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The Things We Tell Our Students!
From my talk to ACU undergrads:

Lots of money spread over lots of labs!
Why not pool everything together into one grand experiment?

• Independent verification is critical to the scientific method!
–We all bring biases to the table. Period.
–Why do we not allow you to copy each other’s homework?

• We want as complete a picture as we can get
– Different experiments can compliment each other
– Compare overlapping results for consistency
– Shine light on still-dark areas of the room
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Ancient History
Transverse single spin asymmetries should be small

Shown results from
PLB 261, 201 (1991)
PRL 101, 222001 (2008)
PRD 89, 012001 (2014)
PRD 90, 012006 (2014)

𝐴! for forward scattering 
MUCH LARGER than naïve 

expectation
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Mechanisms for Transverse Single-spin Asymmetries
Sivers mechanism: asymmetry 
in the forward jet or 𝛾 production

𝑺!
𝒌𝑻,𝐩𝐚𝐫𝐭𝐨𝐧

𝒑

p

Sensitive to proton spin–
parton transverse motion
correlations (needs 𝐿!)

𝑺" ⋅ 𝒑×𝒌𝑻,𝐩𝐚𝐫𝐭𝐨𝐧 ≠ 0
D. Sivers, PRD 41, 83 (1990); 43, 261 (1991) J. Collins, NP B396, 161 (1993)

Collins mechanism: asymmetry 
in the forward jet fragmentation

𝑺!

𝒑

p

𝑺* 𝒌𝑻,𝝅

Sensitive to 
transversity (ℎ+)

𝝅± Kinematic Variables
𝑧 = 𝑝"/𝑝#$%

𝑗& 𝑘& , 𝜋 = 𝑝" transverse to jet axis

𝑺, ⋅ 𝒑×𝒌𝑻,𝝅 ≠ 0

Separate Sivers and Collins:
Go beyond inclusive production - e.g. DY, W, Jets, correlations, direct photons

Sivers ~ sin 𝜙+ Collins ~ sin 𝜙+ − 𝜙,
𝜙,—angle between spin and event plane 𝜙-—angle of hadron around jet axis
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What Else Do We Get Out of This?

Use Sivers asymmetries to map distribution of unpolarized quarks in 
3D momentum space

• Distortions require two ingredients:
–Wavefunctions have component w/ non-zero angular momentum
– Final-state interaction effects present

• Important constraints on nucleon models
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A. Bacchetta, F. Delcarro, C. Pisano et al. Physics Letters B 827 (2022) 136961

Fig. 2. The density distribution ρa
p↑ of an unpolarized quark with flavor a in a proton polarized along the +y direction and moving towards the reader, as a function of 

(kx, ky) at Q 2 = 4 GeV2. Left panels for the up quark, right panels for the down quark. Upper panels for results at x = 0.1, lower panels at x = 0.01. For each panel, lower 
ancillary plots represent the 68% uncertainty band of the distribution at ky = 0 (where the effect of the distortion due to the Sivers function is maximal) while left ancillary 
plots at kx = 0 (where the distribution is the same as for an unpolarized proton). Results in the contour plots and the solid lines in the projections correspond to replica 105 
(see text).
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Appendix A. Details about the fitting functional form

The functional form we chose to parametrize the Sivers function is built in order to automatically satisfy the positivity bound

[
k2

T

2M2 f ⊥
1T (x,k2

T )

]2

≤ k2
T

4M2 f 2
1 (x,k2

T ) . (A.1)

It is given by

f ⊥a
1T (x,k2

T ; Q 2
0 ) = f ⊥(1)a

1T (x; Q 2
0 ) f ⊥

1T NP(x,k2
T ) , (A.2)
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Mechanisms for Transverse Single-spin Asymmetries
Sivers mechanism: asymmetry 
in the forward jet or 𝛾 production

𝑺!
𝒌𝑻,𝐩𝐚𝐫𝐭𝐨𝐧

𝒑

p

Sensitive to proton spin–
parton transverse motion
correlations (needs 𝐿!)

Collins mechanism: asymmetry 
in the forward jet fragmentation

𝑺!

𝒑

p

𝑺* 𝒌𝑻,𝝅

Sensitive to 
transversity (ℎ+)

𝑺" ⋅ 𝒑×𝒌𝑻,𝐩𝐚𝐫𝐭𝐨𝐧 ≠ 0
D. Sivers, PRD 41, 83 (1990); 43, 261 (1991) J. Collins, NP B396, 161 (1993)

𝝅± Kinematic Variables
𝑧 = 𝑝"/𝑝#$%

𝑗& 𝑘& , 𝜋 = 𝑝" transverse to jet axis

Key Ingredient: Transverse-momentum Dependent (TMD) 
Parton Distributions and Fragmentation Functions

à But are they universal?! Do TMD equations factorize?!

𝑺, ⋅ 𝒑×𝒌𝑻,𝝅 ≠ 0
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It’s Complicated

à But are they universal?! Do TMD equations factorize?!

• Generally, no!
• Very useful exceptions!

- SIDIS
- 𝑒-𝑒.
- 𝑝 + 𝑝: W-bosons, Drell-Yan

• Experimental tool to inform theoretical questions
- Do TMDs depend on the observable (e.g. SIDIS vs. p+p)?
- Is our factorized formulation of pQCD valid with TMDs?
- How do TMDs evolve as the kinematics change?
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Landscape of TMDs

TMDs from fixed target data
à high 𝑥 at low 𝑄.

Important to span the full kinematic space, 
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The Solenoidal Tracker at RHIC
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RHIC as Polarized-proton Collider
• “Siberian Snakes” à mitigate 

depolarization resonances
• Choice of spin orientation à

independent of experiment
• Spin direction varies bucket-to-

bucket (9.4 MHz)
• Spin pattern varies fill-to-fill



Solenoidal Tracker At RHIC (STAR): JETS, Hadron ID

TOF
૚ > |ࣁ|

Magnet

BEMC
૚ > |ࣁ| TPC

૚.3 > |ࣁ|

EEMC
૚ ࣁ > < ૛

STAR Kinematic Coverage

¾ STAR covers a similar range in momentum fraction to that of SIDIS experiments but at much higher ܳ2

¾ 200 GeV results provide better statistical precision at larger momentum fraction regions; 500 GeV results probe 
lower values.

¾ The two different energies provide experimental constraints on evolution effects and insights into the magnitude
and nature of TMD observables that will be measured at the EIC. 4W. W. Jacobs / Transversity 2022

The Solenoidal Tracker at RHIC

Central Detectors: 𝜂 < 1
• Tracking + PID + E/M Cal.
• Jets, 𝜋±, 𝐾, 𝑝, 𝑒±, 𝜋), 𝛾
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Forward Detectors: 1 < 𝜂 < 4
• Tracking + HCAL + E/M Cal.
• Jets, ℎ±, 𝜋), 𝛾, 𝑒±



Sivers Effect in SIDIS
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Sivers effect exists in SIDIS!
• Positive for 𝜋* and 𝐾±
• Consistent with zero for 𝜋+
Cool! Does it exist in 𝑝 + 𝑝?

DIS: 
Final-state interactionQCD:

the amplitudes for Ph? * 0:4 GeV and are consistent with
the predicted linear decrease in the limit of Ph? going to
zero.

In order to further examine the influence of exclusive
vector-meson decay and other possible 1

Q2 -suppressed con-

tributions, several studies were performed. Raising the
lower limit of Q2 to 4 GeV2 eliminates a large part of
the vector-meson contribution. Because of strong correla-
tions between x and Q2 in the data, this is presented only
for the z and Ph? dependences. No influence of the vector-
meson fraction on the asymmetries is visible as shown in
Fig. 2. For the x dependence shown in Fig. 3, each bin was
divided into two Q2 regions below and above the corre-
sponding average Q2 (hQ2ðxiÞi) for that x bin. While the
averages of the kinematics integrated over in those x bins
do not differ significantly, the hQ2i values for the two Q2

ranges change by a factor of about 1.7. The asymmetries do

not change by as much as would have been expected for a
sizable 1

Q2 -suppressed contribution, e.g., the one from lon-

gitudinal photons to the spin-(in)dependent cross section.
However, while the !þ asymmetries for the two Q2 re-
gions are fully consistent, there is a hint of systematically
smaller Kþ asymmetries in the large-Q2 region.
An interesting facet of the data is the difference in the

!þ and Kþ amplitudes shown in Fig. 4. On the basis of
u-quark dominance, i.e., the dominant contribution to !þ

and Kþ production from scattering off u quarks, one might
naively expect that the !þ and Kþ amplitudes should be
similar. The difference in the !þ and Kþ amplitudes may
thus point to a significant role of other quark flavors, e.g.,
sea quarks. Strictly speaking, even in the case of scattering
solely off u quarks, the fragmentation function D1, con-
tained in both the numerator and denominator in Eq. (2),
does not cancel in general as it appears in convolution
integrals. This can lead not only to additional
z dependences, but also to a difference in size of the
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FIG. 1. Sivers amplitudes for pions, charged kaons, and the
pion-difference asymmetry (as denoted in the panels) as func-
tions of x, z, or Ph?. The systematic uncertainty is given as a
band at the bottom of each panel. In addition there is a 7.3%
scale uncertainty from the target-polarization measurement.
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FIG. 2 (color online). Sivers amplitudes for !þ (left) and Kþ

(right) as functions of z or Ph?, compared for two different
ranges in Q2 (high-Q2 points are slightly shifted horizontally).
The corresponding fraction of pions and kaons stemming from
exclusive vector mesons, extracted from a Monte Carlo simula-
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Sivers Effect

DIS: 
Final-state interaction

Drell-Yan or W: 
Initial-state interaction

QCD:

SiversDIS = −SiversDrell-Yan or SiversW

One interpretation: Repulsive interaction between like color charges!

Color interactions in QCD
“Modified-universality” of the “Sivers” function
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Sivers Effect in Hadroproduction
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Sivers effect in 𝑝/𝜋 + 𝑝?
• Not enough statistics, yet
• So far, consistent with either option

Drell-Yan or W: 
Initial-state interactionQCD:

Preliminary 2017 Data Results for ܰܣ in ܹ± Production
¾ 2017 results have much improved 

precision over  those from the initial 
measurement PRL 116, 132301 (2106).

¾ Corrected for smeared reconstruction of 
the recoil.

¾ Contribution from transversal helicity 
function,        , estimated via simultaneous 
(sin/cos) fit with       .  Measured        
consistent with zero.

¾ Comparison with new theory prediction 
(N3LO), PRL 126 (2021) 112002.

¾ Updated for STAR kinematics based on 
first global fit to world data, PRD 102 
(2020) 054002.

18

¾ New STAR data will have biggest impact 
on high-x region of the quark Sivers
function.

¾ Analysis of the new ‘22 dataset will increase 
precision of asymmetry measurements;

Zoom in

forward detectors of the STAR upgrade will improve the reconstruction.
W. W. Jacobs / Transversity 2022

8

FIG. 3: The weighted Sivers asymmetry of charged hadron produced in SIDIS process. The solid squares with error bars
represent the COMPASS data for comparison [48].

FIG. 4: The weighted Sivers asymmetry in π−p Drell-Yan process. The solid squares with error bars are COMPASS preliminary
data [49].

Xue
et al, arXiv:2206.05934



Some Recent Global Analyses

• Recent global analyses utilize SIDIS+pp/𝜋p Data
• Sign-change is preferred but not nearly confirmed
• Still statistics (and kinematics) limited
• BIG questions about the sea!
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Parameters of the Sivers function resulting from SIDIS-only
and SIDISþ DY fits are compatible with each other [84].
The quality of data description in the SIDISþ DY N3LO fit
can be seen in Fig. 1.
We have performed a fit without the sign change of the

Sivers function from Eq. (1) in order to estimate the
significance of the sign change from the data. The resulting
fit does exhibit tensions between DY and SIDIS data sets,
however, the fit has χ2=Npt ¼ 1.0 and cannot exclude the
same sign of Sivers functions in DYand SIDIS kinematics.
The sign of the sea-quark Sivers function plays the central
role here. Indeed, the sign of the DY cross section is mostly
determined by the sea contribution due to the favored
qþ q̄ → W=Z=γ subprocess, whereas the sea contribution
in SIDIS is suppressed. Therefore, with the current data
precision, the flip of the sign for the Nsea parameter alone is
sufficient to describe the data and almost compensates the
effect of the overall sign-flip [Eq. (1)] at the level of the
cross section. The future data from RHIC and COMPASS
together with EIC and JLab will allow us to establish the
confirmation of the sign change [Eq. (1)].
Extracted Sivers functions.—The extracted Sivers func-

tions in b space for u and d quarks are shown in Fig. 2. One
can see that our results confirm the signs of the u quark
(negative) and d quark (positive) at middle-x range known
from the previous analyses [25–36,38–40], and also show a
node for the u quark at large x. We have not explicitly used
the positivity relation [85] of Sivers functions because it is

only a LO statement and can be violated in higher order
calculations. However, we verified numerically that our
results do not exhibit any substantial violation of positivity
bounds.
The magnitude of s and sea quarks contribution in our fit

is substantially different from other extractions where the
biased ansatz f⊥1TðxÞ ∝ f1ðxÞ is used [27,29–36,38,39] and
the nonvalence contribution is artificially suppressed. In
our case, the sea- and s-quark Sivers functions are
comparable in size with u and d quarks, at x > 0.1 (and
vanish at x < 0.1). Our unbiased extraction of the Sivers
function reproduces large SSAs measured in the DYW%=Z
processes, see Fig. 1.
Determination of the Qiu-Sterman function.—The Sivers

function at small b can be expressed via the operator
product expansion (OPE) through the twist-three distribu-
tions [65,66,86]. At the OPE scale μ ¼ μb ≡ 2 expð−γEÞ=b
the NLO matching expression [65] depends only on the QS
function and can be inverted. We obtain the following
relation:

Tqð−x; 0; x; μbÞ ¼ −
1

π

!
1þ CF

αsðμbÞ
4π

π2

6

"
f⊥1T;q←hðx; bÞ

−
αsðμbÞ
4π2

Z
1

x

dy
y

#
ȳ
Nc

f⊥1T;q←h

!
x
y
; b
"

þ 3y2ȳ
2x

GðþÞ
!
−
x
y
; 0;

x
y
; μb

"$

þOða2s ; b2Þ; ð13Þ

where ȳ ¼ 1 − y, αs is the strong coupling constant, and Tq

and GðþÞ are QS quark and gluon functions. This expres-
sion is valid only for small (nonzero) values of b. We use

(a)

(b)

FIG. 2. The three-dimensional ðb; xÞ landscape of the optimal
Sivers function f⊥1T;q←pðx; bÞ for the u quark (a) and d quark (b).
The grid shows the CF value, whereas the shaded (light blue and
light green) regions on the boundaries demonstrate the 68% CI.

FIG. 3. Qiu-Sterman function at μ ¼ 10 GeV for different
quark flavors, derived from the Sivers function via Eq. (13).
The solid black line shows the CF value and blue band shows
68% CI. The light green band shows the band obtained by adding
the gluon contribution GðþÞ. We compare our results to JAM20
[40] (gray dashed lines) and ETK20 [39] (violet dashed lines).

PHYSICAL REVIEW LETTERS 126, 112002 (2021)

112002-4

Bury et al, PRL 126, 112002 (2021)

A. Bacchetta, F. Delcarro, C. Pisano et al. Physics Letters B 827 (2022) 136961

Fig. 1. The first transverse moment xf ⊥(1)
1T of the Sivers TMD as a function of x for the up (left panel) and down quark (right panel). Solid band: the 68% confidence interval 

obtained in this work at Q 2 = 4 GeV2. Hatched bands from PV11 [15], EIKV [17], TC18 [18], JAM20 [20] parametrizations, and at different Q 2 as indicated in the figure.

The authors of Ref. [21] also find results very similar to the ones in Fig. 1 when they fit the same SIDIS data and COMPASS Drell–Yan 
data with pion beams [58]. In this case, they also compute predictions for W ± and Z 0 production at STAR kinematics which are very 
close to our fitted bands displayed in Fig. B.8. Their strategy is very similar to the one adopted in this work but at higher perturbative 
accuracy, although their unpolarized TMDs are not obtained from an actual fit. However, when they include the STAR data in the global 
fit they artificially increase the statistical weight of those data by a factor ∼ 13. Their global χ2 largely deteriorates and the uncertainty 
on the Sivers function significantly increases. Our finding is that because of large experimental errors STAR data does not affect much our 
final results when including them in the global fit, as discussed in detail in Appendix B.

The authors of Ref. [23] also perform a consistent extraction of both unpolarized and Sivers TMDs, and build contour plots of the 
density distribution in Eq. (1) similar to Fig. 2. A direct comparison is more difficult because the evolution of TMDs is achieved in a 
different framework, and the classification of the perturbative accuracy does not match the standard described in Ref. [10]. The displayed 
x-dependence of their Qiu-Sterman function (or related first kT -moment of the Sivers function as in Eq. (9)) is roughly similar, at least for 
up and down quarks. However, the sea-quark channel shows large oscillations at large x, which entail a strong breaking of the positivity 
constraint of Eq. (20).

In general, the result of a fit is biased whenever a specific fitting functional form is chosen at the initial scale. In our case, we tried to 
reduce this bias by adopting a flexible functional form, as it is evident particularly in Eq. (23). Nevertheless, we stress that our extraction is 
still affected by this bias and extrapolations outside the range where data exist (0.01 ! x ! 0.3) should be taken with due care. At variance 
with previous studies, in the denominator of the asymmetries in Eqs. (4) and (12) we are using unpolarized TMDs that were extracted 
from data in our previous Pavia17 fit, with their own uncertainties. Therefore, our uncertainty bands in Fig. 1 represent a realistic estimate 
of the statistical error of the Sivers function.

In Fig. 2, we show the density distribution ρa
p↑ of an unpolarized quark a in a transversely polarized proton defined in Eq. (1), at x = 0.1

(upper panels) and x = 0.01 (lower panels) and at the scale Q 2 = 4 GeV2. The proton is moving towards the reader and is polarized along 
the +y direction. Since the up Sivers function is negative, the induced distortion is positive along the +x direction for the up quark (left 
panels), and opposite for the down quark (right panels).

At x = 0.1 the distortion due to the Sivers effect is evident, since we are close to the maximum value of the function shown in Fig. 1. 
The distortion is more pronounced for down quarks, because the Sivers function is larger and at the same time the unpolarized TMD is 
smaller. The peak positions are approximately (kx)max ≈ 0.1 GeV for up quarks and −0.15 GeV for down quarks. At lower values of x, the 
distortion disappears. These plots suggest that a virtual photon hitting a transversely polarized proton effectively “sees” more up quarks 
to its right and more down quarks to its left in momentum space.

The existence of this distortion requires two ingredients. First of all, the wavefunction describing quarks inside the proton must have 
a component with nonvanishing angular momentum. Secondly, effects due to final state interactions should be present [59], which in 
Feynman gauge can be described as the exchange of Coulomb gluons between the quark and the rest of the proton [60]. In simplified 
models [61], it is possible to separate these two ingredients and obtain an estimate of the angular momentum carried by each quark [62]. 
It turns out that up quarks give almost 50% contribution to the proton’s spin, while all other quarks and antiquarks give less than 10% [15]. 
We will leave this model-dependent study to a future publication. A model-independent estimate of quark angular momentum requires 
the determination of parton distributions that depend simultaneously on momentum and position [63,64]. Nevertheless, the study of 
TMDs, and of the Sivers function in particular, can provide important constraints on models of the nucleon [65] and test lattice QCD 
computations [66].

In the near future, more data are expected from experiments at Jefferson Laboratory and CERN. Pioneering measurements in Drell-Yan 
processes with pion beams have been already reported [58], but they are not included in the present analysis because we do not have yet 
a consistent description of quark unpolarized TMDs in a pion. In the longer term, the recently approved Electron Ion Collider project [3,4]
will provide a large amount of data in different kinematic regions compared to present experiments [67]. With this abundance of data, we 
will be able to reduce the error bands, extend the range of validity of the extractions to lower and higher values of x, and obtain a much 
more detailed knowledge of the 3-dimensional distribution of partons in momentum space.
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Sea Questions
From the Bury et al paper:
“The resulting fit (without the sign change)
does exhibit tensions between DY and SIDIS
data sets, however, the fit...cannot exclude
the same sign of Sivers functions in DY and
SIDIS kinematics. The sign of the sea-quark
Sivers function plays the central role
here...Therefore, with the current data
precision, the flip of the sign for the 𝑁,-.
parameter alone is sufficient to describe the
data and almost compensates the effect of
the overall sign-flip at the level of the cross
section.”
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Parameters of the Sivers function resulting from SIDIS-only
and SIDISþ DY fits are compatible with each other [84].
The quality of data description in the SIDISþ DY N3LO fit
can be seen in Fig. 1.
We have performed a fit without the sign change of the

Sivers function from Eq. (1) in order to estimate the
significance of the sign change from the data. The resulting
fit does exhibit tensions between DY and SIDIS data sets,
however, the fit has χ2=Npt ¼ 1.0 and cannot exclude the
same sign of Sivers functions in DYand SIDIS kinematics.
The sign of the sea-quark Sivers function plays the central
role here. Indeed, the sign of the DY cross section is mostly
determined by the sea contribution due to the favored
qþ q̄ → W=Z=γ subprocess, whereas the sea contribution
in SIDIS is suppressed. Therefore, with the current data
precision, the flip of the sign for the Nsea parameter alone is
sufficient to describe the data and almost compensates the
effect of the overall sign-flip [Eq. (1)] at the level of the
cross section. The future data from RHIC and COMPASS
together with EIC and JLab will allow us to establish the
confirmation of the sign change [Eq. (1)].
Extracted Sivers functions.—The extracted Sivers func-

tions in b space for u and d quarks are shown in Fig. 2. One
can see that our results confirm the signs of the u quark
(negative) and d quark (positive) at middle-x range known
from the previous analyses [25–36,38–40], and also show a
node for the u quark at large x. We have not explicitly used
the positivity relation [85] of Sivers functions because it is

only a LO statement and can be violated in higher order
calculations. However, we verified numerically that our
results do not exhibit any substantial violation of positivity
bounds.
The magnitude of s and sea quarks contribution in our fit

is substantially different from other extractions where the
biased ansatz f⊥1TðxÞ ∝ f1ðxÞ is used [27,29–36,38,39] and
the nonvalence contribution is artificially suppressed. In
our case, the sea- and s-quark Sivers functions are
comparable in size with u and d quarks, at x > 0.1 (and
vanish at x < 0.1). Our unbiased extraction of the Sivers
function reproduces large SSAs measured in the DYW%=Z
processes, see Fig. 1.
Determination of the Qiu-Sterman function.—The Sivers

function at small b can be expressed via the operator
product expansion (OPE) through the twist-three distribu-
tions [65,66,86]. At the OPE scale μ ¼ μb ≡ 2 expð−γEÞ=b
the NLO matching expression [65] depends only on the QS
function and can be inverted. We obtain the following
relation:

Tqð−x; 0; x; μbÞ ¼ −
1

π

!
1þ CF

αsðμbÞ
4π

π2

6

"
f⊥1T;q←hðx; bÞ

−
αsðμbÞ
4π2

Z
1

x

dy
y

#
ȳ
Nc

f⊥1T;q←h

!
x
y
; b
"

þ 3y2ȳ
2x

GðþÞ
!
−
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y
; 0;

x
y
; μb

"$

þOða2s ; b2Þ; ð13Þ

where ȳ ¼ 1 − y, αs is the strong coupling constant, and Tq

and GðþÞ are QS quark and gluon functions. This expres-
sion is valid only for small (nonzero) values of b. We use

(a)

(b)

FIG. 2. The three-dimensional ðb; xÞ landscape of the optimal
Sivers function f⊥1T;q←pðx; bÞ for the u quark (a) and d quark (b).
The grid shows the CF value, whereas the shaded (light blue and
light green) regions on the boundaries demonstrate the 68% CI.

FIG. 3. Qiu-Sterman function at μ ¼ 10 GeV for different
quark flavors, derived from the Sivers function via Eq. (13).
The solid black line shows the CF value and blue band shows
68% CI. The light green band shows the band obtained by adding
the gluon contribution GðþÞ. We compare our results to JAM20
[40] (gray dashed lines) and ETK20 [39] (violet dashed lines).

PHYSICAL REVIEW LETTERS 126, 112002 (2021)

112002-4

Bury et al, PRL 126, 112002 (2021)

Significant difference in sea-
quark Sivers functions 
between different groups



Taking Stock

• Sivers effect exists and is promising!
• The sign-change is a pretty important benchmark
• So far, results are inconclusive
– Not enough statistics
– Small asymmetries?

• TMD evolution is still a tough question
• Sea quark seems to be wide open
– Got to be picky to get at it

• Need more data—hadroproduction especially!
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SpinQuest and STAR to the Rescue!

• Quoting, again, from Bury et al
“Indeed, the sign of the DY cross section is mostly determined by the sea 

contribution due to the favored 𝑞 + /𝑞 → W/𝑍/𝛾 subprocess, whereas the 
sea contribution in SIDIS is suppressed.”

• Most experimental data are focused on the valence region
– Sign-change is the headline
– Expect largest asymmetries?

• Critical to have experiments like SpinQuest that tackle the sea!
• In this respect, there is important complementarity between E1039 and 

experiments like STAR…
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SpinQuest and STAR to the Rescue!

STAR Forward Upgrade in for 2022
• HCAL+ECAL+Tracking
• Dedicated Drell-Yan trigger
• Full jet reconstruction
• Dedicated dijet trigger

Drachenberg -- Overlap of SpinQuest and STAR 17

STAR in Run 22 4

O. Eyser / RAUM 2022

• Barrel: −1 ൏ 𝜂 ൏ 2.0 / Forward 2.5 ൏ 𝜂 ൏ 4.0
• Full azimuthal coverage
• Exceeded projection: ℒ௜௡௧ ൐ 400 pb−1

• Figure of merit 𝐿𝑃2 ൎ 120 pb−1 with Forward Detectors 
and iTPC

• Midrapidity and forward triggers

Forward Detector Upgrade 6

O. Eyser / RAUM 2022

• Calorimeters

• Hadronic calorimeter (FeSci)

• Electromagnetic calorimeter (PbSci)

• Preshower detector (EPD)

• Tracking

• Small-strip Thin Gas Chambers (4 planes)

• Silicon tracker (3 disks)

2.ͷ ൏ ߟ ൏ 4.0

Despite Covid, installation 
and commissioning finished 
on schedule and were ready 
for data taking in Run 22!



SpinQuest and STAR to the Rescue!

In principle, access Sivers through “dijets”
Use the dijet to measure an imbalance in the 
initial-state intrinsic transverse momentum

Still lots of theoretical questions!
...But, hey, we’re experimentalists, right?

Sivers effect from dijet measurement

• First observation of non-zero Sivers asymmetries in dijet production of polarized p+p collisions;
• "!" ≈ 31 MeV/c, "!# ≈ -55 MeV/c, "!$%&'( ≈ 0 MeV/c;
• Enhanced measurement can be made to larger pseudo-rapidity, for !)*)(+ from 1.5 ~ 7 with Forward Upgrades;

9

JetEIC workshop 2020

Proton &

Parton '!

Proton (
(

!$
Jet2 pT

Jet1 pTjet

jet

transverse plane

Ting Lin - RHIC & AGS Annual Users' Meeting 2021

𝑺! 𝒌𝑻,𝐩𝐚𝐫𝐭𝐨𝐧

𝒑 p
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SpinQuest and STAR to the Rescue!
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One specific (simple) example of SpinQuest – STAR synergy:
• Imagine a STAR DY event sampling a high-x valence quark from the 

leftward beam scattering off of a low-x sea quark from the rightward
• Controlling the spin of the leftward beam samples valence-quark Sivers

SpinQuest completes the picture
• Optimized to sample the sea quark from 

the polarized target
• Can STAR complement SpinQuest? Yes!

- Controlling the spin of the rightward
beam samples low-x sea quark Sivers

• Overlapping, complementary experiments 
are critical for the full picture



Final Thoughts

• SpinQuest and STAR Spin both focus on critical and beautiful physics
• Independent experiments that overlap and complement are critical for 

robust science and reliable discovery
• Current Sivers extractions demonstrate vividly the need for more data
– Particularly from hadroproduction
– Over a broad kinematic coverage
– With a variety of observables
– With sensitivity to the sea quark

• SpinQuest and STAR are poised to provide critical insight
– For the sign change
– For the sea quark
– For the comprehensive mapping of the Sivers function to come
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Back up
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Sivers Effect at STAR

Preliminary Results from the 2017 dataset
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Preliminary 2017 Data Results for ܰܣ in ܹ± Production
¾ 2017 results have much improved 

precision over  those from the initial 
measurement PRL 116, 132301 (2106).

¾ Corrected for smeared reconstruction of 
the recoil.

¾ Contribution from transversal helicity 
function,        , estimated via simultaneous 
(sin/cos) fit with       .  Measured        
consistent with zero.

¾ Comparison with new theory prediction 
(N3LO), PRL 126 (2021) 112002.

¾ Updated for STAR kinematics based on 
first global fit to world data, PRD 102 
(2020) 054002.

18

¾ New STAR data will have biggest impact 
on high-x region of the quark Sivers
function.

¾ Analysis of the new ‘22 dataset will increase 
precision of asymmetry measurements;

Zoom in

forward detectors of the STAR upgrade will improve the reconstruction.
W. W. Jacobs / Transversity 2022



Sivers Effect at STAR

Projections from the 2022 dataset
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Drell-Yan / Weak Bosons 12

O. Eyser / RAUM 2022

SIDIS

Drell-Yan

• Process dependence of spin-orbit correlations: SIDIS vs. 𝑝 + 𝑝

Gamberg, Kang, Prokudin
PRL 110 (2013) 232301
with HERMES data

• Note: recent theory predictions show 
small asymmetries for 𝑊±/𝑍0 (few 
percent)

• Bacchetta et al., Phys. Lett. B 827 (2022) 136961

• Increased acceptance in Run 22
• Improved recoil determination (low 𝑝்)
• Dedicated Drell-Yan trigger at forward 𝜂

Reference: O. Eyser, RHIC-AGS Users’ Meeting 2022


