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Figure 7.7 J/4 transverse SSA measured at PHENIX from /s =200GeV
p+p collisions plotted against transverse momentum. Type A
systematic uncertainties are added in quadrature. Type B sys-
tematic uncertainties are all less than 0.003 and are not shown.
Type C systematic uncertainties are also not shown but are
3.4% (3.0%) for the 2006 (2008) dataset, and 2.4% for the
200642008 dataset.
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Figure 7.8 J/v transverse SSA measured at PHENIX from /s =200GeV
p+p collisions plotted against Feynman-x. Type A system-
atic uncertainties are added in quadrature. Type B system-
atic uncertainties are all less than 0.003 and are not shown.
Type C systematic uncertainties are also not shown but are
3.4% (3.0%) for the 2006 (2008) dataset, and 2.4% for the
200642008 dataset. On the left, zp > 0 data points from the
2006 and 2008 runs are shown separately, and on the right they
are combined.
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CHAPTER 8. J/v¥ Angular Decay Coefficients

8.1 Introduction

In 2009 the PHENIX experiment collected data from p+p collisions at 1/s=500 GeV, pro-
viding access for the first time to J/1 angular decay coefficients from p+p collisions at that
energy. In this chapter, I will discuss a measurement of the angular decay coefficients Ay, Ay,

and Ay, using the PHENIX muon spectrometers.

8.1.1 Measuring Ay, A, and Ay,

If we require the z-axis of our reference frame to be in the production plane, the full angular
distribution of leptons from J/v decays is given by Eq. It is common, however, to use

distributions integrated of ¢ and cos ¥ written, respectively, as

dN
1+ Ay cos® ¥ 8.1
d(cosd) o< 1+ Ay cos (8.1)
and
dN 2\
— x1 - 2 8.2
d(poc +3+/\19(:0s<p (8.2)

as expressions for determining Ay and A,. To determine Ay, one can then define an angle ¢y,
as proposed in (86), with

¢ — 7 for cos? > 0
Py = (8.3)
cp—?jf for cos¥ < 0

in order to get a distribution

ﬂ x 1 + \/§A1990
dpy 3+ Ny

COS Py (8.4)

for Ay,. In order to determine the angular coefficients, each of these distributions is measured

in real data and a simulation with an isotropic decay distribution (Ay=A,=MAy,=0). To correct
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for the acceptance, the distributions from data are divided by those from simulation. These
acceptance-corrected distributions are then fit with Eq. [B.1] [B-2 and [84] to determine each of
the coeflicients.

One must be very careful, however, to estimate the effect of acceptance on these integrated
distributions. If the acceptance creates ‘holes’ in the cosd-¢p phase-space, the acceptance of
these ‘hole’ regions cannot be corrected through division by a simulated distribution. The
relative acceptance of the PHENIX muon spectrometers can be found in Appendix [B] and
indeed creates large holes. To avoid the effects of holes in the muon acceptance and to include
the effects of correlations between the various coefficients, we will instead perform a two-
dimensional fit with Eq. To correct for acceptance, we perform a GEANT (67) Monte
Carlo simulation using a full description of the PHENIX detector to determine the shape of
the angular distributions in our detectors with an isotropic decay distribution. The angular
distributions from real data are fit with a convolution of Eq. and the simulated acceptance.

Avoiding muons with momenta near the trigger threshold is quite important, even if the
simulation exactly describes the trigger. Because the angular distribution is very different for
Ay=1 than for Ay=0 around the trigger threshold, the physical acceptance of the detector in
cos ) can be different for these two situations such that dividing the data by a simulation with
A9=0 does not properly correct the data for acceptance. An extreme example would be as
follows:

Consider two mesons with equal momenta. For the first meson, decay muons are produced
along the meson’s momentum, while, for the second, muons are produced transverse to the
meson’s momentum. One decay muon from the first meson will get a boost along the meson’s
momentum direction, while the other gets a boost in the opposite direction. For the second
meson, both muons will get a boost in a direction transverse to the meson’s momentum. It
is less likely that both muons from the first meson will make it through the uID, because
one of them is being boosted in the wrong direction. Because we require that both muons
make it through the detector, the trigger turn-on curve will be shifted to higher p, for the

first meson. Our acceptance correction will not account for the difference because it uses an
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isotropic simulated distribution.

The effect can be seen for realistic angular distributions from Ay=0 and Ay=1 for the
Helicity frame in Fig. where the trigger turn-on curve is clearly shifted to larger p, for
A9=1. The cut placed on the trigger threshold, p, measured at the first uTr station, has been

made tight enough in this analysis to exclude any data around the trigger turn-on.

e North “E South
12F ¢ 12 ,
: b, : )
ﬁ@ 13 %;&o%% W¢¢¢°§§¢¢¢%@$¢%@°&¢@%@$¢% $§¢¢ﬁ¢ ?o: i #%ﬁ'& bty 6%‘:’0%%%%%% ﬁ% &%W‘s}&ét%‘l
__‘f_ 0.8 %‘? -f_ osf- o .
W os E‘ i T os E—
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02f- °¢¢ 0.2 :— ,
H.S (o7 : 1| 1 1 1 1 1 4,5 ﬁlgrﬂ 1 1 1 1 L 1 1 4?5

.5 2 2.5 3 35 4 .5 2 2.5 3 35 4
p, at uTr Station 0 p, at uTr Station 0

Figure 8.1 p, at the first pTr station from a full simulation with Ay=1 in
the Helicity frame divided by a full simulation with Ay=0 for
the North (left) and South (right). The Ay=1 distribution is
clearly shifted to larger p, Dashed lines show the cut placed on
this quantity in the analysis.

8.1.2 Simulation Procedure

Because we are using a simulation to obtain the acceptance, the simulation itself needs to
be well tuned to reproduce both low-level cluster-related quantities and high level kinematic
distributions. In this section, I will give a general outline of the procedure used to tune the
simulation to data. More detailed information and plots from the simulation will be given

throughout the rest of this document. The procedure will be as follows (a flowchart can also
be found in Fig. 8.2)):

1. Introduce inactive areas into the simulation.

2. Tune the total cluster charge, tracking resolution, and cluster shape to match those found

in real data.
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3. Use the tuned simulation to determine the acceptance X efficiency and yield for .J/¢

mesons as a function of transverse momentum (pr) and rapidity (y).

4. Generate a second set of events using the shape of the measured yield in pr and y from

Step 3 and an isotropic decay distribution. Use this simulation to determine Ay, Ay, and

Ad-

5. Repeat Step 3 using the measured Ay, Ay, and Ay, from Step 4. Continue iterating until

the shape used in Step 3 is consistent with the shape of the measured yield.

Remove inactive
detector areas from the
simulation

[

Tune simulated clusters
to match data

y

Calculate
acceptance X efficiency | g
and yield using
measured 7;“, )y”, and 7;‘%

T Iterate qntil measur@d
shape in p_and y is

¥
Generate simulated

angular distributions CO{ISiS;eiﬁdWiltlh the
) =) =) = simulated shape
with & =k =A =0

L 1

Determine & _, & , and A
3 @ Jo

Figure 8.2 Flowchart of the iterative procedure for tuning the simulation
to real data.

8.2 Quality Assurance

Before the data can be taken seriously, we need to place criteria on both the subset of the
data used in the analysis and the tracks in the detector considered to be muons. A deter-
mination of the angular decay coefficients is especially sensitive to large changes in detector
acceptance; so we will use criteria which require that the acceptance stay relatively constant

over the course of the analysis. Requirements will also be placed on tracks to increase the
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number of muons from the J/1 signal relative to background from random track combinations

in the detector.

8.2.1 Run Selection

Data is taken by the PHENIX experiment in approximately one hour segments (called
runs) to allow for the rejection of data which are taken with less than ideal conditions. To
ensure that the acceptance is approximately constant across all runs in the analysis, runs are

required to meet the following criteria:

e < 4(59) tripped or disabled high voltage channels in the North (South) pTr (see Fig.[8.3).
Each channel corresponds to approximately 1/4 of one octant in a gap at one of the three

stationsE

e < 2(3) tripped high voltage channels in the North (South) uID (see Fig. [8.4). Each
channel corresponds to approximately 1/3 of one of the 6 panels which make up either

the horizontal or vertical plane of one gap.

e < 1% of the data packets lost from the pTr during transmission to the data acquisition
system. Losing one packet of data corresponds to a loss of that event for approximately

one octant at one station in the MTTE|

e runs should not have been ended due to problems with any of the muon detectors

the data acquisition system should indicate that the run ended cleanly

Of the 259 runs applicable to the analysis, the run selection criteria left 236 (238) runs for anal-
ysis in the North (South) muon spectrometer. The total integrated luminosity was 17.6 pb—1,

and after run selection we are left with 16.0 (16.5) pb~! in the North (South) spectrometer.

!There are significantly more disabled channels in the South xTr than the North because of high backgrounds
in the inner channels of the first station.
2There are only two data packets for the each uID; so we require that all uID data packets be received.
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Figure 8.3 Number of tripped or disabled channels in the pTr his-
togrammed by run for the arm on the North (South) side of
PHENIX on the top (bottom).
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Figure 8.4 Number of tripped or disabled channels in the upID his-
togrammed by run for the arm on the North (South) side of
PHENIX on the top (bottom).

8.2.2 J/¢ Selection

Criteria for selecting J/1) mesons must simultaneously reduce background and maintain
signal. In order to determine whether or not a pair of tracks come from a J/1, we need to
ensure that both tracks behave like muons and originate from a real collision.

For an event to be considered, the following conditions must be met in either the North or

South muon spectrometer:

uID 2-deep and no vertex BBC Trigger Two deep requirements must be met in the ei-
ther the North or South pID LL1, discussed in Section along with at least one tube

fired in both the North and South BBC.

BBC z-vertex The position of the event vertex along the beam direction must be within
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40 cm of the center of the central spectrometer as measured by the BBC in order to

avoid steel from the magnets located at ~45 cm.

DDGO. The angle between the track in the uTr and the track in the pld projected to the
closest pld gap to the interaction point must be less than 9° to ensure that tracks in the

two detectors are associated with each other.

Vertex x?/ndf A fit of the two tracks in the pTr to the vertex measured by the BBC must
have a x2/ndf <4 for 4 degrees of freedom. Such a requirement removes accidental

combinations of random tracks when constructing the pair.

Minimum p, at the first 4Tr station The magnitude of the track momentum along the
beam direction measured at the first 4Tr Station must be greater than 1.75 (1.45) GeV/c

in the North (South) spectrometer to avoid the turn-on curve associated with the trigger

(Fig. B.1).

8.3 Low Level Simulation Tuning

To ensure that our simulation correctly reproduces data, we need to first check basic quan-
tities like the size and shape of charge clusters in the pTr as well as dead areas in both the
wTr and pID.

Charge is deposited in a cluster of strips by particles traversing the pTr, and the total
charge in those clusters is simulated by a Landau distribution

P(q) =qo + % OOO e~ tlost=dbgin (rt)dt (8.5)
where the parameters qg and ¢ are chosen octant-by-octant for each gap in the detector such
that the distribution of total cluster charge matches the data. The total cluster charge from a
simulation of single muons is compared with cluster charges from data in Fig. and and
agrees quite well after the tuning of gy and ¢;.

The simulated shape of clusters in the pTr is determined by a Mathieson distribution (91;

131). The capacitive coupling between neighboring cathodes and the spacing between cathode
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:L; . South, Station 0 Gap 0 :L; . South, Station 0 Gap 1 :L; . South, Station 0 Gap 2
8o 8o 8o
g &% 5w % E
< Q L] <. <.
L e e
.. i | i |
L] o o
Cluster Charge (Arbitrary Units) Cluster Charge (Arbitrary Units) Cluster Chae {Arbitrary Units)
:L; South, Station 1 Gap 0 :L; South, Station 1 Gap 1 :L; E South, Station 1 Gap 2
g g oo gi
s o S o B e %
S et <. F e < b
e ] wf 8
% s % aul
wf. o . wf @
o o m};‘_‘
Cluster Charge (Arbitrary Units) Cluster Charge (Arbitrary Units) Cluster Charge (Arbitrary Units)
fL: South, Station 2 Gap 0 fL: . South, Station 2 Gap 1
= &
a 8w
< < ¢ b
w @8
)
o
o
Cluster Charge (Arbitrary Units)

Cluster Charge (Arbitrary Units)

Figure 8.6 Comparison of total cluster charge in the South uTr in simula-
tion (open circles) and data (closed circles).



88

:L; ... North, Station 0 Gap 0 :L; . [ Morth, Station 0 Gap 1 :L; ... North, Station 0 Gap 2
g g g
8 euf 8 euf 8 euf
< B < B oo < E
winf w C-O winf % wia W
E gl E .ﬁ E - %
s ] q s - waf o]
oo oo s
E - E & E & ]
o o ¢ o o ¢ o o
. ae® 0 -l E. .. »0®~0 ., . E
Eame= = o = e o = +
Peak Strip Charge / Cluster Charge Peak Strip Charge / Cluster Charge Peak Strip Charge / Cluster Charge
:L; North, Station 1 Gap 0 :L; [ North, Station 1 Gap 1 :L; North, Station 1 Gap 2
Sk o Euf Sk
e m):_ e [H = O e E
. S0 = cO z b C%
- S s | S | Smaiie
wnf wnf wnf
wf 8 a wf o & wf 8 §
E - E E
wa L) wa 2 b Sos
o ome®ore, s e wa— 8 n:—n—n—haﬂﬂaﬁ-—ha—n—n—%—n—n—n—t—g
Peak Strip Charge / Cluster Charge Peak Strip Charge / Cluster Charge Peak Strip Charge / Cluster Charge
fL: .[[North, Station 2 Gap 0[O fL: ..[[ North, Station 2 Gap 1
£"E £ o
8 enf o] 8 sl o
L3 W-O L3 05,
wnf wnf
L
3 @ 3 ] .
b -
o 8 o !
Ee o, Oy T o R 5@
= Gk — L * 7 ) L
Peak Strip Charge / Cluster Charge Peak Strip Charge / Cluster Charge

Figure 8.7 Comparison of peak strip charge over total cluster charge in the
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and anode are tuned for each octant in each gap so that the fraction of the total cluster charge
carried by the peak strip matches between simulation and data, and a comparison between the
simulated and measured distributions is shown in Fig.[8.7 and While these distributions do
not match perfectly, the effect of the cluster shape on acceptance should be minimal compared
to differences in the total charge, which couple directly to the efficiency of the detector.
Previous PHENIX analyses have assumed that both the total cluster charge and cluster
shape are constant across a given gap in the pTr. Through the course of this analysis, I found
that there are significant variations from octant-to-octant within a gap (due to differences in
the electronics which measure gain). The analysis presented here is the first to use simulated
cluster charges and shapes which are not only tuned gap-by-gap but also octant-by-octant.
In addition to the size and shape of clusters, it is important that the tracking resolution
of the simulated uTr match the resolution of the data. This resolution is measured by the
‘w’ coordinate, defined as the distance along a direction perpendicular to the strips in the

chamber. Unfortunately, the resolution of the simulated pTr is typically much better than the
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Figure 8.8 Comparison of peak strip charge over total cluster charge in the
South pTr in simulation (open circles) and data (closed circles).

real detectorE] and in order to correct for this difference, the simulated charge distributions

are smeared by an additional amount A

r

Gsmeared — Qgenerated"i'APE (86)
r

AQSmeared = Ag (87)

where P is a random number chosen from a normal distribution centered about the origin with
o=1, r and g are the root mean square ADC counts (rms) and gain, respectively, measured
from the calibration of the strip with charge q. The parameters A for each uTr gap are tuned
so that the simulated difference between the w coordinate of the cluster and the track (the
residual) match the measured distributions. The simulated and measured tracking residuals
are shown in Fig. [8.9 and

In addition to the cluster charge distributions and residuals, it is important that the physical
acceptance of both the pTr and pID match between simulation and data. For the ulD this

matching is accomplished by measuring the efficiency of each set of two Iarocci tubes in both

3The difference is likely due to misalignments in the real detector which are not properly accounted for in
the reconstruction or simulation. For example, the large width of the residual in the North Arm Station 0, Gap
0 seen in Fig. is entirely due to a 0.1 cm misalignment found in that gap after the data was produced.



90

«E | Nerth, Station 0 Gap 0 «E | Merth, Station 0 Gap 1 «E | Nerth, Station 0 Gap 2
i i wif
wie i wie

= = = e

E w E e E w

a " a "F a "

< < < ”

w EEEE =
>
EEEE o
w EEEE =
>

L L
W 3

-II| T
A w {em) A w {em)

= | Morth, Station 1 Gap 0 = | Morth, Station 1 Gap 1

T
A w{em)

= | Morth, Station 1 Gap 2

iic
iic
iic

z.mq = % z.mq = o z.mq =
& waf & waf e} & waf
= = =
5 F QQ 5 F . g 5 F @&e
s s s
< E 00 < E ¥ 9 < E
e e "] e
- WM -
A w {em) A w {em) A w{em)
“E | North, Station 2 Gap 0 “E | Morth, Station 2 Gap 1
i i
i i
monf monf
& waf & waf
N - N F.)
g . g S
bt bt
e e
i i
A w {em) ' -_\wcml "
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the North and South detectors and applying those efficiencies to the simulation. The ulD
efficiency was determined from data using tracks with hits in nearly every 2-pack (pair of

tubes). The efficiency is calculated as

Tracks with hits in all 10 planes
Tracks with hits in at least 9 planes, excluding the plane of interest

(8.8)

€plane of interest =

and is projected to 2-packs in the pID to determine an efficiency for each 2-pack. The average
efficiency is found to decrease with interaction rate (Fig. EI but we simply use the mean
value of the efficiency over the course of the running period for each 2-pack, as a uniform
change in efficiency should have little effect on the acceptance to angular distributions. The
mean is calculated by integrating both the numerator and denominator of Eq. over the

course of the running period.
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Figure 8.11 Average efficiency for pairs of Iarocci tubes (called ‘2-packs’)
in the uID plotted against BBC rate in the North (South) arm
on the left (right).

In the pTr, channels are removed from the simulation if the high voltage for that channel
was off for the majority of the running period. Fiducial cuts are then made to the dead regions
in order to ensure that no tracks reconstructing into those regions are used.

After low-level tuning and fiducial cuts are applied, we can look at the distributions of the

azimuthal and radial track projections on each yTr station to see that the simulation adequately

“The decrease in efficiency with interaction rate is due mostly to an associated increase in beam-related
backgrounds. As the number of hits in the pID increases, the average current in each tube is increased,
decreasing the voltage across the tube (which decreases the efficiency).
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reproduces the data. These distributions are shown in Fig. and respectively and show

good agreement between the simulated distributions and those from data.
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Figure 8.12 Comparison of azimuthal track projections between simulation
(open circles) and data (closed circles) in the North (left) and
South (right).

8.4 J/i Yield

A necessary step in measuring the angular decay coefficients for J/1) mesons is to determine
the shape of the J/v yield in pr and rapidity in order to have a proper kinematic shape for
the simulation. Since no previous measurements have been made of the J/¢ yield from p+p
collisions at 1/s=500 GeV in 1.2< |y| <2.2, we will need to determine this shape and the
uncertainty associated with it from data.

In our data, the kinematic distributions of 4™ p™ pairs in the J/1) mass region contain some
background, and it is important to remove the contributions from this background. Two types
of background contribute to the number of oppositely charged muon pairs in the J/1 mass re-
gion: (1) random combinations of tracks in the detector (called the combinatorial background),
and (2) physical processes like p+p—DDX—u"pu~X (open charm), p+p—BBX—uTu~X
(open bottom), and Drell-Yan production, which all produce a continuum of correlated pu*p~
pairs (called the continuum background).

To estimate the combinatorial background we will us the same method discussed in Sec-
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Figure 8.13 Comparison of radial track projections between simulation
(open circles) and data (closed circles) for each uTr station
in the North (left) and South (right).

tion [7.2] which is to take twice the geometric mean between the number of positive and nega-

tively charged muon pairs, 2,/N,,+,+ N~ ,-. Physical background is more difficult to estimate

than combinatorial background, but we are helped by the fact that the physical backgrounds
form a continuum which can be approximated with a falling exponential under the J/1) peakﬂ

The following functional form is used to describe the dimuon continuum in mass:

(vazvjj/w)Q

Ny . J2Njy

+ A 20‘2]/11)72 + Sy i
2 2
V2 V3.2

The second normal distribution accounts for large tails in the J/1 mass peak found in simula-

(]\/171\1‘]/1/))2
dN I E—
= Ae M REAE (8.9)

dM

5While there is no clear theoretical reason that an exponential should describe the combination of the Drell-
Yan and open-heavy flavor backgrounds in the continuum, such a shape has historically parameterized the
background very well.
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tion, and the fs is fixed by simulation. The .J/1 resonance is quite wide in data because of the
resolution of the spectrometer. Because of this width, the 1)’ resonance is not very prominent,
especially in regions of little acceptance, and is not included in the fit.

The exponential shape of the background is modified at low mass by our trigger require-
ment. In order to take this into account and obtain a better fit, a simple Monte Carlo simulation
is used to determine the effects of the acceptance and trigger on an exponentially falling back-
ground. Lepton pairs are generated with a normal distribution in rapidity and an exponentially
falling distribution in mass and are put through a simple model of the detector acceptance and
trigger requirement. The output distributions from simulation are then applied as a weight to

the exponential used in the fit in order to obtain a more realistic distribution[f]
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102 w 10°F
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Figure 8.14 Example plots of the total counts of oppositely charged muons
from one kinematic bin along with the associated combinato-
rial background estimation (left). Example fits to the back-
ground subtracted distribution (right). Separate fit ranges are
show in red and black, and dashed lines show the mass range
in used to determine the signal.

Varying the range for the fit to Eq. can potentially change the number of J/1) mea-
sured. In order to account for this variation, fits are repeated with two separate fit ranges:
Me[1.8,7.0] GeV/c? and M€[2.2,6.0] GeV/c?. Separate fits are also done with fo increased and

decreased by 25%.

5 Another way of taking the effect of the trigger into account is to use a polynomial to describe the background
shape, as we did in Section
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The separate fit ranges and 3 scenarios for fs account for 6 fits, and they are plotted
together in Fig. 8:14] where the 3 separate scenarios for fo are indistinguishable. The mean
of the integrals of the normal J/v distributions from the 6 signal extractions is taken as
the central value of the data point for each bin in pr and rapidity, and the RMS about the
mean number of J/1 from all signal extractions is taken as a source of systematic uncertainty
which is mostly uncorrelated between bins. We will assume that this uncertainty is entirely
uncorrelated between bins and add it in quadrature with the statistical uncertainty.

When fitting the yields in pr and rapidity, it is important that the data points be located
at the mean pr or rapidity for that bin (depending on which is being histogrammed). To
determine the mean pr and rapidity for each bin, we generate a sample of simulated J/1
mesons and put them through a GEANT (67) model of the detector, keeping track of both
the generated and reconstructed kinematics. For each bin in reconstructed pr and rapidity we
histogram the generated quantities, taking the mean value as the centroid of the bin in our
final yield and the RMS as the uncertainty for that bin in abscissa.

After the data points have been determined, we need to parameterize the J/1 kinematics

for use in simulation. A Kaplan function (119; 114) is used to parameterize the pr distribution

1 dN pT>2 -
S a1+ < : 8.10
2mtpr dpr ( Po (8.10)

and a normal distribution centered about zero parameterizes the shape in rapidity. To get a

reasonable distribution of event vertices in our simulation, vertices are taken from a sample of
events for which at least one tube fired in both the North and South BBC.

As discussed in Section the method for determining the J/1 yield is iterative. First
we measure the yield using the acceptance x efficiency from a given simulation, then we
repeat using the measured yield shape as input to the simulation. The final iteration used
to determine the acceptance x efficiency had n=4.5 and pp=3.4 in the Kaplan function and
0=1.27 for the normal distribution in rapidity. For the angular decay coefficients we use a
linear interpolation between the measured angular decay coefficients of the Helicity frame as a
function of pp (consistent with the final measured values). Fig. shows the acceptance X

efficiency from the simulation plotted against pr and rapidity, and Fig. [8.16|shows the yields.
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From the fit parameters shown in the latter figure, it is clear that the input shape in pr and
rapidity is consistent with the measured shape in both spectrometers.

Because the parameterizations of the yield shape in pr and rapidity are not perfectly
determined, we will need to introduce systematic uncertainties to account for the full range of
fits in both the North and South muon spectrometers. When determining the uncertainty, a
10% systematic uncertainty, correlated between data points, is attributed to the acceptance x
efficiency (because our simulation is not an exact description of the detector). Yields are fit with
a modified likelihood (described in (11)) which takes these correlated systematic uncertainties
into account. The resulting parameters from the fit are then averaged, and the values at +1o
are taken as the extreme shapes of the yield, used to determine the systematic uncertainty in
Section The nominal Kaplan function in pr was found to have n = 4.52 and py = 3.41,
while the steep function at the 1o limit had n = 4.43 and pg = 3.46 and the shallow function
had n = 4.61 and pg = 3.35. The nominal normal distribution in rapidity had ¢ = 1.29, while

the steepest and shallowest distributions had ¢ = 1.25 and ¢ = 1.33 respectively.
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Figure 8.15 Acceptance X efficiency plotted against transverse momentum
on the left and rapidity on the right for the North (open circles)
and South (closed circles) muon spectrometer.
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mal distribution on the right, and solid lines show the fits at
+1o.

8.5 J/¢¥ Angular Decay Coefficients

To determine angular decay coefficients, two dimensional histograms of 5 bins in cos v by 8
bins in ¢ are filled from data and an isotropic simulation (plots of the acceptance in all frames
are shown in Appendix . The combinatorial background is then estimated and subtracted,
and the mass distribution is fit with Eq. [8.9) as discussed in Section [8.4] to extract the number
of J/1) mesons in each kinematic bin. Finally, two dimensional histograms of the number of
J/1 in cos ¥-p from data are fit with the full angular distribution of Eq. convoluted with
the histogram from simulation.

We quantify the uncertainty due to the input shape of the yield by using the extreme
shapes in pr and rapidity described in Section A cos - surface is drawn for the nominal
shape in pr and the two extreme shapes in rapidity as well as the nominal shape in rapidity
and the two extreme shapes in pp. The surface is then varied 15k times with a Gaussian
probability about the nominal shape with the extreme shapes at £10. The resulting coefficients
are histogrammed to determine the systematic uncertainty separately for the pr and rapidity

shapes. These uncertainties are summed in quadrature and considered correlated between data
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pointsm
The contribution of background to the angular decay coefficient Ay is

(1-Rs)
Rs

A9 fit
Rs

Ag,g = — \g,B (8.11)

where Rg is the fraction of pairs which come from J/¢ (a derivation can be found in Ap-
pendix . Likewise, for A, and Ay, we have
)\<p7ﬁt 3+ )\1915 (1 — Rs) 3+ )\,975

Mg = 2SS 8.12
ST Rg 3+ hgse °° Rs 3+ s (8.12)
and
Nofit 3+ Ags (I—Rs)?)-i-)\qgs
Agog = opfit 2T 208 ’ 8.13
Y957 TRs 3+ doa PP Rs 3+ s (8.13)

(Derivations of these expressions are in Appendix . In practice, the background coefficients
Ag,B, etc. are very difficult to quantify. Even if the combinatoric background is subtracted
and the decay coefficients of the continuum are assumed to be negligible, the difference in
pr and rapidity shape between the continuum background and signal can cause large false
asymmetries to be measured. To make matters worse, the Drell-Yan background, which makes
up a small part of the continuumﬁ is known to have a large Ay in the Collins-Soper frame (152).
To remove background contributions, fits are performed in each two-dimensional bin of the
cos ¥ — ¢ distribution using the distribution in Eq. as described in Section (8.4

Measured angular decay coefficients included approximately 13167 J/1¢ mesons in the North
and 25390 in the South muon spectrometer. After all fits are performed and systematics
included for the input kinematic shapes, the resulting angular decay coefficients are plotted
against pr and xp (Fig. . A single pr and xp integrated data point is shown in Fig. [8.18

and numerical values for each data point can be found in Appendix [C]

8.6 Discussion

The integrated Ay coefficient is consistent with zero in all reference frames, but the coeffi-

cient appears to be negative at low pr in the Gottfried-Jackson forward frame. Unfortunately,

"Note that the correlation matrix of this uncertainty between data points is different for angular decay
coefficients plotted against pr than it is for coefficients plotted against xp.

8The Drell-Yan contribution is estimated in the J/1 mass region to be approximately 2% of the J/1 yield
from a PHENIX analysis of p+p collisions at 1/s=200 GeV (90)
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lated uncertainties with boxes.
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predictions do not exist yet for J/v decay coefficients from p+p collisions at 1/s=500 GeV, but
the prediction from the CSM at NLO shown back in Fig. for p+p collisions at /s=200 GeV
appears to be consistent with the measured Ay in the Helicity frame, and the angular decay
coefficients are not expected to change drastically with /s. Predictions from the COM are
typically valid for a minimum pp of 5 GeV /¢, larger than the pp of this measurement.

From a phenomenological point of view, the Gottfried-Jackson Forward frame is slightly
preferred as closest to the ‘natural’ reference frame for the J/¢ spin alignment (the frame
where only Ay is non-zero) as Ay is largest in magnitude in that frame, while A, and Ay, are
smallest (Fig. [8.18). Measurements from the HERA-B experiment for p+N collisions (3) found
the Collins-Soper frame to be the closest to natural, but those experiments were carried out

in a fixed-target environment where only a single Gottfried-Jackson frame is relevant.
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Figure 8.18 Magnitude of the angular decay coefficients in the Collins—
Soper (CS), Helicity (HX), Gottfried-Jackson Forward and
Backward (GJF and GJB) integrated across pr and xp. Statis-
tical and systematic uncertainties are summed in quadrature.

It is also interesting to look at the frame-invariant A directly using Eq. . Values of
A along with their uncertainties are plotted for each reference frame against pr and zp in
Fig. Also plotted in that figure are the mean values of by assuming that uncertainties are

completely correlated between frames. The measured \ are consistent between frames within



their systematic uncertainties, and it is quite interesting to note that the mean \ is consistent

with a non-zero longitudinal spin-alignment which increases in magnitude with increasing pr.

This suggest that there exists a natural reference frame wherein the J/v¢ has a longitudinal

spin-alignment and that none of the measured frames are optimal for maximizing |\y|.
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Figure 8.19 Frame-invariant angular decay coefficient, X, from measure-
ments in the Collins-Soper (CS), Helicity (HX), Gottfried-
Jackson Forward and Backward (GJF and GJB) reference
frames plotted against pr and xr on the top. On the bottom,

the average of the four measuremnets where wide lines cor-

respond to uncertainty uncorrelated between points and wide

boxes correspond to correlated uncertainty.

To summarize, we can make several strong statements regarding the J/i¢ angular decay

coefficients from these measurements:

e )y is small in each of the four measured reference frames.

e The Gottfried-Jackson Forward frame appears to be the closest to the natural reference
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Table 8.1 Frame-invariant angular decay coefficient, X, calculated for
a single data point integrated over pr € [0,7] GeV/c and
|zp| € [0.015,0.06]

Reference Frame A uncorr.  Corr.
s +0.08 +0.07
Collins-Soper -0.14 T 0,10

Gottiried-Jackson

10.06 +0.02
Forward -0.25  Tios —0.04

Gottfried-Jackson

+0.08 +0.10

Backward -0.16 Col 012
. +0.09 +0.10
Helicity -0.17 _011 —0.13

frame, with the smallest |A,| and |Ay,| and the largest [Ay].

e Using the frame invariant approach proposed in (86), we find a X which is likely negative

and increasing in magnitude with increasing pr.

All of these conclusions give useful information about the J/v production mechanism and can
be used in correlation with future measurements from other collision systems and energies to

determine how the J/1 is produced.
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CHAPTER 9. Conclusions and Future Measurements

Two measurements have been presented in this document: a transverse single spin asym-
metry (SSA) of J/v mesons and a comprehensive measurement of all relevant J/v¢ angular
decay coefficients in various reference frames. Both measurements show information which is
new and relevant.

The transverse SSA of J/1 mesons is 3.3¢ less than zero at <zp>=0.8 and consistent with
zero for mid and backward xp. The trend of having a non-zero transverse SSA at forward xp is
consistent with transverse SSA measurements of other particles but is unexpected in the case
of the J/v. The fact that the transverse SSA is non-zero potentially implies a non-zero gluon
Sivers or trigluon correlation function in the proton. It might also mean that forward J/¢
production from p+p collisions at 1/s=200 GeV is dominated not by color-octet production
but more likely by color-singlet production. The calculation of trigluon correlation functions
for J/1 production would clarify the relationship between the transverse SSA and production
mechanism.

Measurements of the J/i transverse SSA with other center of mass energies and collisions
systems would help to confirm the existence of a transverse SSA at forward xr and to determine
the mechanism for such a transverse SSA. While the evolution in Q2 of the gluon Sivers and
trigluon correlation functions are unknown, transverse SSAs for other particles have persisted
through a wide range in /s in various collision systems. A measurement of the J/v transverse
SSA in SIDIS would be especially useful, as (151) predicts a vanishing asymmetry for the
color-singlet model in SIDIS but non-zero asymmetry for the color-octet model. Mapping
the dependence of the effect on collision system, therefore, could reveal considerably more

information about the J/v production mechanism.
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The J/v spin-alignment from p+p collisions at 1/s=500 GeV for 1.2<|y|<2.2 is consistent
with zero in all measured reference frames when integrated over pr and xp. The Gottfried-
Jackson forward frame appears to have a negative Ay at low pr and is the closest to the natural
reference frame. The frame invariant A implies that there exists a natural frame wherein Ay
becomes increasingly negative as pp increases.

Measurements of all J/¢ angular decay coefficients (not just Ay) using various collisions
species and energies would lead to a much better understanding of the production mechanism,
as the kinematic dependencies of the color-singlet and color-octet diagrams are quite different.
In particular, a measurement of this kind at larger py could definitively show whether or not
the Color-Octet Model describes data, and if not, in what respects it disagrees (i.e. is the
Helicity frame really the natural frame for .J/1 spin-alignment?).

The J/v production mechanism provides access to basic QCD dynamics, but the road to
understanding it has not always been smooth, and we have not yet reached the end. The
measurements presented in this document represent the application of novel ways of thinking
about the production mechanism, and I hope that these measurements, along with similar
measurements from other experiments, will lead to a better understanding of the J/t¢ in

particular and QCD in general.
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APPENDIX A. Background Contributions to Angular Distributions

This appendix presents a derivation of the background contribution to the angular de-
cay coefficients discussed in Section If we explicitly include background in Eq. the

differential yield of inclusive pairs N becomes

dNp
dcos v

o< fs (1+ Ao cos? ¥) Aeg(cosd) + f (14 Ao,B cos? ) Aep(cos ) (A1)

where fs and fg are the fraction of pairs in the signal and background respectively and Ay g,
Ag,B are the signal and background coefficients. To simplify the expression, we will assume

that the acceptance times efficiency Ae(cosd) is the same for the signal and background:

dNy fsAvs + fBA9B
x |1+
dcos v fs+ fB

If we define Rg = fsiﬁ’ we can then see that Ay determined by our fit to the inclusive

cos? 19) Ae(cos 1) (A.2)

distributions is

Ao it = RsAgs + (1 — Rs) A8, (A.3)

which can be rearranged to give Eq.
The derivation for A\, and Ay, are very similar, and we will only present the derivation for

Ap. Explicitly including background in Eq we have

dN 2,8 2\, B
— 1 £ 52¢ ) A 14+ =2 cos2¢p | A : A4
T o b (1 o2 ) Acslo) + o (14 3052 cos2e ) Aenle). (A
Assuming that Aeg(¢)=Aep(p), this expression simplifies to
dN 2Rs\y s 2(1 — Rs)AyB )
—— & [ 14+ ———=cos2¢p + ————cos 2¢ | Ae(p). A5
d(e) < 3t hos T T (B4 Aon) #)Ac) (8.5)

from which we can identify

A fit _ RsA,s n (1 - Rs)\oB
3+ Ay fit 3+ Ag,s 3+ )\19’13)

which can be rearranged to give Eq.

(A.6)
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APPENDIX B. Relative Acceptance for Decay Angles

Collins-Soper
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Figure B.1 Relative acceptance for cos¥-¢ in (from top to bottom) the
Collins-Soper, Gottfried-Jackson Forward, Gottfried-Jackson
Backward, and Helicity frames for increasing pr from left to
right. Plots are drawn from real data for the North muon
spectrometer, and the acceptance is nearly identical for the
spectrometer in the South.
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Collins-Soper
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Figure B.2 Relative acceptance for cosd-¢ in (from top to bottom) the
Collins-Soper, Gottfried-Jackson Forward, Gottfried-Jackson
Backward, and Helicity frames for increasing xz from left to
right. Plots are drawn from real data for the North muon
spectrometer, and the acceptance is nearly identical for the
spectrometer in the South.
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APPENDIX C. Data Tables

This appendix contains a collection of data tables for the J/¢¥ SSA presented in Chapter

and the J/v¢ angular decay coefficients presented in Chapter
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