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We extract transverse-momentum-dependent feed-down fractions for bottomonium production using
a data-driven approach. We use data published by the ATLAS, CMS, and LHCb Collaborations for
\/s =7 TeV proton-proton collisions. Based on this collected data, we produce fits to the differential cross
sections for the production of both S- and P-wave bottomonium states. Combining these fits with
branching ratios for excited state decays from the Particle Data Group, we compute the feed-down fractions
for both the YT(1S) and Y(2S) as a function of transverse momentum. Our results indicate a strong
dependence on transverse momentum, which is consistent with prior extractions of the feed-down fractions.
When evaluated at the average momentum of the states, we find that approximately 75% of Y(1S) and
T(2S) states are produced directly. Our results for the transverse-momentum-dependent feed-down
fractions are provided in tabulated form so that they can be used by other research groups.
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I. INTRODUCTION

The suppression of bottomonium production in heavy-
ion collisions is a key signature for the production of a
deconfined quark-gluon plasma in ultrarelativistic heavy-
ion collisions [1-13]. There are now various approaches to
compute this suppression, which include manifestly quan-
tum mechanical approaches [14-47] and others based on
kinetic transport equations [31,38,39,48-52]. One common
feature of phenomenological approaches is that, in order to
compare to experimental data, they must include a late-time
feed-down stage in order to account for the decays of
excited bottomonium states to lower-lying states. Typically,
this is done using momentum-independent feed-down
fractions; see, e.g., Sec. 6.4 of Ref. [36] or Sec. 4.3 of
Ref. [38].

In this paper we make an analysis of the world’s
collected data on bottomonium production in pp collisions
at /s =7 TeV and make a data-driven extraction of the
feed-down fractions for the Y (15) and Y'(2S). We make fits
to the S-wave scattering cross sections as measured by the
ATLAS [53] and CMS [54,55] Collaborations and then use
these together with data on the P-wave production cross
sections provided by the LHCb Collaboration [56]. Based
on these fits and branching fractions for various excited
state decays available in Particle Data Group listings,
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we compute the transverse-momentum-dependent feed-
down fractions.

We make two independent extractions of the transverse
momentum p7 dependent feed-down fractions based on
data from ATLAS and CMS Collaborations, allowing a
consistency check of the final results. We find that both
the ATLAS- and CMS-based feed-down fractions have a
strong dependence on transverse momentum, which is
numerically consistent with results presented previously
by Wohri [57]. We find that the feed-down fractions
extracted from the ATLAS and CMS Collaborations are
largely compatible; however, some residual dependence
on which set of S-wave data is used exists. We provide
tabulated results for the feed-down fractions based on both
the ATLAS and CMS data so that other research groups can
gauge the sensitivity to which set of experimental data is
used in the extraction.

We will demonstrate that, independent of whether the
ATLAS or CMS experimental datasets are used, when
evaluated at the average transverse momentum of the 1§
and 2§ states, the percentage of both the 15 and 28 states
produced directly is on the order of 75%. This rules out the
often speculated possibility that the suppression of ground
state T production in nucleus-nucleus collisions could be
solely due to excited state suppression. This speculation
was based on an outdated understanding of bottomonium
feed-down fractions. Using the results contained herein, a
unified picture of bottomonium feed down can be imple-
mented by all research groups studying this topic, reducing
this uncertainty in the analysis of bottomonium suppression
in nucleus-nucleus collisions. In addition, our results for
the feed-down fractions may be used in the computation of
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other observables of interest in high-energy physics.
Finally, we note that, although we consider /s = 7 TeV
collisions herein, the linear scaling of bottomonium pro-
duction cross sections with the collision energy at LHC
energies means that our results can be applied at lower
energies, e.g., /s =5.02 TeV, which are relevant for
heavy-ion collisions.

The structure of our paper is as follows. In Sec. II, we
present the world’s collected data for S-wave bottomonium
production in /s =7 TeV pp collisions and make fits to
these data in order to construct smooth functions that can be
used at all pz. In Sec. III, we review LHCb measurements
of the y,(mP) — Y(nS)y process and discuss how these
measurements, together with the S-wave production mea-
surements of ATLAS and CMS, can be used to obtain
the differential cross sections for y,(mP) production. In
Sec. IV, we present extractions of the p -integrated cross
sections and average pr for Y (nS) and y,(mP) states. In
Sec. V, we present our final results for the p;-dependent
feed-down fractions obtained using both ATLAS and CMS
S-wave production data. Finally, in Sec. VI, we present our
conclusions and an outlook for the future. We list a
particularly unwieldy expression for a matrix composed
of all bottomonium branching fractions in the Appendix.

II. FITS TO ATLAS AND CMS S-WAVE
BOTTOMONIUM CROSS SECTIONS

In Fig. 1 we plot ATLAS [53] and CMS [54,55] data for
the differential cross sections for Y(15), T(2S), and Y(35)
production times their respective dimuon branching frac-
tions of 0.0248 £ 0.0004, 0.0193 £ 0.0017, and 0.0218 +
0.0021 [58]. The data are plotted on a log-log scale in order
to call the reader’s attention to the fact that the experimental
results indicate that there exists two different power law
scalings, one appropriate for low momentum and one for
high momentum. In order to capture this feature of the data,
we make a fit to each of the S-wave data sets using a
functional form

ap
f(pTvavb’cvd)_(p%_l_cz)dv (1)
where a, b, ¢, and d are fit parameters. For transverse
momentum pr < c, the exponent of pr is given by b and
for transverse momentum py > c, it is given by b — 2d.
Using this form, we made nonlinear fits to the experimental
data from both collaborations, with the results plotted in
Fig. 1 as solid lines surrounded by shaded bands. The
shaded bands correspond to the lo confidence intervals
determined self-consistently from the fit.

The 1o bands shown in Fig. 1 were determined by
computing the covariance matrix M = var(P), where P is a
vector containing the fit parameters used. We then left- and
right-contracted the covariance matrix with a vector V
containing the derivatives of the fit function with respect to
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FIG. 1. Differential cross sections for Y(1S), YT(2S), and

T(3S) production in pp collisions at /s = 7 TeV as a function
of transverse momentum p;. Results for each state are
multiplied by their corresponding branching fractions to di-
muons. The top panel shows the fit obtained using data from
ATLAS [53] and the bottom panel shows the fit obtained using
data from CMS [54,55].

all fit parameters, which were evaluated at the best-fit
parameters. The upper and lower boundaries of the
bands are determined by taking the best-fit function
plus or minus the square root of this contraction, i.e.,

fﬁnds(l?r) = foest i(Pr) £ \/VT(PT) "M -V(pr).

As can be seen from Fig. 1, this fit form provides a
good description of both the low- and high-p; forms of
the observed S-wave differential cross sections. We list the
extracted best-fit parameters in Table I along with the
associated y? per degree of freedom. We note that, when
compared to the fits to the ATLAS Collaboration data, the
larger 2 per degree of freedom for the CMS 1S and 28 fits
are due to tension between the two reported CMS datasets
and the presence of some significant outliers in their
reported data [54,55]. In addition to this, one observes
that the CMS data have much smaller reported uncertainties
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TABLE I. Best-fit parameters for the S-wave differential cross
sections shown in Fig. 1.

ATLAS
State a/10° b c d y?/d.of.
T(1S) 2.111 0.8806 8.673 3.316 0.290
T(29) 0.5263 0.7875 9.906 3.162 0.980
T(3S) 0.4350 0.7158 11.300 3.134 1.18

CMS

State a/10° b c d y%/d.of.
T(1S) 1.429 1.061 8.042 3.357 29.1
T(2S) 0.3267 0.8247 9.743 3.093 81.6
T(3S9) 3.094 0.5310 12.94 3.299 1.13

than reported by the ATLAS Collaboration. Despite this, as
can be seen in Fig. 1 the fits to both the ATLAS and CMS
data describe the data quite well given the simple form of
the fit function used.

III. LHCb P-WAVE TO S-WAVE RATIO
MEASUREMENTS

In order to compute the feed-down fractions, we need to
make fits to all available data for P-wave bottomonium
production as well. For this purpose, we can make use of
LHCb Collaboration /s = 7 TeV pp collision data for the
ratio of P-wave to S-wave bottomonium collected in the
rapidity range 2.0 <y < 4.5 [56]. In Ref. [56] the col-
laboration reported the fraction of Y'(nS) mesons produced
via y, = Y(nS)y decays as a function of the Y(nS)
transverse momentum. In Fig. 2, we summarize the results

LHCb /s =7TeV

S
S& ]
®
5 10 15 20 25 30 35 40
pr" [GeV]

FIG. 2. Relative production of P-wave states to S-wave states,
R)grb((’:';f), as a function of p} for pp collisions at /s = 7 TeV.

The results shown above summarize the ratios reported by the
LHCb Collaboration in Ref. [56].

obtained by the LHCb Collaboration. Using this informa-
tion together with our prior fits to ATLAS and CMS data,
one can obtain estimates for the differential cross sections
for P-wave bottomonium production.

The ratios reported by the LHCb Collaboration are
given by [56]

R’?’((mm o(pp = yp (mP)X) « B,

)" o(pp = Y(nS)X)
o(pp = yp(mP)X)
o(pp = YT (nS)X)

X By, (2)

where B, are the branching ratios for y;;5) — Y (nS)y.
For the y,(1P) — Y(1S)y, we used the values B; =
0.352+0.020 and B, =0.18+0.01. For y,(2P) —
T(1S)y, we used the values B; = 0.099 £0.010 and
B, = 0.066 £ 0.008. Finally, for the y,(2P) — Y(25)y,
we used the values B; = 0.181 £ 0.019 and B, = 0.089 +
0.012. In all cases, the values come from the Particle
Data Group (PDG) listings [58]. Contributions from
Xvo(mP) = Y (nS)y decays are neglected in Eq. (2) due
to their small branching fraction [56,58,59].
Introducing the ratio

o(pp = xp(mP)X) 3)

ra(mP) = o(pp = xpi(mP)X)’

one can obtain the pp cross section for y,; (mP) production
using the following relation:

(mP)

R)'?(nS)

xo(pp—Y(nS)X)

(4)
B] +7"2] XBZ

o(pp = yp (mP)X) =

The value of r, (1P) is constrained experimentally to be
11 (1P) = 0.85 + 0.15 [60]. Once o(pp — yp (MmP)X) is
determined, we can use Eq. (3) to determine the pp —
X2 (mP)X cross sections [61]. Finally, due to the fact that
there exist no experimental data for the production of
xpo(mP) at LHC energies, to determine the pp —
xpo(mP)X cross sections, we make use of expectations
from nonrelativistic QCD to set the y,q(mP) production
cross section to 1/4 of the average of the y;,(mP) and
xpo(mP) cross sections. This estimate is based on the
expectation that y;, (mP) production comes mainly from the
color-octet channel and is proportional to the spin multi-
plicity 2J + 1 of the state [62—64].

Using Eq. (4) and S-wave data from either the ATLAS or
the CMS Collaboration, one can compute the y,(mP)
differential cross sections. We note that, as can be seen in

Fig. 2, Rﬂg’((g;) depends strongly on transverse momentum

below pr~20 GeV and hence the differential cross
sections for y; production will depend on py in a different
manner than the S-wave states at low py. In Fig. 3 we plot
the p,-differential cross sections obtained for the y,, (1P)

094024-3
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Differential cross sections for the y;,; (1P) (top row) and y;; (2P) (bottom row) in /s =7 TeV pp collisions as a function

of pr. The left column shows results obtained using the ratios measured by the LHCb Collaboration in Ref. [56] together with S-wave
production data from ATLAS [53]. The right column shows results obtained using the ratios measured by the LHCb Collaboration in

Ref. [56] together with S-wave production data from CMS [54,55]. In the bottom row, data inferred using R’gr”((lz SI;) are indicated by blue

filled circles, while data inferred using R’gr”((zz;) are indicated as green filled squares.

(top row) and y,;,(2P) (bottom row) in /s =7 TeV pp
collisions. The left column shows results obtained using the
ratios measured by the LHCb Collaboration in Ref. [56]
together with S-wave production data from ATLAS [53].
The right column shows results obtained using the ratios
measured by the LHCb Collaboration in Ref. [56] together
with S-wave production data from CMS [54,55].

In order to fit the y;;(1P) and y,;(2P) production data
shown in Fig. 3 we use the following fit function:

a x py

g(pr.a.b,c) = ) (5)
where we take /m = 9.983 GeV for the y,(1P) and /m =
10.255 GeV for the y,,(2P), which are the central values
of their masses from the PDG, respectively. We use a, b,
and c as fit parameters. We have reduced the number of fit
parameters in this case due the fact that there are many
fewer data points available than for the S-wave states.
Our results are shown as red solid lines with shaded red

bands indicating the 1o confidence interval. In the case
of the y;,;(1P), the precision of the experimental data
allows for a rather constrained fit as can be seen in the top
row of Fig. 3.

In the case of the y;; (2P) production data, one can infer
these using either the Y(15) or Y(2S) cross sections and
these two possibilities are indicated by blue filled circles
or green filled squares in Fig. 3, respectively. Due to the
differences in the two results, the fit in this case is less
constrained. We do not show results below p; = 4 GeV in
Fig. 3 due the fact that the lower limit on the confidence
interval becomes negative, precluding it from being dis-
played on a logarithmic scale. We note, however, that
internally we use the resulting fit below this scale in our
analysis despite the fact that it cannot be plotted on a
logarithmic scale. The resulting best-fit values for the
parameters a, b, and ¢ for both the y,(1P) and y, (2P)
are listed in Table II along with the associated y? per degree
of freedom. We note that small reported y? per degree of
freedom for the y,;(1P) states results from the fact that
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TABLE II.  Best-fit parameters corresponding to the differential
cross sections fits for y,; production shown Fig. 3.

ATLAS + LHCb
State a/10% b c x*/d.o.f.
2 (1P) 65.45 1.413 3.608 0.0213
71 (2P) 15.67 0.5621 3.005 1.32
CMS + LHCb

State a/10° b c y?/d.o.f.
2 (1P) 5453 1.155 3.458 0.0152
71 (2P) 12.00 0.2962 2.837 1.64
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FIG. 4. Fitted differential cross sections for Y(1S), T(2S),
2 (1P), T(3S), and y,,(2P) states as a function of py. The
T(1S), T(2S), and Y(3S) cross sections are extracted from
ATLAS data [53] and CMS data and the y;;(1P) and y,;(2P)
cross sections are extracted using these cross sections combined
with LHCb data [56].

there are quite few LHCb data points available for R’;’}%ﬁ)
and these data points are tightly constrained.

IV. INTEGRATED CROSS SECTIONS AND
AVERAGE TRANSVERSE MOMENTUM

Based on the fits obtained in the previous two sections,
we have a description of the most relevant states necessary
for computing the momentum-dependent feed-down
fractions for the Y(15) and Y(2S) states. As a precursor
to this, in Fig. 4 we present the fitted differential cross
sections for production of the Y(1S), Y(2S), xp(1P),
Y(3S), and y,; (2P) states in /s = 7 TeV pp collisions as
a function of p7. In Fig. 4, the top panel shows results
obtained using ATLAS and LHCb data and the bottom
panel shows results obtained using CMS and LHCb data.
As before, the shaded bands correspond to 1o confidence
intervals for the fits.

Note that, for the y,;(2P), we terminate the display of
the confidence interval for the y,; (2P) at pr = 4 GeV due
to the fact that the lower limit becomes negative and cannot
be plotted on a logarithmic scale; however, we continue the
central line in this figure, which corresponds to the best-fit

TABLE III. Transverse momentum integrated cross sections
and average py for bottomonium states in /s =7 TeV pp
collisions. The top set of results is based on fits to ATLAS
data [53] for the S-wave states and LHCDb data for the P-wave to
S-wave ratios [56]. The bottom set of results is based on fits to
CMS data for S-wave ratios [54,55] and LHCb data for the
P-wave to S-wave ratios.

ATLAS + LHCb
State do/dy [nb] (pr) [GeV]
T(1S) 69.069 + 0.035 5.771 £0.010
T(2S) 21.79 +0.05 6.60 + 0.05
1r0(1P) 3.81 +0.31 7.597 £+ 0.031
2 (1P) 16.466 + 0.025 7.597 £ 0.031
1 (1P) 14.0 £ 2.5 7.597 £0.031
T(3S9) 8.968 + 0.022 7.32 +0.06
20(2P) 3.80 £ 0.32 6.4+ 0.4
2 (2P) 16.4 + 0.4 6.4 4 0.4
112(2P) 140+ 2.5 6.4+0.4
CMS + LHCb

State do/dy [nb] (pr) [GeV]
T(1S) 7234 £0.17 5.75 £ 0.04
T(2S9) 21.79 £0.07 6.76 £ 0.07
20(1P) 428 +0.35 7.142 4+ 0.030
251 (1P) 18.492 4+ 0.029 7.142 + 0.030
12 (1P) 157+2.8 7.142 £ 0.030
T(3S9) 10.065 + 0.023 7.23 +0.05
150(2P) 4.6+04 57406
151 (2P) 19.7+0.8 57£06
12(2P) 16.8 + 3.0 57406
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parameters listed in Table II. In practice, when computing
the pr-integrated cross sections, average pr, and feed-
down fractions, we use the full 16 bands even if the
confidence interval includes negative values [65].

Based on these fits one can obtain estimates for the
pr-integrated cross sections and the average pr for each
state considered. We present these results in Table III. In the
top set of results presented in Table III, we collect the
extracted cross sections and average prin /s =7 TeV pp
collisions obtained using the fits to ATLAS and LHCb data,
while the bottom set of results was obtained using CMS
and LHCb data. To obtain these estimates we integrated the
fits obtained over 0.1 < py < 80 GeV including the inher-
ent uncertainty in each state’s fit result. Note that the
average pr for all P-wave polarizations is the same due to
the fact that we have assumed that the y,o(mP) and
X2 (mP) states can be obtained from multiplicative scalings
of the y,,(mP) differential cross section.

As can be seen from Table III, the extracted
pr-integrated cross sections based on ATLAS and CMS
data are largely consistent. We note that the fit to the
ATLAS Y(1S) production data provides a much more
constrained prediction than the CMS result due to the fact

ATLAS + LHCb
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FIG. 5.

that the statistical uncertainties achieved by the ATLAS
experiment for the S-wave state cross sections were
smaller and their results extend to lower p; than CMS.
Comparing the results obtained for the average p; using
the ATLAS and CMS data, we see that the results are once
again consistent with one another within the reported
uncertainties, with tension between the two results evident
only in the results for the average p of y,(1P) states. This
stems from the fact that the ATLAS fit decreases more
rapidly at low p; than does the CMS result. This is
reflected in the larger value of the ATLAS fit coefficient b
listed in Table II.

V. EXTRACTED FEED-DOWN FRACTIONS

In case of pp collisions, the direct production cross
sections can be calculated using the values of the exper-
imentally observed cross sections and feed-down matrix F
as follows [36]:

dzgexp — . dQ&direct (6)
dprdy dprdy’

CMS + LHCb

0.2¢

T(15) feed down fractions

00 ‘ . “‘ ‘ ‘““ v

0 10 20 30 40 50 60 70
pPr [GGV]

CMS + LHCb

T(25) feed down fractions

0.0p A A . . . . h
0 10 20 30 40 50 60 70

pPr [Ge\/]

T(1S) (top row) and Y (2S) (bottom row) feed-down fractions as a function of p; extracted from combined data from the

ATLAS and LHCb Collaborations (left column) and data from the ATLAS and CMS Collaborations (right column).

094024-6



TRANSVERSE MOMENTUM DEPENDENT FEED-DOWN ...

PHYS. REV. D 108, 094024 (2023)

where the feed-down matrix F collects the excited botto-
monium state branching ratios and the Vvectors &girec
and Gy, collect the direct and experimentally observed
differential cross sections for the T(15), T(2S), x40 (1P),
X1 (1P), o (1P), Y(3S), x10(2P), 251 (2P), and x5 (2P)
states, respectively. The matrix F used herein is listed in
the Appendix.

Equation (6) can be applied using any set of p; bins and
integrated on the left and the right. After this integration,
one can invert Eq. (6) to obtain the direct production cross
sections for all states considered. Using the direct produc-
tion cross sections one can then identify the percentage
of, e.g., T(1S) production in a given p; bin coming
from direct production versus excited state feed down.
For example, at a given p; and y, the feed-down fraction
for T(1S) production coming from Y(2S) decays can be
computed as

<d O direct [2 S] %
dprdy

Aoy, [15]

. (7
dprdy @)

Br[T(25) — msm) /

where X represents any additional final particle(s). If one is
interested in the feed-down fractions at a particular value
of pr, one can integrate the left- and right-hand sides in a
narrow bin surrounding the value of p; in question [66].
Below, we will use this method to extract the feed-down
fractions at the average transverse momentum of the Y'(1S)
and T(25).

A. Results for feed-down fractions

In Fig. 5 we present our final results for the Y(15) and
Y(2S) feed-down fractions as a function of pz. The top row
of Fig. 5 shows our results for the T(1S) and the bottom
row shows our results for the T (2S). The left column shows
results obtained by combining ATLAS S-wave production
data and LHCb measurements of the P-wave to S-wave
ratios. The right column shows the result of using CMS
data for S-wave production. Note that, for this figure, we
have summed over the contributions of the y,q(mP),
xp1(mP), and y,,(mP) states. As can be seen from
Fig. 5, the T(1S) feed-down fractions have a significant
transverse momentum dependence and, as mentioned in the
introduction to this paper, our findings are consistent with
those reported previously in Ref. [57]. The Y(2S) feed-
down fractions only have a strong momentum dependence
below pr ~8 GeV and, according to our analysis, only
weakly depend on the transverse momentum above
this scale.

If one evaluates the ATLAS Y(1S) and Y(2S) feed-
down fractions at the average transverse momentum for
the Y(1S) and Y(2S) states listed in top set of results in
Table III, one obtains the feed-down fractions listed in the
top set of results shown in Tables IV and V, respectively.
Evaluating the CMS feed-down fractions at the average

TABLEIV. T(1S) feed-down fractions evaluated at the average
transverse momentum of the Y(1S). The top set of results was
obtained using ATLAS 4+ LHCb data and the bottom set of
results was obtained using CMS + LHCb data.

ATLAS + LHCb: 1S

State (pr) feed-down fraction

T(1S) 0.763 £0.010

1(25) 0.0625 + 0.0019

25 (1P) 0.127 %+ 0.009

T(3S9) 0.00786 £ 0.00018

7(2P) 0.039 + 0.004
CMS + LHCb: 1§

State (pr) feed-down fraction

(1) 0.767 + 0.010

1(25) 0.0561 + 0.0018

25 (1P) 0.129 % 0.009

T(3S) 0.00778 £ 0.00018

x»(2P) 0.040 £ 0.004

transverse momentum for the T(1S) and Y (2S) states listed
in bottom set of results in Table III, one obtains the
feed-down fractions listed in the bottom set of results
shown in Tables IV and V, respectively. For both the
T(1S) and Y(2S) our results indicate that, if one uses
the average transverse momentum of each of these states,
over 75% of their experimentally observed production
cross section comes from direct production. A consequence
of this finding is that the p;- and y-integrated suppression
of T(18) states seen in the highest-energy Pb-Pb collisions,
which corresponds to an R4, of approximately 35%
[8,67—69], cannot be attributed to suppression of bottomo-
nium excited states alone.

TABLE V. T(25) feed-down fractions evaluated at the average
transverse momentum of the Y(2S). The top set of results was
obtained using ATLAS + LHCb data and the bottom set of
results was obtained using CMS + LHCb data.

ATLAS + LHCb: 2§

State (pr) feed-down fraction
1(25) 0.774 +0.018
T(3S) 0.0429 + 0.0032
15(2P) 0.183 4+ 0.018
CMS + LHCb: 2§

State (pr) feed-down fraction
T(2S) 0.758 £ 0.019
T(3S) 0.0464 + 0.0035
1,(2P) 0.195 £0.019
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FIG.6. 7Y(1S) (top) and YT (2S) (bottom) feed-down fractions as
a function of p7. Solid lines indicate results obtained using
ATLAS S-wave production data and dashed lines results obtained
using CMS S-wave production data.

B. Comparison between ATLAS- and
CMS-based results

In order to assess the systematic uncertainty associated
with fitting to either the ATLAS or CMS data, in Fig. 6
we compare the feed-down fractions obtained using the
ATLAS and CMS S-wave production data together with
LHCb data for the P-wave to S-wave ratios. In order to
better resolve both large and small feed-down fractions, we
present the results obtained on a logarithmic axis, with
the ATLAS-based results indicated by solid lines and the
CMS-based results indicated by dashed lines. The darker
shaded bands around each result indicate the 1o uncertainty
while the lighter shaded bands between the ATLAS and
CMS results indicate the systematic uncertainty resulting
from fits to either the ATLAS or CMS S-wave production
data. As can be seen from this figure, although there exists
some differences between the ATLAS- and CMS-based
results, both analyses are largely consistent with one
another for 3 < pr <30 GeV, which is the transverse
momentum range over which nuclear suppression is
typically measured.

VI. CONCLUSIONS AND OUTLOOK

In this paper we carried out a data-driven extraction of
the transverse momentum dependence of bottomonium
feed-down fractions using data from the ATLAS, CMS,
and LHCb Collaborations collected in /s =7 TeV pp
collisions. We made independent fits to ATLAS and CMS
data for S-wave bottomonium differential cross sections,
finding both the best-fit parameters and quantifying the 1o
confidence intervals for the fits. We then made use of LHCb
data for ratios of P-wave to S-wave production to construct
differential cross sections for the y;,(1P) and y;(2P) states.
Our final results for the fitted differential cross sections
were presented in Fig. 4. Based on these fits, we computed
the pr-integrated S- and P-wave bottomonium production
cross sections and average transverse momenta and pre-
sented our results in Table III.

Using these fits and knowledge of the branching ratios
for bottomonium excited states to lower-lying states, we
extracted the feed-down fractions as a function of trans-
verse momentum by inverting Eq. (6) to obtain the direct
production cross sections as a function of transverse
momentum. This then allowed us to compute the percent-
age of the experimentally observed differential cross
sections for the Y'(1S) and Y (2S) states coming from feed
down of higher-lying excited states. At all stages of this
process, we propagated uncertainties associated with the
fits obtained and all relevant branching ratios. Our final
results for the transverse momentum dependence of the
T(1S) and Y(2S) feed-down fractions using either ATLAS
or CMS S-wave production data were presented in Fig. 5
and compared to one another in Fig. 6.

We found that there is significant p; dependence of the
Y(1S) feed-down fractions, while the Y(2S) feed-down
fractions became approximately independent of transverse
momentum for pr 2 8 GeV. Based on these extractions,
we then computed the feed-down fractions at the average
transverse momenta for the Y(1S) and Y(2S) states
presented in Table III. We found that, when evaluated at
the average transverse momentum, direct production of
both the Y(15) and Y(2S) was approximately 75%. This
indicates that the suppression of the Y(1S) seen in heavy-
ion collisions cannot be solely explained by suppression of
bottomonium excited states since, when integrated over pr
and y, nuclear suppression of the Y(1S) is approximately
35%. In order to allow other research groups to make use of
our analysis, we have provided tab-delimited data files
corresponding to the results shown in Fig. 5. These are
included as Supplemental Material [70].

We note that, although the data analyzed came from
/s =7 TeV collisions, experimental measurements of
bottomonium production cross sections are found to scale
approximately linearly with /s. As a result, one can
estimate the cross sections at /s = 5.02 TeV by scaling
the cross sections by 5.02/7 ~0.717. The resulting
5.02 TeV cross sections are compatible with previous
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estimates; see, e.g., [40]. Additionally, if one assumes
linear scaling in this range of collision energies, then the
feed-down fractions provided by our analysis can also be
used in phenomenological analyses of /s =5.02 TeV
collisions.

Looking forward, one can immediately apply the
feed-down fractions extracted here to phenomenological
computations of bottomonium suppression in heavy-ion
collisions. In terms of improving the analysis presented
here, it would be ideal to have additional experimental data
on P-wave production, in particular the y,o(mP) states;
however, this would be challenging due to the small
branching ratio of this state to Y'(nS)y. Finally, in order
to reduce the uncertainty associated with the extrapolation

from 7 to 5.02 TeV, it would be ideal if experimental
measurements of bottomonium production could be per-
formed at this collision energy or a collision energy closer
to this value.

ACKNOWLEDGMENTS

We thank H. S. Chung for discussions. This work was
supported by the U.S. Department of Energy, Office of
Science, Office of Nuclear Physics through the Topical
Collaboration in Nuclear Theory on Heavy-Flavor Theory
(HEFTY) for QCD Matter under Grant No. DE-
SC0023547 and by U.S. Department of Energy Grant
No. DE-SC0013470.

APPENDIX: FEED-DOWN MATRIX COMPONENTS

Here we list the components of the matrix F which appears in Eq. (6). The values in this matrix can be obtained using the
branching ratios for bottomonium states listed in the PDG [58].

1 0.265+0.005 0.0194 £0.0027 0.352£0.020 0.180+£0.010 0.0657 +0.0015 0.0038 +0.0017  0.115 4 0.011 0.077 £ 0.009
0 1 0 0 0 0.106 £0.008  0.0138 £0.0030  0.181 +=0.019 0.089 £0.012
0 0 1 0 0 0 0 0 0
0 0 0 1 0 0 0 0.0091 £ 0.0013 0
F=10 0 0 0 1 0 0 0 0.0051 £ 0.0009
0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 1

The components of this matrix are, for i < j, given by
F;; = Br(j — iX), where X represents any additional final
state particle(s) and i and j represent states in the list
T(LS), Y(2S), xpo(1P), xpi(1P), xpo(1P), Y(3S),
X50(2P), x51(2P), and y,,(2P). For i > j the components
are zero since these components correspond to vacuum

|
transitions from lower-lying states to higher-lying states.
The diagonals are unity since, to obtain the experimentally
observed cross section, one divides the observed yield for a
given state by its corresponding dimuon branching fraction,
making these unity by definition.

[11 A. Mocsy, P. Petreczky, and M. Strickland, Int. J. Mod.
Phys. A 28, 1340012 (2013).

[2] A. Andronic et al., Eur. Phys. J. C 76, 107 (2016).

[3] M. Strickland, EPJ Web Conf. 259, 04001 (2022).

[4] L. Adamczyk et al. (STAR Collaboration), Phys. Lett. B
735, 127 (2014); 743, 537(E) (2015).

[5] A. Adare et al. (PHENIX Collaboration), Phys. Rev. C 91,
024913 (2015).

[6] L. Adamczyk et al. (STAR Collaboration), Phys. Rev. C 94,
064904 (2016).

[7]1 A. M. Sirunyan et al. (CMS Collaboration), Phys. Rev. Lett.
120, 142301 (2018).
[8] A. M. Sirunyan et al. (CMS Collaboration), Phys. Lett. B
790, 270 (2019).
[9] S. Acharya et al. (ALICE Collaboration), Phys. Rev. Lett.
123, 192301 (2019).
[10] S. Acharya ef al. (ALICE Collaboration), Phys. Lett. B 822,
136579 (2021).
[11] S. Lee (ATLAS Collaboration), Nucl. Phys. A1005, 121860
(2021).

094024-9


https://doi.org/10.1142/S0217751X13400125
https://doi.org/10.1142/S0217751X13400125
https://doi.org/10.1140/epjc/s10052-015-3819-5
https://doi.org/10.1051/epjconf/202225904001
https://doi.org/10.1016/j.physletb.2014.06.028
https://doi.org/10.1016/j.physletb.2014.06.028
https://doi.org/10.1016/j.physletb.2015.01.046
https://doi.org/10.1103/PhysRevC.91.024913
https://doi.org/10.1103/PhysRevC.91.024913
https://doi.org/10.1103/PhysRevC.94.064904
https://doi.org/10.1103/PhysRevC.94.064904
https://doi.org/10.1103/PhysRevLett.120.142301
https://doi.org/10.1103/PhysRevLett.120.142301
https://doi.org/10.1016/j.physletb.2019.01.006
https://doi.org/10.1016/j.physletb.2019.01.006
https://doi.org/10.1103/PhysRevLett.123.192301
https://doi.org/10.1103/PhysRevLett.123.192301
https://doi.org/10.1016/j.physletb.2021.136579
https://doi.org/10.1016/j.physletb.2021.136579
https://doi.org/10.1016/j.nuclphysa.2020.121860
https://doi.org/10.1016/j.nuclphysa.2020.121860

BOYD, STRICKLAND, and THAPA

PHYS. REV. D 108, 094024 (2023)

[12] A.M. Sirunyan et al. (CMS Collaboration), Phys. Lett. B
819, 136385 (2021).

[13] CMS Collaboration, Report No. CMS-PAS-HIN-21-007,
2022.

[14] M. Laine, O. Philipsen, P. Romatschke, and M. Tassler, J.
High Energy Phys. 03 (2007) 054.

[15] A. Beraudo, J. P. Blaizot, and C. Ratti, Nucl. Phys. A806,
312 (2008).

[16] N. Brambilla, J. Ghiglieri, A. Vairo, and P. Petreczky, Phys.
Rev. D 78, 014017 (2008).

[17] M. A. Escobedo and J. Soto, Phys. Rev. A 78, 032520 (2008).

[18] N. Brambilla, M. A. Escobedo, J. Ghiglieri, J. Soto, and
A. Vairo, J. High Energy Phys. 09 (2010) 038.

[19] Y. Akamatsu and A. Rothkopf, Phys. Rev. D 85, 105011
(2012).

[20] M. Strickland, Phys. Rev. Lett. 107, 132301 (2011).

[21] M. Strickland and D. Bazow, Nucl. Phys. A879, 25 (2012).

[22] Y. Akamatsu, Phys. Rev. D 91, 056002 (2015).

[23] J.-P. Blaizot, D. De Boni, P. Faccioli, and G. Garberoglio,
Nucl. Phys. A946, 49 (2016).

[24] B. Krouppa, R. Ryblewski, and M. Strickland, Phys. Rev. C
92, 061901 (2015).

[25] R. Katz and P. B. Gossiaux, Ann. Phys. (Amsterdam) 368,
267 (2016).

[26] N. Brambilla, M. A. Escobedo, J. Soto, and A. Vairo, Phys.
Rev. D 96, 034021 (2017).

[27] B. Krouppa and M. Strickland, Universe 2, 16 (2016).

[28] J.-P. Blaizot and M. A. Escobedo, J. High Energy Phys. 06
(2018) 034.

[29] N. Brambilla, M. A. Escobedo, J. Soto, and A. Vairo, Phys.
Rev. D 97, 074009 (2018).

[30] B. Krouppa, A. Rothkopf, and M. Strickland, Phys. Rev. D
97, 016017 (2018).

[31] X. Yao and T. Mehen, Phys. Rev. D 99, 096028 (2019).

[32] N. Brambilla, M. A. Escobedo, A. Vairo, and P. Vander
Griend, Phys. Rev. D 100, 054025 (2019).

[33] A. Rothkopf, Phys. Rep. 858, 1 (2020).

[34] A. Islam and M. Strickland, Phys. Lett. B 811, 135949
(2020).

[35] A.Islam and M. Strickland, J. High Energy Phys. 03 (2021)
235.

[36] N. Brambilla, M. A. Escobedo, M. Strickland, A. Vairo, P.
Vander Griend, and J. H. Weber, J. High Energy Phys. 05
(2021) 136.

[37] Y. Akamatsu, Prog. Part. Nucl. Phys. 123, 103932 (2022).

[38] X. Yao, W. Ke, Y. Xu, S. A. Bass, and B. Miiller, J. High
Energy Phys. 01 (2021) 046.

[39] X. Yao and T. Mehen, J. High Energy Phys. 02 (2021) 062.

[40] N. Brambilla, M. A. Escobedo, M. Strickland, A. Vairo, P.
Vander Griend, and J. H. Weber, Phys. Rev. D 104, 094049
(2021).

[41] H.B. Omar, M. A. Escobedo, A. Islam, M. Strickland, S.
Thapa, P. Vander Griend, and J. H. Weber, Comput. Phys.
Commun. 273, 108266 (2022).

[42] J.-P. Blaizot and M. A. Escobedo, Phys. Rev. D 104, 054034
(2021).

[43] X. Yao, Int. J. Mod. Phys. A 36, 2130010 (2021).

[44] N. Brambilla, M. A. Escobedo, A. Islam, M. Strickland,
A. Tiwari, A. Vairo, and P. Vander Griend, J. High Energy
Phys. 08 (2022) 303.

[45] H. Alalawi, J. Boyd, C. Shen, and M. Strickland, Phys. Rev.
C 107, L031901 (2023).

[46] N. Brambilla, M. A. Escobedo, A. Islam, M. Strickland,
A. Tiwari, A. Vairo, and P. Vander Griend, Phys. Rev. D
108, LO11502 (2023).

[47] M. Strickland and S. Thapa, Phys. Rev. D 108, 014031
(2023).

[48] L. Grandchamp, S. Lumpkins, D. Sun, H. van Hees, and
R. Rapp, Phys. Rev. C 73, 064906 (2006).

[49] R. Rapp, D. Blaschke, and P. Crochet, Prog. Part. Nucl.
Phys. 65, 209 (2010).

[50] X. Du, M. He, and R. Rapp, Nucl. Phys. A967, 904 (2017).

[51] X. Du, S.Y.F. Liu, and R. Rapp, Phys. Lett. B 796, 20
(2019).

[52] N. Hatwar, C.R. Singh, S. Ganesh, and M. Mishra, Phys.
Rev. C 104, 034905 (2021).

[53] G. Aad et al. (ATLAS Collaboration), Phys. Rev. D 87,
052004 (2013).

[54] S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B
727, 101 (2013).

[55] V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B
749, 14 (2015).

[56] R. Aaij et al. (LHCb Collaboration), Eur. Phys. J. C 74,
3092 (2014).

[57] H. Wohri, International Workshop on Heavy Quarkonium
2014, https://indico.cern.ch/event/278195/session/7/
contribution/104/material/slides/0.pdf (2014).

[58] R.L. Workman et al. (Particle Data Group), Prog. Theor.
Exp. Phys. 2022, 083C01 (2022).

[591 For yyo(1P) = Y(18)y, x40 (2P) — Y(18)y, and x4 (2P) —
T(2S)y the PDG branching fractions are 0.0194 £ 0.0027,
(3.8 4+ 1.7) x 1073, and 0.0138 = 0.003, respectively.

[60] V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B
743, 383 (2015).

[61] Here we assume that r,;(2P) = ry; (1P).

[62] R. Baier and R. Ruckl, Z. Phys. C 19, 251 (1983).

[63] N. Brambilla, H.S. Chung, A. Vairo, and X.-P. Wang,
J. High Energy Phys. 03 (2023) 242.

[64] H.S. Chung (private communication).

[65] We have checked that reducing the confidence interval such
that the lower limit of the interval remains positive does not
significantly affect our final results.

[66] Formally one should use a Dirac delta function.

[67] S. Acharya er al. (ALICE Collaboration), Phys. Lett. B 822,
136579 (2021).

[68] G. Aad et al. (ATLAS Collaboration), Phys. Rev. C 107,
054912 (2023).

[69] A.Tumasyan et al. (CMS Collaboration), arXiv:2303.17026.

[70] See  Supplemental Material at  http:/link.aps.org/
supplemental/10.1103/PhysRevD.108.094024 for tabulated
results for Y(1S) and Y(2S) feed-down fractions as a
function of transverse momentum. There are two files for
results extracted from fits to ATLAS data and two for results
extracted from fits to CMS data.

094024-10


https://doi.org/10.1016/j.physletb.2021.136385
https://doi.org/10.1016/j.physletb.2021.136385
https://doi.org/10.1088/1126-6708/2007/03/054
https://doi.org/10.1088/1126-6708/2007/03/054
https://doi.org/10.1016/j.nuclphysa.2008.03.001
https://doi.org/10.1016/j.nuclphysa.2008.03.001
https://doi.org/10.1103/PhysRevD.78.014017
https://doi.org/10.1103/PhysRevD.78.014017
https://doi.org/10.1103/PhysRevA.78.032520
https://doi.org/10.1007/JHEP09(2010)038
https://doi.org/10.1103/PhysRevD.85.105011
https://doi.org/10.1103/PhysRevD.85.105011
https://doi.org/10.1103/PhysRevLett.107.132301
https://doi.org/10.1016/j.nuclphysa.2012.02.003
https://doi.org/10.1103/PhysRevD.91.056002
https://doi.org/10.1016/j.nuclphysa.2015.10.011
https://doi.org/10.1103/PhysRevC.92.061901
https://doi.org/10.1103/PhysRevC.92.061901
https://doi.org/10.1016/j.aop.2016.02.005
https://doi.org/10.1016/j.aop.2016.02.005
https://doi.org/10.1103/PhysRevD.96.034021
https://doi.org/10.1103/PhysRevD.96.034021
https://doi.org/10.3390/universe2030016
https://doi.org/10.1007/JHEP06(2018)034
https://doi.org/10.1007/JHEP06(2018)034
https://doi.org/10.1103/PhysRevD.97.074009
https://doi.org/10.1103/PhysRevD.97.074009
https://doi.org/10.1103/PhysRevD.97.016017
https://doi.org/10.1103/PhysRevD.97.016017
https://doi.org/10.1103/PhysRevD.99.096028
https://doi.org/10.1103/PhysRevD.100.054025
https://doi.org/10.1016/j.physrep.2020.02.006
https://doi.org/10.1016/j.physletb.2020.135949
https://doi.org/10.1016/j.physletb.2020.135949
https://doi.org/10.1007/JHEP03(2021)235
https://doi.org/10.1007/JHEP03(2021)235
https://doi.org/10.1007/JHEP05(2021)136
https://doi.org/10.1007/JHEP05(2021)136
https://doi.org/10.1016/j.ppnp.2021.103932
https://doi.org/10.1007/JHEP01(2021)046
https://doi.org/10.1007/JHEP01(2021)046
https://doi.org/10.1007/JHEP02(2021)062
https://doi.org/10.1103/PhysRevD.104.094049
https://doi.org/10.1103/PhysRevD.104.094049
https://doi.org/10.1016/j.cpc.2021.108266
https://doi.org/10.1016/j.cpc.2021.108266
https://doi.org/10.1103/PhysRevD.104.054034
https://doi.org/10.1103/PhysRevD.104.054034
https://doi.org/10.1142/S0217751X21300106
https://doi.org/10.1007/JHEP08(2022)303
https://doi.org/10.1007/JHEP08(2022)303
https://doi.org/10.1103/PhysRevC.107.L031901
https://doi.org/10.1103/PhysRevC.107.L031901
https://doi.org/10.1103/PhysRevD.108.L011502
https://doi.org/10.1103/PhysRevD.108.L011502
https://doi.org/10.1103/PhysRevD.108.014031
https://doi.org/10.1103/PhysRevD.108.014031
https://doi.org/10.1103/PhysRevC.73.064906
https://doi.org/10.1016/j.ppnp.2010.07.002
https://doi.org/10.1016/j.ppnp.2010.07.002
https://doi.org/10.1016/j.nuclphysa.2017.05.079
https://doi.org/10.1016/j.physletb.2019.07.032
https://doi.org/10.1016/j.physletb.2019.07.032
https://doi.org/10.1103/PhysRevC.104.034905
https://doi.org/10.1103/PhysRevC.104.034905
https://doi.org/10.1103/PhysRevD.87.052004
https://doi.org/10.1103/PhysRevD.87.052004
https://doi.org/10.1016/j.physletb.2013.10.033
https://doi.org/10.1016/j.physletb.2013.10.033
https://doi.org/10.1016/j.physletb.2015.07.037
https://doi.org/10.1016/j.physletb.2015.07.037
https://doi.org/10.1140/epjc/s10052-014-3092-z
https://doi.org/10.1140/epjc/s10052-014-3092-z
https://indico.cern.ch/event/278195/session/7/contribution/104/material/slides/0.pdf
https://indico.cern.ch/event/278195/session/7/contribution/104/material/slides/0.pdf
https://indico.cern.ch/event/278195/session/7/contribution/104/material/slides/0.pdf
https://indico.cern.ch/event/278195/session/7/contribution/104/material/slides/0.pdf
https://indico.cern.ch/event/278195/session/7/contribution/104/material/slides/0.pdf
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1016/j.physletb.2015.02.048
https://doi.org/10.1016/j.physletb.2015.02.048
https://doi.org/10.1007/BF01572254
https://doi.org/10.1007/JHEP03(2023)242
https://doi.org/10.1016/j.physletb.2021.136579
https://doi.org/10.1016/j.physletb.2021.136579
https://doi.org/10.1103/PhysRevC.107.054912
https://doi.org/10.1103/PhysRevC.107.054912
https://arXiv.org/abs/2303.17026
http://link.aps.org/supplemental/10.1103/PhysRevD.108.094024
http://link.aps.org/supplemental/10.1103/PhysRevD.108.094024
http://link.aps.org/supplemental/10.1103/PhysRevD.108.094024
http://link.aps.org/supplemental/10.1103/PhysRevD.108.094024
http://link.aps.org/supplemental/10.1103/PhysRevD.108.094024
http://link.aps.org/supplemental/10.1103/PhysRevD.108.094024
http://link.aps.org/supplemental/10.1103/PhysRevD.108.094024

