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The transverse spin transfer from polarized protons to A and A hyperons is expected to provide
sensitivity to the transversity distribution of the nucleon and to the transversely polarized fragmentation

functions. We report the first measurement of the transverse spin transfer to A and A along the polarization
direction of the fragmenting quark, Dy, in transversely polarized proton-proton collisions at /s =
200 GeV with the STAR detector at RHIC. The data correspond to an integrated luminosity of 18 pb~!
and cover the pseudorapidity range || < 1.2 and transverse momenta pr up to 8 GeV/c. The dependence
on pr and # are presented. The Dy results are found to be comparable with a model prediction and are

also consistent with zero within uncertainties.

DOI: 10.1103/PhysRevD.98.091103

The polarizations of A and A hyperons have been studied
extensively in various aspects of spin effects in high energy
reactions due to the self-spin-analyzing parity violating
decay [1]. Many of them have been found to be quite
surprising, for example, the induced transverse polarization
with respect to the production plane in unpolarized hadron-
hadron reactions [2] and the global polarization with
respect to the reaction plane observed recently in heavy
ion collisions [3]. On the other hand, A polarization
transferred from polarized lepton or hadron beams (usually
referred to as “spin transfer”) in different reactions provides
a natural connection to polarized fragmentation functions
and the polarized parton densities of the nucleon. A number
of measurements have been made in polarized lepton-
nucleon deep inelastic scattering (DIS), for example, E665
[4], HERMES [5] and COMPASS [6], and in polarized
hadron-hadron collisions in the STAR experiment at RHIC
[7,8]. In particular, among the polarized parton distribu-
tions, the transversity distribution remains much less
known than the helicity distribution due to its chiral-odd
nature [9,10]. The transversity distribution describes the
probability of finding a transversely polarized quark in a
transversely polarized proton. Interestingly, the transverse
spin transfer to A in lepton-hadron and/or hadron-hadron
collisions provides a natural connection to transversity
through polarized fragmentation functions [11-16].
Previously, sizable spin transfer along the normal direction
of the A production plane, Dyy, Was observed at large xg
with fixed target proton-proton collisions by the E704
Collaboration at Fermilab [17] and also in exclusive
production in proton-proton reactions at low energy [18].

We report the first measurement of transverse spin
transfer to A and A hyperons in transversely polarized
proton-proton collisions at /s = 200 GeV with the STAR
experiment at RHIC at Brookhaven National Laboratory.
The transverse spin transfer, D, to the A in proton-proton
collisions is defined as

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
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doP'P=NX) _ go(ptp=AX)  gsah

DTTEda(PTP"ATX)—l—da(PTP"AiX) = Ao (1)

where 1 (]) denotes the positive (negative) transverse
polarization direction of the particles and ¢ is the
transversely polarized cross section. Within the factoriza-
tion framework, 66 can be factorized into the convolution
of parton transversity, polarized partonic cross section
and the polarized fragmentation function [13]. As the
s(5) quark plays a dominant role in A(A) hyperon’s
spin content, the measurements of Drp for A(A)
hyperon provide a natural connection to the transversity
distribution of strange and antistrange quarks [13,15,16].
Experimentally, the transverse spin transfer, Dy, can be
measured along the transverse polarization direction of the
outgoing quark after the hard scattering.

The polarization of A(A) hyperons, P A(A)> €an be mea-
sured from the angular distribution of the final state particles

via their weak decay channel A — pa~ (A — pzt),

dN
dcos 6*

OCA(I +aA(/_\)PA(/_\) COSQ*), (2)

where A is the detector acceptance varying with 8* as well as
other observables, a, ) is the weak decay parameter, and 6"

is the angle between the A(A) polarization direction and the
(anti-) proton momentum in the A(A) rest frame. For the Dy
measurements in this analysis, the transverse polarization
direction of the outgoing fragmenting parton is used to obtain
6*. As there is a rotation along the normal direction of the
scattering plane between the transverse polarization direc-
tions of incoming and outgoing quarks [19], the direction of
the momentum of the outgoing parton is required, and the
reconstructed jet axis adjacent to the A(A) is used as the
substitute for the direction of the outgoing fragmenting quark.

The data were collected at RHIC with the STAR
experiment in the year 2012. An integrated luminosity of
18 pb~! was sampled with transverse proton beam polari-
zation. The proton polarization was measured for each
beam and per fill using Coulomb nuclear interference
(CNI) proton carbon polarimeters [20], which were cali-
brated using a polarized atomic hydrogen gas-jet target
[21]. The average transverse polarizations for the two
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TABLE L.

Summary of selection cuts and the A and A candidate counts and the residual background fractions in each pr bin. Here

“DCA” denotes distance of closest approach, and N (o) quantitatively measures the distance of a particle track to a certain particle band

in dE/dx versus rigidity space [26]. [ is representative of the vector from the PV to the A decay point and p is the reconstructed

momentum of A.

pr[GeV/c] (1,2) (2,3) (3.4) (4.5) (5.6) (6,8)

N(hits) of daughter tracks >14 >14 >14 >14 >14 >14

N(o) dE/dx for <3 <3 <3 <3 <3 <3
daughters

DCA of daughter tracks <0.80 <0.70 <0.60 <0.50 <0.45 <0.45
[cm]

DCQofA(A)toPV [cm] <1.0 <1.0 <1.0 <1.0 <1.0 <1.0

cos(l-p) >0.995 >0.995 >0.995 >0.995 >0.995 >0.995

Decay Length [cm] >3.5 >4.0 >4.0 >4.5 >5.0 >5.0

DCA of p(p) to PV [cm] >0.25 >0.20 >0.10 >0.05 >0.05 >0.05

DCA of 7~ (x) >0.60 >0.55 >0.50 >0.50 >0.50 >0.50

to PV [cm]

A(A) counts

A(A) bkg. frac.
Mass window(signal)

0.065 (0.074)
(1.111, 1.119)

0.079 (0.077)
(1.111, 1.121)

[GeV/c?]

Side-band (left) (1.090, 1.100)  (1.090, 1.100)
[GeV/c?]

Side-band (right) (1.130, 1.140)  (1.132, 1.142)
[GeV/c?]

(1.088, 1.098)

(1.134, 1.144)

469681 (502226) 318358 (368042) 181550 (193221) 77866 (71833) 32441 (25571) 20256 (13486)
0.071 (0.072)
(1.109, 1.123)

0.065 (0.066) 0.070 (0.075) 0.084 (0.102)
(1.108, 1.124) (1.106, 1.126) (1.104, 1.128)

(1.087, 1.097) (1.085, 1.095) (1.083, 1.093)

(1.135, 1.145) (1137, 1.147) (1.139, 1.149)

beams were 58% and 64% for the analyzed data.
Polarization up and down bunch patterns were changed
between beam fills to minimize systematic uncertainties.

The primary detector subsystem used in this analysis is
the time projection chamber (TPC) [22], which provides
tracking for charged particles in the 0.5 T magnetic field in
the pseudorapidity range of |7| < 1.2 with full azimuthal
coverage. The measurement of specific energy loss, dE/dx,
in the TPC gas provided information for particle identi-
fication. The barrel electromagnetic calorimeter (BEMC)
[23] and endcap electromagnetic calorimeter (EEMC) [24]
were used to generate the primary jet trigger information at
STAR. The total BEMC coverage was |n| < 1 with full
azimuth in 2012, and the EEMC extends the pseudorapidity
coverage up to 77 ~ 2. The data samples used in this analysis
were recorded with jet-patch (JP) trigger conditions which
required a transverse energy deposit E1 in BEMC or EEMC
patches (each covering a range of Ay X A¢p =1x1 in
pseudorapidity and azimuthal angle) exceeding certain
thresholds. The thresholds were Er ~ 3.5 GeV for JPO,
Et~54 GeV for JP1, or E;r ~7.3 GeV for JP2 or
two adjacent jet patches (AJP) with each exceeding the
threshold of E; ~ 3.5 GeV for the AJP trigger.

The A and A candidates were reconstructed from their
dominant weak decay channels, A — pz~ and A — px™,
with a branching ratio of 63.9% [25]. The location of the
primary vertex (PV) was required to be within 60 cm of the
center of the TPC along the beam axis to ensure uniform
acceptance. The selection procedure of A and A candidates
in this analysis is based on the topology of the weak decay

using a method that is very similar to the one used in the
previous longitudinal spin transfer measurement reported in
Ref. [7]. (Anti-) proton and pion tracks were first identified
based on dE/dx in the TPC. They were paired to form a
A(A) candidate, and topological selections were used to
further reduce the background. The selection cuts were
tuned in each hyperon p bin to keep the residual back-
ground fraction below 10%; these cuts are summarized in
Table I.

As mentioned previously, reconstructed jets were
employed to obtain the momentum direction of the frag-
menting quark and thus the transverse polarization
direction of hyperons for the Dt measurement. In this
analysis, jets were reconstructed using the anti-kt algo-
rithm [27] with a resolution parameter R = 0.6 and jet
pr > 5GeV/c. In STAR, the TPC tracks and tower
energies from the BEMC and EEMC are used for the jet
reconstruction [28,29]. Then the association between A(A)
candidates and the adjacent reconstructed jet was made by

constraining the radius, AR = \/(An)? + (Ag)?, between
the A(A) momentum direction and the jet axis in 7 — ¢
space. The A(A) candidates that have a jet with AR < 0.6
were used in the following Dt determination. The fraction
of A(A) candidates that have a matching jet increases
from about 30 to 90% from the lowest hyperon pt bin to
the highest.

After topological selections and jet correlation, the
invariant mass distributions for the A and A candidates
with 1 < pr <8 GeV/c and || < 1.2 are shown in Fig. 1.
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FIG. 1. Invariant mass distribution for A (open circles) and A

(filled circles) candidates with 1 < pr < 8 GeV/c after selection
in this analysis.

The values of the peak in the A and A mass distributions
are in agreement with the PDG mass value myz) =
1.11568 GeV/c? [25]. The two-dimensional distribution
of invariant mass versus cos#* as defined in Eq. (2) is
shown in Fig. 2 for A candidates. A similar distribution was
also obtained for A candidates. The bin counting method
was used to obtain the raw yields of A and A candidates.
The signal mass windows were chosen to be about 3¢ of the
mass width. These range from 1.111 to 1.119 GeV/c? in
the lowest p bin to 1.104—1.128 GeV/c? in the highest p
bin. About 1.02 x 10° A and 1.17 x 10° A candidates in
|

0.5 10°

10?

ilo8 1.09 14 141 142 143 144 1.45 1.16
mass [GeV/c?]

FIG. 2. Invariant mass distribution versus cos 8* for A candi-
dates with 1 < pp < 8 GeV/c in this analysis as an example.

the selected signal mass windows were kept as the signal.
The residual background fractions were estimated by the
side-band method and found to be 7-10%. The yields,
background fractions and signal mass windows are listed in
Table I. The A signal is larger than that of the A because of
the effects of antiproton annihilation in the BEMC and
EEMC, which provides additional energy to the JP trigger
conditions for the A.

The observed cos@* spectra are affected by detector
efficiency and acceptance as seen in Eq. (2). To minimize
the systematics associated with acceptance and relative
luminosity, Dt has been extracted from the asymmetry in
small cos @* intervals using

Drr

1 V/NT(cos 0*)N¥ (= cos ") — /Nt (cos 0*)NT (= cos )

(3)

where a, = 0.642 £0.013 [25], a5 = —ap, Ppeam 1S the
beam polarization and (cos %) denotes the average value in
the cos 0 interval. NT() is the A yield in the corresponding
cos @* bin when the proton beam is upward (downward)
polarized. The relative luminosity between NT and NV is
canceled in this cross-ratio asymmetry. The acceptance is
also canceled as the acceptance in a small cos 8" interval
is expected to remain the same when flipping the beam
polarization [7], and the effect from limited cos&* bin
width is negligible. At RHIC both proton beams are
polarized, and the single spin hyperon yield NT(V) was
obtained by summing over the spin states of the other beam,
as the beam fill patterns are nearly balanced with opposite
polarizations.

The yields NT and NV were first determined in each

cos @* interval from the observed A or A candidate yields in

 @Poeam (€08 0%) \/NT(cos 0* )NV (= cos ) + /N¥(cos 0" )NT (= cos 0*)

|
the chosen mass interval, and the raw spin transfer, Dy,
was extracted using Eq. (3) in each cos 8" bin. Then the
DR values were averaged over the entire cos §* range in
each hyperon pr bin. As single spin yields can be obtained
with either beam polarized, we have two independent
measurements for the same physics # range, but with
different detector coverage, by treating one beam as
polarized and summing over the polarization states of
the other beam. After confirming their consistency, we
determined the final DT} results from the weighted mean.

Figure 3(a) shows the beam combined DR versus
cos@* for A hyperons in the positive and negative 75
regions, respectively, with 2 < pr <3 GeV/c provided
as an example. The results for A hyperon are shown in
Fig. 3(b). Positive 7 is defined along the direction of the
incident polarized beam. The extracted Dy is constant

091103-5



J. ADAM et al.

PHYS. REV. D 98, 091103 (2018)

6.47/9
0.0131 + 0.0075

6.81/9
-0.0055 + 0.0075

0.4

0.2

——
9
3
=

raw
TT

-0.2

D.
o
T[T T[T
‘
1
-
‘
1
—e
1
.
‘
ol
1
1
"
1
1
1
1
-
‘
1
"
‘
»
1
1
»
|

-0.4

Il Il Il 1
xIndf = 147519
DPY = -0.0013 + 0.0069
n xindf = 43379
DEY = 0.0011 + 0.0069

3

) I

Ea 2l

(b) A

| | | 1

221 ndf = 77519

L Sy = -0.0027 + 0.0051
@ /ndf = 6.11/9

i i ; 5 = -0.0073 +0.0051

Ll

g

P a
L 3 o

-0.2— 2<pT<3GeV/c
r e O<n<12

FIG. 3. Spin transfer D" versus cos§* for (a) A and (b) A
hyperons, and (c) the spin asymmetry Jpr for the control sample
of K9 mesons versus cos & in the pr bin of (2,3) GeV/c. The
red circles show the results for positive pseudorapidity n with
respect to the polarized beam, and the blue squares show the
results for negative #. Only statistical uncertainties are shown.

with cos #* as expected and confirmed by the quality of
the fit. A null measurement was performed with the spin
transfer for the spinless K g, OrT, as a cross check, which has
a similar event topology. The d1r obtained with an artificial
weak decay parameter agy = 1 is shown in Fig. 3(c). As
expected, the results were found to be consistent with no
spin transfer.

DR values and their statistical uncertainties were then
corrected for residual background dilution according to

Dy _ rDbkg
Drp = T TTITT , (4)

\ (6D + (roDE)?

8D =
T 1—-r

, (5)

where r is the background fraction in each pr bin estimated

by the side-band method [8], and Dﬂl}l}g was obtained from
the left and right side-band mass intervals as shown in last

two rows of Table I using the same procedure as Dy
following Eq. (3) and was consistent with zero within the
statistical uncertainty.

The systematic uncertainties of Dpr include contribu-
tions from the decay parameter, a, from the measurement of
the beam polarizations as well as uncertainty caused by the
residual background fraction, event pile-up effects and
trigger bias due to trigger conditions. The total systematic
uncertainties in Dpp range from 0.0003 to 0.009 in different
pr bins, whereas the corresponding statistical uncertainties
vary from 0.006 to 0.040. The above contributions are
considered to be independent, and their sizes have been
estimated as described below. The trigger bias is the
dominant contribution to the systematic uncertainty.

The uncertainty in ay, = —a; = 0.642 +0.013 corre-
sponds to a 2% scale uncertainty in Drp. The uncertainty in
the RHIC beam polarization measurements contributes an
additional 3.4% scale uncertainty in Dp. The pile-up effect
due to possible overlapping events recorded in the TPC was
studied by examining the hyperon yield per event versus
the STAR collision rate. A comparison between the yields
per collision event found by fitting with a constant and a
linear extrapolation to very low collision rates was used to
estimate the pile-up contribution for different spin states,
and the corresponding uncertainty to Dt was found to be
small (<0.005). The residual background fractions were
estimated by the side-band method, and Dt was corrected
accordingly. The corresponding uncertainty was quantified
from the difference in the results when the background
fractions were estimated instead by fitting the mass spectra.
This part is found to be also very small (<0.003). The data
samples used in this analysis were recorded with jet-patch
trigger conditions, which help to reach high transverse
momenta of hyperons. However, these trigger conditions
may bias the Drr measurements by changing the natural
composition of hyperon events with respect to the distri-
butions of the hyperon momentum fraction in its associated
jet, the hard production subprocesses, the flavor of the
associated jet, the decay contribution, etc. The uncertainties
caused by the above mentioned jet trigger conditions were
studied with a Monte Carlo simulation of events generated
using PYTHIA 6.4 [30] with the Perugia 2012 tune [31] and
the STAR detector response package based on GEANT 3
[32]. The uncertainties from trigger bias were then esti-
mated by comparing the Dpp values obtained from a
theoretical model [16] before and after applying the trigger
conditions. This yields uncertainties up to 0.008 with
increasing pr.

The STAR results for Dpp versus hyperon pr are shown
in Fig. 4 for A and A at both positive and negative ; regions
relative to the polarized beam in proton-proton collisions at
V/s =200 GeV. About 60% of A or A are not primary
particles but stem from decay of heavier hyperons. No
corrections have been applied for decay contributions from
heavier baryonic states. Several of the models do take into
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FIG. 4. Spin transfer Dy for A and A versus pp in polarized
proton-proton collisions at /s =200 GeV at STAR, in com-
parison with model predictions [15,16] for (a) positive # and
(b) negative 5. The vertical bars and hollow rectangles indicate
the sizes of the statistical and systematic uncertainties, respec-
tively. The A results have been offset to slightly larger pr values
for clarity.

account the decay contribution [13,15,16]. The statistical and
systematic uncertainties are shown with vertical bars and
open boxes, respectively. The systematic uncertainties in the
positive # range are larger than those in the negative  range,
owing to the larger trigger bias in the positive # range. These
results provide the first measurements on transverse spin
transfer of hyperons at a high energy of /s = 200 GeV.
The Dy results for A and A are consistent with zero within
uncertainties. The data cover pp up to 7 GeV/c, where
D1 = 0.031 £ 0.033(stat) £ 0.008(sys) for A and Dy =
—0.034 + 0.040(stat) + 0.009(sys) for A at () = 0.5 and
(pr) = 6.7 GeV/c. Strange quarks and antistrange quarks
are expected to carry a significant part of the spins of A and
A; therefore, the measurements of transverse spin transfer to
them can provide insights into the transversity distribution of
strange quarks. Knowledge of transversity of valence quarks
has been learned mostly from DIS experiments, but the
transversity distribution of strange quarks is not yet con-
strained experimentally [33-35].

A few model predictions exist of hyperon transverse spin
transfer in hadron-hadron collisions, based on different
assumptions on the transversity distribution and trans-
versely polarized fragmentation functions [13,15,16]. In
Fig. 4, the Dt data are compared with a model estimation
calculated at () = 0.5, which is available for RHIC
energy, with simple assumptions of the transversity (using
the DSSV helicity distribution as input) and the SU6
picture of fragmentation functions [15,16]. The data are,
in general, consistent with the model predictions. The Dty
of A and A are not in disagreement with each other, with a
x*/ndf of 9.5/6. A possible difference between them could
come, for example, from different fragmentation contribu-
tions from the nonstrange quarks.

In summary, we report the first measurement of the
transverse spin transfer, Drr, to A and A in transversely
polarized proton-proton collisions at /s =200 GeV at
RHIC. The data correspond to an integrated luminosity
of 18 pb™! taken by the STAR experiment in 2012 and
cover midrapidity, |n| < 1.2, and pr up to 8 GeV/c.
The Dy value and precision in the highest p bin, where
the effects are expected to be largest, are found to be
Dyt = 0.031 4 0.033(stat) £ 0.008(sys) for A and Dy =
—0.034 + 0.040(stat) & 0.009(sys) for A at () = 0.5 and
(pr) = 6.7 GeV/c. The results for Dy are found to be
consistent with zero for A and A within uncertainties and
are also consistent with model predictions.
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