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Pre-history…

• Part I (Fixed-target Experiments)
 Quark model 
 SLAC-MIT Coll.
 Parton model
 Gargamelle
           pQCD and QCD-improved parton model
• Part II  (HERA and LHC)
 Highlights
 PDFs and LHC
• Part III (EIC)
 Studies on collinear PDFs



Rutherford scattering
Atomic nucleus
Protons and neutrons
Magnetic moments (p & n) 
Strong force
Form factors

Pre-History (1909-1960)
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See supplementary material



Rutherford Scattering

Rutherford taught us the most important lesson: 
the use of a scattering process to investigate the structure of matter
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H. Geiger and E. Marsden observed the high-angle scattering
(𝜃 > 900) alpha particles deflected by a thin  gold foil.

Rutherford interpreted the results as due to the scattering of
alpha particles from a massive central charge                       

Phil. Mag. 21,669,1911

Proc.Roy. Soc. A 82, 495,1909

“The most famous fixed-target experiment of all time:”

Nobel prize 1908



Ernest Rutherford

“In our laboratory today we live in an atmosphere deemed with the flying fragments of 
exploding atoms and on this occasion I wish to say a few words on the methods and ideas 
employed to break up atoms and realize…the old dream of alchemists of transmutation of 

one element into another...” 
You tube Link. : https://www.youtube.com/watch?v=zBHD8ksx_Sg
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https://www.youtube.com/watch?v=zBHD8ksx_Sg


Linacs at the Stanford University
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In the mid-1930s, the Varian brothers (research assistants at the
microwave department of Stanford University) developed the
'klystron' using a special electromagnetic cavity (Rhumbatron) 
invented by W. Hansen.

This device allowed Stanford's HEPL to play a leading role in the
development of linear accelerators...

Under the direction of E. Ginzton HEPL 
began the construction of a series of
'small-scale' linacs (MARK I,II,III...). 

MARKIII was to be fundamental for
the realisation of R. Hofstadter's
experiments on e-N and e-p eastic
scattering.



Klystron
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Nuclear Form Factor
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Stimulated by accelerators technology advances and fully muture QED 
various theoreticians (Rose (48), Elton(50)) started to calculate cross sections
for elastic electron-Nucleus scattering



Nucleon Form Factors
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Nucleon Form Factors
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Nucleon Form Factors

1
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D. N. Olson, H. F. Schopper, and R. R. Wilson
Phys. Rev. Lett. 6, 286  (1961)



Quark model
SLAC-MIT
Parton Model 
Gargamelle
pQCD 

Part I
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The Eightfold Way
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By the early 1960s, many particles (mesons and baryons) had been
discovered thanks to the use of accelerator machines and new detectors.

In 1961 M. Gell-mann and Y. Ne'eman introduced a scheme for the classification of
mesons and baryons into families/multiplets.

Mathematical Framework: Irr. representations of the SU(3) group



The quark model
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Descriptive and partially predictive model 
(e.g. masses, magnetic moments)

1964: Gell-Mann and Zweig independently proposed the existence of elementary particles 
of spin ½ and fractional charge (the quarks). Three types of quarks (up, down and strange) 
and the corresponding quark-anti-quarks explained the regularities observed in hadrons.



Are the quarks real?
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“…the idea that mesons and baryons are made primarily of quarks and gluons is hard to 
believe…”

M. Gell-mann 1966
“Additional data are necessary and very welcome to destroy the picture of elementary 

constituents.”
J. Bjorken 1967

“I think Professor Bjorken and I constructed the sum rules in the hope of destroying the 
quark model.”

K. Gottfried 1967
“Of course the whole quark idea is ill founded.”

J.J. Kokkedee 1967

Prevailing interpretation (~1965s) :

- The quark model is only a useful organisational scheme for hadron spectroscopy
- Particles have a "diffuse substructure" but no "elementary constituents"

(Nuclear democracy - Bootstrap model) 



SLAC and the “M(onster)-Project”
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During excavation work, the skeleton of
a mammal that livedin the Miocene, 
(Paleoparadoxia), which populated the region
14 million years ago, was found …

On 10 April 1956, the Stanford staff met at W. Panofsky's house to discuss
R. Hofstadter's proposal to build a linear accelerator 10 times more powerful than
Mark III. The project was given the provisional name 'M(onster) Project' because it was
it was estimated that the accelerator should be 2 miles long and reach an energy
of 20 GeV!!!

- 1957 a detailed project is presented
- 1959 Eisenhower says yes
- 1961 Congress approves the project ($114 Million)

1962, construction began



The (CIT)-SLAC-MIT Collaboration
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The CIT-SLAC-MIT collaboration built the electron spectrometer to study the 
structure of the proton through the elastic diffusion process e-p

SLAC began its operational phase in 1966.

The electron is an ideal 'probe’: 
- elementary particle 
- interacts electromagnetically (QED)

Magnetic Form Factor ⟹

< r2 >=

Z
d3rr2⇢(r) = �6

dGE(q2)

dq2

����
q2=0

= ((0.81± 0.04) · 10�13 cm)2

<latexit sha1_base64="X4nqeiQekVI3u8X9t0lacTGCMBs="></latexit>



SLAC-MIT
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....under the direction of Taylor, Friedman and Kendall



SLAC-MIT
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In 1967, the SLAC-MIT collaboration began the systematic study of inelastic 
scattering: 

⌫ =
P · q
mp

= E � E0

<latexit sha1_base64="0vLHupyhIxx4NXx/ZaOt8Qx2V7k=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovoxpJUQTeFohRcVrAPaEKYTCft0MkkzkyEErJy46+4caGIW7/BnX/jtM1CqwcuHM65l3vv8WNGpbKsL6OwsLi0vFJcLa2tb2xumds7bRklApMWjlgkuj6ShFFOWooqRrqxICj0Gen4o6uJ37knQtKI36pxTNwQDTgNKEZKS5657/Ck5gQC4bTp4H6k4F2Whl6c1RonjSPPLFsVawr4l9g5KYMcTc/8dPoRTkLCFWZIyp5txcpNkVAUM5KVnESSGOERGpCephyFRLrp9I0MHmqlD4NI6OIKTtWfEykKpRyHvu4MkRrKeW8i/uf1EhVcuCnlcaIIx7NFQcKgiuAkE9ingmDFxpogLKi+FeIh0pkonVxJh2DPv/yXtKsV+7RSvTkr1y/zOIpgDxyAY2CDc1AH16AJWgCDB/AEXsCr8Wg8G2/G+6y1YOQzu+AXjI9vcmCYcw==</latexit>

Q2 = �(k � k0)2 = 4EE0 sin2(✓/2)
<latexit sha1_base64="rpESa0brVC5OL0Z21DD1eiLsPNA=">AAACDHicbVDLSgMxFM3UV62vqks3wSJtF9aZsaAboSgFly3YWuiLTJq2oZnMkNwRSukHuPFX3LhQxK0f4M6/MX0stPVA4HDOudzc44WCa7Dtbyu2srq2vhHfTGxt7+zuJfcPqjqIFGUVGohA1TyimeCSVYCDYLVQMeJ7gt17g5uJf//AlOaBvINhyJo+6Une5ZSAkdrJVLnlXp1mBqeDdNawfLGYbmguW26mAX0GBJ+5WZOyc/YUeJk4c5JCc5Taya9GJ6CRzyRQQbSuO3YIzRFRwKlg40Qj0iwkdEB6rG6oJD7TzdH0mDE+MUoHdwNlngQ8VX9PjIiv9dD3TNIn0NeL3kT8z6tH0L1sjrgMI2CSzhZ1I4EhwJNmcIcrRkEMDSFUcfNXTPtEEQqmv4QpwVk8eZlU3ZxznnPL+VThel5HHB2hY5RBDrpABXSLSqiCKHpEz+gVvVlP1ov1bn3MojFrPnOI/sD6/AFO1pf/</latexit>

! =
1

x
=

2mp⌫

Q2
<latexit sha1_base64="+1vwUTh9BadvmUNh6QZsB5Ff+7M=">AAACD3icbZC7TsMwFIadcivlFmBkiahATFUSkGBBqmBhbCV6kZoQOa7TWrWdyHYQVZQ3YOFVWBhAiJWVjbfBbTNAyy9Z+vSfc3R8/jChRCrb/jZKS8srq2vl9crG5tb2jrm715ZxKhBuoZjGohtCiSnhuKWIoribCAxZSHEnHF1P6p17LCSJ+a0aJ9hncMBJRBBU2grMYy9meAAvvUhAlDl59pAX7LIg8XiaZ807Nw/Mql2zp7IWwSmgCgo1AvPL68coZZgrRKGUPcdOlJ9BoQiiOK94qcQJRCM4wD2NHDIs/Wx6T24daadvRbHQjytr6v6eyCCTcsxC3cmgGsr52sT8r9ZLVXThZ4QnqcIczRZFKbVUbE3CsfpEYKToWANEgui/WmgIdRpKR1jRITjzJy9C2605pzW3eVatXxVxlMEBOAQnwAHnoA5uQAO0AAKP4Bm8gjfjyXgx3o2PWWvJKGb2wR8Znz+vfp0R</latexit>

W 2 = P 2
X = 2mp⌫ +m2

p �Q2
<latexit sha1_base64="1qhAzYEwWcIVRBZroZXVjR8UlfI=">AAACBHicbVDLSgMxFM3UV62vUZfdBIsgiGVmFHQjFN24bME+oJ0OmTRtQ5PMkGSEMnThxl9x40IRt36EO//GtJ2Fth5I7uGce0nuCWNGlXacbyu3srq2vpHfLGxt7+zu2fsHDRUlEpM6jlgkWyFShFFB6ppqRlqxJIiHjDTD0e3Ubz4QqWgk7vU4Jj5HA0H7FCNtpMAuNrvedTVomdvjQdwRyakpXe+s1vUCu+SUnRngMnEzUgIZqoH91elFOOFEaMyQUm3XibWfIqkpZmRS6CSKxAiP0IC0DRWIE+WnsyUm8NgoPdiPpDlCw5n6eyJFXKkxD00nR3qoFr2p+J/XTnT/yk+piBNNBJ4/1E8Y1BGcJgJ7VBKs2dgQhCU1f4V4iCTC2uRWMCG4iysvk4ZXds/LXu2iVLnJ4siDIjgCJ8AFl6AC7kAV1AEGj+AZvII368l6sd6tj3lrzspmDsEfWJ8//7iWZw==</latexit>

Elastic vs inelastic scattering:

Elastic scattering provides 
information on 'time-averaged' 
electric charge and magnetic 
moment distributions

Inelastic scattering gives us
a 'snapshot' of the proton’s structure 

�t =
h

�E
<latexit sha1_base64="d7U2QHPfjB7eb4hOMI8fVt4qP98=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgETyWpgl6E4gd4rGBboSlls920SzebsDsRSsjFi3/FiwdFvPofvPlv3LY5aOuDgcd7M8zM82PBNTjOt1VYWFxaXimultbWNza37O2dpo4SRVmDRiJS9z7RTHDJGsBBsPtYMRL6grX84eXYbz0wpXkk72AUs05I+pIHnBIwUtfe966YAILhHHuBIjQdZGkuXWddu+xUnAnwPHFzUkY56l37y+tFNAmZBCqI1m3XiaGTEgWcCpaVvESzmNAh6bO2oZKETHfSyRcZPjRKDweRMiUBT9TfEykJtR6FvukMCQz0rDcW//PaCQRnnZTLOAEm6XRRkAgMER5HgntcMQpiZAihiptbMR0QEwaY4EomBHf25XnSrFbc40r19qRcu8jjKKI9dICOkItOUQ3doDpqIIoe0TN6RW/Wk/VivVsf09aClc/soj+wPn8Ajh2X+Q==</latexit>

�E = 2 GeV ! �t = 3 · 10�25 s
<latexit sha1_base64="97ZhUk1HkT6A8KOmMD6eGQK02P4="></latexit>

! �x ' 10�16 m (v = c)
<latexit sha1_base64="WUnnUgT0by+LDQKaqPX1I2THx60="></latexit>



SLAC MIT
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Q2

It was decided to study the 
region of the continuum.

Two unexpected results :

- Bjorken scaling
- Slight dependence on Q2

Reminder:

Q2
el = 2EeE

0
e(1� cos✓0e)

<latexit sha1_base64="/NbREYpCI/9hp5jUG0Pk75gyyL8=">AAACEnicbZDLSgMxFIYz9VbrrerSTbCIurDMVEE3QlEEly1YK7RjyaSnbWjmQnJGKEOfwY2v4saFIm5dufNtTKez8HYg4eP/zyE5vxdJodG2P63czOzc/EJ+sbC0vLK6VlzfuNZhrDg0eChDdeMxDVIE0ECBEm4iBcz3JDS94fnEb96B0iIMrnAUgeuzfiB6gjM0Uqe4X7+tdBKQY3pKKxeGxum1u+cc8FC3cQDIUmG/UyzZZTst+hecDEokq1qn+NHuhjz2IUAumdYtx47QTZhCwSWMC+1YQ8T4kPWhZTBgPmg3SVca0x2jdGkvVOYESFP1+0TCfK1Hvmc6fYYD/dubiP95rRh7J24igihGCPj0oV4sKYZ0kg/tCgUc5cgA40qYv1I+YIpxNCkWTAjO75X/wnWl7ByWK/WjUvUsiyNPtsg22SMOOSZVcklqpEE4uSeP5Jm8WA/Wk/VqvU1bc1Y2s0l+lPX+BQW1nHM=</latexit>



Bjorken scaling
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W > 2.6 GeV
<latexit sha1_base64="BdSGOIG5LfW0QORTTwRZm9Fx6T0=">AAAB/HicbVDJSgNBEO2JW4xbNEcvjUHwFGaiqCcJetBjBLNAMoSeTiVp0rPQXSMOQ/IrXjwo4tUP8ebf2FkOmvig4PFeFVX1vEgKjbb9bWVWVtfWN7Kbua3tnd29/P5BXYex4lDjoQxV02MapAighgIlNCMFzPckNLzhzcRvPILSIgweMInA9Vk/ED3BGRqpky806BUtl87puI3whOkt1EedfNEu2VPQZeLMSZHMUe3kv9rdkMc+BMgl07rl2BG6KVMouIRRrh1riBgfsj60DA2YD9pNp8eP6LFRurQXKlMB0qn6eyJlvtaJ75lOn+FAL3oT8T+vFWPv0k1FEMUIAZ8t6sWSYkgnSdCuUMBRJoYwroS5lfIBU4yjyStnQnAWX14m9XLJOS2V78+Klet5HFlySI7ICXHIBamQO1IlNcJJQp7JK3mzxtaL9W59zFoz1nymQP7A+vwBwM6TkQ==</latexit>

2 < Q2 < 20 GeV2
<latexit sha1_base64="tbzkD3WTBnwB5gokcrKfZZD29Oo=">AAACA3icbVDJSgNBEO1xjXGLetNLYxA8hZlR0IOHoAc9JmAWyEZPp5I06VnorhHDEPHir3jxoIhXf8Kbf2NnOWjigyoe71XRXc+LpNBo29/WwuLS8spqai29vrG5tZ3Z2S3rMFYcSjyUoap6TIMUAZRQoIRqpID5noSK178a+ZU7UFqEwS0OImj4rBuIjuAMjdTK7Lv0ghabo+7a9KGOcI/JNZSHTbeVydo5eww6T5wpyZIpCq3MV70d8tiHALlkWtccO8JGwhQKLmGYrscaIsb7rAs1QwPmg24k4xuG9MgobdoJlakA6Vj9vZEwX+uB75lJn2FPz3oj8T+vFmPnvJGIIIoRAj55qBNLiiEdBULbQgFHOTCEcSXMXynvMcU4mtjSJgRn9uR5UnZzzknOLZ5m85fTOFLkgBySY+KQM5InN6RASoSTR/JMXsmb9WS9WO/Wx2R0wZru7JE/sD5/AEpIlWk=</latexit>

Differential Cross section:
d2�

d⌦dE0 = �M

⇥
W2(⌫, Q

2) + 2W1(⌫, Q
2) tan2(✓/2)

⇤
<latexit sha1_base64="mervnRMOBsqwoX9bX2kDRCNAwM4="></latexit>

Bjorken scaling:

⌫W2(⌫, Q
2) ! F2(!)

<latexit sha1_base64="Ml5Ox9sOvvP8Ps+kx17thaBAb0w=">AAACEXicbVDLSgMxFM34rPVVdekmWIQWpMyMgi6LgrhswT6gHYdMmpmGZpIhySil9Bfc+CtuXCji1p07/8ZM24W2Hrjcwzn3ktwTJIwqbdvf1tLyyuraem4jv7m1vbNb2NtvKpFKTBpYMCHbAVKEUU4ammpG2okkKA4YaQWDq8xv3ROpqOC3epgQL0YRpyHFSBvJL5S6PIUt3836Sf3OLcOupFFfIynFA7zODBGTCJX9QtGu2BPAReLMSBHMUPMLX92ewGlMuMYMKdVx7ER7IyQ1xYyM891UkQThAYpIx1COYqK80eSiMTw2Sg+GQpriGk7U3xsjFCs1jAMzGSPdV/NeJv7ndVIdXngjypNUE46nD4Upg1rALB7Yo5JgzYaGICyp+SvEfSQR1ibEvAnBmT95kTTdinNacetnxerlLI4cOARHoAQccA6q4AbUQANg8AiewSt4s56sF+vd+piOLlmznQPwB9bnD4kmm5U=</latexit>

2mpW1(⌫, Q
2) ! F1(!)

<latexit sha1_base64="rfRgnE+dkbcvvQnc3Z5nb7C+5n8=">AAACE3icbVBNS0JBFJ1nX2ZfVss2QxJohLxnQS2lIFoq5Af47DFvHHVwPh4z8woR/0Ob/kqbFkW0bdOuf9M8dVHagQuHc+7l3nvCiFFtXPfbSS0tr6yupdczG5tb2zvZ3b26lrHCpIYlk6oZIk0YFaRmqGGkGSmCeMhIIxxcJX7jnihNpbg1w4i0OeoJ2qUYGSsF2eMS5EEEG4GX90V8Ur0rFaCvaK9vkFLyAV4nhuSkhwpBNucW3QngIvFmJAdmqATZL78jccyJMJghrVueG5n2CClDMSPjjB9rEiE8QD3SslQgTnR7NPlpDI+s0oFdqWwJAyfq74kR4loPeWg7OTJ9Pe8l4n9eKzbdi/aIiig2RODpom7MoJEwCQh2qCLYsKElCCtqb4W4jxTCxsaYsSF48y8vknqp6J0WS9WzXPlyFkcaHIBDkAceOAdlcAMqoAYweATP4BW8OU/Oi/PufExbU85sZh/8gfP5A1UKm/Y=</latexit>

for ⌫ ! 1 , Q2 ! 1 (with ! =
2mp⌫

Q2
fixed)

<latexit sha1_base64="Lwba4FSEAeGC2T7nqSIxk9shUgo="></latexit>



Bjorken scaling
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d2�

d⌦dE0 = �M

⇥
W2(⌫, Q

2) + 2W1(⌫, Q
2) tan2(✓/2)

⇤
<latexit sha1_base64="mervnRMOBsqwoX9bX2kDRCNAwM4="></latexit>

Bjorken scaling:

⌫W2(⌫, Q
2) ! F2(!)

<latexit sha1_base64="Ml5Ox9sOvvP8Ps+kx17thaBAb0w=">AAACEXicbVDLSgMxFM34rPVVdekmWIQWpMyMgi6LgrhswT6gHYdMmpmGZpIhySil9Bfc+CtuXCji1p07/8ZM24W2Hrjcwzn3ktwTJIwqbdvf1tLyyuraem4jv7m1vbNb2NtvKpFKTBpYMCHbAVKEUU4ammpG2okkKA4YaQWDq8xv3ROpqOC3epgQL0YRpyHFSBvJL5S6PIUt3836Sf3OLcOupFFfIynFA7zODBGTCJX9QtGu2BPAReLMSBHMUPMLX92ewGlMuMYMKdVx7ER7IyQ1xYyM891UkQThAYpIx1COYqK80eSiMTw2Sg+GQpriGk7U3xsjFCs1jAMzGSPdV/NeJv7ndVIdXngjypNUE46nD4Upg1rALB7Yo5JgzYaGICyp+SvEfSQR1ibEvAnBmT95kTTdinNacetnxerlLI4cOARHoAQccA6q4AbUQANg8AiewSt4s56sF+vd+piOLlmznQPwB9bnD4kmm5U=</latexit>

2mpW1(⌫, Q
2) ! F1(!)

<latexit sha1_base64="rfRgnE+dkbcvvQnc3Z5nb7C+5n8=">AAACE3icbVBNS0JBFJ1nX2ZfVss2QxJohLxnQS2lIFoq5Af47DFvHHVwPh4z8woR/0Ob/kqbFkW0bdOuf9M8dVHagQuHc+7l3nvCiFFtXPfbSS0tr6yupdczG5tb2zvZ3b26lrHCpIYlk6oZIk0YFaRmqGGkGSmCeMhIIxxcJX7jnihNpbg1w4i0OeoJ2qUYGSsF2eMS5EEEG4GX90V8Ur0rFaCvaK9vkFLyAV4nhuSkhwpBNucW3QngIvFmJAdmqATZL78jccyJMJghrVueG5n2CClDMSPjjB9rEiE8QD3SslQgTnR7NPlpDI+s0oFdqWwJAyfq74kR4loPeWg7OTJ9Pe8l4n9eKzbdi/aIiig2RODpom7MoJEwCQh2qCLYsKElCCtqb4W4jxTCxsaYsSF48y8vknqp6J0WS9WzXPlyFkcaHIBDkAceOAdlcAMqoAYweATP4BW8OU/Oi/PufExbU85sZh/8gfP5A1UKm/Y=</latexit>

for ⌫ ! 1 , Q2 ! 1 (with ! =
2mp⌫

Q2
fixed)

<latexit sha1_base64="Lwba4FSEAeGC2T7nqSIxk9shUgo="></latexit>

Differential Cross section:



Q2 (in)dependence
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Slight dependence on Q2

(compared to elastic scattering)

The measurement suggests the possible
existence of "point-like" proton constituents

“Pointlike” ⟹ weak Q2 dependence 

F (q) =

Z
⇢(r)eiq·rd3r

<latexit sha1_base64="zcKwKF96EIK/6BRa3AeEiTUk3Ag=">AAACI3icbZDLSsNAFIYnXmu9RV26GSxCuylJKyiCUBTEZQV7gaYtk8mkHTrJxJmJUELexY2v4saFUty48F2ctllo64GBn+8/hznndyNGpbKsL2NldW19YzO3ld/e2d3bNw8Om5LHApMG5oyLtoskYTQkDUUVI+1IEBS4jLTc0c3Ubz0RISkPH9Q4It0ADULqU4yURn3z8raYOK4PH9PSFXRoqKAjhnzORFoivYRmvoM9rjKeer2q6JsFq2zNCi4LOxMFkFW9b04cj+M4IKHCDEnZsa1IdRMkFMWMpHknliRCeIQGpKNliAIiu8nsxhSeauJBnwv99JYz+nsiQYGU48DVnQFSQ7noTeF/XidW/kU3oWEUKxLi+Ud+zKDicBoY9KggWLGxFggLqneFeIgEwkrHmtch2IsnL4tmpWxXy5X7s0LtOosjB47BCSgCG5yDGrgDddAAGDyDV/AOPowX482YGJ/z1hUjmzkCf8r4/gH5nKPr</latexit>

if ⇢(r) = �(r) ! F (q) = 1
<latexit sha1_base64="tDK/4TC1WgrcMCj+zJOiFuKOrH0="></latexit>



The Parton Model
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Feynman (1969): the proton is a collection of particles (“partons”) and the virtual photon 
interacts with the single parton. The cross section is the incoherent sum of the
photon-particle cross sections.

⌫W2(⌫, Q
2) ! F2(x) =

X

i

e2ixfi(x)
<latexit sha1_base64="E1ifMLtteGWsYb9Gs+v32J0EHRo="></latexit>

mpW1(⌫, Q
2) ! F1(x) =

1

2x
F2(x)

<latexit sha1_base64="Rkza+WDHiujz0LIATzN5HR6jw74="></latexit>



Partons and quarks
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Can we identify partons with quarks?
- the spin must be 1/2 
- the electric charge must be fractional (+2/3 , -1/3) 

For spin, a first answer came from the experimental verification of the 
Callan-Gross  relation:

For spin 1/2 and in the  “DIS Region”:  



Partons and quarks
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For the fractional electric charge (+2/3 , -1/3) the first indications came from the
"F2 sum rule":

Experimental result (SLAC-MIT):

Conclusion: consistent with the quark model if quarks/antiquarks carry 50% 
of the proton's momentum. What about the remaining 50%?
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Can we identify partons with quarks?
- the spin must be 1/2 
- the electric charge must be fractional (+2/3 , -1/3) 

Further confirmation came from initial comparisons of electron and neutrino scattering data :

Gargamelle Experiment
(CERN 24 GeV PS Synchroton) 

Bubble chamber
(12000 L  of Freon)

Processes:

Gargamelle



Gargamelle
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Can we identify partons with quarks?
- the spin must be 1/2 
- the electric charge must be fractional (+2/3 , -1/3) 

Further confirmation came from initial comparisons of electron and neutrino scattering data :

Gargamelle Experiment
(CERN 24 GeV PS Synchroton) 

Processes:



Neutrinos
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ICHEP 1972 
Perkins "...the preliminary data on the cross sections provide an astonishing verification for 
the Gell-Mann/Zweig quark model of hadrons.”

Linear Energy dependence of                                     provides further confirmation of 
the existence of point constituents in the proton and neutron.

Cross sections (“scaling region”):



Neutrinos
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ICHEP 1972 
Perkins "...the preliminary data on the cross sections provide an astonishing verification for 
the Gell-Mann/Zweig quark model of hadrons.”

Linear Energy dependence of                                     provides further confirmation of 
the existence of point constituents in the proton and neutron.



Partons electric charge
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Partons have fractional charge (+2/3 , -1/3) ?

The answer came from the first comparison of electron and neutrino scattering data:
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Experimental result (SLAC-MIT, Gargamelle):



Other early results with neutrinos
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First comparison of             with 



Other early results with neutrinos
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50% of the proton momentum is carried by quarks, in agreement 
with the SLAC-MIT results

Experimental result (Gargamelle):

Experimental result (Gargamelle):

Consistent with the Quark Model

1

2

Z
[F ⌫p

3 (x) + F ⌫n
3 (x)]dx = Nr. of valence quarks
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Quantum ChromoDynamics (QCD)
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DGLAP Equations
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Dokshitzer–Gribov–Lipatov–Altarelli–Parisi (DGLAP) evolution equations 

Splitting functions:



Scaling violation
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Scaling violation
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Other Fixed Target Experiments
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Experiments with muon beams: EMC, BFP, NMC, BCDMS, etc.
Experiments with neutrino beams: CCFR, HPWF, CDHSW, CHARM, WA24, WA21, etc.



H1-ZEUS
High-lights
LHC & PDFs

II.   HERA
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HERA
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The world's first and only e-p collider

e± p

27.5 GeV        920 GeV

√s = 318 GeV 

'Equivalent' to a fixed target experiment with e± of 50 TeV



HERA Operation
HERA-I (1992-2000)
Ee=27.6 GeV
Ep=820 & 920 GeV
Lint ~ 130 pb-1 per experiment
Mostly e+p

HERA-II (2003-2007)
Ee=27.6 GeV
Ep=920 GeV
Lint ~ 360 pb-1 per experiment
Longitudinally polarized lepton beams 
Similar amounts of e+p and e-p

Low Energy Run 2007
Ee=27.6 GeV
Ep=460 & 575 GeV
Runs at reduced √s : 
225 GeV (LER), 252 (MER)  GeV
Dedicated FL measurements
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1 fb-1 Integrated lumi, H1+ZEUS



HERA Kinematic domain
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DIS processes and cross 
sections

Kinematic variables:

  - Virtuality exchanged boson

  - Bjorken scaling variable

NC:

CC:

“Reduced” Cross sections
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DIS processes and cross 
sections

Kinematic variables:

  - Virtuality exchanged boson

  - Bjorken scaling variable

Structure Functions, PDFs and DGLAP evolution equations (LO, NLO and NNLO):
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Combination: Data sets
H1 & ZEUS have now published all their inclusive 
measurements (1992-2007)
  - HERA-I 
  - HERA-II measurements at high-Q2 
  - HERA-II measurements at reduced √s 

     0.6 x 10-6 < xBj  < 0.65 ,  0.045 < Q2 < 50000

41 data sets are combined:
    - NC & CC cross sections 
    - e+p and e-p scattering
    - 4 different √s  (318,  301, 252 and 225 GeV)

               2927 data points

          1307  combined points

In typical  cases 3 to 6 measurements 
contribute to a combined result 

The usage of different reconstruction techniques and the differences in the strengths 
of the detector components of the two experiments lead to a substantial reduction of 
the systematic uncertainties of the combined cross sections.
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NC e+p accuracy reaches ~1%

The HERA Legacy



Rise of F2
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HERA F2 (1993) HERA F2 (2015)
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Combination: Averaging Method
• Combination performed  using the HERAverager package 

• Averaging procedure take correlations of systematic unc. fully into account 

• Multiplicative treatment of the systematic uncertainties (as a default choice) 

• Minimisation procedure based on the following  !2 definition: 

• Procedural uncertainties:  
   - Multiplicative vs additive nature  
     of the systematic error sources 
   - Correlations in photo-production background  
     and hadronic energy scale across H1 and  
     ZEUS measurements  

   - Large pulls in correlated syst. uncert. -6 -4 -2 0 2 4 60
2
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Combination: Pulls
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Combination: Results
NC e±p , √s =318  GeV

N.B. only a few representative xBj bins are shown
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Scaling violations
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Textbook plots showing with great  precision scaling violations 
patterns (and EW effects at high-Q2 and high-x) 



Combination: Results
Very low Q2 and low xBj data √s =300, 318  GeV
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- A very important data sample for QCD studies at low-xBj
- Interesting also for dipole/saturation models and higher-twist studies



Helicity effects in CC interactions 

Reminder:

The helicity factor (1-y)2 affects 
differently the e±p CC cross sections:

- The e+p cross section is suppressed
   at high-y (high-Q2)

- The e-p cross section is almost 
   unaffected

The precision of the CC cross sections at high-Q2 
allow the study of these helicity effects.
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HERAPDF2.0: NLO and NNLO PDFs
NLO NNLO

NNLO vs NLO:  -  gluon ceases to rise at low-x 
                          -  sea at low-x somewhat steeper w.r.t. NLO
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Measurements at LHC and PDFs
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Measurements at LHC and PDFs
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PDF Groups
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Collaborations/Groups active in DGLAP analyses and PDFs determinations:



NNPDF4.0
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Kinematic regions and observables:

https://arxiv.org/abs/2109.02653

https://arxiv.org/abs/2109.02653


NNPDF4.0
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Impatto dati LHC:



NNPDF4.0
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Impatto dati LHC:



MSHT: Approximate N3LO PDFs
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Gluon rises significantly at low 

First attempt to quantify theoretical 
uncertainties

First approximate N3LO PDFs

arXiv:2207.04739 



Accelerator
Scientific goals   
PDFs

III.   EIC

61



EIC
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The main design requirements of the EIC:

• Highly polarized electron ( 70%) 
and proton ( 70%) beams

• Ion beams from deuterons to heavy nuclei

• Variable e+p center-of-mass energies from 
20-100 GeV, upgradable to 140 GeV

• High collision electron-nucleon luminosity 
1033-1034 cm-2 s-1

• Possibility to have more than one interaction region



EIC Scientific Goals

63

Give answers to the 'key scientific questions' of the Yellow Report :

•  How do nucleonic properties such as mass and spin emerge from the partons and    
their interactions?

• How are the partons distributed within the nucleon both in momentum  and in spatial  
position?

• How are the partons distributed within the nucleon both in momentum  
and in spatial  position?
How do confined hadronic states emerge from these quarks and gluons?
How do quark-gluon interactions create nuclear binding? 

• How does a dense nuclear medium affect the dynamics of quarks and gluons and 
their correlations and interactions? What happens to the gluon density in the nuclei?



EIC: Collinear PDFs
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Improved PDFs   (simulated data (YR)):

P. Newman et al.
DIS workshop 2022



3D Nucleon Imaging:
Wigner functions, TMDs & GPDs
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