkd9pigxfGwNJorZXREZYoWJsSEVbQiLS9H/pll1/VO3elMt1y7zOApwCEdwAj6cQw2uoQ4NICDhEZ7hxdHOk/PqvM1bl5x85gB+yHn/AuYvj8A=</latexit>

x ⌧ 1
<latexit sha1_base64="zqZ3SzMBZPoR7F0zVBHn2bztiBs=">AAAB8HicdVBNTwIxEO3iF+IX6tFLI5h42uwuBPBG9OIRExEMbEi3dKGh7W7arpFs+BVePGiMV3+ON/+NXcBEjb5kkpf3ZjIzL4gZVdpxPqzcyura+kZ+s7C1vbO7V9w/uFFRIjFp44hFshsgRRgVpK2pZqQbS4J4wEgnmFxkfueOSEUjca2nMfE5GgkaUoy0kW7L97DPGHTLg2LJsc8aNa9ag47tOHXXczPi1auVKnSNkqEElmgNiu/9YYQTToTGDCnVc51Y+ymSmmJGZoV+okiM8ASNSM9QgThRfjo/eAZPjDKEYSRNCQ3n6veJFHGlpjwwnRzpsfrtZeJfXi/RYcNPqYgTTQReLAoTBnUEs+/hkEqCNZsagrCk5laIx0girE1GBRPC16fwf3Lj2W7F9q68UvN8GUceHIFjcApcUAdNcAlaoA0w4OABPIFnS1qP1ov1umjNWcuZQ/AD1tsnZCaPfQ==</latexit>

x =
Equark

Eproton
<latexit sha1_base64="riRmCN2mIK0aI1yWflEJrVGGhvc=">AAACD3icbVDLSgMxFM34rPU16tJNsCiuykwVdCMURXBZwT6gHYZMmmlDM8mYZMQyzB+48VfcuFDErVt3/o1pO4K2Hrhwcs695N4TxIwq7Thf1tz8wuLScmGluLq2vrFpb203lEgkJnUsmJCtACnCKCd1TTUjrVgSFAWMNIPBxchv3hGpqOA3ehgTL0I9TkOKkTaSbx/cn3VCiXB66acdGcHbBMlBlv08Yym04Fnm2yWn7IwBZ4mbkxLIUfPtz05X4CQiXGOGlGq7Tqy9FElNMSNZsZMoEiM8QD3SNpSjiCgvHd+TwX2jdGEopCmu4Vj9PZGiSKlhFJjOCOm+mvZG4n9eO9HhqZdSHieacDz5KEwY1AKOwoFdKgnWbGgIwpKaXSHuIxOPNhEWTQju9MmzpFEpu0flyvVxqXqex1EAu2APHAIXnIAquAI1UAcYPIAn8AJerUfr2Xqz3ietc1Y+swP+wPr4BlMAnXw=</latexit>

Collision 1

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

The Gluon Content of the Proton

• Sea of gluons constantly 
being exchanged between the 
quark constituents of proton, 
binding it together.

• Can also scatter off these 
objects!
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u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

d
<latexit sha1_base64="i4T7bfCHibYNJNngwp/p1+TXADk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyTeM7A==</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

x ⇠ 1
<latexit sha1_base64="mfbESNpo+fIdKva3IWatkB5N2UE=">AAAB8XicdZDLSgMxFIbPeK31VnXpJtgKroaZiuiy6MZlBXvBdiiZNNOGJpkhyYil9C3cuFDErW/jzrcx005BRX8I/HznHHLOHyacaeN5n87S8srq2npho7i5tb2zW9rbb+o4VYQ2SMxj1Q6xppxJ2jDMcNpOFMUi5LQVjq6yeuueKs1ieWvGCQ0EHkgWMYKNRXeVB9TVTCC/0iuVPffMy4Q811uYnPg5KUOueq/00e3HJBVUGsKx1h3fS0wwwcowwum02E01TTAZ4QHtWCuxoDqYzDaeomNL+iiKlX3SoBn9PjHBQuuxCG2nwGaof9cy+Fetk5roIpgwmaSGSjL/KEo5MjHKzkd9pigxfGwNJorZXREZYoWJsSEVbQiLS9H/pll1/VO3elMt1y7zOApwCEdwAj6cQw2uoQ4NICDhEZ7hxdHOk/PqvM1bl5x85gB+yHn/AuYvj8A=</latexit>

x ⌧ 1
<latexit sha1_base64="zqZ3SzMBZPoR7F0zVBHn2bztiBs=">AAAB8HicdVBNTwIxEO3iF+IX6tFLI5h42uwuBPBG9OIRExEMbEi3dKGh7W7arpFs+BVePGiMV3+ON/+NXcBEjb5kkpf3ZjIzL4gZVdpxPqzcyura+kZ+s7C1vbO7V9w/uFFRIjFp44hFshsgRRgVpK2pZqQbS4J4wEgnmFxkfueOSEUjca2nMfE5GgkaUoy0kW7L97DPGHTLg2LJsc8aNa9ag47tOHXXczPi1auVKnSNkqEElmgNiu/9YYQTToTGDCnVc51Y+ymSmmJGZoV+okiM8ASNSM9QgThRfjo/eAZPjDKEYSRNCQ3n6veJFHGlpjwwnRzpsfrtZeJfXi/RYcNPqYgTTQReLAoTBnUEs+/hkEqCNZsagrCk5laIx0girE1GBRPC16fwf3Lj2W7F9q68UvN8GUceHIFjcApcUAdNcAlaoA0w4OABPIFnS1qP1ov1umjNWcuZQ/AD1tsnZCaPfQ==</latexit>

x =
Equark

Eproton
<latexit sha1_base64="riRmCN2mIK0aI1yWflEJrVGGhvc=">AAACD3icbVDLSgMxFM34rPU16tJNsCiuykwVdCMURXBZwT6gHYZMmmlDM8mYZMQyzB+48VfcuFDErVt3/o1pO4K2Hrhwcs695N4TxIwq7Thf1tz8wuLScmGluLq2vrFpb203lEgkJnUsmJCtACnCKCd1TTUjrVgSFAWMNIPBxchv3hGpqOA3ehgTL0I9TkOKkTaSbx/cn3VCiXB66acdGcHbBMlBlv08Yym04Fnm2yWn7IwBZ4mbkxLIUfPtz05X4CQiXGOGlGq7Tqy9FElNMSNZsZMoEiM8QD3SNpSjiCgvHd+TwX2jdGEopCmu4Vj9PZGiSKlhFJjOCOm+mvZG4n9eO9HhqZdSHieacDz5KEwY1AKOwoFdKgnWbGgIwpKaXSHuIxOPNhEWTQju9MmzpFEpu0flyvVxqXqex1EAu2APHAIXnIAquAI1UAcYPIAn8AJerUfr2Xqz3ietc1Y+swP+wPr4BlMAnXw=</latexit>

Collision 2

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

• Sea of gluons constantly 
being exchanged between the 
quark constituents of proton, 
binding it together.

• Can also scatter off these 
objects!
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u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

d
<latexit sha1_base64="i4T7bfCHibYNJNngwp/p1+TXADk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyTeM7A==</latexit>

e
<latexit sha1_base64="Pna6fdTWgvUMdKOvBzHgjCOOl/o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJvbLFbfqzkFWiZeTCuRo9MtfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeG1n3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDyruM7Q==</latexit>

x ⇠ 1
<latexit sha1_base64="mfbESNpo+fIdKva3IWatkB5N2UE=">AAAB8XicdZDLSgMxFIbPeK31VnXpJtgKroaZiuiy6MZlBXvBdiiZNNOGJpkhyYil9C3cuFDErW/jzrcx005BRX8I/HznHHLOHyacaeN5n87S8srq2npho7i5tb2zW9rbb+o4VYQ2SMxj1Q6xppxJ2jDMcNpOFMUi5LQVjq6yeuueKs1ieWvGCQ0EHkgWMYKNRXeVB9TVTCC/0iuVPffMy4Q811uYnPg5KUOueq/00e3HJBVUGsKx1h3fS0wwwcowwum02E01TTAZ4QHtWCuxoDqYzDaeomNL+iiKlX3SoBn9PjHBQuuxCG2nwGaof9cy+Fetk5roIpgwmaSGSjL/KEo5MjHKzkd9pigxfGwNJorZXREZYoWJsSEVbQiLS9H/pll1/VO3elMt1y7zOApwCEdwAj6cQw2uoQ4NICDhEZ7hxdHOk/PqvM1bl5x85gB+yHn/AuYvj8A=</latexit>

x ⌧ 1
<latexit sha1_base64="zqZ3SzMBZPoR7F0zVBHn2bztiBs=">AAAB8HicdVBNTwIxEO3iF+IX6tFLI5h42uwuBPBG9OIRExEMbEi3dKGh7W7arpFs+BVePGiMV3+ON/+NXcBEjb5kkpf3ZjIzL4gZVdpxPqzcyura+kZ+s7C1vbO7V9w/uFFRIjFp44hFshsgRRgVpK2pZqQbS4J4wEgnmFxkfueOSEUjca2nMfE5GgkaUoy0kW7L97DPGHTLg2LJsc8aNa9ag47tOHXXczPi1auVKnSNkqEElmgNiu/9YYQTToTGDCnVc51Y+ymSmmJGZoV+okiM8ASNSM9QgThRfjo/eAZPjDKEYSRNCQ3n6veJFHGlpjwwnRzpsfrtZeJfXi/RYcNPqYgTTQReLAoTBnUEs+/hkEqCNZsagrCk5laIx0girE1GBRPC16fwf3Lj2W7F9q68UvN8GUceHIFjcApcUAdNcAlaoA0w4OABPIFnS1qP1ov1umjNWcuZQ/AD1tsnZCaPfQ==</latexit>

x =
Equark

Eproton
<latexit sha1_base64="riRmCN2mIK0aI1yWflEJrVGGhvc=">AAACD3icbVDLSgMxFM34rPU16tJNsCiuykwVdCMURXBZwT6gHYZMmmlDM8mYZMQyzB+48VfcuFDErVt3/o1pO4K2Hrhwcs695N4TxIwq7Thf1tz8wuLScmGluLq2vrFpb203lEgkJnUsmJCtACnCKCd1TTUjrVgSFAWMNIPBxchv3hGpqOA3ehgTL0I9TkOKkTaSbx/cn3VCiXB66acdGcHbBMlBlv08Yym04Fnm2yWn7IwBZ4mbkxLIUfPtz05X4CQiXGOGlGq7Tqy9FElNMSNZsZMoEiM8QD3SNpSjiCgvHd+TwX2jdGEopCmu4Vj9PZGiSKlhFJjOCOm+mvZG4n9eO9HhqZdSHieacDz5KEwY1AKOwoFdKgnWbGgIwpKaXSHuIxOPNhEWTQju9MmzpFEpu0flyvVxqXqex1EAu2APHAIXnIAquAI1UAcYPIAn8AJerUfr2Xqz3ietc1Y+swP+wPr4BlMAnXw=</latexit>

…Collision N

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

�ep =

Z 1

0
dx [fq(x)�eq(x) + fq(x)�eq(x) + �eg(x)g(x)]

<latexit sha1_base64="uEZXuV2GKSNGiMA5QP6rJci5nEE="></latexit>

g(x) :
<latexit sha1_base64="Icf4eDn5t527CkXQiH7cCs2b7qE=">AAAB7HicdVBNS8NAEN34WetX1aOXxSLUS0jS0FZPRS8eK5i20Iay2W7apZtN2N2IJfQ3ePGgiFd/kDf/jZu2goo+GHi8N8PMvCBhVCrL+jBWVtfWNzYLW8Xtnd29/dLBYVvGqcDEwzGLRTdAkjDKiaeoYqSbCIKigJFOMLnK/c4dEZLG/FZNE+JHaMRpSDFSWvJGlfuzi0GpbJnnjZrj1qBlWlbdduycOHW36kJbKznKYInWoPTeH8Y4jQhXmCEpe7aVKD9DQlHMyKzYTyVJEJ6gEelpylFEpJ/Nj53BU60MYRgLXVzBufp9IkORlNMo0J0RUmP528vFv7xeqsKGn1GepIpwvFgUpgyqGOafwyEVBCs21QRhQfWtEI+RQFjpfIo6hK9P4f+k7Zh21XRu3HLzchlHARyDE1ABNqiDJrgGLeABDCh4AE/g2eDGo/FivC5aV4zlzBH4AePtE01Ujlw=</latexit>

Probability to find gluon 
with energy fraction   
within proton snapshot.

x
<latexit sha1_base64="5N5vXGU2TJ3AeihCnWvyr/37MPg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsMjMrhpAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781iMqzWN5b8YJ+hEdSB5yRo2V6k+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+UfjPg=</latexit>

 28



Proton-Proton Collisions

• How does this picture change in the 
case of proton-proton collisions at the 
LHC? Answer: not too much.

• Proton-proton scattering = 
scattering of point-like quark/gluons.

• For example, simple so-
called ‘Drell-Yan’ process, 
leading to production of an 
electron-positron pair.

u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

d
<latexit sha1_base64="i4T7bfCHibYNJNngwp/p1+TXADk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyTeM7A==</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

d
<latexit sha1_base64="i4T7bfCHibYNJNngwp/p1+TXADk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyTeM7A==</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

q
<latexit sha1_base64="jfU3b3aZaJQ/mDG1vSiAoO2xy5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9qDjPE=</latexit>

q̄
<latexit sha1_base64="/deumFS189934lXVneJsSU45Z5M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZxdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWavcCqrPHab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+YO4+2</latexit>

e+
<latexit sha1_base64="68Y++rBEHK2wE28qgyfy6oBbViQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CoqngBePEc0DkjXMTjrJkNnZZWZWCEs+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K4gF18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRagVUo+AS64Ybga1YIQ0Dgc1gdDP1m0+oNI/kgxnH6Id0IHmfM2qsdI+PZ91iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZqRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP6Vn3IZJwYlmy/qJ4KYiEz/Jj2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSqJS983Ll7qJUvc7iyMMRHMMpeHAJVbiFGtSBwQCe4RXeHOG8OO/Ox7w152Qzh/AHzucP4viNgg==</latexit>

e�
<latexit sha1_base64="SwTvyLkoOArfof8KcalqzQJ+qrk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbBcVTwIvHiOYByRpmJ51kyOzsMjMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwupn6zSdUmkfywYxj9EM6kLzPGTVWusfHs26x5JbdGcgy8TJSggy1bvGr04tYEqI0TFCt254bGz+lynAmcFLoJBpjykZ0gG1LJQ1R++ns1Ak5sUqP9CNlSxoyU39PpDTUehwGtjOkZqgXvan4n9dOTP/KT7mME4OSzRf1E0FMRKZ/kx5XyIwYW0KZ4vZWwoZUUWZsOgUbgrf48jJpVMreeblyd1GqXmdx5OEIjuEUPLiEKtxCDerAYADP8ApvjnBenHfnY96ac7KZQ/gD5/MH5gCNhA==</latexit>

�DY ⇠ �(qq ! e+e�)⌦ q(x1)⌦ q(x2)
<latexit sha1_base64="7HYn4lAxDhCGcBT7KoP5XUfdHXI="></latexit>
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Extracting PDFs
• How do we actually determine these PDFs?

• PDFs: distribution of proton constituents, due to complex strong 
interactions. With current theoretical tools we cannot predict them.

• What we can do: determine them experimentally in processes we 
understand well and use to predict processes such as Higgs production.

An LHC collision

• How do we model an LHC collision? Proton is composite particle - 
underlying collision involves quarks/gluons:

6

• The `parton-model’ - write proton-proton cross section as convolution 
of parton-level cross section and Parton Distribution Functions (PDFs)

�(pp ! h+X) ⇠ �(gg ! h)⌦ g(x1, Q
2)⌦ g(x2, Q

2) ,

f(x)⌦ g(x) ⇠
Z

dyf(x)g(x/y) ,

+
<latexit sha1_base64="L7dec7yNCE+kgmxsc6rc9AZvQtw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CoqngBePCZgHJEuYnfQmY2Znl5lZIYR8gRcPinj1k7z5N06SPWhiQUNR1U13V5AIro3rfju5tfWNza38dmFnd2//oHh41NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6G7mt55QaR7LBzNO0I/oQPKQM2qsVL/oFUtu2Z2DrBIvIyXIUOsVv7r9mKURSsME1brjuYnxJ1QZzgROC91UY0LZiA6wY6mkEWp/Mj90Ss6s0idhrGxJQ+bq74kJjbQeR4HtjKgZ6mVvJv7ndVIT3vgTLpPUoGSLRWEqiInJ7GvS5wqZEWNLKFPc3krYkCrKjM2mYEPwll9eJc1K2bssV+pXpeptFkceTuAUzsGDa6jCPdSgAQwQnuEV3pxH58V5dz4WrTknmzmGP3A+fwBwa4yr</latexit>

+ · · ·
<latexit sha1_base64="C09ldC/hjQvpSoLvCktFvHfjMwg=">AAAB73icbVBNS8NAEJ34WetX1aOXxSIIQkmqoHgqePFYwX5AG8pms2mXbrJxdyKU0j/hxYMiXv073vw3btsctPXBwOO9GWbmBakUBl3321lZXVvf2CxsFbd3dvf2SweHTaMyzXiDKal0O6CGS5HwBgqUvJ1qTuNA8lYwvJ36rSeujVDJA45S7se0n4hIMIpWap+TLgsVml6p7FbcGcgy8XJShhz1XumrGyqWxTxBJqkxHc9N0R9TjYJJPil2M8NTyoa0zzuWJjTmxh/P7p2QU6uEJFLaVoJkpv6eGNPYmFEc2M6Y4sAselPxP6+TYXTtj0WSZsgTNl8UZZKgItPnSSg0ZyhHllCmhb2VsAHVlKGNqGhD8BZfXibNasW7qFTvL8u1mzyOAhzDCZyBB1dQgzuoQwMYSHiGV3hzHp0X5935mLeuOPnMEfyB8/kDasOPig==</latexit>

)
<latexit sha1_base64="KFFCh43jMorUXslx4xFCYZx3rfQ=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkVFE8FLx6r2A9IQ9lsN+3STTbsTpRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MJXCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaVSmGW8wJZVuh9RwKRLeQIGSt1PNaRxK3gqHN1O/9ci1ESp5wFHKg5j2ExEJRtFKfude9AdItVZP3VLZrbgzkGXi5aQMOerd0lenp1gW8wSZpMb4nptiMKYaBZN8UuxkhqeUDWmf+5YmNOYmGM9OnpBTq/RIpLStBMlM/T0xprExozi0nTHFgVn0puJ/np9hdBWMRZJmyBM2XxRlkqAi0/9JT2jOUI4soUwLeythA6opQ5tS0YbgLb68TJrVindeqd5dlGvXeRwFOIYTOAMPLqEGt1CHBjBQ8Ayv8Oag8+K8Ox/z1hUnnzmCP3A+fwCQAZFp</latexit>
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The Proton Today
• Proton: a complex quantum-mechanical system. Active and ongoing 
programme of research to map it out:

❖ How much of proton energy is carried by 

gluons? How much is in the quark sea?

❖ How significant are heavier (strange, charm, 

bottom, top…) quarks?

❖ How do each of these vary with    ?

❖ How well do we understand the connection 

between the proton and high-energy collisions?

x
<latexit sha1_base64="GBFky7oBpg2cOFl0/yUt0NkoTlA=">AAAB6HicdZDLSgMxFIYz9VbrrepSkGARXA0z09JWECy4cdmCvUA7lEyatrGZzJBkxDJ06cqNC0Xc+hRufQV3PoM+hJlWQUV/CPx8/znknOOFjEplWa9Gam5+YXEpvZxZWV1b38hubjVkEAlM6jhggWh5SBJGOakrqhhphYIg32Ok6Y1Okrx5QYSkAT9T45C4Phpw2qcYKY1ql91szjIPy0WnUISWaVkl27ET45QK+QK0NUmUO35+u9p9qr1Xu9mXTi/AkU+4wgxJ2batULkxEopiRiaZTiRJiPAIDUhbW458It14OugE7mvSg/1A6McVnNLvHTHypRz7nq70kRrK31kC/8rakeqX3ZjyMFKE49lH/YhBFcBka9ijgmDFxtogLKieFeIhEggrfZuMPsLXpvB/03BMO286NStXOQIzpcEO2AMHwAYlUAGnoArqAAMCrsEtuDPOjRvj3niYlaaMz55t8EPG4wdWdZG7</latexit>

• To probe the Higgs and stress test the Standard Model at the LHC we 
need to address these questions as precisely as we can. 
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Global PDF Fits
• Since the discovery of quarks, a vast array of data on proton collisions 
has been collected, from different colliders and via difference processes.

• Combining all of this we can perform a 
‘Global Fit’ to PDFs, allowing us to pin 
down proton structure with precision.

Data set LO NLO NNLO
BCDMS µp F2 [125] 162 / 153 176 / 163 173 / 163
BCDMS µd F2 [19] 140 / 142 143 / 151 143 / 151
NMC µp F2 [20] 141 / 115 132 / 123 123 / 123
NMC µd F2 [20] 134 / 115 115 / 123 108 / 123
NMC µn/µp [21] 122 / 137 131 / 148 127 / 148
E665 µp F2 [22] 59 / 53 60 / 53 65 / 53
E665 µd F2 [22] 52 / 53 52 / 53 60 / 53
SLAC ep F2 [23, 24] 21 / 18 31 / 37 31 / 37
SLAC ed F2 [23, 24] 13 / 18 30 / 38 26 / 38
NMC/BCDMS/SLAC/HERA FL [20, 125, 24, 63, 64, 65] 113 / 53 68 / 57 63 / 57
E866/NuSea pp DY [88] 229 / 184 221 / 184 227 / 184
E866/NuSea pd/pp DY [89] 29 / 15 11 / 15 11 / 15
NuTeV ⌫N F2 [29] 35 / 49 39 / 53 38 / 53
CHORUS ⌫N F2 [30] 25 / 37 26 / 42 28 / 42
NuTeV ⌫N xF3 [29] 49 / 42 37 / 42 31 / 42
CHORUS ⌫N xF3 [30] 35 / 28 22 / 28 19 / 28
CCFR ⌫N ! µµX [31] 65 / 86 71 / 86 76 / 86
NuTeV ⌫N ! µµX [31] 53 / 40 38 / 40 43 / 40
HERA e+p NC 820 GeV[61] 125 / 78 93 / 78 89 / 78
HERA e+p NC 920 GeV[61] 479 /330 402 /330 373/ 330
HERA e�p NC 920 GeV [61] 158/ 145 129/ 145 125 /145
HERA e+p CC [61] 41 / 34 34 / 34 32 / 34
HERA e�p CC [61] 29 / 34 23 / 34 21 / 34
HERA ep F charm

2 [62] 105 /52 72 / 52 82 / 52
H1 99–00 e+p incl. jets [126] 77 / 24 14 / 24 —
ZEUS incl. jets [127, 128] 140/60 45 / 60 —
DØ II pp̄ incl. jets [119] 125 / 110 116 / 110 119 / 110
CDF II pp̄ incl. jets [118] 78 / 76 63 / 76 59 / 76
CDF II W asym. [66] 55 / 13 32 / 13 30 / 13
DØ II W ! ⌫e asym. [67] 47 / 12 28 / 12 27 / 12
DØ II W ! ⌫µ asym. [68] 16 / 10 19 / 10 21 / 10
DØ II Z rap. [90] 34 / 28 16 / 28 16 / 28
CDF II Z rap. [70] 95 / 28 36 / 28 40 / 28

ATLAS W+,W�, Z [10] 94/30 38/30 39/30
CMS W asymm pT > 35 GeV [9] 10/11 7/11 9/11
CMS asymm pT > 25 GeV, 30 GeV[77] 7/24 8/24 10/24
LHCb Z ! e+e�[79] 76/9 13/9 20/9
LHCb W asymm pT > 20 GeV[78] 27/10 12/10 16/10
CMS Z ! e+e� [84] 46/35 19/35 22/35
ATLAS high-mass Drell-Yan [83] 42/13 21/13 17/13
CMS double di↵. Drell-Yan [86] — 372/132 149/132
Tevatron, ATLAS, CMS �tt̄ [91]–[97] 53/13 7/13 8/13
ATLAS jets (2.76 TeV+7 TeV)[108, 107] 162/116 106/116 —
CMS jets (7 TeV) [106] 150/133 138/133 —
All data sets 3706 / 2763 3267 / 2996 2717 / 2663

Table 5: The values of �
2
/Npts. for the data sets included in the global fit. For the NuTeV

⌫N ! µµX data, the number of degrees of freedom is quoted instead of Npts. since smearing
e↵ects mean nearby points are highly correlated. The details of corrections to data, kinematic cuts
applied and definitions of �2 are contained in the text.
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Where are we now?

Figure 4: Typical kinematical coverage in the (x,Q2) plane for the datasets included in a global analysis, in this case
NNPDF3.1. For hadronic observables, leading order kinematics are assumed to map each data bin to a pair of (x,Q2)
values. The various datasets are clustered into families of related processes.

is mostly covered by the HERA collider structure functions as well as by some LHC data. The very small–x
region, below the coverage of the HERA data, x . 5 · 10�5, is only accessed via D meson production and
exclusive J/ production in the processes listed above.

In the rest of this section, we discuss in turn the various processes that can be used to constrain the parton
distributions in a global analysis, listed in Table 1. We restrict the discussion to theoretical calculations
based on fixed–order perturbative QCD, see Refs. [170–172] and [173] for studies of the impact of the PDF
fit of theory calculations based on all–order resummations of logarithmically enhanced terms at small-x and
large–x respectively.

3.2. Deep-inelastic scattering
PDF sensitivity

Before the establishment of QCD as the renormalizable quantum field theory of the strong interaction,
the results of DIS experiments were interpreted in the context of the so–called quark parton model. In this
model, the proton is composed of non–interacting, co–moving quarks, each of them carrying a given fraction
x of its total momentum. In this case the DIS structure functions have particularly simple expressions in
terms of the PDFs. Moreover, in this model the PDFs have a simple probabilistic interpretation, with qi(x)�x
giving the probability of finding a quark of flavour i inside the proton carrying a momentum fraction in
the range [x, x + �x]. The expressions of the DIS structure functions in the quark parton model therefore
provide a useful way to illustrate the PDF sensitivity of this process.
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12 10 Results and discussion
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Figure 3: The DY differential cross section as measured in the combined dilepton channel and
as predicted by NNLO FEWZ 3.1 with CT10 PDF calculations, for the full phase space. The data
point abscissas are computed according to Eq. (6) in [60]. The c2 probability characterizing the
consistency of the predicted and measured cross sections is 91% with 41 degrees of freedom,
calculated with total uncertainties while taking into account the correlated errors in the two
channels.
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(orange) band indicating the statistical error and the outer (yellow) band the total uncertainty.
For comparison, the NNLO predictions of Fewz are shown using five di↵erent sets of PDFs.
The uncertainties on these predictions include the PDF uncertainties and the variation of the
factorisation and normalisation scales, as well as the errors arising from numerical integration.
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Figure 4: (left) Di↵erential cross-section d�/dyZ and (right) normalised di↵erential cross-section
(1/�)d�/dyZ as a function of yZ. The measured data are shown as the shaded bands, with
the inner (orange) bands indicating the statistical error and the outer (yellow) bands the total
uncertainty. For comparison, the NNLO predictions of Fewz using five di↵erent sets of PDFs
are shown on the left-hand plot. The same data are compared with leading log calculations in
the right-hand plot. To aid clarity, small horizontal displacements are applied to some of the
predictions.
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The simulation using a matched parton shower has a more coherent treatment of the e↵ect of parton
showers and hadronisation than the approach using a fixed-order NLO QCD calculation corrected for non-
perturbative e↵ects. However, ambiguities in the matching procedure and the tuning of the parton shower
parameters based on processes simulated only at leading order by Pythia 8 may introduce additional
theoretical uncertainties. Therefore, quantitative comparisons using theoretical uncertainties based on
Powheg are not performed in this paper.
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Figure 5: Inclusive jet cross-section as a function of jet pT in bins of jet rapidity. The results are shown for jets
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• There is a lot! And much 
of it these days comes from 
LHC itself.

• The wealth of available high precision data is unprecedented.
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Where are we now?
• The theoretical calculations for the processes entering PDF fits are 
certainly keeping up with the data!

Our new (except for the CFn4
f terms which are identical to those obtained already in ref. [27])
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Abstract

We present the first calculations of next-to-next-to-next-to-next-to-leading order (N4LO) contribu-

tions to anomalous dimensions of spin-N twist-2 operators in perturbative QCD. Specifically, we

have obtained the respective non-singlet quark-quark anomalous dimensions at N = 2 and N = 3

to the fifth order in the strong coupling αs. These results set the scale for the N4LO contributions

to the evolution of the non-singlet quark distributions of hadrons outside the small-x region, and

facilitate a first approximate determination of the five-loop cusp anomalous dimension. While the

N4LO coefficients are larger than expected from the lower-order results, their inclusion stabilizes

the perturbative expansions for three or more light flavours at a sub-percent accuracy for αs < 0.3.
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Figure 3: The CMS rapidity distribution of an on-shell Z boson at the LHC. The LO, NLO, and
NNLO results have been included. The bands indicate the variation of the renormalization and
factorization scales in the range MZ/2 ≤ µ ≤ 2MZ.

range used in the rest of the paper, µF = µR = µ and M/2 < µ < 2M , provides a good

guide to the perturbative uncertainty remaining from the terms beyond NNLO.

In Fig. 5 we present the rapidity distribution for on-shell Z production at Run II of

the Tevatron. The scale variation is unnaturally small at LO; it is 3% at central rapidities,

and varies from 0.1% to 5% from Y = 1 to Y = 2. This occurs because the direction of

the scale variation reverses within the range of µ considered, i.e., dσLO/dµ = 0 for a value

of µ which satisifes MZ/2 ≤ µ ≤ 2MZ . This value of µ depends upon rapidity, leading to

scale dependences which vary strongly with Y . The scale variation exhibits a more proper

behavior at NLO, starting at 3% at central rapidities and increasing to 5–6% at Y = 2.5.

At NNLO the scale dependence is drastically reduced, as at the LHC, and remains below

1% for all relevant rapidity values. The magnitude of the higher-order corrections is slightly

larger at the Tevatron than at the LHC. The NLO prediction is higher than the LO result

by nearly 45% at central rapidities; this shift decreases to 30% at Y = 1.5 and to 15% at

Y = 2.5. The NNLO corrections further increase the NLO prediction by 3–5% over the

rapidity range Y ≤ 2.

This remarkable stability of the rapidity distribution with respect to scale variation

cannot be attributed to the smallness of the NNLO QCD corrections to the partonic cross

– 29 –
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Where are we now?
• Data and theory at unprecedented level of precision provide unique 
opportunity to really pin down proton structure like never before.
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Figure 1: MMHT2014 NNLO PDFs at Q2 = 10 GeV2 and Q
2 = 104 GeV2, with associated 68%

confidence-level uncertainty bands. The corresponding plot of NLO PDFs is shown in Fig. 20.

distributions.

The outline of the paper is as follows. In Section 2 we describe the improvements that

we have in our theoretical procedures since the MSTW2008 analysis [1] was performed. In

particular, we discuss the parameterisation of the input PDFs, as well as the improved treat-

ments (i) of the deuteron and nuclear corrections, (ii) of the heavy flavour PDFs, (iii) of the

experimental errors of the data, and, (iv) in fitting the neutrino-produced dimuon data. In

Section 3 we discuss the non-LHC data which have been added since the MSTW2008 analysis,

while Section 4 describes the LHC data that are now included in the fit. The latter Section

concentrates on the description of W and Z production data, together with a discussion of the

inclusion of LHC jet production data.

The results of the global analysis can be found in Section 5. This section starts with a

discussion of the treatment of the QCD coupling, and of whether or not to include ↵S(M2

Z
)

as a free parameter. We then present the LO, NLO and NNLO PDFs and their uncertainties,

together with the values of the input parameters. These sets of PDFs are the end products of

the analysis – the grids and interpolation code for the PDFs can be found at [12] and will be

available at [13] and a new HepForge [14] project site is foreseen. An example is given in Fig.

1 which shows the NNLO PDFs at scales of Q2 = 10 GeV2 and Q
2 = 104 GeV2, including the

associated one-sigma (68%) confidence-level uncertainty bands.

Section 5 also contains a comparison of the NLO and NNLO PDFs with those of MSTW2008

[1]. The quality of the fit to the data at LO is far worse than that at NLO and NNLO, and

is included only for completeness. In Section 6 we make predictions for various benchmark

processes at the LHC, and in Section 7 we discuss other data sets that are becoming available

3

• Taking a closer look…

~ 2 decades after quark discovery. 
Still only rough picture.

Today: Precision Physics!
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The Proton Backbone
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• ‘Valence’ up and down 
quark structure consistent 
with basic uud picture.

• 

• Peaked at             .

• Within our precise mapping, many features present…

uV ⇡ 2dV
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3
<latexit sha1_base64="JX/YrtqY6GsEGL8Wh/x7aLT8ZsY="></latexit>

u� u, d� d
<latexit sha1_base64="LjQLZxeVkO2q90Ghz/zu/9YLmu8=">AAACCHicdVDLSsNAFJ34rPUVdenCwSK4qCVJS1t3BTcuK9gHtKFMJpN26CQTZiZCCV268VfcuFDErZ/gzr9x0laoogcGDuecy517vJhRqSzr01hZXVvf2Mxt5bd3dvf2zYPDtuSJwKSFOeOi6yFJGI1IS1HFSDcWBIUeIx1vfJX5nTsiJOXRrZrExA3RMKIBxUhpaWCeJBd9rgPZfJpMi/2ivyT404FZsEqX9apTqUKrZFk127Ez4tQq5Qq0tZKhABZoDsyPvs9xEpJIYYak7NlWrNwUCUUxI9N8P5EkRniMhqSnaYRCIt10dsgUnmnFhwEX+kUKztTliRSFUk5CTydDpEbyt5eJf3m9RAV1N6VRnCgS4fmiIGFQcZi1An0qCFZsognCguq/QjxCAmGlu8vrEr4vhf+TtlOyyyXnplJoNBZ15MAxOAXnwAY10ADXoAlaAIN78AiewYvxYDwZr8bbPLpiLGaOwA8Y71+OuJpV</latexit>
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Gluons
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• What happens when we 
add gluons into the picture?
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Gluons!

• Contribution from gluons 
is absolute huge!

• In fact, roughly 50% of 
proton energy carried by 
gluons.

• LHC a gluon-gluon 
collider: crucial for Higgs 
physics.

(Fabrizio ’s talk)
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The Gluon: Zooming In
• Roughly 50% of proton energy carried by gluons. Research today: pinning 
this statement down with high precision.
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Figure 4.27: Same as Fig. 4.4 but now excluding all LHC data. Results are shown for the up (top left),
down (top right), charm (bottom left) and gluon (bottom right) PDFs.

variant of the NNPDF3.1 NNLO default PDF determination in which all deuterium data are
corrected using the same nuclear corrections as used by MMHT14 (specifically, Eqs. (9,10) of
Ref. [7]).

In terms of fit quality we find that the inclusion of nuclear corrections leads to a slight
deterioration in the quality of the fit, with a value of �

2
/Ndat = 1.156, to be compared to

the defaut �
2
/Ndat = 1.148 (see Table 3.1). In particular we find that for the NMC, SLAC,

and BCDMS data the values of �
2
/Ndat with (without) nuclear corrections are respectively

0.94(0.95), 0.71(0.70), and 1.11(1.11). Therefore, the addition of deuterium corrections has no
significant impact on the fit quality to these data.

The distances between PDFs determined including deuterium corrections and the default are
shown in Fig. 4.30. They are seen to be moderate and always below the half-sigma level, and
confined mostly to the up and down PDFs, as expected. These PDFs are shown in Fig. 4.31,
which confirms the moderate e↵ect of the deuterium correction. It should be noticed that the
PDF uncertainty, also shown in Fig. 4.31, is somewhat increased when the deuterium corrections
are included. The relative shift for other PDFs are yet smaller since they are a↵ected by larger
uncertainties, which are also somewhat increased by the inclusion of the nuclear corrections.

In view of the theoretical uncertainty involved in estimating nuclear corrections, and bearing
in mind that we see no evidence of an improvement in fit quality while we note a slight increase
in PDF uncertainties when including deuterium corrections using the model of Ref. [7], we
conclude that the impact of deuterium corrections on the NNPDF3.1 results is su�ciently small
that they may be safely ignored even within the current high precision of PDF determination.
Nevertheless, more detailed dedicated studies of nuclear corrections, also in relation to the
construction of nuclear PDF sets, may well be worth pursuing in future studies.

61

Higgs
Physics beyond the 
Standard Model

• Modern fits now achieve 
~ 1% level precision in 
many regions.

• Not always the case. Key 
question: how can we best 
exploit LHC to push into 
less understood regions?
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Sea quarks!

The Quark Sea

• Quark sea completely 
dominant over ‘valence’ 
uud in many regions.

• Crucial to pin these down 
precisely- direct relevant to 
LHC physics.
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What next?

• Data and theory at unprecedented level of precision provide unique 
opportunity to really pin down proton structure. But also a challenge:

❖ Dealing with complex/computationally expensive theory effectively.

❖ Dealing with cases where data and theory do not agree to the high 
precision standard we require.

❖ Re-evaluating foundations: are PDF uncertainties accurate as well as 
precise? Other ‘theory’ uncertainties/biases hidden in fits?

❖ Perhaps we can calculate PDFs after all!? Applying numerical 
‘lattice’ techniques to predict PDFs, rather than fitting them.

• …and much more besides. Ensuring that our knowledge of PDFs 
matches requirements for understanding in detail the Higgs at the LHC.
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Higgs Production at the LHC
• We have all we need to go from protons to collisions at the LHC.

An LHC collision

• How do we model an LHC collision? Proton is composite particle - 
underlying collision involves quarks/gluons:

6

• The `parton-model’ - write proton-proton cross section as convolution 
of parton-level cross section and Parton Distribution Functions (PDFs)

�(pp ! h+X) ⇠ �(gg ! h)⌦ g(x1, Q
2)⌦ g(x2, Q

2) ,

f(x)⌦ g(x) ⇠
Z

dyf(x)g(x/y) ,

• Key idea: LHC is not really a proton-proton collider. It is a quark-
quark, gluon-gluon… collider.

�(pp ! h+X) ⇠ �(gg ! h)⌦ g(x1, Q
2)⌦ g(x2, Q

2) ,

Fabrizio

• Next question: how do we predict the rate of 
Higgs boson production from quark-quark, 
gluon-gluon… collisions? On to Fabrizio…
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Thank you for listening!
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