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Chapter 2 

Charm production in 
neutrino charged current 
interactions 

Things should be made as simple as possible, 
but not any simpler. 
Albert Einstein 

Charm production by neutrinos has been investigated in several exper

iments in the past. Modern detector technologies have recently allowed to 

increase statistics significantly. Hence, mechanisms and kinematics of heavy 

flavour production as well as of hadronization and of weak decays can be stud

ied in more detail. In most of the experiments, charm production is studied in 

the regime of deep inelastic interactions related to perturbative QCD. In deep 

inelastic scattering (DIS), where the four-momentum transfer Q2 is much larger 

than the nucléon mass (Q2 S> M2), neutrinos - like charged leptons - are used 

as a point-like probe to study the parton structure of the nucléon. On the other 

hand, at small Q2 values (Q2 ~ M2) long range processes become important 

where scattering processes can take place on nucléons or nuclei as a whole. The 

knowledge of this non-perturbative regime where neutrino-induced diffractive 

charm production takes place is sparse because it is experimentally difficult to 

access. In our work for the first time both production processes are studied 

together in an emulsion experiment. 

Recent results from HERA indicate that also 'hard diffraction' occurs in 

DIS: the nucléon does not break up even for Q2 » M 2 . The 'soft' scale is 

then governed by the four-momentum difference squared (t) of the initial and 
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final state nucléon. Observation of such events in neutrino scattering would, of 

course, also be very interesting. 

In this chapter the kinematic variables are introduced and the main theo

retical aspects of deep inelastic and diffractive charm production are described. 

Furthermore, because in the analysis we concentrate on leptonic charm decays, 

the theory of weak decays of charm particles is summarized. In the last sec

tion an overview of the present experimental situation in the field of charm 

production by neutrinos is given. 

2.1 Kinematics 

In the following the charged-current (CC) reaction uM N —> ß~ X is described 

in detail, where TV is a nucléon and where X describes the hadronic final state. 

The diagram for this process is given in Figure 2.1. The four-momenta intro-

Figure 2.1: Feynman-diagram for the CC interaction ußN -> fiX (left) and the 
corresponding kinematic representation in the laboratory frame (right). 

duced are I for the incoming neutrino, I' for the muon, p for the nucléon and p' 

for the hadronic final state. With the four-momentum transfer g = I — I' carried 
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by a iy-boson (wavy line) the Lorentz invariant kinematic variables are: 

Q2 -q2 = -(i-n2 

VP~P 
72 /2 

Square of the four-momentum transfer 

Leptonic energy transfer 

s = (l+p)2 

Q2 

x — — 
2p-q 
pq 

Square of hadronic final state invariant mass 

Square of center-of-mass energy 

Bjorken scaling variable 

Inelasticity variable 

(2.1) 

In the parton model, x can be interpreted as the fraction of the target 

nucleon's longitudinal momentum carried by the struck quark. 

When the Fermi motion is neglected and the nucléon is considered to be at 

rest, the four-momenta can be written in the laboratory frame 

( M \ 
0 
0 

V o J 

i' 
-Eßsin6 

0 
\ -Eßcos9 ) 

(2.2) 

( Ev \ 
0 
0 

\-EJ 
where M is the nucléon rest mass, Ev the neutrino energy, Eß the muon energy 

and where 9 corresponds to the angle between muon and neutrino momenta. 

Assuming the muon mass to be small with respect to |Q|, the kinematic 

variables become in the laboratory frame 
ß 

Q2=4E„Eßsin2-

v = Ev-Eß 

W2 = M2 + 2Mv - i 

s = M2 + 1MEV 

Q2 

(2.3) 

y = 

2Mv 
v 

E~„' 

In an experiment often the true values for the kinematic variables described 

above cannot be measured. For instance, neutrinos coming from leptonic de

cays escape detection and will distort the measurement of the total energy (that 

should reflect the incoming neutrino energy). Therefore, we make the distinction 

between visible quantities and true quantities. The true quantities can be esti

mated on a probabilistic basis from the visible quantities by using Monte-Carlo 

(MC) simulations. 
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2.2 Deep inelastic charm production 

In the DIS regime, where Q2 » M 2 , a neutrino CC interaction can produce 

a charm quark. However, charm quarks themselves are not detected in exper

iments. The charm quark has to dress up with other (anti-)quarks to form a 

'white' hadron that is measured in the detector. In the following the concepts 

for DIS production of charm quarks and hadronization into charmed particles 

are introduced. 

Neutrino-nucleon deep inelastic scattering 

Assuming (like in Figure 2.1) a single W exchange in a CC interaction, the 

differential cross section can be written as 

<PavN _G2
FMEU ( M 2 , N 

dxdy 7T V Mw + Q 
Mxy\ 

2z^-F 1 (x ,Q 2 ) 
(2.4) 

+ 2xF2(x,Q2) ( l - y - H ^ J + xF3(x,Q2)y ( l - | ) , 

where G F is the Fermi constant, Mw the W mass, Ev the energy of the in

coming neutrino, and where Fi,2,3(x, Q2) are the neutrino-nucleon structure 

functions [10]. 

In the naive QPM the neutrinos scatter off point-like spin 1/2 quarks and 

the structure functions are independent of the Q2 scale. Within the framework 

of QCD however, the structure functions develop a Q2 dependence to accom

modate the complexity of quark-gluon and gluon-gluon interactions inside the 

nucléon. 

Often, the cross section is written in terms of F2{x,Q2) and R(x,Q2) (re

placing Fi(x,Q2)), where 

a ) _^ .q a ) ( i + ^ ) - ^ c . Q a ) , (2.5) 
n[ 'W ' 2xF1(x,Q2) V ; 

Here R represents the ratio of the longitudinal and transverse cross sections, 

aL/aT of the exchanged W. The Callan-Gross relation 2xF1 = F2 implying 

that R(x, Q2) = 0 holds for Q2 -4 co, the Bjorken scaling limit. 

In the QPM the structure functions are expressed in terms of momentum 

weighted parton distribution functions (PDFs). In the CC neutrino-nucleon 

structure functions at the energies of the CHORUS experiment only d-valence 

and d, s, ü, c sea quarks play a role. For different quark (qi) and anti-quark (q2) 

flavours in the scaling limit then 
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2xFl(x,Q2) ~ F2(x,Q2) = xqi(x,Q2) +xq2{x,Q2) 

~ (xd{x,Q2) + xü(x, Q2) + xs(x,Q2) + xc{x, Q2)) 

xF3 = xqi{x,Q2) -xq2(x,Q2) 

~ (xd(x, Q2) - xü{x, Q2) +XS- xc(x, Q2)). 
(2.6) 

Assuming strong isospin symmetry and sea quark flavour independence, the 

PDFs of the proton (p) and neutron (n) are related: un = dv, dn — up, ün = dv 

and dn = u". 

Charm quark production 

For the specific case of charm quark production the struck quark must be a d or 

s quark. Taking into account the CKM-mixing, the charm structure functions 

take the form 

2xF{{x, Q2) = xF£(x,Q2) = \Vcd\
2xd(x,Q2) + \Vcs\

2xs(x,Q2), (2.7) 

where Vcd and Vcs are CKM-matrix elements. 

In charm production a way of accounting for heavy quark threshold ef

fects in leading order QCD is referred to as slow rescaling [11]. The structure 

functions are then assumed not to scale with x but rather with 

*"*+â;> (2-8) 
where mc is the charm quark mass. 

To take further into account target mass effects, the slow rescaling model 

is implemented in the Nachtmann model [12] with a scaling variable 

ÏN = , 2X , (2-9) 
1 + y/1 + 4M 2 £ | /Q2 

In the evaluation of the structure functions accounting for target mass and 

charm quark mass effects together, a substitution of the Bjorken scaling variable 

x is made with 

1 + % 
i = 2x- , Q (2.10) 

f 4 M 2 x 2 / Q 2 ( l + ^ ! ) 
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Charm quark fragmentation 

Single bare quarks have not been observed. Therefore, theoretical mechanisms 

have been postulated to describe the process, where a quark combines with 

other quarks to form an observable particle. This process which we refer to as 

hadronization or quark fragmentation, is described by non-perturbative models. 

All fragmentation models define a fragmentation parameter z = - g ^ , that 

describes the fraction of the momentum ph carried by a hadron with respect to 

the maximum momentum p™ax of the hadron (i.e. the momentum of the quark) 

that is allowed kinematically, at the same Ev, Q
2 and x. 

The analytical form of the fragmentation function usually depends on the 

quark mass. For light quarks (u, d and s), the Lund parameterization [13] is 

mostly used, with 

DL(z)<x-(l-z)ae-bm^z. (2.11) 

The parameters a and 6 are fitted to data from other relevant experiments and 

m± = yjm2 + p\ is called transverse mass. 

For heavy quarks two alternative parameterizations are available. The 

Collins-Spiller [14] function 

• W . ) « ( ^ + 3 £ = 4 ) „ + „ . (, _ i _ £ L ) ' ( 2 , 2 ) 

and the Peterson [15] function 

DP{z)cc\{l-\-^ \ (2.13) 

In most analyses of other experiments, the latter parameterization has been 

used to describe heavy quark fragmentation. For reasons of comparability we 

therefore use the Peterson parameterization as well. 

During the fragmentation process, the emerging hadron acquires a momen

tum component transverse to the original direction of the charm quark with a 

distribution of the type 

dN 
oc e 

-0PI 
d p i — (2.14) 

The parameter ß was measured by LEBC EHS [16] as ß = 1.1 ±0.3 correspond

ing to 0 4 ) = 0.9 ±0.2 GeV2. 

Experimentally, the fragmentation variable z can not be determined on 

an event-by-event basis for a (short-lived) charmed hadron that decays semi-

leptonically into a muon and a muon neutrino, because the neutrino energy 



2.2. DEEP INELASTIC CHARM PRODUCTION 13 

remains undetected. However, instead of the usual fragmentation variable z, 

the related and measurable variable 

Eß+ 
(2.15) 

is introduced, where E^+ is the energy of the muon from the charmed hadron 

decay. The variable zß plays a role similar to z in the description of the frag

mentation process. The statistical relation between zß and z can be determined 

using MC simulations. 

Production probabilities for charmed particle types 

To describe the fragmentation of charm quarks the various fractions of the pro

duced charmed hadron types need to be specified. They have been determined 

in the E531 experiment (see section 2.5). In Figure 2.2 these fractions are 

shown [17]. For neutrino energies above 30 GeV, values of (60 ± 6) % D°, 

(26 ± 6) % D+, (7 ± 5) % D+ and (7 ± 4) % A+ have been measured. 

250 300 

Ey(GeV) 

Figure 2.2: Charmed hadron production by neutrinos as measured by E531. 
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Towards lower energies the baryonic Ac fraction increases as expected from the 

correspondingly rising contribution of quasi-elastic processes. Folding the E531 

production probabilities with the CHORUS neutrino beam spectrum results in 

fractions of (55 ± 6) % D°, (19 ± 4) % D+, (13 ± 9) % D+ and (13 ± 7) % A+. 

2.3 Diffractive charm production 

Diffraction patterns are commonly known from light wave scattering in optics. 

The optical diffractive pattern is characterized by a large forward (small scat

tering angle) peak with a series of maxima and minima for increasing scattering 

angles. In nuclear and high energy physics the term diffraction has acquired re

lated but evolving meanings. Its main characteristics are interference, forward 

peaking, strong absorption, absence of internal excitation in the reaction dy

namics or exchange of Pomeron-like objects (with vacuum quantum numbers). 

In the context of diffractive neutrino interactions, we distinguish between 

diffractive incoherent scattering and diffractive coherent scattering off a nucleus. 

In the case of coherent diffractive scattering, the diffractive production shows an 

enhancement due to constructive interference of the phase coherent scattering 

amplitudes from the nucléons inside the target nucleus. The four-momentum 

transfer to the recoil system is written as t = —{p—p')2. The diffraction process 

considered here is characterized by small Q2 and small t, the recoiling system 

staying intact over the time scale of the interaction. 

Figure 2.3: Diffractive vector meson production in a neutrino interaction. 

A possible diffractive production mechanism for a charmed vector meson is 

shown in Figure 2.3. In a CC interaction, the virtual W-boson can transform 

into a es pair that hadronically scatters off the target nucléon or nucleus as a 
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whole, becoming an on-shell D* meson. 

In our diffractive production study, in particular the Cabibbo-favoured pro

duction and leptonic decay of the vector meson D*, containing a charm quark 

and a strange quark, is studied. The production of pseudo-scalar Ds mesons is 

suppressed in the kinematic domain of our experiment [18, 19, 20]. It should 

be mentioned that also the diffractive production of D* mesons is possible. 

However, this latter process is Cabibbo-suppressed, both in the production and 

in the leptonic decay by V*d/V*s giving in total a suppression factor of about 

2.8 x 1(T3. 

The cross section for diffractive vector meson product ion 

In the framework of the (generalized) vector meson dominance (VMD) model 

several authors have made theoretical predictions for diffractive vector meson 

production [21, 22, 23, 24, 25, 26]. The generalized VMD cross section for D* 

production can be written as 

^ o c ( l + - ^ - ) 2Q2dQiy{i + a)dy(l + e ^ ebi , (2.16) 

where m j . is the mass of the D* meson, a = 2^y', « = ^ j and where aL 

and aT are the longitudinal and transverse virtual vector meson cross sections. 

The slope parameter b describes the exponential behaviour of the cross section 

as a function of t. More details of the implementation of the model [21] in the 

MC simulation can be found in Reference [27]. 

In the evaluation of the overall cross section it turns out that following 

the suggestions in References [25, 28] for adjusting intrinsic integration limits, 

the cross section can change by more than 30%. Uncertainties in the slope 

parameter enter exponentially in the cross section. Due to these uncertainties, 

D* meson production can be described theoretically only in a semi-quantitative 

way [20]. 

2.4 Leptonic decays of charmed hadrons 

The analysis of charm production has to concentrate on specific decay channels 

not only to get an unambiguous tag for the charmed particle but also to get 

an essentially background free sample. Therefore, the deep inelastic analysis 

focuses on the (semi-)muonic charm decays. 
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The diffractively produced D*s meson decays instantaneously [5] 

according to D*s -» Dsl {BD.^Dsl = 0.942 ± 0.025) and D*s -> Dsn° 

{BD.^Di7ro = 0.058 ± 0.025). The diffractive analysis is based exclusively on 

the subsequent leptonic decay chain Ds -+ r —> ß. 

Muonic decays of charmed particles 

The experimental knowledge of mass, decay length and muonic branching ratio 

for charmed hadrons relevant to this analysis is summarized in Table 2.1. 

For the charged charmed particles the muonic branching ratios are not well 

known. Because in the muonic decay there is always a neutrino (but possibly 

also other neutrals) escaping detection, it is experimentally very difficult to 

simultaneously tag the particle type and measure the branching ratio. Because 

of this difficulty, usually a combined muonic branching ratio is determined: 

Bc-fß = B •£h^ß E^s. h—>fj.X} (2.17) 

where Ph is the production probability for a specific charmed hadron 

he(D°,D+,Df,A+). 

Similarly, a combined muonic branching ratio for charged charmed hadrons 

(hch) can be defined: 

(2.18) 

where Phch is the production probability for a specific charged charmed hadron 

with respect to all charged charmed hadrons hch e (D+, Df, A+). 

Details about the treatment of semi-leptonic decays can be found in Ref

erence [32]. The semi-muonic decays taken into account in the analysis are 

summarized in Table 2.2. 

hadron mass (MeV) er {ßm) hadron ->• ßX (%) 

D» 1864.5 ±0 .5 124 6.6 ± 0.8 [29] 
D+ 1869.3 ±0 .5 315 17.2 ± 1 . 9 [30] 

Df 1968.6 ±0.6 148.6 5.0 ± 5.4 [30] 

A+ 2284.9 ± 0.6 61.8 4.5 ± 1 . 7 [31] 

Table 2.1: The current knowledge of mass, decay length and muonic branching 
ratio of charmed hadrons. 
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Figure 2.4: Feynman-diagram for the decay Ds —> TVT. 

Tauonic Ds decay 

Our diffractive charm production search focuses on the decay chain 

Ds -4 r -4 fj, in order to get an unambiguous Ds tag with the double 

decay signature in the emulsion. Therefore, the decay Ds -4 T vT is reviewed 

here. 

The branching ratio for the decay Ds -4 TVT, shown in the Feynman dia

gram in Figure 2.4, is written as 

G F Vcl f p. TD, m2
Tmp3 (2.19) 

where G F represents the Fermi constant, Vcs the CKM-matrix element, fo, the 

decay constant, TD, the life-time of the Ds meson, mT the mass of the r lepton 

and mo, the mass of the Ds meson. 

decay channel branching decay channel branching 

rat io ra t io 

D° -4 M+ ^ K- 0.032 D+ -4 ß+ vß K11 0.07 

D° -4 ß+ vß K*- 0.027 D+ -4 ß+ vß K*° 0.044 

D° -4 ß+ vß K° -K- 0.002 D+ -4 ß+ vß K° n° 0.005 

D° -4 p + ^ A"" 7T° 0.002 D+ -4 ß+ vß K~ n+ 0.032 

£ ° - 4 jU+ ^ K*° 7T- 0.004 D+ -4 ß+ Vß K*° TT0 0.011 

0 ° -4 /i+ vß K— n° 0.004 D+ -4 ß+ vß K*- n+ 0.011 

D° - 4 ^ + ^ 7T- 0.002 D+ - 4 (M+ Vß 7T° 0.001 

L>° -4 JJ+ !/„ p - 0.002 D+ - 4 ß+ Vßt] 0.001 

A+ -4 M+ i/„ A° 0.021 D+ - 4 / i + i/f, r / 0.001 

A+ -4 ß+ i/„ E° 0.005 D+ -4 /J+ ^ p° 0.001 

A+ -^ ß+ vß E*° 0.005 D+ - 4 ß+ Vß UJ 0.001 

A+ -4 fj,+ vßn 0.003 Df - 4 ß+ Vß 1] 0.025 

A+ -^ /,+ vß A0 0.002 Df - 4 ^ + i/^ 7]' 0.008 

A+ -4 p + Vß p+ TV 0.006 Df -4 ß+ vß 4> 0.02 

A+ -4 y+ vß n TT° 0.006 Df -4 ,u+ l/„ ÄT+ Üf- 0.005 

Df -> M+ !/„ K° X 0 0.005 

Table 2.2: Muonic branching ratios used in the analysis [32]. 
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If all variables would be known independently, we would be able to calculate 

the tauonic branching ratio. However, the decay constant fo, is usually derived 

from measurements of the purely muonic and tauonic branching ratios (and 

amounts to fo3 = 254 ± 25 MeV [33]). Therefore, in the following we use 

the measured value of BD,^,TVX = 0.07 ± 0.04 [5]. 

2.5 Present experimental status 

To study neutrino induced charmed particles, very massive detectors are needed, 

because of the relatively small neutrino cross section and the presently available 

neutrino beam intensities. On the other hand charmed particles have a very 

short lifetime that requires a high spatial resolution for direct detection. There

fore, most of the earlier experiments investigating charm production relied on 

the measurement of inclusive muonic decays. The most relevant experiments 

in this field are E531, CCFR and NuTeV at Fermilab, and BEBC, CDHS, 

CHARM, CHARM II and NOMAD at CERN. 

In only two experiments nuclear emulsion was used: at Fermilab by the 

E531 experiment and at CERN by the CHORUS experiment. 

A short summary of the experimental apparatus for each of the experiments 

is given, before we describe the CHORUS detector in detail in the next chapter. 

• E531 

In the E531 experiment [34], 23 liters of emulsion are used as primary 

neutrino target in the Fermilab wide-band neutrino beam. The target is 

followed by a drift chamber spectrometer with a wide angular acceptance 

and a time-of-flight (TOF) system equipped with scintillator hodoscopes. 

Further downstream, a lead-glass calorimeter (AE/E = 0.14/i/Ë) is fol

lowed by an iron calorimeter (AE/E = l.l/y/Ë) interspersed with scintil

lator planes. An iron hadron absorber and scintillator planes are installed 

to identify muons. The experiment is optimized to measure hadronic de

cays of charmed particles. The momentum resolution of decay tracks is 

given by A p = v
/(0.004p2)2 + (0.014p)2. The data taking period covers 

1978- 1981. 

• CCFR 

The most recent results from the CCFR collaboration come from data 

taken in 1985 and 1987 in the Fermilab wide-band neutrino beam. The 

detector [35] is constructed as a target calorimeter followed by a toroidal 
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muon spectrometer. The calorimeter consists of iron plates interspersed 

with scintillators and drift chambers. The measured energy resolution is 

AE/Ehad = O.S9/\/Ehad. The muon spectrometer has drift chambers for 

muon tracking and hodoscopes for triggering. The momentum resolution 

is Ap/p = 0.11. 

• NuTeV 

The NuTeV experiment [36] took data during the period 1996 - 1999 in 

the Fermilab wide-band neutrino beam. The detector consists of a tar

get calorimeter followed by a toroid spectrometer. The calorimeter is 

composed of steel plates acting as target, interspersed with liquid scintil

lator counters and drift chambers to reconstruct tracks and measure the 

energy deposition. The hadronic energy resolution of the calorimeter is 

AE/E = 0.86/VE. The spectrometer measures charge and momentum 

of muons (p > 5 GeV) with a resolution Ap/p = 0.11. 

• BEBC 

The BEBC experiment took data in the CERN narrow-band and wide

band neutrino beams in the 1970's and 1980's. The cryogenic bubble 

chamber has a 10 m3 fiducial volume surrounded by a 3 Tesla supercon

ducting magnet and is supplemented with a two-plane 150 m2 external 

muon identification system. 

. CHARM 

The CHARM experiment [37] took data in the CERN narrow- and wide

band neutrino beam in the early 1980's. The detector is composed of a 

fine grained calorimeter followed by a muon spectrometer. The calorime

ter consists of marble (CaC03) plates sandwiched with scintillation coun

ters, proportional drift tubes and streamer tubes. The muon spectrometer 

consists of an iron toroid spectrometer surrounded by a magnetized iron 

frame and is instrumented with proportional drift chambers. The hadronic 

energy resolution is AE/Ehad = 0A9/y/Ehad. The muon momentum res

olution Ap/p is 0.15 to 0.20 on average. 

• CDHS 

The CDHS experiment [38] took data in the early 1980's both in the 

narrow-band and in the wide-band neutrino beams at CERN. It consists 

of a calorimeter with toroidally magnetized iron plates sandwiched be

tween planes of scintillator planes and drift chambers. Depending on 
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the interaction vertex with respect to the segmentation, the hadronic en

ergy resolution varies between AE/Ehad = 0.58/\/S/,Od and AE/Ehad = 

0.70/V-Efcad- The muon momentum is measured in a magnetic field with 

an average resolution Ap/p of 0.09. 

• CHARM II 

The CHARM II experiment [39] collected data during the period 1987 -

1991 using the CERN wide-band neutrino beam. The target is composed 

of glass plates interspersed with streamer tubes and scintillation counters. 

The electromagnetic energy resolution is AE/E — 0.09 + 0.15/VE and 

the hadronic energy resolution is AE/Ehad = 0.02 + 0.52/VBw- The 

target is followed by a muon spectrometer with a resolution Ap/p = 0.13 

at 20 GeV. 

• NOMAD 

The NOMAD detector [40], located behind the CHORUS detector in 

the CERN wide-band neutrino beam, consists of a 2.7 ton active drift 

chamber target, a transition radiation detector, a pre-shower calorime

ter (AE/E = \.Q/y/(E)), and an electromagnetic calorimeter (AE/E = 

0.01 + 0.032/y/(E)), all located inside a dipole magnetic field of 0.4 T. In

stalled outside the magnetic field is an iron-scintillator hadronic calorime

ter (AE/E = 1.0/y/(E)) followed by steel absorbers instrumented with 

drift chambers for detection and tracking of muons. The muon momentum 

resolution is Ap/p — 0.03 for momenta below 20 GeV. Data taking took 

place in the period 1994 - 1998. 

Prom the point of view of charm physics the experiments mentioned above 

contributed to measurements of the charm production cross section (relative to 

the full CC cross section), the charm quark mass, the strange sea and the charm 

fragmentation function. Details of the results from the other experiments are 

given in the relevant sections of the analysis chapters. 

Before CHORUS the E531 experiment was the only detector allowing direct 

detection and reconstruction of hadronic charm decays. Therefore, it could 

provide the relative production rates of the different charmed particle types, 

which lead to the first, and until this work only, direct measurement of the 

CKM matrix element VCd [17]. 

Concerning diffractive Ds production two results are available. One result 

combines all available experimental bubble chamber data [41], and recently the 
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NuTeV collaboration reported "evidence for diffractive Ds production" [42]. 

For charm studies the CHORUS experiment offers the possibility to observe 

and identify in the emulsion the primary neutrino vertex, as well as the charmed 

particle decay. Therefore, a background free sample is obtained that is used in 

the following analysis to study charm kinematics and properties. 
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