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1 Data and Preservation

1.1 picoDST Files
Matt Durham ran over the Analysis Train, and the picoDST files are located on hhj and hhj3:

/phenix/hhj/durham/taxi/Run15pp200MuonsMUPro108/13187/data
/phenix/hhj3/durham/taxi/Run15pAl200MuonsMUPro105/13051/data
/phenix/hhj3/durham/taxi/Run15pAu105plus108
/phenix/hhj3/durham/taxi/Run14HeAu200MuonsMUPro109/13053/data

1.2 HPSS Snapshot
A snapshot of fitting codes and files has been included in this directory in HPSS:

/home/klsmith/ppg228.tar

1.3 GitHub Repository
All final result macros and root files are located in this repository Sanghoon created:

PHENIX_SmallSystem_Jpsi

1.4 HEPData
All measurements have now been uploaded to HEPData. Maxim Potekhin oversaw and assisted
the process, and Christine Nattrass’ code (github) was used to convert text files into yaml files:

Measurement of J/ψ at forward and backward rapidity in p+ p, p+Al, p+Au, and 3He+Au
collisions at√s

NN
= 200 GeV
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1.5 Data Set, Detailed
1. Run15pp
Data taking period: Feb. 11, 2015 - Apr. 27, 2015
Master DST/pDST production tag: Run-15 200 GeV p+p pro108 (Muons)
Train number: 13187
Number of runs: 873
Runnumber range: 421815 – 432008
Bad runs list for North (1) and South: Sanghoon’s bad run list

2. Run15pAl
Data taking period: Jun. 9, 2015 – Jun. 22, 2015
Master DST/pDST production tag: Run-15 200 GeV p+Al pro105 (Muons)
Train number: 13051
Number of runs: 152
Runnumber range: 436759 – 438422
Bad runs list for North (1) and South: Sanghoon’s bad run list

3a. Run15pAu
Data taking period: May 4, 2015 - Jun. 8, 2015
Master DST/pDST production tag: Run-15 200 GeV p+Au (No VTX) pro105 (Muons)
Train number: 13052
Number of runs: 79
Runnumber range: 432681 – 436647
Bad runs list for North (1) and South: Sanghoon’s bad run list

3b. Run15pAu
Data taking period: May 4, 2015 - Jun. 8, 2015
Master DST/pDST production tag: Run-15 200 GeV p+Au pro108 (Muons)
Train number: 13050
Number of runs: 349
Runnumber range: 432639 – 436647
Bad runs list for North (1) and South: Sanghoon’s bad run list

4. Run14HeAu
Data taking period: Jun. 24, 2014 - Jul. 5, 2014
Master DST/pDST production tag: Run-14 200 GeV He+Au pro109 (Muons)
Train number: 13053
Number of runs: 140
Runnumber range: 415751 – 416842
Bad runs list for North (1) and South: Sanghoon’s bad run list
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Correction to Preliminary Plots

Figure 1: Top: Preliminary Plots. Bottom: Corrected Preliminary Plots. Left: Run15 RpAu vs. Run08
RdAu in the North arm for 0-20% Centrality. Right: Run15 RpAu vs. Run14 RHeAu in the North arm for
the same centrality.

Preliminary was granted for RpAu and RHeAu on May 10, 2019. At this time, pAu and HeAu
North 0-20% centrality agreed with each other, but pAu and dAu North 0-20% did not. These
results were surprising to the analyzers, but many cross checks were performed and it was not
apparent a mistake had been made during the analysis process.

Preliminary was requested for Tony Frawley to present at the 13th International Heavy Quarko-
nium Workshop on May 14, 2019. But Tony had doubts the North arm results were correct, and
a bug in the nuclear modification calculation code was suspected. This code was then rewritten,
although the same results were observed.

Sanghoon Lim then offered to look at the rewritten nuclear modification code. He found
that the fraction of events per centrality range used in the denominator of the invariant yield
calculations were incorrect for both systems (pAu and HeAu). This mistake was a conceptual
error in the way the events in each centrality bin were counted.

Sanghoon then determined the correct fraction of events per centrality, the plots were updated,
and the HI PWG was notified. Please see sections 15.1 and 17.1 for more details on how Sanghoon
determined the correct fraction of events per centrality.
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2 Introduction
This analysis note is an extension of AN 1391. The topic of both this analysis note and AN 1391 is
J/ψ as a function of pT and centrality in small systems. But the important distinction between the
two is that the analysis presented in this note has used Yue Hang Leung’s correlated background
results from AN 1306 (Run15pp) and AN 1369 (Run15pAu).

Another important distinction is that the method for determining the systematic uncertainty
due to the correlated background shape has been revised. Lastly, this current analysis note presents
centrality results for pAu, pAl and 3HeAu, where AN 1391 presents centrality for only one system:
pAu. Otherwise, the current analysis has continued as outlined in AN 1391.

UPDATE: Sanghoon Lim requested additional measurements for this analysis note that were
not included in AN 1354. The measurements he requested are J/ψ as a function of y with centrality
dependence. Please see section 23 for details.

3 Yue Hang Leung’s Correlated Background

3.1 Motivation
In AN 1391 we describe the difference in J/ψ counts that was observed when the shape of the
correlated background changed. The actual shape of the correlated background is not fully known.
Due to this uncertainty, it was suggested by Xioachun He during an FVTX meeting that we use
Yue Hang Leung’s results from his analysis of the correlated background in Run15pp (AN 1306)
and Run15pAu (AN 1369).

3.2 Unlike-sign Background Estimation
The total background is the sum of the combinatorial and correlated backgrounds. The background
is composed of unlike-sign muon pairs, such that

BG(UL) = cc̄(UL) + bb̄(UL) + corr_had(UL) + dy(UL) + comb(UL). (1)

AN 1306 showed the following:
bb̄(UL) ≈ bb̄(LS)

corr_had(UL) ≈ corr_had(LS)

comb(UL) ≈ comb(LS).

In this analysis, we have estimated the unlike-sign background using like-sign pairs:

BG(UL) = LS_pairs+ cc̄(UL) + dy(UL), (2)

where LS pairs include bb̄ and correlated hadron pairs in addition to combinatorial pairs:

LS_pairs = bb̄(LS) + corr_had(LS) + comb(LS). (3)
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Figure 2: Schematic of the δbb̄ contribution for estimating the unlike-sign background using like-sign pairs.

But for the most precise results, we have used

BG(UL) = LS_pairs+ cc̄(UL) + dy(UL) + δbb̄(UL) + δcorr_had(UL), (4)

where
δbb̄(UL) = bb̄(UL)− bb̄(LS) (5)

δcorr_had(UL) = corr_had(UL)− corr_had(LS). (6)

A schematic of δ is included in Figure 1. Therefore, in our reconstruction of Yue Hang’s
correlated background, we have used all of the following components directly from his studies
except for the comb(LS):

BG(UL) = cc̄(UL)+bb̄(UL)+corr_had(UL)+dy(UL)+comb(LS)−bb̄(LS)−corr_had(LS).

(7)

3.3 Fit Function
The function used to fit Yue Hang’s correlated background is the same function used in AN 1391
and AN 1354. It contains five parameters, with ‘c’ being the normalization. It will be used in
various ways throughout the analysis, with some parameters fixed and others free, depending on
the purpose of the fit.

Figure 3: The correlated background fit function (AN 1354 Eq. 2, AN 1391 Section 1).
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4 Run15pp Correlated Background

4.1 Initial Fits
We began with reconstructing the correlated background for Run15pp. Figure 3 shows the mass
distribution for 500 MeV/c pT slices over the range 0−7 GeV/c, where we have fit the background
using the function described above. For the initial fits, all parameters are free. We also fit well
beyond the lower mass limit of 2.0 GeV/c2.

Figure 4: Yue Hang’s Run15pp correlated background in 500 MeV/c binwidths in the North Arm. All
parameters are free.

Immediately we can see that the distribution is divided around 2 GeV/c2. At low pT , which is
approximately 0-1 GeV/c, the correlated background peaks to the right of 2 GeV/c2. But for pT
greater than 1 GeV/c, the peak begins shifting to the left of 2 GeV/c2. For this analysis, we are
fitting the data in the window 2-5 GeV/c2. These results suggest the correlated background could
be pT dependent. We therefore took the resulting bestfit parameters for a, b, d, e and plotted them
as a function of pT .

4.2 Parameters as a function of pT
The parameters over the range 1-7 GeV/c were similar enough to fit with polynomial functions.
The results are shown in Figure 4. These polynomial functions were then input into the Crystal
Ball fitter, and the initial parameter values individually calculated for each pT value.

However, the parameters over the range 0-1 GeV/c changed too rapidly to find functions that
could accurately describe their behavior. In particular, the parameter ‘d’ had the most rapid change,
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as shown in Figure 5. Instead, the bestfit results for parameters a, b, d, e were directly used as the
initial parameters in the Crystal Ball fitter.

Figure 5: 1-7 GeV/c: Bestfit parameters of the correlated background fit function plotted vs. pT for Run15pp
North arm. The parameters are fit with polynomials of varying degrees.

Figure 6: 0-1 GeV/c: Bestfit parameter ‘d’ of the correlated background fit function plotted vs. pT for
Run15pp North arm. We could not find functions that accurately describe the parameters over this range.
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Figure 7: Run15pp North arm rescaled fits for 1.0 < pT < 1.5 GeV/c, left, and 2.0 < pT < 2.5 GeV/c. Only
parameter ‘c’ is free.

Figure 8: Run15pp North arm rescaled fits for 3.0 < pT < 3.5 GeV/c, left, and 4.0 < pT < 4.5 GeV/c. Only
parameter ‘c’ is free.

4.3 Checks on Run15pp Correlated Background
We performed several checks to verify the accuracy of the parameter functions in fitting Yue Hang’s
initial correlated background shape.

4.3.1 Rescaled Fits

We refit each correlated background mass distribution using the polynomial functions to calculate
the bestfit parameter for the given pT value. For this purpose, we fixed all parameters aside from
the normalization, and the rescaled fit is taken over the same mass range as the initial fit. Examples
of these results are shown in Figures 6 and 7.
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Figure 9: Run15pp North arm parameter ‘a’, left, and parameter ‘b’ ratios of rescaled fit value to initial fit
value. We take a closer look at 4.5 < pT < 5.0 GeV/c below.

Figure 10: Run15pp North arm parameter ‘d’, left, and parameter ‘e’ ratios of rescaled fit value to initial
fit value.

4.3.2 Parameter Ratio plots

Additionally, we took the ratio of the parameter value in the rescaled fit compared to the parameter
value in the initial fit. The plots for parameters a, b, d, and e are shown in Figures 8 and 9.

Based on the parameter ‘a’ and ‘b’ plot results for 4.0 < pT < 4.5 GeV/c, we take a closer look
at the rescaled fit. As previously mentioned, the initial fits, as well as the rescaled fits, are over
a broader mass range than the range we are using in the Crystal Ball fitter. Figure 10 shows the
rescaled fit over the broader mass range compared with the rescaled fit over the Crystal Ball mass
range. We see that the main reason for the poor fit is due to the peak. But at higher pT , the peak
does not fall within the mass range used in the Crystal ball fitter. And the fit over the actual data
range is quite good, with χ2/NDF = 1.28.
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Figure 11: Left: The rescaled correlated background fit for 4.5 < pT < 5.0 GeV/c over the same mass range
as the initial fit. Right: The same rescaled correlated background fit over the mass range used in the Crystal
Ball fitter.

4.3.3 Ratio of Rescaled Fit/Initial Fit

The final check we made on the parameter functions is the pT integrated comparison between the
rescaled fits and Yue Hang’s raw correlated background. The raw correlated background is the
sum of all correlated background mass distributions over the pT range 0-7 GeV/c, and is then fit
once, after all the components have been summed over.

The rescaled pT integrated background, on the other hand, is the sum of all individual fits over
the same pT range. Since the area under the curve of each distribution varies, we used a weighted
average to determine pT integrated for the rescaled fits:

y(x) =

∑
i xiwi∑
iwi

. (8)

Here, the weight wi is the area under each correlated background curve, and xi is the rescaled
fit evaluated at each mass bin. Then the weighted average can be written as

y(m) =

∑
pT
ApT f(m |pT )∑
pT
ApT

, (9)

where the area is taken as the area under the curve of the initial fit, f0(m |pT )

ApT =

∫ 5

2

f0(m |pT )dm. (10)

See Figures 11 and 12 for the rescaled pT integrated correlated background shape and for the ratio
with the raw pT integrated shape.
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Figure 12: The rescaled pT integrated correlated background.

Figure 13: The mass ratio of the rescaled pT integrated correlated background to the Yue Hang’s raw pT
integrated correlated background over the mass range 2-5 GeV/c2.
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4.4 Final pT binning
The final pT binning used for the Run15pp correlated background is:

0 - 1 GeV/c: 200 MeV/c binwidths (omitted 400 - 600 MeV/c)
1 - 5 GeV/c: 500 MeV/c binwidths
5 - 7 GeV/c: 1 GeV/c binwidths

The final pT binning used for the Run15pp data is:

0 - 6 GeV/c: 250 MeV/c binwidths
6 - 7 GeV/c: 500 MeV/c binwidths

5 Run15pAu Correlated Background
The Run15pAu correlated background consists of the same components as Run15pp, since we are
again estimating the unlike-sign background using like-sign pairs, such that

BG(UL) = cc̄(UL)+bb̄(UL)+corr_had(UL)+dy(UL)+comb(LS)−bb̄(LS)−corr_had(LS).

(11)
The Run15pAu correlated background was constructed by modifying the Run15pp correlated
background. Aside from the comb(LS), all components listed above were modified except the
contributions from dy(UL), since these modifications are not known.

For all other components, the Run15pp contributions were multiplied by a scaled modification
factor determined by PYTHIA simulations, based on the Run08dAu nuclear modification results.
Please see Yue Hang’s AN 1369 for more detailed and precise information regarding the scaled
modification factors.

5.1 Initial Fits
We proceed now in the same manner as Run15pp. We began with the same pT binwidths as
Run15pp, which were 500 MeV/c pT slices. Figures 13 and 14 show the Run15pAu mass distribu-
tion for 500 MeV/c pT slices over the range 0− 7 GeV/c, where we have fit the background using
the same function as Run15pp (defined in section 2.3). For the initial fits, all parameters are free.
We also fit well beyond the lower mass limit of 2.0 GeV/c2. The Run15pAu fits in the North and
South arm are directly compared with the Run15pp fits.

But the rescaled fits had poor chisquare values, even over the same range as the Crystal Ball
fitter. It became clear that the correlated background must change more rapidly in Run15pAu than
in Run15pp, and that finer pT binning would be needed. Therefore, we switched to 300 MeV/c
binwidths in pT for the Run15pAu correlated background.
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Figure 14: North Arm: Run15pp correlated background mass distribution, left, compared with Run15pAu.
All parameters are free.

Figure 15: South Arm: Run15pp correlated background mass distribution, left, compared with Run15pAu.
All parameters are free.

5.2 Parameters as a function of pT
The parameters over the range 1-7 GeV/c were similar enough to fit with polynomial functions, as
was the case for Run15pp. The results are shown in Figure 15. These polynomial functions were
then input into the Crystal Ball fitter, and the initial parameter values individually calculated for
each pT value.

However, the parameters over the range 0-1 GeV/c changed too rapidly to find functions that
could accurately describe their behavior, which was also the case in Run15pp. The same method
was followed here as well, with the bestfit results for parameters a, b, d, e directly used as the
initial parameters in the Crystal Ball fitter.
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Figure 16: 1-7 GeV/c: Bestfit parameters of the correlated background fit function plotted vs. pT for
Run15pAu North arm. The parameters are fit with polynomials of varying degrees.

Figure 17: Rescaled fits for Run15pAu in the North Arm with 300 MeV/c binning. The initial parameter
values were calculated from the polynomial functions shown in the above plot. Only the normalization
parameter ‘c’ is free.
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5.3 Checks on Run15pAu Correlated Background
The same checks were performed on the correlated background for Run15pAu as Run15pp.

5.3.1 Rescaled Fits

We refit each correlated background mass distribution using the polynomial functions to calculate
the bestfit parameter for the given pT value. For this purpose, we fixed all parameters aside from
the normalization. These fits are shown in Figure 16.

5.3.2 Parameter Ratio plots

We also took the ratio of the parameter value in the rescaled fit compared to the parameter value in
the initial fit. The plots for parameters a, b, d, and e are shown in Figures 17 and 18.

Figure 19: Top: Run15pAu North arm parameter ‘a’, left, and parameter ‘b’ ratios of rescaled fit value to
initial fit value. Bottom: Run15pAu North Arm parameter ’d’ and parameter ’e’ ratios.

19



5.3.3 Ratio of Rescaled Fit/Initial Fit

The final check we made on the parameter functions is the pT integrated comparison between
the rescaled fits and Yue Hang’s raw correlated background, as shown in Figures 19 and 20. See
Section 3.3.3 for details of the method.

5.4 Final pT binning
The final pT binning used for the Run15pAu correlated background is:

0 - 1 GeV/c: 200 MeV/c binwidths (omitted 400 - 600 MeV/c)
1 - 5 GeV/c: 300 MeV/c binwidths
5 - 7 GeV/c: 1 GeV/c binwidths

The final pT binning used for the Run15pAu Centrality data is:

0 - 4 GeV/c: 250 MeV/c binwidths
4 - 5 GeV/c: 500 MeV/c binwidths
5 - 7 GeV/c: 2 GeV/c binwidth

Figure 20: Run15pAu North Arm: The rescaled pT integrated correlated background shown together with
Yue Hang’s raw pT integrated correlated background over the mass range 2-5 GeV/c2.
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Figure 21: Run15pAu North Arm: The mass ratio of the rescaled pT integrated correlated background to
the Yue Hang’s raw pT integrated correlated background over the mass range 2-5 GeV/c2.

6 Run15pAl and Run14HeAu Correlated Backgrounds
Yue Hang did not study the correlated backgrounds for Run15pAl or Run14HeAu. Therefore,
to maintain uniformity in the analysis, we used the Run15pp correlated background results to fit
Run15pAl, and we used the Run15pAu correlated background results to fit Run14HeAu.

We initially tried using the pT dependent correlated background parameter functions, but the
uncertainties in the fits were large and the fits themselves were less stable than what was observed
in Run15pp and Run15pAu. Therefore, we decided to use the pT integrated fit results for the initial
parameters in both systems.

6.1 Final pT binning, Run15pAl
The final pT binning used for the Run15pAl correlated background is the Run15pp binning:

0 - 1 GeV/c: 200 MeV/c binwidths (omitted 400 - 600 MeV/c)
1 - 5 GeV/c: 500 MeV/c binwidths
5 - 7 GeV/c: 1 GeV/c binwidths

The final pT binning used for the Run15pAl Centrality data is:

0 - 4 GeV/c: 250 MeV/c binwidths
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4 - 5 GeV/c: 1 GeV/c binwidths
5 - 7 GeV/c: 2 GeV/c binwidths

6.2 Final pT binning, Run14HeAu
The final pT binning used for the Run14HeAu correlated background is the Run15pAu binning:

0 - 1 GeV/c: 200 MeV/c binwidths (omitted 400 - 600 MeV/c)
1 - 5 GeV/c: 300 MeV/c binwidths
5 - 7 GeV/c: 1 GeV/c binwidths

The final pT binning used for the Run14HeAu Centrality data is:

0 - 2.5 GeV/c: 250 MeV/c binwidths
2.5 - 4 GeV/c: 500 MeV/c binwidths
4 - 5 GeV/c: 1 GeV/c binwidths
5 - 7 GeV/c: 2 GeV/c binwidths

7 Correlated Background Systematic Uncertainty
The systematic uncertainties associated with each system are detailed in AN 1391, Table 11. These
systematic uncertainties were applied in the same manner for the results presented in this note
except for the correlated background systematic uncertainties.

7.1 Sanghoon’s Method
One of the important differences between this analysis note and AN 1391 is the new method
proposed by Sanghoon Lim to calculate the systematic uncertainty arising from the uncertainty in
the correlated background shape. Here we present the logic for the study:

1. J/ψ fit with unmodified correlated background shape from Yue Hang’s results is not good.

2. This is understandable because we’re using different cuts and different mass calculation. In
addition, his shape is also from simulation.

3. In order to handle that, we can free some parameters in the fit function for Yue Hang’s
correlated background shape.

4. Since we don’t know how many free parameters are best, we tested two cases: one free
except for normalization (case A) and two free except for normalization (Case FGH).
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Figure 22: Example: Run15pp North Arm bin 7 (1.5 < pT < 1.75 GeV/c) data fit using Case F, which has
parameters a, c, d free.

Figure 23: Example: Run15pp North Arm bin 7 (1.5 < pT < 1.75 GeV/c) data fit using Case G, which has
parameters c, d, e free.

We have included an example of this method using a high statistics bin from Run15pp: bin 7,
which corresponds to the pT range 1.50 – 1.75 GeV/c. See Figures 21 - 24.

This same method was applied to extract the counts for all pT in both the North and South arms.
We then calculated the systematic uncertainty between the Case A J/ψ counts and the average of
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Figure 24: Example: Run15pp North Arm bin 7 (1.5 < pT < 1.75 GeV/c) data fit using Case H, which has
parameters a, c, e free.

Figure 25: Example: Run15pp North Arm bin 7 (1.5 < pT < 1.75 GeV/c) data fit using Case A, which has
parameters c, e free.

the Case F, Case G, and Case H J/ψ counts, using the following formula:

σcorrbg =
|J/ψCaseA − J/ψCaseFGH |

J/ψCaseA
± σCaseA

J/ψCaseA
. (12)
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Figure 26: Run15pp North systematic uncertainty distribution as a function of pT . There are discrepancies
between the two cases larger than statistical uncertainty due to the combinatorial background.

7.2 Combinatorial Background Contribution
The resulting distribution was plotted as a function of pT in Figure 25. The systematic uncertainty
distribution shows differences between the counts that are larger than the statistical uncertainty.
The contribution from the slope of the fit to the combinatorial background is enough to cause a
discrepancy between the Case A and the Case FGH counts.

For the fitting of Cases F, G and H, the same initial parameters for the combinatorial back-
ground were used in all three cases for the aforementioned reason. We went back and fit Case A
using the same set of initial parameters used for the Cases F, G and H. If the Case A fit failed,
then A, F, G and H were refit with a new set of combinatorial initial parameters. This resolved the
discrepancy between the counts. See Figure 26 for the final results.

7.3 Systematic Study Conclusion
From these four different cases of fixing and freeing the five parameters of the correlated back-
ground fit function, we can see the variation in J/ψ counts due to the uncertainty in the correlated
background shape. In Table 1, we have summarized the resulting J/ψ counts from the four different
cases, after refitting to a new set of parameters for the combinatorial background.

Table 1: Systematic Study Example: Bin 7 in Run15pp North Arm, with the same combinatorial background
initial parameters used for all Cases.

Case A Ave FGH Case F Case G Case H Prelim
2,845 ± 66 2,843 ± 68 2,766 ± 75 2,883 ± 64 2,881 ± 64 2,746 ± 64
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Figure 27: Run15pp North systematic uncertainty distribution as a function of pT with the same combina-
torial background initial parameters used in all four cases.

The results from Case A and the average of CaseFGH are consistent, which verifies that the J/ψ
extraction is not that sensitive to the correlated background shape. Therefore, we decided to use
the results from case A (less free parameters) as the central value and the results from case FGH
(more free parameters) for the systematic check.

7.4 Check on CaseFGH
Tony wondered how closely Case FGH matches Yue Hang’s original correlated background shape,
since there are two free parameters (aside from normalization), while Case A has one free pa-
rameter aside from normalization. Sanghoon suggested to take the mass ratios of the correlated
background, with Case A compared with Yue Hang’s initial fit and then to do the same with Case
FGH. The results indicate that both Cases describe the initial correlated background quite well (see
Figure 28).

7.5 Systematic Study Results
The systematic uncertainty as a function of pT was plotted and a line of best fit was used to de-
termine the overall value to assign as the correlated background systematic uncertainty. We used
this approach for all systems and all measurements. The results are listed in Table 2. The fitted
distributions for all systems and centralities are shown in Figures 28-34.
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Figure 28: Run15pp North correlated background comparison between the ratios of Case FGH to Yue
Hang’s initial fit and Case A to Yue Hang’s initial fit. bin 7 is shown (1.5 - 1.75 GeV/c).

Figure 29: Run15pp correlated background fractional systematic uncertainty distributions for both North,
left, and South Arms. The South arm uncertainty was rounded up to 1.00%

27



Figure 30: Run15pAu North correlated background fractional systematic uncertainty distributions for all
centralities.
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Figure 31: Run15pAu South correlated background fractional systematic uncertainty distributions for all
centralities.
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Figure 32: Run15pAl North correlated background fractional systematic uncertainty distributions for all
centralities. Due to low statistics, Run15pp North systematic uncertainty (σcorrbg = 1.4) was used instead
for all three centralities.
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Figure 33: Run15pAl South correlated background fractional systematic uncertainty distributions for all
centralities. Due to low statistics, Run15pp North systematic uncertainty (σcorrbg = 1.0) was used instead
for all three centralities.
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7.5.1 Run14HeAu Systematic Uncertainty

We determined the systematic uncertainty in the same manner for Run14HeAu as for the other sys-
tems, and the results are included here. But because of the low statistics, the systematic uncertainty
results are more likely measuring statistical fluctuations as opposed to changes in the shape of the
correlated background. For this reason, we have assigned the Run15pAu systematic uncertainty
results to Run14HeAu for the 0-20 and 20-40 centrality bins. For the 40-88 Centrality range, we
took the weighted average of 40-60 and 60-84 uncertainties in pAu, with the weight being the
centrality binwidth.

Figure 34: Run14HeAu North correlated background fractional systematic uncertainty distributions for
all centralities. Please see above section“Run14HeAu Systematic Uncertainty" for details regarding the
assignment of systematic uncertainty for this system.
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Figure 35: Run14HeAu South correlated background fractional systematic uncertainty distributions for all
centralities. Please see the section“Run14HeAu Systematic Uncertainty" for details regarding the assign-
ment of systematic uncertainty for this system.
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Table 2: Correlated background fractional systematic uncertainty results. The value associated with the
line of best fit through each pT distribution was taken as the systematic uncertainty. The minimum bias
uncertainties are the average of centrality uncertainties.

Arm System Centrality σcorrbg
North Run15pp - 1.40%
South Run15pp - 1.72%
North Run15pAu 0-5 2.39%

5-10 2.39%
10-20 2.39%
20-40 2.39%
40-60 2.67%
60-84 1.90%

MinBias 2.33%
South Run15pAu 0-5 2.79%

5-10 2.79%
10-20 2.79%
0-20 2.79%
20-40 1.38%
20-40 1.38%
40-60 2.54%
60-84 2.00%

MinBias 2.18%
North Run15pAl 0-20 1.40%

20-40 1.40%
40-72 1.40%

MinBias 1.40%
South Run15pAl 0-20 1.72%

20-40 1.72%
40-72 1.72%

MinBias 1.72%
North Run14HeAu 0-20 2.35%

20-40 2.39%
40-88 2.25%

MinBias 2.33%
South Run14HeAu 0-20 2.79%

20-40 1.38%
40-88 2.25%

MinBias 2.14 %
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8 Run15pp Checks on J/ψ Counts

8.1 Sum Over pT
We refit the previous results for J/ψ vs. pT (AN1391) to ensure results were consistent despite
different analysis methods used. The results are compared with Case FGH counts as well. See
Figure 36.

Figure 36: Run15pp North and South arm pT check. Case A is consistent with Case FGH, and Case A as
the central value is consistent with pT integrated results.

35



8.2 Sum Over Rapidity
We refit the preliminary results for J/ψ vs. rapidity (AN1354) to ensure results were consistent
despite different analysis methods used. The results are compared with Case FGH counts as well.
See Figure 37.

Figure 37: Run15pp forward and backward rapidity check. Case A is consistent with Case FGH, and Case
A as the central value is consistent with rapidity integrated results.

36



9 Run15pAu Checks on J/ψ Counts
The same checks were performed on Run15pAu as Run15pp, in addition to several more needed
to confirm centrality results.

9.1 Sum Over pT

Figure 38: Centrality Integrated Results for Run15pAu.

9.2 Sum Over Rapidity
We refit the preliminary results for J/ψ vs. rapidity (AN1354) to ensure results were consistent
despite different analysis methods used. The results are compared with Case FGH counts as well.

9.3 Sum Over Centrality
We checked if the sum of Case A pT counts over each centrality bin is consistent with the sum of
the average of Cases F, G and H. We also checked if the resulting sum is consistent with the pT
integrated fit value for each centrality range.
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Figure 39: Run15pAu rapidity checks. Top: Forward rapidity. Case A is consistent with Case FGH, and
Case A as the central value is consistent with rapidity integrated results in both directions.
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9.4 σ vs pT
During an fvtx meeting, it was requested by Xuan Li to plot the width of the J/ψ peak versus pT as
an additional check on the Run15pAu centrality, because the peak looked narrow at low pT . The
plots for each centrality range in both the north and south arms as well as the pT integrated widths
as a function of centrality are shown in 40 and 41.

Figure 40: Run15pAu J/ψ width check as a function of pT and centrality. The muon arms consistently
measures approximately 140 MeV for σ.

Figure 41: Run15pAu North and South arms pT integrated width as function of centrality.
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10 Run15pAl Checks on J/ψ Counts
All of the same checks used for Run15pAu were used for Run15pAl.

10.1 Sum over pT

Figure 42: Centrality Integrated Results for Run15pAl.

10.2 Sum over Rapidity
We refit the preliminary results for J/ψ vs. rapidity (AN1354) to ensure results were consistent
despite different analysis methods used. The results are compared with Case FGH counts as well.

10.3 Sum over Centrality
We checked if the sum of Case A pT counts over each centrality bin is consistent with the sum of
the average of Cases F, G and H. We also checked if the resulting sum is consistent with the pT
integrated fit value for each centrality range.

10.4 σ vs. pT
During an fvtx meeting, it was requested by Xuan Li to plot the width of the J/ψ peak versus pT
as an additional check on the Run15pAu centrality, because the peak looked narrow at low pT . We
continue the same check here with Run15pAl.
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Figure 43: Run15pAl forward and backward rapidity check. Case A is consistent with Case FGH, and Case
A as the central value is consistent with rapidity integrated results.
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11 Run14HeAu Checks on J/ψ Counts
All of the same checks used for Run15pAu were used for Run14HeAu.

11.1 Sum over pT

Figure 44: Centrality Integrated Results for Run14HeAu.

11.2 Sum over Rapidity
We refit the preliminary results for J/ψ vs. rapidity (AN1354) to ensure results were consistent
despite different analysis methods used. The results are compared with Case FGH counts as well.

11.3 Sum over Centrality
As with the other systems, we checked if the sum of Case A pT counts over each centrality bin is
consistent with the sum of the average of Cases F, G and H. We also checked if the resulting sum
is consistent with the pT integrated fit value for each centrality range.

11.4 σ vs. pT
During an fvtx meeting, it was requested by Xuan Li to plot the width of the J/ψ peak versus pT
as an additional check on the Run15pAu centrality, because the peak looked narrow at low pT . We
continued the same check here with Run14HeAu.
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Figure 45: Run14HeAu forward and backward rapidity check. Case A is consistent with Case FGH, and
Case A as the central value is consistent with rapidity integrated results.
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11.4.1 Fixing the J/ψ Width

However, the widths were not as well defined for Run4HeAu as in Run15pAu, due to low statistics.
Tony suggested to fix the J/ψ width to the average value of pAu for the corresponding centrality
range. Sanghoon further suggested that the width of the J/ψ peak be fixed to the width of the
HeAu minimum bias fit, if statistics were good enough. The statistics were quite good (see Figure
46), and so this method was implemented for all HeAu fits. This method carries a systematic
uncertainty with it, which we will discuss in the Type B systematic uncertainty section.

11.4.2 Fixing the Center of the J/ψ Peak

Sanghoon additionally suggested to fix the center of the J/ψ peak after seeing the results from
fixing the width. This also carries with it a systematic uncertainty that we will discuss in the Type
B systematic uncertainty section.

Figure 46: Run14HeAu Minimum Bias fits for the North, left, and South arm.

12 Bias Correction Factor
The bias correction factor is used in the nuclear modification factor for both centrality integrated
and centrality dependent measurements. These factors were determined by James Nagle in the
following three Analysis Notes: AN 1207 (Run14HeAu), AN 1265 (Run15pAu ) and AN 1290
(Run15pAl). For additional information on how it is applied to the raw counts, see slides 23-28 in
the following link: bias correction factor c(x)
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13 Centralities
Initially we planned to analyze the Run15pAu data organized into 0-20, 20-40, 40-60 and 60-84%
centrality bins, and all analysis prior to July 2019 showed these centrality ranges. However, in
June 2019, Sanghoon completed a separate analysis on charged hadrons in p+Au and p+Al data,
and the paper was released to the collaboration. Tony was interested in particular in Figure 10,
which includes finer centrality binning for 0-20%.

Charged hadron paper: PPG201

Additionally, ALICE released new results at the Initial Stages 2019 conference on J/ψ →
µ+µ−, which also included finer centrality binning for 0-20%. Therefore, it was decided in the
FVTX meeting July 17, 2019 to include 0-5, 5-10 and 10-20 for Run15pAu, but keep 0-20
p+Au to compare with p+Al and He+Au. Initial Stages 2019 presentation: ALICE Results
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14 NEW: 0-5-10-20% pAu Analysis
As discussed in the last section, the decision to add finer centrality binning came at the end of the
analysis. For this reason, we have added the finer centrality binning results in a separate section.

14.1 Checks
We performed the same checks that were done for Run15pAu 0-20-40-60-84 centrality. The sum
over pT and the sum over rapidity are independent of centrality. Therefore, the only relevant check
is the sum over centrality.

14.2 Summary of Analysis Method
Because 0-5-10-20 is much finer binning than 0-20, we decided to fix the J/ψ lineshape to prevent
against statistical fluctuations from low statistics. For the systematic uncertainty related to doing
this, we used the results from the HeAu study, since this study used Run15pAu 0-20 centrality
anyway (for better statistics). See section 6.5.1 for more information.

We also did not calculate a new correlated background uncertainty for 0-5-10-20, and instead
used the uncertainty results already determined using the Run15pAu 0-20 centrality (see section
6.5).

Also, for this finer centrality, we were able to fit all the way up to 7 GeV/c. Therefore all
Run15pAu results for centrality integrated and centrality dependence are over the range 0-7 GeV/c,
and all Run15pAu centrality dependence has the same binning.
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15 Binshift Corrections
Binshift corrections were applied as outlined in AN 1391. ForRAB measurements, binshift correc-
tions were applied to both the pp invariant yield as well as the AA invariant yield. The corrections
are listed by system in the following order: Run15pp, Run15pAu, Run15pAl and Run14HeAu.

Figure 47: Run15pp North and South invariant yield binshift correction fits.

Figure 48: Run15pp North and South invariant yield binshift corrections.
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Figure 49: Run15pp North and South invariant yield binshift correction fits for pAu Centrality. All pAu
centrality fits share the same pT binning, therefore only one set of pp yields (and corrections) are necessary.

Figure 50: Run15pAu North and South invariant yield binshift correction fits. Larger centralities shown.
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Figure 51: North binshift correction values for Run15pAu and Run15pp invariant yields. All centralities
shown.

Figure 52: South binshift correction values for Run15pAu and Run15pp invariant yields. All centralities
shown.
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Figure 53: Run15pAu North and South invariant yield binshift correction fits. Finer centralities shown.
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Figure 54: South binshift correction values for Run15pAu and Run15pp invariant yields. Finer centralities
shown.
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Figure 55: Run15pAl North and South invariant yield binshift correction fits. All centralities shown. The pp
invariant yields used in the nuclear modification factor RpAl share the same pT binning as Run15pAu, and
are shown in Figure 51.
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Figure 56: North and South Arm binshift correction values for Run15pAl and Run15pp invariant yields. All
centralities shown.
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Figure 57: Run15pp North and South invariant yield binshift correction fits for HeAu Centrality. All HeAu
centrality fits share the same pT binning, therefore only one set of pp yields (and corrections) are necessary.

Figure 58: Run14HeAu North and South invariant yield binshift correction fits. All centralities shown.
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Figure 59: North, top, and South binshift correction values for Run14HeAu and Run15pp invariant yields.
All centralities shown.
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16 Uncertainties: Type A, B and C

16.1 Type A: Statistical Uncertainty
The Type A statistical uncertainty present in this analysis arises from only one source: the uncer-
tainty in the J/ψ yield.

16.2 Type B: Systematic Uncertainty
All Type B systematic uncertainties taken into consideration in this analysis, aside from the cor-
related background shape and fixing the J/ψ lineshape (see section 12.2.1), were determined by
Matt Durham and Sanghoon Lim in AN 1354. These include background normalization, trigger
efficiency, J/ψ polarization, run to run variation, phi matching and initial shape. The same proce-
dure and uncertainties were used for the centrality dependent nuclear modification factor as for the
centrality integrated nuclear modification factor. In particular, the systematic uncertainty on J/ψ
polarization cancels out when calculating RAB by assuming the same polarization between pp and
pAl, pp and pAu, and pp and 3HeAu.

16.2.1 Run14HeAu: Fixing the J/ψ Width and Center of the Peak

As previously mentioned, the statistics were low for Run14HeAu J/ψ analysis as a function of pT
and centrality. To remedy this, we fixed the center of the J/ψ peak as well as the width of the J/ψ
peak to the HeAu minimum bias results. The HeAu minimum bias was fit using the pT integrated
pAu correlated background result as initial parameters, using the Case ‘A’ fit.

The systematic uncertainty for fixing the J/ψ peak and width was determined using the Run15pAu
data set, since the statistics were too low in Run14HeAu to accurately determine this effect. Since
both the width and the center of the peak were fixed to the same value for all centrality bins, the
systematic uncertainty is independent of centrality. We selected the centrality bin with the highest
statistics, Run15pAu 0-20. Following the suggestions by Tony and Sanghoon described in 10.4.1
and 10.4.2, the pAu MB data was fit and the bestfit results for the width and the center of the J/ψ
peak were extracted.

We then refit the pAu 0-20 spectra with the width and the center of the peak fixed to the
minimum bias values shown in the above figures. Taking the minimum bias results as the central
value, we calculated the systematic uncertainty following the same formula used in Sanghoon’s
method for the correlated background systematic study. The results are shown on the next page.

16.3 Type C: Global Uncertainty
The global uncertainties in the centrality dependent RAB are due to the BBC uncertainty, the
Ncoll estimation and also from the bias correction factors. These are the same sources of global
uncertainty that were present in the centrality integrated RAB. Please refer to the table on the
next page for a complete list of centrality dependent global errors. A weighted average was taken
to determine the uncertainties for the 40-88 range in Run14HeAu as well as the 0-20 range in
Run15pAl (see section 17.1: Rebinning Centralities for more details).
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Figure 60: Top: Run15pAu MB fit for the North and South Arms. The bestfit values for the J/ψ width and
the center of the peak are shown. Bottom: Run14HeAu systematic uncertainty results for fixing the width
and the center of the J/ψ peak. Run15pAu data was used for more reliable statistics.
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Table 3: Run15pp, Run15pAu, Run15pAl and Run14HeAu Type B systematic uncertainties included in the
nuclear modification factor RAB . Results for all centralities and transverse momenta shown as a range.

System Corr. BG Run Var. Initial Shape Trigger eff. BG Norm Lineshape
Run15pp N 1.4% 4.0% 2.0% 1.0 - 1.7% neg -
Run15pp S 1.7% 4.7% 2.0% 1.0 - 2.6% neg -

Run15pAu N 1.9 - 2.7% 1.6% 2.0% 1.0 - 1.7% 1.0% -
Run15pAu S 1.4 - 2.8% 3.5% 2.0% 1.0 - 4.8% 4.4% -
Run15pAl N 1.40% 2.8% 2.0% 1.0 - 1.8% 1.0% 1.1%
Run15pAl S 1.79% 3.3% 2.0% 2.0 - 4.6% 1.0% 1.1%

Run14HeAu N 2.3 - 2.4% 1.5% 2.0% 1.0 - 2.4% 1.0% 1.5%
Run14HeAu S 1.4 - 2.8% 5.0% 2.0% 1.0 - 2.4% 2.7% 2.9%

p+Au N (0-5-10-20%) 1.9 - 2.7% 1.6% 2.0% 1.0 - 1.7% 1.0% 1.5%
p+Au S (0-5-10-20%) 1.4 - 2.8% 3.5% 2.0% 1.0 - 4.8% 4.4% 2.9%

Table 4: Type C fractional systematic uncertainties for all centralities.

Centrality System Ncoll bias correction Reference BBC (Ref: AN1354) Total
0-100 Run15pp - - - 10% 10%

0-5 Run15pAu 6.19% 1.16% AN1265 10% 11.82%
5-10 5.95% 1.11% AN1265 10% 11.69%

10-20 6.76% 1.06% AN1265 10% 12.12%
0-20 6.10% 1.11% AN1265 10% 11.77%

20-40 6.56% 1.02% AN1265 10% 12.00%
40-60 6.82% 0.98% AN1265 10% 12.14%
60-84 7.69% 6.00% AN1265 10% 13.97%
0-84 6.38% 1.63% AN1265 10% 11.97%
0-20 Run15pAl 7.42% 1.24% AN1290 10% 12.51%

20-40 4.35% 2.22% AN1290 10% 11.13%
40-72 5.88% 3.96% AN1290 10% 12.26%
0-72 4.76% 2.50% AN1290 10% 11.35%
0-20 Run14HeAu 7.62% 1.05% AN1207 10% 12.62%

20-40 7.43% 0.99% AN1207 10% 12.50%
40-88 8.12% 3.24 % AN1207 10% 13.28%
0-88 6.73% 1.12% AN1207 10% 12.11%

61



17 Trigger and Acceptance Reconstruction Efficiencies
Trigger efficiencies and acceptance reconstruction efficiencies in all systems were generated by
Sanghoon Lim. This includes centrality/rapidity integrated Run15pAu, Run15pAl and Run14HeAu,
and rapidity integrated Run15pp for the preliminary results presented in AN 1391. It also includes
all centralities for Run15pAu, Run15pAl and Run14HeAu presented in this note.

In total, 36 efficiency files were needed for the analysis of J/ψ as a function of pT . Sanghoon fit
all efficiency histograms aside from Run15pp, as the pT binning used was exactly the same. The
figures below show Run15pAu acceptance and trigger efficiencies and their corresponding fits for
the 0-20 centrality range in the North and South Arms. For a complete description of the methods
Sanghoon used, see AN 1354 section 3.

Figure 61: North Run15pAu efficiencies, top, and South for the 0-20 centrality range, with trigger effi-
ciencies shown on the left and acceptance reconstruction efficiencies on the right. Generated by Sanghoon
Lim.
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18 Run15pp Results
The Run15pp results for J/ψ vs. pT include the invariant cross section vs. pT , the North to South
invariant cross section ratio and comparison with PPG 104 results.

18.1 GEANT3/GEANT4 Discrepancy
Sanghoon Lim discovered a discrepancy between simulation results for GEANT3 as compared to
GEANT4, which is the basis for the discrepancies between Run15pp and PPG104. These results
were presented in the HI PWG meeting (April 4, 2019), and it was determined GEANT4 should
be used. A summary of his study can be found in section 3.8 of AN 1354, and the link to his
presentation is included below.

18.1.1 Sanghoon’s HI PWG Presentation

Comparison between G3 and G4

Figure 62: Invariant cross section results for Run15pp in both arms, left. Right: Average Run15pp cross
sections compared with PPG104.
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Figure 63: Ratio of the Run15pp North arm invariant cross section to the South arm invariant cross section.

Figure 64: Ratio of the average of the Run15pp North and South arm invariant yields to PPG 104 results.
Please see section 13.1 for more details.
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19 Run15pAu Results
The Run15pAu results show RAB as a function of pT and centrality, and are compared with
Run08dAu. Additional plots include RAB vs. Ncoll and the ratios of RpAu/RdAu per centrality
range. Each pp yield in the nuclear modification factor was fit individually, and a binshift correc-
tion was applied.

19.1 Fraction of Events per Centrality Range
Sanghoon Lim found and corrected an error in the preliminary results concerning the fraction of
events per centrality range.

According to AN 1265, “Note that the distribution is not perfectly flat due to the BBCLL1 z-
vertex resolution dependence on multiplicity. This emphasizes that one must count events in each
centrality category explicitly since centrality flattening is done for the unbiased wider range.”

In Run15pAu,the MuID 2D trigger was combined with different MB triggers (narrow-z, +/-30
cm, wide-z), so the flat centrality distribution for BBCLL1 trigger of +/-30 (by definition) is not
flat for narrow-z. Therefore, to determine the correct fraction of events per centrality range for
Run15pAu, we need to count the number of events from three BBCLL1 triggers combined with
the 2D trigger in each centrality range. A slide showing the run numbers associated with each
trigger combination is shown in Figure 65.

Figure 65: Image credit: Sanghoon Lim. Sanghoon’s 2017 PHENIX summer school slides

65

https://phenix-intra.sdcc.bnl.gov/WWW/p/draft/shlim/slides/PHENIX_school_shlim_Muon_Arm_Ana.pdf


The fraction of events per centrality range ∆x is included in the denominator of the invariant
yield, which is needed to determine the nuclear modification factor as a function of centrality ‘x’:

dY
J/ψ
AB (x) =

c(x)N
J/ψ
AB (x)

2πpT∆pT∆y εtrig(x)εacc(x)∆xNMB

(13)

RAB(x) =
dY

J/ψ
AB (x)

Ncoll(x)dY
J/ψ
pp

(14)

For Run15pAu, Sanghoon directly counted the events and provided the following fraction of
events per centrality range, listed in Table 5.

Table 5: Run15pAu fraction of events per centrality range. All values determined by Sanghoon Lim using
direct counting, as described in AN 1265.

Arm Centrality incorrect ∆x correct ∆x

North 0-5 0.05 0.06352
5-10 0.05 0.06292

10-20 0.10 0.1253
0-20 0.20 0.2426

20-40 0.20 0.2382
40-60 0.20 0.2363
60-84 0.24 0.2829

South 0-5 0.05 0.06087
5-10 0.05 0.06013

10-20 0.10 0.1196
0-20 0.20 0.2431

20-40 0.20 0.2381
40-60 0.20 0.2361
60-84 0.24 0.2826
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Figure 66: Run15pAu RpAu vs. pT for 0-5, 5-10, and 10-20 in both North and South Arms.
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Figure 67: Run15pAu RpAu vs. pT for 0-20, 20-40, 40-60 and 60-84 in both North and South Arms.
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Figure 68: North Arm Results: The ratio of RpAu/RdAu for 0-20, 20-40, 40-60 and 60-84(60-88).
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Figure 69: South Arm Results: The ratio of RpAu/RdAu for 0-20, 20-40, 40-60 and 60-84(60-88).
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20 Run15pAl Results
The Run15pAu results show RAB as a function of pT and centrality, and are compared with
Run08dAu. Additional plots include RAB vs. Ncoll, and the RAB ratio of pAu to dAu. Each pp
yield in the nuclear modification factor was fit individually, and a binshift correction was applied.

20.1 Fraction of Events per Centrality Range
Sanghoon Lim found and corrected an error in the preliminary results for Run15pAu and Run14HeAu,
which extends to Run15pAl, concerning the fraction of events per centrality range. According to
AN 1290, “high luminosity is an issue in the p+Al running." “One normally expects a flat dis-
tribution as a function of run number (i.e. the same fraction of events in the 0-20% category for
all runs). However, that is not what is observed due to double interactions." “Users will need to
check their specific analysis results and the impact of double interactions." The fraction of events
per centrality range ∆x is included in the denominator of the invariant yield, which is needed to
determine the nuclear modification factor as a function of centrality x:

Y
J/ψ
AB (x) =

c(x)N
J/ψ
AB (x)

2πpT∆pT∆y εtrig(x)εacc(x)∆xNMB

(15)

RAB(x) =
dY

J/ψ
AB (x)

Ncoll(x)dY
J/ψ
pp

(16)

20.1.1 Sanghoon’s High Luminosity Study of Run15pAl

Sanghoon investigated the effects of double interactions in p+Al on pages 27-28 of AN 1277.
Sanghoon provided the following fraction of events per centrality range, listed in Table 6.

Table 6: Run15pAl fraction of events per centrality range. All values determined by Sanghoon Lim.

Arm Centrality incorrect ∆x correct ∆x

North 0-20 0.20 0.2899
20-40 0.20 0.277
40-72 0.32 0.433

South 0-20 0.20 0.29
20-40 0.20 0.277
40-72 0.32 0.4327

20.2 Rebinning Centralities
We combined the 40-60 TH2D histogram with the 60-72 TH2D histogram using the same method
as Run14HeAu, described in section 17.2.1. Taking a weighted average for the acceptance and
MUID trigger efficiencies, the MUID trigger systematic error, Ncoll and the bias correction factor
were not necessary, as these were already binned in 40-72 centralities (AN 1207).

71

https://phenix-intra.sdcc.bnl.gov/phenix/WWW/p/draft/shlim/AnaNote/Run15pAupAl200_muon_arm_hadron_rcp_v1.pdf


Figure 70: Run15pAl North and South RAB vs. pT . All centralities shown.
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21 Run14HeAu Results
The Run14HeAu results show RAB as a function of pT and centrality, and are compared with
Run15pAu. Additional plots include RAB vs. Ncoll, and the RAB ratio of HeAu to pAu. Each pp
yield in the nuclear modification factor was fit individually, and a binshift correction was applied.
Please see section 14.1 for details on the pT integrated Ncoll calculation.

21.1 Fraction of Events per Centrality Range
Sanghoon Lim found and corrected an error in the preliminary results concerning the fraction of
events per centrality range.

According to AN 1207, the 2D triggers are combined with BBCLL1 +/-30 cm, and the central-
ity distribution is flat. Therefore we can just take the ratio of centrality percentage between cen-
trality bin and MB, and events do not need to be directly counted, as was necessary for Run15pAu.
For example, the 0-20% range centrality for Run14HeAu would correspond to 0.2/0.88 = 0.227.

The fraction of events per centrality range ∆x is included in the denominator of the invariant
yield, which is needed to determine the nuclear modification factor as a function of centrality x:

Y
J/ψ
AB (x) =

c(x)N
J/ψ
AB (x)

2πpT∆pT∆y εtrig(x)εacc(x)∆xNMB

(17)

RAB(x) =
dY

J/ψ
AB (x)

Ncoll(x)dY
J/ψ
pp

(18)

For Run14HeAu, Sanghoon determined the following fraction of events per centrality range,
listed in Table 7.

Table 7: Run14HeAu fraction of events per centrality range. All values determined by Sanghoon Lim.

Arm Centrality incorrect ∆x correct ∆x

North 0-20 0.20 0.227
20-40 0.20 0.227
40-88 0.48 0.545

South 0-20 0.20 0.227
20-40 0.20 0.227
40-88 0.48 0.545

21.2 Rebinning Centralities
The statistics were much lower in Run14HeAu than in Run15pAu, and it was necessary to combine
the centrality range 40-60 with 60-88. To do this, we took the weighted average of Ncoll from both
centrality bins, and the weighted average of the bias correction factor from both centrality bins.
The weight used in both cases was the centrality binwidth ∆x = 0.2, 0.28.
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To combine the acceptance and trigger efficiencies that Sanghoon generated, we again took the
weighted average. The centrality bins 40-60 and 60-88 had been previously fit, and had their yields
extracted. The weight used was then the yield for each pT bin. This was also done for the trigger
efficiency systematic error as well.

21.2.1 Combining TH2D Histograms

We combined the 40-60 TH2D histogram with the 60-88 TH2D histogram using the following
method:

TH2D *t1;
TH2D *t2;

rootfile→GetObject(“TH2D A”, t1);
rootfile→GetObject(“TH2D B”, t2);

t2→Add(t1, 1);
t2→Write( );

The combining of two different TH2D histograms was checked by using the ROOT Method
TH2D→GetEntries( ). We verified that the unlike-sign muon pairs in the North arm for the 40-60
and 60-88 centrality ranges summed to the GetEntries( ) result of the newly combined TH2D. We
verified the same in the South arm and found that all totals matched.

From the newly combined TH2D histogram, we used the ProjectionX( ) method as described
in AN 1391. We then verified that the sum of all projected histograms over the pT range 0-12.0
GeV/c (which corresponds to 48 bins of width 0.25 GeV/c) totaled the same result returned using
the ROOT Method:

TH2D→ProjectionX("ul", 1, 48)→GetEntries( );
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21.3 pT Integrated Ncoll

For the pT integrated RAB vs. Ncoll plots, we took the weighted average over the same pT range
(0-7 GeV/c) for both Run15pAu RAB data and Run08dAu RAB data, the following formula:

RAB(Ncoll) =

∑
pT
RAB(Ncoll|pT )dY pp

pT∑
pT
dY pp

pT

±

√∑
pT
σ2
pT
dY pp

pT
2∑

pT
dY pp

pT

(19)

where the weight used was the pp invariant yield. The information to reconstruct the pp invari-
ant yield for Run08pp was found in the plain text tables for PPG125.

22 〈p2
T 〉 vs. Ncoll

During an HI PWG meeting, Cesar de Silva requested to see the mean p2
T vs. Ncoll for pAu

and 3HeAu. Tony had previously published results on J/ψ nuclear modification in Run08dAu
(PPG125), and he calculated the mean pt squared in this paper (PRC). Tony also calculated it here
for the requested systems. The two systems are compared up to a maximum pT of 4.0 GeV/c.

23 Sum Over Centrality vs. Centrality Integrated
As a final cross check after all RAB results were obtained, we compared the centrality-integrated
results with the sum of centrality dependent results from the current analysis. To find the sum of
centrality dependent results, we used the following formula:

Rsum
AB (pT ) =

(∑
x

∆xRAB(pT |x)Ncoll(x)

c(x)

)
c

Ncoll

±

√√√√(RAB(pT |x)
c

Ncoll

)2
(∑

x

wxσx
RAB(pT |x)

)2

,

(20)
where

wx =
∆xNcoll(x)

c(x)
(21)

where x is the centrality range, ∆x is the fraction of events per centrality range and c(x) is the
centrality-dependent bias correction factor. The factors ‘c’ and ‘Ncoll’ are for the 0-100% centrality
range.
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Figure 71: Run14HeAu North and South RAB vs. pT . All centralities shown.

Figure 72: Run14HeAu RAB vs. pT , compared with Run15pAu. Centrality 0-20 shown for the North Arm,
left, and South Arm.
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Figure 73: The ratio of RHeAu/RpAu for 0-20 and 20-40 centralities in the North, top, and South Arms.
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Figure 74: pT Integrated RpAu vs. Ncoll for 0-5, 5-10, 10-20, 20-40, 40-60 and 60-84 in both North and
South Arms. Also shown are pT Integrated RpAl for 0-20, 20-40, 40-72 and HeAu for 0-20, 20-40, 40-88.

Figure 75: 〈p2
T 〉 vs. Ncoll in the North, left, and South Arms for Run15pAl, Run15pAu and Run14HeAu.
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Figure 76: Top: RpAu centrality integrated compared with the sum over all centralities in the North, left,
and South arms. Middle: RpAl centrality integrated compared with the sum over all centralities. Bottom:
RHeAu centrality integrated compared with the sum over all centralities. All measurements were made using
Yue Hang’s Correlated Background.
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24 RAB vs. y
Preliminary was granted for Matt Durham and Sanghoon Lim for RAB vs. y prior to the J/ψ
transverse momentum analysis. Their results, shown below, have been updated using Yue Hang’s
correlated background. Please see AN1354 for more details regarding these measurements.

Figure 77: RAB vs. y for Run15pAl, Run15pAu and Run14HeAu, compared with Run08dAu.

80



25 Rapidity with Centrality Dependence
Sanghoon Lim requested an additional measurement of RAB vs. y with centrality dependence. All
aspects of this measurement were carried out by Sanghoon aside from the yield extraction and
systematic uncertainty due to the correlated background.

Yue Hang Leung’s correlated background was used for all measurements. The Run15pp cor-
related background was used for Run15pAl, and the Run15pAu correlated background was used
for both Run15pAu and Run14HeAu. This is the same approach that was used for J/ψ vs. pT .
Run15pAl Rapidity and Centrality binning matches the centrality and rapidity binning used for
other measurements in this analysis. Run15pAl centrality: 0-20, 20-40, 40-72%. Run15pAu cen-
trality: 0-5, 5-10, 10-20, 0-20, 20-40, 40-60, 60-88%. And Run14Heau centrality: 0-20, 20-40,
40-88%.

There were enough statistics to complete these measurements in Run15pAu, Run15pAl and
Run14HeAu. The rapidity binning is the same for all systems: 1.2 < |y| < 1.45, 1.45 < |y| < 1.7,
1.7 < |y| < 1.95, 1.95 < |y| < 2.2. Example fits are shown in section 22.4.

25.1 Checks
Here we have also performed the same checks as with pT and centrality dependence, comparing
the sum over rapidity with the rapidity integrated result. We also take the sum over centrality
integrated fits and compare the result with the Minimum Bias fit. The results are shown for all
systems.
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25.2 Corrbg Systematic Uncertainty
To calculate the systematic uncertainty due to the correlated background, we used Sanghoon’s
Method (described in section 6.1). Here we have included the calculations for Run15pAl as an
example.
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25.3 Example Fits

Figure 78: Top Left: pAl at forward rapidity 1.7 < y < 1.95 and 0-20% centrality for Case A compared with
the corresponding Case F, G and H fits.
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25.4 Results
The J/ψ lineshape in Run15pAl was not fixed for the rapidity with centrality dependence as was
done for pT with centrality dependence because the fits were stable having more statistics (larger
binwidths).
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26 First and Second Release Updates
A few new plots were added after the paper’s first and second release (PPG 228):

1. RAB vs. 〈TA〉, the nuclear modification factor as a function of nuclear thickness, was calcu-
lated by Tony Frawley, and is discussed in AN 1418. The macros used are included in the
github repository listed on the last page of this note.

2. The ratio of 3He+Au to p+Au was determined after combining finer pT binning in pAu to
match the wider 3He+Au binning between 2.5 GeV/c - 5.0 GeV/c. To combine pT bins in
pAu, a weighted average was used, where the weight was the pp invariant yield.

The statistical uncertainty for the ratio was determined by adding the pAu invariant yield
statistical uncertainty in quadrature with the 3HeAu invariant yield statistical uncertainty,
since the pp statistical uncertainty cancels in the ratio. The systematic uncertainty for the
ratio was determined by adding in quadrature all uncertainties for pAu and 3HeAu listed
in Table 3 except for the uncertainty related to the initial shape, which cancels. We also
excluded all systematic uncertainties stemming from pp, which again cancels in the ratio.

The ratio was then fit with a zero degree polynomial. The fit results for backward rapidity
are: fit = 0.89± 0.03± 0.08 and at forward rapidity, fit = 0.96± 0.03± 0.05. The systematic
uncertainties reported in these fits were determined by remaking the fit with all points moved
to the upper or lower limits of their systematic uncertainty. The difference between the new
and central means were taken as the upper and lower systematic errors, which ended up
being symmetric. The probability 3HeAu is more suppressed than pAu was determined to
be 90%:

σ =
√
σ2
stat + σ2

syst =
√

(0.026)2 + (0.082)2 = 0.086

σ = 0.086, µ = 0.89, x = 1.00

z =
|x− µ|
σ

=
1.00− 0.89

0.086
= 1.28

Looking up the value of 1.28 in a standard normal distribution table (where the table values
are listed such that they represent the area to the left of the z value), the probability is given
as P = 0.89973, or 90%.

3. The 2008 dAu data (PPG125) and 2015 pAu data 0-20% centrality comparison was added
to show PHENIX results for small systems J/ψ modification in p/d/3He+Au

4. RpAu vs. Ncoll. We received centrality dependent predictions only for the pAu system.
The predictions are given for 0-10% centrality, while PHENIX measured the most central
collisions in 0-5% and 5-10% centrality. This is the why the curve does not extend as far as
the data points.
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Figure 79: Nuclear modification as a function of nuclear thickness. See AN1418 for these calcualtions.

Figure 80: Ratio of 3HeAu to pAu in 0-20% centrality. See previous page for details on the combined
systematics and fit method. The probability that 3HeAu is more suppressed than pAu is 90%.
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Figure 81: 2008 dAu data from PPG125 is shown with 2015 pAu.

Figure 82: Black curve is cold nuclear matter(cold nuclear matter+absorption) at fwd(bkwd) rapidity and
green curve is Du & Rapp Transport model. Centrality range is 0-10% for theory curves while data is 0-5%
and 5-10%. EPS09 NLO was used for CNM effects.
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A Raw J/ψ Counts:
pT /Rapidity/Centrality Integrated

Table 8: pT integrated raw J/ψ counts for Run15pp. pT /centrality integrated (Minimium Bias) counts for
Run15pAl, Run15pAu and Run14HeAu.

Arm System Raw J/ψ Counts
North Run15pp 31,452 ± 215

Run15pAl 11,738 ± 138
Run15pAu 18,328 ± 175

Run14HeAu 3,804 ± 88
South Run15pp 28,511 ± 205

Run15pAl 7,455 ± 115
Run15pAu 11,661 ± 152

Run14HeAu 4,069 ± 103

Raw J/ψ Counts:
Rapidity Dependent (pT /Centrality Integrated)
For p+p, see p. 37
For p+Au, see p. 39
For p+Al, see p. 43
For 3He+Au, see p. 45

Raw J/ψ Counts:
Rapidity and Centrality Dependence (pT Integrated)
See Section 25
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B Raw J/ψ Counts:
pT Dependent (Centrality Integrated)

Table 9: North arm raw J/ψ counts with statistical uncertainties obtained from the small systems study.

pT [GeV/c] Run15pp, N Run15pAu, N Run15pAl, N Run14HeAu, N
0.0 - 0.25 832 ± 51 421 ± 24 258 ± 22 78 ± 11
0.25 - 0.5 2246 ± 59 1074 ± 43 831 ± 38 196 ± 17
0.5 - 0.75 2848 ± 74 1393 ± 4 1056 ± 43 323 ± 21
0.75 - 1.0 3680 ± 78 1818 ± 56 1251 ± 45 347 ± 25
1.0 - 1.25 3687 ± 82 1873 ± 51 1231 ± 45 406 ± 25
1.25 - 1.5 3237± 71 1775 ± 51 1208 ± 42 381 ± 22
1.5 - 1.75 2877 ± 64 1732 ± 78 1050 ± 40 364 ± 24
1.75 - 2.0 2512 ± 59 1433 ± 49 934 ± 38 322 ± 21
2.0 - 2.25 1966 ± 54 1270 ± 37 783 ± 32 250 ± 20
2.25 - 2.5 1638 ± 48 1053 ± 36 597 ± 29 193 ± 17
2.5 - 2.75 1284 ± 42 875 ± 36 501 ± 28 214 ± 17
2.75 - 3.0 1086 ± 38 769 ± 45 466 ± 28 135 ± 15
3.0 - 3.25 868 ± 34 646 ± 30 392 ± 23 128 ± 12
3.25 - 3.5 704 ± 31 566 ± 28 284 ± 20 89 ± 13
3.5 - 3.75 520 ± 27 389 ± 22 240 ± 18 85 ± 11
3.75 - 4.0 378 ± 23 310 ± 20 146 ± 14 55 ± 8
4.0 - 4.25 275 ± 21 252 ± 18 - -
4.25 - 4.5 231 ± 17 168 ± 14 - -
4.0 - 4.5 - - 226 ± 17 86 ± 12

4.5 - 4.75 180 ± 15 - - -
4.75 - 5.0 125 ± 13 161 ± 15 - -
4.5 - 5.0 - - 144 ± 13 60 ± 8

5.0 - 5.25 105 ± 12 107 ± 11 -
5.25 - 5.5 91 ± 12 86 ± 10 - -
5.5 - 5.75 75 ± 10 68 ± 9 - -
5.75 - 6.0 44 ± 9 57 ± 8 - -
5.0 - 6.0 - - 139 ± 13 -
5.0 - 7.0 - - - 55 ± 8
6.0 - 6.5 72 ± 9 55 ± 8 - -
6.5 - 7.0 32 ± 7 41 ± 8 - -
6.0 - 7.0 - - 50 ± 8 -
pT Sum 31,593 18,535 11,780 3,769

Min Bias 31,452 ± 215 18,328 ± 175 11,738 ± 138 3,804 ± 88
% diff 0.45% 1.12% 0.36% 0.92%
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Table 10: South arm raw J/ψ counts with statistical uncertainties obtained from the small systems study.

pT [GeV/c] Run15pp, S Run15pAu, S Run15pAl, S Run14HeAu, S
0.0 - 0.25 720 ± 33 218 ± 19 164 ± 19 68 ± 11
0.25 - 0.5 2048 ± 54 723 ± 33 523 ± 31 241 ± 20
0.5 - 0.75 2690 ± 60 841 ± 40 750 ± 40 273 ± 22
0.75 - 1.0 3299 ± 77 1196 ± 46 818 ± 38 433 ± 48
1.0 - 1.25 3528 ± 70 1439 ± 46 801 ± 37 501 ± 27
1.25 - 1.5 3066 ± 70 1118 ± 45 882 ± 36 447 ± 23
1.5 - 1.75 2796 ± 64 1195 ± 68 736 ± 35 391 ± 24
1.75 - 2.0 2185 ± 55 928 ± 40 560 ± 30 366 ± 24
2.0 - 2.25 1743 ± 44 819 ± 37 491 ± 28 265 ± 19
2.25 - 2.5 1424 ± 44 663 ± 31 367 ± 26 239 ± 18
2.5 - 2.75 1073 ± 38 552 ± 28 317 ± 24 238 ± 18
2.75 - 3.0 961 ± 35 464 ± 26 266 ± 22 151 ± 16
3.0 - 3.25 737 ± 31 357 ± 22 227 ± 18 113 ± 12
3.25 - 3.5 542 ± 27 304 ± 21 161 ± 15 93 ± 11
3.5 - 3.75 457 ± 24 245 ± 18 117 ± 12 89 ± 13
3.75 - 4.0 342 ± 21 179 ± 16 88 ± 11 59 ± 9
4.0 - 4.25 231 ± 17 142 ± 10 - -
4.25 - 4.5 154 ± 15 125 ± 13 - -
4.0 - 4.5 - - 102 ± 13 73 ± 10

4.5 - 4.75 145 ± 13 82 ± 11 - -
4.75 - 5.0 86 ± 10 61 ± 9 - -
4.5 - 5.0 - - 51 ± 8 45 ± 8

5.0 - 5.25 92 ± 11 41 ± 7 - -
5.25 - 5.5 83 ± 11 36 ± 7 - -
5.5 - 5.75 53 ± 9 28 ± 6 - -
5.75 - 6.0 34 ± 7 17 ± 5 - -
5.0 - 6.0 - - 67 ± 9 -
5.0 - 7.0 - - - 52 ± 9
6.0 - 6.5 49 ± 8 19 ± 5 - -
6.5 - 7.0 46 ± 8 18 ± 5 - -
6.0 - 7.0 - - 11 ± 4 -
pT Sum 28,583 11,810 7,500 4,138

Min Bias 28,511 ± 203 11,661 ± 152 7,455 ± 115 4,069 ± 103
% diff 0.25% 1.65% 0.61% 1.68%
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