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• Dispersión elástica a alto Q2  
Sabemos que la sección eficaz se reduce a : 

                      

Habíamos visto que podíamos parametrizar al factor magnético  
como 

              

                                      

( dσ
dΩ )elastica

∼
α2

4E2
1 sin4(θ/2)

E3

E1
[ Q2

2m2
p

mG2
M sin2 θ

2 ]

GM(Q2) = 2.79GE(Q2) ≈ 2.79
1

(1 + Q2/0.71GeV2)2

GM(Q2) ∝ Q−4 ( dσ
dΩ )elastica

∝ Q−6

Función de dipolo  
para GE(Q2)
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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
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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-

Phys. Rev. Lett. 23 (1969) 935
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• Las interacciones electrón-protón a alta energía están dominadas por procesos de  
dispersión inelástica donde el protón se rompe. 

• Los estados hadrónicos finales resultantes de la ruptura del protón suelen estar  
constituidos por muchas partículas. 

• La masa invariante de este sistema hadrónico W depende del cuadri-momento del fotón 
virtual  

• Comparado con el proceso de dispersión elástica, donde la masa invariable del estado 
final es siempre la masa del protón, este grado de libertad adicional en la dispersión 
inelástica implica que la cinemática del evento se especifica con dos cantidades.

W2 = p2
4 = (p2 + q)2

179 8.1 Electron–proton inelastic scattering
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!Fig. 8.1 Electron–proton inelastic scattering.

8.1.1 Kinematic variables for inelastic scattering

As was the case for elastic scattering, Q2 is defined as the negative four-momentum
squared of the virtual photon,

Q2 = −q2.

When written in terms of the four-momenta of the initial- and final-state electrons,

Q2 = −(p1 − p3)2 = −2m2
e + 2p1 ·p3 = −2m2

e + 2E1E3 − 2p1p3 cos θ.

In inelastic scattering, the energies are sufficiently high that the electron mass can
be neglected and therefore, to a very good approximation

Q2 ≈ 2E1E3(1 − cos θ) = 4E1E3 sin2 θ

2
,

implying that Q2 is always positive.

Bjorken x
The Lorentz-invariant dimensionless quantity

x ≡ Q2

2p2 ·q
, (8.1)

will turn out to be an important kinematic variable in the discussion of the quark
model of deep inelastic scattering. The range of possible values of x can be found
by writing the four-momentum of the hadronic system in terms of that of the virtual
photon

W2 ≡ p2
4 = (q + p2)2 = q2 + 2p2 ·q + p2

2

⇒ W2 + Q2 − m2
p = 2p2 ·q,
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Cinemática de la dispersión inelástica 

‣   -> escritos en términos de los cuadra-momentos de estados iniciales y 
finales del electrón 

          -> a alta energía  

                                       siempre positivo 

‣ Variable de Bjorken 

                                                                

        

Q2 = − q2

Q2 = − (p1 − p3)2 = − 2m2
e + 2E1E3 − 2p1p3 cos θ me ≈ 0

Q2 ≈ 2E1E3(1 − cos θ = 4E1E3 sin2 θ
2

x ≡
Q2

2p2 ⋅ q
=

Q2

Q2 + W2 − m2
p

Variable importante para  
describir el modelo de quarks 
en la dispersión inelástica 
profunda.
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Cinemática de la dispersión inelástica 

Rango de valores de x:  

‣Debido a que el protón está formado por 3 quarks de valencia, y que q y  se 
producen en pares -> el estado final hadrónico debe incluir al menos un baryon (qqq) 
->  

                                   ->                ( )  

‣ El valor de x representa la “elasticidad” del proceso de dispersión -> x=1 es 
equivalente a  -> corresponde a la dispersión elástica. 

q̄

W2 ≡ p2
4 ≥ m2

p 0 ≤ x ≤ 1 Q2 ≥ 0

W2 = m2
p

x ≡
Q2

2p2 ⋅ q
=

Q2

Q2 + W2 − m2
p
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Cinemática de la dispersión inelástica 

Inelasticidad y : 

‣ En el sistema de laboratorio (el protón está en reposo)  

                       
           

‣  se identifica como la fracción de pérdida de energía del electrón en la dispersión. 
‣ En el sistema de laboratorio, la energía del sistema hadrónico final es siempre más 

grande que la energía del protón en estado inicial ->  -> el electrón pierde 

energía ->                                 
                                                                        
(Sugerencia: Calcular como queda y para el sistema centro de masa) 

p1 = (E1,0,0,E1), p2 = (mp,0,0,0)
p3 = (E3, E3 sin θ,0,E3 cos θ), q = (E1 − E3, ⃗p 1 − ⃗p 3)

y

E4 ≥ mp

0 ≤ y ≤ 1

y ≡
p2 ⋅ q
p2 ⋅ p1

y =
mp(E1 − E3)

mpE1
= 1 −

E3

E1
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As was the case for elastic scattering, Q2 is defined as the negative four-momentum
squared of the virtual photon,

Q2 = −q2.

When written in terms of the four-momenta of the initial- and final-state electrons,

Q2 = −(p1 − p3)2 = −2m2
e + 2p1 ·p3 = −2m2

e + 2E1E3 − 2p1p3 cos θ.

In inelastic scattering, the energies are sufficiently high that the electron mass can
be neglected and therefore, to a very good approximation

Q2 ≈ 2E1E3(1 − cos θ) = 4E1E3 sin2 θ

2
,

implying that Q2 is always positive.

Bjorken x
The Lorentz-invariant dimensionless quantity

x ≡ Q2

2p2 ·q
, (8.1)

will turn out to be an important kinematic variable in the discussion of the quark
model of deep inelastic scattering. The range of possible values of x can be found
by writing the four-momentum of the hadronic system in terms of that of the virtual
photon

W2 ≡ p2
4 = (q + p2)2 = q2 + 2p2 ·q + p2

2

⇒ W2 + Q2 − m2
p = 2p2 ·q,
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Cinemática de la dispersión inelástica 

 A veces es más conveniente trabajar en términos de energías  : 

‣ En el sistema de laboratorio (el protón está en reposo)  

                       
           

‣  es la energía perdida por el electrón                                                                       

ν

p1 = (E1,0,0,E1), p2 = (mp,0,0,0)
p3 = (E3, E3 sin θ,0,E3 cos θ), q = (E1 − E3, ⃗p 1 − ⃗p 3)

ν

ν ≡
p2 ⋅ q
mp

ν = E1 − E3
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be neglected and therefore, to a very good approximation

Q2 ≈ 2E1E3(1 − cos θ) = 4E1E3 sin2 θ

2
,

implying that Q2 is always positive.

Bjorken x
The Lorentz-invariant dimensionless quantity

x ≡ Q2

2p2 ·q
, (8.1)

will turn out to be an important kinematic variable in the discussion of the quark
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2
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p = 2p2 ·q,
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Relación entre las variables cinemáticas 

• Podemos escribir las variables cinemáticas en términos de la energía del centro de 
masa de la colisión electrón-protón : 

                    

• Para un dado valor de la energía del centro de masa, la cinemática de la dispersión 
inelástica se puede caracterizar completamente con dos observables independientes 
que se pueden elegir entre los invariantes de Lorentz: . 

• Una vez se escogen las dos variables se pueden utilizar las siguientes relaciones para 
determinar las otras dos: 

                                                             y       

s = (p1 + p2)2 = p2
1 + p2

2 + 2p1 ⋅ p2 = 2p1 ⋅ p2 + m2
p + m2

e

Q2, x, y, ν

Q2 ≡ − q2, x ≡
Q2

2p2 ⋅ q
, y ≡

p2 ⋅ q
p2 ⋅ p1

ν ≡
p2 ⋅ q
mp

Despreciamos la masa 
del electrón

e- p
p1 p2
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Dispersión inelástica a bajo Q2  

• A bajas energías del electrón pueden ocurrir ambos procesos de dispersión elástica e 
inelástica.

182 Deep inelastic scattering

8.1.2 Inelastic scattering at low Q2

For electron–proton scattering at relatively low electron energies, both elastic and
inelastic scattering processes can occur. For example, Figure 8.2 shows the observed
energy distribution of electrons scattered through an angle of θ = 10◦ at a fixed-
target experiment at DESY, where electrons of energy E1 = 4.879 GeV were fired
at a liquid hydrogen target (essentially protons at rest). Because two independent
variables are required to define the kinematics of inelastic scattering, the corre-
sponding double-differential cross section is expressed in terms of two variables,
in this case d2σ/dΩ dE3.

Since the kinematics of an individual interaction are fully specified by two inde-
pendent variables, in this case the angle and energy of the scattered electron, θ
and E3, the invariant mass W of the unobserved final-state hadronic system can be
determined on an event-by-event basis using

W2 = (p2 + q)2 = p2
2 + 2p2 ·q + q2 = m2

p + 2p2 ·(p1 − p3) + (p1 − p3)2

≈
[
m2

p + 2mpE1

]
− 2

[
mp + E1(1 − cos θ)

]
E3. (8.9)

Hence, for electrons detected at a fixed scattering angle, the invariant mass W of
the hadronic system is linearly related to the energy E3 of the scattered electron.
Consequently the energy distribution of Figure 8.2 can be interpreted in terms of
W. The large peak at final-state electron energies of approximately 4.5 GeV cor-
responds to W = mp, and these electrons can be identified as coming from elastic
scattering. The peak at E3 ≈ 4.2 GeV corresponds to resonant production of a sin-
gle ∆+ baryon with mass W = 1.232 GeV (see Chapter 9). The two smaller peaks
at E3 ∼ 3.85 GeV and E3 ∼ 3.55 GeV correspond to resonant production of other

1500
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Elastic scattering
(divided by 15)
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E3 [GeV]

E = 4.879 GeV
q = 10!
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d2
s

dΩ
dE

[n
b/

G
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 s
r]

!Fig. 8.2 The energy of the scattered electron in low-energy electron–proton scattering and the corresponding
invariant mass W of the $nal state hadronic system. From Bartel et al. (1968).

• Experimento de blanco fijo en  
DESY. 

• Distribución de energía de los  
electrones dispersados en un  
ángulo de   

• Se disparan electrones con  
energía inicial de  GeV 
sobre un blanco de hidrógeno líquido

θ = 10o

E1 = 4.879

Dos variables independientes: 
Sección eficaz doble diferencial

La masa invariante del estado hadrónico 
final del sistema es :  
     W2 = M2

X = 10.06 − 2.03E3

Dispersión elástica

Producción resonante de la  
Partícula  (baryon)Δ+

Dispersión inelástica

    DIS 
W grande
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Dispersión inelástica a bajo Q2  

• Dependencia en q2  de la sección eficaz elástica e inelástica, determinada utilizando 
diferentes ángulos y energías del haz de electrones.

183 8.2 Deep inelastic scattering

0 2 4 6
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10-2

10-1

1

W = 2.0 GeV
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W = 3.5 GeV

Elastic scattering

Q 2/GeV2

0

ds dΩ
d2 s

dΩ
 d

E
3

!Fig. 8.3 Low-Q2 measurements of the electron–proton inelastic scattering cross section scaled to the Mott cross
section. Also shown is the expected dependence for elastic scattering. Adapted from Breidenbach et al.
(1969).

baryon states. These resonances are essentially excited bound states of the proton
(uud), which subsequently decay strongly, for example ∆+ → pπ0. The full-width-
at-half-maximum (FWHM) of a resonance as a function of W is equal to the total
decay rate Γ, which in turn is related to the lifetime of the resonant state by Γ = 1/τ.
The continuum at higher W is the start of the deep inelastic region where the proton
is broken up in the collision, resulting in multi-particle final states.

Figure 8.3 shows measurements of the e−p → e−X differential cross section
scaled to the Mott scattering cross section of (7.36). The data are plotted as function
of Q2 for three different values of W. The expected ratio for elastic scattering,
assuming the dipole form for GE(Q2) and GM(Q2) is shown for comparison. The
inelastic cross sections are observed to depend only weakly on Q2, in contrast to
rapidly falling elastic scattering cross section. In the deep inelastic region (higher
values of W), the near Q2 independence of the cross section implies a constant
form factor, from which it can be concluded that deep inelastic scattering occurs
from point-like (or at least very small) entities within the proton.

8.2 Deep inelastic scattering

The most general Lorentz-invariant form of the e−p→ e−p elastic scattering cross
section from the exchange of a single photon is given by the Rosenbluth formula
of (7.33),

Phys.Rev.Lett. 23 (1969) 935

La dispersión elástica cae rápidamente con Q2 debido al hecho que el 
protón no es una partícula puntual (recordar los factores de forma) 

La sección eficaz correspondiente a la dispersión inelástica depende  
débilmente de Q2 . 

Para la dispersión inelástica profunda (valores grandes de W), la casi 
no dependencia con Q2 implica un factor de forma constante -> la  
dispersión ocurre de forma puntual -> “objetos puntuales” dentro  
del protón.
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Dispersión inelástica profunda: DIS

Recordemos que para el caso de la dispersión elástica, podemos escribir la sección 
eficaz más general expresada en términos de  y :   

Esta expresión puede ser generalizada para el caso inelástico: 

En el límite donde 

Q2 y

Q2 ≫ m2
p y2

dσ
dQ2

=
4πα2

Q4 [(1 − y −
m2

p y2

Q2 )f2(Q2) +
1
2

y2 f1(Q2)]
Las dependencias en  de los factores de  
forma Gs y  se absorben en dos nuevas  
funciones   y 

Q2

τ
f1(Q2) f2(Q2)

dσ2

dxdQ2
=

4πα2

Q4 [(1 − y −
m2

p y2

Q2 ) F2(x, Q2)
x

+ y2F1(x, Q2)]
Funciones de estructura

dσ2

dxdQ2
=

4πα2

Q4 [(1 − y) F2(x, Q2)
x

+ y2F1(x, Q2)]
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Dispersión inelástica profunda: funciones de estructura

‣ En el sistema de referencia de laboratorio, es conveniente escribir la sección eficaz en 
términos del ángulo y de la energía del electrón dispersado (medidos experimentalmente) 

               

‣ La sección eficaz diferencial se mide contando el número de eventos en el rango  
 y . 

‣ La sección eficaz diferencial para un cierto valor de x y  se determina para diferentes 
valores de  (variando la energía del electrón incidente).  

‣ La dependencia en  de la sección eficaz medida se usa para distinguir la contribución 
proveniente de  y .

x → x + Δx Q2 → Q2 + ΔQ2

Q2

y
y

F1(x, Q2) F2(x, Q2)

179 8.1 Electron–proton inelastic scattering
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8.1.1 Kinematic variables for inelastic scattering

As was the case for elastic scattering, Q2 is defined as the negative four-momentum
squared of the virtual photon,

Q2 = −q2.

When written in terms of the four-momenta of the initial- and final-state electrons,

Q2 = −(p1 − p3)2 = −2m2
e + 2p1 ·p3 = −2m2

e + 2E1E3 − 2p1p3 cos θ.

In inelastic scattering, the energies are sufficiently high that the electron mass can
be neglected and therefore, to a very good approximation

Q2 ≈ 2E1E3(1 − cos θ) = 4E1E3 sin2 θ

2
,

implying that Q2 is always positive.

Bjorken x
The Lorentz-invariant dimensionless quantity

x ≡ Q2

2p2 ·q
, (8.1)

will turn out to be an important kinematic variable in the discussion of the quark
model of deep inelastic scattering. The range of possible values of x can be found
by writing the four-momentum of the hadronic system in terms of that of the virtual
photon

W2 ≡ p2
4 = (q + p2)2 = q2 + 2p2 ·q + p2

2

⇒ W2 + Q2 − m2
p = 2p2 ·q,

Q2 = 4E1E2 sin2 θ/2 x =
Q2

2mp(E1 − E3)
y = 1 −

E3

E1
ν = E1 − E3

d2σ
dE3dΩ

=
α2

4E2
1 sin4(θ/2) [ 1

ν
F2(x, Q2)cos2 θ

2
+

2
mp

F1(x, Q2)sin2 θ
2 ]
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Dispersión inelástica profunda: funciones de estructura

‣ La dependencia en  de la sección eficaz medida se usa para distinguir la contribución 
proveniente de  y .

y
F1(x, Q2) F2(x, Q2)

186 Deep inelastic scattering

1.0 < Q2/GeV2 < 4.5

4.5 < Q2/GeV2 < 11.5

11.5 < Q2/GeV2 < 16.5
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 (x
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2 )
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F

1ep
/F

2ep

Q 2/GeV2 x!Fig. 8.4 Early structure function measurements from $xed-target electron–proton inelastic scattering at SLAC. Left:
measurements of F2(x, Q2) showing Bjorken scaling. Right: measurements of 2xF1/F2 showing the Callan–
Gross relation. Adapted from Friedman and Kendall (1972) and Bodek et al. (1979).

8.3 Electron–quark scattering

In the quark model, the underlying interaction in deep inelastic scattering is the
QED process of e−q→ e−q elastic scattering and the deep inelastic scattering cross
sections are related to the cross section for this quark-level process. The matrix
element for e−q→ e−q scattering is obtained from the QED Feynman rules for the
Feynman diagram of Figure 8.5. The electron and quark currents are

u(p3)[ieγ µ]u(p1) and u(p4)[−iQqeγν]u(p2),

and the photon propagator is given by −igµν/q2 where q2 = p1 − p3. Hence the
matrix element can be written

M f i =
Qqe2

q2

[
u(p3)γ µu(p1)

]
gµν

[
u(p4)γνu(p2)

]
. (8.13)

The spin-averaged matrix element squared can be obtained from the helicity ampli-
tudes (see Problem 6.7), or using the trace approach as described in Section 6.5.5.
In either case, in the limit where the electron and quark masses can be neglected,
the spin-averaged matrix element squared is given by (6.68),

〈|M f i|2〉 = 2Q2
qe4

(
s2 + u2

t2

)
= 2Q2

qe4 (p1.p2)2 + (p1.p4)2

(p1.p3)2 , (8.14)

where as usual, s = p1 + p2, t = p1 − p3 and u = p1 − p4.

Ann.Rev.Nucl.Sci.22(1972) 203

Ejemplo: medición de la 
función de estructura 
en un experimento de 
dispersión electrón- protón  
realizado en SLAC (años 70s). 
F2 vs Q2 para un x fijo y  
diferentes ángulos de dispersión 

Experimentalmente se observa 
Que tanto F1 como F2 son casi 
Independientes de Q2. 
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Bjorken scaling y relación Callan-Gross
• Los datos experimentales revelaron dos características importantes: 

‣  y  son casi independientes de  ->  Bjorken scaling: 

       ,              

‣ Para el régimen donde se produce el DIS (  de unos pocos GeV2), las  
funciones de estructura no son independientes entre sí,  
relación de Callan-Gross 

                  

            

F1(x, Q2) F2(x, Q2) Q2

F1(x, Q2) → F1(x) F2(x, Q2) → F2(x)

Q2

F2(x) = 2xF1(x)

Sugiere fuertemente que la dispersión 
del electrón se da con constituyentes  
puntuales dentro del protón

Se explica asumiendo que el proceso 
subyacente en la dispersión inelástica es 
la dispersión elástica de electrones con  
partículas constituyentes de espín un medio  
dentro del protón -> quarks!
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measurements of F2(x, Q2) showing Bjorken scaling. Right: measurements of 2xF1/F2 showing the Callan–
Gross relation. Adapted from Friedman and Kendall (1972) and Bodek et al. (1979).

8.3 Electron–quark scattering

In the quark model, the underlying interaction in deep inelastic scattering is the
QED process of e−q→ e−q elastic scattering and the deep inelastic scattering cross
sections are related to the cross section for this quark-level process. The matrix
element for e−q→ e−q scattering is obtained from the QED Feynman rules for the
Feynman diagram of Figure 8.5. The electron and quark currents are

u(p3)[ieγ µ]u(p1) and u(p4)[−iQqeγν]u(p2),

and the photon propagator is given by −igµν/q2 where q2 = p1 − p3. Hence the
matrix element can be written

M f i =
Qqe2

q2

[
u(p3)γ µu(p1)

]
gµν

[
u(p4)γνu(p2)

]
. (8.13)

The spin-averaged matrix element squared can be obtained from the helicity ampli-
tudes (see Problem 6.7), or using the trace approach as described in Section 6.5.5.
In either case, in the limit where the electron and quark masses can be neglected,
the spin-averaged matrix element squared is given by (6.68),

〈|M f i|2〉 = 2Q2
qe4

(
s2 + u2

t2

)
= 2Q2

qe4 (p1.p2)2 + (p1.p4)2

(p1.p3)2 , (8.14)

where as usual, s = p1 + p2, t = p1 − p3 and u = p1 − p4.
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Modelo de quarks-partones

• Antes que los quarks y gluones fueran aceptados, Feynman propuso que el protón 
estaba constituido por partículas puntuales llamadas partones 

• En este modelo, la interacción básica que sucede en el proceso de DIS es la dispersión 
elástica un electrón con un quark de espín un medio dentro del protón. 

• El modelo para DIS se formula en un sistema de referencia donde el protón tiene muy 
alta energía  -> sistema de momento infinito.                                  

                              

E ≫ mp

190 Deep inelastic scattering
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!Fig. 8.8 The quark–parton model description of inelastic scattering in terms of the QED interaction between a virtual
photon and a quark with the fraction ξ of the momentum of the proton.

where ξ is the fraction of momentum of proton carried by the quark, as indicated
by Figure 8.8.

The four-momentum of the quark after the interaction with the virtual photon is
simply ξp2 + q. Since the four-momentum squared of the final-state quark is just
the square of its mass,

(ξp2 + q)2 = ξ2 p2
2 + 2ξp2 ·q + q2 = m2

q. (8.20)

However, ξp2 is the just four-momentum of the quark before the interaction and
therefore ξ2 p2

2 = m2
q. Thus, (8.20) implies that q2 + 2ξp2·q = 0 and the momentum

fraction ξ can be identified as

ξ =
−q2

2p2 ·q
=

Q2

2p2 ·q
≡ x.

Hence, in the quark–parton model, Bjorken x can be identified as the fraction of
the momentum of the proton carried by the struck quark (in a frame where the
proton has energy E # mp). Therefore, the measurements of the x-dependence of
the structure functions can be related to the momentum distribution of the quarks
within the proton.

The kinematic variables for the underlying electron–quark scattering process
can be related to those for the electron–proton collision. Neglecting the electron
and proton mass terms, the centre-of-mass energy of the e−p initial state is
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Modelo de quarks-partones para la DIS

• En el sistema de momento infinito:  , despreciamos  

• También podemos despreciar la masa del quark y cualquier momento transverso a la 
dirección del protón. 

• Si el quark trae una fracción  del cuadri-momento del protón:    

• Después de la interacción, el cuadri-momento del quark dispersado es:                             

p2 = (E2,0,0,E2) mp

ξ ξp2 = (ξE2,0,0,ξE2)

ξp2 + q
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where ξ is the fraction of momentum of proton carried by the quark, as indicated
by Figure 8.8.

The four-momentum of the quark after the interaction with the virtual photon is
simply ξp2 + q. Since the four-momentum squared of the final-state quark is just
the square of its mass,

(ξp2 + q)2 = ξ2 p2
2 + 2ξp2 ·q + q2 = m2

q. (8.20)

However, ξp2 is the just four-momentum of the quark before the interaction and
therefore ξ2 p2

2 = m2
q. Thus, (8.20) implies that q2 + 2ξp2·q = 0 and the momentum

fraction ξ can be identified as

ξ =
−q2

2p2 ·q
=

Q2

2p2 ·q
≡ x.

Hence, in the quark–parton model, Bjorken x can be identified as the fraction of
the momentum of the proton carried by the struck quark (in a frame where the
proton has energy E # mp). Therefore, the measurements of the x-dependence of
the structure functions can be related to the momentum distribution of the quarks
within the proton.

The kinematic variables for the underlying electron–quark scattering process
can be related to those for the electron–proton collision. Neglecting the electron
and proton mass terms, the centre-of-mass energy of the e−p initial state is

(ξp2 + q)2 = m2
q ≈ 0 (ξp2 + q)2 = ξ2 p2

2 + q2 * 2ξp2 ⋅ q = 0

ξ =
−q2

2p2 ⋅ q
=

Q2

2p2 ⋅ q
≡ x La variable de Bjorken x se puede identificar como la fracción 

Del momento del protón que lleva el quark dispersado 
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Sección eficaz eq ->eq
• La interacción subyacente en DIS es el proceso de QED de dispersión elástica eq -> eq 

• El elemento de matriz para esta dispersión elástica eq -> eq se obtiene con las reglas de 
Feynman de la QED:  

• El elemento de matriz al cuadrado promediado en  
   espín: ( ) 

donde  

me = mQ ≈ 0

s = p1 + P2, t = p1 − p3, u = p1 − p4

187 8.3 Electron–quark scattering
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p2 ν!Fig. 8.5 Electron–quark scattering in the centre-of-mass frame and the corresponding lowest-order Feynman
diagram.

Here it is convenient to work in the centre-of-mass frame and to express the
Lorentz-invariant matrix element of (8.14) in terms of the electron scattering angle,
θ∗, as shown in Figure 8.5. Writing the energy of the electron in the centre-of-
mass frame as E =

√
s/2, and neglecting the electron and quark masses, the four-

momenta of the initial- and final-state particles are given by

p1 = (E, 0, 0,+E), p3 = (E,+E sin θ∗, 0,+E cos θ∗),

p2 = (E, 0, 0,−E), p4 = (E,−E sin θ∗, 0,−E cos θ∗).

The four-vector scalar products appearing in (8.14) are

p1 ·p2 = 2E2, p1 ·p3 = E2(1 − cos θ∗) and p1 ·p4 = E2(1 + cos θ∗).

Hence the spin-averaged matrix element squared for the QED process e−q → e−q
is

〈|M f i|2〉 = 2Q2
qe4 4E4 + E4(1 + cos θ∗)2

E4(1 − cos θ∗)2 .

The differential cross section is obtained by substituting this expression for 〈|M f i|2〉
into the cross section formula of (3.50), giving

dσ
dΩ∗

=
Q2

qe4

8π2s

[
1 + 1

4 (1 + cos θ∗)2
]

(1 − cos θ∗)2 . (8.15)

The angular dependence in the numerator of (8.15),

1 + 1
4 (1 + cos θ∗)2 , (8.16)

reflects the chiral structure of the QED interaction. From the arguments of
Section 6.4.2, helicity is conserved in the ultra-relativistic limit of the QED inter-
action. Therefore, the only non-zero matrix elements originate from spin states
where the helicities of the electron and the quark are unchanged in the interaction,

ℳfi =
Qqe2

q2
[ū(p3)γμu(p1)]gμν[ū(p4)γνu(p2)]

ū(p3)[ieγμ]u(p1)

ū(p4)[−iQqeγν]u(p1)

< |ℳ2
fi | > = 2Q2

qe4( s2 + u2

t2 ) = 2Q2
qe4 (p1 ⋅ p2)2 + (p1 ⋅ p4)2

(p1 ⋅ p3)2
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Sección eficaz eq ->eq
• En el sistema de referencia centro de masa -> el elemento de matriz al cuadrado 

promediado en espín queda expresado en función del ángulo de dispersión  

• La sección eficaz diferencial es: 

• Si escribimos  en términos de s y , podemos expresar la sección eficaz: 
   

θ *

cos θ* q2

< |ℳ2
fi | > = 2Q2

qe4 4E4 + E4(1 + cos θ*)2

E4(1 − cos θ*)2

dσ
dΩ*

=
Q2

qe4

8π2s

[1 + 1
4 (1 + cos θ*)2]

(1 − cos θ*)2

dσ
dq2

=
2πα2Q2

q

q4 [1 + (1 +
q2

s )2] Tratar de probarlo!
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Cinemática
• Podemos relacionar las variables cinemáticas del proceso subyacente e-q con las de la 

colisión e-p. 

                                                     Sistema inicial e-p                      sistema inicial e-q 

Energía del centro de masa:                      

Variable x                                                                               (el quark no se rompe) 

Variable                                                                                 

s = (p1 + p2)2 ≈ 2p1 ⋅ p2 sq = (p1 + xp2)2 ≈ 2xp1 ⋅ p2 = xs

x =
Q2

2p2 ⋅ q
xq = 1

y y =
p2 ⋅ q
p2 ⋅ p1

yq =
pq ⋅ q

pq ⋅ p1
=

xp2 ⋅ q
xp2 ⋅ p1

= y

Todas las variables están escritas en términos del cuadri-momento de electrón y protón
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Sección eficaz
• Podemos escribir la sección eficaz eq->eq en términos de las variables del sistema inicial e-

q 

• Usando que :                 

   

−q2 = Q2 = (sq − m2
q)xqyq . →

q2

sq
= − xqyq = − y

Sección eficaz diferencial para la dispersión elástica eq donde el quark lleva 
una fracción del momento del protón.  
Aunque x no aparece explicitamente, la dependencia en x viene a través de y =

Q2

(s − m2
p)x

dσ
dq2

=
2πα2Q2

q

q4 [1 + (1 +
q2

sq
)2]

dσ
dq2

=
2πα2Q2

q

q4 [1 + (1 − y)2] →
dσ

dQ2
=

2πα2Q2
q

Q4 [(1 − y) +
y2

2 ]
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Funciones de distribución partónicas

• Los quarks en el interior del protón interactúan unos con otros a través del intercambio de 
gluones. 

• La dinámica de este sistema interactuante resultará en una distribución del momento del 
quark en el interior del protón. 

• Estas distribuciones se expresan en términos de las funciones de distribución partónicas 
PDFs 

• Por ejemplo la PDF del quark up del protón se define tal que:  
                                                             , 
  representa el número de quarks up dentro del protón con fracción de momento entre  y

 

up(x)δx
x

x + δx
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Funciones de distribución partónicas
• En la práctica la forma funcional de las PDFs depende del detalle de la dinámica del protón. 

• Las PDFs no son conocidas a priori y deben ser obtenidas de los experimentos. 

• Posibles formas de las PDFs:

192 Deep inelastic scattering

which resembles the form of the deep inelastic scattering cross section expressed
in terms of the structure functions, as given by (8.12). Equation (8.22) gives the
differential cross section for e−q elastic scattering where the quark carries a fraction
x of the momentum of the proton. Although x does not appear explicitly in this
equation, the x dependence is implicit through (8.8) whereby

y =
Q2

(s − m2
p)x
.

8.4.1 Parton distribution functions

The quarks inside the proton will interact with each other through the exchange of
gluons. The dynamics of this interacting system will result in a distribution of quark
momenta within the proton. These distributions are expressed in terms of Parton
Distribution Functions (PDFs). For example, the up-quark PDF for the proton up(x)
is defined such that

up(x) δx,

represents the number of up-quarks within the proton with momentum fraction
between x and x + δx. Similarly dp(x) is the corresponding PDF for the down-
quarks. In practice, the functional forms of the PDFs depend on the detailed
dynamics of the proton; they are not a priori known and have to be obtained from
experiment. Figure 8.9 shows a few possible forms of the PDFs that correspond to:
(i) the proton consists of a single point-like particle which carries all of the momen-
tum of the proton, in this case the PDF is a Dirac delta-function at x = 1; (ii) the
proton consists of three static quarks each of which carries 1/3 of the momentum
of the proton, in this case the PDF has the form of a delta-function at x = 1/3
with a normalisation of three; (iii) the three quarks interact with each other and the
delta-function at x = 1/3 is smeared out as the quarks exchange momentum; and
(iv) higher-order processes, such as virtual quark pairs being produced from gluons

qp(x)

x1

(i)

qp(x)

x

(ii)

qp(x)

x1

(iii)

qp(x)

x1

(iv)

−13 −13 −13!Fig. 8.9 Four possible forms of the quark PDFs within a proton: (i) a single point-like particle; (ii) three static quarks
each sharing 1/3 of the momentum of the proton; (iii) three interacting quarks which can exchange momen-
tum; and (iv) interacting quarks including higher-order diagrams. After Halzen and Martin (1984).

El protón contiene una sola  
partícula puntual que lleva 
todo el momento del protón 
PDF -> Delta de Dirac en x=1

El protón contiene tres quarks 
estáticos, c/u lleva 1/3 del 
momento del protón. 
PDF -> Delta de Dirac en x=1/3

Los tres quarks interactúan 
entre ellos y la Delta de  
Dirac alrededor x=1/3 se  
difumina ya que los qs  
intercambian momentum

Los procesos de mayor orden  
tienden a aumentar las PDFs 
a bajo x -> reflejo de la natu- 
raleza 1/q2 del propagador  
del gluón.

Creación de 
quaks virtuales, 
producidos de  
Gluones
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Funciones de distribución partónicas
• La sección eficaz de la dispersión inelástica profunda de ep se puede obtener de las PDFs 

y de la expresión de la sección eficaz de la dispersión elástica eq subyacente.  

• La sección eficaz de la dispersión elástica para un sabor particular de quark i y fracción de 
momento ente  y  es: 

• La sección eficaz doble diferencial se obtiene sumando sobre todos los sabores de quarks: 

x x + δx

PDF del quark de sabor i
dσ

dQ2
=

4πα2

Q4 [(1 − y) +
y2

2 ]Q2
i qp

i (x)δx

d2σ
dxdQ2

=
4πα2

Q4 [(1 − y) +
y2

2 ]∑
i

Q2
i qp

i (x)δx
Predicción del modelo partónico 
Para la sección eficaz DIS
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Funciones de distribución partónicas

• Podemos comparar la predicción para la sección eficaz del modelo partónico con su 
expresión general en términos de las funciones de estructura: 

• Se puede relacionar las funciones de estructura medidas con las distribuciones de quarks 
subyacentes.

d2σ
dxdQ2

=
4πα2

Q4 [(1 − y) +
y2

2 ]∑
i

Q2
i qp

i (x)δx Predicción del modelo partónico 
para las funciones de estructura:

dσ2

dxdQ2
=

4πα2

Q4 [(1 − y)
Fep

2 (x, Q2)
x

+ y2Fep
1 (x, Q2)]

Fep
2 (x) = 2xFep

1 (x) = x∑
i

Q2
i qp

i (x)
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Funciones de distribución partónicas

• El modelo partónico predice: 

‣ Bjorken scaling:         ,     , debido a la dispersión con                                               
partículas puntuales dentro del protón 

‣ La relación de Callan-Gross:       , debido a la dispersión con partículas de Dirac 
de espín 1/2, donde el momento magnético esta directamente relacionado con la carga, por lo 
tanto los términos “electro-magnético” y “puramente magnético” están fijos uno respecto del otro. 

‣ No podemos calcular las PDFs con la QCD, no podemos usar la teoría de perturbaciones debido a la 
magnitud de la constante de acoplamiento.  

‣ Para el caso de la dispersión electrón-protón:    

F1(x, Q2) → F1(x) F2(x, Q2) → F2(x)

F2(x) = 2xF1(x)

Fep
2 (x) = x∑

i

Q2
i qp

i (x)
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Funciones de distribución partónicas

• Las funciones de distribución partónica reflejan la estructura subyacente del protón. 

• Las PDFs deben ser extraídas de las mediciones de experimentos de dispersión inelástica 
profunda. 

• El protón es un sistema dinámico donde los quarks que interactúan fuertemente están 
intercambiando gluones constantemente que pueden fluctuar en pares . 

• Este “mar” de quarks y anti-quarks virtuales se produce a valores bajos de x. 

• La dispersión inelástica de electrón-protón involucra todos estos quarks, hasta los quarks 
s y los más pesados en pequeñas contribuciones. Estas contribuciones las despreciaremos. 

qq̄

194 Deep inelastic scattering

q

u

u

d

u

u

d

q

!Fig. 8.10 Production of virtual qq pairs within the proton.

be applied. The PDFs therefore have to be extracted from measurements of the
structure functions in deep inelastic scattering experiments and elsewhere.

For electron–proton deep inelastic scattering, the structure function Fep
2 (x) is

related to the PDFs by

Fep
2 (x) = x

∑

i

Q2
i qp

i (x) . (8.24)

In the static model of the proton, it is formed from two up-quarks and a down-
quark, and it might be expected that only up- and down-quark PDFs would appear
in this sum. However, in reality the proton is a dynamic system where the strongly
interacting quarks are constantly exchanging virtual gluons that can fluctuate into
virtual qq pairs through processes such as that shown in Figure 8.10. Because glu-
ons with large momenta are suppressed by the 1/q2 gluon propagator, this sea of
virtual quarks and antiquarks tend to be produced at low values of x. Electron–
proton inelastic scattering therefore involves interactions with both quarks and
antiquarks. Furthermore, there will be contributions to the scattering process from
strange quarks through interactions with virtual ss pairs and even very small con-
tributions from off-mass shell heavier quarks. Here, for the sake of clarity, the rela-
tively small contribution from strange quarks is neglected and the sum in (8.24) is
restricted to the light flavours, giving the quark–parton model prediction

Fep
2 (x) = x

∑

i

Q2
i qp

i (x) ≈ x
(
4
9

up(x) +
1
9

dp(x) +
4
9

up(x) +
1
9

d
p
(x)

)
, (8.25)

where up(x), dp(x), up(x) and d
p
(x) are respectively the up-, down-, anti-up and

anti-down parton distribution functions for the proton. A similar expression can be
written down for the structure functions for electron–neutron scattering,

Fen
2 (x) = x

∑

i

Q2
i qn

i (x) ≈ x
(
4
9

un(x) +
1
9

dn(x) +
4
9

un(x) +
1
9

d
n
(x)

)
, (8.26)

where the PDFs now refer to the momentum distributions within the neutron.
With the exception of the relatively small difference in Coulomb interactions

between the constituent quarks, the neutron (ddu) would be expected to have the
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Funciones de distribución partónicas

• Para la dispersión electrón-protón y la dispersión electrón-neutrón: 

                                   

                                             

• Asumiendo simetría de isospín, el neutrón (diu) es lo igual al protón (uud) con los quarks u y 
d intercambiados:  -> definimos las distribuciones en función 
de las del protón: 

Fep
2 (x) = x∑

i

Q2
i qp

i (x) = x( 4
9

up(x) +
1
9

dp(x) +
4
9

ūp(x) +
1
9

d̄p(x))

Fen
2 (x) = x∑

i

Q2
i qn

i (x) = x( 4
9

un(x) +
1
9

dn(x) +
4
9

ūn(x) +
1
9

d̄n(x))

dn(x) = up(x), un(x) = dp(x)

Fep
2 (x) = 2xFep

1 = x( 4
9

u(x) +
1
9

d(x) +
4
9

ū(x) +
1
9

d̄(x))

Fen
2 (x) = 2xFen

1 = x( 4
9

d(x) +
1
9

u(x) +
4
9

d̄(x) +
1
9

ū(x))

u(x) ≡ up(x) = dn(x)

ū(x) ≡ ūp(x) = d̄n(x)

d(x) ≡ dp(x) = un(x)

d̄(x) ≡ d̄p(x) = ūn(x)
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Funciones de distribución partónicas

• Integrando: 

                 

                

                                  
• Experimentalmente:    

• En el protón, como se espera, los quarks up llevan el doble de  
momento que los down. 

• Los quarks llevan el 50% del momento total del protón. El resto 
    lo llevan los gluones (que al ser neutros no contribuyen a la dispersión)                   

∫
1

0
Fep

2 (x)dx = ∫
1

0
x( 4

9
[u(x) + ū(x)] +

1
9

[d(x) + d̄(x)])dx =
4
9

fu +
4
9

fd

∫
1

0
Fen

2 (x)dx = x( 4
9

[d(x) + d̄(x)] +
1
9

[u(x) + ū(x)])dx =
4
9

fd +
1
9

fu

fu = ∫
1

0
[xu(x) + xū(x)]

Fracción del momento del 
protón llevado por los quarks 
up y anti-up

196 Deep inelastic scattering
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!Fig. 8.11 SLAC measurements of Fep
2 (x, Q2) for 2 < Q2/ GeV2 < 30. Data from Whitlow et al. (1992).

Similarly, Fen
2 (x) can be extracted from electron–deuterium scattering data (see

Problem 8.6), and it is found that
∫

Fen
2 (x) dx ≈ 0.12 .

Using the quark–parton model predictions of (8.29), these experimental results can
be interpreted as measurements of the fractions of the momentum of the proton
carried by the up-/anti-up- and down-/anti-down-quarks:

fu ≈ 0.36 and fd ≈ 0.18.

Given that the proton consists of two up-quarks and one down-quark, it is perhaps
not surprising that fu = 2 fd. Nevertheless, the total fraction of the momentum of the
proton carried by quarks and antiquarks is just over 50%; the remainder is carried
by the gluons that are the force carrying particles of the strong interaction. Because
the gluons are electrically neutral, they do not contribute to the QED process of
electron–proton deep inelastic scattering.

8.4.3 Valence and sea quarks

It is already clear that the proton is a lot more complex than first might have been
anticipated. The picture of a proton as a bound state consisting of three “valence”
quarks is overly simplistic. The proton not only contains quarks, but also contains
of a sea of virtual gluons that give rise to an antiquark component through g→ qq
pair production. To reflect these two distinct components, the up-quark PDF can
be split into the contribution from the two valence quarks, written as uV (x), and a

Área = 
4
9

fu +
1
9

fd

2(G eV /c)2 < Q2 < 18(G eV /c)2

∫ Fep
2 (x)dx ≈ 0.18 ∫ Fen

2 (x)dx ≈ 0.12 fu ≈ 0.36 fd ≈ 0.18Y

Phys.Lett.B 282, 475-482
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Quarks de valencia y de mar

• La visión del protón como un estado ligado que consiste de 3 quarks de valencia es 
bastante simplista.  

• El protón no sólo contiene quarks, sino que también contiene el mar de  
gluones virtuales que dan lugar a la producción de anti-quarks via . 

• Para reflejar estas dos componentes distintas, la PDF del quark up se puede dividir en la 
contribución de los dos quarks de valencia  y la contribución del mar de quarks up 

 : 

• En el caso de las PDFs de los anti-quarks, solo hay contribución del mar de quarks:

g → qq̄

uv(x)
us(x)

u(x) = uv(x) + us(x) d(x) = dv(x) + ds(x)

ū(x) = ūs(x) d̄(x) = d̄s(x)
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!Fig. 8.10 Production of virtual qq pairs within the proton.

be applied. The PDFs therefore have to be extracted from measurements of the
structure functions in deep inelastic scattering experiments and elsewhere.

For electron–proton deep inelastic scattering, the structure function Fep
2 (x) is

related to the PDFs by

Fep
2 (x) = x

∑

i

Q2
i qp

i (x) . (8.24)

In the static model of the proton, it is formed from two up-quarks and a down-
quark, and it might be expected that only up- and down-quark PDFs would appear
in this sum. However, in reality the proton is a dynamic system where the strongly
interacting quarks are constantly exchanging virtual gluons that can fluctuate into
virtual qq pairs through processes such as that shown in Figure 8.10. Because glu-
ons with large momenta are suppressed by the 1/q2 gluon propagator, this sea of
virtual quarks and antiquarks tend to be produced at low values of x. Electron–
proton inelastic scattering therefore involves interactions with both quarks and
antiquarks. Furthermore, there will be contributions to the scattering process from
strange quarks through interactions with virtual ss pairs and even very small con-
tributions from off-mass shell heavier quarks. Here, for the sake of clarity, the rela-
tively small contribution from strange quarks is neglected and the sum in (8.24) is
restricted to the light flavours, giving the quark–parton model prediction

Fep
2 (x) = x

∑

i

Q2
i qp

i (x) ≈ x
(
4
9

up(x) +
1
9

dp(x) +
4
9

up(x) +
1
9

d
p
(x)

)
, (8.25)

where up(x), dp(x), up(x) and d
p
(x) are respectively the up-, down-, anti-up and

anti-down parton distribution functions for the proton. A similar expression can be
written down for the structure functions for electron–neutron scattering,

Fen
2 (x) = x

∑

i

Q2
i qn

i (x) ≈ x
(
4
9

un(x) +
1
9

dn(x) +
4
9

un(x) +
1
9

d
n
(x)

)
, (8.26)

where the PDFs now refer to the momentum distributions within the neutron.
With the exception of the relatively small difference in Coulomb interactions

between the constituent quarks, the neutron (ddu) would be expected to have the
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Quarks de valencia y de mar

• Como el protón consiste de dos quarks up y un quark d de valencia: 

• Aunque no tenemos una estimación a priori del mar de quarks, podemos hacer algunas 
suposiciones razonables: 

‣ Como el mar de quarks y anti-quarks se producen en pares -> las PDFs del mar de 
quarks será la misma que la de anti-quarks. 

‣ Como las masas de los quarks up y down son similares, es razonable esperar que las 
PDFs de quarks up y down sean aproximadamente las mismas.

us(x) = ūs(x) ≈ ds(x) ≈ d̄S(x) ≈ S(x)

∫
1

0
uv(x)dx = 2 ∫

1

0
dv(x)dx = 1
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Quarks de valencia y de mar

• Con estas relaciones: 

• Y su cociente: 

• Aunque las PDFs deben ser determinadas experimentalmente,  
se pueden hacer algunas predicciones cualitativas. 
‣ El mar de quarks se espera que se produzca principalmente a  

bajo x -> el mar de quarks dará una contribución dominante a las  
PDFs del protón a bajo x: 

us(x) = ūs(x) ≈ ds(x) ≈ d̄S(x) ≈ S(x)

Fep
2 (x) = x( 4

9
uv(x) +

1
9

dv(x) +
10
9

S(x)) Fen
2 (x) = x( 4

9
dv(x) +

1
9

uv(x) +
10
9

S(x))

Fen
2 (x)

Fep
2 (x)

=
4dv(x) + uv(x) + 10S(x)
4uv(x) + dv(x) + 10S(x)

Fen
2 (x)

Fep
2 (x)

= → 1 x → 0
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!Fig. 8.12 The ratio of Fen
2 (x)/Fep

2 (x) obtained from electron–deuterium and electron–proton deep inelastic scattering
measurements at SLAC. Data from Bodek et al. (1979).

Owing to the 1/q2 gluon propagator, which will suppress the production of sea
quarks at high x, it might be expected that the high-x PDFs of the proton will be
dominated by the valence quarks. In this case,

Fen
2 (x)

Fep
2 (x)

→ 4dV(x) + uV(x)
4uV(x) + dV(x)

as x→ 1 .

If it is also assumed that uV (x) = 2dV (x), the ratio of Fen
2 (x)/Fep

2 (x) would be
expected to tend to 2/3 as x → 1. This is in clear disagreement with the data of
Figure 8.12, where it can be seen that

Fen
2 (x)

Fep
2 (x)

→ 1
4

as x→ 1.

This would seem to imply that the ratio dV (x)/uV (x) → 0 as x → 1. Whilst this
behaviour is not fully understood, a qualitative explanation based on the exclu-
sion principle can be made. At high x, one of the valence quarks carries most
of the momentum of the proton and the other two valence quarks must be in a
low momentum state. Since the exclusion principle forbids two like-flavour quarks
being in the same state, the configuration where the down-quark in the proton is at
high x and both up-quarks have low momentum is disfavoured.

There are a number of conclusions that can be drawn from the above discussion.
Firstly, the proton is a complex system consisting of many strongly interacting
quarks and gluons. Secondly, whilst qualitative predictions of the properties of the

Observado experimentalmente 
(DIS e-p y e-d) en SLAC

Phys.Rev.D 20, 1471-1552
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Quarks de valencia y de mar

‣ Debido a la dependencia 1/q2 del propagador del gluón, que suprime la producción del 
mar de quarks a alto x -> 

‣ Si asumimos  ->  cuando x -> 1 

‣ Esto está en desacuerdo con los datos experimentales:  
  

uv(x) = 2dv(x)
Fen

2 (x)
Fep

2 (x)
→ 2/3

Fen
2 (x)

Fep
2 (x)

=
4dv(x) + uv(x) + 10S(x)
4uv(x) + dv(x) + 10S(x)

Fen
2 (x)

Fep
2 (x)

= →
4dv(x) + uv(x)
4uv(x) + dv(x)

x → 1198 Deep inelastic scattering
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Owing to the 1/q2 gluon propagator, which will suppress the production of sea
quarks at high x, it might be expected that the high-x PDFs of the proton will be
dominated by the valence quarks. In this case,

Fen
2 (x)

Fep
2 (x)

→ 4dV(x) + uV(x)
4uV(x) + dV(x)

as x→ 1 .

If it is also assumed that uV (x) = 2dV (x), the ratio of Fen
2 (x)/Fep

2 (x) would be
expected to tend to 2/3 as x → 1. This is in clear disagreement with the data of
Figure 8.12, where it can be seen that

Fen
2 (x)

Fep
2 (x)

→ 1
4

as x→ 1.

This would seem to imply that the ratio dV (x)/uV (x) → 0 as x → 1. Whilst this
behaviour is not fully understood, a qualitative explanation based on the exclu-
sion principle can be made. At high x, one of the valence quarks carries most
of the momentum of the proton and the other two valence quarks must be in a
low momentum state. Since the exclusion principle forbids two like-flavour quarks
being in the same state, the configuration where the down-quark in the proton is at
high x and both up-quarks have low momentum is disfavoured.

There are a number of conclusions that can be drawn from the above discussion.
Firstly, the proton is a complex system consisting of many strongly interacting
quarks and gluons. Secondly, whilst qualitative predictions of the properties of the

Fen
2 (x)

Fep
2 (x)

→
1
4

Esto implica que  cuando x->1 
Este comportamiento no se entiende completamente

dv(x)/uv(x) → 0

Phys.Rev.D 20, 1471-1552
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Medición de las PDFs
• Las PDFs se extraen de ajustes globales un gran número de datos provenientes de diferentes 

experimentos que miden distintos observables. 
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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Figure 20: MMHT2014 NLO PDFs at Q2 = 10 GeV2 and Q
2 = 104GeV2, with associated 68%

confidence-level uncertainty bands. The corresponding plot of NNLO PDFs was shown in Fig. 1.

5.3.4 Availability of MMHT2014 PDFs

Recall that the NNLO set of PDFs that we present correspond to the default value of ↵S(M2

Z
) =

0.118. These NNLO PDFs at scales of Q2 = 10 GeV2 and 104 GeV2 were shown in Fig. 1.

The corresponding NLO PDFs with a default value ↵S(M2

Z
) = 0.120 are shown in Fig. 20. As

Q
2 increases we expect the uncertainties on the PDFs to decrease, particularly at very small

x. This is well illustrated in the plots by comparing the PDFs at Q2 = 10GeV2 with those at

Q
2 = 104 GeV2. We also make available a second set of NLO PDFs with ↵S(M2

Z
) = 0.118.

In addition, we provide a LO set of PDFs, which have ↵S(M2

Z
) = 0.135, though these give a

poorer description of the global data, see Table 5.

These four sets of PDFs are available as programme-callable functions from [14], and from

the LHAPDF library [15]. A new HepForge [16] project site is also expected.

Although we leave a full study of the relationship between the PDFs and the strong coupling

constant ↵S to a follow-up publication we also make available PDF sets with changes of ↵S(M2

Z
)

of 0.001 relative to the PDF eigenvector sets, i.e. at ↵S(M2

Z
) = 0.117 and 0.119 at both NLO and

NNLO, and also at ↵S(M2

Z
) = 0.121 at NLO. We also make sets available at ↵S(M2

Z
) = 0.134

and 0.136 at LO. This is in order to enable the ↵S variation in the vicinity of the default PDFs

to be examined and for the uncertainty to be calculated if the simple procedure of addition of

↵S(M2

Z
) errors in quadrature is applied.14

14See [135], where it is shown this is equivalent to treating ↵S(M2
Z) as an extra parameter in the eigenvector

approach in the limit that the Hessian formalism is working perfectly.

53

PDFs MMHT14 a NLO con sus bandas del 68% de C.L.

Eur. Phys. J. C75(2015) 204,
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Dispersión Electrón-protón en el colisionados HERA

• El estudio de DIS a muy alto Q2 y muy bajo x fue el objetivo principal del colisionados 
HERA que operó de 1991 a 2007 en DESY, Hamburgo, Alemania. 

• Anillo de tres kilómetros de circunferencia donde se hacían colisionar electrones de 27.5 
GeV con protones de 820 GeV o 920 GeV 

• Se colocaron dos experimentos grandes en extremos opuestos del anillo: H1 y ZEUS. 

• Cada experimento recogido más de 1 millón de colisiones inelásticas profundas  a 
. 

• Esta gran cantidad de datos permitió estudiar la estructura del protón con gran precisión, 
tanto en valores de Q2 como a x por debajo de 

e±p
Q2 > 200 GeV2

10−4
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Dispersión Electrón-protón en el colisionados HERA
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Dispersión Electrón-protón en el colisionados HERA

• Evento correspondiente a una colisión e-p 
en el detector H1

e+  p
θ

 jet
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Dispersión Electrón-protón en el colisionados HERA

• Resultados para la función de estructura del protón 

‣ No hay evidencia de un decrecimiento rápido de la  
   sección eficaz a Q2 muy alto  

                          

‣ Para x > 0.05, hay una dependencia de F2 con Q2 es débil: 
es consistente con lo esperado del modelo de quark-partón 

‣ Se observan violaciones de escala claras, particularmente 
      a bajos x 

Rquark < 10−18m

F2(x, Q2) ≠ F2(x)
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Violación de escala
• A pesar que el Bjorken scaling se observa para un amplio rango de valores de x -> existen 

pequeñas desviaciones a muy bajos y muy altos valores de x. 

• Por ejemplo, la función de estructura para valores altos (bajos) de x se observan que 
decrecen (crecen) con el aumento de Q2. 

• Este comportamiento se conoce como violación de escala. 

• A Q2 alto se observa mayor cantidad de quarks con valores de x.  
‣ Explicación: a Q2 alto (longitud de onda corta del fotón) -> resolución más fina de la estructura -> el 

quark comparte momento con los gluones 

• La dependencia con Q2 ase puede calcular en la teoría de la interacción fuerte: QCD. 

• La dependencia con x  de la función de estructura no se puede predecir. 

201 8.5 Electron–proton scattering at the HERA collider

8.5.1 Scaling violations

Whilst Bjorken scaling holds over a wide range of x values, relatively small devi-
ations are observed at very low and very high values of x. For example, at high
(low) values of x, the proton structure function is observed to decrease (increase)
with increasing Q2. Put another way, at high Q2 the measured structure functions
are shifted towards lower values of x relative to the structure functions at low Q2,
as indicated in Figure 8.15. This behaviour, known as scaling violation, implies
that at high Q2, the proton is observed to have a greater fraction of low x quarks.
These scaling violations are not only expected, but the observed Q2 dependence is
calculable in the theory of the strong interaction, QCD.

The mathematical description of the origin of scaling violations is beyond the
scope of this book and only a qualitative description is given here. At low Q2, there
is a length scale, determined by the wavelength of the virtual photon, below which
it is not possible to resolve any spatial sub-structure, as indicated in Figure 8.16a.
At higher values of Q2, corresponding to shorter-wavelengths of the virtual photon,
it is possible to resolve finer detail. In this case, the deep inelastic scattering process
is sensitive to the effects of quarks radiating virtual gluons, q → qg, over smaller
length scales, as indicated in Figure 8.16b. Consequently, more low-x quarks are
“seen" in high-Q2 deep inelastic scattering.

Although currently it is not possible to calculate the proton PDFs from first prin-
ciples within the theory of QCD, the Q2 dependence of the PDFs is calculable
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!Fig. 8.15 The general features of the evolution of Fep
2 (x, Q2): (a) the Q2 dependence at low and high x and (b) the x

dependence at low and high Q2.
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!Fig. 8.16 Finer structure within the proton can be resolved by shorter-wavelength virtual photons leading to the obser-
vation of lower x partons at higher Q2. The circled regions indicate the length scale below which structure
cannot be resolved.


