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1 Introduction

The study of nuclear reactions involving
deuterons is an important area in nuclear
physics, as it facilitates the exploration of
baryon exchange mechanisms, the dynamics
of light nuclei, and the role of strong interac-
tions in few-body systems [1]. In particular,
deuteron collisions that lead to the produc-
tion of particles such as helium-3 3He and
protons (p) have provided valuable insights
into the processes that govern the formation
of light nuclei and nuclear interactions [2].
These reactions enable a detailed examina-
tion of the underlying mechanisms, includ-
ing short-range interactions between nucle-
ons, nuclear resonances, and phenomena such
as pion exchange [3].

In the context of the reaction dd →3

He+p, a key focus is the study of momentum
transfer and the variation of differential and
total cross-sections. This analysis offers in-
sights into the internal dynamics of nucleons
within the nucleus and helps identify contri-
butions from processes such as single nucleon
exchange (ONE), which is recognized as a sig-
nificant theoretical model for describing these
interactions [2]. At low energies, the ONE
model aligns well with experimental observa-
tions; however, at intermediate energies above
300 MeV, studies have indicated notable devi-
ations, suggesting the necessity of considering
additional mechanisms, such as heavy meson
or pion exchange [3].

The reaction dd →3 He+ p is particularly
noteworthy due to its complexity and the
presence of nuclear resonances, which present
a broad scope for both theoretical and exper-
imental research in nuclear physics. Recent
studies indicate that these resonances lead to
oscillations in the effective cross-sections, sug-
gesting more intricate nuclear dynamics than
can be accounted for by simpler models [4].

A significant aspect of this research is its
connection to the constituent quark count-
ing rules (CCR). These rules, derived from
the principles of quantum chromodynamics
(QCD), provide a framework for understand-
ing the relationships between hadronic and
quark/gluon degrees of freedom. Specifically,
the CCR state that the number of quarks
in a hadron can be counted based on its
quantum numbers, which helps in predicting
the behavior of hadronic interactions. This
study of quark counting is crucial for under-
standing the transition between hadronic and
quark/gluon descriptions, particularly in ex-
clusive reactions at high energies. The val-
idation of CCRs can offer insights into the
dynamics of strong interactions and the fun-
damental structure of matter.

This work aims to contribute to the vali-
dation of CCRs in the reaction dd � 3He +
p through event simulations generated with
the SpdRoot package. These simulations not
only produce the events of interest but also al-
low for the examination of background events,
enabling a more thorough analysis of signal-
background separation. This approach is cru-
cial for determining whether the reaction can
be distinctly identified in an experimental
context and whether CCRs hold in this en-
ergy regime. While progress has been made,
it is acknowledged that many aspects still re-
quire exploration and refinement.

Additionally, fitting the experimental
data to the differential cross-sections has been
a key component of this work. This fitting
process has enhanced the understanding of
the reaction dynamics and provided a solid
foundation for event simulation. The inte-
gration of the event generator into SpdRoot,
through the inheritance of the SpdGenera-
tor class, has facilitated modular event simu-
lation, serving as a valuable tool for inves-
tigating complex nuclear phenomena. Al-
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though the results obtained are promising,
they are viewed as an initial step toward a
more comprehensive study of nuclear colli-
sions and transitions between hadronic and
quark degrees of freedom.

In summary, this work aims not only to
contribute to the validation of CCRs in the re-
action dd →3 He + p, but also to provide an

initial methodology for simulation and data
analysis in nuclear experiments. Although
much remains to be learned, the simulations
and data fitting presented in this study pro-
vide a solid foundation for future research to
deepen the understanding of nuclear interac-
tions and quark and gluon dynamics.

2 Data summary

The analysis of the reaction dd →3 He+ p is
supported by a rich experimental data base,
which provides accurate measurements of the
differential cross section dσ/dt as a function
of momentum transfer t. The importance of
these data lies in their ability to describe how
the probability of reaction occurrence is dis-
tributed under different collision conditions.
This type of information is crucial not only
for studying the internal structure of nuclei,
but also for validating theoretical models de-
scribing nuclear interactions.

The table obtained from Bizard (1980) is
essential to understand the variation of the
differential cross section as a function of t.
This table presents detailed measurements
of dσ/dt at different values of t for various
collision energies. Nuclear collision experi-
ments of this nature are performed under con-
trolled laboratory conditions and are particu-
larly useful for analyzing momentum transfer
in high-energy collisions, allowing exploration
of how strong nuclear forces operate in few-
body systems.

From the data obtained, there are clear
trends in the differential cross section. As the
value of t increases, the cross section drops ex-
ponentially, indicating a lower probability of
reaction at high momentum transfers. This
behavior is typical in nuclear collisions where
short-range interactions dominate, and is an

indication that the resulting particles are be-
ing emitted at tighter angles with respect to
the particle beam axis. In addition, the ex-
perimental errors associated with each mea-
surement of dσ/dt are essential for assessing
the reliability of the data. These errors al-
low scientists to estimate the uncertainty in
their models and fits, which is crucial when
comparing experimental data with theoreti-
cal predictions. The experimental data used
in this research are derived from real deuteron
collisions, and their analysis provides direct
validation of nuclear interaction models.

By integrating these experimental data
into computational simulations, one can com-
pare the theoretical prediction with the ex-
perimental results, providing a valuable tool
for tuning and improving nuclear interaction
models. This is particularly important in
modern nuclear experiments, where accurate
predictions are key to advancing our under-
standing of nuclear forces.

2.1 Fit to Differential Effective
Section

The differential cross section dσ/dt is a funda-
mental quantity that describes how the prob-
ability of a nuclear reaction varies with re-
spect to the momentum transfer t. For the
reaction dd →3 He + p, this quantity pro-
vides key information on how the generated
particles are redistributed in different direc-
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tions and energies after the collision.
Fitting the experimental data is essential

to obtain an accurate quantitative description
of dσ/dt. In this study, a fitting function com-
bining linear and exponential terms was used,
reflecting the non-trivial structure of nuclear
interactions at intermediate energies [7]. The
equation used for the fit is of the form:

dσ/dt = A+B · t+ C · exp(−D · t)

where A, B, C and D are adjustable param-
eters determined by the least squares method
[6].

This functional choice is not arbitrary; the
combination of linear and exponential terms
is justified by the known properties of nuclear
collisions. At low momentum transfers, it is
typical to observe that the cross sections show
a smooth, linear dependence on t, whereas,
at high transfers, the interactions tend to de-
cay exponentially due to the lower probabil-
ity that the resulting particles are emitted at
large angles [7].

Figures (1-5) show the variation of the
differential effective cross-section dσ/dt as a
function of the transferred momentum t for
the reaction dd →3 He + p, at different col-
lision energies. The experimental points are
superimposed on the fitting curves obtained
by the proposed model, which allows compar-
ing the agreement between the data and the
theoretical prediction.

The transferred momentum t describes
the momentum exchange between the parti-
cles involved in the collision. As the value
of t increases, a decrease in the probability
of particle production at large angles is ob-
served, which is consistent with predictions
for short-range nuclear interactions. The ex-
ponential decay of dσ/dt at high values of t
is indicative of the decreasing nature of the
nuclear interaction as the scattering angle in-
creases.

Each figure reflects typical behaviour of
nuclear interactions at intermediate energies.
At low values of t, a linear dependence is ob-
served, which may be related to the contribu-
tion of mechanisms such as single nucleon ex-
change (ONE) and nuclear resonances. As the
value of t increases, the cross-section drops
rapidly, which is consistent with the decrease
of the scattering probability at large angles,
dominated by pion exchange effects and other
short-range mechanisms.

2.2 Application of Least
Squares Method

To fit the experimental data, the least squares
method was used, a standard procedure in
which the sum of the squares of the differ-
ences between the experimental values and
the fitted function is minimized. This method
ensures that the fitted function is as close as
possible to the measured data by weighting
the discrepancies according to the experimen-
tal errors. In this case, ROOT software was
the tool of choice to perform the fits, as it of-
fers advanced functionalities for data analysis
and implementation of nonlinear fits [6].

The success of the fit was evaluated by the
reduced chi-square value, which is a measure
of how well the fitted function represents the
experimental data. A chi-square value close
to 1 indicates that the fit is consistent with
the data within the margins of error, which
reinforces the validity of the proposed model
to describe the effective section [6].

2.3 Physical Interpretation of
the Fit

The exponential behaviour of the effective
cross-section at large values of t reflects the
short range nature of strong nuclear interac-
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tions. These interactions, dominated by me-
son exchange, tend to decrease rapidly with
distance, resulting in an exponential drop in
the probability of particles interacting at high
scattering angles. This phenomenon has been
documented in previous studies of nuclear col-
lisions, such as in the analysis of nuclear re-
actions between deuterons and protons [7].

On the other hand, linear terms in the fit
allow capturing the fluctuations of the effec-
tive cross-section at lower values of t, where
contributions from multiple interaction mech-
anisms, such as pion exchange and single nu-
cleon exchange (ONE), play a more important
role. The presence of nuclear resonances can
also influence this region, altering the linear
dependence of dσ/dt [8].

3 Von Neumann’s Method

The von Neumann method, also known as
the acceptance-rejection method, is a funda-
mental technique in the generation of random
numbers that follow specific probability dis-
tributions, widely used in event simulations
in particle physics. This approach is essen-
tial for modelling stochastic processes where
it is desired to simulate the behaviour of com-
plex systems, such as nuclear collisions, where
the distribution of events may be non-uniform
and depend on underlying physical factors [9].

3.1 Fundamental Principles

The principle of von Neumann’s method is
based on the ability to transform a com-
plicated probability distribution into a more
manageable form, facilitating the generation
of random numbers. This method involves
the following fundamental steps [10]:

� Function Selection: A probability den-
sity function f(x) to be sampled, which

describes the distribution of events in a
particular physical phenomenon, is cho-
sen. In addition, an envelope function
g(x) is selected, which is easier to sam-
ple and completely covers the function
f(x).

� Acceptance Condition: An acceptance
condition is set to ensure that the gen-
erated values are representative of the
distribution f(x). This condition is sat-
isfied when the generated random num-
ber y, which is selected from a uni-
form distribution in the interval [0,M ]
(where M is the maximum of the enve-
lope function g(x)), satisfies the relation
y ≤ f(x).

� Iteration: If the condition is satisfied,
the value x is accepted; otherwise, it is
rejected and the process is repeated un-
til a sufficient number of samples is ob-
tained.

4 Generation kinematics

The kinematics of the reaction dd →3 He +
p is governed by 4-momentum conservation,
one of the fundamental laws in particle
physics. In the case of a reaction 2 → 2, as is
the process under study, 4-momentum conser-
vation ensures that the total energy and mo-
mentum before the collision are equal to those
of the final state, allowing the interaction to
be fully described from a single independent
variable, which can be either the transferred
momentum t or the scattering angle θ.

4.1 4-momentum conservation
and invariant energy s

The total energy available in the center-of-
mass (CM) system of the collision is given
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by the square of the Mandelstam invariant s,
which is calculated as:

s = (E1 + E2)
2 − (p1 + p2)

2

Where E1 and E2 are the energies of the
initial deuterons and p1, p2 their momenta.
In the center-of-mass reference frame, the in-
variant energy s simplifies to:

s = E2
cm

Where Ecm is the total energy available in
the center-of-mass system. This magnitude is
crucial, since it determines the range of ener-
gies that the final particles can reach.

4.2 Calculation of the momen-
tum in the center-of-mass
system

The next step is to determine the momen-
tum of the particles produced in the collision,
which in this case are the 3He and the pro-
ton. This momentum in the center-of-mass
system pcm is calculated using the relativistic
expression:

pcm =
1

2
√
s

√
(s− (M +m)2)(s− (M −m)2)

Where: - M is the mass of the 3He
(2.808391 GeV/c2), - m is the mass of the
proton (0.938272 GeV/c2), - s is the square
of the previously calculated invariant energy.

This value represents the common mo-
mentum that the particles 3He and p acquire
in the center-of-mass system. Since the reac-
tion is 2 → 2, the momentum of both particles
is equal in magnitude and opposite in direc-
tion, reflecting conservation of momentum.

4.3 Relation between the trans-
ferred momentum t and the
scattering angle θ

The scattering angle θ, which measures how
the particles are deflected after the collision,
is related to the transferred momentum t,
which is the difference between the initial 4-
momentum and the final 4-momentum. The
expression connecting these two concepts is:

cos(θ) =
EMEd +

t−M2−m2
d

2

pcmpd

Where: - EM is the energy of the 3He,
- Ed is the energy of the deuteron, - pcm is
the momentum of the particles in the center-
of-mass system, - pd is the initial deuteron
momentum.

The scattering angle θ is obtained using
the inverse cosine function:

θ = ACos (cos(θ))

This angle defines the direction in which
the particles emerge from the center-of-mass
system after the collision. It is important to
note that both t and θ are variables that fully
characterize the kinematics of the collision.

4.4 Calculation of the final mo-
mentum in spherical coor-
dinates

Once the angle θ is determined, it is possi-
ble to calculate the final momentum compo-
nents of the particles in the laboratory sys-
tem. These components are expressed in
spherical coordinates, with the azimuthal an-
gle ϕ uniformly distributed over the range
[−π, π]. The momentum components for the
particles 3He and p are:

px = pcm sin(θ) cos(ϕ)

7



py = pcm sin(θ) sin(ϕ)

pz = pcm cos(θ)

Here, the value of ϕ is randomly gener-
ated, which ensures that the particles are
uniformly distributed in all directions in the
plane perpendicular to the collision direction.

4.5 Implementation in Event
Simulation

In the context of the present study, the von
Neumann method is used to generate events
that simulate the differential cross-section
dσ/dt of the reaction dd →3 He+p [11]. This
technique yields event distributions that ac-
curately reflect the underlying physics of the
interaction in the momentum transfer range t
[12].

4.6 Specific Steps in Implemen-
tation:

� Density Function Definition: The fit-
ting function f(t) describing the differ-
ential cross-section as a function of mo-
mentum transfer is established. This
function is determined from experimen-
tal data or appropriate theoretical mod-
els [11].

� Maximum Value Determination: The
maximum value of the fitting function
f(t) in the range of interest is calcu-
lated for the variable t. This value is
crucial, since it sets the upper limit for
the random number y to be generated
later.

� Random Number Generation: For each
event to be simulated, two random
numbers are generated: one t in the
range of [tmin, tmax] and another y that

is uniformly distributed between [0,M ].
The function f(t) is evaluated to deter-
mine if the value of t is accepted [9].

� Process Repetition: If the acceptance
condition is met, the value of t is ac-
cepted; otherwise, the process is re-
peated until enough events are ob-
tained, ensuring that the resulting dis-
tribution respects the function f(t) [10].

5 Integration in SpdRoot

The integration of the event generator into
the SpdRoot framework is based on the prin-
ciple of class inheritance, which allows the
creation of a modular and extensible archi-
tecture for the treatment of collision event
simulations [13]. This strategy not only op-
timizes the use of computational resources
but also facilitates interoperability with other
modules and tools within the SpdRoot envi-
ronment, thus promoting a more efficient and
cohesive workflow in the investigation of par-
ticle physics phenomena [14].

The developed event generator, called
Gen dd2p3He, inherits from the base class
SpdGenerator, which establishes a robust
and flexible framework for particle simula-
tion. This base class provides fundamental
methods for parameter initialization and con-
figuration of the simulation environment, en-
suring consistency of the event generator with
the rest of the system [15]. For example, in
the code provided, the initialization is per-
formed through the method Init(), where
the energetic properties are configured and
the parameterization of the effective cross-
section is set:

void Init() {

rnd.SetSeed(random_seed);

// Energy configuration

8



//and effective section parameters

}

The generator architecture relies on Spd-
Root’s ability to handle collision events effi-
ciently. Events generated by our model can be
easily integrated into SpdRoot’s analysis rou-
tines, allowing validation of simulated results
against experimental data. This process is ex-
emplified in the method get event(), which
calculates the kinematics of the particles pro-
duced in each collision:

void get_event() {

calculate_kinematics(randomize_t());

}

In addition, the integration of advanced
data analysis techniques, such as curve fit-
ting and statistical analysis, is facilitated by
the use of fitting functions such as TF1. In
our case, the fitting function is used to pa-
rameterize the effective section:

data_approx = new TF1(\data_approx",

\[0] + [1]*x + [2]*exp(-[3]*x)",

t_min, t_max);

The modularity offered by the inheritance
in SpdRoot allows the future addition of new
event generators that could simulate different
physical processes, thus enriching the simula-
tion environment. This expandability is cru-
cial to adapt to the continuous evolution in
the field of particle physics, where new discov-
eries and theories emerge. The test function
test() demonstrates this capability by using
the class Gen dd2p3He to generate events and
populate a histogram:

void test() {

Gen_dd2p3He gen;

gen.Init();

// Event generation

//and histogram filling

}

6 Event Simulation in Sp-

dRoot

Event simulation in the SpdRoot framework
is an interesting development in particle col-
lision research, particularly regarding the
deuteron-deuteron (dd) reaction that pro-
duces helium-3 (3He) and protons (p). Al-
though this process has not yet been carried
out, it is important to validate and comple-
ment the theoretical and experimental results
obtained in the previous phases of the work

To carry out the event simulation,
the previously developed event generator
Gen dd2p3He will be integrated with the Sp-
dRoot analysis routines. This generator is re-
sponsible for calculating the kinematics of the
particles produced in the reaction, using ro-
bust methods for the determination of cross-
sections and the parameterization of experi-
mental data.

The first step in this phase will be the cre-
ation of a simulation loop to generate multi-
ple collision events. Each event will be gen-
erated using the method get event(), which
provides a pair of Lorentz vectors for helium-
3 and the proton. These vectors will contain
information about the momentum and energy
of the produced particles, which will facilitate
further analysis.

In addition, histograms will be imple-
mented to record the distributions of param-
eters of interest, such as particle momentum
and energy, which will allow comparison of
these simulated results with previously ac-
quired experimental data. Visualization of
these histograms will be possible using Sp-
dRoot’s graphical tools, which will facilitate
interpretation of the results.

A key component of this simulation will be
the validation of the generated events against
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available experimental data. This validation
process will be critical to ensure the accuracy
and reliability of the simulations, allowing ad-
justments to be made to the generator pa-
rameters if necessary. The incorporation of
advanced statistical fitting and analysis tech-
niques, which are inherent to the SpdRoot
framework, will provide an additional level of
rigour to the results.

The implementation of event simulation
will not only allow exploration of the proper-
ties of the generated particles, but will also
open the door to future research on different
physical processes. The modularity of Spd-
Root ensures that, once the simulation of the
reaction dd →3He + p has been established,
other event generators can be incorporated to
simulate different interactions, thus enriching
the research environment.

7 Conclusions

The fitting results showed good agreement
with the experimental data, evidenced by a
reduced chi-square value that aligned with the
standards established in the scientific liter-
ature. The fitted parameters, carefully cal-
culated, allowed the total cross-section to be
determined with a reasonable level of confi-
dence. These results were contrasted with
data from other studies, underlining the con-
sistency and validity of the proposed model.

This analysis could serve as a starting
point for future research and for the optimiza-
tion of experiments related to nuclear colli-
sions.

The fitting of dσ/dt is important not only
for the validation of theoretical models, but
may also have direct experimental applica-

tions. The fitted results could be used to
anticipate the behavior of cross sections in
future nuclear collision experiments, allow-
ing the design of more informed experiments
to study specific phenomena, such as nuclear
resonance formation or meson exchange.

The fit presented in this paper is part of a
broader effort in collision event simulation, as
the fitted function is used to generate event
distributions that attempt to reflect the un-
derlying physics of the reaction dd →3 He+p.

In conclusion, the integration of the event
generator into SpdRoot through inheritance
of the SpdGenerator class provides a useful
basis for the simulation of collision events,
and can be a first step towards the exploration
of complex physical phenomena. This modu-
lar and extensible approach is a valuable com-
ponent in the development of tools for data
analysis in the field of particle physics, con-
tributing in a modest way to the advancement
of knowledge in this discipline.

Although we are still at an early stage, the
integration of the tools and methods devel-
oped in this work could provide a solid frame-
work for the analysis and interpretation of
physical phenomena associated with deuteron
collisions.
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8 Annex

Figure 1: Fit of variation of the differential effective cross-section dσ/dt as a function of the
transferred momentum t for the reaction dd →3 He+ p, at different collision energies.
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