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Experiments
· Initial states:

· ee, eγ, γγ 
· ep, γp
· pp
· Resonances
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Final states:
Large samples of charm and beauty events
open and quarkonia
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Two photon physics: ρρ production at Q2 ∼ 0 GeV2
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s = 161 − 209 GeV
! π+π−π+π− ∼ 73 K events
! π+π0π−π0 ∼ 7 K events !"#!
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Partial wave analysis:
ρρ state is modeled from spin-parity states:

(Jp, Jz) =(0+, 0); (2+, 2); (0−, 0); (2+, 0); (2−, 0(1, 2))

+ 4π isotropic background [M. Althoff et al., Z. Phys. C16 (1982) 13]

Luca Malgeri Latest results from L3 (page 2)

-
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Heavy Quark Identification

· Full (or partial) resonance reconstruction (previous slide)
· Lifetime tag (displaced vertices, impact parameter)
· Mass tag (ptrel, jet- or vertex mass)
· Lepton tag (leading particles from hq-decays) 
· Two-quark correlations
· ...

3

Inclusive Bottom Production

Lepton tagging: identify b quark by its semileptonic decays into an
electron or muon.

Fit the Pt distribution of the lepton with respect to the nearest jet to
extract the bbX signal. Leptons from bottom decays have a higher Pt.
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August 2004

Vemes Rencontres du Vietnam
Two-Phothon Physics at LEP (page 11) Bertrand ECHENARD

University of Geneva

ptrel

2ndary vertex mass

cf. e.g. P.Thompson, C.Grab

Distinguish charm and beauty from uds events (→trigger!)

two quark tag
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HQ Production Processes (LO)

4

Boson-boson fusion:

Flavour creation from virtual boson (γ, Z0, g)

Also: charm from B-decays

HERA, LEP: additional important contributions due to hadronic structure of the photon
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QCD Predictions

5

Factorization: Proton and/or Photon Structure ⊗ Perturbative QCD ⊗ Fragmentation 

Perturbative QCD:
 Heavy quark mass provides a hard scale mc,b2


 Other scales: Q2,pt2 → multiscale problem
  Interplay between the different scales ?

Non-perturbative components (input pdfs, fragmentation): 
Assume (and possibly test) universality

Consistent picture between ee, ep, γp,γγ, pp ?
Want/need predictive power for new phenomena (e.g. LHC)

Fragmentation (LEP)p-Structure Functions (HERA) pQCD

Running αs 

-
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Different approximations to avoid large terms                    with   =    or                                                           

massless scheme:
c,b: partons in proton or photon

resum
valid at 

massive scheme:
c,b: dynamically produced 

neglect
valid at  

Calculations

6

 Variable FNS (e.g. MRST04, CTEQ6HQ, FONLL): 
Interpolate / match between massive and massless

a cb

Figure 3: Leading diagrams for heavy quark production in the massive scheme at leading order

(a) and next-to-leading order (b-d).

are taken to avoid double-counting of contributions which are contained in both the per-

turbative and the resummed part of the calculation, i.e.

FONLL = FO + (RS − FOM0) × G(m, pt), (2)

where FONLL stands for fixed-order plus next to leading logarithms, and FO is the fixed

order, O(αemα2
s) result. RS is the resummed result, which includes all terms of the form

αemαs(αs log pt/m)i and αemα2
s(αs log pt/m)i and neglects all terms suppressed by pow-

ers of the heavy quark mass m. FOM0 is the massless limit of FO, in the sense that all
terms suppressed by powers ofm are dropped, while logarithms of the mass are retained;

thus FOM0 is the truncation of RS to order αemα2
s. G(m, pt) is an arbitrary dumping

function, that must be regular in pt, and at large pt, it must approach unity up to terms

suppressed by powers of m/pt. In the matched calculation FONLL [87, 88, 91–93] dif-

ferential cross sections are calculated to next-to-leading-log precision using perturbative

fragmentation functions [94]. A similar approach is pursued in [95–100]. Here, the ZM-

VFNS is used as a starting point, adjusting the factorization scales such that the massive

calculation is reached for m → 0.

2.2 Proton Structure

The process of heavy quark production is directly sensitive to the distributions of heavy quarks

(massless approach, fig. 2) and/or gluons (massive approach, fig. 3) in the proton. In global

fits to inclusive data, the gluon distribution g(x, Q2) is extracted by analysis of the scaling
violations of the proton structure function assuming a certain functional form for xg(x, Q2).
In contrast, heavy quark processes can be used to determine the gluon distribution directly,

i.e. by reconstruction of the kinematics of the interacting partons from the measurement of the

hadronic final state. Such direct measurements are complementary to the indirect analyses and

– although still limited in statistics – they are in principle more sensitive to local variations. In

fig. 4 a comparison is shown of the gluon distribution as extracted from global fits and from

two sets of charmed D∗±-meson data collected at H1 in DIS and in photoproduction [4]. The

gluon density is extracted from the D∗ cross section using an unfolding procedure in which

effects from gluon radiation and fragmentation are removed. The relative contribution from D∗

production via quarks from the proton is subtracted. For the different bins of the measurement

the gluon densities are obtained at different factorization scales as given by the phase space of

the particular bin and evolved to a scale µ2 = 25 GeV2.

6

leading NLO graphs leading NLO graphsa cb d

Figure 2: Leading diagrams for heavy quark production in the massless scheme at leading order

(a) and next-to-leading order (b-d).

• In calculations for processes with light quarks, the mass of the light quarks is assumed to
be zero. The quarks are treated as active partons in the proton, i.e. a density distribution

for the quarks in the proton is used to describe the non-perturbative part of the calculation.

The perturbative series is expanded using a scale-parameter µ as given by the photon
virtuality Q2 or the jet momentum pt. Perturbative calculations are expected to converge

for µ ! ΛQCD. Due to the heaviness of the quark mass mq , this approach does not

work for heavy quarks except in the extreme limit µ ! mq, in which the heavy quarks

can be treated as massless. In this ‘massless’ scheme, at leading order (LO), the quark

parton model (QPM) process (γq → q, fig. 2a) is the dominant contribution. At next-
to-leading order (NLO), virtual corrections are included (fig. 2b) and the QCD Compton

(γq → qg, fig. 2c) and photon gluon fusion (γg → qq̄, fig. 2d) processes also contribute.
The massless approach is often referred to as the zero mass variable flavor number scheme

(ZM-VFNS) [70, 71]. In this approach the heavy quarks are treated as infinitely massive

below some scale µ ∼ mq and massless above this threshold.

• At values of µ2 ∼ M2, the ‘massive’ scheme [77–79], in which the heavy flavor partons

are treated as massive quarks is more appropriate. In the massive scheme the dominant

LO process is photon gluon fusion (PGF, fig. 3a) and the NLO diagrams are of order α2
s

(figs. 3b-c). The scheme is often referred to as the fixed flavor number scheme (FFNS).

As µ2 becomes large compared to M2, the FFNS approach is unreliable due to large

logarithms in ln(µ2/M2) in the perturbative series. Generator programs in this scheme
which are applicable to HERA physics are available to next-to-leading order (FMNR [80],

HVQDIS [81]). The fixed order massive scheme is also used in variousMonte Carlo event

generator programs which implement leading order matrix elements and parton showers

to simulate higher order effects. A description of these programs is given in section 3.

• In order to provide reliable pQCD predictions for the description of heavy flavor produc-
tion over the whole range in µ2, composite schemes which provide a smooth transition

from the massive description at µ2 ∼ M2 to the massless behavior at µ2 ! M2 have

been developed. These composite schemes are commonly referred to as variable flavor

number schemes (VFNS). The VFNS approach has been incorporated in various different

forms to order αs [75, 82–88] and to order α2
s [89, 90].

In resummed or ‘matched’ next-to-leading-order QCD predictions the divergent loga-

rithms are controlled by resummation techniques. Here, matched means that measures

5

Recent developments:
  MC@NLO NLO+PS, hadron-level Monte Carlo (for pp), S.Frixione, B.R.Webber, 2002 

   NNLO predictions for F2cc and F2bb from fit to scaling violations R.Thorne, 2005

Programs: NLO parton level or LO+PS hadron-level MC (DGLAP or CCFM)
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Beauty Cross Sections

8

Beauty Production at HERA c and b Production at LEP

Run-II J/ψ from b

HERA:
Many new measurements
Overall agreement between
  different measurements
General trend to be somewhat
  higher than massive NLO

LEP: 
c ok, b significant excess

Run-I

Large differences between different QCD calculations

Tevatron:
Very high statistics Run-II data 
Theory improvements for pp
  (FONLL and MC@NLO):
  mainly better treatment of 
  fragmentation and hadronisation

Inclusive Charm and Bottom Cross Section
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! cc cross-section:

" Good agreement with theory
" Direct (γγ → cc) is not sufficient
" Need γg → cc

! bb cross-section:

∼ 4 st. dev. higher than predictions(1)

bb cross section: a challenge for the theory

(1) M. Drees et al., Phys. Lett B 301 (1993) 371.

August 2004

Vemes Rencontres du Vietnam
Two-Phothon Physics at LEP (page 12) Bertrand ECHENARD

University of Geneva
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Charm and Beauty 
Structure Functions

9
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Very precise charm data
 using photon to probe proton structure
 confirming boson-gluon fusion picture
    starting to help constrain gluon distribution

cf. P.Thompson

First determination of inclusive ep beauty cross section
 scaling violations seen

 (F2bb e.g. required for LHC, bb→H)
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Photon Structure

10
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Figure 1: Charm quark production processes in leading order pQCD.
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Figure 2: Definition of jet cones.
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γγ → Hadron Processes

SOFT HARD

e
+

e
+

e-

e
-

, ,

, ,

VDM

e
+

e
+

e
e-

-

q

q

Direct

e
+

e
+

e
-

e
-

q

qg

spectator
jet

Single Resolved

e
+

e
+

e
-

e
-

g

g

g

g

spectator
jet

spectator
jet

Double Resolved

VDM process: photon fluctuates into vector meson (ρ, ω,φ), leading to hadronic interactions

Direct process: photons couple to a qq pair. (QED)

Single Resolved process: a parton from one photon interact with the other photon.

Double Resolved process: partons from both photons interact.

August 2004

Vemes Rencontres du Vietnam
Two-Phothon Physics at LEP (page 4) Bertrand ECHENARD

University of Geneva

HERA: Use proton to investigate photon:   How much charm and beauty is there in the photon?

HERA:

LEP:

Direct hadron-like c or b-excitation

direct single-resolved double-resolved

(LO in massless, NLO in massive)

Distinguish between direct and resolved contributions (leading order picture)
Photon reveals hadronic component

}
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Charm in the Photon

11

Charm: Two-Jet-Events

Q2 ∼ 0 Mjj > 18 GeV

γp → D∗± + jj + X
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Significant contributions from resolved-γ
Heavy Quark Production at HERA

Andreas B. Meyer, Hamburg University 28

Different angular dependences for
  different resolved components

In charmed di-jet events reconstruct momentum
  fraction of parton from photon side:

Large fraction of charm from resolved photons

0.1

0.2

0.3

0.4

0.5

0.6

0 1 2 3 4 5

n
jet

F
ra

ct
io

n
 o

f 
E

v
en

ts

OPAL     data

PYTHIA, direct

PYTHIA, single-resolved

Figure 2: Fraction of signal events with different njet determined with the cone jet finding
algorithm (for anti-tagged events). The dots represent the data after subtraction of the com-
binatorial background. The solid line shows the PYTHIA prediction for the direct and the
dashed line for the single-resolved sample, respectively.
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γ is due to the direct process. The histograms are the result
of a fit of the relative contributions of the direct and single-resolved Monte Carlo samples to
the data. The open histogram shows the single-resolved, the hatched histogram the direct
contribution to the fit result.
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Distinguish direct and 
  various resolved contributions

angle between gluon and c-quark

HERA

LEP
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Angular D*-Jet Distributions

12

Charm: Di-Jet-Angular Distributions
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g-Exchange:

∝ (1 − | cos θ∗|)−2

q-Exchange:

∝ (1 − | cos θ∗|)−1 • D∗ in photon-direction: charm quark comes from photon

• Increase in photon direction: Gluon exchange signature
Heavy Quark Production at HERA

Andreas B. Meyer, Hamburg University 29

D* in photon direction: Charm coming from photon
Increase in photon direction: gluon exchange signature 
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Angular D*-Jet Distributions

13

Charm: Di-Jet-Angular Distributions
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q-Exchange:

∝ (1 − | cos θ∗|)−1 • DGLAP (NLO): shape ok, xγ < 0.75: Normalization too low

• CCFM: shape ok, xγ > 0.75: Normalization too high
Heavy Quark Production at HERA

Andreas B. Meyer, Hamburg University 29-a

NLO Calculation: Describing data w/o explicit c-excitation 
contribution (however, somewhat low at xγ<0.75)
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Resolved Photons vs. Scale

14
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Figure 41: Differential cross sections for the production of direct J/ψ at the Tevatron as a

function of pt. The data points are CDF measurements from Run I [191, 192]. The dotted

curves are the CSM contributions. The solid curves are the NRQCD factorization fits, and the

other curves are individual color-octet contributions to the fits (taken from [165]).

poration model [171, 172] and soft color interactions [173]. Most recently the ansatz of non-

relativistic quantum chromodynamics (NRQCD) factorization was introduced in which colour

octet cc̄ states contribute to the charmonium production cross section.

Theoretical calculations based on the NRQCD factorization approach [174–176] are avail-

able in leading order [177–182]. In the NRQCD factorization approach the size of the color

octet contributions, which are described by long distance matrix elements (LDME), are addi-

tional free parameters and have been determined in fits to the Tevatron data [183]. The NRQCD

factorization approach contains the color singlet model which is recovered in the limit in which

the long distance matrix elements tend to zero.

For J/ψ and ψ(2S) photoproduction, the CSM calculations are available including next-to-

leading order contributions [184, 185]. Alternatively, using the CSM, inelastic J/ψ production

can be modeled in the kt factorization approach (see section 2.5) using an unintegrated (kt

dependent) gluon density in the proton [186, 187, 190].

Figure 41 shows data from CDF [191,192] together with CSM calculations to leading order

and fitted color octet contributions. It can be seen that the color octet contributions are large,

leading to a good description of the data. Unfortunately those long distance matrix elements

which are most important in J/ψ and ψ(2S) photoproduction at HERA, are not well constrained

by the Tevatron data and thus contain large uncertainties [165]. The new charmonium results

from the Tevatron Run-II (see e.g. fig. 7) which provide much more statistics and extend to lower

values of pt,ψ could help to reduce the uncertainties of the LDME significantly.

It should be noted that next-to-leading-order corrections might change the size of the color

octet contributions substantially. Although the NLO terms have not been calculated in the

NRQCD approach, effects that are similar to those in the CSM may be expected, in which the
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CSM

NRQCD-factorization:

Long distance matrix elements (LDME) 
from NRQCD fits to Tevatron data

σJ/ψX =
∑

σ̂(pp̄ → cc̄[n]X) × LDME[n]

Assume/test universality of LDME 
data from other experiments (e.g. HERA, 
LEP, b-factories)-
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Figure 42: The rate for inelastic J/ψ photoproduction at HERA as a function of a) z and b)
pt,ψ. The open band represents the LO NRQCD factorization prediction [165]. The shaded band

represents the NLO color-singlet contribution [165, 185]. The dotted line in b) denotes the LO

color-singlet contribution. The data points are from the H1 [29] and ZEUS [32] measurements.

NLO terms lead to an increase in the cross section of typically a factor two, with a strong pt,ψ

dependence.

Figure 42 shows the measurements of the J/ψ cross section by the H1 collaboration [29] and
the ZEUS collaboration [32], compared with the theoretical predictions given in Ref. [165]. The

variable z denotes the fraction of the photon energy in the proton rest frame that is transferred
to the J/ψ and is defined as

z =
(E − pz)J/ψ

(E − pz)hadrons
, (10)

where E and pz in the numerator are the energy and z-component of the momentum of the J/ψ
andE and pz in the denominator are the sums of the energies and z-components of the momenta
of all the hadrons in the final state.

The J/ψ data are not corrected for feeddown processes from diffractive and inelastic pro-
duction of ψ(2S) mesons (≈ 15%), the production of b hadrons with subsequent decays to
J/ψ mesons, or feeddown from the production of χc states. The latter two contributions are

estimated to contribute between 5% at medium z and 30% at the lowest values of z.

The open band in fig. 42 represents the sum of the color-singlet and color-octet contributions,

calculated in leading order NRQCD. The uncertainty is due to the uncertainty in the color-octet

NRQCD matrix elements. The shaded band shows the calculation of the color-singlet contri-

bution to next-to-leading order in αs [184, 185] which describes the data quite well without the

inclusion of a color-octet contribution. The next-to-leading-order QCD corrections are crucial

in describing the shape of the transverse-momentum distribution of the J/ψ.
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New measurement from ZEUS:
     (kinematic range: 2<Q2<80 GeV2, 50<W<250 GeV, 0.2<z<0.9, -1.6<Ylab<1.3)
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Figure 6: Differential cross sections for the reaction e p → e J/ψ X in the kine-
matic region 2 < Q2 < 100 GeV 2, 50 < W < 225 GeV , 0.3 < z < 0.9 and
p∗2T > 1 GeV 2 as a function of (a) z, (c) p∗2T and (e) Y ∗. The inner error bars
of the data points show the statistical uncertainty; the outer bars show statistical
and systematic uncertainties added in quadrature. The ZEUS and H1 data are
compared to LO NRQCD predictions, a LO CS calculation, a prediction in the kT–
factorisation approach within the CSM and the Cascade MC predictions. The H1
data points are plotted at the mean value of the data in each interval [14]. The
ZEUS data for the p∗2T differential cross section are plotted at the weighted mean,
for each bin, of the Epjpsi MC prediction. (b), (d) and (f) show the data and the
theoretical predictions normalised to unit area.
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Figure 6: Differential cross sections for the reaction e p → e J/ψ X in the kine-
matic region 2 < Q2 < 100 GeV 2, 50 < W < 225 GeV , 0.3 < z < 0.9 and
p∗2T > 1 GeV 2 as a function of (a) z, (c) p∗2T and (e) Y ∗. The inner error bars
of the data points show the statistical uncertainty; the outer bars show statistical
and systematic uncertainties added in quadrature. The ZEUS and H1 data are
compared to LO NRQCD predictions, a LO CS calculation, a prediction in the kT–
factorisation approach within the CSM and the Cascade MC predictions. The H1
data points are plotted at the mean value of the data in each interval [14]. The
ZEUS data for the p∗2T differential cross section are plotted at the weighted mean,
for each bin, of the Epjpsi MC prediction. (b), (d) and (f) show the data and the
theoretical predictions normalised to unit area.
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Figure 6: Differential cross sections for the reaction e p → e J/ψ X in the kine-
matic region 2 < Q2 < 100 GeV 2, 50 < W < 225 GeV , 0.3 < z < 0.9 and
p∗2T > 1 GeV 2 as a function of (a) z, (c) p∗2T and (e) Y ∗. The inner error bars
of the data points show the statistical uncertainty; the outer bars show statistical
and systematic uncertainties added in quadrature. The ZEUS and H1 data are
compared to LO NRQCD predictions, a LO CS calculation, a prediction in the kT–
factorisation approach within the CSM and the Cascade MC predictions. The H1
data points are plotted at the mean value of the data in each interval [14]. The
ZEUS data for the p∗2T differential cross section are plotted at the weighted mean,
for each bin, of the Epjpsi MC prediction. (b), (d) and (f) show the data and the
theoretical predictions normalised to unit area.
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Figure 3: Differential cross sections for the reaction e p → e J/ψ X in the
kinematic region 2 < Q2 < 80 GeV 2, 50 < W < 250 GeV , 0.2 < z < 0.9 and
−1.6 < Ylab < 1.3 as a function of (a) z, (c) Q2 and (e) W . The inner error bars
of the data points show the statistical uncertainty; the outer bars show statistical
and systematic uncertainties added in quadrature. The data are compared to LO
NRQCD predictions, a LO CS calculation, a prediction in the kT–factorisation ap-
proach within the CSM and the Cascade MC predictions. (b), (d) and (f) show
the data and the theoretical predictions normalised to unit area.

20

Good agreement:
 CS models (LO) alone
 (both DGLAP and CCFM)

Full NRQCD (LO) too high

2.25 2.5 2.75 3 3.25 3.5 3.75 4

100

500

1000

d
!

/d
Y

X
 (

p
b

)

YX

3 3.5 4 4.5

100

500

1000

d
!

/d
lo

g
(M

X 2
/G

e
V

2
)

log(MX
 2/GeV

2
)

2.25 2.5 2.75 3 3.25 3.5 3.75 4

0.1

0.5

1

1
/!

 d
!

/d
Y

X

YX

3 3.5 4 4.5

0.1

1

2

1
/!

 d
!

/d
lo

g
(M

X 2
/G

e
V

2
)

log(MX
 2/GeV

2
)

ZEUS 1996-2000

NRQCD

NRQCD (CS)
kt-fact. (LZ)

CASCADE

ZEUS

(a) (b)

(c) (d)

Figure 5: Differential cross sections for the reaction e p → e J/ψ X in the
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of the data points show the statistical uncertainty; the outer bars show statistical
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data and the theoretical predictions normalised to unit area.
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Belle e+e- →J/ψX

Color singlet:

resummed NRQCD
(normalised to data)

CLEO Y(1S)→J/ψX
continuum subtracted 

NRQCD normalization prediction: too low (not shown)

Dominant 
color octet:

data falling towards p* endpoint

BaBar e+e- →J/ψX

CSM (absolute 
normalization)

singularity at large z,
(as for NRQCD at HERA)

gluon resummation to 
describe data at endpoint
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beam line. These backgrounds are suppressed by the re-
quirement of at least five charged tracks and the follow-
ing requirement: for each event we calculate the energy
deposited in the EMC plus the energy that can be at-
tributed to an undetected electron or photon,

EQED = EEMC + pmiss , (2)

where EEMC is the total energy deposited in the EMC,
and pmiss is the missing momentum in the lab frame in
the event. We require EQED − Ebeams < −1.0 GeV as
shown in Fig. 1(b) and 1(d), where Ebeams is the sum
of the e+e− beam energies calculated in the lab frame.
We reject the J/ψ background from ψ(2S) events by ve-

N
 /

 0
.0

1

20

40

60 (a) Data

N
 /

 0
.1

G
e
V

20

40
(b) Data

l
!cos

-1 -0.5 0 0.5 1
0

20

40

60
(c) Monte Carlo

 (GeV)
beams

 - E
QED

E
-10 -5 0 5

0

50

100

(d) Monte Carlo

FIG. 1: Distributions of (a) cos θl and (b) EQED − Ebeams

in the data, (c) cos θl and (d) EQED − Ebeams in the signal
Monte Carlo. The arrows point to where the selection criteria
are applied.

toing events if the invariant mass of the J/ψ candidates
combined with any pair of oppositely charged tracks with
pion mass hypothesis is within 15 MeV/c2 of the ψ(2S)
mass.

The recoil mass distribution for events in the J/ψ mass
window is shown as points with error bars in Fig. 2. The
ISR ψ(2S) background is estimated using a Monte Carlo
sample of ISR ψ(2S) events. The ψ(2S) feeddown back-
ground from continuum production is estimated using
continuum ψ(2S) events selected in the data.

The spectrum in Fig. 2 is fit to the sum of signal
functions representing the ηc(1S), χc0, and ηc(2S) line-
shapes, plus a second-order polynomial background func-
tion. The signal line shapes are obtained by convolut-
ing the Breit-Wigner line shape of each resonance with
a fixed-width Gaussian representing the recoil mass res-
olution function. The widths of the Gaussians are deter-
mined from a Monte Carlo simulation of the momentum
of the reconstructed J/ψ ; the J/ψ momentum resolution
is different for the J/ψ → e+e− and J/ψ → µ+µ− sam-
ples, but independent of the recoiling system. This shape
in turn is convolved with a long radiative tail that is cal-
culated to O(α2) [17] for ISR photons that carry off an
energy greater than 10 MeV. The free parameters in the
data fit are the coefficients for the background parame-
terization, the event yields for each resonance, the masses
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FIG. 2: The fit to the recoil mass distribution is represented
by the solid curve. The dashed curve is a second-order polyno-
mial representing the background. The points with error bars
refer to the events in the J/ψ mass window. The histograms
represent different sources of backgrounds.

TABLE I: Result of the fits to the recoil-mass spectrum. The
errors are statistical only. Where indicated, the value of the
corresponding parameter is fixed to the current world av-
erage [16]. The primary fit is obtained including signals of
ηc(1S), χc0, and ηc(2S). The event yield for the other reso-
nances is determined by including each resonance in the pri-
mary fit.

Recoil Number Mass Total Width

System of Events (MeV/c2) (MeV/c2)

ηc(1S) 126 ± 20 2984.8 ± 4.0 fixed

χc0 81 ± 20 3420.5 ± 4.8 fixed

ηc(2S) 121 ± 27 3645.0 ± 5.5 22 ± 14

J/ψ −26 ± 13 fixed fixed

χc1 −5 ± 16 fixed fixed

χc2 −12 ± 16 fixed fixed

ψ(2S) 30 ± 27 fixed fixed

of the resonances, and the ηc(2S) total width. The to-
tal widths for the ηc(1S) and the χc0 are fixed to their
world average values [16] of 17.3 MeV/c2 and 10.1 MeV/c2,
respectively. The fit is performed simultaneously to the
recoil mass spectra in the J/ψ → e+e− and J/ψ → µ+µ−

samples, and the total event yield for each resonance is
given by the sum of the yields in each mode.

The fit result is given in Table I and is shown as the
solid curve in Fig. 2. Other known charmonium states
may also be produced in association with the J/ψ via
two virtual-photon interactions. We therefore attempt
to include in our primary fit each one of the other known
charmonium resonances in turn to determine their event
yields, which are presented in Table I. We find no evi-
dence for J/ψ , χc1, χc2, or ψ(2S) in the mass spectrum
of the system recoiling against a J/ψ .

The topological branching fraction is unknown for the
ηc(1S), χc0, and ηc(2S), so we report the product of the
branching fraction for final states with more than two
charged tracks (B>2(cc̄ →> 2 charged)) times the dou-

J/ψcc results confirmed by BaBar

Measurements:
σ(e+e- → J/ψ cc)/σ(e+e- → J/ψ X) = 60% ± 20% 

clear ηc, χc0 & ηc’signals, no J/ψ, ψ(2S) etc.
σ(e+e- → J/ψ ηc) > 10 x NRQCD prediction

e+e- → γ → J/ψ + J/ψ contribution is small

BaBar e+e- →J/ψcc

New particle X(3938), could be ηc''

cccc production:

NRQCD Expectation:
σ(e+e- → J/ψ cc)/σ(e+e- → J/ψ X) = 10% 

BaBar e+e- →J/ψcc

ηc χc0

ηc’

large small

-
--

-

-

-

-

-

ηc
χc0
ηc’
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X(3872) found in B→K(J/Ψπ+π-) (Belle) confirmed by CDF, D0, BaBar

〈M〉=3871.9±0.6 MeV , Γ<2.3 MeV (90% C.L.) 
   D0D0* threshold:  3871.3±1.0 MeV
  Favored JPC=1++  (BELLE) 
   Analysis of angular and π+π - dists. (π+π - likely from ρ0)
   Decays X →J/Ψω and X →J/Ψγ  seen, indicating C=+1
     all consistent with a D0D0* molecule (!) E.S.Swanson PLB588,189(2004)
     possibly with J/Ψ ρ0 and J/Ψω admixture

J/Ψ

χc0
Ψ’

Ψ’’

χc1χc2

ηc

ηc'hc

X(3872)
X(3938)

-

-



   Andreas B. Meyer, DESY                          Heavy Quark Production                        Photon 2005, 1 Sept 2005, Warsaw, Poland

New Heavy Particles

22

X(3872), X(3938), Y(3940), Y(4260), ...
  opening up new fields of QCD
                   More data, more surprises !!!

Y(4260)

ψ(2S)
Y(4260)

CLEOBaBar

X(3872) in γγ and ISR (e+e-- → γISR J/Ψ π+π-) ?

No signal found (would be expected for 1 -- charmonium)

ψ(2S) ψ(2S)

Y(3940) found in B→K(J/Ψω) decays (Belle)
  above DD* threshold, but no DD* decays seen
  Y(3940) a cc-g hybrid? But MLattice≈4.4GeV  

 X(3938) (seen in J/ΨX recoil mass spectrum) 
  decays into DD* seen, but no evidence for 
  decays into J/Ψω, X(3938) could be the ηc”

 Y(4260) found in e+e-- → γISR J/Ψ π+π-

  continuum scan (BaBar)

`By-products′ of the X(3872) scrutiny:

BaBar

χ2/d.o.f. =115/11

Y(3940)

125±23 evts

Belle

-

--
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Conclusions
· Heavy Quark Production is a rich field of research 
· sophisticated measurements with increasingly large data samples & vivid theoretical developments
· Charm Production: All about precision !

· Proton structure: Precision ep data starting to constrain pQCD
· Photon structure: Charm and beauty contributions to photon being explored

· Beauty Production: Many new measurements !
· Theory improvements leading to converging picture (fragmentation, hadronisation)
· High cross sections at LEP still unexplained

· Quarkonia: Still causing some trouble
· Production process (rates and distributions) not quantitatively understood
· NRQCD (LO) appears to be being disproved, (tedious) NLO calculations underway

· New Resonances:
· Large statistics give access to new frontiers in the understanding of QCD
· Quantum numbers being studied
· Possibly new production mechanisms to be explained

23

More data, more surprises:    Expect many new insights still at HERA, Tevatron & b-factories


