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The neutrino �ux for accelerator-based neutrino experiments originates from the decay of

mesons, which are produced via hadron-nucleus interactions in extended targets. Since the cross

sections of primary and secondary hadronic processes are di�cult to model or calculate, neutrino

�ux uncertainties are typically a leading uncertainty in present day measurements of neutrino os-

cillation parameters with accelerator-based neutrino experiments. These uncertainties can be sig-

ni�cantly constrained with precise measurements of the hadronic production processes occurring in

the production of neutrino beams. The NA61/SHINE experiment at the CERN SPS has a dedi-

cated program to precisely measure these processes; the T2K experiment has already incorporated

previous NA61/SHINE measurements for a substantial �ux uncertainty reduction. This thesis will

present multiplicity measurements of π±, K±, p/p̄, K0
S , Λ, and Λ̄ produced in the interaction of 90

GeV/c protons with a carbon target.
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Chapter 1

Introduction

This thesis aims to measure the multiplicity of hadrons produced in proton-carbon interactions

with a 90 GeV/c proton beam on a graphite target, where the interactions are occurring between

a proton and a single carbon nucleus. These interactions are di�cult to model or calculate, so

the only way to truly probe them is through experiment [1�3]. While there is existing data on

proton-nucleus collisions, before NA61/SHINE (North Area 61/Super-proton-synchrotron Heavy

Ion Neutrino Experiment), the experiment which took the dataset analyzed in this thesis, there

was a lack of data in the momentum range typically used by long-baseline neutrino oscillation

experiments. (Section 3.3 will discuss this in more detail.) While the lack of existing data for

hadron production in 90 GeV/c proton-carbon collisions makes this interaction interesting enough

to study on its own merits, the underlying reason for the analysis performed in this thesis is to aid

long-baseline neutrino oscillation experiments.

Chapter 2 will �rst introduce the theory of the Standard Model of Particle Physics and neu-

trino oscillations, then Chapter 3 will introduce a subset of the experiments probing the neutrino

oscillation parameters. These long-baseline neutrino oscillation experiments measure beams of neu-

trinos at near and far detectors to study neutrino oscillations and the parameters that de�ne these

oscillations.

In the current phase of neutrino study, uncertainties are making it di�cult to accurately

measure all of the desired quantities. One of the largest uncertainties results from the di�culty in

modeling the hadron production that is an integral part of the creation of neutrino beams; Figure
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1.1 shows a depiction of a hadronic interaction inside a target.

Figure 1.1: A depiction of particle beam interacting inside a target and producing a shower of
neutral and charged hadrons.

Several experiments, including NA61/SHINE , have dedicated programs to study hadron pro-

duction for long-baseline neutrino oscillation experiments. Chapter 4 will introduce the NA61/SHINE

experiment, which took the proton-carbon dataset being analyzed for this thesis back in 2017, and

Chapter 5 will describe the software framework used by NA61/SHINE to analyze its data. Chapter

6 will discuss the calibration procedure necessary before a physics analysis can be performed.

When analyzing physics data, the NA61/SHINE experiment is capable of measuring the

production of both neutral and charged hadrons. Measuring the di�erential multiplicities of hadrons

requires total cross section measurements to normalize the results, which will be described in Chapter

7, and then Chapter 8 will explain the analysis procedure and show di�erential multiplicity results for

the neutral K0
S ,Λ, and Λ̄ hadrons. After this, Chapter 9 will present the charged analysis procedure

and results for measuring the charged π±, K±, p/p̄ hadrons before a brief, �nal discussion in Chapter

10.



Chapter 2

The Standard Model of Particle Physics and Neutrinos

2.1 Standard Model of Particle Physics

The Standard Model of Particle Physics is a celebrated theoretical and experimental success,

correctly predicting the existence of the W± and Z bosons, the top quark, and the Higgs boson

[4�6]. At its base, the Standard Model is a quantum �eld theory obeying SU(3)c ⊗ SU(2)L ⊗U(1)

gauge symmetry. Each symmetry corresponds to one of the three forces present in the Standard

Model: the strong, the weak, and the electromagnetic forces, respectively. Gravity, the fourth known

force, is currently excluded from the Standard Model. This section will only brie�y introduce the

Standard Model, adapting the formulation in Gri�ths [7] and Schwartz [8]. Table 2.1 shows the

elementary particles in the Standard Model with some of their fundamental properties; these consist

of the spin-12 fermion matter particles, the spin-1 gauge bosons that act as force carriers, and the

spin-0 Higgs boson.

2.1.1 The Strong Force

The strong force mediators, the gluons, are represented by the SU(3)c group and act on color

charge, denoted by the subscript c. Only the quarks and gluons carry color charge, and so only they

participate in the strong interaction. Each quark can be either red, green, or blue. From the group

structure of SU(3)c, there are nine possible color states for the gluons, though the ninth, the color

singlet state, is forbidden experimentally. (There are also anti-color states.)

The Lagrangian de�ning the dynamics of the strong interaction can be constructed by starting
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Particle Mass [/c2] Spin Charge

up quark ∼ 2.2 MeV 1/2 2/3

charm quark ∼ 1.28 GeV 1/2 2/3

top quark ∼ 173.1 GeV 1/2 2/3

down quark ∼ 4.7 MeV 1/2 −1/3
srange quark ∼ 96 MeV 1/2 −1/3
bottom quark ∼ 4.18 GeV 1/2 −1/3

electron 0.511 MeV 1/2 −1
muon 105.66 MeV 1/2 −1
tau 1.7768 GeV 1/2 −1

electron neutrino NA 1/2 0

muon neutrino NA 1/2 0

tau neutrino NA 1/2 0

gluon 0 1 0

photon 0 1 0

W boson 91.19 GeV 1 ±1
Z boson 80.360 GeV 1 0

Higgs boson 125.11 GeV 0 0

Table 2.1: All of the elementary particles in the Standard Model and some of their basic properties
[9]. Each particle listed has an associated anti-particle with the same mass and spin, but opposite
charge.

with the free fermion Lagrangian for a spin-12 , massive quark �eld:

L = ψ̄α,i(i/∂ −m)ψα,i. (2.1)

Here ψα,i is a Dirac spinor transforming under the fundamental representation of SU(3)c, i = 1, 2, 3

(red, green, blue), and α = 1, 2, 3, 4 is the spinor index. (The Dirac spinors are solutions to the

Dirac equation; two of the indices are needed to describe the chirality of particles, and two more are

needed to describe the chirality of anti-particles.) Dropping the indices for simplicity, ψ̄ represents

the anti-quark �eld, the adjoint spinor. Finally, /∂ = γµ∂µ, where γ
µ are the Dirac matrices, and

m is the mass. This is essentially just a classical Lagrangian, where ψ̄i/∂ψ is the kinetic term and

ψ̄mψ is the potential term.
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Equation 2.1 already holds Poincaré invariance and local color invariance, and it is also in-

variant under global SU(3)c transformations, all by construction. The next step is to impose local

SU(3)c gauge symmetry, requiring the Lagrangian to be invariant under transformations of the form

ψ′(x) = U(x)ψ(x), where

U(x) = e
i
2
ϵ(x)aλa

, (2.2)

and ϵ(x) is some arbitrary, well-de�ned function dependent on position, which is why this is called

a local symmetry. λa are the Gell-Mann matrices, and are 3 × 3 generators of the SU(3)c group.

Imposing this condition requires the introduction of the eight gluon �elds mentioned earlier, Aµ =

1
2A

µ
aλa. These are used to de�ne the covariant derivative

Dµ = ∂µ − igAµ. (2.3)

Here g is the coupling strength of the gluon �elds to the quark �elds, and Aµ is the gluon �eld.

Now that eight gluon �elds have been added, the Lagrangian needs the addition of a kinetic term

for each �eld. (They are massless, so they do not get a potential term; a mass term of the form

mAµA
µ would violate gauge invariance.) The free gluon Lagrangian is given by

Lgluons = −1

4
FµνFµν , (2.4)

where the gluon �eld strength tensor is de�ned by

Fµν ≡ ∂µAν − ∂νAµ − ig[Aµ, Aν ]. (2.5)

Putting it all together, the Lagrangian describing the strong force is

L = ψ̄(i /D −m)ψ − 1

4
FµνFµν . (2.6)
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With the Lagrangian in Equation 2.6, the three basic interactions allowed by the strong force

can be read o�: a quark emitting or absorbing a gluon, a gluon emitting or absorbing another

gluon, or two gluons directly interacting. All other interactions can be built up from these three

interaction shown in the Feynman diagrams in Figure 2.1.

Figure 2.1: Feynman diagrams of the three basic interactions of the strong force. A straight line
is used for quarks, and a curly line is used for gluons. Time is left to right.

2.1.2 Electroweak and the Higgs Mechanism

Before electroweak symmetry breaking, the electromagnetic and weak forces can be uni�ed

into the electroweak sector, which interacts with the symmetry group SU(2)L ⊗ U(1). The L sub-

script speci�es coupling to only left-chiral fermions (and right-chiral anti-fermions), an experimental

observation. In an analagous manner to the strong force � before the inclusion of Higgs and Yukawa

terms � the electroweak Lagrangian for leptons can be written

L = ψ̄i,Li /Dψi,L + ψ̄i,Ri /Dψi,R − 1

4
Wµν

a W a
µν −

1

4
BµνBµν . (2.7)

Now ψi,L represents a left-handed doublet fermion �eld, the index i = 1, 2, 3 di�erentiates between

the three particle generations, and ψi,R is the right-handed singlet fermion �eld. The covariant

derivative is again de�ned with the gauge �elds

Dµ ≡ ∂µ − i
g′w
2
YWBµ − i

gw
2
τiW

i
µ. (2.8)

For the U(1) symmetry group YW represents the weak hypercharge, the generator of U(1), Bµ

is the gauge �eld, and g′w is the coupling strength of the hypercharge current to the gauge �eld.
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Meanwhile, for the SU(2)L symmetry group, the τ matrices are the generators of SU(2)L,Wµ is the

gauge �eld, and gw is the coupling strength. Currently, all of the fermions in Equation 2.7 do not

have mass terms, and any mψ̄ψ term would violate local SU(2)L gauge invariance. Similarly, and

just like the gluons, the four gauge �elds also have to be massless to not violate gauge symmetry.

However, experimentally fermions and the mediators of the weak force have mass. The solution to

this problem is the Higgs mechanism, which introduces the Higgs �eld, a complex scalar �eld in

SU(2)L:

ϕ =
1√
2

(
ϕ+

ϕ0

)
. (2.9)

With the addition of a new �eld, the electroweak Lagrangian picks up the following terms for

the interactions between the new �eld, itself, and the gauge bosons:

LHiggs = |Dµϕ|2 + µ2ϕ†ϕ− λ(ϕ†ϕ)2. (2.10)

Equation 2.10 comes from quantum �eld theory treating �elds as �uctuations above the ground

(vacuum) state. Before Equation 2.10 the ground state was always the trivial one of ϕ = 0. Now,

only considering terms up to the renormalizeable order ϕ4, Equation 2.10 allows for a non-zero

ground state. Separating the µ and λ terms as the potential energy of this Lagrangian and restricting

λ > 0 and µ2 < 0, the minima of the potential energy then lie in a circle where (ϕ+)2+(ϕ0)2 = µ2/λ.

To expand around a particular vacuum, set ϕ+ = 0. With this gauge choice, ϕ0min = µ/
√
λ = v,

where v is the vacuum expectation value of the Higgs �eld. Expanding around the vacuum in this

gauge and taking the lower component to only be real (�elds can always be freely rede�ned up to

a phase), the Higgs �eld can be written as

ϕ =
1√
2

(
0

v + h

)
, (2.11)

where h is a real scalar �eld. Substituting the gauged, symmetry broken Equation 2.11 into Equation
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2.10 is the foundation of the Higgs mechanism, and breaks the electroweak force into its constituent

weak and electromagnetic parts. Starting with just the terms containing v,

|Dµϕ|2 = gw
v2

8

[
(W 1

µ)
2 + (W 2

µ)
2 +

(
g′w
gw
Bµ −W 3

µ

)2
]2
. (2.12)

To diagonlize the masses, de�ne

Zµ ≡ cos θwW
3
µ − sin θwBµ,

Aµ ≡ sin θwW
3
µ + cos θwBµ,

tan θw =
g′w
gw
.

(2.13)

This leads to the expected form for the kinetic part of the photon Lagrangian, where the A boson

can now be recognized as the massless photon, along with a clear mass term for the Z boson:

LZ,A = −1

4
FµνFµν −

1

4
ZµνZµν +

1

2
m2

ZZ
µZµ,

mz =
gwv

2 cos θw
.

(2.14)

The interaction terms are more complicated, and the lengthy algebra will be skipped. Col-

lecting terms in factors of e = gw sin θw and W±
µ = 1√

2
(W 1

µ ∓W 2
µ)

2, the rest of the Lagrangian can

be written
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Lv = m2
WW

+
µ W

µ,− − 1

2
(∂µW

+
ν − ∂νW

+
µ )(∂νWµ,− − ∂µW ν,−)

− ie cot θw[∂µZν(W
µ,+W ν,− −W ν,+Wµ,−)

+ Zν(W
µ,−∂νW+

µ −Wµ,+∂νW−
µ +Wµ,+∂µW

ν,− −Wµ,−∂µW
ν,+)]

− ie[∂µAν(W
µ,+W ν,− −W ν,+Wµ,−)

+Aν(W
µ,−∂νW+

µ −Wµ,+∂νW−
µ +Wµ,+∂µW

ν,− −Wµ,−∂µW
ν,+)]

+
1

2

e2

sin2 θw
(Wµ,+W+

µ W
ν,−W−

ν −Wµ,+W−
µ W

ν,+W−
ν )

− e2 cot2 θw(Z
µW+

µ Z
νW−

ν − ZµZµW
ν,+W−

ν )

+ e2(AµW+
µ A

νW−
ν +AµAµW

ν,+W−
ν )

+ e2 cot θw[A
µW+

µ Z
νW−

ν +AµW−
µ Z

νW+
ν −AµZµW

ν,+W−
ν ].

(2.15)

Equation 2.15 contains every possible basic interaction between the W±, Z, and A bosons. In

addition, there is clear prediction for the di�erence between the W± and Z boson masses, explicitly

mZ = mW
cos θw

. Finally, the interactions between the Higgs and the W± and Z bosons are given by

the terms with h:

LHiggs = −1

2
h(□+m2

h)h− gw
m2

h

4mW
h3 − g2w

m2
h

32m2
W

h4

+ 2
h

v
(m2

WW
µ,+W−

µ +
1

2
m2

ZZ
µZµ) +

h2

v2
(m2

WW
µ,+W−

µ +
1

2
m2

ZZ
µZµ).

(2.16)

2.1.3 Fermion Masses and Weak and Electromagnetic Interactions

The �nal step is to add in the Yukawa couplings, that, along with the Higgs mechanism, gives

the fermions in the Standard Model their mass. As stated before, any terms of the form mψ̄ψ will

break the gauge symmetry, and so mass terms of this form are forbidden. At this point in the

electroweak sector, there is also no connection between right and left-handed fermions. Currently

they are just two separate �elds that happen to have the same charge. (In the strong force sector,

they are connected by the mψ̄ψ terms.) The Yukawa coupling is just an assumption of interactions
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between the fermions and the Higgs �eld, usually written as generally as possible as an input to the

Standard Model:

LY uk = Y ij
a ψ̄

a
L,i(iσ2ϕ

∗)ψa
R,j + Y ij

b ψ̄
i
L,bϕψ

j
R,j + h.c. (2.17)

The Yij are the Yukawa couplings, and they are arbitrary complex numbers; with just a single scalar

�eld ϕ, they are proportional to the mass matrices. a = u, ν (up-type quarks, neutrinos), b = d, l

(down-type quarks, charged leptons), and σ2 is the second Pauli matrix. h.c. is the Hermitian

conjugate of all of the previous terms. All of these terms are SU(2) invariant. Starting with the

quarks, after electroweak symmetry breaking, the quark mass terms become

Lquark masses = − v√
2
(d̄LYddR + ūLYuuR) + h.c. (2.18)

For clarity, d represents the three down-type quarks (d, s, b), u represents the three up-type quarks

(u, c, t), and the Y are 3× 3 matrices. Equation 2.18 is currently in the �avor basis. Going back to

Equation 2.7 and rotating to the weak �avor basis, the symmetry broken electroweak Lagrangian

for the quarks is given by:

Lquarks =
e

sinθw
ZµJZ

µ + eAµJ
µ
EM −mµ

j (d̄
j
LdR,j + d̄jLdL,j)−mµ

j (ū
j
LuR,j + ūjLuL,j)

+
e√

2 sin θw
(W+

µ ū
i
Lγ

µVijd
j
L +W−

µ d̄
i
Lγ

µV †
iju

j
L),

JEM
µ = (T 3 + Yw)(ψ̄

L
i γ

µψL,i + ψ̄R
i γµψ

R,i),

J3
µ = ψ̄L

i γµT
3ψL,i,

JZ
µ =

J3
µ − sin2 θwJ

EM
µ

cos θw
.

(2.19)

There are many important details in Equation 2.19. First, the right and left-handed fermion

�elds are now explicitly connected by their mass terms, and they are no longer separate �elds.

Second, all of the interesting mixing e�ects from switching to the mass basis from the �avor basis
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are encoded in a single 3×3 matrix V , known as the Cabibbo�Kobayashi�Maskawa (CKM) matrix.

Writing it more explicitly, the CKM matrix relates the strong interaction quark states to their weak

interaction states:

ds
b


weak

=

Vud Vus VubVcd Vcs Vcd

Vtd Vts Vtb

 =

ds
b

 . (2.20)

Third, Equation 2.19 gives the explicit form of all of the weak interactions available for the quarks,

where the Jµ terms have been left general, as they take the same form for the leptons. T 3 is the

third component of weak isospin, and YW is the weak hypercharge. The CKM is close to being

diagonal, meaning there is not much mixing between the mass and �avor basis for the quarks [10].

Some examples of electroweak interactions are shown in Figure 2.2.

Figure 2.2: Electroweak diagrams for top quark production [11].

Equation 2.19 takes the same form for the charged leptons and the neutrinos, assuming the

neutrinos' masses are purely Dirac and right-handed neutrinos exist. (The neutrinos are neutral

and do not couple to the photon.) However, neutrinos are a tricky particle, and the intricacies of

their mass terms will be addressed in the next section.

2.1.4 Neutrino Mass

So far, all of the calculations were done assuming right-handed neutrinos exist; however, they

have not yet been observed, and they do not appear to couple to the W or Z bososn. Neutrinos

in the Standard Model are also usually considered massless, though they were included in the same

manner as quarks and leptons in the previous section for simplicity. In fact, neutrinos were not even



13

con�rmed to have mass until recently [12�15]. If right-handed neutrinos do exist, they are color,

weak isospin, and electrically neutral, meaning they do not participate in any of three forces in the

Standard Model; hence the di�culty in observing them. Because of all of these ambiguities, the

mechanism behind the neutrino masses is not yet known. There are many proposed theories, and

this section will brie�y describe just a small handful of them.

A good place to start is with the most general renormalizable mass terms:

Lν mass = Yij ν̄
i
Lν

j
R − iMij(ν

i
R)

CνjR + h.c.,

νC = Ĉν = iγ2γ0ν.

(2.21)

The �rst term is the standard Dirac mass that the rest of the fermions in the Standard Model

generate mass from, and the second is the Majorana mass term, which is only allowed for neutrinos;

this is forbidden by electroweak symmetry for all other fermions. (A charged fermion cannot turn

into/be its own anti-particle; this violates charge conservation.) If neutrinos are Majorana, this

couples right-handed and left-handed neutrinos together, and this is being probed by neutrinoless

double-β decay experiments, like GERDA [16].

If right-handed neutrinos carry any conserved quantum number at all, say lepton number,

then the Majorana mass term is forbidden. Switching to constructing the Dirac spinors out of single

Weyl spinors (instead of from independent left and right-handed Weyl spinors), ψR =

(
iσ2ν

∗
R

νR

)
,

and dropping to just a single generation for simplicity, the neutrino mass Lagrangian can be written

Lν mass = −mψ̄LψR − M

2
ψ̄RψR. (2.22)

The physical masses resulting from Equation 2.22 are
√
m2 + 1

4M
2 ± 1

2M . If the limit M ≫ m

is taken, then a very heavy mheavy ≈ M mass and a very light mlight ≈ m2

M mass pop out. This

is known as the Type-I Seesaw Mechanism, and gives a possible explanation for the very light

neutrino masses. It includes not-yet-observed very heavy right-handed neutrinos that cannot be

directly detected through Standard Model processes, so con�rmation of this particular mechanism
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would be di�cult.

Another possible mechanism for neutrino mass, which does not necessitate the inclusion of

right-handed neutrinos, would be the addition of a dimension-5 term to the Lagrangian.

Ldim−5 = −Mij(ν
i
Liσ2ϕ

∗)(iσ2ϕ
∗νjL)

†. (2.23)

Equation 2.23 implies lepton number violation and is non-renormalizeable, but it is another possi-

bility for the neutrino mass mechanism.

2.1.5 Standard Model Particles

Before going any further, it is useful to take a step back from all of the theory and more

generally look at the particle content of the Standard Model. Figure 2.3 shows all the particles

present in the Standard Model and their interactions.

Figure 2.3: The particle content of the Standard Model. If one looks closely at this image, faint
groupings can be seen that show boson-fermion couplings [9].
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There is the Higgs boson, which is electrically neutral and spin-0; through the Higgs mecha-

nism all of the fermions (except for the neutrinos?) and the weak force bosons acquire mass. Next,

there is the gluon, a massless spin-1 boson responsible for mediating the strong force. As only the

quarks carry color charge, out of all of the fermions, only the six quarks participate in the strong

force. They are separated into the three generations of matter, and each generation is di�erentiated

by its relative mass to the other generations. There are two families of quarks; the up-type quarks

have charge +2
3 , and the down-type quarks have charge −1

3 . All of the fermions, including the

neutrinos, are spin-12 .

In the present electroweak symmetry broken universe, the next boson is the photon, the

massless mediator of electromagnetic interactions. The electromagnetic interaction occurs between

all charged particles of the Standard Model, so only the neutrinos and the uncharged bosons do not

participate in it. Lastly, the weak bosons mediate the weak force, which is the interaction between

particles with non-zero weak isospin. All of the fermions participate in the weak force.

This represents all of the elementary particles of the Standard Model, and particles like

protons, neutrons, hydrogen, pions, kaons, etc. are all built up from these basic building blocks. In

addition to this list, every particle has an anti-particle. Each anti-particle has the same quantum

numbers as its particle partner, but with opposite charge. All of the bosons are their own anti-

particles (W+ is the anti-particle of W−), and it is an open question in physics if this is also applies

to neutrinos.

2.2 Neutrinos

Experimentally there are several holes in the Standard Model; theoretically, it could be im-

proved upon as well. To name just a few issues with it, the Standard Model doesn't have a de�nitive

mechanism for neutrino mass, and it also doesn't provide an explanation for neutrinos being roughly

a million times lighter than the next lightest particle, the electron. Conspicuously, gravity is also

missing from the Standard Model, and there is no de�nitive way to include it, or explain why

gravity is so much weaker than the other three forces. Also, experimentally there are very clearly
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three generations of matter, but the generations and the Yukawa couplings are an input into the

Standard Model Lagrangian. The large number of parameters that have to be determined exper-

imentally is also unsatisfactory; is there some kind of uni�ed theory that reduces the number of

parameters? (The particle masses, the CKM matrix elements, the gauge couplings, the vacuum

angle, and the Higgs mass and vacuum expectation value all have to be measured. Including the

neutrino parameters adds to this list.)

Narrowing down to just neutrino physics, there is still a plethora of open questions. The rest

of this chapter will address the open questions in neutrino physics related to this thesis.

2.2.1 Neutrino Mixing Matrix

As shown in Figure 2.3, there are three weak interaction �avor states for the neutrinos, where

each state corresponds to one of the three charged leptons. In the exact same manner as for

quarks, there is a mixing matrix for rotations between the neutrino �avor basis and the well-de�ned

neutrino mass basis. (Well-de�ned here means eigenstates of the Hamiltonian.) The typical form

of this matrix, known as the Pontecorvo�Maki�Nakagawa�Sakata (PMNS) matrix is

νeνµ
ντ

 =

Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

 =

ν1ν2
ν3

 , (2.24)

where νe represents the electron neutrino, and ν1 represents neutrino mass state 1. The PMNS

matrix can be fully de�ned with three angles (θ12, θ13, θ23) and one phase; if there is a Majorana mass

term, there are an additional two Majorana phases α12 and α31. Letting s12 = sin θ12, c12 = cos θ12,

a typical parameterization ([7]) is

UPMNS =

 c12c13 s12c13 s13

−s12c23 − c12s23S13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12S23 − c12c23s13e
iδ −c12s23 − s23s13e

iδ c23c13


1 0 0

0 e
i
2
α12 0

0 0 e
i
2
α31

 . (2.25)

In this parameterization, θ12 is known as the solar mixing angle, because it is measured by solar
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neutrino oscillation experiments. θ23 is the atmospheric mixing angle, θ13 is measured by accelerator

and reactor-based experiments, and δ is the CP-violating phase factor. If δ ̸= 0, π, then there are

clear predictions for how neutrinos and anti-neutrinos will behave di�erently. (See Equation 2.28 for

an example.) The term CP comes from applying the charge and parity operators to particle �elds.

The charge operator switches particles with their anti-particles, and vice versa, while the parirty

operator applies a mirror inversion. If CP is an exact symmetry, the underlying physics would be

invariant under these two transformations. Finally, α12 and α31 are the Majorana phases, which

are necessary to include if neutrinos are Majorana particles.

Currently there is ambiguity in the ordering of the neutrino masses, as experiments have only

de�nitively determined ∆m2
ij = m2

i −m2
j for the atmospheric and solar sectors; this means the mass

ordering can either be m1 < m2 < m3, or m3 < m1 < m2. The �rst possible ordering is known as

the normal hierarchy (1, 2, 3), and the second ordering is known as the inverted hierarchy. Figure

2.4 depicts the two allowed hierarchies, along with the predicted �avor content of each mass state.

Figure 2.4: The two allowed neutrino mass hierarchies: ν3 is either the heaviest mass state or the
lightest mass state [17].

The neutrino mass hierarchy, the exact values of the PMNS matrix elements, if neutrinos are

Majorana or not, and the absolute mass scale of the neutrinos are all open questions in physics.

Experimentally, the CKM matrix is mostly diagonal, while the PMNS matrix is not, and this is

another open question. Current and planned neutrino experiments hope to de�nitevely answer

many of these questions; long-baseline neutrino oscillation experiments, which will be described in

Chapter 3, are expected to determine the mass hierarchy and the value of δ in the near future.
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2.2.2 Neutrino Oscillation Theory

As for any state in quantum mechanics, the time evolution of the neutrino �avor states is

given by

|να(t)⟩ = e−iĤt |vα(0)⟩ . (2.26)

If neutrino �avor states were eigenstates of the Hamiltonian, then να(t) = να(0), where α = e, µ, τ .

The �avor states are not eigenstates, however; so the �avor states are changing as a function of

time. Rewriting να(t) in terms of the mass basis gives:

|να(t)⟩ = Uαie
−iĤt |vi(0)⟩ . (2.27)

Here the subscript i = 1, 2, 3 refers to the three mass neutrino states, and Uαi is the PMNS matrix

element, which rotates neutrinos from the mass to the �avor basis. This is the foundation of neutrino

oscillations. Assuming normal hierarchy, if a muon neutrino is produced at time 0, then at time t

the probability of measuring an electron neutrino is

P (νµ → νe) = |⟨να(0)|νβ(t)⟩|2 = P1 + P2 + P3 + P4,

P1 = sin2(θ23) sin
2(2θ13) sin

2(∆m2
32L/4E),

P2 = cos2(θ23) sin
2(2θ13) sin

2(∆m2
21L/4E),

P3 = ∓J sin(δ) sin(∆m2
32L/4E),

P4 = J cos(δ) cos(∆m2
32L/4E),

J = cos(θ13) sin(2θ13) sin(2θ23) sin(∆m
2
32L/4E) sin(∆m2

21L/4E).

(2.28)

P3 is negative for νµ → νe, and positive for ν̄µ → ν̄e. L is the travel length of the neutrino between

production and measurement, and E is the energy of the neutrino. It can be di�cult to gain much

insight from Equation 2.28, but several things are clear; neutrino �avor oscillation is dependent on

the three mixing angles, the CP-violating phase δ, the mass-squared splittings ∆m2
ij , and the proper
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time the neutrino travelled (L/E). The Majorana phases do not factor into neutrino oscillations.

There is even a clear prediction for a di�erence between neutrino and anti-neutrino oscillations from

the P3 term. (If δ = 0, π, however, then P3 = 0.)

Using the simpler model of two neutrinos for oscillations can be better for a qualitative

understanding of the physics behind Equation 2.28. Limiting neutrinos to just two �avors and two

mass states, the oscillation probability becomes

P (νµ → νe) = sin(2θ) sin2(∆m2L/4E). (2.29)

A plot of this for three separate variations of θ, m2, and E is shown in Figure 2.5. The

speci�c algebra and results become much more complicated moving to three �avors, but the basics

can be understood from the two-�avor approximation; in two-�avor neutrino oscillations, shifting θ

changes the peak heights, and changing ∆m2 moves the peaks.

Figure 2.5: Two �avor neutrino oscillations as a function of propagation length L.

2.2.3 Neutrino Oscillation Parameters

After decades of experiments, the PMNS matrix elements and mass-squared splittings have

all been reasonably well measured, with a few exceptions. The octant of θ23 is currently unknown;

θ23 ≈ 45◦, and the current data does not exclude either θ23 < 45◦ or θ23 > 45◦. Both the normal

and inverted mass ordering are allowed, and the uncertainty on δ is unacceptably large. The next
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generation of neutrino oscillation experiments are expected to answer all of these questions, and will

be discussed in Chapter 3. The implications of de�nitively determining these parameters is di�cult

to understate; CP-violation is necessary for baryon asymmetry, or matter being prevalent over anti-

matter in the universe [18]. Table 2.2 shows the current best-�t values for the neutrino oscillation

parameters [19, 20]. Unfortunately, many questions, such as the neutrino mass mechanism and

the absolute scale of neutrino masses, cannot be determined by long-baseline neutrino oscillation

experiments, and require neutrino experiments and theory beyond the scope of this thesis.
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NuFIT 5.2 (2022)
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Normal Ordering (best fit) Inverted Ordering (∆χ2 = 2.3)

bfp ±1σ 3σ range bfp ±1σ 3σ range

sin2 θ12 0.303+0.012
−0.011 0.270→ 0.341 0.303+0.012

−0.011 0.270→ 0.341

θ12/
◦ 33.41+0.75

−0.72 31.31→ 35.74 33.41+0.75
−0.72 31.31→ 35.74

sin2 θ23 0.572+0.018
−0.023 0.406→ 0.620 0.578+0.016

−0.021 0.412→ 0.623

θ23/
◦ 49.1+1.0

−1.3 39.6→ 51.9 49.5+0.9
−1.2 39.9→ 52.1

sin2 θ13 0.02203+0.00056
−0.00059 0.02029→ 0.02391 0.02219+0.00060

−0.00057 0.02047→ 0.02396

θ13/
◦ 8.54+0.11

−0.12 8.19→ 8.89 8.57+0.12
−0.11 8.23→ 8.90

δCP/
◦ 197+42

−25 108→ 404 286+27
−32 192→ 360

∆m2
21

10−5 eV2 7.41+0.21
−0.20 6.82→ 8.03 7.41+0.21

−0.20 6.82→ 8.03

∆m2
3`

10−3 eV2 +2.511+0.028
−0.027 +2.428→ +2.597 −2.498+0.032

−0.025 −2.581→ −2.408
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Normal Ordering (best fit) Inverted Ordering (∆χ2 = 6.4)

bfp ±1σ 3σ range bfp ±1σ 3σ range

sin2 θ12 0.303+0.012
−0.012 0.270→ 0.341 0.303+0.012

−0.011 0.270→ 0.341

θ12/
◦ 33.41+0.75

−0.72 31.31→ 35.74 33.41+0.75
−0.72 31.31→ 35.74

sin2 θ23 0.451+0.019
−0.016 0.408→ 0.603 0.569+0.016

−0.021 0.412→ 0.613

θ23/
◦ 42.2+1.1

−0.9 39.7→ 51.0 49.0+1.0
−1.2 39.9→ 51.5

sin2 θ13 0.02225+0.00056
−0.00059 0.02052→ 0.02398 0.02223+0.00058

−0.00058 0.02048→ 0.02416

θ13/
◦ 8.58+0.11

−0.11 8.23→ 8.91 8.57+0.11
−0.11 8.23→ 8.94

δCP/
◦ 232+36

−26 144→ 350 276+22
−29 194→ 344

∆m2
21

10−5 eV2 7.41+0.21
−0.20 6.82→ 8.03 7.41+0.21

−0.20 6.82→ 8.03

∆m2
3`

10−3 eV2 +2.507+0.026
−0.027 +2.427→ +2.590 −2.486+0.025

−0.028 −2.570→ −2.406

Table 2.2: Current best-�t values for the neutrino oscillation parameters from the Nu-Fit collabo-
ration [19, 20]. ∆m2

3l ≡ ∆m2
31 for normal ordering, and ∆m2

3l ≡ ∆m2
32 for inverted ordering.



Chapter 3

Long-Baseline Neutrino Oscillation Experiments

In order to measure the PMNS matrix parameters, long-baseline neutrino experiments start

with the creation of a beam of neutrinos, and then measure the neutrino �ux at near and far

detectors. By measuring the �ux of neutrinos of speci�c �avors, the oscillation probability P (να →

νβ) can be determined through the di�erence in event rate at the near and far detectors, as a function

of energy. A measurement of the oscillation probability provides a way to calculate the elements of

the PMNS matrix. Currently, ongoing long-baseline neutrino experiments such as Tokai to Kamioka

(T2K) [21] and NuMI O�-Axis electron neutrino Appearance (NOνA) [22] have set the precision on

θ23, ∆m
2
31, and δ. It is expected that the next generation of neutrino experiments, which includes

experiments like the Deep Underground Neutrino Experiment (DUNE) [23] and Hyper-Kamiokande

[24], will determine the octant of θ23, the mass hierarchy, and a value for δ. In order to accurately

measure these parameters, long-baseline neutrino oscillation experiments are dependent on hadron

production measurements, which will be discussed in Section 3.3

3.1 Accelerator-Based Neutrino Beams

3.1.1 Neutrino Beam Lines

The start of any conventional long-baseline neutrino oscillation experiment is the creation of

the neutrino beam. Beginning with the extraction of a proton beam from an accelerator, the proton

beam is then steered to a nuclear target, where hadronic interactions between the proton beam and

the target nuclei produce a wide shower of hadrons, predominantly pions. Figure 3.1 shows the
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layout of the NuMI (Neutrinos at the Main Injector) beam line, located at Fermilab.

Figure 3.1: The schematic layout of the NuMI beam line [25].

The NuMI beam line uses a 120 GeV/c proton beam incident on an approximately one meter

long graphite target; the T2K experiment has a 31 GeV/c proton beam on a 90 cm long graphite

target. Graphite is chosen for its ability to withstand great beam intensities without changing

shape signi�cantly. Higher-Z materials would produce more hadrons, but they would also absorb

too much of the beam energy; graphite still provides a high hadron yield. Other low-Z materials,

like beryllium, are also commonly used. The length of the target is chosen so that each proton

should inelastically interact roughly once while passing through; the DUNE experiment target will

most likely be 150 cm long.

Once the proton beam has passed through the target, there is now a shower of hadrons in

the target hall, including π±, K±, p/p̄, K0
L, Λ, and Λ̄. (The NA61/SHINE experiment measures

K0
S instead of K0

L, but a measurement of the K0
S multiplicity can be used to estimate the K0

L

multiplicity; the physically produced states, K0 and K̄0, are roughly equal mixtures of K0
S and

K0
L, so measuring K

0
S multiplicity provides an estimate of K0

L multiplicity.) Magnetic horns placed

after the target then direct charged hadrons towards/away from the near detector. Since positively

charged pions almost entirely decay to νµ, using the horns to steer positive hadrons towards the

near detector will produce a neutrino beam, while focusing negative hadrons will produce an anti-

neutrino beam. Typically, the horns are designed with the ability to reverse the current direction,

which makes switching between neutrino and anti-neutrino beams fairly easy. After the particles
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have been focused by the magnetic horns, they enter the decay hall. The decay hall length is chosen

so that the majority of the pions in the beam have decayed by the end of it, but the muons present

in the beam are mostly undecayed.

At the end of the decay hall abosrbers capture the remaining muons and hadrons, and muon

monitors help to indirectly monitor the direction and intensity of the neutrino beam. If the horns

were focusing positively charged particles, the neutrino beam being sent to the near and far detectors

is mostly νµ, with some small contamination of ν̄µ, νe, and ν̄e. Table 3.1 shows the branching ratios

of particles direclty and signi�cantly contributing to the neutrino �ux at long-baseline neutrino

experiments.

Decay Product Branching Ratio [%]

π+ → µ+ + νµ > 99.9

K+ → µ+ + νµ 63.55

K+ → π0 + e+ + νe 5.07

K0
L → π± + e∓ + νe 40.55

K0
L → µ± + µ∓ + νe 27.04

µ+ → e+ + νe + ν̄µ ≈ 100

Table 3.1: Branching ratios of neutrino parent particles signi�cantly contributing to the neutrino
�ux.

One �nal consideration in the creation of a neutrino beam is whether to have the detectors

on- or o�-axis. From the kinematics of the decays contributing to the neutrino �ux, placing the

detectors slightly o�-axis from the neutrino beam results in a narrower �ux peak as a function of

neutrino energy, as shown in Figure 3.2. For the T2K experiment, running o�-axis not only allows

for selecting the neutrino energy to be near the oscillation maximum, but it also reduces background

events from the higher energy tail [2]. DUNE is planned as an on-axis experiment to probe multiple

oscillation peaks.

Typically, one of the leading uncertainties on the neutrino beam �ux comes from imprecise

modeling of proton interactions inside the target and other particle interactions with material in

the beam hall. The importance of constraining this uncertainty through hadron production mea-
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surements will be discussed in Section 3.3.

Figure 3.2: The predicted neutrino �ux for the T2K experiment as a function of energy for three
di�erent o�-axis angles [2]. T2K nominally uses 2.5◦.

3.1.2 Near and Far Detectors

Once the neutrino beam has been produced, the next step is to measure the di�erence in the

number of neutrinos, of a certain �avor, at the near and far detectors. Using DUNE as an example,

the DUNE near detector is being built at Fermilab, while the far detector will be placed 1300 km

away at the Sanford Underground Reasearch Facility in Lead, South Dakota; Figure 3.3 shows the

DUNE baseline, and Figure 3.4 shows the neutrino distribution at the near detector for the T2K

experiment in both neutrino mode and anti-neutrino mode.

For the near detector, the planned Phase II DUNE near-detector complex consists of three

main components: a liquid argon detector (ND-LAr), a gaseous argon detector (ND-GAr), and a

System for on-Axis Neutrino Detection (SAND) [27]. As the DUNE far detector is planned as a

liquid-argon time-projection-chamber (TPC), ND-LAr will serve to measure neutrino interactions

on the same target nuclei as the far detector. (As discussed later this section, it is di�cult to
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Figure 3.3: The DUNE baseline starts with the creation of the neutrino beam at Fermilab, where it
passes through the near detector shortly after creation. After traversing through 1300 km of earth,
the neutrino reaches the far detector, located in an underground mine in South Dakota [17].

Figure 3.4: Comparisons of the predicted and measured event distributions for part of the T2K near
detector as a function of the reconstructed muon candidate momentum [26]. Top Left: Neutrino
mode before �tting the MC to the data. Bottom Left: Neutrino mode after �tting the MC to the
data. Top Right: Anti-neutrino mode before �tting the MC to the data. Bottom Right: Anti-
neutrino mode after �tting the MC to the data.

reconstruct neutrino interactions on nuclei. Using the same target material in the near and far

detectors helps simplify this.) ND-GAr, a high-pressure, gaseous argon TPC surrounded by an
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electromagnetic calorimeter, will provide excellent tracking resolution and nearly uniform angle

coverage for muons leaving ND-LAr. In addition, the expected neutrino beam intensity is so high

pile-up in ND-LAr is expected, which means separate neutrino interactions occurring near the same

time can look like one event; ND-GAr will help distinguish pile-up events. Finally, SAND will

provide magnetized on-axis beam monitoring.

In addition to these three detectors, ND-LAr and ND-GAr will be able to move on and o�-

axis; this capability is known as DUNE Precision Reaction-Independent Spectrum Measurement

(DUNE-PRISM). Taking data at a variety of o�-axis angles will help deconvolve the neutrino �ux

and interaction cross section, as well as the reconstructed versus true energy response of the detector.

Figure 3.5: The planned DUNE near-detector complex [27].

The DUNE far detector is planned as four 10 kiloton liquid argon TPCs [28]. Typically

neutrino detectors are built as large as possible, since the neutrino interaction rate is so small.

(More than 99.99% of 1 GeV/c muon neutrinos will pass through the 1300 km of earth between the

DUNE near and far detectors without interacting inelastically.)

Once the near and far detectors are in place and taking data, the next step is to measure

the number of neutrinos Nνα of �avor α at each detector. In principle, this can be done with a

measurement of the neutrino �ux:
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Nνα(Eνα) = σ(Eνα)Φ(Eνα)ϵ(Eνα)P (Eνα). (3.1)

All dependent on the energy of the neutrino, σ is the cross section, ϵ accounts for detector inef-

�ciencies or other e�ects, and Φ is the measured �ux, and P is the probability the neutrino has

stayed as the �avor it started in. With the spectrum of measured neutrinos at the near and far

detectors, P (να → νβ) is known, and from that the PMNS matrix elements can be extracted. Fig-

ure 3.6 shows the neutrino event count at the far detector for the T2K experiment, comparing the

measured number of neutrinos to the number expected, if there were no oscillations.

Figure 3.6: The number of measured νµ events at the T2K far detector, compared to the number
expected [14].

Of course, the actual process of calculating neutrino events is not as simple as Equation 3.1

makes it seem. To begin with, tagging a neutrino interaction as νµ or νe for Equation 3.1 usually

requires an outgoing lepton. A νµ interacting with a proton might use the channel νµ + p →

µ− + p + π+; if the outgoing muon is identi�ed correctly and the sign is known, then the event

can be tagged as a νµ. However, neutrino detectors are quite large, and having a powerful enough

magnetic �eld to measure the momentum and sign of the muon over the full detector �ducial volume

is di�cult. If a magnetic �eld cannot be used, then the capture or decay of the outgoing lepton

can also be used for particle sign identi�cation, but it requires good �nal state reconstruction.
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νµ + p → µ− + p + π+ is known as charged-current interaction (CC), as there is an exchange of a

W boson. Neutral current (NC) interactions are also possible, such as νe+ e
− → νe+ e

−, and these

are usually part of the background in long-baseline oscillation experiments.

Even with proper outgoing lepton tagging and reconstruction, when actually measuring neu-

trinos passing through a detector volume, the incident neutrino energy is still very di�cult to

reconstruct. In general there is a smearing applied that translates the true neutrino energy to the

reconstructed neutrino energy.

Nν, Emeas =

∫
U(Eν, true, Eν, meas)

dσ(Eν, meas, Eν, true)

dEν, true
Φ(Eν, true)ϵ(Eν, true)P (Eν, true)dEν, true.

(3.2)

This smearing, represented by U , results from a variety of factors. The Fermi motion of the nucleons

and the nuclear binding energy complicates reconstructing the neutrino energy; in addition, tracking

and reconstructing produced neutrons is a di�cult task, and many detectors do not have this

capability. As the hadrons exit the nucleus, they do not exit cleanly, and there are �nal state

interactions that distort the kinematics and change the �nal state topology.

If this was not problematic enough, the neutrino cross sections are another complicating factor

in Equation 3.2. Typically, the types of neutrino interactions occurring are classi�ed into three

broad types of interactions: quasi-elastic scattering from a neutrino-nucleon interaction, resonant

pion production from the neutrino exciting a nucleon, and deep inelastic scattering from a neutrino

interacting with a quark. Figure 3.7 shows diagrams of these interactions [29].

Even the simplest of these interactions, the quasi-elastic scattering of a neutrino o� of a

nucleon, is di�cult to calculate exactly. Skipping over the exact details, calculating this cross

section requires the introduction of hadronic current form factors, which have to be informed through

experiment. Resonant pion production is more complicated, as there are multiple resonances that

can lead to pion production, and each possible contribution has interference terms. For deep-

inelastic scattering, where the neutrino is resolving the internal structure of a nucleon, the high-
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Figure 3.7: Examples of possible neutrino interactions occuring at the near and far detectors [29].

energy, inclusive cross section is reasonably well understood. However, at low-energy transfer, QCD

becomes non-perturbative and the cross section becomes very di�cult to calculate.

Another complication is that the near detector sees an extended line source for the neutrino

beam, while the far detector sees a point source; this reults in the �uxes and energy spectra being

di�erent betweeen the near and far detectors.

As a result of all of these complications, long-baseline neutrino oscillation experiments rely

on accurate neutrino �ux predictions to aid in their event reconstruction. As the hadronic pro-

cesses between protons and the target nucleons are not well modeled, there is a large amount of

uncertainty in the predicted neutrino �ux. Experiments like NA61/SHINE are capable of taking

hadron production measurements using the same beam and target material as the long-baseline

oscillation experiments. The oscillation experiments can then tune their �ux predictions based on

NA61/SHINE's measurements, and this signi�cantly reduces their uncertainties. (Section 3.3 will

discuss this in more detail.)

3.2 Neutrino Beam Flux Simulation

In the prediction of neutrino �ux at long-baseline oscillation experiments, there are four main

steps. The �rst step is the accurate modeling of all of the components in the beam line, including

the target and its supports, the magnetic horns, and any other material present that particles can

interact with. Once the components are in place, the second step is to propagate the proton beam
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through the target. Dedicated hadronic cascade simulation models, such as those included in the

FLUKA and GEANT4 particle transport packages, are typically used to model the initial hadronic

interaction [30, 31]. (More details on the speci�c simulation packages used by long-baseline neutrino

oscillation experiments will be described later in this section.) In the third step, any produced

particles, and the beam proton if it still exists, are propagated through the rest of the target hall.

The produced particles and the beam proton can reinteract inside the target, as well as with any

of the material inside the beam hall; these are known as secondary and tertiary interactions. All

of the particles are then propagated until they either decay or are captured by absorbers, and now

there is a simulated neutrino beam with some predicted �ux.

As will be shown in Chapters 8, 9, and 10, models can be quite inaccurate in predicting

hadron production in this situation. To account for this, the fourth and �nal step of the neutrino

beam simulation is reweighting the neutrino �ux with hadron production measurements taken by

experiments like NA61/SHINE. Based on the neutrino's parent particle's momentum and species,

a weight of

ws =
ms(p, θ)data
ms(p, θ)MC

, (3.3)

is applied, wherems is the multiplicity of hadron species s, in the momentum bin de�ned by the par-

ticle's total momentum p and angle θ. (See Chapter 8 for an explanation of the binning.) Equation

3.3 is known as thin-target reweighting, as the data comes from hadron production measurements

with thin targets (∼ 3% of the interaction length) made from the same material as the oscillation

experiment's target. A thin target measurement analyzes the multiplicity of particles produced

from the interaction between a proton and a single atomic nucleus; thin target measurements ben-

e�t from being a basic physics measurement, and are more generally applicable than replica target

measurements, described in the next paragraph.

NA61/SHINE also takes measurements using replica targets where hadron production is mea-

sured using a replica of the target from the neutrino beam line. The replica-target reweighting is
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especially useful as it eliminates the need to simulate reinteractions inside the target; here the

hadrons are also binned in terms of their exit point from the target z:

ws =
ms(p, θ, z)data
ms(p, θ, z)MC

. (3.4)

The dataset being analyzed for this thesis uses a thin carbon target. NA61/SHINE plans to take

DUNE replica target data during the summer of 2024.

To expand on the details of the long-baseline neutrino oscillation �ux predictions a little

more, the NuMI beam line speci�cally uses the G4NuMI simulation package, which uses GEANT4-

FTFP_BERT for their modeling of the neutrino beam line [1]. (GEANT4's physics lists, like

FTFP_BERT, will be explained in Section 5.2.2; inside GEANT4 there are a variety of di�erent

physics lists available, which can act as independent MC simulations.) The simulation accounts for

all particles and propagation in the beam line up to the decay into a neutrino beam. NuMI uses a

120 GeV/c beam incident on carbon, and hadron production measurements by NA61 for 120 GeV/c

proton-carbon interactions were not available until recently [32]. To work around this, NuMI uses

FLUKA simulations to scale 158 GeV/c NA49 data down to their desired momentum. (Even with

data at their beam momentum, secondary and tertiary interactions would necessitate momentum

scaling.)

The T2K experiment's simluation package, JNUBEAM, uses FLUKA to simulate the intitial

hadronic interactions in the target and ba�e [2]. Then, the produced particles from the primary

interaction are passed to a GEANT3 simulation for propagation, reinteractions, and decay; later

hadronic interactions are modeled by GCALOR. (T2K plans to move to GEANT4 in the near

future.) Figure 3.8 shows the di�erence between the simulation's predicted multiplicity in thin

targets at the T2K energy and experimental thin target data from NA61; the di�erences are quite

large, exceeding 50% in certain regions of phase space.

DUNE's simulation package, G4LBNF, currently uses GEANT4-QGSP_BERT for their neu-

trino �ux predictions [33]. (The GEANT4 physics lists will be described in more detail in Section



33

(a) (b)

Figure 3.8: The di�erential production weights used by T2K in their neutrino beam �ux simulation
[2]. Left: π+. Right: π−.

5.2.2.) Figure 3.9 shows the predicted neutrino �ux for the DUNE far detector.

(a) (b)

Figure 3.9: Left: The predicted neutrino �ux for the DUNE far detector, running in neutrino mode.
Right: The predicted neutrino �ux for the DUNE far detector, running in anti-neutrino mode [34].

In order to align with the methods used by the long-baseline neutrino oscillation experiments,

a neutrino analysis in NA61/SHINE uses GEANT4 for all parts of the simulations; see Section 5.2.2

for more details on the MC simulations used by NA61/SHINE.
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3.3 Hadron Production Measurements and Their Applications

As mentioned in the previous section, long-baseline neutrino oscillation experiments incorpo-

rate hadron production measurements to improve their neutrino beam �ux predictions; reweighting

their simulations with experimental data signi�cantly reduces the uncertainties in the predicted

neutrino beam �ux. Figure 3.10 shows the neutrino beam �ux uncertainty from the T2K exper-

iment, which has been signi�cantly reduced with thin and replica-target measurements taken by

NA61/SHINE.

(a) (b)

Figure 3.10: Left: The �ux uncertainty for νµ at the T2K far detector. Right: ν̄µ [35].

In order for the next generation of neutrino oscillation experiments to reach their desired

physics goals, it is absolutely critical for all of the uncertainties to be reduced as signi�cantly as

possible. To illustrate this, Figure 3.11 shows the drastic changes in DUNE's expected CP-violating

phase sensitivity from small uncertainty changes. Typically one of the leading contributions to the

uncertainty comes from modeling hadron production during the prediction of the neutrino beam

�ux; this can be seen from the red line in Figure 3.10, which represents uncertainty stemming from

hadron interactions.

To help lower the neutrino �ux uncertainties by providing the necessary hadron production

measurements, the NA61/SHINE facility is capable of running with protons, π±, and K± in the

momentum range of 13− 350 GeV/c, on thin and replica targets. Before NA61/SHINE, there was
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Figure 3.11: DUNE's CP-violating phase sensitivity covering 75% of the possible values for δ [36].
The 5% refers to the absolute νµ uncertainty, and each curve then varies the νe samples uncertainty.

a wide variety of existing data on hadron production measurements, with many examples given in

the following list:

� 8.9 GeV/c proton-beryllium [37]

� 6.4, 12.3, and 17.5 GeV/c proton-beryllium [38]

� 12 GeV/c proton-carbon and pion-carbon [39]

� 12.9 GeV/c proton-aluminum [40]

� 19.2 GeVc proton-proton, proton-beryllium, proton-aluminum, proton-copper, and proton-

lead [41]

� 24 GeV/c proton-beryllium, proton-aluminum, proton-copper, and proton-lead [42]

� 158 GeV/c proton-carbon [43]
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� 200 GeV/c proton-beryllium [44]

� 300 GeV/c proton-beryllium [45]

� 450 GeV/c proton-beryllium [46]

However, there was a lack of data in momentum region between 24 GeV/c and 158 GeV/c, which

is especially crucial for long-baseline neutrino experiments, as these experiments operate in this

region. (T2K uses 31 GeV/c protons, NOvA uses 120 GeV/c protons, and DUNE will probably use

120 GeV/c protons). Secondary and tertiary reinteractions occurring in this momentum region also

need to be covered by hadron production measurements; Figure 3.12 shows the grandparents of νµ

and νe in the NuMI beam line, and it shows that less than half of the predicted neutrino �ux comes

from the primary proton interacting inside the target.

Figure 3.12: NuMI νe and νµ grandparents [47].

Due to the large gap in momentum coverage in existing hadron production measurements,

NA61/SHINE has been systematically measuring interactions in this gap with a variety of beam par-

ticles and target materials. Table 3.2 shows the existing NA61/SHINE hadron production datasets
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and their analysis status. The recent analysis of the p+C@120 GeV/c dataset helps to �ll in the

large gap in analyzed data [48], and the 90 GeV/c dataset will expand on this coverage.

Dataset Measurements Status

p+C@31 GeV/c π±,K±, p/p̄,K0
S ,Λ, Λ̄, σprod, σinel Finished [49]

p+T2K Replica Target@31 GeV/c π±,K±, σprod, σinel Finished [50]

p+C@60 GeV/c σprod, σinel Finished [51]

p+Be@60 GeV/c σprod, σinel Finished [51]

p+Al@60 GeV/c σprod, σinel Finished [51]

π++C@60 GeV/c π±,K±, p/p̄,K0
S ,Λ, Λ̄, σprod, σinel Finished [52]

π++Be@60 GeV/c π±,K±, p/p̄,K0
S ,Λ, Λ̄, σprod, σinel Finished [52]

p+Al@60 GeV/c σprod, σinel Finished [52]

p+C@90 GeV/c π±,K±, p/p̄,K0
S ,Λ, Λ̄, σprod, σinel This thesis

p+Be@120 GeV/c σprod, σinel Finished [51]

p+C@120 GeV/c π±,K±, p/p̄,K0
S ,Λ, Λ̄, σprod, σinel Finished [32, 53]

p+NuMI Replica Target@120 GeV/c π±,K±, p/p̄,K0
S ,Λ, Λ̄, σprod, σinel Ongoing

2022 p+T2K Replica Target@31 GeV/c π±,K±, p/p̄,K0
S ,Λ, λ̄, σprod, σinel Ongoing

2023 K++C@60 GeV/c π±,K±, p/p̄,K0
S ,Λ, Λ̄, σprod, σinel Not started

2023 p+Ti@31 GeV/c π±,K±, p/p̄,K0
S ,Λ, Λ̄, σprod, σinel Not Started

2023 π++Ti@60 GeV/c σprod, σinel Not Started

2023 K++Ti@60 GeV/c σprod, σinel Not Started

Table 3.2: Datasets and their analysis status taken by the NA61/SHINE experiment. The datasets
labelled 2022 and 2023 come from after the NA61/SHINE hardware upgrade, and they have dras-
tically increased statistics compared to datasets taken before the upgrade. For example, the old
T2K replica target data has a total of ∼10 million interaction triggers; the more recent 2022 replica
target dataset has ∼170 million.

It is also important to note the DUNE beam momentum has not yet been �nalized. The

planned beam momentum could be anywhere from 60 GeV/c to 120 GeV/c, meaning the primary

interaction could be 90 GeV/c protons on carbon; even if the 120 GeV/c beam is used, as shown

in Figure 3.12, interactions of lower energy protons and other produced hadrons are important to

measure due to reinteractions. Hence the relevance of the dataset analyzed for this thesis.

Finally, neutrino �ux predictions also typically rely on momentum scaling of hadron produc-

tion results, as the current data does not cover their full phase space. (For example, proton-carbon

interaction at 120 GeV/c results can be scaled down to proton-carbon interactions at 15 GeV/c.)
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Momentum scaling relies on simulation packages like GEANT4, or theoretical, empirically informed

formulas like in Bonesini et al. [3]. Chapter 10 will brie�y compare the results of proton-carbon

interactions at 120 GeV/c scaled to the results of this thesis, proton-carbon interactions at 90 GeV/c.



Chapter 4

NA61/SHINE Experiment

The NA61/SHINE (61st experiment in the North Area at CERN/Super-Proton-Synchrotron

Heavy Ion and Neutrino Experiment) experiment is a �xed-target, large-acceptance hadron spec-

trometer. Mainly comprising TPCs, the TPCs provide 3-dimensional tracking as particles pass

through them; the tracking in conjunction with the vertex magnets enables momentum and charge

sign measurements. The TPCs also measure energy loss, which can be used with the momen-

tum measurement to identify particle types. (See Section 5.2.1.5 for a description of the energy

loss measurement.) For identifying low-momentum particle species, NA61/SHINE has three time-

of-�ight walls, the Time-of-Flight-Forward, Left, and Right walls. Before the target, there are a

variety of beam-position detectors, Cherenkov detectors, and scintillators; these provide measure-

ments of the incoming beam particle and inform the triggering system. In addition, there is the

projectile-spectator-detector (PSD), a forward hadronic calorimeter used by the heavy ion program

in nucleus-nucleus interactions. Figure 4.1 shows the 2017 layout of the NA61/SHINE detector [54].

4.1 NA61/SHINE Physics Programs

As the name implies, NA61/SHINE is capable of more than just hadron production measure-

ments for long-baseline neutrino oscillation experiments. The largest component of NA61/SHINE is

actually the nuclear/heavy ion program, which has two main goals. First, it studies the properties

of the onset of decon�nement, which is the phase transition between hadron gas and quark-gluon

plasma. Second, in terms of the baryon chemical potential and temperature, it is a long-standing
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Figure 4.1: Top view of the NA61/SHINE detector layout from 2017 [54]. The origin of the
NA61/SHINE coordinate system is near the center of the GTPC, and thin targets are typically
placed at ∼ (0, 0,−580) cm.

question whether a critical point exists; the heavy ion program at NA61/SHINE aims to provide ex-

perimental evidence towards the existence and location of a critical point [55, 56]. To achieve these

goals, NA61/SHINE probes various regions of the phase diagram with measurements of varying

beam and nuclei (p+p, p+Pb, Be+Be, Ar+Sc, Xe+La, Pb+Pb) in a wide range of beam momenta

(13A-158A GeV/c). By varying the energy and system size, it is expected for �uctuations due to

the phase transition of strongly interacting manner to occur, and these �uctuations would provide

insight into the properties of decon�nement and the existence of a critical point.

NA61/SHINE also has a dedicated cosmic ray physics program. For the cosmic ray program,

NA61/SHINE aids simulations of cosmic ray showers for cosmic ray observatories, in a similar

manner to how the neutrino program aids long-baseline neutrino oscillation experiments. Already,

datasets of π− incident on thin carbon targets at 158 GeV/c and 350 GeV/c have been taken

and analyzed; more recently nuclear fragmentation measurements were taken [57]. The cosmic ray

program also studies anti-deuteron production for the AMS and GAPS experiments [58, 59].

Lastly, there is the neutrino physics program, which studies interactions important for long-

baseline neutrino oscillation experiments, like NOνA, DUNE, and T2K. The 90 GeV/c proton-
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carbon dataset taken in 2017 for the neutrino program is the focus of this thesis.

4.2 Beam Line

NA61/SHINE receives its beam from the SPS, where the H2 beam line extracts beams from

the SPS and delivers them to the North Area at CERN. Depending on whether a proton or ion

beam is desired as the input to the H2, a di�erent path for the pre-injector chain to the Proton-

Synchrotron is used. As can be seen in Figure 4.2, the proton beam starts before the LINAC2;

generated from hydrogen gas with a duo-plasmatron ion source, the protons are then sent through

a quadrupole (Radio-Frequency Quadrupole RFQ2), which bunches and focuses the beam. After

the beam is bunched, it enters the LINAC2, an Alvarez drift tube linear accelerator.

Figure 4.2: The SPS accelerator chain [54]. The location of NA61/SHINE can be seen at the top
of the SPS ring.

Once the proton beam has passed through the LINAC2, it is then distributed to the Proton-

Synchrotron-Booster (PSB), a system of four rings that accumulate the proton beam and increase

its luminosity. After the PSB, the protons enter the PS; the PS has a circumference of 628 meters

and accelerates the beam up to 14 GeV/c. The �nal stage for the proton beam before extraction to
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the H2 beam line is the SPS, which has a circumference approximately 11 times larger than the PS.

The SPS accelerates the beam up to 400 GeV/c, and the beam is then de-bunched and extracted

over the course of several seconds.

The production of an ion beam is similar, but follows a di�erent trajectory into the PS. Using a

lead beam as an example, 208Pb is inserted into a crucible along with oxygen gas. While the crucible

is heated, microwaves accelerate electrons to form an oxygen plasma, which ionizes the heated lead

vapor. The ionized lead beam is then extracted, and then a 135◦ spectrometer speci�cally selects

Pb29+. The lead ions missing 29 electrons then enter LINAC3, which accelerates the beam before

sending it through a carbon foil that strips more electrons o� of the lead ions. Another spectrometer

selects Pb54+, and this beam is then directed to the PS. Before exiting the PS and entering the

SPS, the beam goes through a �nal stripping stage of aluminum foil, which ionizes the beam to

Pb82+.

After the SPS comes the H2 beam line, which directs proton and ion beams towards the

North Area. The start of the H2 beam line, the T2 target station, consists of a variety of beryllium

plates of di�erent lengths. These beryllium plates are used to produce the desired beam particle

being sent to the NA61/SHINE experiment; dependent on the desired secondary particle type and

energy, the target type is used in conjunction with a set of upstream dipole magnets to optimize

the produced particles' momentum and type. After the T2 target station, collimators and dipole

magnets allow for momentum (technically rigidity p/q, momentum over charge) selection. Figure

4.3 shows the schematic of the H2 beam line.

4.3 Beam Detectors and Triggering

Once the beam has been produced and sent towards the NA61/SHINE detector, the �rst

step is to measure the beam position before it hits NA61/SHINE's target, along with a positive

identi�cation signal of the beam particle. Figure 4.4 shows the triggering layout used for the thin

target 90 GeV/c proton-carbon dataset.

The start of the triggering system is the Cherenkov Di�erential Counter with Achromatic Ring
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Figure 4.3: The H2 beam line [54]. The lines with arrows represent focusing quadrupole magnets,
and the wedges represent the two dipole magnets used for momentum selection.

Figure 4.4: Beam-position detector (BPD) and triggering layout for thin targets in 2017 [54]. The
positive trigger components are in green, while the negative trigger components are in red.

Focus (CEDAR) [60]. The CEDAR is �lled with helium for high beam momenta (> 60 GeV/c) and

nitrogen for low momenta. As particles pass through the CEDAR, they emit Cherenkov radiation,

and the photons are collected into a diaphragm with eight PMTs inside. By tuning the gas pressure

and the diaphragm opening inside the CEDAR, only photons from speci�c particle species will pass

through, which allows for positive tagging of wanted particles.

Once the beam particles have been positively identi�ed, they enter the region with the beam-

position detectors (BPDs) and scintillation triggers. Stationed at three known locations in z (from

Figure 4.1, z is the beam traversal direction), the BPDs measure the (x, y) coordinates of the
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beam before it hits the NA61/SHINE target. Constructed in 2009, the BPDs used in 2017 were

proportional wire chambers operated with an Ar/CO2 gas mixture. The schematic of the BPDs

along with a sample signal is shown in Figure 4.5. Events without a well measured BPD track or a

BPD track that misses the target are discarded from analyses; this will be discussed in more detail

in Chapter 8.

Figure 4.5: The left image shows the schematic layout of one of the BPDs, while the image on the
right shows a sample pre-ampli�er (upper) and output (lower) signal. Each division on the x-axis
corresponds to 500 ns [54].

In coordination with the positive identi�cation signal from the CEDAR, signals from the S1,

S2, V0, V 0p, V1, and S4 scintillators are used to de�ne the trigger logic of the NA61/SHINE data-

acquisition system (DAQ). Since the BPD track reconstruction requires calibration and slow software

reconstruction, the scintillators provide a fast triggering signal used during the data taking. The

S1 is a 6× 6 cm scintillator equipped with four PMTs, and the S2 is a circular scintillator equipped

with one PMT with a radius of 1.4 cm. The V0, V0p, and V1 veto scintillators have holes of 1 cm, 2

cm, and 0.8 cm, respectively, and the S4 scintillator, which has a diameter of 2 cm, is placed about

300 cm downstream of the target. For thin-target data there are four main trigger labels:

� T1 (identi�ed beam particle): CEDAR · S1 · S2 · V0 · V0p · V1

� T2 (identi�ed beam particle interaction): CEDAR · S1 · S2 · V0 · V0p · V1 · S4

� T3 (unidenti�ed beam particle): S1 · S2 · V0 · V0p · V1

� T4 (unidenti�ed beam particle interaction): S1 · S2 · V0 · V0p · V1 · S4
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As an example, the T2 trigger label means the CEDAR positively identi�ed the beam particle

(proton for proton-carbon interactions at 90 GeV/c), followed by a positive signal from the S1 and

S2; a positive signal from the S1 means a particle passed through it, and its scintillation light was

detected by the attached PMTs and readout electronics. After the S2, the veto scintillators ensure

the beam particle is on a trajectory to hit the target, and that there is no attached beam halo.

Finally, the S4 is placed where the beam particle would propagate to if there was no signi�cant

interaction beteen the beam particle and the target. So, an event with positive signals from the

CEDAR, S1, and S2 and negative signals from the V0, V0p, V1, and S4 most likely means the desired

beam particle interacted with the target, and there was no corresponding beam halo attached to

the event. Of course, the trigger labelling is not perfect, and corrections need to be made, as will

be discussed in Chapter 8.

Only events labelled as either T1, T2, T3, or T4 are saved by the DAQ. All other events are

discared. In addition, the primary trigger of interest is the T2 trigger, so the triggers are prescaled;

this means that all T2 triggers are kept, while only a small, unbiased portion of the T1, T3, and

T4 triggers are saved by the DAQ.

Lastly, there is also a waveform-analyzer (WFA) attached to the S1 scintillator. The WFA

analyzes the timing of S1 signals to allow for the selection of a beam particle well separated in time

from any other particle coming down the beam line.

4.4 Targets

Mentioned previously in Chapter 3, NA61/SHINE is capable of running with both thin and

replica targets. The dataset analyzed for this thesis used a 1.48 cm long carbon target with a

measured density of 1.80 ± 0.01 g/cm3, and it is shown in Figure 4.6. Figure 4.7 shows the NuMI

replica target.



46

Figure 4.6: The thin carbon target used in the 90 GeV/c proton-carbon dataset analyzed for this
thesis.

Figure 4.7: The 125 cm long NuMI replica target.

4.5 Time Projection Chambers

As mentioned earlier, the main components of the NA61/SHINE detector are the TPCs.

Vertex TPC 1 and 2 and the Gap TPC are placed inside the magnetic �eld generated from the two

vertex magnets in order to provide a momentum and charge sign measurement. After the VTPCs

and the GTPC are the Main TPCs, which are the largest TPCs in the experiment. The three
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Forward TPCs sit in the beam line, and are only used for the neutrino physics program; they would

be overwhelmed during heavy ion collisions.

All of the TPCs consist of a large Ar/CO2 gas volume in which charged particles leave

ionization trails (electrons and their ionized partner) as they pass through. Surrounding the gas

volume is a �eld cage made of aluminized Mylar strips connected by a resistor chain. The �eld cage

is supplied with a voltage on the order of 10 kV, which creates a uniform electric �eld in the body of

the TPC. In the presence of the electric �eld the electrons drift toward the cathode plane, travelling

at a drift velocity dependent on the electric �eld, the gas composition, and the gas pressure. The

electrons drift up in each TPC, except for FTPC2, where the drift direction is down. Figure 4.8

shows a basic schematic of the GTPC, and all of the other TPC designs are similar.

Figure 4.8: Schematic layout of the GTPC [54]. The left view shows the beam view, and the right
view is a top view of the detector.

At the top in y (bottom for FTPC2) of the TPCs is the pad plane, a �nely segmented metal

plane where each pad is connected to one channel of the readout electronics. As the electrons near

the pad plane, there are three sets of wires used to create the signal sent through the pad planes

to the readout electronics; Figure 4.9 shows the general principle behind the three sets of wires and

the pad plane. The �rst set, the gating grid, screens electrons when the trigger is inactive in order
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to prevent signal over-ampli�cation and damage to the other wires; the gate is closed by applying

a voltage ±∆V to alternating wires, and this collects any charge before it can reach the thinner,

more sensitive wires after the gating grid. After the gating grid the cathode grid (or shielding grid)

terminates the chamber drift volume and prevents any back �ow from the sense wires. Finally, the

sense and �eld wires then collect the electrons, which are ampli�ed via Townsend avalanche as they

accelerate towards the wire. This induces an image charge on the pad planes, and the image charge

is ampli�ed and readout by the connected electronics. While some TPCs are readout from the sense

wires, NA61/SHINE reads out the induced charge on the pad plane. Figure 4.10 shows the FTPC

wiring schematic.

Figure 4.9: The general principle behind the charge collection in the NA61/SHINE TPCs. As
electrons near the end of the drift volume, the shielding grid, they are collected by the sense and
�eld wire plane. This collection induces an image charge on the pad planes, which is then ampli�ed
and measured by the readout electronics [61].

Each discrete collection of charge by a pad (or several adjacent pads) is de�ned as a cluster.

Since the TPC and pad geometry are �xed, this automatically gives a measurement of the x and z

coordinates of the cluster. The y coordinate of the cluster is initially unknown, but the time arrival

of the cluster is recorded, and this can be used with the drift velocity to reconstruct the ionization

track's y position. In addition to the (t, x, y, z) coordinates of each ionization deposit as charged

tracks pass through the gas volume, the total charge is also recorded by the readout electronics; this

is then used to measure the energy loss of the track as it passes through the TPCs. The speci�cs of
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Figure 4.10: The wiring schematic for the FTPCs [48].

track and cluster reconstruction will be discussed in Chaper 5.

4.6 Time-of-Flight Walls

At the end of the NA61/SHINE detector are the three time-of-�ight walls, which as one might

guess from their name, are used to measure the time-of-�ight of particles. Using the TOFF as an

example, it is composed of rectangular slabs of scintillating plastic with a PMT at each end. Figure

4.11 shows the schematic layout of the TOFF.

When a charged particle passes through one of the TOFF bars, light is produced and measured

by the attached PMTs and readout electronics; this allows the reconstruction of the time of the

scintillation event. Then, the di�erence between the start signal of the triggering, the S1 scintillator,

and the measured time at the TOFF gives the time-of-�ight of the particle. (The beam travel time

from the S1 to the interaction point where the particle was produced has to be subtracted o�.)

Using the measured time-of-�ight along with the reconstructed track length and momentum gives

the mass of the particle:

m2 = p2
(
c2t2

l2
− 1

)
. (4.1)
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Figure 4.11: The schematic layout of the TOFF [54].

Here m is the mass of the particle, p is the momentum, c is the speed of light, t is the time-of-�ight,

and l is the track length. Time-of-�ight measurements are only useful for low-momentum particles,

as illustrated in Figure 4.12.

Figure 4.12: Sample mass reconstruction from the TOFF [62].

The other two time-of-�ight walls, the TOF-Left and the TOF-Right, function in the same

manner as the TOFF. Initially the analysis presented in this thesis was going to include both energy

loss and time-of-�ight measurements for particle identi�cation, but this plan was abandoned due to
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the lack of phase space coverage; see Chapter 9 for more details.

4.7 Projectile Spectator

There is one �nal component of the NA61/SHINE detector that is not generally used by the

neutrino program. The PSD is a calorimeter used to measure the energy of forward going nucleons

in nucleus-nucleus collisions. Measuring these nucleons, spectators in the heavy ion collision, enables

a measurement of the number of interacting nucleons. Shown in Figure 4.13, the PSD consists of

44 calorimetric modules; each module has 120 alternating layers of lead plates and scintillator tiles.

Figure 4.13: The schematic layout of the PSD. The left image shows the front view, the center
image shows a single module, and the right image shows the full detector inside the NA61/SHINE
detector area [54].

4.8 NA61/SHINE Detector Upgrade

In 2022, NA61/SHINE inherited the front-end-electronics (FEEs) for the TPCs from the

ALICE experiment, and replaced the readout electronics of the PSD, beam counters, TOFL, TOFR,

and BPDs with domino-ring-sampler DRS boards; the TOFF was used as a test of the DRS boards

back in 2017. As the dataset analyzed for this thesis is from 2017, the details of the upgrade will

not be elaborated. However, the new FEEs enable data taking at rates up to 10 times faster than

before, and they also provide clearer signals with less noise. The DRS boards provide a digitization

of the full signal, with single cell time resolution on the order of tenths of picoseconds. To put the

upgrade into perspective, the 2017 proton-carbon dataset was taken over the course of a full week.

With the new readout electronics, the same statistics could now be gathered in less than a single
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day.



Chapter 5

NA61/SHINE Software

The NA61/SHINE software suite starts with the raw data acquisition, triggering, and storage

into custom binary �les. Once the raw data has been stored, the SHINE framework (SHINE is the

same of the software suite) includes all of the necessary tools to read, calibrate, and reconstruct any

desired quantities from the raw data. Once the data has been fully reconstructed, the next step is

to analyze and extract the desired physics measurements. Special attention will be paid to the DRS

and TOFF software, as they were developed by the author of this thesis.

5.1 Raw Data and the Trigger

The NA61/SHINE Data Acquisition system (DAQ) is the �rst part of any physics analysis.

It is responsible for the taking, processing, and organizing of raw data during physics runs. The

base of the DAQ is the �rmware on each subdetector's readout and organization electronics. For

example, in 2017 the TOFF's PMTs were readout by domino-ring-sampler (DRS) boards; these

boards have 32 readout channels each, and each channel stores a charge readout in 1,024 individual

inverters. A single PMT of the TOFF was connected to one DRS channel, and for every event 1,024

charge samples were stored. (The electronics store the data in physical cell order, but the sampling

order changes event-by-event.) Before any data could be recorded, the �rmware and calibration

taking software needed to be loaded into every DRS board. Figure 5.1 shows a simpli�ed inverter

schematic next to a sample raw data trace recorded during the 2017 proton-carbon run.

In addition to the base �rmware required for every subdetector's readout electronics, the
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(a) (b)

Figure 5.1: Left: A simpli�ed schematic of one sampling cell on the DRS boards [63]. Right:
A sample raw TOFF trace readout by the DRS boards. Each entry on the x axis represents one
individual sample cell, and the y axis is in arbitrary ADC counts. The max ADC count is 65,535.

triggering and busy logic also need to be setup prior to the run starting. Brie�y discussed earlier in

Section 4.3, the triggering system is responsible for sending the start signal to every subdetector.

One of the PMTs attached to the S1 scintillator, known as the S11, is responsible for sending the

pre-trigger signal. Once the the pre-trigger signal has been sent, the subdetectors, like the TOFF,

enter their normal data taking state; for the TOFF this encompasses only 2.048 ns, as each cell has

an average time width of 0.2 ns. (The time cell width is set by the DRS board �rmware.) If the

triggering system designates the event as T1, T2, T3, or T4 the event is saved. If not, the stored

data is cleared and the detector enters the ready state for the next event. Figure 5.2 shows the

schematic overview of the triggering system; for a deeper description see [64].

After the trigger system and detector readout �rmware is in place, the next step is the

actual collection, organization, and storage of the raw data. For the TPCs, there are four logical

components that participate in this. The �rst component, the front-end-electronics (FEE), directly

connect one readout channel to each individual pad of the TPCs; the FEEs amplify and shape the

image charges from the sense wires, storing them in a switched capacitor array. Each FEE services

32 total pads, and 24 FEEs are sent to one motherboard. The second logical component, the

motherboards, are responsible for building the subdetector event structure, subtracting pedestals,
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Figure 5.2: The schematic of the NA61/SHINE triggering system [64].

and applying noise and zero suppression.

For the pedestal subtraction, the baseline readout of each FEE chip is calculated (one FEE

chip ampli�es 16 pads), and each chip's baseline is subtracted o� for every event. The zero sup-

pression applies a threshold of 5 ADC counts to every channel, where 5 ADC counts ≈ 2σ of

noise.

Once the FEE data has been collected by the motherboards, concentrator boxes �concentrate�

data from up to 32 motherboards, which serializes the data and prepares it for transfer to the central

DAQ computer. The fourth and �nal logical component, the detector data links, are optical links

capable of large, fast data transfer; these links send the data from the concentrator boxes to the

central DAQ computer. After the data arrives, the central DAQ computer takes each subdetector's

data and builds a single event, and the event is now ready for storage on CERN's tape archive.

In the overall event structure, each subdetector's data is packaged together into a single
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binary structure with a total event header. The event header de�nes the event and run numbers,

along with the total event size, so that the SHINE framework knows the correct number of bytes

to read when it loads the raw data. Inside the overall event structure are the subdetector events.

Each subdetector event has its own event header that de�nes the payload type (for example TPC

or TOFF) and subdetector event size. When the SHINE framework reads a raw data �le, it �rst

parses the event header before reading the subevent data. Based on the payload type set in the

subevent header, the subevent is then passed to the appropriate decoder that �lls the relevant data

structures inside the SHINE framework.

Figure 5.3 shows the subevent structure for events readout by the DRS boards. The header

stores a number of necessary variables, including the board ID, the DRS sampling speed, and the

stop cell. (The DRS boards are domino-ring-samplers, so the stop cell is not �xed.) After the

header, the detector data is stored; for the TOFF this is the scintillation light signal ampli�ed

by the PMT and readout by the DRS board. In the SHINE framework, a single TOFF raw data

channel is fully represented by the DRS board ID, chip ID (8 data channels are connected to one

chip), channel number respective to the other channels connected to the same chip, stop cell, data

type (as discussed in Section 6.5 the data type can be either data, voltage calibration, or time

calibration), and the raw trace ADC values. This set of variables fully de�nes any single DRS

channel's data, and provides all of the necessary components for reconstruction and later physics

analysis.

The rest of the subdetectors follow the same procedure as the TOFF. For the TPCs, the raw

data is fully de�ned by the TPC ID, sector ID, padrow ID, and the 256 time slices of raw ADC

data from the pad readout attached to this speci�c set of Ids. Just like for the DRS detector data,

there is a speci�c decoder inside the SHINE framework that parses the input raw binary data and

stores it in the relevant SHINE data structures. Figure 5.4 shows a sample visualization of raw

FTPC data for one event. (Figure 5.4a and Figure 5.4b come directly from the SHINE framework's

�eventBrowser�, which can be used to visualize raw and reconstructed data.)
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Figure 5.3: The DRS event structure for detectors using the DRS readout electronics.

5.2 SHINE Framework

With the DAQ's job done, the physics data has been recorded and is sitting in the CERN

tape archive waiting to be analyzed; this is where the SHINE framework comes in. The SHINE

framework is a modular C++ calibration, reconstruction, and analysis software framework. It pro-

vides an abstract detector interface allowing users to easily obtain detector calibration parameters

like TPC drift velocity, detector positions, and the light-propagation speed in each of the TOFF

scintillators. (Just a few examples among many detector properties.) On top of the detector struc-

tures, the SHINE framework has GEANT4 based Monte-Carlo (MC) simulation and reconstruction

capabilities.

After reading in raw data or continuing the chain during the MC simulation, the framework

can then output a custom SHINE O�ine Event (SHOE) data �le, which contains any higher-level

raw and reconstructed data desired by the user; the framework is also capable of running on produced

SHOE �les. Inside the SHOE �le the data is stored through C++ classes and namespaces. For
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(a) (b)

(c)

Figure 5.4: Visualization of one event's worth of raw data for FTPC1, sector 1. Top Left: The
x− z projection of the raw data; every bin contains 256 time slices worth of raw ADC values, and
the plot is showing the max value. In the SHINE coordinate system, the rows are the z coordinate
and the pads are the x coordinate [48]. Top Right: Essentially the x− y projection for pad-row 1.
This plot shows the charge collection for every pad in row 1 as a function of time [48]. Bottom:
A sample trace for a single pad, without a baseline correction or any �ltering applied. �Old FEE�
means the data is from before the SHINE hardware upgrade in 2022, as discussed in Section 4.8
[65].

example, a reconstructed track will have all of its information stored in an indexed �rec::Track�

object, where the index is used to uniquely identify the track from other reconstructed tracks in

the same event. All of the tracks for a single event are then attached to a �RecEvent� object, which

uses custom Root dictionaries to store the data in a SHOE �le. The SHOE �le format allows for

any version of the framework to read in a SHOE �le produced from past and future versions of the

framework. Of course, new information from future SHOE �les cannot be used by older versions.

This section will walk through all of the steps necessary to go from raw data to reconstructed data
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ready for a physics analysis.

5.2.1 Reconstruction

5.2.1.1 Clusterizing

The �rst step in track reconstruction is clusterization, which transforms the islands of charge

from Figure 5.4b into an (x, y, z) measurement of the track's position as it progresses through the

TPCs. Each cluster also includes a charge measurement, which is the foundation of measuring the

energy loss of tracks as they progress through the detector, as described in Section 5.2.1.5. Inside

the SHINE framework, the cluster �nder searches every single pixel on the padplane for pixels

above the threshold. For this analysis the threshold was set to 9 ADC. Once these pixels have

been identi�ed, they are grouped into islands of charge. For each pixel passing the initial threshold,

directly neighboring pixels are added to the island if they pass a slightly lower threshold. (6 ADC

counts in this analysis.) Figure 5.5 shows an example of this for FTPC1.

Figure 5.5: An example of the cluster �nding algorithm grouping islands of charge into a single
possible cluster [48].

Once the possible clusters have been identi�ed, a weighted mean is used to calculate the (x, y)

positions:

x =

∑
i(ADC)ixi∑
i(ADC)i

, y =

∑
i(ADC)iyi∑
i(ADC)i

. (5.1)
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The index i runs over all pixels in the island, x is the pad's x-coordinate, and y is the timebin's

y-coordinate. The z position comes from the padrow's z-coordinate. After the initial (x, y) positions

have been calculated, a small correction is applied for clusters in the GTPC, VTPC1, and VTPC2,

known as the E×B correction; this comes from the magnetic �eld not being perfectly parallel to the

cluster drift direction. In addition, the y position comes from the time arrival of the charge cloud on

the plane, which requires knowing the drift velocity in the TPC chamber at the time of ionization

and the individual pad's T0, a calibration correction to the pad's timing o�set in relation to all

other pads in the experiment. This will be discussed in more detail in Section 6.1. Experimentally,

the cluster point position uncertainties are ∼ 200 µm.

5.2.1.2 Tracking

With the clusters identi�ed and measured, the next step passes all of the clusters to the

tracking algorithm. The tracking algorithm can be broken down into three distinct parts: local

tracking, global tracking, and vertex �nding.

Starting with the local tracking, it groups clusters into track candidates in each individual

TPC. The �rst stage of the local tracking is tracklet (potential track segments) seeding. The tracklet

seeding is a cellular-automaton-based seeding algorithm that uses a pattern recognition alogirthm

to initially group adjacent (in z) clusters together [66]. Clusters on the same padrow cannot be

linked together, as all measurable particles produced in the target are forward going. Once directly

adjacent clusters have been linked, each triplet is applied a sorting metric

mcluster =
√
∆θ2xz +∆θ2yz. (5.2)

∆θxz and ∆θyz are the di�erences in the angles between the �rst and middle cluster and the middle

and last cluster in the cluster triplet. Once the metric has been calculated for all triplets, �ltering is

applied, which keeps only the best connections for every cluster. Figure 5.6 illustrates this process.

The tracklets in Figure 5.6b are then passed to either a simple least squares straight line �t
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(a) (b)

Figure 5.6: The tracklet seeding algorithm in the MTPCL. Left: All potential cluster triplets.
Right: The remaining tracklets after �ltering [48].

or the Kalman �lter; if the tracklet is inside a magnetic �eld is is passed to the NA61/SHINE's

Kalman �lter. These �tters provide measurements of the tracklet's slope and intercept in the x− z

and y − z planes near the tracklet's most upstream cluster. (Most upstream refers to the smallest

z position of the clusters. So this is the cluster closest to the target.)

The �nal stage of local tracking is track extension, where tracklets in individual TPCs are

joined together. A list of all possible merging candidates is formed and measured with the metric

mtrack =
√
wx∆x2 + wy∆y2 + wA∆A2 + wB∆B2 + wq/p(∆q/p)2, (5.3)

where wx refers to the weight applied to the track mismatch in their x coordinates, A represents

θXZ , B represents θY Z , and q/p is the charge over momentum. These �ve parameters are one

possible set of variables that fully de�ne the behavior of a particle in a magnetic �eld, provided the

�eld is known. This means that knowing these �ve parameters at one point in z allows extrapolation

to any other point in z.

After the metric in Equation 5.2 is calculated for every single possible track extention can-

didate, the best candidates are linked together into a single local track spanning one full TPC.

These local tracks are then passed to the global tracking algorithm, which connects local tracks

from disparate TPCs together.
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The global tracking algorithm uses the same weighting metric as the track extension, Equation

5.3, to link local TPC tracks together. Since extrapolating tracks over distances on the order of

meters greatly magni�es any uncertainties or possible mis-reconstruction e�ects, it starts by linking

tracks in nearby (in z) TPCs together. Then it searches for track matching candidates between

farther apart TPCs. So, a global track might start with the merging of a FTPC3 and a FTPC2

track together, and then this merged track is then connected to a GTPC track; Figure 5.7 shows

an example of this process for a low-mulitplicity neutrino event.

Figure 5.7: An sample illustration of global track merging. Once the local TPC tracks have been
formed, they are then merged into global TPC tracks [48].

Once global tracks have been formed, the �nal step is vertex �nding, which attaches a vertex,

a production point, to global tracks. There are two types of vertices used in the SHINE framework.

The �rst one, a main vertex, estimates the production point inside the target based on extrapolating

all tracks to the target's z position. The second one, a V0 vertex, labels possible neutral particles

that have decayed inside the detector; the neutral particle will come from the main vertex, but the

decay products come from some production point outside the target at the point of decay.

For the main vertex, the reconstructed beam track's position at the target is used as a con-

straint on the (x, y) position of the vertex. The z position is found by minimizing the function
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f(z) =
∑
i

ln

(
1 +

(xi(zv)− xv)
2

2σ2x,i(zv)

)
+ ln

(
1 +

(yi(zv)− yv)
2

2σ2y,i(zv)

)
. (5.4)

In this minimization function, i sums over all tracks, xi(zv) is the track's position at the current

step in zv, xv is the seed position from the beam track, and σ is the uncertainty in the track's

extrpolated position.

For the V0 vertex, a brute-force method takes every possible pair of positive and negative

tracks and extrapolates them towards each other. If the two tracks come close enough, they are

designated as potential V0 decay particles. A V0 vertex is assigned at their point of closest approach

(PCA), and a new neutral track is created; the kinematics of the neutral particle are fully described

by the two decay particles. In this analysis a very loose minimum PCA of 10 cm is required. Many

spurious V0 tracks will be created even with a stricter, more realistic constraint, but the cuts applied

in the neutral analysis as well as the invariant mass �t, as discussed in Chapter 8, will cut any fake

V0s from the analysis. It is also worth noting this method will only �nd V0s with two charged decay

particles. To accomadate for this, the neutral analysis corrects for the missing pathways from the

known branching ratios.

5.2.1.3 Beam Track Reconstruction

Brie�y mentioned in the previous section, reconstructing the beam track is a critical compo-

nent of every event, as it is used in the main vertex �t as well as an event-level cut; events where

the beam track is not well reconstructed or the beam track misses the target are not considered

in the physics analysis of data. As can be seen in Figure 4.1, the BPDs provide three (x, y, z)

measurements of the beam track before it reaches the NA61/SHINE target.

Each BPD measures a charge on two orthognal strips of wires. Typically the beam track

induces a charge distribution covering �ve strips in either direction. Then, the (x, y) position is

found by taking a weighted mean of the induced charge with each strip's position. Adding in the

known z position of the detectors, the beam track's x-z and y-z slopes are then used to get the
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beam position at the target.

5.2.1.4 TOFF Reconstruction

Located at the end of the experiment in z, the TOFF provides time-of-�ight measurements

used to indentify the species of low-momentum particles. The start signal for the TOFF walls comes

from the S11 scintillator, which triggers the wall to enter its data taking state. Each scintillator

bar is 120 × 10 × 2.5 cm3 of Bicron BC-408 plastic, and they are staggered with one cm overlaps

to ensure full coverage, as can be seen in Figure 4.11. When a charged particle traverses one of

the bars, it creates scintillation light; with the bars wrapped in aluminum foil underneath heavy

layers of light-blocking black foils and tape, the scintillation light is contained and sent to the PMTs

on the top and bottom of the scintillator bar. Each PMT is set to a speci�c voltage to maximize

its average response while keeping the number of over�ow events to a minimum, as can be seen in

Figure 5.8. The average supplied PMT voltage during the 2017 data taking runs was −1650 V.

Figure 5.8: The voltage-calibrated signal amplitude from the top PMT for scintillator 0. Each
PMT is set to a voltage to maximize the average signal response while keeping the over�ow tail,
which occurs from maxing out the readout of the DRS boards, at a minimum. For this plot a cut of
100 mV is applied, but during an analysis a much smaller cut is used, as requiring a matched track
will remove the majority of the noise responses.

Once the response signal has been recorded, the �rst step in reconstruction converts the raw

ADC trace to a calibrated voltage response in time. This process will be described in Section 6.5,

and it applies a time width to every cell, as well as converts from ADC to voltage. Figure 5.9a
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shows the uncalibrated response next to the calibrated response in Figure 5.9b. The pedestal has

already been removed in the calibrated trace, which places the baseline of the response at zero; even

with the voltage calibration, some channels have a baseline of ∼ ±2 mV, and removing this baseline

improves the timing resolution of the TOFF wall. For the TOFF, the baseline correction is found

by taking the average of cells 1 to 31. Cell 0 is skipped as the �rst and last cell of the response can

spike.

(a) (b)

Figure 5.9: Left: An uncalibrated response from the TOFF wall. Right: Calibrated. This image
shows the bunching that is an intrinsic property of the DRS boards; the time cell widths are on
average 0.2 ns, but the actual grouping alternates between short and long cell widths.

With a calibrated signal response, the TOFF reconstruction then needs to extract a time

measurement from the signal. All extraction methods will use some point on the rising curve of

the response, but there is no de�nitive way to extract a timing measurement from Figure 5.9b. A

variety of di�ering threshold voltages in combination with �ts were tested (along with just threshold

voltages), and a third-degree polynomial �t to the rising curve with a fractional threshold of 10%

was found to maximize the TOFF timing resolution.

With this algorithm, the measured hit time of a single TOFF PMT can be extracted from

the baseline-corrected, calibrated response trace. The extracted time, however, is actually the

combination of many timing delays that have to subtracted o� to get the time-of-�ight for the

particle. Writing the measured time as a function of all possible timing delays,

tMeas = tHit(p, l,m) + tLight + t0 + tS1 + tRef + tC . (5.5)
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In Equation 5.5, the di�erence between the time at the point of production and tHit is the

actual time-of-�ight used in Equation 4.1; it is only a function of the particle's momentum, path

length, and mass. Eight DRS channels are connected to a single chip on the DRS readout electronics,

and tRef is the reference signal time of the chip relative to the start signal of the experiment. (Section

6.5 will describe this in more detail.) tLight, t0, and tS1 are the light travel time from the scintillation

point to the PMT, the individual PMT's T0, and the jitter at the S1 scintillator, respectively. All

of these require calibration, and they will be described in Section 6.6. Finally, tC represents any

additional, unnaccounted for e�ects, such as amplitude dependence of the timing. tC was found to

be negligible, except for traces maxing out the response of the DRS boards.

With the TOFF wall fully calibrated, the particle hit timing can be properly reconstructed,

and the time-of-�ight is the di�erence between the start signal timing and the hit timing. (The

beam travel time from the S1 to the main vertex of the event has to be subtracted o�.) Each hit

at the TOFF wall will have two timing measurements, one from the top PMT and one from the

bottom the PMT. The average of these two measurements is taken, and this is combined with the

TPC's reconstruction of the track's momentum and travel length to calculate a mass.

It is worth noting that even the maxed out responses can be properly reconstructed with

some additional work. Figure 5.10 shows two sample maxed out responses on top of a collection of

non-maxed responses. Each trace has been normalized, baseline corrected, and shifted in time for

the purpose of the plot. While any amplitude dependence was found to be negligible for non-maxed

out responses, a clear shape di�erence can be seen in the rising curve of the two blue curves in

Figure 5.10.

To correct for this e�ect (and test for voltage dependence in all responses), the responses of

every PMT were grouped together into bins spanning 25 mV with the S1 jitter and the reference

channel time subtracted o�. From Equation 5.5, subtracting the average measured time gives

tMeas − t̄Meas = (tHit − t̄Hit) + (tLight − t̄Light) + (t0 − t̄0) + (tC − t̄C). (5.6)
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Figure 5.10: Two sample responses where the readout of the DRS electronics was maxed out,
resulting in clipping of the trace (blue) with sample traces (red). A clear shape di�erence can be
seen between the two sets of traces. The traces have all been normalized to one for this plot.

t0 − t̄0 = 0, as t0 is a constant and does not change event-by-event. Then, Equation 5.6 can be

simpli�ed further by combining the top and bottom PMTs for each scintillator and using

(tt, Light − t̄t, Light) =
ȳ − y

v
, (tb, Light − t̄b, Light) =

y − ȳ

v
, (5.7)

where y is the position of the hit, and v is the propagation speed of light inside the scintillator, and

tt, Light is the light travel time for the top PMT. Putting Equations 5.6 and 5.7 together gives

1

2
(tt, Meas − t̄t, Meas + tb, Meas − t̄b, Meas) = (tHit − t̄Hit) + (tC − t̄C). (5.8)

This assumes tC is the same for all PMTs. Figure 5.11 shows the results of using Equation

5.8 to combine all of the PMT's responses together to discern any voltage-dependent e�ects. The

timing resolution of the TOFF wall is ∼ 110 ps, and all of the bins below 1000 mV are centered

near zero well within this range; the �rst couple of bins are not centered at zero, but this comes

from noise responses. Applying a voltage-dependent time correction to the low voltage responses

did not improve the reconstruction or timing resolution of the TOFF wall. However, as can be seen

for traces above 1000 mV, there is a de�nitive time shift. Applying an additional time correction of

590 ps to traces above 1000 mV, the mean from a Gaussian �t to the distribution in Figure 5.11,
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resulted in the reconstructed mass peak for pions in this region shifting from −0.2 GeV/c2 to the

proper value of 0.139 GeV/c2.

Figure 5.11: The voltage-dependent timing response of the TOFF wall. For responses below 100
mV, the o�set from zero is not physical and arises from the noise responses shifting the means.
However, the o�set from zero for responses above 1000 mV is physical, and needs to be corrected.

There is one �nal caveat to the TOFF reconstruction that needs to be mentioned. The TOFF

was used as a test of the DRS readout electronics in 2017 before they were used in the other detectors

starting in 2022 and onwards. As a result of this, the �rmware on the boards was not yet perfected

and the DAQ of the boards was not synchronized with the rest of the experiment; not only were

the TOFF events stored in completely separate �les, there were dropped events, meaning the DAQ

failed to store the occasional TOFF event. There were no clear indicators when events were dropped,

so the TOFF events and the central DAQ events could not be easily matched. To work around

this, the beam timing structure from the SPS was used to match the groups of TOFF and central

DAQ events corresponding to the same beam spill. Once this higher level matching was in place,

the number of events recorded in the two disparate event �les for the same beam spill were counted.

If they recorded the same number of events, then a one-to-one matching correspondance could be

constructed between the TOFF event numbers and the central DAQ event numbers. If the beam

spill had a dropped TOFF event, then there was no hope of correctly matching the events, and all

events from the beam spill were cut. This information was then stored in matching tables, and the

SHINE framework can load the matching tables in addition to the TOFF and central DAQ event

�les, which allows for the raw TOFF data to be properly reconstructed for the 2017 datasets. In
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total, only 37 out of ∼ 7400 beam spills for the full proton-carbon 90 GeV/c dataset had a missing

TOFF event. 5 of these 37 beam spills had more than one missing TOFF event.

5.2.1.5 Energy Loss Reconstruction

On top of the tracking inside the TPCs, reconstuction of the energy loss of charged particles as

they propagate through the gas volumes provides crucial information necessary to identify particle

species. As a charged particle progresses through the gas volume, it stochastically deposits charge

via interactions with the medium, with the main contributions coming from ionization and atomic

excitation of the gas. The energy deposition depends on the mass of the particle, the particle's

speed, and various properties of the medium being traversed. NA61/SHINE's phase space covers

the region near the minimum ionization region in Figure 5.12, which shows the speci�c energy loss

(−dE/dx) for muons in copper, known as the Bethe-Bloch curve.

Figure 5.12: The speci�c energy loss for muons in copper. NA61/SHINE covers the region near
the minimum ionization point. Near this point, there are two distinct trends the energy loss can
follow. Below, the curve approximately increases as 1/β2, where β is the particle's velocity relative
to c. Above the minimum ionization point, the curve roughly follows ln(βγ), where γ−1 =

√
1− β2

[10].

During reconstruction, the SHINE framework gets the associated charge from every cluster

on a track, and then calculates the [0, 50]% truncated mean of this collection, meaning the lowest
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50% of the clusters are kept for the energy loss distribution. The energy loss for particles follows a

probability distribtion known as a straggling function, where the tail is in�nite; various parameter-

izations of this distribution exist, such as the Landau distribution, as shown in Figure 5.13. Taking

the truncated mean of this distribution tempers the long tail, and allows an approximation of the

distribution as an asymmetric Gaussian. This approximation makes �tting energy loss distribu-

tions much less computationally intensive, a requirement for performing the thousands of �ts in the

charged analysis; it also makes the measurements less sensitive to �uctuations from the long tail,

which greatly improves the energy loss particle ID resolution.

Figure 5.13: Two sample straggling functions for muons on silicon. The most probably energy loss
is denoted by the p near 0.5 MeV, while the mean energy loss is indicated by the ∆ near 0.9 MeV.
This graph highlights the importance of truncating the long tails of the energy loss distribution [10].

Parameterizations of the exact energy loss for particles can be used to approximate the curve

shown in Figure 5.12, which take into account the atomic number and mass of the medium, the

ionization potential of the medium, and density corrections, among other variables. However, due to

impurities, experimentally it can be easier to parameterize the energy loss by setting the minimum

ionization for pions to unity and then �tting for the parameters with data. NA61/SHINE uses the

�ALEPH parameterization� [67]:
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− ⟨dE/dx⟩
⟨dE/dx⟩MIP

=
p0
βp3

[
p1 − βp3 − ln(p2 +

1

(βγ)p4
)

]
. (5.9)

The pi parameters are found by �tting to the experimental dE/dx data, which will be described in

more detail in Section 6.4.

5.2.2 Simulation

Inside the SHINE framework, GEANT4 is the particle tracking package and basis of the

detector simulation used for neutrino analyses. Every subdetector inside the NA61/SHINE exper-

iment is modeled as a GEANT4 object, and the SHINE framework stores every simulated track's

true position, momentum, production point, and ID, along with a collection of �hits�, which are the

simulated analog of clusters. Inside the TPCs, electron drift and the TPC response are simulated,

and the response is digitized and converted to the raw data format. From this point on, the simu-

lated raw data is passed to the exact same reconstruction as for real raw data. The simulation is a

critical component of any physics analysis, as it is the basis for simulating the detector acceptance

corrections (among others), as will be discussed in Chapters 8 and 9.

For this thesis, GEANT4 version 10.7 and four di�erent physics lists were used. The �rst

physics list, FTFP_BERT, is recommended by the GEANT4 developers for use in high energy

physics simulations and is used for calculation of the central multiplicities' MC corrections [68].

The other physics lists, QBBC, QGSP_BERT, and FTF_BIC, are used for comparisons between

MC predictions and experimental data, like FTFP_BERT, as well as to estimate any uncertainties

arising from the use of MC corrections. Each physics list represents di�ering ways of simulating

hadronic interactions, speci�ed by their names. �QGS� stands for quark gluon string (model), �FTF�

is Fritiof string, �BIC� is Binary cascade, �BERT� is Bertini cascade, and �P� means the standard

GEANT4 G4Precompound model is used for de-excitation. So for FTFP_BERT, the Fritiof string

model is used for higher energy interactions between 3 GeV and 100 TeV, the Bertini cascade model

is used for lower energy interactions between 0 GeV and 6 GeV, and the G4Precompound model
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is used for de-excitation. Where there is overlap in the energy range coverage between the FTF

and Bertini models, Bertini is invoked with a linearly decreasing probability between 1.0 and 0.0,

and FTF is complentarily invoked with an increasing probability. (See Allison et al. for a deeper

discussion of GEANT4 and its physics lists [68]; the GEANT4 online user guide also provides

additional details [69].)

As mentioned in Section 3.3, this use of MC simulations and models is chosen to align with the

methods used by long-baseline neutrino oscillation experiments. It is worth mentioning that while

a speci�c MC model is necessary for the MC corrections of the neutral and charged analysis (see

Section 8.3 for more details), NA61/SHINE's results are not strongly dependent on the speci�c MC

model; any dependence is a result of the �nite bins used in the hadron analysis. (This is accounted

for with the MC model uncertainty. See Sections 8.7 and 9.5 for more details.)



Chapter 6

Calibration

This chapter will walk through all of the calibration steps necessary to prepare the 90 GeV/c

proton-carbon dataset for analysis. Special attention will be paid to the TOFF and DRS calibration,

as they were developed by the author of this thesis.

6.1 TPCs

For the TPCs, excluding the energy loss calibration, there are six discrete calibration stages.

The �rst, the pad-by-pad T0s, calibrates the timing shift of every pad in each chamber relative to an

arbitrary reference pad. (The whole chamber will get a T0 later.) As the y position of clusters comes

the time response of the pad, this stage is necessary to correctly reconstruct cluster positions. For

this calibration stage, a special pulser run is taken, where the same signal is sent to every cathode

wire in a chamber, with several thousand iterations performed. Figure 6.1 shows a sample signal

used in this calibration stage.

After the pulser calibration run is �nished, the timing response of the signal for every pad is

collected, and a T0 is calculated with a weighted mean. Figure 6.2 shows the T0s calculated for

FTPC1 sector 1, which are typically on the order of 30 ns.

The second stage is the calibration of the delay between the S11 trigger and the start of the

TPC readout with respect to the S11 trigger. This is referred to as the TPC phase shift. From

the hardware construction, the TPC primary clock width was set to 40 ns. With this known clock

width and a plot of the TPC phase shift for a representative sample of events the phase shift as
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Figure 6.1: A sample signal sent to the cathode wires and an individual pad's response. All units
in this plot are arbitrary [70].

Figure 6.2: FTPC1 sector 1 T0s. The y axis represents the padrow, and the z scale is in ns.

well as the TDC to time conversion factor can be calculated. Figure 6.3 shows the results of the

calibration for this dataset.

The next three stages, drift velocity, chamber and global T0s, and chamber alignment, are

often the trickiest part of the calibration process; they are dependent on each other and require

multiple runnings for the results of each stage to converge. When calculating a cluster's y position,

the exact formula used by SHINE is

yc = ywp − vd(t0, global + t0, chamber + t0, pad + wt(tcenter − 0.5)). (6.1)
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Figure 6.3: The overall phase shift comes from the beginning of this distribution, and the TDC to
time conversion factor comes from the width of the distibution and the TPC clock width being set
40 ns.

There are three T0s here. The �rst, the pad-by-pad T0, was discussed previously. The second, the

global T0, is conventionally set so that VTPC1's chamber T0 is exactly -94.6 ns. The third and

�nal, the chamber T0, is the delay between the DAQ's acceptance of the main trigger signal and

execution of the signal by each TPC. Each T0 needs to be precisely calibrated (on the order of 1

ns) in order to accurately reconstruct cluster positions. In addition to the T0s, ywp is the position

of the sense wireplane, vd is the electron drift velocity, and tcenter is the weighted central timebin

from the cluster reconstruction. The factor of 0.5 is used to center the measurement in the middle

of the time bin.

The �rst stage in this sequence of three stages calibrates the drift velocity of each TPC,

where the exact value is dependent on the gas composition and atmospheric conditions. In the

SHINE framework the drift velocity is recorded every 20 seconds, and the initial measurement

of the drift velocity comes from monitoring the composition of the TPC exhaust gas. With the

initial measurement in hand, the SHINE framework performs track reconstruction, and then looks

at the mismatch in extrapolating tracks inbetween adjacent TPC chambers. Using the TOFL as

a reference, tracks in MTPCL are matched to TOFL hits. This provides an initial calibration of
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the drift velocity in MTPCL, and then the other chambers are calibrated starting from MTPCL.

Figure 6.4 shows an example of this for VTPC2 and MTPCL. In the drawing, the drift velocty in

VTPC2 is too small, resulting in the VTPC2 tracks reconstructing with too large of a y position;

this can then be seen by the VTPC2 tracks' displacement above the MTPCL tracks.

(a) (b)

Figure 6.4: Left: Matching of MTPCL tracks to TOFL hits. The TOFL is used as an absolute
reference for the drift velocity calibration. Right: Once MTPCL has been calibrated, it can be used
as the reference to calibrate other chambers, like VTPC2. In this schematic, the drift velocity of
VTPC2 is too low, resulting in the tracks being reconstructed too close to the pad plane [48].

Figure 6.5 shows the ordering of the drift velocity and which chambers are used as a reference

for other chambers. It also highlights part of the di�culty with this stage. At a minimum, the drift

velocity procedure needs to be repeated at least three times, as �rst MTPCL needs to be calibrated,

then VTPC2, then GTPC. A miscalibration of any of the earlier reference chambers will result in

a miscalibration of later TPCs.

When actually calculating the drift velocity shifts from the calibration, plots of the track

mismatch at a common z plane are plotted against one of the track's y positions. This is done for

discrete segments of time, where the time windows are made as small as possible while still having

reasonable statistics in each window. Then, a simple linear �t is performed in each window. Any

slope to the line comes from drift velocity miscalibration, as track mismatch will change linearly

moving away from the readout plane. The slope of the line is then used to shift the drift velocity

values.
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Figure 6.5: The calibration procedure for the drift velocity. MTPCR matching to TOFR is used
as a check of the calibration [48].

Once the drift velocity has been properly calibrated (along with the T0s), these same plots

can be used to calibrate the chamber positions; the intercept of the line gives the chamber o�sets.

Figure 6.6a shows an example of a track mismatch plot where the drift velocities and chamber

positions are well calibrated, as can be seen from the distribution's slope and intercept. Figure 6.6b

shows a poor drift velocity calibration. This (in addition to a small x displacement) resulted in the

beam momentum for this dataset reconstructing at 98 GeV/c instead 90 GeV/c before being �xed.

The drift velocity calibration is considered done when the slope in every time window for every

chamber is less than 0.001.

(a) (b)

Figure 6.6: Left: Track mismatch plot with good drift velocity calibration and no chamber o�sets.
Right: Track mismatch plot with poor drift velocity calibration, as can be seen by the slopes of the
distributions. The multiple distributions results from di�erent time windows having varying degrees
of miscalibration.
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While this track mismatch procedure can be used to calibrate the chamber drift velocity and

alignment, a separate procedure is needed for the global and chamber T0s. For the T0s, tracks that

exit the bottom point (cathode end) of the TPC are selected. Then, the �nal cluster on each of

these tracks is taken and its raw drift time is collected. A plot of all of the raw drift times will

have a peak that is equal to the total drift time in the chamber, plus the global and chamber T0.

Subtracting o� the total drift time then gives the T0s. As mentioned earlier, the global T0 is de�ned

by setting VTPC2's chamber T0 to -94.6 ns; all other chambers can then be calibrated with the

global T0 de�ned. Figure 6.7 shows the results of this calibration stage for VTPC1. For the GTPC

and the FTPCs, there can be additional di�culties to this stage as very few tracks pass through

the bottom of these TPCs. To work around this, additional cuts are required, such as restricting

the padrows or adding in loose cuts around an estimated total drift time.

Figure 6.7: The results of the T0 calibration for VTPC1. The line is the data, and the red line is
a Gaussian �t to the T0 peak.

The drift velocity, the T0s, and the chamber alignment are all dependent on each other,

which increases the di�culty of properly calibrating these three detector parameters. Without a

well-measured drift velocity, the raw drift time of clusters cannot be properly calculated, which

means the T0s cannot be extracted. Without the T0s, the drift velocity cannot be calibrated, as

the track y position is dependent on the T0s. (The same applies for the chamber y position.) To

work around this, the three stages are run iteratively multiple times, until the results of every stage
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converges.

The �nal TPC calibration stage, besides the energy loss calibration, is the TPC residuals cor-

rection. The residuals correction applies local position distortions inside each TPC, and is designed

to remove any distortions resulting from electric �eld inhomogeneities, mechanical component sag,

or other, unaccounted for e�ects. (It is possible for the residuals correction to accidentally cor-

rect for uncalibrated chamber angle and position shifts, but any evidence of this would necessitate

recalibration of the chamber alignment.)

To calculate the residuals correction, the TPCs are �nely binned into 1× 1× 1 cm cubes. For

a representative sample of the dataset, track reconstruction is performed and a residual is calculated

between every cluster on a track and the track's extrapolated position at that cluster. All of the

(x, y) residuals are gathered, and if a bin has at least ten total entries, the residual correction for

that bin is the average of all of the track-cluster residuals. Bins with too few entries do not get

a correction. Figure 6.8 shows the results of the residuals correction; the e�ects of electric �eld

distortions can be seen in the repeating spikes near sector edges.

(a) (b)

Figure 6.8: Left: The average x local residual correction for each padrow. Right: The average y
correction. The repeating spikes are due to electric �eld distortions, and correcting for this is one
of the primary reasons for applying the residuals correction.



80

6.2 BPDs

As the extrapolated beam track is used for both event cuts and as the (x, y) position of the

main vertex, the position of each BPD needs to be well calibrated. To calibrate their positions,

VTPC1 tracks are extrapolated to the target's center in z, and the impact parameters, the di�erence

between the beam track's (x, y) and the VTPC1 track's (x, y), is plotted. Any overall displacement

represents a shift in the BPDs' positions. This stage was performed for the dataset in this thesis,

but no shift was required, as the calibration from a dataset taken directly before the 90 GeV/c

dataset was still applicable. Figure 6.9 shows the results of the calibration.

(a) (b)

Figure 6.9: Left: The x impact parameter before BPD-TPC alignment. Right: After alignment
[48].

6.3 Target Calibration

Once the BPDs and TPCs are calibrated, the position of the target can be calibrated as well.

Having an accurate production point greatly improves the momentum reconstruction of vertex

tracks, hence the target position calibration. The target's z position is calibrated by using a least-

squares three-dimensional �t for the vertex position in every event. The center of the resulting

distribution over a representative sample of events gives the center of the target position; the result

of this stage is shown in Figure 6.10.
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Figure 6.10: The results of calibrating the target z position by allowing the vertex position to �oat
event-by-event. The bump at −583 cm is the seed position of the target before calibration.

6.4 Energy Loss

Once the BPDs, target, and TPCs have been calibrated, the �nal stage for the TPCs can be

started; this is the energy loss calibration. The energy loss calibration is broken into 5 di�erent

stages: Kr83 gain calibration, time correction, y dependence, sector constants, and chip gain.

The �rst stage, the krypton gain calibration, corrects for gain �uctuations mainly resulting

from the FEE pre-ampli�er response. Kr83 gas is introduced in each TPC via a Rb83 source (Rb83

decays predominantly via electron capture to Kr83), and then the krypton decays over the course

of hours through several well-de�ned (in energy) pathways. These decays deposit electrons inside

the TPCs at speci�c expected energies, with the most prominent peak occuring at 41.6 keV. Figure

6.11 shows the expected energy spectrum from the Kr83 decay.

To actually calculate the corrections, the data needs to be taken with enough decays for

each pad to receive a su�cient number of decays, ∼ 1000. Once each pad has recorded adequate

statistics, the peak position corresponding to the 41.6 keV decay is used to calculate the gain for

each pad. This calibration stage drastically increases the charge resolution of the TPCs, as can be

seen in Figure 6.12.

The next stage, the time dependence calibration, calculates the time-dependent, charge-

ampli�cation gains for each TPC sector. The time dependence of the gain results from a variety of

factors, including atmospheric conditions and high-voltage supply drift; the time dependence needs
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Figure 6.11: The electron energy output of the most prominent decay channels of Kr83 [71].

(a) (b)

Figure 6.12: Left: The collected charge spectrum from Kr83 before calibration for all FTPC1
channels. The bottom image shows a one-dimensional projection of the top image. Right: After
calibration. All six expected decay peaks are visible after performing this calibration stage [48].

to be corrected for to allow the grouping of the energy loss across the whole dataset. To correct for

the gain �uctuations, a Gaussian smoother corrects for statistical �ucuations while calculating the

gain in each time window (by default set to 5 minutes)
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g(t) =

∑
iwiqi∑
iwi

, wi = e−
(ti−t)2

2σs . (6.2)

Here g(t) is the gain measurement, t is the center of the time bin, ti is the time of the individual

charge i, and σs is the smoothing width, which has a default value of 15 minutes.

With the gain calculated in each time window, the gains are then normalized to the overall

average gain measurement for the sector, and each time window now has a correction factor. Figure

6.13 shows the results of this calibration stage, which lowers the post-calibration, time-dependent

�uctuations to less than 1%.

(a) (b)

Figure 6.13: Left: The calculated gain for the six VTPC1 sectors in �ve minute time windows.
Each line corresponds to one sector in VTPC1, and is centered at 1+0.1(sectorId−1). (The purple
line is sector 1, and the red line is sector 6.) Right: The gain after applying the time-dependent
gain corrections.

Following the time-dependent gain corrections is the y-dependence correction. As the electrons

drift from the point of ionization inside the TPC, they systematically lose charge, mainly due to

attachment to oxygen and water contaminants inside the gas volume. The charge loss is modeled

as an exponential process, which is then approximated to �rst order.

q(y) = qie
−cy ≈ qi(1− cy), (6.3)

where qi is the initial charge at the point of ionization, c is a constant describing the charge loss,
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and q(y) is the y-dependent measured charge. (As shown in Figure 6.14, a linear approximation is

reasonable.) With this approximation for the charge loss, the asymmetry factor a(y) is then de�ned

by

a(y) =
q(y)− q(−y)
q(y) + q(−y)

≈ (1 + cy)− (1− cy)

(1 + cy) + (1 + cy)
= −cy. (6.4)

In the �rst-order approximation, the asymmetry factor is easily calculated from data, and the y-

dependent correction applied to each cluster is (1− cyc), where yc is the production position of the

cluster. Figure 6.14 shows the calculation of c from �tting to experimental data for VTPC1, sector

2.

Figure 6.14: Y-dependent charge asymmetry. The constant describing the charge loss, c, is the
slope of the best-�t line.

The most di�cult part of the energy loss calibration comes next, the sector constant calibra-

tion; the sector constant calibration calculates the sector amp�ication factor for each sector inside

the TPCs. This ampli�cation factor converts the raw cluster ADC to a value on the Bethe-Bloch

curve, normalized to the minimum ionization point for pions.

To run the sector constants calibration, tracks are �rst split into segments spanning a single

sector, and each segment's truncated mean energy loss is collected and added to �nely-grained

momentum bins. A multi-species dE/dx �t (see Chapter 9 for more details on the �t) is performed in

each bin, and the average of the pion means, for one sector, are used to calculate the sector constant.
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Figure 6.15 shows a sample �t in one momentum bin for VTPC1 sector 2. Only momentum bins

with high enough pion purity are considered, as shown in Figure 6.16. The pion purity is a measure

of the overlap between the pion distribution and other particle's distributions. A large overlap could

lead to an unreasonable estimate for the pion mean.

Figure 6.15: A sample �t for the pion mean during the sector constants calibration. The center of
the �t pion distribution is used to calculate each sector's ampli�cation.

Figure 6.16: The calculation of the sector constant from averaging all of the high-purity momentum
bins. The bins entering the calculation are shown in green.

The �nal step in the energy loss calibration calculates the gain for each pre-ampli�er chip

on the FEEs, as each chip can vary in gain. For this stage, the track's charges are binned by chip

ID and normalized to each track's mean dE/dx. In order to decouple this stage from the previous

stage, the gain factors for one sector are normalized to the mean gain factor in the sector, and the
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chip gain calibration comes after the sector constants calibration.

Once all of the energy loss calibration stages have �nished, deviations from the expected Bethe-

Bloch value for tracks quanti�es the accuracy of the calibration and the energy loss measurements.

Figure 6.17 shows the measured pion Bethe-Bloch deviations, and the average deviation being well

under 1% indicates excellent energy loss calibration.

Figure 6.17: Average deviations from the expected Bethe-Bloch values for π− tracks after calibra-
tion. �RST� means Right Side Track, which will be explained in Chapter 9.

6.5 DRS

The readout electronics for the TOFF were replaced with DRS boards in 2017, and many

other subdetectors moved to DRS readout after 2022. These boards allow for full quantization of the

detector signals, but they require prior calibration of both the cell widths in time and each individual

cell's ADC to voltage conversion factors. In the SHINE framework, this is based on the procedure

developed by Stricker-Shaver et. al [72], and requires special calibration runs. The calibration

coe�cients are expected to be stable in time (but not temperature), but during NA61/SHINE data
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taking runs the calibration runs are performed every couple of days to be safe.

The form of the readout for one DRS channel is 1,024 samples of charge at discrete times,

initially de�ned by cell number and recorded ADC by that cell. Calibrating the DRS boards provides

a conversion from ADC to voltage (referred to as voltage calibration) and also gives each cell a time

width (referred to as time calibration); this was shown earlier in Figure 5.9. Time calibration of the

DRS boards requires the voltage calibration, so the voltage calibration comes �rst.

During the voltage calibration, every channel on each DRS board is provided a sequence of

step voltages. Inside NA61/SHINE, 100 events are recorded at 0.0 V, 0.1 V, and so on up to 0.9

V. Then, each cell's recorded ADC response is averaged at the voltage steps, and a straight-line �t

provides the gain and o�set coe�cients for each cell; the gain converts from ADC to voltage, while

the o�set places the baseline of the cell at 0 V. Figure 6.18 shows an example of this for one cell

of the TOFF DRS boards. Although the process is simple, every DRS board has 32 channels and

four synchronization channels, which means one board requires 73, 728 �oats just for the voltage

calibration. With almost 200 total boards in the NA61/SHINE experiment, the storage and handling

of the calibration becomes arduous, a major drawback of the DRS readout electronics.

Figure 6.18: A sample �t to calculate the gain and o�set coe�cents for one cell of one of the TOFF
DRS boards. Each point is the average of 100 events collected at that step's voltage.

After the voltage calibration is �nished, the time widths of each cell can be calculated. To

perform the time calibration, a large number (1000) of sine waves of known frequency and random

phase are sent to each channel; Figure 6.19 shows a sample calibration signal. Once the software

has utilized the voltage calibration and converted the calibration signal from ADC to voltage, the
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signal is then normalized to an amplitude of 1.0. The normalization is accomplished by measuring

the voltage at each ± peak of the signal, and then averaging all of the peaks to place them at 1.0.

For a very small number of signals some of the peaks may di�er by more than 5% from the other

peaks, and these are excluded in the normalization calculation.

Figure 6.19: A sample uncalibrated signal used in the DRS time calibration.

With the input signal oscillating around zero with an amplitude of 1.0, the next steps of the

DRS time calibration are performed in two separate parts. The �rst part, the local time calibration,

initially estimates cell widths approximating the zero crossings as straight lines:

∆ti
∆Ui

=

∑
i∆ti∑
i∆Ui

. (6.5)

The ratio of the time di�erence between two cells, ∆ti, over the voltage di�erence, ∆Ui, is pro-

portional to the total ratio; this is valid as long as the signal is a straight line. For the total time

di�erence, the default time cell width (0.2 ns for the TOFF DRS boards) is used. Figure 6.20 shows

a sample of this, with the boundary voltage set at 0.4 V. In practice, this calibration procedure is

robustly independent of the boundary voltage. There were no changes to the calibration results in

the range of 0.2 to 0.8 V.

The local time calibration only provides a rough estimate of each cell width, and then the

global time calibration re�nes these estimates. As the frequency of the input calibration signal

is known, the global time calibration adds all of the cell widths between two zero crossings, and

compares the summed value to the expected value. Any di�erence is used as a correction factor
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Figure 6.20: In the local time calibration of the DRS boards, the signal is approximated as a
straight line around zero crossings. An initial estimate for each individual cell's time width comes
from the voltage di�erence between adjacent cells. The red lines are indicating a possible boundary
voltage of 0.4 V.

for the cells in the sum. To elaborate, if the expected period was 10 ns, and the measured period

was 10.1 ns, then a correction factor of 10/10.1 is applied; the cells widths were too long, and they

needed to be shortened.

As the cell measurements are discrete, Figure 6.21 shows an additional important step in

calculating the measured period. To correct for the individual measurements not occuring at 0 V,

the o�set of the cell width from zero (in time) is added into the measurement of the signal's period.

Figure 6.21: When measuring the period between two zero crossings in the global time calibration,
the voltage measurements do not occur at exactly 0 V. In this plot, the time between the actual
zero crossing and the measurement at cell 480 needs to be added to the measured period.
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From either the signal generator or the DRS response, there are di�erences in the recorded

voltage shape between the falling and rising edges of the input calibration signal. (The falling

edges' slopes were found to be up to 20% steeper than the rising edges' slopes.) To mitigate these

e�ects, the local time calibration averages the initial estimates over all of the input signals for rising

and falling edges separately, and then combines the two averages at the end. In the global time

calibration, only zero crossings on the same type of slope (rising or falling) are used. So in practice,

if there were eight zero crossings in one signal, the procedure is: correction factor for cells between

zero crossings 0 and 2, followed by 2 and 4, 4 and 6, 6 and 8, 1 and 3, 3 and 5, 5 and 7, 0 and

4, 4 and 8, and so on. Including not directly adjacent zero crossings slightly improves the overall

calibration results, but greatly improves the computational intensity.

After the voltage and time calibration are �nished, their results are tested by once again

looking at the expected versus measured period between zero crossings. If the boards are well

calibrated, they should accurately measure the period of the input sine wave. Figure 6.22 shows

the results of this before the local time calibration, after the local time calibration, and after the

global time calibration. The local time calibration leaves �global� structures that are removed by

the global calibration, hence the naming scheme. In practice the width of the distribution in 6.22c

was found to be two to four times larger than expected. After some investigation, the most likely

cause found was small deviations of the input signal's frequency; each channel was found to have

∼ 0.2% frequency deviations, which corresponds to the period of the wave changing by ±20 ps.

This was mitigated by tempering the global correction factor and only applying 10% of it for each

zero crossing pair. Figure 6.23 shows the �t input signal frequency over 1000 calibration events,

after voltage calibration and assuming a cell time width of one.

The �nal part of the DRS calibration is event-by-event timing synchronization. On the DRS

boards, eight channels are readout by one chip; each chip has a timing o�set from the start signal

relative to all other chips in the event. In order to synchronize the chips together, the chips have a

synchronization channel, where the same synchronization signal is sent to every chip. In the 2017

data the synchronization signal was the S11 signal, while for data after 2022 it was a sine wave.
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(a) (b)

(c)

Figure 6.22: The deviation from the expected period during the three stages of the time calibration.
Top Left: Before the local time calibration, assuming cell widths of 0.2 ns. Top Right: After the
local time calibration. Bottom: After the global time calibration.

Figure 6.23: The �t frequency to all of the input time calibration signals after applying the voltage
calibration and assuming a cell time width of one. The deviations around the expected frequency
of 0.0624 are the most likely cause for the distribution in Figure 6.22c being larger than expected.

The timing of the signal at each chip is used to calculate each chip's T0 for the event.

6.6 TOFF

Coming last are the four stages of the TOFF calibration, as the TOFF calibration relies on

the energy loss and DRS calibrations. There are four separate stages: scintillator bar position, light
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propagation speed, T0, and S1 jitter correction.

For the �rst stage, for each scintillator bar, a plot of all track positions at the TOFF wall

is made, where only events in which the scintillator had a response above a minimum voltage (25

mV) are considered. Performed over a representative sample of events, this builds up a clear outline

of each scintillator bar over the background. This stage is only performed in the x direction, as

the bars extend past the MTPCs in y. (Any o�sets in y or z will be corrected for during the T0

calibration.) Once the distribution is made, a �t of the form

f(x) =
A

2
[tanh(µ(x− x0 +∆))− tanh(µ(x− x0 −∆))] + C, (6.6)

is used to calculate the each scintillator's x position. x0 is the center of the scintillator, µ corresponds

to the slope of the sides of the �t, ∆ is the half-width, A is the peak height, and c is the background.

Figure 6.24 shows the results of one of these �ts.

Figure 6.24: Calibration of one of the scintillator bars of the TOFF wall. Each entry is the position
of a track extrapolated to the z plane of the TOFF wall, for an event where the scintillator had
a response above the minimum required voltage. The red line is the result of �tting the data to
Equation 6.6.

When the particle passes through a scintillator bar, the light takes time to travel from the

scintillation point to the PMTs. Reconstruction of the actual hit time from the recorded time at

the PMT requires knowing the light propagation speed inside each scintillator. To calculate these

speeds, the second TOFF calibration stage plots the arrival time of each hit as a function of the

hit's y position (this requires matching tracks to TOFF hits). The inverse slope of the distribution
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gives the light speed, and the results from the top and bottom PMTs are then averaged. Figure

6.25a shows the results of this for one PMT next to Figure 6.25b, which shows the overall results

for the entire TOFF wall; there are deviations between scintillators up to 5%, which is why this

stage is necessary for proper TOFF reconstruction.

(a) (b)

Figure 6.25: Left: A plot of the hit time versus the matched track's y position. The inverse slope
of the best-�t line gives the light propagation speed. Right: All calibrated light speeds in the TOFF
wall.

The next stage, the PMT T0s, requires the energy loss calibration and calculates the timing

o�sets for all of the PMTs. To start, this stage selects low-momentum (< 10 GeV/c) pion tracks

by selecting tracks within 3σ of the expected pion Bethe-Bloch value. Then, for each track, the

measured and predicted time-of-�ight is calculated, and the average di�erence gives the PMTs T0.

This stage is performed twice. After running once, an additional cut on the reconstructed track

mass is added to enhance the pion selection. Figure 6.26 shows the Gaussian �t to calculate one

PMT's T0.

The �nal of the many calibration stages is the S1 jitter correction, a small event-by-event

timing correction. In the NA61/SHINE experiment, there are four PMTs attached to the S1 scin-

tillator, but the start signal timing, which is used to calculate particles' time-of-�ight, comes from

just the S11 PMT. (S11 means the �rst of the four PMTs attached to the S1 scintillator.) If the

beam position was stationary for the entire dataset, there would be no need to apply any correction.

However, as the beam position shifts, the distance between the beam at the S1 scintillator and the

S11 PMT changes. This causes the light travel time between the actual arrival of the beam at the
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Figure 6.26: The mean of the measured minus predicted time-of-�ight for low momentum pions
gives the PMT's T0.

S1 and the output of the S11 trigger signal to change event-by-event. While the jitter is a very

small e�ect, it smears the time-of-�ight and can be corrected. As the PMT T0 calibration removes

the light travel time in the S1 from the average beam position, only shifts from the average position

need to be corrected for. The average timing response of the S11, S12, S13, and S14 PMTs are

collected, and then the jitter correction for each event is

tJitter =
1

4
(∆S11+∆S12+∆S13+∆S14). (6.7)

∆S11 is the di�erence in the time recorded for the current event and the average time recorded

by the S11 for the whole dataset. If the jitter is correctly removed, then the distribution of the

predicted minus measured time-of-�ight for pions should be �at as a function of the S12, S13, and

S14 timing. Figure 6.27 shows this disttribution before and after applying the jitter correction.

With the calibration done, the mass of particles can �nally be determined, as seen in Figure

6.28. To test the resolution of the TOFF wall, low-momentum pion tracks that traverse two scin-

tillators are selected. The di�erence in the measured timing gives the resolution of the TOFF wall,

as shown in Figure 6.29; the resolution of the TOFF wall was measured at 120.4 ps.
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(a) (b)

Figure 6.27: The e�ects of the S1 jitter correction can be seen by looking at the measured minus
predicted time-of-�ight for pions as a function of the S12, S13, and S14 timing. Left: Before applying
the jitter correction for the S12. Right: After. The �at distribution indicates the time-of-�ight has
no dependence on the timing of the S12 PMT signal, as desired.

Figure 6.28: Reconstructed mass squared plot from the TOFF wall after applying all calibration
stages.
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Figure 6.29: The TOFF resolution is measured by taking the timing di�erence of pion tracks
passing through two scintillators.



Chapter 7

Total Cross Section Measurements

The total production cross-section measurement between a proton and single carbon nu-

cleus is necessary to normalize the hadron multiplicity measurements. During data taking periods,

NA61/SHINE takes data with the target both �in� and �out�, where target in means the target is

placed in-line with the beam line, and target out means the target is removed from the beam line.

This allows for the subtraction of interactions occurring outside the target volume, which removes a

small, but signi�cant, number of interactions. The 2017 proton-carbon 90 GeV/c dataset being an-

alyzed for this thesis was taken during the �rst week of September, and the extra 2023 cross-section

data (analyzed in this chapter) was taken in one 24 hour period starting on July 24th.

For the purpose of this thesis, the inelastic cross section is de�ned as any interaction that is

not elastic, meaning the carbon nucleus is not left intact. With this de�nition, the inelastic cross

section can then be divided into two parts, the quasi-elastic cross section σqe and the production

cross section σprod.

σinel = σprod + σqe. (7.1)

Quasi-elastic interactions do not involve the production of new hadrons, like π± or Λ, but

they can involve fragmentation of the carbon nucleus, where protons or neutrons splinter o�. Elas-

tic interactions have no produced new hadrons, and no outgoing protons or neutrons besides the

incoming beam particle.

The measurement of the inelastic and production cross sections in NA61/SHINE begins with
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the measurement of the trigger cross section, as this is the quantity the experiment actually mea-

sures. To start, the trigger probability is the ratio of the number of T1 triggers (identi�ed beam

particle, S4 hit) over the number of T2 triggers (identi�ed beam particle, no S4 hit).

PIn/Out =
N(T1)In/Out

N(T2)In/Out
. (7.2)

PIn is the trigger probability with the target in, and POut is the trigger probability with the target

out.

To perform the target-out subtraction, a measurement of the trigger probability is made for

both target-in and target-out con�gurations. Target-out measurements are taken during the same

run period as the target-in data and with the same detector con�guration. As mentioned earlier,

performing target-out subtraction corrects for the small number of interaction triggers occurring

due to e�ects outside of target-proton interactions, such as interactions in beam line detectors. To

remove the target-out contribution, the trigger probability is calculated as

Ptrig =
PIn − POut
1− POut

. (7.3)

For thin targets, Ptrig is proportional to the length of the target L, the density of the target nuclei

n, and the trigger cross section:

Ptrig = nLσtrig. (7.4)

To account for beam attenuation inside the target, the target length L needs to be replaced with

Le�, where

Le� = λabs(1− e−L/λabs), (7.5)

and λabs = A/(ρNAσtrig) is the absorption length. (The absorption length is the distance of material

traversed when the probability of the beam particle not being absorbed has dropped to 1/e. It is
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∼ 50 cm for a 90 GeV/c proton in carbon, and the target length is 1.48 cm.) With this correction

in place, and rewriting the number density in terms of Avogadro's number NA, the material density

ρ, and the target's atomic number A, Equation 7.4 can be rearranged to give

σtrig =
APtrig
ρLe�NA

. (7.6)

In the limit L≪ λabs, Equation 7.6 can be simpli�ed to

σtrig = −A ln(1− Ptrig)

ρNAL
. (7.7)

After obtaining a measurement of the trigger cross section, NA61/SHINE has to use MC

correction factors to obtain the individual contributions of elastic, quasi-elastic, and production

events that scatter out of the S4. (Unfortunately, NA61/SHINE cannot experimentally measure

these quantities, as is does not have perfect 4π coverage.) Writing out each contribution explicitly,

σtrig = fprodσprod + fqeσqe + felσel. (7.8)

Here fprod is the fraction of simulated production events that scatter out of the S4 scintillator

(likewise for fqe and fel); if the triggering and detector coverage was perfect, fprod would be one,

and fel would be zero. From Equations 7.1 and 7.8, the inelastic and production cross sections can

be written as

σinel =
1

finel
(σtrig − felσel),

σprod =
1

fprod
(σtrig − fqeσqe − fel − σel).

(7.9)

7.1 Measurements

With all of the de�nitions in place, it is now possible to experimentally measure σtrig and use MC

correction factors to extract σprod and σinel.
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The dataset being analyzed for this thesis was taken in 2017, and there was an issue with the

triggering prescaling wiring during the dataset. Resulting from an improperly connected wire, the

total number of T1 triggers was lost. The T1 and T2 labels were applied correctly, which is all that

is necessary for the multiplicity analysis, but as shown in this section, the cross section analysis

relies on knowing the exact ratio of T1 to T2 triggers. All of the T2 interaction triggers were kept,

but the T1s were prescaled, meaning only a fraction of their total number was kept. Due to the

wiring problem, the prescaling was essentially applied randomly, meaning there is no way to recover

the actual number of T1 triggers recorded in 2017.

There are two methods of working around this. First, the detector-control-system (DCS)

records the raw counts corresponding to each trigger count per beam spill. However, using the

DCS eliminates any possibility of event-by-event counts, such as requiring the beam track to hit the

target. It is only a crude way to measure the trigger probability. Second, during the summer of 2023,

there was an opportunity to take more proton-carbon data at 90 GeV/c. This opportunity arose

during a several day (unplanned) shutdown of the TPCs; even without the TPCs, NA61/SHINE can

still record BPD and trigger data, which is all that is necessary for the cross section measurements.

In the 2023 dataset, 8.7 million target-in events were recorded, along with 6.5 million target-out

events. (The author of this thesis acted as a run coordinator during the beginning of the 2023 run,

and they also setup, monitored, and developed the quality assessment software used to monitor the

data quality during the 2023 and future runs.) This section will now present the results of both of

these analyses.

Starting with the scalers data from 2017, Figure 7.1 shows the DCS recorded trigger proba-

bilies for each beam spill in the dataset.

Taking the average and standard deviation of the two distributions in Figure 7.1b gives a

target-in trigger probability of 3.60 ± 0.10, a target-out trigger probability of 0.49 ± 0.03, and

an interaction probability of 3.1 ± 0.2. Converting this interaction probability into cross-section

measurements requires the MC correction factors.

The calculation of these factors is based o� the procedure presented in Aduszkiewicz et.
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(a) (b)

Figure 7.1: Left: The trigger probability for each beam spill recorded in the 2017 dataset. Right:
A projection of the left plot.

al [51]. 1,000,000 events are simulated with GEANT4 inside the SHINE framework with four

di�erent physics lists. Then, after each physics list's simulation, the correction factors and σel and

σqe can be calculated exactly. FTFP_BERT, one of the four available physics lists, is used for

the central values. The other three physics lists, QBBC, QGSP_BERT, and FTF_BIC, are only

used to calculate the model uncertainties. Table 7.1 lists the four physics lists samples and their

MC-predicted cross sections and correction factors for the 2023 dataset. These MC factors were

generated with GEANT4 version 10.7, and the last column shows the nominal FTFP_BERT factors

with GEANT version 10.4.p03.

FTFP_BERT QBBC QGSP_BERT FTF_BIC FTFP_BERT, GEANT 10.4.p03

σel [mb] 65.8 65.7 61.3 65.9 73.3

fel 0.108 0.108 0.102 0.106 0.119

σqe [mb] 18.8 19.0 26.0 15.3 25.1

fqe 0.601 0.612 0.801 0.820 0.595

finel 0.944 0.943 0.950 0.966 0.912

fprod 0.972 0.971 0.968 0.976 0.947

Table 7.1: The MC cross sections and correction factors for each physics list. Except for the last
column, all of these MC samples were generated with GEANT 10.7.

In addition to the di�erent physics lists, six additional MC samples are generated to calculate

the uncertainties associated with the S4 size and position. Previously, the diameter of the S4 was

found to have an uncertainty of ±0.40 mm, and a conservative ±1.0 mm (x, y) position uncertainty
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is assumed as well. FTFP_BERT is used to generate the two additional samples for the diameter

uncertainty, along with the four additional samples for the position uncertainty. Like with the

model uncertainties, any di�erences between the nominal sample and the uncertainty samples are

propagated through to uncertainties on the cross-section measurements. Table 7.2 shows the six S4

samples.

S4 Diameter + S4 Diameter − S4 (+,+) S4 (−,−) S4 (+,−) S4 (−,+)

σel [mb] 67.9 66.1 67.0 65.6 67.1 66.3

fel 0.094 0.118 0.131 0.101 0.105 0.129

σqe [mb] 18.1 19.0 18.1 18.7 18.9 19.1

fqe 0.602 0.623 0.607 0.610 0.624 0.611

finel 0.941 0.944 0.945 0.942 0.941 0.941

fprod 0.968 0.971 0.972 0.970 0.967 0.969

Table 7.2: The MC cross sections and correction factors for the two S4 diameter uncertainty
samples and the four S4 position uncertainty samples.

Outside of the uncertainties calculated from simulation, there is also a 0.69% uncertainty on

the target density (central value of 1.80 g/cm3), and for the 2023 measurement, there is an additional

uncertainty related to the DRS readout of the S4 scintillator. For the S4 to register a particle, the

response has to pass a threshold voltage. The noise at the one sigma level for the S4 readout is

∼ 2 mV, so the S4 threshold was changed by this amount and the di�erence in the calculated cross

sections was taken as an uncertainty. Any uncertainty associated to the beam purity is negligible.

The two di�erent versions of GEANT4, 10.4 and 10.7, were found to give signi�cantly di�erent

results for the inelastic cross section; this di�erence is taken as an uncertainty, and is negligible for

the production cross section.

7.2 Cuts

Mentioned earlier, the scalers analysis is unable to make event-by-event cuts, while the 2023

measurement can. The �rst cut used in the 2023 cross-section analysis is an o�-time beam particle

cut. If a second proton comes closely after/before the triggering beam proton, it can falsely trigger
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the S4. To accomodate for this, a conservative ±2 µs cut is applied around the triggering beam

particle. Any event with a second beam particle within this window is discarded. In addition to the

o�-time beam particle cut, this analysis requires a well-reconstructed BPD track (a cluster in the

most downstream BPD and a successful �t to the BPD data), and for the beam track to extrapolate

within 0.75 cm of the S4 center. The S4 has a radius of 1.0 cm, so this is also a conservative cut.

Figure 7.2 shows the extrapolated beam position at the S4 scintillator for the 2023 dataset, with

the outline of the S4 superimposed, and Table 7.3 shows the target-in and target-out cut �ow.

(a) (b)

Figure 7.2: Left: The extrapolated beam position at the S4 scintillator for the 2023 cross-section
dataset for T2 triggers. The outline of the S4 is shown with the black outline. Right: Not T2
triggers.

Cut Target-In Target-Out

No Cuts 8.74M 6.54M

BPD Cuts 8.30M 6.21M

O�-Time Particle Cut 8.02M 6.00M

S4 Radial Cut 7.97M 5.97M

Table 7.3: The cut �ow in the cross section analysis for the 2023 dataset.

7.3 Results

Putting it all together, the �nal measured inelastic and production cross sections for the

2023 analysis are summarized in Table 7.4. From the 2017 scalers measurement, σtrig = 236 ± 19

mb, σprod = 224 +19
−21 mb, and σinel = 242 +20

−21 mb, which is in good agreement with the 2023

measurements. Figures 7.3 and 7.4 show the cross-section results from this analysis along with
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results from proton-carbon interactions at various beam momenta from previous NA61/SHINE

measurements, and in addition to results from other experiments. They also show the results of

this same analysis applied to the 2023 120 GeV/c proton-carbon dataset, which was used as an

additional cross-check for this analysis, as there are previous NA61/SHINE measurements at 120

GeV/c. All of the results agree well within their uncertainties.

Value ∆model ∆S4 ∆target ∆GEANT ∆DRS ∆stat ∆total

σtrig [mb] 234.5 NA NA NA NA NA ±1.2 ±1.2

σprod [mb] 222.2 +0.2− 8.0 ±1.4 ±1.7 NA ±2.5 ±1.2 +3.6− 8.8

σinel [mb] 240.8 +6.6− 5.4 +1.5− 2.0 ±1.7 ±7.6 ±2.5 ±1.2 +10.7− 10.1

Table 7.4: The measured trigger, production, and inelastic cross sections and the contributions
from each uncertainty for the 2023 cross-section measurement.

Figure 7.3: Production cross-section results. In addition to results from Carrol et. al, both plots
show predicted cross sections from extrapolating existing data to 90 GeV/c via a straight-line �t
[73]. All measurements are at either 31, 60, 90, or 120 GeV/c, but measurements at the same
momentum are o�set in x to better show the results.
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Figure 7.4: Inelastic cross-section results. In addition to results from Denisov et. al and the
Emphatic collaboration, both plots show predicted cross sections from extrapolating existing data
to 90 GeV/c via a straight-line �t. [74, 75]. All measurements are at either 31, 60, 90, or 120 GeV/c,
but measurements at the same momentum are o�set in x to better show the results.



Chapter 8

Neutral Hadron Analysis

The NA61/SHINE experiment is able to identify the weakly decaying K0
S , Λ, and Λ̄ hadrons

by tracking their charged decay products. Measurements of the multiplicities of these particles can

be used to both inform the neutrino �ux predictions for long-baseline oscillation experiments as well

as improve the uncertainties on the predictions of the number of charged hadrons produced by weak

decays in NA61/SHINE's reactions. Constraining these predictions through reweighting feed-down

corrections, which are corrections for particles produced outside the target via weak decays, will be

discussed in Chapter 9.

While NA61/SHINE can only measure K0
S , Λ, and Λ̄, since neutral kaons are produced almost

entirely through strong interactions, there should be an approximately equal number of K0
S and K0

L

produced. Table 8.1 shows the dominant decay modes of K0
S , K

0
L, Λ, and Λ̄. As can be seen in

the table, the neutral kaon decays directly contribute to the neutrino �ux, while the other hadrons

produce particles that can decay to neutrinos and contribute to the �ux. In addition, the decay

products may interact with material in the beamline, which will indirectly contribute.

8.1 Cut �ow

In order to measure the neutral hadrons, NA61/SHINE matches every possible negative track

with each positive track as a possible V0 candidate for T2 events. Then, 14 cuts are applied to

remove as much of the background as possible and select candidates from the dominant decay mode.

Once all of the cuts are applied, an invariant mass �t is performed to measure the number of neutral
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Decay Product Branching Ratio [%]

K0
S → π+ + π− 69.2

K0
S → π0 + π0 31.7

K0
L → π± + e∓ + νe 40.5

K0
L → π± + µ∓ + νe 27.0

Λ → p+ π− 63.9

Λ → n+ π0 35.8

Λ̄ → p̄+ π+ 63.9

Λ̄ → n̄+ π0 35.8

Table 8.1: Branching ratios of neutrino neutral ancestor particles signi�cantly contributing to the
neutrino �ux.

particles in each kinematic bin. The kinematic bins are �nite blocks in total momentum |p| and

angle θ. When the bins were originally created for an analysis performed by S. Johnson, they were

created to bin the phase space as �nely as possible while still having adequate statistics for the mass

�ts after applying all of the cuts [76]. For consistancy and compatibility, the subsequent analysis by

B. Rumberger and this analysis use the same binning scheme [48]; the only changes were the removal

or addition of a small number of bins dependent on the reaction's phase space. (A reaction with a

120 GeV/c proton will produce hadrons with a higher total possible momentum than a reaction with

a 90 GeV/c proton.) Figure 8.1 shows the binned and unbinned phase space for the K0
S analysis

before applying any cuts.

(a) (b)

Figure 8.1: Left: The phase space of neutral tracks in the K0
S analysis before applying any cuts.

Right: The binned phase space before applying any cuts.
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Each kinematic bin in Figure 8.1 is subject to 14 cuts. Like the binning scheme, these cuts

are unchanged from the analysis by B. Rumberger. This section will now brie�y walk through each

cut.

The �rst three cuts are event-level cuts. Cut 1 requires the beam particle to extrapolate within

0.95 cm of the center of the S4, which removes any T2 events resulting from the beam particle missing

the S4 trigger. The second cut removes o�time beam particles to ensure any measured hadrons were

produced by the triggering beam particle; this is applied by requiring a 2.5 µs window around the

beam particle. The last event cut requires a reconstructed BPD track with a cluster in the most

downstream BPD, as a BPD track is necessary to reconstruct the event's vertex position. Table 8.2

shows the cut for the event-level cuts in the neutral analysis. The event-level cuts are the same for

the three particle species, but a few of the track-level cuts di�er between the three species.

Cut Target In Target Out

00 No Cuts 2,189,177 161,679

01 S4 2,160,666 148,101

02 O�time Beam Particle 1,670,592 114,257

03 BPD Track 1,542,835 82,591

Table 8.2: The number of T2 events after applying each event-level cut for the neutral analysis.

The next �ve cuts are track-level cuts that are the same for the three neutral species. The �rst

track-level cut, cut 4, requires the reconstructed V0 vertex to be after the main vertex for the event.

Cuts 5 and 6 are cluster topology cuts for the minimum number of clusters to properly reconstruct

tracks; cut 5 selects tracks with at least 12 total clusters, and cut 6 requires at least 12 VTPC

clusters. (These are redundant, but the cut �ow is following previous analyses. In addition, future

analyses may desire to change these cut values, which could make the two cuts not redundant.)

After cut 6, cut 7 removes tracks with an impact parameter greater than (4.0, 2.0) cm. The impact

parameter is the (x, y) di�erence in the V0's extrapolated position at the main vertex and the main

vertex. If the positions are too di�erent, the V0 was probably not produced inside the target; Figure

8.2 shows a schematic of this cut. Following cut 7, cut 8 de�nes the area in which neutral particles
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can be reconstructed. This cut requires tracks to come between 3.5 cm and 300 cm after the main

vertex. Allowing V0 vertices too close to the target would greatly increase the background from

false V0s, and the other end of the cut is the boundary in which the track's momentum can be

reconstructed.

Figure 8.2: The reconstructed impact parameter for a V0 candidate is the di�erence between the
main vertex and the track's position at the main vertex [76].

Besides cut 13, the proper lifetime cut, the rest of the cuts are speci�c to each particle species.

Cut 9 is the low transverse momentum cut, which removes photons undergoing pair production. For

K0
S pT > 0.05 GeV/c, and for Λ and Λ̄ pT > 0.03 GeV/c. Before introducing cut 10, the concept

of the Armenteros-Podlanski plot must be introduced [77]. The asymmetry of the longitudinal

momenta of the decay products is de�ned as

α =
p+,∗
L − p−,∗

L

p+,∗
L + p−,∗

L

. (8.1)

Here p+,∗
L is the longitudinal momentum of the positively decay product in a comoving frame with

the V0, and p−,∗
L is for the negatively charged particle. The total transverse momentum is

pT = p+,∗
T + p−,∗

T , (8.2)

where p+,∗
T is the transverse momentum of the positive track. Figure 8.3 shows the Armenteros-
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Podlanski plot before applying any cuts.

Figure 8.3: Armenteros-Podlanski distribution before applying any cuts. The large arc in the
center corresponds to K0

S , while the small arc in the bottom right corner is Λ. Before applying cuts,
the Λ̄ distribution is barely visible in the bottom left corner.

As can be seen in Figure 8.3, there is contamination between the legs of the K0
S distribution

and the Λ and Λ̄ distributions. To remove this contamination, cut 10 applies a cut on the angles

between the decay products and their parent particle. The angle, θ∗, is calculated between the

momentum vector of the decay product in the rest frame of the parent particle and the momentum

vector of the V0 in the lab frame. ForK0
S the cuts are −0.9 < cos(θ+∗) < 0.7 and −0.7 < cos(θ−∗) <

0.9. Applying a similar cut for Λ and Λ̄ also helps to remove false V0s. For Λ the allowed ranges

are −0.7 < cos(θ+∗) < 0.9 and −0.9 < cos(θ−∗) < 0.7; the ranges for Λ̄ are −0.9 < cos(θ+∗) < 0.7

and −0.7 < cos(θ−∗) < 0.9.

The eleventh cut, a cut on the max pT , was found to result in a non-uniform background

and is excluded from this analysis. Cut 12 places a range on the reconstructed mass of the neutral

particle, which for a two-body decay is

M =
√
m2

+ +m2
− + 2E∗

+E
∗
− − 2p⃗ ∗

+ · p⃗ ∗
− . (8.3)

m+ is the mass of the postively charged particle, and p⃗ ∗
+ , E

∗
+ are the momentum and energy in the

decay frame. For K0
S the allowed range is 0.40 < M < 0.65 GeV/c2, while the range for Λ and Λ̄ is

1.09 < M < 1.215 GeV/c2.

The second to last cut, the thirteenth cut, requires the proper lifetime of the V0 to be at least
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0.25 of the mean proper lifetime; the sample of reconstructed neutral particles with too short of a

proper lifetime is greatly contaminated from incorrectly matched charged particles coming from the

target. The �nal cut, cut 14, requires both child particles to have energy loss within 15% of the

expected Bethe-Bloch decay for the selected dominant decay mode. Table 8.3 shows the target-in

cut �ow the neutral hadron analysis.

Cut K0
S Λ Λ̄

00 No Cuts 15,197k 15,498k 10,294k

01 S4 15,128k 15,430k 10,252k

02 O�time Beam Particle 11,507k 11,736k 7,796k

03 BPD Track 10,893k 11,111k 7,386k

04 Vertex Z 4,877k 4,984k 3,367k

05 Total Clusters 4,572k 4,676k 3,213k

06 VTPC Clusters 4,175k 4,234k 2,906k

07 Impact Parameter 3,747k 3,804k 2,656k

08 Decay Length 2,355k 2,399k 1,717k

09 Low pT 2,196k 2,241k 1,645k

10 cos(θ) 1,514k 860k 513k

11 Max pT NA NA NA

12 Invariant Mass 716k 370k 193k

13 Proper Lifetime 406k 194k 81k

14 Child Energy Loss 263k 67k 9k

Table 8.3: The track-level cut �ow for the target-in neutral analysis.

Figures 8.4, 8.5, and 8.6, show the binned phase space for K0
S , Λ, and Λ̄ before and after cuts,

respectively. Figures 8.7, 8.8, and 8.9, show the invariant mass distributions for all kinematic bins,

and Figure 8.10 shows the Armenteros-Podlanski distributions.

8.2 Invariant Mass Fits

Once the cuts have been applied and the invariant mass distributions are available for every

kinematic bin, the next step is to perform the invariant mass �t and count the number of each

neutral species. This determines the signal and removes the background. Five di�erent signal
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(a) (b)

Figure 8.4: Left: The phase space of neutral tracks in the K0
S analysis before applying any cuts.

Right: After all cuts.

(a) (b)

Figure 8.5: Left: The phase space of neutral tracks in the Λ analysis before applying any cuts.
Right: After all cuts.

(a) (b)

Figure 8.6: Left: The phase space of neutral tracks in the Λ̄ analysis before applying any cuts.
Right: After all cuts.

models were considered: Cauchy, asymmetric Gaussian, Gaussian plus asymmetric Gaussian, two

Gaussians, and MC templates. The Cauchy distribution, also known as a Lorentzian, was found to
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(a) (b)

Figure 8.7: Left: The reconstructed invariant mass of neutral tracks in the K0
S analysis before

applying any cuts. Right: After all cuts.

(a) (b)

Figure 8.8: Left: The reconstructed invariant mass of neutral tracks in the Λ analysis before
applying any cuts. Right: After all cuts.

(a) (b)

Figure 8.9: Left: The reconstructed invariant mass of neutral tracks in the Λ̄ analysis before
applying any cuts. Right: After all cuts.

best describe the signal shapes, and is given by
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(a) (b)

(c) (d)

Figure 8.10: Top Left: Armenteros-Podlanski distribution before applying any cuts. Top Right:
After applying all cuts in the K0

S analysis. Bottom Left: Λ. Bottom Right: Λ̄.

f(m;m0, γ) =
1

πγ

[
1

(m−mPDG −m0)2 + γ2

]
. (8.4)

The amplitude of the Cauchy distribution is given by 1
πγ , mPDG is the PDG mass, and m0 is a

mass o�set, as the �t mass is allowed to �oat. A second-degree polynomial, fbg, is used to �t to the

background.

During the �tting procedure, a continuous log-likelihood function is constructed with the

parameter cs controlling the ratio of signal to background.

ln(L) =
∑

All V0 Tracks

ln[csfs(m;m0, γ) + (1− cs)fbg], (8.5)

and the minimization function is constructed by
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Minimization Function = −2 ln(L) + constraints. (8.6)

The constraints are used to prevent run away parameters in the background distribution, and are

constraints =
( c1
106

)2
+
( c2
106

)2
+
( c3
106

)2
. (8.7)

The �ts were performed with the ROOT class TMinuit, and the raw signal yield from each �t is

yraw = csNV0 Candidates. Figures 8.11, 8.12, and 8.13 show a sample mass �t for each particle species.

Figure 8.11: A sample K0
S invariant mass �t. The best �t values are given on the left, and the

bottom plot is showing the �t residual divided by the total number of data points for each bin. The
�t residual is the �t result minus the number of data points.
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Figure 8.12: A sample Λ invariant mass �t.

8.3 MC Corrections

The raw yields obtained via the invariant mass �ts need to be corrected for a variety of

systematic e�ects, in order to properly count the number of produced particles coming from the

initial proton-carbon nucleus interaction. First, the NA61/SHINE detector does not o�er perfect 4π

coverage, and only particles in speci�c regions of phase space can be reconstructed. Any particles

outside the coverage area need to accounted for with a detector acceptance correction. While

applying the cuts, they mainly remove the background, but inevitably some of the signal will be cut

as well. A selection e�ciency correction corrects for any tracks removed by the analysis cuts. On top

of this, any experimental data reconstruction can never be perfect, so a reconstruction e�ciency

correction needs to be applied. In addition, the cuts cannot exclude all of the neutral particles

resulting from decays occurring outside the target, and NA61/SHINE wants to measure particles

originating inside the target; a feed-down correction needs to be applied to correct for this. (There
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Figure 8.13: A sample Λ̄ invariant mass �t.

are most likely many strong decays occurring inside the target, but it is only important to measure

what comes out from the target. The feed-down correction corrects for Λ and Λ̄ that originate from

weak decays occurring outside the target volume. Any decays occurring inside the target contribute

to the measured particle multiplicity.) Lastly, only the dominant branching ratio for each neutral

particle is selected (see Table 8.1), and the missing decay pathways need to be corrected for. All of

these corrections factors are grouped into a single factor for each kinematic bin i. Using K0
S as an

example, the total correction factor is

ci =
Number of simulated K0S

Number of reconstructed K0S
= cBR + cacc. + cfd. + crec. e�. + csel. e�.. (8.8)

The correction factors are obtained through a GEANT4MC simulation with physics list FTFP_BERT.

Once the MC sample has been created, it is subject to the exact same reconstruction, cut, and �t-

ting procedure as the dataset. As shown in Equation 8.8, the di�erences in the number of simulated
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particles and reconstructed particles gives the correction factors. Figure 8.14 shows the total cor-

rection factor for each neutral species, excluding the feed-down corrections. Figure 8.15 shows the

feed-down corrections for Λ and Λ̄; K0
S does not get a feed-down correction, as there are no predicted

decays to K0
S occurring outside the target.

(a) (b)

(c)

Figure 8.14: Top Left: The MC correction factors for each kinematic bin in the K0
S analysis. The

feed-down corrections are excluded. Top Right: Λ. Bottom: Λ̄.

(a) (b)

Figure 8.15: Left: The MC feed-down correction factors for each kinematic bin in the Λ analysis.
Right: Λ̄.
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8.4 Target-Out Correction and Multiplicity Calculation

The di�erential multiplicity, the average number of particles produced per production event,

of each species for each kinematic bin i, is given by

d2ni
dpdθ

=
yi

Nprod∆p∆θ
. (8.9)

Here ∆p∆θ is the size of bin i and normalizes the result, yi = ciy
raw
i is the total yield for bin i

(ci is the MC correction factor from Equation 8.8), and Nprod is the total number of production

events. As NA61/SHINE actually measures the number of triggering events (T2), this needs to be

rewritten in terms of the number of triggering events. Using

Nprod

Ntrig
=
fprodσprod
σtrig

, (8.10)

and the fact that the fraction of production events scattered out of the S4, fprod, is accounted for

by the MC correction factor ci, Equation 8.9 can be rewritten as

d2ni
dpdθ

=
σtrig

σprodNtrig

ciy
raw
i

∆p∆θ
. (8.11)

To correct for interactions occurring outside the target, the target subtraction is performed.

Mentioned earlier, NA61/SHINE records data with the target removed during each data taking run.

The target-out dataset is then analyzed in the exact same manner as the target-in dataset, and the

contributions from interactions occurring outside the target are corrected for by the target-out

subtraction:

yrawi

Ntrig
=

1

1− ϵ

(
yraw, ini

N in
trig

−
ϵyraw, outi

Nout
trig

)
. (8.12)

ϵ =
pouttrig

pintrig
, the ratio between the target-in and target-out trigger probabilities. N in

trig is the total

number of target-in triggering events.
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Combining Equations 8.11 and 8.12 gives

d2ni
dpdθ

=
σtrigci

σprod∆p∆θ(1− ϵ)

(
yraw, ini

N in
trig

−
ϵyraw, outi

Nout
trig

)
. (8.13)

The di�erential multiplicity calculated from Equation 8.13 is measured for each kinematic bin i, and

requires a measurement of the total number of target-in and target-out triggers, the target-in and

target-out trigger probabilities, the target-in and target-out raw yields, the MC correction factor

for the bin i, and the trigger and production cross sections. This value (and its uncertainty) is the

desired measurement for a NA61/SHINE neutrino analysis.

8.5 Results

The following �gures show the multiplicity spectra calculated forK0
S , Λ, and Λ̄. The horizontal

bars show the covered total momentum region for each measurement, and the vertical bars show

the total uncertainty on the multiplicity measurement; the details of the uncertainty calculations

will be discussed in Section 8.7. The numerical values are presented in Appendix A.

8.6 Lifetime Cross Check

One of the most thorough checks NA61/SHINE can perform on the veracity of the reconstruc-

tion, MC corrections, and invariant mass �ts is the lifetime cross check. This procedure bins the

neutral hadrons in their proper lifetime, instead of angle and total momentum; each proper lifetime

bin will be an aggregate of all of the angle and total momentum bins. A plot of the total number

of reconstructed V0s versus the ratio of the measured proper lifetime over the PDG proper lifetime

should follow an exponential distribution exactly. Any deviations from the expected distribution

would indicate a problem with the analysis; for a problem to hide under this check would require

it to exponentially a�ect each proper lifetime bin, a very unlikely possibility. Figures 8.19 through

8.21 show the results of the lifetime cross check; the �ts of the slopes all being near 1.0 is an in-

dication of a healthy analysis. (Two �ts are performed for each species. The �rst �t excludes the
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(a)

(b)

Figure 8.16: K0
S di�erential multiplicity results.

points that begin to vary due to lack of statistics, and the second �t encompasses the entire proper

lifetime phase space.) This analysis is subject to the same cuts performed for the analysis in total

momentum and angle bins; cut 13, the proper lifetime cut, excludes tracks with a proper lifetime

less than 0.25 of the mean proper lifetime for that species.
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(a)

(b)

Figure 8.17: Λ di�erential multiplicity results.

8.7 Uncertainties

There are a number of uncertainties that need to be considered. These uncertainties include

the �t, decay product dE/dx selection, selection, feed-down, production cross section, physics model,

reconstruction, momentum, and statistical uncertainties. Each of these uncertainties will now be



123

(a)

Figure 8.18: Λ̄ di�erential multiplicity results.

(a) (b)

Figure 8.19: K0
S lifetime cross check. Left: The �t range is 0.25 to 4.0 on the x-axis. Right: The

�t range is 0.25 to 5.0 on the x-axis.

described.

The �rst uncertainty, the �t bias uncertainty, was estimated using the four GEANT4 physics

lists. For each kinematic bin, the fractional di�erences between the number of �t signal tracks and

true signal tracks was averaged and taken as a systematic uncertainty. (While the errors on the

data �t parameters could be used as a di�erent method of calculating the �t bias uncertainty, this

method is more conservative.)
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(a) (b)

Figure 8.20: Λ lifetime cross check. Left: The �t range is 0.25 to 4.25 on the x-axis. Right: The
�t range is 0.25 to 5.0 on the x-axis.

(a) (b)

Figure 8.21: Λ̄ lifetime cross check. Left: The �t range is 0.25 to 3.5 on the x-axis. Right: The �t
range is 0.25 to 5.0 on the x-axis.

For the decay product dE/dx selection uncertainty, the decay product Bethe-Bloch cut was

relaxed by 5%, and the data and MC samples were reprocessed. The di�erences between the

resulting multiplicities and the central multiplicities were taken as a systematic uncertainty.

When comparing data and simulated tracks, the simulated tracks have on average 5-10% more

clusters than data tracks, most likely resulting from unsimulated faulty FEEs and periodic detector

noise; these two e�ects can often lead to cluster loss. To accomodate for this, the number of clusters

in data was arti�cially reduced by a conservative 15%. After recalculating the multiplicities, the

di�erences between the altered data and the central values were taken as a systematic uncertainty.

As there is a lack of data on the production of Ξ and Ω baryons (which can decay to Λ and Λ̄) in

proton-carbon interactions, the feed-down corrections for Λ and Λ̄ rely on MC estimates. However,
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production rates of these baryons vary up to 50% in MC models. To estimate the uncertainty from

these weak decays, the number of feed-down tracks in each bin was varied by 50% in each kinematic

bin, and the resulting multiplicity di�erences were taken as a systematic uncertainty. To constrain

this uncertainty � as is done in the charged analysis � would require data on the production of Ξ

and Ω baryons in 90 GeV/c proton-carbon interactions.

Since the production cross section appears in Equation 8.13, the uncertainty on the cross

section was propagated through the analysis, and the result is a uniform, asymmetric uncertainty.

For the MC corrections, the GEANT4 physics list FTFP_BERT is used. The end multiplicity

results should not be dependent on the physics list used, but the four physics lists, FTFP_BERT,

FTF_BIC, QBBC, and QGSP_BERT predict slightly di�erent momentum distributions. As the bin

sizes used in the analysis are �nite, each kinematic bin has a di�erent calculated MC correction for

each physics list. The di�erences in the calculated multiplicities between FTFP_BERT, FTF_BIC,

and QBBC are taken as a systematic uncertainty.

The �nal uncertainty is the reconstruction uncertainty. During the TPC-alignment calibration

procedure the track-track residuals distribution gives the VTPC alignment a standard deviation of

approximately 200 µm in x. Any shifts in the x direction will signi�cantly impact momentum and

track reconstruction, as this is the bending plane of the magnetic �elds. In the data reconstruction,

VTPC1 and VTPC2 are shifted by +200 µm and −200 µm, and vice versa, and the resulting

multiplicity di�erences are taken as a systematic uncertainty.

An uncertainty associated with the momentum reconstruction was also considered, but was

excluded as it is negligible. To calculate any possible momentum uncertainty, the aggregate mass

samples for all of the K0
S , Λ, and Λ̄ kinematic bins were given to the invariant mass �tter. Any

di�erence between the �t mass and the PDG mass would most likely arise from a momentum

reconstruction uncertainty. The calculated mass shift for K0
S was 0.033 MeV/c2 (0.0067%), for Λ it

was 0.064 MeV/c2 (0.0057%), and for Λ̄ it was 0.18 MeV/c2 (0.016%).

Figues 8.22, 8.23, and 8.24, show the upper and lower uncertainties for each speci�c uncer-

tainty for K0
S , Λ, and Λ̄, respectively.



126

(a)

(b)

Figure 8.22: K0
S di�erential multiplicity uncertainties.
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(a)

(b)

Figure 8.23: Λ di�erential multiplicity uncertainties.
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(a)

Figure 8.24: Λ̄ di�erential multiplicity uncertainties.



Chapter 9

Charged Hadron Analysis

NA61/SHINE measures the multiplicity of the charged π±, K±, p, and p̄ hadrons. This

section will �rst discuss the analysis process to identify and measure the multiplicities of these

particles before presenting results.

9.1 Particle Identi�cation Via dE/dx

In order to distinguish particle types for each kinematic bin, a maximum likelihood dE/dx �t

is performed. There are a total of 22 �t parameters involved, and the �t species are e±, π±, K±,

p/p̄, and D/D̄. (D stands for a deuteron, not a D meson.)

The �t model is constructed through ten asymmetric Gaussians (�ve each for the positive

and negative particles), which describes the energy loss of each particle species through the use of

the truncated mean discussed in Section 5.2.1.5. Each asymmetric Gaussian is given by

f(x, σ) =
1√
2πσ

e−
1
2
(x−µ

δσ
)2 , δ =


1− d, x ≤ µ

1 + d, x > µ

. (9.1)

This asymmetric Gaussian has two distinct widths, σ1 = (1 − d)σ and σ2 = (1 + d)σ, and a mean

of µ. If d = 0, then Equation 9.1 reverts to a symmetric Gaussian distribution. Figure 9.1 shows a

sample representation of this distribution.

By convention from previous analyses, the peak of the asymmetric Gaussian, where the two

pieces meet, is expressed in terms of the species' mean energy loss ⟨ϵ⟩, d, and σ as
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Figure 9.1: A sample asymmetric Gaussian demonstrating the two widths σ1 = (1 − d)σ and
σ2 = (1 + d)σ. For this plot µ = 0, σ = 1, and d = 0.2 [48].

µ = ⟨ϵ⟩ − 4dσ√
2π
. (9.2)

For any single track i depositing energy inside the TPCs, the width σi of its energy loss

distribution depends on the number of clusters Ncl, the track's energy loss ϵ, a base width σ0, and

a scaling parameter α to descibe the scaling dependance of ϵ:

σi =
σ0ϵ

α

Ncl
. (9.3)

As a result of di�ering TPC pad geometries and energy loss calibration, various parts of the

TPCs are described by di�erent base widths. Experimentally, NA61/SHINE needs four di�erent

base widths to accurately describe the energy loss of tracks: σ0,Up for the upstream VTPC1 sectors

one and four, σ0,V for the rest of the VTPC sectors, σ0,M for the MTPC sectors, and σ0,F for the

FTPC sectors. The GTPC is not included in the energy loss calibration, as it does not provide

enough clusters to be of any use. VTPC1 sectors one and four get a di�erent base width since the

pad geometry in those two sectors is di�erent than in the rest of the VTPC sectors. Putting all of

these factors together, the base width for a single track can be written as
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σi =
ϵα

Ncl, Up

σ0,Up
+

Ncl, V

σ0,V
+

Ncl, M

σ0,M
+

Ncl, F

σ0,F

. (9.4)

For each kinematic bin, the �t model consists of the ten asymmetric Gaussians with widths

dependent on the phase space of the constituent tracks. The likelihood function is constructed from

the product of all of the positive and negative tracks in the bin. Then, taking the log to form the

log-likelihood and explicity separating out positive and negative tracks, the log-likelihood is

LL(data;Y ±
e , Y

±
π , Y

±
K , Y

±
p , Y

±
D ) =

∑
i,j

ln

(
Yj√
2πσi

e
− 1

2

(
ϵi−µj
δσi

)2)
+
∑
k,l

ln

(
Yl√
2πσk

e
− 1

2

(
ϵk−µl
δσk

)2)
,



i ∈ positive tracks

j ∈ e+, π+,K+, p+, D+

k ∈ negative tracks

l ∈ e−, π−,K−, p−, D−

.

(9.5)

The Yi are the species �t yields, σi is the width of the energy loss distribution for a single track,

ϵi is the single track's energy loss truncated mean, µj is from Equation 9.2 and corresponds to the

center of each species' energy loss distribution, and δ is the asymmetry parameter, which is the

same for all ten Gaussians.

To allow for variations resulting from imperfections in the calibration, six more �t parameters

need to be introduced. Any misalignment to the predicted Bethe-Bloch functions for each species

is given by additional Xj terms, which modify each species' mean energy loss ⟨ϵ⟩j . (Here the index

j represents both the negative and positive particle species.) As the calibration is performed by

selecting and �tting to regions of phase space dominated by pions, there are two Xπ± terms to

descibe each kinematic bin's shift between the �t pion peak and the predicted pion peak. Then, the

other four shifts are de�ned as additional shifts for each particle species on top of the pion shift.

Except for the pions, each species' shift is the same whether it is negative or positive. Writing it
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out explicity, these terms modify ⟨ϵ⟩j in the following form:

⟨ϵ⟩j =



⟨ϵ⟩j +Xπ± , pions,

⟨ϵ⟩j +Xπ± +Xj , all other species,

j ∈ π±, e±,K±, p±, D±

. (9.6)

The widths also get additional modi�cation terms; the positive and negative track widths are

allowed to vary independantly of each other, and due to the greater amount of scattering electrons

undergo in comparison to the heavier particle species, the electrons are assigned a multiplicative

width factor as well. Similar to how the Bethe-Bloch misalignment shifts modify each species' mean

energy loss, the multiplicative width factors modify each track's σj by

σj =



f±feσj , if j = e±,

f±σj , if j ̸= e±,

j ∈ e±, π±,K±, p±, D±

. (9.7)

To summarize, there are a total of 22 parameters for each kinematic bin's �t. As the yields

are normalized to one and the contribution from negative deuterons is negligible, there are four

positive yield parameters and three negative yield parameters Yj . There are six Xj parameters to

describe any shifts between each species' �t mean energy loss and the Bethe-Bloch predicted energy;

two of these parameters describe the π+ and π− shifts, and the other four shifts are the same for

the positive and negative �ts for e±,K±, p±, and D±. Then, there are the four shaping parameters

f+, f−, fe, and d, and the four base widths σ0,Up, σ0,V, σ0,M, σ0,F. Finally, there is the scaling

parameter α, which brings the total parameter count up to 22.

Parameter limits are used to prevent unphysical switching between species' peaks during the

�t; for the pions the total allowed deviations from the predicted pion Bethe-Bloch were ±0.04,

and the rest of the species were allowed to deviate by ±0.05. Like with the invariant mass �t in

the neutral analysis, the minimization function passed to TMinuit was −2LL. Figure 9.2 shows a
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sample energy loss �t.

Figure 9.2: A sample data energy loss �t from the charged analysis. The top plot is for positively
charged particles, and the bottom plot is for negatively charged particles. A plot of the �t residual
over the total number of data points for each is shown below each �t; the �t residual is the �t result
minus the number of data points.

For the binning, as long as the total momentum bins are �ne enough, the dE/dx will remain

approximately constant in the covered phase space. When the bins were originally created for the

analyses by S. Johnson [76] and B. Rumberger [48], they were created to bin the space as �nely

as possible while still retaining adequate statistic for each energy loss �t. This analysis uses the

same binning scheme as B. Rumberger, with the removal of a handful of bins not covered by this

reaction's phase space.

As shown later in Figure 9.9, there are cross-over regions in the Bethe-Bloch curves for the

various particle species. When the Bethe-Bloch curves overlap, it is not possible to only use energy
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loss measurements to distinguish particles. The analysis for this thesis originally planned to use

joint time-of-�ight and energy loss measurements to cover the cross-over regions, like in the analysis

by M. Pavin [78], but this plan was abandoned for two reasons. First, during the time between

the dataset analyzed by M. Pavin and the 2017 90 GeV/c proton-carbon dataset, the TOFF wall

con�guration was reduced from 80 scintillator bars to 32 due to the addition of the FTPCs. In

addition, during the 2017 dataset, the TOFF wall PMT power supply malfunctioned and set 12

PMT voltages to -3,000 V, instead of -1,600 V. The data from the six scintillator bars connected to

these PMTs was rendered unusable for the entire dataset. As a result of the reduction in the phase

space coverage and the malfunctioning power supply, the TOFF wall does not provide phase space

coverage for the Bethe-Bloch cross-over regions for this dataset. (It is also worth mentioning part of

the problem in the lack of phase space coverage results from the magnetic �eld con�guration. The

magnetic �eld used during the data taking of the 90 GeV/c proton-carbon dataset was four times

stronger than the magnetic �eld in the dataset analyzed by M. Pavin; the stronger magnetic �eld

bends the lower-momentum particles outside the coverage of the TOFF wall. A stronger magnetic

�eld was used to be able to properly reconstruct particles with momentum up to 90 GeV/c, while

the dataset analyzed by M. Pavin had a 31 GeV/c proton beam.)

9.2 Cut Flow

Typically charged analyses in NA61/SHINE di�erentiate between right-side tracks (RSTs)

and wrong-side tracks (WSTs). RSTs are emitted from the target with momentum such that they

are bent in the same direction they were produced, and WSTs are emitted where they bend in the

opposite direction they were produced. This can be expressed in terms of the track's x momentum

px and charge q as


q · px > 0 RST,

q · px < 0 WST

. (9.8)
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The reason for di�erentiating these two track topologies arises from the TPC pad geometry.

The VTPC pads and some of the MTPC pads are angled with respect to the beamline in order for

RST tracks to traverse parallel to the pads, and WST tracks will cross pads at an angle. Tracks

that cross pads at an angle will produce distorted clusters, which make reconstructing the track

more di�cult. RST tracks are used in this analysis, and WST tracks are used as a cross-check.

Figure 9.3 shows a graphical depiction of RSTs and WSTS from SHINE's eventBrowser.

Figure 9.3: Left: RSTs curve in the same direction they were emitted from the target. Right:
WSTs curve in the opposite direction [48].

After the selection of RSTs, there are 11 cuts used to remove the background and improve the

signal for each kinematic bin. The �rst three cuts are the same event-level cuts used in the neutral

analysis. The beam particle is required to extrapolate within 0.95 cm of the center of the S4, there

is a 2.5 µs o�time particle cut, and the BPD track must be well-reconstructed and have a cluster

in the most downstream BPD.

After these three event-level cuts, there are six cuts applied for all particle species. The �rst

one, cut number 4, requires the main vertex of the event to be within 5 cm of the target center,

to ensure the particles were produced from an interaction inside the target. Then, the impact

parameter cut, (4.0, 2.0) cm in (x, y), further helps to ensure each track is coming from inside the
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target. After this, each track is required to have 12 total clusters for proper reconstruction; as only

the VTPCs and GTPC are inside the magnetic �eld, cut 7 is an additional cluster topology cut

that requires at least 12 VTPC clusters or 3 GTPC clusters for proper momentum reconstruction.

A potential points cut looks at the ratio of measured clusters versus potential clusters from the

number of pads the track crosses. The allowed potential points ratio is between 0.4 and 2.0, which

removes tracks with major cluster reconstruction issues. Finally, the ninth cut requires the track's

momentum to be less than 2.2 GeV/c or the track's energy loss to be less than 2.0 MIP. MIP stands

for minimum ionizing particle, and the energy loss calibration places the base of the pion energy loss

distribution at ∼ 1.0. This ninth cut removes tracks with an unreasonable energy loss measurement.

As mentioned earlier, and shown in Figure 9.9, there are Bethe-Bloch cross-over regions where

the energy loss cannot be used to distinguish particle species. These regions are removed from the

analysis by the tenth cut. For pions the removed momentum region is 1.64 < |p| < 2.02 GeV/c, for

protons it is 1.64 < |p| < 4.32 GeV/c, and for kaons it is 0.95 < |p| < 4.32 GeV/c.

The �nal cut, cut number 11, selects regions of uniform phi acceptance. For each kinematic

bin, a MC sample is generated, and only regions of uniform phi acceptance are used in the analysis

to ensure the proper application of the MC correction factors; Figure 9.4 shows the regions of ϕ

acceptance for one angular bin.

Figure 9.4: The yellow regions indicate phase space with good ϕ acceptance. Regions of poor ϕ
acceptance, the blue and green regions, are excluded by the ϕ acceptance cut. This exclusion is
then corrected for with the MC corrections.
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The event-level cut �ow is the same as shown in Table 8.2, and Table 9.1 shows the target-in

track-level cut �ow for the charged analysis.

Cut π+ π− K+ K− p p̄

00 No Cuts 3,630k 2,222k 3,100k 2,072k 4,068k 2,199k

01 S4 3,584k 2,194k 3,060k 2,044k 4,013k 2,170k

02 O�-Time Beam Particle 2,753k 1,683k 2,350k 1,569k 3,035k 1,665k

03 BPD Track 2,588k 1,581k 2,208k 1,473k 2,852k 1,564k

04 Main Vertex Z 2,217k 1,346k 1,882k 1,251k 2,467k 1,332k

05 Impact Parameter 2,052k 1,245k 1,738k 1,153k 2,272k 1,232k

06 Total Clusters 2,019k 1,224k 1,712k 1,135k 2,238k 1,213k

07 Cluster Topology 1,836k 1,114k 1,584k 1,056k 2,055k 1,109k

08 Potential Points 1,818 k 1,105k 1,575k 1,049k 2,001k 1,099k

09 Reasonable Energy Loss 1,810 k 1,100k 1,567k 1,043k 1,997k 1,094k

10 Bethe-Bloch Crossing 1,716k 1,024k 931k 541k 1,467k 686k

11 Phi Acceptance 701k 424k 411k 242k 580k 295k

Table 9.1: The track-level cut �ow for the target-in charged analysis.

Figure 9.5 shows the momentum distribution before applying any cuts. Figures 9.6, 9.7, and

9.8 show the binned phase space for positive RST pions, protons, and kaons, respectively, before

and after applying the analysis cuts. Finally, 9.9 shows the energy loss distribution for positive

pions before and after applying the analysis cuts.

Figure 9.5: The momentum distribution for positive particles before applying any cuts.
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(a) (b)

Figure 9.6: Left: The binned phase space for positive pions before applying any cuts. Right: After
applying all cuts in the pion analysis.

(a) (b)

Figure 9.7: Left: The binned phase space for positive protons before applying any cuts. Right:
After applying all cuts in the proton analysis.

(a) (b)

Figure 9.8: Left: The binned phase space for positive kaons before applying any cuts. Right: After
applying all cuts in the kaon analysis.
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(a) (b)

Figure 9.9: Left: The energy loss distribution for positive particles before applying any cuts. Right:
After applying all cuts in the pion analysis.

9.3 MC, Feed-Down, and Fit Bias Corrections

In an analagous manner to the neutral MC corrections discussed in Section 8.3, each kine-

matic bin in the charged analysis gets a MC correction factor; the one di�erence is that there is no

correction for selecting a decay branching ratio. The charged analysis also gets a feed-down correc-

tion, similar to the neutral analysis. (For example, K0
S can decay to positively charged pions outside

the target volume, and the pions from these decays need to be excluded from the multiplicity mea-

surements.) However, with the results of the neutral analysis in hand, it is possible to reweight the

charged feed-down corrections using the neutral hadron measurements, which signi�cantly reduces

the associated uncertainty. For a kinematic bin i in the charged analysis, the reweighting factor wi

is given by

wi =
mdata

i

mMC
i

, (9.9)

where mdata
i is the measured multiplicity a particular neutral hadron from the neutral analysis, and

mMC
i is the predicted MC multiplicity. Of course, these corrections can only be applied for bins

covered by the neutral analysis; if the bin is not covered, the feed-down correction has to be taken

completely from MC.

Lastly, there is also a �t bias correction applied to each bin in the charged analysis. Using the
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data �t results for each kinematic bin, the �t parameters were varied according to their distributions,

and each track's energy loss was simulated with the new �t parameters. This was done for a total

of 50 trials, and the �t bias correction factor was calculated as

c�ti =
1

Ntrials

Ntrials∑
n=1

(
y�tn − ytruen

ytruen

)
. (9.10)

Here Ntrials = 50, and y�tn and ytruen are the �t and true yields, respectively. Figure 9.10 shows the

results of a sample MC energy loss �t trial.

Figure 9.10: A sample MC energy loss �t trial.

Figures 9.11, 9.12, and 9.13 show the MC corrections excluding feed-down corrections, the

feed-down corrections, and the �t bias corrections, respectively, for pions, protons, and kaons. The

charged kaons do not get a feed-down correction.
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(a) (b)

(c) (d)

(e) (f)

Figure 9.11: Top Left: The MC corrections for positive pions, excluding the feed-down corrections.
Top Right: Negative pions. Middle Left: Positive protons. Middle Right: Negative protons. Bottom
Left: Positive kaons. Bottom Right: Negative kaons.

9.4 Results

Like with the neutral analysis, the normalized di�erential multiplicity is calculated for each

kinematic bin using Equation 8.13. Figures 9.14-9.28 show the results of the charged analysis for

π±, K±, and p/p̄. The details of the uncertainty calculcations are presented in Section 9.5, and the

numerical values are presented in Appendix A.



142

(a) (b)

(c) (d)

Figure 9.12: Top Left: The feed-down corrections for positive pions. Top Right: Negative pions.
Bottom Left: Positive protons. Bottom Right: Negative protons.

9.5 Uncertainties

The uncertainties for the charged analysis are calculated analagously to the methods described

in Section 8.7 for the neutral analysis, and the di�erences will be highlighted here. In the charged

analysis, the �t uncertainty is calculated from the standard deviation of the 50 �t trials for each

bins. For the feed-down uncertainty, if the parent particle is covered by the neutral analysis, the

uncertainty is taken from the neutral multiplicity measurement; if the bin is not covered, an uncer-

tainty of 50% is applied. Figure 9.29 shows the signi�cant reduction in the feed-down uncertainties

by reweighting with neutral data [32].

The only other di�erence in the calculated uncertainties comes from the reconstruction un-

certainty. On top of shifting the VTPCs by 200 µm, the GTPC and FTPC1 are shifted by 100 µm

in x as well. Figures 9.30-9.44 show the break down of uncertainties for each kinematic bin covered

by the neutral analysis.
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(a) (b)

(c) (d)

(e) (f)

Figure 9.13: Top Left: The �t bias corrections for positive pions. Top Right: Negative pions.
Middle Left: Positive protons. Middle Right: Negative protons. Bottom Left: Positive kaons.
Bottom Right: Negative kaons.
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Figure 9.14: π+ di�erential multiplicity results.
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Figure 9.15: π+ di�erential multiplicity results (continued).
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Figure 9.16: π+ di�erential multiplicity results (continued).
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Figure 9.17: π− di�erential multiplicity results.
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Figure 9.18: π− di�erential multiplicity results (continued).
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Figure 9.19: π− di�erential multiplicity results (continued).
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Figure 9.20: p di�erential multiplicity results.
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Figure 9.21: p di�erential multiplicity results (continued).

Figure 9.22: p di�erential multiplicity results (continued).
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Figure 9.23: p̄ di�erential multiplicity results.
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Figure 9.24: p̄ di�erential multiplicity results (continued).
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Figure 9.25: K+ di�erential multiplicity results.



155

Figure 9.26: K+ di�erential multiplicity results (continued).
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Figure 9.27: K− di�erential multiplicity results.
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Figure 9.28: K− di�erential multiplicity results (continued).

Figure 9.29: The signi�cant reduction in the feed-down uncertainties for 120 GeV/c proton-carbon
interactions by reweighting with neutral data [32].
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Figure 9.30: π+ di�erential multiplicity uncertainties.
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Figure 9.31: π+ di�erential multiplicity uncertainties (continued).
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Figure 9.32: π+ di�erential multiplicity uncertainties (continued).
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Figure 9.33: π− di�erential multiplicity uncertainties.
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Figure 9.34: π− di�erential multiplicity uncertainties (continued).
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Figure 9.35: π− di�erential multiplicity uncertainties (continued).
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Figure 9.36: p di�erential multiplicity uncertainties.
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Figure 9.37: p di�erential multiplicity uncertainties (continued).
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Figure 9.38: p di�erential multiplicity uncertainties (continued).
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Figure 9.39: p̄ di�erential multiplicity uncertainties.
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Figure 9.40: p̄ di�erential multiplicity uncertainties (continued).
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Figure 9.41: K+ di�erential multiplicity uncertainties.
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Figure 9.42: K+ di�erential multiplicity uncertainties (continued).
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Figure 9.43: K− di�erential multiplicity uncertainties.
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Figure 9.44: K− di�erential multiplicity uncertainties (continued).



Chapter 10

Conclusion

10.1 Momentum Scaling

Existing hadron production data only covers a small range of the phase space of the hadronic

interactions occurring in the production of neutrino beams for long-baseline neutrino oscillation

experiments. As a result of this, these experiments rely on a combination of MC modeling and

momentum scaling of existing data to describe regions not covered by existing hadron production

data.

From the approximate momentum scaling behavior of invariant cross sections, there are a

number of variables that appear to give reasonable predictions for scaling hadron production be-

tween di�erent momenta [3]. This thesis will brie�y compare hadron production for proton-carbon

interactions at 90 GeV/c and 120 GeV/c in two parameterizations. The data at 120 GeV/c comes

from the analysis performed by B. Rumberger [32].

The �rst parameterization is in pT , the transverse momentum of the produced hadron, and

the Feynman-x variable

xF ≡
p∗∥

P ∗
∥ (max)

≈
2p∗∥√
s
. (10.1)

All quantities are in the center of momentum (CM) frame. p∗∥ is the longitudinal momentum of

the produced particle, P ∗
∥ is the max allowed longitudinal momentum of the produced particle, and

s is the total energy. Following the procedure set by Aliaga and used for the NOνA experiment,
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the CM frame is calculated assuming a proton-proton collision [47]. This variable, xF , was initially

proposed as a method of describing particle production in a (beam) momentum invariant way.

The other parameterization is in pT and xR, de�ned as

xR ≡ E∗

E∗(max)
. (10.2)

Here E∗ is the energy of the produced particle in the CM frame, and E∗(max) is the max energy

available to the particle in the CM frame. Again the CM frame is calculated assuming a proton-

proton interaction. This variable comes from the work performed by Bonesini et al., and they found

xR to generally provide better momentum scaling than xF [3].

Figure 10.1 shows two sample regions of the pT , xF scaling, and Figure 10.2 shows two samples

regions of the pT , xR scaling for π+. These �gures help highlight the importance of covering a broad

region of phase space with hadron production measurements, as neither modeling nor momentum

scaling are truly accurate in describing hadron production, though xR does appear to provide a

better description than xF . A comparison with negatively charged pions was also performed, and

the results were found to be qualitatively similar.

(a) (b)

Figure 10.1: Comparison of π+ di�erential multiplicities for 90 GeV/c and 120 GeV/c proton-carbon
interactions parameterized in pT and xF . Left: 0.000 ≤ xF < 0.025. Right: 0.075 ≤ xF < 0.100.
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(a) (b)

Figure 10.2: Comparison of π+ di�erential multiplicities for 90 GeV/c and 120 GeV/c proton-carbon
interactions parameterized in pT and xR. Left: 0.024 ≤ xR < 0.027. Right: 0.063 ≤ xR < 0.066.

10.2 Discussion of Results

This thesis measured the di�erential multiplicity of charged (π±,K±, p/p̄) and neutral hadrons

(K0
S ,Λ, Λ̄) produced in proton-carbon interactions with a 90 GeV/c proton beam, where energy loss

was used for particle identi�cation.

As shown in Chapters 8 and 9, in many regions of phase space, MC predictions are often

inaccurate in predicting particle multiplicities in proton-carbon interactions, and this statement is

not only applicable to 90 GeV/c proton-carbon interactions. Figure 10.3 shows the MC predicted and

experimentally measured multiplicity of π+ in 120 GeV/c proton-carbon interactions for two sample

angle bins, and Figure 10.4 shows the measured p multiplicity; Figure 10.5 shows the multiplicity

results of π+ in 31 GeV/c proton-carbon interactions. Previously, Figure 3.8 showed the discrepancy

between T2K's predicted multiplicities and NA61/SHINE's experimental data.

In a similar manner to the comparisons between data and MC shown in Chapters 8 and 9 for

90 GeV/c proton-carbon interactions, Figures 10.3, 10.4, 10.5, and 3.8 highlight the importance of

experimental measurements; in some regions of phase space the MC predictions agree well with ex-

periment, but in many regions there is a large discrepancy between the two. Notably, QGSP_BERT

does not agree well with the NA61/SHINE data shown in these plots, and fails to agree with the

low angle pion data shown in Figure 9.14. Making any de�nitive, quantitative statements about
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Figure 10.3: Sample di�erential multiplicity results of π+ in 120 GeV/c proton-carbon interactions
[32]. This plot combines two seperate datasets into one multiplicity measurement.

Figure 10.4: Sample di�erential multiplicity results of p+ in 120 GeV/c proton-carbon interactions
[32]. This plot combines two seperate datasets into one multiplicity measurement.

the agreement between MC models and experimental data is di�cult; su�ce it to say that no one

model accurately matches NA61/SHINE's experimental data in all regions of phase space, and all

models signi�cantly incorrectly predict hadron production in certain regions of phase space.

The results of this thesis will be used to help accurately model neutrino �ux for long-baseline

neutrino oscillation experiments, which in turn will decrease the uncertainties on the quantities mea-

sured by the current and next generation of these neutrino oscillation experiments. The measured

particle multiplicities are compared via momentum scaling to a 120 GeV/c proton-carbon dataset

and to four GEANT4 physics models: FTFP_BERT, QBBC, QGSP_BERT, and FTF_BIC. Pro-

viding experimental data is vital to long-baseline neutrino oscillation experiments, as the model
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Figure 10.5: Sample di�erential multiplicity results of π+ in 31 GeV/c proton-carbon interactions
[49].

and momentum scaling predictions can be signi�cantly di�erent from the data. Future improve-

ments could include providing time-of-�ight information to �ll in the Bethe-Bloch overlap regions,

as well as a reduction of uncertainties on the measured multiplicities, such as the uncertainty on

the production cross section.
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Appendix A

Tables of Multiplicity Measurements

The di�erential multiplicity results for π±, K±, p, p̄, K0
S , Λ, and Λ̄ are presented in this

appendix. See Chapters 8 and 9 for a in-depth description of these results.

p [GeV/c] θ [rad] Multiplicity 1
GeV/c rad Total Unc. [%]

[2, 8] [0, 0.02] 0.029 +13.4
−19.5

[8, 12] [0, 0.02] 0.038 +14.3
−16.5

[12, 16] [0, 0.02] 0.032 +24.6
−21.9

[16, 25] [0, 0.02] 0.025 +19.4
−17.9

[1.5, 5.5] [0.02, 0.04] 0.045 +20.1
−16.4

[5.5, 7.5] [0.02, 0.04] 0.090 +20.0
−24.4

[7.5, 9.5] [0.02, 0.04] 0.079 +15.4
−18.0

[9.5, 12] [0.02, 0.04] 0.071 +21.7
−21.4

[12, 16] [0.02, 0.04] 0.049 +23.2
−24.0

[16, 25] [0.02, 0.04] 0.035 +24.8
−27.1

[25, 34] [0.02, 0.04] 0.007 +63.8
−65.3

[1.5, 4.5] [0.04, 0.06] 0.066 +18.6
−19.0

[4.5, 6.5] [0.04, 0.06] 0.096 +17.5
−17.5

[6.5, 8.5] [0.04, 0.06] 0.084 +26.1
−22.0

[8.5, 11] [0.04, 0.06] 0.058 +18.5
−22.4

[11, 20] [0.04, 0.06] 0.033 +17.6
−19.1



184

p [GeV/c] θ [rad] Multiplicity 1
GeV/c rad Total Unc. [%]

[1.5, 3.5] [0.06, 0.1] 0.081 +16.9
−16.9

[3.5, 5] [0.06, 0.1] 0.102 +18.2
−17.2

[5, 6.5] [0.06, 0.1] 0.086 +22.3
−20.4

[8, 10] [0.06, 0.1] 0.048 +17.9
−17.9

[10, 15] [0.06, 0.1] 0.015 +26.9
−17.4

[1.5, 3.5] [0.1, 0.14] 0.083 +18.9
−16.8

[3.5, 5] [0.1, 0.14] 0.086 +15.8
−19.1

[5, 6.5] [0.1, 0.14] 0.051 +21.5
−20.0

[6.5, 12] [0.1, 0.14] 0.015 +10.6
−9.6

[1.5, 3.5] [0.14, 0.18] 0.068 +13.3
−11.5

[3.5, 5] [0.14, 0.18] 0.046 +16.5
−16.3

[5, 9] [0.14, 0.18] 0.013 +17.0
−15.4

[1.5, 3.5] [0.18, 0.24] 0.061 +16.2
−14.9

[3.5, 7] [0.18, 0.24] 0.018 +15.6
−16.2

[1.5, 5] [0.24, 0.3] 0.028 +25.2
−23.8

Table A.1: K0
S di�erential multiplicity results for proton-

carbon interaction at 90 GeV/c

p [GeV/c] θ [rad] Multiplicity 1
GeV/c rad Total Unc. [%]

[3.5, 10] [0, 0.02] 0.013 +11.9
−11.4

[10, 14] [0, 0.02] 0.020 +13.0
−16.9

[14, 19] [0, 0.02] 0.030 +17.5
−19.3

[19, 24] [0, 0.02] 0.028 +26.6
−26.5

[24, 32] [0, 0.02] 0.042 +20.8
−20.3

[32, 40] [0, 0.02] 0.044 +43.8
−42.5

[1.5, 7] [0.02, 0.04] 0.025 +17.4
−17.5

[7, 10] [0.02, 0.04] 0.035 +12.4
−12.6



185

p [GeV/c] θ [rad] Multiplicity 1
GeV/c rad Total Unc. [%]

[10, 13] [0.02, 0.04] 0.042 +11.4
−14.7

[13, 17] [0.02, 0.04] 0.041 +19.6
−21.0

[17, 22] [0.02, 0.04] 0.032 +18.8
−13.5

[22, 32] [0.02, 0.04] 0.028 +30.5
−28.7

[32, 40] [0.02, 0.04] 0.008 +84.6
−39.4

[1.5, 6.5] [0.04, 0.06] 0.030 +23.1
−23.7

[6.5, 10] [0.04, 0.06] 0.040 +15.8
−15.1

[10, 15] [0.04, 0.06] 0.036 +16.8
−16.6

[15, 25] [0.04, 0.06] 0.015 +20.7
−18.6

[1.5, 5] [0.06, 0.1] 0.036 +18.7
−19.7

[5, 7] [0.06, 0.1] 0.041 +10.9
−10.0

[7, 10] [0.06, 0.1] 0.034 +12.9
−11.8

[10, 13] [0.06, 0.1] 0.019 +17.1
−13.6

[13, 18] [0.06, 0.1] 0.009 +13.3
−15.9

[1.5, 4.5] [0.1, 0.14] 0.042 +15.3
−15.6

[4.5, 6.5] [0.1, 0.14] 0.038 +10.4
−10.2

[6.5, 8.5] [0.1, 0.14] 0.021 +15.3
−14.5

[8.5, 12] [0.1, 0.14] 0.010 +13.4
−9.0

[1.5, 4.5] [0.14, 0.18] 0.044 +15.0
−16.4

[4.5, 9] [0.14, 0.18] 0.017 +10.2
−10.6

[1.5, 4] [0.18, 0.24] 0.050 +17.3
−18.4

[4, 7] [0.18, 0.24] 0.013 +15.5
−14.7

[1.5, 5] [0.24, 0.3] 0.024 +19.2
−17.8

Table A.2: Λ di�erential multiplicity results for proton-

carbon interaction at 90 GeV/c



186

p [GeV/c] θ [rad] Multiplicity 1
GeV/c rad Total Unc. [%]

[5, 15] [0, 0.04] 0.005 +18.6
−17.6

[15, 25] [0, 0.04] 0.002 +60.9
−60.7

[4.5, 12] [0.04, 0.08] 0.006 +21.8
−23.7

[12, 20] [0.04, 0.08] 0.002 +42.4
−20.7

[3.5, 8.5] [0.08, 0.16] 0.004 +22.6
−20.5

Table A.3: Λ̄ di�erential multiplicity results for proton-

carbon interaction at 90 GeV/c

p [GeV/c] θ [rad] Multiplicity 1
GeV/c rad Total Unc. [%]

[0.5, 1.64] [0, 0.005] 0.031 +22.9
−22.6

[2.02, 6] [0, 0.005] 0.115 +8.1
−7.2

[6, 9] [0, 0.005] 0.143 +6.5
−5.3

[9, 15] [0, 0.005] 0.158 +5.3
−3.7

[15, 18] [0, 0.005] 0.167 +6.1
−4.7

[18, 20] [0, 0.005] 0.173 +7.1
−6.0

[20, 25] [0, 0.005] 0.161 +6.5
−5.3

[25, 30] [0, 0.005] 0.128 +9.8
−9.0

[30, 36] [0, 0.005] 0.102 +6.5
−5.3

[36, 40] [0, 0.005] 0.082 +15.0
−14.5

[40, 50] [0, 0.005] 0.060 +15.0
−14.5

[50, 60] [0, 0.005] 0.016 +14.1
−13.6

[0.5, 1.64] [0.005, 0.01] 0.070 +18.7
−18.3

[2.02, 6] [0.005, 0.01] 0.323 +7.2
−6.1

[6, 9] [0.005, 0.01] 0.433 +5.7
−4.3

[9, 15] [0.005, 0.01] 0.476 +4.9
−3.1

[15, 20] [0.005, 0.01] 0.525 +5.4
−3.9

[20, 25] [0.005, 0.01] 0.443 +5.4
−3.8
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p [GeV/c] θ [rad] Multiplicity 1
GeV/c rad Total Unc. [%]

[25, 30] [0.005, 0.01] 0.302 +6.6
−5.4

[30, 35] [0.005, 0.01] 0.203 +8.0
−7.1

[35, 40] [0.005, 0.01] 0.150 +10.8
−10.1

[40, 45] [0.005, 0.01] 0.108 +11.0
−10.3

[45, 50] [0.005, 0.01] 0.066 +15.8
−15.3

[50, 55] [0.005, 0.01] 0.031 +24.8
−24.5

[0.5, 1.64] [0.01, 0.02] 0.174 +8.4
−7.4

[2.02, 4] [0.01, 0.02] 0.561 +6.2
−4.9

[4, 6] [0.01, 0.02] 0.863 +5.6
−4.1

[6, 9] [0.01, 0.02] 0.915 +5.8
−4.4

[9, 12] [0.01, 0.02] 0.937 +4.5
−2.4

[12, 15] [0.01, 0.02] 0.913 +4.6
−2.5

[15, 18] [0.01, 0.02] 0.803 +4.6
−2.6

[18, 21] [0.01, 0.02] 0.647 +4.5
−2.5

[21, 24] [0.01, 0.02] 0.499 +4.7
−2.7

[24, 27] [0.01, 0.02] 0.377 +4.8
−3.0

[27, 30] [0.01, 0.02] 0.291 +5.1
−3.4

[30, 35] [0.01, 0.02] 0.227 +6.7
−5.5

[35, 40] [0.01, 0.02] 0.132 +9.5
−8.7

[40, 45] [0.01, 0.02] 0.073 +16.5
−16.1

[45, 50] [0.01, 0.02] 0.054 +11.2
−10.5

[50, 55] [0.01, 0.02] 0.020 +28.8
−28.5

[0.5, 1.2] [0.02, 0.03] 0.226 +9.1
−8.3

[1.2, 1.64] [0.02, 0.03] 0.427 +16.8
−16.3

[2.02, 4] [0.02, 0.03] 0.946 +7.4
−6.4

[4, 6] [0.02, 0.03] 1.453 +5.9
−4.6

[6, 10] [0.02, 0.03] 1.393 +5.5
−4.0
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p [GeV/c] θ [rad] Multiplicity 1
GeV/c rad Total Unc. [%]

[10, 12] [0.02, 0.03] 1.158 +6.0
−4.7

[12, 15] [0.02, 0.03] 0.948 +4.5
−2.4

[15, 18] [0.02, 0.03] 0.685 +4.7
−2.8

[18, 20] [0.02, 0.03] 0.543 +4.9
−3.0

[20, 24] [0.02, 0.03] 0.417 +4.8
−3.0

[24, 27] [0.02, 0.03] 0.267 +7.5
−6.5

[27, 30] [0.02, 0.03] 0.170 +8.3
−7.4

[30, 33] [0.02, 0.03] 0.140 +7.2
−6.1

[33, 38] [0.02, 0.03] 0.080 +7.0
−5.9

[38, 42] [0.02, 0.03] 0.041 +8.1
−7.2

[0.5, 1.2] [0.03, 0.04] 0.261 +10.7
−10.0

[1.2, 1.64] [0.03, 0.04] 0.547 +10.2
−9.4

[2.02, 4] [0.03, 0.04] 1.284 +8.1
−7.2

[4, 6] [0.03, 0.04] 1.821 +6.2
−4.9

[6, 9] [0.03, 0.04] 1.551 +6.4
−5.1

[9, 12] [0.03, 0.04] 1.026 +5.4
−3.8

[12, 15] [0.03, 0.04] 0.719 +5.0
−3.2

[15, 18] [0.03, 0.04] 0.468 +5.4
−3.9

[18, 21] [0.03, 0.04] 0.301 +5.4
−3.8

[21, 24] [0.03, 0.04] 0.184 +5.8
−4.4

[24, 27] [0.03, 0.04] 0.102 +7.9
−7.0

[27, 30] [0.03, 0.04] 0.053 +8.5
−7.6

[30, 33] [0.03, 0.04] 0.040 +9.2
−8.4

[0.5, 1.2] [0.04, 0.05] 0.448 +7.9
−7.0

[1.2, 1.64] [0.04, 0.05] 0.791 +15.4
−15.0

[2.02, 4] [0.04, 0.05] 1.634 +5.5
−3.9

[4, 6] [0.04, 0.05] 2.006 +5.1
−3.4
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p [GeV/c] θ [rad] Multiplicity 1
GeV/c rad Total Unc. [%]

[6, 10] [0.04, 0.05] 1.461 +4.9
−3.1

[10, 12] [0.04, 0.05] 0.874 +4.7
−2.8

[12, 15] [0.04, 0.05] 0.553 +4.8
−3.0

[15, 18] [0.04, 0.05] 0.311 +5.1
−3.4

[18, 21] [0.04, 0.05] 0.160 +6.4
−5.1

[21, 25] [0.04, 0.05] 0.077 +6.4
−5.2

[0.5, 1.2] [0.05, 0.06] 0.566 +7.2
−6.1

[1.2, 1.64] [0.05, 0.06] 0.965 +20.8
−20.4

[2.02, 4] [0.05, 0.06] 1.776 +5.4
−3.9

[4, 6] [0.05, 0.06] 1.982 +5.3
−3.8

[6, 8] [0.05, 0.06] 1.515 +5.1
−3.3

[8, 10] [0.05, 0.06] 1.030 +5.2
−3.6

[10, 12] [0.05, 0.06] 0.642 +4.8
−2.9

[12, 15] [0.05, 0.06] 0.356 +5.4
−3.9

[15, 19] [0.05, 0.06] 0.158 +5.7
−4.2

[19, 21] [0.05, 0.06] 0.074 +8.6
−7.7

[0.5, 1.2] [0.06, 0.08] 0.766 +8.6
−7.7

[1.2, 1.64] [0.06, 0.08] 1.609 +7.9
−7.0

[2.02, 3] [0.06, 0.08] 2.166 +5.6
−4.1

[3, 4] [0.06, 0.08] 2.312 +5.1
−3.4

[4, 5] [0.06, 0.08] 1.928 +5.3
−3.7

[5, 6] [0.06, 0.08] 1.574 +4.8
−3.0

[6, 7] [0.06, 0.08] 1.349 +5.0
−3.2

[7, 8] [0.06, 0.08] 0.957 +4.9
−3.1

[8, 9] [0.06, 0.08] 0.790 +5.6
−4.1

[9, 10] [0.06, 0.08] 0.557 +6.5
−5.3

[10, 11] [0.06, 0.08] 0.424 +5.6
−4.1
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p [GeV/c] θ [rad] Multiplicity 1
GeV/c rad Total Unc. [%]

[11, 12] [0.06, 0.08] 0.343 +6.2
−4.8

[12, 13] [0.06, 0.08] 0.255 +5.7
−4.3

[13, 15] [0.06, 0.08] 0.166 +5.6
−4.1

[15, 17] [0.06, 0.08] 0.087 +9.3
−8.4

[0.5, 1.2] [0.08, 0.1] 0.906 +11.2
−10.5

[1.2, 1.64] [0.08, 0.1] 1.630 +9.0
−8.2

[2.02, 3] [0.08, 0.1] 2.171 +5.6
−4.2

[3, 4] [0.08, 0.1] 1.995 +5.0
−3.2

[4, 5] [0.08, 0.1] 1.567 +5.9
−4.6

[5, 6] [0.08, 0.1] 1.177 +6.0
−4.7

[6, 7] [0.08, 0.1] 0.813 +5.3
−3.7

[7, 8] [0.08, 0.1] 0.538 +6.8
−5.6

[8, 9] [0.08, 0.1] 0.393 +5.7
−4.2

[9, 10] [0.08, 0.1] 0.267 +6.5
−5.2

[10, 12] [0.08, 0.1] 0.147 +7.9
−7.0

[12, 14] [0.08, 0.1] 0.070 +6.7
−5.6

[0.5, 1.2] [0.1, 0.12] 1.028 +11.3
−10.6

[1.2, 1.64] [0.1, 0.12] 2.157 +5.3
−3.6

[2.02, 3] [0.1, 0.12] 2.155 +6.9
−5.8

[3, 4] [0.1, 0.12] 1.686 +6.0
−4.6

[4, 5] [0.1, 0.12] 1.165 +5.2
−3.6

[5, 6] [0.1, 0.12] 0.724 +5.2
−3.6

[6, 7] [0.1, 0.12] 0.465 +6.2
−4.9

[7, 8] [0.1, 0.12] 0.339 +6.6
−5.4

[8, 9] [0.1, 0.12] 0.221 +8.2
−7.2

[9, 12] [0.1, 0.12] 0.085 +6.8
−5.6

[0.5, 1.2] [0.12, 0.14] 1.085 +11.6
−10.9
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p [GeV/c] θ [rad] Multiplicity 1
GeV/c rad Total Unc. [%]

[1.2, 1.64] [0.12, 0.14] 1.919 +10.1
−9.4

[2.02, 3] [0.12, 0.14] 1.779 +6.1
−4.8

[3, 4] [0.12, 0.14] 1.361 +5.8
−4.4

[4, 5] [0.12, 0.14] 0.884 +6.2
−4.9

[5, 6] [0.12, 0.14] 0.496 +6.3
−5.0

[6, 7] [0.12, 0.14] 0.303 +6.3
−5.0

[7, 9] [0.12, 0.14] 0.140 +8.3
−7.3

[9, 10] [0.12, 0.14] 0.055 +14.9
−14.4

[0.5, 1.2] [0.14, 0.16] 1.188 +14.2
−13.7

[1.2, 1.64] [0.14, 0.16] 2.086 +11.1
−10.5

[2.02, 3] [0.14, 0.16] 1.638 +5.8
−4.4

[3, 4] [0.14, 0.16] 1.026 +5.3
−3.8

[4, 5] [0.14, 0.16] 0.585 +5.6
−4.2

[5, 6] [0.14, 0.16] 0.306 +6.0
−4.6

[6, 8] [0.14, 0.16] 0.138 +6.4
−5.1

[8, 9] [0.14, 0.16] 0.063 +11.4
−10.7

[0.5, 1.2] [0.16, 0.18] 1.239 +19.1
−18.7

[1.2, 1.64] [0.16, 0.18] 2.132 +11.5
−10.8

[2.02, 3] [0.16, 0.18] 1.327 +6.7
−5.6

[3, 4] [0.16, 0.18] 0.784 +6.5
−5.2

[4, 5] [0.16, 0.18] 0.455 +6.2
−4.9

[5, 7] [0.16, 0.18] 0.160 +8.0
−7.0

[7, 8] [0.16, 0.18] 0.052 +15.0
−14.6

[0.5, 1.2] [0.18, 0.2] 1.081 +24.1
−23.8

[1.2, 1.64] [0.18, 0.2] 1.703 +13.5
−13.0

[2.02, 3] [0.18, 0.2] 1.193 +10.7
−10.0

[3, 4] [0.18, 0.2] 0.659 +7.1
−6.0
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p [GeV/c] θ [rad] Multiplicity 1
GeV/c rad Total Unc. [%]

[4, 5] [0.18, 0.2] 0.317 +6.9
−5.8

[5, 7] [0.18, 0.2] 0.103 +10.1
−9.3

[0.5, 1.2] [0.2, 0.22] 1.039 +32.5
−32.3

[1.2, 1.64] [0.2, 0.22] 1.672 +15.8
−15.3

[2.02, 3] [0.2, 0.22] 1.015 +9.5
−8.7

[3, 4] [0.2, 0.22] 0.491 +9.7
−8.9

[4, 6] [0.2, 0.22] 0.179 +10.1
−9.3

[0.5, 1.2] [0.22, 0.24] 0.927 +45.0
−44.9

[1.2, 1.64] [0.22, 0.24] 1.463 +15.2
−14.8

[2.02, 3] [0.22, 0.24] 0.845 +13.4
−12.9

[3, 4] [0.22, 0.24] 0.373 +9.0
−8.1

[4, 6] [0.22, 0.24] 0.131 +10.0
−9.2

[1.2, 1.64] [0.24, 0.26] 1.058 +17.6
−17.1

[2.02, 3] [0.24, 0.26] 0.650 +14.3
−13.7

[3, 5] [0.24, 0.26] 0.218 +10.8
−10.1

[1.2, 1.64] [0.26, 0.28] 0.931 +28.0
−27.8

[2.02, 3] [0.26, 0.28] 0.546 +13.9
−13.4

[3, 5] [0.26, 0.28] 0.150 +7.5
−6.5

[2.02, 3] [0.28, 0.3] 0.443 +26.6
−26.3

[3, 5] [0.28, 0.3] 0.120 +16.5
−16.1

[2.02, 3] [0.3, 0.32] 0.141 +32.6
−32.4

[3, 5] [0.3, 0.32] 0.078 +25.5
−25.2

Table A.4: π+ di�erential multiplicity results for proton-

carbon interaction at 90 GeV/c
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p [GeV/c] θ [rad] Multiplicity 1
GeV/c rad Total Unc. [%]

[0.5, 1.64] [0, 0.005] 0.025 +22.6
−22.3

[2.02, 6] [0, 0.005] 0.104 +9.7
−8.9

[6, 9] [0, 0.005] 0.115 +9.0
−8.2

[9, 15] [0, 0.005] 0.132 +5.9
−4.5

[15, 18] [0, 0.005] 0.102 +7.6
−6.6

[18, 20] [0, 0.005] 0.095 +12.4
−11.8

[20, 25] [0, 0.005] 0.087 +6.8
−5.7

[25, 30] [0, 0.005] 0.063 +9.9
−9.1

[30, 36] [0, 0.005] 0.046 +11.4
−10.7

[36, 40] [0, 0.005] 0.031 +14.0
−13.5

[40, 50] [0, 0.005] 0.018 +8.9
−8.0

[50, 60] [0, 0.005] 0.005 +18.1
−17.7

[0.5, 1.64] [0.005, 0.01] 0.067 +18.4
−18.0

[2.02, 6] [0.005, 0.01] 0.325 +7.5
−6.4

[6, 9] [0.005, 0.01] 0.337 +6.5
−5.4

[9, 15] [0.005, 0.01] 0.359 +5.7
−4.2

[15, 20] [0.005, 0.01] 0.266 +6.0
−4.6

[20, 25] [0.005, 0.01] 0.227 +5.9
−4.5

[25, 30] [0.005, 0.01] 0.152 +8.8
−8.0

[30, 35] [0.005, 0.01] 0.103 +9.0
−8.1

[35, 40] [0.005, 0.01] 0.069 +13.6
−13.1

[40, 45] [0.005, 0.01] 0.039 +16.3
−15.9

[45, 50] [0.005, 0.01] 0.021 +22.4
−22.1

[50, 55] [0.005, 0.01] 0.010 +22.9
−22.5

[0.5, 1.64] [0.01, 0.02] 0.170 +11.4
−10.8

[2.02, 4] [0.01, 0.02] 0.521 +5.5
−4.0

[4, 6] [0.01, 0.02] 0.728 +5.8
−4.4
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[6, 9] [0.01, 0.02] 0.753 +5.0
−3.2

[9, 12] [0.01, 0.02] 0.646 +4.8
−3.0

[12, 15] [0.01, 0.02] 0.551 +5.2
−3.5

[15, 18] [0.01, 0.02] 0.455 +5.0
−3.2

[18, 21] [0.01, 0.02] 0.332 +4.9
−3.1

[21, 24] [0.01, 0.02] 0.258 +5.1
−3.4

[24, 27] [0.01, 0.02] 0.192 +5.3
−3.7

[27, 30] [0.01, 0.02] 0.141 +5.8
−4.3

[30, 35] [0.01, 0.02] 0.099 +6.7
−5.5

[35, 40] [0.01, 0.02] 0.060 +10.9
−10.2

[40, 45] [0.01, 0.02] 0.028 +14.2
−13.7

[45, 50] [0.01, 0.02] 0.013 +21.3
−21.0

[50, 55] [0.01, 0.02] 0.008 +23.5
−23.2

[0.5, 1.2] [0.02, 0.03] 0.201 +13.2
−12.6

[1.2, 1.64] [0.02, 0.03] 0.269 +16.6
−16.2

[2.02, 4] [0.02, 0.03] 0.873 +5.5
−4.0

[4, 6] [0.02, 0.03] 1.168 +5.4
−3.9

[6, 10] [0.02, 0.03] 1.151 +5.1
−3.4

[10, 12] [0.02, 0.03] 0.817 +4.6
−2.6

[12, 15] [0.02, 0.03] 0.616 +4.5
−2.5

[15, 18] [0.02, 0.03] 0.417 +4.7
−2.7

[18, 20] [0.02, 0.03] 0.315 +5.1
−3.4

[20, 24] [0.02, 0.03] 0.225 +5.2
−3.5

[24, 27] [0.02, 0.03] 0.127 +6.2
−4.9

[27, 30] [0.02, 0.03] 0.089 +6.8
−5.7

[30, 33] [0.02, 0.03] 0.053 +8.7
−7.8

[33, 38] [0.02, 0.03] 0.029 +9.4
−8.6
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[38, 42] [0.02, 0.03] 0.013 +15.6
−15.1

[0.5, 1.2] [0.03, 0.04] 0.270 +12.9
−12.3

[1.2, 1.64] [0.03, 0.04] 0.427 +15.7
−15.3

[2.02, 4] [0.03, 0.04] 1.133 +6.2
−4.8

[4, 6] [0.03, 0.04] 1.436 +5.8
−4.4

[6, 9] [0.03, 0.04] 1.312 +7.0
−5.9

[9, 12] [0.03, 0.04] 0.859 +5.0
−3.3

[12, 15] [0.03, 0.04] 0.492 +4.7
−2.8

[15, 18] [0.03, 0.04] 0.302 +5.2
−3.6

[18, 21] [0.03, 0.04] 0.168 +5.7
−4.3

[21, 24] [0.03, 0.04] 0.094 +6.8
−5.6

[24, 27] [0.03, 0.04] 0.055 +9.3
−8.5

[27, 30] [0.03, 0.04] 0.026 +10.3
−9.6

[30, 33] [0.03, 0.04] 0.018 +18.7
−18.3

[0.5, 1.2] [0.04, 0.05] 0.462 +10.0
−9.3

[1.2, 1.64] [0.04, 0.05] 0.508 +21.7
−21.4

[2.02, 4] [0.04, 0.05] 1.372 +5.6
−4.1

[4, 6] [0.04, 0.05] 1.491 +4.5
−2.3

[6, 10] [0.04, 0.05] 1.044 +4.8
−2.9

[10, 12] [0.04, 0.05] 0.587 +4.6
−2.7

[12, 15] [0.04, 0.05] 0.358 +4.6
−2.6

[15, 18] [0.04, 0.05] 0.180 +4.9
−3.1

[18, 21] [0.04, 0.05] 0.090 +6.9
−5.8

[21, 25] [0.04, 0.05] 0.038 +7.2
−6.1

[0.5, 1.2] [0.05, 0.06] 0.491 +9.5
−8.7

[1.2, 1.64] [0.05, 0.06] 0.836 +25.6
−25.3

[2.02, 4] [0.05, 0.06] 1.611 +6.3
−5.0
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[4, 6] [0.05, 0.06] 1.578 +4.6
−2.7

[6, 8] [0.05, 0.06] 1.129 +4.6
−2.6

[8, 10] [0.05, 0.06] 0.759 +5.2
−3.5

[10, 12] [0.05, 0.06] 0.458 +5.6
−4.2

[12, 15] [0.05, 0.06] 0.239 +5.4
−3.9

[15, 19] [0.05, 0.06] 0.086 +6.0
−4.6

[19, 21] [0.05, 0.06] 0.041 +9.6
−8.8

[0.5, 1.2] [0.06, 0.08] 0.606 +9.7
−8.9

[1.2, 1.64] [0.06, 0.08] 1.451 +10.7
−10.0

[2.02, 3] [0.06, 0.08] 1.849 +6.0
−4.6

[3, 4] [0.06, 0.08] 1.887 +5.1
−3.4

[4, 5] [0.06, 0.08] 1.568 +4.6
−2.6

[5, 6] [0.06, 0.08] 1.327 +5.4
−3.8

[6, 7] [0.06, 0.08] 1.001 +4.8
−2.9

[7, 8] [0.06, 0.08] 0.770 +5.2
−3.6

[8, 9] [0.06, 0.08] 0.593 +6.2
−4.8

[9, 10] [0.06, 0.08] 0.421 +5.5
−4.0

[10, 11] [0.06, 0.08] 0.330 +6.7
−5.5

[11, 12] [0.06, 0.08] 0.243 +7.4
−6.4

[12, 13] [0.06, 0.08] 0.165 +6.7
−5.5

[13, 15] [0.06, 0.08] 0.107 +6.0
−4.7

[15, 17] [0.06, 0.08] 0.050 +9.0
−8.2

[0.5, 1.2] [0.08, 0.1] 0.822 +9.7
−8.9

[1.2, 1.64] [0.08, 0.1] 1.538 +10.8
−10.1

[2.02, 3] [0.08, 0.1] 2.110 +6.0
−4.7

[3, 4] [0.08, 0.1] 1.845 +4.8
−3.0

[4, 5] [0.08, 0.1] 1.349 +4.9
−3.1
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[5, 6] [0.08, 0.1] 0.960 +5.0
−3.3

[6, 7] [0.08, 0.1] 0.672 +5.5
−3.9

[7, 8] [0.08, 0.1] 0.481 +5.2
−3.5

[8, 9] [0.08, 0.1] 0.316 +5.9
−4.6

[9, 10] [0.08, 0.1] 0.197 +7.7
−6.7

[10, 12] [0.08, 0.1] 0.115 +5.7
−4.2

[12, 14] [0.08, 0.1] 0.044 +8.1
−7.1

[0.5, 1.2] [0.1, 0.12] 0.879 +10.8
−10.2

[1.2, 1.64] [0.1, 0.12] 1.669 +9.2
−8.4

[2.02, 3] [0.1, 0.12] 1.802 +6.3
−5.0

[3, 4] [0.1, 0.12] 1.513 +5.5
−3.9

[4, 5] [0.1, 0.12] 1.049 +5.9
−4.5

[5, 6] [0.1, 0.12] 0.648 +5.6
−4.1

[6, 7] [0.1, 0.12] 0.411 +6.0
−4.7

[7, 8] [0.1, 0.12] 0.255 +7.8
−6.8

[8, 9] [0.1, 0.12] 0.160 +9.5
−8.7

[9, 12] [0.1, 0.12] 0.065 +6.1
−4.8

[0.5, 1.2] [0.12, 0.14] 0.872 +12.3
−11.7

[1.2, 1.64] [0.12, 0.14] 1.662 +9.3
−8.4

[2.02, 3] [0.12, 0.14] 1.703 +8.2
−7.3

[3, 4] [0.12, 0.14] 1.229 +6.5
−5.2

[4, 5] [0.12, 0.14] 0.801 +6.3
−5.1

[5, 6] [0.12, 0.14] 0.409 +6.4
−5.2

[6, 7] [0.12, 0.14] 0.238 +7.5
−6.4

[7, 9] [0.12, 0.14] 0.117 +10.1
−9.4

[9, 10] [0.12, 0.14] 0.048 +10.3
−9.6

[0.5, 1.2] [0.14, 0.16] 0.818 +10.3
−9.6
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[1.2, 1.64] [0.14, 0.16] 1.600 +11.4
−10.8

[2.02, 3] [0.14, 0.16] 1.472 +6.5
−5.2

[3, 4] [0.14, 0.16] 0.936 +7.8
−6.9

[4, 5] [0.14, 0.16] 0.589 +6.3
−5.0

[5, 6] [0.14, 0.16] 0.295 +7.0
−5.9

[6, 8] [0.14, 0.16] 0.102 +7.4
−6.4

[8, 9] [0.14, 0.16] 0.034 +15.6
−15.1

[0.5, 1.2] [0.16, 0.18] 0.726 +15.1
−14.6

[1.2, 1.64] [0.16, 0.18] 1.032 +23.1
−22.7

[2.02, 3] [0.16, 0.18] 1.189 +6.0
−4.7

[3, 4] [0.16, 0.18] 0.673 +5.9
−4.6

[4, 5] [0.16, 0.18] 0.326 +6.2
−4.9

[5, 7] [0.16, 0.18] 0.127 +7.1
−6.0

[7, 8] [0.16, 0.18] 0.044 +12.2
−11.6

[0.5, 1.2] [0.18, 0.2] 0.687 +42.1
−41.9

[1.2, 1.64] [0.18, 0.2] 1.277 +14.4
−13.8

[2.02, 3] [0.18, 0.2] 1.037 +6.7
−5.5

[3, 4] [0.18, 0.2] 0.494 +6.5
−5.2

[4, 5] [0.18, 0.2] 0.232 +7.6
−6.5

[5, 7] [0.18, 0.2] 0.077 +9.6
−8.8

[1.2, 1.64] [0.2, 0.22] 1.012 +16.4
−15.9

[2.02, 3] [0.2, 0.22] 0.835 +9.3
−8.5

[3, 4] [0.2, 0.22] 0.342 +7.1
−6.0

[4, 6] [0.2, 0.22] 0.095 +7.3
−6.2

[1.2, 1.64] [0.22, 0.24] 0.905 +43.1
−42.9

[2.02, 3] [0.22, 0.24] 0.617 +11.9
−11.3

[3, 4] [0.22, 0.24] 0.269 +9.5
−8.7
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[4, 6] [0.22, 0.24] 0.077 +10.2
−9.5

[2.02, 3] [0.24, 0.26] 0.534 +27.0
−26.8

[3, 5] [0.24, 0.26] 0.149 +15.7
−15.2

[2.02, 3] [0.26, 0.28] 0.386 +45.5
−45.4

[3, 5] [0.26, 0.28] 0.105 +28.3
−28.0

[0.5, 1.2] [0.28, 0.3] 0.462 +30.4
−30.2

[2.02, 3] [0.28, 0.3] 0.257 +37.3
−37.1

[3, 5] [0.28, 0.3] 0.058 +35.3
−35.1

[0.5, 1.2] [0.3, 0.32] 0.322 +12.1
−11.5

[1.2, 1.64] [0.3, 0.32] 0.308 +46.7
−46.5

[2.02, 3] [0.3, 0.32] 0.220 +36.7
−36.5

[3, 5] [0.3, 0.32] 0.049 +32.4
−32.2

[1.2, 1.64] [0.32, 0.34] 0.192 +47.9
−47.8

Table A.5: π− di�erential multiplicity results for proton-

carbon interaction at 90 GeV/c

p [GeV/c] θ [rad] Multiplicity 1
GeV/c rad Total Unc. [%]

[4.32, 13] [0, 0.005] 0.023 +9.0
−8.3

[13, 18] [0, 0.005] 0.039 +9.2
−8.3

[18, 25] [0, 0.005] 0.065 +7.4
−6.2

[25, 31] [0, 0.005] 0.083 +9.2
−8.4

[31, 36] [0, 0.005] 0.123 +8.8
−8.0

[36, 41] [0, 0.005] 0.160 +10.8
−10.1

[41, 46] [0, 0.005] 0.197 +11.3
−10.6

[46, 50] [0, 0.005] 0.232 +8.1
−7.1

[50, 56] [0, 0.005] 0.286 +9.4
−8.6

[56, 61] [0, 0.005] 0.346 +9.2
−8.4
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[61, 66] [0, 0.005] 0.348 +10.5
−9.8

[66, 71] [0, 0.005] 0.412 +9.6
−8.8

[71, 76] [0, 0.005] 0.455 +12.0
−11.4

[76, 81] [0, 0.005] 0.536 +10.7
−10.1

[81, 85] [0, 0.005] 0.617 +11.6
−10.9

[85, 95] [0, 0.005] 0.515 +8.7
−7.8

[0.5, 1.64] [0.005, 0.01] 0.010 +48.7
−48.5

[4.32, 10] [0.005, 0.01] 0.045 +11.4
−10.9

[10, 15] [0.005, 0.01] 0.083 +9.3
−8.6

[15, 20] [0.005, 0.01] 0.129 +7.5
−6.4

[20, 25] [0.005, 0.01] 0.180 +6.9
−5.8

[25, 30] [0.005, 0.01] 0.211 +8.6
−7.7

[30, 35] [0.005, 0.01] 0.278 +10.9
−10.3

[35, 40] [0.005, 0.01] 0.295 +12.1
−11.5

[40, 45] [0.005, 0.01] 0.340 +16.1
−15.7

[45, 50] [0.005, 0.01] 0.336 +8.5
−7.6

[50, 60] [0.005, 0.01] 0.308 +21.3
−21.0

[60, 65] [0.005, 0.01] 0.411 +16.3
−15.9

[65, 70] [0.005, 0.01] 0.333 +25.1
−24.8

[70, 75] [0.005, 0.01] 0.300 +12.9
−12.3

[75, 80] [0.005, 0.01] 0.280 +12.9
−12.4

[80, 85] [0.005, 0.01] 0.278 +14.6
−14.1

[85, 95] [0.005, 0.01] 0.080 +9.4
−8.6

[0.5, 1.64] [0.01, 0.02] 0.021 +21.9
−21.6

[4.32, 7] [0.01, 0.02] 0.082 +8.2
−7.3

[7, 9] [0.01, 0.02] 0.103 +8.6
−7.8

[9, 12] [0.01, 0.02] 0.120 +6.8
−5.8
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[12, 15] [0.01, 0.02] 0.157 +6.4
−5.3

[15, 18] [0.01, 0.02] 0.208 +7.1
−5.9

[18, 21] [0.01, 0.02] 0.256 +7.4
−6.2

[21, 24] [0.01, 0.02] 0.273 +7.3
−6.1

[24, 27] [0.01, 0.02] 0.309 +5.9
−4.6

[27, 30] [0.01, 0.02] 0.296 +7.9
−7.0

[30, 34] [0.01, 0.02] 0.376 +6.3
−5.1

[34, 39] [0.01, 0.02] 0.353 +8.2
−7.3

[39, 44] [0.01, 0.02] 0.323 +6.2
−5.0

[44, 49] [0.01, 0.02] 0.247 +9.6
−8.8

[49, 54] [0.01, 0.02] 0.151 +19.6
−19.2

[54, 59] [0.01, 0.02] 0.149 +26.3
−26.0

[59, 64] [0.01, 0.02] 0.069 +26.1
−25.9

[64, 70] [0.01, 0.02] 0.111 +19.8
−19.5

[70, 76] [0.01, 0.02] 0.068 +20.8
−20.5

[76, 85] [0.01, 0.02] 0.044 +22.2
−21.9

[85, 95] [0.01, 0.02] 0.007 +20.3
−19.9

[0.5, 1.64] [0.02, 0.03] 0.037 +16.9
−16.5

[4.32, 6] [0.02, 0.03] 0.121 +9.6
−8.8

[6, 8] [0.02, 0.03] 0.139 +8.9
−8.1

[8, 10] [0.02, 0.03] 0.162 +7.9
−7.0

[10, 12] [0.02, 0.03] 0.177 +7.3
−6.3

[12, 14] [0.02, 0.03] 0.198 +6.8
−5.6

[14, 16] [0.02, 0.03] 0.215 +6.5
−5.3

[16, 18] [0.02, 0.03] 0.226 +7.3
−6.1

[18, 20] [0.02, 0.03] 0.238 +6.1
−4.7

[20, 22] [0.02, 0.03] 0.247 +6.8
−5.5
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[22, 24] [0.02, 0.03] 0.250 +5.9
−4.5

[24, 26] [0.02, 0.03] 0.244 +6.6
−5.4

[26, 29] [0.02, 0.03] 0.227 +6.2
−4.9

[29, 34] [0.02, 0.03] 0.209 +5.5
−4.0

[34, 40] [0.02, 0.03] 0.171 +6.9
−5.8

[40, 46] [0.02, 0.03] 0.097 +13.5
−12.9

[46, 52] [0.02, 0.03] 0.064 +12.0
−11.4

[0.5, 1.64] [0.03, 0.04] 0.058 +18.3
−17.9

[4.32, 6] [0.03, 0.04] 0.149 +10.5
−9.8

[6, 8] [0.03, 0.04] 0.163 +9.2
−8.4

[8, 10] [0.03, 0.04] 0.172 +8.7
−7.8

[10, 12] [0.03, 0.04] 0.162 +8.4
−7.5

[12, 13] [0.03, 0.04] 0.192 +9.3
−8.5

[13, 15] [0.03, 0.04] 0.180 +7.2
−6.1

[15, 18] [0.03, 0.04] 0.174 +6.9
−5.6

[18, 21] [0.03, 0.04] 0.164 +6.2
−4.8

[21, 26] [0.03, 0.04] 0.126 +6.8
−5.6

[26, 32] [0.03, 0.04] 0.087 +7.4
−6.3

[32, 35] [0.03, 0.04] 0.058 +9.9
−9.1

[0.5, 1.64] [0.04, 0.05] 0.082 +12.8
−12.2

[4.32, 6] [0.04, 0.05] 0.249 +6.8
−5.7

[6, 8] [0.04, 0.05] 0.293 +5.8
−4.3

[8, 10] [0.04, 0.05] 0.261 +5.8
−4.3

[10, 12] [0.04, 0.05] 0.254 +6.1
−4.7

[12, 15] [0.04, 0.05] 0.227 +5.9
−4.5

[15, 21] [0.04, 0.05] 0.151 +6.1
−4.7

[21, 26] [0.04, 0.05] 0.076 +6.1
−4.7
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[0.5, 1.64] [0.05, 0.06] 0.093 +13.0
−12.4

[4.32, 6] [0.05, 0.06] 0.279 +7.4
−6.4

[6, 8] [0.05, 0.06] 0.311 +6.6
−5.3

[8, 11] [0.05, 0.06] 0.273 +6.0
−4.6

[11, 15] [0.05, 0.06] 0.211 +6.0
−4.6

[15, 21] [0.05, 0.06] 0.101 +6.5
−5.3

[0.5, 1.64] [0.06, 0.08] 0.140 +10.9
−10.2

[4.32, 5] [0.06, 0.08] 0.294 +7.9
−6.9

[5, 7] [0.06, 0.08] 0.319 +7.0
−5.8

[7, 9] [0.06, 0.08] 0.267 +7.2
−6.1

[9, 14] [0.06, 0.08] 0.175 +5.6
−4.1

[14, 17] [0.06, 0.08] 0.087 +6.0
−4.7

[0.5, 1.64] [0.08, 0.1] 0.188 +8.6
−7.7

[4.32, 5] [0.08, 0.1] 0.334 +7.4
−6.3

[5, 9] [0.08, 0.1] 0.256 +6.8
−5.6

[9, 13] [0.08, 0.1] 0.111 +6.8
−5.6

[0.5, 1.64] [0.1, 0.12] 0.194 +9.6
−8.8

[4.32, 5] [0.1, 0.12] 0.349 +10.8
−10.1

[5, 11] [0.1, 0.12] 0.145 +6.5
−5.2

[0.5, 1.64] [0.12, 0.14] 0.230 +7.4
−6.3

[4.32, 5] [0.12, 0.14] 0.291 +8.8
−7.9

[5, 9] [0.12, 0.14] 0.150 +6.9
−5.7

[0.5, 1.64] [0.14, 0.16] 0.263 +11.5
−10.8

[4.32, 5] [0.14, 0.16] 0.223 +8.2
−7.2

[5, 8] [0.14, 0.16] 0.113 +7.6
−6.6

[0.5, 1.64] [0.16, 0.18] 0.290 +8.1
−7.2

[4.32, 7] [0.16, 0.18] 0.117 +9.7
−8.9
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[0.5, 1.64] [0.18, 0.2] 0.318 +10.9
−10.2

[4.32, 6] [0.18, 0.2] 0.115 +10.6
−9.8

[0.5, 1.64] [0.2, 0.22] 0.283 +15.1
−14.6

[4.32, 5] [0.2, 0.22] 0.151 +19.3
−18.9

[0.5, 1.64] [0.22, 0.24] 0.299 +29.6
−29.3

[0.5, 1.64] [0.24, 0.26] 0.320 +45.3
−45.1

Table A.6: p di�erential multiplicity results for proton-

carbon interaction at 90 GeV/c

p [GeV/c] θ [rad] Multiplicity 1
GeV/c rad Total Unc. [%]

[4.32, 13] [0, 0.005] 0.004 +23.9
−23.2

[13, 18] [0, 0.005] 0.003 +36.9
−36.7

[25, 31] [0, 0.005] 0.001 +40.3
−40.1

[4.32, 10] [0.005, 0.01] 0.005 +24.3
−23.8

[10, 15] [0.005, 0.01] 0.008 +39.6
−39.4

[15, 20] [0.005, 0.01] 0.005 +36.6
−36.4

[20, 25] [0.005, 0.01] 0.007 +34.7
−34.5

[25, 30] [0.005, 0.01] 0.002 +46.7
−46.6

[4.32, 7] [0.01, 0.02] 0.010 +19.9
−19.0

[7, 9] [0.01, 0.02] 0.011 +23.7
−22.9

[9, 12] [0.01, 0.02] 0.013 +18.9
−18.1

[12, 15] [0.01, 0.02] 0.010 +19.8
−19.2

[15, 18] [0.01, 0.02] 0.007 +20.6
−20.2

[18, 21] [0.01, 0.02] 0.008 +22.8
−22.5

[21, 24] [0.01, 0.02] 0.003 +34.9
−34.7

[24, 27] [0.01, 0.02] 0.003 +41.0
−40.8

[27, 30] [0.01, 0.02] 0.004 +32.5
−32.3
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[30, 34] [0.01, 0.02] 0.002 +45.1
−45.0

[4.32, 6] [0.02, 0.03] 0.012 +21.4
−20.6

[6, 8] [0.02, 0.03] 0.014 +19.1
−18.2

[8, 10] [0.02, 0.03] 0.015 +15.8
−14.7

[10, 12] [0.02, 0.03] 0.011 +17.2
−16.4

[12, 14] [0.02, 0.03] 0.016 +14.3
−13.7

[14, 16] [0.02, 0.03] 0.010 +17.7
−17.3

[16, 18] [0.02, 0.03] 0.009 +20.8
−20.5

[18, 20] [0.02, 0.03] 0.005 +24.5
−24.2

[20, 22] [0.02, 0.03] 0.005 +41.4
−41.2

[22, 24] [0.02, 0.03] 0.005 +37.7
−37.5

[24, 26] [0.02, 0.03] 0.003 +44.6
−44.5

[26, 29] [0.02, 0.03] 0.003 +32.8
−32.6

[29, 34] [0.02, 0.03] 0.001 +38.8
−38.6

[4.32, 6] [0.03, 0.04] 0.012 +23.7
−23.2

[6, 8] [0.03, 0.04] 0.011 +22.8
−22.3

[8, 10] [0.03, 0.04] 0.016 +15.4
−14.6

[10, 12] [0.03, 0.04] 0.014 +16.7
−15.8

[12, 13] [0.03, 0.04] 0.014 +24.9
−24.4

[13, 15] [0.03, 0.04] 0.007 +34.0
−33.7

[15, 18] [0.03, 0.04] 0.007 +20.4
−20.1

[18, 21] [0.03, 0.04] 0.005 +31.2
−31.0

[21, 26] [0.03, 0.04] 0.002 +32.3
−32.1

[4.32, 6] [0.04, 0.05] 0.026 +14.4
−13.6

[6, 8] [0.04, 0.05] 0.031 +12.4
−11.6

[8, 10] [0.04, 0.05] 0.032 +11.0
−10.1

[10, 12] [0.04, 0.05] 0.023 +11.4
−10.4
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[12, 15] [0.04, 0.05] 0.018 +12.0
−11.3

[15, 21] [0.04, 0.05] 0.007 +12.5
−11.9

[4.32, 6] [0.05, 0.06] 0.029 +12.2
−11.6

[6, 8] [0.05, 0.06] 0.030 +12.2
−11.6

[8, 11] [0.05, 0.06] 0.023 +14.0
−13.5

[11, 15] [0.05, 0.06] 0.015 +11.6
−10.9

[15, 21] [0.05, 0.06] 0.005 +21.0
−20.6

[4.32, 5] [0.06, 0.08] 0.044 +24.3
−24.0

[5, 7] [0.06, 0.08] 0.042 +11.4
−10.8

[7, 9] [0.06, 0.08] 0.028 +16.8
−16.5

[9, 14] [0.06, 0.08] 0.016 +10.3
−9.6

[14, 17] [0.06, 0.08] 0.005 +19.8
−19.5

[4.32, 5] [0.08, 0.1] 0.046 +17.9
−17.7

[5, 9] [0.08, 0.1] 0.028 +17.7
−17.8

[9, 13] [0.08, 0.1] 0.012 +19.1
−19.1

[4.32, 5] [0.1, 0.12] 0.056 +22.2
−22.0

[5, 11] [0.1, 0.12] 0.017 +14.2
−14.0

[4.32, 5] [0.12, 0.14] 0.034 +30.9
−30.7

[5, 9] [0.12, 0.14] 0.017 +15.4
−15.2

[4.32, 5] [0.14, 0.16] 0.031 +23.2
−22.9

[5, 8] [0.14, 0.16] 0.012 +19.1
−19.0

[4.32, 7] [0.16, 0.18] 0.010 +22.8
−22.5

[0.5, 1.64] [0.18, 0.2] 0.010 +38.4
−38.2

[4.32, 6] [0.18, 0.2] 0.008 +28.2
−27.9

Table A.7: p̄ di�erential multiplicity results for proton-

carbon interaction at 90 GeV/c
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[4.32, 21] [0, 0.005] 0.005 +29.5
−29.2

[21, 36] [0, 0.005] 0.009 +30.8
−30.6

[4.32, 11] [0.005, 0.01] 0.026 +26.6
−26.3

[11, 17] [0.005, 0.01] 0.038 +22.0
−21.7

[17, 24] [0.005, 0.01] 0.034 +17.1
−16.6

[24, 32] [0.005, 0.01] 0.045 +16.1
−15.6

[4.32, 9] [0.01, 0.02] 0.052 +9.8
−9.1

[9, 13] [0.01, 0.02] 0.073 +9.5
−8.7

[13, 17] [0.01, 0.02] 0.072 +11.0
−10.3

[17, 22] [0.01, 0.02] 0.064 +8.3
−7.4

[22, 27] [0.01, 0.02] 0.068 +8.8
−7.9

[4.32, 7] [0.02, 0.03] 0.109 +9.4
−8.6

[7, 10] [0.02, 0.03] 0.100 +9.9
−9.1

[10, 13] [0.02, 0.03] 0.102 +15.5
−15.0

[13, 17] [0.02, 0.03] 0.084 +9.2
−8.3

[17, 25] [0.02, 0.03] 0.060 +7.7
−6.7

[4.32, 7] [0.03, 0.04] 0.137 +8.8
−7.9

[7, 10] [0.03, 0.04] 0.124 +8.7
−7.9

[10, 13] [0.03, 0.04] 0.113 +9.3
−8.5

[13, 15] [0.03, 0.04] 0.093 +11.6
−11.0

[15, 23] [0.03, 0.04] 0.051 +10.7
−10.0

[4.32, 7] [0.04, 0.05] 0.012 +32.2
−31.9

[7, 10] [0.04, 0.05] 0.048 +9.3
−8.5

[10, 15] [0.04, 0.05] 0.045 +8.7
−7.9

[15, 21] [0.04, 0.05] 0.017 +18.4
−18.0

[0.5, 0.95] [0.05, 0.06] 0.005 +49.1
−49.0

[4.32, 7] [0.05, 0.06] 0.055 +14.7
−14.2
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[7, 11] [0.05, 0.06] 0.064 +8.9
−8.0

[11, 15] [0.05, 0.06] 0.048 +9.3
−8.4

[15, 21] [0.05, 0.06] 0.017 +10.0
−9.2

[4.32, 7] [0.06, 0.08] 0.059 +15.9
−15.4

[7, 12] [0.06, 0.08] 0.060 +7.5
−6.5

[12, 19] [0.06, 0.08] 0.019 +8.8
−7.9

[4.32, 5] [0.08, 0.1] 0.055 +24.3
−24.0

[5, 13] [0.08, 0.1] 0.043 +8.1
−7.1

[13, 15] [0.08, 0.1] 0.016 +29.8
−29.5

[0.5, 0.95] [0.1, 0.12] 0.022 +45.5
−45.3

[4.32, 5] [0.1, 0.12] 0.063 +17.0
−16.5

[5, 13] [0.1, 0.12] 0.028 +9.9
−9.1

[0.5, 0.95] [0.12, 0.14] 0.041 +39.0
−38.8

[4.32, 5] [0.12, 0.14] 0.049 +32.8
−32.5

[5, 11] [0.12, 0.14] 0.026 +10.9
−10.3

[4.32, 5] [0.14, 0.16] 0.045 +33.1
−32.9

[5, 9] [0.14, 0.16] 0.020 +19.6
−19.3

[0.5, 0.95] [0.16, 0.18] 0.064 +30.3
−30.0

[4.32, 5] [0.16, 0.18] 0.033 +30.7
−30.4

[5, 8] [0.16, 0.18] 0.020 +19.5
−19.1

[4.32, 8] [0.18, 0.2] 0.018 +16.5
−16.0

[0.5, 0.95] [0.2, 0.22] 0.036 +36.1
−35.9

[4.32, 7] [0.2, 0.22] 0.022 +24.8
−24.5

Table A.8: K+ di�erential multiplicity results for proton-

carbon interaction at 90 GeV/c
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[4.32, 21] [0, 0.005] 0.005 +21.3
−20.9

[21, 36] [0, 0.005] 0.003 +34.4
−34.2

[4.32, 11] [0.005, 0.01] 0.026 +19.6
−19.2

[11, 17] [0.005, 0.01] 0.026 +17.5
−17.1

[17, 24] [0.005, 0.01] 0.012 +38.8
−38.6

[24, 32] [0.005, 0.01] 0.015 +33.0
−32.8

[4.32, 9] [0.01, 0.02] 0.047 +9.4
−8.7

[9, 13] [0.01, 0.02] 0.041 +14.2
−13.7

[13, 17] [0.01, 0.02] 0.033 +13.3
−12.7

[17, 22] [0.01, 0.02] 0.026 +12.2
−11.6

[22, 27] [0.01, 0.02] 0.020 +18.0
−17.6

[4.32, 7] [0.02, 0.03] 0.061 +10.5
−9.8

[7, 10] [0.02, 0.03] 0.077 +9.1
−8.3

[10, 13] [0.02, 0.03] 0.063 +11.2
−10.6

[13, 17] [0.02, 0.03] 0.045 +12.4
−11.8

[17, 25] [0.02, 0.03] 0.021 +10.7
−10.0

[4.32, 7] [0.03, 0.04] 0.086 +10.6
−9.8

[7, 10] [0.03, 0.04] 0.092 +8.5
−7.6

[10, 13] [0.03, 0.04] 0.056 +11.7
−11.0

[13, 15] [0.03, 0.04] 0.045 +16.6
−16.1

[15, 23] [0.03, 0.04] 0.019 +16.6
−16.2

[4.32, 7] [0.04, 0.05] 0.064 +18.9
−18.5

[7, 10] [0.04, 0.05] 0.065 +8.8
−7.9

[10, 15] [0.04, 0.05] 0.040 +8.2
−7.3

[15, 21] [0.04, 0.05] 0.014 +15.4
−14.9

[4.32, 7] [0.05, 0.06] 0.102 +8.3
−7.3

[7, 11] [0.05, 0.06] 0.078 +8.7
−7.8
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[11, 15] [0.05, 0.06] 0.034 +11.2
−10.5

[15, 21] [0.05, 0.06] 0.010 +15.9
−15.4

[0.5, 0.95] [0.06, 0.08] 0.048 +45.5
−45.3

[4.32, 7] [0.06, 0.08] 0.064 +10.6
−9.9

[7, 12] [0.06, 0.08] 0.037 +9.2
−8.4

[12, 19] [0.06, 0.08] 0.008 +15.2
−14.7

[4.32, 5] [0.08, 0.1] 0.050 +35.2
−35.0

[5, 13] [0.08, 0.1] 0.026 +9.4
−8.6

[13, 15] [0.08, 0.1] 0.002 +43.8
−43.6

[0.5, 0.95] [0.1, 0.12] 0.041 +40.8
−40.7

[4.32, 5] [0.1, 0.12] 0.016 +41.1
−41.0

[5, 13] [0.1, 0.12] 0.013 +13.2
−12.7

[4.32, 5] [0.12, 0.14] 0.033 +31.3
−31.1

[5, 11] [0.12, 0.14] 0.014 +19.0
−18.6

[0.5, 0.95] [0.14, 0.16] 0.022 +37.8
−37.6

[4.32, 5] [0.14, 0.16] 0.008 +47.1
−46.9

[5, 9] [0.14, 0.16] 0.009 +26.1
−25.8

[0.5, 0.95] [0.16, 0.18] 0.080 +29.4
−29.2

[4.32, 5] [0.16, 0.18] 0.017 +34.0
−33.8

[5, 8] [0.16, 0.18] 0.003 +34.9
−34.7

[4.32, 8] [0.18, 0.2] 0.006 +32.9
−32.7

[0.5, 0.95] [0.2, 0.22] 0.011 +45.8
−45.6

Table A.9: K− di�erential multiplicity results for proton-

carbon interaction at 90 GeV/c
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