Observation of di-hadron correlations in p' +p at /s = 200 GeV

(Dated: August 19, 2013)

We report the first significant signal from di-hadron correlations in p' +p collisions. The data were
taken with the STAR detector at Brookhaven National Laboratory during the 2006 RHIC Run a
at /s = 200 and represent a sample of 1.8 pb~! with an average beam polarization of about 60%@
Di-hadron correlations are thought to originate from the fragmentation of transversely polarized
quarks via the di-hadron interference fragmentation function and are thus a direct probe of the
quark transversity distribution. The observed signal is the first direct transversity measurement in

p+p collisions.

Using the parton picture, the spin structure of the nu-
cleon that is probed in a hard scattering process with
single photon exchange and neglecting intrinsic trans-
verse momenta, can be described by three parton dis-
tribution functions (PDFs); The unpolarized PDF f (z),
the helicity distribution function g;(x) and the so-called
transversity distribution function hi(x). Here x is the
lightcone momentum fraction carried by the scattered
parton. In this picture hi(x) describes the probability of
finding a transversely polarized parton in a transversely
polarized proton. Transversity is a chiral-odd qu y
and therefore, in the chiral limit of QCD and QE
inaccessible unless it is coupled with another chiral-odd
object. Transversity it—vanishes for spin one particles,
such as gluons, in spin % targets like the proton because
the target cannot accomodate a chirality flip which would
change it by two units [1]. Until now, the only experi-
mentally viable avenue to extract transversity has been to
use transverse spin-dependent fragmentation functions as
quark polarimeters. The Collins fragmentation function
describes the spin dependent azimuthal distribution of
single hadrons and has been used for a first extraction of
transversity from a global fit to e-e¢~ and SIDIS data [2].
In this paper, we analyze the spin dependence of the az-
imuthal distribution of hadron pairs in the final state,
which is described by the di-hadron interference frag-
mentation function H;® (IFF) first suggested by Collins,
Heppelmann and Ladinsky [3]. In contrast to the Collins
Fragmentation functions, this function does not vanish
upon thedgtegration over the intrinsic transverse mo-
menta Einerated in the fragmentation process, which
means a collinear framework can be used for factorization
and evolution. Use of a collinear framework makes the
extraction of transversity independent of models for kr
and avoids complications due to the transverse momen-
tum dependence, such as Sudakov suppression [4, 5]. Re-
cently the Belle experiment reported large asymmetries
in di-hadron pair correlation measurements from et-e~
annihilation [6] and the HERMES and COMPASS exper-
iments reported large asymmetries in di-hadron correla-
tion measurements_in SIDIS, indicating that the effects
are large [7, 8 he former measurement is sensitive
to the product of transverse spin-depende gmenta-
tion functions, whereas the latter measuregxsversity
coupled to H;Y. Experimentally, the measurement of di-

hadron correlations in polarized proton collisions, have
another advantage. Since the sum and difference vectors
of the two hadron momenta in the final state already
allow the construction of an observable that transforms
like a tensor, the reconstruction of the jet as a proxy
for the fragmenting quark momentum is not necessary.
Bacchetta et. al. proposed [9] to use the single spin
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Here, following the definition in [9], ®g is the angle be-
tween the polarization vector of the polarized proton to
the scattering plane and ®p is the azimuthal angle be-
tween the difference vector between the two hadron mo-
menta: R = ﬁhl - ﬁh2 and the scattering plane. We
define Prg = ®g — Pr and NTN((I)RS) is the number
of hadron pairs in a specific angular bin when an up-
or downward polarized beam hits an unpolarized target
beam. At RHIC both beams are transversely polarized
and the polarization pattern of the beam bunches are
changed from store-to-store to reduce systematic effects.
For this measurement one beam is taken as polarized and
the polarization direction of the other beam is averaged
over. Since the two polarization states are not equally
populated, eq. 1 has to be corrected for the relative lumi-
nosity R of the two polarization states and then divided
by the beam polarization P to get the intrinsic asymme-
try. This leads to the relative luminosity formula:

1 N"(®rs) — RN (®rs) @)
PNT(CI)RS)—FRNl( s)

Aur(®rs) =

for a specific angular bin. The asymmetry of the geomet-
ric mean of particle yields in opposite sides in azimuth
with opposing polarization states should lead to the same
result, the so-called “cross-ratio” formula [10], with the
added advantage that the relative luminosity does not
have to be known

Ayr(®rs) =
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For this analysis the relative luminosity formula has been
used in 16 angular bins which were then fitted with a si-
nusoidal function after verifying that the resulting asym-
metries are consistent with the cross ration ation.
For our measurement we use all charge—orderel;at pairs
in the event and identify h; as the positive and hs as the
negative particle. Then the amplitude A?}%‘I’ provides
direct access to transversity, as is evident from consider-
ing the cross section for the scattering of a transversely
polarized proton off an unpolarized one [9]:
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The cross section contains a dependence on the hadron
sum vector ]30 = ﬁhl + ﬁhz, the invariant mass M+, -
and the fractional energy with respect to the fragment-
ing quark z.+,- carried by the pion pair. The symbols
a, b, ¢, d designate the partons involved in the elementary
2-2 scattering. At STAR we measure this observable us-
ing identified pion pairs in the central region of the detec-
tor where the Time Projection Chamber (TPC) provides
reliable tracking and charged pion identification [11]. The
analyzed dataset represents an integrated luminosity of
1.8 pb~! collected in 2006 during RHIC run 6, with an
average polarization of about 60% for each beam. Most
events are triggered by requiring at least 7.8 GeV
transverse energy Er ina 1.0 x 1.0 jet patccgjthe barrel
electromagnetic calorimeter (BEMC) or at least 5 GeV
E7 in a single BEMC tower. In addition, a coincidence
between two forward segmented scintillators placed at
3.3 < 1 < 5.0 on either side of the interaction point was
required. The bias in sampling the underlying event kine-
matics with these triggers is illustrated in fig. 6, which
shows the change of the mean x obtained from a Pythia
simulation in each pr , _ bin after the trigger condi-
tion is applied. Charged pion pairs are selected by re-
quiring tracks that originate within 60 cm in the z di-
rection and 1 cm in the transverse direction from the
nominal interaction vertex and that point into the bar-
rel. Tracks were required to have a minimum transverse
momentum pr of 1.5 GeV/c and using dE/dx a purity
of the single pion sample of greater than 95% over the
whole kinematic range is achieved. All pion pairs in an
event are considered where the pions are close enough
in (n — ¢) space to originate from the fragmentation of
the same parton. The default value of this “cone cut”
is /(N — NMry)? + (A, — dxy)? < 0.3. Pion pairs in the
invariant_mass range of the K° (497.6+- 10 MeV) were
exclude .

Figure 1 shows the results for A?\l,n¢ binned in the in-
variant mass M,+,.- of the hadron pair separately for
particles going in the forward and backward direction

(Na+r— S 0) where 71,+,- is the pseudorapidity of the
pion pair with respect to the polarized beam.

A clear signal is seen in the forward direction around the
p mass. From model calculations this is expected since
the observed effect originates from the interference of am-
plitudes with different angular momenta [12]; mainly this
will be pions in a relative p-wave from vector meson de-
cays interfering with pions in a relative s-wave from the
non-resonant background. In addition to the s-p inter-
ference, contributions from p-p interference are possible
at our kinematics. However the p-p contribution is pro-
portional to cosf whereas the s-p interference term is
proportional to sinf, with € being the decay angle in
the two-hadron center of mass frame. For this measure-
ment, the average sinf value in each kinematic bin is
close to unity and conversely the cosf distribution has
a mean of zero. Therefore only the s-p contribution
is of relevance. Figure 2 also shows significant asym-
metries at large transverse momenta of the hadron pair
pT_, L—V;ijifre the contribution from valence quarks is en-
hance ckward asymmetries which would be sensitive
to quarks at small z are small, as is expected if transver-
sity is mainly carried by the valence quarks. We also in-
vestigated the effect of different cone cuts from 0.2 up to
0.4 as shown in fig. 3 and 4. As 27+, the mean pr |
and M, +,-, respectively are dependent on the size of
the cone, larger cone sizes allowing for more pions at
low transverse momenta and low z,.+,.-, we can observe
the combined pr_, , M+~ dependence of the asym-
metries. At fixed M +,-, the asymmetries reflect the
pr_, _ dependence for different cone cuts, whereas the
asymmetries at fixed pr_, _ have no strong dependence
on the cone cut which is consistent with our simulations
which—ndicate very little variation of x and z,+,-. Fig-
ure i%ﬁvs the n,+,- dependence which, in turn, reflects
the z dependence of transversity. Higher values of 7+ -
probe higher x where the magnitude of h; is larger. Con-
sistent with this expectation the asymmetries rise with
Na+r— - The leading systematic uncertainty for our re-
sults comes from the 4.8%. scale uncertainty on the
beam polarization. The purity in the single pion sam-
ple averages to 96 %. There is a mild pr dependence
with purities ranging from 94 % for low pr bins to 97 %
for high pr bins. The resulting dilution of the analyzed
hadron pair sample with 7 — K pairs was not used in
assigning a systematic error due to the unknown size of
the m— K signal. There are however, hints [13] that these
asymmetries are of similar or smaller magnitude than the
mt7~ and of the same sign.

In summary, STAR has detected the first signal of
transversity in pT + p collisions. We observed significant
asymmetries around the p invariant mass that rise with
pr_, _ and ng+.— consistent with qualitative expecta-
tions from the transversity distribution function and the
IFF. These results can be included in the point-by-point
extractions of transversity in a collinear framework that
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FIG. 1. A?\i,n¢ as a function of M+ .- (left) and Py -
A clear enhancement of the signal around the p mass region
can be observed and only the largest transverse momenta con-
tribute to the asymmetry.
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FIG. 2. A3"? as a function of pr_, . Only the largest
transverse momenta contribute to the asymmetry.

are currently underway [14]. Compared with previous
measurements of di-hadron correlations in semi-inclusive
deep inelastic scattering (SIDIS), the RHIC data allows
access to a complementary kinematic regime and proton-
proton collisions do not suffer from u-quark dominance
and will therefore help constrain, in particular, the d-
quark transversity. A large dataset taken in 2012 will
allow us to reduce the error bars on this measurement by
about a factor of 3 and hadron pairs involving neutral
pions will be investigate
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SUPPLEMENTAL INFORMATION . .
TABLE V. pT ™ asymmetries, n” ™ < 0, cone cut 0.3

T . rta— sin
<pT >[GeV/c] {sin 0) <MInV >[GeV] AUT(b T psin o () |(z1) | {x2)
3.61 0.99 0.45 -0.0220(0.0103(0.30(0.15(0.20

TABLE 1. p’{f’ri asymmetries, 77"+"7 < 0, cone cut of 0.2

—— : —— s 44— —10.97 0.51 -0.0070|0.0087|0.36|0.15{0.20
<pT > [GeV/d]|(sinf) <MI“V > [GeVI| Avr” |oagzme | ) [[@0)] (2g) g” 0.94 0.59 0.0179 [0.0082{0.43[0.16|0.22
3.62 0.99 0.38 -0.0307/0.01380.29(P.15[0.20{7 -0.50 | |y 92 0.67 0.0211 |0.0110/0.48]0.16/0.23
4.49 0.96 0.41 -0.0100/0.011910.35|p.150-2§ 32 -0-51 | .88 0.81 0.0088 |0.0106|0.57|0.19/0.27
5.70 0.93 0.47 0.0229 [0.0110|0.44|0.16[0.21] -0.51
7.18 0.91 0.55 0.0159 |0.0140|0.48[0.16/0.23| -0.51
10.45 0.88 0.68 0.0085 |0.0125)0.57| LA DBNT. (01.\5;1?’> asymmetries, n™ " < 0, cone cut 0.3
(Mo )1GeV]|(sin0)| (p7 ™ )GeV/el| AT’ [ gune | (2) [ (1) (@2)
0.36 0.95 4.73 -0.0125[0.01010.38[0.16]0.22
0.50 0.95 5.35 0.0063 [0.0068|0.41(0.16|0.21
CABLE 1L <M‘ﬁ+w,> ssymmetries, 7™ < 0, cone cut of 0.69 0.94 6.35 0.0002 [0.0081{0.44[0.16|0.22
02 ’ ’ 0.88 0.92 7.98 0.0250 0.0134{0.50{0.17|0.25
— — — ;L1 0.90 10.63 0.0172 0.0200{0.56|0.19|0.27
(M )| 6in0) [ (p7" ™) 1GeV /]| AT [0y | (2) (@) [ =)
0.36 | 0.95 473 -0.0125]0.01010.38]0.16]0.22| -0.51
048 | 0.94 5.93 0.0145 [0.0080(0.43[0.16|0.20ABBEIVIL. pj ™ asymmetries, n™ " > 0,cone cut 0.3
0.68 | 091 8.58 -0.0044(0.0140{0.53/0.17 0.2{@;*?@1[@3\//4 (sin6) <MI¢;”‘>[GeV} AT [0 4o | (2) (@) |(2)
0.88 | 0.90 11.13 0.0224 0.0272(0.59(0.21 | 028 -0 0.99 045 0.0092]0.0103 10291020 0.1
115 | 0.90 14.57 0.0042 |0.0617|0.63/0.23|0}34| -0,48, 0.97 051 0.010610.008610.3510.2110.15
5.68 0.94 0.59 0.0289|0.0082[0.43/0.22|0.15
7.17 0.92 0.67 0.0071/0.0110{0.50/0.230.16
10.32 0.88 0.81 0.0533/0.0106|0.58/0.27/0.19

TABLE III. p}+”_ asymmetries, 77”+”_ > 0, cone cut 0.2

T nl |+W7 . ﬂ+T7
(o ™) [Gev/cl[(sin0)[ (M7 ™ ) GeVI] A5 [0 g | (2) [l TR e = Yo ) asymmetries, """ > 0, cone cut
uT :

3.62 0.99 0.38 0.0090]0.01380.28 |02t 015050 —— pryrs < —
4.49 0.96 0.41 0.0095/0.01180.34 0.9@%% > Eino) <p i >[Gev/ o] Avr” |9 agpe | () | @) | (@2} |
5.70 0.93 0.47 0.0216(0.0110|0.42|022|§7F|  .819° 4.73 0.005410.010110.38]0.23|0.16| 0.5
7.18 0.91 0.55 0.0050(0.0139(0.50 (023|928  .819° 5.35 0.017910.006810.40]0.22{0.16|  0.5(
10.45 0.88 0.68 0.0568|0.0124|0.58| 027|049 ¢.5194 6.35 0.0229/0.008110.46|0.23/0.15| 0.5

088 1 0.92 7.98 0.0695(0.0134|0.51[0.24]0.17| 0.5

119 | 0.90 10.63 0.0388(0.0198/0.59]0.27]0.19] 0.5

TABLE IV. <Mff;"7> asymmetries, 77’#"7 > 0, cone cut 0.2

(Mo ) 1GeV]|(sin6) | (p7 ™) [GeV/el| AT [0 4ms | (2) () (@) [ (0™ ™)

0.36 0.95 4.73 0.0054(0.0101[0.38|0.23[0.16| 051 | L

0.48 0.94 5.93 0.0189/0.0081[0.42|0.221Bl6 Dy spr " asymmetries, n™ 7 <0, cone cut 0.4

0.68 0.91 8.58 0.0328/0.01390.55 0.@5’571‘7 [©/c]| (sin 6) <Mg,t"‘> A0 o o | (2) |(21)] (22) <n’”

uT

0.88 0.90 11.13 0.1128/0.0274[0.60|027[028[5005T | 0.99 | 053  1-0.016110.00821030 0.1410.20| -0

1.15 0.90 14.57 0.132810.05980.65((0.31 0.241 480.48 0.97 0.60 -0.008110.007310.3610.1510.20| -0
5.67 0.94 | 068 |0.0130[0.0073|0.43]0.15/0.21| -0
7.17 092 | 076 |0.0163]0.0101|0.48(0.16]0.24| -0.
10.28 0.88 | 0.89 |0.0148]0.0099|0.57(0.19]0.27| -0.




TABLE X. <Mi’r':,—"_> asymmetries, n”+"_ < 0, cone cut 0.4

7

TABLE XII. <Mi’;¢”7> asymmetries, T]’Thri > 0, cone cut

0.4
— — " + X . atn— sin ¢ wtn
(e s {o7 ™) (CeV /el [ A5 [ogame] (2 [(on) [ AR Jpin 00| (b7 ™ )GV /el | AT [ (o) (o0 | o) (o
uT
0.36 0.95 4.73 -0.0125(0.0101]0.38]0.16 |0j22| 0-38.51 | P-95 4.73 0.00540.010110.38/0.230.16|  0.5.
0.50 0.95 5.31 0.0054 0.0067|0.41[0.16|0J21| 0-98.50 | P-95 5.31 0.01760.006710.39/0.22/0.16|  0.5(
0.70 0.96 5.60 -0.0022[0.0068|0.41]0.16|0J22| 0-78 50 | [-96 5.60 0.018310.006810.4210.22/0.15  0.5(
0.88 0.94 6.45 0.0100 |0.00940.44|0.16|0J23| 0-88.50 | [-94 6.45 0.03110.009510.44/0.2210.16|  0.5(
1.22 0.91 8.55 0.0111 |0.0120/0.52[0.17|0l24| L-2@.49 | P-91 8.55 0.0330/0.0119]0.53/0.24]0.17]  0.4¢
TABLE XIII. 7]”+”_ asymmetries, cone cut 0.2
+ = . ata— = - = e -
TABLE XI. p5 ™ asymmetries, 1 > 0, cone cut 0.4 Pt > [GeV/d]| (sin6) <M{,:t“ > A0 o o | (2) [ (@1) [ (@2) <T) i
ot~ . ata— sin a o A LT
<pT >[GeV/C] (sin6) <M1m > AT’ | 4emo | (2) (1) [(wa | (0™ B.3D 0.93 | 0.50 |0.0010{0.00790.46/0.15/0.25| -0.
3.60 0.99 0.53  [0.0129/0.0084[0.29]0.20{0.1%t| 0.46.27 0.94 0.50  |0.0054/0.0080|0.41|0.18{0.20| -0.:
4.48 0.97 0.60 10.0059/0.007310.35]0.21]0.15| 0.56.27 0.94 0.50  0.0148/0.0080/0.43/0.21]0.17| 0.2
5.67 0.94 0.68  [0.0246/0.0073|0.42|0.22|0.15|  0.56.30 0.93 0.50  0.0280/0.0079|0.45|0.26|0.15| 0.7
7.17 0.92 0.76  |0.0096/0.0100/0.50/0.23]0.16| 0.51
10.28 0.88 0.89  [0.0526/0.0099/0.58/0.27]0.19|  0.51




TABLE XIV. 77”+’T_ asymmetries, cone cut 0.3

(7 ™) [Gev/dl[(sin0) [ (M ™ )] AT [0 imo] () [(@0)](2)
6.04 0.94 [ 059 |-0.0002[0.0060(0.45[0.15|0.24
5.99 0.94 | 0.60 |0.0075]0.0061(0.40/0.180.20
5.99 0.94 | 0.60 |0.0131 |0.0061|0.42|0.20|0.17
6.04 0.94 | 0.59 |0.0311]0.0060|0.44|0.250.15

TABLE XV. 77”+”_ asymmetries, cone cut 0.4

pE ™) [GeV/el|(sin0) [( ML, ™ )| ATR® |0 e | (2) | ()| (w2)
) (M)

uT

5.84 0.95 0.67 -0.0027{0.0053|0.44|0.14|0.24
5.78 0.95 0.67 0.0074 {0.0053|0.40|0.17{0.20
5.78 0.95 0.67 0.0095 |0.0053{0.41{0.20|0.17

5.84 0.95 0.67 0.0297 {0.0053|0.43|0.24|0.14




