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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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Complete understanding of nucleon structure requires knowledge of
• Unpolarized PDF, 𝑓 𝑥
• Helicity PDF (Δ𝑓 𝑥 ) [see talk by A. Quintero]
• Transversity (ℎ! 𝑥 or 𝛿𝑞 𝑥 ) – chiral odd

- Δ𝑞 𝑥 − 𝛿𝑞 𝑥 : direct connection to non-zero OAM components of proton wave function
- Tensor charge, 𝛿𝑞 = ∫"

! 𝛿𝑞 𝑥 − 𝛿*𝑞 𝑥 𝑑𝑥

Accessed through global analyses in SIDIS + 𝒆!𝒆", e.g. via “Collins” or IFF asymmetries
Currently limited reach in 𝑥, 𝑄#

à requires another chiral-odd distribution

Large uncertainties:
u-quark for 𝑥 > 0.1
d-quark pos or neg?

[see talks by B. Pokhrel, N. Ghimire]
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STAR Jets and Transverse Spin Physics

4STAR Results and Plans -- Drachenberg

Terms in Numerator of TMD 
SSA for qq Scattering English Names Modulation

Sivers • PDF • FF

Transversity • Boer-Mulders • FF

Pretzelocity • Boer-Mulders • FF

Transversity • PDF • Collins

Sivers • Boer-Mulders • Collins

Pretzelocity • PDF • Collins

Sivers • Boer-Mulders • Collins

ΔN f
a/A↑

• fb/B •Dπ /q sin φSA( )
sin φSA( )
sin φSA( )

sin φSA −φH( )
sin φSA −φH( )
sin φSA +φH( )
sin φSA +φH( )

ha1 •Δ
N f

b↑/B
•Dπ /q

h⊥a1T •Δ
N f

b↑/B
•Dπ /q

ha1 • fb/B •Δ
ND

π /q↑

ΔN f
a/A↑

•ΔN f
b↑/B

•ΔND
π /q↑

h⊥a1T • fb/B •Δ
ND

π /q↑

ΔN f
a/A↑

•ΔN f
b↑/B

•ΔND
π /q↑

Transverse Momentum Dependent (TMD) Approach

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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Asymmetry modulations 
sensitive to various contributions

(often involving transversely 
polarized quarks or linearly 

polarized gluons)

/0- – Transverse single-spin 
asymmetry (also written /1)

Anselmino et al, PRD 73, 014020 (2006)
F. Yuan, PRL 100, 032003 (2008)
D’Alesio et al., PRD 83, 034021 (2011)

Polarized Hadrons Within Jets

Collins mechanism
J. Collins, NP B396, 161 (1993)
• Transversely polarized quarks inside 

transversely polarized proton
• Polarization transfer during hard scattering
• Distribution of hadrons correlated to quark 

polarization
• Azimuthal asymmetry in distribution of 

hadrons within the jet
– Requires non-zero quark transversity
– Requires spin-dependent TMD FF

(analogous effect for gluon linear polarization)

2Drachenberg -- Hadrons-in-jets at STAR
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The Solenoidal Tracker at RHIC
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

Drachenberg -- Hadrons-in-jets at STAR 3

Central Detectors: 𝜂 < 1
Tracking + PID + E/M Cal.
Jets, 𝜋±, 𝐾, 𝑝, 𝑒±, 𝜋%, 𝛾
Forward Detectors: 1 < 𝜂 < 2 and 2.5 < 𝜂 < 4
Tracking (1 < 𝜂 < 1.3) + E/M Cal.
Jets (1 < 𝜂 < 1.8), 𝜋%, 𝛾, 𝑒±
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Central Detectors: 𝜂 < 1
Tracking + PID + E/M Cal.
Jets, 𝜋±, 𝐾, 𝑝, 𝑒±, 𝜋%, 𝛾
Forward Detectors: 1 < 𝜂 < 2 and 2.5 < 𝜂 < 4
Tracking (1 < 𝜂 < 1.3) + E/M Cal.
Jets (1 < 𝜂 < 1.8), 𝜋%, 𝛾, 𝑒±

Kinematic Coverage

• STAR covers a similar range in momentum fractions (x) to that of SIDIS experiments with much higher B1
• Collins effect in pp provide a direct probe of the Collins fragmentation function and enable the test of its 

evolution, universality and factorization breaking in the TMD formalism.

9Ting Lin - DNP 2020October 31, 2020
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Collins Effect at STAR
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STAR Collaboration, PRD 97, 032004 (2018)
D’Alesio, Murgia, Pisano: PLB 773, 300 (2017)
Kang, Prokudin, Ringer, Yuan: PLB 774, 635 (2017)

Peak appears to shift to 
higher 𝑗& for increasing 𝑧

• Consistent with models based on SIDIS/e!e"
• Suggest robust factorization and universality
– Not yet sensitive to evolution assumptions

• Consistency between 500 GeV and preliminary 200 GeV 
data (2012 RHIC run) for common 𝑥& = 2𝑝&,()*/ 𝑠
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• Collins asymmetries of 7± are measured
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𝑥! < 0
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STAR 2015 Data: Higher Statistics at 200 GeV
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• 52 pb". of 𝑝↑ + 𝑝 at 𝑠 = 200 GeV
– Roughly twice the amount collected in 2012

• Excellent consistency with 2012 preliminary data
– Large asymmetries for forward scattering
– Small asymmetries for backward scattering

• Should provide valuable constraints for models
Fri Jun  4 23:10:30 2021
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STAR 2015 Data: Higher Statistics at 200 GeV

Drachenberg -- Hadrons-in-jets at STAR 7

• Significantly improved precision for 𝑗0 study
• As with previous data peak appears to shift to 

higher 𝑗0 for increasing 𝑧
– Suggests asymmetry does not factorize as 

most models assume, e.g. 𝐴10 ∼ 𝑓 𝑗0 ×𝑔 𝑧

!± Azimuthal Distribution in Jets

October 31, 2020 Ting Lin - DNP 2020

• Collinear transversity is probed most directly in the jet C& and 
eta dependence;

• Collins TMD FF is sensitive to the (D&, z) dependence.

STAR Jets and Transverse Spin Physics

4STAR Results and Plans -- Drachenberg

Terms in Numerator of TMD 
SSA for qq Scattering English Names Modulation

Sivers • PDF • FF

Transversity • Boer-Mulders • FF

Pretzelocity • Boer-Mulders • FF

Transversity • PDF • Collins

Sivers • Boer-Mulders • Collins

Pretzelocity • PDF • Collins

Sivers • Boer-Mulders • Collins
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Transverse Momentum Dependent (TMD) Approach
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sensitive to various contributions
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polarized quarks or linearly 

polarized gluons)
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Kaon Asymmetries at 200 GeV

Drachenberg -- Hadrons-in-jets at STAR 8

• Charged particle ID from TPC and time-of-flight
• Asymmetries for 𝐾2 about 1.5𝜎 larger than 𝜋2
–𝐾2 can be produced through favored u-quark fragmentation

• Asymmetries for 𝐾3 consistent with zero
• Similar observations to SIDIS data

!± Azimuthal Distribution in Jets

16Ting Lin - DNP 2020October 31, 2020

• @&, which can be produced through favored fragmentation of a valence u quark, has asymmetries that are 
about 1.5-sigma larger than A&.

• @', which is produced by unfavored fragmentation, has asymmetries that are consistent with zero at the 
current precision.

• Both observations are similar to SIDIS.

2015 Collins Analysis at STAR

• 52pb(: transversely polarized p+p
data at 9 = 200 GeV, twice as 
2012; 

• 57% average beam polarization;

• Particle identification from TPC and 
TOF;

Ming Shao et al. NIM A558 (2006)

π

e

K

p

11Ting Lin - DNP 2020October 31, 2020

Charged Particle Identification
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Neutral Pion in Electromagnetic Jet Asymmetries

Drachenberg -- Hadrons-in-jets at STAR 9

• Electromagnetic (EM) jets reconstructed with photon candidates in forward EM calorimeter
• Asymmetries plotted vs. 𝑧12 = 𝐸3!/𝐸()*
• Asymmetries integrated over 𝑧12 are small
– Expected from mixing of u and d-quarks for which the Collins effect has opposite sign

• Possible dependence on 𝑗&

experiment measured jets using an electromagnetic and a
hadronic calorimeter to reconstruct both the electromagnetic
and hadronic components of jets. TheANDY result suggests
the jet TSSA are very small and they are close to the STAR
jet TSSA result measured at 500 GeV with the minimum
multiplicity requirement. The consistency of these two
results suggests that the TSSA for EM-jets probes the same
underlying physics as full jets.

D. The Collins asymmetry

The Collins effect is defined as a nonuniform azimuthal
distribution of a particle’s pT in the hadronization of a
transversely polarized quark [12]. By measuring the Collins
asymmetry of π0 within a jet, one can directly study the
fragmentation process contribution to the single-spin asym-
metry at forward rapidities. The Collins angle (ϕC) in
Eq. (6) is defined in the same way as in Ref. [34]. The
resolution of the Collins angle is the major source of the
asymmetry uncertainty. If the direction of the π0 momen-
tum is close to the jet thrust axis, for example at high zem,
the uncertainty of the ϕC angle becomes large. Therefore, a

ΔR cut, ΔR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððηπ0 − ηjetÞ2 þ ðϕπ0 − ϕjetÞ2

q
, has been

applied in the analysis to reject such events. The value of
this cut was balanced between the benefit of excluding
those events with large uncertainty and the loss of statistics

at high zem. We determined ΔR > 0.04 to be the best
choice, which is the same as in Ref. [34].
As mentioned in Sec. II E 2, there is no background

subtraction for the Collins asymmetry. Nevertheless, the
influence of possible background can be studied through
the mass dependence of the asymmetry. The π0 signal is
concentrated in the mass region Mγγ < 0.2 GeV=c2,
whereas the background fraction changes significantly as
a function of mass from the region Mγγ < 0.2 GeV=c2 to
the regionMγγ > 0.2 GeV=c2. A comparison of the Collins
results in the region of (0, 0.2 GeV=c2) and those in the
region of (0.2, 0.3 GeV=c2) did not show a clear mass
dependence in both data sets.
The jet pT is required to be larger than 2 GeV=c. The

average jet pT is 3.8 GeV=c for 500 GeV data and
3.0 GeV=c for 200 GeV data. The average jet pseudo-
rapidity is 3.1 for 500 GeV data and 3.3 for 200 GeV data.
Figure 10 shows the measured Collins asymmetries (AUT)
originating from the final-state effect, for both the 200 and
500 GeV data. Both results show very small asymmetries
within uncertainties.
The π0 momentum transverse to the jet axis, jT, can be

used to measure how close the π0 is to the jet axis. An
investigation of the dependence of the Collins asymmetry
on jT at 200 GeV is presented in Fig. 11. The Collins
asymmetries are separated into four jT bins. It is found that
the asymmetries for jT > 0.2 GeV=c show a tendency to
be negative. This jT dependence can be used to further
constrain TMD models.

E. Comparison to models

We compare our results to the theoretical calculations
that can be seen in Figs. 4, 5, 7, 9, and 10. The calculations

FIG. 9. Transverse single-spin asymmetry as a function of xF
for electromagnetic jets in transversely polarized proton-proton
collisions at

ffiffiffi
s

p
¼ 200 and 500 GeV. The error bars are statistical

uncertainties only and the systematic uncertainties are negligible.
The results that require more than two photons observed inside a
jet are shown as open symbols. The previous measurements for
full jets at 500 GeV reported by the ANDY Collaboration [28] are
also plotted. Theory curves [30] for TSSA of full jets at mean
rapidity hyi ¼ 3.25 for 200 GeV (red) and hyi ¼ 3.57 for
500 GeV (blue) are also shown. The average pT of the jet for
each xF bin is shown in the lower panel.

FIG. 10. The Collins asymmetry for π0 in an electromagnetic
jet for transversely polarized proton-proton collisions at

ffiffiffi
s

p
¼

200 and 500 GeV. The error bars are statistical uncertainties only
and the systematic uncertainties are negligible. Theory curves for
the Collins asymmetry of a π0 in a full jet with or without TMD
evolution [31] are also shown.

MEASUREMENT OF TRANSVERSE SINGLE-SPIN ASYMMETRIES … PHYS. REV. D 103, 092009 (2021)

092009-11

of π0 TSSA [51], jet TSSA [30] and Collins asymmetry
[31] are based on the TMD and collinear Twist-3 functions
that have been extracted from semi-inclusive deep inelastic
scattering, Drell-Yan, eþe− annihilation into hadron pairs,
and transversely polarized proton-proton collisions that
included also previous forward π0 and charged hadron
TSSA data from RHIC. The calculations refer to the
kinematics of the data in this paper to account for the
known kinematic dependencies of the measurements.
As shown in Figs. 4 and 5, the calculations have almost

no energy dependence [51]. They underestimate the π0

TSSA in the lower xF region for both 200 and 500 GeV
data, but overestimate it in the higher xF region where
200 GeV data are available. In Fig. 5, the calculations show
the same trend of asymmetries rising with pT as the data,
but the magnitude of the predicted asymmetry is much
smaller than the measurements.
The theory curves in Fig. 7 are identical to the ones in

Fig. 4. In the xF region lower than 0.3, they can describe the
nonisolated π0 TSSA measurements, in which these π0s are
considered to originate from fragmentation. The theory
curve in this region is mostly constrained by the Sivers/
Collins inputs from SIDIS data [51].
For the jet TSSA in Fig. 9, the calculation for 500 GeV is

consistent with the measurement that has the minimum
photon multiplicity requirement and also the full jet result
from the ANDY experiment. However, the calculation for
200 GeV predicts the asymmetry to fall with xF, which
contradicts our measurement. It is noted that the theoretical
uncertainty bands are substantial [30].
For the Collins asymmetry in Fig. 10, two sets of theory

curves represent the cases with or without the TMD
evolution being taken into account [31]. Our jT combined
results for both collision energies are consistent with
zero, which are within the uncertainty bands of the two
calculations.

V. CONCLUSION

We report the measurements of transverse single-spin
asymmetries for π0s in the forward rapidity region
in transversely polarized proton-proton collisions at
200 GeV and 500 GeV using the FMS detector at
STAR. The measurement at 200 GeV was done with the
largest data sample thus far. The asymmetries increase with
xF. No energy dependence was found when comparing the
current results with previous data at RHIC and FNAL with
center-of mass energies as low as 19.4 GeV. The transverse
single-spin asymmetries for isolated and nonisolated π0 at
both 200 GeV and 500 GeV were also presented. The
asymmetries of isolated π0s are significantly larger than
those of nonisolated π0s.
The transverse single-spin asymmetries for electromag-

netic jets were measured with the FMS in transversely
polarized proton-proton collisions at both 200 GeV and
500 GeV. The 500 GeV result with a minimum photon
multiplicity requirement is consistent with zero, which
coincides with the full jet measurement from the ANDY
experiment. The 200 GeV results are small, but are clearly
nonzero within uncertainties.
Collins asymmetries for π0s within an electromagnetic

jet were measured in transversely polarized proton-proton
collisions at both 200 GeVand 500 GeV. The asymmetries
are small across the zem bins and might exhibit a jT
dependence at 200 GeV. The latter could help to constrain
TMD models and needs theoretical predictions.
These new data provide important information for under-

standing the underlying physics mechanism for the trans-
verse single-spin asymmetry. In particular, the observed
small TSSA for nonisolated π0s and also small Collins
asymmetries with EM-jets suggest that the Collins effect
itself cannot account for the observed π0 TSSA. On the other
hand, the observed small TSSA for electromagnetic jets
indicates the contribution from the Sivers effect cannot be the
dominant source of π0 TSSA, either. The sizable TSSA for
isolated π0 thus indicates a newmechanism, likely diffractive
process, could be a significant source for the π0 TSSA in
transversely polarized proton-proton collisions at RHIC, and
more theory efforts and dedicated measurements are called
for to have a complete understanding on this aspect.
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Summary
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• TSSAs at STAR provide a unique window to nucleon structure and hadronization
- Access transversity via dihadrons (collinear) and Collins (TMD)
- Test TMD factorization/universality and evolution
- Collins asymmetries consistent with expectations based on SIDIS

• STAR Collins asymmetries at 200 and 500 GeV informing model calculations
- Asymmetries exhibit 𝑥& scaling
- Shape of asymmetries appears to depend on 𝑗&

• Preliminary results from 2015 dataset
- Improved precision at 200 GeV
- First look at kaon asymmetries

• Published results for forward 𝜋% in EM-jet
- Asymmetries small with possible dependence on 𝑗&

• Analysis of (un)polarized data from recent runs underway
Stay tuned!
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Unpolarized Hadrons Within Jets
Following the approach of PRD 92, 054015 (2015) and JHEP11 (2017) 068
• Formulate NLO partonic cross-section in terms of universal jet functions
• Also define semi-inclusive transverse-momentum-dependent (TMD) jet functions
• Facilitate comparison with standard TMDFF from SIDIS and 𝑒!𝑒" using inclusive jets 

with 𝑗4 ≪ 𝑝&,()*×𝑅 calculated relative to standard jet axis
• Argue FFs universal to NLO, including TMDFFs
• No dependence on TMDPDFs

12

~jq→qðzp;κ;μRÞ≡δð1−zpÞþ
αsðμRÞ
2π

!
2CFð1þz2pÞ

"
logð1−zpÞ

1−zp

#

þ
þPqqðzpÞ logðκ2ÞþCFð1−zpÞþI algo

qq ðzpÞ

þδð1−zpÞI
algo
q

$
;

~jq→gðzp;κ;μRÞ≡αsðμRÞ
2π

½PgqðzpÞlogðκ2ð1−zpÞ2ÞþCFzpþI algo
gq ðzpÞ%;

~jg→gðzp;κ;μRÞ≡δð1−zpÞþ
αsðμRÞ
2π

!
4CAð1−zpþz2pÞ2

zp

"
logð1−zpÞ

1−zp

#

þ
þPggðzpÞlogðκ2ÞþI algo

gg ðzpÞþδð1−zpÞI
algo
g

$
;

~jg→qðzp;κ;μRÞ≡αsðμRÞ
2π

½PqgðzpÞlogðκ2ð1−zpÞ2Þþzpð1−zpÞþIalgo
qg ðzpÞ%; ð24Þ

where again κ ¼ Rpjet
T =μ00F and the Ialgoq;g are as given in Appendix A for the inclusive-jet case. To the order we are

considering we then have

Kc→c0ðz; zp; λ; κ; μRÞ ¼
X

e

jc→eðz; λ; μRÞ~je→c0ðzp; κ; μRÞ; ð25Þ

and hence from (20)

dσH1H2→ðjethÞX

dpjet
T dηjetdzh

¼ 2pjet
T
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X
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Z
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dxa
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1
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b

dxb
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fH2

b ðxb; μFÞ
Z
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"
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dzp
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"
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T

μF 00
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#
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"
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zp

; μ00F

#
: ð26Þ

In other words, in the NJA the production of a jet with an
observed hadron factorizes into the production cross
section for parton c, a jet function jc→e describing the
formation of a jet “consisting” of parton e which has taken
the fraction zc of the parent parton’s momentum, another jet
function ~je→c0 describing a “partonic fragmentation” of
parton e to parton c0 inside the jet, and finally a regular
fragmentation function Dh

c0 . This picture is sketched in
Fig. 1. It is interesting to see that the structure of the first
part of Eq. (26) is very similar to that of the inclusive-jet
cross section (11) when formulated in terms of the jet
functions J c. In fact, if we drop the terms starting with

P
c0

in (26) and perform the sum over parton-type e, we will
exactly arrive at Eq. (11), since

jq→qðz; λ; μRÞ þ jq→gðz; λ; μRÞ ¼ J qðz; λ; μRÞ;
2nfjg→qðz; λ; μRÞ þ jg→gðz; λ; μRÞ ¼ J gðz; λ; μRÞ: ð27Þ

The terms starting with
P

c0 in Eq. (26) thus describe the
production of an identified hadron in the jet.
We note that at the level of our NLO computation we

cannot prove the factorization in Eq. (26) to all orders. In
fact, at OðαsÞ we can move terms between jc→e and ~je→c0 .
On the other hand, it seems very natural that the jet
functions that we encountered in the single-inclusive jet

case should play a role also in this case in the “first step” of
the formation of the final state described by the jc→e. Also,
our jet functions ~je→c0 are identical to the corresponding
functions found in the SCET study [3] of hadrons in jets
produced in eþe− collisions, except for end-point

FIG. 1 (color online). Sketch of the production of an observed
hadron inside a jet, described in terms of the jet functions jc→e

and ~je→c0 (see text).
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Figure 1. The Distribution of hadrons inside a fully reconstructed jet. Here, j⊥ is the transverse
momentum of hadrons with respect to the standard jet axis, and R is the jet radius.

fraction of the jet carried by the hadron h is denoted by zh and j⊥ is the transverse mo-

mentum of the hadron with respect to the standard jet axis. Throughout this paper, bold

letters represent two-dimensional transverse momentum vectors, whereas the magnitude of

these vectors is referred to as, for example, j⊥ = |j⊥|. This observable has been measured

at the LHC in pp collisions for a wide range of jet transverse momenta pT [3]. In addition,

it has been measured in both unpolarized pp and transversely polarized p↑p collisions at

the Relativistic Heavy Ion Collider (RHIC) [4–6]. It was proposed in [7] that the latter

case can be used to probe azimuthal spin correlations in the fragmentation process, in

particular, the so-called Collins function [8].

In this work, we develop the theoretical framework to study the above observable

F (zh, j⊥; η, pT , R). We consider the case where the jet substructure measurement is per-

formed for an inclusive jet sample pp → jet + X, different than the study in [9] where

an exclusive jet sample was studied in the context of heavy quarkonium production. As

the experimental measurements [3] were performed for inclusive jet samples, our approach

facilitates a direct comparison with the experimental data. In particular, we concentrate

on the region of the hadron transverse momentum where j⊥ " pTR. Here, j⊥ is defined

with respect to the standard jet axis, rather than a recoil-free axis, specifically the winner-

take-all jet axis as discussed in [10]. While a recoil-free axis can be advantageous for

various applications for collider physics, it turns out that there is only a direct relation to

the standard transverse momentum dependent fragmentation functions (TMDFFs) when

the standard jet axis is used. The standard TMDFFs are also probed in the traditional

processes semi-inclusive deep inelastic scattering (SIDIS) and back-to-back hadron pair

production in electron-positron annihilation.

Following earlier work on the longitudinal momentum distribution of hadrons inside

jets [11–16], we can write down the factorized form of the cross section in pp collisions as

follows (for more details, see eq. (3.1) below)

dσpp→(jeth)X

dpTdηdzhd2j⊥
=

∑

a,b,c

fa(xa, µ)⊗ fb(xb, µ)

⊗Hc
ab(xa, xb, η, pT /z, µ)⊗ Gh

c (z, zh,ωJR, j⊥, µ) . (1.2)

– 2 –
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Embedded Monte Carlo Studies

Status of In-jet FF Analysis
1
𝜎516

𝑑7𝜎516 3
𝑑𝑝&𝑑𝑧𝑑𝑗&

=
1
𝑁516

𝑑7𝑁516 3
𝑑𝑝&𝑑𝑧𝑑𝑗&

×
𝜖8*9 :);<⊗ 𝜖()* :);<

𝜖8*9 :);<⊗ 𝜖()* :);<⊗ 𝜖*:=;> :);<

Two key steps in analysis
• Efficiency corrections (tracking and jet reconstruction)
• Bin migration correction, aka “unfolding”
– Unfold in jet 𝑝&, pion 𝑧, and pion 𝑗&

Try different methods to minimize systematic uncertainties, e.g.
• 2-D and 3-D Bayesian with RooUnfold
• ROOT’s Toolkit for Multivariate Analysis (TMVA)
– Multilayer perceptron and boosted decision trees

Drachenberg -- Hadrons-in-jets at STAR 13
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Collins-like Effect at RHIC

Collins-like effect
• Sensitive to linearly polarized gluons in a transversely polarized proton
• Asymmetries consistent at zero in 500 GeV (shown) and also preliminary 200 GeV
• STAR data provide first-ever constraints

Drachenberg -- Hadrons-in-jets at STAR 14

STAR Collaboration, PRD 97, 032004 (2018)
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