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Abstract

A proper inclusion of heavy quark mass effects in PartonriDistion
Function fits has proved crucial. We present a review thdsetsfin
DIS and their impact on global analyses and lay out all elemeh
a properly defined general mass variable flavor number scliéide
VFNS) that are shared by all modern formulations of the moblWe
also report about progress in a number of theoretical pnoblelated
to exclusive measurements of heavy flavors. These topitgladrag-
mentation functions for charmed mesons including finitegredfects,
fragmentation functions including non-perturbative ections based
on an effective QCD coupling, a discussion of the status ghdt-
order calculations for top quark production and for pokedistructure
functions, heavy quark and quarkonium production in thegedinit,
double heavy baryon production, tests of time reversal dadyinme-
try in A, decays, as well as a study of the general properties of neassiv



exotic hadrons that will be relevant for an understandintheir detec-
tion at the LHC.

Coordinators: M. Cacciari and H. Spiesberger

1 PQCD Formulations with Heavy Quark Masses and Global Analgis
Authors: R.S. Thorne and W.K. Tung

1.1 Introduction

The proper treatment of heavy flavours in global QCD analgkjzarton distribution functions
(PDFs) is essential for precision measurements at haditiders. Recent studies [1-5] show
that the standard-candle cross sectiong¥9Z production at the LHC are sensitive to detailed
features of PDFs that depend on heavy quark mass effectgeatain standard model as well
as beyond standard model processes depend crucially @n ketiwledge of the-quark parton
density, in addition to the light parton flavors. These stgdilso make it clear that the consistent
treatment of heavy flavours in perturbative QCD (PQCD) negjtheoretical considerations that
go beyond the familiar textbook parton picture based on lessgjuarks and gluons. There are
various choices, explicit and implicit, which need to be madvarious stages of a proper calcu-
lation in generalised PQCD including heavy quark mass tffdn the global analysis of PDFs,
these choices can affect the resulting parton distribatioBonsistent choices are imperative;
mistakes may result in differences that are similar to, enegreater than, the quoted uncertain-
ties due to other sources (such as the propagation of inpetiexental errors). In this report, we
will provide a brief, but full, review of issues related taettreatment of heavy quark masses in
PQCD, embodied in the general mass variable flavor scheme\(ENB).

In Sec. 1.2, we describe the basic features of the modern PiQ@ialism incorporating
heavy quark masses. In Sec. 1.3, we first delineate the confimatures of GM VFENS, then
identify the different (but self-consistent) choices thave been made in recent global analysis
work, and compare their results. For readers interestedaictipal issues relating to the use (or
choice) of PDFs in various physics applications, we presesgries of comments in Sec. 1.4
intended as guidelines. In Sec. 1.5, we discuss the passitilintrinsic heavy flavors.

We note that, this review on GM VFNS and global analysis isimi@nded to address the
specific issues pertinent to heavy flavor production (esigdhe final state distributions). For
this particular process, somewhat different considematimay favor the adoption of appropriate
fixed flavor number schemes (FFNS). We shall not go into detdikhese considerations; but
will mention the FFNS along the way, since the GM VFNS is baiita series of FFNS’s. We
will comment on this intimate relationship whenever appiaie.

1.2 General Considerations on PQCD with Heavy Flavor Quarks

The quark-parton picture is based on the factorizationrra@f PQCD. The conventional proof
of the factorization theorem proceeds from the zero-masi for all the partons—a good ap-
proximation at energy scales (generically designate@pfar above all quark mass thresholds



(designated byn;). This clearly does not hold whep/m; is of order 1! It has been recognised
since the mid-1980's that a consistent treatment of heaaykgun PQCD over the full energy
range from@ < m,; to @ > m,; can be formulated [6]. In 1998, Collins gave a general proof
of the factorization theorem (order-by-order to all ordefrperturbation theory) that is valid for
non-zero quark masses [7]. The resulting general theatdtemmework is conceptually simple:

it represents a straightforward generalisation of the entiwnal zero-mass (ZM) modified min-
imal subtraction ¥IS) formalism and it contains the conventional approachepesial cases in
their respective regions of applicability; thus, it proesda good basis for our discussions.

The implementation of any PQCD calculation on physical €m®ections requires atten-
tion to a number of details, both kinematical and dynamitelt can affect both the reliability of
the predictions. Physical considerations are importaenture that the right choices are made
between perturbatively equivalent alternatives that ntaggce noticeable differences in practi-
cal applications. It is important to make these considenatiexplicit, in order to make sense of
the comparison between different calculations in theditene. This is what we shall do in this
section. In subsequent sections, we shall point out therdift choices that have been made in
recent global analysis efforts.

Heavy quark physics at HERA involve mostly charm) &énd bottom &) production; at
LHC, top ) production, in addition, is of interest. For simplicityeveften focus the discussion
of the theoretical issues on the production of a single hemark flavor, which we shall denote
generically asH, with massmy. The considerations apply to all three casds= ¢, b, & t.
For global analysis, the most important process that regugrecision calculation is DIS; hence,
for physical predictions, we will explicitly discuss thddbinclusive and semi-inclusive structure
functions, generically referred to @\(z, Q), where\ represents either the conventional label
(1,2, 3) or the alternativeT®, L, 3) whereT'/ L stands for transverse/longitudinal respectively.

1.2.1 The Factorization Formula

The PQCD factorization theorem for the DIS structure furwdihas the general form
PYALE Z/ Eaewa (2L aw).  ®
§ pnop

Here, the summation is over the active parton flavor labgF (z, 1) are the parton distributions
at the factorization scale, C,i are the Wilson coefficients (or hard-scattering amplitiitiest can

be calculated order-by-order in perturbation theory. Theer limit of the convolution integray

is determined by final-state phase-space constraintseiadhventional ZM parton formalism it
is simplyz = Q?/2q - p—the Bjorkenz—but this is no longer true when heavy flavor particles
are produced in the final state, cf. Sec. 1.2.4 below. Themnea@ation and factorization scales
are jointly represented hy. in most applications, it is convenient to chogse- @); but there are
circumstances in which a different choice becomes useful.

1Heavy quarks, by definition, have; > Agcp. Hence we always assundg, m; > Agcp. In practice,
i=cb,t.



1.2.2 Partons and Schemes for General Mass PQCD

In PQCD, the summatiol , over “parton flavor” labek in the factorization formula, Eq. (1), is
determined by théactorization schemehosen talefinethe Parton Distributiongy, (z, 11).

If mass effects of a heavy quaf are to be taken into account, the simplest scheme to
adopt is thdixed flavor number schenfEFNS) in which all quark flavors below are treated
as zero-mass and one sums ovet g, u, @, d,d, ... up ton flavors oflight (massless) quarks.
The mass off, my, appears explicitly in the Wilson coefficien{S],?}, as indicated in Eq. 1.
For H = {c,b,t}, ny = {3,4,5} respectively. Historically, higher-orde©(a?%)) calculations
of the heavy quark production [8] were all done first in the IF-NThese calculations provide
much improved results when(Q) is of the order ofny (both above and below), over those of
the conventional ZM ones (corresponding to settimg = 0).

Unfortunately, at any finite order in perturbative calcigaf then ;-FFNS results become
increasingly unreliable a§ becomes large compared oy the Wilson coefficients contain
logarithmic terms of the form”” In™(Q /m ), wherem = 1...n, at ordem of the perturbative
expansion, implying they are not infrared safe—higher ptelens do not diminish in size com-
pared to lower order ones—the perturbative expansion eaiytbreaks down. Thus, even if all
n¢-flavor FENS are mathematically equivalent, in practice, 3iflavor scheme yields the most
reliable results in the regio < m., the 4-flavor scheme im,. < Q < my, the 5-flavor scheme

inmy < Q < my, and, if needed, the 6-flavor schemenin < @ . (Cf. related discussions later
in this section.)

This leads naturally to the definition of the more geneaiable flavor number scheme
(VENS): itis acomposite schen@nsisting of the sequencewf-flavor FFNS, each in its region
of validity, for n; = 3,4, .. as described above; and the variaysflavor schemes are related to
each other by perturbatively calculable transformationitéfirenormalization) matrices among
the (running) couplingy,, the running massesn }, the parton distribution functionisf }, and
the Wilson coefficient{C}}. These relations ensure that there are only one set of indepe
renormalization constants, hence make the definition ofctimeposite scheme precise for all
energy scale (Q); and they ensure that physical predictions are well-defametcontinuous as
the energy scale traverses each of the overlapping regionsn ; where both the: ;-flavor and
the (n s+ 1)-flavor schemes are applicable. The theoretical foundébiotiis intuitively obvious
scheme can be found in [6, 7], and it was first applied in d&astructure functions in [9]. Most
recent work on heavy quark physics adopt this general gictorone form or another. We shall
mention some common features of this general-mass (GM) ViEN&e next few paragraphs;
and defer the specifics on the implementation of this schemeayell as the variations in the
implementation allowed by the general framework until 3€8.

As mentioned above, the;-flavor and then + 1)-flavor schemes within the GM VFNS
should be matched at someatch pointu; that is of the order ofny. In practice, the matching
is commonly chosen to be exacily; = my, since it has been known that, in the calculational
scheme appropriate for GM VFNSthe transformation matrices vanish at this particulatesca

Technically, this means employing the CWZ subtraction s#hg10] in calculating the higher-order Feynman
diagrams. CWZ subtraction is an elegant extension ofMi$esubtraction scheme that ensures the decoupling of
heavy quarks at high energy scales order-by-order. Thisdergial for factorization to be valid at each order of
perturbation theory. (In the origindlS subtraction scheme, decoupling is satisfied only for thegdeiturbation



at NLO in the perturbative expansion [6]; thus discontiiegitof the renormalized quantities are
always of higher order, making practical calculations senm general.

Strictly speaking, once the component-flavor schemes are unambiguously matched,
one can still choose an independéainsition scale iir, at which to switch from the: ;-flavor
scheme to thgn; + 1)-flavor scheme in the calculation of physical quantities éfirdng the
GM VFNS. This scale must again be within the overlappingaegbut can be different from
war [1,7]. Infact, it is commonly known that, from the physicsaf view, in the region above
themy threshold, up tey my with a reasonable-sized constant fasfpthe most natural parton
picture is that of s-flavor, rather tharfn s + 1)-flavor one? For instance, thé-flavor scheme
calculation has been favored by most HERA work on charm attdimoquark production, even if
the HERA DIS kinematic region mostly involvég > m.; and it is also used in the dynamically
generated parton approach to global analysis [11].

In practice, almost all implementations of the GM VFNS siyngthooseur = uyr = my
(often not explicitly mentioning the conceptual distioctibetweerur and iy = my). The
self-consistency of the GM VFNS guarantees that physicadiiptions are rather insensitive to
the choice of the transition point as long as it is within tiventapping region of validity of the
ng- and (ny + 1)-flavor ones. The simple choice pfr = mp corresponds to opting for the
lower end of this region for the convenience in implementatiln the following, we shall use
the terms matching point and transition point interchabbeas with all definition ambiguities
in perturbative theory, the sensitivity to the choice of chatg and transition points diminishes
at higher orders.

1.2.3 Treatment of Final-state Flavors

For total inclusive structure functions, the factorizatitormula, Eq. (1), contains an implicit
summation over all possible quark flavors in the final statee €Gan write,

Cr=>Y_Cj 2
J

where %" denotes final state flavors, ar{d?,ﬁ} represent the Wilson coefficients (hard cross
sections) for an incoming partork™ to produce a final state containing flavoj”“calculable
perturbatively from the relevant Feynman diagrams. It ipantant to emphasize thaj™labels
quark flavors that can be producgldysicallyin the final state; it imotapartonlabel in the sense
of initial-state parton flavors described in the previoussaction. The latter (labeldd is a theo-
retical construct and scheme-dependent (e.g. it is fixdue¢ for the 3-flavor scheme); whereas
the final-state sum (ovej) is overall flavorsthat can be physically produced. Furthermore, the
initial state parton k" does not have to be on the mass-shell, and is commonly teastenass-
less; whereas the final state particlegs Should certainly beon-mass-shelin order to satisfy

the correct kinematic constraints for the final state phpseesand yield physically meaningful

series—to infinite orders.)

3Specifically, then s-flavor scheme should fail whems (1) In(p/mer) = as(p) In(n) ceases to be a small pa-
rameter for the effective perturbation expansion. Howewnertheory can tell us precisely how small is acceptably
“small’—hence how large) is permitted. Ardent FFNS advocates believe even the rahgigec3-flavor scheme
extends to all currently available energies, including HER1]. For GM VFNS, see the next paragraph.



results* Thus, in implementing the summation over final states, thstmasevant physical scale
is W—the CM energy of the virtual Compton process—in contraghéoscalel that controls
the initial state summation over parton flavors.

The distinction between the two summations is absent inithplast implementation of
the conventional (i.e., textbook) zero-mass parton foismal if all quark masses are set to zero
to begin with, then all flavors can be produced in the finakstdthis distinction becomes blurred
in the commonly used zero-mass (ZM) VFNS, where the heavykquasseqmy } implicitly
enter because the number of effective parton flavors isrnimented as the scale parameter
crosses each heavy quark threshold. This creates apparadioges in the implementation of
the ZM VFNS, such as: fon = @@ < my, b is not counted as a parton, the partonic process
v + g — bb would not be included in DIS calculations, yet physicalljstban be significant
if W > 2my (small x); whereas foru = @ > my, b is counted as a massless parton, the
contribution ofy + g — bb to DIS would be the same as thatpf- g — dd, but physically this is
wrong for moderate values ¥, and furthermore, it should be zerdif < 2m,, (corresponding
to largex). (We shall return to this topic in Sec.1.3.1.)

These problems were certainly overlooked in conventiotaal analyses from its incep-
tion until the time when issues on mass-effects in PQCD weradht to the fore after the mid
1990’s [9, 12—15]. Since then, despite its shortcomingsstardard ZM VFENS continues to be
used widely because of its simplicity and because NLO Wilsoefficients for most physical
processes are still only available in the ZM VFNS. Most gppduce the standard ZM VENS
as either their default set or as one of the options, and they the most common basis for
comparison between groups, e.g. the “benchmark study"@h [1

It is obvious that, in a proper implementation of PQCD withssi@in any scheme), the
distinction between the initial-state and final-state satiom must be unambiguously, and cor-
rectly, observed. For instance, even in the 3-flavor reginteetic andb quarks arenot counted
as parton3, the charm and bottom flavors still need to be counted in tia ftate—at tree-level
viaW™* +d/s — ¢, and at 1-loop level via the gluon-fusion processes sudiast g — 5+ ¢
orvy + g — c(bb), provided there is enough CM energy to produce these pesticl

1.2.4 Phase-space Constraints and Rescaling

The above discussion points to the importance of the prapatrhent of final state phase space
in heavy quark calculations. Once mass effects are takenaictount, kinematic constraints
have a significant impact on the numerical results of thewtation; in fact, they represent the
dominant factor in the threshold regions of the phase spacBIS, with heavy flavor produced
in the final state, the simplest kinematic constraint thate®to mind is

W—My>> M 3)
!

wherelV is the CM energy of the vector-boson—nucleon scatteringga® My is the nucleon
mass, and the right-hand side is the suralbfnasses in the final staté/ is related to the famil-

4Strict kinematics would require putting the produced heffayor mesons or baryons on the mass shell. In the
PQCD formalism, we adopt the approximation of using onidivel state heavy quarks in the underlying partonic
process.



iar kinematic variablesi(, Q) by W2 — M3, = Q*(1—z)/z, and this constraint should ideally be
imposed on the right-hand side of Eq. (1). Any approach agtgethis represents an improve-
ment over the conventional ZM scheme calculations, thadriggmthe kinematic constraint Eq. (3)
(resulting in a gross over-estimate of the correspondingscsections). The implementation of
the constraint in the most usual case of NC processesy &8yt ¢ — ¢ (or any other heavy
quark) is not automatic (and is absent in some earlier deingitof a GM VFNS) because in this
partonic process one must account for the existencehidden heavy particle-the c—in the
target fragment. The key observation is, heavy objectebun the target fragment are still a
part of the final state, and should be included in the phassesganstraint, Eq. (3).

Early attempts to address this issue were either approgimratather cumbersome, and
could not be naturally extended to high ordeis.much better physically motivated approach is
based on the idea of rescaling. The simplest example is ¢yeharm production in the LO CC
process¥V + s — c. Itis well-known that, when the final state charm quark is guthe mass
shell, kinematics requires the momentum fraction variédsléhe incoming strange partog,in
Eqg. (1) to bex = x(1 +m?/Q?) [17], rather than the Bjorkem. This is commonly called the
rescaling variable The generalization of this idea to the more prevalent ca$¢Coprocesses
took a long time to emerge [18, 19] which extended the simgdealing to the more general case
of v/Z + ¢ — ¢+ X, whereX contains only light particles, it was proposed that the otution
integral in Eq. (1) should be over the momentum fraction eang< £ < 1, where

4Am?
Xczx(l—l— Q;) . 4)
In the most general case where there are any number of heatigigmin the final state, the
corresponding variable is (cf. EQ. (3))

2
v=1 <1+Lfé‘jf) ) | (5)

This rescaling prescription has been referred to as A¢@The recent literature [18—20].

Rescaling shifts the momentum variable in the parton 8istion function f*(¢, 1) in
Eqg. (1) to a higher value than in the zero-mass case. Fomirestat LO, the structure func-
tions F(z, Q) are given by some linear combination ¢f(x, Q) in the ZM formalism; but,
with ACOTY rescaling, this becomeg®(x., Q). In the region whergy ¢ Mf)2 /@Q? is not too
small, especially wheffi(, 1) is a steep function df, this rescaling can substantially change the
numerical result of the calculation. It is straightforwaedshow that, when one approaches a
given threshold ¥/ + X M) from above, the corresponding rescaling varigble> 1. Since
generallyf*(¢, 1) — 0 as¢é — 1, rescaling ensures a smoothly vanishing threshold behavio
for the contribution of the heavy quark production term tiostducture functions. This results
in a universdl, and intuitively physical, realization of the thresholesd&matic constraint for all
heavy flavor production processes that is applicable tordéirg of perturbation theory. For this
reason, most recent global analysis efforts choose thisadet

®In [9], the threshold violation was minimized by an artificinoice of the factorization scale(mm, Q). In
[14,15] the kinematic limit was enforced exactly by reguiricontinuity of the slope of structure functions across the
matching point, resulting in a rather complicated expasdr the coefficient functions in Eq.(1).

®Since it is imposed on the (universal) parton distributiendtion part of the factorization formula.



1.2.5 Difference betweefFi°*} and { Fi} Structure Functions

In PQCD, the most reliable calculations are those invohmira-red safe quantities—these are
free from logarithmic factors that can become large (thesgwiling the perturbative expansion).
The total inclusive structure functiongF'i*'} defined in the GM VFNS are infrared safe, as
suggested by the discussion of Sec. 1.2.2 and proven in Ref. [

Experimentally, the semi-inclusive DIS structure funotidor producing a heavy flavor
particle in the final state is also of interest. Theoreticatlis useful to note that the structure
functions { F{1} for producing heavy flavof! are not as well defined aBi°'.” To see this,
consider the relation between the two,

Bt = I Y (6)

whereFiight denotes the sum of terms with only light quarks in the finalestandFAH consist

of terms with at least one heavy quakkin the final state. Unfortunatelyry(z, Q, mpy) is,
strictly speakingnot infrared safebeyond ordery, (1-loop): they contain residu&h™ (Q/m )
terms at higher orders (2-loop and up). The same terms md@fgf“t due to contributions from
virtual H loops, with the opposite sign. Only the sum of the two, i.e tthtal inclusive quantities
Fi°t are infra-red safe. This problem could be addressed propgrladopting a physically
motivated, infrared-safe cut-off on the invariant masshef ieavy quark pair, corresponding to
some experimental threshold [21] in the definitionl@? (drawing on similar practises in jet
physics). In practice, up to order?, the result is numerically rather insensitive to this, and
different groups adopt a variety of less sophisticated gulaces, e.g. including contributions
with virtual H loops within the definition OFF. Nonetheless, it is prudent to be aware that the
theoretical predictions Olﬂ_’)l\{ are intrinsically less robust than those #6{°* when comparing
experimental results with theory calculations.

1.2.6 Conventions for “LO", “NLO", ... calculations

It is also useful to point out that, in PQCD, the use of famitiems such as LO, NLO, ... is
often ambiguous, depending on which type of physical gtiaatare under consideration, and
on the convention used by the authors. This can be a sour@msiderable confusion when one
compares the calculations 6% andFAH by different groups (cf. next section).

One common convention is to refer LO results as those defresa tree diagrams; NLO
those from 1-loop calculations, ... and so on. This coneenis widely used; and it is also the
one used in the CTEQ papers. Another possible conventianrefer to LO results as thiast
non-zero ternin the perturbative expansion; NLO as one order higheriin.. and so on. This
convention originated in FFNS calculations of heavy quaddpction; and it is also used by
the MRST/MSTW authors. Itis a process-dependent convendind it dependa priori on the
knowledge of results of the calculation to the first couplemfers ina.

’In the following discussion, we shall overlook logarithrféctors normally associated with fragmentation func-
tions for simplicity. These are similar to those associatétl parton distributions, but are less understood from the
theoretical point of view—e.g. the general proof of factation theorem (with mass) [7] has not yet been extended to
cover fragmentation.



Whereas the two conventions coincide for quantities suchiés they lead to different
designations for the longitudinal structure functibff* and then f—flavorFZH’nf, since the tree-
level results are zero for these quantities. These desigizatby themselves, are only a matter
of terminology. However, mixing the two distinct termingies in comparing results of different
groups can be truly confusing. This will become obviousrlate

1.3 Implementations of VFNS: Common Features and Differenes

In this section, we provide some details of the PQCD basigHerGM VFNS, and comment
on the different choices that have been made in the variowssovs of this general framework,
implemented by two of the major groups performing global Qealysis.

1.3.1 Alternative Formulations of the ZM VFNS

As pointed out in Sec. 1.2.3, the ZM VFNS, as commonly impletee, represents an unreliable
approximation to the correct PQCD in some kinematic regimtause of inappropriate handling
of the final-state counting and phase-space treatment,diti@dto the neglect of heavy-quark
mass terms in the Wilson coefficients. Whereas the lattenavaidable to some extent, be-
cause the massive Wilson coefficients have not yet beenlatddueven at 1-loop level for most
physical processes (except for DIS), the former (which camlore significant numerically in
certain parts of phase space) can potentially be remedipddperly counting the final states and
using the rescaling variables, as discussed in Secs. h&.3.2.4 under general considerations.
Thus, alternative formulations of the ZM VFNS are possilblat tonly involve the zero-mass
approximation in the Wilson coefficient. This possibilitgshnot yet been explicitly explored.

1.3.2 Parton Distribution Functions in VENS (ZM and GM)

In PQCD, the factorization scheme is determined by the esaicade in defining the parton dis-
tribution functions (as renormalized Green functions)al@M VFNS based on the generalized
MS subtraction (cf. footnote 2) the evolution kernel of the D equation isnass-independent
thus the PDFs, so defined, apply to GM VFNS calculations gsdbdor the ZM VFNS.

In the VFNS, the PDFs switch from the-flavor FFNS ones to the:; + 1)-flavor FFNS
ones at the matching poipt = my (cf. Sec. 1.2.2); the PDFs above/below the matching point
are related, order-by-order i, by:

n HLFF neFF _
VE(u—mip) = (T = a0 T = Ao 1V (00— my), (7)

wherem;}/ ~ indicate that the: — my limit is taken from above/below, and we have used the
shorthand VF/FF for VENS/FFENS in the superscripts. Thesitam matrix elementsl ;. (11/mg),
representing a finite-renormalization between the twolapping FFNS schemes, can be calcu-
lated order by order in,; they are known to NNLO, i.eO(oﬂS) [12,13]. (Note thatd ;; is not a
square matrix.) It turns out, at NLOL;x (1 = mp) = 0 [7]; thusf,XF are continuous with this
choice of matching point. There is a rather significant disicwiity in heavy quark distributions
and the gluon distribution at NNLO.



With the matching conditions, Eq. )" (1)} are uniquely defined for all values pf
We shall omit the superscript VF in the following. Moreovemhen there is a need to focus
on f;(u) in the vicinity of 4 = my, where there may be a discontinuity, we Lf§'é/_(ﬂ) to
distinguish the above/below branch of the function. Aséatkd in Eqg. en correspond to the
n s-flavor PDFs, andf;" to the(n; + 1)-flavor ones.

1.3.3 The Structure of a GM VFNS, Minimal Prescription andlifidnal Freedom

Physical quantities should be independent of the choicelwrae; hence, in a GM VFNS, we
must require the theoretical expressions for the strudturetions to be continuous across the
matching poiniu = Q = my to each order of perturbative theory:

F(z,Q) =Cy (mu/Q)® [, (Q) = Cj(mn/Q)® f(Q) (8)
= Cf(mu/Q) ® Ajr(mu/Q) ® fy (Q).  (9)

where we have suppressed the structure function |aR@r( £’s and(C’s, and used the notation
C’,j/_ to denote the Wilson coefficient functiafi,(m /@) above/below the matching point
respectively. Hence, the GM VFNS coefficient functions dse,dan general, discontinuous, and
must satisfy the transformation formula:

Cy (mu/Q) = Cf (mu/Q) ® Aji(mu/Q). (10)

order-by-order inv,. For example, ad(ag), Agg = aSP(?g In(Q/mp ), this constraint implies,

Crro(mu/Q) = as Oy (mpr /Q) © P (Q/myr) + Cfra(mar Q). (11)

where the numeral superscript (0,1) refers to the orderlotizdion inco, (for P, the order is
by standard convention one higher then indicated), anduppressed second parton index on
the Wilson coefficients (cf. Eq. 2) has been restored to makedntent of this equation explicit.
Eq. (11) was implicitly used in defining the original ACOT sche [9]. The first term on the RHS
of Eq. 11, when moved to the LHS, becomessghbtraction termof Ref. [9] that serves to define
the Wilson coeﬁicienC;;:;(mH/Q) (hence the scheme) at ordey, as well as to eliminate the

potentially infra-red unsafe logarithm in the gluon fusterm (CI}:;(mH/Q)) at high energies.

The GM VFNS as described above, consisting of the genenadeineork of [6, 7], along
with transformation matrice§A4;; } calculated to order? by [12,13], is accepted in principle by
all recent work on PQCD with mass. Together, they can be deglas theninimal GM VFNS

The definition in Eq. 10 was applied to find the asymptotic tni)? /M7 — oo) of co-
efficient functions in [12,13], but it is important to obserthat it does not completely define all
Wilson coefficients across the matching point, hence, thezeadditional flexibilities in defin-
ing a specific scheme [7, 14, 15, 22]. This is because, as omeatiearlier, the transition matrix
{A;1} is not a square matrix—it i8¢ x (ny + 1). Itis possible to swa(mpy/Q) terms be-
tween Wilson coefficients on the right-hand-side of Eqg. ¥h(e redefining the scheme) without
violating the general principles of a GM VFNS. For instarmeg can swa®(my/Q) terms be-
tweenC;;" (my /Q) andCy " (my /Q) while keeping intact the relation (11) that guarantees the



continuity of F'(x, Q) according to Eq.8. This general feature, applies to (10)ltorders. It
means, in particular, that there is no need to calculatedbéicient functionCE’Z(mH/Q), for
anyi — it can be chosen as a part of the definition of the scheme.,, Alisoperfectly possible to
define coefficient functions which do not individually sétithe constraint in Eq. 3, since Eq. 10
guarantees ultimate cancellation of any violations betneems. However, this will not occur
perfectly at any finite order so modern definitions do incltigeeconstraint explicitly, as outlined
in Sec.1.2.4.

The additional flexibility discussed above has been exgididiv simplify the calculation, as
well as to achieve some desirable features of the prediofitime theory by different groups. Of
particular interest and usefulness is the general obsenvtitat, given a GM VFNS calculation
of {C;F}, one can always switch to a simpler scheme with cons{té*gﬂt}

Ch(mm/Q) = CH(0) (12)

This is because the shifC(; (mg/Q) — C;;(0)) vanishes in theny/Q — 0 limit, and can
be absorbed into a redefinition of the GM scheme as mentiobedea The detailed proof are
given in [7,22]. By choosing the heavy-quark-initiated tiutions to coincide with the ZM
formulae, the GM VFNS calculation becomes much simplifiedzery the better known ZM
results, we only need to know the fufl ;7-dependent contributions from the light-parton-initéte
subprocesses; and these are exactly what is provided by tiavor FFNS calculations available
in the literature. This scheme is known as 8implified ACOT schemer SACOT [7,22].

Further uses of the freedom to reshuffdém  /Q)) terms between Wilson coefficients, as
well as adding terms of higher order in the matching conditiwithout upsetting the accuracy
at the given order) have been employed extensively by the MRSTW group, as will be
discussed in Sec. 1.3.5.

1.3.4 CTEQ Implementation of the GM VFNS

The CTEQ group has always followed the general PQCD framewerformulated in [6, 7].
Up to CTEQSG.1, the default CTEQ PDF sets were obtained usiagntore familiar ZM Wilson
coefficients, because, the vast majority of HEP applicaticarried out by both theorists and
experimentalists use this calculational scheme. For thpgdications that emphasized heavy
quarks, special GM VFNS PDF sets were also provided; these neemed as CTEQnHQ, where
n =4,5,6.

The earlier CTEQ PDFs are now superseded by CTEQ6.5 [1] arielQB16 [3] PDFs;
these are based on a new implementation of the general frarkelescribed in previous sections,
plus using the simplifying SACOT choice of heavy quark Wilsmefficients [9, 23] specified by
Eqg. 12 above. There are no additional modifications of thenfdae of the minimal GM VFNS,
as described in previous sections. CTEQ uses the converttidesignating tree-level, 1-loop,
2-loop calculations as LO, NLO, and NNLO, for all physicalantities, F't°, Ff ... etc., cf.
Sec.1.2.6.

With these minimal choices, this implementation is extrignsample. Continuity of phys-
ical predictions across matching points in the scale viriab= () is guaranteed by Egs. 8 and
10; and continuity across physical thresholds in the playsiariable, for producing heavy



flavor final states, are guaranteed by the use of AGO®&scaling variables 5, as described in
Sec.1.2.4.

For example, to examine the continuity of physical preditsito NLO in this approach,
we have, for the below/above matching point calculations:

FQ_H(x7Q2) = ascz_j_}g@gnf

" - (13)
F(@,Q%) = a0y, @ g™t + (Co iy + asCi i) ® (h+ h)

where non-essential numerical factors have been absartethe convolutior®. The continuity

of FfI(z,Q?) in the scaling variable: = @ is satisfied by construction (Eq.9) because the
relation between the PDFs given by Eq.7 and that between tteMkoefficients given by
Eq. 8 involve the same transformation mat{iA;;} (calculated in [12,13, 21]). In fact, to this
order, Apy = o Py, In(Q/mpy), hence

h(h) = 0
gnf—i-l — g7Lf
+71 — _71
C(2,Hg - C(2,Hg’

at the matching point = @ = myg. Thus, the two lines in Eq. 13 give the same result, and
Ff(z,Q?) is continuous. The separate issue of continuity"§f(x, Q?) in the physical variable

W across the production threshold bf = 2my is satisfied automatically by each individual
term (using the ACOTx prescription for the quark terms and straightforward kia&os for the
gluon term).

In the CTEQ approach, all processes are treated in a unifcagn there is no need to
distinguish between neutral current (NC) and charged onu@C) processes in DIS, (among
others, as in MRST/MSTW). All CTEQ global analyses so far@gied out up to NLO. This
is quite adequate for current phenomenology, given egstxperimental and other theoretical
uncertainties. Because NNLO results has been known to sigms ef unstable behavior of the
perturbative expansion, particularly at smajlthey are being studied along with resummation
effects that can stabilize the predictions. This studyillsistderway.

1.3.5 MRST/MSTW Implementation of the GM VFNS

Prescription. In the Thorne-Roberts (TR) heavy flavour prescriptions,cdiesd in [14, 15]
the ambiguity in the definition dﬂlﬂ%(@%m%) was exploited by applying the constraint that
(d Fi1/d In Q?) was continuous at the transition point (in the gluon sectbigwever, this be-
comes technically difficult at higher orders. Hence, in [@@ choice of heavy-flavour coefficient
functions for {7 was altered to be the same as the SACQEcheme described above. This
choice of heavy-flavour coefficient functions has been ugeithe most recent MRST/MSTW
analysis, in the first instance in [2]. To be precise the ahdc

Cy i (Q%miy, 2) = CIh () Tmaa)- (14)

This is applied up to NNLO in [20] and in subsequent analy$es. the first time at this order
satisfying the requirements in Eq.(10) leads to discoitigriin coefficient functions, which up



to NNLO cancel those in the parton distributions. This paitir choice of coefficient func-
tions removes one of the sources of ambiguity in defining a GIMNS. However, there are
additional ambiguities in the MRST/MSTW convention for ating LO, NLO, ... calculations
(cf. Sec.1.2.6), coming about because the orderingsifior Ff(z, Q?) is different above and
below matching points in Egs. 9-11. (These complicationsat@rise in the minimal GM VFNS
adopted by CTEQ, as already mentioned in the previous stitisgc

For the neutral current DIS; structure function, the above-mentioned ambiguities @n b
see as follows:

below above
LO =0, Hg®gnf C;_HH® (h +h)
2
NLO <%> (02_7}{9 ® g™+ 02_,}{q ® X") (C;HH ® (h+h) + C;H ® gni+1)
s 41
NNLO (i—i) Zerﬁz@fnf( > ¥, Ca; ® 17,

(15)
with obvious generalization to even higher orders. This maghat switching directly from a
fixed order withn ; active quarks to fixed order with; + 1 active quarks leads to a discontinuity
in Ff1(z,Q?). As with the discontinuities in the ZM-VFNS already discesghis is not just
a problem in principle — the discontinuity is comparable e errors on data, particularly at
smallz. The TR scheme, defined in [14, 15], and all subsequent i@r&ttry to maintain the
particular ordering in each region as closely as possile ekample at LO the definition is

«a 2
Bw@) = o 2 miy) 9@

%%g(l)@m )+ Cagy (Q/mi) @ (h + h)(QY). (16)

The O(as) term is frozen when going upwards througR = m?,. This generalizes to higher
orders by freezing the term with the highest powengfin the definition forQ? < mf,{ when
moving upwards aboven?,. Hence, the definition of the ordering is consistent withatle
region, except for the addition of a constant term (whichsduet affect evolution) abov@? =
m?; which becomes progressively less important at highgrand whose power afs increases
as the order of the perturbative expansion increases.

This definition of the ordering means that in order to defineM \YA-NS at NNLO [20]
one needs to use thB(a3) heavy-flavour coefficient functions fap? < m? (and that the
contribution will be frozen foiQ? > m%). This would not be needed in a ACOT-type scheme.
As mentioned above, these coefficient functions are not gleutated. However, as explained
in [20], one can model this contribution using the known legdhreshold logarithms [24] and
leadingIn(1/x) terms derived from thé&p-dependent impact factors [25]. This results in a
significant contribution at smadD? andz with some model dependence. However, variation in
the free parameters does not lead to a large ch&inge.

81t should be stressed that this model is only valid for théare@? < m?;, and would not be useful for a NNLO



The above discussions focused B§Y; but they mostly apply ta7;, as well. We only
need to mention that, with the adoption of the SACOT presionpfor heavy-quark initiated
contributions (i.e. using the ZM version of the Wilson cagéfnt), 77 vanishes at order? as
it does in the TR prescriptions.(This zeroth order coeffitfenction does appear in some older
GM VFNS definitions.) According to the MRST/MSTW conventjdhe ordera! term of Fr,
(both light and heavy flavour) counts as LO, and so on, whdrettee CTEQ convention each
relative order is a power afgs lower.

The general procedure for the GM VENS for charged-curreapdieelastic scattering can
work on the same principles as for neutral currents, but ameproduce a&inglecharm quark
from a strange quark sg = z(1 + m?2/Q?). However, there is a complication compared to
the neutral current case because the massive FFNS cosffioietions are not known & (%)
(only asymptotic limits [27] have been calculated). Thesefftcient functions are needed in a
TR-type scheme at lo)? at NLO, and for any GM VFNS at alD? at NNLO. This implies that
we can only define the TR scheme to LO and the ACOT scheme to Nio@ever, known in-
formation can be used to model the higher order coefficiamttfans similarly to the TR scheme
definition to NNLO for neutral currents. A full explanatiohtbe subtleties can be found in [28].

Scheme variations. The inclusion of the complete GM VFNS in a global fit at NNLO ffirs
appeared in [2], and led to some important changes compagreal/mus NNLO analysis, which
had a much more approximate inclusion of heavy flavours (whias explained clearly in the
Appendix of [29]). There is a general result thaf(x, Q?) is flatter inQ? at NNLO than at
NLO, as shown in Fig. 4 of [2], and also flatter than in earl@pdroximate) NNLO analyses.
This had an important effect on the gluon distribution. Asrsin Fig. 5 of [2], it led to a larger
gluon forz ~ 0.0001 — 0.01, as well as a larger value ofs(M%), both compensating for the
naturally flatter evolution, and consequently leading taenevolution of the light quark sea.
Both the gluon and the light quark sea wére 7% greater than in the MRST2004 set [30] for
Q? = 10,000GeV?, the increase maximising at= 0.0001 — 0.001. As a result there was@¥%
increase in the predictions for; andoz at the LHC. This would hold for all LHC processes
sensitive to PDFs in this range, but would be rather less for processes su¢hpasr production
sensitive toxr > 0.01. This surprisingly large change is a correction rather thaaflection of
the uncertainty due to the freedom in choosing heavy flavdoermes and demonstrates that the
MRST2004 NNLO distributions should now be considered to lheotete.

To accompany the MRST 2006 NNLO parton update there is arficiaf'MRST2006
NLO” set, which is fit to exactly the same data as the MRST2008.® set. By comparing
to the 2004 MRST set one can check the effect on the distibsitdue to the change in the
prescription for the GM VFENS at NLO without complicating thesue by also changing many
other things in the analysis. The comparison of the up quatkguon distributions for the
“MRST2006 NLO” set and the MRST2004 NLO set, i.e. the comblralot to Fig.5 of [2]
for NNLO, is shown in Fig.1. As can be seen it leads to the sasmtfor the partons as at
NNLO, i.e. an increase in the smallgluon and light quarks, but the effect is much smaller —

FFNS at allQ? since it contains no information on the lar@ /m3; limits of the coefficient functions. A more
general approximation to th®(a%) coefficient functions could be attempted, but full detaitsud require first the
calculation of the? (o) matrix elementd z,. This more tractable project is being investigated at pref@s).
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distributions. In order to illustrate the significance of the size of the differences, the uncertainty on the
MRST2001 distributions is used for the 2004 distributions.



a maximum of 2% change. Also, the value of the coupling constant increages(ol from

the 2004 value ofvs(M2) = 0.120. From momentum conservation there must be a fixed point
and this is atr ~ 0.05. Hence,IW, Z and lighter particle production could be affected by up
to 2 — 3%, and very high mass states by a similar amount, but finalssteilar in invariant
mass tatt will be largely unaffected. Hence, we can conclude that thenge in our choice of
the heavy-flavour coefficient function alone leads to charigethe distributions of up t@%,

and since the change is simply a freedom we have in making aitoefi this is a theoretical
uncertainty on the partons, much like the frequently inebkeale uncertainty. Like the latter, it
should decrease as we go to higher orders.

1.3.6 Comparisons

We have tried to make clear that both the CTEQ and the MRSTAM&pproaches are consistent
with the PQCD formalism with non-zero heavy quark masges;}. In this sense, they are
both “valid”. In addition, they both adopt certain sensilplectises, such as the numerically
significant rescaling-variable approach to correctly ttfewl-state kinematics (ACOXJ, and
the calculationally simplifying SACOT prescription foralguark-parton initiated subprocesses.
These common features ensure broad agreement in theiciwedi This is borne out by the
fact that global QCD analyses carried out by both groups shemy good agreement with all
available hard scattering data, including the high-preci®IS total inclusive cross sections
and semi-inclusive heavy flavor production cross sectiamst that the predictions for higher
energy cross sections at LHC for the important W/Z producpicocess agree rather well in the
most recent versions of these analyses [2,@pmparisons of experiment for the abundant data
on total inclusive cross sections (and the associatedtgteuéunctions) with theory are well
documented in the CTEQ and MRST/MSTW papers. Here we onhy she comparison of the
recent H1 data sets on cross sections for charm and bottatligiron [31] to the latest CTEQ
and MSTW calculations. This figure illustrates the genetase agreement between the two
calculations. (Also, see below.)

Because the main source of the differences between the tplennentations arise from
the different conventions adopted for organizing the pbdtive calculation, it is impossible
to make a direct (or clear-cut) comparison between the td@ulzions. By staying with the
conventional order-by-order formulation, the CTEQ applo&as all the simplicities of the
minimal GM VFENS. With the alternative LO/NLO/NNLO organiian, the MRST/MSTW ap-
proach includes specifically chosen higher-order termsel astage of the calculation for dif-
ferent physical quantities (e.gs°, Fi°t, Fil, in Secs. 1.3.5) with their associated Wilson co-
efficients (e.g. Egs. 15,16). The choices are a matter o¢ tastause, with the same Wilson
coefficients (with heavy quark mass) available in the liie® (such as [12, 13]), both analyses
can be extended to the appropriate order, and they shoutdisdhe same information. So far,
MRST/MSTW has carried out their analyses to one order hidgfmen CTEQ. In practice, we
have seen one comparison of the “NLO” predictions of the tpar@aches in Fig. 2 that shows
remarkable general agreement with each other, and withriexpetal data. Some expected dif-
ferences at small; due to the higher order term included in the MRST/MSTW daliton are

®Some apparent worrying discrepancies in the predictiongh&W/Z cross-sections at LHC between [1] and [30]
have been superseded by the recent analyses.
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Fig. 2: Comparison of the predictions for °°(z, @*) and &b‘;(m, @?) compared to preliminary data from H1.

present. Compared to experimental data, the CTEQ curvesteegive a slightly better descrip-
tion of data in this region of difference; but this should bet taken seriously in view of the
above discussions. We intend to make a more quantitatialy stithe differences between the
alternative formulations of a GM VFNS and ZM VFNS in a futurgbfication.

1.4 Use of Parton Distribution Functions

Some commonly asked questions in the user community for RDEslong the lines of: (i)
Which available PDF set is most appropriate for my particaeiculation? and (i) If PDF
set A was obtained using scheme A (say, ZMVFNS/GMVFNS-MSGWYVFNS-CTEQ) do

| have to use the same scheme A for my Wilson coefficients (@ike my calculation would
be inconsistent)? Whereas it is impossible to answer ah suestions at once, the following
observations should provide useful guidelines toward fyrapriate answers. Foremost, it is
important to bear in mind that in the perturbative approatdhcalculations are approximate;
hence the goodness of the approximation is the most (or ogligyant consideration. Any fast,
or absolute, rules or prescriptions would be misguided.

* For applications at very high energy scales, e.g. most LHicgsses, it is perfectly fine to
use the ZM formulae for the hard-scattering coefficier@spective of the choice of PDF sets
(see below), since the ZM Wilson coefficients are good apprations to the GM ones (valid
to O(M?/Q?) where M represents the typical mass in the relevant parton subgseckeavy
quarks or other produced patrticles), and the ZM coefficianréssmuch simpler anthuch more
readily available.



On the other hand, for applications involving physical es&@ ~ O(M), such as com-
parison to precision DIS data at HERA, it is important botluse GM Wilson coefficients, and
to ensure that these are consistent with those adopted arajarg the PDF set to be used in the
calculation.

* For the global analyses that yield the PDF sets, it matteetiven the ZM VFNS or GM VFNS
scheme is used in the calculation, since a substantiaidraof the input DIS data are in the
region where() is not very large compared to the heavy quark massgs(the top quark does
not play a significant role in these analysis). Thus, the ZFN® and GM VFNS PDFs can
differ in somex-range, even if they agree quite well in general (cf. [1])r €&xample, the widely
used CTEQ6.1 (ZM-VFNS) and the most recent CTEQ6.5/CTE(BM VFNS) PDF sets both
give excellent fits to the available data, yet the differeng@eainly around: ~ 10~3) are enough
to lead to &% shift in the predictions for cross sections 6% Z and similar mass states at the
LHC. Higher mass final states are much less affected.

The above differences arise from two sources: (i) the treatnof final-state counting
(Sec. 1.2.3) and phase space (Sec. 1.2.4); and (i) masdseiifiethe Wilson coefficients. The
first is numerically significant for reasons explained insh@ections, and it can potentially be
removed to produce an improved ZM VFNS (Sec. 1.3.1).

* The differences between PDFs obtained using different GMI§Fnplementations, such as
those by CTEQ and MSTW groups discussed in the main part @f¢view, are much smaller
than those between the ZM and GM VFNS. This is because therieess of final states are
similar, and the differences in the Wilson coefficients arecemreduced also. The current NLO
predictions onlV/Z cross sections at LHC by the CTEQ and MSTW groups, for ingtaace
within 2% [4].

* What about single-flavor (say,;) FFNS PDFs that are commonly believed to be needed for
FFENS calculations, such as for heavy flavor production mees? We would like to point out,
perhaps surprisingly to many readers, that: (i) with theeathof GM VFNS PDFsthe FFNS
PDFs are not in principle needeitr consistency; and (ii) the use of-flavor FFNS PDFs in a

n ¢-flavor calculation is mucltess reliablethan using the GM VENS (if the latter is available).
The reasons for these assertions are fairly easy to see, m@wexplain.

First of all, as we emphasized in Sec. 1.2.2, the GM VFNS igjdfinition, a composite
scheme thais the n ;-FFNS within the region of validity of the latter. In prindgponecan use
the GM VFENS PDFs in the FFNS calculations within the regioreveithe FFNS is reliable. (In
practice this range of validity (in energy scalgextends up to several timesy;, cf. second to
last paragraph of Sec.1.2.2.) Secondly, since any giveRFNS has only a limited range of
validity (Sec. 1.2.2), the global analysis used to deteeng@inyn ;-FFNS PDF set is inherently
a compromise. This compromise is likely to be a fairly bad @oretwo reasons. Firstly, the
limited range of validity implies that only a fraction of tliata used in the global analysis can
be legitimately applied. If one excludes all the data owtsitithe region of validity of the theory
(not an easily-defined region), the constraining power efdahalysis would greatly suffer. If,
instead, one includes all the points in the analysis anyth@yPDFs will compensate, much like
the case of the fit using the basic ZM VFNS. This can result im@gcomparison to data (as
in the ZM VFNS [32]), but this is potentially misleading sen¢the compensation is caused by



the wrong physics. In either of the cases, the PDFs resuttiomg a fit using the FFNS will be
unreliable. Secondly, Wilson coefficients in the FFNS ontisefor the DIS process beyond
LO, hence the ZM approximation to,-FFNS must be used. We note, although this second
point is shared by current GM VFNS analyses, the ZM VFNS agpration to GM VFNS is a
much better approximation than that of ZM FFNSteFFNS. (For instance, for collider jet data
sets, the ZM 3- or 4-flavor calculation would be way-off thereot one. This is not a problem
for the GM VFNS case.) These inherent problems motivatedtamative approach to FFNS
PDFs in [33]: rather than performing a (imperfect) FFNS gldiit, one simply generates them
by fixedn ;-flavor QCD evolution from a set of initial PDFs obtained ineusting (bona fide)
GM VFENS global analysis! Because of the different QCD evoluthowever, the PDFs will be
different from the original GM VFNS ones crossing heavy flatlwesholds; and the fits to the
global data will correspondingly deteriorate, particlyldor the high precision HERA data sets
at higherQ?. Thus, these PDFs deviate from truth in a different way. Efative merit between
this approach and the conventional FFNS global fits is diffitugauge because there are no
objective criteria for making the assessment.

Returning to the original question that started this butkrn, we can summarize the op-
tions available to match PDFs with a FFNS calculation sucH@¥DIS [34] for heavy quark
production: (i) conventional FFNS PDFs (CTEQ, GRV), suyalpdated if necessary [35]; (i)
PDFs generated by FFNS evolution from GM VFNS PDFs at sortialistale)q (MSTW [33],
but also can easily be done with CTEQ); or, (iii) simply use thost up-to-date GM VFNS PDFs
(MSTW, CTEQ) for allQ). For reasons discussed in the previous paragraphs, eaoh bps its
advantages and disadvantages. (i) and even (ii) are tieheself-consistent, while (iii) is not,
e.g. it opens up the akward question of how many flavours torudes definition ofag. How-
ever, the PDFsiin (iii) are intrinsically much more accuaged precisely determined. Hence, in
practical terms it is not obvious which would be most “cotté€ The choice reduces to a matter
of taste, and for some, of conviction. The differences inltes obtained using these options,
should not be too large, since they are mostly of one orddvenign o;; and, in an approximate
manner, they define the existing theoretical uncertaimtyrinciple, an approach that combines
the advantages of all three, hence could work the best, waritd use PDFs obtained in the GM
VFENS, but with the transition scaler (Sec. 1.2.3) set at a much higher value than for each
heavy flavor threshold. But this option is rather cumberstmmplement (as has been hinted in
Sec. 1.2.3), hence has not been done.

* There exists another class of applications, involving iplgtscale processes, such as heavy
flavor production at hadron colliders with finite transvensementumpr or in association with
W/Z or Higgs, for which PQCD calculations are more complex thae familiar one-hard-
scale case, as implicitly assumed above. Since these pascean play an important role in
LHC, there has been much discussions, and controversiescent literature about the various
approaches that may be applied [36]. Both the GM VFNS [37]FEIRNS approaches have been
advocated [38]. The problem is complex, generally becausee itihan one kind of potentially
large logarithms occur in these problems, and they canneffbetively controlled all at once
with some suitable choice of scheme. A detailed discussianuiside the scope of this paper,

OAlthough it is certainly better to use a current GM VFNS sePBFs than an out-of-date FFNS set.



although our remark about the FFNS PDFs above could be hdkfid relieve some of the
anxieties expressed in the literature).

All in all, for general applications, taking into account #ile considerations above, the
modern GM VFNS PDF sets are clearly the PDFs of choice.

1.5 Intrinsic Heavy Flavour

Throughout the above discussions we have made the assantipgipall heavy quark flavour is
generated from the gluon and lighter flavours through th&ugeative QCD evolution, starting
from the respective scale= my. This is usually referred to as thadiatively generated heavy
flavor scenario. From the theoretical point of view, this is readbs for heavy flavors with
mass scalen¢y) very much higher than the on-set of the perturbative regisag ~ 1 GeV.
Thus, while this assumption is usually not questioned fdtdmo and top, the case for charm
is less obvious. In fact, the possibility for a non-negligiintrinsic charm(IC) component of
the nucleon ai = Q ~ m,. was raised a long time ago [39]; and interests in this pdggibi
have persisted over the years. Whereas the dynamical ariggnch a component can be the
subject of much debate, the phenomenological questionsagxistence can be answered by
global QCD analysis: do current data support the IC idea,ifasml what is its size and shape?
This problem has been studied recently by a CTEQ group [4@eutwo possible scenarios: IC
is enhanced at high values of{suggested by dynamical models such as [39]), or it is sirimla
shape to the light-flavor sea quarks (similar to, say, sganphey found that current data do not
tightly constrain the charm distribution, but thegn place meaningful bounds on its size. Thus,
while the conventional radiatively generated charm is isbast with data, IC is allowed in both
scenarios. For the model-inspired (largeease, the size of IC can be as large-a8 times that
of the crude model estimates, though comparison to the Ei1@ata [41] imply contributions
somewhat smaller [42]. If such an IC component does existpiild have significant impact
on LHC phenomenology for certain beyond SM processes. Eoséh-like IC case, the bound
on its size is looser (because it can be easily interchangibdive other sea quarks in the global
fits); its phenomenological consequences are likewiseshaodin-point.

From a theoretical point of view, intrinsic heavy flavour &8 VFNS definitions were
discussed in [43]. Allowing an intrinsic heavy quark distiion actually removes the redun-
dancy in the definition of the coefficient functions in the GMNS, and two different definitions
of a GM VFNS will no longer be identical if formally summed th@rders, though they will only
differ by contributions depending on the intrinsic flavoGonsider using identical parton distri-
butions, including the intrinsic heavy quarks, in two diéfet flavour schemes. The heavy-quark
coefficient functions at each order are different®ym?,/Q?). This difference has been con-
structed to disappear at all orders when combining the paiigiributions other than the intrinsic
heavy quarks, but will persist for the intrinsic contritmrti The intrinsic heavy-flavour distribu-
tions are of0 (A3 ,/m%;), and when combined with the difference in coefficient fuomsi the
mass-dependence cancels leading to a difference in gteucinctions ofO(AéCD/QQ). It has
been shown [7] that for a given GM VFNS the calculation of ttrecure functions is limited
in accuracy tdQ(AéCD/Qz). Hence, when including intrinsic charm, the scheme ambjigsi
of the same order as the best possible accuracy one can obtaading twist QCD, which is
admittedly better than that obtained from ignoring theiisic heavy flavour (if it exists) a§?



increases abovm%,. It is intuitively obvious that best accuracy will be obtaéhfrom a defini-
tion of a GM VFNS where all coefficient functions respect géetkinematics. In fact, the most
recent CTEQ and MSTW prescriptions would provide identwahtributions to the structure
functions from the same intrinsic charm parton distribuitio
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2 Charmed-meson fragmentation functions with finite-mass arrections

Authors: B. A. Kniehl, G. Kramer, |. Schienbein, and H. Spésger

A straight-forward and conventional approach to includaviyequark mass effects in the
theoretical predictions for the production of single heflayor mesons consists in taking into
account the non-zero quark massg in a calculation where only light quarks and the gluon exist
in the initial state and the heavy quark is pair-producechhard scattering process. Such a
scheme is called a fixed-flavor-number scheme (FFNS) andeangemented, presently, only
at NLO. It is reliable in a kinematic region not far above protion threshold. At high scales
however, the presence of logarithmic terms proportion&d¢u../m;,) makes the predictions of a
calculation in the FFNS unreliable. These logarithmic ®iave to be resummed, which is con-
ventionally done in the so-called zero-mass variable-flanonber scheme (ZM-VFNS) where
the heavy quark is treated as a parton, in addition to liglarkgiand the gluon. Heavy quark
parton distribution functions and fragmentation funcsiowhich are present in this scheme, can
absorb the large logarithmic terms and resummation is padd with the help of the DGLAP
evolution equations.

The general-mass variable-flavor-number scheme (GM-VH¥&)ides a framework for
the theoretical description of the inclusive productiorsiofgle heavy-flavored hadrons, combin-
ing virtues of both the FFNS and the ZM-FVNS in a unified applodt resums large logarithms
by the DGLAP evolution of non-perturbative fragmentatiomdtions, guarantees the universal-
ity of the latter as in the ZM-VFNS, and simultaneously nesathe mass-dependent terms of
the FFNS without additional assumptions. It was elaboratatext-to-leading order (NLO) for
photo- [45] and hadroproduction [46,47] aeide annihilation [48].

Recent progress in the implementation of the GM-VFNS at NllGned us to extract
mass-dependent FFs fd-mesons from global fits te™e~ annihilation data [48]. We used
experimental data from the Belle, CLEO, ALEPH, and OPAL &lotirations [44]. The fits for
DY D*, and D** mesons using the Bowler ansatz [49] yieldgt/d.o.f. = 4.03, 1.99, and
6.90, respectively. The result of the fit for™ mesons is shown in Fig. 3.
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The significance of finite-mass effects can be assessedytheocomparison with a similar
analysis in the ZM-VFNS. It turned out that for the experitaiconditions at Belle and CLEO,
charmed-hadron mass effects on the phase space are ablasaetaile charm-quark mass effects
on the partonic matrix elements are less important. In ). and (b), the scaled-momentum
distributions from Belle and CLEO and the normalized scaledrgy distributions from OPAL
for D* mesons are compared to the global fits. The Belle and CLEOmiefar higher values
for the averager of thec — D FFs. Due to their smaller errors they dominate the global fit,
and the ALEPH and OPAL data are less well described. Charradtbhs may also originate
indirectly through the fragmentation oftequark. Our ansatz includes non-perturbative: D
FFs, but these are only weakly constrained by the Belle arle@data.

Previous fits of theh — B FFs in the ZM-VFNS [52] were based erfe~ data from

ALEPH, OPAL and SLD [50] and used the Kartvelishvili-Likhedl ansatz [53]. As a recent im-
provement we adjusted the valuemf and the energy scale where the DGLAP evolution starts,
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to conform with modern PDF sets. The data are well descrilyetté fit, with ax?/d.o.f. =
1.495. The result is shown in Fig. 4.

Usage of these new FFs leads to an improved description dfiie data for charmed-
meson production [54] from run Il at the Tevatron, as may mdsy comparing Fig. 5(a) in
this chapter with Fig. 2(b) of Ref. [47]. Also predictionsr f&-meson production agree with
CDF Il data [51]. Comparing massless and massive calcalgtive found that finiter,, effects
moderately enhance the- distribution; the enhancement amounts to about 20%-at 2my,
and rapidly decreases with increasing valueg-gffalling below 10% atpr = 4m,; (see Fig.
5b). Such effects are thus comparable in size to the thealetncertainty due to the freedom
of choice in the setting of the renormalization and faction scales. At higher values of
the transverse momentumy, the predictions of the GM-VFNS and ZM-VFNS approach each
other by construction. There, resummation of large logaré will be important and a FFNS
calculation will become inappropriate since it does notne¢arge logarithms. CDF data reach
up to 40 GeV and preliminary data at the highest valuggrahdicate that resummation of large
logarithmic terms will be necessary to obtain a reasonad$eription of experimental results.

3 Fragmentation of heavy quarks with an effective strong copling constant
Authors: G. Corcella and G. Ferrera

We describe a model to include non-perturbative correstionheavy-quark fragmenta-
tion, based on next-to-next-to-leading logarithmic thadd resummation and an effective QCD
coupling constant not containing the Landau pole. Comearigith experimental data is also
presented.

The hadronization of partons into hadrons cannot be cakudifrom first principles, but
it is usually described in terms of phenomenological mgdsisitaining few parameters which
need to be tuned to experimental data. In this paper we peopoiferent approach to describe
heavy-quark (bottom and charm) fragmentatioreire™ processes: we use a non-perturbative
model [55, 56] including power corrections via an effectng coupling constant, which does



not exhibit the Landau pole. The interesting feature of smiohodel is that it does not contain
any extra free parameter to be fitted to the data, besidesnis® entering in the parton-level
calculation. In [57,58] such a model was also employed inftamework of B-meson decays
and it was found good agreement with the experimental datereter, it was even possible
to extractag(myz) and the Cabibbo-Kobayashi-Maskawa matrix elem&pi| from such data
[57,58]. In the following, we shall consider heavy-quarkoguction inete™ annihilation, in
particularb- and c-quark production at LEP. In [56], charm-quark fragmemtatat theY (4.5)
resonance was also investigated.

The perturbative fragmentation approach [59], up to powerections, factorizes the en-
ergy distribution of a heavy quark as the convolution of acpss-dependent coefficient func-
tion, associated with the emission off a massless partahagmocess-independent perturbative
fragmentation function, expressing the transition of iightl parton into a heavy quark. The
heavy-quark spectrum reads:

%Z—Z(m, Q,mq) = C(x,Q, pr) ® D(z, ur,mg) + O ((my/Q)) . (17)
where( is the hard scale of the processis the heavy-quark energy fraction in the centre-of-
mass frame, i.ex = %, andur ~ @ is the factorization scale.

The perturbative fragmentation function follows the DGLAW®Iution equations. As in
[55, 56], we use coefficient function and initial conditiohrext-to-leading order (NLO) and
solve the DGLAP equations with a NLO kerriél This way, one resum the large mass logarithms
~ In(Q? /mg) in the next-to-next-to-leading logarithmic approximati®9]. Furthermore, both
coefficient function and initial condition contain terms,1 /(1—z)4 and~ [In(1—=x)/(1—x)]+,
enhanced wher approaches 1, which corresponds to soft- or collinearrglamliation. One
needs to resum such contributions to all orders to improgg#rturbative prediction (threshold
resummation) [60]. In our analysis, we implement thresletimmation in the next-to-next-to-
leading logarithmic (NNLL) approximation. following theegeral method of [61, 62].

Let us now briefly discuss the phenomenological model whictudes non-perturbative
power corrections through an effective QCD coupling [55-68]. We start by constructing a
general analytic QCD couplings(Q?) from the standard one, by means of an analyticity re-
quirement: as(Q?) is defined to have the same discontinuity as the standardisguand no
other singularity [64]. The coupling constant construdtethis way exhibits no Landau pole,
which is subtracted by a power correction, while it has theesdiscontinuity as the standard one
for Q? < 0, related to gluon branching. As discussed in [55], sinceyeaark fragmentation
is a time-like process, we have to include the absorptivespdithe gluon polarization function
into the effective coupling: that amounts to a resummatiboomstant terms to all orders. As
detailed in [55, 56], the effective time-like coupliag;(Q?) is thus given by an integral over the
discontinuity of the gluon propagator, with the analytiapbing as(Q?) entering in the inte-
grand function. At one-loop, for example, one obtains thiefang effective time-like coupling

constant: 111 1 1 272
as(Q?) = — {— — —arctan <M>] . (18)
Go |2 T T

10ne could go beyond such a level of accuracy and include toemext-to-leading order (NNLO) corrections to
the coefficient function, initial condition and to the nanglet splitting functions.




Our model simply replaces the standarg(Q?) with the effective time-like coupling constant.
As in [55,56],a5(Q?) is evaluated up to NNLO, i.e. three-loop accuracy. We stitests even if
our model does not contain any free parameter to be fittedt#p d@ had to choose among possi-
ble different prescriptions, mostly concerning the lovesgy behaviour of the effective coupling
constant. The model presented in [55, 56] is the one whichdesgribes the experimental data.

In Fig. 6 we compare the predictions of the effective-cauplmodel with experimental
data from ALEPH [65], OPAL [66] and SLD [67] o®-hadron production at th&° pole, and
from ALEPH onD** production [68]. We learn from the comparison that our mpdéhout
introducing any tunable parameter, manages to give a gasxtigbdon of the experimental data.
As discussed in [55, 56], even the moments of fheand D-hadron cross section are reproduced
quite well.

In summary, we managed to construct a simple non-pertugbatiodel which is able to
describe data from rather different processes, nafedygcays and bottom/charm fragmentation,
involving pretty different hard scales. We believe thattstesults are highly non trivial and that
our model deserves further extension to hadron-collidgsigs. This is in progress.
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4 Infrared safe determination of jet flavour: theory and applications
Author: A. Banfi and G. Zanderighi

4.1 Problems in defining the flavour of a jet

Jets are so far the best-known way to map a complicated esteantacterised by a high particle
multiplicity, to a simpler one made up of a small number ofsttus of particlesjets whose
energy-momentum flow is close to that of the original eveny. “Bose to” we mean that jets
have to be infrared and collinear (IRC) safe objects, thabhés momenta should not change
after an extremely soft particle has been added to the evéhaoy of the particles in the event
splits into a quasi-collinear pair. With this requiremegttgross sections can be safely computed
in perturbative (PT) QCD. Furthermore, given a partonicnévany IRC safe jet algorithm, in



the soft/collinear limit, does provide a unique mappinghe tinderlying hard evedt. It is
interesting to investigate whether jet algorithms can ldereded so as to define also the flavour
of a jet. More precisely, suppose we have a hard event and &vent obtained from the hard
event via an arbitrary number of soft emissions and/ormedlr splittings. Is it possible to cluster
the new event into jets, such that not only the momenta, bottak flavour of the jets, are equal
to those of the particles constituting the original hardn¢ve

Attempts to answer this questions have been performed fareliit experimental groups,
whose definitions of jet flavour are based either on the kitieadaproperties [69] or on the
charge of a jet [70]. Although of considerable practicalfusess, these procedures all suffer
from IRC unsafety (see [71] for a discussion on this point).

To see where IRC safety problems may arise we need first wdinte our definition of
jet flavour. The flavour of a jet is defined asa-dimensional vector containing in the entfy
the net number of quarks (number of quarks minus number afwaarks) of flavourf. A gluon
jet will have a flavour vector in which all entries are zero. |8ar source of IR unsafety is gluon
splitting into a quark and an antiquark that are recombingid eifferent jets, thus changing the
underlying jet flavour. At next-to-leading order (NLO), thaly singular contribution occurs
when the quarks are collinear. In this case, gheair is always recombined in the same jet
by any IRC safe jet-algorithm, and the resulting jet flavaualso IRC safe. Starting from the
next perturbative order however a soft large-angle gludittisg may produce a andg which
are both soft but may not be collinear. Therefore the two fens can be clustered into two
different jets, thereby modifying the flavour of those hatsj In the next section we will analyse
specifically thek; algorithm, show that its standard version is not IR safe wagpect to the jet
flavour, and we will see how it can be modified to achieve an IR f-flavour algorithm.

4.2 IR safe jet-flavour algorithms at parton level

Let us see how a jet-flavour algorithm should work in the djpecase ofe™ e~ annihilation into
hadrons. There we consider close-to-Born events with adigpdir accompanied by an arbitrary
number of soft/collinear partons. One of such configuratisrepresented in fig. 7. It contains
a hardgq pair (at the bottom of each diagram) accompanied by a sofinghind a softg pair
originated by the splitting of a large-angle gluon. If on@l&s thek; algorithm [72—74] to such
a configuration, to all pairs of particles, p; one associates a distance

dij =2 (1 — cos;;) x min{E2, EJQ}, (19)

and clusters together the pair whaeggeis minimum. The resulting set of distances is represented
in the picture on the left hand side of fig. 7, where a thick liepresents a large distance, while
small distances are represented by thin lines. The onlg ldisgance obtained with the traditional
k; algorithm is that between the hagd pair, while all other distances are small. This is because
all other pairs involve at least one soft parton and the dcgtan eq. (19) depends on the energy of
the softest particle only. Looking in particular at the godindg, they can be clustered in different
jets thus giving either a couple of gluon jets or two multisflared jets, i.e. not corresponding

12Beyond the soft/collinear limit, such a mapping is intraadly ambiguous due to the presence of interference
terms.



Fig. 7: Pictorial representation of recombination distntor a sample partonic final statedfe™ annihilation in
the case of the traditional algorithm (left) and &:-flavour algorithm (right).

to any QCD parton. The latter case can be eliminated by allgwnly recombinations ofg
pairs of the same flavour, but the problem of generating fékengjets remains. The origin of
the problem is that the distance in eq. (19) is modelled so asrhpensate the soft and collinear
divergence in the matrix element for gluon emission. ghesplitting probability has no soft
divergence, so that, without endangering the IRC safeth@figorithm, one could modify the
distance in eq. (19) as follows:

min{E7, E7}  softer ofi, j flavourless

max{E}, E?} softer ofi, j flavoured (20)

d,’j =2 (1 — COSQZ‘]') X {
What happens in this case is represented in the picture orighichand side of fig. 7,
where the new distances are highlighted in red. There, thtartie between the safg pair
is still small, what becomes large is the distance betwettreredf the two and the hargyg
pair. In this way sofiyg pairs are first recombined together, and only after recoatioin is the
resulting gluon jet recombined with other hard jets. It campboven that with this modification
the resulting flavour determination is IRC safe to all ordenserturbation theory [71].

One can generalise eq. (20) to hadron hadron collisionsyidgffor each pair of particles
a distance parameterised by a jet raditis

p AR}, min{p?,,p? ;} ~ softer ofi, j flavourless
YT OR2 max{p;,;,p;;} softer ofi, j flavoured

(21)

WhereARfj is any collinear safe distance in the rapidity-azimyth plane, for instancéy; —
y;)?+ (¢ — @)% Furthermore, to obtain a full flavour determination, one taadd a distance
between each particle and the two beaBs@nd B at positive and negative infinite rapidity
respectively. This is achieved by introducing a rapiditpeledent transverse momentum for
each beamy; 5(y), p, 5(y), and defining
i _{ min{pii,p?,B(yi)} 1 flavourless (22)
P\ max{p?;,p?5(y:)} i flavoured

and analogously foid, 5. The beam hard scales 5(y) andp, 5(y) have to be constructed in
such a way that emissions collinear Boor B get recombined with the right beam, and that



pt,B(y) andp, (y) approach the hard scale of the event for central emissioms.ig achieved
for instance by defining

! (23)

If applied at parton level, these jet-flavour algorithmseén&vo main applications. First
of all they can be used in a NLO calculation to assign eachtéweam underlying Born subpro-
cess. This is needed to correctly merge real and virtuakibotipns when matching NLO and
resummed calculations [75]. A second application of jeteila algorithms is the combination
of parton showers and matrix elements [76, 77]. For instaimcine CKKW approach [76], the
correct Sudakov form factor to be associated to each eveetided only after having clustered
the event into jets. This Sudakov form factor depends on d¢lmuc charge of the hard emitters,
and is therefore correctly computed only if a flavour has h@eperly (i.e. in a IRC safe way)
assigned to each jet.

At hadron level, in general, it is not sensible to distinguigiarks and gluons. However,
there is a case in which the flavour algorithm can be sucdbssiipplied also at hadron level,
that is in the case of heavy flavour production. There all iaslcontaining a heavy quark (of the
selected flavour) are treated as flavoured, while all othdrdms are considered flavourless. As
we will see in the next section, an IRC safe jet-flavour alfponi can thus be exploited to obtain
accurate QCD predictions forjet cross sections.

4.3 Accurate QCD predictions forb-jet cross sections

A basic measurement irproduction in hadronic collisions isjet transverse momentum spectra.
Experimentally ab-jet is defined as any jet containing at least értavoured hadron [78]. It

is clear that such a definition is collinear unsafe, becangejet containing &b pair, which
should be considered a gluon jet, would be classified as & jefarThis gives rise to collinear
singular contributions if théb pair arise from a gluon collinear splitting. The resultirglinear
singularity is regularised by thequark mass, giving rise to large logarithms at most of redat
ordera” In*"~1(p;/my). These gluon splitting (GSP) processes constitute the amhisource

of b-jets at the Tevatron. This is awkward since jets from GSPaewmen correspond to one’s
physical idea of a&-jet. There are two other production channels, flavour aoit (FEX) and
flavour creation (FCR). In FEX one of the constituents of adpo®dbb pair is collinear to
the beam, while the other builds up thget. This process also contains collinear singularities,
which at all orders give rise to termg In"(p;/m;). FCR is the process in whichté pair is
produced directly in the hard scattering. Although, duenterference, these three processes
are mixed together, they can be cleanly separated in thieealtifiear limit. All current fixed-
order programs with a massisémplement only FCR at NLO [79, 80], while GSP and FEX are
only LO processes. This results K-factors (NLO/LO) and renormalisation and factorisation
scale dependence that are far larger than is expected froth ddlculations, as can be seen in
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fig. 813 It is particularly instructive also to have a look at the baitplots in the figure, which
show the relevance of the various production channels asnaot from HERWIG [82]. Notice

in particular how at the LHC GSP is the dominant process atvahye ofp,. This is due to the
fact that inpp collisions the procesgg — bb, the one responsible for FCR, is small also at high
p: due to the smallness of the antiquark distribution in theqsro

This situation can be significantly improved by exploiting I&RC safe definition of jet-
flavour, such as the one outlined in the previous sectionv&come the experimental difficulty
of discriminatingb from b, one can define &jet as a jet containing an odd numberbefiadrons
without any risk for the IRC safety of the jet flavour [83]. Inig case, the GSP contribution
to b-jet production disappears immediately, because all jetis two b's will be classified as
gluon jets, and therefore will not contribute at allbtget cross sections. FEX contributions give
rise to jets with a singlé, so they cannot be eliminated by a jet-flavour algorithm. Egsy,
the FEX collinear logarithms are precisely those resummeitie b parton density, one of the
ingredients of any PT calculation with masslé&ss Therefore one can compare experimental
data forb-jet p;-spectra obtained with the IRC definition of sec. 4.2 with R&dictions with
massles$’s, which are available at NLO accuracy [84, 85]. Since alligear singularities have

3Note that the addition of a parton shower as done in MC@NLQd8#s not solve the problem. This is because
the underlying hard configurations remain the same as NL®hawe therefore the same collinear singularities.



Tevatron LHC

T T 108
L Y . i 4
o 10
T - N 110°
= - N 1§
o
k] ; 23
3 _ ] —— NLO 11073
<104t --- Lo 1 F---10 4 10% =
10 4 L 1 10®
sl |)I/|<O.7, R|= 0.7, ug = Ug = Py | E Folyl <IO.7, R=0.7, pR=u,:I=Pt E 8
10 * * e —— 10
L T L T T T T T
g 4 Wf [ biets I B
S 12F__---"7 — - - = 4 12 2
x C | N all jets =]
1 | IR | L L L | - sl L MR | L PR l
a T ™ 1 T T ] [T T T T T — ] »
k) 11 12 P, < g, Mg < 2 P, . B 12 P, < pg, Up <2 P, 1 11 g_,
o 1 1 @
S 09 u L 1 09 @
8 1 1 1 N 1 N N 1 ©
= 01 T T [ - T T T T - 01 3
o ] %
7 0 - - < e et 0 )
= L ) 5
= -0.1 | | - E | N | 41 -0.1
. 14 T T T T T 14 o
& 12 12 9
1 1 0
LL + o
o 0.8 0.8 o
D_ 06 1 N M | N N N 1 1 | N N TR | 06 *
50 100 500 100 1000
p; [GeV] p, [GeV]

Fig. 9: Thep: spectrum fob-jets at the Tevatron (left) and at the LHC (right) obtainethiLO program NLOJET++.
Below one can see, in ordek -factors forb-jets and all-flavoured inclusive jets, scale uncertamtibtained by
varyingindependentlyenormalisation and factorisation scales by a factor of wass effects and PDF uncertainties.

been either eliminated or resummed, the difference betiyeemassless and massive calculation
should only involve powers of:? /p7 (potentially enhanced by logarithms). The resulting NLO
p; Spectra at the Tevatron and at the LHC are shown in fig. 9. Tdweecan see that now the
K -factors forb-jets are comparable to those for unflavoured jets, and rataleindicating that
the PT expansion is under control. Furthermore, scale tainges are at most0%, and adding
PDF uncertainties the overall theoretical error does ncees20%, except at very high, values

at the LHC, where PDF’s are less constrained. Note that nffestsare less thdt%, therefore
not contributing significantly to the total uncertainty.

A technical difficulty to perform such a calculation is that NLO program contains in-
formation on the flavour of produced partons. One is therefbto extract this information from
one’s favourite NLO code (in our case NLOJET++ [85]). Thisgedure, although not straight-
forward, is nevertheless far easier than writing and tgstimew code from scratch. Due to the



relevance that jet-flavour algorithms can have for prenisialculations we strongly encourage
the authors of NLO codes to provide flavour information byaat

We remark that very similar results are obtained for charfpedpectra. An interesting
issue there is that predictions are very sensitive to plessgilrinsic charm components of the
proton [86], so that these observables can be exploited twosstraints on such intrinsic com-
ponents.

A last remark concerns the feasibility of the experimentabsurement of heavy flavour
jets defined with our flavour algorithm. For a successful cangon between theory and exper-
iment it is crucial to identify cases in which both heavy-flaved particles are in the same jet,
so as to label this jet as a gluon jet and eliminate the carttdb of these configurations from
the heavy-quark jet cross sections. Experimental teclsidor double-tagging in the same jet
already exist [87] and steady progress is to be expecteainghr future [88—90]. However one
has always a limited efficiency for singletagging, and even more for douldidagging in the
same jet. On the other hand preliminary studies indicateaiha does not necessarily need high
efficiencies, but what is more crucial is that one dominatesetrror on those efficiencies [83].
We look forward to further investigation in this direction.

Acknowledgements. This work has been done in collaboration with Gavin Salam.

5 Towards NNLO predictions for top quark production
Author: M. Czakon

Although discovered quite some time ago, the top quark habe®n studied sufficiently
to not deserve a special place in the LHC physics programimis.cbntribution to the workshop
proceedings addresses part of the latter related to theuagk gpair production cross section.
While ideas of applications seem to have cristalized, thasaalso been progress in the evaluation
of the next-to-next-to-leading order corrections. Heigiye some details of the methods.

The top quark has enjoyed a sustained attention for moregtd@cade since its discovery.
Only this year, several theoretical studies have been shdddi on its properties in view of the
LHC. The interested reader is directed to [91]. A quantitypafticular importance is the total
production cross section. Without entering into a detadlstussion it is sufficient to say that
one may expect a precision of measurement at the level oft &S6\after a few years of LHC
running, a number which on the one hand constitutes a clgglemthe theory, and on the other
opens the door for a few applications, of which only two wél imentioned here.

The first of the applications is indirect mass determinat©learly, the total cross section
is a decreasing function of the mass due mostly to the phase sflependence on the final states.
A convenient representation of the connection betweenrtioe en the top quark mass;;, and
the error on the total cross section;, is given by

Aoy A
TN il (24)

Oty my

which is valid in a broad range around the current top quargksmg&learly, this formula points
at the possibility of determiningn; with an accuracy at the one percent level, as long as the
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Fig. 10: Finite parts of the bosonic contributions to the 4awop amplitude in quark annihilation (most subleading
color coefficient).

theory prediction of,; is not a limiting factor. This is competitive with the bessudts from the
Tevatron, but less precise than the ambitious goals of th€.JHhe question remains, therefore,
of the relevance of this method. A look at the way is measured at present, and the variations
of the central value implied, should convince a skeptic ithatimportant to have an independent
measurement, which is far less sensitive on the kinematmnistruction of hadronic final states.

The second application is gluon luminosity determinationa large extent synonymous
of the gluon PDF determination. While the standard lumityosionitor process for hadron
colliders, Drell-Yan gauge boson production is sensitiwstly to quark PDFs, many of the non-
standard processes and also the Higgs production proeegslaced by gluon fusion. A recent
study by CTEQ [92], has shown that one can exploit the stramgeation between those cross
sections and the top quark pair production cross sectioadoce the errors. A prerequisite for
success is a precision of 5% on both the theory and the expetainside.

In view of the above, a precise theory prediction #gf would be more than welcome.
As far as fixed order perturbation theory is concerned, thalref [93] shows an error, judged
by scale dependence, in excess of 10%. Since there is a stgdstmhancement of the pro-
duction rate due to soft gluon emission, one might expedtttieknowledge of higher order
corrections in the threshold regime would reduce the finaktminty. This is indeed the case,
as shown in various studies, of which the most recent are9f4-in the end, it is possible to
obtain a prediction with a conservative error estimatehdijgbelow 10%. While this number is
not quite satisfactory, there is a second drawback to theoapp based on threshold resumma-
tions. Namely, it does not fit a Monte-Carlo generator. Wit high statistics of the LHC, MC
programs are indispensable. All in all, it seems that hagifiged order result with next-to-next-
leading accuracy would be a perfect solution. This staterseonly strengthened by the fact,
that the error from scale dependence induced would then rin@only 3% [94].

An NNLO prediction for a production process at the LHC neeauls fngredients: 1) the
two-loop virtual corrections, 2) the one-loop squaredections, 3) the one-loop corrections with
an additional parton radiation, 4) the tree-level cormdiwith two additional partons radiated.
Within the last one or two years, the first three points hawentmmpleted to a large extent for



the case of,; [97—102]. Clearly, point 4) is trivial as long as all the ers are distinguishable.
Performing the phase space integration over the unresotwathuration in 3) and 4) is the main
remaining challenge. We are not going to discuss this issii¢,is not yet solved, but rather give
a few details of the solution to point 1), which is an achieeeirn itself.

The main problem in the determination of the two-loop viFe@rections is the integration
over the virtual momenta. The method adopted in [99] is based numerical solution of a
system of differential equations [103]. It is suitable foolplems with a relatively low number
of scales and relies on the fact that Feynman integrals amotsnfunctions when evaluated
above all thresholds as is here the case. The boundarieseague obtained from a series
expansion solution to the differential equations arourel ltlgh energy limit of the integrals
derived in [97,98]. While the integration of the system ofiations is not fast enough to fit into
a Monte-Carlo program, the presence of only two kinemati@tses allows to use interpolation
on a grid of precalculated values. The result for the mostpimated color coefficient (most
subleading term) in quark annihilation is shown in Fig. 18eBppropriate color decomposition
is

A©2) — 9Re (MO |M®@) = 2(N% — 1) (25)

1 n n
x <N2A + B+ 5530 + NmDi + Ny, Dy + NZEZ + NhEh + 0P F 4 nyna Fyp, + niFh>.

The result for the gluon fusion channel is underway. Whitgdhare no new complications
in the method itself, the number of integrals which need banies and have not been determined
previously is about three times larger.

6 2-and 3-loop heavy flavor contributions toFz(z, Q?), Fr(z, Q%) and g1 2(z, Q?)
Authors: |. Bierenbaum, J. Binlein and S. Klein

6.1 Introduction

In the case of single photon exchange, the deep—inelastibledlifferential scattering cross-
section can be expressed in terms of the unpolarized steuctoctionsFs (z, Q) andFy (z, Q2),
and the polarized structure functiops(x, Q%) andgs(z, Q?). We are considering heavy flavor
corrections to these functions. In the NLO approximatitwe, ¢orrections were calculated semi—
analytically in z—space forFy(z, Q?) and Fy(z,Q?) in [104], with a fast implementation in
Mellin N—space given in [105]. In the polarized case the NLO comwestiare available only
in the asymptotic cas@? > m? [106, 107].Thecc—contributions to these structure functions
in the region of smaller values of Bjorken~are of the order of 20-40 % and exhibit different
scaling violations than the contributions due to masslas®ops, as shown in Figure 11. For the
parameterization of the parton distribution functions wedi[108]. Hence, a more precise de-
termination of the parton distribution functions and theaswewement o\ qcp, as reached in the
non-singlet case [109], requires an extension of the heasykeontributions t@(a?), as in the
massless case, to perform the flavor—singlet analyzesstensly. This can be done by observing
that forQ? = 10 m2, F5¢(z,Q?) is very well described by its asymptotic expression in thatli
Q? > m?, [110], where one can calculate the heavy flavor Wilson atiefits, the perturbative



part of the structure functions, analytically. More pretysthe heavy flavor Wilson coefficients
in the limit Q2 > m? are obtained as a convolution of the light—flavor Wilson ionts with
the corresponding massive operator matrix elements (OMEBavor decomposed quarkonic
and gluonic operators between massless parton stated) es@obtained from the light—cone
expansion. Here, we consider the level of twist—2 operatdte light Wilson coefficients are
known up to three loops [111] and carry all the process degare] whereas the OMEs, the ob-
jects to be calculated here, are universal and procesgpédndent. Using this approximation, the
heavy flavor Wilson coefficients are calculated F;fL(x, Q?) to 2—loop order in [110,112,113]
and for F£¢(x, Q?) to 3—loop order in [114]. First steps towards the asympttimop correc-
tions for F5¢(z, Q?) are made by the present authors by calculating thg ®©(ms of the 2—loop
heavy operator matrix elements, [26, 115], contributinght® 3—loop heavy flavor Wilson coef-
ficients via renormalization. The logarithmic contributoin (m?/u?) of the OMEs, as well as
all pole terms inl /e, are completely determined by renormalization, in this/mliog a check on
the calculation, and containing in the single pole termgéspective contributions of the 3-loop
anomalous dimensions. Furthermore, first steps towardfi 8-fimop calculation of moments
of the heavy flavor Wilson coefficients were undertaken. Here momentsV = 2...12 of the
NNLO non-singlet NS) and pure-singletRS) contributions of the OMEs were calculated. In
addition, one obtains the corresponding contributionshéothree—loop anomalous dimensions
givenin [116,117], cf. also [118], which are confirmed in adépendent calculation.
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Fig. 11: The scaling violations of the light— and heavy—flasontributions to the structure functiorl@ig}‘t andFs .
at leading order.

6.2 Renormalization

Our calculation is done in Mellin space. The diagrams ardefself energy type with an addi-
tional operator insertion, which widely determines theaiyits and introduces the dependence
on the Mellin variableN. The external particle is massless and on—shell. The scakt by the
mass of the heavy quark. After calculating the bare heavpfl®MES in D = 4 + ¢ dimen-
sions and by using the Feynman—gauge, the renormalizatiparformed in four steps: We use
the on—shell scheme [119] for mass renormalization andviBescheme for the charge renor-



malization!* The remaining two types of divergences, the UV and collirséagularities, are
renormalized via the operatdf—factors and by mass factorization through the transitiorcf

tionsI. Denoting the completely unrenormalized OMEs by a doutde-4) and those for which
mass and coupling renormalization have already been peefibiby a single hat, the operator
renormalization and mass factorization proceeds via

A=Z"'AT', (26)

which constitutes a matrix equation in the singlet case.s Eguation allows us to predict the
pole-structure of the OMEs under consideration. Thdactors read

50 11 )
Zij(N,as,e) = 0ij+ asSe—== % +asSe { {z%m 0Ymj,0 + Boij, 0} + 2_%‘]',1}
3ga) 1|1
+a3S;: =3 6’7m 0Ynm,0Ymy,0 + BoYim ,0Ym3,0 + 50%] 0

+€i2 [% (Yim,1Ymj,0 + 2%im,0Vmj,1) + 3 (ﬁo%'j,l + ﬁl%’j,o):| + %}2-7)
They are related to the anomalous dimensions of the tWigperators viay = pdInZ(u)/ou
allowing to express them in terms of the anomalous dimessignto an arbitrary order in the
strong coupling constant, := «a,/(47) (cf. [115] up toO(a?)). Additionally, we would have
I = Z~, if all quark lines were massless, which, however, has to bdified here since we
always have at least one heavy quark line. From these eqaaboe can infer that for operator
renormalization and mass factorizatior@(tag’), the anomalous dimensions upN®&ILO, [116,
117], together with thé—loop heavy OMESs up t®(<?) and the2—loop heavy OMES up tO(¢)
are needed. The last two quantities enter since they mulipl andI’—factors containing poles
in e (cf. [115]).
To see this in more detail, let us consider as an example theA4g, o, which emerges for the
first time atO(a?). By applying Eqg. (26), one obtains @(a?) the renormalized OME

A=A+ 2370+ (20 4 A0

Here, the termflglg{Q, cf. [120], enters through mixing. Note that since we coesiohly terms
involving at least one heavy quark, we adopt the definition= ~(n; + 1) — y(ny) for the

anomalous dimensions in order to obtain the correct colojeption. Now we can predict the
structure of the unrenormalized result to be

2 (1)
i@ _ (M| 26 o) ded @ (2)
Ago = <F> [ 2 V9d T o0 T a0 T Q| (28)
where we see theO andNLO anomalous dimensions amd o = —(4/3)T+ occurring in the

pole terms. The terms which are in general not predictaldetta constant and ©f-terms,

YFor the latter we make the requirement that the heavy quasi kontributions to the gluon self-energy,
II(p?, m?), are renormalized in such a way th&(0, m?) = 0, cf. [110, 112,113, 115].



which, however, enter the pole and constant terms of a 3-@ldjt, as mentioned above. In
this particular case here, the calculation in Mellin—specéerms of Feynman—parameters is
straightforward, cf. [112, 113], and a representation iteEdl' functions can be obtained even
to all orders ine, where we reproduced the pole terms of Eq. (28), [121]. Astr&mark, note
that we consider charm quark contributions here, while &aver quarks decoupling [122] has
to be applied.

6.3 Of) at 2—loops

The appearance of the constant and)@€rms in the renormalization process of the OMEs has

been worked out in some detail in Ref. [115], [123], where wespnted thé)(¢) termsa.>)

_(2) _(2)PS o

0.0 > anda in the unpolarized case. The teﬂﬁ) was given in [26]. The last missing

2 —loopO(¢) term corresponds to the heavy OMlgq , [107,121]. The corresponding constant
contribution was calculated before in Ref. [120]. It camiites through operator mixing to the
TZ-term ong’;’PS, which we consider in this paper.

Since we perform our calculation in Mellin space, all resw@te given in terms of harmonic
sums, [124,125], the argument of which we have set equal. tdhus, the results of the constant

and O¢)—terms of the above—mentionerﬁ)@, for example, are given by:

2 3 2
@) 4 N24N+2 ( ) ) 88N+ 13N? 4 27N + 16
= TpCp{ = o) — =
90,0 F F{B(N—I)N(N+1) S2 ST 2e) TN T NN 1 !
8 P
— 29
+27(N—1)N(N+1)3}’ (29)
2
_(2) 2 N*4N+2 ( 3 )
= TpCp{ = —283 — — ACy —
Uy F F{ SN DNV D) S3 — 35251 — 57 + 4¢3 — 6G251
28N3 + 13N? + 27N + 16 ) 4P S,
- 9 ) _
T DN T 1? (26 + 85+ 51 TN —)N(N +1)°
AP,
30
TRV - 1)N(N+1)4}’ (30)
Py = 43N* 4+ 105N? + 224N? + 230N + 86 .
Py = 248N° + 863N 4 1927N3 + 2582N? + 1820N + 496 .

The representation in Mellin—space allowed us to use varamalytic and algebraic relations
between harmonic sums, [126—128], to obtain a more compaattr Together with the result

of Eq. (30), all2—loop O(¢) terms of the heavy OMEs in the unpolarized case are known by
now. A corresponding calculation has been performed fopthlarized case up t®(e) [107]
extending the results of Ref. [106]. The contributions ® structure functioms (z, Q?) can be
obtained using Wandzura-Wilczek relations, cf. [129, 1Fr the respective formulae we refer
to the original paper.



6.4 Fixed moments at 3—loops

We start by calculating the diagrams for fixed even values efliM N. At this order, new
operator vertices appear with three and four gluonic lifsywhich the Feynman—rules had not
yet been derived before. The necessary 3—-loop diagramseaeraied usin@QGRAF [131]
and are genuinely given as tensor integrals due to the apsredvntracted with the light—-cone
vector A, A% = 0. The calculation proceeds in the following steps: first, ¢batraction with
the light—cone vector is made undone, which leaves tensegrials for each diagram. For each
value of Mellin N under consideration, one then constructs a projector, hylzipplied to the
tensor integrals, projects onto the desiféd We considerN = 2, ...,12. The color factors of
the diagrams are calculated using [132]. A generalizatiomdher moments is straightforward,
however, the computing time increases rapidly. The diagrare then translated into a form,
which is suitable for the progra®ATAD [133], doing the expansion infor the corresponding

massive three—loop tadpole—type diagrams. We have impletiall these steps intoRRORM-

program, cf. [134], and tested it against various two—lcegults, including the result fo@ﬁl)Q,

Eg. (28), and found agreement.

The first 3-loop objects we are investigating are the OMEY> ,, cf. [121], andAl;. All
diagrams contain two inner quark loops, where the quark tchwine operator insertion couples
is heavy and the other one may be heavy or light. The latteicages can be distinguished by a
factorn s, denoting the number of light flavors, in the result. From E2f), we can obtain the
pole structure of the th&2 terms of the completely unrenormalize§ OME:

A 2\ 3e/2 +4 1,2-n 4
@ (T o (0 ! (D)
A o (F) {2 o5 Poaiig e + 52< A A — (g + 1)550,%5)
F
1/n + 1. 2 9 PS C2ﬁ0 2P
= (F AR — g+ Dogag)™ —ny TR0 + 4 ago )+ )™ @D
T

The n; dependence is written explicitly arﬁ?s) is the termcx nfc of the NNLO anomalous

dimensionfyé,zs). It is not possible to factor ouin s + 1), not even in the triple pole term. This
is due to the interplay of the prescription for coupling dans renormalization we have adopted
and the fact that the transition functiohsapply to sub—graphs containing massless lines only.
We have calculated the above term usM@TADfor N = 2, ..., 12 and all pole terms agree with
Eg. (31). Detailed Tables of these results can be found ith][a8d a further upcoming paper.
Using Egs. (29,31), one can obtain moments for3hkop anomalous dimensiayffs)|T2, see
also [121] and a corresponding paper in preparation. Thater Fesults agree with the results
from [117]. Here one has to make the replacemept— n;(27%), with Tp = 1/2, and

to multiply by 2, to account for the different convention for tl#e-factors we adopted. As an
example consider the renormalized result for the secondentmpplying Eq. (26), we obtain

2 2 )
o~ - 0) - i)+ S

3584 128 m? 32 m? 5104 . /m? 34312 1024
_ 2002 13<— In <— _2 <— _ 2200l 2
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Asin Eq. (32), we observe for all moments in th§ andPS case that the terms (> disappear
after renormalization, since the corresponding terms énligrht flavor Wilson coefficients do
not contain everj-values. This provides us with a further check on our catmrda since it is a
general observation made in maby= 4 calculations.

For theT%—terms of the heavy OMElé?;?g'S, a formula similar to Eg. (31) can be de-
rived, cf. [121]. Using agaiMATAD, we have calculated the fir§t non-vanishing moments
of the completely unrenormalized expression. The pole 4enm@ obtain agree with what one
expects from Eq. (26) and after renormalization, we agasenle that there are n@'s left
anymore. Additionally, the values for the moments of thentesc Tx in 7,(\,25) agree with those

in Refs. [116-118].

6.5 Conclusions and outlook

All O(¢e) contributions to the unpolarized and most of the polarizeavy quark OMEs for gen-
eral Mellin variable N at O(a?) were calculated which are needed for the renormalization at
O(a?). This part of the calculation makes significant use of theesgntation of Feynman-—
integrals in terms of generalized hypergeometric andedlainctions, omitting the integration-
by-parts method. The solution of the sums beyond those wduald be performed bguntrer

[125], required new techniques and were solved uSh@VA [135]. Concerning the structure

of the result, we find theiniversalpattern as observed in case of the massless 2-loop Wilson
coefficients and related quantities in terms of harmonicss|ir#6, 127, 136—-138]. Furthermore,
we installed a program chain to calculate the correspongidgop diagrams ta@(a?) using
MATAD. As a first step, we obtained the moments of the heavy OME%‘S and AS’Q’PS, for
which we found agreement with the general pole structureebea from renormalization. This
provides us with a good check on the method we apply for owuéation. For the calculation of
high moments we will appliffFORM [139], in the future. In the same way all other contribution
to the heavy quark OMEs will be calculated.

Acknowledgments. We would like to thank M. Steinhauser and J. Vermaseren fefuliglis-
cussions and M. Steinhauser foF@RM 3. 0 compatible form of the cod®ATAD.

7 Heavy quark and quarkonium production in the Regge limit of QCD

Author: V. Saleev

We study production of hadrons containing charm and beauaykg at HERA and Teva-
tron Colliders in the framework of the quasi-multi-Reggeeinatics approach at leading order
in the strong-coupling constamt;. To describe heavy quark hadronization we use the frag-
mentation approach in case bf— and B—meson production, or the factorization formalism of
nonrelativistic QCD at leading order in the relative vetpai of heavy quarks in quarkonia in
case of heavy quarkonium production.



7.1 Theoretical basis

Heavy quark and quarkonium production at high energies asded a useful laboratory for
testing the perturbative quantum chromodynamics (pQCmadisas the interplay of perturbative
and nonperturbative phenomena in QCD. Also these studiesuarpotential for the observation
of a new dynamical regime, namely the high-energy Reggd, liwhich is characterized by the
following condition/S >> 11 > Agcp, wherey/S is the total collision energy in the center of
mass reference framacp is the asymptotic scale parameter of QGDOs the typical energy
scale of a hard interaction.

The phenomenology of strong interactions at high energidgbigs a dominant role of
gluon interactions in heavy quark and quarkonium productio the conventional parton model
[140], the initial-state gluon dynamics is controlled bg thokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) evolution equations [141], in which it is assed thatS > 1? > A% Thus,
the DGLAP evolution equation takes into account only ongddogarithm, namelin(x/Agcp)
and the collinear approximation is used, in which the trars¥ momenta of the initial gluons
(kr) are neglected.

In the Regge limit the summation of large logarithing\/S /) in the evolution equa-
tion can then be more important than the one oflilg:/Agcp) terms. In this case, the non-
collinear gluon dynamics is described by the Balitsky-Raduraev-Lipatov (BFKL) evolution
equation [142]. In the region under consideration, theswvarse momenta of the incoming gluons
and their off-shell properties can no longer be neglectad vee deal withReggeizedluons. As
the theoretical framework for this kind of high-energy pberenology, the quasi-multi-Regge-
kinematics (QMRK) approach [143], which is based on theatiffe quantum field theory im-
plemented with the non-abelian gauge-invariant actiod],1dan be used. ThReggeizatiorof
particles or amplitudes is the well-known effect for eleos in high-energy quantum electro-
dynamics (QED) [145] and for gluons and quarks in QCD [14B]14/Roughly speaking, the
Reggeizatioris a trick, which gives an opportunity to take into accoufficefntly large radiative
corrections to the processes under Regge limit conditigrork the collinear approximation.
The main ingredients of the QMRK approach are the effectedices of Reggeon-Reggeon-
Particle (RRP) or Reggeon-Particle-Particle (RPP) ictéyas, which can be obtained from the
effective action [144].

The factorization formalism of nonrelativistic QCD (NRQC[247] is a theoretical frame-
work for the description of heavy-quarkonium productionl @ecay. The factorization hypoth-
esis of NRQCD assumes the separation of the effects of lodgshart distances in heavy-
quarkonium production. NRQCD is organized as a perturbaipansion in two small parame-
ters, the strong-coupling constant and the relative velocity of heavy quarks in quarkonium.

The studies of the open heavy-flavour production at highgg@eshow that in calculations
the precise implementation of the effect of heavy quarkrfragtation is needed to describe
data [45—-47,148]. The approach used here applies the salMeagmentation functions (FFs)
[45-47], which satisfy DGLAP evolution equations and arefittoe* e~ annihilation data for
the open heavy-flavour production from CERN LEPL1.

Both models, the NRQCD and the fragmentation approacht depend on the choice of
high-energy factorization scheme and they can be used éalesibns both in the conventional



collinear parton model and in the QMRK approach.

7.2 Charmonium production at Tevatron and HERA

During the last decade, the CDF Collaboration at the Teudttd9, 150] collected data on char-
monium production at the energigéS = 1.8 TeV (run 1) andv/S = 1.96 TeV (run 1) in the
central region of pseudorapidity| < 0.6. In contrast to previous analysis in the collinear parton
model [151] or thekp-factorization approach [152—-154], we perform a joint fithe run-I and
run-1l CDF data [149, 150] to obtain the color-octet nonpesative matrix elements (NMES) for
J/, xcs, @andy’ mesons. The run-Il data include region of small) transverse momentum,
which can't be described principally in the collinear partmodel, but this region is important
for fit procedure. Our calculations [155, 156] are based @teanalytical expressions for the
relevantReggeizedmplitudes, which were previously unknown in the literatgR + R — H,
R+ R — H +g,andR + P — H, whereH is qg—pair in the fixed quantum stat®, is the
Reggeizedjluon). Our fits include five experimental data sets, whicmea@spr distributions
of J/¢ mesons from direct production, prompt productiqpy; decays, and’ decays in run |,
and from prompt production in run Il. In the Table | of Ref. fl356], we present out fit results
for the relevant color-octet NMEs for three different clesicof unintegrated gluon distribution
function, namely JB [157], JS [158], and KMR [159]. Our fitsttee Tevatron data turned out
to be satisfactory, except for the one to the sample based on the JB gluon density in the
proton, where the fit result significantly exceeded the nreskaross section in the smaij-
region, as it is shown in Figs. 4-5 of Ref. [155, 156]. We sae #hat color-octet contribution in
case ofy.; production is being quite unimportant. Considering theocokctet NMEs relevant
for the J /4, 9" and x.; production mechanisms, we can formulate the following iséiarrule
for favored transitions from color-octet to color-singttates:AL ~ 0 andAS ~ 0; i.e, these
transitions are doubly chromoelectric and preserve thigabdngular momentum and the spin of
the heavy-quark bound state.

At HERA, the cross section of promg{v) production was measured in a wide range of the
kinematic variables both in photoproduction [160], at dnaalues of photon virtualityQ?, and
deep-inelastic scattering (DIS) [161], at large valueQ®fIn the Figs. 6-9 of Ref. [155,156], our
NRQCD predictions in the high-energy factorization apptgaevaluated with the NMEs from
Table 1 of Ref. [155, 156], are compared with the HERA dat®][161]. In this regime, where
the contribution o — 1 subprocesses is suppressed, the LO NRQCD predictions (htieK
approach are mainly due to the color-singlet channels amtharefore fairly independent of the
color-octet NMEs. Thus, our results agree well with the datd with the previous calculations
in the color singlet model (CSM) [162], up to minor differescn the choice of the color-singlet
NMEs and the--quark mass. Let us note that first theoretical prediction/fa) photoproduction
in the CSM and th&r—factorization scheme has been done 15 yeas ago in Ref. [163].

7.3 Bottomonium production at the Tevatron

The CDF Collaboration measured the distributions of ' (15), T(25), andY(3S) mesons in
the central region of rapidityy, |y| < 0.4, atv/S = 1.8 TeV (run 1) [164] and that of thér (1.5)
meson in the rapidity regiong| < 0.6, 0.6 < |y| < 1.2, and1.2 < |y| < 1.8 atv/S = 1.96 TeV
(run 1) [165]. In both cases, th8-wave bottomonia were produced prompilg., directly or



via non-forbidden decays of higher-lyirfy and P-wave bottomonium states, including cascade
transitions such a¥(35) — xp (2P) — YT(195).

In contrast to previous analysis in the collinear parton ei¢t66], we perform a joint fit
to the CDF data from run | [164] and run |l [165] for al}- values, including the smatfi+ region.
Comparing the color-singlet and color-octet contribusiowe observe that the latter is dominant
in the Y(35) case and in th& (2S) case forpr > 13 GeV, while it is of minor importance in
the Y (1.5) case in the wholg7 range considered. The fits based on the KMR, JB, and JS gluons
turned out to be excellent, fair, and poor, respectivelyeyrielded small to vanishing values
for the color-octet NMESs, see Table Il of Ref. [167], esplgiavhen the estimated feed-down
contributions from the as-yet unobservegh (3P) states were included. The presented analysis
in Ref. [167], together with the investigation of charmaniproduction [155, 156], suggest that
the color-octet NMEs of bottomonium are more strongly sepped than those of charmonium
as expected from the velocity scaling rules of NRQCD.

Using obtained NMEs for bottomonium and charmonium stateshewve done predic-
tions for the LHC Collider at the energy’S = 14 TeV, which are presented in Figs. 14-17 of
Ref. [168].

7.4 Open heavy-flavour production at HERA and Tevatron

At HERA D—meson production has been studied both in the photo-priodugtocesses and in
the deep inelastic scattering (DIS) processes. The dafaesented by H1 and ZEUS Collabora-
tions for different spectra, see Refs. [169,170]. The ldaweser ina; processes of heavy quark
photoproduction or electroproduction in the QMRK approacithe massivee—quark scheme
are the following:y(y*) + R — ¢ + ¢ — direct production and?, + R — ¢ + ¢ — resolved
production, wherer is theReggeizedluon from a proton oz, is the one from a photon.

We find approximate agreement of our results with data fronRIEor pr spectra of
D*—meson production, the pseudo-rapidity spectra are destrikell only at the larger > 6
GeV, see Figs. 3-6 in Ref. [171]. These conclusions are tatle for photoproduction and for
D* production in DIS.

Recently the CDF Collaboration measured the differentia$€ sectiongo /dpr for the
inclusive production ofD®, D*, D**+, and D} mesons [172] ipp collisions at the Fermilab
Tevatron (run | and run 1) as functions of transverse mom@n{pr) in the central rapidity
(y) region. At the LO QMRK approach the parton subprocessebdarvy quark production in
hadron collisions areR + R — ¢+ ¢andQ + Q — c + ¢, where( is the Reggeizedjuark
in a proton. The squared matrix elements of all above meati@rocesses, excluding last one
with Reggeizedhitial quarks, are known in the literature [143, 173, 178he contribution of the
subprocess) + @ — c + cis studied for the first time [175].

In the paper [176], we explored the usefulness of the quadigRization hypothesis in the
framework of the QMRK approach by studying several obsdesbf inclusive charm produc-
tion at LO, namely the charm structure functiéh . of the proton measured at HERA as well
as the one-particle-inclusive cross sectiong)st and DF photoproduction irep collisions at
HERA and of D°, D*, D**, and D hadroproduction ipp collisions at the Tevatron Collider.
In all three cases, we found satisfactory agreement betweedefault predictions and the ex-



perimental data, which is quite encouraging in view of theicity of our LO expressions for

the partonic cross sections. By contrast, in the collineattom model of QCD, the inclusion of
NLO corrections is necessary to achieve such a degree afragrd. We thus recover the notion
that the QMRK approach is a powerful tool for the theoretaescription of QCD processes in
the high-energy limit and automatically accommodates goitant class of corrections that lie
beyond the reach of the collinear parton model at LO.

The first theoretical prediction for the beauty productiviievatron [177] based on high-
energy factorization scheme and Reggeon-Reggeon efedditices [143] for the proceds +
R — b+ b has been done in Ref. [178]. It was shown that hoth-spectra and total cross
section ofB—mesons can be described well with KMS unintegrated gluamiloligion function
[179]. We performed these calculations with KMR [159] ueintated distribution functions and
Petersorb—quark fragmentation function [180], and have found goockagrent with data too.
Thus, in case of—quark production, contrary te—quark production, theoretical description of
data both forB—mesons and for bottomonia looks well grounded and more siniiec—quark
mass is not large enough and nonperturbative effects inatiohization ot—quarks need more
careful description.

7.5 Conclusions

Our results show that the QMRK approach is a very powerful tedahe high-energy phe-

nomenology of heavy quark and quarkonium production. Ofsmuthere is a number of non-
solved problems yet, such as the correct descriptiofygf polarization [181] and an estimation
of NLO corrections for relevant processes. At the LHC Cellithe conditions of application of
the QMRK approach for heavy quark production will be satgsfgth higher accuracy, therefore
we see many future applications of this approach in a newnkétie regime.

The author thanks B. Kniehl, D. Vasin and A. Shipilova for pemation in study of pre-
sented results. We thank also L. Lipatov, M. Ryskin, G. Krarkke Spiesberger and O. Teryaev
for useful discussions.

8 Upsilonium polarization as a touchstone in understandinghe parton dynamics in QCD

Authors: S. Baranov and N. Zotov

Nowadays, the production of heavy quarkonium states at @iggrgies is under intense
theoretical and experimental study [182,183]. The prddnamnechanism involves the physics
of both short and long distances, and so, appeals to bothrbative and nonperturbative meth-
ods of QCD. This feature gives rise to two competing thecaétpproaches known in the lit-
erature as the color-singlet and color-octet models. Atingrto the color-singlet approach, the
formation of a colorless final state takes place alreadyedligivel of the hard partonic subprocess
(which includes the emission of hard gluons when necessdry}he color-octet model, also
known as nonrelativistic QCD (NRQCD), the formation of a mrestarts from a color-octepQ
pair and proceeds via the emission of soft nonperturbativeng.

Originally, the color-octet model was introduced to oveneathe discrepancy between the
large J /1) production cross section measuredppninteractions at the Tevatron and the results
of theoretical calculations based on the standard petiueb@CD. The problem was apparently



solved by attributing the discrepancy to the hypothetiaaitgbutions from the intermediate

color-octet states, which must obey certain hierarchy weye of the relative velicity of the

quarks in a bound system. However, the numerical estimdtédsese contributions extracted
from the analysis of Tevatron data are at odds with the HERA, despecially as far as the in-
elasticity parameter = E,,/ E., is concerned [184]. In thg;-factorization approach, the values
of the color-octet contributions obtained as fits of the Tewradata appear to be substantially
smaller than the ones in the collinear scheme, or even caadieated at all [153, 155,185, 186].

The first attempts to solve the quarkonium polarization [@wbwithin thek;-factorization
approach were made in the pioneering work [187] (see alsB])1f8r ep collisions and in
Refs. [154, 185] fompp collisions. It was emphasised that the off-shellness ofitit@l glu-
ons, the intrinsic feature of thig-factorization approach, has an immediate consequend®in t
longitudinal polarization of the final stat&/+) mesons.

The goal of this paper is to derive theoretical predictionghe polarization off’ mesons
produced at the Fermilab Tevatron and CERN LHC. Inihéactorization approach, the cross
section of a physical process is calculated as a convolofitime partonic cross sectignand the
unintegrated parton distribustioR, (z, k2., z%), which depend on both the longitudinal momen-
tum fractionz and transverse momentuti:

= [ Fulors R 1) Fy 2 i) g .. W ) o ey i (39)

In accordance with [173,189-191], the off-shell gluon sg@msity matrix is taken in the form

eher = phpval/|kr|* = kikt ko). (34)

In all other respects, our calculations follow the standgggnman rules.

In order to estimate the degree of theoretical uncertaiotynected with the choice of
unintegrated gluon density, we use two different paramations, which are known to show the
largest difference with each other, namely, the ones pexpisRefs. [189,191] and [192]. In the
first case [189], the unintegrated gluon density is derivedhfthe ordinary (collinear) density
G(z, u?) by differentiating it with respect t@® and settingu? = k2. Here we use the LO
GRYV set [193] as the input colinear density. In the followitigis will be referred to as dGRV
parametrisation. The other unintegrated gluon densit2][iDobtained as a solution of leading
order BFKL equation [191] in the double-logarithm approaiion. Technically, it is calculated
as the convolution of the ordinary gluon density with som&ensal weight factor. This will be
referred to as JB parametrisation.

The production ofY mesons inpp collisions can proceed via either direct gluon-gluon
fusion or the production oP-wave states, followed by their radiative decayg,—Y+~. The
direct mechanism corresponds to the partonic subpragasg — T + g which includes the
emission of an additional hard gluon in the final state. Thmdpction of P-wave mesons is
given byg + g — x3, and there is no emission of any additional gluons. All theoparameters
are the same as in our previous paper [194].

The polarization state of a vector meson is characterizalldgpin alignment parameter
which is defined as a function of any kinematic variable.gB) = (do /dP—3doy, /dP)/(do/dP+



dor/dP), whereo is the reaction cross section ang is the part of cross section correspond-
ing to mesons with longitudinal polarization (zero helicgtate). The limiting valuesr = 1
anda = —1 refer to the totally transverse and totally longitudinalgszations. We will be
interested in the behavior ef as a function of thél' transverse momentun®? = |pr|. The
experimental definition o is based on measuring the angular distributions of the diegay
tonsdl(Y—putpu~)/dcos§ ~ 1 + acos? 8, whered is the polar angle of the final state muon
measured in the decaying meson rest frame.

The results of our calculations for the kinematic condiiaf the Tevatron and LHC are
displayed in Fig. 12. In both cases, the integration limitsragapidity were adjusted to the exper-
imental acceptances of CDR/{| < 0.6) at the Tevatron and ATLAS4y| < 2.5) at the LHC.
The upper panels show the predicted transverse momenttibwlions. Separately shown are
the contributions from the direct (dashed lines) @&havave decay (dotted lines) mechanisms.
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Fig. 12: Predictions on the production ®f mesons at the Tevatron (left panel) and LHC (right paneljcK tines,

JB parametrization; thin lines, dGRV parametrizatig¢a) Transverse momentum distributiofb) Spin alignment
parameter for the direct contribution(c) Spin alignment parameter with feed-down fromy, decays taken into
account. Dotted lines, the quark spin conservation hygighdash-dotted lines, the full depolarization hypothesi

As far as the decays df-wave states are concerned, nothing is known on the pdiarisa



properties of these decays. If we assume that the quarksponserved in radiative transitions,
and the emission of a photon only changes the quark orbitedentum (as it is known to be true
in the electric dipole transitions in atomic physiés$ = 0, AL = +1), then the predictions am
appear to be similar to those made for the direct channekfipanels in Fig. 12, dotted curves).
If, on the contrary, we assume that the the transitipn>T + + leads to complete depolarization,
then we arrive at a more moderate behavior of the paramefgash-dotted curves in Fig. 12).
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Fig. 13: Spin alignment parametarat the Tevatron. Solid curve, quark spin conservation Hygsis; dash-dotted
curves, full depolarization hypothesis; yellow band, NRl@edictions. Green and black points, DO Run 1 and Run
2 experimental data.

The preliminary results on thé/« polarization at the Tevatron obtained by the collab-
orations E537 [195] and CDF [196] point to logitudinal patation with the average value of
spin alignment parameter ~ —0.2 over the whole range of /¢ transverse momentumy.

In Fig. 13 our results [194] are compared with the prelimyndata on the spin alignment af
mesons obtained by the DO collaboration [197].

A state with purely direct production mechanism in the botaium family is theY (355)
meson. The calculations presented here are also validifostidite, except the lower total cross
section (by an approximate factor of 1/3) because of theespondingly lower value of the wave
function

At the LHC energies, the theoretical predictions possess densitivity to the choice of
unintegrated gluon distributions. The purest probe is idexy by the polarization off (3.5)
mesons.

9 B. and double heavy baryon production and decays
Author: A. Likhoded

B.-meson is the heaviest of the stable under strong interaatiesons. Because of its
unique properties the study of its production and decaygs®es can be used to check current
models of quark dynamics.

There are 16 narrofbc) states below the threshold BfD-pair production. In contrast to



(cc) and (bb) systems there are no strong annihilation chane(#6)-mesons, so excited states
can decay only to the ground states with the emission of piscadr-mesons.

Experimental value for ground state masdig, = 6276.6 4 4 + 2.7 MeV/c? was mea-
sured recently by CDF collaboration in exclusive de¢ay— J/vx [198]. It is in good agree-
ment with theoretical predictions [199] within experimainand theoretical errors. Semilep-
tonic decay mode was used recently by DO and CDF collaboatio measurd3.-meson life-
time [200]

0.123
T8, = 0.4487( 2 £0.121ps.

This value is in good agreement with theoretical calcufetibased on operator product expan-
sion (OPE), potential models and QCD sum rules [201]. Tfesitne is caused mainly by decays
of c-quark (70%), while contribution df-quark decays and weak annihilation are 20% and 10%,
respectively. It should be noted, that observed by DO and Calleboration decay modes are
connected wittb-quark decays.

Since both constituent quarks B, are heavy, one can use perturbative QCD for calcula-
tion of B, production cross section. The only nonperturbative patamen this cross section,
the value ofB, wave function at the origin, can be obtained using potentiadels. In this point
B.-meson production differs dramatically from production®fand D-mesons.

In e*e~ annihilation theory predicts usual patternbediuark fragmentatioh — B, + X,
with calculable fragmentation functions. 40 — B. + X, vg — B. + X andgg — B, + X
processes, on the other hand, there is strong violatioraghfentation picture for large enough
transverse momentum. The factorization formula

do / dé (,u,gg — bE)

do dz
dpr dkr

DI (g, )

kr=pr/x

is valid only for very large value = 40 GeV). As aresult, to describe experimentally interest-
ing values ofB, transverse momentum in these processes one needs to Eatotdhamplitude
sets: 20 amplitudes foyy-, 24 foryg- and 36 forgg-subprocesses [202].

A rough estimate of total contribution 8. production cross section (including feed-down
from excited states) gives the value of ordér? of the cross section aB-meson production.
CDF and DO collaborations give their results Bpproduction cross sectiow ) in the form of
the ratio over the cross section Bfmeson productiono(s):

op,Br (B, — J/etv,)

R, = = 0.282 + 0.0038 £ 0.074
¢ opBr(B. — J/YK*)

in the kinematical regionnr(B) > 4.0 GeV and|y(B)| < 1.0. Similar result forB, —
J/puty, decay is

R, = 0.249 +0.04570 3%,

We believe that these results contradict theoretical eséima Using known branching
fractionsBr (B — J/¢K*) ~ 1-1073 andBr (B, — J/ye*v,) ~ 2-1073 one can see, that



Mode BR, % Mode BR, % Mode BR, %
B = neetv 0.75| BFf — J/YKT 0.011| Bf — BIK™ 1.06
Bf — ety 0.23| B, — J/vK*+ | 0.022| Bf = B°K* 0.37
B —nletv 0.041| Bf — D*D" 0.0053| B — BYK** -
BY —nirtv | 0.0034| BX — D+D* | 0.0075| Bf — B°K*T -
BF — J/petv 1.9| BX — D**D° | 0.0049| B} — Bn™" 1.06
Bf — J/yrtv | 048| Bf — D*+D* | 0.033| B — B%" 0.96
Bf — ety 0.132| B — DfD° | 0.00048| B — B*'7+ 0.95
Bf /vty | 0.011| BX — D+D* | 0.00071| Bf — B*p*t 2.57
Bf — D%ty | 0.004| Bf — D:+*D° | 0.00045 Bf — B°K* 0.07
Bf — D%y | 0.002| Bf — D**D*0 | 0.0026| B — B°K** | 0.015
Bf — D*%¢ty 0.018| Bf — n.Df 0.86| Bf — B*K* 0.055
BY — D*%r+y | 0.008| B} — n.D:t 0.26 | Bf — B**K** | 0.058
BF — Bty 4.03| BY — J/yD? 0.17| Bf — B*K"° 1.98
Bf — B¢ty 5.06 | B — J/¢yD*t 1.97| Bf — BTK*0 0.43
Bf — BY%ty 0.34| B} — n.D* 0.032| B+ — B**K0 | 1.60
Bt — B¢ty 0.58 | Bf — n.D** 0.010 Bf — B*T *0 1.67
B — nert 0.20 | B} — J/¢yD* 0.009| B} — Btx0 0.037
Bf — nept 0.42| Bf — J/yD** | 0.074| p+ _, B+, 0.034
B;’“ — J/prt 0.13 BZ" — Bgﬂ'+ 16.4 B;i- — B*tg0 0.033
Bf — J/¢pt 0.40 | Bf — B%+ 7.2| Bt — B*tp° 0.09
Bf - n.K* 0.013| B — B;OTF+ 6.5 Bf — 1ty 1.6
Bf - K* | 0.020| Bf — Byt 202| B - ¢35 4.9

Table 1: Branching fractions of exclusivg. decay modes [203]

in this kinematical region the ratio

o(Be) Br(B — J/yK*)Br(b — B*)  0.282-1073-0.5

- R, =0.7-1072
o(B) Br(B. — J/ve*ve) 2-1072 0.7-107%,

that is about an order of magnitude higher than theoretitahates.

Using CTEQS5L gluon distribution functions and perturbatoalculation ofjg — B.+ X,
we obtained about 0,8 for B.-meson production cross section at LHC. Itincludes couatigims
from 15y (0.19 ub), 157 (0.47 ubd), 25y (0.05ub) and2S; (0.11 ub) states. After summing over
all spin states we can see, that the whole contributioR-@fave levels is equal to 7% ¢f-state
cross section.

At LHC with luminocity £ = 103*cm?s~! and/s = 14 TeV one can expect.5 - 1010
B events per year. As it is clear from Table 1, branching feexgtiof main semileptonic and
hadronic decay modes are large enough for reliable obsemvatt B. meson.

10 Testing time-reversal and CP symmetry withA, decays
Author: Z. J. Ajaltouni



10.1 Introduction

Time-reversal (TR) is a fundamental symmetry in many braeadf Physics, principally nuclear
and particle Physics. Testing its validity or, converssdarching for its violation, is an important
task similar to CP symmetry violation. Few years ago, imguarexperimental results showing
clear evidence for TR violaton ik — K° oscillations have been claimed both by CP-LEAR
and K-TeV experiments [204]. Then, this research has beteméded to theB —meson system
by BaBar and Belle collaborations.

Another source of TR violation could be looked for in partamudecays ohyperonsas suggested
by R. Gatto after the discovery of parity violation thdecay [205]. If we replace thequark
belonging to an hyperon by faquark, analogous tests can be performed \Wwighuty baryons
like Ay, X3, etc. With the advent of the LHC, it is expected thafs of the bb pairs produced
in proton-proton collisions ay/s = 14 TeV will hadronize into beauty baryort$,, and approxi-
mately90% of the B;, will be dominated by\; or A;. In the framework of the LHCb experiment
whose average luminosity will b& = 2 x 1032cm 257! | roughly 10!! beauty baryons will be
produced each year.

10.2 Features of Time-Reversal

TR operator changes the sign of momentgand spins of any particle and leaves its coordinates
rinvariant. Any triple productv; x v;) - v, with ¥ j , = p'or 5 will be oddunder TR; a non-
vanishing value of this observable being a sign of TR violafTRV). However, an inevitable
physical process as strong Final State Interactions (Rfi¢as when examining hadronic de-
cays. FSI modify particle wave-functions and generate ditiadal phase-shiftjs, to the decay
amplitude; the existence of the phasecould simulate &'-odd effect. Being aware of this issue,
we developed a phenomenological model describing the degay AV (17) and used it in our
search for TRV supposing that FSI are negligible. Thus avamshing7-odd observable will
be considered as a serious sign of TRV. In the following, easjshwill be put on TR processes
and, because of the delicate problem of CP study,in- A, system, only a recent reference will
be mentioned [206].

10.3 Kinematics and Dynamics of\, — AV (17) Decays

Different observables can be constructed in order to testfidRmain one being the polarization-
vectors of the intermediate resonances coming figrdecays likeA (1/27) and V = p%,w, J /1),
the vector-meson V being mainly thg+ decaying into 1~ . Arigorous study of these decays
requires théhelicity formalismof Jacob-Wick-Jackson which includes thginitial polarization
expressed by its polarization density-matrix (PDM) [2CHIll calculations permit to deduce the
A angular distributions in an appropriatg rest-frame. It is given by:j—g‘2 =1+ aﬁ’; Pl P,
whereaf}lg is the decay asymmetry parameter of theresonancePt is its polarization-vector
andp is the unit-vector parallel td momentum.

A special dynamical model has been performed in order to coerthe decay amplitude [208]. It
is divided into two main parts : (i) In the framework of tfactorization hypothesjthe Operator
Product Expansion (OPE) techniques are used in order toaedboth theoft(non-perturbative)
contributions and theard (perturbative) ones to the hadronic matrix element; theraolimber



N, is left free (i) The form-factors arising in the matrix element are guted by means of
the Heavy Quark Effective Theory (HQET) and corrections mafeo O(1/m;) are performed.

Finally, both tree and penguin diagrams have been takeraogount in our model.

10.4 Main Physical Results

e In order to test the model, the branching rai&(A, — AJ/y) and other ones are computed

according to the effective color numbe¥S/7 | and compared to the experimental data.

NI 2 2.5 3 35

AT/ 8.95 x 10~* 2.79 x 10~* 0.62 x 10~* 0.03 x 10~*
Ap® 1.62 x 1077 1.89 x 1077 2.2 x 1077 2.4 x 1077
Aw 22.3 x 1077 4.75 x 1077 0.2 x 1077 0.64 x 1077

Table 2: Branching ratid3R, for A, — AJ/¥, A, — Ap° andA, — Aw.

The experimental value3 R(A, — AJ/) = (4.7 £2.1 £1.9) x 10~* (PDG 2006), favours
the range of value2.0 < N/ < 3.0.

e Other essential parameters likg asymmetryA polarization and its non-diagonal matrix ele-
ment, and the probability of longitudinal polarization &ach vector meson can also be obtained :

Parameterl Ap’ —w | AJ/v
'\l 0.194 | 0.490
pA -0.21 | -0.17
Pl 031 | 0.25
P 0.79 | 0.66

10.5 Direct Test of Time-Reversal
Special Angles

We defineriy andriy respectively as the unit normal vetorsAcandV decay planes in tha,
rest-frameg¢’; being the quantization axis.

13}+ me — _ ﬁh+ X ﬁh7

= o - o O W= oo

Dr+ X pr-| [P+ X Dh-|

Those vectors arevenunder TR. But the cosine and the sine of their azimutal andgéisied
by :

, v =

L €z Xy L L L
; m, COS P,y = €y~ U;, SN,y = €z - (ey X ;) ,



with ¢,y = 97, , ¢, are bothodd under TR. Their distributions exhibit asymmetries which
depend directly on th& azimuthal angle distribution whose analytical expresssagiven by:

do/dp o 1 —I—gaﬁs (%e(pﬁb_) cos ¢ — Im(pltt ) sin ¢> .
The initial A, PDM being unknown, we make the following hypothesis in oundations :

P = 100% and Re(plt ) = —Sm(plt ) = V/2/2 . The following asymmetries are obtained
[206] :

Asymmetries| Ap? —w AJ /4
AS(cosdm,) | (2.4+0.3)% (5.2+£0.3)%
AS(singn,) | —(27+£03)% | —(5.0 £ 0.3)%

Vector-Polarizations

In a second step, vector-polarizations have been carefdiynined, mainly by considering a
new frame related to each resonarteand defined as follows:

N €z XeL .
L=—,€r = ——5—5-, EN =€ Xef.
D |€7 x €L
Each vector-polarizatio® ) can be expanded on the new basis by writiif?) = P\, +

PYéy + P& , with P = P® . & and j = L,N,T. These components as well as the
basis vectorg, er and €y , are studied under parity and time-reversal operationg. rékults
are straightforward?;, and Pr are bothParity—odd andl’—even , whilePy is Parity—even
but 7"—odd.

So, if the normal componerty is not equal to zero, it would be a signal of TR violation.

10.6 Conclusion

The process\, — AJ/« is a promising channel to look for the validity of TR symmeaitl HC
energies. Complete kinematical calculations have bedonpeed by stressing the importance of
the resonance polarizations. Our dynamics model is vefigtieabecause it is based on the OPE
formalism and completed by HQET for the computation of thenfdactors. An extension of
these calculations is under study in order to perform rigsttests of both CP and TR symmetries
among beauty baryons in a model-independent way [209].

11 Production and detection of massive exotic hadrons
Authors: D. Milstead and O. Piskounova

Exotic stable massive particles are proposed in many madglsysics beyond the Stan-
dard Model. Understanding their interactions in matterrigcal for any search. This paper
outlines a model for the scattering of stable massive hadvamch is based on Regge phe-
nomenology and the quark gluon string model.



11.1 Introduction

Searches for exotic staBfemassive particles (SMPs) are performed at colliders as senait
routine whenever a new collision energy is reached [210]additional motivation to make such
searches at the LHC arises from the hierarchy problem, gempsolutions to which suggest that
new physics processes may be manifest at TeV energiesdifgMes are predicted in a number
of exotic physics models, such as supersymmetry [210]. r Roimata taking it is important
to establish that LHC experiments are able both to deteceatrdct the quantum numbers of
any SMP which may be observed. To do this, an understanditigeahteractions of SMPs in
matter is needed. As part of this workshop a model [211] has lbeveloped for the scattering
of hadronic SMPs (termeél -hadrons) which uses Regge phenomenology [212] and thé quar
gluon string model (QGSM) [213]. This work has clear implioas for future searches using
HERA data and the interpretation of earlier searches.

11.2 Interactions of H-Hadrons in Matter

A qualitative picture of the scattering process can be hilf214]. The heavy exotic quark
will be a spectator, and the low energy light quark systemuslved in the interaction. Regge
phenomenology and the QGSM are thus appropriate tools witbhathe interactions of exotic
hadrons in matter can be explored. Fig. 14 shows the preldictess section for the interaction of
a H-meson with a stationary nucleon in a nucleus comprisinglemmounts of protons and neu-
trons as a function of the Lorentz factgiof the H-meson. Reggeon and pomeron contributions
are shown separately.

Oy (Mb)

10 E . L)

Fig. 14: Pomeron (dotted) and reggeon (dashed) contrimitimthe exotic-meson-nucleon cross section. The sum of
the two processes is shown as a solid line.

Exotic hadrons which contain a light constituent anti-guag Hg; or a Hg,, can un-
dergo pomeron and reggeon exchanges. Conversely, hadnotagning a light constituent quark
(Hg,» Hgqq) can only undergo pomeron exchange. Anti-baryons and bamyy undergo both

The term stable implies a particle will not decay as it traesra detector.



reggeon and pomeron exchange, and pomeron exchange oobspes, respectively. The over-
all cross sections for interactions involving baryons antl-baryons is estimated by doubling
the pomeron contribution to the meson cross sections showigi 14 to take into account the
extra light quark contribution. The reggeon contributioranti-baryon interactions is set to twice
the value for meson scattering together with an additionatribution from processes in which
exotic anti-baryons can annihilate to exotic mesons anithargl mesons. This latter contribution

is suppressed.

11.3 Energy Loss

The PrTHIA [215] program was used to produce samples of stable fourtargéon quark pair
production events. For reasons of detector acceptancej tadue of the H-hadrons was re-
stricted to be greater than 0.7 and the pseudorapidity|tec 2.5 [216]. Using a Monte Carlo
method, thel/-hadrons were transported through iron correspondingearthterial distribution
of the ATLAS detector sub-systems enclosed within the musteaor system. Using a triple
regge ansatz [211}-hadron energy loss can be estimated. Fig. 15 shows thecimtad)y loss
of H-hadrons after they pass through the detector materiakrilitons are presented fdi -
hadrons formed from different types of exotic quarks anéda@urirks with masses 200 and 1000
GeV. The distributions are normalised to the total numNBeof a given type off-hadron satis-
fying the g andn requirements. There is little difference between themhwijpeak around 5
GeV. H-hadrons containing up-like quarks typically lose morergp¢han those with down-like
quarks owing to the greater fraction of neutfdlhadrons with down-like quarks.

< - __ Mass=200 GeV |q|=2/3e
> 015 | --- Mass=200 GeV |q|=1/3e
8 . Mass=1000 GeV |q|=2/3e
A N -.. Mass=1000 GeV |q|=1/3e
|.|J __ l;’.""\",

501 A

~ B I A

c B 3 i\

© L \

Zz 005 ./

- [/ "
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15 20
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Fig. 15: Total energy loss faif -hadrons of different types and masses.
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