Université catholique de Louvain
Faculté des Sciences
Département de Physique

UCL

Université _ _ _ _ _
catholique Unité de physique théorique et de physique mathématique
deLouvain Centre for Particle Physics and Phenomenology

Quarkonium production
phenomenology

Doctoral dissertation presented by
Pierre Artoisenet

in fulfilment of the requirements for the degree of Doctor @ieBces

Prof. F. Maltoni (Advisor) UCL

Prof. D. Favart (Chairman) UCL
Prof. G. Bruno UCL

Prof. J. Weyers UCL
Prof. N. Brambilla TU Munich
Prof. M. Kraemer RTWH Aachen
Prof. G. Bodwin ANL Chicago

July 2009






Remerciements

Cette these est le fruit de divers projets réalisés en coliation avec Eric Braaten,
John Campbell, Jean-Philippe Lansberg, Fabio Maltoni, Bielzer, et Francesco
Tramontano. C’est avec plaisir que je les remercie tousmmet pour les interactions
enrichissantes sur lesquelles ce travail prend appui.

Je tiens a remercier plus particulierement mon promoteuthése, le professeur Fabio
Maltoni. L'excellence de son encadrement tient a ses namsbsequalités, tant au
niveau scientifique que humain. Son dynamisme, son endmogisson esprit cri-
tique, sa disponibilité, sa rigueur ont apporté un supportifidable a I'élaboration
de cette thése, dans une atmosphére stimulante dont il afets#lerci aussi pour les
nombreuses opportunités de voyage dont j'ai bénéficié afprésenter nos résultats
lors de rencontres internationales.

Je remercie également tous les membres de mon jury ainsieqo®fesseur Jean-
Marc Gérard pour leur enthousiasme et leur lecture attemtlie ma thése. Merci en
particulier au professeur Geoffrey Bodwin pour I'aide d@at bénéficié lors de la ré-
daction de ma thése, et pour son hospitalité lors de mon séwérgonne National
Laboratory.

Je remercie le Fonds de la Recherche Scientifigue - FNRS gesaré le soutien
financier de cette these.

Au cours de mon doctorat, j'ai eu le plaisir de travailler av®livier Mattelaer sur
un projet annexe. Merci pour cette collaboration agréatil&ectueuse. Merci égale-
ment a Vincent Lemaitre et a mon promoteur d’avoir supersgsgrojet.

Au quotidien de mon travall, j'ai également profité de I'ajpl€cieuse des membres
de I'équipe CP3, dont I'expertise et la disponibilité onsasé un environement prop-
ice au développement de ma these. Merci a tous pour les nosgwealiscussions
enrichissantes de ces derniéres années. Merci en pagicalVincent Boucher, qui,



aussi serviable gu’'efficace, a volé & mon secours a mainta$ses pour résoudre
mes problémes informatiques. Merci & Thomas Keutgen, éalharlier, Pavel

Demin, et Fabian Boldrin pour leur support relatif au résemformatique Fynu et
a l'utilisation des clusters Ingrid et Fynu. Merci égalemerux secrétaires Ginette
Tabordon, Carine Baras et Cathy Brichard pour leur aide [ae.

Merci a mes amis et a ma famille pour leur soutien en touteocistance. Merci
a Emma qui a gentillement accepté de vérifier I'orthograpbetekte de ma thése.
Merci a mon épouse, Laure-Anne, pour I'élan d’amour et dfgieequ’elle m’apporte
chaque jour.









Contents

Introductiod 9
lL__Quarkonium production in NRQCDH 13
[L1 NRQCDfactorizatidn . . . ... ........... ... ..., 13
[L.2__Short-distance coefficiehts . . . .. ... ... .. ... .. ... . 17
[1.3 1 ong-distance matrix elemdnts . . . . . .. ... 24
[L.4 Quarkonium productionathighendrgy . . . . ... ... ... .. . 26
[L.4.1 Fragmentation processes at large transverse momentu . 26
[L42 i factorizationatsmatl . . ... ... . ... . ... ... 28
[L.5 Proof of the NRQCD factorizatibn . . . . .. ............. 92
__Lmproving our predictions 31
.1 NRQCD amplitudes attree-level . . . . . .. ............. 13
[2.1.1 Projection method and its implementdtion . . . . . . . ... . 32
12 Polarizedamplitudes . . ... ... 34
[2.1.3 Relativistic corrections t§-wave state productibn . . . . . . 36
P14 valdatioh . .......... .. .. ... 37
.2 Decay of vector-like quarkonia into leptbns 41



onclusion 103



Introduction

The study of heavy-quarkonium states started with the g&goof the first charmo-

nium states in 19741, 2] and bottomonium states in 1977 Ehce then, many
experiments have been dedicated to the analysis of therspeof quarkonia, and
new states are still discovered nowadays. As a recent exaihgl),, i.e. the lowest

state in the bottomonium system, has only been discoverdldddirst time in 2008 by

the BABAR collaboration(]#]. In addition to predicted quarkum states, other exotic
states have been found, whose interpretation is still an¢tze for examplée][5]).

On the theoretical side, heavy-quarkonium bound statedgea very rich ground to
to probe QCD, thesU(3) gauge theory of the strong interactions. Even if the con-
finement effects are not tractable from first principles, tress of the heavy quarks
provides us with a high scale that legitimates the use olipaative techniques, by
virtue of the asymptotic freedom behavior of QCD. Many pmtigs of heavy quarko-
nium spectra, including the striking narrow width of thg&y, can be explained within
this framework.

The use of perturbative QCD in the prediction of heavy-qaailkm production or
decay rates is based on a factorization principle, thaaiseslthe low-energy non-
perturbative effects into a set of universal parameterténeixpression of the rates.
One of the first attempts at such a factorization proceduteei€olor-Singlet Model
(CSM) |6,[1 [8], in which the perturbative heavy quarks auased to be created on-
shell, with the same quantum numbers as the physical quiarkiate. The total rate
is expressed as the product of a process-dependent fastmi@ed with the creation
or the annihilation of the perturbative heavy quarks, andigeusal factor that takes
into account the transition between the heavy quarks anglhgeical quarkonium.
Usually, this last factor is approximated by the value of r8dinger wave function
at the origin, or its derivatives.
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The CSM gives a simple prescription for the computation efrtites and is very pre-
dictive, but it has a certain number of drawbacks. For S-wgaagkonium decays, cal-
culation beyond the static approximation revealed a vegeleelativistic correction at
orderv? [9], with v the velocity of the heavy quark in the quarkonium rest frafke.
the CSM does not provide a correct prescription to comp@edlativistic corrections
in general, higher correction terms are a priori not undetrab. The situation is even
worst for the P-waves, where the presence of infrared dérezgs appearing at higher
orders ina; explicitly breaks the validity of the factorization proeed adopted by
the CSM.

Inthe search for a more rigorous factorization procedtiethieory of Non-Relativistic
QCD was introduced in 1994 1L0]. In this theory, perturbagwnplitudes are system-
atically expanded in powers of In this approach, transitions in which the perturba-
tive heavy-quark pair is created in a different quanturrestiaén the physical quarko-
nium are also included, as such transitions arise naturethev expansion. For each
transitionQQ(n) — Q, a non-perturbative parameter enters in the expressidreof t
decay/production rate. In NRQCD, these parameters, alaldang-distance matrix
elements (shortened as LDME), have a precise definitiomingef vacuum expecta-
tion of quantum field operators. They encode the low energpeef associated to the
evolution of the heavy-quark pair into a quarkonium statbe ihfrared divergences
that arise in the computation of the perturbative factoes@msistently reabsorbed
into these long-distance matrix elements through a magghincedure. As a result,
one can properly handle the computation of quarkonium ta@gsnd the leading or-
der inag. In particular, the QCD corrections to P-wave decay/prtidacates are
then tractable[[11,1.2].

Despite its theoretical appeal and the undeniable sucgasseall the predictions of
the NRQCD factorization approach have been firmly estaidisand the experimental
evidence of the universality of the LDME'’s still requirestiuer phenomenological
investigation. Among the questions still open stands thevamce of the color-octet
contributions in the/ /4 production: they seem to play a dominant role at the Tevatron
and iny collisions, but they look marginal at e~ at low energy, in photoproduction

at HERA [13] and in fixed-target experimenfs]14]. MoreoweRQCD predicts a
sizeable transverse polarization fbfy 's at higho at the Tevatron, in contrast to the
latest data, which now clearly indicate thBty)'s are not transversely polarized [15].

Given such a puzzling landscape, it is mandatory to re-exauni detail the key ob-
servables and the corresponding theoretical predictinddatry to improve system-
atically upon them. The estimation of the impact of the titdorss at work for quarko-
nium production relies on the accuracy with which the cqroesling short-distance
coefficients can be computed. Cross sections at leadingiordg andv are normally
affected by very large uncertainties and cannot give alsieliastimate of the yield. In
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these cases, it can be problematic to gather informatioh@underlying production
mechanism(s) from data. A first direction of research thatlheen followed in this
thesis is the computation of higher-order corrections figcHfic processes, and the
investigation of their phenomenological implications.

The second way to gain further insight on the mechanisms &k woquarkonium
production is to extend the set of the typical observablastihve been analyzed an-
alyzed so far, not only by studying new processes but also akimg predictions
for more exclusive observables. Experimental analysestapially interesting new
ideas can be simulated with the support of a multi-purpogexelement based gen-
erator. This new generation of codes, which have becomelyvédailable recently,
are born to ease phenomenology studies at colliders. Tleeglde to create auto-
matically the matrix elements corresponding to a given @ss@nd then to generate
unweighted parton-level events that can be passed to sthhttmte Carlo programs
such as Pythid116] or Herwi@i [17], for showering and hadzation, and eventually
to detector simulation. As a second direction in this theses present the work that
we have done in the construction of an event generator farkgnaim production.
Various examples of application of such a tool are given taitke

The thesis is organized as follows. In the first chapter, wéeve the concepts of
the NRQCD theory, emphasing the features to keep in mindhemext chapters.
In chaptelR2, we present the techniques that we have devtlopstudy physical
observables in the framework of NRQCD. In chafiler 3, we priesar new results for
quarkonium production at B-factories, at the Tevatron aH€Lhadron colliders, and
at HERA. We finally give our conclusion. Most of the resultegented here can be
found in the following publications:

e Charm-pair Rescattering Mechanism for Charmonium Pradiigt High-energy
Collisions.
P. Artoisenet and E. Braaten.
arXiv:0907.0025

e J/4 production at HERA.
P. Artoisenet, John M. Campbell, F. Maltoni, and F. Tramnata
Published in Phys. Rev. Lett., 102:142001, 2009.

e T Production at Fermilab Tevatron and LHC Energies.
P. Artoisenet, John M. Campbell, J. P. Lansberg, F. Maltmd, F. Tramontano.
Published in Phys. Rev. Lett., 101:152001, 2008.

e Automatic generation of quarkonium amplitudes in NRQCD.
P. Artoisenet, F. Maltoni, and T. Stelzer.
Published in JHEP, 02:102, 2008.
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e Hadroproduction of/ /¢ and in association with a heavy-quark pair.
P. Artoisenet, J. P. Lansberg, and F. Maltoni.
Published in Phys. Lett., B653:60-66, 2007.

as well as in several conference proceedings[[1B] 19, 20, 2dine aspects are ex-
panded in more detail, such as the spin correlation effedisd decay of vector-like
guarkonium states (SectibnP.2), the validity of the fragtagon approximation (Sec-
tion[Z3), the Monte Carlo techniques (Section 2.4), flié¢ hadroproduction in as-
sociation with a charm-quark pair at the LHC (Secfiod 3.3k aMo present here for
the first time some original results for the relativistic r@mtions to the inclusivd /v
production ine*e™ annihilation (Sectiof=311).



Chapter

Quarkonium production in
NRQCD

After several models had been proposed for the computafidreavy-quarkonium
cross sections such as the color-singlet model or the cel@poration model, a rig-
orous formalism that legitimates the use of perturbativeDQIC heavy quarkonium
physics has been provided with the theory of NRQCD [10]. Ais theory is the
reference theoretical ground for the work presented inttigsis, we review in this
chapter the important features of the formalism that shballept in mind in the next
chapters. In Sectidn.1, we recall the steps leading taaitterfized expression of the
cross section into a sum of products of short-distance oietfiis and long-distance
matrix elements. The general techniques for the computatiche short-distance
coefficients are presented in Sectionl 1.2. We next reviewesamportant properties
of the long-distance matrix elements in Secfiof 1.3. In #sé $ection of this chapter,
we briefly discuss recent work on the investigation of theopaf the factorization
theorem on which the NRQCD expansion is based.

1.1 NRQCD factorization

The production of quarkonium states is a multi-scale precémn the one hand, the
creation of the heavy-quark pair involves energy scalesrdémn of larger. On
the other hand, the dynamics of the quarkonium state is cteaized by much lower
energy scales: if we denote hythe velocity of the heavy quark in the bound-state
rest frame, the relative momentum between the quarks isadrither ofumg, and the

13



14 Chapter 1. Quarkonium production in NRQCD

binding energy is of the order afmg. To the extend that is a small parameter for
heavy quarkonium states, these three scales are relatredllgeparated. The value of
v? is of the order of).1 for the bottomonium ground state, and of the orde.8ffor
the charmonium ground state.

Provided that the mass of the heavy quark is much largerAlygg, the creation of a
heavy-quark pair involves a large energy scale at whichtiloeg coupling constant
can be treated as an expansion parameter. Hence one mayohoge perturbative
techniques to calculate the rate of production of a hea\@rlqpairﬂ. However, the
rate of production of heavy-quarkonium states also inwlgffects from the low-
energy scalesmg, v2mg associated with the dynamics of the quarkonium state.
These effects cannot be handled by the formalism of pertiveb@CD. Nevertheless,
if high- and low-energy scales are well separated, one ¢gpbe dynamics of the
bound state to be rather insensitive to the details of thatiore of the heavy-quark
pair. Indeed, the wave length associated with the bound satamicsz 1/vmg

is too long to resolve the spatial extensisnl/m associated with the creation of
the heavy-quark pair. Provided thats sufficiently small, the creation of the heavy-
quark pair appears to be almost point-like compared to tteeafithe bound state, and
one expects to be able to factorize high-energy effects foavwrenergy effects in the
production rate in a process-independent way.

The framework of effective field theories provides a powkepitescription to disen-
tangle different energy scales. Non-Relativistic QCD (NHD) is the effective field
theory that separates high-energy scales of ardgor higher from low-energy scales
in quarkonium production or annihilation rates. The NRQC&ytangian is derived
from the QCD Lagrangian by integrating out energy-momentusdes of orderng
or higher. The resulting dynamical fields associated withhibavy quark and anti-
quark are expressed in terms of two-component Pauli spinard y, which cor-
respond to the upper and lower components of the Dirac fie&pectively. The
effective Lagrangian has a UV cutaff ~ mg, that plays the role of a factorization
scale. Energy-momentum modes above this factorizatiole sca encoded into the
coupling constants of local operators, similar to the wawimch the coupling con-
stantG r of a local 4-fermion interaction encodes the high energyesad ordetM

in the Fermi effective theory of the muon decay.

More precisely, the NRQCD Lagrangian has the following form
L = Light + Lheavy+ 6L . (1.1)

In this expression, the first term accounts for the low enenggles associated with
the gluon and the light quarks. The telfReavy describes the low-momentum modes

1The perturbation expansion may be spoiled by soft gluonangh between the heavy-quark pair and
the other partons in the creation process, an issue thadisggkd in the factorization of the different energy
scales.
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associated with the heavy quarks

e D? e D?

Eheavy = 1/} (ZDt+m> 1/} + X (ZDt m) X (12)
wherez) is the Pauli spinor field that annihilates a heavy quaris the Pauli spinor
field that creates a heavy anti-quaiR, and D are the time and space components
of the gauge covariant derivative*. Spin and color indices are understood. High
energy-momentum modes in the quarkonium rest frame carnejp the propagation
of highly virtual states over short distances, and are jpo@ted in the NRQCD La-
grangian through local operators represented by the &&rin Eq. (I.1). By system-
atically including operators of higher dimension, the Gréenctions resulting from
the NRQCD Lagrangian approximate the corresponding Gnaaetibns computed in
the full QCD theory up to an arbitrary high orderin the heavy quark velocity in
the quarkonium rest frame. Provided thds a small parameter, the expansion of the
Green functions i can be truncated within a certain accuracy, which corregptm
keep a finite number of terms in the NRQCD Lagrangian.

This procedure applies also to the computation of quarkongtoduction rates. The
inclusive production process for a quarkoniuinis accounted for in the NRQCD
Lagrangian through the introduction of 4-fermion operatbat have the general form

Op = X kntpalan (M)l rnx, (1.3)

WhereaLaH is the projector onto states that in the asymptotic futunetaia the
quarkoniumH plus light partons¥

abya(A) = |H+ Xt — oo)(|H + X,t — o0, (1.4)
X

and the factorization scale acts as a cutoff of the high energy mﬁle‘ﬁhe factors
K, andK! in Eq. {I.B) are products of a color matrix (either the unitninaor 7%), a
spin matrix (either the unit matrix @r’), and a polynomial in the covariant derivative
D and other fields. These operators are evaluated in the cuiarkaest frame and
have definite scaling with. The operators of dimension 6 are

O ("So) = X' (ahan) vix, (15)
o1 (*S1) = XTUi7/1(anQH)¢TUiX; (1.6)
Og("So) = XTTaw(aLaH)¢TTaX7 1.7)
OHES) = xloTw (aLaH) ot Ty, (1.8)

2|t is understood that the projector in EG_{1.4) is evaluaietthe quarkonium rest frame.
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The most relevant operators of dimension 8 for the phenologpare

O1(P) = xH(-4D ) (afan) ol (~5D ), (L9)
OF(*R) = 3 xH(-~iD-o)u (aan) v (4D o)y, (1.10)
OFCR) = 5x(~iDx o)y (ahan) v (-4Dx o)y, (L1)
Of(*P) = x'(=4DVo?) (afjan ) (~5D00) ), (112)
PH(S,) = %[xw (a;aH)w(—%‘B)QHh.C.}, (1.13)
PEES) = %[Xfa%p (alyan ) vlo' (~4D)x + e, (1.14)

as well as the corresponding color-octet operators for tia¥es. The symboT)
refers to the difference between the covariant derivatetang on the spinor to the
right and on the spinor to the left. The notatiBf-/) refers to the symmetric traceless
components of a rank-2 tensor. The rate of production of akguéum H is expressed
in terms of the vacuum expectation value of the operaffs The termi s, x|0)
(resp.{0|x'x,v) corresponds to the creation (resp. the annihilation) afavi-quark
pair in a staten at the same space-time point. The projeotbaH takes into account
the evolution into a physical state that includes a quarkorfi .

In the expression of the cross section, each long-distaatéxnelement0|O,,(A)|0)
appears with a certain strengith(A), also called the short-distance coefficient, which
encodes the high-energy modes above the factorizatior A¢dhat are associated
with the creation of the heavy-quark pair in a definite statéAs a result, the cross
section is given by

o(H) = n(A)(0|Of (A)]0). (1.15)

This formula can be read as a double expansiansiand inv. On the one hand, the
short-distance coefficients are computed order by ordérdifdCD coupling constant
as. They are process-dependent, i.e., they do depend on figaw at work. On the
other hand, the long-distance matrix elements encode thgpadurbative effects that
lead to the formation of the quarkonium bound state and areetsal. The scaling
rules that apply to these matrix elements define the exparsio. A summary of
the power counting rules of the most relevant long-distana&ix elements can be
found in [22]. In Eq.[L.Ib), the scale dependence in thetstistance coefficients is
cancelled by the scale dependence in the long-distancéxrakgments order by order
in ag andv.
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The coefficients,, appearing in EqITI15) can be obtained by requiring thaptbe
duction rate of a perturbative heavy-quark pair computethimviNRQCD matches
the corresponding production rate computed within QCD.thepwords, the short-
distance coefficients are fixed by the matching condition

7(QQ)lpert. qco= Y _ 5 (0|02 (A)[0)|pert. NRQCD (1.16)

Beyond leading order i, ultraviolet and infrared divergences arise in the calcu-
lation of the right-hand side of Eq.{1]16). UV divergences eemoved by renor-
malization of the strong coupling constant and the heawargmass. IR divergences
cancel between the real and the virtual amplitude whenbed{LN theorem([23, 24]
applies. The remaining IR poles are expected to factorizz the Born and to be
reabsorbed by either the parton distribution functionsherfragmentation functions,
or NRQCD long-distance matrix elements. It is the goal offfetorization theorems
to prove that this procedure can be applied at any order;inRecent works have
clarified the validity of the NRQCD factorization, as we wilview in Sectiofi._T]5.

1.2 Short-distance coefficients

As explained in the previous section, the short-distanedficients in a given process
are obtained by matching the computation of the cross sefidicthe production of a
perturbative heavy-quark pair in the QCD and NRQCD framéwoFor the compu-
tation of a given coefficient, one can use covariant projsd] to select the relevant
state of the heavy-quark pair. For calculations beyondahdihg order iny,, the pro-
jection method has been generalized idimension of space-time in order to handle
the UV and IR péles through dimensional regularization [25]potential drawback
of the projection method is that a new computation is reglfioe each short-distance
coefficient. Instead, in the threshold expansion method12§ one expands the full
QCD amplitude in the heavy-quark relative momentum arguie 0. Therefore, at
each order inv, all of the relevant short-distance coefficients appedniméxpansion.

In the next chapters we will use the projection method, aautserical implemen-
tation is easier. In this section, we rederive the expressidhe projectors, starting
from the expansion of a generic heavy-quark production augd. We only consider
tree-level processes and assuine 4 dimensions of space-time. Thus the formal-
ism below can be applied for computing the short-distanedficients at the Born
level. Beyond the leading order im;, the following approach can be followed for
the computation of the real part of the short-distance adeffts. These quantities
are infrared divergent in a four-dimensional space-timeweler, infrared singulari-
ties factorize over lower-order contributions. In partémwat next-to-leading order in
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as, each infrared pdle factorizes over the Born amplitude imizarsal way. One
can take advantage of this property to build from the Bornlaoge subtracted terms
(e.g. dipoles([27]) that match the IR poles in the real amghit For the calculation

of cross sections at NLO accuracy, such procedures do noirecitpe knowledge of
the real amplitude in generitdimensions of space-time, and one can therefore con-
siderd = 4 for the computation of the real part. This procedure hasnticbeen
generalized at NNLO (see for examgle][28]).

Let us denote:, py, r (resp. v, ps, s) the Dirac spinor, the momentum and the spin
index associated to the heavy quark (resp. heavy anti-ju@ddor indices associ-
ated to the heavy quarks are understood. Let us considentpltade for a generic
production process of a perturbative heavy-quark pair

u(p1, r)Muv(pz, s). (1.17)

In Eq. (T.IT),M is a matrix carrying Dirac and color indices. We first analylze
Dirac structure. Using the Dirac representation forthmatrices, we can express the
spinorsu(py, ) andv(pz, s) in the following way:

. p1+m . —p2+m
u(p1,7) = ﬁuo(ﬂ, v(p2, 8) = \/ﬁ

In this expressionyy andy, are the rest-frame spinors. From now on, we consider the
Dirac representation, which is more convenient for the redativistic limit. In this
representation, the explicit representation of the sgingrandv, reads

wo(r) = ( ’f) ) vo(s) = ( 2 ) (1.19)

where¢,. andn, are two components spinors with understood color indices. spin
indicesr, s will also be dropped hereafter. We consider the followingptete basis
in the Dirac space:

vo($). (1.18)

{(v*} = {1,7%,7*,7*7*, 7%, 7°"°} (1.20)
Any matrix N in the Dirac space can be decomposed in terms of the matrites

N = ZCA’}/A, ca = Tr(NyA) /Tr(v 444 (1.21)
A
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Applying this decomposition to the matriX = (p1 + m)M (—p2 + m), we find that
the production amplitude reads

T { T T+ ) M (4 )
+ w0y o Tr [(Pr + m) M (—pa + m)~4°]
+ oY v Tr [(B1 + m) M (—p + m)~°]
— oY °y vo Tr [(P1 +m) M (—p2 +m)7°7°] (1.22)
— @o v Tr [(p1 +m) M (—p2 +m) ']
+ 107y v Tr [(P1 +m) M (—p2 +m) 7]

+ 407"y Y o Tr [(P1 + m) M (—po +m)7°y'y°] }

In the Dirac representation, the only non-vanishing termshe above expression
come from the sandwiched matrices with off-diagonal blocks

oy vo = gy v = € (1.23)
oy vo = 1oy vo = la'n (1.24)

i.e. the production amplitude is decomposed into a $pikq. [I.ZB) and a spin
1, Eq. [I.2%), contributions. This decomposition is obviguwt Lorentz invariant.

In the matching procedure aimed at identifying the shostattice cross sections, we
work in the center-of-mass of the heavy-quark pair. In trasfe, the relative momen-
tum is notedp, andE = /m? + p? refers to the energy of either of the heavy quarks.
Introducing the projector

-1
Po=- (1.25)
and
— 1 _ m 5 m
Ilo = ﬁ(E+m)( P2 +m)P_y"(p1 + m), (1.26)
1 7
II; = 7—\/§(E i m) (7]62 + m)P*’Y (]61 + m)a (127)
we see that EqL{I.P2) reduces to
%ngTr [MTI,] + %ETainTr [MIT;] . (1.28)

The expressions defining the spin projectors in Hgs. X -28l) should be evaluated
in the QQ center-of-mass frame. Such expressions do not have a anvéansfor-
mation law under Lorentz boosts, due to the proje@orx v° — 1, which leads to a
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mixed transformation fall, (pseudo-scalar + pseudo-vector) andligr(vector+rank
2 tensor). Itis interesting to express these projectoreovariant form, in such a way
that the decomposition in Eq{1122) specific to the heavgrkppair center-of-mass
frame can be easily obtained from the expression of the mtanierany frame. To
this aim, we first redefiné& and P_

1 (1 + p2) +2F

E== 2 po =T T

5V (P1+p2)?, iE ,

With this redefinition, the first trace in Eq_{1]128) is imaart under the Lorentz group,

whereas the second trace transforms as a vector. We nexndese the color struc-

ture of the production amplitude. As the heavy-quark pairloa either in a singlet or
in an octet state, we readily obtain

(1.29)

1
M = MTT(M)]I +2 za: Tr(T*M)T® (1.30)
where the trace is how over the color indices of the heavylglirze. For the sake of
clarity, it is useful to introduce the color projectors

Cl® = vare. (1.31)

So far we have disentangled the spin singlet/triplet, celpglet/octet contributions
in the production amplitude. We have not expanded yet thdiamde in powers of

v = p/E. In particular, the spin projectof$, andIl; defined in Eqs[{I.26.T.P7) are
accurate to all orders in Their expression is consistent with the form derived.ir] [29

We now proceed to square the amplitude. By color symmetrii@NRQCD opera-
tors, terms that mix a color-singlet state with a color-botee vanish. However terms
with different angular momentum states may interfere ingtaeluction rate. Indeed,
states with different orbital momentum may have a non-zeerlap with a given
physical statéH + X) in Eq. (I.I5). When one computes the squared amplitude, the
relative momentum in the amplitugeshould be kept distinct from the relative mo-
mentump’ in the complex conjugated amplitude. We will assumpe= |p’|, so that

the energy of the heavy-quark pair is well defined. In a similay, as heavy-quark
spin symmetry is not an exact symmetry, terms belonging fferéint intrinsic spin
representations may interfere. Keeping track of thesefarence terms, we find that
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the squared amplitude reads

v Min © e’ € ain © Lo T [CUIMIL, | Tr [0 | - (1.32)
N 't ot @ 1eot’€tod @ TeomTr [C[” MHZ} T [CWMH{L (1.33)
+211v 170" @ oo’ € Lpin @ Leony T [0[11 MHO} T [CMMWL (1.34)
v Main® Lea€' €' @ Lo e [C00m ] T [, | (1.35)
1 Lapin @ T€' € Lgpin @ TP0 T [0[81 MHO} T [C’,£8] Mno]p (1.36)
ol @ T ¢tod @ TOTr [0[81 MHZ} T [CZES] MH{} a3

T’ @ T €M gpin® ThnTr [0[81 MHZL), Tr [0,58] MHO} 39

1 e ® TV o @ Ty Tr [C’LS]MHO} T [Cb[S]MHﬂ . (1.39)
P r

Gauge invariance of the NRQCD operators implies that thdyxrbof the two traces
in Eqs. [I3H=1.39) is proportional &Qy,:

T [clm] T (el um] = e [ am] T [ ], 140y

N2
where from now on, a sum over repeated indices is understood.

We now proceed to carry out the phase-space integration.nWgrate over all un-
observed quantities, except the relative momentum betweeheavy quarks. The
Lorentz invariant expression of the phase-space measuré fmal particles

N

B3P,
do = H @ aF, (1.41)

is used consistently with the relativistic normalizati@opted so far. Let us denote by
d% the Lorentz-invariant phase-space measure fo€festate of total momentur®?
and for the other final particles. The density of states aatmtwith the heavy-quark
pair depends on the normalization of the external statesvadiuating the right-hand
side of Eq.[[1.16), it is convenient to choose a non-relstiivinormalization for the
heavy-quark statg)Q(p)). As a result, the appropriate phase-space factor to irteegra

the amplitude in Eqs[{I.HZ=1139) reads

2(Fy + E2)

o X0 (1.42)
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whereFE; (F,) is the energy of the heavy (anti-)quark. In the first factdeq. (T.Z2),
the numerator compensates for the relativistic phase épaﬁe and the denominator
compensates for the relativistic normalization of the gmiojectors. We recall that
the matching procedure aimed at determining the shortrdistaoefficients is carried
on in the center-of-mass frame of the heavy quarks. In thisé, the first factor in
Eq. (TZ2) reduces tg, with E introduced earlier. This factor is usually reabsorbed
into the definition of the spin projectors. As it is universae prefer to keep it fac-
torized. Its origin can be traced back in the different chsiof normalization in QCD
and NRQCD theories. The phase-space meaﬁﬁmn be evaluated in any frame, as
it is Lorentz invariant.

We also expand the amplitudesin We first consider the production of S-wave states,
as they are leading in = %. At leading order, the relative momentum is merely set
to zero, such that the integration of the traces in Hqs. {1.32) gives

1

SN /%Tr [C“]Mno} * T [C[”Mﬂo} = &(15([)1]) (1.43)
2Nlcm /%Tr [C“]MHZJ T [C[”Mﬂﬂ = 49 (3sl) (1.44)
m /%Tr {C([lg]MHO} 1y [CLS]MH()} = &(15([)8]) (1.45)
m / dote [cfvm | T [camg] = sl wae)

At this order inv, invariance of the NRQCD operators under rotation impled the
crossed terms in Eq§.{TIBZ.1.B5.[3811.39) vanish. Ssqti@red amplitude reduces
to

o (15%1]) U/T]lspin 0 ]lcoIE/ET]lspin ® Lcom (1'47)
+ i (3S£1]) 0ot @ 1o’ €Tod @ Leom (1.48)
+ 6 (15&1]) 1 Lspin @ TE'E M Lgpin @ T (1.49)
NI (BSF]) 0ol @ T ¢to? @ T, (1.50)

The four-spinors products in Eq§_{11A7-1.50) can be ifiedtiwith the matrix el-
ements of the NRQCD operators in EJS_1.3-1.8) after thlacementaLaH —
aI?Q,(p/)aQQ(p), up to spin correlation effects. In the computation of uapaked
cross section for a physical quarkoniuiy the spin indices in the long-distance ma-
trix element decouple from those in the short-distancefieft which allows us to
reduce the number of long-distance matrix elements. Byiootal invariance we have

(ot (afgan ) viotx) = (o' (alyan) wio'x), (151)
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and similarly for the corresponding color-octet matrixretnts. We therefore intro-
duce the scalar short-distance coefficieh(ésgl’g]) = L (3S£1’8]).

The perturbative P-wave states appear at higher ordefTihe terms in Eq${T.HZ. T136)
expanded at ordef(p, p’) give the leading contribution for the spin-singletwave
state. Introducing the coefficients

x / ag { vy (Tr [ctiam,| )} o {vp (Tr[cam,) )} as)
" (P = T . o
x / ao { vy (Tr [C}f]MHor)} . {vp (Tr[cBnm,) )} p:§1.53)
we get the following contributions
am (1P1[1]) U/Tpm]lspin@) ]lcolflprn]lspin® Lcom (1.54)
+6m" (1P1[8]) 1T p™ Lspin® T€' €T p" Lopin @ T (1.55)

The four-spinors products in Eq._{I154) can be identifiedhie matrix elements of
the NRQCD operators in EJ_{1.9) after the replacenagpiy — aI?Q,(p,)aQQ(p),
up to spin correlation effects. Again, in the case of unpeéat cross section, rota-
tional invariance can be used to decouple the vector indioghat only one scalar
matrix element is left. The resulting scalar short-distanoefficient is defined by
o (1P1[1]) = $omm <1P1[1]). In Eq.[LED, the identification of the octeP; matrix
element works in the same way, and leads to the definitioneo$t¢hlar short-distance
coefficients <1P1[8]) = z6mm <1P1[8]).

For the P-wave spin-triplet piece at ord®(p, p’), the short-distance coefficient is a
rank-4 tensor. Considering the color-singlet part, we @efin

G (P = 2]\71 m
x / ag { vy (1r [ctams] )} . {vy (Tr[ctum])} s

In the case of unpolarized cross section, this tensor isacted with a operator that
is a rank-4 rotation tensor. The vacuum expectation of thegator is invariant under
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rotations. As the tensor representatignl)* contains three times the representa-
tion 0, there are three independent reduced scalar matrix elspmtesponding to
the states with definite total angular momentdm= 0,1 or 2. The corresponding
short-distance coefficients can be identified by projeciigg{I.56) onto the tensors
FOMIGN, L(6Mn§ — g™Ignt) and L (6 + gmI6nt) — £6™i6mI . We readily find

(PP} = %&aa,bb (1.57)

~ 1 1 ~a0,a ~a0,0a

o (P) = 5[5 —am)] (1.58)
11 1

& (3P2[1]) — g |:§ (a.ab,ab 4 a.ab,ba) _ §a.aa,bb:| (159)

The corresponding color-octet short-distance crosscseét(3P$8]), G (3P1[8]) and

& (3P2[8]) can be obtained in a similar way.

To summarize the results of this section, we have derivecxpeession of the un-
polarized short-distance coefficients for the S- and P-vgtates. In our conventions,
the short-distance coefficients include a factg(2N..) in the case of color-singlet
transition, and a factor/(N?2? — 1) in the case of color-octet transitions. We have
also included a spin average factigh(2.J + 1) in the definition of the short-distance
coefficients, as well as a factoy £ (expanded at the correct orderdhfor the nor-
malization of the quarkonium state. As a final remark, we tioééwe can obtain the
short-distance coefficients of the long-distance matmants in Eqs[{T1 8 T1114),
which give a correction term of ordef to the color-singlet production of S-wave
states. These coefficients come from collectingghandp’? terms Eqs [[T3Z_1.B3),
as well as the? arising from the expansion of the phase space measure iTEg) (

1.3 Long-distance matrix elements

The long-distance matrix elements that appear in[EQ. ) Ed&)de the non-perturbative
evolution of a heavy-quark pair into a physical quarkonitates At present, they can-
not be computed from first principles, but they are expedéetprocess-independent,
i.e., they do not depend on the details of the production efgérturbative heavy
guarks. Based on this universality, their value at a cedaade can be extracted from
experimental data relative to a given production processtlaen used to predict the
cross section in another experiment. The evolution withféotorization scale can
be predicted on the basis of a perturbative calculation. NRQCD formalism is
predictive, provided that the relative velocity is suffitiiy small. In such a case, the
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series defined in EC{IIL5) can be truncated at a given ancira. Only a restricted
number of long-distance matrix elements contribute to ttoelpction rate. In order
to increase the predictive power, approximate relationsragrihese matrix elements
can be derived, as we review in this section.

Vacuum-saturation approximation

This approximation[[30] allows us to relate production rxa@lements to those in-
volved in the decay in the case of color-singlet transitioBsch a relation appears
when we assume that the sum in Hg.X(1.4) is dominated by theékapiam stateld
plus the NRQCD vacuum. The decay and production matrix aksrege then identi-
cal, up to a facto2.J + 1 that is the number of polarization degrees of freedom of the
quarkoniumH . The vacuum-saturation approximation is accurate up teections of
relative orden?.

Color-singlet matrix elements for the decay are relatediin to theQ(Q wave func-
tions at the origin, or their derivatives. Potential modws then be used to evaluate
these wave function§ [31]. Within this approximation, thare no free parameters
left for the production of quarkonium via color-singletrisitions.

Heavy-quark spin symmetry

Heavy-quark spin symmetry is only an approximate symmetrthe NRQCD La-
grangian. Indeed, at ordef relative to the leading term, the Lagrangian includes the
termy ! B.oy — xTB.ox, which breaks the spin symmetry. If we neglect correc-
tions of relative order?, then the spin of the perturbative heavy-quark pair matches
the spin of the quarkonium state. This leads to approxine#gions for the polar-
ized long-distance matrix elements. In particular, for pneduction of a spin-triplet
S-wave quarkonium state of polarizatianwe havel[2B]

, , 1. .
(fotalyyanondiolx) = 3k (OF (1), (1.60)

irpa j a 1 i _*]
(o T aly yamw'a TX) = g6 (OF (C51), (1.61)
i<n

<XT01(*§D )TGGL(A)GH(A)WU]( 5D )Tx) = exe)d (0§ (*Ry)). (1.62)
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1.4 Quarkonium production at high energy

In the previous sections, we have seen how the formalism d@GR succeeds in
separating momentum scales of ordegv or smaller from momentum scales of order
mg or higher. On the one hand, the order of magnitude of the flisgnce matrix
elements is controlled by the mean relative veloeitinside the quarkonium state.
On the other hand, the relative sizes of the short-distarass sections are controlled
by the strong-coupling constant. The amplitude related to the high-energy process
(or equivalently the short-distance process) can be coadpuithin the perturbation
theory, as the strong interaction is perturbative aboveetiergy scaleng. As v is
also a small parameter, quarkonium production amplitudesbe expanded up to a
certain order invs and inv.

At large energy, a new range of perturbative scales becosfmsnt. The perturbative
expansion is not entirely under the control of the strongptiog constant. Although
additional parton emissions are suppressed by powers, dhe phase-space for such
emissions increases rapidly. This feature manifestd itsehe cross section by the
presence of large logarithms , that can spoil the pertwbatkpansion. In such cases,
there is a need to rearrange the perturbative expansiorogi tiee convergence of the
cross section, which can be achieved by resumming the lgalijarithm behavior of
the cross section.

1.4.1 Fragmentation processes at large transverse momen-
tum

We first analyze the case of quarkonium production at largeestrerse momentum
Pr > mq. Inthis limit, a new hierarchy of energy scales appearseérstiort-distance
process, and the leading contribution is not guaranteed tpven by the lowest order
term in the strong coupling constant. If we assume that &&ied sensitivity has
been factorized into non-perturbative parameters, thet-sligtance process is char-
acterized by momentum flow ranging fromg to Pr. Exchange of particles with
virtualities of orderPr suppresses the probability amplitude, as it correspontieto
scattering of particles in a very small vqun%. For some mechanisms though, in-
termediate particles are kinematically allowed to trawedralistances of orermLQ),
which lead to an enhancement;é% compared to the previous case. Therefore, if the
energy scalesug and Pr are well-separated, the kinematics of the mechanism under
work is a determinant factor to estimate the size of its dbuation to the probability
amplitude, together with the strong coupling constant.
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Owing to this feature, channels opening at higher order énstinong-coupling con-
stant can dominate the cross section the Ii%% — 0, if they receive a kinematic

enhancemen 5—2 ! compared to the Born-level mechanism. In such a situation,
reliable phenomenological studies must take into accoluf@ r even NNLO con-
tributions in order to include these mechanisms in whichpdeon-level production
takes place in a volume of ord%h—. At this stage, beside the technical difficulty of
performing such higher order cal%ulations in the frame wafrlRQCD, there is an-
other problem that can spoil ttemtire convergence of tha, expansion. Considering
the amplitude/|? at ordem, the contribution at ordet + 1 from radiation of an ex-

tra gluon from the heavy-quark line gives a correction tevra; log (%‘?) x |M|?,

which is not small compare to\/?| if Pr > mg. This issue points out the need
to disentangle the two energy scateg and Pr in the short-distance coefficients in
order to avoid large logarithms of the ratio of these scalBlse realization of this
new factorization within the fragmentation picture alsoy@s to simplify greatly the
calculation of quarkonium amplitudes, as we will see in thrtrsection.

Historically, the importance of the fragmentation conitibns in quarkonium produc-
tion was first realized in the case Sfwave quarkonium states in the framework of
the color-singlet model132], and the implications for theepomenology in electron-
positron collisions and at hadron colliders were investigasoon thereafter. Frag-
mentation processes originate from the production of imégliate partons that sub-
sequently split into a heavy-quark pair (and possibly offetons). At large trans-
verse momentum, the dominant contribution is charactérimea virtuality for the
intermediate parton of the order ofg, which is much lower than the energy in the
center-of-mass frame. Gluon-fragmentation channelsSateave charmonium states
open up at orden? anda? for thels([)l] and the3S£1] states, respectively, whereas
charm-fragmentation channels open up at orgefor both the spird and the spin

1 quarkonium states. Although the fragmentation mechanéppear at higher order
in ag, they are enhanced by a fac(q%)" compared to the Born-level contribution,
which therefore becomes subdominant at sufficiently ldtge

In the limit ";—f — 0, the fragmentation piece decouples from the productionliamp
tude squared associated with the production of the inteiategarton, such that the
Cross section can be written as

1
dog = Z/O dzd&i(g)DHQ(z,u), (1.63)

up to corrections of orde%‘f. In Eq. [L6B).ds;(2) corresponds to the production
of a partoni with momentum. All of the dependence omg, has been factorized
in the fragmentation functio®;_, o, which describes the splitting of this parton into

a quarkonium state of momentumn As the intermediate parton is not observed, all
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species must be taken into account. The fragmentation aippation, which disre-
gards correction terms of ordéZTQ, greatly simplifies the calculation. As the frag-
mentation contributions to quarkonium production oftenwcat higher-order im;,

a complete calculation is generally much more difficult todia.

When we consider the radiative corrections to the fragntiemtaontributions, the
intermediate parton can experience multiple splittingobefiving rise to the heavy-
quark pair. These splittings generates large Iogarithn%%in the amplitude. These
logs a priori spoil the factorization of the different emgsgales and compromise the
perturbative expansion. As usual, this issue is solved trgduicing a factorization
scaleu

logﬂ;#;2 = logPiT —l—log% . (1.64)
The second term is reabsorbed in the fragmentation functiod the factorization
scalep is set to~ Pr in order to avoid large logs in the short-distance amplitude
In the framework of the color-singlet model, the fragmeiotatunctionD;_.o(z, )
can be computed perturbatively at the sgaleorresponding to the minimum invari-
ant mass of the splitting parton (which is necessarily al¥rg), and hence can be
evolved to an arbitrary scale by using the evolution equatio

0 /'1 dy z
—D; _o(z,u) = — P, i(—,)D;_o(y, pn). 1.65
HggDimelz ) zj: | i Dime (v ) (1.65)

The fragmentation function®(c — c¢ (***1L [1]) have been derived i [32] faf-
wave states and in [83,134] for P-wave states. Gluon fragatientinto quarkonia have
been derived in([12Z,3%, 86] fas-wave sates and in[12,13[7,138] fét-wave states.
This last process provides a very nice illustration of theQ@D factorization proce-
dure. At ordeky,, only the color-octet transitio%‘?] contributes to the fragmentation
function for P-wave state. The color-singlet short-distaooefficient at ordex? de-
velops an infrared péle, that matches the infrared p6ledmaldiative correction to the
color-octet matrix elemenOx< (35?1)). As a result, the IR pole in the perturbative
amplitude can be reabsorbed into this NRQCD matrix eleme&hé color-octet ma-
trix element also develops a UV péle that is removed by remadipation. It acquires a
dependence in the factorization scale introduced by thdaegation procedure. The
color-singlet short distance coefficient also depends erfdbtorization scale in such
a way that the overall scale dependence cancels in the fratigtion function.

1.4.2 K, factorization at small z

Another large ratio of perturbative scales that appearsanirdn collisions at high
energy iss/s = xjx4, Wheres refers to the center-of-mass energy squared of the
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colliding hadrons; to the center-of-mass energy squared of the colliding partand

x1, T2 are the Bjorken fractions. At very smal| the evolution of the parton distribu-
tion function proceeds over a large region in rapidity, afidats of finite transverse
momenta of the partons cannot be ignored. In this regionctbss section can be
expressed as the convolution of an off-skteldlependent partonic cross section and a
k-unintegrated parton density functidf(z, £2). This unintegrated gluon density is
described by the BFKL evolution equation. We refer to Reg;[/)] for a nice review

of the k; factorization approach.

In the case of heavy-quark production in hadronic collisiathe leading-order off-
shell matrix element for theg — QQ process estimates the impact of the on-shell
NNLO processig — gg@QQ. In this respect, the, factorization approach can be seen
as a prescription to obtain the leading behavior of éHesuppressed cross section
computed in the collinear factorization frame work, in thighhenergy limits/s — 0.
This procedure also applies for quarkonium production ciliias been intensively
studied in the framework of thie, factorization [41[ 42, 43, 44, 45,146.147]. A paral-
lelism can be made with the fragmentation approximationctviextracts the leading
behavior of the cross section in the Iin%TQ — 0.

1.5 Proof of the NRQCD factorization

As we have seen in the previous section, the formalism of NR@Iws to factorize
the non-perturbative effects inherent to the quarkoniwatestinto a finite number of
parameters, expressed as matrix elements of 4-fermioratmwsr The uncancelled
infrared péles that arise beyond the leading orderimust be reabsorbed into these
NRQCD long-distance matrix elements. A well known examglaegplication is the
production of a P-wave quarkonium state from the fragmemiaif a gluon, as we
mentioned in Section1.4.1.

Whether such a procedure can be applied at all ordet;iand inv is not obvious.
In particular, it is not clear that all the uncanceled pbdleshie computation of the
short-distance coefficients can always be matched by the QIR@atrix elements.
The investigation of this issue is of capital importancet &sthe fundamental ground
for the use of perturbative QCD in the computation of heavgrganium cross sec-
tions. Several efforts have recently been made to analygzedlidity of the NRQCD
factorization approach at higher orderdn. We briefly review some of these new
results.

Nayak et al. [[4B[_49] have investigated the production ofrkilsium states at large
Pr from gluon fragmentation. At NNLO accuracyn, they found uncanceled pdles
that do not appear in the perturbative calculation of thgidistance matrix elements.
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They showed that, if the color-octet matrix elements areifreztiby the introduction

of Wilson lines that make them gauge invariant, the factdiim is restored at NNLO.
This restoration makes use of the fact that the IR p6le doedepend on the direction
of the Wilson line. It is therefore unclear whether the faization holds at higher
order inag.

In more recent papers [50,151], Nayakal have analyzed associated heavy quarko-
nium production, i.e. the production of a quarkonium states p heavy-quark pair of
the same flavor. They showed that the standard NRQCD faatanzprocedure does
not apply in phase-space regions in which one of the passiikgis co-moving with
the active heavy-quark pair with almost zero relative motwmen In such a configura-
tion, color exchange between the active and passive hearks)leads to an infrared
pble that cannot be matched by any of the standard NRQCD I@stgnde matrix
elements.

Recently Bodwiret al. [62] have outlined the proof of the factorization theorems f
exclusive two-body charmonium production in B-meson deaag ine*e~ annihi-
lation, both of these processes being particularly relefram the phenomenological
point of view. Considering all orders in the strong couplguapstant, they find that
factorized expressions hold up to corrections of ordefm; in B-meson decay, and
up to corrections of orden?/s in ee~ annihilation, wheren., m; and,/s are the
charm-quark mass, the bottom quark mass and:the center-of-mass energy, re-
spectively. For the specific processedfe™ — J/4 + X0, the NLO cross section has
been computed explicitly in[%3]. The factorization hasmémuind to hold exactly at
this order, provided that the relative velocity inside the&e quarkonium state is set
to zero.
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Improving our predictions

The main subject of this thesis is the study of the phenonogicdl consequences
of NRQCD. In order to assess whether the factorization fplas summarized in the
previous Section are experimentally validated, predingiand measurements have
to be confronted with each other, through observables thav ais to identify the
mechanism(s) at work in the production of quarkonium staféss procedure entails
the computation of the short-distance coefficients pedtivbly in the strong-coupling
constantyv;. Here we will consider the Feynman-diagram techniques topede the
amplitude at a given order in;. Because of the number of diagrams, the calculation
of scattering amplitudes cannot be achieved by hand whemuh#er of external
particles is large. Also in this case, the handling of thesghspace integration may
not be straightforward. In this chapter, we describe how aeehautomated these
steps through numerical algorithms for quarkonium proidunct

2.1 NRQCD amplitudes at tree-level

As we have seen in the first chapter, quarkonium squared et in the framework
of NRQCD are obtained by means of an expansion in powers aklagve velocity
v between the heavy quarks. At leading ordepjihe intermediaté€)( state can be
specified by the spectroscopic notation

n— QSHL[f] 7 (2.1)

where S identifies the spin state of the heavy-quark paithe orbital momentum
state,J the total angular momentum state, ang 1, 8 the color state.

31
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To evaluate the short-distance coefficients we use the glalgorithms for Feynman-
diagram based computations that are available in MadGE#ihMadGraph can pro-
vide partonic helicity amplitudes for any process in then8td Model, and for many
processes beyond the Standard Model, at the tree levele kette of quarkonium, we
start from the helicity amplitude information for open gkrantiquark production and
then apply several projection operators that select theiffspquantum state numbers,
2S’LlL[J"’]. The projectors are universal and depend only on the quantumbers to
be selected and not on the specific process requested. Ioifécthe color projection
has to be performed within MadGraph itself since it changesaay the amplitudes
are calculated (and in particular selects which diagram#ritite) while spin projec-
tions and velocity expansions are performed at runtime. r@ethod entails that any
squared matrix amplitudeM (ij — QQ(25t L)) + X)|2 can be generated in any of
the models available in MadGraph. Limitations are typiodt¢ynman-diagram based
matrix element generators and are connected to the falogooiath in the number of
diagrams.

Let us stress a few important points. First, our impleméuneadiso allows the calcula-
tion of the relativistic corrections for S-wave state protilon. Second, the employed
projectors are general enough to handle the case in whiafutr and the anti-quark
are of different flavor, and therefore have a different masour approach, the full

polarization information is kept, so that the interfacehwatquarkonium decay algo-
rithm with all spin correlation effects included is possiblt is also direct to extend
our procedure so that it can also handle the production ofratativistic exotic states,

such as those introduced in the literature [55, 56]. Geizatédn to double heavy-

guarkonium is straightforward.

2.1.1 Projection method and its implementation

In this Section, we discuss how to combine the open-quarkityehmplitudes gener-
ated by MadGraph in order to select a specific configura@t?dﬁLBc] for the heavy-
quark pair. We restrict ourselves $ and P-wave states, although the algorithm can
be extended to higher orbital-angular-momentum configumat Our method can be
seen as a generalization and automation of that proposeefi [E7[58].

First we address the computation of the color factors. In Gtaghh, the color struc-
ture of the parton-level amplitude is obtained by orgarmjzire amplitude into gauge
invariant subsets, corresponding to different color flowshie largeN¢ limit [59].
The total amplitude is then expressed as a sum over the coles fl

M= fmla,b,...)Am, (2.2)
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where thef,,,’s are color factors (orthogonal in the larfyg limit) that depend on color

indicesa, b, . .. carried by gluons and quarks, and thg s are gauge invariant quan-
tities, the so-called partial amplitudes. These amplisiate computed in MadGraph
with the help of HELAS subroutine5[50]. The color factors avaluated at the level
of the squared amplitude, each color index being contracted

fifh fif2 - Ay
M2 = (A5, 45, | 2 Fif2 A2 | (2.3)

The decomposition of the partonic amplitude into partialgginvariant amplitudes,
as well as the evaluation of the matrix of color factors, amputed automatically for
any process at tree-level.

In order to compute the color structure related to the piges- QQ(25+1L!}J])+X,
the quark and anti-quark are required to be in a given codtek{. Given thaB®3 =
1 @ 8 the pair can be either in a singlet or an octet state that cabtaégned by using
the projectors[25]
8
CiL= Y Cs = Vv2(T* iis 2.4
1 \/N—C) 8 \/_( ) J ( )
wherei andj are the color indices of the heavy quarks. These projectws heen
implemented in MadGraph. The color structure for the quaitkm production ampli-
tude is then computed by using the same technique as for #requmrk production.

Next we consider the projection of the amplitude onto a defittal spin state of the
heavy-quark pair. The spin projectors were first derivedéf [8,[4,[8], and we em-
ploy the normalization of Refl_[25]. Since the code is alssigieed for the production
of heavy quarkonia of mixed flavors, we distinguish the mdskequark {n;) from
that of the anti-quarkif2). p1 (p2), the momentum of the heavy quark (anti-quark)
can be expressed in terms of the total momentuand the relative momentum

E1 E2
= P +p, = P—p, 2.5
=g +8 P P E+E 7 (2:5)

whereFE; (E>) stands for the energy of the quark (anti-quark) in the qoiaitkm rest
frame. The partial helicity amplitudes can be combined &dya specific spin state
for the heavy-quark pair:

M(ij = QRSN +X) = 3 N A)M(ij — Q(M)Q(N2) +X) , (2.6)

A1,A2
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where the Clebsch-Gordan coefficiedg\| A1, A2) can be written in terms of the
heavy-quark spinoﬂ;

1

N(AA1, A2) = N

0(p2, A2)su(pr, A1) (2.7)
with Ts—; = €)y* for a spin-oneQQ state ¢, being the polarization vector), and
I's—og = 75 for a spin-zeroQQ state. Note that this expression is accurate only
at leading order in the relative momentyn The helicity amplitudesM (i —
Q(M)Q(A2) + X) are computed by MadGraph in a specific Dirac representation
employed in the HELAS subroutin€s]60]. These subroutiaesatso be invoked for
the evaluation of the current in the rhs of HG.12.7). The gpjection formula in

Eq. (Z®) can then be easily incorporated in a generic nualealgorithm.

We then consider the projection onto a specific orbital-éargmomentum state. For
S-wave state production at leading ordeninone can simply sei = 0 in the short-
distance amplitude. FdP-wave state, the leading order contributiorviis given by
the derivative of the amplitude with respect to the relath@mentum. We approach
this derivative numerically by examining the quotient

M(Ap') — M(0)
Apt

(2.8)

in the quarkonium rest frame in the limkp* — 0.

Eventually, for spin-oné’-wave states, the spin index is combined with the orbital-
angular-momentum index in order to select a given angulanemum state/ = 0, 1
or2.

2.1.2 Polarized amplitudes

Contributions to the squared amplitude from different sgiates are disentangled in
our procedure. By default, the spin quantization &is the direction of the quarko-
nium state in the partonic center-of-mass frame, but angrathoice can easily be
implemented. In the quarkonium rest frame, the polariregiectorse,’s are defined

by
T.S¢q = ae,, fora=-1,0,1. (2.9)

whereT is the spinl representation of th€O(3) generators. The definition of the
polarization vectors in EqL{J.9) is extended to any framé&dnentz transformation.

1We use the normalization(p;, \; )u(pi, \i) = 2m; = —(ps, A\ )v(Di, Ai).
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In the case ofS; and!P; intermediate states, helicity amplitudes are directly ob-
tained by contracting the polarization vector in the hglibiasis with either the index
of the spin projector or the orbital-angular-momentum indé the amplitude (see
Eqs[ZHZB). In the casEP; intermediate states, we apply the reductiop 1 =

0 & 1 & 2 to separate the different helicity components. If we defgtd/*> the
rank-2 tensor amplitude, the reduction reads

ACR) = M, Tt oA hs (2.10)
ABGPLA=1) = MW%, (2.11)
ACPLA=0)= M, T (2.12)

ACPLA=—1)= M, 25 (2.13)
A(xe2, A =2) = M, €l ey, (2.14)
ABPyLA=1) = MMU%)— (2.15)
ACPLA=0)= M, Totadt2ds (2.16)

ACP A= -1)= M, Tt (2.17)

ACPy, A= —2) = M€ €. (2.18)

In this way, desired polarization information is easilyrexted: the spin-density ma-
trix for a given choice of the spin quantization axis can badily evaluated. It is

than easy to interface the code with a routine for quarkordecays that takes into
account all spin correlation effects. In the case of electignetic decay of vector-
like quarkonium states, the decay into leptons has beeremmahted in MadOnia (see

SectioZP).

An additional comment should be added for the productiorectar-like quarkonium
states via a color-octdt-wave transition:

QQ (BP}S]) —Q(177). (2.19)

Up to now, we have explained how to derive numerically theasgd amplitude pro-
jected onto definite states of total angular momentym, of the intermediate pair.
Although this will give the correct unpolarized cross sewtithis procedure will
fail to predict the polarization of a physical quarkoniuratet produced via éP}g]
pair [26,[61]6R]. Since heavy-quark symmetry is an appraxnsymmetry in the
NRQCD Lagrangian, the intrinsic angular momentum of therimiediate heavy-quark
pair is transferred to the physical quarkonium state, up?teorrections. A correct
way to account for the polarization in this case is to projeetamplitude onto states
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of definite orbital momentuni, L, and intrinsic angular momentus) .S, to square
the amplitude, and then to sum over orbital-angular momemtegrees of freedom:

o(ij — QQCPY) + X — Q(e()) + X) =
S "6 [ij — QQ (L, e(i) + X] CP)o (2.20)

L.7

This projection procedure has been implemented as an dptimur code.

2.1.3 Relativistic corrections to S-wave state production

The relativistic corrections t§-wave-state cross sections arise when the relative mo-
mentump between the heavy quarks is kept different from zero in themdation of
the squared amplitude and in the phase-space parametnizati

The computation of such corrections requires the use of prjectors accurate to
all orders inp. As we have seen in the first chapter, and according to thét rfsu
Ref. [29], the Clebsch-Gordan coefficients can be written as

P +2E

N(AA, A2) = 15

0(p2, A2) Csu(p1, A1) , (2.21)

V2(E +m)

whereE = @ (in this case we assume that the quark and the anti-quarkfare o
the same flavornn, = mo = m). The contribution to arb-wave configuration is
selected by projecting the amplitude onto the sphericahbaicY;”;. This entails
an average of the amplitude over the direction of the redatiomentum which can
be performed during the phase-space integration: thauwelatomentum appearing
in the amplitude and in the complex conjugated amplitudekape distinct and their
directions determined on an event-by-event basis by thegbpace generator. In
addition,p? corrections to the mass of the quarkonium state are acabémtén the
phase-space parametrization. The output of the compniatibe short-distance cross
sectiong (p?) for an input value ofp|. The part of the algorithm connected with the
phase space has not been automatized yet.

Once the short-distance cross sectidp?) is at hand, it can be expanded to extract
thev? correction, bypassing the tedious relativistic expansitthe amplitude and of
the phase-space measure. As our algorithm does not ekppeitform the Taylor-
expansion, it can be also used to resum the relativisticectians arising from the
wave function, as proposed in Refs.][63] 64].
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2.1.4 Validation
Preliminary checks

In order to gain confidence in our implementation, we havéopered several checks
listed below.

e Gauge invariance has been systematically verified for alpttocesses consid-
ered by using longitudinal polarization for the externabfams or gluons.

e Numerical cancellation among diagrams has been checkehiplitudes that
vanish by symmetry considerations:

A(lSél] + (2k 4 1) photons) = 0,
A(3S£1] + 2k photons) = 0,
AP} + (2k + 1) photons) = 0,
A(lPl[l] + 2k photons) = 0,

(

A 3P1[1] + 2k photons) = 0,

with & = 1,2,3. The first three equations result from the Furry’s theorem,
whereas the last two equations result from the Yang's thedeespin-one par-
ticle cannot decay into two photons).

e We have compared our numerical amplitudes against the amedgults point-
by-point in phase space fot, (j, K = quarks or gluons):

1. ij — Qk for all S- and P-wave states, both color-singlet and color-octet
amplitudes, [[B]I65][65];

2.1 — QV,with V = Z W for the relevantS- and P-wave states, both
color-singlet and color-octet amplitudés|[67];

3. i — Q¢, ¢ being a scalar or pseudo-scalar for the relev&nand P-
wave states, both color-singlet and color-octet amplisUydE];

The agreement faf-wave amplitudes is at the level of the machine precision,
while for P-waves, which are obtained through a numerical derivafivis,
typically at the10~° level.
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L gn | s S5 ‘Pl °r °pY °pY
ete@myz | 1.69-10° 2.37-10° 1.78-10*> 1.08-10° 2.23-10> 2.40-10?
~+y@QLEP Il 0.519 5.23 0.162 269-107%2 5.80-1072  0.266
~p@HERA | 3.66-10% 1.76-10° 85.4 21.7 51.7 2.02 - 10?

pp@QLHC(gg) | 3.94-107 9.83-10" 5.20-10° 1.82-10° 4.40-10° 1.05-10"
pp@LHC(qq) | 1.37-10° 8.34-10° 2.95-10* 1.10-10* 2.69-10* 7.26-10%
ppQTev li(gg) | 2.56-10° 6.30-10° 3.28-10° 1.24-10° 2.83-10° 6.62-10°
ppQTev ll(¢qq) | 2.64-10* 1.62-10° 5.70-10° 2.12-10®° 521-10° 1.41-10*

Table 2.1: Cross sections (femtobarn) for the color-singgatributions to the inclu-
sive production of3...

| (fb) | 15.([)8] SSF] 1P1[8] sp(gs] 3P1[8] 3P2[8]
ete~@my 1.59 2.22 0.167 0.102 0.209 0.225
YYQLEPII |4.9-107* 49-107% 1.5-107* 25.107° 54-107° 2.5-107*
yp@QHERA 1.18 8.46 0.506  7.64-107%  0.244 1.61
pp@QLHC(gg) | 4.11-10° 1.79-10° 1.17-10° 1.38-10* 6.23-10* 2.29-10°
pp@QLHC(qq) | 1.03-10* 7.03-10° 251 30.7 174 616
ppQTevll(gg) | 2.85-10* 1.26-10° 8.13-10° 9.80-102 4.25-10° 1.57-10"
ppQ@Tev ll(qq) 199 1.37 - 10° 48.6 5.95 33.7 120

Table 2.2: Cross sections (femtobarn) for the color-oaatributions to the inclusive
production ofB..
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Example 1: B, production at various colliders
B, production has been extensively studied at various cefliceand the many avail-
able results provide us with a further testing ground forande.

We present the results for inclusive cross sections at akwelliders for all theS—
and P—wave states, both color-singlet and color-octet. Sincepompose is to pro-
vide reference numbers, we use a very simple set of inputipeteas common to all
processes:

e my =4.9GeV,m. =1.5GeV,mp, =6.4GeV,

. (O (2S+15.[]1])> = (2J41)0.736 Ge\V?
.« 0 (25“13_[]1])) = (27 41)0.287 GeV ,

e (OB) =0.01(0M),

® liepa = pir = pp = 12.8 GeV,
e as(ur) =0.189,

e pdf set: cteq6l1,

1
L] OKEM:E-

Our results are summarized in Tab[gs] 2.1 2.2. For theepsesyg — B.bc

we compared with Refs.[[[69, 170], and found agreement fomalirmediate states.
For color-singletS-wave-state production ifyg interactions, our results agree with
those of Ref.[[7l1]. For color-singldB. photo-production, our code has reproduced
the results of Refs[ [T2,73]. Several of the results in tHaddmare new and provided
as reference for future projects.

Example 2: Relativistic corrections to e e~ — J /17,

Double S-wave charmonium production at B factories has attracteshtébn, as the
leading order NRQCD prediction for the cross sectlorn [74,i3%ar below the mea-
surementd 46, 77].

The v? correction to the leading-order (ing andv?) cross section foete™ —
J/vn. was computed analytically in[F4] and offers the possipili check the al-
gorithm discussed in Secti@n Zl1.3. We have reproduceddhigt using the package
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5.5e-11 Monte Carlo result + 6e-11F "~ T 7 Monte Carlo result +
e T polynomial fit - R polynomial fit -~
_ S(e*e” — Jyn,) as a function '_’_v“" 55e-11 Foe'e - Iy nc)asafuncon . g
%, 5e-11 fof the J/y relative momentum .« cx;’; of the n relative momentum , .+
[ p & > a1 L
e .9"" Q Se-l .""".
S 45e11f o = o
i el ~5  45e-1l b P
o2 " fitted parameters: = e fltged parameters:
S . ) » ind. term: 3.46e-11
4e-11 e ind. term: 3.453e-11
L 2 ) 4e-11 o q2 coeff.: 2.64e-11
- o coeff: 2.118e-11 e (49 coeff.: -2.90e-12
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Figure 2.1: Short-distance cross sectiofe™e~ — J/1n.), as a function of the
relative momentum in the spin-one charm-quark pair (ahénspin-zero charm quark
pair (b).

FeynCalcl[/B]. The analytic forms for the derivatives of #hert-distance cross sec-
tions with respect to the relative momentum in the) (q;,/,) or in then. (g,.)
are [74]75]

1 do 2 40 S

— = — - — =12 2.22

ol dqﬁ/w q2,,=0 (m? 3s A(s, (2me)?, (2mc)2)> ’ ( )
1 do 14 40 s
- = - _12 2.23
0o dqfk q2,=0 (sz 3s A(s, (2m.)?, (2mc)2)) o )

wherem,. is the mass of the charm quark,s the squared center-of-mass energy,
60 = 6(g = 0) is the leading-order short-distance cross section gady, z) =

22 +y? + 22 — 2zy — 222 — 2yz. In Eq. [Z22) (Eq.[[Z23)), the two first terms come
from the derivative of the squared amplitude with respeet tQ, (g,.), whereas the
last term comes from the expansion of the phase space medheee is no factor
associated with the normalization of the wave functiontdms$ been factorized out
of the short-distance cross section. Using = 1.5 GeV andy/s = 10.6 GeV, one
finds

1 do

a0 dq?]/w a3,4=0

1 do
o0 dq?k qz =0

=0.613 GeV 2, =0.761 GeV 2. (2.24)

Our procedure is as follows. We first g = 0 and compute the short-distance cross
section as a function af;,,,. We then fit the result with a polynomial ip?]/w

5(q5y) = o+ B3, + (a7, + - (2.25)
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whereq, (3, v, ... are obtained by the fitting procedure. The valuexajives the
leading-order cross section:

oo = a x (0735 on- 35y = 6.04 b (2.26)
The expression in Eq.{ZR?2) is approximated by the ratié ahdc, which is found

L
do _ 0 0613 Gev?, (2.27)
«

0 dq%/w a3,4=0

which is in agreement with the analytical result of Hg. (B-2Rloreover, we learn

from the linearity of the plot in Figl211 (a) that, althoudtet? correction is large,

higher-order corrections that are due to the relative motibthe quarks are well

under control. Analogous steps can be repeated to find theatmn associated to the
relative momentum in the. (see FigZZ11 (b)), giving

1 do

Py =0.762 GeV 2, (2.28)
MNe

2 —
4. =0

which is also in good agreement with the analytic value of &&3).

2.2 Decay of vector-like quarkonia into leptons

The electromagnetic decay ¢ = 1~ quarkonium states is particularly important
in phenomenological studies. Indeed, in hadron collisatriigh energy a vector-like
quarkonium state is observed through its decay into legadshe polarization of the
quarkonium can be determined by analyzing the angularildigion of the leptons.
In this case, a general way to account correctly for the a#on information is to
decay the vector-like quarkonium state into leptons at tla¢rimelement level. In
the Feynman gauge, this can be achieved by replacing theizatian vector of the
quarkonium by the leptonic current

V3
JE(k1 s b2y Ay A2) = L (k1 A )vuver (k2 A2) - (2.29)
The normalization is fixed by the condition
. H v ing ppy
Do [ ATk ke e N Jigh (R B Ar de) = =g+ ———, (2.30)
A1,A2 Q

whered(2 is the infinitesimal solid angle associated to the direckonP = ki + ko
is the momentum of the quarkonium state, amd is its mass.
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The cross section then reads:

o(J/Y) = /d¢>MW 3 /dQJem (K1, ko, Aty Ao) o (ke by, Mg, Ag). (2.31)
Al Az

This method has two main advantages. First it is directlyheated to the experimen-
tal analysis. The acceptance of the detector may bias theurezaent of the cross
section and polarization. However, even when cuts are eghpihe angular distribu-
tion of the leptons is the physical observable that can bd teseompare theory and
measurements. Second, it is Lorentz invariant and thexefoes not impose an a pri-
ori choice for the frame where the polarization informati®extracted. The decay of
vector-like quarkonium states has been set-up as an optiouricode.

2.2.1 Tracing back the polarization content

The connection between the quarkonium polarization anatigeilar distribution of
the leptons originating from the quarkonium decay is maddeeédn the quarkonium
rest frame, where a natural basis for the polarization vedggiven by the eigen-
states of the spin-one representation of the rotation géwregiround the quantization
axis [79]. If, in addition, we choose a frame in which the gtigation axis is aligned
in the z direction, the corresponding spin eigenstates read

1 ) ) X 1
—(0,€",i€",0), € =(0,0,0,e*), e =—(0,—e", i 2.32
\/5( ), €0 =( ), @ \/5( ,0), (2.32)

wherecq, 3 and~ are arbitrary phases. The spin matrix associated with tiogce of
quantization axis is defined by

€_1 =

pax = My, eley . (2.33)

This matrix is hermitian. From now on we set the arbitrary ggsa, 5 and~y to
zero. Then, from the expression of the polarization vesterdirectly find thap; o =
—p—1,0. Moreover, if we assume that/*” is a symmetric tensor, we hayg ; =
P—1,—1-

We can then use the completeness relation

prpr
H_xv g
E ey = +— (2.34)
)

to identify the contribution of each spin matrix componen€iq. [Z31). Dropping
the arguments of the electromagnetic current, we can exgresross section as

1 e
U(Q) = g/d(bsz’/\//dQG}\MGA/JemHngU. (235)

AN
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In the quarkonium rest frame, the lepton momenta read

k1 = m(1,sinfcos ¢, sin b sin ¢, cos b),
ks = m(1,—sinf cos ¢, — sin b sin ¢, — cos ). (2.36)

After introducing the expression fofemMJme in the quarkonium rest frame, we
directly obtain the expression for the squared amplitudeims of the spin matrix
px,» and the angleg and¢:

1 3 [ 1
O'(Q — l+li) = 2_5 /dd)g / dﬂ{i(le + pfl_’,l)(l + COS2 9)
+po,0(1 — cos® ) +sin® ORe (e 2*?py 1)  (2.37)

+% sin 20 Re (e_i¢p170) — % sin 20 Re (eid’p,LO) }

The expression in E.{ZB5) can be simplified in the case islwnly the momenta

of the muons and the initial particles are resolved. Ind#eeldirections associated
with these momenta are coplanar in the lab frame. The same jdagenerated by
the direction of the initial momenta in the quarkonium reatrie, where we sit from
now on. Assuming that the quantization axis —denatedis contained in this plane,
we can choose thg axis to be orthogonal to this plane. With our choice of phases
a = 3 =+~ =0in Eq. [Z32), any three-product ef, with one of the initial-particle
momenta is real. As a result, the spin matrix componentditieal, provided that we
integrate over all degrees of freedom except the initial mot@ and the momentum
of the quarkonium state.

In this case, the angular distribution reads [79]

do
dQdy

oc 14 A(y) cos® 0 + p(y) sin 20 cos ¢ + @ sin” 0 cos 2¢

wherey stands for a certain (set of) kinematics variable(s) assediwith the quarko-
nium state. The parameteks i, v are related to the spin density matrix elements
through:

\_ PL1=poo - V2p1.0  2p1,1
= o - - v

NS , V=—— (2.38)
1,1+ Po,o 1,1+ Po,o 1,1+ Po,o

Notice that the relation between the parameters and the components of the spin
density matrix depends on the phase convention for the igataon vectors. The\
parameter measures the relative contributions of theveass and longitudinal com-
ponents with respect to the quantization axis. Equivaeitis connected to the polar
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Figure 2.2: Helicity parameters and v for the J/¢ produced frompp collisions
at/s = 10 TeV at leading order ims and inv, as functions of the rapidity of the
J/v (a) and thePr of the J/¢ (b). The red line is based on the extraction of the
helicity parameters from the spin density matrix. The grdets are the result of the
fit of the angular distribution of the leptons. The blue cesskave also been obtained
from fitting the lepton angular distribution, but with thetexcut|n(I*)| < 3 on the
pseudo-rapidity of the leptons.

anisotropy in the distribution of the leptons in the quaikomrest frame. After aver-
aging over the polar angle, the azimuthal anisotropy isritesd by ther parameter.
Thep parameter disappears after integration over etttodis and is therefore difficult
to extract experimentally.

2.2.2 lllustration

As we have mentioned in the previous section, cuts on leptagsmating from the
vector-like quarkonium state can affect the relation in @38) between the lepton
angular distribution and the components of the spin demséirix. In order to illus-
trate this feature, let us consider tii¢y) production from proton-proton collisions at
leading order invs andv. The corresponding parton-level procggs— gcé (%‘E”)
includes six Feynman diagrams, which are obtained by attgdhe three gluons to
the charm quark line in th&! possible ways.
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The polarization of thg//« depends on the choice of the spin quantization axis. Here
we choose the flight line of thé/« in the lab frame. We only discuss the prediction
for the polarization parametedsandwv relative to this choice of axis. According to
the discussion in previous section, these parameters tizer &ie obtained directly
from the component of the spin density matrix, or from thetdagdistribution of the
leptons originating from thg/«. As long as no cut is applied to the leptons, the two
methods must give the same result, as is illustrated in[E@b@ the red curves and
the green dots.

If we now reject all events with at least one lepton with a jgketapidity larger than
three, the values of the parametarandv fitted from the angular distribution of the
leptons change substantially. This is illustrated by theldrosses in Fig—2.2. In the
region where thd /« has a low rapidity, the effectis only marginal. At higheririty,
the production is still dominated by/+ events with a low transverse momentum. In
order to pass the cut criteria, the leptons must be emitiefgpntially in the direction
transverse to the beam. This explains why the value of\tparameter is decreased
compared to the case where no cut is applied directly to thtems. This effect is
also observed in the distribution in Fig—R.2 (b), but onlwety low Pr. When the
J/v has a larger transverse momentum, it is most of the time edhiittthe direction
transverse to the beam, and the leptons are preferentiaitiegl along the flight line
of the J /4 to pass the cut.

2.3 Validity of the fragmentation approximation

As we have seenin Sectibnll.4, itis easy to understand thertemce of the fragmen-
tation contributions at sufficiently highy. One illustration is provided by the color-
singlet production of &/« at the Tevatron. As analyzed in]80.81], the charm-quark
fragmentation channel dominates theleading-order mechanism already abdye=

6 GeV.

However, working within the fragmentation approximationg has to keep in mind
that it is only accurate up to correction scaling%q%. Although these terms vanish
at very largePr, their contribution in the phase space region accessitdggerimen-
talists is a priori not known. We address this problem in trespnt Section, for some
specific fragmentation processes.

One way to estimate the correction to the fragmentation@gmration is to compare
the Pr spectrum derived from EdJ_{1163) with the one obtained usiegfull matrix

element associated with the fragmentation process. Thisxweéement includes nat-
urally topologies that are not taken into account in therfragtation approximation.
In general such a comparison is not possible, because thesponding full matrix
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Figure 2.3: Comparison of the color-singlet fragmentapoomcess: — cé (%‘E”) c
with the full computation at small (a) and lard® (b).

element is not known. For example, in the case of the colglst gluon fragmenta-
tion into .., this comparison would require the knowledge of the fullesrd? matrix
element, which is not available. For this reason, we focuthénfollowing on the
associated production

gg — ccce (25+1L?]) , (2.39)

since in this case, the full matrix element requires onlea-evel computation which
i ; ; i S+17n]

can be achieved automatically with MadOnia. In EIUZ.BB(Q L ) denotes a

charm-quark pair forced into a specific configuration.

2.3.1 Color-singlet fragmentation from a charm quark

We start by considering the fragmentation process
99— ¢ (c e (QSHL[}]) c) (2.40)

at the Tevatron, run ll\{s = 1.96 TeV). We compare thé’r spectrum derived in
the fragmentation approximation with the one obtained fieffull matrix element
computation, for which we use MadOnia. As our purpose is @ntjfy the validity

of the fragmentation approximation we use fixed-order fragtation functions at the
initial scalep = 3m,, i.e. we do not resum the emission of soft gluons. We fix the
factorization and renormalization scale2at. both in the fragmentation and in the
full matrix element calculation.

We first consider thd/ /v, which is the most important case from the phenomenolog-
ical point of view. Using(O”/% (3S£1])) = 1.16 GeV, and the PDF set cteg6l1, we
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Figure 2.4: Charm-quark fragmentation approximation ia ¢blor-singlet approxi-
mation versus full matrix element computation for the x.o (a) and for they.,

Xc2-

obtain the comparison displayed in Fig:12.3. At sniadl, the fragmentation approxi-
mation underestimates the yield by a large factor. In paldic it cannot be trusted in
the Pr range0 — 30 GeV accessible to experiment at the Tevatron. As is illtistia
by Fig. Z3 (b), the gap between the two curves is reduced tsaepancy ofl0
percent ai00 GeV. It is interesting to note that fof/+) production frome™e™ anni-
hilation, the fragmentation approximation is oii§ away from the full contribution
at/s = 50 GeV [51].

One may try to gather an intuitive explanation for such glaudifference by consid-
ering the Feynman diagrams contributing to the two progedse e~ annihilation,
there are only four diagrams at the leading order, all of Whiontribute to the frag-
mentation topologies. On the other hand, the dynamics lyidgithe 3 S; -quarkonia
production at the Tevatron is much more involved. The numb&eynman diagrams
is significantly larger and only a few of them give rise to frentation topologies.
As a result, the fragmentation approximation starts to tevamt at a much higher
regime inPr. The same observation was made for the progess> J/vcc [82]. A
similar situation exists also for thB} hadroproduction, for which it was noticed that
the fragmentation approximation was not reliable at theafirew [83/84].

The performance of the charm-quark fragmentation appration strongly depends
on the quantum numbers of the bound state. Fonthe the situation is a bit less
dramatic than in theJ/v case, as is illustrated in Fif—2.4 (a) (lower panel). On
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Figure 2.5: Double charm-quark pair production vFasé*B] transition. The full matrix
element result is compared with the fragmentation apprakon.

the other hand, the fragmentation approximation is corapletff in the case of the
Ne, Xel, Xe2 States, for which the comparison is also displayed in[Ed. 2.

2.3.2 Color-octet fragmentation from a gluon

We now turn to the color-octet transition via a spin-tripfetvave state. We consider
the full matrix element for the process

g9 — cece(*S1*) (2.41)
and compare it$r spectrum with the result from the fragmentation approxiomat

As we can see in Fi.2.5 the fragmentation approximatiohigdase is very accurate
already atPr ~ 8 GeV. In the phase-space region above this threshold, tgjeso
in which the projected:c pair is produced by one gluon of virtualiBm, largely
dominate over the other topologies.

We close this Section by noting that a similar approach cbeldollowed to inves-
tigate at which energy thk, factorization formalism extract the leading behavior of
the (N)NLO collinear cross section. Although this formaliss well motivated in
the asymptotic high energy limit (or equivalently smag)] it is not guaranteed that it
captures the relevant features of the cross section at tratrde collider.
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2.4 Monte Carlo techniques

In SectiorZlL, we have described a general algorithm aingererating any quarko-
nium amplitudes at tree-level in the framework of NR@:BIowever, we have not
discussed yet how to generate distributions of events #mate compared to mea-
surements. We go back to this point is this Section.

In SectionZ.Z11, we first detail the Monte Carlo integratmtthas been interfaced
with the amplitude generator of Sectibnl2.1 to produce difiigal distributions or
more generally any desired distributions of quarkoniumméseln Sectiofi 2412, we
discuss the generation of unweighted events and the intetdea shower Monte-Carlo
program.

2.4.1 Multi-channel phase-space integration

Among the various algorithms aimed at performing the nucabrntegration over the
phase space, the Monte Carlo techniques are particulatapsel First, their conver-
gence is independent of the number of dimensions, which snddean more efficient
than other methods when the number of external particlesge! Second, their ran-
dom nature brings them closer to the experimental conditidra real measurement,
a point that will be clear in Sectidn 2.%.2.

A Monte Carlo program generates random points in order tocqipate the integral
I = [dzf(z), (z is ad-vector in[0, 1]¢) by the estimator

N
E= % ; f(zn). (2.42)

This estimator converges to the true value of the intefialving to the large num-
ber law. The standard deviation of the estimatpris related to the variance of the
functiono?(f) —o; = 2lf)__ which can be approximated by:

VN
2 1 > 2 1 > 2 N 2
A W) = B = 1 (@) - B (249)
n=1 n=1

Even with Monte-Carlo techniques, the integration of sratg amplitudes is a com-
plicated problem, as the integrand varies over severalr@idmagnitudes over the
phase space. The propagators in the amplitude introducei@wse in peaks, con-
trolled by the invariant masses of the exchanged partidiesa result the variance of
the integrand is large and the convergence is slow.

2As discussed in Sectid@ 2.1 there are some limitations.
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Figure 2.6: lllustration of two different channels in a dlgrocess: in (a), the invari-
ant mass of particle$and4 should be mapped onto a single phase-space variable; in
(b), the invariant mass of particlésind5 should be mapped onto a single phase-space
variable.

One way to speed up the convergence is to use an adaptive Nanke integra-
tor [85], which learns about the function as it proceeds. fmelom points are then
distributed according to a grid, which is adapted iteratigriteration to probe with
higher-statistics regions in which the integrand is thgéat in magnitude. Owing to
storage and efficiency requirements, the grid is usuallyesged as a separable func-
tionind dimensions. In this case, the adaptive algorithm is onlgieffit if the variable
that controls the size of each peak in the integrand is mapptda single variable of
integration. In an adaptive Monte Carlo integration, theapgetrization of the phase
space is therefore crucial for the rapidity of convergerdter having identified the
peak structure, one should map it onto a set of variablesh@nne) in which all the
peaks in the integrand are controlled by decoupled phaseespariables.

Let us review first how the phase-space integration is aeli@v the case of open-
quark productior[86, 87]. For a given Feynman diagram, ek structure is directly
related to the kinematic invariants appearing in the prapag, such that the phase-
space mapping is straightforward. The integration of theasgd scattering amplitude
requires in general more than one channel, since each Feydiagram can a priori
be mapped to a different channel (see illustration in Eid).2The question is then
which weight should be given to a specific chanhel [88]. Amthrggpossible solutions
to this problem, we stick to the Single-Diagram-Enhancedtinmbannel technique,
(implemented in the integrator MadEvent[89]). In this neeththe weight attached to
a given channelis proportional to the squared amplitudeetorresponding diagram.
More precisely, the squared amplitude is expressed in tleviong way

A2
M = Y Ll 2.44)
g
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where 4; is the amplitude corresponding to a single Feynman diagi&ach of the
terms in the sum ovef is then integrated using the channetorresponding to the
propagator structure of the diagrady.

We apply the same technique to integrate quarkonium angelitwover the phase
space. Each diagrajA,| is associated with a specific channel, and the corresponding
weight is given by%. As the two heavy quarks are bound into a single particle,
we map a diagram with a propagator structure leading fmal particles to a channel
with only m — 1 particles. For sake of simplicity, this channel is chosemagithe
channels defined for the production of point-like— 1 particles([85]. This is a poten-

tial source of inefficiency, as not all the invariants asated with the propagators are
mapped onto distinct phase-space variables.

Choosing the correct phase-space mapping for a given Feydiagram is therefore
not straightforward in the case of quarkonium productiorour automatic procedure,
only the kinematic invariants associated with propagatdrish are not connected to
one of the heavy-quark lines leading to the quarkonium stegeguaranteed to be
correctly mapped onto uncorrelated phase-space varidideshe other propagators,
the associated invariants do not necessarily enter intphthse-space parametrization.
In general, if the center-of-mass energy is of the order@fjharkonium mass, there is
no problem of efficiency, as the range of variation for théudtity of each exchanged
particle is restricted. On the other hand, at large enetfjiess mo, one has to be
more careful about the channels used for the integration.

One example of difficulties that arise in the large-energyme is given by the pro-
duction of a charmonium state in association with a charargpair. Two specific
Feynman diagrams for this process are displayed in [Eld. 2. 6ur algorithm, the
first diagram is mapped onto the correct channel, where thariant (p; + p2)?

is mapped onto a single phase-space variable. If the cefiteass energye.,,

is much larger tharzm,, then the dominant phase-space region is characterized by
(p1 + p2)? ~ (3m.)?, and is properly emphasized in by the adjustment of the grid.
The second diagram in Fi—2.7 also contributes to the fragatien piece in a general
gauge. Therefore, the contribution of this diagram at higgrgy is a peaked function

of the invariant(p; + p2)?, or equivalently & + p,)? i.e. the invariant mass squared
of the exchanged gluon. The channel used for the integrafitns diagram must be
identified with the channel associated with the first diagimafig.[Z].

Although the mapping between diagrams and channels is daomatically in MadO-
nia, one should keep in mind that this procedure might notptienal for some cases.
If problems of low efficiency are encountered, it is still yerasy to rewrite channels
that are more appropriate to the kinematics at work.
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()

Figure 2.7: Two Feynman diagrams contributing to the fraggaition of a charm
quark into a charmonium state.

2.4.2 Quarkonium event generator

As we recalled in the previous Section, a Monte Carlo intiégmaconsists of generat-
ing a series of random phase-space points, which we willcBparton-level events
To each event is attached a weight that is the product of thared matrix element
and the phase-space measure. The adjustment of the grigadisoto a non-uniform
weight over the phase space, which can be accounted for phidmge-space measure.
The total cross section is then expressed as the sum oveveéhéseof the weights
associated with each event.

Within this procedure, it is extremely easy to get the disttion of the weights with
respect to specific observables, and hence to derive ditiateross sections. Indeed,
one has merely to add up the weights according to a certaimifgjrof the selected
observables during the integration process. The resulistgbutions give the cross
sections differential in these observables. It is alsordleat parton-level cuts can
readily be implemented in a Monte Carlo integration: kindmeonditions are im-
posed on each generated event, and the weights associsiteithievpoints that failed
the cuts are simply disregarded.

Despite the merits of a Monte Carlo integrator to facilitite comparison between
predictions and measurements, at this stage we are stflidiar a simulation of the
experimental environment inherent in the reconstructioguarkonium events. The
weights that we have considered so far are attached to plnehevents. However,
partons are not directly observed. As a result, cuts carmwhposed on the kinemat-
ics of the partons themselves. Instead, partons in a givefigtoation are expected

to undergo multiple QCD radiationsi{owering, before confinement turns them into
hadrons ljadronization. The kinematics of these hadrons are then reconstructed in
the detector within a certain accuracy.
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The showering and hadronization process can be simulateaddaoyithms such as
Pythia [16] or Herwig[[1]. These programs need to know thlercstructure of the
parton-level events, as partons will ultimately be turn@d icolorless states. For this
reason, we keep track in MadOnia of the color-flow informatias well as all other
parton quantum numbers. After the event has been evolved inadron-level config-
uration, it can be passed through another algorithm thatlsies the reconstruction
in the detector. Through the whole process, the weighgtihjtattached to the parton-
level event is not affect

The interface with showering, hadronization and detestorulation algorithms brings
the prediction much closer to the experimental conditiohm&rent to a realistic mea-
surement of a scattering process. The whole event geneatcalso serve as a tool
to optimize selection criteria for a given process. Howgseach analyses are highly
CPU-consuming, owing to the complexity of the detector. Tilvee required for the
processing of one event is large enough that we do not wapttadstime on an event
that has a small weight relative to the other events. For#gson, it is preferable to
work with unweighted events, i.e. events that all have tmeesaeight. In this case,
distributions of the weights are just the same as distmloLaif events, (up to a normal-
ization factor), which is also a source of simplification. eTimweighting procedure
makes use of the adjustment of the grid in order to the flattemvieight distribution as
much as possible. The rest of the job is achieved by throwivaya certain number
of events.

In our quarkonium studies, we make use of the unweightinggore implemented
in MadEvent[[9D]. The efficiency of production is in generdd than for the case
of open production, since the adjustment of the grid itszliess efficient (see the
discussion of the previous Section).

2.5 Next-to-leading-order real amplitudes

Beside the tree-level predictions, we will also present nbservables computed at
NLO in the strong coupling constant,. In SectionC3B we will discuss the NLO
corrections to the//«) and Y production at the Tevatron. In Sectibnl3.4 we will
present the new NLO prediction for the polarization of fffe> in photoproduction.

The NLO results for polarization observables presentetiémiext chapter make use
of MadOnia for the computation of the polarized real ampliind = 4 dimensions
of space time. Along with the virtual piec2191], these reaptitudes have been
implemented in the Monte Carlo program MCFM]92]. This codakes use of the

SEvents can of course be rejected if they do not pass expetaimzrts during the reconstruction process
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dipole-subtraction scheme developedin [93] in which tlissisections are expressed
in the following way:

N = /m B [do® — do?] + /m {dav + /1 daﬂ : (2.45)

The subtracted dipolegr in the first term on the rhs cancel all the IR singularities
in the real amplitudelo”?, such that the integration over the + 1-particle phase
space is finite. The IR singularities present in the integtalipole [| do# are either
canceled by the IR poles in the virtual amplitudte”, or factorized into a universal
non-perturbative function.

This scheme allows us to consider the computation of thearaglitude at NLO only
in 4 dimensions of space time, which can be generated with Mad®fowever, it is
important to check that the resulting numerical amplitudednstrates a very good
stability when either the soft or the collinear region iseggzhed. Let us first consider
the soft limifl, i.e. when the momentumy of a final-state gluon becomes soft. This
limit can be parametrized in terms of a four-vegjtrand a scale parameter:

i =Ag", A—0. (2.46)
In the soft limit, we obtain the following factorization fmwula:
. 1 X
M1 (1,000 4,...,m+1)] — fﬁélﬁast[J“(q)]T[Ju(q)])Mm, (2.47)
where.J#(q) is the eikonal current for the emission of the soft glgon

"
)

Jha) =3 T I (2.48)

pi-q

andT'; is a operator that acts on the color space of the hard paridghs Born ampli-
tude M,,,. Owing to this color correlation, the squared amplitldig, ., | factorizes
over the Born amplitude squared only up to color rearrangesne

The collinear limit of momenta; andp; can be parametrized in the following way:

k? nt k? n#
I A S A (1 — Bk — L
by = 2P T 2p.n’ pj=(1=2)p LTz 2p.n’
kL
2P = — . kL —0, 2.49

wherep* andn* are two light-like vectors satisfying.k;, = n.k; = 0, andk_ is a
space-like vector that controls the deviation from theige#r limit. In the collinear

40ur presentation for the soft and collinear limits followssely ref. [93]
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limit, the m + 1 amplitude squared factorizes over the Born amplitude sgliarthe
following way:

M1 (1, iy ey gy ym+ 1) —
Ao (Pgy (205 1)) s [ M (L, - -Gy oo ym+ 1)) s, (2.50)

where them-parton matrix element on the rhs of EG.{2.50) is obtaineddpyacing
the partons and; with a single partorij carrying the quantum numbers of the pair
i+ j in the collinear limit.(P;;) ;)ss» denotes the Altarelli-Parisi splitting function in

four dimension, which acts on the helicity space associatitdthe parton;.

The Egs[(Z47) and[Z50) have been proven for any analydicaraplitudes. In our

code, though, the limited numerical accuracy may spoilghetations when either
the soft or the collinear limit is approached too closely. nekls one has to check
the numerical stability of the amplitudes. Here we stick ne gpecific example: we
consider the/ /v color-singlet process

9(p1)g(p2) — 9(p3)g(pa)J /1 (ps) (2.51)

and analyze the behavior of the squared amplitude in thaeal limit

As is illustrated in Fig. (218, the amplitude shows a very gatability down to
p3.ps = 1078 GeV2. The horizontal line is the product of the Altarelli-Passgilitting
function P, (z, k1 ) with the Born-level matrix elemer (¢(p1)g(p2) — g(ps +
p4)J/¥(ps))|, with appropriate contraction of the helicity of the finaligh.

2.6 Applications

2.6.1 Higgs decayinto T + X.

In this Section we illustrate through a very simple examphe b multi-purpose matrix
element code allows one to quickly assess the phenomenoalagievance of new
ideas.

A light Higgs of my < 140 GeV in the Standard Model as well as in extensions such
as in SUSY or in generic two-Higgs-doublet models (2HDM;akes predominantly
into bb. If we assume & — 1 production mechanism at hadron colliders, suchg@s
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Figure 2.8: lllustration of the stability of the amplitudgumred in the collinear limit
p3-pa — 0.

or bb fusion, a twob-jet signature is obtained. Such events are extremely dliffio
trigger on and to select from the enormous QCD two-jet bamkgd. In fact, in this
mass range, the golden channel for discover/ is> v~ which has a branching ratio

of the order of only 102 in the SM but has a very clean signature: it can be triggered
on and the invariant mass determination is very accuravéngyithe possibility of
reconstructing a small Breit-Wigner peak over a very largekiground. However,

in some scenarios beyond the standard model, such as fopéxatiargetan 3 in
SUSY or in a generic 2HDM, the branching ratio to two photanisighly suppressed
and other decay modes need to be considered.

The presence of aif in the final state could help both in the triggering (through
the p* i~ pair) and in the invariant-mass reconstruction and giveahlei discovery
mode [32]. Let us consider two cases.

As the simplest decay mode, considér— Ybb [Fig 23 (left)]. This is analogous to
Z — Ybb, which can also be described by the fragmentation-funetpproach. The
full tree-level matrix element calculation gives:

['(H — Ybb)

_ = 1.56-107° 2.53
L'(H — bb) ’ (2:53)



2.6. Applications 57

(a) (b)

Figure 2.9: Higgs decays inf: in association with &b pair (a) and with a photon

(b).

where we have usea; = 120 GeV, (O (351")) = 9.28 GeV® andag = 0.118.

Another, potentially cleaner mode, which would have exaglinvariant mass resolu-
tion, is the decayd — ~7T, Fig[Z9 (right) Note that the crossed decay— vH has
been considered before in the literatdre! [94,[9%)96, 97] sesaach mode for a light
scalar or pseudoscalar and it is known at the NLO accufady [B$ means of our
code, we obtain

DH =YY gq7.00-7 (2.54)
T(H = bh)

where we have uset ; = 120 GeV, <OT(3SF])> =9.28 GeV® andagys = 1/137.

The BR’s for both decay modes in the SM (and also in SUSY, spussible large
tan S enhancements cancel in the ratio of the widths), are fourmtoather small,
especially considering that the branching ratio of the komium state into leptons
has yet to be included.

2.6.2 ~y— J/i+ X atLEP Il

J /1 production inyy collisions at LEP Il /S = 196 GeV) has been studied in
Ref [99]. In that paper, the direct{), the single resolvedyjy) and the double re-
solved ¢g) components have been taken into account. However, thedinglgt con-
tribution that has been considered is the color-octet ttians

vy — ¢t (35‘?]) g, (2.55)
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Figure 2.10:.J/4 direct photoproduction. Production mechanism (a) prosessla
3S£8] state, while the photon-associated (b), ¢h@ssociated and the multi-gluon (d)
mechanisms can proceed via a color-singlet transition.
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Figure 2.11: Transverse momentum distributionsfog production im-y collisions

displayed in Fig.[Z10 (a). We now address the evaluatiom@fcblor-singlet//«)
production in (unresolvedy~ interactions. Owing to color conservation, the final
statecc (%ﬁ”) g is forbidden. However, if we turn the gluon into a photon, toe-
respondingys, ,,-process is allowed [Fig2Z1L0 (b)]. Charge conjugationsesvation
forbids the final statec (3S£”) gy, so the only color-singlet process at ordér, ;%

is the associated production ofca pair [Fig. ZID (c)]. Finally, the channél/«+
light partons occurs at order?,,, o2, [Fig. ZZI0 (d)], so the Born-level contributions
for the color-singlet production are given by

Ny — cE (3S£1]) ~, vy — cC (?’SP) cc, vy — cc (?’SP) ggg. (2.56)
Note also that the final state <3S£1]) gqq is also allowed, but is not finite: the frag-
mentation party — qg — qqg is effectively included in the single-resolved contribu-

tions.

Using the Weiszacker-Williams approximation at LERZ,= 0.189,m 5/, = 2m,. =
3GeV,apy = 1/137, (O (3S§”)> — 1.16 Ge\A, (O (35?1)) — 1.06-102 Ge\p,
we obtain thePr spectra displayed in Fig._ZI11 for the color-singlet anadcolkctet
processes. We find that the associategroduction is by far the dominant one for
pr(J/Y) > 5 GeV.
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Chapter

Quarkonium phenomenology

3.1 Charmonium production in e*e~ collisions

Quarkonium production in electron-positron annihilajwovides a rich ground to test
the factorization principles of NRQCD. Both exclusive andlusive measurements
have been reported at B-factori€sl[i6} [77.1100], and have tempared intensively
with theoretical predictions for several years.

One of the most striking result reported by the Belle and BABgollaboration is
the cross section for exclusivg/vy) + 7. production [/7[7100]. The measurement
appeared to be one order of magnitude larger than the leaditey NRQCD predic-
tion [74,[7%], a situation which has been referred to as thgekt discrepancy in the
standard mode[[101]. The full NLO correction, computedlfd,[103], was shown
to be large, pushing the predicted cross section closeretantbasurement. As the
v? correction [[74] proved to be large, it was then suggestetl @haon-relativistic
expansion was not appropriate to describe this processamadternative approach
in term of a light cone wave function was proposed to repredhe measured cross
section|[104]. A following work then showed that part of thhancementin the light-
cone approach actually corresponds to correction of velatidera, in the NRQCD
formalism [10%]. Moreover, a resummation of a class of reistic corrections taS-
wave states productioh [64] demonstrates that the NRQCRBresipn is actually well
behaved. Applying this resummation and taking into accthenfragmentation contri-
bution to the pure QED amplitude, the inclusion of the efexftthe running ofv and
the inclusion of the contribution that arises from the iféeznce between the relativis-
tic corrections and the corrections of next-to-leadingeoiid «, a refined analysis of

61
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the theoretical uncertainties showed that the discrepaasyesolved[106]. More re-
cently, the factorization theorem on which this NRQCD remubased was proved to
hold at all orders inv; up to corrections of orden?/s [62]. The Belle collaboration
also reported a measurement of double production of S-wa&Ravave charmonium
states. The corresponding NRQCD prediction at NLO accylghin o was shown
to reach the lower bound of experiment.

Another chalenge was addressed to the quarkonium produmtimmunity with the
measurement of the inclusivg/y cross section 16, 107, 108]. In this case as well,
the leading-order NRQCD prediction |57, 109, 110] turns mutinderestimate the
experimental yield. Moreover, the Belle collaborationagpd that of most the re-
constructed//¢ are produced in association with charm mesons: the moshtrece
measuremenf[108] for the ratio

olete™ — J/1p + cc+ X]
olete — J/¢ + X]

Re. = =0.63+0.23 (3.1)

is in disagreement with the NRQCD leading-order predictibp = 0.1 — 0.3. The
computation of the QCD correction for both processes™ — J/v + c¢ + X and
ete™ — J/¢ + gg + X have been complete@ [1111,7112] recently, and found to
bring the ratioR.. in better agreement with the experimental result. In therrieee,
standard NRQCD factorization has been shown to break domthécassociated pro-
duction at NNLO ina;, due to color transfer between co-moving active and passive
charm quarks[80, 51]. This effect is expected to catalyeepttoduction rate when
one of the charm quark is produced in the same direction ag/helt could in prin-
ciple be quantified experimentally by measuring the angsdgaration bewteen the
J /v and the charm meson.

3.1.1 Relativistic correction to inclusive J/« production

The relativistic correction to inclusiwé/« production is another source that can affect
the ratioR,.. defined in the previous Section. We present here an origgmapatation

of the v? correction to.J/v + c¢ production at B-factories. In the writing of this
thesis, the computation of thé correction to this process was achieved by the authors
of Ref. [113]. In that work, they decided not to expand thegehspace measure in

v. Instead they used the physical mass of fi@ in the phase-space factor so that
corrections of higher-order inin the phase space are taken into account to all orders
in v. In contrary to the procedure in Ref._[113], we also exparel ghase-space
measure and find that the resulting correction is the doms@imce ofv? correction.
Moreover, we argue that the ordet-correction to the wave function is small, so that
the NRQCD expansion is well behaved.
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Figure 3.1: Short distance cross sectidfete™ — J/v¢cc), as a function of the
relative momentum in the spin one charm-quark pair.

We follow essentially the same approach as in Sedfion]2ik4,we compute the
short-distance cross section as a function of the relat@emntum associated with the
bound heavy-quark pair. Using. = 1.5 GeV, /s = 10.58 GeV, aem = 1/129.6,
as = 0.258, we obtain the curve displayed in Fig._1B.1. We fit the resuthva
polynomial inqﬁ/w:

whereq, b, ¢, . .. are obtained by the fitting procedure. The value gjives the cross
section at leading order i

0 =ax (07Y(38)) = 163 b, (3.3)

if we set(O7/¥(38,)) = 1.16 Ge\®. Thew? correction is approximated by the ratio
of b anda

1 d;’ _ b psicev?, (3.4)
Uoqu/w a2,,=0 a

If we use the result in Refi_[64] for the ordef-NRQCD matrix element

mZv? = 0.5, (3.5)
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we find that the order? correction decreases the cross section by only 8 %. The
decrease is essentially coming from the reduction of thegispace when the relative
momentum is increased. We learn from the linearity of EidltBat thev* correction

is much smaller than the? correction, so that the expansion is well behaved.

We can try to apply the same procedure in order to extract ther@? correction
that is associated with the process~ — J/1gg. However, if we consider a non-
vanishing value of the relative velocitybetween the heavy quarks in thgy, the
short-distance coefficient develops infrared p6les thatilshbe reabsorbed into color-
octet matrix elements. One should therefore achieve theuatation analytically, in
dimensional regularization for example, in order to regatathe pbles. Here, we
merely note that we can extract the or@éreorrection for the cross section restricted
to a limited phase-space area defined by a lower cutoff on lthengenergies. Our
computation reproduces the results[inl[57] when we set tla¢ive velocity and the
cutoff to zero. We then compute the short-distance coefficie a function of.. For
the cutoffE;, > 1 GeV, we obtain

1 4 ~ Yoo cev?, (3.6)

0 dq;,, a3,,=0
whereas this value goes to zero when we increase the valbe cfitoff to1.5 GeV.
We can therefore expect thé correction to be small for this process as well. We
conclude that the relativistic corrections have a very singbact on the ratioR...
defined earlier.

3.1.2 Inclusive 7. production

The production of am,. state frome™e™ collisions has been studied in the context of
associated production110]. A typical Feynman diagranttice process is displayed
in Fig.[32 (a). Using the inputss = 0.26, agn = 13-, (O (1Séll)> = 0.387 Ge\s,

we obtain

+

oleTe”™ — .+ cc) =58.7fb, (3.7)

in agreement with the result obtained in REf.[110].

The contribution ta). production coming from associated production with light-pa
tons has not been studied so far. The reason is that, for-swiglet production, ne-
glecting the exchange of an off-shél there is no such processes at order,, a2,
owing to color conservation and charge-conjugation symynetowever, at order
a3 the following processes can occur:

+ +

e e —neqqy, (3.8)

e — 1999, e
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Figure 3.2: Representative diagramsgrelectroproduction via color-singlet transi-
tion: at ordera? in association with a¢ pair (a), and at ordex? with three gluons
(b) and with a light-quark pair (c).

which are finite and could give a non-negligible cross sactiwing to the larger
phase space available. Typical Feynman diagrams for thesegses are shown in
Fig.[32 (b,c). Using our generator MadOnia, we checkedttimthanneh.+ light
partons constitutes approximatel§% of the inclusive cross section. The plots in
Fig.[33 display the differential cross section with regpgec: = 2|L\/§C‘, the fraction

of momentum taken by the., and with respect to the transverse momentum ofithe
The total cross sections are given by

+ +

e~ —neg99) =3.72fh, o(eTe” — n.qdg) = 1.63fb (3.9)

o(e

As a result, the associated production is dominating;thgroduction:

o(ete™ — n.cc)
——— = =091. A

P 91.6% (3.10)
This feature is to be contrasted with the case of the inatugiyy production, where
the associated production is predicted to be subdomindaading order. It would

therefore be interesting to measure the ratio in Eq.13.10).
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Figure 3.4: Spectrum and transitions of the charmoniumlfatfiom Ref. [114]).

3.2 Inclusive quarkonium production in hadron
colliders

Inclusive J/+, ¥ and T (nS) production at hadron colliders has been of interest for
many years. As we mentioned earlier, such states have thegugintum numbers to
decay into a pair of leptons via a virtual photon. They themebffer a uniquely clean
signature, provided that the resolution of lepton momentpobd.

The most accurate measurements for quarkonium hadrogiodwt high energy
come from the Tevatron proton-antiproton collider at Fdaimi The Tevatron first
operated at a center-of-mass energysgh = 1.8 TeV (Run I). In 2002, the energy
was increased to readh96 TeV. The two collaborations CDF and DO, whose detec-
tors record the signatures from thg collisions at the Tevatron, have both published
measurements of quarkonium cross sections. New analysasilabeing carried on

at the current time.

The experimental number of quarkonium events reconsulutieugh the leptonic
channelQ(1=~) — [*i~ by the CDF and DO collaborations cannot be compared
to the prediction of NRQCD for thdirect production, in which it is assumed that
the heavy-quark pair is created from the initial partons @istance of ordel;;—Q or
smaller. Indeed, the production of the st@ecan proceed via the decay of a heavier
resonant state. In the case of charmonium production, &dreaf reconstructed/«
and+)’ originates from the decay of B meson. As theB meson decays weakly, its
lifetime leads to a displaced vertex (called a secondangxgrwhich in principle can

be resolved experimentally.
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Figure 3.5: Spectrum and transitions of the bottomoniumilfatfrom Ref. [114]).

The J/+ can also originate from the decay of an excited charmoniate sts illus-
trated in Fig.[3}¥. The feed-down from charmonium statef witnass abovem p
decay is negligible, as these states decay almost exdisite charm mesons. In the
case ofy’ production, as this state is the heaviest state below thecimeson thresh-
old, there is no feed-down from charmonium states. Sinyiltot the bottomonium
family, the feed-down from excited states has to be consitlenly for theY'(1.5) and
T(2S5), but not for theY (3S) which lies just below the doubl&-meson threshold
(see Fig[3kb).

In order to distinguish the different modes for the produecf quarkonium states in
the following, we use the conventional terminology:

o the production igpromptif it does not come from the decay off&rmeson,

o the production idirect if it is prompt and it does not come from an excited

charmonium state.

The CDF detector has a silicon microstrip detector (SVX}eltw the beam that allows
the separation of the non-prompt fraction.bfy» or ¢’ production. Up to now, there
has been no measurement of the prompt fraction by the DChowldion.
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The direct production was also measured by the CDF collgiborfl15]. In the
case of theJ /vy, the feed-down contribution fromq. states has been identified for
events withPr(J/v) > 4 GeV by observing the photon that originates in the electro-
magnetic transitiory. — J/v~y. The feed-down from the’ was estimated from the
prompty’ cross section, and from Monte-Carlo simulation of the degdy— J/¢X.

In the case of th&'(1.5), the fraction of events originating from, (1P) states and
X»(2P) states has been measured for events WitliY' (15)) > 8 GeV only [116].

Measurements of quarkonium cross sections at the Tevatoa heen extensively
compared to NRQCD predictions (for a recent review, §eel[d1Q¥]). In contrast
with the situation ine* e~ collisions, the role of the color-octet transitions hasrbee
highlighted, as the associated short-distance crossossciire enhanced by a large
factor compared to the order? cross section of a heavy-quark pair in a color-singlet
36, state. However, despite the successes of NRQCD, vecwaliarkonium produc-
tion at the Tevatron is still a subject of debate. Considgtire P differential cross
sections measured by the CDF collaboration, it seems that-ootet transitions are
needed to fill the gap between the color-singlet yield anddita [37 66/ 65, 13].
But once we use the color-octet LDME’s fitted to reproducedtass section, the
NRQCD prediction for the polarization [62, 118. 119, 1P0TN disagrees with the
CDF measurement[15]. Up to now, it is still unclear whichngitions dominate
heavy-quarkonium hadroproduction

In view of this situation, it is worthwhile to improve the agacy of the NRQCD
predictions. Concerning inclusive production, one shdnido extend the knowl-
edge of cross sections beyond the leading order;iandv. Relativistic corrections
to the color-singlet yield prove to be very small in the ca6&-avave state produc-
tion [122], as we confirmed with our automatic procedure thatescribed in Sec-
tionZ7I.3. On the contrary, higher-orderdn-contributions are especially important
for color-singlet production: as was analyzed in Refs.] [B43], NLO corrections
raise the differential cross section for the color-singfiabsition by a large factor in
the region of large transverse momentum.

3.2.1 Higher-order corrections to the color-singlet cross sec-
tion

The cross section fopp — Q + X with @ = J/¢ or T, has been computed in
[91,[123] at NLO accuracy. Here we use the implementation @AM [91,[124]. As
we have seen in Chapter 2 Sectlon] 2.5, the real polarizeditahplis provided by
MadOnia. The quarkonium state is decayed into leptons,ikgdpack of the spin
correlations. This allows us to extract the polarizatianisadiscussed in Sectign P.2.
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(@) )

Figure 3.6: Typical Feynman diagrams for (&) or T hadroproduction + two jets,
(b) J/+ or Y production plus a heavy-quark pair of the same flavor.

In our calculation, we set. = 1.5 GeV andm; = 4.75 GeV. We use the PDF set
CTEQ6L1 (resp. CTEQ6_M]1125] for LO (resp. NLO) cross set, and always
keep the factorization scale equal to the renormalizatiates;:; = .. The central
scale is fixed atip = \/4m?2 + PZ. We use the saturation approximation to relate the
long-distance matrix elements for production to thoselivein quarkonium decays.
We then use the values related to the Buchmiiller-Tye patd@fi]: (0]’ (351)) =
1.16 GeV® and(Of (351)) = 9.28 Ge\s.

In the following, we consider that the production is promig.(the quarkonium does
not come from the decay of a B hadron) and direct (i.e. thelquenm does not
originate from the decay of an excited quarkonium state)e fEsults are compared
with the data collected by the CDF collaboration at the TewatFor.J /¢ production,
we consider the prompt measuremen{/at= 1.96 TeV in Ref. [126], multiplied by
the average direct fraction obtainedin [115]. AofLS) production, we consider the
prompt measurement gfs = 1.8 TeV in Ref. [I2T], multiplied by the average direct
fraction obtained in Ref[[116].

Differential cross section at NLO

The differential cross section at NLO is displayed in Figd. 3The uncertainty bands
correspond to the variation of the scéle < p, y < 2uo, and to the variation of the
heavy quark masséds4 GeV < m, < 1.6 GeV,4.5 GeV < m; < 5 GeV. These
uncertainties have been combined in quadrature. The NLIQ igglotted in yellow.
For comparison, we also show the LO cross section in dark Albe ligh-blue band
corresponds to the associated produc@®r QQ, which is a fraction of the NLO
yield.

For J/+ production, NLO contributions raise the cross section byentioan one order
of magnitude at larg&r. Indeed, at, new channels become available to produce a
high-Pr J/+ at a lower kinematic price: the parton-level procesgses~ J/v + gg
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Figure 3.7: (a)J/+ production via a color-singlet transition, up to NLO acayreEx-
perimental points are from [11L5, 126]. (8)production via a color-singlet transition,
up to NLO accuracy. Experimental points are fram [116,127].
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9

Figure 3.8: Typical Feynman diagrams fbf> or T hadroproduction + three jets: (a)
color-singlet gluon fragmentation channel (b) high-egezghanced contribution.

andgg — J/v + cc (see Fig.[(316) behave a,—ég and PL%, respectively, at large
transverse momentum. This also explains why the assoqutetuction. /¢ + cc
dominates the NLO yield at largeér. Although NLO contributions reduce the gap
between the color-singlet prediction and the CDF dataetiestill a discrepancy of
more than than an order of magnitude.

The situation for thél'(1.5) is similar, although the asymptotic behavior is reached at
much higher values aPr, owing to the fact thatn, > m.. In particular, the associ-
ated productio + bb remains a subdominant fraction among the NLO contributions
in the regionPr < 30 GeV, as it suffers from a phase-space suppression owingto th
large invariant mass in the final state. We also note that dpebgtween the color-
singlet prediction at NLO and the CDF data is much smallen thathe case off /4
production.

Contributions from Q + 3jets

As we can see from Fi§._3.7, the color-singlet productionla®dhh « fails to repro-
duce the data, especially at larBe. The associated producti@+ QQ, has the right
Pr slope, but overall it is suppressed in comparison to the ureasent. Therefore,
it seems that a production mechanism witRabehavior that is similar to that in the
associated production is missing.

If we consider the color-singlet production at orde¥-new parton-level mechanisms
become available. The gluon fragmentation channel via@dhglet transition (Fig.
B3, a) is one of them, and has the corrBgtshape (asymptotically aﬁg). At this
order, the quarkonium can also produced by two slightlysb#ll gluons (plus the
emission of a third one) that give part of the transverse nmiome to the quarkonium
state (Fig.[C3318, b). This contribution has been approxichatethe k; factorization
approachl[42, 43,44, 46,147]. These contributions, or more generaljp — Q +



3.2. Inclusive quarkonium production in hadron colliders 73

= 10 o T2 hin 2 . < 10 5 " T2 .
2 1 Ipiij: me < <4mCZ — 2 Y+jjj:0.5<su'"'"/mB<2 —
o I me” < g™ < Amy 1) Yj:0.5 < s™"m3 < 2
2 0.1F 3 T
& 001k e
x
° 0.001 < oot
T 0.0001} S
& 1e-05f = 0.001 F
- o
5 le06f o 1e-04 |
1e-07 L L L L L L g ‘ ‘ ‘ ‘ T,
10 15 20 25 30 35 40 le-05 o a0 a0 40 o eo
Pr (GeV)

P (GeV,
@ T (GeV)

Figure 3.9: (a)J/v production at the Tevatron, run Il: NLO production withohet
associated production (dotted line)/v + 2 light jets (gray band),/¢> + 3 light
jets (red band). (bY production at the Tevatron, run I: NLO production withoug th
associated production (dotted lin&),+ 2 light jets (gray band)Y -+ 3 light jets (red
band).

34, provide us with new mechanisms to produce a higghguarkonium at a lower
kinematic cost. They are therefore expected to dominatetbegroduction oD+ 15
andQ + 27 at sufficiently large transverse momentum.

In order to quantify these arguments, we present here amastiof these dominant
order«a?, contributions at larger, bypassing the presently out-of-reach inclusive cal-
culation ofpp — Q + X at NNLO accuracy. We consider the whole setogf
processes contributing to the color-singlet productioa qfiarkonium (eithe#/+) or

T) associated with three light partons. We use MadOnia torgéa¢he squared am-
plitude of each subprocess. In order to protect the intedraetoss section from soft
and collinear divergences, we impose a “democratic” irargrmass cutgj‘?” of the
order ofmf2 to any pair of light partons, so that the phase-space intiegreemains
finite. For new channels opening up@, the dependence on the values§f" is
expected to be small in the regipf > mg, since no collinear or soft divergences
can appear there. For channels whose Born-level conwiboticurs atv?, or o, the
invariant-mass cut results in potentially large logarithof sij/s;“ji" in the differen-

tial cross sections. However, these logs factorize oveetawder amplitudes that are
suppressed by powers pf compared to the dominang;, contributions. The result

is that the sensitivity to the value chosen for the minimahanent mass cu&?}m is
expected to die away as- increases. Also, this behavior can already be checked
explicitly for the NLO cross section: we can approximate €O yield by the real

a? contributionQ + 24, with a cut on the invariant mass of any pair of light partons.
The sensitivity to the;’j”'" cutis illustrated in Fig[Z319. The gray bands correspond to
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the production o2 + 2 jets, and converge rapidly to the NLO cross secﬂddstted
lines). The bands associated with+ 3 jets (in black) are much wider, especially in
the regionPr = mg. Still we see that the uncertainty related to the choice efilit
s;’j”" decreases a3y increases. We note also that the contributid# 3 jets lies well
above the NLO yield at larg®r, both for theJ /) andY cases.

We now add the contribution fro®+ 3 jets to the NLO color-singlet cross section for
direct quarkonium production, and compare the resultingec(called NNLO) with
the CDF data. The corresponding plots are displayed in[Eff}. 3Ve only consider
the uncertainties resulting from the variation of the ssale and ¢, and from the
variation of the cuteg’;i". The values of the quark masses remain fixethat= 1.5
GeV andmy = 4.75 GeV.

In the case off /v production, we see that the gap between the color-singht wind
the CDF data is much smaller after the inclusion/éf) + 35 channels. However the
Pr shape is not well described: despite the inclusio/6f + 3 jet channels, the
differential cross section still drops too fast comparethtoCDF data. We also note
that the color-octet contribution has the right shape \#ithto fill the gap between the
color-singlet prediction and the data.

The situation for thél is rather different. First, all the experimental points eoen-
patible with the NNLO uncertainty band associated with the color-singlet pradoc
Second, even if the prediction of the normalization is regfo®r due to the large width
of the uncertainty band, the experimental slop#&inseems to be well reproduced.

1)’ differential cross section

The CDF collaboration has recently carried on a new measmeaf the prompt)’
cross section[128], using 1 fo—! data collected at run Il. This analysis covers the
kinematic range.0 GeV < Pr(¢’) < 30 GeV and|y| < 0.6. As for the case of
previousJ/v andy’ cross section measurements, the fraction of pramgvents is
separated from the decay of the long-lived b hadrons, asettunsl production mode
can be tagged by the presence of a secondary vertex from wtagH originates.

All the arguments presented in the previous section applyrally to the hadropro-
duction of they’. The resulting prediction can be compared directly to theFCD
measurement, as the feed-down from excited states is it#gligd’he comparison is
displayed in FigC311. As for thé/+) case, the real contribution at ordet-is seen
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to increase the differential cross section by a large fac8iill, at large transverse
momentum, the color-singlet yield fails to reproduce thiada

3.2.2 Impact of o, corrections on the polarization

We now turn to the polarization observablEs) andY states have been decayed into
leptons in our code, keeping track of the spin correlatidbsfining 6 as the angle
between theé™ direction in the quarkonium rest frame and the quarkoniumatiion
in the laboratory frame, we find that the normalized anguttriution(cos 0) reads

3

I(COSG) = m(l + « C()S2 9)7 (311)

from which we have extracted the polarization parametein by bin in Pr.
As is shown in Figl:3d12¢; corrections have a strong impact on the polarization pa-
rameter. For th&, QCD corrections bring the polarization parameter dows t60.5

at middle-largePr. TheY produced in association withbaquark pair is unpolarized,
but this has almost no effect on the polarization at NLO, asafsociated production

1In Fig.[Z, the associated production is not included inNh© curve.
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Figure 3.12: (a) Polarization parameter o) production at the Tevatron, run Il. (b)
Polarization parameter f&f production at the Tevatron, run I.

is only a small fraction of the NLO vyield below; ~ 40 GeV. The channel¥" + 3
jets give rise to the same value®fas the one at NLO.

For the /v case, QCD corrections also push down the value of the patasizpa-
rameter. However, the situation is slightly different: tssociated production, from
which originate unpolarized/’s, becomes rapidly a substantial fraction of the NLO
yield. For this reason, the polarization parameter astextiaith the production at
NLO increases at largBy. This result agrees with the one in Réf.[123].

3.2.3 Contribution from charm-pair rescattering mechanism

A new mechanism for heavy-quarkonium production in higkrgg collisions called
the “s—channel cut” was proposed by Lansbetal. in 2005 [129]. It can be identi-
fied as a contribution to the imaginary part of the amplituateguarkonium produc-
tion in gluon-gluon collisions that corresponds to a Cukiyosuts through and@
lines only. Itis thus associated with a discontinuity of #raplitude in the square
of the center-of-mass energy of the colliding gluons. A jtsisdescription of this
mechanism i€)(Q rescattering. It corresponds to the creation of the heaaykgand
antiquark through the parton scattering proagss- QQ followed by the formation
of quarkonium through the rescattering of #Q€) pair. Lansberget al. proposed a
model to estimate this contribution to inclusi¥éy production. In this model, they in-
troduce a vertex functiofi,, that connects the perturbative charm quarks tafhe.
The on-shell condition is not forced for the pertubativeramguarks that attach to
the vertex function. Gauge invariance is restored by th@dhiction of a four-point
vertexI',,,. The free parameters associated with the vertex functiwadaoce large
theoretical uncertainties. Moreover, the prescriptioregiby Lansbergt al. is spe-
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Figure 3.13: Feynman diagrams fpy — ce.

cific to J/« hadroproduction and does not generalize easily to inclugleeh-order
corrections.

As is discussed in Ref TIB0], the-channel cut mechanism fdy«) production arises
naturally at higher order in the theory of NRQCD, where naa&xtarameters are
introduced. The leading imaginary terms in the scatteringlaudegg — J/vg are
of orderg>. Using the Cutkosky cutting rules, the imaginary part carexgressed
as a sum over the-channel cuts through the diagrams, which separate theningo
gluons from the-¢ pair and the gluon in the final state. At ordgr the onlys—channel
cuts argyg cuts and:¢ cuts. Thes—channete cut, which is the charm-pair rescattering
term, can be expressed as an integral over the solid &gdéthe charm quark in the
intermediate state. At leading orderdrand ina,, the amplitude for the charm-pair
rescattering contribution reads

ImM(:E cut [gg - 061 (351) g] =

s 2\1/2

“647;_% /dQC S Mlgg — cdMlcc— ca(CS1) gl (3.12)
The prefactor comes from multiplying the 2-body phase spaice andc by a factor
of 1/2 from the optical theorem. The sum is over the helisifad the color indices
of the intermediate and¢. The first invariant matrix elementt on the right side
of Eq. (3I2) is the sum of the three Feynman diagramg fpr— c¢ in Fig.[3.I3.
The second invariant matrix elemeft on the right side of EqQ[{312) is the sum of
the five Feynman diagrams foe — 06(3S£1])g in Fig.[313. In the expression for
ImM zcut that comes directly from the optical theorem, the last factdeq. [3I2)

is the complex conjugate of the invariant matrix eIementcﬁQ?SP]) g — cé. The
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Figure 3.14: Feynman diagrams fof — J/v g.
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time reversal symmetry of QCD has been used to express thie &svariant matrix
element force — ce(351M) g.

We proceed to explain how we calculate the cross sectiorhfsiprocess. We use a
helicity basis for the polarization vectors of the gluond éimecc pair. The helicity
amplitudesM([gg — cé] and M[ce — ce1(351) g] are evaluated with MadOnia.
Squaring the amplitude in Eq.{3]12) and integrating ovettro-body phase space for
c6(35£1])+g, we obtain a 3-fold angular integral. Including the intdgmaover parton
momentum fractions, we have an 8-dimensional integraisteiculated numerically
using the adaptive integration program VEGAS! [85].

We now evaluate the charm-pair rescattering contributigdhe inclusive color-singlet
cross section forf /v production inpp collisions at the Tevatron. We compare our
results, which have no additional parameters, to those frardels for thes—channel
cut contributions proposed by Lansberg etlal.[129] 131¢ pérton cross section for
charm-pair rescattering in the color-singlet model degemly ona,, m., and the
NRQCD matrix eIemen(tO‘l]/“’ (351)). To compare our results with those of Lansberg
et al., we use parameters that are as close to theirs aslpoddiey used a large value
for the charm quark mass:. = 1.87 GeV. They did not specify the scalethat they
used for the running coupling constant(x), but we take both the factorization and
the renormalization scales to Rg4m?2 + PZ. They determined the normalization
factor in their vertex,, by fitting the partial width forJ/¢) — ete™. At leading
order ina,, the NRQCD factorization formula for the partial width f@fy — eTe™
is

8ma?

T[J/¢p — ete ] = mw{/“’@sm , (3.13)

C

where we have used the relati¢®.”’" (35,)) = 3(0, (*S1))./y between the stan-
dard NRQCD production and decay matrix elements$ [10]. sgtti. = 1.87 GeV
anda = 1/129.6, we determine the NRQCD matrix element to Qﬁéf/w(%‘l)) =
1.05 Ge\2. In Refs. [129[131], the momentum scale of the Gaussianrfacthe ver-
texI', was chosen to ba = 1.8 GeV. In Ref. [131], there were also two additional
parameters associated with the verigx. They were adjusted to fit the inclusive
cross sections for diredl/v production at transverse momenta up to 10 GeV that were
measured by the CDF Collaboration. Following Lansberg.etad set the center-of-
mass energy of the collidingandp to /s = 1.8 TeV and we use the MRST parton
distributions at leading ordelr [132]. We also impose a psenagidity cut|n| < 0.6

on theJ/v. In Fig.[3I5, our result for the charm-pair rescatteriggchannel cut)
contribution is compared to the results from Refs. [129] fiidl]. Our result is rea-
sonably close to that from Ref. [129] but much smaller that tom Ref. [131]. This
suggests that the model for the verigy, used in Ref.[[131] is unrealistic.
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Figure 3.15: Differential cross section for inclusivéy> production at the Tevatron
from charm-pair rescatteringchannel cut). The differential cross sectiéry dpr
integrated over the pseudorapidity interj#gdl < 0.6 and multiplied by the branching
fraction forJ/¢» — u*pu~ is shown as a function gfz. The solid line is our pre-
diction in the CSM atx? accuracy. The dashed and dotted lines are the predictions
calculated in the model of Lansberg, Cudell, and Kalinovskigef. [129] and in the
model of Lansberg and Haberzettl in R&f._[1L31], respeativel

We now proceed to assess the phenomenological importante aontribution of
the charm rescattering mechanism in the CSM. To this purpeseonsider the ex-
perimental data published by the CDF collaboration. In[E#3ve plot the prompt
differential cross section from_[1P6] multiplied by the @it fraction measured in
Ref. [115] and by the branching fraction[Byv — u™p~] = 0.0588. For a con-
sistent comparison with these data, we g8t= 1.96 TeV and apply a rapidity cut
ly| < 0.6. We setm. = 1.5 GeV, which is natural as it close to half the mass of the
J/v¢. We use the value of wave function at the origin derived frowa Buchmdiller
and Tye potentiel[31], i.e(OJw(g’SP])) = 1.16 GeV®. We also use a more recent
set of parton distribution$ [IR5]. We stick to the chojee= \/4m?2 + P3 for the
factorization and renormalization scales.

The resulting theoretical predictions are shown in Eig83Together with the charm
rescattering component (solid line), we plot the cologh differential cross sec-
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Figure 3.16: Color-singlet contributions to the diffefi@htross section for inclusive
J/4 production at the Tevatron compared to data from the CDFaboHation [126,
115]. The differential cross sectialr /dpr integrated over the rapidity interval| <
0.6 and multiplied by the branching fraction fdyy) — p* ™ is shown as a function
of pr. The curves are the predictions of the color-singlet motkla(dashed line),
through NLO (dotted line), and at NNLO from charm-pair ratedng (solid line).

tions at leading order (dashed line) and next-to-leadingiofdotted line) invs. The
charm recattering componentis a negligible contributiothe total color-singlet cross
section. It is interesting to note, though, that the assedidifferential cross section
shows a rather mild decreasef, so that it dominates the leading order color-singlet
distribution abovePr = 12 GeV (see Fig[Z316). Still the charm rescattering contri-
bution is subdominant in the wholeér range compared to the color-singlet yield at
NLO, and cannot be claimed to account for the dominant pathefcross section
measured by the CDF collaboration.
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3.3 J/v hadroproduction in association with a
charm-quark pair

As was discussed in Sectibn13.2, higher-order correctiong io the.J /v hadropro-
duction open new channels, i.e. parton-level configuratibiat do not necessarily
factorize over the Born-level topology. These contribngi@re relevant for the phe-
nomenology, as they can be kinematically enhanced at laagsvterse momentum.
At NLO in ag, one particular manifestation of such contributions ishi@ production
of a /v in association with a pair of charm quarks. In this procésscharm quarks
produced in addition to the€/+) are expected to evolve most of the time into charm
mesons. In order to identify the process experimentallg m@eds to reconstruct at
least one charm meson in addition to tig). As the associated production leads
to a distinct signature, it can be measured and comparedsighe predictions of
NRQCD. Hence, this more exclusive channel offers the oppdst to assess further
the relevance of the factorization procedure for charmmrpuoduction.

Associated production has been studie@d e~ collisions, as we discussed in Sec-
tion[Z. The measurements by Belle and BABAR collaboratienealed an excess of
events compared to the leading-order NRQCD predictiorggesting that the pertur-
bative expansion might not be well behaved, or that the aatefisable color-transfer
effect [50] might lead to an enhancement of the cross secfidre analog situation
in hadroproduction is not known, as there has been no expatahanalysis of as-
sociated production in hadronic collisions so far. We ariguéis section that such a
measurement would provide valuable information on the raeisims at work fot/ /+
production. In particular, this signature could be usedrtbp the importance of the
color-octet transitions. Along with thB; spectrum and the polarization, the direction
of flight of the charm mesons is also indicative of the traosifit work, as we shall
see in Sectiofz3.3.2, and therefore provides additionamhsles to disentangle the
various modes of production.

Distributions of events displayed within this section vii# calculated at leading or-
der in ay, using our Monte Carlo generator MadOnia. We first producepses of
unweighted events, and then make use of the plotting irterféadAnalysis to draw
the various distributions displayed below. One may fear ttiese leading-order pre-
dictions give an inaccurate description of the distribagiaf events, owing to the
potentially large higher-order corrections. As we havendaeSectio 3211 the Born
approximation for inclusive color-singlet production istrrelevant to describe the
way in which events populate the phase space, as the digtrilnf events is affected
by large radiative corrections. For the associated praaiucthough, the situation is
different. Already the leading-order computation preslittat short-distance produc-
tion takes place over distances of ordﬂ%. The amplitude at? is therefore expected
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to capture the important features in the distributions @fnts in a more accurate way
than in the case of the inclusive production. Still, one lalsetep in mind that large
corrections may arise from higher-order<n-corrections.

Associated production is a signature that could be studiehg the first stage of the
LHC. The muons originating from thé/«) decay can be used to trigger the events.
Reconstruction of the charm mesons could be achieved inaba#pion two-body

and three-body decay modes by fitting the invariant masslision of the possible
signatures, as has been done at the Tevatron in the caseinthirgive charm cross
section [[13B]. Considering the startup conditions, we agibume that the center-of-
mass energy of the proton-proton collisiond (sTeV. Most of the angular distribu-
tions presented in the following sections can be appliedsoeated/ /v production

in pp collisions at1.96 TeV, as the mechanisms at work are the same. Therefore, as
far as the Tevatron is concerned, we only present the exgpheaties.

3.3.1 Production rates

As for the case of inclusivé/« production, direct associated production is dominated
by gluon fusion at the LHC energy. We have checked that tHe-bigiark-initiated
process fotJ /¢ + ¢¢ production is suppressed by three orders of magnitude hausd t
this contribution is neglected in the following.

In the present analysis we consider the following condgion

e pp collisions at,/s = 10 TeV,
® g = (4mc)2 + P2,
e m.=1.5GeV,;

e pdf set: CTEQBMI[TZ5].

The scale defined in this section differs from the choice &stbjor inclusive pro-
duction. It is bounded from below bym., which is the minimal invariant mass in
the final state. The color-singlet matrix element is exeeddtom the wave function
related to the Buchmiiller and Tye potentfall[31] For the bcése, the long-distance
matrix elements must be fitted from experimental data. Hexeuge the values ex-
tracted at the Tevatron. As was first emphasizedih [65], tloet slistance coefficients
o(pp — cc (31?[]8]) + X) andé(pp — cc (1558]) + X) at ordera? lead to a similar
slope for the cross section differential -(.JJ/v) at middle-large transverse mo-
mentum. As a result, the predicted yield associated witkethieo transitions at the
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Table 3.1: Values of the long-distance matrix elementsidensd for the associated
production, inl0~2x Ge\2.
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Figure 3.17: Cross sections differential in the transvensenentum of the//+ (a)
for the processp — J/v + cc at the LHC, /s = 10 TeV, (b) for the process
pp — J/v + cc at the Tevatron,/s = 1.96 TeV.

Tevatron is only sensitive to the combination

(Os(*50)) 7 +/<?<O8(3£M, (3.14)

with the parametek close to3 abovePr > 5 GeV. Several fits have been performed
to extract the values of the color-octet LDMES[13]. Theuks are rather strongly
dependent on the assumptions of the fit. In this section, wigld¢o stick to the values
obtained in[[110]:

(Os(®Po)) g/

(Os(®*S1))7/p = 0391072 GeV?,  (Os('So))./p+k =6.610"2 GeV®

(3.15)

with & = 3.4. We note that these values are close to the recent result it th [134],
where the authors used the NLO computations of ordefor the short-distance cross

sectionsr (pp — c¢ (3S£8}) +X)ands(pp — ce (15([)8}) )+ X, and set the parameter
k in Eqg. (313) to zero.

Although the inclusive cross sections associated with riéuesttions! S([)g] and3P}8]
share the same properties for the spectrum in hadron collisions, some observables
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Figure 3.18: Comparison between the full color-singletd/ign red) and the partial
contribution from phase-space regions in which at leastalva@m quark is soft (in
green). The notatiom refers to the charm quark with the lowest transverse momen-
tum.

may have a different behavior for these transitions (thanation of theJ/v is an
example). For these observables, it is mandatory to assigedific value to each of
the two long distance matrix elements appearing in Eq.Jj3Hdre we will make the
arbitrary assumption

<O8(1S0)>J/w = m- (3.16)

The resulting values of the various LDME's are summarizetable[3.311.

In Fig.[3IT we show thér distributions for both the singlet and the octet channels,
without any restriction on the pseudo-rapidity range. Famparison, we also plot
the analogous distributions expected at the Tevatron. lcolor-singlet case, we
note that thePr distribution peaks aPr ~ m. and then it starts a quick decrease,
dropping by two orders of magnitude Bf ~ 15 GeV. We verified that the topologies
in which the.J/¢ is produced by two different quark lines always dominateisTh
behaviour is similar to/ /1) production at*e™ colliders, where the presence of two
extra charm mesons seems to result in fé being created most often from two
different quark lines as well. We also checked that contigms in which at least one
charm quark is soft are subdominant at lafe as illustrated in Fig[=3:18. Such



3.3..J /4 hadroproduction in association with a charm-quark pair 87

J/p g J/p

Q

(a) (b) (©)

Figure 3.19: Typical Feynman diagrams for the associatedyztion procesgg —
ceJ/ via (a) a color-singletS; transition, (b) a color-octetS; transition, (c) a
color-octet! Sy or 2 P; transition.

contributions have been partially considered through tihaysof the c-quark-initiated
process:g — cJ/¢. Indeed, in this process, the initial charm quark origisdtem
the splitting of a gluon into a pair of charm quarks collinéarthe beam. One of
the quarks interacts with a gluon to produce the); the other quark is lost in the
beam pipe. The comparison displayed in HIg—_B.18 shows kieayield associated
with these contributions drops faster i than the total yield. This is expected,
since the presence of the two propagators indtogiark-initiated process disfavors
this mechanism at largér, compared to fragmentation contributions.

In contrast to the situation ia™ e~ collisions [110], in associated/+) hadroproduc-
tion the color-octet transitions play an important role thdlugh negligible at small
Pr, the3S£8] transition starts to compete with the color-singlet traosiat Pr ~ 12
GeV, and dominates the associated production at largeevaifithe.J/« transverse
momentum. Thé’SF] cross section, integrated over the whéle range, remains
small compared to the color-singlet one. The preponderahttm‘q’sgg] transition at
large Pr is due to the kinematically-enhanced channel

99— ceg*,  g* — cc (PSP, (3.17)

where theJ/v is produced via the fragmentation of a nearly on-shell gl(sae di-
agram (b) of Fig[Z37119). In this fragmentation topology, fzetonic subprocess be-
haves asjj—%. The fragmentation of a gluon inta& ) is not allowed in the case of the
order«? color-singlet production, which is therefore sub-domiretriarge transverse
momentum. The color-singlet fragmentation of a charm-kjirso a J/v (see dia-
gram (a) of Fig[Z319) also behavesﬁg. However, in this case, the invariant mass of
the products of the fragmentation is larger than in the caigeayluon fragmentation.
Charm-quark fragmentation is therefore expected to benkatieally suppressed at
large Pr compared to gluon fragmentation, as it is confirmed by®hespectrum in

Fig.[31T.
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Figure 3.20: Cross sections differential in the pseudadigpof the .J/v (a) for the
proces®p — J/v +cc atthe LHC,\/s = 10 TeV, (b) for the procesgp — J/v +c¢
at the Tevatrony/s = 1.96 TeV.

The color-octet Sy and?P; transitions have the sani&- shape as the color-singlet
production, indicating that the cross section differdnitia Pr is an observable of
limited power to disentangle the transitions at work. Weehelecked that the total
cross sectionﬁ(cécé(ls([f})) and J(CECE(BP‘BS])) are dominated by topologies with
gluon exchange in the t-channel, as is illustrated in Ei@d3diagram (c). The ratio
of the corresponding differential cross sections showsralasi behavior to that in
the case of the inclusive productidn [65]: it decreaseshsliigin Pr to reach the
asymptotic valuex 3.

The pseudo-rapidity distributions resulting from the was transitions are shown in
Fig.[320 for the cuPr(J/¢) > 1 GeV. For comparison, we also plot the analogous
distributions expected at the Tevatron. The yellow line lo&it axis indicates the
solid angle covered by the LHCb experiment, whereas the tigarcorresponds to
the region in which the muons are reconstructed in the CMSAFiAA\S detectors.
We do not quote the exact rate of events in the two experimasti is very much
dependent on the acceptance cut and the reconstructiaritiahgo

As is mentioned in Sectidn3.2,/¢) events can originate from the decay of higher-
energy resonances. This contribution has not been takdreipredictions made so
far, and so we come back to this point now. The non-promptitracan be disentan-
gled experimentally by making use of a vertex separatideroin, so that we do not
need to bother ourselves with this contribution. The palitsilto identify the feed-
down fromy, states has been investigated by the ATLAS collaboratioménciase
of the inclusive production, but this analysis is ratherigatte. For this reason, we
briefly comment on this contribution for the case of assedigiroduction. Among
the charmoniumP-wave states, only thg.; and they.. have a large probability to
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decay into the/ /¢ through anE1 transition:
Br(xer — J/vy) =36%, Br(xe — J/vy) =20%. (3.18)

We first consider the color-singlet contribution, with tbad-distance matrix element
derived from the Buchmuller-Tye potential31]:

(01(CP1))xe, = (2J + 1) x 0.1074 GeV. (3.19)

We have checked that the, spectrum forpp — x.scc has a similar shape as the
color-singlet yieldpp — J/¢ + cc aboved GeV, but is suppressed by a facterl.7
for the case/ = 1 and a factor= 2.5 for the case/ = 2. Taking into account the
branching ratios in EqLT3.18), feed-down from color-séngl. states is about 30%

of the direct color-singlet contribution at middle-largfe. At leading order inv, x.
states can also be produced viéﬁgl intermediate state. In first approximation, the
related feed-down contributes through a rescaling of tleetspm associated with the
direct yield via thé"S?] transition by a factor

(Os (3S1)>Xc.l R
210,50y, 2O 7 ) (3.20)

3.3.2 Identifying the transitions at work

As we mentioned in the previous section, the measuremehed?t spectrum of the
J/v in the procesgp — cc.J/v would not provide enough information to identify
unambiguously the transition at work. Other observabléth distinct behaviors for
the different transitions, are required to test the unassof the LDME's.

One such observable is the angular distribution of the mumrexjuivalently the polar-
ization of theJ/v. Here we consider the polarization paramefeasdv (see section
Z2) for the helicity spin quantization axis. As we can se€im[321, these param-
eters reveal different features for the various transtioivhereas thd /) produced
via a color-singlet transition is unpolarized indepenfenitthe value of its transverse
momentum, the transverse polarization state dominatesolbe-octet®S; transition
abovePr = 5 GeV. This feature is to be related to the polarization switte thea?
inclusive color-octet//) production, which is also rapidly dominated by gluon frag-
mentation at largeé’r. J/+’s produced via a color-octétP; transition are strongly
polarized at lowPr, as it can be seen by examining the azimuthal distributichef
muons with respect to thé/«) momentum (controlled by the parameter). A more
clever orientation of the spin-quantization axis could Beduto maximize the polar
asymmetry —see e.g. the analysisin [135] for the includix¢ production— which
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Figure 3.21: Polarization parameters bty hadroproduction in association with a
charm quark pair, as a function of the transverse momentutimeof/+) (a), and the
pseudo-rapidity of thg'/« (b).

would lead to the measurement only of thgparameter, but we do not perform this
analysis here. We do not display the expected values of ttagipation parameters
for the color-octet S, transition, as in this case the distribution of the muonsn t
J /v rest frame is trivially uniform.

The presence of charm mesons in the final state also offeiporamity to define new

observables that help us in identifying the relative imance of the different transi-
tions. The measurement of the transverse momentum of ch&soms is in general
a delicate operation, especially if they are reconstruittezligh leptonic decay chan-
nels. The direction of flight of the charm mesons is often mesbwith a much better
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do/dng, (nb)
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P(J/)>1 GeV
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Figure 3.22: Pseudo-rapidity distributions of the charrarja produced in associa-
tion with aJ/+ in the LHCb acceptance region.
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accuracy. For this reason, we will stick to observables thatbe constructed from
only the polar and azimuthal angles of the charm mesons. Werasthat the direc-
tion of the charm meson and the direction of the charm quark fivhich it originates
are the same. Energies of charm quarks are integrated aberfiollowing prediction,
but we order the two charm quarksiy: we denote by “c1” the charm quark with the
higher transverse momentum and by “c2” the charm quark mighidwer transverse
momentum. We also consider two different regions of the plsasace:

o the low Pr and forward region (called region | below)
Pr(J/i > 1GeV), 1.6<n(J/y) <53 (3.21)
which is relevant for the LHCb detector,
e the highPr and central region (called region Il below )
Pr(J/¢ >10GeV), |n(J/¢)| < 2.4 (3.22)

which is relevant for the ATLAS and CMS detectors.

We start with the region I. In Fig—3.P2 we plot the pseudadiypdistributions of the
charm quarks in the region of LHCb acceptance. The vari@rsitions have been
rescaled. As expected, tﬁé”gg] transition is subdominant. The yield associated with
thelst[f] and3P}8] transitions shows the same linear decrease in pseudatyapitd
so the pseudo-rapidity distributions do not resolve themesttions separately. The
sum of their contributions competes with the color-singletd, for which the charm-
quark distribution in pseudo-rapidity has a different shayyhether this difference is
sufficient to measure the relative weight between the siragilé octet contributions is
not clear, as it depends on the resolution in the angles géttenstructed mesons and
on the way in which the distributions for charm quarks digpthin Fig.[32P deviate
from those for charm mesons.

We now turn to region Il. We show the angular separatlon = /A¢2 + An? be-
tween theJ/¢) and the charm quarks in Fi§._3]23. As expected, the hardestnch
quark is emitted in the opposite direction from tlig). We note that the decrease
aboveAp ~ 3 is different for the singlet and octet contributions. Moigngficantly,
the mean angular separation betweenffi¢ and the softest charm quark is substan-
tially lower in the case of the color-singlet transition,igasllustrated in the second
distribution of Fig.[3.2B. Also, the angular separationietn the two charm quarks
in the case of the singlet transition is marginally differélom the distribution as-
sociated with the other transitions. We may obtain an iviiéxplanation of these
features by looking at the topologies in Hig.—3.19. In theeaafshe color-singlet tran-
sition, neither the gluon fragmentation channel (diagramdy the t-channel gluon
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Figure 3.23: Ay distributions for the associated production procégg + cc in
hadron collisions at large transverse momentum.
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exchange (diagram c) contribute. Since in these topolobah quarks are expected
to be emitted in the recoil direction of th&/ 1, this explains the trends of the angular
distributions of the charm quarks.
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3.4 J/4 photoproduction

We now move on toJ/¢ photoproduction at HERA, which has been measured by
both the ZEUS and the H1 collaboratiohs [1136,1137].

3.4.1 Tree-level mechanisms

The relevant kinematic variables fdy 1) photoproduction are the energy of the photon-
proton system{’) and the fraction of the photon energy carried by e in the
proton rest frame),

p’(/)'pp
W =4/ + 2 == 3.23
(p'y pp) PPy ( )

as well as the transverse momentum of the) (Pr). Near the end-point region
z = 1, Pr =~ 0 GeV, J/¢ production is enhanced by diffractive contributions char-
acterized by the exchange of colorless states. These lootidiis cannot be correctly
accounted for by the NRQCD factorization scheme, and hdreerhust be excluded
from experimental measurements in order to make a meanicmfiparison with pre-
dictions from perturbative QCD. As the diffractive prodoctleads to a steeper slope
for the Pr spectrum of theJ/4, the cutPr > 1 GeV eliminates most of the diffrac-
tive events. Whether this cut is enough to select a clean Isapfijinelastic events is
still a subject of experimental investigatibn[138].

Already at tree-level//+ production from the photon-proton interaction can proceed
through different mechanisms. These mechanisms cordribwtifferent phase-space
regions, as we review here. We set = 1.5 GeV and choosg, = uy = 2mec.

For the long-distance matrix elements, we use the sames/akim Sectioh 31 3. For
each initiated parton state, we also give the integratesscsectiow (Pr > 1 GeV).
However one should keep in mind that NRQCD factorizatioeliikholds only for

Pr > mg. So the use of NRQCD factorization probably cannot be jestifor the
computation of these total cross sections, which are daetiay the lowPr region.

In thedirect mechanisms, the photon interacts directly with a partogiioating from

the proton over distances of ordgt or less. At leading order im —the relative
velocity in the J/4)— the charm-quark pair has to reach a color-singlet state ove
short distances, which requires two gluons to connect taenctguark line, in addi-
tion to the photon. The corresponding mechanism is depictétg.[323, (a). At
orderaa?, there are six Feynman diagrams, related by the permutefitire gauge
bosons. This born-level contribution to the color-singtansition is finite over the
whole .J /v phase-space, and leads to a rather flat distribution in giiseg Fig[3.25,
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Figure 3.24: Tree-level contribution t&/¢) photoproduction.

(a)). At relative-ordew?, J /1 production can proceed through an intermediate state
15([)8] or 3P}8]. Each of these states can be reached by attaching a gluonpdradan
to the charm-quark line. This leads to an order; contribution to the production of
aJ/« at zero transverse momentum. Away frétp = 0, the production involves the
emission of a gluon, which balances the transverse momeoittine /. A typical
Feynman diagram for thisa? contribution is illustrated in Fig—3:24 (b). Since this is
a higher-order contribution, the associated tree-levelmatation develops an infrared
singularity when the transverse momentum of the final glumesdo zero. Experimen-
tally, the low-Pr region is cut off in order to get rid of the diffractive corutions.

If we apply the same cut in the prediction, then the phaseesjpdegration leads to a
finite contribution. The: distribution for Py > 1 GeV is displayed in Fid—3.25, (b).
The peak at = 1 clearly signals that the perturbation expansion breakshdand
that resummation of soft gluon emission is requited[139].

The production can also proceeds via an intermediate %%ﬂe Such a state can be
reached in the diagram displayed in FIg._3.24 (a), whichdead distribution that is
suppressed by the ratio of the long distance matrix elenféhts, (3S£8}) /{0y (35@) ).
Another possibility comes from the interaction of the photath a light quark origi-
nating from the proton. This quark-initiated fragmentatémntribution is only com-
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transitioninitial state| vg  ~u v ~vd vd
P8 207 142 4.6 122 77
1618 369 24 08 21 1.3
3g8l 0.1 0.1 0.006 0.003 0.003

Table 3.2: Total cross sectier{Pr > 1 GeV) in nb for the direct color-octet compo-
nents.d stands for a down or strange qualk. is set to100 GeV.

1000 W, =100 GeV

Pl g)>1 GeV

100

T TT Tt L LR TTTYY
.......

(SN
o

do /dz (nb)

Figure 3.25: Tree-level contributions to the cross sedtiiffierential in z: (a) color-
singlet direct, (b) color-octet direct, (c) color-singlesolved, (d) color-octet resolved,
(e) direct color-singlet associated production.

petitive at high transverse momentum. The direct coloetoobntributions are sum-
marized in Tabl€3]2.

So far, we have only considered thiigect processes, in which the photon directly con-
nects to a parton with a large virtuality. Alternativelyetphoton can fragmentinto a
pair of on-shell collinear light quarks, one of them intenag with the proton. The
splitting v(p) — ¢(xp) cannot be described perturbatively and requires the canvol
tion with a non-pertubative distributiofy /-, (z, Q) [140]. As the collinear quarks orig-
inating from the photon have a certain probability to hadretinto a vector-like light
hadron, which is a source of gluons, one also introducesigtgtulition f, . (z, Q)
which corresponds to the splittingp) — g(zp). These mechanisms are classified
asresolved-photorontributions, and lead to other processed 6f production. At
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transition initial partons| qg a9 99 99 94 qq qq
5p8 643 643 63 09 02 008 008
1618 12.0 120 1.17 0.8 0.04 0.008 0.008
358l 175 175 08 02 004 03 0.3

Table 3.3: Total cross section(Pr > 1 GeV) in nb for the resolved color-octet
componentsyg stands for a light quark, d or s. W is set t0100 GeV.

leading order inn,, color-singlet resolved production is initiated by two ghs, as
displayed in Figi-3:24, (c). For color-octet productiorg thsolved component opens
several new contributions, initiated by quarks or gluonse @nportant new channel
is color-octet gluon fragmentatiop,— cc (3S£8]), which is displayed in Fid_3.24,
(d).

Resolved contributions are relevant only in the lewegion, as the fragmentation
of a photon into an energetic parton is very rare. As can be se€ig.[325, the
resolved color-singlet contribution is negligible for> 0.2. The resolved color-octet
component gives a more substantial contribution, but iribeless significant only
forz < 0.4.

Inelastic contributions to//¢) production also include the feed-down from excited
charmonium states, which we do not take into account hered-Bewn from the

¥ (2S5) is seen to lead to &5% increase in theJ/v¢ cross section[[136], whereas
contributions from the. states are expected to be smalteri(%).

3.4.2 Color-singlet observables at Next-to-Leading Order
in ag

The cross sectioa(yp — J/¢ + X) in the color-singlet model has been computed in
[L47] at NLO accuracy invg. We reproduced this computation by using the method
and the results presented(in[91] for the hadro-productise cwhich also allows us to
keep track of thel /v polarization through the angular correlations of the> decay
products,J/¢ — ¢T¢~. We have compared the results of the two calculations for
several inclusive observables, finding very good agreement

The ZEUS collaboration has published a measurement of ffexalitial cross sec-
tions for.J/«¢ photoproduction produced from electron-proton collisionith £, =
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pr\py | 050 po 240
210 8.07 9.67 10.6
Lo 945 10.2 10.3

0.5u0 | 10.6 8.28 5.96

Table 3.4: Scale dependence of the total cross seeti®r > 1GeV) (expressed in
nb). W is set tol00 GeV. Other input parameters are explained in the text.
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Figure 3.26: Differential cross sections with respec’$o(a) and toz (b), compared
with the ZEUS data [136].

820 GeV andFE. = 27.5 GeV [136]. In their analysis, they consider the range
50 GeV < W < 180 GeV, and convert electro-production cross sections intuigh
production cross sections by dividing by the photon fluxgné¢ed in this range. This

is estimated within the Weizsacker-Williams approximatiosingQ™** = 1 GeV,
they obtainFynoton = 0.0987. For a consistent comparison with this measurement,
our~y — p cross sections are convoluted with the photon flux, usingbzsacker-
Williams approximation, and then divided by the integréitas quoted above.

In our photoproduction analysis, we f©;,,(*51[1])) = 1.16 GeV® and we use
the CTEQ6M pdf set[125]. As the experimenta} is not really large, we prefer to
use a fixed scale. In order to estimate the scale uncertaietgetyy = 4m. with

m. = 1.5 GeV, and then vary the factorization and renormalizati@aeschetwee#y
and2y under the conditio.5 < % < 2. We note that this range covers the more
physical choicg:, ; = \/4m2 + PZ%. The scale dependence of the total cross section
o(Pr > 1GeV) is displayed in TablEZ34. In our prediction for the diffetiahcross
sections, we also vary the charm-quark mass in the range 1.6 GeV. Scale and
mass uncertainties are combined in quadrature. The negulistributions inPr and

z are displayed in Fid_3.P6.

For comparison, we also plot the color-singlet predictibteading order inxg, for
which we use the CTEQ6L1 pdf set. As can be seen fronfEigl 126, corrections
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increase the differential cross section in the higghregion, where the yield is dom-
inated by the new channels that open up at order Nevertheless, the color-singlet
yield at NLO clearly undershoots the ZEUS data. The plotsgnEZ® differ from the
comparison presented in_[136], where rather extreme vdbargbe renormalization
scale were used that have the effect of artificially incregtiie normalization. We do
not display here the comparison with thg andz distributions measured by the H1
collaboration[[13[7] since it shares the same features.

We now turn to the polarization. Experimentally, the paation of theJ/v's can be
determined by analyzing the angular distribution of thedep originating from the
decay of the//+. As we have seen in SectibnP.2, it is convenient to decomghise
angular distribution in terms of the polar and azimuthallesg¢ and¢ in the J/« rest
frame:

d
inly o 14 Ay)cos® 0 + p(y)sin 20 cos ¢
+@ sin? 6 cos 2¢ (3.24)

wherey stands for a certain (set of) variable(s) (eitl#&r or = in the following). If
the polar axis coincides with the spin quantization axis,garameters, u, v can be
related to the spin density matrix elements (see SeEiign 2.2

The spin information that we extract in this way depends enctiwice of the quanti-
zation axis. Here, we decide to work in the target frage-(— \ZEI) as this frame has
been chosen in the recent analysis performed by the ZEU&baoktion.

As we have mentioned above, in our NLO computationtfi¢ decays into leptons, in
order to extrach (resp.v), we have integrated the cross sections @véesp.f) and
extracted the polarization parameters by fitting the resgttistributions. In so doing,
we have used the same cuts as those considered by the ZEHdISoration: £, = 920
GeV,E, =275GeV,Pr >1GeV,z > 0.4and 50GeV < W < 180 GeV. Notice
that the cutz < 0.9 previously considered for the differential cross sectioas been
relaxed here. The measurement of the polarization vePsus therefore subject to a
larger contamination from diffractive contributions.

The NLO predictions of the polarization parameters assediaith color-singlet pro-
duction are displayed in Fif_3]27, together with the LO r&ohs and the recent
ZEUS measurements [142]. The band comes from the uncéetedsociated with
the choice of the scales —varied betwegnand2.,— which appeared to be much
larger then the mass uncertainty. For some specific valuéseoscales (namely

ur = 0.5), the A andv parameters appear to be unphysical in some bins. This is
due to the fact that, under certain conditions for the scalescalculation leads to a
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Figure 3.27: Polarization parameters for color-singletoiction at leading order and
next-to-leading order in.g, compared with the ZEUS measuremé&ni]142].

negative value for the diagonal components of the spin demgitrix atPr ~ 1 GeV,
and hence cannot be trusted anymore in this region.

QCD corrections to color-singlet production have a strangact on the polarization
prediction. The most spectacular effect comes from the\iehaf the A parameter at
large transverse momentum, for which the prediction isetastable under the varia-
tion of the scales. Atleading orderdry, the color-singlet transition gives a transverse
polarization for the//« at largePr. Including QCD corrections, we see that thpa-
rameter decreases rapidly and has a large negative value Bpc= 4 — 5 GeV. This
situation is similar to what happens in hadro-productiomere theJ/« produced via

a color-singlet transition is longitudinal at large traesse momentum. Such a correc-
tion for the\ parameter at moderate and high, as well as the decreasezats 0.8,

is not supported by the data from the ZEUS collaborationgesting the presence of
other mechanisms fof/v production. In the low region, the scale uncertainty is too
large to draw any conclusion. QCD corrections to color-&hgroduction also affect
the value of thes parameter, which goes closer to the experimental data ipadson
with the prediction at leading order.

Discussion

For several years, it has been believed that the coloretinghtribution alone explains
measurements of/+ photoproduction cross sections. However, as we have shown i
the previous section, even when we take into account the-argleorrections, color-
singlet production alone does not describe all featureketiita collected at HERA.
With a natural choice for the renormalization scale, theljpted rate is smaller than
the data, even though the shapes of the differential digtabs are well described.
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Figure 3.28: Distribution of the polarization parameteansdolor-singlet production
at leading order and next-to-leading orderdp, as a function of for the regions
Pr > 2 GeVandPr > 3 GeVW.

Moreover, the recent measurement of @ polarization by the ZEUS collaboration
as a function of the’r shows a very different trend than the theoretical predistio
As we have already stressed, the NLO prediction of the matdn parameters is
not well behaved in the regioRr ~ 1 GeV, as some of the diagonal entries of the
spin density matrix become negative in this region. As issillated in Fig[Z3.28, the
scale uncertainty is substantially reduced by imposing eerstringent cutPr > 2
GeV or evenPr > 3. The corresponding ZEUS data points for theparameter are
systematically higher than the color-singlet predictitire discrepancy being of the
order of oner.

New channels appearing at NNLOdry; (including fragmentation processes) may in-
crease the differential cross section, as we have pointeéhdbe hadroproduction
case. Although the kinematics differ in photoproductiomchs contributions could
give an enhancement at large transverse momenkgm=(5 GeV). However, no reli-
able estimate of NNLO contributions in tti&- region accessible at HERA is presently
available.

The current discrepancies could possibly be solved by imgpkolor-octet transi-
tions, i.e. contributions from the intermediate stat&§’ and3P}8]. Unfortunately,
any phenomenological analysis of the impact of these darttdns on differential
cross sections and polarization observables is limitedbyotnission of higher-order
corrections that are currently unknown. A complefecomputation, particularly for
the prediction of the polarization of th&/ ) produced via &—wave color-octet state,
would be welcome in order to shed further light on the medrasiat work in photo-
production.
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Conclusion

In this thesis, we have presented several new results fakgoi@m production in
eTe™ annihilation at B-factories, in hadron collisions at thevdieon and the LHC
colliders, and in photoproduction at HERA. They can be sdtarally summarized
as follows:

e We have analysed the relativistic correction/tt) production through a color-
singlet transition ire e~ annihilation. After having cross-checked the compu-
tation of thev? correction to the exclusive production proce$s~ — J/1+1..
we have presented an original result for the compléteorrection toete™ —

J/¥ + c¢, including the relativistic expansion of the phase-spacel found
that the overal correction is small. We also showed thakeotions to the wave
function of higher order in are small, and can be safely neglected. We argued
that analogous corrections tde~ — J/1gg are also small. The inclusive
color-singlet//+ yield in ete~ annihilation is therefore largely dominated by
the leading term in the expansion.

e We have combined our results for the real polarized quatkoramplitudes
with the external computation of the one-loop amplitudejipr— cE(3S£1] )+g
orgy — cé(35£1]) + ¢ [@1], to derive at NLO accuracy the polarization of the
J/4 produced via a color-singlet transition in photon-protod hadron-hadron
collisions. In the later case, we also gave the correspgndisults for thel.
We showed that radiative corrections change dramatidadiytediction for the
polarization.

e Starting from previous observations that new importandtogies for the color-
singlet hadroproduction of spin-triplet S-wave stateseadt orden> —such
as the gluon fragmentation channel or the t-channel gluchange, which is
approximated in thé, factorization approach—, we estimated the impact of the

103



104 Chapter 3. Quarkonium phenomenology

channelgp — QQ(3S£”) + 3 light partons. In the case of tHg, we argued
that such channels can fill the gap between the color-sigglkt and the data
collected by the CDF collaboration.

e We have presented the computation of thes-channel cut contributions to
inclusive J/v¢ hadroproduction via a color-singlet transition. Whereesp
ous phenomenological models1P9,1131] have a number opfresameters and
hence suffer from a large theoretical uncertainties, socitributions arise nat-
urally at order? in the framework of NRQCD, without the introduction of any
additional parameter.

e We have studied the hadroproduction off &) in association with a charm-
quark pair. We have presented several observables thatassel to scrutinize
the factorization principle of NRQCD, which is expected tedk down for this
signature at NNLO[[50, 51].

Beside these specific calculations, we have presented avédtive approach in quarko-
nium production by suggesting to extend the set of obseegadhalysed so far. In
particular, one can gain some insights on the mechanismserkt by analysing not
only the distribution of events with respect to the quarkiomienergy or direction,
but also the kinematics of the other particles in the evenitss direction opens the
door to many new and potentially interesting analyses thabe stimulated by Monte
Carlo techniques. With this in mind, we have presented akquiéum Monte Carlo
generator, aimed at producing parton-level events in th®@R framework, for any
phenomenologically relevant transition, at tree-levéle Tode can be interfaced with
a program that takes care of the parton showering and theniadtiorﬂ. The hadron-
level events can then be passed though an experiment-daperde for the simula-
tion of the detector. This automated generation of event® tipe detector level can
be used to simulate experimental analyses aimed at inaéistighe phenomenologi-
cal pertinence of new theoretical ideas. Let us recall a fearésting features of the
tool:

o we keep track of all spin correlation effects (see Seclioh21Z2),

e we keep track of the heavy-quark mass effects, and hencertak@ccount
potentially large corrections that are ignored in the fragtation approximation
(see Section 21 3),

e our algorithm is general enough to handle the productioofnesons (see

SectioZTH),

e quarkonium production beyond the standard model can seldiimplemented.

2|n our code we set up the interface with Pythia.
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The events can be generated via a user-friendly web ineeréacessible to all users,
that parallelizes the jobs and run them on a cluster.

In the near future, we plan to extend the interface betweemadrix-element based
generator and a given parton shower algorithm to describeualti-jet configura-
tions at leading order. This approach has already beenajmetifor other processes
by making use of thenatchingproceedure [143, 144, 145, 146]: hard radiations are
described by the matrix element, whereas soft radiatiomganerated by the parton-
shower generator in such a way as to avoid the double couatiagyiven configu-
ration. The predictions derived from this method are foumbte in agreement with
the datal[14i7]. The matching procedure appears to be plariguelevant for inclu-
sive hadroproduction of thé/« or the T via the color-singlet transition, given the
importance of higher jet multiplicities (see Sectlon 3)2 Burther studies in this di-
rection could improve the prediction for inclusivg« or T production and decrease
the theoretical uncertainties.
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