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P(↵), where ↵ is the factor by which the uncertainty on
the new data must be rescaled in order for both the prior
and the reweighted sets to be consistent with each other
(see Eq. (12) in Ref. [31]). If the modal value of ↵ is close
to unity, the new data is consistent with the old, and its
uncertainties have been correctly estimated.

I perform a simultaneous reweighting of the NNPDF-
pol1.1 parton set with all the data sets listed in Tab. I. In
Tab. II, I show the values of the �

2 per data point after
reweighting, �2

rw

/N

dat

, the number of e↵ective replicas,
N

e↵

, and the modal value of the P(↵) distribution, h↵i.
The corresponding asymmetries, after reweighting with
the new data, are displayed in Figs. 1-2-3, on top of their
counterparts before reweighting.

The value of the �

2 per data point always decreases
after reweighting. The improvement is marked for the
W -boson production data, moderate for the di-jet pro-
duction data and only slight for the neutral pion pro-
duction data. This is expected, since the first data set
has the smallest uncertainties, among all, in compari-
son to the PDF uncertainties on the theoretical predic-
tions. This suggests that this data is bringing in a sig-
nificant amount of new information. After reweighting,
the �2 per data point is of order one for all the new data
sets. However, in the case of W -boson and neutral pion
production asymmetries, these numbers should be taken
with care, because a complete information on correlated
systematics is not available. This is the reason why the
reweighted �

2 is smaller than one for these sets, except
for the W

+ production data. In this case, the value of
the �2 is raised by a sizable contribution coming from the
point with the largest positron rapidity, which disagrees
by about two sigma with the reweighted theoretical pre-
diction and the previous STAR measurement from run
2010-2011 (see also Fig. 4 in ref [19]).

The number of e↵ective replicas after reweighting de-
pends significantly on the data set. The size of the
reweighted parton set is about 90% of the original
NNPDFpol1.1 parton set (made of N

rep

= 100 replicas)
for di-jet and pion production data, while it is only about
30%-40% for W -boson production data. This result re-
flects the di↵erent constraining power of the various data
sets, which is maximized in the last case. In principle,
a prior ensemble with a larger number of replicas should
then be needed for the reweighted ensemble to sample the
probability density in the space of PDFs with as much ac-
curacy. However this is not relevant here, as reweighted
results only serve to assess the impact of the new data,
and are not used to construct a new parton set.

The modal value of the P(↵) distribution is of order
one for all the new data sets. Values of h↵i slightly larger
than one are found for the W -boson production data: in
the case of W�, this is mostly determined by a sizable
fluctuation of one data point (around ⌘

e

� ⇠ 0.25) with
respect to the shape of the corresponding asymmetry; in
the case of W+, this is mostly determined by the fourth
data point (around ⌘

e

+ ⇠ 0.75), which, as already noted,
disagrees by about two sigma with the reweighted theo-
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FIG. 4. A comparison of polarized PDFs before and after the
simultaneous reweighting of NNPDFpol1.1 with the data sets
listed in Tab. I. From left to right, top to bottom, the singlet,
�⌃, the gluon, �g, and the up and down sea quarks, �ū
and �d̄, are displayed. Parton distributions are evaluated at
µ2 = 10 GeV. Bands represent one-sigma uncertainties; they
are also shown in the lower inset of each panel.

retical prediction. Values of h↵i slightly smaller than one
are found for the neutral pion production data, thus sug-
gesting that experimental uncertainties are likely to be
overestimated, possibly because of the lack of a complete
information on correlations among systematics.
In Fig. 4, I compare the polarized PDFs before and af-

ter the simultaneous reweighting of NNPDFpol1.1 with
the data sets listed in Tab. I. From left to right, top
to bottom, I show the singlet (for n

f

active flavors),
�⌃ =

P
nf

i=1

(�q

i

+�q̄

i

), the gluon, �g, and the up and
down sea quarks, �ū and �d̄. Parton distributions are
evaluated at µ

2 = 10 GeV2. Bands represent one-sigma
uncertainties, which are also displayed separately in the
lower inset of each panel.
The impact of the wew data on the polarized PDFs of

the proton is twofold. On the one hand, it induces a shift
of the PDF central values, as a consequence of the ad-
justment to the shape of the corresponding asymmetries.
Specifically, the central value of �g increases by about
30% of its original value in the region 0.1 . x . 0.2; the
central value of �ū increases by about 25% and that of
�d̄ decreases by about 10% approximately in the same
region of x wher also �g is a↵ected. On the other hand,
the new data induces a reduction of the PDF uncertain-
ties, as a consequence of the improved precision of the
corresponding asymmetries. For �g and �d̄ such a re-
duction is moderate, and not larger than 5% of its orig-
inal value; for �ū it is fairly more pronounced, around
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FIG. 4. A comparison of polarized PDFs before and after the
simultaneous reweighting of NNPDFpol1.1 with the data sets
listed in Tab. I. From left to right, top to bottom, the singlet,
�⌃, the gluon, �g, and the up and down sea quarks, �ū
and �d̄, are displayed. Parton distributions are evaluated at
µ2 = 10 GeV. Bands represent one-sigma uncertainties; they
are also shown in the lower inset of each panel.
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and the reweighted sets to be consistent with each other
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after reweighting. The improvement is marked for the
W -boson production data, moderate for the di-jet pro-
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duction data. This is expected, since the first data set
has the smallest uncertainties, among all, in compari-
son to the PDF uncertainties on the theoretical predic-
tions. This suggests that this data is bringing in a sig-
nificant amount of new information. After reweighting,
the �2 per data point is of order one for all the new data
sets. However, in the case of W -boson and neutral pion
production asymmetries, these numbers should be taken
with care, because a complete information on correlated
systematics is not available. This is the reason why the
reweighted �

2 is smaller than one for these sets, except
for the W

+ production data. In this case, the value of
the �2 is raised by a sizable contribution coming from the
point with the largest positron rapidity, which disagrees
by about two sigma with the reweighted theoretical pre-
diction and the previous STAR measurement from run
2010-2011 (see also Fig. 4 in ref [19]).
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reweighted parton set is about 90% of the original
NNPDFpol1.1 parton set (made of N
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for di-jet and pion production data, while it is only about
30%-40% for W -boson production data. This result re-
flects the di↵erent constraining power of the various data
sets, which is maximized in the last case. In principle,
a prior ensemble with a larger number of replicas should
then be needed for the reweighted ensemble to sample the
probability density in the space of PDFs with as much ac-
curacy. However this is not relevant here, as reweighted
results only serve to assess the impact of the new data,
and are not used to construct a new parton set.

The modal value of the P(↵) distribution is of order
one for all the new data sets. Values of h↵i slightly larger
than one are found for the W -boson production data: in
the case of W�, this is mostly determined by a sizable
fluctuation of one data point (around ⌘
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respect to the shape of the corresponding asymmetry; in
the case of W+, this is mostly determined by the fourth
data point (around ⌘
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+ ⇠ 0.75), which, as already noted,
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FIG. 4. A comparison of polarized PDFs before and after the
simultaneous reweighting of NNPDFpol1.1 with the data sets
listed in Tab. I. From left to right, top to bottom, the singlet,
�⌃, the gluon, �g, and the up and down sea quarks, �ū
and �d̄, are displayed. Parton distributions are evaluated at
µ2 = 10 GeV. Bands represent one-sigma uncertainties; they
are also shown in the lower inset of each panel.

retical prediction. Values of h↵i slightly smaller than one
are found for the neutral pion production data, thus sug-
gesting that experimental uncertainties are likely to be
overestimated, possibly because of the lack of a complete
information on correlations among systematics.
In Fig. 4, I compare the polarized PDFs before and af-

ter the simultaneous reweighting of NNPDFpol1.1 with
the data sets listed in Tab. I. From left to right, top
to bottom, I show the singlet (for n
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active flavors),
�⌃ =

P
nf

i=1

(�q

i

+�q̄

i

), the gluon, �g, and the up and
down sea quarks, �ū and �d̄. Parton distributions are
evaluated at µ

2 = 10 GeV2. Bands represent one-sigma
uncertainties, which are also displayed separately in the
lower inset of each panel.
The impact of the wew data on the polarized PDFs of

the proton is twofold. On the one hand, it induces a shift
of the PDF central values, as a consequence of the ad-
justment to the shape of the corresponding asymmetries.
Specifically, the central value of �g increases by about
30% of its original value in the region 0.1 . x . 0.2; the
central value of �ū increases by about 25% and that of
�d̄ decreases by about 10% approximately in the same
region of x wher also �g is a↵ected. On the other hand,
the new data induces a reduction of the PDF uncertain-
ties, as a consequence of the improved precision of the
corresponding asymmetries. For �g and �d̄ such a re-
duction is moderate, and not larger than 5% of its orig-
inal value; for �ū it is fairly more pronounced, around
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FIG. 4. A comparison of polarized PDFs before and after the
simultaneous reweighting of NNPDFpol1.1 with the data sets
listed in Tab. I. From left to right, top to bottom, the singlet,
�⌃, the gluon, �g, and the up and down sea quarks, �ū
and �d̄, are displayed. Parton distributions are evaluated at
µ2 = 10 GeV. Bands represent one-sigma uncertainties; they
are also shown in the lower inset of each panel.
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flects the di↵erent constraining power of the various data
sets, which is maximized in the last case. In principle,
a prior ensemble with a larger number of replicas should
then be needed for the reweighted ensemble to sample the
probability density in the space of PDFs with as much ac-
curacy. However this is not relevant here, as reweighted
results only serve to assess the impact of the new data,
and are not used to construct a new parton set.

The modal value of the P(↵) distribution is of order
one for all the new data sets. Values of h↵i slightly larger
than one are found for the W -boson production data: in
the case of W�, this is mostly determined by a sizable
fluctuation of one data point (around ⌘

e

� ⇠ 0.25) with
respect to the shape of the corresponding asymmetry; in
the case of W+, this is mostly determined by the fourth
data point (around ⌘

e

+ ⇠ 0.75), which, as already noted,
disagrees by about two sigma with the reweighted theo-

-0.1

 0

 0.1

 0.2

 0.3 x∆Σ(x,µ2)

µ
2=10 GeV

 0

 0.03

 0.06 σx∆Σ NNPDFpol1.1
NNPDFpol1.1 (rw)

-0.6

-0.3

 0

 0.3

 0.6x∆g(x,µ2)

NNPDFpol1.1
NNPDFpol1.1 (rw)

 0

 0.1

 0.2σx∆g

-0.01

 0

 0.01

 0.02

 0.03 x∆u
-
(x,µ2)

 0

 0.01

 0.02

 0.01  0.1  1

x

σx∆u
-

-0.03

-0.02

-0.01

 0

 0.01x∆d
-
(x,µ2)

 0.01  0.1  1
 0

 0.01

 0.02

x

σx∆d
-

FIG. 4. A comparison of polarized PDFs before and after the
simultaneous reweighting of NNPDFpol1.1 with the data sets
listed in Tab. I. From left to right, top to bottom, the singlet,
�⌃, the gluon, �g, and the up and down sea quarks, �ū
and �d̄, are displayed. Parton distributions are evaluated at
µ2 = 10 GeV. Bands represent one-sigma uncertainties; they
are also shown in the lower inset of each panel.

retical prediction. Values of h↵i slightly smaller than one
are found for the neutral pion production data, thus sug-
gesting that experimental uncertainties are likely to be
overestimated, possibly because of the lack of a complete
information on correlations among systematics.
In Fig. 4, I compare the polarized PDFs before and af-

ter the simultaneous reweighting of NNPDFpol1.1 with
the data sets listed in Tab. I. From left to right, top
to bottom, I show the singlet (for n

f

active flavors),
�⌃ =

P
nf

i=1

(�q

i

+�q̄

i

), the gluon, �g, and the up and
down sea quarks, �ū and �d̄. Parton distributions are
evaluated at µ

2 = 10 GeV2. Bands represent one-sigma
uncertainties, which are also displayed separately in the
lower inset of each panel.
The impact of the wew data on the polarized PDFs of

the proton is twofold. On the one hand, it induces a shift
of the PDF central values, as a consequence of the ad-
justment to the shape of the corresponding asymmetries.
Specifically, the central value of �g increases by about
30% of its original value in the region 0.1 . x . 0.2; the
central value of �ū increases by about 25% and that of
�d̄ decreases by about 10% approximately in the same
region of x wher also �g is a↵ected. On the other hand,
the new data induces a reduction of the PDF uncertain-
ties, as a consequence of the improved precision of the
corresponding asymmetries. For �g and �d̄ such a re-
duction is moderate, and not larger than 5% of its orig-
inal value; for �ū it is fairly more pronounced, around

5

P(↵), where ↵ is the factor by which the uncertainty on
the new data must be rescaled in order for both the prior
and the reweighted sets to be consistent with each other
(see Eq. (12) in Ref. [31]). If the modal value of ↵ is close
to unity, the new data is consistent with the old, and its
uncertainties have been correctly estimated.

I perform a simultaneous reweighting of the NNPDF-
pol1.1 parton set with all the data sets listed in Tab. I. In
Tab. II, I show the values of the �

2 per data point after
reweighting, �2

rw

/N

dat

, the number of e↵ective replicas,
N

e↵

, and the modal value of the P(↵) distribution, h↵i.
The corresponding asymmetries, after reweighting with
the new data, are displayed in Figs. 1-2-3, on top of their
counterparts before reweighting.

The value of the �

2 per data point always decreases
after reweighting. The improvement is marked for the
W -boson production data, moderate for the di-jet pro-
duction data and only slight for the neutral pion pro-
duction data. This is expected, since the first data set
has the smallest uncertainties, among all, in compari-
son to the PDF uncertainties on the theoretical predic-
tions. This suggests that this data is bringing in a sig-
nificant amount of new information. After reweighting,
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30%-40% for W -boson production data. This result re-
flects the di↵erent constraining power of the various data
sets, which is maximized in the last case. In principle,
a prior ensemble with a larger number of replicas should
then be needed for the reweighted ensemble to sample the
probability density in the space of PDFs with as much ac-
curacy. However this is not relevant here, as reweighted
results only serve to assess the impact of the new data,
and are not used to construct a new parton set.

The modal value of the P(↵) distribution is of order
one for all the new data sets. Values of h↵i slightly larger
than one are found for the W -boson production data: in
the case of W�, this is mostly determined by a sizable
fluctuation of one data point (around ⌘
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respect to the shape of the corresponding asymmetry; in
the case of W+, this is mostly determined by the fourth
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simultaneous reweighting of NNPDFpol1.1 with the data sets
listed in Tab. I. From left to right, top to bottom, the singlet,
�⌃, the gluon, �g, and the up and down sea quarks, �ū
and �d̄, are displayed. Parton distributions are evaluated at
µ2 = 10 GeV. Bands represent one-sigma uncertainties; they
are also shown in the lower inset of each panel.
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central value of �ū increases by about 25% and that of
�d̄ decreases by about 10% approximately in the same
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the new data induces a reduction of the PDF uncertain-
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other. One can see that the experimental data indeed show
some tension with the Soffer bound for the d quark in the
high-x region as predicted in Ref. [94]. This saturation
happens in the region not explored by the current exper-
imental data, so future data from Jefferson Lab 12 will be
very important to test the Soffer bound and to constrain the
transversity and tensor charge.
The functions themselves are slightly different as can be

seen by comparing solid and dashes lines in Fig. 27(a). In
fact Ref. [17] uses the tree-level TMD expression (no TMD
evolution) for extraction, and we use the NLL TMD
formalism. Results should be different even though in
asymmetries, as we saw, at low energies results with NLL
TMD are comparable with the tree level. At higher energies
and Q2, the situation changes, and extracted functions
must be different. At the same time, one should remember
TMD evolution does not act as a universal Q2 suppression
factor. A complicated Fourier transform should be per-
formed that mixes Q2 and b dependence, and thus the
resulting functions are different in shape but comparable in
magnitude. It is also very encouraging that tree-level TMD
extractions yielded results very similar to our NLL extrac-
tion. This makes the previous phenomenological results
valid even though the appropriate TMD evolution was not
taken into account. It also means that we need to have
experimental data on unpolarized cross sections differential
in Ph⊥. As we have seen, the effects of evolution should be
evident in the data, and those measurements will help to
establish the validity of the modern formulation of TMD
evolution.
We compare extracted Collins fragmentation functions

−zHð3ÞðzÞ in Fig. 28 at Q2 ¼ 2.4 GeV2 with the extraction
of Torino-Cagliari-JLab 2013 [17]. The resulting Collins
FFs have the same signs, but shapes and sizes are slightly
different. Indeed one could expect it as far as Q2 of eþe− is
different, and the evolution effect must be more evident. At
the same time, those functions for both tree-level and NLL

TMD give the same (or similar) theoretical asymmetries
that are well compared to the experimental data of SIDIS
and eþe−. The favored Collins fragmentation function is
much better determined by the existing data, as one can
see from Fig. 28 that the functions at Q2 ¼ 2.4 GeV2 are
compatible within error bands. The unfavored fragmenta-
tion functions are different; however, those functions are
not determined very well by existing experimental data.
We also compare the tensor change from our and other

extractions in Fig. 29. The contribution to the tensor charge
of Ref. [18] is found by extraction using the so-called
dihadron fragmentation function that couples to the col-
linear transversity distribution. The corresponding func-
tions have DGLAP-type evolution known at LO and were
used in Ref. [18]. The results plotted in Fig. 29 correspond
to our estimates of the contribution to the u quark and d
quark in the region of x½0.065; 0.35& at Q2 ¼ 10 GeV2 at
68% C.L. (label 1) and the contribution to the u quark and
d quark in the same region of x and the same Q2 using the
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FIG. 27. (a) Comparison of extracted transversity (solid lines and vertical-line hashed region) Q2 ¼ 2.4 GeV2 with the Torino-
Cagliari-JLab 2013 extraction [17] (dashed lines and shaded region). (b) Comparison of extracted transversity (solid lines and shaded
region) at Q2 ¼ 2.4 GeV2 with Pavia 2015 extraction [18] (shaded region).
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FIG. 28. Comparison of extracted Collins fragmentation func-
tions (solid lines and vertical-line hashed region) at Q2 ¼
2.4 GeV2 with the Torino-Cagliari-JLab 2013 extraction [17]
(dashed lines and shaded region).
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other. One can see that the experimental data indeed show
some tension with the Soffer bound for the d quark in the
high-x region as predicted in Ref. [94]. This saturation
happens in the region not explored by the current exper-
imental data, so future data from Jefferson Lab 12 will be
very important to test the Soffer bound and to constrain the
transversity and tensor charge.
The functions themselves are slightly different as can be

seen by comparing solid and dashes lines in Fig. 27(a). In
fact Ref. [17] uses the tree-level TMD expression (no TMD
evolution) for extraction, and we use the NLL TMD
formalism. Results should be different even though in
asymmetries, as we saw, at low energies results with NLL
TMD are comparable with the tree level. At higher energies
and Q2, the situation changes, and extracted functions
must be different. At the same time, one should remember
TMD evolution does not act as a universal Q2 suppression
factor. A complicated Fourier transform should be per-
formed that mixes Q2 and b dependence, and thus the
resulting functions are different in shape but comparable in
magnitude. It is also very encouraging that tree-level TMD
extractions yielded results very similar to our NLL extrac-
tion. This makes the previous phenomenological results
valid even though the appropriate TMD evolution was not
taken into account. It also means that we need to have
experimental data on unpolarized cross sections differential
in Ph⊥. As we have seen, the effects of evolution should be
evident in the data, and those measurements will help to
establish the validity of the modern formulation of TMD
evolution.
We compare extracted Collins fragmentation functions

−zHð3ÞðzÞ in Fig. 28 at Q2 ¼ 2.4 GeV2 with the extraction
of Torino-Cagliari-JLab 2013 [17]. The resulting Collins
FFs have the same signs, but shapes and sizes are slightly
different. Indeed one could expect it as far as Q2 of eþe− is
different, and the evolution effect must be more evident. At
the same time, those functions for both tree-level and NLL

TMD give the same (or similar) theoretical asymmetries
that are well compared to the experimental data of SIDIS
and eþe−. The favored Collins fragmentation function is
much better determined by the existing data, as one can
see from Fig. 28 that the functions at Q2 ¼ 2.4 GeV2 are
compatible within error bands. The unfavored fragmenta-
tion functions are different; however, those functions are
not determined very well by existing experimental data.
We also compare the tensor change from our and other

extractions in Fig. 29. The contribution to the tensor charge
of Ref. [18] is found by extraction using the so-called
dihadron fragmentation function that couples to the col-
linear transversity distribution. The corresponding func-
tions have DGLAP-type evolution known at LO and were
used in Ref. [18]. The results plotted in Fig. 29 correspond
to our estimates of the contribution to the u quark and d
quark in the region of x½0.065; 0.35& at Q2 ¼ 10 GeV2 at
68% C.L. (label 1) and the contribution to the u quark and
d quark in the same region of x and the same Q2 using the
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FIG. 27. (a) Comparison of extracted transversity (solid lines and vertical-line hashed region) Q2 ¼ 2.4 GeV2 with the Torino-
Cagliari-JLab 2013 extraction [17] (dashed lines and shaded region). (b) Comparison of extracted transversity (solid lines and shaded
region) at Q2 ¼ 2.4 GeV2 with Pavia 2015 extraction [18] (shaded region).
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FIG. 28. Comparison of extracted Collins fragmentation func-
tions (solid lines and vertical-line hashed region) at Q2 ¼
2.4 GeV2 with the Torino-Cagliari-JLab 2013 extraction [17]
(dashed lines and shaded region).
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other. One can see that the experimental data indeed show
some tension with the Soffer bound for the d quark in the
high-x region as predicted in Ref. [94]. This saturation
happens in the region not explored by the current exper-
imental data, so future data from Jefferson Lab 12 will be
very important to test the Soffer bound and to constrain the
transversity and tensor charge.
The functions themselves are slightly different as can be

seen by comparing solid and dashes lines in Fig. 27(a). In
fact Ref. [17] uses the tree-level TMD expression (no TMD
evolution) for extraction, and we use the NLL TMD
formalism. Results should be different even though in
asymmetries, as we saw, at low energies results with NLL
TMD are comparable with the tree level. At higher energies
and Q2, the situation changes, and extracted functions
must be different. At the same time, one should remember
TMD evolution does not act as a universal Q2 suppression
factor. A complicated Fourier transform should be per-
formed that mixes Q2 and b dependence, and thus the
resulting functions are different in shape but comparable in
magnitude. It is also very encouraging that tree-level TMD
extractions yielded results very similar to our NLL extrac-
tion. This makes the previous phenomenological results
valid even though the appropriate TMD evolution was not
taken into account. It also means that we need to have
experimental data on unpolarized cross sections differential
in Ph⊥. As we have seen, the effects of evolution should be
evident in the data, and those measurements will help to
establish the validity of the modern formulation of TMD
evolution.
We compare extracted Collins fragmentation functions

−zHð3ÞðzÞ in Fig. 28 at Q2 ¼ 2.4 GeV2 with the extraction
of Torino-Cagliari-JLab 2013 [17]. The resulting Collins
FFs have the same signs, but shapes and sizes are slightly
different. Indeed one could expect it as far as Q2 of eþe− is
different, and the evolution effect must be more evident. At
the same time, those functions for both tree-level and NLL

TMD give the same (or similar) theoretical asymmetries
that are well compared to the experimental data of SIDIS
and eþe−. The favored Collins fragmentation function is
much better determined by the existing data, as one can
see from Fig. 28 that the functions at Q2 ¼ 2.4 GeV2 are
compatible within error bands. The unfavored fragmenta-
tion functions are different; however, those functions are
not determined very well by existing experimental data.
We also compare the tensor change from our and other

extractions in Fig. 29. The contribution to the tensor charge
of Ref. [18] is found by extraction using the so-called
dihadron fragmentation function that couples to the col-
linear transversity distribution. The corresponding func-
tions have DGLAP-type evolution known at LO and were
used in Ref. [18]. The results plotted in Fig. 29 correspond
to our estimates of the contribution to the u quark and d
quark in the region of x½0.065; 0.35& at Q2 ¼ 10 GeV2 at
68% C.L. (label 1) and the contribution to the u quark and
d quark in the same region of x and the same Q2 using the
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FIG. 27. (a) Comparison of extracted transversity (solid lines and vertical-line hashed region) Q2 ¼ 2.4 GeV2 with the Torino-
Cagliari-JLab 2013 extraction [17] (dashed lines and shaded region). (b) Comparison of extracted transversity (solid lines and shaded
region) at Q2 ¼ 2.4 GeV2 with Pavia 2015 extraction [18] (shaded region).
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FIG. 28. Comparison of extracted Collins fragmentation func-
tions (solid lines and vertical-line hashed region) at Q2 ¼
2.4 GeV2 with the Torino-Cagliari-JLab 2013 extraction [17]
(dashed lines and shaded region).
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Sensitivity&to&Transversity at&STAR
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J.K..Adkins,.APS2015

Access&to&transversity in&
interesting&region!
• Limited.constraints

• Potentially.large.effects

• Sensitivity.to.evolution

• Insight%into%nature%of%
Collins%mechanism!

other. One can see that the experimental data indeed show
some tension with the Soffer bound for the d quark in the
high-x region as predicted in Ref. [94]. This saturation
happens in the region not explored by the current exper-
imental data, so future data from Jefferson Lab 12 will be
very important to test the Soffer bound and to constrain the
transversity and tensor charge.
The functions themselves are slightly different as can be

seen by comparing solid and dashes lines in Fig. 27(a). In
fact Ref. [17] uses the tree-level TMD expression (no TMD
evolution) for extraction, and we use the NLL TMD
formalism. Results should be different even though in
asymmetries, as we saw, at low energies results with NLL
TMD are comparable with the tree level. At higher energies
and Q2, the situation changes, and extracted functions
must be different. At the same time, one should remember
TMD evolution does not act as a universal Q2 suppression
factor. A complicated Fourier transform should be per-
formed that mixes Q2 and b dependence, and thus the
resulting functions are different in shape but comparable in
magnitude. It is also very encouraging that tree-level TMD
extractions yielded results very similar to our NLL extrac-
tion. This makes the previous phenomenological results
valid even though the appropriate TMD evolution was not
taken into account. It also means that we need to have
experimental data on unpolarized cross sections differential
in Ph⊥. As we have seen, the effects of evolution should be
evident in the data, and those measurements will help to
establish the validity of the modern formulation of TMD
evolution.
We compare extracted Collins fragmentation functions

−zHð3ÞðzÞ in Fig. 28 at Q2 ¼ 2.4 GeV2 with the extraction
of Torino-Cagliari-JLab 2013 [17]. The resulting Collins
FFs have the same signs, but shapes and sizes are slightly
different. Indeed one could expect it as far as Q2 of eþe− is
different, and the evolution effect must be more evident. At
the same time, those functions for both tree-level and NLL

TMD give the same (or similar) theoretical asymmetries
that are well compared to the experimental data of SIDIS
and eþe−. The favored Collins fragmentation function is
much better determined by the existing data, as one can
see from Fig. 28 that the functions at Q2 ¼ 2.4 GeV2 are
compatible within error bands. The unfavored fragmenta-
tion functions are different; however, those functions are
not determined very well by existing experimental data.
We also compare the tensor change from our and other

extractions in Fig. 29. The contribution to the tensor charge
of Ref. [18] is found by extraction using the so-called
dihadron fragmentation function that couples to the col-
linear transversity distribution. The corresponding func-
tions have DGLAP-type evolution known at LO and were
used in Ref. [18]. The results plotted in Fig. 29 correspond
to our estimates of the contribution to the u quark and d
quark in the region of x½0.065; 0.35& at Q2 ¼ 10 GeV2 at
68% C.L. (label 1) and the contribution to the u quark and
d quark in the same region of x and the same Q2 using the
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FIG. 27. (a) Comparison of extracted transversity (solid lines and vertical-line hashed region) Q2 ¼ 2.4 GeV2 with the Torino-
Cagliari-JLab 2013 extraction [17] (dashed lines and shaded region). (b) Comparison of extracted transversity (solid lines and shaded
region) at Q2 ¼ 2.4 GeV2 with Pavia 2015 extraction [18] (shaded region).
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FIG. 28. Comparison of extracted Collins fragmentation func-
tions (solid lines and vertical-line hashed region) at Q2 ¼
2.4 GeV2 with the Torino-Cagliari-JLab 2013 extraction [17]
(dashed lines and shaded region).
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A&clear&message&from&early&results:
Access%to%transversity effects%at%RHIC
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Comparison&of&Early&STAR&Data&to&Theory

16Spin.Results.at.STAR.; Drachenberg

Compare%with%models
based%on%SIDIS/8485

Band&represents&68%&of&replicas&deduced&
by&fitting&SIDIS&and&8485 data

Overall.agreement%in.terms.of.
invariant%mass

! Same%mechanism%as%in%SIDIS!

A&clear&message&from&early&results:
Access%to%transversity effects%at%RHIC
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Comparison&of&Early&STAR&Data&to&Theory

17Spin.Results.at.STAR.; Drachenberg

Compare%with%models
based%on%SIDIS/8485

Band&represents&68%&of&replicas&deduced&
by&fitting&SIDIS&and&8485 data

Overall.agreement%in.terms.of.
invariant%mass

! Same%mechanism%as%in%SIDIS!

Deviation%at.more.forward%scattering
! Tension%with%SIDIS?
! More%information%needed%on 9:;?

STAR&Data:
PRL.115,.242501.(2015)

Theory:&Radici et.al.
PRD.94,.034012.(2016)

A&clear&message&from&early&results:
Access%to%transversity effects%at%RHIC

“forward” “backward”



P "P ! �+�� +X at
p
s = 200 GeV

K..Landry,.APS.2015

Recent&IFF&Results&at&STAR

18Spin.Results.at.STAR.; Drachenberg

Significant%nonQzero
diQhadron%asymmetries%at%
'� = 200 and&500 GeV!

• Increasing.with.pion.!3

Much%larger%datasets%collected%at%500%and%
200%GeV%in%2011%and%2012

“forward”

STAR preliminary



P "P ! �+�� +X at
p
s = 200 GeV

STAR preliminary

K..Landry,.APS.2015

Recent&IFF&Results&at&STAR
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Significant%nonQzero
diQhadron%asymmetries%at%
'� = 200 and&500 GeV!

• Increasing.with.pion.!3

Consistent%behavior%when%
scaled%for%2 !3 / '�
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Much%larger%datasets%collected%at%500%and%
200%GeV%in%2011%and%2012

“forward”



Newest&Collins&Results&at& '� = 200 GeV
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Anselmino et.al.,.PRD.73,.014020.(2006)

F..Yuan,.PRL.100,.032003.(2008)

D’Alesio et.al.,.PRD.83,.034021.(2011)
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Newest&Collins&Results&at& '� = 200 GeV

21Spin.Results.at.STAR.; Drachenberg

J.K..Adkins,.Spin.2014

Clear&first&observation&of
Collins&asymmetry&in&! + !!

Anselmino et.al.,.PRD.73,.014020.(2006)

F..Yuan,.PRL.100,.032003.(2008)

D’Alesio et.al.,.PRD.83,.034021.(2011)
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PJET
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STRONG%dependence%upon%>3
jT ,min ≈ z×ΔRmin × pT ,

ΔR = η jet −ηπ( )
2
+ φ jet −φπ( )

2

J.K..Adkins,.Spin.2014

Clear&first&observation&of
Collins&asymmetry&in&! + !!

Newest&Collins&Results&at& '� = 200 GeV
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STAR&Collins&Results&at& '� = 500 GeV

NonQzero%Collins%
asymmetries%observed%
at% '� = 500 GeV!

• Strong.dependence.on.

Δ@ABC >3,ABC



arXiv:1501.01220
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NonQzero%Collins%
asymmetries%observed%
at% '� = 500 GeV!

• Strong.dependence.on.

Δ@ABC >3,ABC
• Consistent.with. '� = 200
GeV results.for.consistent.

cuts.and.E3

At&the&current&precision,&Collins&results&from&! + !
appear&consistent&with&E3 scaling

STAR&Collins&Results&at& '� = 200 and 500 GeV



STAR&Collins&Results&at& '� = 200 and 500 GeV
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Compare%with%models%based%on%
SIDIS/8485

• Assume universality%and.robust%
factorization

• One%model%with%TMD%evolution%
up%to%NLL
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STAR&Collins&Results&at& '� = 200 and 500 GeV
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Compare%with%models%based%on%
SIDIS/8485

• Assume universality%and.robust%
factorization

• One%model%with%TMD%evolution%
up%to%NLL

• One%model%without%TMD%
evolution

No%TMD%evolution
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STAR&Collins&Results&at& '� = 200 and 500 GeV
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Compare%with%models%based%on%
SIDIS/8485

• Assume universality%and.robust%
factorization

• One%model%with%TMD%evolution%
up%to%NLL

• One%model%without%TMD%
evolution

Generally&decent&agreement&
between&models&and&STAR&data!

Slight&preference&for&no&evolution?
“Beauty.is.in.the.eye.of.the.

beholder!”Theory:&Kang,&Prokudin,&Ringer,&Yuan&2017&in&preparation
Data: STAR%Preliminary
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Weak&Boson&Asymmetries&at& '� = 500 GeV
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DIS:*
Final6state*interaction

Drell6Yan*or*W:*
Initial6state*interaction

QCD:

SiversDIS =&− SiversDrellTYan&or&SiversW
1F for&direct&photon&also&has&a&closely&related&sign&change

Opportunity%to%see%the%repulsive%interaction%between
like%color%charges%for%the%first%time!

Can&explore&all&of&these&observables&in&500&GeV&! + ! collisions&at&RHIC!

Color&interactions&in&QCD
NonTuniversality&of&the&“Sivers”&function



Weak&Boson&Asymmetries&at& '� = 500 GeV

29Recent.Transverse.Spin.Developments.at.RHIC.; Drachenberg

First&Measurement&of&1G for&Weak&Bosons!
Global&fit&to&the&(unevolved)&KQ&prediction:
• solid&line:&assume.Sivers sign.change:.HI/J = 7.4/6
• dashed&line:&assume.no.sign.change: HI/J = 19.6/6
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Exploratory&Measurement&from&a&small&dataset



The&NearTterm&Future:&Sivers SignTchange+Evolution

30Recent.Transverse.Spin.Developments.at.RHIC.; Drachenberg

STAR&currently&taking&data&at& '� = 510 GeV!
P± 1F can&be&sensitive&to&Sivers sign3change&if&
TMD3evolution&suppression&factor&~5 or&less

Evaluate&signTchange+evolution through&P±/S,&
forward&directTT (twistT3),&and&forward&DrellTYan
Forward&direct3T at&200 GeV&already&in&the&bag!

arXiv:1501.01220



The&NearTterm&Future:&Collins&Evolution&
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Higher&precision&in&2015&
and&2017&will&allow&more&

precise&comparison!
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The&NearTterm&Future:&! + 1 Collins
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Preliminary.2011.and.2012.Collins.asymmetries.suggest.E3 scaling
Implications%for%TMD%evolution?

Higher&precision&in&2015&
and&2017&will&allow&more&

precise&comparison!

First&!↑ + 1$ run!
Should&allow&for&first&

glimpse&of&Collins&in&! + 1
! Explore&hadronization



Summary

• Spin&physics&is&a&fertile&field&and&! + ! plays&a&critical&role
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Summary

• Spin&physics&is&a&fertile&field&and&! + ! plays&a&critical&role
• Recent&STAR&measurements&shed&light&on&new&opportunities

; First.observations.of.transversity in.polarized.! + !
; Possible.E3 scaling.for.Collins.and.IFF.asymmetries

; First.investigation.of.Sivers effect.in.weak.boson.production

35Recent.Transverse.Spin.Developments.at.RHIC.; Drachenberg



Summary

• Spin&physics&is&a&fertile&field&and&! + ! plays&a&critical&role
• Recent&STAR&measurements&shed&light&on&new&opportunities

; First.observations.of.transversity in.polarized.! + !
; Possible.E3 scaling.for.Collins.and.IFF.asymmetries

; First.investigation.of.Sivers effect.in.weak.boson.production

• Recent&and&nearTfuture&runs&offer&even&more&potential
; Investigation.of.Sivers/twist;3.in.W,.T,.and.Drell;Yan
; Substantially.increased.precision.for.Collins.and.IFF.at.200.and.

510.GeV

; First.investigation.of.Collins.in.! + 1
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• Recent&and&nearTfuture&runs&offer&even&more&potential
; Investigation.of.Sivers/twist;3.in.W,.T,.and.Drell;Yan
; Substantially.increased.precision.for.Collins.and.IFF.at.200.and.

510.GeV

; First.investigation.of.Collins.in.! + 1

Stay%tuned%for%more%new%results%from%RHIC%transverse%spin!
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BackTup&Slides
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DrellTYan&at&STAR&For&500&GeV
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With.TMD.Evolution No.TMD.Evolution

Run;17.∫ VWXY = 400 pb;1
! 1F for.DY.to.±0.008

Kinematics:.

DY.8485 in.2.5 < [ < 4.0 4.0 < \]^]_ < 9.0 GeV/`I

Assembled&by
E.C.&Aschenauer

After.analysis.2.5 < [ < 4.0:



Complementary&Channel:&1F direct&photon
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Assembled&by
E.C.&Aschenauer

AN for.direct.photon.production:

" sensitive.to.sign.change,.but.in.TWIST;3.formalism

" not.sensitive.to.TMD.evolution

" no.sensitivity.to.sea;quarks;.mainly.uv and.dv at.high.x

" collinear.objects.but.more.complicated.evolutions.than.DGLAP

" indirect.constraint.on.Sivers fct..
− d 2k

⊥∫
k
⊥
2

M
f1T
⊥ q(x,k⊥2 )|SIDIS=Tq,F(x,x)

Not.a.replacement.for.AN(W
+/;,.Z0,.DY).measurement

but.an.important.complementary.piece.in.the.puzzle
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