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•  Parton	
  Model:	
  

–  Classical	
  probability	
  intui8on	
  
–  Unique	
  universal	
  PDFs	
  -­‐>	
  clear	
  hadron	
  structure	
  interpreta8on.	
  

	
  
•  Collinear	
  Factoriza8on	
  in	
  real	
  pQCD: 	
  	
  

–  Like	
  parton	
  model	
  but	
  with	
  caveats.	
  
–  Op8mal	
  choice	
  of	
  μ	
  is	
  hard	
  scale	
  dependent	
  -­‐>	
  Evolu&on	
  
	
  

•  TMD	
  Factoriza8on	
  in	
  DY,	
  SIDIS	
  in	
  real	
  pQCD:	
  
–  Like	
  Collinear	
  but	
  with	
  even	
  more	
  caveats.	
  

–  Sivers	
  sign	
  flip	
  =	
  non-­‐universality	
  from	
  Wilson	
  line	
  geometry.	
  
–  So-	
  Evolu1on	
  =	
  Strongly	
  universality	
  scaling	
  viola8ons.	
  

	
  
•  TMD	
  Factoriza8on	
  for	
  back-­‐to-­‐back	
  H1	
  +	
  H2	
  -­‐>	
  H3	
  +	
  H4	
  +	
  X:	
  

–  No	
  disentangling…	
  even	
  through	
  complex	
  Wilson	
  lines.	
  
–  Ward	
  iden88es	
  incompa8ble	
  with	
  separate	
  gauge	
  invariant	
  

defini8ons.	
  
	
  

	
  	
  	
  	
  	
  	
  	
  Strong	
  	
  
Factoriza&on	
  

Caveats	
  
Needed	
  

More	
  
	
  	
  	
  caveats	
  

S&ll	
  	
  
	
  	
  more	
  
	
  	
  	
  	
  caveats?	
  	
  

Types of QCD Factorization 
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“This implies that the quark 
and antiquark are 
individually unpolarized, but 
that their spins are 
correlated; the spin state is 
thus an entangled state.” 

-­‐	
  J.	
  C.	
  Collins,	
  textbook	
  (2011)	
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Figure 3: Transverse Single Spin Asymmetry A

N

measured atp
s = 200 GeV in the FMS using a 35 mR cone algorithm to

identify p0 events. A

N

is plotted vs. p0 transverse momentum.

Next, a more selected photon
list is created to contain the photon
candidates with energy E > E

min

,
with E

min

=6 GeV ( 4 GeV for large
cells Run 11). The list of photons
is sorted with an algorithm, similar
to a jet reconstruction algorithm,
with photon candidates added to a
cluster of photons when they are
produced at an angle relative to the
center of the cluster that is less that
a fixed cone radius. The number
of such photons within the chosen
angular cone is Ng . The number of
remaining photon candidates with
energies E

so f t

< E < E

min

is N

so f t

.
The Run 11 500 GeV data were an-
alyzed with both 30mR and 70mR
cone radii. The Run 12 200 GeV
data were analyzed with 35mR, 70mR and 200mR cone sizes. The 200mR cone covers most of the
FMS detector and the 35mR and 70mR cones are shown relative to the detector size in Figure 2.

Figure 4: A comparison between the 500 GeV(red) and 200
GeV(blue) transverse single spin asymmetry A

N

for production
in the range of Feynman X

F

< 0.4. The upper plots show the re-
sults with smaller cone sizes used for event selection. No N

so f t

cut has been applied for these plot.

For events that satisfy a FMS
hardware trigger based on a hard-
wired localized transverse energy
sum, p0 events are identified with
the following selection cuts.

1. Exactly two photons (Ng =

2) of energies E1 > Emin and
E2 > Emin.

2. Selection of a di-photon
Mass M1,2 range (M1,2 <

0.4GeV/c

2 for 200 GeV
data).

3. Z ⌘ |E1�E2
E1+E2

|< 0.7.

The above criteria are applied with
specification of a analysis cone an-
gle 30mR, 35mR, 70mR or 200
mR and sorted by the number of
soft photons candidates, N

so f t

. All
asymmetries shown are plotted with statistical error bars and the preliminary fractional systematic
errors are dA

N

A

N

< 15%.
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tions while the UA2 results tend to be slightly below. The
apparent slope effect of the D0 data, at the lowest values of
xT , is not meaningful when taking into account the large
systematic errors. As for UA1 data [12], the large error bars
do not constrain the theory very much, and we do not show
these data here. One can note however that the correspond-
ing ratios would be above one.

We now turn to a comparison of the recent pp data from
the E706 collaboration [10] with the pBe data [9] of the
same collaboration. This is done in Fig. 10. We clearly
distinguish two domains for the E706 data, one for xT !
:34 and a second one for lower values of xT . In the large-xT
domain, the ratio data/theory is approximately flat, or
slightly decreasing with an average value close to 1.8.
Proton-proton data and proton-Berylium data are compat-
ible within errors. The problem met here by theory is that
of the normalization. Even the use of a small scale ! "
pT=3 does not reconcile NLO QCD with data [45]. The
low-xT domain is characterized by a marked rise of the
ratios, up to 4.5 (at pT ’ 3:73 GeV) when xT decreases.
Here also pp and pBe data are compatible within errors.
NLO QCD cannot explain this rise and another mecha-
nism, the kT-enhancement, has been put forward by the

FIG. 11 (color online). World’s inclusive and isolated direct photon productions cross sections measured in proton-proton and
antiproton-proton collisions compared to JETPHOX NLO predictions using BFG II (CTEQ6M) for fragmentation (structure) functions
and a common scale pT=2. For the clarity of the figure the E706 data are scaled by a factor 10#4.

FIG. 10 (color online). Comparison of pp and pBe data of
E706 normalized by the theoretical predictions with scales pT=2.
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ŝ (245)

k2T,max

=
ŝ
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“This implies that the quark 
and antiquark are individually 
unpolarized, but that their 
spins are correlated; the spin 
state is thus an entangled 
state.” 

-­‐	
  J.	
  C.	
  Collins,	
  textbook	
  (2011)	
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FIG. 4: Feynman rules for the gluon distribution function.

FIG. 5: A general contribution to the gluon distribution function.

V. SCATTERING OFF TWO COLLINEAR GLUONS

We now extend the treatment of the Sect. III to the case of two target-collinear gluons. The graphs under consid-
eration are shown in Fig. ??. Our aim is to show that when the graphs are summed, Ward identities similar to what
were used in Sect. III lead to a factorized structure. For a consistent factorization formula, the resulting gluon PDF
should correspond to what is obtained using the Feynman rules of Fig. 4.
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G. Factorization and the Gluon Distribution Function

Adding Eqs. (??), (??), and (??) gives

M(2g) = U
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This may be written compactly if we define the factor in braces to be

L̃,⇢
(2g) = igsf↵�
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Normally a vector like this would have its ⇢ = + component power counting as Q/⇤. In fact this component is zero.
The reason is that it is constructed from a combination of G1, G2, and G(1+2), each of which gives this property
individually.

The importance of the last remark is that it shows that the dominant contribution, i.e., the leading-power contri-
bution, is from transverse values of ⇢, so that U , which goes into the hard scattering factor, can be treated as having
an incoming transversely polarized gluon. Compare this with what is found in Eq. (29).

It is the factor L̃,⇢
(2g) which we would like to identify with a two-gluon factor in the amplitude for the gluon

distribution function. The derivation so far, where we have systematically eliminated super-leading contributions,
shows that we have a result with the standard leading power of Q, i.e., Q0. The leading terms are for ⇢ = j, a
transverse index:
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The steps for obtaining a factorization formula are now exactly analogous to the steps in Sect. IIID. The analogue
of Eq. (29) for the case of two gluons is
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PDF listed in Fig. 4. This would not have happened if
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therefore important for agreement between the Feynman
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care in how the polarization of external gluon lines is
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Eq. (??) exactly vanishes in an Abelian theory, this re-
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of QCD can complicate factorization arguments.
Higher order calculations of hard scattering coe�cients

involve subtraction terms with multiple target collinear
gluons, so the results obtained here are of direct impor-
tance for obtaining correct hard scattering coe�cients

14

G. Factorization and the Gluon Distribution Function

Adding Eqs. (??), (??), and (??) gives

M(2g) = U
⇢ (k1 + k2)

⇢
igsf↵�


g

⇢µ1
n

µ2

J

k2 · nJ
� g

⇢µ2
n

µ1

J

k1 · nJ
+

n

µ1

J n

µ2

J

(k1 + k2) · nJ

✓
k

⇢
2

k1 · nJ
� k

⇢
1

k2 · nJ

◆�
L↵�
µ1µ2

�
+O(⇤/Q) . (81)

This may be written compactly if we define the factor in braces to be

L̃,⇢
(2g) = igsf↵�


g

⇢µ1
n

µ2

J

k2 · nJ
� g

⇢µ2
n

µ1

J

k1 · nJ
+

n

µ1

J n

µ2

J

(k1 + k2) · nJ

✓
k

⇢
2

k1 · nJ
� k

⇢
1

k2 · nJ

◆�
L↵�
µ1µ2

. (82)

Normally a vector like this would have its ⇢ = + component power counting as Q/⇤. In fact this component is zero.
The reason is that it is constructed from a combination of G1, G2, and G(1+2), each of which gives this property
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bution, is from transverse values of ⇢, so that U , which goes into the hard scattering factor, can be treated as having
an incoming transversely polarized gluon. Compare this with what is found in Eq. (29).

It is the factor L̃,⇢
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Here we have defined k = k1 + k2.
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(2g)(P ; k1, k2), given in Eq. (??) is exactly
what is obtained from the Feynman rules for the gluon
PDF listed in Fig. 4. This would not have happened if
we had neglected the K1K2 contribution from Sect. ??
to the leading behavior in Eq. (??). Equation (??) is
therefore important for agreement between the Feynman
rules for the gluon density and the leading contribution
to DIS.

VI. SUMMARY AND CONCLUSION
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Indeed, they yield leading contributions that are needed
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tions that go beyond lowest order in gs therefore require
care in how the polarization of external gluon lines is
treated, and involves keeping appropriate combinations
of G-terms in a Grammer-Yennie style treatment. Al-
though we have obtained our result for the simple case of
the integrated PDF, our arguments relied only on the
application of Ward identities at the amplitude level.
Therefore, similar results should hold for unintegrated
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once suitable definitions have been established. Since
Eq. (??) exactly vanishes in an Abelian theory, this re-
sult is a specific example of how the non-Abelian nature
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Here we have defined k = k1 + k2.
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(2g)(P ; k1, k2), given in Eq. (??) is exactly
what is obtained from the Feynman rules for the gluon
PDF listed in Fig. 4. This would not have happened if
we had neglected the K1K2 contribution from Sect. ??
to the leading behavior in Eq. (??). Equation (??) is
therefore important for agreement between the Feynman
rules for the gluon density and the leading contribution
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though we have obtained our result for the simple case of
the integrated PDF, our arguments relied only on the
application of Ward identities at the amplitude level.
Therefore, similar results should hold for unintegrated
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Eq. (??) exactly vanishes in an Abelian theory, this re-
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Normally a vector like this would have its ⇢ = + component power counting as Q/⇤. In fact this component is zero.
The reason is that it is constructed from a combination of G1, G2, and G(1+2), each of which gives this property
individually.

The importance of the last remark is that it shows that the dominant contribution, i.e., the leading-power contri-
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an incoming transversely polarized gluon. Compare this with what is found in Eq. (29).
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Here we have defined k = k1 + k2.
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(2g)(P ; k1, k2), given in Eq. (??) is exactly
what is obtained from the Feynman rules for the gluon
PDF listed in Fig. 4. This would not have happened if
we had neglected the K1K2 contribution from Sect. ??
to the leading behavior in Eq. (??). Equation (??) is
therefore important for agreement between the Feynman
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Therefore, similar results should hold for unintegrated
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once suitable definitions have been established. Since
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The reason is that it is constructed from a combination of G1, G2, and G(1+2), each of which gives this property
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Here we have defined k = k1 + k2.
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(2g)(P ; k1, k2), given in Eq. (??) is exactly
what is obtained from the Feynman rules for the gluon
PDF listed in Fig. 4. This would not have happened if
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an incoming transversely polarized gluon. Compare this with what is found in Eq. (29).
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what is obtained from the Feynman rules for the gluon
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to the leading behavior in Eq. (??). Equation (??) is
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of G-terms in a Grammer-Yennie style treatment. Al-
though we have obtained our result for the simple case of
the integrated PDF, our arguments relied only on the
application of Ward identities at the amplitude level.
Therefore, similar results should hold for unintegrated
PDFs (and related objects like fragmentation functions)
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Eq. (??) exactly vanishes in an Abelian theory, this re-
sult is a specific example of how the non-Abelian nature
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gluons, so the results obtained here are of direct impor-
tance for obtaining correct hard scattering coe�cients
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