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Spin measurements at 
PHENIX and future plans
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You think you understand something?
Now add spin....
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The proton structure:            
where does the proton spin come from ?

quark 
spins

gluon 
spins

quark&gluon 
orbital motion
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First spin crisis:  
quarks only provide ≈ 30% of the proton spin

Where is the rest of the proton spin?

  Gluon spin? Orbital motion?

14

TABLE IV: Truncated first moments, ∆f1,[0.001→1]
i , and full ones, ∆f1

i , of our polarized PDFs at various Q2.

x-range in Eq. (35) Q2 [GeV2] ∆u + ∆ū ∆d + ∆d̄ ∆ū ∆d̄ ∆s̄ ∆g ∆Σ
0.001-1.0 1 0.809 -0.417 0.034 -0.089 -0.006 -0.118 0.381

4 0.798 -0.417 0.030 -0.090 -0.006 -0.035 0.369
10 0.793 -0.416 0.028 -0.089 -0.006 0.013 0.366
100 0.785 -0.412 0.026 -0.088 -0.005 0.117 0.363

0.0-1.0 1 0.817 -0.453 0.037 -0.112 -0.055 -0.118 0.255
4 0.814 -0.456 0.036 -0.114 -0.056 -0.096 0.245
10 0.813 -0.458 0.036 -0.115 -0.057 -0.084 0.242
100 0.812 -0.459 0.036 -0.116 -0.058 -0.058 0.238
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FIG. 3: Our polarized PDFs of the proton at Q2 = 10 GeV2

in the MS scheme, along with their ∆χ2 = 1 uncertainty
bands computed with Lagrange multipliers and the improved
Hessian approach, as described in the text.

tendency to turn towards +1 at high x. The latter be-
havior would be expected for the pQCD based models.
We note that it has recently been argued [73] that the
upturn of Rd in such models could set in only at rela-
tively high x, due to the presence of valence Fock states of
the nucleon with nonzero orbital angular momentum that
produce double-logarithmic contributions ∼ ln2(1−x) in
the limit of x → 1 on top of the nominal power behav-
ior. The corresponding expectation is also shown in the
figure. In contrast to this, relativistic constituent quark
models predict Rd to tend to −1/3 as x → 1, perfectly
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FIG. 4: Uncertainties of the calculated Aπ0

LL at RHIC in our
global fit, computed using both the Lagrange multiplier and
the Hessian matrix techniques. We also show the correspond-
ing PHENIX data [23].

consistent with the present data.

Light sea quark polarizations: The light sea quark and
anti-quark distributions turn out to be better constrained
now than in previous analyses [36], thanks to the advent
of more precise SIDIS data [10, 14, 15, 16] and of the new
set of fragmentation functions [37] that describes the ob-
servables well in the unpolarized case. Figure 6 shows the
changes in χ2 of the fit as functions of the truncated first
moments ∆ū1,[0.001→1], ∆d̄1,[0.001→1] defined in Eq. (35),
obtained for the Lagrange multiplier method. On the
left-hand-side, Figs. 6 (a), (c), we show the effect on the
total χ2, as well as on the χ2 values for the individual
contributions from DIS, SIDIS, and RHIC pp data and
from the F, D values. It is evident that the SIDIS data
completely dominate the changes in χ2. On the r.h.s. of
the plot, Figs. 6 (b), (d), we further split up ∆χ2 from
SIDIS into contributions associated with the spin asym-
metries in charged pion, kaon, and unidentified hadron
production. One can see that the latter dominate, closely
followed by the pions. The kaons have negligible impact
here. For ∆ū1,[0.001→1], charged hadrons and pions are
very consistent, as far as the location of the minimum
in χ2 is concerned. For ∆d̄1,[0.001→1] there is some slight
tension between them, although it is within the tolerance

valence flavors
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bands computed with Lagrange multipliers and the improved
Hessian approach, as described in the text.
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consistent with the present data.

Light sea quark polarizations: The light sea quark and
anti-quark distributions turn out to be better constrained
now than in previous analyses [36], thanks to the advent
of more precise SIDIS data [10, 14, 15, 16] and of the new
set of fragmentation functions [37] that describes the ob-
servables well in the unpolarized case. Figure 6 shows the
changes in χ2 of the fit as functions of the truncated first
moments ∆ū1,[0.001→1], ∆d̄1,[0.001→1] defined in Eq. (35),
obtained for the Lagrange multiplier method. On the
left-hand-side, Figs. 6 (a), (c), we show the effect on the
total χ2, as well as on the χ2 values for the individual
contributions from DIS, SIDIS, and RHIC pp data and
from the F, D values. It is evident that the SIDIS data
completely dominate the changes in χ2. On the r.h.s. of
the plot, Figs. 6 (b), (d), we further split up ∆χ2 from
SIDIS into contributions associated with the spin asym-
metries in charged pion, kaon, and unidentified hadron
production. One can see that the latter dominate, closely
followed by the pions. The kaons have negligible impact
here. For ∆ū1,[0.001→1], charged hadrons and pions are
very consistent, as far as the location of the minimum
in χ2 is concerned. For ∆d̄1,[0.001→1] there is some slight
tension between them, although it is within the tolerance

sea quarks & gluons
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Light sea quark polarizations: The light sea quark and
anti-quark distributions turn out to be better constrained
now than in previous analyses [36], thanks to the advent
of more precise SIDIS data [10, 14, 15, 16] and of the new
set of fragmentation functions [37] that describes the ob-
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obtained for the Lagrange multiplier method. On the
left-hand-side, Figs. 6 (a), (c), we show the effect on the
total χ2, as well as on the χ2 values for the individual
contributions from DIS, SIDIS, and RHIC pp data and
from the F, D values. It is evident that the SIDIS data
completely dominate the changes in χ2. On the r.h.s. of
the plot, Figs. 6 (b), (d), we further split up ∆χ2 from
SIDIS into contributions associated with the spin asym-
metries in charged pion, kaon, and unidentified hadron
production. One can see that the latter dominate, closely
followed by the pions. The kaons have negligible impact
here. For ∆ū1,[0.001→1], charged hadrons and pions are
very consistent, as far as the location of the minimum
in χ2 is concerned. For ∆d̄1,[0.001→1] there is some slight
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valence flavors

Most helicity results from Deep Inelastic scattering, but DIS 
can access gluons only indirectly, and sea quark distribution 

extractions are model-dependent

Deep-inelastic scattering

integrated over all 
produced hadrons
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Deep Inelastic Scattering

1

2
=

1

2
�⌃+�G+ L



Francesca Giordano

Polarized proton-proton collider
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PHENIX
Central Arms:

Tracking, Momentum and PID for:
charged and neutral hadrons
direct photons
e+e-

Francesca Giordano

Central Arms:

Tracking, Momentum and PID for:
★ charged and neutral hadrons
★ direct photons
★ e+e-
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PHENIX

|⌘| < 0.35

1.2 < |⌘| < 2.4

Muon Arms:

Tracking and Momentum for:
★µ±

Francesca Giordano

Forward Arms:

µ±
Tracking and Momentum for:

1.2 < |⌘| < 2.4

Even more forward:
MPC

3.1 < |⌘| < 3.9

⇡0 ! ��
�
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Gluon Helicity
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Gluon polarization
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ALL =
�++ � �+�

�++ + �+�

⇡
�p1 ⇥�p2 ⇥ �̂ ⇥Dh

p

p1 ⇥ p2 ⇥ �̂ ⇥Dh
p

X

h

�̂

p1

p2

Dh
p

p1, p2 = q/g

1

2
=
1

2
�⌃+�G+L

π0 @200 GeV
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@200 GeV

gg dominant at low pT

⇡0ALL

DSSV + PHENIX 
Run9 π0 ALL

DSSV

node?

Swadhin Taneja
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Mapping vs. x
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Xiaorong Wang,  Heavy Flavor Workshop at UIC, June, 2012 11

� Major impact of program
Strong indication for a small gluon polarization!

� Next steps:  
Map x-dependence and extension of x-coverage  

PRL�101,�(2008)072001�DSSV�08

Impact of RHIC-Spin Program on ǻg

best fit has a zero-crossing at x § 0.1

S. Wolin  DIS2012

Different energy => different x
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The π± production  
have sensitivity for sign of gluon PDF �

 � u-quark decay into π+ 

�d-quark decay into π – 

From sign of quark’s PDF and FFs. 
 �  ALL(π+) > ALL(π0) > ALL(π -) for �G>0 
 �  ALL(π+) < ALL(π0) < ALL(π -) for �G<0 

π + = ud

Kimiaki Hashimoto Rikkyo U.�

π − = du

FF; Quarks decay into π-,0�

Dπ-
d > Dπ-

u 
 

DSSV�

FF; Quarks decay into π+,0�

Dπ+
d < Dπ+

u 
 

More probes @ midrapidity

11

⇡0, ⇡+, ⇡�

small gluon helicity    
@ midrapidity

⌘
h+

single electron
D+ ! K̄0⌫ee

+

D0 ! K̄�⌫ee
+
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MPC: forward ALL
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Muon Piston Calorimeter:

3.1 < |⌘| < 3.9

more data at 500 GeV in 
preparation...
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Sea Quark Helicity
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1
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Sea quark helicity
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q̄

q

Accessing .

   
to “know” the quark (anti-quark) 

polarization state!

W±

p2

p1

l±

⌫lW±

AL =
�! � � 

�! + � 

/ �uL ⇥ d̄R +�d̄R ⇥ uL

W+ uL

d̄R
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W central
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More data in progress...

Hideyuki Oide Jun 12, 2012 (Tue) RHIC & AGS Annual Users’ Meeting

Measurement of W in PHENIX

Central Arm: |eta| < 0.35
Cut: isolated single electron
       at Jacobian peak
Trigger: EMCal + RICH (“ERT”)
Detectors: DC, PC, EMCal

Muon Arm: -2.2 < eta < -1.2 (South)
                   1.2 < eta < 2.4   (North)
Cut: well-qualified single muon
Trigger: Small sagitta + MuID
             + timing (RPC/BBC)
Detectors: MuTr, MuID, RPC, BBC

West

South Side View

Beam View

PHENIX Detector2012

North

East

MuTr

MuID

RPC3

MuID

RPC3

MPC

BBC

(F)VTX

PbSc PbSc

PbSc PbSc

PbSc PbGl

PbSc PbGl

TOF-E

PC1 PC1

PC3
PC2

Central Magnet

Central
Magnet

North Muon MagnetSouth Muon Magnet

TEC
PC3

BBC

(F)VTX

MPC

BB
RICH RICH

DC DC

ZDC NorthZDC South

Aerogel

TOF-W 7.9 m
 =  26 ft

10.9 m
 =  36 ft

18.5 m =  60 ft

e±

µ±

4

p2

p1
⌫lW±

Non-zero asymmetry!

e±
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W forward
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p2

p1
⌫lW±

µ±

2012: Complete Forward Trigger upgrade

RPC3 North Station

MuTracker 
FEE  upgrades

RPC1 North Station

µ±
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W forward
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W analysis

Measure:

• W ➙  µ cross section 

• W single spin asymmetry

Figure 79: E�ciency corrected SG1 (green) and 1D (red) data as a function
of the reconstructed transverse momentum. The stacked contributions from
MC are also displayed for signal (W, Z/DY – red), all muon backgrounds
(openbottom, ’onium, opencharm – blue), and fake hadrons (purple) as de-
scribed in the previous chapter. The contributions obtained from RHICBOS
(black) are also overlayed for comparison.

and the free fit are summarized in Table 8. This table also contains the
corresponding total signal cross sections relative to the Pythia MC in this
rapidity range and the obtained signal-to-background ratios.

As mentioned in ??, the total cross section of the W processes in Pythia
is 1660 pb at 500 GeV using the k-factor of 1.4. This becomes 1264 pb for
W+ and 395.7 W�. Including the leptonic decay branching ratio of about
11% one obtains 138.6 and 43.53. which is very close to the values RHICBOS
provided. Using MC comparison and fit to data described above the W cross
sections we extract are:

107

Figure 99: BG corrected single spin asymmetries A
L

as a function of rapidity
with minimum transverse momentum of 18GeV/c after combining the two
beams and using the 3 9 cut level. The di↵erent curves are taken from
the di↵erent parameterizations of the parton helicities and the RHICBOS
generated W decay distributions. A factor two uncertainty on the S/BG
value is displayed as a systematic error band.

140

2

p2

p1

l±

⌫lW±

µ±

Figure 83: E�ciency corrected SG1 (green) and 1D (red) data as a function
of the reconstructed transverse momentum after combining north and south
and fitting the bg to data. The stacked contributions from MC after fitting
are also displayed for signal (W, Z/DY – red), all muon Backgrounds (open-
bottom, onium, opencharm – blue), and fake hadrons (purple) as described
in the previous chapter. The contributions obtained from RHICBOS (black)
are also overlayed for comparison.

9.3 Asymmetry analysis

9.3.1 Crossing shift estimation and Spin run selection

As the final calibration of the spin database is not finished at the time of
writing this analysis note, the raw spin database spin oncal has been used.
In order to assign the correct polarization directions to each bunch crossing
the crossing id as seen by PHENIX needs to be adjusted to the crossing id
to which the raw spin database refers. Several bunches are not colliding at
PHENIX and can be used to identify the correct bunch crossing shift. Those
are the bunches 38,39, 78,79 and the abort gap bunches 111 to 119. Unless
very few bunches are actually filled these empty bunches are su�cient to
identify the crossing shift. An example is shown in Fig. 87 for several runs.
All other runs considered for this analysis can be found in Appendix 12. The
summary of all runs can be found in Fig. 88 where one sees, that mostly the
shift is a constant of 5 crossings, but it does vary in several runs. They are
also summarized in Table 25.

The raw spin database only contains 315 runs in 58 fills out of the se-
lected runs. Within those runs 337494 to 337499 (fill 15372) show the wrong
polarization values while only the last run 337500 in the same fill has again
a reasonable value. Initially, this last value was applied for the previous run
of that fill as well. Similarly runs 337288 to 337292 (fill 15368) have one neg-
ative polarization while the runs 337293 to 337298 are again reasonable and
the last run 337302 again with a wrong number. Those were also assigned to

113

Additional background reduction 
with FVTX and RPC1
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Transverse Spin
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The proton structure:            
where does the proton spin come from ?
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6 

Transverse Spin Asymmetries 

𝑥ி =
2𝑝௟
𝑠  6 

 In (collinear) pQCD AN suppressed by 𝑚௤𝛼௦/𝑝ୄ 

Asymmetries are expected to be zero? 

Second spin crisis:  
transverse effect not small!
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TMD Factorization
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�(pp ! hX) / DF ⇥DF ⇥ �̂(qq ! qq)⇥ FF

Ch
ap
te
r2

2.2. The interpretation of TMD

PDF probabilistic interpretation chiral properties

f q1 (x) chiral-even

gq1 (x) chiral-even

hq1 (x) chiral-odd

legend
transverse and longitudinal nucleon polarisation

transverse and longitudinal quark polarisation

Table 2.1.: Pictorial representation and chiral properties of the leading-twist PDF: The notation of
the quark distribution functions uses the letters f ,g,h specifying the quark polarisation
and a subscript indicating leading-twist (digit 1) or subleading-twist distributions (digit
2). Unpolarised quarks are denoted as f , longitudinally (transversely) polarised quarks as
g (h). The dependence of the PDF on the quark flavour is included as superscript q.

whereas the amplitude that defines the transversity distribution involves a helicity flip:

hq1 (x)⇥ℑ[A+�,�+]. (2.17)

The momentum distribution (figure 2.2) and the helicity distribution (figure 2.3) have been mea-
sured accurately in a variety of experiments. The measurement of the transversity distribution is
hampered by its chiral properties. In the infinite momentum frame, where quark masses can be ne-
glected, helicity and chirality properties of quarks are identical. Thus, the transversity distribution is
associated with both a helicity and chirality flip and known as a chiral-odd function. Chiral symmetry
can be dynamically broken for quark distribution (or fragmentation) functions which are described
by non-perturbative QCD. But chirality is conserved for all perturbative QCD and electroweak pro-
cesses such as inclusive measurements of deep-inelastic scattering. Hence, the transversity distribu-
tion can only be studied in interactions involving another chiral-odd (distribution or fragmentation)
function. One example is an analysis of the Collins mechanism which is sensitive to transversity in
conjunction with a chiral-odd fragmentation function (section 2.3).
Another consequence of the chiral properties is the simple scale-dependence of the transversity

distribution. A helicity flip of spin-1 gluons would require a change of the nucleons’ helicities by
|Λ�Λ⇤| = 2. Thus, there is no analogon of transversity for gluons in a nucleon. Contrary to the
momentum and helicity distributions, transversity does not mix with gluons under Q2-evolution, i.e.
there is no sea-quark contribution and transversity decreases slowly towards zero with increasingQ2.

2.2. The interpretation of TMD
Leading twist effects are associated with quark-quark correlations; quark-gluon correlations enter at
subleading twist. In section 2.1.3, the leading twist parametrisation of the nucleon structure is dis-
cussed in terms of the momentum f q1 (x), helicity gq1 (x) and transversity h

q
1 (x) distributions. Omit-

ting also here the weak scale dependence, the three parton distribution functions depend only on the
Bjorken scaling variable x, representing in the infinite momentum frame the longitudinal momentum

9

transverse   longitudinal
nucleon spin

parton spin

DY 2011, BNL - May 11th, 2011Gunar Schnell 

TMDs - Probabilistic interpretation

4

f1 =

g1 =

h1 =

f�1T =

h�1 =

h�1T =

h�1L =

g1T =

parton with transverse or longitudinal spin

parton transverse momentum

nucleon with transverse or longitudinal spin

Proton goes out of the screen/ photon goes into the screen

[courtesy of A. Bacchetta]

Wednesday, May 11, 2011

parton transverse 
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2.2. The interpretation of TMD

PDF probabilistic interpretation chiral properties

f q1 (x) chiral-even

gq1 (x) chiral-even

hq1 (x) chiral-odd

legend
transverse and longitudinal nucleon polarisation

transverse and longitudinal quark polarisation

Table 2.1.: Pictorial representation and chiral properties of the leading-twist PDF: The notation of
the quark distribution functions uses the letters f ,g,h specifying the quark polarisation
and a subscript indicating leading-twist (digit 1) or subleading-twist distributions (digit
2). Unpolarised quarks are denoted as f , longitudinally (transversely) polarised quarks as
g (h). The dependence of the PDF on the quark flavour is included as superscript q.

whereas the amplitude that defines the transversity distribution involves a helicity flip:

hq1 (x)⇥![A+�,�+]. (2.17)

The momentum distribution (figure 2.2) and the helicity distribution (figure 2.3) have been mea-
sured accurately in a variety of experiments. The measurement of the transversity distribution is
hampered by its chiral properties. In the infinite momentum frame, where quark masses can be ne-
glected, helicity and chirality properties of quarks are identical. Thus, the transversity distribution is
associated with both a helicity and chirality flip and known as a chiral-odd function. Chiral symmetry
can be dynamically broken for quark distribution (or fragmentation) functions which are described
by non-perturbative QCD. But chirality is conserved for all perturbative QCD and electroweak pro-
cesses such as inclusive measurements of deep-inelastic scattering. Hence, the transversity distribu-
tion can only be studied in interactions involving another chiral-odd (distribution or fragmentation)
function. One example is an analysis of the Collins mechanism which is sensitive to transversity in
conjunction with a chiral-odd fragmentation function (section 2.3).
Another consequence of the chiral properties is the simple scale-dependence of the transversity

distribution. A helicity flip of spin-1 gluons would require a change of the nucleons’ helicities by
|"�"⇤| = 2. Thus, there is no analogon of transversity for gluons in a nucleon. Contrary to the
momentum and helicity distributions, transversity does not mix with gluons under Q2-evolution, i.e.
there is no sea-quark contribution and transversity decreases slowly towards zero with increasingQ2.

2.2. The interpretation of TMD
Leading twist effects are associated with quark-quark correlations; quark-gluon correlations enter at
subleading twist. In section 2.1.3, the leading twist parametrisation of the nucleon structure is dis-
cussed in terms of the momentum f q1 (x), helicity gq1 (x) and transversity h

q
1 (x) distributions. Omit-

ting also here the weak scale dependence, the three parton distribution functions depend only on the
Bjorken scaling variable x, representing in the infinite momentum frame the longitudinal momentum
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2.2. The interpretation of TMD

PDF probabilistic interpretation chiral properties

f q1 (x) chiral-even

gq1 (x) chiral-even

hq1 (x) chiral-odd
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Table 2.1.: Pictorial representation and chiral properties of the leading-twist PDF: The notation of
the quark distribution functions uses the letters f ,g,h specifying the quark polarisation
and a subscript indicating leading-twist (digit 1) or subleading-twist distributions (digit
2). Unpolarised quarks are denoted as f , longitudinally (transversely) polarised quarks as
g (h). The dependence of the PDF on the quark flavour is included as superscript q.

whereas the amplitude that defines the transversity distribution involves a helicity flip:

hq1 (x)⇥![A+�,�+]. (2.17)

The momentum distribution (figure 2.2) and the helicity distribution (figure 2.3) have been mea-
sured accurately in a variety of experiments. The measurement of the transversity distribution is
hampered by its chiral properties. In the infinite momentum frame, where quark masses can be ne-
glected, helicity and chirality properties of quarks are identical. Thus, the transversity distribution is
associated with both a helicity and chirality flip and known as a chiral-odd function. Chiral symmetry
can be dynamically broken for quark distribution (or fragmentation) functions which are described
by non-perturbative QCD. But chirality is conserved for all perturbative QCD and electroweak pro-
cesses such as inclusive measurements of deep-inelastic scattering. Hence, the transversity distribu-
tion can only be studied in interactions involving another chiral-odd (distribution or fragmentation)
function. One example is an analysis of the Collins mechanism which is sensitive to transversity in
conjunction with a chiral-odd fragmentation function (section 2.3).
Another consequence of the chiral properties is the simple scale-dependence of the transversity

distribution. A helicity flip of spin-1 gluons would require a change of the nucleons’ helicities by
|"�"⇤| = 2. Thus, there is no analogon of transversity for gluons in a nucleon. Contrary to the
momentum and helicity distributions, transversity does not mix with gluons under Q2-evolution, i.e.
there is no sea-quark contribution and transversity decreases slowly towards zero with increasingQ2.

2.2. The interpretation of TMD
Leading twist effects are associated with quark-quark correlations; quark-gluon correlations enter at
subleading twist. In section 2.1.3, the leading twist parametrisation of the nucleon structure is dis-
cussed in terms of the momentum f q1 (x), helicity gq1 (x) and transversity h

q
1 (x) distributions. Omit-

ting also here the weak scale dependence, the three parton distribution functions depend only on the
Bjorken scaling variable x, representing in the infinite momentum frame the longitudinal momentum

9

transverse   longitudinal

nucleon spin

parton spin

DY 2011, BNL - May 11th, 2011Gunar Schnell 

TMDs - Probabilistic interpretation

4

f1 =

g1 =

h1 =

f�1T =

h�1 =

h�1T =

h�1L =

g1T =

parton with transverse or longitudinal spin

parton transverse momentum

nucleon with transverse or longitudinal spin

Proton goes out of the screen/ photon goes into the screen

[courtesy of A. Bacchetta]

Wednesday, May 11, 2011

parton transverse 
momentum

i r f u

yalcas

i r f u

yalcas

i r f u

yalcas F. Kunne                                       DIS 2011, Newport News, VA, USA, April  2011 � 15

����G from global fits
� �)()(

2
1)( 2

1 xqxqexg q
inclusive
DIS ����

	Polarized DIS, spin structure function g1

Polarized PDFs

CLAS

deuteronproton

Spin structure functions : Input to global QCD fits for extraction of 
�qf(x) and �G(x) using evolution equations.
However x and Q2 coverage not yet sufficient
Use constraint from pp data (DSSV)

Note: 200 GeV proton data to come from COMPASS 2011 run

2

!"#$%"&'()#*+,*(#-+'%.&./0#()1'.2'%)+'$"-3+.$

�

!"#$%&'(%#)*+,",-#&',+
.&/'0&'/-+"1+&2-+#'0*-"#+

Deep-inelastic scattering

integrated over all 
produced hadrons

2

!"#$%"&'()#*+,*(#-+'%.&./0#()1'.2'%)+'$"-3+.$

�

!"#$%&'(%#)*+,",-#&',+
.&/'0&'/-+"1+&2-+#'0*-"#+

2

!"#$%"&'()#*+,*(#-+'%.&./0#()1'.2'%)+'$"-3+.$

�

!"#$%&'(%#)*+,",-#&',+
.&/'0&'/-+"1+&2-+#'0*-"#+

Sunday, June 19, 2011

X

h

�̂

p1

p2

Dh
p

BUT!!
TMD factorization not valid in                     
                      pp => hadron reaction!



Francesca Giordano

Sivers mechanism

22

up#quarks)favor)le/)(Lu>0),)down#quarks)favor)right)(Ld<0).))

One(possible(explana?on((Sivers(
effect):((quark’s(transverse(mo?on(
generates(a(lecUright(bias.(

(
FNALUE704:((PLB(264((1991)(462.(

! 

p" + p#$ + X

! 

   AN =
"# $"%

"# +"%

& + (ud ) favors left
&$ (du ) favors right

Quarks)can)tell)le/#right)in)))

2(

Azimuthal asymmetry generated by correlations between 
quark transverse momentum and the proton transverse spin

Spatial deformation due to spin-orbit 
correlations:

=> non zero Orbital Angular Momentum!

X

h

�̂

p1

p2

Dh
p



Francesca Giordano

Which effect?

23

⇡+ (ud̄)

⇡� (ūd)
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Accessible via the Collins mechanism:
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- Higher twist effects
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2.2. The interpretation of TMD

PDF probabilistic interpretation chiral properties

f q1 (x) chiral-even

gq1 (x) chiral-even

hq1 (x) chiral-odd

legend
transverse and longitudinal nucleon polarisation

transverse and longitudinal quark polarisation

Table 2.1.: Pictorial representation and chiral properties of the leading-twist PDF: The notation of
the quark distribution functions uses the letters f ,g,h specifying the quark polarisation
and a subscript indicating leading-twist (digit 1) or subleading-twist distributions (digit
2). Unpolarised quarks are denoted as f , longitudinally (transversely) polarised quarks as
g (h). The dependence of the PDF on the quark flavour is included as superscript q.

whereas the amplitude that defines the transversity distribution involves a helicity flip:

hq1 (x)⇥![A+�,�+]. (2.17)

The momentum distribution (figure 2.2) and the helicity distribution (figure 2.3) have been mea-
sured accurately in a variety of experiments. The measurement of the transversity distribution is
hampered by its chiral properties. In the infinite momentum frame, where quark masses can be ne-
glected, helicity and chirality properties of quarks are identical. Thus, the transversity distribution is
associated with both a helicity and chirality flip and known as a chiral-odd function. Chiral symmetry
can be dynamically broken for quark distribution (or fragmentation) functions which are described
by non-perturbative QCD. But chirality is conserved for all perturbative QCD and electroweak pro-
cesses such as inclusive measurements of deep-inelastic scattering. Hence, the transversity distribu-
tion can only be studied in interactions involving another chiral-odd (distribution or fragmentation)
function. One example is an analysis of the Collins mechanism which is sensitive to transversity in
conjunction with a chiral-odd fragmentation function (section 2.3).
Another consequence of the chiral properties is the simple scale-dependence of the transversity

distribution. A helicity flip of spin-1 gluons would require a change of the nucleons’ helicities by
|"�"⇤| = 2. Thus, there is no analogon of transversity for gluons in a nucleon. Contrary to the
momentum and helicity distributions, transversity does not mix with gluons under Q2-evolution, i.e.
there is no sea-quark contribution and transversity decreases slowly towards zero with increasingQ2.

2.2. The interpretation of TMD
Leading twist effects are associated with quark-quark correlations; quark-gluon correlations enter at
subleading twist. In section 2.1.3, the leading twist parametrisation of the nucleon structure is dis-
cussed in terms of the momentum f q1 (x), helicity gq1 (x) and transversity h

q
1 (x) distributions. Omit-

ting also here the weak scale dependence, the three parton distribution functions depend only on the
Bjorken scaling variable x, representing in the infinite momentum frame the longitudinal momentum
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2.2. The interpretation of TMD

PDF probabilistic interpretation chiral properties

f q1 (x) chiral-even

gq1 (x) chiral-even

hq1 (x) chiral-odd

legend
transverse and longitudinal nucleon polarisation

transverse and longitudinal quark polarisation

Table 2.1.: Pictorial representation and chiral properties of the leading-twist PDF: The notation of
the quark distribution functions uses the letters f ,g,h specifying the quark polarisation
and a subscript indicating leading-twist (digit 1) or subleading-twist distributions (digit
2). Unpolarised quarks are denoted as f , longitudinally (transversely) polarised quarks as
g (h). The dependence of the PDF on the quark flavour is included as superscript q.

whereas the amplitude that defines the transversity distribution involves a helicity flip:

hq1 (x)⇥![A+�,�+]. (2.17)

The momentum distribution (figure 2.2) and the helicity distribution (figure 2.3) have been mea-
sured accurately in a variety of experiments. The measurement of the transversity distribution is
hampered by its chiral properties. In the infinite momentum frame, where quark masses can be ne-
glected, helicity and chirality properties of quarks are identical. Thus, the transversity distribution is
associated with both a helicity and chirality flip and known as a chiral-odd function. Chiral symmetry
can be dynamically broken for quark distribution (or fragmentation) functions which are described
by non-perturbative QCD. But chirality is conserved for all perturbative QCD and electroweak pro-
cesses such as inclusive measurements of deep-inelastic scattering. Hence, the transversity distribu-
tion can only be studied in interactions involving another chiral-odd (distribution or fragmentation)
function. One example is an analysis of the Collins mechanism which is sensitive to transversity in
conjunction with a chiral-odd fragmentation function (section 2.3).
Another consequence of the chiral properties is the simple scale-dependence of the transversity

distribution. A helicity flip of spin-1 gluons would require a change of the nucleons’ helicities by
|"�"⇤| = 2. Thus, there is no analogon of transversity for gluons in a nucleon. Contrary to the
momentum and helicity distributions, transversity does not mix with gluons under Q2-evolution, i.e.
there is no sea-quark contribution and transversity decreases slowly towards zero with increasingQ2.

2.2. The interpretation of TMD
Leading twist effects are associated with quark-quark correlations; quark-gluon correlations enter at
subleading twist. In section 2.1.3, the leading twist parametrisation of the nucleon structure is dis-
cussed in terms of the momentum f q1 (x), helicity gq1 (x) and transversity h

q
1 (x) distributions. Omit-

ting also here the weak scale dependence, the three parton distribution functions depend only on the
Bjorken scaling variable x, representing in the infinite momentum frame the longitudinal momentum
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Longitudinal Spin program:
– Flavor dependent sea quark polarization:

• S/B study for W - > muon
• Drell-Yan for anti-u-quark polarization
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Longitudinal Spin program:
– Flavor dependent sea quark polarization:

• S/B study for W - > muon
• Drell-Yan for anti-u-quark polarization

– Gluon polarization at small-x (10^-3-10^-2):
– Single high pT muon 
– Charm & Beauty measurements                       
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Transverse Spin program:
– Heavy flavors Transverse SSA

• sensitive to gluon Sivers
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PHENIX muon arms

– Drell-Yan Transverse SSA
• sensitive to quark Sivers

Transverse Spin program:
– Heavy flavors Transverse SSA

• sensitive to gluon Sivers
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Operations Director Ed O’Brien
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sPHENIX

Projected Accuracy 

2.0 < ɻlep ф�ϰ͘ϱ This is the asymmetry! 
Scales with inverse beam 
polarization… 

Evolution (Kang, Prokudin) 

http://www.bnl.gov/aum/content/workshops/pdf/spin/zhongbo_kang.pdf 

Sivers evolution
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Collins FF H1A(z,kT2) correlates transverse spin of fragmenting quark 

and transverse momentum PhA of produced hadron h

““CollinsCollins--effect” effect” 

h

h

q q

Æ left-right (azimuthal) asymmetry in the direction of the 
outgoing hadron

our observable: singleour observable: single--spin spin azimuthalazimuthal asymmetryasymmetry
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Dh
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determines the 
direction of the outgoing quark

 >> the direction of the jet

determines the 
hadron distribution within the jet
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EM calorimeter + Preshower

Lepton Identification

RICH
Had 
Cal

Good Tracking
Tracking chambers

Magnetic field

Good jet reconstruction
Hadronic calorimeter

Ring Imaging Cherenkov

Hadron Identification

EM 
Cal

Detector simulation in 
progress...

Los Alamos, RBRC

Los Alamos, RBRC, UCR

UIUC

RBRC, ISU

Stony Brook

RPC3

MuID
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Broad spin program @ PHENIX
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Sea Transversity
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