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Quarkonium	  producFon	  is	  an	  ideal	  probe	  to	  study	  
hadron	  formaFon,	  part	  of	  the	  non-‐perturbaFve	  QCD	  
sector	  	  how	  do	  quarks	  combine	  into	  a	  bound	  state?	  

ProperFes	  of	  QCD	  can	  be	  probed	  through	  several	  
quarkonium	  producFon	  measurements,	  including	  
 	  ProducFon	  cross	  secFons	  
 	  PolarizaFons	  
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Studies	  of	  P-‐wave	  states	  are	  to	  esFmate	  the	  feed	  down	  
contribuFon	  to	  prompt	  S-‐wave	  producFon	  

P-‐wave	  states	  should	  help	  understanding	  the	  relaFve	  
importance	  of	  the	  singlet	  and	  several	  octet	  terms	  
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Puzzling	  χc2	  /	  χc1	  cross	  secFon	  raFo	  
	  CDF	  measures	  ≈	  0.75	  
	  Naive	  expectaFon	  (spin	  counFng):	  5/3	  

CMS	  is	  ideally	  suited	  to	  study	  P-‐wave	  quarkonia	  
through	  their	  radiaFve	  decays	  to	  S-‐wave	  quarkonia	  
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Feed-down: Charmonium system 

• 	  Prompt	  J/ψ	  producFon	  
consists	  of	  direct	  producFon	  
and	  P-‐wave	  +	  ψ(2S)	  feed-‐down	  

• 	  Non-‐prompt	  decays	  can	  be	  
separated	  experimentally	  

• 	  Prompt	  ψ(2S)	  gives	  access	  to	  
direct	  producFon	  studies	  
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• 	  Prompt	  J/ψ	  producFon	  
consists	  of	  direct	  producFon	  
and	  P-‐wave	  +	  ψ(2S)	  feed-‐down	  

• 	  Non-‐prompt	  decays	  can	  be	  
separated	  experimentally	  

• 	  Prompt	  ψ(2S)	  gives	  access	  to	  
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• 	  Prompt	  χcJ	  states	  should	  be	  
almost	  free	  of	  feed-‐down	  



(3S)

(2S)

(1S)

hadrons

hadrons
b1(1P) b2(1P)

b2(2P)

JPC 1 0 1 2

b0(2P) b1(2P)

b0(1P)

b2(3P)
b0(3P) b1(3P)

in
va

ria
nt

 m
as

s

Feed-‐down	  consideraFons	   3	  

BoNomonium	  bb	  
_	  

1-‐-‐	  

χbJ(3P)	  

Feed-down: Bottomonium system 

BoNomonium	  P-‐wave	  states:	  

• 	  χbJ(3P)	  triplet	  structure	  not	  yet	  
established	  
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Feed-down: Bottomonium system 



(3S)

(2S)

(1S)

hadrons

hadrons
b1(1P) b2(1P)

b2(2P)

JPC 1 0 1 2

b0(2P) b1(2P)

b0(1P)

b2(3P)
b0(3P) b1(3P)

in
va

ria
nt

 m
as

s

Feed-‐down	  consideraFons	   3	  

χbJ(1P)	  

ϒ(2S,3S)	  

directly	  produced	  ϒ(1S)	  

χbJ(3P)	  

LHCb,	  CMS	  ≈	  30	  GeV	  
χbJ(2P)	  

ϒ(3S)	  

directly	  produced	  ϒ(2S)	  

χbJ(3P)	  

LHCb,	  CMS	  ≈	  30	  GeV	  

χbJ(2P)	  

directly	  produced	  ϒ(3S)	  

χbJ(3P)	  

LHCb	  ,	  CMS	  ≈	  30	  GeV	  

BoNomonium	  bb	  
_	  

1-‐-‐	  

BoNomonium	  P-‐wave	  states:	  

• 	  χbJ(3P)	  triplet	  structure	  not	  yet	  
established	  

• 	  More	  states	  contribuFng	  to	  
feed-‐down	  structure	  

χbJ(nP) ➝	  ϒ(nS) + γ 

Feed-down: Bottomonium system 

≈	  40%	  

LHCb EPJC 74 (2014) 3092 

• 	  ϒ(3S)	  affected	  by	  large	  χbJ(3P)	  
feed-‐down	  fracFon	  
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NRQCD	  is	  an	  effecFve	  field	  theory	  that	  factorizes	  quarkonium	  producFon	  in	  two	  steps:	  
1)  producFon	  of	  the	  iniFal	  quark-‐anFquark	  pair	  (perturbaFve	  QCD)	  
2)  hadronizaFon	  of	  the	  quark	  pair	  into	  a	  bound	  quarkonium	  state	  (non-‐perturbaFve	  QCD)	  

The NRQCD factorization approach 4	  

	  =	  2S+1LJ[C]	  	  ,	  	  C	  =	  1,8	  
Quantum	  numbers	  of	  the	  heavy	  quark	  pair	  

S,	  L,	  J	  =	  spin,	  orbital	  and	  total	  ang.	  momentum	  

Short-‐distance	  coefficients	  (SDC)	  Short-‐distance	  coefficients	  (SDCs)	  
• 	  Cross	  secFon	  of	  partonic	  processes	  to	  form	  
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• 	  Process-‐dependent	  funcFons	  of	  kinemaFcs	  

• 	  Can	  be	  calculated	  perturbaFvely	  (expansion	  in	  αs)	  	  
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Long-‐distance	  matrix	  elements	  (LDME)	  Long-‐distance	  matrix	  elements	  (LDMEs)	  
• 	  Probability	  of	  QQ	  in	  state	  	  	  	  	  	  to	  form	  	  

quarkonium	  state	  	  
• 	  Universal	  constants	  (independent	  of	  kinemaFcs)	  

• 	  	  Determined	  from	  fits	  to	  experimental	  data	  

_	  

The	  LDMEs	  should	  follow	  a	  hierarchy	  in	  powers	  of	  v,	  the	  relaFve	  velocity	  of	  the	  quark	  pair	  in	  the	  
quarkonium	  system	  	  Non-‐relaFvisFc	  approximaFon	  (v2∼0.3	  for	  the	  ψ	  and	  ∼0.1	  for	  the	  ϒ):	  
 	  TruncaFon	  of	  v-‐expansion,	  NRQCD	  includes	  only	  few	  terms	  (intermediate	  states)	  
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Open	  ques'ons	  in	  P-‐wave	  produc'on:	  

1.	  What	  is	  the	  role	  of	  the	  color	  singlet	  component	  	  3PJ[1],	  
is	  it	  negligible	  as	  in	  S-‐wave	  producFon?	  

2.	  Is	  the	  3S1[8]	  color	  octet	  component	  dominant,	  as	  predicted	  by	  v-‐scaling?	  
Or	  is	  it	  suppressed,	  as	  in	  S-‐wave	  producFon?	  
Do	  the	  1S0[8]	  ,	  3PJ

[8]	  or	  1P1
[8]	  terms	  play	  a	  role?	  

3.	  Are	  all	  χ states	  produced	  similarly?	  
χc	  vs.	  χb	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  χ0	  vs.	  χ1	  vs.	  χ2        	  	  	  	  	  	  	  	  χb(1P)	  vs.	  χb(2P)	  vs.	  χb(3P)	  

The NRQCD factorization approach: P-wave production 5	  
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Experimental	  effort	  to	  answer	  these	  ques'ons:	  

• 	  Measurements	  of	  χ cross	  secFon	  raFos	  
	  TheoreFcal	  uncertainFes	  cancel	  

• 	  Measurements	  of	  “absolute”	  χ cross	  secFons	  
	  RelaFve	  importance	  of	  CO	  states	  

• 	  Measurement	  of	  χ polarizaFon:	  ulFmate	  discriminant	  for	  3S1[8]	  vs.	  1S0[8]	  
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CMS: quarkonium detection performance 6	  
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FIG. 1: The di-muon invariant mass spectum for events used in this analysis. Separate spectra are shown for those events with
the di-muon candidate (left) in the central region of the detector (|yµµ| < 1.2) and (right) in the forward region (1.2 ≤ |yµµ| <
2.25). Overlaid are individual shapes of the fitted Υ (nS) signals (shaded regions), background-only fit (dashed curve) and the
total signal plus background shape (solid curve). The background shape is modelled here by a fourth-order polynomial and the
signal peaks each modelled by a single Gaussian. Also quoted are the fitted mass resolutions of each of the three signal peaks,
determined from the fit with a common resolution parameter scaling with invariant mass.

IV. CROSS SECTION DETERMINATION

Differential Υ cross sections are measured according to
the relation:

d2σ

dpTdy
× Br(Υ → µ+µ−) =

NΥ
∫

Ldt×∆pT ×∆|y|
(1)

where Br(Υ → µ+µ−) represents the appropriate branch-
ing fraction of the Υ (nS) to di-muons,

∫

Ldt is the in-
tegrated luminosity, ∆pT and ∆|y| are the bin sizes in
Υ transverse momentum and rapidity, respectively, and
NΥ is the corrected number of observed Υ (1S), Υ (2S), or
Υ (3S) mesons in a bin. Corrections are applied to ac-
count for selection efficiencies, bin migration effects due
to finite detector resolution, and, in the case of corrected
cross-section measurements, acceptance.
Determination of the cross sections proceeds through

several steps. Firstly, a weight is determined for each
selected di-muon candidate equal to the inverse of the
total efficiency for the candidate. Secondly, a fit is per-
formed to the distribution of weighted events binned in
di-muon invariant mass, mµµ, to determine the number
of Υ (nS) mesons (with n = 1,2,3) produced in each (pµµT ,
yµµ) bin. Thirdly, these values are corrected for (pµµT ,
yµµ) bin migrations. Finally, the differential cross sec-
tion multiplied by the Υ → µ+µ− branching fraction is
calculated for each state using the integrated luminosity
and the pT and y bin widths as in Eq. (1).

The weight, w, for each Υ candidate includes the
fraction of produced Υ → µ+µ− decays with both
muons falling into the kinematic region pµT > 4GeV and
|ηµ| < 2.3 (the acceptance, A, is used only in calcu-
lating corrected cross sections), the probability that a
candidate falling within the acceptance passes the off-
line reconstruction requirements (the reconstruction ef-
ficiency, εreco), and the probability that a reconstructed
event passes the trigger selection (the trigger efficiency,
εtrig). The weights assigned to a given candidate when
calculating the fiducial (wfid) and corrected (wtot) cross
sections are then given by:

wfid = (εreco · εtrig)−1,

wtot = (A · εreco · εtrig)−1.
(2)

A. Acceptance

The kinematic acceptance A(pT, y) is the probability
that the muons from an Υ with transverse momentum pT
and rapidity y fall into the fiducial volume of the detec-
tor defined by the pµT > 4GeV and |ηµ| < 2.3 selection
applied to each muon in the di-muon pair. In order to
calculate the acceptance as a function of the rapidity and
transverse momentum of each of the Υ states, taking into
account possible angular dependences in their decays, we
use an analytic formula describing the decay of Υ states

Υ ➝ µ+µ- 
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Figure 2: Invariant mass distribution of the selected Υ → µ+µ− candidates in the range
pT < 15 GeV/c and 2.0 < y < 4.5. The three peaks correspond to the Υ (1S), Υ (2S) and Υ (3S)
meson signals (from left to right). The superimposed curve and the signal yields (dotted) are the
result of the fit described in the text.

tz for one specific bin (3 < pT < 4 GeV/c, 2.5 < y < 3.0) with the fit result superimposed.
Summing over all bins, a total signal yield of 2.6 million J/ψ events is obtained.

5 Υ meson signal

The Υ meson signal yields are determined from a fit to the reconstructed dimuon invariant
mass of the selected candidates with 8.5 < mµµ < 11.5 GeV/c2. The distribution is
described by the sum of three Crystal Ball functions, one for each of the Υ (1S), Υ (2S)
and Υ (3S) signals, and an exponential function for the combinatorial background. The
parameters α and n of the Crystal Ball function describing the radiative tail are fixed to
the values of α = 2 and n = 1 based on simulation studies. The width of the Crystal Ball
function describing the Υ (1S) meson is allowed to vary, while the widths of the Υ (2S)
and Υ (3S) mesons are constrained to the value of the width of the Υ (1S) signal, scaled
by the ratio of the masses of the Υ (2S) and Υ (3S) to the Υ (1S) meson. The peak values
of the Υ (1S), Υ (2S) and Υ (3S) mass distributions are allowed to vary in the fit and are
consistent with the known values [28]. Figure 2 shows the results of the fit performed over
the entire range in pT and y. The obtained signal yields are 43 785± 254, 10 976± 155 and
5325± 122 for the Υ (1S), Υ (2S) and Υ (3S) mesons, respectively, with a mass resolution
of the Υ (1S) resonance of 43MeV/c2. The fit is repeated independently for each of the
bins in pT and y. When fitting the individual bins, the masses are fixed to the values
obtained when fitting the full range, while the mass resolution for the Υ (1S) candidates is
parameterised with a linear function of pT and y that reproduces the behaviour observed
in data. Bins with too few entries are excluded from the analysis.
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LHCb:	  Δl	  ≈	  16	  μm	  
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Figure 3. Distribution of ∆M = M(µ+µ−γ)−M(µ+µ−) for pJ/ψT in the range (a) 4–5GeV/c and
(b) 11–13GeV/c. The results of the fit are also shown, with the total fitted function (blue solid
curve), the χc1 signal (green dashed curve), the χc2 signal (red dot-dashed curve) and the χc0 signal
(purple long-dashed curve).
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Figure 4. Distribution of∆M = M(µ+µ−γ)−M(µ+µ−) (blue histogram) for 4 < pJ/ψT < 20GeV/c.
(a) The background estimated using fake photons (green) is superimposed on the ∆M distribution,
together with the function used to parametrize it (black solid line). (b) The same ∆M distribution
after background subtraction (using the shape shown in (a) and its fitted normalization): total
fitted function (blue solid curve), χc1 signal (green dashed curve), χc2 signal (red dot-dashed curve)
and χc0 signal (purple long-dashed curve).

The χc0 yield is not significant in the individual bins and is therefore only measured

over the integrated range 4 < pJ/ψT < 20GeV/c. The region 3–4GeV/c is excluded because

for this particular pJ/ψT bin the background is high and not well modelled below 300MeV/c2,

close to the χc0 peak. Figure 4(a) shows the total ∆M distribution superimposed with the

background estimate using the fake photons and the fit to this background distribution.

The χc0 contribution is visible just above 300MeV/c2. Figure 4(b) shows the result of the

fit for 4 < pJ/ψT < 20GeV/c after background subtraction.

5 Systematic uncertainties

The fit is performed for each pJ/ψT bin as explained in section 4. The χc1 and χc2 peak

positions, the CB width and the left and right tail n parameters are fixed to those found in

the fit to the whole dataset. In order to assess the stability, the fit is also performed with

all parameters left free except for the peak positions or using the n parameters obtained
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together with the function used to parametrize it (black solid line). (b) The same ∆M distribution
after background subtraction (using the shape shown in (a) and its fitted normalization): total
fitted function (blue solid curve), χc1 signal (green dashed curve), χc2 signal (red dot-dashed curve)
and χc0 signal (purple long-dashed curve).

The χc0 yield is not significant in the individual bins and is therefore only measured

over the integrated range 4 < pJ/ψT < 20GeV/c. The region 3–4GeV/c is excluded because

for this particular pJ/ψT bin the background is high and not well modelled below 300MeV/c2,

close to the χc0 peak. Figure 4(a) shows the total ∆M distribution superimposed with the

background estimate using the fake photons and the fit to this background distribution.

The χc0 contribution is visible just above 300MeV/c2. Figure 4(b) shows the result of the

fit for 4 < pJ/ψT < 20GeV/c after background subtraction.

5 Systematic uncertainties

The fit is performed for each pJ/ψT bin as explained in section 4. The χc1 and χc2 peak

positions, the CB width and the left and right tail n parameters are fixed to those found in

the fit to the whole dataset. In order to assess the stability, the fit is also performed with

all parameters left free except for the peak positions or using the n parameters obtained
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2 3 Experimental method

Muons are measured in the pseudorapidity range |η| < 2.4, with detection planes made using
three technologies: drift tubes, cathode strip chambers, and resistive plate chambers. Match-
ing the muons to the tracks measured in the silicon tracker results in a transverse momentum
resolution between 1 and 1.5%, for pT values up to 50 GeV/c.

The first level (L1) of the CMS trigger system, composed of custom hardware processors, uses
information from the calorimeters and muon detectors to select the most interesting events. The
high-level trigger (HLT) processor farm further decreases the event rate from around 100 kHz
to around 300 Hz, before data storage. The rate of HLT triggers relevant for this analysis was
in the range 5–10 Hz. We analyzed about 60 million such triggers.

3 Experimental method
We select χc1 and χc2 candidates by searching for their radiative decays into the J/ψ + γ final
state, with the J/ψ decaying into two muons. The χc0 has too small a branching fraction into
this final state to perform a useful measurement, but we consider it in the modeling of the sig-
nal lineshape. Given the small difference between the J/ψ mass, 3096.916 ± 0.011 MeV/c2, and
the χc1 and χc2 masses, 3510.66 ± 0.07 MeV/c2 and 3556.20 ± 0.09 MeV/c2, respectively [9], the
detector must be able to reconstruct photons of low transverse momentum. In addition, ex-
cellent photon momentum resolution is needed to resolve the two states. In the center-of-mass
frame of the χc states, the photon has an energy of 390 MeV when emitted by a χc1 and 430 MeV
when emitted by a χc2. This results in most of the photons having a pT in the laboratory frame
smaller than 6 GeV/c. The precision of the cross section ratio measurement depends crucially
on the experimental photon energy resolution, which must be good enough to separate the two
states. A very accurate measurement of the photon energy is obtained by measuring electron-
positron pairs originating from a photon conversion in the beampipe or the inner layers of the
silicon tracker. The superior resolution of this approach, compared to a calorimetric energy
measurement, comes at the cost of a reduced yield due to the small probability for a conver-
sion to occur in the innermost part of the tracker detector and, more importantly, by the small
reconstruction efficiency for low transverse momentum tracks whose origin is displaced with
respect to the beam axis. Nevertheless, because of the high χc production cross section at the
LHC, the use of conversions leads to the most precise result.

For each χc1,2 candidate, we evaluate the mass difference ∆m = mµµγ − mµµ between the
dimuon-plus-photon invariant mass, mµµγ, and the dimuon invariant mass, mµµ. We use the
quantity Q = ∆m + mJ/ψ, where mJ/ψ is the world-average mass of the J/ψ from Ref. [9], as
a convenient variable for plotting the invariant-mass distribution. We perform an unbinned
maximum-likelihood fit to the Q spectrum to extract the yield of prompt χc1 and χc2 as a func-
tion of the transverse momentum of the J/ψ. A correction is applied for the differing accep-
tances for the two states. Our results are given in terms of the prompt production ratio Rp,
defined as

Rp ≡ σ(pp → χc2 + X)B(χc2 → J/ψ + γ)
σ(pp → χc1 + X)B(χc1 → J/ψ + γ)

=
Nχc2

Nχc1

· ε1

ε2
,

where σ(pp → χc + X) are the χc production cross sections, B(χc → J/ψ + γ) are the χc
branching fractions, Nχi are the number of candidates of each type obtained from the fit, and
ε1/ε2 is the ratio of the efficiencies for the two χc states. The branching fractions B(χc1,2 →
J/ψ + γ), taken from Ref. [9], are also used to calculate the ratio of production cross sections.

PDG	  
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Yield	  extrac'on:	  
• 	  Unbinned	  maximum-‐likelihood	  fit	  
• 	  Signal	  shape	  determined	  from	  simulaFon	  

2 3 Experimental method

Muons are measured in the pseudorapidity range |η| < 2.4, with detection planes made using
three technologies: drift tubes, cathode strip chambers, and resistive plate chambers. Match-
ing the muons to the tracks measured in the silicon tracker results in a transverse momentum
resolution between 1 and 1.5%, for pT values up to 50 GeV/c.

The first level (L1) of the CMS trigger system, composed of custom hardware processors, uses
information from the calorimeters and muon detectors to select the most interesting events. The
high-level trigger (HLT) processor farm further decreases the event rate from around 100 kHz
to around 300 Hz, before data storage. The rate of HLT triggers relevant for this analysis was
in the range 5–10 Hz. We analyzed about 60 million such triggers.

3 Experimental method
We select χc1 and χc2 candidates by searching for their radiative decays into the J/ψ + γ final
state, with the J/ψ decaying into two muons. The χc0 has too small a branching fraction into
this final state to perform a useful measurement, but we consider it in the modeling of the sig-
nal lineshape. Given the small difference between the J/ψ mass, 3096.916 ± 0.011 MeV/c2, and
the χc1 and χc2 masses, 3510.66 ± 0.07 MeV/c2 and 3556.20 ± 0.09 MeV/c2, respectively [9], the
detector must be able to reconstruct photons of low transverse momentum. In addition, ex-
cellent photon momentum resolution is needed to resolve the two states. In the center-of-mass
frame of the χc states, the photon has an energy of 390 MeV when emitted by a χc1 and 430 MeV
when emitted by a χc2. This results in most of the photons having a pT in the laboratory frame
smaller than 6 GeV/c. The precision of the cross section ratio measurement depends crucially
on the experimental photon energy resolution, which must be good enough to separate the two
states. A very accurate measurement of the photon energy is obtained by measuring electron-
positron pairs originating from a photon conversion in the beampipe or the inner layers of the
silicon tracker. The superior resolution of this approach, compared to a calorimetric energy
measurement, comes at the cost of a reduced yield due to the small probability for a conver-
sion to occur in the innermost part of the tracker detector and, more importantly, by the small
reconstruction efficiency for low transverse momentum tracks whose origin is displaced with
respect to the beam axis. Nevertheless, because of the high χc production cross section at the
LHC, the use of conversions leads to the most precise result.

For each χc1,2 candidate, we evaluate the mass difference ∆m = mµµγ − mµµ between the
dimuon-plus-photon invariant mass, mµµγ, and the dimuon invariant mass, mµµ. We use the
quantity Q = ∆m + mJ/ψ, where mJ/ψ is the world-average mass of the J/ψ from Ref. [9], as
a convenient variable for plotting the invariant-mass distribution. We perform an unbinned
maximum-likelihood fit to the Q spectrum to extract the yield of prompt χc1 and χc2 as a func-
tion of the transverse momentum of the J/ψ. A correction is applied for the differing accep-
tances for the two states. Our results are given in terms of the prompt production ratio Rp,
defined as

Rp ≡ σ(pp → χc2 + X)B(χc2 → J/ψ + γ)
σ(pp → χc1 + X)B(χc1 → J/ψ + γ)

=
Nχc2

Nχc1

· ε1

ε2
,

where σ(pp → χc + X) are the χc production cross sections, B(χc → J/ψ + γ) are the χc
branching fractions, Nχi are the number of candidates of each type obtained from the fit, and
ε1/ε2 is the ratio of the efficiencies for the two χc states. The branching fractions B(χc1,2 →
J/ψ + γ), taken from Ref. [9], are also used to calculate the ratio of production cross sections.
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Yield	  extrac'on:	  
• 	  Unbinned	  maximum-‐likelihood	  fit	  
• 	  Signal	  shape	  determined	  from	  simulaFon	  

Efficiency	  ra'o:	  
• 	  Determined	  from	  simulaFon	  
• 	  Close	  to	  unity	  
• 	  Most	  uncertainFes	  cancel	  in	  the	  raFo	  

2 3 Experimental method

Muons are measured in the pseudorapidity range |η| < 2.4, with detection planes made using
three technologies: drift tubes, cathode strip chambers, and resistive plate chambers. Match-
ing the muons to the tracks measured in the silicon tracker results in a transverse momentum
resolution between 1 and 1.5%, for pT values up to 50 GeV/c.

The first level (L1) of the CMS trigger system, composed of custom hardware processors, uses
information from the calorimeters and muon detectors to select the most interesting events. The
high-level trigger (HLT) processor farm further decreases the event rate from around 100 kHz
to around 300 Hz, before data storage. The rate of HLT triggers relevant for this analysis was
in the range 5–10 Hz. We analyzed about 60 million such triggers.

3 Experimental method
We select χc1 and χc2 candidates by searching for their radiative decays into the J/ψ + γ final
state, with the J/ψ decaying into two muons. The χc0 has too small a branching fraction into
this final state to perform a useful measurement, but we consider it in the modeling of the sig-
nal lineshape. Given the small difference between the J/ψ mass, 3096.916 ± 0.011 MeV/c2, and
the χc1 and χc2 masses, 3510.66 ± 0.07 MeV/c2 and 3556.20 ± 0.09 MeV/c2, respectively [9], the
detector must be able to reconstruct photons of low transverse momentum. In addition, ex-
cellent photon momentum resolution is needed to resolve the two states. In the center-of-mass
frame of the χc states, the photon has an energy of 390 MeV when emitted by a χc1 and 430 MeV
when emitted by a χc2. This results in most of the photons having a pT in the laboratory frame
smaller than 6 GeV/c. The precision of the cross section ratio measurement depends crucially
on the experimental photon energy resolution, which must be good enough to separate the two
states. A very accurate measurement of the photon energy is obtained by measuring electron-
positron pairs originating from a photon conversion in the beampipe or the inner layers of the
silicon tracker. The superior resolution of this approach, compared to a calorimetric energy
measurement, comes at the cost of a reduced yield due to the small probability for a conver-
sion to occur in the innermost part of the tracker detector and, more importantly, by the small
reconstruction efficiency for low transverse momentum tracks whose origin is displaced with
respect to the beam axis. Nevertheless, because of the high χc production cross section at the
LHC, the use of conversions leads to the most precise result.

For each χc1,2 candidate, we evaluate the mass difference ∆m = mµµγ − mµµ between the
dimuon-plus-photon invariant mass, mµµγ, and the dimuon invariant mass, mµµ. We use the
quantity Q = ∆m + mJ/ψ, where mJ/ψ is the world-average mass of the J/ψ from Ref. [9], as
a convenient variable for plotting the invariant-mass distribution. We perform an unbinned
maximum-likelihood fit to the Q spectrum to extract the yield of prompt χc1 and χc2 as a func-
tion of the transverse momentum of the J/ψ. A correction is applied for the differing accep-
tances for the two states. Our results are given in terms of the prompt production ratio Rp,
defined as

Rp ≡ σ(pp → χc2 + X)B(χc2 → J/ψ + γ)
σ(pp → χc1 + X)B(χc1 → J/ψ + γ)

=
Nχc2

Nχc1

· ε1

ε2
,

where σ(pp → χc + X) are the χc production cross sections, B(χc → J/ψ + γ) are the χc
branching fractions, Nχi are the number of candidates of each type obtained from the fit, and
ε1/ε2 is the ratio of the efficiencies for the two χc states. The branching fractions B(χc1,2 →
J/ψ + γ), taken from Ref. [9], are also used to calculate the ratio of production cross sections.
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states. A very accurate measurement of the photon energy is obtained by measuring electron-
positron pairs originating from a photon conversion in the beampipe or the inner layers of the
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reconstruction efficiency for low transverse momentum tracks whose origin is displaced with
respect to the beam axis. Nevertheless, because of the high χc production cross section at the
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dimuon-plus-photon invariant mass, mµµγ, and the dimuon invariant mass, mµµ. We use the
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maximum-likelihood fit to the Q spectrum to extract the yield of prompt χc1 and χc2 as a func-
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tances for the two states. Our results are given in terms of the prompt production ratio Rp,
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where σ(pp → χc + X) are the χc production cross sections, B(χc → J/ψ + γ) are the χc
branching fractions, Nχi are the number of candidates of each type obtained from the fit, and
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frame of the χc states, the photon has an energy of 390 MeV when emitted by a χc1 and 430 MeV
when emitted by a χc2. This results in most of the photons having a pT in the laboratory frame
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on the experimental photon energy resolution, which must be good enough to separate the two
states. A very accurate measurement of the photon energy is obtained by measuring electron-
positron pairs originating from a photon conversion in the beampipe or the inner layers of the
silicon tracker. The superior resolution of this approach, compared to a calorimetric energy
measurement, comes at the cost of a reduced yield due to the small probability for a conver-
sion to occur in the innermost part of the tracker detector and, more importantly, by the small
reconstruction efficiency for low transverse momentum tracks whose origin is displaced with
respect to the beam axis. Nevertheless, because of the high χc production cross section at the
LHC, the use of conversions leads to the most precise result.

For each χc1,2 candidate, we evaluate the mass difference ∆m = mµµγ − mµµ between the
dimuon-plus-photon invariant mass, mµµγ, and the dimuon invariant mass, mµµ. We use the
quantity Q = ∆m + mJ/ψ, where mJ/ψ is the world-average mass of the J/ψ from Ref. [9], as
a convenient variable for plotting the invariant-mass distribution. We perform an unbinned
maximum-likelihood fit to the Q spectrum to extract the yield of prompt χc1 and χc2 as a func-
tion of the transverse momentum of the J/ψ. A correction is applied for the differing accep-
tances for the two states. Our results are given in terms of the prompt production ratio Rp,
defined as
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where σ(pp → χc + X) are the χc production cross sections, B(χc → J/ψ + γ) are the χc
branching fractions, Nχi are the number of candidates of each type obtained from the fit, and
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Figure 1: Invariant-mass distributions of the µµγ candidates for each of the four Υ(1S) pT bins
considered in the analysis. The fitted χb1 and χb2 signals are parameterized with double-sided
CB functions determined using simulated events. The combinatorial background is described
by the product of an exponential and a power-law function. The solid line gives the result of
the overall fit, with the dashed and dashed-dotted lines showing the χb1 and χb2 contributions,
respectively. The dotted line represents the background contribution.

the resulting Nχb2 /Nχb1 distribution is fitted with a Gaussian function, the standard deviation
of which is taken as the systematic uncertainty corresponding to the “signal parameters”.

To account for possible discrepancies between the simulated and measured events regarding, in
particular, the energy scale calibration and the measurement resolution, alternative data-fitting
schemes are used, leaving some of the signal shape parameters free in the fit to the measured
mass distributions. A Chebyshev polynomial function is also used as an alternative model for
the shape of the mass distribution of the background. The maximum variation in the Nχb2 /Nχb1

ratio with these different fitting strategies is taken as the “signal and background modelling”
systematic uncertainty. The fitting procedure is found to be unbiased, as judged using pseudo-
experiments where a certain Nχb2 /Nχb1 value is injected; the fitted results deviate on average
from the input values by less than 10% of the statistical uncertainty. It has also been verified
that the Nχb2 /Nχb1 ratio is insensitive to the addition of a signal term describing the χb0 state.
The possible influence of multiple primary vertices in the event (“pileup”) on the Nχb2 /Nχb1
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χb ➝	  ϒ(1S) + γ 

1

1 Introduction
Despite considerable efforts over the last decades, hadron formation, which is part of the non-

perturbative sector of quantum chromodynamics (QCD), remains poorly understood within

the standard model of particle physics. Heavy-quarkonium production is an excellent probe of

hadron formation. In the past years, significant progress has been made in the theory sector [1],

especially in the framework of nonrelativistic QCD (NRQCD) [2]. This framework factorizes

into distinct processes the short-distance creation of a heavy quark-antiquark pair, in either

a color-singlet or a color-octet configuration, and the long-distance formation of the quarko-

nium bound-state. The first process is presently calculated to next-to-leading order in per-

turbative QCD [3]. The bound-state formation is described by transition probabilities, called

long-distance matrix elements (LDMEs), which are assumed to be constant (independent of

quarkonium transverse momentum and rapidity) and universal (independent of the collision

system and energy). In the Fock-state expansion of the heavy-quarkonium state, only a small

number of color-singlet and color-octet terms contribute in the limit of small relative quark ve-

locity v. The color-octet LDMEs are not easily calculable and the dominant ones are, therefore,

treated as free parameters and adjusted to agree with the experimental data [4–6].

The ratio of P-wave quarkonia production cross sections is a reliable test of predictions because

many theoretical, as well as experimental, uncertainties cancel out. Prompt χc measurements

in hadron collisions were not possible until the advent of precise vertex detectors that allowed

the separation of promptly produced χc from those coming from the decay of B mesons [7].

In the case of bottomonium, measurements are more difficult owing to the reduced production

cross sections and the small separation in mass (19.4 MeV) between the χb1(1P) and the χb2(1P)
(for readability the 1P is dropped hereafter). The production ratio of χc2 and χc1 is discussed

in recent theoretical papers [3, 8], but the debate on the importance of color-octet contributions

remains open. In the bottomonium sector, the NRQCD velocity expansion is more rigorously

valid given the smaller relative quark velocity. Therefore, the measurement of the χb2 to χb1

production cross section ratio should give further insight into the mechanism that governs

quarkonium production [8]. At the LHC, the charmonium χc2/χc1 production cross section

ratio was measured by the LHCb [9], CMS [10], and ATLAS [11] experiments, using data col-

lected in pp collisions at
√

s = 7 TeV. More recently, the LHCb experiment also reported a

measurement of the χb1 and χb2 production cross section ratio using combined
√

s = 7 and

8 TeV data [12].

This Letter presents a measurement of the χb2/χb1 production cross section ratio. The χb1 and

χb2 states are reconstructed by detecting their radiative decays χb1,2 → Υ(1S) + γ, with the

Υ(1S) decaying into two muons. An accurate measurement of the photon energy (typically

in the range 0.5–2 GeV) is obtained from the reconstruction of the momentum of the electron-

positron pair originating from the photon conversion in the beam pipe or in the inner layers

of the CMS silicon tracker. The resulting mass resolution of the χb candidates, around 5 MeV,

is sufficient to resolve the two χb1,2 peaks at the expense of a limited yield, given the small

reconstruction efficiency for such low-energy photons. The cross section ratio is obtained as

R ≡ σ(pp → χb2 + X)
σ(pp → χb1 + X)

=
Nχb2

Nχb1

· ε1

ε2

· B(χb1 → Υ(1S) + γ)
B(χb2 → Υ(1S) + γ)

, (1)

where Nχb1,2
are the yields of χb1,2 signal candidates, simultaneously obtained from an un-

binned maximum likelihood fit of the µµγ invariant-mass spectrum, ε1/ε2 is the ratio of the

acceptance and efficiency corrections for the two processes obtained from a full detector sim-

ulation, and B(χb1,2 → Υ(1S) + γ) are the branching fractions of the corresponding radiative

decays [13]. The results are presented in four bins of Υ(1S) transverse momentum, pΥ
T

, in the

PDG	  FIT	   MC	  
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Table 4: The cross section ratio σ(χb2) / σ(χb1) measured in four pΥ
T

bins before and after mul-

tiplying by the χb → Υ(1S) + γ branching fractions [13]. The second column gives the average

pT value for each bin. The first uncertainty is statistical, the second is systematic, and the third

reflects the uncertainty in the branching fraction.

pΥ
T

[GeV] �pΥ
T
� [GeV] σ(χb2) / σ(χb1)× B(χb2) /B(χb1) σ(χb2) / σ(χb1)

7–11 8.7 0.56 ± 0.10 ± 0.06 0.99 ± 0.18 ± 0.10 ± 0.09

11–16 12.9 0.47 ± 0.06 ± 0.04 0.83 ± 0.10 ± 0.08 ± 0.07

16–20 17.5 0.45 ± 0.07 ± 0.04 0.80 ± 0.13 ± 0.08 ± 0.07

20–40 26.2 0.50 ± 0.06 ± 0.05 0.89 ± 0.11 ± 0.09 ± 0.08
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Figure 2: The ratio of the χb2 and χb1 production cross sections, as a function of pΥ
T

, before (left)

and after (right) multiplying by the ratio of the Υ(1S) + γ branching fractions, as measured

by CMS and LHCb [12] (right only). The vertical bars represent the statistical (inner bars) and

total (outer bars) experimental uncertainty, respectively. The horizontal bars show the width

of each bin. The dashed line in the right plot is a fit of a constant to the CMS measurements,

and the horizontal band is the total uncertainty in the fit result. The 9% uncertainty in the

ratio of branching fractions, which applies to all bins of pΥ
T

, is not included. The curved band

represents the result of a theoretical calculation [24].

this calculation the LDMEs are extracted from experimental data on the σ(χc2)/σ(χc1) cross

section ratio [7, 9, 10] and extrapolated, using NRQCD scaling rules, to the case of P-wave

bottomonium. The dashed line in Fig. 2 (right) gives the result of a fit of the CMS measurements

to a constant, corresponding to 0.85 ± 0.07, where the uncertainty includes both statistical and

systematic uncertainties, but not the uncertainty in the ratio of the χb branching fractions. A

constant behavior is expected in the case of color-octet dominance. The measurements do not

seem to indicate the large increase in the ratio at low pΥ
T

and are only marginally consistent with

the asymptotic value at high pΥ
T

predicted by the theory. More precise measurements may be

needed in order to thoroughly test the validity of NRQCD in the P-wave bottomonium sector.

7 Summary
The production cross section ratio σ(χb2(1P))/σ(χb1(1P)) has been measured in pp collisions

by detecting the radiative decays to an Υ(1S) and a photon, with the Υ(1S) decaying to two
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Main	  variable	  mχ	  from	  kinemaFc	  vertex	  fit	  	  Mass	  resoluFon	  good	  enough	  to	  separate	  χb1(1P)	  and	  
χb2(1P)	  signals,	  separated	  by	  only	  19	  MeV	  (as	  compared	  to	  around	  46	  MeV	  in	  the	  χc	  system)	  
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1 Introduction
Despite considerable efforts over the last decades, hadron formation, which is part of the non-

perturbative sector of quantum chromodynamics (QCD), remains poorly understood within

the standard model of particle physics. Heavy-quarkonium production is an excellent probe of

hadron formation. In the past years, significant progress has been made in the theory sector [1],

especially in the framework of nonrelativistic QCD (NRQCD) [2]. This framework factorizes

into distinct processes the short-distance creation of a heavy quark-antiquark pair, in either

a color-singlet or a color-octet configuration, and the long-distance formation of the quarko-

nium bound-state. The first process is presently calculated to next-to-leading order in per-

turbative QCD [3]. The bound-state formation is described by transition probabilities, called

long-distance matrix elements (LDMEs), which are assumed to be constant (independent of

quarkonium transverse momentum and rapidity) and universal (independent of the collision

system and energy). In the Fock-state expansion of the heavy-quarkonium state, only a small

number of color-singlet and color-octet terms contribute in the limit of small relative quark ve-

locity v. The color-octet LDMEs are not easily calculable and the dominant ones are, therefore,

treated as free parameters and adjusted to agree with the experimental data [4–6].

The ratio of P-wave quarkonia production cross sections is a reliable test of predictions because

many theoretical, as well as experimental, uncertainties cancel out. Prompt χc measurements

in hadron collisions were not possible until the advent of precise vertex detectors that allowed

the separation of promptly produced χc from those coming from the decay of B mesons [7].

In the case of bottomonium, measurements are more difficult owing to the reduced production

cross sections and the small separation in mass (19.4 MeV) between the χb1(1P) and the χb2(1P)
(for readability the 1P is dropped hereafter). The production ratio of χc2 and χc1 is discussed

in recent theoretical papers [3, 8], but the debate on the importance of color-octet contributions

remains open. In the bottomonium sector, the NRQCD velocity expansion is more rigorously

valid given the smaller relative quark velocity. Therefore, the measurement of the χb2 to χb1

production cross section ratio should give further insight into the mechanism that governs

quarkonium production [8]. At the LHC, the charmonium χc2/χc1 production cross section

ratio was measured by the LHCb [9], CMS [10], and ATLAS [11] experiments, using data col-

lected in pp collisions at
√

s = 7 TeV. More recently, the LHCb experiment also reported a

measurement of the χb1 and χb2 production cross section ratio using combined
√

s = 7 and

8 TeV data [12].

This Letter presents a measurement of the χb2/χb1 production cross section ratio. The χb1 and

χb2 states are reconstructed by detecting their radiative decays χb1,2 → Υ(1S) + γ, with the

Υ(1S) decaying into two muons. An accurate measurement of the photon energy (typically

in the range 0.5–2 GeV) is obtained from the reconstruction of the momentum of the electron-

positron pair originating from the photon conversion in the beam pipe or in the inner layers

of the CMS silicon tracker. The resulting mass resolution of the χb candidates, around 5 MeV,

is sufficient to resolve the two χb1,2 peaks at the expense of a limited yield, given the small

reconstruction efficiency for such low-energy photons. The cross section ratio is obtained as

R ≡ σ(pp → χb2 + X)
σ(pp → χb1 + X)

=
Nχb2

Nχb1

· ε1

ε2

· B(χb1 → Υ(1S) + γ)
B(χb2 → Υ(1S) + γ)

, (1)

where Nχb1,2
are the yields of χb1,2 signal candidates, simultaneously obtained from an un-

binned maximum likelihood fit of the µµγ invariant-mass spectrum, ε1/ε2 is the ratio of the

acceptance and efficiency corrections for the two processes obtained from a full detector sim-

ulation, and B(χb1,2 → Υ(1S) + γ) are the branching fractions of the corresponding radiative

decays [13]. The results are presented in four bins of Υ(1S) transverse momentum, pΥ
T

, in the

PDG	  FIT	   MC	  

|y(ϒ)| < 1.5 
|η(γ)| < 1.0 Unpolarized	  

 B χb1    
 B χb2    

Yield	  extrac'on:	  
• 	  Unbinned	  maximum-‐likelihood	  fit	  
• 	  Signal	  shape	  determined	  from	  simulaFon	  
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• 	  Further	  measurements	  in	  P-‐wave	  sector	  
	  	  Absolute	  χc	  and	  χb	  cross	  secFons	  
	  	  PolarizaFons	  of	  prompt	  χc1	  and	  χc2	  states;	  Non-‐trivial	  but	  crucial	  measurement	  

• 	  Present	  CMS	  P-‐wave	  measurements	  are	  conducted	  in	  the	  region	  7	  <	  pT	  <	  25	  GeV	  
• 	  Higher	  pT	  values	  reached	  once	  full	  LHC	  Run	  I	  data	  will	  be	  exploited	  (extend	  χc	  analysis	  up	  to	  40	  GeV)	  
• 	  Run	  II	  data	  should	  further	  improve	  pT	  reach	  and	  accuracy	  
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