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1909 — 13: Rutherford’s scattering experiments
Discovery of the atomic nucleus
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Atoms always have as many electrons as protons.
Atoms usually have about as many neutrons as protons.

Hydrogen Helium Carbon

e Lo

1 proton 2 protons 6 protons
1 electron 2 electrons 6 electrons
0 neutrons 2 neutrons O neutrons

Adding a proton makes a new kind of atom!
Adding a neutron makes an 1sotope of that atom,
a heavier version of that atom!
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do/dQ (mb/sr)

scattering cross-section do/dQ for the
scattering of 450 McV electrons by 3NI.
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Stability of Nuclear Matter
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« Relativity is crucial for the stabilization of nuclear matter.
* Proton has quarks and gluons inside.

* Quantum Chromodynamics (QCD) governs them.
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Proton Charge Form Factor




Feynman Diagram of Electron-Proton Scattering

electron proton

l—wu =F 2 u F 2 io-!qu
F(0)=1 (Charge) AR Ty

F,(0) =1.7928 (Anomalous magnetic moment)

If the target 1s a point-like object such as the electron, then

F(g") =1 .
for any ¢~ .
FZ(q2)=07



Differential Cross Section of Elastic Scattering
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If the proton was the point-like object,

K =-q°, K, =(2Mc)’.



Deep Inelastic Scattering (DIS)
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where the structure functions ¥, and W, are the functions of ¢ and x = -



In the elastic scattering case, £ is fixed and

q" =-2p-q
so that
x=1.

Thus W, and W, are related to K, and K, as follows,

Kl,z (qz)
2Mgq*

VVl,z(qzax)=_ o(x—1).



Parton Model
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point-like structure functions wli,2 (q%,z,)
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Validity of Parton Model
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Structure Functions in Parton Model
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Scaling of Structure Functlions in Parton Model
Fi(x,q") = MW, =~ 307 f,(x)
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The scaling behavior of

the structure functions indicate
that the proton is made of

the more fundamental point-like
object, parton or quark.



Callen-Gross Relation
F(x.g®) = MW, == 3,07 ,()

2

Fy(0q") = =W, =330, :

¥ o O

F,(x)=2xF,(x) | _% H}%V _l+ ﬁww \+ |

SSSSSS

If the partons were spin 0 particles, we would have |

Wi oc 22, P+ ¢") (22, P7 +47)

1

and it is easy to check that this leads to F1 = 0 (0transverse = 0)



2

Fo(0q") = =W, = x 300/, (%)

2

F7 (x) = x{(i) u(x) + (— %) a'(x)},

where u(x) and d(x) are the probability functions of u and d quarks.

As the proton has twice more u quarks than d quark,
one may predict that u(x) dominates over d(x) as x = 1.

sz’(x)e(%) u(x)

x—1

Due to the isospin symmetry, i.e. u < d when p < n,

2

F:@H(—%) u(x)
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Scaling violation

e, NMC; A, SLAC; O, BCDMS. —
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2
Proton model F2<x):xzeiqZ'(x)

Three valence quarks
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Incoming quark from target hadron, initially with low virtual mass-squared —t( and carrying
a fraction xg of hadron’'s momentum, moves to more virtual masses and lower momentum
fractions by successive small-angle emissions, and is finally struck by photon of virtual

mass-squared ¢ = —Q?.

Cross section will depend on Q* and
on momentum fraction distribution of

partons seen by virtual photon at this scale



QCD explains observed scaling violation

Large x: valence quarks

Small x: Gluons, sea quarks

1
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Q21 = F, | forfixed x

Q2 1 = F, 1 for fixed x




Quantitative description of scaling violation

Quark Parton Model
e
Fy(x)=x X e [ q(£)6(x-&)de=x elq,(x)
I 0 I

The photon “catches” a quark with the “right” x
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Changing to the quark densities:

(x,Q%)=¢, —1 5
4,(x,@)=q ogﬂgg P, é>
1q(x,Q"
Integro-differential equation for q(Xx, Qz):
d aé
lengq f q(¢. Q%) qq(é)

DGLAP evolutlon equation
(Dokshitzer, Gribov, Lipatov, Altarelli, Parisi, 1972 — 1977)

y* ( Q2 > Q(z) ) sees that

quarks g(x) are surrounded

' 2
)’*< Qo> sees q(x) by softer quarks
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Evolution of parton densities (quarks and gluons)

evolution of quark
density with InQ? f :

8Q(XJQ2)_0{S dZ 2
@anz _275{ z -Q(Z)Q )P

+g( Q)P | ;

X
omQ° 2ny 7| 8|
} B { X
evolution of gluon Z Z X
density with InQ?

Splitting functions: Probability that a parton (quark or gluon) emits
a parton (g, g) with momentum fraction =x/z of the parent parton.




Splitting functions are calculated as power series in o up to a given order:
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DGLAP Evolution (“symbolic”):
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Infinite rise will violate
unitarity limit

At low x gluons should
start to “overlap”

Expect to see slowing
ris% — deviation from
X * dependence

= Look at very low x

No deviations observed so far



Most Updated F,(x,Q?) of Proton from PDG
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Experimental Kinematic Domain in x and Q?
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sea quarks
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Structure of the proton as seen by HERA

# Valenzquarks = | u (x) +d (x) dx =3
E=—= H1PDF 2000 , 1 9 f W(x) +d,(x)
Q*=10 GeV*

# Gluonen = f g(x) dx > 30

\ BE=—1 ZEUS-SPDF
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PDF fits

Many options - uncertainties:

* Which datasets? [HERA only? Also some fixed target? Also pp data?]
* Which order of perturbation theory [LO, NLO, NNLQO]?
* Form of parameterization q(x), g(x) [How many parameters?]

xp(x,Q)=A,x" (1-x)" P(x )

characterizes at x -> 0 characterizes at x -> 1 “fine tuning”
sea: a <0, valence a>0 always b>0 weakly x-dependent function

« Which PDFs? For each flavour? Some combination?

» Pure DGLAP or some extention/alternative?

- Start-up scale Q2

« Sum rules

* Heavy quark treatment [What to do with c(x), b(x) at low Q?27?]

H1 and ZEUS do their own fits based mostly on their own data.
Theor. groups (e.g. CTEQ, MRST/MSTW,...) do combined fits of many datasets



Current knowledge of PDFs

0o - E=—J HI1PDF 2000 Uncertainties:

* u-density: ~3%

* d-density: ~10%

» g-density: 10-20% and more

u is better known than d
due to el. charge (squared):
Fa=x(8/9 u+1/9d+...)

gluon is known worse,
as it is determined from
scaling violations (derivatives)




Most Updated PDF from PDG
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