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Figure 3: The two-dimensional S d0 (left)–BDT(right) fit for a single di↵erential observable bin: 0.4 < �R(J/ , µ)
< 0.8. The points with error bars are data, plotted at bin centres. The solid line is the projection of the unbinned
maximum-likelihood fit to the data. The signal µ, prompt µ, non-prompt fake µ, prompt fake µ, fake J/ and pile-up
contributions are given by dashed lines.

• Prompt and non-prompt fake µ: Both the BDT and S d0 fake muon templates are taken from the
Pythia8 simulated sample. The same BDT template is used for both the prompt and non-prompt
components. The BDT shape has a large contribution at low values. The S d0 template is derived
separately for the prompt and non-prompt components as fake muons can have both prompt as well
as non-prompt sources. The shape of the templates are fixed but the normalisation floats in the fit.

• Fake J/ : The BDT and S d0 templates are derived from data and fixed in the fit.

• Pile-up: The BDT and S d0 templates are derived from data and fixed in the fit.

The three S d0 templates derived from simulation have a small shift in the mean of the distribution relative
to data, due to the modelling of the beam-spot position. To correct for this, a small shift in the mean is
derived independently for each of these three templates, by rerunning the fit once and allowing the shift
to float; the shifted mean is then fixed at the fitted value for all other fits. The shifts for the three samples
are consistent within uncertainties, and approximately �0.05.

Having derived templates for each of the expected third muon components in the data, an extended
maximum-likelihood fit is carried out. The data are fitted in each bin of the various observables with
the signal muon, prompt muon, fake J/ and pile-up templates derived in the same kinematic bin. Fig-
ure 3 shows the result of the third-muon fits to the data for an example bin. While it can be seen that some
of the templates su↵er from statistical fluctuations, these have a very small e↵ect on the fit result, and a
systematic uncertainty is derived to cover these e↵ects, as described in Section 6.4.

The stability of the fit is verified with a closure test using simulated samples. Pseudo-data sets are created
with varying fractions of prompt and non-prompt third-muon events and the fits repeated. The numbers of
fitted prompt and non-prompt third muon events are compared to the values used to construct the pseudo-
data sets. The di↵erences between input and fitted values are typically below the 1% level, demonstrating
that the fits perform well. Two additional qualitative cross-checks on the modelling of the fake muon
component are performed by considering data control regions with requirements orthogonal to those of
the signal region such that they are expected to contain more fake muons. The first control region is
defined by reversing the pile-up rejection requirement so that the probability of a charged pion or kaon
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Figure 3: The two-dimensionalSd0(left)ÐBDT(right) Þt for a single di! erential observable bin: 0.4< " R(J/ ! , µ)
< 0.8. The points with error bars are data, plotted at bin centres. The solid line is the projection of the unbinned
maximum-likelihood Þt to the data. The signalµ, promptµ, non-prompt fakeµ, prompt fakeµ, fakeJ/ ! and pile-up
contributions are given by dashed lines.

¥ Prompt and non-prompt fakeµ: Both the BDT andSd0 fake muon templates are taken from the
Pythia8 simulated sample. The same BDT template is used for both the prompt and non-prompt
components. The BDT shape has a large contribution at low values. TheSd0 template is derived
separately for the prompt and non-prompt components as fake muons can have both prompt as well
as non-prompt sources. The shape of the templates are Þxed but the normalisation ßoats in the Þt.

¥ Fake J/ ! : The BDT andSd0 templates are derived from data and Þxed in the Þt.

¥ Pile-up: The BDT andSd0 templates are derived from data and Þxed in the Þt.

The threeSd0 templates derived from simulation have a small shift in the mean of the distribution relative
to data, due to the modelling of the beam-spot position. To correct for this, a small shift in the mean is
derived independently for each of these three templates, by rerunning the Þt once and allowing the shift
to ßoat; the shifted mean is then Þxed at the Þtted value for all other Þts. The shifts for the three samples
are consistent within uncertainties, and approximately! 0.05.

Having derived templates for each of the expected third muon components in the data, an extended
maximum-likelihood Þt is carried out. The data are Þtted in each bin of the various observables with
the signal muon, prompt muon, fakeJ/ ! and pile-up templates derived in the same kinematic bin. Fig-
ure3 shows the result of the third-muon Þts to the data for an example bin. While it can be seen that some
of the templates su! er from statistical ßuctuations, these have a very small e! ect on the Þt result, and a
systematic uncertainty is derived to cover these e! ects, as described in Section6.4.

The stability of the Þt is veriÞed with a closure test using simulated samples. Pseudo-data sets are created
with varying fractions of prompt and non-prompt third-muon events and the Þts repeated. The numbers of
Þtted prompt and non-prompt third muon events are compared to the values used to construct the pseudo-
data sets. The di! erences between input and Þtted values are typically below the 1% level, demonstrating
that the Þts perform well. Two additional qualitative cross-checks on the modelling of the fake muon
component are performed by considering data control regions with requirements orthogonal to those of
the signal region such that they are expected to contain more fake muons. The Þrst control region is
deÞned by reversing the pile-up rejection requirement so that the probability of a charged pion or kaon
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Figure 2: Schematic diagrams illustrating the! R(b, b) and! ! ppg,gbbobservables. In this example, the gluon is
emitted at" = 0.

6 Background estimation

After the event selection, the contribution from large-radius jets that do not have two associated track-jets
containing B-hadrons is subtracted from data, as described below, before correcting for detector e! ects.
The fraction of background events may not be well-modeled by the simulation, so correction factors are
determined from data template Þts to the impact parameter distribution and applied for each bin of the four
target observables of the analysis prior to subtraction. In each bin of the target observable distributions,
the distribution of the signed impact parameter signiÞcancesd0 is Þtted to data using templates from
simulation while letting the fraction of each ßavor component ßoat in the Þt [50, 51]. For a given track,
sd0 = sj |d0|/ # (d0), whered0 is the transverse impact parameter relative to the beam-line and# (d0) is
the uncertainty ind0 from the track Þt and the variablesj is the sign ofd0 with respect to the jet axis:
sj = +1 if sin($jet ! $track) ád0 > 0 andsj = ! 1 otherwise. The transverse impact parameter itself is signed,
with sign(d0) = sign( "pT,track # ("rIP,xy ! "rPV,xy)), where"rIP,xy and"rPV,xy are the locations of the track impact
parameter and primary vertex, respectively, in the transverse plane.

Due to the long lifetime ofb-hadrons, the values ofsd0 for tracks inb-jets tend to be larger than those for
tracks inc-jets and light-ßavor jets. Therefore, the distribution ofsd0 can be used to extract the fractions of
b-jets,c-jets, and light-ßavor jets using templates from simulation. For each track-jetji , thesd0 from the
track with the second largest|sd0 |, calledssub

d0
( ji ), is used for the extraction. The leading and third-leading

sd0 values (ordered by|sd0 |) are used as a validation of the ßavor-fraction Þtting procedure and produce
consistent results. The leadingsd0 is not as well-modeled asssub

d0
and therefore the%2 resulting from the Þt

procedure described below is slightly worse. The value ofssub
d0

does not have a strong dependence on jet
pT, so the Þt is performed inclusively. This choice was validated by usingpT-binned Þts, which produce
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Cy

instead of parton-splitting e! ects) and were limited in their kinematic reach due in part to small datasets
and low momentum transfers.

The high transverse momentum and low angular separation regime forg ! bøb can be probed at the LHC
usingb-tagged small-radius jets within large-radius jets. This topology is used to calibrateb-tagging
in dense environments [50Ð52] and is studied phenomenologically [53, 54]. The measurement shown
in this paper builds on these studies by using data collected by the ATLAS detector from

"
s = 13 TeV

ppcollisions in order to perform a di! erential cross-section measurement ofg ! bøb inside jets at high
transverse momentum Ð see Figure1 for a representative Feynman diagram. Small-radius jets built from
charged-particle tracks are used as proxies forb-quarks and can be used as precision probes of the small
opening-angle regime.

This paper is organized as follows. After a brief introduction to the ATLAS detector in Section2, the
data and simulations used for the measurement are documented in Section3. Section4 describes the
event selection and Section5 lists and motivates the observables to be measured. The key challenge
in the measurement is the estimation of background processes, which is performed using a data-driven
approach illustrated in Section6. The data are unfolded to correct for detector e! ects to allow direct
comparisons to particle-level predictions. This procedure is explained in Section7 and the associated
systematic uncertainties are detailed in Section8. The results are presented in Section9 and the paper
concludes with Section10.

q

g

q

b

øb

Figure 1: A representative diagram for the high-pT g ! bøb process studied in this paper.

2 ATLAS detector

The ATLAS detector [55] is a multipurpose particle detector with a forward/backward-symmetric cylindrical
geometry. The detector has a nearly4! coverage in solid angle1and consists of an inner tracking detector,
electromagnetic and hadronic calorimeters, and a muon spectrometer. The inner detector (ID) is surrounded
by a superconducting solenoid providing a2 T magnetic Þeld and covers a pseudorapidity range of|" | < 2.5.
The ID is composed of silicon pixel and microstrip detectors as well as a transition radiation tracker. For
the LHC

"
s = 13 TeVrun, the silicon pixel detector has been upgraded to include an additional layer

close to the beam interaction point [56]. The lead/liquid-argon electromagnetic sampling calorimeters
measure electromagnetic energies with high granularity for the pseudorapidity region of|" | < 3.2. Hadron

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and thez-axis along the beam pipe. Thex-axis points from the IP to the center of the LHC ring, and they-axis points
upward. Cylindrical coordinates (r , #) are used in the transverse plane,# being the azimuthal angle around the beam pipe. The
pseudorapidity is deÞned in terms of the polar angle as" = # ln tan(polar angle/ 2).

3

4.2 Event selection

At detector level events are selected using single-jet triggers. In the Þrst-level trigger, a sliding-window
algorithm based on low-granularity calorimeter towers records events with transverse energy greater than
100GeV. In the high-level trigger,R = 1.0 anti-kt jets are formed from calibrated calorimeter-cell clusters
and thepT threshold is 420GeV. This trigger scheme is fully e! cient for calibrated o" ine jets with
pT > 450 GeV and |⌘| < 2 and therefore these kinematic requirements are used to select jets for the
measurement. The o" ine analysis requires the highest-pT calorimeter jet to have at least two associated
track-jets withpT > 10GeVand|⌘| < 2.5. If there are more than two track-jets, only the leading two are
used for subsequent analysis. In order to enhance theg ! bøb purity, the leading track-jet associated with
the selected calorimeter jet must beb-tagged by theMV2c10 algorithm at the60%e! ciency working point.
Requiring both track-jets to beb-tagged increases the purity but degrades the precision of the background
Þt described in Section6 and so only one is required.

At particle level events are required to have at least one large-radius jet withpT > 450GeV. The leading
jet needs to have at least two associated particle-level track-jets withpT > 10 GeV. Both of the associated
small-radius jets must be tagged asb-jets.

This inclusive event selection produces a sample where QCD scattering processes dominate.
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Figure 4: The distribution ofssub
d0

in data and in simulation, post-Þt, for the higher-pT track-jet (left) and for the
lower-pT track-jet (right) in the bin0.25 < ! R(b, b) < 0.3. The three components are the signal double-b (ÔBBÕ),
the background singleb (ÔBÕ), and the background non-b components (ÔL+CÕ). Percentages reported in the legend
indicate the pre- and post-Þt fraction of each component. Only data and MC statistical uncertainties are shown. The
lower panel shows the ratio between data and the post-Þt simulation.

method. For each uncertainty, a component of the analysis chain is varied and then the entire procedure
including the background subtraction is repeated. Table1provides a summary of the systematic uncertainties
for each observable. The jet energy scale, the unfolding, and the theoretical modeling uncertainties dominate.
Further details about each category are provided in Section8.1for the uncertainties associated with each
analysis object, in Section8.2 for the background Þt procedure uncertainty, and in Section8.3 for the
unfolding method and theoretical modeling uncertainties.

Table 1: Summary of systematic uncertainty sizes for each observable for the normalized di! erential cross sections.

! R(b, b) ! ! ppg,gbb z(pT) log(mbb/ pT)

Calorimeter jet energy 2Ð3% 2Ð3% 2Ð6% 2Ð4%
Flavor tagging <1% <1% <1% <1%
Tracking 1Ð2% 1Ð2% 2Ð4% 1Ð2%
Background Þt 1% 1% 1Ð2% 2%
Unfolding method 2Ð3% 2% 2Ð4% 2Ð5%
Theoretical modeling 3Ð10% 2Ð13% 3Ð10% 4Ð11%

Statistical 1% 1% 2% 1%
Total 3Ð10% 3Ð10% 3Ð14% 4Ð12%

8.1 Object reconstruction

Each object used in the analysis has an associated uncertainty. These uncertainties a! ect the acceptance
factors and the response matrix, as well as the background Þt templates.
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I. The Þtted mass values are consistent with the world
average for theB ±

c mass [10]. The signal yield per fb! 1

of the B ±
c is lower in 8 TeV data due to the harder pT

requirements. The stability of the B ±
c yield was checked

through its normalization to B ± ! J/ ! K ± decays that
were reconstructed with similar requirements.
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FIG. 1: Invariant mass distributions of the reconstructed
B ±

c ! J/ !" ± candidates in 7 TeV data (top) and in 8 TeV
data (bottom). The data are represented by the points with
error bars (statistical only). The solid line is the project ion
of the results of the unbinned maximum likelihood Þt to all
candidates in the mass range 5620Ð6820 MeV. The dashed
line is the projection of the background component of the
same Þt.

Data Signal events Peak mean [MeV] Peak width [MeV]

7 TeV 100± 23 6282± 8 49± 12
8 TeV 227± 25 6277± 6 50± 8

TABLE I: The results of the unbinned maximum likelihood
Þts of the invariant mass distribution of the B ±

c candidates.
Systematic uncertainties are not included.

The reconstruction of the excited state candidates uses
the B ±

c ground state candidates within ± 3" of the Þtted

mass value of the corresponding dataset. These candi-
dates are combined as described below with two pion
candidate tracks associated with the corresponding pri-
mary vertex. The pT threshold of the pion candidates is
400 MeV. No additional selection requirement is applied
to the B ±

c (2S) pion candidates. The three tracks from
the secondary vertex and the two tracks from the pri-
mary vertex are reÞtted simultaneously with the follow-
ing constraints given by the decay topology: the reÞtted
triplet of the B ±

c tracks and the pair of PV pion tracks
must intersect in two separateB ±

c and B ±
c (2S) vertices.

The invariant mass of the reÞtted muon tracks is con-
strained to the J/ ! world average mass, and the com-
bined momentum of the reÞttedB ±

c tracks must point to
the B ±

c (2S) vertex. When multiple B ±
c (2S) candidates

are found in the same event, the one with the best#2

value returned by the Þtter is kept as an excited state
candidate. Wrong-charge combinations (B ±

c $+ $+ and
B ±

c $! $! ) are kept separately for comparison with the
combinatorial background shape in the right-charge com-
binations (oppositely charged pion pairs).

Figure 2 shows the mass di! erence distribution
m(B ±

c $$) " m(B ±
c ) " 2m($) for the right-charge com-

binations B ±
c $+ $! as well as the wrong-charge combi-

nations.
A structure is observed in the mass di! erence distri-

bution. In order to characterize it, an unbinned max-
imum likelihood Þt to the right-charge combinations is
performed. The Þt includes a third-order polynomial to
model the background and a Gaussian function for the
structure. The background shape resulting from the Þt is
veriÞed to be consistent with the wrong-charge combina-
tions (which are not used to constrain the model in the
right-charge Þt) by Þtting the same shape to them, with
the normalization as the only free parameter. Alternative
models for the signal and the background parameteriza-
tions are studied as sources of systematic uncertainty.
A BreitÐWigner contribution was tested in convolution
with the Gaussian function and was found to be negli-
gible, implying that the natural width of the structure
is small relative to the detector resolution. The result-
ing Þt parameters (with statistical uncertainties only), as
well as the distributions of the wrong-charge (B ±

c $+ $+ ,
B ±

c $! $! ) combinations are shown in Þgure 2. The
wrong-charge combinations are normalized to the same
yield as the right-charge background.

The relative B ±
c (2S)/B ±

c yield ratio is veriÞed to be
statistically consistent between the 7 TeV and 8 TeV
data.

The Þt Þnds the peak at a mass di! erence (Q) value of
288.2± 5.1 MeV in the 7 TeV data and 288.4± 4.8 MeV
in the 8 TeV data. The Þt yields 22 ± 6 signal events
in the 7 TeV data and 35 ± 13 events in the 8 TeV
data. The Gaussian width of the structure is found to be
18.2 ± 3.8 MeV in the 7 TeV data and 17.6 ± 4.0 MeV
in the 8 TeV data. All uncertainties mentioned in this

5

at Q = 288.3 ± 3.5 ± 4.1 MeV (calculated as the error
weighted mean of the 7 TeV and 8 TeV mass values)
corresponding to a mass of 6842± 4 ± 5 MeV, where
the Þrst error is statistical and the second is systematic.
The signiÞcance of the observation is 5.2! with the Òlook
elsewhere e! ectÓ taken into account, and the local sig-
niÞcance is 5.4! . Within the uncertainties, the mass of
the resonance corresponding to the observed structure is
consistent with the predicted mass of theB ±

c (2S) state.
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[15] T. Sjöstrand, S. Mrenna, and P. Z. Skands, Comput.

Phys. Commun. 178, 852 (2008).
[16] ATLAS Collaboration, ATLAS Note

ATL-PHYS-PUB-2011-009, (2011),
http://cds.cern.ch/record/1363300; ATLAS Collab-
oration, ATLAS Note ATL-PHYS-PUB-2011-014,
(2011), https://cds.cern.ch/record/1400677; ATLAS
Collaboration, ATLAS Note ATL-PHYS-PUB-2012-

003, (2012), https://cds.cern.ch/record/1474107.
[17] A. V. Berezhnoy, V. V. Kiselev, and A. K. Likhoded,

Z. Phys. A 356, 79 (1996); A. V. Berezhnoy,
A. K. Likhoded and O. P. Yushchenko, Phys. Atom. Nucl.
59, 709 (1996); A. V. Berezhnoy, V. V. Kise-
lev, A. K. Likhoded and A. I. Onishchenko,



!"#$%&'()*+,-.)&%/&0)1234

2P

2S

1S

�a

�a

�a

B*c

B c
+

+

B* (2S)c
+

B (2S)c
+

�/�/

K&VF<Y)O"#$%&'#(
¥ 73"-/)#@-+"5,'#()#0)+P&3/+$)O"#$%&'#()#0)K&).+-#())

¥ J"#%($)-/,/+)K&\ )Qj)=STVffY)•\)U)

¥ EP&3/+$)-/,/+)#@-+"5+$)/A"#%LA)$+&,6)M3/A)F),$$3'#(,8 
)O3#(-I)K&VF<Y)Qj)K&)• \ • Q 

 
 
 
 
a#M)&#(b".+$)@6)B*<),($);4B@) 
/#),&/%,886)@+),)-%O+"O#-3'#( 
#0)/M#)-/,/+-U)K&VF<Y),($)K&•VF<YQj)K&•••)  
V!A#/#()0"#.)K&•)(#/)"+&#(-/"%&/+$Ye))

Ð K&•VF<Y)#@-+"5+$),/)8#M+")^.I)$%+)/#).3--3(L)OA#/#(

CDo

6.7 6.8 6.9 7.0 7.1
 (GeV)+

cBm) + +
c

(BM !) -!+! +
c

(BM 

0

10

20

30

40

50

60

E
ve

nt
s 

/ 1
0 

M
eV

 Data
 Fit result
 Signal

!!+!) + K"J/(+
c B

 Comb. backg.

 = 13 TeVs

-1L = 140 fb
CMS

"+4=>)5,?>)6,H>)&$$)9$%&':)&7$%%&)

"+4=>)5,?>)6,H>)&$$)9$%&':)$7$%%&)

]2c [MeV/M!
500 550 600 650 700

)2 c
C

an
di

da
te

s 
/ (

3 
M

eV
/

0

5

10

15

20
25

30

35

40

45 Data
Total fit

+)S(2*
cB

+)S(2cB
Combinatorial
Same-sign

LHCb Run 1+Run 2

Figure 4: Distribution of ! M = M (B +
c ! + ! ! ) ! M (B +

c ) with the Þt results overlaid. The
same-sign distribution has been normalized to the data in theB (" )

c (2S)+ sideband region.

Table 1: Results of the Þt to the ! M distribution. Uncertainties are statistical only.

B "
c (2S)+ Bc(2S)+

Signal yield 51± 10 24± 9
Peak ! M value (MeV/c 2) 566.2 ± 0.6 597.2 ± 1.3
Resolution (MeV/c 2) 2.6 ± 0.5 2.5 ± 1.0
Local signiÞcance 6.8! 3.2!
Global signiÞcance 6.3! 2.2!

only constraining theJ/ " mass to its known value [49] and requiring theB (" )
c (2S)+ meson

to come from the associated PV [50]. EachB (" )
c (2S)+ peak is modelled by a Gaussian

function with asymmetric power-law tails [51]. The tail parameters are Þxed to the values
determined from simulation, while the Gaussian mean and width are treated as free
parameters. The combinatorial background is described by a second-order polynomial
function.

The Þt to the ! M distribution is shown in Fig. 4, and the results are summarised in
Table 1. The B "

c (2S)+ signal yield is determined to be 51± 10(stat) , corresponding to a
local statistical signiÞcance of 6.8! . The signiÞcance is evaluated with a likelihood-based
test, in which the likelihood distribution of the background-only hypothesis is obtained
using pseudoexperiments [52]. The yield of theBc(2S)+ state is 24± 9(stat) with a local
statistical signiÞcance of 3.2! . The Gaussian widths of the two peaks are consistent with
the expectation of negligible resonance widths. The mass di" erence between the two
peaks is measured to be 31.1 ± 1.4(stat) MeV/ c2. Taking the known B +

c mass,M (B +
c ) =

6274.9 ± 0.8MeV/ c2 [53], the quantitiesM (B "
c (2S)+ )rec and M (Bc(2S)+ ) are determined

to be 6841.1 ± 0.6(stat) ± 0.8 (B +
c ) MeV/ c2 and 6872.1 ± 1.3(stat) ± 0.8 (B +

c ) MeV/ c2,
respectively. The second uncertainty is due to the limited knowledge of theB +

c mass. After
considering the look-elsewhere e" ect in the predicted mass regions [54],M (B +

c #+ #! ) "
[6790, 6895]MeV/ c2 for the B "

c (2S)+ state, andM (B +
c #+ #! ) " [6845, 6895]MeV/ c2 for the

Bc(2S)+ state [1Ð10,55], the global statistical signiÞcances of the two states are determined
to be 6.3! and 2.2! , respectively.
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in the HLT, the two L1 candidates must be conÞrmed as muons from a common vertex with opposite-sign
charges.

In the o! ine analysis, events are required to have at least one reconstructed primary vertex with at least
four tracks and at least two muons originating from a common vertex, each withpT > 4 GeV and match-
ing an HLT muon candidate associated with the event trigger. The selected muons are required to be
Combined[42] and Tight [43] in p+Pb andpp collisions respectively, whereCombinedimplies that a
muon results from a track in the ID which can be combined with one in the MS, andTight requires a strict
compatibility between the two segments. To ensure high-quality triggering and accurate track measure-
ment, each muon track is further restricted to|! | < 2.4. Pairs of muon candidates satisfying these quality
requirements, and with opposite charges, are selected as quarkonia candidate pairs. All candidate pairs
that satisfy the criteria discussed above, including those events with additional interactions in the same
bunch crossing (known as "pile-up" events), are used for the cross-section measurements.

In order to characterise thep+Pb collision geometry, each event is assigned to a centrality class based on
the total transverse energy measured in the FCal on the Pb-going side (backwards). Collisions with more
(fewer) participating nucleons are referred to as central (peripheral). Following Ref. [30], the centrality
classes used for this analysis, in order from most central to most peripheral, are 0Ð5%, 5Ð10%, 10Ð20%,
20Ð30%, 30Ð40%, 40Ð60%, and 60Ð90%.

5 Analysis

5.1 Cross-section determination

The double-di" erential cross section multiplied by the dimuon decay branching fraction is calculated for
each measurement interval as:

d2" O(nS)

dpTdy! " B(O(nS) # µ+µ$) =
NO(nS)

# pT " #y " L
, (1)

whereL is the integrated luminosity,# pT and#y are the interval sizes in terms of dimuon transverse
momentum and centre-of-mass rapidity respectively, andNO(nS) is the observed quarkonium yield in the
kinematic interval under study, extracted from Þts and corrected for acceptance, trigger and reconstruction
e$ ciencies. The total correction weight assigned to each selected dimuon candidate is given by:

w$1
total = A (O(nS))á#recoá#trig, (2)

whereA (O(nS)) is the acceptance of the dimuon system for one of the Þve quarkonium states,#reco is the
dimuon reconstruction e$ ciency and#trig is the trigger e$ ciency.

5.2 Acceptance

The acceptance of quarkonium decays into muon pairs is deÞned as the probability of both muons from the
decay falling in the Þducial region (pT(µ±) > 4 GeV, |! (µ±)| < 2.4). The acceptance depends on transverse
momentum, rapidity, invariant mass and the spin-alignment of the quarkonium state. The invariant mass
of each state is taken to be the generator-level mass. Previous measurements inpp collisions [38Ð40]
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Fig. 1 Projections of the charmonium Þt results onto dimuon invariant
massmµµ (left) and pseudo-proper lifetime! µµ (right) for ppcollisions
at

!
s = 5.02 TeV (top) for the kinematic ranges 10< pµµ

T < 11 GeV
and|y| < 2.0, andp+Pb collisions at! s

NN
= 5.02 TeV (bottom) for

the kinematic ranges 10< pµµ
T < 11 GeV and" 2.0 < y# < 1.5. The

goodnesses of the invariant mass Þts with ndof= 63 and the pseudo-
proper lifetime Þts with ndof= 153 are also presented

modelÕs parameters are constrained by using a background
control sample. The control sample is selected from dimuon
events in which at least one of the muons has a transverse
impact parameter with respect to the primary vertex larger
than 0.2 mm. This criterion causes the control sample to be
dominated by muon pairs from the decay ofb-hadrons. For
candidates with higherpµµ

T , a second-order polynomial is
used to describe the background contribution. At lowpµµ

T ,
the background model is Þrst Þtted to the control sample,
then the parameters of the error function are Þxed at their Þt-
ted values, and Þnally the full Þt model with the constrained
background is applied to the data sample. Some selected bot-
tomonium Þts are shown in Fig.2.

6 Systematic uncertainties

The sources of systematic uncertainty in the quarkonium
yields include acceptance, muon reconstruction and trigger
efÞciency corrections, the Þt model parameterisation and bin
migration corrections and the luminosity. For the ratio mea-
surements the systematic uncertainties are assessed in the

same manner as for the yields, except that in the ratios the
correlated systematic uncertainties, such as the luminosity
uncertainty, cancel out.

Luminosity

The uncertainty in integrated luminosity is 2.7% (5.4%) for
2013 p+Pb (2015pp) data-taking. The luminosity calibra-
tion is based on data from dedicated beam-separation scans,
also known as van der Meer scans, as described in Ref. [51].

Acceptance

A systematic uncertainty for the Þnal-state radiation correc-
tions is assigned to cover the differences between correction
factors obtained for ground and excited states of quarkonium
and for different rapidity slices. The systematic uncertainties
fully cancel out in ratio measurements in the same datasets
and between different datasets.

Muon reconstruction and trigger efÞciencies in p+Pbcolli-
sions

The dominant source of uncertainty in the muon reconstruc-
tion and trigger efÞciency inp+Pb collisions is statistical.
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Fig. 1 Projections of the charmonium Þt results onto dimuon invariant
massmµµ (left) and pseudo-proper lifetime! µµ (right) for ppcollisions
at

!
s = 5.02 TeV (top) for the kinematic ranges 10< pµµ

T < 11 GeV
and|y| < 2.0, andp+Pb collisions at! s

NN
= 5.02 TeV (bottom) for

the kinematic ranges 10< pµµ
T < 11 GeV and" 2.0 < y# < 1.5. The

goodnesses of the invariant mass Þts with ndof= 63 and the pseudo-
proper lifetime Þts with ndof= 153 are also presented

modelÕs parameters are constrained by using a background
control sample. The control sample is selected from dimuon
events in which at least one of the muons has a transverse
impact parameter with respect to the primary vertex larger
than 0.2 mm. This criterion causes the control sample to be
dominated by muon pairs from the decay ofb-hadrons. For
candidates with higherpµµ

T , a second-order polynomial is
used to describe the background contribution. At lowpµµ

T ,
the background model is Þrst Þtted to the control sample,
then the parameters of the error function are Þxed at their Þt-
ted values, and Þnally the full Þt model with the constrained
background is applied to the data sample. Some selected bot-
tomonium Þts are shown in Fig.2.

6 Systematic uncertainties

The sources of systematic uncertainty in the quarkonium
yields include acceptance, muon reconstruction and trigger
efÞciency corrections, the Þt model parameterisation and bin
migration corrections and the luminosity. For the ratio mea-
surements the systematic uncertainties are assessed in the

same manner as for the yields, except that in the ratios the
correlated systematic uncertainties, such as the luminosity
uncertainty, cancel out.

Luminosity

The uncertainty in integrated luminosity is 2.7% (5.4%) for
2013 p+Pb (2015pp) data-taking. The luminosity calibra-
tion is based on data from dedicated beam-separation scans,
also known as van der Meer scans, as described in Ref. [51].

Acceptance

A systematic uncertainty for the Þnal-state radiation correc-
tions is assigned to cover the differences between correction
factors obtained for ground and excited states of quarkonium
and for different rapidity slices. The systematic uncertainties
fully cancel out in ratio measurements in the same datasets
and between different datasets.

Muon reconstruction and trigger efÞciencies in p+Pbcolli-
sions

The dominant source of uncertainty in the muon reconstruc-
tion and trigger efÞciency inp+Pb collisions is statistical.
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in the HLT, the two L1 candidates must be conÞrmed as muons from a common vertex with opposite-sign
charges.

In the o! ine analysis, events are required to have at least one reconstructed primary vertex with at least
four tracks and at least two muons originating from a common vertex, each withpT > 4 GeV and match-
ing an HLT muon candidate associated with the event trigger. The selected muons are required to be
Combined[42] and Tight [43] in p+Pb andpp collisions respectively, whereCombinedimplies that a
muon results from a track in the ID which can be combined with one in the MS, andTight requires a strict
compatibility between the two segments. To ensure high-quality triggering and accurate track measure-
ment, each muon track is further restricted to|! | < 2.4. Pairs of muon candidates satisfying these quality
requirements, and with opposite charges, are selected as quarkonia candidate pairs. All candidate pairs
that satisfy the criteria discussed above, including those events with additional interactions in the same
bunch crossing (known as "pile-up" events), are used for the cross-section measurements.

In order to characterise thep+Pb collision geometry, each event is assigned to a centrality class based on
the total transverse energy measured in the FCal on the Pb-going side (backwards). Collisions with more
(fewer) participating nucleons are referred to as central (peripheral). Following Ref. [30], the centrality
classes used for this analysis, in order from most central to most peripheral, are 0Ð5%, 5Ð10%, 10Ð20%,
20Ð30%, 30Ð40%, 40Ð60%, and 60Ð90%.

5 Analysis

5.1 Cross-section determination

The double-di" erential cross section multiplied by the dimuon decay branching fraction is calculated for
each measurement interval as:

d2" O(nS)

dpTdy! " B(O(nS) # µ+µ$) =
NO(nS)

# pT " #y " L
, (1)

whereL is the integrated luminosity,# pT and#y are the interval sizes in terms of dimuon transverse
momentum and centre-of-mass rapidity respectively, andNO(nS) is the observed quarkonium yield in the
kinematic interval under study, extracted from Þts and corrected for acceptance, trigger and reconstruction
e$ ciencies. The total correction weight assigned to each selected dimuon candidate is given by:

w$1
total = A (O(nS))á#recoá#trig, (2)

whereA (O(nS)) is the acceptance of the dimuon system for one of the Þve quarkonium states,#reco is the
dimuon reconstruction e$ ciency and#trig is the trigger e$ ciency.

5.2 Acceptance

The acceptance of quarkonium decays into muon pairs is deÞned as the probability of both muons from the
decay falling in the Þducial region (pT(µ±) > 4 GeV, |! (µ±)| < 2.4). The acceptance depends on transverse
momentum, rapidity, invariant mass and the spin-alignment of the quarkonium state. The invariant mass
of each state is taken to be the generator-level mass. Previous measurements inpp collisions [38Ð40]
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in the HLT, the two L1 candidates must be conÞrmed as muons from a common vertex with opposite-sign
charges.

In the o! ine analysis, events are required to have at least one reconstructed primary vertex with at least
four tracks and at least two muons originating from a common vertex, each withpT > 4 GeV and match-
ing an HLT muon candidate associated with the event trigger. The selected muons are required to be
Combined[42] and Tight [43] in p+Pb andpp collisions respectively, whereCombinedimplies that a
muon results from a track in the ID which can be combined with one in the MS, andTight requires a strict
compatibility between the two segments. To ensure high-quality triggering and accurate track measure-
ment, each muon track is further restricted to|! | < 2.4. Pairs of muon candidates satisfying these quality
requirements, and with opposite charges, are selected as quarkonia candidate pairs. All candidate pairs
that satisfy the criteria discussed above, including those events with additional interactions in the same
bunch crossing (known as "pile-up" events), are used for the cross-section measurements.

In order to characterise thep+Pb collision geometry, each event is assigned to a centrality class based on
the total transverse energy measured in the FCal on the Pb-going side (backwards). Collisions with more
(fewer) participating nucleons are referred to as central (peripheral). Following Ref. [30], the centrality
classes used for this analysis, in order from most central to most peripheral, are 0Ð5%, 5Ð10%, 10Ð20%,
20Ð30%, 30Ð40%, 40Ð60%, and 60Ð90%.

5 Analysis

5.1 Cross-section determination

The double-di" erential cross section multiplied by the dimuon decay branching fraction is calculated for
each measurement interval as:

d2" O(nS)

dpTdy! " B(O(nS) # µ+µ$) =
NO(nS)

# pT " #y " L
, (1)

whereL is the integrated luminosity,# pT and#y are the interval sizes in terms of dimuon transverse
momentum and centre-of-mass rapidity respectively, andNO(nS) is the observed quarkonium yield in the
kinematic interval under study, extracted from Þts and corrected for acceptance, trigger and reconstruction
e$ ciencies. The total correction weight assigned to each selected dimuon candidate is given by:

w$1
total = A (O(nS))á#recoá#trig, (2)

whereA (O(nS)) is the acceptance of the dimuon system for one of the Þve quarkonium states,#reco is the
dimuon reconstruction e$ ciency and#trig is the trigger e$ ciency.

5.2 Acceptance

The acceptance of quarkonium decays into muon pairs is deÞned as the probability of both muons from the
decay falling in the Þducial region (pT(µ±) > 4 GeV, |! (µ±)| < 2.4). The acceptance depends on transverse
momentum, rapidity, invariant mass and the spin-alignment of the quarkonium state. The invariant mass
of each state is taken to be the generator-level mass. Previous measurements inpp collisions [38Ð40]
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in the HLT, the two L1 candidates must be conÞrmed as muons from a common vertex with opposite-sign
charges.

In the o! ine analysis, events are required to have at least one reconstructed primary vertex with at least
four tracks and at least two muons originating from a common vertex, each withpT > 4 GeV and match-
ing an HLT muon candidate associated with the event trigger. The selected muons are required to be
Combined[42] and Tight [43] in p+Pb andpp collisions respectively, whereCombinedimplies that a
muon results from a track in the ID which can be combined with one in the MS, andTight requires a strict
compatibility between the two segments. To ensure high-quality triggering and accurate track measure-
ment, each muon track is further restricted to|! | < 2.4. Pairs of muon candidates satisfying these quality
requirements, and with opposite charges, are selected as quarkonia candidate pairs. All candidate pairs
that satisfy the criteria discussed above, including those events with additional interactions in the same
bunch crossing (known as "pile-up" events), are used for the cross-section measurements.

In order to characterise thep+Pb collision geometry, each event is assigned to a centrality class based on
the total transverse energy measured in the FCal on the Pb-going side (backwards). Collisions with more
(fewer) participating nucleons are referred to as central (peripheral). Following Ref. [30], the centrality
classes used for this analysis, in order from most central to most peripheral, are 0Ð5%, 5Ð10%, 10Ð20%,
20Ð30%, 30Ð40%, 40Ð60%, and 60Ð90%.

5 Analysis

5.1 Cross-section determination

The double-di" erential cross section multiplied by the dimuon decay branching fraction is calculated for
each measurement interval as:

d2" O(nS)

dpTdy! " B(O(nS) # µ+µ$) =
NO(nS)

# pT " #y " L
, (1)

whereL is the integrated luminosity,# pT and#y are the interval sizes in terms of dimuon transverse
momentum and centre-of-mass rapidity respectively, andNO(nS) is the observed quarkonium yield in the
kinematic interval under study, extracted from Þts and corrected for acceptance, trigger and reconstruction
e$ ciencies. The total correction weight assigned to each selected dimuon candidate is given by:

w$1
total = A (O(nS))á#recoá#trig, (2)

whereA (O(nS)) is the acceptance of the dimuon system for one of the Þve quarkonium states,#reco is the
dimuon reconstruction e$ ciency and#trig is the trigger e$ ciency.

5.2 Acceptance

The acceptance of quarkonium decays into muon pairs is deÞned as the probability of both muons from the
decay falling in the Þducial region (pT(µ±) > 4 GeV, |! (µ±)| < 2.4). The acceptance depends on transverse
momentum, rapidity, invariant mass and the spin-alignment of the quarkonium state. The invariant mass
of each state is taken to be the generator-level mass. Previous measurements inpp collisions [38Ð40]
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Figure 11: The nuclear modiÞcation factor,RpPb, as a function of centre-of-mass rapidityy! for promptJ/ ! (left)
and non-promptJ/ ! (right). The horizontal position of each data point indicates the mean of the weightedy!

distribution. The vertical error bars correspond to the statistical uncertainties. The vertical sizes of coloured boxes
around the data points represent the uncorrelated systematic uncertainties, and the horizontal sizes of coloured boxes
represent they! bin sizes. The vertical sizes of the leftmost grey boxes aroundRpPb = 1 represent the correlated
systematic uncertainty.
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7.3 Double ratio

The prompt! (2S) toJ/ ! production double ratio,#! (2S)/ J/ !
pPb , is shown in Figure15 in intervals ofy! . A

decreasing trend with one-standard-deviation signiÞcance of the double ratio is observed from backward
to forward centre-of-mass rapidity. ThepT and y! integrated bottomonium double ratios,#" (nS)/ " (1S)

pPb

(n = 2,3) are shown in Figure16. Both the integrated#" (2S)/ " (1S)
pPb and#" (3S)/ " (1S)

pPb are found to be less
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ground-state quarkonium states and Z bosons as seen in Figure13, the deviation at highest event activity
may suggest that the" EBackwards

T characterised event activity is not a robust scale parameter, but a more
complicated geometry model is needed for instance as discussed in Ref. [57].
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ground-state quarkonium states and Z bosons as seen in Figure13, the deviation at highest event activity
may suggest that the" EBackwards

T characterised event activity is not a robust scale parameter, but a more
complicated geometry model is needed for instance as discussed in Ref. [57].

19

a%&8+,").#$3b&,'#()0,&/#"-

¥ a#".,83-+$)",'#)#0  
)&"#--Q-+&'#(-)_O!@)

¥ _+,-#(,@86)&#(-3-/+(/ 
M3/A)%(3/6)3()=ST)V@#/A)O"#.O/),($)(#(QO"#.O/Y 
V,($),8-#),&"#--)",O3$3'+-Y 

¥ [()K#z#.#(3%.)-+&/#")„VD<Y)-A#M- 
-3L(3b&,(/)$3-&"+O,(&6)M3/A)%(3/6),/)8#MQO:e)

¥ ;#M)O:)„VD<Y)&,()O"#@+)-.,88+")K`#"2+(QP)"+L3#()&#.O,"+$)/#) 
=ST).+,-%"+$)3()W)n)O:)n)hG)J+X))
Ð #@-+"5+$)-%OO"+--3#()#0)„VD<Y)&#.+)0"#.)/A+)"+$%&'#()#0)A,"$Q-&,z+"3(L) 

&"#--)-+&'#(-)$%+)/#)-/"#(L+")(!d7)-A,$#M3(L),/)-.,88+")K`#"2+(QP))

ÐCFD

1 Introduction

The study of heavy quarkonium bound states (cøc andbøb) in ultra-relativistic heavy-ion collisions [1, 2] has
been a subject of intense theoretical and experimental e! orts since it was initially proposed by Matsui and
Satz [3] as a probe to study a deconÞned quarkÐgluon plasma (QGP) created in nucleusÐnucleus (A+A)
collisions. In order to understand quarkonium yields in A+A collisions it is necessary to disentangle
e! ects due to interaction between quarkonium and the QGP medium from those that can be ascribed to
cold nuclear matter (CNM). In proton (deuteron)Ðnucleus collisions,p(d)+A, the formation of a large
region of deconÞned and hot QGP matter was not expected to occur. Therefore, the observed suppression
of quarkonium yields in these systems with respect toppcollisions [4Ð7] has traditionally been attributed
to CNM e! ects.

Among the CNM e! ects, three primary initial-state e! ects are: modiÞcations of the nuclear parton dis-
tribution functions [8Ð11], parton saturation e! ects in the incident nucleus [12], and parton energy loss
through interactions with the nuclear medium [13, 14]. On the other hand, the absorption of the heavy
quarkÐantiquark pair through interactions with the co-moving nuclear medium [15Ð18] is considered to
be a Þnal-state e! ect. In protonÐlead (p+Pb) collisions, the modiÞcation of quarkonium production with
respect to that inppcollisions may be quantiÞed by the nuclear modiÞcation factor,RpPb, which is deÞned
as the ratio of the quarkonium production cross section inp+Pb collisions to the cross section measured in
ppcollisions at the same centre-of-mass energy, scaled by the number of nucleons in the lead nucleus:

RpPb =
1

208

! O(nS)
p+Pb

! O(nS)
pp

,

whereO(nS) represents one of Þve measured quarkonium states,J/ " , " (2S),# (1S),# (2S) and# (3S).
Several measurements of CNM e! ects in quarkonium production were performed withp+Pb data col-
lected in 2013 at the LHC at a centre-of-mass energy per nucleon pair

!
sNN = 5.02 TeV. Measurements

of the J/ " nuclear modiÞcation factor and forward (p beam direction) to backward (Pb beam direction)
cross-section ratio by the ALICE [19, 20] and LHCb [21] experiments show strong suppression at large
rapidity and low transverse momentum. However, no strong modiÞcation ofJ/ " production is observed
at small rapidities and high transverse momentum by the ATLAS [22] or CMS [23] experiments indic-
ating that the CNM e! ects have strong rapidity and/or transverse momentum dependence. The CNM
e! ects in excited quarkonium states with respect to the ground state can be quantiÞed by the double ratio,
$O(nS)/ O(1S)

pPb , deÞned as:

$O(nS)/ O(1S)
pPb =

RpPb(O(nS))
RpPb(O(1S))

=
! O(nS)

p+Pb

! O(1S)
p+Pb

/
! O(nS)

pp

! O(1S)
pp

,

wheren = 2 for charmonium andn = 2 or 3 for bottomonium. In the double ratio, most sources of
detector systematic uncertainty cancel out, and measurements of this quantity by di! erent experiments
can easily be compared. The initial-state e! ects are expected to be largely cancelled out in double ratio
due to the same modiÞcations a! ecting partons before the formation of the quarkonium state, so meas-
uring the relative suppression of di! erent quarkonium states should help in understanding the properties
of the Þnal-state e! ects separately from the initial ones. The PHENIX experiment at RHIC has presented
measurements of" (2S) suppression at mid-rapidity ford+Au interactions at

!
sNN = 200 GeV, showing
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1 Introduction

The study of heavy quarkonium bound states (cøc andbøb) in ultra-relativistic heavy-ion collisions [1, 2] has
been a subject of intense theoretical and experimental e! orts since it was initially proposed by Matsui and
Satz [3] as a probe to study a deconÞned quarkÐgluon plasma (QGP) created in nucleusÐnucleus (A+A)
collisions. In order to understand quarkonium yields in A+A collisions it is necessary to disentangle
e! ects due to interaction between quarkonium and the QGP medium from those that can be ascribed to
cold nuclear matter (CNM). In proton (deuteron)Ðnucleus collisions,p(d)+A, the formation of a large
region of deconÞned and hot QGP matter was not expected to occur. Therefore, the observed suppression
of quarkonium yields in these systems with respect toppcollisions [4Ð7] has traditionally been attributed
to CNM e! ects.

Among the CNM e! ects, three primary initial-state e! ects are: modiÞcations of the nuclear parton dis-
tribution functions [8Ð11], parton saturation e! ects in the incident nucleus [12], and parton energy loss
through interactions with the nuclear medium [13, 14]. On the other hand, the absorption of the heavy
quarkÐantiquark pair through interactions with the co-moving nuclear medium [15Ð18] is considered to
be a Þnal-state e! ect. In protonÐlead (p+Pb) collisions, the modiÞcation of quarkonium production with
respect to that inppcollisions may be quantiÞed by the nuclear modiÞcation factor,RpPb, which is deÞned
as the ratio of the quarkonium production cross section inp+Pb collisions to the cross section measured in
ppcollisions at the same centre-of-mass energy, scaled by the number of nucleons in the lead nucleus:

RpPb =
1

208

! O(nS)
p+Pb

! O(nS)
pp

,

whereO(nS) represents one of Þve measured quarkonium states,J/ " , " (2S),# (1S),# (2S) and# (3S).
Several measurements of CNM e! ects in quarkonium production were performed withp+Pb data col-
lected in 2013 at the LHC at a centre-of-mass energy per nucleon pair

!
sNN = 5.02 TeV. Measurements

of the J/ " nuclear modiÞcation factor and forward (p beam direction) to backward (Pb beam direction)
cross-section ratio by the ALICE [19, 20] and LHCb [21] experiments show strong suppression at large
rapidity and low transverse momentum. However, no strong modiÞcation ofJ/ " production is observed
at small rapidities and high transverse momentum by the ATLAS [22] or CMS [23] experiments indic-
ating that the CNM e! ects have strong rapidity and/or transverse momentum dependence. The CNM
e! ects in excited quarkonium states with respect to the ground state can be quantiÞed by the double ratio,
$O(nS)/ O(1S)

pPb , deÞned as:

$O(nS)/ O(1S)
pPb =

RpPb(O(nS))
RpPb(O(1S))

=
! O(nS)

p+Pb
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/
! O(nS)
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! O(1S)
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,

wheren = 2 for charmonium andn = 2 or 3 for bottomonium. In the double ratio, most sources of
detector systematic uncertainty cancel out, and measurements of this quantity by di! erent experiments
can easily be compared. The initial-state e! ects are expected to be largely cancelled out in double ratio
due to the same modiÞcations a! ecting partons before the formation of the quarkonium state, so meas-
uring the relative suppression of di! erent quarkonium states should help in understanding the properties
of the Þnal-state e! ects separately from the initial ones. The PHENIX experiment at RHIC has presented
measurements of" (2S) suppression at mid-rapidity ford+Au interactions at

!
sNN = 200 GeV, showing
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Figure 15: The prompt charmonium production double ratio,! " (2S)/ J/ "
pPb , as a function of the centre-of-mass rapidity,

y! . The vertical error bars correspond to the statistical uncertainties. The horizontal position of each data point
indicates the mean of the weightedy! distribution. The vertical sizes of coloured boxes around the data points
represent the uncorrelated systematic uncertainties, and horizontal sizes of the coloured boxes represent the bin
sizes.
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1 Introduction

The study of heavy quarkonium bound states (cøc andbøb) in ultra-relativistic heavy-ion collisions [1, 2] has
been a subject of intense theoretical and experimental e! orts since it was initially proposed by Matsui and
Satz [3] as a probe to study a deconÞned quarkÐgluon plasma (QGP) created in nucleusÐnucleus (A+A)
collisions. In order to understand quarkonium yields in A+A collisions it is necessary to disentangle
e! ects due to interaction between quarkonium and the QGP medium from those that can be ascribed to
cold nuclear matter (CNM). In proton (deuteron)Ðnucleus collisions,p(d)+A, the formation of a large
region of deconÞned and hot QGP matter was not expected to occur. Therefore, the observed suppression
of quarkonium yields in these systems with respect toppcollisions [4Ð7] has traditionally been attributed
to CNM e! ects.

Among the CNM e! ects, three primary initial-state e! ects are: modiÞcations of the nuclear parton dis-
tribution functions [8Ð11], parton saturation e! ects in the incident nucleus [12], and parton energy loss
through interactions with the nuclear medium [13, 14]. On the other hand, the absorption of the heavy
quarkÐantiquark pair through interactions with the co-moving nuclear medium [15Ð18] is considered to
be a Þnal-state e! ect. In protonÐlead (p+Pb) collisions, the modiÞcation of quarkonium production with
respect to that inppcollisions may be quantiÞed by the nuclear modiÞcation factor,RpPb, which is deÞned
as the ratio of the quarkonium production cross section inp+Pb collisions to the cross section measured in
ppcollisions at the same centre-of-mass energy, scaled by the number of nucleons in the lead nucleus:

RpPb =
1

208

! O(nS)
p+Pb

! O(nS)
pp

,

whereO(nS) represents one of Þve measured quarkonium states,J/ " , " (2S),# (1S),# (2S) and# (3S).
Several measurements of CNM e! ects in quarkonium production were performed withp+Pb data col-
lected in 2013 at the LHC at a centre-of-mass energy per nucleon pair

!
sNN = 5.02 TeV. Measurements

of the J/ " nuclear modiÞcation factor and forward (p beam direction) to backward (Pb beam direction)
cross-section ratio by the ALICE [19, 20] and LHCb [21] experiments show strong suppression at large
rapidity and low transverse momentum. However, no strong modiÞcation ofJ/ " production is observed
at small rapidities and high transverse momentum by the ATLAS [22] or CMS [23] experiments indic-
ating that the CNM e! ects have strong rapidity and/or transverse momentum dependence. The CNM
e! ects in excited quarkonium states with respect to the ground state can be quantiÞed by the double ratio,
$O(nS)/ O(1S)

pPb , deÞned as:

$O(nS)/ O(1S)
pPb =

RpPb(O(nS))
RpPb(O(1S))

=
! O(nS)

p+Pb

! O(1S)
p+Pb

/
! O(nS)

pp

! O(1S)
pp

,

wheren = 2 for charmonium andn = 2 or 3 for bottomonium. In the double ratio, most sources of
detector systematic uncertainty cancel out, and measurements of this quantity by di! erent experiments
can easily be compared. The initial-state e! ects are expected to be largely cancelled out in double ratio
due to the same modiÞcations a! ecting partons before the formation of the quarkonium state, so meas-
uring the relative suppression of di! erent quarkonium states should help in understanding the properties
of the Þnal-state e! ects separately from the initial ones. The PHENIX experiment at RHIC has presented
measurements of" (2S) suppression at mid-rapidity ford+Au interactions at

!
sNN = 200 GeV, showing
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Figure 9: The di! erential cross-section, d! /dpT(J/ " J/ " ), in the(a) central and(b) forward rapidity. The variation
due to the choice ofJ/ " spin-alignment is shown separately. The longitudinal polarisation is found to minimise the
di-J/ " cross-section and the positive transverse polarisation is found to maximise the di-J/ " cross-section. Also
shown is the data-driven DPS distribution derived with the method described in the text. It is assumed that the DPS
weights created within the muon kinematic acceptance can be applied to the acceptance-corrected distributions.
The two peaks at low and highpT are due to the away and towards event topologies respectively. The separation is
due to the requirement that eachJ/ " havepT > 8.5 GeV.

assume factorisation of perturbative QCD and use an approximate prompt single-J/ " matrix element
modelled from combined Þts of data from multiple experiments. For comparison, the DPS predictions
from Ref. [43] are used. The DPS predictions are created using the MSTW2008 NLO [85] parton distri-
bution function. The theory predictions are made in the muon Þducial volume and assume unpolarised
J/ " mesons, and therefore the acceptance correction is not needed for comparison with the predictions.
In Figure11, the DPS-weighted distribution produced from the event weights of the data-driven method
and the total distribution are compared to the LO DPS and sum of the LO DPS and NLO* SPS predic-
tions. The DPS predictions are normalised to thefDPS value measured with the data-driven model. For
the NLO* SPS predictions, a constant correction factor of 1.85 is applied for feed-down [10] from " (2S)
which is present in the data. Changes in SPS predictions from varying the factorisation and renormal-
isation scales of perturbative QCD, as well as the mass of the charm quark are assigned as systematic
uncertainties.

In each of the plots in Figure11, the shape of the data-driven DPS distribution approximately agrees with
the shape of the DPS predictions. However, there is disagreement between the total data distribution and
the total theory predictions at large" y, large invariant mass, and in the low-pT region that corresponds to
di-J/ " production in an away topology.

The distributions in Figure11show that a signiÞcant fraction of events have a towards topology where the
NLO SPS contributions dominate: speciÞcally events in the low-" # region of Figure11(b) and the peak
of the di-J/ " pT distribution in Figure11(d) at aroundpT = 22 GeV. Therefore LO predictions alone,
which do not include the towards topology, are not enough to describe PP di-J/ " production.
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Figure 10: The di! erential cross-section, d! /dm(J/ " J/ " ), in the(a) central and(b) forward rapidity regions. The
variation due to the choice ofJ/ " spin-alignment is shown separately. The longitudinal polarisation is found to
minimise the di-J/ " cross-section and the positive transverse polarisation is found to maximise the di-J/ " cross-
section. Also shown is the data-driven DPS distribution derived with the method described in the text. It is assumed
that the DPS weights created within the muon kinematic acceptance can be applied to the acceptance-corrected
distributions.

Most of the NLO* SPS predictions would appear to require a larger value offDPS than the values
measured from the data-driven distributions to Þt the data. A possible reason for the discrepancies
may be that the NLO* predictions assume a constant correction factor for feed-down from higher-mass
charmonium states, which could change the kinematic properties of the SPS distributions. Requiring
pT(J/ " ) > 8.5 GeV limits feed-down, but a change in the kinematic properties of the feed-down com-
ponent could lead to a wider SPS tail [12, 42]. The wide peak at low di-J/ " pT could be explained by a
large e! ect due to the inclusion of the intrinsic parton transverse momentum, a non-constant feed-down
component, or a combination of the two.

To study the properties of the discrepancies seen, a requirement of" y ! 1.8 is imposed. The correspond-
ing distributions are shown in Figure12, where for a better comparison the same binning as in Figure11
is used. Because the SPS and DPS distributions are determined from a data-driven method, the statistics
are the same as the data. For better clarity the errors in the SPS and DPS distributions are not included in
these Þgures.

A comparison of the di-J/ " invariant mass distribution in Figure11(c) with that in Figure12(a) shows
that the events in the region of excess (" y ! 1.8) have large di-J/ " invariant mass, as expected from the
relationship between the invariant mass and the di! erence in rapidity. The di-J/ " transverse momentum,
shown in Figure12(b), has an SPS peak near zero and then falls o! monotonically while the DPS peaks
at a slightly largerpT. This indicates that the twoJ/ " mesons are produced in an away topology. The" #
distribution in this region, shown in Figure12(c), is not uniform as would be expected for a pure DPS:
there is a large SPS peak from the away topology peaked at" # = $. To make this comparison easier,
the " # distribution is also shown on linear vertical scale in Figure12(d). A plausible explanation for

23

!"#.O/)=S! )O,3")O"#$%&'#(



!"#$%&'()*+,-.)&%/&0)1234

!"#.O/)=S! )O,3")O"#$%&'#(

¥ 7#")+P/",&'#()#0))#0)d!<U)
Ð B,8&%8,/+$)3().%#()b$%&3,8)5#8%.+))

¥ d!<);?)O"+$3&'#() 
(#".,83-+$)/#).+,-%"+$)0d!< e)
Ð 1Bd)0,&/#"3-,'#(c)3(O%/)0"#.)$,/,e)

¥ <!<)a;? •)&#""+&'#()0,&/#")DeWo) 
,OO83+$)/#),&&#%(/)0#")0++$Q$#M(e)
Ð 4E;9BQ?(3,I)(#)B?)&#(/"3@%'#(-)

¥ d!<)O"+$3&'#()3()@"#,$),L"++.+(/) 
M3/A)$,/,Q$+"35+$)+-'.,/+e)

Ð d3-&"+O,(&3+-)3()JZJ4).LIL3L[4))@+/M++() 
$,/,),($)/A+#"6I)
¥ *,6)-%LL+-/)-#.+)(#(Q&#(-/,(/)0++$)$#M( 

0,&/#")0"#.)A3LA+").,--)-/,/+-e)

¥ d#.3(,(/)-6-/+.,'&-)0"#.)/"3LL+")+x&3+(&6e),($)d!<).#$+883(Le 
CFy

)!,J/!y(J/"

0 0.5 1 1.5 2 2.5 3 3.5 4

y 
[p

b/
0.

3]
"

/d
#d

2$10

1$10

1

10
 2.1%± = 9.2% DPSf

Data
DPS Estimate

.DPS Pred
NLO* SPS+DPS Pred.

ATLAS
-1 = 8 TeV, 11.4 fbs

(a)

)!,J/!(J/"#

0 0.5 1 1.5 2 2.5 3

/8
)]

$
 [p

b/
(

"
#

/d
%d

2&10

1&10

1

10

210  2.1%± = 9.5% DPSf
Data
DPS Estimate

.DPS Pred
NLO* SPS+DPS Pred.

ATLAS
-1 = 8 TeV, 11.4 fbs

(b)

) [GeV]! J/!m(J/

10 20 30 40 50 60 70 80

) 
[p

b/
5 

G
eV

]
!

 J
/

!
/d

m
(J

/
"d

3#10

2#10

1#10

1

10

210

 2.1%± = 9.5% DPSf
Data
DPS Estimate

.DPS Pred
NLO* SPS+DPS Pred.

ATLAS
-1 = 8 TeV, 11.4 fbs

(c)

) [GeV]! J/!(J/
T

p

0 10 20 30 40 50 60 70

) 
[p

b/
2.

5 
G

eV
]

!
 J

/
!

(J
/

T
/d

p
"d

2#10

1#10

1

10

210

 2.2%± = 9.5% DPSf
Data
DPS Estimate

.DPS Pred
NLO* SPS+DPS Pred.

ATLAS
-1 = 8 TeV, 11.4 fbs

(d)

Figure 11: The DPS and total di! erential cross-sections as a function of(a) the di! erence in rapidity between the
two J/ ! mesons,(b) the azimuthal angle between the twoJ/ ! mesons,(c) the invariant mass of the di-J/ ! , (d)
the transverse momentum of the di-J/ ! . Shown are the data as well as the LO DPS [43] + NLO* SPS [10,
11] predictions. The DPS predictions are normalised to the value offDPS found in the data and the NLO* SPS
predictions are multiplied by a constant feed-down correction factor. The data-driven DPS-weighted distribution
and the total data distribution are compared to the DPS theory prediction and the total SPS+DPS prediction.
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SPS computations. Given the impact of the QCD corrections in the D0 acceptance (compare the LO and
NLO! Þgures in Tab.10), such a choice may not be an optimal one.
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Figure 40: Comparison of the NLO! CSM theoretical predictions with the ATLAS measurement as a function of the (a) pair
transverse momentum; (b) absolute-rapidity di! erence ; (c) pair invariant mass; (d) azimuthal separation.

In 2016 [117], ATLAS reported on an analysis at 8 TeV including the separation of the DPS and SPS
yields relying on a DPS template which they applied in a region where the SPS is expected to be negligible.
Based on this extraction they stated that the DPS accounted for 9.2 % of the yield in their acceptance. Using
their measured value of" J/ # in the same kinematical conditions, they could perform their own extraction
of " e! = 6.3 ± 1.6 (stat.) ± 1.0 (syst.) mb.

ThePT-integrated cross section is reported in Tab.10along with a DPS cross section with" e! = 8.2 mb.
Theirs is just 8.2/ 6.3 times larger. Comparisons between their cross section and our NLO! predictions were
shown in [117]. Let us however note that we discovered that there had been a confusion during the plotting
procedure. The NLO! cross sections in [117] hold for the inclusive yield, not the Þducial one. As such, all
the red theory histograms should a priori be scaled down by a factor on the order of 6. Fig.40 shows the
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SPS computations. Given the impact of the QCD corrections in the D0 acceptance (compare the LO and
NLO! Þgures in Tab.10), such a choice may not be an optimal one.
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Figure 40: Comparison of the NLO! CSM theoretical predictions with the ATLAS measurement as a function of the (a) pair
transverse momentum; (b) absolute-rapidity di! erence ; (c) pair invariant mass; (d) azimuthal separation.

In 2016 [117], ATLAS reported on an analysis at 8 TeV including the separation of the DPS and SPS
yields relying on a DPS template which they applied in a region where the SPS is expected to be negligible.
Based on this extraction they stated that the DPS accounted for 9.2 % of the yield in their acceptance. Using
their measured value of" J/ # in the same kinematical conditions, they could perform their own extraction
of " e! = 6.3 ± 1.6 (stat.) ± 1.0 (syst.) mb.

ThePT-integrated cross section is reported in Tab.10along with a DPS cross section with" e! = 8.2 mb.
Theirs is just 8.2/ 6.3 times larger. Comparisons between their cross section and our NLO! predictions were
shown in [117]. Let us however note that we discovered that there had been a confusion during the plotting
procedure. The NLO! cross sections in [117] hold for the inclusive yield, not the Þducial one. As such, all
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SPS computations. Given the impact of the QCD corrections in the D0 acceptance (compare the LO and
NLO! Þgures in Tab.10), such a choice may not be an optimal one.
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In 2016 [117], ATLAS reported on an analysis at 8 TeV including the separation of the DPS and SPS
yields relying on a DPS template which they applied in a region where the SPS is expected to be negligible.
Based on this extraction they stated that the DPS accounted for 9.2 % of the yield in their acceptance. Using
their measured value of" J/ # in the same kinematical conditions, they could perform their own extraction
of " e! = 6.3 ± 1.6 (stat.) ± 1.0 (syst.) mb.

ThePT-integrated cross section is reported in Tab.10along with a DPS cross section with" e! = 8.2 mb.
Theirs is just 8.2/ 6.3 times larger. Comparisons between their cross section and our NLO! predictions were
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In 2016 [117], ATLAS reported on an analysis at 8 TeV including the separation of the DPS and SPS
yields relying on a DPS template which they applied in a region where the SPS is expected to be negligible.
Based on this extraction they stated that the DPS accounted for 9.2 % of the yield in their acceptance. Using
their measured value of" J/ # in the same kinematical conditions, they could perform their own extraction
of " e! = 6.3 ± 1.6 (stat.) ± 1.0 (syst.) mb.

ThePT-integrated cross section is reported in Tab.10along with a DPS cross section with" e! = 8.2 mb.
Theirs is just 8.2/ 6.3 times larger. Comparisons between their cross section and our NLO! predictions were
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! (2S) andJ/ ! production and can make up 40% of the SPS cross-section. This matches the peaks due
to events with an away topology observed in the! " and di-J/ ! pT distributions at large! y in Figure12.
Additionally, in Ref. [10] the! y and di-J/ ! mass from the CMS di-J/ ! measurement [45] are Þt with DPS
and NLO* SPS predictions. The CMS data also show an excess at large! y and di-J/ ! mass. In Ref. [12]
a comparison of the predicted NLO* SPS, feed-down, and DPS distributions is shown. The predicted
di-J/ ! mass and! y distributions from feed-down have a wider tail than the NLO* SPS distributions,
similar to what is observed in the DPS distributions. The increase at large di-J/ ! mass and! y is also
predicted in Ref. [42], which studied all possible Fock state contributions to the SPS production of prompt
J/ ! meson pairs. A signiÞcant non-constant contribution from feed-down is a possible explanation of the
much quicker drop o" of the tail in the NLO* SPS predictions relative to the data-driven distribution,
seen in Figures11(a)Ð11(d). Because feed-down can have a distribution similar to DPS, it can explain
why the predictions seem to require a largerfDPS value than measured by the data-driven distribution. A
larger fDPS would not explain the peak at! " ! # for ! y " 1.8, which can be explained by SPS from a
non-constant feed-down contribution. Additionally, the wide peak seen at low di-J/ ! pT can be explained
either by a large e" ect due to the inclusion of the intrinsic parton transverse momentum, smearing due to
a non-constant feed-down component, or a combination of the two.

7.2.1 E! ective cross-section measurement

With the measured inclusive di-J/ ! cross-section and the fraction of DPS events as well as the prompt
J/ ! cross-section in the corresponding Þducial volume, the e" ective cross-section can be derived using
Eq. (4). The promptJ/ ! di" erential cross-section is obtained from measurements in Ref. [44] by in-
tegrating overpT and extrapolating to the rapidity acceptance region of this analysis (|y(J/ ! )| # 2.1 cf.
|y(J/ ! )| # 2.0 in Ref. [44]). The extrapolation uses a linear Þt to the cross-section as a function of the
absolute rapidity. The statistical and systematic uncertainties are scaled to keep the relative uncertain-
ties the same before and after extrapolation. The cross-section in the Þducial volume of this analysis is
$ J/ ! = 429.8± 0.1 (stat)± 38.6 (syst) nb.

The value offDPS is taken from the! y distribution since it has a well-known DPS distribution, and the
other distributions are used as a cross-check. Using the! y distribution the fraction is measured to be:

fDPS = (9.2± 2.1 (stat)± 0.5 (syst))%.

The DPS cross-section, corrected for the muon acceptance in the fullJ/ ! rapidity range is measured to
be:

$ J/ ! ,J/ !
DPS = 14.8± 3.5 (stat)± 1.5 (syst)± 0.2 (BF)± 0.3 (lumi) pb.

A small di" erence is found between the DPS cross-section measured in the inclusive volume and the
cross-section extrapolated from the Þducial volume. This di" erence is introduced by ßuctuations in the
DPS distributions from the acceptance weight which is used to extrapolate to the inclusive volume, and
is smaller than the statistical error. The e" ective cross-section obtained from these inputs is measured to
be:

$ e" = 6.3± 1.6 (stat)± 1.0 (syst)± 0.1 (BF)± 0.1 (lumi) mb.

The e" ective cross-section measured in this analysis is compared to measurements from other experi-
ments and processes in Figure14. In Figure15 the e" ective cross-sections are shown as a function of
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Figure 6: The distribution of the distance between the trajectories of the two J/ mesons along the beam direction,
dz, after subtraction of the non-J/ and non-prompt background. A double Gaussian function is fit to the data in
order to determine the fraction of pile-up background events in the (a) central and (b) forward rapidity regions.
A narrow Gaussian describes the prompt J/ component and a wider Gaussian describes the component due to
pile-up. Only the relative normalisation is free in the fit. The parameters of both Gaussian functions are determined
from a fit to the inclusive J/ sample over a wider range of dz.

5 Double parton scattering

Due to the decrease in the average fraction of the incoming proton momentum carried by a parton at
large centre-of-mass energies, the parton densities rapidly increase and therefore DPS phenomena can
be of substantial importance at the LHC. The DPS cross-section is dependent on the transverse distance
between partons, and should decrease quickly as a function of transverse energy. Since at the LHC ener-
gies, J/ meson production is dominated by gluon–gluon interactions, the DPS cross-section is sensitive
to the spatial distribution of gluons in the proton [65].

A simplified ansatz for defining the DPS cross-section in terms of the production cross-sections of the
two final states and an e↵ective cross-section is described in Ref. [66] as:

�e↵ =
1
2

�2
J/ 

�J/ ,J/ 
DPS

=
1
2

�2
J/ 

fDPS ⇥ �J/ J/ 
, (4)

where fDPS is the fraction of PP di-J/ events that are due to DPS. The factor of 1/2 is because the two
final states for di-J/ events are identical.

The e↵ective cross-section, �e↵ , is related to the spatial separation between partons inside the proton.
In the derivation of the e↵ective cross-section ansatz, process and energy independence are assumed to
be first-order approximations in perturbative QCD predictions. There are possible correlations between
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fDPS = (9.2± 2.1 (stat)± 0.5 (syst))%.

The DPS cross-section, corrected for the muon acceptance in the fullJ/ ! rapidity range is measured to
be:

$ J/ ! ,J/ !
DPS = 14.8± 3.5 (stat)± 1.5 (syst)± 0.2 (BF)± 0.3 (lumi) pb.

A small di" erence is found between the DPS cross-section measured in the inclusive volume and the
cross-section extrapolated from the Þducial volume. This di" erence is introduced by ßuctuations in the
DPS distributions from the acceptance weight which is used to extrapolate to the inclusive volume, and
is smaller than the statistical error. The e" ective cross-section obtained from these inputs is measured to
be:

$ e" = 6.3± 1.6 (stat)± 1.0 (syst)± 0.1 (BF)± 0.1 (lumi) mb.

The e" ective cross-section measured in this analysis is compared to measurements from other experi-
ments and processes in Figure14. In Figure15 the e" ective cross-sections are shown as a function of
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 (2S) and J/ production and can make up 40% of the SPS cross-section. This matches the peaks due
to events with an away topology observed in the �� and di-J/ pT distributions at large �y in Figure 12.
Additionally, in Ref. [10] the�y and di-J/ mass from the CMS di-J/ measurement [45] are fit with DPS
and NLO* SPS predictions. The CMS data also show an excess at large �y and di-J/ mass. In Ref. [12]
a comparison of the predicted NLO* SPS, feed-down, and DPS distributions is shown. The predicted
di-J/ mass and �y distributions from feed-down have a wider tail than the NLO* SPS distributions,
similar to what is observed in the DPS distributions. The increase at large di-J/ mass and �y is also
predicted in Ref. [42], which studied all possible Fock state contributions to the SPS production of prompt
J/ meson pairs. A significant non-constant contribution from feed-down is a possible explanation of the
much quicker drop o↵ of the tail in the NLO* SPS predictions relative to the data-driven distribution,
seen in Figures 11(a) – 11(d). Because feed-down can have a distribution similar to DPS, it can explain
why the predictions seem to require a larger fDPS value than measured by the data-driven distribution. A
larger fDPS would not explain the peak at �� ⇡ ⇡ for �y � 1.8, which can be explained by SPS from a
non-constant feed-down contribution. Additionally, the wide peak seen at low di-J/ pT can be explained
either by a large e↵ect due to the inclusion of the intrinsic parton transverse momentum, smearing due to
a non-constant feed-down component, or a combination of the two.

7.2.1 E↵ective cross-section measurement

With the measured inclusive di-J/ cross-section and the fraction of DPS events as well as the prompt
J/ cross-section in the corresponding fiducial volume, the e↵ective cross-section can be derived using
Eq. (4). The prompt J/ di↵erential cross-section is obtained from measurements in Ref. [44] by in-
tegrating over pT and extrapolating to the rapidity acceptance region of this analysis (|y(J/ )|  2.1 cf.
|y(J/ )|  2.0 in Ref. [44]). The extrapolation uses a linear fit to the cross-section as a function of the
absolute rapidity. The statistical and systematic uncertainties are scaled to keep the relative uncertain-
ties the same before and after extrapolation. The cross-section in the fiducial volume of this analysis is
�J/ = 429.8 ± 0.1 (stat) ± 38.6 (syst) nb.

The value of fDPS is taken from the �y distribution since it has a well-known DPS distribution, and the
other distributions are used as a cross-check. Using the �y distribution the fraction is measured to be:

fDPS = (9.2 ± 2.1 (stat) ± 0.5 (syst))%.

The DPS cross-section, corrected for the muon acceptance in the full J/ rapidity range is measured to
be:

�J/ ,J/ 
DPS = 14.8 ± 3.5 (stat) ± 1.5 (syst) ± 0.2 (BF) ± 0.3 (lumi) pb.

A small di↵erence is found between the DPS cross-section measured in the inclusive volume and the
cross-section extrapolated from the fiducial volume. This di↵erence is introduced by fluctuations in the
DPS distributions from the acceptance weight which is used to extrapolate to the inclusive volume, and
is smaller than the statistical error. The e↵ective cross-section obtained from these inputs is measured to
be:

�e↵ = 6.3 ± 1.6 (stat) ± 1.0 (syst) ± 0.1 (BF) ± 0.1 (lumi) mb.

The e↵ective cross-section measured in this analysis is compared to measurements from other experi-
ments and processes in Figure 14. In Figure 15 the e↵ective cross-sections are shown as a function of
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From the deÞnition offDPS, Eq. (1) may be written as:

1
! e!

=
fDPS! 4!

k
2 ! A

SPS!
B
SPS

,

and hence an approach similar to that used for the extraction of the upper limit onfDPScan be applied to set
the lower limit on! e! . The lower limit on! e! at 95% CL is1.0 mb, consistent with previously measured
values of the e! ective cross section, as shown in Figure4.
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Figure 4: Summary of measurements and limits on the e! ective cross section, determined in di! erent experiments [7Ð
25], sorted chronologically. The measurements that were made by di! erent experiments are denoted by di! erent
symbols and colours. The inner error bars represent statistical uncertainties and the outer error bars correspond to
the total uncertainty. Dashed arrows indicate lower limits. Lines with arrows on both ends represent ranges of the
e! ective cross-section values, determined within a single publication. In the case of the doubleJ/ " measurement by
LHCb, the dashed line denotes the upper and lower uncertainties. The AFS measurement [7], indicated with a dot,
was published without uncertainties.

8 Summary

The production of four-lepton (electrons or muons) Þnal states inpp interactions at8 TeV is analysed for
the presence of double-parton scattering, using20.2 fb! 1 of data recorded by the ATLAS experiment at the
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total cross section is 0.1% and the relative uncertainty in the normalised di! erential cross section is less
than 1% everywhere.

6.5 Resolution correction uncertainty

An uncertainty in the factors used to correct for events migrating in and out of the acceptance is based on
the statistical uncertainty in the simulated sample used to derive the correction. The correction, described
in Section5.5, is derived from the ratio of events passing the particle-level selection to events passing the
detector-level selection in simulation. The uncertainty in this ratio is calculated assuming these samples
are uncorrelated. That is not entirely the case as they are derived from the same simulated sample, so this
represents a conservative estimate of an uncertainty in this correction. The relative fractional uncertainty
due to the resolution corrections for" ! (J/ " , µ) is typically at the 1% level.

7 Results and interpretation

The total measured cross section in the Þducial region, deÞned in Section3.3, is

# (B(! J/ " [! µ+µ" ] + X)B(! µ + X)) = 17.7 ± 0.1(stat)± 2.0(syst) nb.

While leading order calculations are not expected to accurately reproduce this total cross section, the
normalised di! erential cross sections are used to test the accuracy of a number of predictions. First,
comparisons are made using Pythia8, exploring several di! erent options for theg ! bøb splitting kernel,
as this process dominates the region of particular interest: small-angleb-hadron production. The details
of these settings are given in Ref. [49] and summarised in Table1. The settings explore one of the
main theoretical degrees of freedom when evaluating gluon-splitting to heavy quarks: whether to use the
relativepT (Opt. 1 and 4) or mass (Opt. 5, 8, 5b and 8b) of the splitting to set the scale when determining
the value of$s to be used in that splitting.

Option
label

Descriptions

Opt. 1 The same splitting kernel, (1/ 2)(z2 + (1 " z)2), for massive as massless quarks, only with
an extra%phase-space factor. This was the default setting in Pythia8.1, and currently must
also be used with the MC@NLO [50] method.

Opt. 4 A splitting kernelz2 + (1 " z)2 + 8rqz(1 " z), normalised so that thez-integrated rate is
(%/ 3)(1+ r/ 2), and with an additional suppression factor (1" mqq

2/ m2
dipole)

3, which reduces
the rate of high-massqøq pairs. This is the default setting in Pythia8.2.

Opt. 5 Same as Option 1, but reweighted to an$s(km2
qq) rather than the normal$s(p2

T), with k = 1.
Opt. 5b Same as Option 5, but settingk = 0.25.
Opt. 8 Same as Option 4, but reweighted to an$s(km2

qq) rather than the normal$s(p2
T), with k = 1.

Opt. 8b Same as Option 8, but settingk = 0.25.

Table 1: Description of Pythia8 options. Options 2, 3, 6 and 7 are less well physically motivated and not considered
here. The notation used is as follows:rq = m2

q/ m2
qq, %=

!
1 " 4rq, with mq the quark mass andmqq the qøq pair

invariant mass.
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sail-through events. This number is estimated from the Pythia8 simulation, by calculating the ratio of the
numbers of sail-through and fake muons and using this to scale the background estimate from the number
of fake muons Þtted in data.

A summary of the relative sizes and distributions of all the backgrounds for the! R(J/ ! , µ) observable is
given in Figure4.
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Figure 4: Breakdown of the contributions from the signal and di" erent sources of background across the distribution
of ! R(J/ ! , µ). The very small prompt muon contribution is not shown to aid the clarity of the Þgure.

5.4 Extrapolation to the full range of pseudo-proper decay time

Once the signal yield has been determined, a correction must be applied to extrapolate the results obtained
in the third muon Þt (for" > 0.25 mm/c) to the full range ofJ/ ! pseudo-proper decay time. The rate
of non-prompt third muons is expected to be constant as a function of" for non-promptJ/ ! mesons,
and this is conÞrmed in two tests. First in data, by repeating the third muon Þt in di" erent bins of"
and observing that the ratio of non-promptJ/ ! events to each of the third muon Þt components remains
constant. Second with simulation, where the rate of non-prompt muons is indeed found to be constant as
a function of" in events containing aJ/ ! originating from ab-hadron decay.

The extrapolation to the full" -spectrum is then performed by simply correcting the third muon yield
found in the" > 0.25 mm/c region by an extrapolation factor taken as the ratio of all non-promptJ/ !
events over the full" range to the number ofJ/ ! events found above the" > 0.25 mm/c requirement,
as determined from theJ/ ! Þt. The correction is derived individually for each di" erential observable
bin, based on the Þt in that bin, and is typically a factor of around 1.9 with no signiÞcant kinematic
dependence.

5.5 Resolution corrections

The Þnal step in converting the measurement to a full particle-level cross section is to correct for the
e" ects of detector resolution on the momentum and# of the muons. Detector resolution can have two

13

in all following calculations. The luminosity uncertainty is constant and therefore also not included in the
Þgure.

All these uncertainties are described in more detail in the remainder of this section.

)µ,!R(J/"

0 1 2 3 4 5

R
el

at
iv

e 
un

ce
rt

ai
nt

y 
[%

]

2#10

1#10

1

10 Total

Statistical

 Trig.+Recoµ

 fit model!J/

BDT

!Fake J/

cB

c-hadron

-1= 8 TeV, 11.4 fbsATLAS

Figure 5: The contribution from each systematic uncertainty source as a function of! R(J/ ! , µ). Details of the
di" erent contributions are given in the text.

6.1 Luminosity uncertainty

A 1.9% uncertainty is assigned to the delivered integrated luminosity. The methodology used to determine
this uncertainty is described in Ref. [48].

6.2 Muon trigger and reconstruction e! ciency uncertainties

As described in Section4, the trigger e# ciency has several components: the single-muon e# ciency; the
e# ciency to identify pairs of muons with opposite-charge and vertex requirements; and the e# ciency to
resolve pairs of nearby muons including a third-muon correction.

The single-muon e# ciency is parameterised as a function ofpT andq á" . Each bin in the trigger e# -
ciency map has an associated uncertainty resulting primarily from the limited data available to derive the
e# ciency. A Gaussian p.d.f. is formed for each map bin, with the mean being given by the central value
and the width by the uncertainty in that bin. ModiÞed e# ciency maps are formed by sampling randomly
from the p.d.f. in each map bin; multiple maps can be created by repeating this procedure. The data are
corrected for trigger e# ciency using each modiÞed map in turn to determine the number of events in the
reweighted data set after applying the trigger e# ciency correction. The distribution of the corrected data
yields using all the maps is then Þtted with a Gaussian function; the mean of this Gaussian function gives
the nominal event yield after corrections, and the width gives the systematic uncertainty in the trigger
e# ciency weighting procedure.
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FIG. 2: The Q = m(B ±
c !! ) ! m(B ±

c ) ! 2m(! ± ) distribution
for the right-charge combinations (points with error bars) and
for the same (wrong) pion charge combinations (shaded his-
togram) in 7 TeV data (top) and in 8 TeV data (bottom).
The wrong-charge combinations are normalized to the same
yield as the right-charge background. The solid line is the
projection of the results of the unbinned maximum likelihoo d
Þt to all candidates in the range 0Ð700 MeV. The dashed line
is the projection of the background component of the same
Þt.

paragraph do not include systematic uncertainties.

There are two dominant sources of systematic uncer-
tainty on the position of the peak. One comes from
the uncertainty on the mass of the B ±

c ground state
candidate and is largely canceled in the mass di! er-
ence distribution. The other involves systematic uncer-
tainties in the Þt of the mass di! erence distribution it-
self. The uncertainty on the mass of theB ±

c (2S) can-
didate is dominated by the Þtting procedure and esti-
mated below to be about 3.6 MeV. The contribution
from the uncertainty on the pion momentum scale to
the B ±

c mass is 1.2 MeV. The residual uncertainty from
the B ±

c candidate mass in the mass di! erence distribu-
tion, ! mB ±

c (2S) = ! mB ±
c

! (mB ±
c

)/m B ±
c (2S) , where the

! mB ±
c

is the world average uncertainty on theB ±
c mass

[10], is about 1.7 MeV. The systematic uncertainty on

the mass di! erence introduced by the Þtting procedure
is estimated by:

¥ varying the background model. An exponential
threshold function (f (Q) ! Qae! bQ, wherea and b
are free parameters) and second- and fourth-order
polynomials were considered as alternatives, result-
ing in a 3.4 MeV systematic uncertainty;

¥ varying the Þt mass range from 0Ð700 MeV to 0Ð
1500 MeV, results in a 1.2 MeV contribution to the
systematic uncertainty;

¥ using di! erent models for the signal. A single
BreitÐWigner function, a BreitÐWigner function
convolved with a Gaussian function, and a double
Gaussian function were considered. This results
in a negligible systematic uncertainty, compared to
the above two;

In each case the largest di! erence between any of the
variations mentioned and the default Þt model is used as
the systematic uncertainty. The values are calculated as
the weighted mean of the 7 and 8 TeV mass values.

An additional systematic uncertainty of 2 MeV is ob-
tained from the study of the mass bias in the selection of
the candidate with the best " 2 of the vertex Þt.

The various sources of systematic uncertainty are
treated as uncorrelated. The total averaged systematic
uncertainty propagated to the mass value of the new
structure is approximately 4.1 MeV.

The signiÞcance of the new structure is evaluated with
pseudo-experiments. A large number of background-only
mass di! erence distributions are generated. Parameters
of the generation are taken from the Þt with their un-
certainties to account for systematic e! ects. The back-
ground shape is scaled to the observed number of events.
The mean mass value of the signal contribution is left
free to vary within the theoretically motivated range
(6835Ð6917 MeV) to evaluate the Òlook-elsewhere e! ectÓ
[19]. The signiÞcance is calculated as the fraction of the
pseudo-experiments in which the di! erence of the loga-
rithms of Þt likelihoods " lnL with and without signal is
larger than in the data. In terms of standard deviations
the signiÞcance of the observation is 3.7# in the 7 TeV
data and 4.5# in the 8 TeV data. For the combined
7 TeV and 8 TeV dataset the total signiÞcance of the
observation is found to be 5.2#. The local signiÞcance of
the observation, obtained by Þxing the mean value of the
signal component, is 5.4#.

In conclusion, the distribution of the mass di! erence
Q = m(B ±

c $+ $! ) " m(B ±
c ) " 2m($± ) for events with

the B ±
c meson reconstructed in its decay toJ/ %$± has

been investigated inpp collisions at the LHC using the
ATLAS detector. The analysis is based on an integrated
luminosity of 4.9 (19.2) fb! 1 of pp collisions at a center-
of-mass energy of 7 (8) TeV. A new state is observed

3

I. The Þtted mass values are consistent with the world
average for theB ±

c mass [10]. The signal yield per fb! 1

of the B ±
c is lower in 8 TeV data due to the harder pT

requirements. The stability of the B ±
c yield was checked

through its normalization to B ± ! J/ ! K ± decays that
were reconstructed with similar requirements.

 [MeV]! "J/m

5800 6000 6200 6400 6600 6800

E
ve

nt
s 

/ 4
0 

M
eV

0

10

20

30

40

50

60

70 ATLAS -1
 Ldt = 4.9 fb#
 = 7 TeVs

 8 MeV± = 6282 
cBm

 23± = 100 
cBN

 12 MeV ± = 49 $

 [MeV]! "J/m

5800 6000 6200 6400 6600 6800

E
ve

nt
s 

/ 4
0 

M
eV

0

20

40

60

80

100

120

140

160 ATLAS -1
 Ldt = 19.2 fb#
 = 8 TeVs

 6 MeV± = 6277 
cBm

 25± = 227 
cBN

 8 MeV ± = 50 $

FIG. 1: Invariant mass distributions of the reconstructed
B ±

c ! J/ !" ± candidates in 7 TeV data (top) and in 8 TeV
data (bottom). The data are represented by the points with
error bars (statistical only). The solid line is the project ion
of the results of the unbinned maximum likelihood Þt to all
candidates in the mass range 5620Ð6820 MeV. The dashed
line is the projection of the background component of the
same Þt.

Data Signal events Peak mean [MeV] Peak width [MeV]

7 TeV 100± 23 6282± 8 49± 12
8 TeV 227± 25 6277± 6 50± 8

TABLE I: The results of the unbinned maximum likelihood
Þts of the invariant mass distribution of the B ±

c candidates.
Systematic uncertainties are not included.

The reconstruction of the excited state candidates uses
the B ±

c ground state candidates within ± 3" of the Þtted

mass value of the corresponding dataset. These candi-
dates are combined as described below with two pion
candidate tracks associated with the corresponding pri-
mary vertex. The pT threshold of the pion candidates is
400 MeV. No additional selection requirement is applied
to the B ±

c (2S) pion candidates. The three tracks from
the secondary vertex and the two tracks from the pri-
mary vertex are reÞtted simultaneously with the follow-
ing constraints given by the decay topology: the reÞtted
triplet of the B ±

c tracks and the pair of PV pion tracks
must intersect in two separateB ±

c and B ±
c (2S) vertices.

The invariant mass of the reÞtted muon tracks is con-
strained to the J/ ! world average mass, and the com-
bined momentum of the reÞttedB ±

c tracks must point to
the B ±

c (2S) vertex. When multiple B ±
c (2S) candidates

are found in the same event, the one with the best#2

value returned by the Þtter is kept as an excited state
candidate. Wrong-charge combinations (B ±

c $+ $+ and
B ±

c $! $! ) are kept separately for comparison with the
combinatorial background shape in the right-charge com-
binations (oppositely charged pion pairs).

Figure 2 shows the mass di! erence distribution
m(B ±

c $$) " m(B ±
c ) " 2m($) for the right-charge com-

binations B ±
c $+ $! as well as the wrong-charge combi-

nations.
A structure is observed in the mass di! erence distri-

bution. In order to characterize it, an unbinned max-
imum likelihood Þt to the right-charge combinations is
performed. The Þt includes a third-order polynomial to
model the background and a Gaussian function for the
structure. The background shape resulting from the Þt is
veriÞed to be consistent with the wrong-charge combina-
tions (which are not used to constrain the model in the
right-charge Þt) by Þtting the same shape to them, with
the normalization as the only free parameter. Alternative
models for the signal and the background parameteriza-
tions are studied as sources of systematic uncertainty.
A BreitÐWigner contribution was tested in convolution
with the Gaussian function and was found to be negli-
gible, implying that the natural width of the structure
is small relative to the detector resolution. The result-
ing Þt parameters (with statistical uncertainties only), as
well as the distributions of the wrong-charge (B ±

c $+ $+ ,
B ±

c $! $! ) combinations are shown in Þgure 2. The
wrong-charge combinations are normalized to the same
yield as the right-charge background.

The relative B ±
c (2S)/B ±

c yield ratio is veriÞed to be
statistically consistent between the 7 TeV and 8 TeV
data.

The Þt Þnds the peak at a mass di! erence (Q) value of
288.2± 5.1 MeV in the 7 TeV data and 288.4± 4.8 MeV
in the 8 TeV data. The Þt yields 22 ± 6 signal events
in the 7 TeV data and 35 ± 13 events in the 8 TeV
data. The Gaussian width of the structure is found to be
18.2 ± 3.8 MeV in the 7 TeV data and 17.6 ± 4.0 MeV
in the 8 TeV data. All uncertainties mentioned in this
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SPS computations. Given the impact of the QCD corrections in the D0 acceptance (compare the LO and
NLO! Þgures in Tab.10), such a choice may not be an optimal one.
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Figure 40: Comparison of the NLO! CSM theoretical predictions with the ATLAS measurement as a function of the (a) pair
transverse momentum; (b) absolute-rapidity di! erence ; (c) pair invariant mass; (d) azimuthal separation.

In 2016 [117], ATLAS reported on an analysis at 8 TeV including the separation of the DPS and SPS
yields relying on a DPS template which they applied in a region where the SPS is expected to be negligible.
Based on this extraction they stated that the DPS accounted for 9.2 % of the yield in their acceptance. Using
their measured value of" J/ # in the same kinematical conditions, they could perform their own extraction
of " e! = 6.3 ± 1.6 (stat.) ± 1.0 (syst.) mb.

ThePT-integrated cross section is reported in Tab.10along with a DPS cross section with" e! = 8.2 mb.
Theirs is just 8.2/ 6.3 times larger. Comparisons between their cross section and our NLO! predictions were
shown in [117]. Let us however note that we discovered that there had been a confusion during the plotting
procedure. The NLO! cross sections in [117] hold for the inclusive yield, not the Þducial one. As such, all
the red theory histograms should a priori be scaled down by a factor on the order of 6. Fig.40 shows the
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