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Direct production vs feed-down 
✤ Quarkonium production can proceed directly through short-distance 

interactions of initial partons, or via the decay of heavier hadrons (feed-
down)  

✤ In the case of J/ψ production at the Tevatron, contributing mechanisms 
include

✤ b-hadron decays:  at Tevatron II, b→J/ψ+X accounts for 10%  of the 
inclusive production rate at pT=1.5 GeV (increasing to 45% at pT=20 
GeV) [CDF collaboration, 04]

✤ feed-down from charmonium states: at Tevatron I, ψ(2S)→J/ψππ and 
χc →J/ψγ accounts for 35% of the prompt production rate [CDF 
collaboration, 97]

    Charmonium production from b-hadron decays and quarkonium feed-    
down mechanisms cannot be neglected in hadron collisions
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Outline

✤ Feed-down from b-hadron decays

Tevatron data, run II: b→J/ψ(2S)+X,   b→ψ(2S)+X

✤ Feed-down from excited quarkonium states

Tevatron data, run I: χc →J/ψγ,   χb → Υ(1S)γ

✤ Direct production (CO/CS transitions)

Tevatron data, run II: prompt ψ(2S), Y(3S)                       
Tevatron data, run I:  J/ψ, Y(1S)  [pT spectrum only] 

Let us review the current theoretical understanding by introducing the 
issues one by one:
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b-hadron decays
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b-hadron decays into J/ψ
✤ FONLL scheme: [Cacciari, Greco, Nason] 

✤ resummation of logarithms of pT/mb, with next-to-leading logarithmic 
accuracy, particularly relevant at the LHC

✤ matching with the fixed order, exact NLO calculation for massive 
quarks 

✤  predictions based on non-perturbative inputs:

✤ gluon and light quark PDFs

✤ b quark to Hb fragmentation (fitted to LEP data)

✤ Hb to J/psi branching ratio + decay spectrum
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b-hadron decays into J/ψ (2)
✤ [Cacciari, Frixione, Mangano, Nason, Ridolfi]

INCONTRI SULLA FISICA DELLE ALTE ENERGIE TORINO, APRIL 14-16, 2004

Figure 5: CDF J/ψ spectrum fromHb decays, compared to theoretical predictions [24].

tion [25], and promptly compared [24] to the predictions given by the framework put forward in [23]. The data

are in the form of J/ψ’s coming from bottomed hadrons Hb. The theoretical predictions depend solely on the

following calculations and parameters:

• Perturbative inputs

– FONLL calculation (i.e. full massive NLO calculation plus matching to NLL resummation), both for

e+e− [27] and for pp̄ [34] collisions

– bottom quark pole massmb = 4.75 GeV (varied between 4.5 and 5 GeV)
– strong coupling (Λ(5) = 0.226 GeV, i.e. αs(MZ) = 0.118)
– renormalization and factorization scales (varied between µ0/2 ≤ µR,F ≤ 2µ0, with 1/2 ≤ µR/µF ≤

2 and µ0 ≡
√

m2
b + p2

T

• Non-perturbative/phenomenological inputs

– gluon and light quarks PDFs (CTEQ6M [46] default choice, MRST [47] and Alekhin [48] sets also

used)

– b quark to Hb hadron fragmentation (fitted to moments of LEP data, see [23, 24])

– Hb to J/ψ branching ratio, 1.15% [49] and decay spectrum (from CLEO [50] or BaBar [51] Collabo-

rations)

After extensive exploration of all the numerically meaningful uncertainties, the predictions compare to the mea-

sured total cross sections as follows:

CDF Theory (FONLL)

σ(Hb→J/ψ,pT (J/ψ)>1.25,|yJ/ψ|<0.6)×BR(J/ψ→µ+µ−) 19.9 +3.8
−3.2 stat+syst

nb 18.3 +8.1
−5.7 nb

σ(Hb,|yHb
|<0.6)×BR(Hb→J/ψ→µ+µ−) 24.5 +4.7

−3.9 stat+syst
nb 22.9 +10.6

−7.8 nb

σ(b,|yb|<1) 29.4 +6.2
−5.4 stat+syst

µb 25.0 +12.6
−8.1 µb

The first two lines refer to physical cross sections, measured (and predicted) in the given visible region. The

third line represents the deconvolution to the quark level. These results clearly indicate full consistency between

theory and experiment within the uncertainties. The transverse momentum spectrum of the J/ψ’s from b’s, shown
in figure 5, is equally well described. The reason why the agreement now looks better than it did in figure 4 is

249

•Good agreement with the 
data (no free parameter)

•Scale, mass and PDF 
uncertainties summed in 
quadrature
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Prompt production
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The cross section for inclusive quarkonium production is expressed as a 
sum of products of short-distance coefficients and long-distance matrix 
elements

NRQCD factorization 

σ[Q] =
∑

n

σ̂Λ[QQ̄(n)] 〈OQ(n)〉Λ

SD coefficients 
many recent works have been 
devoted to improving their 
accuracy, i.e. by computing higher-
order corrections in αs  

→ reviewed in this talk

LD matrix elements
for the color-octet, no theoretical 
tool to constrain the LDME’s other 
than the power counting rules in v
 
→ not much to say about recent 
progress (contrary to decays)
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Fragmentation processes [Braaten & Yuan, 93]

✤ At large pT, quarkonium production is dominated by fragmentation.

✤ Calculations of cross sections simplify in the fragmentation approximation  

✤ The DGLAP evolution equation can be used to resum the terms (αs 
log[pT/mQ])n

✤ Drawback: in some cases, the correction terms of order mQ/pT may be 
enhanced by large coefficients such that the fragmentation 
approximation is not accurate in the pT region of interest

Di→Q(z, µ) = F pert.
i→QQ̄(n)

(z, µ,Λ)〈OQ(n)〉Λ

µ
∂

∂µ
Di→Q(z, µ) =

∑

j

∫ 1

z

dy

y
Pi→j(z/y, µ)Dj→Q(y, µ)

dσ[Q+ X] =
∫ 1

0
dσ̂[i(p/z) + X, µ]Di→Q(z, µ) +O(mQ/pT )

Friday 19 February 2010



Let us consider first the 
feed-down from excited 

quarkonium states
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Feed-down from ψ(2S):
✤ At the Tevatron, the pT spectrum for pp→X+[ψ(2S)→J/ψππ] can be 

deduced from the experimental spectrum for pp→X+[ψ(2S)→μμ] and 
from Monte-Carlo simulation for the decay ψ(2S)→J/ψππ

✤ The resulting J/ψ polarization is not well known, since the polarization of 
ψ(2S) has large uncertainties, both experimentally and theoretically

✤ In the past, the feed-down from ψ(2S) has been addressed by 
considering inclusive long-distance matrix elements, e.g. 

but this does not take into account the kinematic effects associated to the 
decay ψ(2S)→J/ψππ

〈O[n]〉J/ψ
inc = 〈O[n]〉J/ψ +

∑

H

BH→Jψ〈O[n]〉H
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Feed-down from ψ(2S):
✤ Let us assume that  3S1[8]→ ψ(2S) is the dominant transition at the LHC

✤ Let us decay the ψ(2S) into J/ψππ according to a uniform distribution in 
the ψ(2S) rest frame

✤ The curves dσ/dpT[J/ψ, |y(J/ψ)|<2.1] and dσ/dpT[ψ(2S), |y(ψ)|<2.1] 
deviate from each other at large pT

mc=0.5Mψ(2S)

μ=MT[ψ(2S)]

 <O(3S1[8])>=6 10-3 GeV

Br[ψ(2S)→J/ψππ]=1

the kinematics of the decay 
ψ(2S)→J/ψππ must be 

taken into account properly 
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Feed-down from P-wave: pp→[χcJ →J/ψγ]+X

gluon fragmentation channel 
already at αs3 

no fragmentation channel  at 
αs3, you need to go to αs4 :

Q

3S1[8]3PJ[1]

What we call CS or CO contributions 
at αs4 depends on ΛNRQCD

To a certain extend, αs correction to 
the CS production can be reabsorbed 
into <O(3S1[8])> by adjusting ΛNRQCD

only known within the 
fragmentation approximation
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Comparison with Tevatron data

M. Krdimer / Prog. Part. NucL Phys. 47 (2001) 141-201 159 
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•Leading-order NRQCD 
prediction provides a good 
description of the Tevatron 
data (CO LDME is a free 
parameter)

•LHC data will allow to test 
the shape over a wider 
range in pT

M. Kramer, 01
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Direct production
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Figure 2: Colour-singlet and colour-octet contributions to direct J / ¢  production in 

pff --~ J/~b + X at the Tevatron (x/~ = 1.8 TeV, pseudorapidity cut [r/[ < 0.6)) com- 

pared to experimental data from CDF [36]. Parameters: CTEQ5L parton distribution 

functions [50]; factorisation and renormalisation scale # = Cpt 2 + 4m~; mc = 1.5 GeV. The 

Pt/(2 c) ) have been summed by solving the Altarelli-Parisi evo- leading logarithms (asln 2 m 2 

lution equations for the gluon fragmentation function. NRQCD matrix elements as specified 

in Table 1. 

matrix elements, Table 1, are universal and can be used to make predictions for vari- 

ous processes and observables. The polarisation signature of J/~,  and ¢(2S) at large 

transverse momentum is one of the single most crucial tests of the NRQCD approach 

and will be discussed in some detail in Section 3.3. Ultimately, a global analysis of dif- 

ferent production processes will be needed to assess the universality of the colour-octet 

contributions. Such a program, however, requires a careful discussion of the theoret- 

ical uncertainties associated with the determination of the non-perturbative matrix 

elements from experimental data. For charmonium hadroproduction the uncertainties 

are mainly associated with the calculation of the short-distance cross sections and, as 

argued in Section 3.2, have not yet been reliably quantified. 

The J / ¢  and ¢(25') transverse momentum distributions at the Tevatron can also 

be described by the colour-evaporation model [7-9] or the related soft-colour inter- 

action model [10]. Both approaches allow colour-octet c~ pairs produced in gluon 

J/ψ, ψ(2S)  direct production

Th. status of direct J/ψ production at the Tevatron I: 9 years ago

M. Kramer, 01

3S1[8]1S0[8]+3PJ[8]
3S1[1]

3S1[8]

3S1[1], frag approx

•LO + fragmentation color-
singlet channels undershoots the 
CDF data by more than an 
order of magnitude.

•Color-octet contributions fitted 
to the data describe well the 
shape in pT, and the values of 
the CO LDME’s agree with the 
power counting rules in v.

Friday 19 February 2010



158 M. KNimer / Prog. Part. Nucl. Phys. 47 (2001) 141-201 

10 

-1 
l0 

-2 
l0 

-3 
l0 

~ N ~ _  i i * i I i i i i I i i i i 

x'.~,:tN~r BR(J/~---->p,+Ix ) da(p~--4J/~+X)/dPT (nb/GeV) 
I -  

"v,, 

l- x\~', ~X/,, ~/s =1.8 TeV; I'q] < 0.6 

~- "'4x.~X"~ ~ total 

' , ) . , . ~  . . . . .  colour-octet Is 0 + 3pj 
:" "', ""'x.~ . . . . . .  colour-octet 3S 1 
- ". " , ,  " ' x . ~  . . . .  LO colour-singlet 

• 2: " ,  " ' . , . ' ~  .... . . .  colour-slnglet flag. 

- ",,:::) ", ., 

.iiii  i " 
" . %  

i I i I J "J  , J I I . .  I I I ~ 1 .  I 

5 10 15 
PT (GeV) 

20 

Figure 2: Colour-singlet and colour-octet contributions to direct J / ¢  production in 

pff --~ J/~b + X at the Tevatron (x/~ = 1.8 TeV, pseudorapidity cut [r/[ < 0.6)) com- 

pared to experimental data from CDF [36]. Parameters: CTEQ5L parton distribution 

functions [50]; factorisation and renormalisation scale # = Cpt 2 + 4m~; mc = 1.5 GeV. The 

Pt/(2 c) ) have been summed by solving the Altarelli-Parisi evo- leading logarithms (asln 2 m 2 

lution equations for the gluon fragmentation function. NRQCD matrix elements as specified 

in Table 1. 

matrix elements, Table 1, are universal and can be used to make predictions for vari- 

ous processes and observables. The polarisation signature of J/~,  and ¢(2S) at large 

transverse momentum is one of the single most crucial tests of the NRQCD approach 
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ferent production processes will be needed to assess the universality of the colour-octet 

contributions. Such a program, however, requires a careful discussion of the theoret- 

ical uncertainties associated with the determination of the non-perturbative matrix 

elements from experimental data. For charmonium hadroproduction the uncertainties 

are mainly associated with the calculation of the short-distance cross sections and, as 

argued in Section 3.2, have not yet been reliably quantified. 

The J / ¢  and ¢(25') transverse momentum distributions at the Tevatron can also 

be described by the colour-evaporation model [7-9] or the related soft-colour inter- 

action model [10]. Both approaches allow colour-octet c~ pairs produced in gluon 

J/ψ, ψ(2S)  direct production

Th. status of direct J/ψ production at the Tevatron I: 9 years ago

M. Kramer, 01

3S1[8]1S0[8]+3PJ[8]
3S1[1]

3S1[8]

3S1[1], frag approx

To be updated with recent 
progresses on αs corrections to 

the SD coefficients

•LO + fragmentation color-
singlet channels undershoots the 
CDF data by more than an 
order of magnitude.

•Color-octet contributions fitted 
to the data describe well the 
shape in pT, and the values of 
the CO LDME’s agree with the 
power counting rules in v.
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Open questions

that there is some important aspect of the production
mechanism that is not yet understood.
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and ŷ vertical. ! (") is the polar (azimuthal) angle
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FIG. 4 (color online). Prompt polarizations as functions of pT : (a) J= and (b)  #2S$. The band (line) is the prediction from NRQCD
[4] (the kT-factorization model [9]).

PRL 99, 132001 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
28 SEPTEMBER 2007

132001-7

[CDF collaboration, 07]

αs correction is partially known 
(results reviewed in the next slides)

e.g: spin-symmetry breaking chromomagnetic 
interactions in the transition 3S1[8]→ ψ : only 
constrained by the counting rules in v

✤ The leading-order NRQCD prediction for the polarization of ψ(2S) and 
J/ψ is in disagreement with CDF data

At large pT,  the production is dominated by g*→3S1[8], which leads to  
transverse polarization in the c.m. helicity frame. This prediction may be 
affected by perturbative and non-perturbative corrections

✤ J/ψ ✤ ψ(2S)
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Color-octet channels (direct prod.)

gluon fragmentation channel 
already there at αs3 no fragmentation channel  at 

αs3, you need to go to αs4 :

Q

3S1[8]1S0[8], 3PJ[8]

no new high-pT enhanced channels
at NLO, do not expect large corrections

new high-pT enhanced channels open at
at NLO  → large corrections at high pT
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✤ 3S1[8]:

 

✤ 1S0[8]:

✤ 3PJ[8]:

 αs correction to color-octet transitions

uncertainties at NLO: only the scale 
uncertainty on σ[pT>3 GeV] has been 
analyzed (small variation)

[Gong, Li, Wang; 08] 1e-02
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NLO correction is small 
in the entire pT range, 
very small correction to the 
polarization [also investigated in 
the frag. approx: Ma 95, Beneke & 
Rothstein 96, Braaten & Lee, 00].

NLO correction is small 
at low pT, but increasingly
important at large pT, no 
correction to the polarization

no complete calculation at 
NLO,  unknown correction 
to the polarization 

pp collider@14 TeV

[Gong, Li, Wang; 08]

Friday 19 February 2010



✤ 3S1[8]:

 αs correction to color-octet transitions
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NLO correction is small 
in the entire pT range, 
very small correction to the 
polarization [also investigated in 
the frag. approx: Ma 95, Beneke & 
Rothstein 96, Braaten & Lee, 00].

Observation for the 3S1[8] case: 
no effects of the large log(pT/mc) at high pT ?

pp collider@14 TeV

[Gong, Li, Wang; 08]
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Fragmentation vs full FO calculation
✤ Let us use exactly the same input parameters and compare the two 

calculations (frag. vs FO).
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pp collider@14 TeV
3S1[8]

The frag. approx. does 
a good job already at 
pT>7 GeV

1S0[8]
The frag. approx. is 
not accurate below 
pT =30 GeV

scale: mT(ψ(2S)) (also in the frag. fct) 
no DGLAP evolution

a more accurate calculation 
would require to match the FO 
calculation with the fragmentation 
approximation at NLO accuracy
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αs correction to the color-singlet transition 
✤ New contribution at αs4

pp → 3S1[1]+cc

pp → 3S1[1]+gg

1-loop diagrams
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•new channels at αs4 give rise to a huge enhancement 
at large pT, overall the correction is small 
•large th. unc., mainly from variations of the scales
•still a large opening gap with the data

ψ(2S) @ Tevatron II

mass and scale unc. 
combined in quadrature

[Campbell, Maltoni, Tramontano,  2007]
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αs correction to the color-singlet transition 
✤ New contribution at αs4

pp → 3S1[1]+cc

pp → 3S1[1]+gg

1-loop diagrams
•new channels at αs4 strongly affect the polarization 
parameter α (polar asymmetry in the c.m. helicity frame) 
•prediction of a large longitudinal component at NLO 

ψ(2S) @ Tevatron II
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αs correction to the color-singlet transition (2)

✤ The CS yield at next-to-leading order in αs is still decreasing too fast in pT     
(dσ/dpT2 ∼1/pT6) in comparison with the ψ(2S) data

✤ The associated channel ψ(2S)+cc has the correct shape (1/pT4), but the 
overall normalization is small  

✤ Large correction may arise at order αs5 because new channels with a 
different pT scaling open up at that order. One of them is the gluon 
fragmentation g*→3S1[1] 

Friday 19 February 2010



Gluon fragmentation into 3S1[1]

✤ The contribution from the channel g*→3S1[1]                                      
is known in the fragmentation approximation 

•large contribution 
compared to the NLO 
yield at large pT

•small contribution 
compare to the data
but ...
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[Braaten & Yuan; 93]
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Gluon fragmentation into 3S1[1]   (2)
✤ ... we need to be critical of the fragmentation approximation

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0  2  4  6  8  10  12  14  16  18  20

inv. mass of the fragmentation products (GeV)

g* > 
3
S1[8]

g* > 
1
S0[8]

g* > 
3
S1[1]

gluon frag. 
channel

QCD 
order

region of 
accuracy

g*→3S1[8] αs pT>7 GeV

g*→1S0[8] αs2 pT>30 GeV

g*→3S1[1] αs3 pT>?? GeV

In the case of g*→3S1[1]gg, the rather large invariant mass of the 
fragmentation products may lead to substantial corrections to the 
fragmentation approximation at finite pT.  Also channels that contribute at αs5 
other than fragmentation topologies may give a large contribution at finite pT.

invariant mass of the fragmentation 
products at pT →∞ (in GeV)

Friday 19 February 2010



Other important channels at αs5 ?
✤ In the region s>>ŝ, the perturbative expansion in αs may contain large 

logarithms ln[1/x].  

✤ The resummation of these logs results in the so-called noncollinear or 
unintegrated parton distributions Fi[x,kT2, μ2] that give probability of 
finding a parton of type i carrying the longitudinal momentum fraction x 
and transverse momentum kT at the probing scale μ2 [kT factorization]

✤ With the kT factorization,  the                                                          
leading-order prediction for                                                     
production of 3S1[1] accounts                                                              
for topologies that appear at                                                         
order αs5 in the collinear factorization                                         
[Baranov, Zotov] 

high energy enhanced channels
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Prediction in the kT factorization approach
✤ J/ψ production at the Tevatron, run I

the diagrams shown in Fig. 1!a" are gauge invariant on their
own, even with off-shell external gluons. In that case, the

gauge invariance can be verified explicitly, by substituting

the gluon momenta for their polarization vectors. This prop-

erty also holds for the color-singlet production of #c states

and for the color-octet subprocesses !29"–!31" mentioned be-
low.

To calculate the cross section of a physical process we

have to multiply the matrix elements squared by the gluon

distribution functions and perform integration over the final
state phase space. The multiparticle phase space
$d3pi /(2Ei)%

4(&pin!&pout) is parametrized in terms

of transverse momenta, rapidities, and azimuthal

angles: d3pi /(2Ei)"('/2)dpiT
2 dyid( i /(2'). Let (1 , (2,

and (3 be the azimuthal angles of the initial and final gluons,

and y) and () the rapidity and the azimuthal angle of

the J/) particle. Then the fully differential cross section

reads

d*!pp→)X ""
4'2+s

3!R!0 "!2

s2

1

4 &
spins

1

64 &
colors

!M!gg→)g "!2

#Fg!x1 ,k1T
2 ,,2"Fg!x2 ,k2T

2 ,,2"dk1T
2 dk2T

2 dp)T
2 dy3dy)

d(1

2'

d(2

2'

d()

2'
. !23"

The phase space physical boundary is determined by the in-

equality -60.

G! ŝ , t̂ ,k3
2 ,k1

2 ,k2
2 ,m)

2 "/0, !24"

where ŝ"(k1$k2)
2, t̂"(k1!p))

2, and G is the standard

kinematic function -60..
The initial gluon momentum fractions x1 and x2 are cal-

culated from the energy-momentum conservation laws in the

light-cone projections:

!k1$k2"E$p !!
"x1!s"m)T exp!y)"$!k3T!exp!y3",

!k1$k2"E!p !!
"x2!s"m)T exp!!y)"$!k3T!exp!!y3",

!25"

m)T"(m)
2$!p)T!2)1/2. Here, we preserve exact kinematics

and do not neglect the ‘‘small’’ light-cone component of the

gluon momentum. The multidimensional integration in Eq.

!23" has been performed by means of the Monte Carlo tech-
nique, using the routine VEGAS -61.. The full FORTRAN
code is available from the author on request.

IV. NUMERICAL RESULTS AND DISCUSSION

We begin the discussion by presenting a comparison be-

tween the predictions of the conventional and the

kT-factorization approaches for the J/) transverse momen-

tum spectrum at Fermilab Tevatron conditions. For the col-

linear parton model, we use the gluon densities of Ref. -53..
In the kT-factorization approach, we use the unintegrated dis-

tributions developed from the same GRV!LO" set in accor-
dance with -52.. The renormalization scale in the strong cou-
pling constant +s(,

2) is chosen equal to the J/) transverse

momentum in all cases, ,2"p)T
2 . The nonperturbative

color-octet parameters are taken as in Ref. -33..
The solid and dashed histograms in Fig. 2 represent the

color-singlet and 3S1-8. color-octet contributions in the col-

linear parton model. The difference in shape between these

two contributions is due to the additional Feynman diagrams

shown in Figs. 1!b"–1!d", whose pT behavior is qualitatively
different from that of Fig. 1!a". The production of J/) par-

ticles at high pT is thought to be dominated by gluon frag-

mentation into the 3S1-8. state !dashed histogram" followed
by a series of nonperturbative gluon emissions. The contri-

butions from other octet states (1S0-8. and 3PJ-8. , J

"0,1,2) saturate the cross section at moderate pT values

!and are not shown in the figure". Although the agreement
with the Tevatron data is apparently satisfactory, one should

not forget the troubling issue of the photoproduction data and

the problem of spin alignment.

FIG. 2. J/) hadroproduction at Tevatron conditions pp(!s
"1.8 TeV), !0)!/0.6: a comparison between the collinear and
kT-factorization approaches. Solid histogram, color-singlet contri-

bution within the collinear approximation; dashed histogram,
3S1-8. color-octet contribution within the collinear approximation;
dash-dotted histogram, color-singlet contribution within the kT fac-

torization; upper dotted histogram, color-octet contribution from the

2→1 process !30" within the kT factorization; lower dotted histo-
gram, color-octet contribution from the 2→2 process !27" within
the kT factorization, q reg

2 "m)
2 , !R 1S0[8]

(0)!2"8#10!3 GeV3; ! ,

experimental data -24,25..

HIGHLIGHTS FROM THE kT-FACTORIZATION . . . PHYSICAL REVIEW D 66, 114003 !2002"

114003-5

[Baranov, 2002]

3S1[1], coll.

3S1[1], kT

•With the kT factorization, the 
3S1[1] pT spectrum at LO is in 
better agreement with the data 
(compared to LO 3S1[1] 
prediction in the coll. fact.) but 
a large gap remains

•Large uncertainties associated 
with the unintegrated PDF 
(factor 2-3)

•In the c.m. helicity frame, the 
polar asymmetry parameter is 
predicted to be negative 
(longitudinal polarization)

3S1[8], coll.

CO, 2→1, kT

CO, 2→2, kT
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A new approach to evaluate channels at αs5

✤ Take the whole set of tree-level diagrams for 3S1[1] + 3 jets. This set 
includes both gluon fragmentation and high-energy enhanced topologies         

+
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•IR cutoff dependence, 
expected to disappear at 
large pT

•no resummation of    
log[mc/pT] or log[1/x]

•large uncertainty on the 
normalization, the shape is 
rather stable

•opening gap as pT increases

ψ(2S) @Tevatron II

+  ... (≈1k diagrams)

Integrate them with an IR cutoff to get a finite result (labeled as NNLO*)

[PA, Campbell, Lansberg, Maltoni, Tramontano,  2008]
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J/ψ, ψ(2S) direct production: appraisal
✤ Differential cross section in NRQCD are expanded in v, but in the case of  

J/ψ, ψ(2S), v is not that small ...  Different scenarios are a priori possible:

I.  Truncation of σ[ψ] to order v3  is a good approximation  

In this case, there is no substantial contribution from color-octet 
transitions. This scenario is not excluded yet, since the large QCD 
corrections to the pT spectrum associated with the color-singlet 
transition lead to very large theoretical uncertainties on σ1[3S1].  
More work is required to reduce these uncertainties.
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J/ψ, ψ(2S) direct production: appraisal
✤ Differential cross section in NRQCD are expanded in v, but in the case of  

J/ψ, ψ(2S), v is not that small ...  Different scenarios are a priori possible:

II.  v3 contribution to σ[ψ] is small (due to SD coefficient suppression), 
the series truncated at order v7 is accurate.  

In this case, the main contribution come from the color-octet 
transitions. The prediction of the polarization at this accuracy in v 
disagrees with the CDF data.
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J/ψ, ψ(2S) direct production: appraisal
✤ Differential cross section in NRQCD are expanded in v, but in the case of  

J/ψ, ψ(2S), v is not that small ...  Different scenarios are a priori possible:

III.  There are large contributions to σ[ψ] beyond v7  

In this case, heavy-quark spin-symmetry breaking interactions makes 
the prediction of the polarization more intricate, and lead to (at least 
a partial) depolarization of the charmonium state. The cross section 
differential in pT may still be described by the production of 3S1[8] 
state at large pT, as the corresponding short-distance coefficient is 
dominant.
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J/ψ, ψ(2S) direct production: appraisal
✤ Differential cross section in NRQCD are expanded in v, but in the case of  

J/ψ, ψ(2S), v is not that small ...  Different scenarios are a priori possible:

III.  There are large contributions to σ[ψ] beyond v7  

In this case, heavy-quark spin-symmetry breaking interactions makes 
the prediction of the polarization more intricate, and lead to (at least 
a partial) depolarization of the charmonium state. The cross section 
differential in pT may still be described by the production of 3S1[8] 
state at large pT, as the corresponding short-distance coefficient is 
dominant.

what happens if we consider the production of ϒ states ? 
(expect a better behavior of the expansion in v) 
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Situation for Upsilon production (direct)
✤ ϒ(1S) direct production

✤ smaller gap between 
CS at NLO and the 
data, increasing with pT

✤ αs5 channels may 
provide the missing 
contribution: the shape is 
in good agreement with 
the data, but large 
uncertainties on the 
normalization

[PA, Campbell, Lansberg, Maltoni, Tramontano,  2008]
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Y vs ψ direct production 
✤ For the ϒ direct production, the color-octet contributions are not needed 

to understand the cross section differential in pT. Predictions at √s=7 TeV 
are ongoing. 

✤ For J/ψ, ψ(2S) direct production, it is unclear what is the dominant 
transition in view of the current experimental data. New observables may 
help to understand the production mechanisms. Suggestions include both

✤ more exclusive signatures: 

 

✤ inclusive observables for which the theoretical and/or experimental 
uncertainties partly cancel (see next slide)

pp→ J/ψ + cc̄

pp→ J/ψ + γ
pp→ J/ψ + J/ψ

See talks by Fabio, 
Aafke, Jean-Philippe
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Ratios of Cross Sections at Different Values of
√

s

• We may be able to disentangle the color-singlet and color-octet contributions by taking ratios of
cross sections at different values of

√
s.

– The largest theoretical uncertainties cancel.

– In a given experiment, some systematic uncertainties may tend to cancel as well.

• R is the ratio of the direct production rate at
√

s = 10 TeV to the direct production rate at
√

s = 1.96 TeV.

– R1 is the color-singlet ratio of rates.

– R8 is the color-octet ratio of rates.

– RExp is the experimental ratio of cross sections.

– rX is the ratio of the color-octet contribution to the color-singlet contribution at experiment X.

• If R1 and R8 are well separated, then we can use RExp to determine rX .

RExp =
σLHC

1 + σLHC
8

σTev
1 + σTev

8

=
R1 + rTevR8

1 + rTev
, where rTev =

σTev
8

σTev
1

=
R1

R8
rLHC.

• Then rTev = (RExp−R1)/(R8−RExp) can be used to make predictions for the polarization.

[From G. Bodwin]
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Conclusion
✤ The different mechanisms for quarkonium production are not all 

understood with the same level of accuracy:

✤ Charmonium feed-down from b-hadron decays seems well understood 
both at the perturbative and non-perturbative levels, and the 
predictions describe the data well without any free parameters.

✤ NRQCD leading-order predictions for production of χc states are in  
reasonable agreement with the Tevatron data, but need further 
experimental tests 

✤ The direct production of ψ and Υ states suffers from large 
uncertainties, both at the perturbative and non-perturbative level. In 
particular, it is not clear what transition dominates the production.
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