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The longitudinal and transverse spin transfers to Λ (Λ) hyperons in polarized proton-proton
collisions are expected to be sensitive to the helicity and transversity distributions, respectively, of
(anti-)strange quarks in the proton, and to the corresponding polarized fragmentation functions. We
report improved measurements of the longitudinal spin transfer coefficient, DLL, and the transverse
spin transfer coefficient, DTT , to Λ and Λ in polarized proton-proton collisions at

√
s = 200 GeV by
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the STAR experiment at RHIC. The data set includes longitudinally polarized proton-proton colli-
sions with an integrated luminosity of 52 pb−1, and transversely polarized proton-proton collisions
with a similar integrated luminosity. Both data sets have about twice the statistics of previous re-
sults and cover a kinematic range of |ηΛ(Λ)| < 1.2 and transverse momentum pT,Λ(Λ) up to 8 GeV/c.
We also report the first measurements of the hyperon spin transfer coefficients DLL and DTT as a
function of the fractional jet momentum z carried by the hyperon, which can provide more direct
constraints on the polarized fragmentation functions.

I. Introduction

The spin structure of hadrons, in particular the nu-
cleon, remains a fundamental question in the field
of Quantum Chromodynamics (QCD). Tremen-
dous progress has been made in recent years on the
helicity distributions of the nucleon, including the
gluon spin contribution and light sea quark spin
contributions, with strange quark helicity distri-
butions less constrained [1–4]. For the transver-
sity distributions, good progress has also been
made on the valence quark distributions through
semi-inclusive deep inelastic scattering (DIS) and
proton-proton collisions, with still poor knowledge
on sea quark transversity [5–8]. Due to their self
spin-analyzing parity-violating decay [9–11], Λ and
Λ polarizations have been studied extensively in
DIS and proton-proton collisions, which provide
unique opportunities to study nucleon spin struc-
ture and spin effects in the hadronization pro-
cess [12–14]. Experiments in which proton beam
polarization is transferred to outgoing Λ polariza-
tion (usually referred to as “spin transfer”) provide
connections to the polarized parton densities of the
proton and the polarized fragmentation functions
of the hyperon. In particular, as the (anti-)strange
quark plays a dominant role in the Λ (Λ) hyperon’s
spin content, measurements of the spin transfer co-
efficient to Λ (Λ) hyperons provide a way to gain
insights into the polarized distribution of (anti-)
strange quarks in the nucleon [13–23].

The longitudinal spin transfer to Λ (Λ) hyperons
in lepton-nucleon [15–20] and proton-proton col-
lisions [21–28] provides sensitivity to the helicity
distribution of (anti-)strange quarks through po-
larized fragmentation functions. Similarly, with
a transversely polarized proton beam, the trans-
verse spin transfer to Λ (Λ) in lepton-nucleon and
proton-proton collisions provides a natural con-
nection to the transversity distribution of (anti-)
strange quarks through transversely polarized frag-
mentation functions [13, 14, 21, 28–31]. The
transversity distribution remains less understood
than the helicity distribution due to its chiral-

∗ Deceased

odd nature [6, 32], and currently, almost no ex-
perimental data have provided any constraints on
the strange quark transversity [5, 7]. On the other
hand, the polarized fragmentation functions pro-
vide key information about the spin content of hy-
perons, which cannot be probed directly through
scattering experiments with hyperons. Recently, it
has been shown that measuring the spin transfer
coefficients as a function of the jet momentum frac-
tion z carried by the Λ (Λ) hyperon can directly
probe the polarized jet fragmentation functions of
the Λ (Λ) [33]. A number of measurements of Λ
(Λ) hyperon spin transfer coefficients have been
made in past years in polarized lepton-nucleon DIS
experiments [30, 34–36], and in polarized proton-
proton collisions [37–40]. New, high precision mea-
surements of hyperon spin transfer coefficients are
needed to gain further knowledge about the polar-
ized parton distributions and the polarized frag-
mentation functions. The high-luminosity proton-
proton (pp) collisions available at the Relativistic
Heavy Ion Collider (RHIC), with both beams po-
larized, provide a unique opportunity for such mea-
surements.

In this paper, we report improved measurements of
the longitudinal spin transfer coefficient DLL and
the transverse spin transfer coefficient DTT of Λ
and Λ hyperons as a function of the hyperon trans-
verse momentum pT,Λ(Λ) in polarized pp collisions

at
√
s = 200 GeV by the Solenoidal Tracker At

RHIC (STAR) experiment. About twice the hy-
peron statistics of previous measurements [39, 40]
were used for both coefficients. In addition, we
report the first measurements of the spin trans-
fer coefficients DLL and DTT as a function of the
fractional jet momentum z carried by the hyperon,
which provide a direct probe of the polarized frag-
mentation functions.

The spin transfer coefficients of hyperons DLL and
DTT in pp collisions are defined as follows:
(i): The longitudinal spin transfer coefficient, DLL,
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in proton-proton collisions is defined as:

DLL ≡ dσ[p+(−)p→Λ+(−)X] − dσ[p+(−)p→Λ−(+)X]

dσ[p+(−)p→Λ+(−)X] + dσ[p+(−)p→Λ−(+)X]

=
d∆σΛ

dσΛ
, (1)

where the superscripts + or − denote the helicity
of the proton beam or the Λ hyperon, and ∆σΛ is
the longitudinally polarized cross section. Within
a factorized framework, the polarized cross section
can be described as the convolution of the parton
helicity distributions of the proton, the polarized
cross section of partonic scattering, and the longi-
tudinally polarized fragmentation function of hy-
peron. Thus, measurements of DLL to Λ and Λ can
provide insights into the strange quark and anti-
quark helicity distributions and the longitudinally
polarized fragmentation functions [21, 22, 24–27].
(ii): The transverse spin transfer coefficient, DTT ,
in proton-proton collisions is defined as:

DTT ≡ dσ[p↑(↓)p→Λ↑(↓)X] − dσ[p↑(↓)p→Λ↓(↑)X]

dσ[p↑(↓)p→Λ↑(↓)X] + dσ[p↑(↓)p→Λ↓(↑)X]

=
dδσΛ

dσΛ
, (2)

where ↑ (↓) denotes the upward (downward) trans-
verse polarization direction of the particles and
δσΛ is the transversely polarized cross section.
Similarly, δσΛ can be written as the convolution
of the quark transversity of the proton, the polar-
ized cross section of partonic scattering, and the
polarized fragmentation function [29] of hyperon.
Thus, the measurements of DTT provide natural
connections to quark transversity and the polar-
ized fragmentation functions [21, 28, 29].

The polarization of Λ (Λ) hyperons, PΛ (Λ), can be

determined experimentally from the angular distri-
bution of their decay daughters via the weak decay
channel Λ → pπ− (Λ → pπ+) [9–11],

dN

d cos θ∗
∝ A

(
1 + αΛ (Λ)PΛ (Λ) cos θ∗

)
, (3)

where A is the detector acceptance (varies with
θ∗ and other observables), αΛ (Λ) is the weak

decay parameter, and θ∗ is the angle between
the Λ (Λ) polarization direction and the daughter
(anti-)proton momentum in the Λ (Λ) rest frame.
For the DLL measurements, the polarization di-
rection is taken to be along the moving direction
of the Λ (Λ) in the pp center-of-mass frame (also
the lab frame). But for the DTT measurements,
the transverse polarization direction of the outgo-

ing fragmenting parton is used to obtain θ∗ [39].
Because there is a rotation along the normal di-
rection to the scattering plane between the spin
vectors of the initial and final state quarks [14] (as
shown in Fig.1), the momentum direction of the
outgoing parton is required. The reconstructed jet
axis is used as a substitute for the direction of the
outgoing fragmenting quark [39].

partonic scattering plane

jet𝜙𝑠𝑞

𝑞′

𝜙𝑠′

Ԧ𝑠 Ԧ𝑠′

FIG. 1. Illustration of spin vectors for initial (S⃗) and

final (S⃗′) state quarks during partonic scattering in
transversely polarized proton-proton collisions. The
corresponding azimuth angles of the spin vectors, ϕS

and ϕS
′ , are equal [14].

II. Experimental details and data analysis

A. Data sample and event selection

The data were collected with proton-proton col-
lisions at

√
s = 200 GeV at RHIC with the

STAR detector in the year 2015, corresponding
to a sampled luminosity of 52 pb−1 for longitu-
dinally polarized pp collisions and a similar num-
ber for transversely polarized pp collisions. The
proton polarizations were measured for each beam
and each beam fill using Coulomb-Nuclear Inter-
ference proton-carbon polarimeters [41] calibrated
using a polarized atomic hydrogen gas-jet target.
The average polarizations of the two beams were
56% and 51% for longitudinally polarized beams,
and were 57% and 57% for transversely polarized
beams.

The subsystems of the STAR detector [42] used
in these measurements are the Time Projection
Chamber (TPC) [43], the Barrel Electromagnetic
Calorimeter (BEMC) [44], the Endcap Electro-
magnetic Calorimeter (EEMC) [45], the Time of
Flight (TOF) detector [46], the Vertex Position De-
tectors (VPD) [47], and the Zero Degree Calorime-
ters (ZDC) [48]. The TPC covers the pseudora-
pidity range |η| ≲ 1.3 and 2π in azimuthal direc-
tion. It measures the trajectories of the charged
particles in a 0.5 T magnetic field. Particle iden-
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TABLE I. Selection cuts for Λ(Λ) reconstruction: the upper part is for candidates with daughter π−(π+) matched
to a TOF hit, and the lower part is for candidates without a TOF match. Here, “DCA” denotes “distance of
closest approach”, “PV” denotes “primary vertex”, −→r denotes the vector from the primary vertex to the decay
vertex of Λ or Λ and −→p denotes the momentum vector of Λ or Λ.

π± matches a TOF hit

pT,Λ(Λ) (GeV/c) < 2 2 − 3 3 − 4 4 − 5 5 − 6 > 6

DCA of p(p) to PV > 0.2 cm > 0.15 cm > 0.05 cm > 0.005 cm > 0.005 cm > 0.005 cm

DCA of π−(π+) to PV > 0.6 cm > 0.55 cm > 0.5 cm > 0.5 cm > 0.5 cm > 0.5 cm

DCA of pπ− (pπ+) < 0.75 cm < 0.65 cm < 0.6 cm < 0.5 cm < 0.45 cm < 0.45 cm

DCA of Λ(Λ) to PV < 1 cm < 1 cm < 1 cm < 1 cm < 1 cm < 1 cm

Decay Length > 3 cm > 3.5 cm > 3.5 cm > 4 cm > 4.5 cm > 4.5 cm

cos(−→r ,−→p ) > 0.995 > 0.995 > 0.995 > 0.995 > 0.995 > 0.995

π± does not match a TOF hit

pT,Λ(Λ) (GeV/c) < 2 2 − 3 3 − 4 4 − 5 5 − 6 > 6

DCA of p(p) to PV > 0.45 cm > 0.3 cm > 0.25 cm > 0.2 cm > 0.15 cm > 0.15 cm

DCA of π−(π+) to PV > 0.65 cm > 0.6 cm > 0.55 cm > 0.55 cm > 0.55 cm > 0.5 cm

DCA of pπ− (pπ+) < 0.7 cm < 0.6 cm < 0.55 cm < 0.5 cm < 0.45 cm < 0.45 cm

DCA of Λ(Λ) to PV < 0.55 cm < 0.55 cm < 0.6 cm < 0.6 cm < 0.6 cm < 0.6 cm

Decay Length > 7 cm > 7 cm > 7 cm > 8.5 cm > 10 cm > 10.5 cm

cos(−→r ,−→p ) > 0.995 > 0.995 > 0.995 > 0.995 > 0.995 > 0.995

tification is made through the ionization energy
loss (dE/dx) of a charged particle in the TPC gas.
The BEMC and the EEMC cover |η| < 1.0 and
1.086 < η < 2.0, respectively, with full azimuthal
angle coverage. The TOF covers |η| < 0.9 and 2π
in azimuthal angle. It provides additional parti-
cle identification by measuring the flight time of
charged particles.

The VPD and ZDC, which cover pseudorapidity
4.2 < |η| < 5.2 and |η| > 6.6, respectively, are
used to monitor the luminosity ratios for the dif-
ferent polarization states of the colliding beams.
The jet-patch (JP) triggers are used in the event
selection, which require the transverse electromag-
netic energy, ET , in a region ∆η×∆ϕ = 1.0×1.0 in
the BEMC and EEMC to exceed a given threshold.
In 2015, the thresholds were ET = 5.4 GeV (JP1,
prescaled) and ET = 7.3 GeV (JP2). In addition,
the z component of the primary vertex (PV) deter-
mined with TPC tracks for each event is required
to be within 90 cm of the center of the TPC along
the beam line to ensure uniform acceptance.

B. Λ (Λ) and jet reconstruction

Similar to previous published measurements [38–
40], in this analysis the Λ (Λ) is reconstructed via
its decay channel Λ → pπ− (Λ → pπ+), corre-
sponding to a branching ratio of about 64.1% [49].
Daughter candidates are identified based on their
charge sign and energy loss inside the TPC. Two
daughter candidates are then paired, and a set of

selection criteria based on decay topology is ap-
plied to select the hyperon candidates, with the
residual background at an acceptable level (below
or around 10%). The selection criteria vary with
hyperon pT,Λ(Λ). Due to geometric acceptance and

detector inefficiencies, only about 50% of the decay
pions could be matched to a TOF hit. The signal
is much cleaner when the hyperon daughter pion
track matches a TOF hit, as the response time of
TOF is much shorter than that of the TPC, and
the TOF matching helps to remove pile-up tracks.
Correspondingly, the selection criteria are divided
into two groups based on whether the daughter
pion track matches a TOF hit or not. Tighter cuts
are applied to the sample without TOF matching
to reduce the random background. The final frac-
tion of Λ and Λ candidates with pion matched to
TOF is about 70% after all the cuts. The selection
criteria are summarized separately in Table I for
these two cases separately.

In this analysis, the spin transfer coefficients are
measured for the hyperons in jets, which means the
hyperons are among the fragments of a hard scat-
tered parton. The anti-kT algorithm [50] with a
resolution parameter R = 0.6 is used to reconstruct
the jets. The jet reconstruction procedures used
are similar to those of previous STAR analyses [51–
56], except that the reconstructed Λ and Λ candi-
dates with invariant mass 1.08 < mΛ(Λ) < 1.16

GeV/c2 are included in the input particle list for
jet reconstruction in addition to the TPC pri-
mary tracks and energy deposits in the BEMC
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FIG. 2. Invariant mass spectra of Λ (closed circles) and Λ (open circles) candidates with 1 < pT,Λ(Λ) < 8 GeV/c

from (a) longitudinally and (b) transversely polarized proton-proton collisions at
√
s = 200 GeV.

and EEMC. To avoid double counting, the daugh-
ter tracks of Λ or Λ candidates are removed from
the input list. The energy deposits in 3 × 3 tower
patches in the BEMC and EEMC with the central
tower matched to a p daughter are also removed to
correct the additional energy deposit due to anni-
hilation of p with the EMC materials. The other
jet reconstruction criteria remain the same. The
TPC tracks are required to have pT ≥ 0.2 GeV/c
and follow a pT -dependent distance of closest ap-
proach to the event vertex as in Refs. [53, 54, 57].
The BEMC and EEMC towers are required to have
a transverse energy ET ≥ 0.2 GeV. If a TPC track
points to a BEMC or EEMC tower, a correction
is applied to the tower ET to avoid double count-
ing [52–54]. The neutral energy fraction in the jet
is required to be smaller than 0.95 [53–56]. To be
included in further analysis, jets are required to
have pseudorapidity relative to the event vertex in
the range −1.0 < ηjet < 1.0 and relative to the cen-
ter of STAR in the range −0.7 < ηdet < 0.9. The
reason for asymmetric ηdet is due to the EEMC
acceptance, which only covers one side of STAR.
Finally, the reconstructed jets are corrected for
underlying-event contributions using the off-axis
cone method [58]. Jets with pjetT > 5 GeV/c af-
ter the correction are kept for further analysis.

The invariant mass distributions of the Λ and
Λ candidates after the above selection cuts with
1 < pT,Λ(Λ) < 8 GeV/c and |ηΛ(Λ)| < 1.2 are

shown in Fig. 2. The bin counts under the signal
mass windows are used to obtain the raw yields
of Λ and Λ candidates. The signal mass windows
have been chosen to be about twice that of the fit-
ted mass peak width. Approximately 1.56 × 106

Λ and 1.67 × 106 Λ candidates in the longitudinal
spin configuration, and 1.81×106 Λ and 1.95×106

Λ candidates in the transverse spin configuration,
are kept as the signal for further analysis. The
larger yield of Λ than Λ is due to a bias in the jet
patch trigger resulting from the additional energy
deposit in the calorimeters associated with the an-
nihilation of the antiproton daughter from Λ decay.
The slightly larger hyperon yield in the transverse
spin configuration, compared to the longitudinal
one, is related to different prescale factors for JP1
triggers in the two data sets, although their inte-
grated luminosities are almost the same.

The residual background fraction under the mass
peak is estimated by the side-band method [40],
which sums the side-band regions on the left and
right sides of the mass peak and then normalizes
to the width of the signal window. The estimated
background fraction ranges from 6% to 10% among
different bins. The mass window ranges of signal
and side-band in each hyperon pT,Λ(Λ) bin for spin

transfer coefficient measurements as a function of
pT,Λ(Λ) are summarized in Table II.

The spin transfer measurements reported here are
for all detected Λ and Λ̄. The embedded simula-
tions described below predict that approximately
50% of the Λ and Λ̄ are directly produced, while
the remaining 50% are decay products of Σ0, Ξ,
and other heavier baryons. Several of the theoret-
ical models do take into account the decay contri-
butions [21, 22, 24, 27].

C. Jet momentum fraction carried by
hyperon

As mentioned in the introduction, the polarized
fragmentation function can be better constrained
by measuring the spin transfer coefficient as a func-
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TABLE II. Summary of pT,Λ(Λ)-dependent mass windows for the hyperon signal region and side-bands.

Side-band and signal mass windows region (GeV/c2)
pT,Λ(Λ)(GeV/c) left side-band signal window right side-band

1.0 − 2.0 (1.091, 1.106) (1.111, 1.119) (1.124, 1.139)
2.0 − 3.0 (1.090, 1.105) (1.110, 1.121) (1.126, 1.141)
3.0 − 4.0 (1.087, 1.102) (1.109, 1.123) (1.130, 1.145)
4.0 − 5.0 (1.085, 1.100) (1.108, 1.124) (1.132, 1.147)
5.0 − 6.0 (1.084, 1.099) (1.107, 1.126) (1.134, 1.149)
6.0 − 8.0 (1.080, 1.095) (1.105, 1.129) (1.139, 1.154)

TABLE III. Summary of z-dependent mass windows for the hyperon signal region and side-bands.

Side-band and signal mass windows region (GeV/c2)
z left side-band signal window right side-band

0.0 − 0.1 (1.091, 1.106) (1.111, 1.119) (1.124, 1.139)
0.1 − 0.2 (1.091, 1.106) (1.111, 1.119) (1.124, 1.139)
0.2 − 0.3 (1.089, 1.104) (1.111, 1.120) (1.127, 1.142)
0.3 − 0.5 (1.087, 1.102) (1.110, 1.122) (1.130, 1.145)
0.5 − 0.7 (1.085, 1.100) (1.108, 1.124) (1.132, 1.147)
0.7 − 1.0 (1.082, 1.097) (1.107, 1.126) (1.136, 1.151)

tion of the jet momentum fraction z carried by the
Λ or Λ, which is defined as,

z ≡
−→p Λ · −→p jet

|−→p jet|2
, (4)

where −→p Λ and −→p jet are the momenta of the hy-
peron and jet, respectively. As described in the
previous subsection, hyperons are reconstructed
from TPC tracks with good momentum precision
(1-2 percent). The jets are reconstructed from
TPC tracks, EMC energy deposits, and Λ or Λ
candidates, and the obtained jets at this level (be-
fore any correction for detector effects) are referred
to as “detector jets”. However, the true z in Eq. (4)
should be obtained with the jet momentum recon-
structed with all the produced particles during the
hadronization of a parton, which is referred to as
a “particle jet”. Correspondingly, the momentum
fraction z calculated using the jet momentum at
the detector level or particle level with Eq.( 4) is re-
ferred to as “detector z” or “particle z”. The min-
imum and maximum hyperon pT cuts are removed
for the spin transfer coefficient measurements as
a function of the momentum fraction z. The sig-
nal mass window and the side-band regions in each
detector z bin are summarized in Table III.

In order to compare the experimental results with
theoretical predictions, which are calculated at the
particle level, a correction needs to be applied to
the detector z in our measurement. The correc-
tion has been obtained from Monte-Carlo (MC)
events that are generated with PYTHIA6 [59], then
passed through the full simulation of the STAR

detector based on the GEANT3 [60] framework
and embedded into zero-bias events collected at
STAR to account for the background environment
of real data. The same reconstruction procedures
and same cuts used for data are applied to the
MC events for both hyperon selection and jet re-
construction. To associate the jets and hyperons
at the particle level to the detector level, a cut
on their separation in η and ϕ space is applied:
∆R < 0.5 for the jet and ∆R < 0.05 for the hy-
peron, with ∆R ≡

√
(∆ϕ)2 + (∆η)2. Figure 3

shows the correlation of particle z and detector
z for Λ and Λ from the embedded simulation of
pp collisions with JP1 and JP2 triggers at

√
s=200

GeV. The average values in each detector z bin are
also shown. No clear difference is seen for JP1 and
JP2 triggers within uncertainties. The correction,
δz, is calculated as the difference of particle z and
detector z in each detector z bin. Then the corre-
sponding δz for each detector z bin is applied to
each data point, and thus the momentum fraction
value at detector level is corrected to particle level.
It is seen that the δz correction of Λ is slightly
larger than that of Λ. This is related to the trigger
bias due to antiproton annihilation within the EM
calorimeters under the same jet transverse energy
threshold.

D. Spin transfer coefficient extraction

1. Extraction of DLL

As in the previous measurement [38], the longitudi-
nal spin transfer coefficient DLL is extracted from
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FIG. 3. The correlation of jet momentum fraction z
carried by Λ (upper panels) and Λ (lower panels) at
particle level and detector level, for jet triggers JP1
(left) and JP2 (right). The red points give the mean
values of “detector z” and “particle z” in each bin while
the error bars represent the standard derivations. The
dashed lines at y = x are for guidance.

the asymmetry of hyperon yields in a small cos θ∗

interval when the proton beam is positively and
negatively polarized:

DLL =
1

αΛ(Λ)Pbeam ⟨cos θ∗⟩
N+ −RN−

N+ + RN− , (5)

where N+ (N−) is the number of Λ or Λ candi-
dates in the cos θ∗ interval when the beam helicity
is positive (negative), and αΛ = 0.732± 0.014 [49],
αΛ = −αΛ (assuming no CP violation). Pbeam is
the beam polarization and ⟨cos θ∗⟩ is the average
value of cos θ∗ in the interval. R denotes the lumi-
nosity ratio for the two beam polarization states.
At RHIC, both beams are polarized, and the single

spin yields N+ and N− are obtained by summing
over the opposing-beam spin, weighted by the cor-
responding relative luminosities [40]. The relative
luminosities are measured with the VPD [47] and
the ZDC [48]. In Eq. (5), the acceptance cancels
as it remains the same when flipping the beam
polarization [38] in a small cos θ∗ interval. The
raw spin-transfer values Draw

LL are first obtained
with Eq. (5) using the number of hyperon counts
under the mass peak, then averaged over the en-
tire cos θ∗ range. Figure 4(a) shows an example
of Draw

LL extraction as a function of cos θ∗ with
3 < pT,Λ(Λ) < 4 GeV/c and 0 < ηΛ(Λ) < 1.2.

A correction is applied to subtract the contribution
from the residual background (similar corrections
are also applied to the statistical uncertainty):

DLL =
Draw

LL − rDbg
LL

1 − r
, (6)

δDLL =

√
(δDraw

LL )2 + (rδDbg
LL)2

1 − r
, (7)

where Dbg
LL is the spin transfer value obtained from

the side-band region, and r is the residual back-
ground fraction under the mass peak calculated

using the side-band method [40]. Dbg
LL is found to

be consistent with zero within uncertainties. The
spin transfer results from each of the two beams
were found to be consistent with each other, and
their weighted average was used for the final result.

2. Extraction of DTT

To minimize the systematic effects associated with
detector acceptance and luminosity ratios, the
transverse spin transfer coefficient DTT is ex-
tracted using the same cross-ratio method as the
previous publication [39]:

DTT =
1

αΛ(Λ)Pbeam ⟨cos θ∗⟩

√
N↑(cos θ∗)N↓(− cos θ∗) −

√
N↓(cos θ∗)N↑(− cos θ∗)√

N↑(cos θ∗)N↓(− cos θ∗) +
√

N↓(cos θ∗)N↑(− cos θ∗)
, (8)

where N↑ (N↓) is the Λ or Λ yield in the corre-
sponding cos θ∗ bin when the proton beam is po-
larized upward (downward). The acceptance and
the luminosity ratio between N↑ and N↓ cancel
in this cross-ratio asymmetry. As mentioned in
the introduction, the transverse polarization direc-

tion of the outgoing quark is used to obtain θ∗ [39].
In practice, the reconstructed jet axis is taken as
the direction of the outgoing quark (see Fig. 1) in
applying the rotation between the transverse po-
larization directions of the incoming and outgoing
quarks along the normal direction of the partonic
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scattering plane [14, 39]. Figure 4(b) shows an ex-
ample of Draw

TT as a function of cos θ∗ for Λ and Λ
with 0.5 < z < 0.7 and 0 < ηjet < 1.0. The final
DTT results are corrected for residual background
using equations similar to Eqs. (6) and (7).
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FIG. 4. (a) Longitudinal spin transfer coefficient Draw
LL

of Λ and Λ as a function of cos θ∗ for hyperons with
3 < pT,Λ(Λ) < 4 GeV/c. (b) Transverse spin transfer

coefficient Draw
TT of Λ and Λ as a function of cos θ∗ for

hyperons with momentum fraction 0.5 < z < 0.7.

E. Systematic uncertainties

The following sources of systematic uncertainties
are considered and discussed in more detail be-
low. Uncertainties in the Λ decay parameter and
the beam polarization are fully correlated for all
the DLL and DTT results in different kinematic
bins. The uncertainties in the luminosity ratio
only contribute to DLL measurements and are also
fully correlated. Additional uncertainties in deter-
mining the residual background fraction and intro-
duced by the trigger conditions fluctuate point-to-
point in hyperon pT and z.

• Hyperon decay parameter: The decay parame-
ter of Λ, αΛ = 0.732 ± 0.014 [49] with αΛ = −αΛ,
has a relative uncertainty of about 1.9%, which is
applied to the measured spin transfer coefficients
as an overall scale uncertainty.

• Beam polarizations: The relative uncertainties
of the beam polarizations during 2015 are about
3% for both longitudinally and transversely polar-
ized beam configurations [61], which are also ap-
plied to DLL and DTT as a scale uncertainty.

• Luminosity ratio: The uncertainty of the lumi-
nosity ratio R is found to be about 0.0007, and
applied to the DLL measurements through Eq. (5).
Estimated as in Ref. [54], the corresponding sys-
tematic uncertainty to DLL is about 0.0020. There
is no such uncertainty for the DTT measurement
as the luminosity ratio cancels in the cross-ratio
method.

• Residual background: The uncertainty of the
residual background fraction r in Eq. (6) is taken
as another source of systematic uncertainty. In ad-
dition to the side-band method, the fitting method
with a Gaussian+linear function was also used to
estimate the background fraction, and the corre-
sponding difference of the extracted spin transfer
values was taken as the systematic uncertainty of
DLL and DTT . Overall, this part is quite small, up
to 0.0010 (0.0007) for DLL (DTT ) at high pT,Λ(Λ),

which is less than 10% of the statistical uncer-
tainty.

• Trigger bias: The data sets used in this analy-
sis were recorded with jet-patch trigger conditions,
which may bias the spin transfer coefficient mea-
surements by preferentially selecting certain pro-
cesses leading to Λ and Λ production as mentioned
in previous publications [39, 40]. Similar to pre-
vious measurements, this potential bias is stud-
ied with the MC simulation events generated with
PYTHIA6 [59] and the STAR detector response
package based on GEANT3 [60]. The biases in-
troduced by the trigger conditions are evaluated
from the difference of DLL and DTT results with
a model [21] before and after applying the trigger
conditions in the MC simulation. The trigger bias
is the dominant source of systematic uncertainties
for both the DLL and DTT measurements. It in-
creases with pT,Λ(Λ) and z in general, and is as

large as 0.0131 (0.0088) for DLL (DTT ).

III. Results and discussion

A. Results for DLL

1. DLL results as a function of the hyperon pT,Λ(Λ)

The longitudinal spin transfer coefficient, DLL, as
a function of hyperon pT,Λ(Λ) in proton-proton col-

lisions at
√
s = 200 GeV is shown in Fig. 5. The

top panel shows the results with positive hyperon
η of 0 < ηΛ(Λ) < 1.2 and the bottom panel with

−1.2 < ηΛ(Λ) < 0, with positive pseudorapidity
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defined along the momentum direction of the po-
larized beam. The spin transfer in the backward
region (negative ηΛ(Λ)) is expected to be signif-

icantly smaller than that in the forward region
(positive ηΛ(Λ)) relative to the polarized proton

beam [21, 24–27]. The vertical bars represent the
statistical uncertainties, and the systematic uncer-
tainties are shown in boxes. The results show no
evidence for a difference between Λ and Λ within
uncertainties.
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FIG. 5. Longitudinal spin transfer coefficient DLL of
Λ and Λ as a function of hyperon pT in proton-proton
collisions at

√
s = 200 GeV. The top and bottom pan-

els show the results for positive and negative hyperon
η regions, respectively. The vertical bars and boxes
indicate the statistical and systematic uncertainties,
respectively. The Λ results have been slightly offset
horizontally for clarity.

Figure 6(a) shows the comparison of DLL results
obtained here in the positive η range with previ-
ously published results based on STAR data taken
in 2009 [40]. We note that the previous results are
rescaled with αΛ = 0.732±0.014 here. The current
DLL results are consistent with the results previ-
ously published by STAR, and the statistics in this
measurement are about 2 times larger than those
in the previous publication. Similar agreement is
found for the measurements at negative ηΛ(Λ). We

calculate the statistical average of the new mea-
surements and the previous ones, with systematic
uncertainties taken as their weighted average based
on the hyperon yields in different years. The com-
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FIG. 6. (a) Comparison of longitudinal spin transfer
coefficient DLL as a function of the hyperon pT,Λ(Λ) for

positive η with previously published results [40]. (b)
Upper sub-panel: combined results of DLL for positive
η from current and previous measurements, in compar-
ison with theoretical prediction [23]; Lower sub-panel:
the Λ + Λ combined results, in comparison with the-
oretical predictions [24, 62]. (c) Combined results of
DLL for negative η from current and previous mea-
surements. The previously published results in panel
(a) and the results of Λ in all panels are slightly shifted
for clarity.

bined results of DLL from these two measurements
are shown in Fig. 6(b) for positive η and in Fig. 6(c)
for negative η.
Theoretical predictions “LM” from Ref. [23], which
considers DLL with Λ and Λ separately and uses
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STAR 2009 results as input, are in general con-
sistent with the combined DLL results in upper
sub-panel of Fig. 6(b). Predictions “DSV” from
Refs. [24, 62], which calculates DLL with Λ and Λ
combined, are compared with the Λ + Λ combined
results in lower sub-panel of Fig. 6(b). Here differ-
ent scenarios of “DSV” curves are related to dif-
ferent assumptions for the polarized fragmentation
functions [24], which are still poorly constrained by
experimental data. “DSV Λ + Λ scen.1” is based
on the expectations from the naive quark model,
where only strange quarks can contribute to the
Λ polarization during the fragmentation processes,
while in “DSV Λ + Λ scen.2” a sizable negative
contribution from u and d quarks to Λ polariza-
tion is assumed, similar to the DIS picture of nu-
cleon spin [24]. The “DSV Λ + Λ scen.3” is based
on an extreme assumption that the polarized frag-
mentation functions are independent of quark fla-
vor, i.e., u, d and s quarks contribute equally [24].
The STAR results are consistent with “DSV Λ+Λ
scen.1” and “DSV Λ+Λ scen.2” predictions within
uncertainties. The data points lie below the “DSV
Λ + Λ scen.3” predictions, and the χ2/ndf of com-
bined Λ + Λ DLL results with this scenario is
24.2/5. The large χ2 value indicates that this ex-
treme assumption is strongly disfavored.

2. DLL results as a function of the momentum
fraction z in jets

The longitudinal spin transfer coefficient DLL as
a function of the momentum fraction z in jets in
proton-proton collisions at

√
s = 200 GeV is shown

in Fig. 7. The panels (a) and (b) show the results
for positive and negative jet pseudorapidity ηjet.
Panel (c) shows the average jet pT at the particle
level in each z bin. Here the differences of z value
for Λ and Λ along the horizontal axis reflect their
average z in that bin after the correction to parti-
cle level. This is the first measurement of the spin
transfer coefficient DLL as a function of jet mo-
mentum fraction within a jet, and it provides a di-
rect probe of the polarized fragmentation function
of the Λ hyperon. The STAR results are compared
with theoretical predictions “KLZ” from Ref. [33]
as shown in Fig. 7. Three scenarios for the po-
larized fragmentation functions [63] are also used
in these predictions. As can be seen, the STAR
results are consistent with the model calculations
within uncertainties. The results for Λ and Λ are
also consistent with each other. More statistics
are needed, in particular for the high-z region, to
distinguish between the different scenarios.
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FIG. 7. Longitudinal spin transfer coefficient DLL as
a function of the momentum fraction z of the hyperon
within a jet in proton-proton collisions at

√
s = 200

GeV compared with theoretical calculations [33]. Pan-
els (a) and (b) show the results for positive and nega-
tive ηjet, respectively. The average jet pT at the par-
ticle level in each z bin is shown in panel (c). Here the
differences of z value for Λ and Λ along the horizontal
axis reflect their average z in that bin after the correc-
tion to particle level, not an artificial offset.

B. Results for DTT

1. DTT results as a function of hyperon pT,Λ(Λ)

The transverse spin transfer coefficient DTT as a
function of hyperon pT in proton-proton collisions
at

√
s = 200 GeV is shown in Fig. 8. Results are

shown in two hyperon η regions: 0 < ηΛ(Λ) < 1.2

(top panel) and −1.2 < ηΛ(Λ) < 0 (bottom panel)

with pseudorapidity defined with respect to the po-
larized beam. The DTT results for Λ and Λ are
consistent with each other within uncertainties.

Figure 9(a) shows the comparison of DTT results
with previously published results [39] for positive
ηΛ(Λ) based on STAR data taken in 2012. We

note that the previous results are rescaled with
αΛ = 0.732 ± 0.014 here. The DTT results in
this analysis are consistent with the previous re-
sults [39], and the new measurement has a factor
of 2 improvement in statistics compared to the pre-
vious one. Similar agreement is found for the mea-
surements at negative ηΛ(Λ). The combined results
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FIG. 8. Transverse spin transfer coefficient DTT as a
function of hyperon pT in proton-proton collisions at√
s = 200 GeV at STAR. The top and bottom pan-

els show the results for positive and negative ηΛ(Λ),

respectively. The Λ results have been slightly offset
horizontally for clarity.

of DTT from these two measurements are shown in
Fig. 9(b) for positive ηΛ(Λ) and in Fig. 9(c) for neg-

ative ηΛ(Λ). Theoretical predictions “XLS” from

Ref.[21] with a simple assumption that the strange
quark transversity is equal to its helicity distribu-
tion are also compared with the combined results.
In this model, the spin transfer coefficient in the
positive ηΛ(Λ) region is expected to be larger than

that in negative ηΛ(Λ) region. From the compari-

son in Fig. 9(b), the DTT results of Λ and Λ at pos-
itive η generally fall below the model predictions.
However, the current statistics are still limited, es-
pecially at high pT . Small DTT results might in-
dicate small transversely polarized fragmentation
functions and/or small transversity of the strange
quark and anti-quark inside the proton.

2. DTT results as a function of the momentum
fraction z in jets

Figure 10 shows the first measurement of the trans-
verse spin transfer coefficient DTT as a function of
momentum fraction z in jets in proton-proton col-
lisions at

√
s = 200 GeV. The top and middle pan-

els show the results for positive and negative ηjet
ranges with respect to the polarized beam, while
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FIG. 9. (a) Comparison of transverse spin transfer co-
efficient DTT as a function of hyperon pT,Λ(Λ) for posi-

tive η with previously published results [39]. (b) Com-
bined results of DTT for positive η from current and
previous measurements, in comparison with theoreti-
cal predictions [21]. (c) Combined results of DTT for
negative η from current and previous measurements.
The previously published results and the results of Λ
are slightly shifted horizontally for clarity.

the bottom panel shows the average jet pT at par-
ticle level in the corresponding z bin. Here the dif-
ferences of z value for Λ and Λ along the horizontal
axis reflect their average z in that bin after the cor-
rection to particle level. The results for Λ and Λ
are consistent with each other within uncertainties.
Currently there are no theoretical predictions for
DTT as a function of z. These new DTT results as



14

a function of z will provide direct constraints on
the transversely polarized fragmentation functions
for Λ and Λ. More studies on hyperon transverse
polarization are needed for a better understanding
of both the transversity distribution and polarized
fragmentation functions.
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FIG. 10. Transverse spin transfer coefficient DTT as
a function of the momentum fraction z of the hyperon
in a jet in proton-proton collisions at

√
s = 200 GeV.

The panels (a) and (b) show the results for positive
and negative ηjet, respectively. The average jet pT
at particle level in each z bin is shown in panel (c).
Here the differences of z value for Λ and Λ along the
horizontal axis reflect their average z in that bin after
the correction to particle level, not an artificial offset.

IV. Conclusion

Measurements of the spin transfer coefficients from
a polarized proton beam to the produced Λ(Λ)
hyperons in polarized proton-proton collisions can
provide valuable information on proton spin struc-
ture related to the (anti-)strange quarks and the
polarized fragmentation functions. The longitudi-
nal spin transfer coefficient DLL to Λ and Λ hy-
perons provides connections to the helicity distri-
butions and the longitudinally polarized fragmen-
tation functions, while the transverse spin transfer
coefficient DTT is related to the transversity dis-
tribution and transversely polarized fragmentation
functions.

In this paper, we report improved measurements

of both DLL and DTT of Λ and Λ hyperons as
a function of the hyperon transverse momentum
pT,Λ(Λ) up to 8 GeV in proton-proton collisions at√
s = 200 GeV by the STAR experiment. The new

measurements have twice the hyperon statistics of
previous publications in both the DLL and DTT

cases. Our data are consistent with several model
calculations within uncertainties, but one extreme
scenario of polarized fragmentation functions for
DLL assuming no flavor dependence is clearly dis-
favored.

We also report the first measurements of the spin
transfer coefficients DLL and DTT for Λ and Λ
hyperons as a function of the fractional momen-
tum z of a jet carried by the hyperon with the
same data sets, which provide direct probes of the
corresponding polarized fragmentation functions.
Future measurements of spin transfer coefficients
of hyperons in proton-proton collisions, in partic-
ular after the STAR forward detector upgrade at
RHIC [64], and in the DIS process at the Electron
Ion Collider [65], will provide more information on
the spin structure of the nucleon and the Λ and Λ
hyperons.
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