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We present our recent work [1] on studying prompt double J/ψ production at hadron collider in
the framework of non-relativistic QCD (NRQCD) factorization formalism. We take into account
the contribution of all the possible pairings of the Fock states 1S[8]

0 ,3 S[1,8]
1 ,3 P[1,8]

J with J = 0,1,2
in direct J/ψ production and the feed-down contribution from χcJ and ψ(2S). We find that
the 1S[8]

0 ,3 P[1,8]
J contribution that has been ignored before leads to a significant enhancement in

the region of large invariant mass and rapidity separations of the double J/ψ . The inclusion
of their contribution largely softens the conflict between theoretical calculation based on color-
singlet model and the measurements by CMS Collaboration at LHC leaving sizable room for the
NRQCD predictions at next-to-leading order.
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1. Introduction

Since the J/ψ meson was discovered in 1974, studies its production properties have been one
of the important subjects in heavy quarkonium physics [2]. The non-relativistic QCD (NRQCD)
factorization formalism [3], which is built on the rigorous NRQCD effective field theory [4], has
been widely accepted to investigate heavy quarkonium production and decay. In NRQCD factor-
ization formalism the production and decay of heavy quarkonium is factorized into the product
of the short-distance coefficients (SDCs) which can be calculated perturbatively and the universal
long-distance matrix elements (LDMEs) which are organized as powers of the v [5], the relative
velocity of the heavy quark in the meson rest frame. The NRQCD factorization formalism suc-
cessfully explained the J/ψ yield data at hadron collider [6, 7, 8], however its prediction on J/ψ
polarization[9] and the ηc yield [10] at QCD next-to-leading order (NLO) are challenged by the
experimental measurements.

Besides the single J/ψ production, the double J/ψ production provides another testing ground
on NRQCD factorization. In double J/ψ production the hadronization of charm quark pairs takes
twice, so the theoretical predictions are more sensitive to the chosen LDMEs. Therefore, it is also
able to test on the validity of the different sets of the LDMEs obtained in the fitting to single J/ψ
production data. Moreover, in double J/ψ production, it is believed that both the single parton
scattering (SPS) and the double parton scattering (DPS) processes are involved [11]. Pinning down
the SPS contribution could help to extract the information of DPS, like the σeff, which is related to
the transverse structure of proton.

Experimentally, the double J/ψ hadroproduction have been measured by LHCb [12], CMS [13]
Collaborations at LHC, and D0 Collaboration [14] at Tevatron. On the theoretical side, the dou-
ble J/ψ production is pioneered by Barge, et al. in 1995. [15] and then received considerable
interest [16, 17, 18, 19, 20, 21, 22, 23] but still less than single J/ψ production. So far only the
color-octet (CO) gg→ 2cc̄(3S[8]

1 ) and color-singlet (CS) gg→ 2cc̄(3S[1]
1 ) have been studied. Since

they are incomplete in NRQCD calculation for prompt double J/ψ production, we denote them
by CO∗ and CS∗, respectively. It is revealed that the CS∗ mainly contributes at low J/ψ transverse
momentum, pT , region, and will be overtook by the CO∗ when pT is large, say pT ' 16GeV at
LHC [19]. Recently the NLO QCD corrections [22] to the CS∗ and relativistic corrections [21] to
both the CS∗ and CO∗ were obtained. It is found that, in the LHCb case, the CS∗ prediction to the
total cross section is compatible with data, but its prediction to the invariant mass, M, distribution
dσ/dM largely deviate from the data near the threshold region even after including the −23% rel-
ativistic corrections [21]. In CMS case, although the K−factor of NLO QCD corrections is larger
than 10, the CS∗ itself can only account for 2/3 of the total cross section, let alone the 4 orders of
magnitude undershoot the invariant mass distribution for M > 35 GeV [22].

2. Framework of NRQCD factorization

In this work, we for the first time, consider the 1S[8]
0 and 3P[8]

J with J = 0,1,2 contribution to
direct double J/ψ production and ψ ′ feed-down as well as the 3P[1]

J and 3S[8]
1 contribution from χc

feed-down. Note the CS J/ψ + χcJ channel are forbidden at O(α4
s ) because of the charge conju-

gation conversation. Therefore, there are in total
(

8
2

)
− 3 = 25 channels needed to be calculated.
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[a] [b] [c] [d]

Figure 1: The typical Feynman diagrams for gg → cc̄(m)+ cc̄(n): (a) non-fragmentation Type-I, (b) non-
fragmentation Type-II, (c) single-fragmentation, (d) double-fragmentation.

Owing to the factorization theorems of the QCD parton model and NRQCD factorization formal-
ism, we express the prompt double J/ψ hadroproduction cross section as

dσ(AB→ 2J/ψ +X) = ∑
i, j,m,n,H1,H2

∫
dx1dx2× fi/A(x1) f j/B(x2)dσ̂(i j → cc̄(m)cc̄(n)+X)

×〈OH1(m)〉Br(H1 → J/ψ +X)×〈OH2(n)〉Br(H2 → J/ψ +X), (2.1)

where fi/A(x) is the parton distribution function (PDF) of parton i in hadron A, dσ̂(i j→ cc̄(m)cc̄(n)+
X) is the SDC, 〈OH(m)〉 is the LDME of H = J/ψ,χcJ,ψ ′, and Br(H → J/ψ +X) is the branching
fraction with the understanding that Br(H → J/ψ +X) = 1 if H = J/ψ . Because of the smallness
of Br(χc0 → J/ψγ) = 1.27% [24], we neglect the contribution from H = χc0.

There are in total 72 Feynman diagrams in the partonic sub-process gg → cc̄(m)+ cc̄(n) as
shown in Figure.1 for the representative ones. Because of JPC conservation, not all of them con-
tribute for a given combination of m and n. Based on the behaviors of dσ/d p2

T ∝ 1/pN
T and

the topological properties of the contributing Feynman diagrams [see Figs. 1(a)–(d)], we divide
the partonic sub-processes into 4 categories: (1) NNLP-I, with N = 8, including m = 3S[1]

1 and
n = 3S[1,8]

1 , 1S[8]
0 , 3P[8]

J ; (2) NNLP-II, with N = 8, too, including m,n = 1S[8]
0 , 3P[8]

J , 3P[1]
J ; (3) NLP,

with N = 6, including m = 3S[8]
1 and n = 1S[8]

0 , 3P[8]
J , 3P[1]

J ; and (4) leading power (LP), with N = 4,
including m = n = 3S[8]

1 . While the NNLP-I and NNPL-II sub-processes exhibit the same pT scal-
ing, their difference is the topologies of the respective Feynman diagrams. In the latter case, there
are the diffraction-like ones as shown in Fig. 1(b), which, we will show later, lead to significant
enhancement of the cross section at large value of M.

3. Numerical results

Since we perform the LO evaluation, to be consistent we choose the values of the CO LDMEs
that were obtained through the fitting of LO calculation to the J/ψ hadroproduction data 1, the cor-
responding CTEQ5L PDF [25], and the one-loop running of QCD coupling constant αs. The renor-

malization and factorization scales are set to be µr = µ f = mT = ξ
√

(4mc)2 + p2
T with mc = 1.5

GeV and ξ varying between 1/2 and 2 about the default value 1 to estimate the theoretical uncer-
tainty. The CS LDMEs are adopted from the potential model results evaluated with the Buchmüller-
Tye potential [26]. All the LDMEs appear in our computation are listed in Table 1. The values

1In Ref. [27] only the linear combinations MH
r = OH(1S[8]

0 )+ rOH(3P[8]
0 )/m2

c could be determined because of the

strong correlations between OH(1S[8]
0 ) and OH(3P[8]

0 ) for H = J/ψ ,ψ ′. We find these correlations are very similar in
prompt double J/ψ hadroproduction via the NNLP-II and NLP subprocesses.
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OJ/ψ(3S[1]
1 ) OJ/ψ(3S[8]

1 ) MJ/ψ
3.4 (1S[8]

0 ) Oψ ′
(3S[1]

1 ) Oψ ′
(3S[8]

1 ) Mψ ′
3.5(

1S[8]
0 ) Oχc0(3P[1]

0 )/m2
c Oχc0(3S[8]

1 )
1.16 3.9×10−3 6.6×10−2 0.758 3.7×10−3 7.8×10−3 4.77×10−2 1.9×10−3

Table 1: Adopted values of LO NRQCD LDMEs in units of GeV3 [26, 27].

Br(χc1 → J/ψγ) = 33.9%, Br(χc2 → J/ψγ) = 19.2%, and Br(ψ ′→ J/ψ +X) = 60.9% are taken
from the Particle Data Group [24].
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Figure 2: The M distribution of prompt double J/ψ hadroproduction measured by LHCb [12] is compared to
the full LO NRQCD prediction (solid lines). The theoretical uncertainty is indicated by the shaded (yellow)
bands.

Now we are in a position to compare the NRQCD predictions with the experimental data. At
7 TeV LHC, the LHCb Collaboration measured the double J/ψ production in the rapidity range of
2.0 < y < 4.5 and pT < 10 GeV for each J/ψ . The total cross section is σLHCb

tot = 5.1±1.0±1.1
nb, which is about 2.6 times smaller than the LO NRQCD prediction 13.2+5.2

−4.1 nb. To check where
the excess comes from we also calculate the invariant mass spectrum as shown in Fig. 2. It clearly
shows that the conflict between NRQCD prediction and LHCb measurements appears only near
the threshold region, in which the perturbative calculation is spoiled by the soft gluon radiations
and the relativistic corrections are non-negligible [28]. Near the threshold region σtot ∝ m−8

c , which
also amplifies the uncertainty in theoretical calculation. When M ≥ 9 GeV, the NRQCD prediction
agree with the data very well.

The CMS Collaboration also measure the double J/ψ production at the same center of mass
energy as LHCb Collaboration in the kinematic condition as specified in Eq.(3.3) of Ref [13]. The
total cross section is σ CMS

tot = 1.49± 0.07± 0.13 nb. However, the NRQCD prediction is only
σtot = 0.15+0.08

−0.05 nb, which is about 1 order of magnitude smaller than the CMS data. We observe
that the contribution of the NNLP-I, NNLP-II, NLP, and LP to the center values of σtot are 97,
13, 27, and 14 fb, respectively; and in σtot over 36% is made up by the NNLP-II, NLP, and LP
processes with half of it coming from χcJ feed-down via J/ψ + χcJ and χcJ + χcJ . The above
results indicate that only the CS∗ itself is bound to be insufficient even after including the NLO
QCD corrections [22].

Besides the total cross section the CMS Collaboration also measured the differential cross
section in the M and |∆y| bins. In Ref [22], it is found that CS∗ prediction for dσ/dM at QCD
NLO is dramatically below the CMS data by about 2 and 4 orders of magnitude in the last two
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Figure 3: Comparison between CMS [13] measurements of the M (left) and |∆y| (right) distribution for
prompt double J/ψ hadroproduction and the full LO NRQCD prediction (solid lines), its NNLP-II (dotted
lines), NLP (dot-dashed lines), and LP (long-dashed lines) components, and the LO CS∗ contribution (dashed
lines). The theoretical uncertainty in the LO NRQCD prediction is indicated by the shaded (yellow) bands.

bins 22 GeV < M < 35 GeV and 35 GeV < M < 80 GeV, respectively. The Fig. (3a) clearly
show that the previous neglected sub-processes largely remedy the conflict between theory and
data. After including their contribution, the CMS data are only about 4 and 30 times larger than
LO NRQCD predictions in the last two bins, where the NNLP-II, NLP, and LP processes are
as the same important approximately. We also study the |∆y| distribution shown in Fig. (3b).
We observe from Fig. (3b) that the CS∗ contribution is mainly around |∆y| = 0 region, while the
|∆y| distributions of NLP-II, NLP, and LP sub-processes are more broader. At LO pT , M and

|∆y| are related through M = 2
√

4m2
c + p2

T cosh(|∆y|/2), so the large enhancement in the large M
distribution can be understood as follows. For the CS∗ sub-process its large M À 2mJ/ψ region
corresponds to the large pT region where the cross section drops down fast, on the other hand for
the NLP-II, NLP, and LP sub-processes their large pT region correspond to not only the large pT

region but also the moderate pT region, which feed into the large M region predominately.
At 1.96 TeV Tevatron, D0 Collaboration successfully discriminate the SPS and DPS contri-

butions for pT > 4 GeV and |η | < 2.0, where η is the pseudo-rapidity of J/ψ yielding σD0
SPS =

70± 6± 22 fb and σ D0
DPS = 59± 6± 22 fb. The LO CS∗ prediction is σCS∗

tot = 51.9 fb [29]. We
estimate that it can be enhanced by around 28% after including the residual contribution of LO
NRQCD, which leads to nice agreement.

4. Summary

In summary, in this work, we calculate the complete LO NRQCD prediction on prompt double
J/ψ hadroproduction. After comparing it with the LHCb, CMS and D0 measurements we find
that the CS∗ is an good approximation to describe low pT region and away from the double J/ψ
threshold region. However, in the large M and |∆y| region its contribution becomes minor and
the contribution of the NLP-II, NLP, LP sub-processes that have been ignored before becomes
predominate. Although at LO, the NRQCD predictions can not explain the CMS data at large M
and |∆y| region yet, we expect a significant enhancement at NLO because of the kinematic cut
condition of CMS measurements, which may resolve the conflict.

4



P
o
S
(
D
I
S
2
0
1
6
)
1
6
2

Double J/ψ Zhi-Guo He

References

[1] Z. G. He and B. A. Kniehl, Phys. Rev. Lett. 115, no. 2, 022002 (2015).

[2] N. Brambilla et al. (Quarkonium Working Group), Eur. Phys. J. C 71, 1534 (2011); 74, 2981 (2014).

[3] G. T. Bodwin, E. Braaten, and G. P. Lepage, Phys. Rev. D 51, 1125 (1995); 55, 5853(E) (1997).

[4] W. E. Caswell and G. P. Lepage, Phys. Lett. B 167, 437 (1986).

[5] G. P. Lepage, L. Magnea, C. Nakhleh, U. Magnea, and K. Hornbostel, Phys. Rev. D 46, 4052 (1992).

[6] Y. Q. Ma, K. Wang and K. T. Chao, Phys. Rev. Lett. 106, 042002 (2011).

[7] M. Butenschoen and B. A. Kniehl, Phys. Rev. Lett. 106, 022003 (2011).

[8] M. Butenschoen and B. A. Kniehl, Mod. Phys. Lett. A 28, 1350027 (2013).

[9] M. Butenschoen and B. A. Kniehl, Phys. Rev. Lett. 108, 172002 (2012).

[10] M. Butenschoen, Z.-G. He, and B. A. Kniehl, Phys. Rev. Lett. 114, 092004 (2015).

[11] C. H. Kom, A. Kulesza, and W. J. Stirling, Phys. Rev. Lett. 107, 082002 (2011); S. P. Baranov,
A. M. Snigirev, N. P. Zotov, A. Szczurek, and W. Schäfer, Phys. Rev. D 87, 034035 (2013).

[12] R. Aaij et al. (LHCb Collaboration), Phys. Lett. B 707, 52 (2012).

[13] V. Khachatryan et al. (CMS Collaboration), J. High Energy Phys. 09 (2014) 094.

[14] V. M. Abazov et al. (D0 Collaboration), Phys. Rev. D 90, 111101 (2014).

[15] V. D. Barger, S. Fleming, and R. J. N. Phillips, Phys. Lett. B 371, 111 (1996).

[16] C.-F. Qiao, Phys. Rev. D 66, 057504 (2002).

[17] R. Li, Y.-J. Zhang, and K.-T. Chao, Phys. Rev. D 80, 014020 (2009).

[18] C.-F. Qiao, L.-P. Sun, and P. Sun, J. Phys. G 37, 075019 (2010).

[19] P. Ko, C. Yu, and J. Lee, J. High Energy Phys. 01 (2011) 070.

[20] A. V. Berezhnoy, A. K. Likhoded, A. V. Luchinsky, and A. A. Novoselov, Phys. Rev. D 84, 094023
(2011); 86, 034017 (2012).

[21] Y.-J. Li, G.-Z. Xu, K.-Y. Liu, and Y.-J. Zhang, J. High Energy Phys. 07 (2013) 051.

[22] L.-P. Sun, H. Han, and K.-T. Chao, arXiv:1404.4042 [hep-ph].

[23] J.-P. Lansberg and H.-S. Shao, Phys. Rev. Lett. 111, 122001 (2013).

[24] K. A. Olive et al. (Particle Data Group), Chin. Phys. C 38, 090001 (2014).

[25] H. L. Lai, J. Huston, S. Kuhlmann, J. Morfin, F. Olness, J. F. Owens, J. Pumplin, and W. K. Tung
(CTEQ Collaboration), Eur. Phys. J. C 12, 375 (2000).

[26] E. J. Eichten and C. Quigg, Phys. Rev. D 52, 1726 (1995).

[27] E. Braaten, B. A. Kniehl, and J. Lee, Phys. Rev. D 62, 094005 (2000).

[28] A. P. Martynenko and A. M. Trunin, Phys. Rev. D 86, 094003 (2012).

[29] C.-F. Qiao and L.-P. Sun, Chin. Phys. C 37, 033105 (2013).

5


