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CMS is well suited for quarkonium studies

2

Large silicon tracker

Strong magnetic field

Broad acceptance
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Dedicated trigger strategy

• Trigger requiring two muons

• Possible to collect a large number of events up to high transverse momentum, pT 

• High signal/background ratio
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Dedicated trigger strategy

• Trigger requiring two muons

• Possible to collect a large number of events up to high transverse momentum, pT 

• High signal/background ratio
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The'dimuon'invariant'mass'spectrum'
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High pT coverage
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Excellent dimuon mass resolution
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Excellent decay length resolution
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Excellent 𝝌 mass resolution

• Detection via radiative decays using converted photons

• e+e– tracking provides mass resolution needed to resolve 
the 𝜒 states

• Photons have ~1% probability to convert and be 
reconstructed in the silicon tracker
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Timeline

High luminosity of run I compensates for higher energy in run II so far
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2011 2012 20152010

Run I Run IILong shutdown I
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Lint = 
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improved track reconstruction
cold operation of tracker

...
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# signal events# signal events
J/ψ 4.7M
ψ(2S) 317k
ϒ(1S) 413k
ϒ(2S) 152k
ϒ(3S) 111k
𝜒c1(1P) 8k
𝜒c2(1P) 3.5k
X(3872) 10.5k

# signal events# signal events
𝜒b1(1P) 1.9k
𝜒b2(1P) 1k
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Run I: S-wave quarkonia

• S-wave quarkonia are experimentally easily accessible through dimuon decay

• Cross sections and polarizations of all five S-wave quarkonium states measured 
as function of pT and rapidity, |y|

• Cross sections with early run II data coming soon
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Run I: S-wave quarkonia
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• First step towards testing the universality (process independence) of LDMEs

➡ Extend measurement to pPb and PbPb collisions

• NCh = sum of “high purity” tracks with pT > 500 MeV weighted by likelihood 
that track belongs to primary vertex, excluding the two muons

Charged particle multiplicity
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Frame-dependent results in the HX frame
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Frame-independent results

• Good agreement in the 3 reference frames 

• No hints of systematic problems
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Run I: P-wave quarkonia

• Detection through radiative decays using converted photons
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Run I: P-wave quarkonia

• Detection through radiative decays using converted photons
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Run I: P-wave quarkonia

• Photon reconstruction efficiency associated with a 
large systematic uncertainty that cancels in ratio 
measurements

➡ CMS currently limited to measurements of ratios of 
cross sections of prompt 𝜒c2(1P)/𝜒c1(1P) and 
𝜒b2(1P)/𝜒b1(1P)
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Run I: Exotic quarkonia

• Prompt X(3872) cross section:

- Ratio of inclusive cross section times branching fraction of X(3872) and ψ(2S)

- Fraction of X(3872) originating from B decays

• Search for Xb in ϒ(1S)ππ spectrum

• Y(4140): One of two peaking structures in B+ → J/ψ + ɸ + K+ spectrum

15

) [GeV]-π+π ψm(J/
3.6 3.7 3.8 3.9 4

C
an

di
da

te
s 

/ 5
 M

eV

0

20

40

60

80

100

310×

data
total fit
background
signal

 = 7 TeVsCMS   
-1L = 4.8 fb

 < 50 GeV
T

10 < p
 |y| < 1.2 

) [GeV]-π+π ψm(J/
3.75 3.8 3.85 3.9 3.95 4C

an
di

da
te

s 
/ 3

.1
25

 M
eV

10

12

14

16
310×

JHEP 04 (2013) 154 PLB 734 (2014) 261



Ilse Krätschmer (HEPHY Vienna)24 September 2015

Run II: Exotic quarkonia
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Run I: Higgs to J/ψ + photon

• Measured in the context of H → ɣ*ɣ → llɣ with 19.7 fb-1 at √s = 8 TeV

• Trigger requires a muon and a photon, both with pT > 22 GeV

• Isolated leading muon with pT > 23 GeV, subleading muon with pT > 4 GeV

• pT(µµ) and pT(ɣ) > 40 GeV optimized for background rejection

• |η(µ)| < 2.4, |η(ɣ)| < 1.44,
2.9 < m(µµ) < 3.3 GeV

• 12 J/ψɣ events observed
for 120 < mµµɣ < 130 GeV

➡ Upper limit on 
BR(H → J/ψɣ → µµɣ) 
< 1.5 x 10-3 at 95% CL

➡ ATLAS detected 20 events for
115 < mµµɣ < 135 GeV and set
same upper limit
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Future prospects:
Plenty of possibilities and dreams … 

… but restricted by manpower limitations and reality
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Future prospects: S-wave quarkonia

• Cross section measurements with 2015 data at √s = 13 TeV coming soon

• Extend polarization measurements as function of Nch to pPb and PbPb collisions 
to test universality of the LDMEs

• Extend pT reach of existing cross section and polarization analyses
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Future prospects: P-wave quarkonia

• Absolute cross sections and feed-down fractions

• Experimental challenge: determining photon efficiencies using B+→J/ψ + K+ and
B+ →χc1 + K+→J/ψ + ɣ + K+
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Fig. 3 Fractions Rχb (mP)
ϒ(nS) as functions of pϒT . Points with blue open

(red solid) symbols correspond to data collected at
√

s = 7(8) TeV,
respectively. For better visualization the data points are slightly dis-

placed from the bin centres. The inner error bars represent statistical
uncertainties, while the outer error bars indicate statistical and system-
atic uncertainties added in quadrature

photons in the kinematical range considered in this anal-
ysis. This uncertainty is dominated by the knowledge of
the ratio of the branching fractions for B+ → J/ψK∗+ and
B+ → J/ψK+ decays.

Another source of systematic uncertainty is associated
with the unknown polarization of χb andϒ states. The polar-
ization of ϒ mesons for pϒT > 10 GeV/c and in the cen-
tral rapidity region |yϒ | < 1.2 has been found to be small
by the CMS collaboration [56]. Therefore in this paper we
assume zero polarization of ϒ mesons and no systematic
uncertainty is assigned due to this effect. The systematic
uncertainty related to the unknown polarization of χb mesons
was estimated following Refs. [14,17]. For each pϒT bin,
the ratios of efficiencies εχb1/εϒ and εχb2/εϒ are recomputed
using various possible polarizations scenarios for χb1 and
χb2 mesons. The maximum deviation of the efficiency ratio
with respect to the one obtained with unpolarized produc-
tion of χb1 and χb2 states is taken as the systematic uncer-
tainty. The assigned uncertainty on Rχb (mP)

ϒ(nS) varies between
0.9 % and 9 % for various pϒT bins.

Systematic uncertainties due to external experimental
inputs, e.g. the ϒ mass or the mass splitting of χb (1P) and
χb (2P) multiplets, are negligible. The systematic uncertain-
ties on theRχb (mP)

ϒ(nS) measurements are summarized in Table 3.
Systematic uncertainties on the measurement of the

χb1 (3P) mass are due to the ECAL energy scale, the fit
model and the ϒ(3S) mass [25]. The first of these is stud-
ied by comparing the reconstructed invariant mass of pho-
tons in π0 → γγ decays with the known mass of the neu-
tral pion [57–59], which gives an uncertainty of 1.0 MeV/c2

in χb (3P) → ϒ(3S)γ decays. The effects of possible mis-
modelling of the mass resolution and background mod-
els are found to be 0.8 MeV/c2 and 0.3 MeV/c2, respec-
tively. Other significant contributions to the systematic uncer-
tainty are related to the assumptions on N (χb2)/N (χb1),
and to the mass splitting between χb multiplet compo-
nents. The effect of the unknown value for the mass-
splitting is tested by varying mχb2 (3P) − mχb1 (3P) in the fit
in a range between 9 and 12 MeV/c2, preferred by the-
ory [47,48]; the obtained deviation of 0.4 MeV/c2 is assigned
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Future prospects: P-wave quarkonia

• 𝜒c and 𝜒b(1P) polarizations:

- Measurement through the angular distributions of J/ψ and ϒ(1S) decaying into two muons 
(P. Faccioli, et al. PRD 83 (2011) 096001)

- Help to constrain LDMEs

- Crucial to understand polarization of S-wave quarkonium states
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POLARIZATION OF           
FROM          DECAY

• We predict that 
the         from         
decay is slightly 
transverse at LHC

• We assume   
transition in  
 
(higher-order 
transitions have 
little effect)
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(PQT ≳ 10 GeV). It is also clear that this process is purely
from gg fusion.
A further suppression of CO contributions can be

achieved by also isolating the quarkonium (see Ref. [37]).
The isolation should be efficient at large enough PQT where
the soft partons emitted during the hadronization of the CO
heavy-quark pair are boosted and energetic enough to be
detected. Experimentally, this would provide an interesting
check of the CS dominance by measuring the (conven-
tional) qT-integrated cross section, which should coincide
with the parameter-free CS prediction. This would also
confirm that double-parton scattering contributions are
suppressed by the isolation criteria. We emphasize that,
according to our evaluations, such an isolation is not at all
necessary for the Υ case.
Analytical expression for the qT-dependent cross

section.—Within TMD factorization [Fig. 1(c)], the cross
section for a gluon-fusion initiated process is written, up to
Oðq2T=Q2Þ corrections, as the convolution of a hard part
with two TM-dependent correlators, i.e.,

dσ ¼ ð2πÞ4

8s2

Z
d2k1Td2k2Tδ2ðk1T þ k2T − qTÞMμρðMνσÞ%

× Φμν
g ðx1; k1T; ζ1; μÞΦ

ρσ
g ðx2; k2T; ζ2; μÞdR; (1)

where s ¼ ðP1 þ P2Þ2 is the hadronic center-of-mass sys-
tem (c.m.s.) energy squared and the phase space element of
the outgoing particles is denoted bydR. The hard part can be
obtained as a series expansion in αs by perturbatively
calculating the partonic scattering gðk1Þþgðk2Þ→QðPQÞþ
γðPγÞ, with the incoming gluon momenta given by
k1 ¼ x1P1 þ k1T − k21T=ðx1sÞP2 (and likewise for k2),
and subtracting the parts already contained in the gluon
TMD correlators [6,38,39]. k1T is a 4-vector perpendicular

to both P1 and P2, which has transverse components k1T in
the c.m.s. frame; x1 ¼ q⋅P2=P1⋅P2 and x2 ¼ q⋅P1=P1⋅P2,
where q ¼ PQ þ Pγ.
Since QCD corrections to the inclusive production of a

quarkonium-photon pair are known to be large [26,28],
we find it useful to emphasize that this does not translate
to TMD factorization. The reason is that the initial-state
radiations are absorbed into the TMDs such that the hard
part is free of qT dependence and, with appropriate choices
of ζ and μ, is also free of large logarithms [6,38,39].
In addition, the back-to-back (small qT) requirement and
the photon isolation in our observable further suppresses
additional radiations. A LO calculation of the hard part is,
therefore, sufficient for a first gluon TMD extraction.
The gluon-TMD correlator for an unpolarized proton is

defined as

Φμν
g ðx; kT; ζ; μÞ≡

Z
dðξ⋅PÞd2ξT
ðxP⋅nÞ2ð2πÞ3

eiðxPþkT Þ⋅ξ

× hPjFnν
a ð0Þ

!
Un½−'
½0;ξ'

"

ab
Fnμ
b ðξÞjPijξ⋅P0¼0

¼ − 1

2x

#
gμνT fg1 −

$
kμTk

ν
T

M2
p
þ gμνT

k2T
2M2

p

%
h⊥g
1

&

þ supp; (2)

where gμνT ¼ gμν − ðPμ
1P

ν
2 þ Pμ

2P
ν
1Þ=P1⋅P2, Mp is the pro-

ton mass, and the gauge link Un½−'
½0;ξ' renders the matrix

element gauge invariant. It runs from 0 to ξ via −∞ along
the n direction. [n is a timelike dimensionless 4-vector with
no transverse components such that ζ2 ¼ ð2 n⋅PÞ2=n2.]
The correlator is parametrized by the two gluon TMDs
discussed above, fg1ðx; kT; ζ; μÞ and h⊥g

1 ðx; kT; ζ; μÞ [8],
and by terms that are suppressed in the high-energy limit.
The structure of the TMD cross section is then found

to be

dσ
dQdYd2qTdΩ

¼
C0ðQ2 −M2

QÞ
sQ3D

fF1C½fg1f
g
1' þ F3 cosð2ϕÞ

× C½w3f
g
1h

⊥g
1 þ x1↔x2' þ F4 cosð4ϕÞ

× C½w4h
⊥g
1 h⊥g

1 'gþO
$
q2T
Q2

%
; (3)

where dΩ ¼ d cos θdϕ is expressed in terms of Collins-
Soper angles [40] and where Q, Y, and qT are the invariant
mass, the rapidity, and the TM of the pair—the latter two to
be measured in the hadron c.m.s. frame. The Collins-Soper
angles describe the spatial orientation of the back-to-back
photon-quarkonium pair in the (Collins-Soper) rest frame
of the pair. The overall normalization is given by
C0 ¼ 4α2sαeme2QjR0ð0Þj2=ð3M3

QÞ, where R0ð0Þ is the quar-
konium radial wave function at the origin and eQ is the
heavy-quark charge. The F factors, the denominator D and
the weights are found to be

(a) (b)

FIG. 2 (color online). Different contributions to the production
of an isolated photon back to back with (a)Υð1SÞ or (b) J=ψ from
g-g and q-q̄ fusion, from the CS and CO channels as function of
the invariant mass of the pair. The curves for the q-q̄ fusion are
rescaled by a factor of 100 (respectively 50). The CO matrix
elements we used are very close to those obtained in a recent LO
fit of LHC data [36].

PRL 112, 212001 (2014) P HY S I CA L R EV I EW LE T T ER S
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Future prospects: Associated quarkonium production

• Quarkonium in association with a jet, Z/W boson, photon …

• Isolated photon back to back with ϒ

- Cross section is about 50 fb/GeV at pT(ϒɣ) = 20 GeV for √s = 7 TeV, |y| < 0.5, 
|cosϑCS| < 0.45, pT(ϒ) > 7 GeV, pT(ɣ) > 7 GeV 
(W. J. den Dunnen, et al. PRL 112 (2014) 212001)
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(PQT ≳ 10 GeV). It is also clear that this process is purely
from gg fusion.
A further suppression of CO contributions can be

achieved by also isolating the quarkonium (see Ref. [37]).
The isolation should be efficient at large enough PQT where
the soft partons emitted during the hadronization of the CO
heavy-quark pair are boosted and energetic enough to be
detected. Experimentally, this would provide an interesting
check of the CS dominance by measuring the (conven-
tional) qT-integrated cross section, which should coincide
with the parameter-free CS prediction. This would also
confirm that double-parton scattering contributions are
suppressed by the isolation criteria. We emphasize that,
according to our evaluations, such an isolation is not at all
necessary for the Υ case.
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where dΩ ¼ d cos θdϕ is expressed in terms of Collins-
Soper angles [40] and where Q, Y, and qT are the invariant
mass, the rapidity, and the TM of the pair—the latter two to
be measured in the hadron c.m.s. frame. The Collins-Soper
angles describe the spatial orientation of the back-to-back
photon-quarkonium pair in the (Collins-Soper) rest frame
of the pair. The overall normalization is given by
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FIG. 2 (color online). Different contributions to the production
of an isolated photon back to back with (a)Υð1SÞ or (b) J=ψ from
g-g and q-q̄ fusion, from the CS and CO channels as function of
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Future prospects: Associated quarkonium production

• Quarkonium in association with a jet, Z/W boson, photon …

• Isolated photon back to back with ϒ

- Cross section is about 50 fb/GeV at pT(ϒɣ) = 20 GeV for √s = 7 TeV, |y| < 0.5, 
|cosϑCS| < 0.45, pT(ϒ) > 7 GeV, pT(ɣ) > 7 GeV 
(W. J. den Dunnen, et al. PRL 112 (2014) 212001)
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- CMS collected 20.7 fb-1 at √s = 8 TeV

- Dimuon trigger in ϒ mass window with pT(µµ) > 7 GeV 
pT(µµ) > 7 GeV
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(PQT ≳ 10 GeV). It is also clear that this process is purely
from gg fusion.
A further suppression of CO contributions can be

achieved by also isolating the quarkonium (see Ref. [37]).
The isolation should be efficient at large enough PQT where
the soft partons emitted during the hadronization of the CO
heavy-quark pair are boosted and energetic enough to be
detected. Experimentally, this would provide an interesting
check of the CS dominance by measuring the (conven-
tional) qT-integrated cross section, which should coincide
with the parameter-free CS prediction. This would also
confirm that double-parton scattering contributions are
suppressed by the isolation criteria. We emphasize that,
according to our evaluations, such an isolation is not at all
necessary for the Υ case.
Analytical expression for the qT-dependent cross

section.—Within TMD factorization [Fig. 1(c)], the cross
section for a gluon-fusion initiated process is written, up to
Oðq2T=Q2Þ corrections, as the convolution of a hard part
with two TM-dependent correlators, i.e.,

dσ ¼ ð2πÞ4

8s2

Z
d2k1Td2k2Tδ2ðk1T þ k2T − qTÞMμρðMνσÞ%

× Φμν
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ρσ
g ðx2; k2T; ζ2; μÞdR; (1)

where s ¼ ðP1 þ P2Þ2 is the hadronic center-of-mass sys-
tem (c.m.s.) energy squared and the phase space element of
the outgoing particles is denoted bydR. The hard part can be
obtained as a series expansion in αs by perturbatively
calculating the partonic scattering gðk1Þþgðk2Þ→QðPQÞþ
γðPγÞ, with the incoming gluon momenta given by
k1 ¼ x1P1 þ k1T − k21T=ðx1sÞP2 (and likewise for k2),
and subtracting the parts already contained in the gluon
TMD correlators [6,38,39]. k1T is a 4-vector perpendicular

to both P1 and P2, which has transverse components k1T in
the c.m.s. frame; x1 ¼ q⋅P2=P1⋅P2 and x2 ¼ q⋅P1=P1⋅P2,
where q ¼ PQ þ Pγ.
Since QCD corrections to the inclusive production of a

quarkonium-photon pair are known to be large [26,28],
we find it useful to emphasize that this does not translate
to TMD factorization. The reason is that the initial-state
radiations are absorbed into the TMDs such that the hard
part is free of qT dependence and, with appropriate choices
of ζ and μ, is also free of large logarithms [6,38,39].
In addition, the back-to-back (small qT) requirement and
the photon isolation in our observable further suppresses
additional radiations. A LO calculation of the hard part is,
therefore, sufficient for a first gluon TMD extraction.
The gluon-TMD correlator for an unpolarized proton is

defined as

Φμν
g ðx; kT; ζ; μÞ≡
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1Þ=P1⋅P2, Mp is the pro-

ton mass, and the gauge link Un½−'
½0;ξ' renders the matrix

element gauge invariant. It runs from 0 to ξ via −∞ along
the n direction. [n is a timelike dimensionless 4-vector with
no transverse components such that ζ2 ¼ ð2 n⋅PÞ2=n2.]
The correlator is parametrized by the two gluon TMDs
discussed above, fg1ðx; kT; ζ; μÞ and h⊥g

1 ðx; kT; ζ; μÞ [8],
and by terms that are suppressed in the high-energy limit.
The structure of the TMD cross section is then found

to be
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where dΩ ¼ d cos θdϕ is expressed in terms of Collins-
Soper angles [40] and where Q, Y, and qT are the invariant
mass, the rapidity, and the TM of the pair—the latter two to
be measured in the hadron c.m.s. frame. The Collins-Soper
angles describe the spatial orientation of the back-to-back
photon-quarkonium pair in the (Collins-Soper) rest frame
of the pair. The overall normalization is given by
C0 ¼ 4α2sαeme2QjR0ð0Þj2=ð3M3

QÞ, where R0ð0Þ is the quar-
konium radial wave function at the origin and eQ is the
heavy-quark charge. The F factors, the denominator D and
the weights are found to be
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FIG. 2 (color online). Different contributions to the production
of an isolated photon back to back with (a)Υð1SÞ or (b) J=ψ from
g-g and q-q̄ fusion, from the CS and CO channels as function of
the invariant mass of the pair. The curves for the q-q̄ fusion are
rescaled by a factor of 100 (respectively 50). The CO matrix
elements we used are very close to those obtained in a recent LO
fit of LHC data [36].
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(PQT ≳ 10 GeV). It is also clear that this process is purely
from gg fusion.
A further suppression of CO contributions can be

achieved by also isolating the quarkonium (see Ref. [37]).
The isolation should be efficient at large enough PQT where
the soft partons emitted during the hadronization of the CO
heavy-quark pair are boosted and energetic enough to be
detected. Experimentally, this would provide an interesting
check of the CS dominance by measuring the (conven-
tional) qT-integrated cross section, which should coincide
with the parameter-free CS prediction. This would also
confirm that double-parton scattering contributions are
suppressed by the isolation criteria. We emphasize that,
according to our evaluations, such an isolation is not at all
necessary for the Υ case.
Analytical expression for the qT-dependent cross

section.—Within TMD factorization [Fig. 1(c)], the cross
section for a gluon-fusion initiated process is written, up to
Oðq2T=Q2Þ corrections, as the convolution of a hard part
with two TM-dependent correlators, i.e.,

dσ ¼ ð2πÞ4

8s2

Z
d2k1Td2k2Tδ2ðk1T þ k2T − qTÞMμρðMνσÞ%

× Φμν
g ðx1; k1T; ζ1; μÞΦ

ρσ
g ðx2; k2T; ζ2; μÞdR; (1)

where s ¼ ðP1 þ P2Þ2 is the hadronic center-of-mass sys-
tem (c.m.s.) energy squared and the phase space element of
the outgoing particles is denoted bydR. The hard part can be
obtained as a series expansion in αs by perturbatively
calculating the partonic scattering gðk1Þþgðk2Þ→QðPQÞþ
γðPγÞ, with the incoming gluon momenta given by
k1 ¼ x1P1 þ k1T − k21T=ðx1sÞP2 (and likewise for k2),
and subtracting the parts already contained in the gluon
TMD correlators [6,38,39]. k1T is a 4-vector perpendicular

to both P1 and P2, which has transverse components k1T in
the c.m.s. frame; x1 ¼ q⋅P2=P1⋅P2 and x2 ¼ q⋅P1=P1⋅P2,
where q ¼ PQ þ Pγ.
Since QCD corrections to the inclusive production of a

quarkonium-photon pair are known to be large [26,28],
we find it useful to emphasize that this does not translate
to TMD factorization. The reason is that the initial-state
radiations are absorbed into the TMDs such that the hard
part is free of qT dependence and, with appropriate choices
of ζ and μ, is also free of large logarithms [6,38,39].
In addition, the back-to-back (small qT) requirement and
the photon isolation in our observable further suppresses
additional radiations. A LO calculation of the hard part is,
therefore, sufficient for a first gluon TMD extraction.
The gluon-TMD correlator for an unpolarized proton is

defined as

Φμν
g ðx; kT; ζ; μÞ≡
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2 þ Pμ

2P
ν
1Þ=P1⋅P2, Mp is the pro-

ton mass, and the gauge link Un½−'
½0;ξ' renders the matrix

element gauge invariant. It runs from 0 to ξ via −∞ along
the n direction. [n is a timelike dimensionless 4-vector with
no transverse components such that ζ2 ¼ ð2 n⋅PÞ2=n2.]
The correlator is parametrized by the two gluon TMDs
discussed above, fg1ðx; kT; ζ; μÞ and h⊥g

1 ðx; kT; ζ; μÞ [8],
and by terms that are suppressed in the high-energy limit.
The structure of the TMD cross section is then found

to be
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¼
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where dΩ ¼ d cos θdϕ is expressed in terms of Collins-
Soper angles [40] and where Q, Y, and qT are the invariant
mass, the rapidity, and the TM of the pair—the latter two to
be measured in the hadron c.m.s. frame. The Collins-Soper
angles describe the spatial orientation of the back-to-back
photon-quarkonium pair in the (Collins-Soper) rest frame
of the pair. The overall normalization is given by
C0 ¼ 4α2sαeme2QjR0ð0Þj2=ð3M3

QÞ, where R0ð0Þ is the quar-
konium radial wave function at the origin and eQ is the
heavy-quark charge. The F factors, the denominator D and
the weights are found to be

(a) (b)

FIG. 2 (color online). Different contributions to the production
of an isolated photon back to back with (a)Υð1SÞ or (b) J=ψ from
g-g and q-q̄ fusion, from the CS and CO channels as function of
the invariant mass of the pair. The curves for the q-q̄ fusion are
rescaled by a factor of 100 (respectively 50). The CO matrix
elements we used are very close to those obtained in a recent LO
fit of LHC data [36].
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(PQT ≳ 10 GeV). It is also clear that this process is purely
from gg fusion.
A further suppression of CO contributions can be

achieved by also isolating the quarkonium (see Ref. [37]).
The isolation should be efficient at large enough PQT where
the soft partons emitted during the hadronization of the CO
heavy-quark pair are boosted and energetic enough to be
detected. Experimentally, this would provide an interesting
check of the CS dominance by measuring the (conven-
tional) qT-integrated cross section, which should coincide
with the parameter-free CS prediction. This would also
confirm that double-parton scattering contributions are
suppressed by the isolation criteria. We emphasize that,
according to our evaluations, such an isolation is not at all
necessary for the Υ case.
Analytical expression for the qT-dependent cross

section.—Within TMD factorization [Fig. 1(c)], the cross
section for a gluon-fusion initiated process is written, up to
Oðq2T=Q2Þ corrections, as the convolution of a hard part
with two TM-dependent correlators, i.e.,

dσ ¼ ð2πÞ4

8s2

Z
d2k1Td2k2Tδ2ðk1T þ k2T − qTÞMμρðMνσÞ%

× Φμν
g ðx1; k1T; ζ1; μÞΦ

ρσ
g ðx2; k2T; ζ2; μÞdR; (1)

where s ¼ ðP1 þ P2Þ2 is the hadronic center-of-mass sys-
tem (c.m.s.) energy squared and the phase space element of
the outgoing particles is denoted bydR. The hard part can be
obtained as a series expansion in αs by perturbatively
calculating the partonic scattering gðk1Þþgðk2Þ→QðPQÞþ
γðPγÞ, with the incoming gluon momenta given by
k1 ¼ x1P1 þ k1T − k21T=ðx1sÞP2 (and likewise for k2),
and subtracting the parts already contained in the gluon
TMD correlators [6,38,39]. k1T is a 4-vector perpendicular

to both P1 and P2, which has transverse components k1T in
the c.m.s. frame; x1 ¼ q⋅P2=P1⋅P2 and x2 ¼ q⋅P1=P1⋅P2,
where q ¼ PQ þ Pγ.
Since QCD corrections to the inclusive production of a

quarkonium-photon pair are known to be large [26,28],
we find it useful to emphasize that this does not translate
to TMD factorization. The reason is that the initial-state
radiations are absorbed into the TMDs such that the hard
part is free of qT dependence and, with appropriate choices
of ζ and μ, is also free of large logarithms [6,38,39].
In addition, the back-to-back (small qT) requirement and
the photon isolation in our observable further suppresses
additional radiations. A LO calculation of the hard part is,
therefore, sufficient for a first gluon TMD extraction.
The gluon-TMD correlator for an unpolarized proton is

defined as

Φμν
g ðx; kT; ζ; μÞ≡
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ν
1Þ=P1⋅P2, Mp is the pro-

ton mass, and the gauge link Un½−'
½0;ξ' renders the matrix

element gauge invariant. It runs from 0 to ξ via −∞ along
the n direction. [n is a timelike dimensionless 4-vector with
no transverse components such that ζ2 ¼ ð2 n⋅PÞ2=n2.]
The correlator is parametrized by the two gluon TMDs
discussed above, fg1ðx; kT; ζ; μÞ and h⊥g

1 ðx; kT; ζ; μÞ [8],
and by terms that are suppressed in the high-energy limit.
The structure of the TMD cross section is then found

to be
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where dΩ ¼ d cos θdϕ is expressed in terms of Collins-
Soper angles [40] and where Q, Y, and qT are the invariant
mass, the rapidity, and the TM of the pair—the latter two to
be measured in the hadron c.m.s. frame. The Collins-Soper
angles describe the spatial orientation of the back-to-back
photon-quarkonium pair in the (Collins-Soper) rest frame
of the pair. The overall normalization is given by
C0 ¼ 4α2sαeme2QjR0ð0Þj2=ð3M3

QÞ, where R0ð0Þ is the quar-
konium radial wave function at the origin and eQ is the
heavy-quark charge. The F factors, the denominator D and
the weights are found to be

(a) (b)

FIG. 2 (color online). Different contributions to the production
of an isolated photon back to back with (a)Υð1SÞ or (b) J=ψ from
g-g and q-q̄ fusion, from the CS and CO channels as function of
the invariant mass of the pair. The curves for the q-q̄ fusion are
rescaled by a factor of 100 (respectively 50). The CO matrix
elements we used are very close to those obtained in a recent LO
fit of LHC data [36].
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(PQT ≳ 10 GeV). It is also clear that this process is purely
from gg fusion.
A further suppression of CO contributions can be

achieved by also isolating the quarkonium (see Ref. [37]).
The isolation should be efficient at large enough PQT where
the soft partons emitted during the hadronization of the CO
heavy-quark pair are boosted and energetic enough to be
detected. Experimentally, this would provide an interesting
check of the CS dominance by measuring the (conven-
tional) qT-integrated cross section, which should coincide
with the parameter-free CS prediction. This would also
confirm that double-parton scattering contributions are
suppressed by the isolation criteria. We emphasize that,
according to our evaluations, such an isolation is not at all
necessary for the Υ case.
Analytical expression for the qT-dependent cross

section.—Within TMD factorization [Fig. 1(c)], the cross
section for a gluon-fusion initiated process is written, up to
Oðq2T=Q2Þ corrections, as the convolution of a hard part
with two TM-dependent correlators, i.e.,

dσ ¼ ð2πÞ4

8s2
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d2k1Td2k2Tδ2ðk1T þ k2T − qTÞMμρðMνσÞ%

× Φμν
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ρσ
g ðx2; k2T; ζ2; μÞdR; (1)

where s ¼ ðP1 þ P2Þ2 is the hadronic center-of-mass sys-
tem (c.m.s.) energy squared and the phase space element of
the outgoing particles is denoted bydR. The hard part can be
obtained as a series expansion in αs by perturbatively
calculating the partonic scattering gðk1Þþgðk2Þ→QðPQÞþ
γðPγÞ, with the incoming gluon momenta given by
k1 ¼ x1P1 þ k1T − k21T=ðx1sÞP2 (and likewise for k2),
and subtracting the parts already contained in the gluon
TMD correlators [6,38,39]. k1T is a 4-vector perpendicular

to both P1 and P2, which has transverse components k1T in
the c.m.s. frame; x1 ¼ q⋅P2=P1⋅P2 and x2 ¼ q⋅P1=P1⋅P2,
where q ¼ PQ þ Pγ.
Since QCD corrections to the inclusive production of a

quarkonium-photon pair are known to be large [26,28],
we find it useful to emphasize that this does not translate
to TMD factorization. The reason is that the initial-state
radiations are absorbed into the TMDs such that the hard
part is free of qT dependence and, with appropriate choices
of ζ and μ, is also free of large logarithms [6,38,39].
In addition, the back-to-back (small qT) requirement and
the photon isolation in our observable further suppresses
additional radiations. A LO calculation of the hard part is,
therefore, sufficient for a first gluon TMD extraction.
The gluon-TMD correlator for an unpolarized proton is

defined as
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1Þ=P1⋅P2, Mp is the pro-

ton mass, and the gauge link Un½−'
½0;ξ' renders the matrix

element gauge invariant. It runs from 0 to ξ via −∞ along
the n direction. [n is a timelike dimensionless 4-vector with
no transverse components such that ζ2 ¼ ð2 n⋅PÞ2=n2.]
The correlator is parametrized by the two gluon TMDs
discussed above, fg1ðx; kT; ζ; μÞ and h⊥g

1 ðx; kT; ζ; μÞ [8],
and by terms that are suppressed in the high-energy limit.
The structure of the TMD cross section is then found

to be
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where dΩ ¼ d cos θdϕ is expressed in terms of Collins-
Soper angles [40] and where Q, Y, and qT are the invariant
mass, the rapidity, and the TM of the pair—the latter two to
be measured in the hadron c.m.s. frame. The Collins-Soper
angles describe the spatial orientation of the back-to-back
photon-quarkonium pair in the (Collins-Soper) rest frame
of the pair. The overall normalization is given by
C0 ¼ 4α2sαeme2QjR0ð0Þj2=ð3M3

QÞ, where R0ð0Þ is the quar-
konium radial wave function at the origin and eQ is the
heavy-quark charge. The F factors, the denominator D and
the weights are found to be

(a) (b)

FIG. 2 (color online). Different contributions to the production
of an isolated photon back to back with (a)Υð1SÞ or (b) J=ψ from
g-g and q-q̄ fusion, from the CS and CO channels as function of
the invariant mass of the pair. The curves for the q-q̄ fusion are
rescaled by a factor of 100 (respectively 50). The CO matrix
elements we used are very close to those obtained in a recent LO
fit of LHC data [36].
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Future prospects: Associated quarkonium production

• Quarkonium in association with a jet, Z/W boson, photon …

• Isolated photon back to back with ϒ

- Cross section is about 50 fb/GeV at pT(ϒɣ) = 20 GeV for √s = 7 TeV, |y| < 0.5, 
|cosϑCS| < 0.45, pT(ϒ) > 7 GeV, pT(ɣ) > 7 GeV 
(W. J. den Dunnen, et al. PRL 112 (2014) 212001)
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- CMS collected 20.7 fb-1 at √s = 8 TeV

- Dimuon trigger in ϒ mass window with pT(µµ) > 7 GeV 
pT(µµ) > 7 GeVpT(µµ) > 7 GeV

- Conversion probability for |η(ɣ)| < 1 varies 
between 20 and 40%
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- Photons have ~1% probability to convert and 
be reconstructed in the silicon tracker
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- Reconstruction efficiency for non converted 
loose photons (ECAL) is above 90% for 
pT(ɣ) > 20 GeV 
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➡ About 700 events expected to be seen in the 
CMS detector
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Future prospects: Exotic quarkonia

• Search for new structures and resonances

- ψ(nS) or ϒ(nS) plus one or two π’s

- 𝜒c (→ J/ψ + ɣ) +  π

- double J/ψ and ϒ(1S) spectrum

• Study the nature of structures in the 

- J/ψ + ɸ spectrum (B+ → J/ψ + ɸ + K+, B0 → J/ψ + ɸ + K0s)

- ψ(nS) + π spectrum (B0 → ψ(nS) + K+ + π–)
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Conclusions

CMS 

• is well suited for quarkonium physics

• has done many interesting, high impact measurements in the past

• has the capability to do many interesting analyses with quarkonia

• will continue to do high quality research in quarkonium physics
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