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l� = (E�,⌅l� )

l = (E,⌅l ) �

p
p�

q = l � l�

lμ pμ fijos

l′￼
μ p′￼

μ 8 variables

-4  conservación E-p

-1  l2 = m2
e

-1  p′￼2 = m2
p

-1  en c.m.s. , simetría rotacionesl − p

 1  variable independiente (  o ) θ E′￼

 2 variables independientes (  y ) θ E′￼

J. D. BjorkenR.P. Feynman

 renormalizabilidad de Yang-Mills  y QCD (’t Hooft 1971)

 libertad asintótica en QCD (Gross, Wilczek, Politzer 1973)
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Modelo de partones:

l� = (E�,⌅l� )

l = (E,⌅l ) �

p
p�

q = l � l�

J. D. BjorkenR.P. Feynman

q + p = p′￼

q = p′￼− p
q2 = (p′￼− p)2 = p′￼2 − 2pμqμ + p2 ≃ − 2p ⋅ q

(Q2 ≫ M2)

q = l − l′￼

q2 = (l − l′￼)2 = l2 − 2lμl′￼μ + l′￼2

(m2
l ≃ 0)

≃ − 2EE′￼+ 2 | ⃗l | | ⃗l′￼| cosθ

(m2
l = E2 − | ⃗l |2 )

≃ − 2(EE′￼− EE′￼cosθ)

≃ − 4EE′￼sen2 θ
2

Q2 ≡ − q2 ≃ 4EE′￼sen2 θ
2

dσ
dQ2

=

x ≡
−q2

2p ⋅ q
= 1 (si p′￼2 = M2)

< 1 (si p′￼2 ≠ M2)

d2σ
dQ2 dx

=

W2(x, Q2) ⟶ δ(x − 1)

variable de Bjorken
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J. D. BjorkenR.P. Feynmanl� = (E�,⌅l� )

l = (E,⌅l ) �

p
p�

q = l � l�
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Q4

E′￼
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pi = yi p yi p + q = p′￼′￼

(yi p + q)2 = p′￼′￼2

y2
i p2 + 2yI p ⋅ q + q2 = p′￼′￼2

yi =
Q2

2p ⋅ q

W2(x, Q2) = ∑
i

∫
1

0
dyi e2

i fi(yi) δ(yi − x)

W2(x, Q2) = ∑
i

e2
i fi(x)

0.01 0.1 0.3 1

fi(x)

x

fi(x) ∼ δ(x − 1)

fi(x) ∼ δ(x − 1/3)

Modelo de partones:

pi

(p2 = M2 ≃ 0) (p′￼′￼2 = m2
i ≃ 0)

s
s

u
u
d

= xBjorken

p′￼′￼
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J. D. BjorkenR.P. Feynman

Modelo de partones:

σep ∼ e2
u [ u(x) + ū(x)] + e2

d [ d(x) + d̄(x)] + e2
s [ s(x) + s̄(x)] + ⋯

usea(x) = ūsea(x)

uval(x) ≡ u(x) − ūsea(x) ∫
1

0
dx uval(x) = 2 ∫

1

0
dx dval(x) = 1 ∫

1

0
dx sval(x) = 0

∫
1

0
dx x(u + ū + d + d̄ + s + s̄ + ⋯) = 1

?

∼ 0.54
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QCD-improved parton model:

2

+

2

σep(x, Q2) ∼ ∑
i

e2
i ∫

1

0
dy fi(y) δ(x − y)σep(x, Q2) ∼ ∑

i

e2
i ∫

1

0
dy fi(y) [δ(x − y) + Cq(x, y, Q2)]

+

2

σep(x, Q2) ∼ ∑
i

e2
i ∫

1

0
dy fi(y) [δ(x − y) + Cq(x, y, Q2)] + g(y) Cg(x, y, Q2)

perturbativa 

(calculable)

no perturbativa 

(medible)

al orden que te de el cuero
universal!
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QCD-improved parton model:
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σep(x, Q2) = σeq,g(x, Q2) ⊗ fi(x)

σpp(η, M2) = σij(η, M2) ⊗ fi(x1) ⊗ fj(x2)
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Confinamiento y hadronización:

e-

e+

he-

e+

he-
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dσ
dz
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q
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BDSS2021

z ≡
Eh

Eq
=

2 Eh

s

s

s ≡ (pe+ + pe−)2

4πα2
em

3s
e2

q(1 + αsσ1(s) + α2
s σ2(s) + ⋯)
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Modelo de quarks predice la polarización de cada tipo de quark en el proton

μp

μn ψS

= −
3
2

motivación del color y SU(3)

P(u ↑ ) = 5/9

P(u ↓ ) = 1/9

predicción momentos magnéticosP(d ↑ ) = 1/9

P(d ↓ ) = 2/9

Δq(x) ≡ q↑(x) − q↓(x)

ΔΣ(x) ≡ Δu(x) + Δd(x) + Δs(x)

∫
1

0
dx ΔΣ(x) = ?

≪ 1 CERN-EMC 1987
R. Piegaia  Ph.D Thesis

Δg? Lq, Lg?

Spin del protón:

1.

2.

3.

4.

A crisis in the parton model: where,
oh where is the proton's spin?
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Abstract

A careful re-analysis of the recent EMC polarized target experiment is carried out
in the hope of avoiding the startling conclusion that only 1/8 of the proton's spin
is due to the spin of its valence quards. Inconsistencies in the original analysis are
corrected and the role ofg (x) and of possible vector diquark constituents is
examined. A new result forg (x) in the parton model is presented.
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5.2 Measuring ∆g

• several different reactions with sensitivity to ∆g can be studied

for example, pp → γX, pp → jetX, pp → πX, pp → (cc̄)X, . . .

• for the first time, we can test universality properties of polarized pdfs

• emphasize : we are not only measuring nucleon structure

– we also test QCD spin interactions !

• all studied extensively in the unpolarized case

CLASE 14: QCD y modelo de partones

Spin del protón:

Relativistic Heavy Ion Collider (Brookhaven)
5.2 Measuring ∆g

• several different reactions with sensitivity to ∆g can be studied

for example, pp → γX, pp → jetX, pp → πX, pp → (cc̄)X, . . .

• for the first time, we can test universality properties of polarized pdfs

• emphasize : we are not only measuring nucleon structure

– we also test QCD spin interactions !

• all studied extensively in the unpolarized case

5.2 Measuring ∆g

• several different reactions with sensitivity to ∆g can be studied

for example, pp → γX, pp → jetX, pp → πX, pp → (cc̄)X, . . .

• for the first time, we can test universality properties of polarized pdfs

• emphasize : we are not only measuring nucleon structure

– we also test QCD spin interactions !

• all studied extensively in the unpolarized case

-0.2

-0.15

-0.1

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.001  0.003  0.01  0.03  0.1  0.3  0.5  1

x 

MC-average
MC-replicas

STAR 2012
STAR 2009

STAR 2013
STAR Combined impact

x∆g(x,Q2=10 GeV2)

-0.5

0

0.5

1

1.5

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

DSSV 2014
with 90% C.L. band

DIS + SIDIS data
no pp data in fit

RHIC spin
projected data up to 2015

EIC projections:
√s = 77.5 GeV

+ √s = 122.7 GeV
+ √s = 141.4 GeV∫ d

x 
∆

g(
x,

Q
2 )

x m
in

1

Q2 = 10 GeV2

xmin

pre RHIC

2014

ahora


