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ηc cross section at LHCb

• ηc(1S) and J/ψ are detected via their decay to pp 

• Prompt ηc(1S) to J/ψ cross section ratio for pT > 6.5 GeV

• First measurement of inclusive branching fraction of 
b-hadrons into ηc(1S) mesons

2

–

σ(ηc(1S))/σ(J/ψ) 
= 1.74 ± 0.29 (stat.) ± 0.28 (syst.) ± 0.18 (BF) (√s = 7 TeV)

= 1.60 ± 0.29 (stat.) ± 0.25 (syst.) ± 0.17 (BF) (√s = 8 TeV)

BR(b → ηc(1S)X) = 
(4.88 ± 0.64 (stat.) ± 0.29 (syst.) ± 0.67(BF) ) x 10-3
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FIG. 2: The LHCb [10] measurements of dσ/dpT for prompt ηc hadroproduction at
√
s = 7 TeV (upper panel) and 8 TeV

(lower panel) are compared with the default predictions of NRQCD (solid lines) and the CSM (dot-dashed lines) at NLO, but
without relativistic corrections, evaluated with the four LDME sets in Table I. The theoretical errors as explained in the text
are indicated by the yellow and blue bands, respectively. For comparison, also the default contributions due to the individual
Fock states are shown. Red color (minus sign in the legend) indicates negative values.

then left with the 1S[1]
0 and 3S[8]

1 contributions to direct ηc
production. As in Table I, we include O(αs) corrections,
but neglectO(v2) corrections. Our fitting procedure is as

follows. We first determine 〈Oηc(1S[1]
0 )〉 from the ηc → γγ

partial decay width [23], and then use it as input to fit

〈Oηc(3S[8]
1 )〉 to the LHCb data. We are entitled to do so,

since the difference between the CS LDMEs for produc-
tion and decay are of O(v4) [2]. In our determination

of 〈Oηc(1S[1]
0 )〉, we set α = 1/137 and αs(2mc) = 0.26,

and adopt the values Γηc = (32.3 ± 1.0) MeV and
Br(ηc → γγ) = (1.57 ± 0.12) × 10−4 from Ref. [20].

We thus obtain 〈Oηc(1S[1]
0 )〉 = (0.24 ± 0.02) GeV3, in

reasonable agreement with the values of its HQSS coun-

terpart 〈OJ/ψ(3S[1]
1 )〉 in Table I, and 〈Oηc(3S[8]

1 )〉 =
(3.3 ± 2.3) × 10−3 GeV3, yielding an excellent descrip-
tion of the LHCb data, with χ2/d.o.f. = 1.4/6. By
HQSS, this provides an independent determination of

〈OJ/ψ(1S[8]
0 )〉 = 〈Oηc(3S[8]

1 )〉. Observing that this value
falls short of the lowest value in Table I, namely the one
from Ref. [4], by 6.47 standard deviations, we recover the
striking disagreement encountered in our first approach.

Such a low value of 〈OJ/ψ(1S[8]
0 )〉 is in conflict with the

ideas behind the high-pT fits in Refs. [6, 8], which suggest

a large 〈OJ/ψ(1S[8]
0 )〉 value to render the 1S[8]

0 contribu-
tions dominant in high-pT J/ψ hadroproduction and to
explain both the J/ψ yield and polarization observed ex-
perimentally. However, unlike the J/ψ case, the theoret-
ical prediction of direct ηc hadroproduction is well under

control. In fact, there are no large NLO corrections in
neither the CS or CO channels, and the hc feeddown con-
tributions are also small.

To summarize, we calculated, for the first time, the

O(αs) corrections to the 1S[1]
0 and 1P [8]

1 SDCs as well as

the O(v2) corrections to the 1S[1]
0 , 1P [1]

1 , and 1P [8]
1 SDCs.

Using the ηc LDMEs derived via HQSS from up-to-date
J/ψ LDMEs [4, 6–8], we demonstrated that the CS con-
tribution alone can nicely describe the new LHCb data
on prompt ηc hadroproduction [10], while the full NLO
NRQCD predictions yield unacceptably large χ2/d.o.f.
values, of 5.24 and above. On the other hand, the CO

contribution is almost exclusively exhausted by the 3S[8]
1

channel, and the hc feeddown contribution is negligi-

bly small. This allowed us to directly fit 〈Oηc(3S[8]
1 )〉

to the LHCb data after determining 〈Oηc(1S[1]
0 )〉 from

Γ(ηc → γγ), both in NRQCD through O(αs). Conver-

sion to 〈OJ/ψ(1S[8]
0 )〉 via HQSS yielded a value that un-

dershoots the expectation from the velocity scaling rules
by about one order of magnitude and the respective re-
sults from the NLO NRQCD fits to J/ψ production data
currently on the market [4, 6–8] by at least 6.47 stan-
dard deviations. Taking for granted that the LHCb re-
sults [10] and the HQSS relations (3) can be trusted and
observing that the kinematic region probed falls into mid-
pT range, where neither large logarithms ln(p2T /m

2
c) nor

factorization breaking terms are expected, we are led to
conclude that either the universality of the LDMEs is in
question or that another important ingredient to current

PRL 114, 092004

• Full NLO NRQCD 
predictions 
overshoot data

• Color singlet (CS) 
contribution 
alone seems to 
describe cross 
section
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FIG. 2: The LHCb [10] measurements of dσ/dpT for prompt ηc hadroproduction at
√
s = 7 TeV (upper panel) and 8 TeV

(lower panel) are compared with the default predictions of NRQCD (solid lines) and the CSM (dot-dashed lines) at NLO, but
without relativistic corrections, evaluated with the four LDME sets in Table I. The theoretical errors as explained in the text
are indicated by the yellow and blue bands, respectively. For comparison, also the default contributions due to the individual
Fock states are shown. Red color (minus sign in the legend) indicates negative values.

then left with the 1S[1]
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• Prompt cross section of J/ψ‘s coming from 𝝌c decays (using converted 
photons)

• CDF does not distinguish between 𝝌cJ states

Prompt 𝛘c cross sections

4

𝝌c → J/ψɣ → µ+µ- (e+e-) 
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• Scaled CDF and ATLAS measurements have similar pT dependence 
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Comparison to theory

• NLO NRQCD calculations 
describe ATLAS and CDF data

5
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Non-prompt 𝛘c1 and 𝛘c2 cross sections at ATLAS

• Non-prompt fractions are around 25% for the 𝝌c1 and 10% for the 𝝌c2 
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• Non-prompt cross sections are in agreement
with FONLL predictions
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Relative prompt 𝛘c2 to 𝛘c1 cross section ratio
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pT > 5 GeV
for unpolarized 
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• LHCb results are different using different photon detection methods
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Comparison to theory

• LHC and Tevatron data agree with theory calculations

• Theory predicts that CS contribution is dominating

8

Figure adapted from PRD 90, 074021
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Relative prompt 𝛘c2 to 𝛘c1 cross section ratio

• Results depend on the polarizations 
assumed for the two states 

• If both states have helicity 0, the 
LHCb results agree

➡ Important to measure 𝝌c 
polarizations

9
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Relative non-prompt 𝛘c2(1P) to 𝛘c1(1P) cross section ratio

10

• Non-prompt ratio seems to be flat
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Relative non-prompt 𝛘c2(1P) to 𝛘c1(1P) cross section ratio
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• Non-prompt ratio seems to be flat
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Relative prompt 𝛘c0 to 𝛘c2 cross section ratio at LHCb

• 𝝌c0 signal is observed at LHCb with a significance of 4.3σ

• 705 ± 163 𝝌c0 candidates for 4 < pT(J/ψ) < 20 GeV

• 𝝌c0 cross section is measured relative to 𝝌c2 because the pT dependence 
is expected to be similar

11

σ(𝝌c0)/σ(𝝌c2) = 

1.19 ± 0.27 (stat.) 
± 0.29 (syst.) ± 0.16 (pT model) 

± 0.09 (BR)
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Prompt 𝛘c → J/ψ feed-down

LHCb, ATLAS and higher pT CDF points are 
well aligned

12
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Relative 𝛘b2(1P) to 𝛘b1(1P) cross section ratio

• 𝝌b mesons are detected via their radiative decay using converted photons

13

𝝌b(1P) → ϒ(1S)ɣ → µ+µ- e+e- 

• Ratio is seemingly flat

• LHCb and CMS 
measurements are 
consistent within large 
uncertainties

• Experimental results 
are in disagreement 
with theory
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Relative 𝛘b2(1P) to 𝛘b1(1P) cross section ratio

• Scaled LHCb 𝝌c cross section ratio is consistent with 𝝌b cross section 
ratio measurements

14
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𝛘b(nP) →ϒ(nS) feed-down

• Large 𝛘b(3P) →ϒ(3S) 
feed-down fraction

15
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𝛘b(nP) →ϒ(nS) feed-down

• Large 𝛘b(3P) →ϒ(3S) 
feed-down fraction

15

• CDF 𝛘b(1P) →ϒ(1S) feed-
down is compatible with 
LHCb measurement

• CDF 𝛘b(2P) →ϒ(1S) feed-
down fraction is higher

• Large 𝛘b(3P) →ϒ(3S) 
feed-down fraction
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Summary

Results from pp collisions on

• Cross sections of ηc and 𝛘c mesons

• 𝛘c and 𝛘b cross section ratios

• 𝛘c and 𝛘b feed-down fractions

In general, good agreement between 
measurements of 
different experiments

16

(–)



Ilse Krätschmer (HEPHY Vienna)29 February 2016

LHCb collaboration. Measurement of the ηc(1S) production cross-section in proton–proton collisions via 
the decay ηc(1S) → pp. Eur. Phys. J. C (2015) 75:311

LHCb collaboration. Measurement of the cross-section ratio σ(𝝌c2)/σ(𝝌c1) for prompt 𝝌c production at 
√s = 7 TeV. Phys. Lett. B 714 (2012) 215–223

ATLAS collaboration. Measurement of 𝝌c1 and 𝝌c2 production with √s = 7 TeV pp collisions at ATLAS. 
JHEP 07 (2014) 154

CMS collaboration. Measurement of the relative prompt production rate of 𝝌c2 and 𝝌c1 in pp collisions at 
√s = 7 TeV. Eur. Phys. J. C (2012) 72:2251

LHCb collaboration. Measurement of the relative rate of prompt 𝝌c0, 𝝌c1 and 𝝌c2 production at √s = 7 TeV. 
JHEP 10 (2013) 115

HERA-B collaboration. Production of the charmonium states 𝝌c1 and 𝝌c2 in proton nucleus interactions at 
√s = 41.6 GeV. Phys. Rev. D 79, 012001 (2009)

CDF collaboration. Production of J/ψ Mesons from 𝝌c Meson Decays in pp Collisions at √s = 1.8 TeV. 
Phys. Rev. Lett. 79, 578 (1997)

CDF collaboration. Measurement of σ(𝝌c2) BR(𝝌c2 →J/ψɣ) / σ𝝌c1 BR(𝝌c1 →J/ψɣ) in pp Collisions at 
√s = 1.96TeV. Phys. Rev. Lett. 98, 232001 (2007)

LHCb collaboration. Measurement of the ratio of prompt 𝝌c to J/ψ production in pp collisions at 
√s = 7 TeV. Phys. Lett. B 718 (2012) 431–440

LHCb collaboration. Measurement of the cross-section ratio σ(𝝌c2)/σ(𝝌c1) for prompt 𝝌c production at 
√s = 7 TeV. Phys. Lett. B 714 (2012) 215–223

References

17

–

–

–



Ilse Krätschmer (HEPHY Vienna)29 February 2016

References
CMS collaboration.Measurement of the production cross section ratio σ(𝝌b2(1P))/σ(𝝌b1(1P)) in pp 
collisions at √s = 8 TeV. Phys. Lett. B 743 (2015) 383–402

LHCb collaboration.Study of 𝝌b meson production in pp collisions at √s = 7 and 8 TeV and observation 
of the decay 𝝌b(3P) → Υ(3S)γ. Eur. Phys. J. C (2014) 74:3092

LHCb collaboration. Measurement of the 𝝌b(3P) mass and of the relative rate of 𝝌b1(1P) and 𝝌b2(1P) 
production. JHEP 10 (2014) 088

CDF collaboration. Production of Y(1S) Mesons from 𝝌b Decays in pp Collisions at √s = 1.8 TeV. Phys. 
Rev. Lett. 84 (2000) 2094

18

–



BACKUP



Ilse Krätschmer (HEPHY Vienna)29 February 2016

Prompt 𝛘c1 and 𝛘c2 cross sections at ATLAS

• ATLAS provides cross sections as function of J/ψ and 𝝌c pT 

• NLO NRQCD calculations describe the cross sections well
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𝛘c → J/ψ feed-down at PHENIX

• No distinction between prompt and non-prompt 𝝌c mesons

• J/ψ detected through its decay to electrons

• Feed-down fraction is 32 ± 9 % for |y| < 0.35 in pp collisions at 
√s = 200 GeV
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