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ABSTRACT

ANTINEUTRINO CHARM PRODUCTION AND PENTAQUARK SEARCH

IN THE CHORUS EXPERIMENT

KOSE, UMUT
Ph.D., Department of Physics

Supervisor: Assoc. Prof. Dr. Ali Murat Giiler

November 2006, 156 pages.

During the years between 1994 and 1997, the emulsion target of the CHORUS experi-
ment was exposed to the wide band neutrino beam of the CERN SPS of 27 GeV average
energy collecting about 10® neutrino interactions. A measurement of v, induced charm
production and search for anticharmed pentaquark (©9) have been performed by using
the presence of a 6% 7, component in the beam. By requiring a positive muon charge
as determined by the CHORUS muon spectrometer, 46 7,,-induced charm events were
observed with an estimated background of 5.2+ 0.4 events. At an average antineutrino

energy of 18 GeV in the neutrino beam, the charm production rate induced by 7, is

v



measured to be

o(vN — pteX)
o(vN — putX)

= 4.5570-% (stat) 4 0.64(syst)%.

DY and charged charm (D~, D) production rates are measured to be

o N — ptDOX)
o(uN — ptX)

= (2.8670T1 (stat) + 0.14(syst)) %,

o(7uN — p*(D~, Dy )X)
o(uN — ptX)

= (1.6910:52(stat) + 0.24(syst)) %.

The ratio between neutral and charged charm production rates is found to be
1.697072 (stat) & 0.21(syst).

By using the 7, data sample, anticharmed pentaquark (©Y) have been searched
and no evidence is found. Based on the null observation, the limit on the ©Y produc-
tion is found as a function of different possible ©Y lifetimes. The tightest bound is

ogo/0or <0.039 at 90% C.L by assuming that 0Y lifetime is equal to 0.5¢7po.

Keywords: Antineutrino, Charm Production, Pentaquark, Emulsion.
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CHORUS DENEYINDE ANTINOTRINO ETKILESMLERINDE CHARM

URETIMI VE PENTAQUARK ARANMASI

KOSE, UMUT
Doktora, Fizik Boliimi

Tez Yoneticisi: Assoc. Prof. Dr. Ali Murat Giler

Kasim 2006, 156 sayfa.

1994-1997 yillar1 arasinda, CHORUS emulsiyon hedefi, CERN SPS‘te tiretilen 27 GeV
ortalama enerjili nétrino hiizmesi ile bombardiman edilmis ve yaklagik olarak 106
notrino etkilegimi kaydedilmistir. N6trino hiizmesinde bulunan %6 oranindaki 7, kul-
lanilarak, etkilesimindeki charm tiretimi ve anticharm iceren pentaquark caligilmigtir.
CHORUS miiyon spektrometrede pozitif miiyon iceren 46 ©,, charm bozunumu, 5.2+0.4
fon yogunlugu (background) ile gézlenmistir. N&trino hiizmesindeki ortalama 18 GeV

antinGtrino enerjisinde, charm tiretim orani

o(vN — pteX)

_ +0.96 ; :
cON = 7 X) %(4.557 g7 (istat) £ 0.64(sist)).

vi



D° ve yiiklii charm (D, DJ) iiretim orani da

o(uN — ptDOX)
o(OuN — p+X)

= %(2.8610T8 (istat) + 0.14(sist)),

o(7uN — p*(D~, D7 )X)
o(uN — ptX)

= %(1.6970%2 (istat) 4 0.24(sist))
olarak ol¢iilmiigtir. Yiksiiz ve yiikli charm tiretim orani
1.69702 (istat) 4 0.21(sist)

olarak bulunmustur.

Antindtrino datasi kullanilarak anticharm igeren pentaquark (©2) aranmig ve hig
bir aday gozlenememistir. Bu kosullar altinda, ©%nin farkli olasi yasam &miirlerinde,
{iretim limiti hesaplanmigtir. ©%nin 0.5¢7p0 yasam émriinde iiretim oranm %90 C.L.’de

ogo/0or < 0.039 olarak olgiilmiistiir.

Anahtar Kelimeler: Antinétrino, Charm Uretimi, Pentaquark, Emulsiyon
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CHAPTER 1

INTRODUCTION

Ever since the beginning of the twentieth century, physicists have been searching

for the answers of the following questions:

e what are the basic building blocks of matter?

e what are the interactions between those building blocks?

Experimental and theoretical work on these two questions have led to the Stan-
dard Model [1, 2, 3] of particle physics: an almost complete picture of high energy
physics, save gravity. According to the Standard Model, matter in the universe is
made up of elementary fermions interacting through bosonic fields. The fermions
can be arranged in three generations, the first one consisting of the electron, the
up and down quarks, and the electron neutrino. All ordinary matter is made
of the first generation particles. The higher generation particles decay quickly
into the first generation ones and can only exist for a short time in high energy

experiments. The second generation consists of the muon, the muon neutrino and



the strange and charm quarks. The third generation consists of the tau lepton,
the tau neutrino and the bottom and top quarks. These are the basic building

blocks of matter.

The neutrino is now central to elementary particle physics, astrophysics, and
cosmology. Neutrinos play a key role in theories that unify the elementary par-
ticles and forces. There are three types of neutrinos: v., v,, and v;, so named
because they are associated with the electron, muon, and tau particles. The three
neutrinos differ from the nine other building blocks of matter because they are
so light and interact so weakly. These two differences are at the root of their

importance to modern astrophysics and physics.

Neutrinos also allow us to study the forces of nature at the shortest distances
by observing rare processes in which they participate. For instance, neutrinos
permit us to see deep into the nuclei of atoms through the process of neutrino
scattering from the quarks within the nucleons. Their tiny masses and the trans-
formations of one neutrino type to another have even revealed physics beyond
the Standard Model of particle physics. Studying and understanding neutrino
mass and oscillations provide a unique view into how the forces and particles are

unified.

The CHORUS experiment was designed to search for v, — v, oscillation by us-
ing the CERN neutrino beam to investigate a different regime of mass and mixing

parameters than the Super-Kamiokande experiment. The CHORUS experiment



has not observed a signal for neutrino oscillation. The CHORUS detector is also
suitable for the study of neutrino production of charmed hadrons, since charmed
hadrons have lifetimes similar to that of the 7 lepton, and can be detected with

the same procedures used for latter.

High energy neutrino interactions produce charm in a few percent of the
events and therefore they are a good tool to study charm physics. The study
of charm production is an important testing ground for perturbative QCD due to
the large contribution from gluon initiated diagrams. In addition, understanding
the threshold behavior associated with the heavy charm mass is critical to the
extraction of the weak mixing angle sin fy, from neutrino neutral-current and

charged-current data.

Another interesting aspect of charm physics is charm spectroscopy. In general,
hadron spectroscopy investigates the masses, widths, decay channels and quark
contents of hadrons. And it is known that QCD allows various colorless combina-
tions of quarks. Nevertheless, up to now, only mesons, composed of a quark and
an antiquark, and baryons, composed of three quarks, have been observed in the
experiments. In the last three years, the search for states with more than three
quarks has become a very active field. The observation of a narrow resonance
decaying to K™n or K% and its interpretation as a strange pentaquark triggered

new interest in the baryon spectroscopy, since it is an exotic particle.

Thesis Outline:



In this thesis, the measurement of antineutrino charm production and the
results for the searches for an anticharmed pentaquark particle in antineutrino
interactions from the CHORUS experiment are presented. After the current intro-
ductory chapter, a theoretical framework is given in Chapter 2 on neutrino inter-
actions, including charm and pentaquark production by neutrinos. In Chapter 3,
the experimental setup of the CHORUS detector is briefly introduced. Chapter 4
explains the data taking, location of the neutrino interactions in emulsion and
the detailed description of the NetScan technique to scan the emulsion and to
reconstruct the events. Chapter 5 deals with the measurement of antineutrino
charm production rate. In Chapter 6, the description of the pentaquark analysis
methods and results in CHORUS is discussed. Finally, Chapter 7 presents the

conclusions.



CHAPTER 2

NEUTRINO NUCLEON INTERACTIONS

The neutrino deep-inelastic scattering is an interesting tool to have information
on the parton densities in the nucleon. Furthermore, the neutrino scattering
is a way to study the heavy quark production due to the light to heavy quark
charged current interactions. Charge conservation requires that neutrinos scatter
from quarks and antineutrinos scatter from antiquarks.

In the following, the theoretical framework of the neutrino interactions and

charm production will be discussed.

2.1 Kinematics

The process of the neutrino-nucleon interaction is usually described in terms
of the kinematic variables shown in Figure 2.1. The four-momenta introduced
are k for the incoming neutrino, &” for the muon, p for the nucleon and p’ for the
hadronic final state and ¢ = k — k' = p’ — p for the four-momentum carried by

the W-boson. The Lorentz invariant kinematic variables are:



o K, =FE,+ Ejpq, the neutrino energy,

e s=(k+p)? square of the center-of-mass energy,

o v=LI=F, —F, = Ejq, energy transferred from the neutrino to the
nucleon,

o ? = —¢*=—(k—K)>=—(p —p)?  square of the four-momentum
transfer,

o W2=(p)?  square of the hadronic final state invariant mass,

o T = Bjorken scaling variable, in the parton model, z can be in-
terpreted as the fraction of the target nucleon’s longitudinal momentum

carried by the struck quark,

o y= 2l inelasticity variable, measures the ratio of the energy transferred

3

to the hadronic system, to the total leptonic energy available in the target’s
rest frame. And it is directly related to the lepton scattering angle 6 in the

center-of-mass frame; y ~ 1 — (1 + cos#).

When the fermi motion related to nuclear binding energy is neglected, and the
nucleon is considered to be at rest, the four momenta can be written in the

laboratory system as:



Uy

M Hadrons

Nucleon

Figure 2.1: Feynman diagrams of the v, N — =X process.

M E, E,
0 0 E, sin6, cos ¢
p= k= W= (21)
0 0 E,sinf,sin¢,
0 E, E, cosb,

where M is the nucleon rest mass, E, the neutrino energy, £, the muon energy
and 0, and ¢, are the scattering angle of the outgoing muon, also Ej.q is the

energy of the hadronic final state. The muon mass is negligible.

14
= — 2.2
y o (2.2)
6
Q> = 2E,(E, — P, cosb,) —m, = 4E, P, sin’ ?“ (2.3)
Q2
= 2.4
W? = My —Q*+2Myv, (2.5)
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Figure 2.2: Distinct kinematic regions for neutrino-nucleon interactions.

where it is assumed that the target nucleon is at rest in the laboratory system,
and the measured energy of the hadronic final state does not include the mass
of the target nucleon. From Equation 2.5, it can be seen that W? is an explicit
function of v and Q2. Distinct kinematic regions are shown in Figure 2.2 in the
(Q?,vm) plane. The line W = m corresponds to quasi-elastic scattering reactions:

vy+n—p +pand v, +p— pt+n.

To the left of this line, the region is kinematically forbidden. The line W =
m+m; traces the threshold of inelastic reactions of the type v,+N — pu~+N+.
Dashed lines corresponds to production of a number of hadronic resonances, for
instance v, + p — p~ + ATt. The hatched area gives the lower left-hand part
of the deep-inelastic region. In this region, both v and Q? are large and multiple

production of hadrons takes places.



2.2 Quasi-elastic vN and 7N Scattering
In the low energy approximation, the following interactions are possible:
o yy+n— Il +0p,
e yy+p—Ilt+n

where ¢ can be 7 or u or e. The amplitude for this process can be found by using

Feynman rules,

_ 4GFpcosb,

M=

107" 5 (1 = 7)) [a(p) 5 LF(6?) + Ea(s}uln)] (26)

where F, and F4 are form factors which appear since the proton and the neutron
are not elementary particles. In the small regime of ¢?, we take ¢>=0. So the
cross sections involve the vector and axial vector weak charges of the neutron and
proton g, = F,(0) and g4 = F4(0) respectively.

The conserved vector current hypothesis says that g, = 1, whereas g4 has
been measured to be 1.26 (Ref. [4]). For low energy neutrinos, m, > E > my,

the cross section is given by

E

Gt 2\ 12 —42 22
o(vn) =~ (g + 3g3) B* = 9.75 x 107 (o) em”. (2.7)
The same expression also applies to Up scattering
o) = CF (g2 3g%) E? 2.8
o(op) = ZL(g2 +363) (28)



2.3 Deep Inelastic Scattering of Neutrinos off Nucleons

In the previous section, we considered the kinematical region of |¢%| < m?y.
Here, in contrast, we consider the region where |¢?| > m3, but still |¢?| < m;.
The process is as follows, vy(k) + N(p) — £~ (k') + X(p'); the relevant diagram
describing the charged current neutrino-nucleon interaction is shown in Figure 2.1.

The cross section will have the general form
do” ~ G5 N, W"(q,p) (2.9)

where N, is the leptonic tensor (v, — ¢ transition) describing the interaction at

the vertex of the neutrino and the W boson. The tensor NN,

v, since it contains only

information about the electroweak vertex, can be calculated exactly via Quantum
Electrodynamics (QED) and the Glashow-Weinberg-Salam (GWS) theory of weak

interactions. It is given by

Nuw = Trlkyu(1 = v5)k7 (1 = 75)], (2.10)
q2
Ny = 8{kk, + Kk, + 5 I = i€uask®k}. (2.11)

In the approximation of small lepton masses,

q"Nu = ¢" Ny (2.12)

WH is the hadronic tensor containing information about hadronic vertex. The

WH is a parametrization of an unknown quantity, interpreted in the parton
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model as the precise distribution of partons inside the nucleus. It is deduced
from Lorentz invariance, and depends on two vectors p and p’, or alternatively

on p and ¢ = p = p’. This is given by

© | cHVAp BV
2 2
N 2my my
12 + 1% WAV oVl
+(p q2 P’q )W N i(p q2 g >W6- (2.13)
mN my

Here my is the nucleon mass, and W; to Wy are form factors. All these form
factors, being Lorentz scalars and can depend only on ¢? and p.q, since these are
the only kinematical scalar variables. It is easy to see that the terms involving
Wy, W5 and Wy are proportional to the charged lepton mass, and hence they are
neglected. Then we have

) p“p i€ Mpyrg
W = gy + P, - A

Ws. (2.14)
N 2my ’

In the laboratory frame the cross section in terms of Wy, W5, W3 may be

derived from

Gryo 1 a3k’
V= (—%=)"—47MN W ————. 2.1
do’ = () gy MV W S s (2.15)
In terms of the laboratory variables;
d20.u /{?/2 9 9 k‘—l—k‘/ ' 9
oda F2 2{2sm —W1+Cos —Wg—l— i sin? §W3} (2.16)

If we change the variables from (&, Q) to (v, Q*) where Q? = 2kk’(1 — cos @) and
v =Fk — k', we obtain

o GL K 7 5 0 k+k . .0
i0%dy ~ on k{QSID —W; + cos® —W2+ 3 Sin §W3} (2.17)
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For an incoming antineutrino beam, we get

d*o” GLE . .0 0 k+KE . 56
m = 2—7??{2 Sln2 §W1 + COS2 §W2 — M SIII2 §W3} (218)

In general, the structure functions W; depend on the target and on the neu-
trino helicity. In terms of the absorption cross sections for left-handed, right-
handed, and scalar W bosons (o, 0g, 0g) the structure functions can be written

as:

Wy, = —— (on+oL), 2.19

1 7TGF\/§(0R oL) (2.19)
K Q

Wy, = 2 2.20

2 7TGF\EQQ_i_VQ(URﬂLULﬂL 0s); (2.20)

W, = v 2mw (2.21)

NN

where K represents the flux of virtual Wg. The ratio of absorption cross sections

for longitudinally to transversely polarized bosons is defined as:

g Wa V2
—=—(1-—=)-1. 2.22
s 222

R(v,Q*) = oz

For high Q?, Q* — oo, and v, v — oo, that is in the range of Bjorken scalling

invariance, the structure functions notations can be written as a functions of a

single dimensionless variable x = %,
MWY(@v) = Fi(a). (223)
W (@) — Fi(a), (224)
W @)~ Fi), (225)

12



where F’s are finite. In terms of the scaling variables z = %, y = 7 and Q?, the

cross section in neutrino scattering (Equation 2.18) may be written in the form,

Mzy
2k

dzau(ﬁ) G%Mk y2 (?) (?) 1 7

= 2 ox Y 4 (1 —y — FYD 4 (y — —2)zFYP). (2.26
drdy - (2x1 +(1—y ) (y 2y)x3 ). ( )
If we assume the Callan-Gross relation

2wFY = FY (2.27)

then
d?cV B G2 1+ (1 —y)?

1-(1—y)?
= Sy L
dedy 27 2

2

—zFy ) (2.28)

in terms of the Bjorken scaling variables.

The validity of Callan-Gross relation, Equation 2.27, indicates that the par-
tons are spin-1/2 particles. Callan-Gross relation is explained by the vanishing
of the longitudinally polarized virtual boson-parton scattering cross section. For
spin-1/2 massless particles, such an interaction violates the helicity conserva-
tion. As a consequence of the Bjorken scaling phenomenon, and the validity of
Callan-Gross relation to a good approximation, we identify the spin-1/2 point-
like nucleon constituents as quarks. In the framework of the four-quark (u, d, s, c)
parton model, the structure functions depend only on one variable, expressed in
terms of the distributions over the fraction x of the momentum of the quarks and

antiquarks in the nucleon:

FyN(x) = q(z) +q(), (2.29)

13



eFyN(x) = wq(r) — 2q(e) + 22[s(x) — c(2)], (2.30)

20N (z) = FYN(x), (2.31)

where
q(z) = zfu(z) + d(z) + s(z) + c(z))], (2.32)
q(r) = z[u(x) + d(z) + 5(x) + &(x). (2.33)

Inserting Equation 2.29, 2.30 in Equation 2.28, we obtain the cross section form

in terms of quark distributions,

Poce’ _ G

oy = 7 4@+ (L =1)a(@)] (2.34)

For the antineutrino interaction,

a2ggé\f) G2
oxdy  w

—sq(2) + (1 = y*)q(2)). (2.35)

Integrating independently Equation 2.34 over y and x between zero and one, we

get the differential cross sections for neutrino scattering from a nucleon:

da(VN) G> 1_
— = —slal@) + 3a@)), (2.36)
dol) G2, N 1+B 1-B )
—oe - = ZEs [ BN @)dal—5= + ——(1 - ), (2.37)

where

[(qg — q)dx _ [zFYY (z)dx
Jlg+q)de [ FyN(x)dx

This parameter characterizes the relative contribution of the valence quarks to

B =

(2.38)

the cross section.
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The total cross section of the neutrino(antineutrino) interaction increases lin-
early with neutrino energy: ¢ = o¢F,. Equation 2.34 also suggests that for an
isoscalar target with equal number of up quarks and down quarks the total cross
section for neutrinos is three times as large as the antineutrino cross section since
J(1 —y?*)dy = 1/3. The true ratio is slightly smaller due to the presence of sea
quarks within the nucleons. The experimental results from different experiments
are shown in Figure 2.3. The average value of oy for the charged current cross
section for neutrinos is 0.677 & 0.014 x 1073¥¢m?/GeV and for antineutrinos is

0.334 4 0.008 x 10~*¢m?/GeV [6].
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Wi Jgan e LI L
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Figure 2.3: or/E,, for the muon neutrino and antineutrino charged current
total cross section as a function of neutrino energy. The error bars include
both statistical and systematic errors. The straight lines are the averaged val-
ues over all energies as measured by the experiments in Refs [7, 8, 9, 10] =
0.677 £ 0.014(0.334 4= 0.008) x 1073® ¢m? /GeV. There is a change in the energy
scale at 30 GeV.
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2.4 Charm Production by Neutrino Charged Current Interaction

Y

In the charged current interaction neutrino interacts with the ”valence” d
quark or the "sea” s quark to produce ¢ quark. In the antineutrino case there
are no allowed transitions from valence quarks. The strongest contribution is
from the transition of § antiquark into a ¢ antiquark. There is also a transition
of d from the sea into a ¢ antiquark, which is Cabibbo-suppressed. Then by
hadronization process, ¢ quark (¢ antiquark) ”dresses” itself with other quarks or
antiquarks from ”valence” and ”sea” quarks of the interacting nucleon so then

a charmed valence(anticharmed) hadron is produced. Figure 2.4 shows charm

production by neutrino and antineutrino deep-inelastic scattering.

o

d,s C d,s

Figure 2.4: Charm production by Left: neutrino and Right: antineutrino CC
interaction.

Let us consider the semi-inclusive process

VN — p~cX
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where X is a hadronic final state, and for the moment we neglect the hadroniza-
tion of the final ¢ quark.

Defining

20Ff(x) = 2 F5 () = |Veg|*xd(x) + |Vos|*ws(z) (2.39)

where V4 and V., are CKM-matrix elements [11, 12].

At partonic level, the relevant processes for ¢ production are [13]

_ do(v,d — p~c) G%3 m?

i — e o) CEG - Top, @an
_ do(vys — p—c) G%3 m?

Vs — pe ( udy = 7‘: (1- p )| Ves |- (2.41)

The production of ¢ quark through v,d scattering is Cabibbo suppressed (|Veq|* ~

sin® 0. ~ 0.04), while the production through v,s scattering (|Ves|> ~ cos?f, ~
0.96) is instead suppressed by the low abundance of s quarks in the sea.
If p = &p is the parton four-momentum, if a ¢ quark is produced in the final

state, and neglecting the initial parton mass (mg, ms < m..), we have

2
w2 =+ 0) = ~@ + 2pg = Q"+ L (2.42)
The parton distribution will be probed at
m2
{=a(1+ =5) (2.43)

Q2

which is called the slow rescaling variable [14, 15].
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The cross section for charm production induced by neutrino scattering off an

isoscalar target T then reads

oV, T — pcX) Ghsé ) 5 m? m?
= d 2 1——= — —).

T 2R () + (Ve + 25 1Vea (1 = )0~ )
(2.44)
Since § = (£p + k)? ~ &s, we can replace the kinematic factor (1 — ?—5) in

Equation 2.44, with (1 — ng), and with the further assumption s(z) = s(x) =

c(x) = ¢(x), we get

o, I — pcX) _ (U+D)|Vcd|2j525|7Vcs|2 (- mi) (2.45)
o(v, T —pX)  U+D+25+ U+ D+28S) E '
where
1
Q= / zq(z)dz, Q=UD,S (2.46)
0
is the fraction of nucleon’s momentum carried by ¢ quarks.
Using the world average, we assume
28
s = = 0.061 4 0.004, 2.47
! U+D (2:47)
25
= —— =0.40%0. 2.4
K T+ D 0.40 £ 0.05, (2.48)

where the 7, and x are the strangeness and antistrangeness of the sea. Then for

E,, =20 GeV, we obtain

o, T —pmeX) 6 Vel +[Vesl? (2.49)
o, T —p=X) ~ 10 +1+5(: +1) '

~ 0.056 == 0.008. (2.50)
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That means about 6% of all charged current interaction have a charm quark in

the final state.

2.5  Charm Quark Hadronization

The v, CC interaction can produce a single charm quark in the final state.
However, single bare quarks have not been observed; the charm quark forms
hadronic states through its binding to virtual quarks and antiquarks, mediated
by gluon exchange. All of the nonperturbative processes that act to ”dress”
the charm quark so that it emerges as a hadron are known as fragmentation
or hadronization processes. All fragmentation models define a fragmentation
parameter z = z%‘ It describes the fraction of the momentum p;, carried by
a hadron with respect to the maximum momentum p}*** of hadrons (i.e. the
momentum of the quarks). It is allowed kinematically, at the same E,, Q* and
x.

Assuming factorization, the charmed hadron cross section in (anti)neutrino-

nucleon interaction can be connected to the charmed quark cross section via

fragmentation functions:

do(vN — p=CX) do(vN — pcX

) h 2
- : D (z,d 2.51
drdydzdp dxdy ;fh ¢ (z,dp7), (2.51)

dU(DN — M+CX) dU(DN — M+EX) - )
= : D (z,d 2.52
dxdydzdp% dxdy ;fh ¢ (z,dp7) (2.52)
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where D"(z, dp2) is the probability distribution for the charmed quark fragment-
ing into a charmed hadron of type h carrying a fraction of the quark’s longitudinal
momentum z and transverse momentum pr with respect to the quark direction.
Moreover, f, is the mean multiplicity of the hadron A in neutrino production
of charm. The barred quantities indicate antineutrino charm production. So,

D"(z,dp%) and f, are normalized as

1 o) 1 00 _
| = [T apiDiapd) = [z [T apDiedpt) =1, (253)
0 0 0 0
and
=Y fr=1 (2.54)
h h

The analytical form of the fragmentation function depends on the quark mass.
For light quarks (u, d and s), the Lund parameterization [16] is mostly used, with

Diu(2) x L(1 — 2yttt (2.55)

z
where m, = \/m? + p? is called transverse mass, a and b are parameters of order
0.3 and 0.58 GeV 2, respectively.

For heavy quarks two alternative parametrizations are available. The Collins-
Spiller [17] function

11—z  €cs(2—2) 1 €cs

Des(z) o ( + Y1+ 21— = — )~ (2.56)
z 1—-=2 z 1—=z
and the Peterson [17] function
1 1 €P -2
D —(1---— 2.
p(2) o (11—~ — =L (2:57)
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where €’s are free parameters. The ep parameter will be different for different
mesons, but can be expected to scale as 1/m?, with m, the mass of the charmed
hadron.

During the fragmentation process, the emerging hadron acquires a momen-
tum component transverse to the original direction of the charm quark with a
distribution of the type

%oce—ﬁpi. (2.58)
The parameter [ was measured by LEBC EHS [18] as # = 1.140.3 corresponding

to (p?) = 0.9 4+ 0.2GeV?

2.6 Pentaquark Hadrons

Our present understanding of hadrons as bound states of quarks is based on
Quantum Chromodynamics, a non-Abelian gauge theory using Yang-Mills fields
[19]. Quantum Chromodynamics (QCD) is believed to be the underlying theory
of the strong interaction. Quark model which is based on QCD, is widely used to
classify hadrons, calculate static properties and low energy reactions. According
to the quark model, mesons are composed of a pair of quark and antiquark while
baryons are composed of three quarks. Besides conventional mesons and baryons,
QCD does not exclude the existence of the "nonconventional”, "nonstandard” or
"exotic” hadrons with quark content other than ¢g or qqq as long as they are

colorless. Some examples are glueballs (gg,ggg,...), hybrid states (qgg or qqqg),
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multiquark mesons (gqqq), multiquark baryons (gqqqq) and dibaryons (qqqqqq).

A very important question is whether there exist in nature baryon states con-
structed from more complicated quark configurations, such as pentaquark. Why
is the Pentaquark important? Observation of the pentaquark is very interesting
because of its unusual structure and would contribute to the understanding of
QCD in the nonperturbative regime and for the concept of confinement.

The possible existence of multiquark states, H (dibaryon which was a six
quark state), particle was suggested by Jaffe with MIT bag model [20] as early as
1977. Unfortunately it was not found experimentally. In the past years there has
accumulated some experimental evidence of possible existence of glueballs and
hybrid mesons with exotic quantum numbers like J7¢ = 177 [21].

Speculations regarding multiquark baryon states has appeared in the literature
for more than 30 years, initially in connection with K — N scattering data [22].
These states, initially referred to as Z* resonances, were included in the Particle
Data Group (PDG) listings until 1986. In 1988 review the Particle Data Group

officially put the subject to sleep [23]:

“The general prejudice against baryons not made of three quarks and
the lack of any experimental activity in this area make it likely that
it will be another 15 years before the issue is decided.”

After that, the subject of exotic baryons did not receive much attention. And
then they were dropped due to a lack of convincing experimental evidence.

Diakonov et al. [24] proposed in a 1997 paper, on the basis of a chiral soliton
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model, the existence of a low mass antidecuplet of such multiquark baryons, with
spin-1/2 and even parity, and with specific estimates for the masses and widths.
The earlier predictions on the pentaquark masses range form 1500 to 1800 MeV,
with about a hundred MeV width. They did not give specific values for the mass

or the width, while Diakonov et al. made very specific and testable predictions.

2.7 Theoretical Model of Pentaquark

After the experimental observations of pentaquarks, a lot of theoretical models
have been proposed for the pentaquark masses. The mass of the anticharmed

pentaquark ©Y(uudde) has been estimated using various methods:

o Jaffe and Wilczek [25] estimated by using the diquark-diquark-antiquark

model, that m(02%) = 2710 MeV,

e Skyrme model [27] yields m(©?) = 2704 MeV,

e Cheung [28] obtained by assuming the color spin interaction as the dominant

mechanism for hyperfine splitting that m(02) = (2985 — 2997) MeV,

e Karliner and Lipkin [29] found by using diquark-triquark model, that m(09) =

2985 £ 50 MeV,

e A lattice calculation by Sasaki [30] leads to m(©?) = 3445 MeV,
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e Lattice QCD calculation [31] with exact chiral symmetry predicts a mass

of m(©9) = 2977 + 109 MeV.

The mass of the pentaquark is a very important parameter, since the decay modes
of the pentaquark depends on its mass. If the pentaquark has a large mass,
M(©Y%)>M(D~) + M(N), it would decay strongly to substructure particles. If
the pentaquark mass is below the threshold then it would decay weakly. The low
production rate of this state might be traced back to the unlikely hadronization
of a ¢ quark with four light quarks. Consequently, it is relevant to study the weak
decays of charmed pentaquarks.

In the following section, the chiral soliton model which gives a specific estima-
tion for the masses and decay widths of the pentaquark, and Jaffe-Wilczek model

which gives low mass of ©Y will be discussed.

2.7.1 The Chiral Soliton Model

Diakonov et al. [24] proposed, the existence of a low mass antidecuplet of such
multiquark baryons, with spin-1/2 and even parity, and with specific estimates
for the masses and widths. These estimations came within the chiral soliton
model, which is based on the skyrme model [32, 33], where the nucleons can be
interpreted as solitons of the pion field. It is strictly true only in the limit of a
fictional world where the numbers of colors in QCD goes to infinity (the large N,

model [34]). The classification of the light baryons as the rotational states of the
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soliton is the strength of the model.

The energy eigenvalues of such a rotation are quantized and the rotational
Hamiltonian is described in terms of the SU(3) generators. The result of the
chiral soliton model is a set of states with mass determined by the given group
structure and the splitting of the light quark and strange quark masses. The
lowest rotational state corresponds to an octet with spin-1/2; the next highest
rotational state is a decuplet with spin-3/2. These states are identified by the
lowest mass baryon octet and decuplet. In this model next rotational excitation
of solitons is considered. The next excitation in the three flavour case should
be an antidecuplet with spin-1/2 (a decuplet with opposite symmetry, written

as 10 ). They identified known nucleon resonance N(1710) as a member of the

antidecuplet. The scheme of the antidecuplet is shown in the Figure 2.5. The

Ot (uudds)

N (udd(ut + s5)) N**(uud(dd + s5))

¥ (dds(ut + s3)) Y (uus(dd + s5))

= (ddssu) = (dss(uu+ dd) = (uss(uii+dd)) = (uussd)

Figure 2.5: Antidecuplet of baryons. The corners of this diagram are exotic.
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candidates, located at the corners of triangle, are exotic pentaquarks, since the
antiquark has a different flavor than the other quarks. While the other members

of antidecuplet are not exotic.

2.7.2 Jaffe-Wilczek Model

In the model of Jaffe-Wilczek [25, 26|, the pentaquark states consist of an
antiquark (q), and two diquark pairs (¢q). Each diquark is in state of spin 0, 3
color, and 3 of flavor.

If we ignore color and approximate the diquarks as point particles, the two
are identical bosons; thus their wave function must be symmetric in spin and
flavor in order to obey Bose statistics. However, the overall wave function of the
pentaquark must be completely antisymmetric according to Fermi statistics.

Jaffe and Wilczek suggested that the charm analogs of ©F may be stable
against strong decays. They estimated the mass of the ©% by comparing the
masses of the A(1116), and A.(2285). The [ud] diquark in the A and A. are
coupled to color 3 and spin zero. So the diquark provides an environment for s
quark nearly identical to the environment of the 5 in the ©T. If we assume that
hyperfine effects for the s quark in A are similar to those for 5 in ©", the mass

of the ©Y can be estimated as
M(0?) ~ M(0T) + M(A.) — M(A) =~ 2710 MeV (2.59)

100 MeV below the threshold for strong decay into DN.
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In our analysis the mass of the ©Y is assumed to be 2.7 GeV/c?. Therefore,

we will focus on weakly decaying charmed pentaquarks.
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CHAPTER 3

THE CHORUS EXPERIMENT

The CHORUS (CERN Hybrid Oscillation Research apparatUS) experiment was
designed to search for v, — v, oscillations via the direct observation of the decay
of the 7 lepton produced in the interaction v, N — 77X and the subsequent 7
decay into a muon or a negative hadron. Since the lifetime of charm particles is

similar to that of the 7 lepton, it is also possible to study charm particles in the

CHORUS experiment.

For CHORUS, a "hybrid” detector system was adopted [35], with a tar-
get/tracker of nuclear emulsions, together with electronic detectors. Electronic
detectors help to reconstruct the event kinematics and nuclear emulsions are used
as an active target and to observe the decay topology. As illustrated in the Fig-
ure 3.1, the CHORUS detector set-up consists of the emulsion target, a trigger
system, a scintillating fiber tracker, an air-core magnet, an electromagnetic and
hadronic calorimeter, and a muon spectrometer. A detailed description of all the

elements of the detector system can be found in Ref. [35].
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Figure 3.1: The CHORUS detector.

3.1 The Neutrino Beam

The West Area Neutrino Facility (WANF) of the CERN Super Proton Syn-
chrotron (SPS) [36] provides a v, beam with a mean energy of 27 GeV well above
the tau and charm production thresholds. A schematic overview of the beam line

is shown in the Figure 3.2.

The SPS accelerates protons from the Proton Synchrotron (PS) to an energy
of about 450 GeV. The acceleration cycle is repeated every 14.4s. After the

acceleration, protons are extracted in two 6ms long spills, separated in time by
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2.7s, and then are directed onto the beryllium target composed of a succession
of 11 beryllium rods of 10 ¢m length and 3 mm diameter, separated by 9 mm
gaps. The proton-beryllium interaction produces mainly pions and kaons. These
positive(negative) mesons are focused (defocused) by two magnetic lenses, the
horn and the reflector. The horn and the reflector consist of a 7 m long aluminum
cylinder, with an inner cylinder of conical shape. The outer diameter of the horn
is 40 ¢m, while the reflector has an outer diameter of 80 ¢m. Helium bags are
positioned in the space between the horn and the reflector, and downstream of
the reflector, in order to minimize the number of hadronic re-interactions of the
pions and kaons.

The mesons decay in flight in a 290 m long vacuum tunnel and produce muonic

neutrinos mainly via the decay channels:

™ = uy, (BR :99.9%)
Kt — uty, (BR : 63.5%)

Kt — wuty, (BR : 3.2%).

The protons, which did not interact in the target, the charged leptons or
hadrons from the meson decay and the surviving 7+ or KT are all absorbed in
a shielding composed of 225 m of iron and 144 m of earth. Finally, a toroidal
magnet defocuses not stopping muons.

The beam line has an upward slope of 42 mrad. The detector parts are
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centered along this slope, however, every part is placed vertically. The dominant
component of the beam is v,, with an unavoidable contamination of 7,, since
negative hadrons not defocused by the magnets, and a 1% of v, and 7, mainly
coming from three body decays of kaons. The prompt v, component, coming
from D which is produced in the production target and in the beam-dump,
decays into 7 is estimated to be 3.3 x 1076 charged current interactions for every
v, charged current interaction [37]. The energy spectra of the components by
GBEAM [38] utility is shown in Figure 3.3 and the relative abundance of the

different neutrino flavours in the beam is given in Table 3.1.
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Figure 3.2: Schematic overview of the WANF neutrino beam-line.
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Figure 3.3: Neutrino beam energy spectrum.

Table 3.1: Relative composition of the CHORUS neutrino beam.

| Neutrino type | Relative Abundance | < E >(GeV) |

vy 100% 26.9
Dy 5.6% 21.7
Ve 0.7% 47.9
7 0.17% 35.3
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Muon antineutrino contamination primarily results from K° decays and the
remaining 7~, K~ components in the beam. And also due to focalization of
positive secondaries, most of muons in the beam are positive and contribute to
the 7, contamination. The contamination of muon antineutrino is ~ 6% and the
mean energy is < Ej, > ~ 18 GeV. Figure 3.4 shows the energy spectrum of the

antineutrino component beam as obtained by simulation. The neutrino exposure

10°

< E >=18.27 GeV

104

Number of Events

103

E(GeV)

Figure 3.4: Energy spectrum of the antineutrino component of the beam.

started in 1994 and ended in 1997. In these four years of data taking, emulsions
have been exposed to the neutrino beam with an intensity corresponding to 5.06 x
10 protons on target. CHORUS ran also in 1998, without emulsions, with a
neutrino and antineutrino beam, using the calorimeter as target for compared

analysis of cross-section ¥N and vN [39].
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3.2 The Emulsion Target

Nuclear emulsions provide the three dimensional reconstruction of a track
with a resolution of the order of 1 um, being ideal for the study of interactions

including short lived particles, like tau lepton and charm hadron.

CHORUS emulsions are made of microcrystals of silver halides (AgBr) dis-
persed in a gelatine layer, the composition of the CHORUS emulsion is shown in
Table 3.2. When a charged particle passes through nuclear emulsion, it forms a
latent image by ionizing the AgBr crystals along its trajectory. After suitable
chemical processing of the emulsion such ionization sites induce the deposition of
Ag atoms as dark spots (grains) thus making the trajectory of the charged par-
ticle visible. The grain size ranges from 0.2 to 0.6 um, and there are on average

300 grains per mm of track length.

CHORUS emulsion set-up consists of two components: a massive emulsion
target where the neutrino interactions are recorded, also called the "bulk”, and
thin emulsion sheets used to interface the tracks reconstructed by the fibre tracker
and the emulsion target. The volume of the emulsion target is 206 [, corresponding
to 770 kg. It is divided into four stacks, each stack corresponding to 1 radiation
length and to 0.08 interaction lengths. Each stack has a surface of 1.42 x 1.42 m?,
and thickness of 2.8 em. They are subdivided into 8 sectors of 0.71 x 0.36 m?

each formed by 36 plates. The plates consist of 350 pum of emulsion gel poured
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onto the two of the faces of a 90 um depth plastic base. The interface sheets are
composed by a 800 pum thick plastic base and two gel layers of 100 um depth. The
different emulsion and base thicknesses of the CS/SS sheets with respect to the
bulk plates are due to the necessity to maximize the angular resolution to match
the electronic detector track with the emulsion track. In fact the interface sheets
have a larger level arm and less distortion due to the shrinkage of the emulsion
during its development. They were inserted in order to make predictions on
track location in emulsion, so the first sheet, called "special” is after the emulsion
stack, while the remaining two, called ”changeable”, are positioned in front of
the first tracker plane downstream the stack, in order to minimize the error on
extrapolation of the tracks from target tracker.

In order to provide favourable background conditions for the recognition of
the predicted tracks in the emulsions, in the 1994-95 data taking the changeable
sheets were replaced every three to six weeks during the data taking. In 1996-97

exposure only one change per year have been done.

3.3 The Scintillating Fiber Tracker

The scintillating fiber tracker [41, 42, 43] provides tracking and vertex re-
construction, with the accuracy needed for the extrapolation of tracks to the
upstream interface sheet.

When a charged particle crosses a scintillating fiber, photons are emitted in
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Table 3.2: Atomic composition of nuclear emulsions (Fuji ET-B7) used in the
CHORUS experiment [40].

Element Atomic number Mass (%) Mole fraction (%)
Todine (1) 53 0.3 0.06
Silver (Ag) 47 45.5 11.2
Bromine (Br) 36 33.4 11.1
Sulfur (S) 16 0.2 0.2
Oxygen (O) 8 6.8 11.3
Nitrogen (V) 7 3.1 5.9
Carbon (C) 6 9.3 20.6
Hydrogen (H) 1 1.5 40.0
Mean number of nucleons 36 protons, 45 neutrons
Density 3.73 g/em®

Radiation length 2.94 cm

Nuclear interaction mean free path 38 cm

Concentration of AgBr 45.5% in volume

the fiber. Then the photons are collected and sent to photomultipliers and to
the optoelectronic chain capable to read the signal. The CHORUS target tracker
system was built assembling more than 1 million plastic scintillating fibers of
500 pm, 2.3 m length and with a 3.2 mm total thickness. The layers of the fiber

ribbons are glued with a 7Oy based paint which also reduces cross talk.

The target tracker is composed of eight modules. The first module is posi-
tioned downstream the first emulsion stack, the following three are downstream
the second stack etc. as shown in Figure 3.5. The 40 mm distance of a stack from
the downstream tracker plane optimizes the upward extrapolation. It maintains
a good track separation. Every module is composed of four planes, measuring

the two transverse coordinates Y, Z and two orthogonal stereo projections Y+,
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Z* rotated by +8° with respect to Y and Z, to eliminate ambiguities on the

tridimentional track reconstruction.

— /
b Say | LL\J\
TARGET

AR
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Figure 3.5: The geometry of half of the target region, showing the target emulsion
stacks and the interfaces sheets and the target trackers.

The readout is composed of 58 optoelectronic chains, each made up by four
image intensifiers and a CCD camera. A maximum number of two events for
spill could be recorded. The prediction accuracy was measured as o ~ 150 um

in position and o ~ 2.5 mrad in angle [42].

3.4 The Air Core Magnet

The sign and momentum of particles are determined by the Air Core Spec-

trometer before they enter the calorimeter. It is also employed to determine the
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momentum of the muons that don’t reach the muon spectrometer. This is a
very unusual spectrometer: it has no iron-core magnet. It consists of an air core

magnet with a toroidal field and fiber tracker planes.

The magnet has a hexagonal shape [45], as shown in Figure 3.6. It is made of
six equilateral triangles with 1.5 m sides, 0.75 m depth, and housed in a cylinder
with 3.6 m diameter. The edges of the triangles are covered by aluminium coils.
The magnetic current is pulsed with the same time structure as the neutrino
beam in it. A field of 0.12 T is obtained, parallel to the external edge and
independent of the distance from the center. The material of the front and back
faces corresponds to less than 4% of a radiation length. The six spokes of the
magnet represent a dead space for momentum reconstruction, which concerns

about the 15% of the tracks reaching the magnet.

The momentum resolution AP/P of the magnet tracker results from the
quadratic combination of two terms: a constant term, evaluated at 22% from
multiple scattering, and a term proportional to the momentum, which reflects
the measurement accuracy. The measured resolution, shown in Figure 3.6, is

given by

AP P
B = 2%+ 35

(3.1)
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Figure 3.6: Left: The Hexagonal Magnet. Right: resolution on the momentum
measured by the magnet trackers for particles traversing the hexagonal magnet.
The momentum measurement uses only diamond tracker information and the res-
olution was determined by comparing, in neutrino events, the momenta measured
for muons which are also reconstructed in the muon spectrometer.

3.5 The Calorimeter

The calorimeter [46] measures the energy and the direction of the hadron
showers, and tracks muons before they arrive at the muon spectrometer. The
calorimeter consist of 3 sectors of decreasing granularity called, electro-magnetic
sector (EM), the first hadronic sector (HAD1) and the second hadronic sector
(HAD2). The total depth corresponds to 144 radiation lengths, thus 99% of a
shower from a 5 GeV pion is contained. The planes are transversally segmented

to modules that are oriented alternatingly horizontally or vertically, Figure 3.7.
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Isometric view of the caleorimeter

Streamer planes

Figure 3.7: Layout of the calorimeter.

The EM and HAD1 sections are made by ”spaghetti technique” [44]: thin scin-
tillating fibers (1 mm diameter) are embedded into a lead matrix, with a volume
ratio 1:4. Such a ratio leads to a compensated detector, with the same detection
efficiency for energy associated with the electromagnetic and the hadronic part

of the event products.

The last section, HAD2, is lead/scintillating strip sandwich calorimeter with
a volume 4:1. Each plane of the EM sector contains 31 modules. Each modules
consists of 21 layers of grooved lead, 1.9 mm thick, interspersed with plastic
scintillating fibers of 1 mm diameter. The length of a module is 2.62 m and the

thickness is 82.4 mm. The total thickness of the EM sector corresponds to about

40



20 radiation length. It is sufficient to contain the longitudinal extension of a
electromagnetic showers. There are 740 fibers in each modules. On both sides of
a module, the fibers are assembled into two bundles and each bundle is coupled
to a PMT via a Plexiglas light guide. Each plane of the HAD1 sector contains
40 modules. Each modules consist of 43 layer of lead, with a length of 3.35 m.
There are 1554 scintillating plastic fibers in each module. At both ends the fibers
are collected into one bundle and coupled to PMT via a light guide. Each plane
of the HAD2 sector contains 18 modules. Each modules is built as a sandwich
of five layers of lead with a thickness of 1.6 cm and five layers of 4 mm thick
scintillator strips. The modules are 3.69 m long and 20 ecm wide. Each module

is coupled to four PMT’s via light guides,two on either side.

The intrinsic performance of the calorimeter was determined with various test
beams of the electrons and pions of well defined energy, ranging from 2.5 to
10 GeV for electrons and from 3 to 20 GeV for pions [47]. The energy resolution

for electrons is:

o(E) _ (138+0.9)% (£0.2+0.4)% (3.2)

L E(GeV)

while for pions

o(E) _(333£249% 1 41o0my% (3.3)

B E(GeV)
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3.6 The Muon Spectrometer

The role of the muon spectrometer in the CHORUS detector is to identify
the muons and to determine their charge and momentum. The spectrometer
is located behind the calorimeter, so only the muons with energy greater than
about 1.5 GeV can reach it. The main source of background for antineutrino in-
duced charm production search is the v, induced charm production with primary
u~ reconstructed as pT in the spectrometer. Thus, the CHORUS spectrometer

performances affected the antineutrino analysis in a very crucial way.

As illustrated in Figure 3.8, the spectrometer consists of six magnetized iron
toroidal magnets with scintillating strips, drift chambers and streamer tubes. In
addition, scintillating planes interleaved with the magnet iron provide a measure-
ment of the leakage of hadronic showers from the back of the calorimeter into the
muon spectrometer at the entrance of the spectrometer. The fast signal from the

scintillator planes are also used for triggering.

The momentum of a muon is determined from the bending of its trajectory
in the six toroidal magnets. If a low momentum muon stops in the spectrometer,
its momentum is also estimated from the range measurement. Each magnet
consists of twenty 2.5 c¢m thick iron disks with an outer diameter of 375 cm,
interleaved with 0.5 ¢m thick scintillator planes inserted into the 0.6 ¢m gaps

between the disks. The iron is magnetized by four sets of water-cooled copper
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MUON SPECTROMETER

Figure 3.8: The components of the muon spectrometer.

coils passing through a 8.5 ¢m wide hole in the center of each magnet. A toroid
field with an average strength of 1.7 T is obtained by applying a continuous
current of 700 A through the coils. The field in the iron is nearly independent of
the azimuthal angle but varies by about 25% along the radius. The polarity is such
that negatively charged muons are bent towards the center of the magnets and
positively charged muons are bent outwards. During antineutrino running, the
polarity is inverted. The six magnets are positioned at increasing height to follow
the 42 mrad slope of the beam-line. In each magnet, 20 planes of scintillating
plastic strips are embedded between the iron disks. They are grouped in four
planes of five consecutive layers, two planes with vertical and two planes with
horizontal orientation. These are used for triggering purposes, for the detection

of energy leakage from the calorimeter and for a range measurement of muons
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with up to 5 GeV/c at the entrance of the spectrometer. The energy measurement
of the shower tails is primarily of interest for studies of neutrino nucleon structure

functions where the calorimeter is used as massive target.

Seven drift chambers have been installed to reconstruct the muon trajectories
through the six magnets. Each chamber consists of three hexagonal planes with
wires oriented at 60° with respect to each other. The chambers are flushed with
a gas mixture of 60% argon and 40% ethane. Each plane has 62 parallel sense
wires with a diameter of 40 um and a length of 375 cm. A nearly uniform electric
field is obtained using the field shaping wires at different voltages. The signals
from the sense wires are amplified with pre-amplifiers and readout by time-to-
digital converters (TDC). Each TDC has a buffer of four hits per event. The
hit resolution obtained from a drift time measurement is about 1 mm and the

efficiency per plane is better than 99%.

The absolute calibration was performed using negative 75 GeV/c test beam
muons, corresponding to 71 GeV/c at the entrance of the spectrometer due to
ionization losses in the upstream detectors and beam elements. The momentum
resolution of the muon spectrometer is about 19% at 70 GeV, as calculated from
data obtained with a test beam of negative muons. The momentum resolution of
the muon spectrometer has been evaluated using a detailed simulation, the results
of which are shown in Figure 3.9. These also provide a validation of the resolution

determined from simulation, indicated by the open dot. For stopping muons, the
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Figure 3.9: The muon spectrometer resolution as a function of the incident mo-
mentum. The full dots show Monte Carlo events, and the open dots at show
real events 71 GeV/c test beam muons. The shaded band corresponds to muons
stopping in the spectrometer, with their momentum measured by range.

charge is determined from the curvature of the trajectory, whereas the momentum
is determined from their range, resulting in a momentum resolution of 6%. The
efficiencies of the trigger signals provided by the spectrometer scintillators are
close to 100%. The spectrometer energy resolution for shower tails above 1 GeV
is (110+-150)%/ \/m . Relative alignment of the spectrometer components is
performed with 100 GeV/c test beam muons recorded with the magnetic field off.
Alignment relative to the rest of the CHORUS detector is done by reconstructing

high-momentum muons in the neutrino beam traversing the entire detector.
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3.7 Trigger System

The trigger system has been designed to select neutrino induced interactions
in the emulsion target and to reject background from cosmic rays, beam muons
and neutrino interactions outside the target.

The scintillator trigger-hodoscopes are labeled as E (emulsion), T (timing), H
(hodoscope), V (veto) and A (anti-counter), as shown in Figure 3.10. The E and
T planes are installed between the emulsion target and the hadron spectrometer,

whereas H is located downstream from the hadron spectrometer. The A and
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Figure 3.10: Layout of the trigger.

V planes are installed upstream of the emulsion target. The main trigger is

for neutrino interactions in emulsion, defined by a coincidence of hits in the

46



hodoscopes E, T and H consistent with a particle trajectory with tanf < 0.25
with respect to the neutrino beam axis. A veto is defined by any combination
of a counter hit in the veto hodoscopes (V and A), and a hit in T, with precise
timing to avoid vetoes due to backscattering of particles coming from neutrino
interactions in the target. The measured rate of neutrino interactions in 0.5
events per 102 protons on the SPS target corresponding to an effective neutrino

target mass of 1600 kg.

3.9 The Emulsion Scanning Technique

Scanning of the emulsion plates is performed by a fully automated scanning
system, the track selector [49, 50|, was developed by Nagoya group during the
course of the experiment. It has been realized by the fusion of a computer con-
trolled mechanism, a microscope optic with CCD camera readout, electronics for
the video signal processing and for the digital signal processing. Track recogni-
tion for penetrating tracks in an emulsion film is done by superimposing several
tomographic images taken at different depths.

The entire emulsion plate (36 x 71 cm? for the interface sheets, and 36 x
35.5 cm? for the target sheets) is placed on the microscope stage and kept flat
by vacuum. Immersion oil is put on the surface of the emulsion plate to optimize
the light illumination of the microscope objective lenses. The view size of the

objective lens is 150 x 120 pum? and the focus depth is ~ 5 pm.
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Inter calibration between the microscope and the emulsion plate coordinates
is achieved by means of fiducial marks. The emulsion provides three-dimensional
images of the trajectories with a grain ("hit”) size of 1 um and an average density
of 300-400 hits per millimeter for minimum ionizing particles (Figure 3.11). The
images are collected by a Hammatsu CCD camera. An emulsion layer with a
thickness of ~ 100 um is used to recognize the penetrating track. When the focal
plane is moved in the emulsion layer, 16 tomographic CCD images of different
depths are read out. By checking the coincidence of these images, the penetrating
tracks can then be recognized. Figure 3.12 displays the track reconstruction
procedure in the automatic scanning system. The position and slope information
of all the recognized tracks are then stored in a data base. This procedure is

repeated view by view, with a 30 um overlap, to cover the entire required surface.

The three-dimensional information of the emulsion is converted into many
layers of a tomographical image by the synchronized interplay between the mi-
croscope and the CCD camera. Each tomographical image is focused on some

depth and cover an area of 150 x 120 pum?.

The Track Selector is a type of video image processor and has 16 frame mem-
ories. It digitizes the CCD video signals and sends the data into a dynamic frame
memory. Sixteen layers of digitized images are stored, and the predicted tracks

are located by superimposing the data with different shifts between layers. A
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Figure 3.11: Microscope view of a vertex found in the emulsions. The depth of
images goes down with the beam direction. The two tracks of charged particles
marked with arrows get closer as they approach the neutrino interaction point.
The black tracks that are seen at 0 um depth are highly ionizing nuclear fragments

and slow hadrons.
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Figure 3.12: Schematic description of the track reconstruction procedure in the
automatic scanning system.
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track is identified by having an enhancement in the superimposed signals when
the shifts match the angle of the track. Found tracks are then followed to the
next emulsion plate, until the neutrino vertices are located. Figure 3.12 displays

the track reconstruction procedure in the automatic scanning system.

3.10 CHORUS Data Sample

The CHORUS detector was exposed to the wide-band neutrino beam of the
CERN SPS during the years 1994-97, with an integrated flux of 5.06 x 10
protons on target. The data acquisition system recording the response of the
electronic detectors was operational for 90% of the time. The average dead time
for the emulsion interaction triggers was 12%. The trigger efficiency was 99% for

charged current (CC) and 90% for neutral-current (NC) events [48].

3.10.1 Neutrino Oscillation Analysis in CHORUS

The CHORUS collaboration already reported, limits on v, — v, oscillation
obtained from an analysis of a subsample of neutrino interaction [51]. In the
second phase of analysis, the search for v, interactions has been performed for
the following three decay modes of the 7 lepton:

(1) 7177 = p vy,

(2) 7 — h (n7°),

(3) 1 —= hmhTh(nmO)v,
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CHORUS detector.
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The information of the electronic detectors has been used to define two data
sets, 1y and O samples, Figure 3.13, distinguished by the presence or absence
of one reconstructed muon of negative charge. For each sample few kinematical
selections are applied to reduce the scanning load, while keeping a high sensi-
tivity to the two decay modes of the 7. The resulting 14(0u) sample consists
of 477,600(335,398) events with a reconstructed vertex in emulsion. Among this
sample ~150,000 14 and ~37,000 Op events were located in nuclear emulsions and
analyzed. No 7 decay is found, neither in the 1x sample nor in the Ou sample once
the best set of selections is applied. The null observation is used to set limits on
oscillation parameters. The limit on the v, — v, oscillation probability obtained
P, <172 x107* at 90% C.L.. In a two-family oscillation formalism, the result
can be expressed as an exclusion plot in the parameter space (sin? 0,r, Am?) as
shown in Figure 3.14. The sensitivity of the experiment has been obtained as

Sur = 2.5 x 107% In the absence of signal events, the probability to obtain an

upper limit of 1.72 x 10 or lower is 28% [52].

3.10.2 Multiplicity Measurement in CHORUS

In the CHORUS experiment, quasi-elastic charge-current (QE) interactions
were for the first time topologically identified with nuclear emulsions [5]. An

event is defined as QE if there is no shower track other than muon and sum of
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Figure 3.14: Final limit of CHORUS on v, — v, oscillation compared to the
NOMAD result.
the grey and black tracks' is zero or one at the neutrino vertex. The fraction of
quasi-elastic events was measured to be (2.0 £ 0.5)% for v, and (5.3 £0.9)% for
v, interactions. The ratio of QE-like events to events with one shower (muon)
and any number of grey and black tracks was measured to be (23.2 £ 4.9)% for
v, and (35.5 + 4.8)% for v, interactions.

To understand the nuclear mechanism involving hadrons in the nucleus, the
sub-sample of QE-like (without any visible recoil) v, events with neither black

nor grey prongs was studied. The fraction of this type of topology was measured

1 Shower particles correspond to relativistic singly charged particle (MIP) with a velocity

B > 0.7 and grain density gg. Grey track particles correspond to charged particles with velocity
0.25 < B < 0.7 and a grain density 1.4gp < g < bgo. The heavy particles are produced by
nuclear fragments and comparatively slower particles emitted from the target with a velocity
£ < 0.25 and the grain density is g > 5¢o.
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as (1.2+0.4)% for v, and (5.340.9)% for v, interactions. The average values of
kinematical parameters, (E,), (E5), (IW?), (Q?) for QE-like v, and v, interactions

were as given in Table 3.3.

Table 3.3: Kinematical variables for QE-like events in v, and 7, interactions.

(E,)(GeV) | < W2 > (GeV?/ch) | Q*((GeV/c)?)
vy (nh:0) 35.8+£9.2 21.0+14.3 0.84+0.2
vy (nh:1) 19.0£2.6 5.1+0.7 0.84+0.2
D, (n,=0) | 28.943.7 E 11502

3.10.3 Charm Physics in CHORUS

A sample of 2013 charmed interactions has been collected in the emulsion
target of the CHORUS detector. This charm sample corresponds to the 95,450
charged current located interactions with a negative muon in the final state. In
the CHORUS experiment, the charm hadronizes in four charmed hadron species,
one is the neutral D° meson and the others are the Dt and D, mesons and the
A. baryon. These particles, whose main properties are summarized in Table 3.4,
then decay to non-charmed states via electroweak interactions, with decay paths
of the order of 1 mm at CHORUS energy. Theirs decays can then be identified
in the emulsions, although the topology of the event only allows to distinguish

neutral from charged charmed particles.
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Table 3.4: Main properties of charmed hadrons [6].

Hadron | Quark contents | Mass [MeV] | Lifetime [107g]
D° cu 1864.6 £ 0.5 410.3 £ 1.5
D+ cd 1869.4 £ 0.5 1040 £ 7
Df cs 1968.3 £0.5 490 £9
A udc 22849+ 0.6 200 £6

3.10.3.1 D° Analysis

A first measurement of the production rate of D mesons reported by the collab-
oration [53]. It was obtained from a subsample of neutrino interactions analyzed

with NetScan method. The results have been updated with the full statistics [54].

In the sample of 93,807 v,CC events, 2752 events were selected for visual
inspection. 819 DY candidates were found with a two prong decay topology, 226
with a four prong one, and 3 candidates with a six prong topology. The numbers
of estimated background coming from A® and K? are 11.5 + 1.9 and 25.1 4- 2.9

respectively.

After the background subtraction and efficiency correction, two prong decay
branching ratio was found to be BR(D® — V2) = 0.647 £ 0.049 4 0.031. The
first measurement of six prong branching ratio were obtained as BR(D° — V6) =
(12753 £0.2) x 1073,

The fully neutral D° topological branching ratio has also been measured. It

was previously assumed to be about 5% [55]. The fully neutral branching ratio
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can be written as:

BR(D’ — V2) | BR(D" V6))
BR(DY = V4) " BR(D" — V4)

BR(D" — V0)=1- BR(D° — V4)(1 +

where the BR(D? — V4) = 0.1339 £ 0.0061 was precisely measured by other ex-
periments for the all V4 decay modes [55]. Therefore, the fully neutral branching

ratio was found to be
BR(D® — V0) = 0.218 4 0.049 4 0.036

and D production rate was measured to be

0
oD) (9,69 4+ 0.18 + 0.13)%.

3.10.3.2 D* Production

The identification of the D** in CHORUS is based on the D** — D% decay
detection [56]. This decay is characterized by low transverse momentum (p; <
39 MeV/c) and, therefore, the 7+ has a low momentum (< 4 GeV/c) and small
angle with respect to the D°. In emulsions this event is seen as a D° decay with
a positive hadron at the primary vertex emitted with a small p, with respect to
the DO.

The momentum of the hadrons is measured by the hadron spectrometer down-
stream of the target. 488 visually inspected D%‘s with a flight length larger than
100 mm are used as a starting sample. 377 hadron tracks at the primary vertex

have the momentum measured. The hadron is required to be positive and its
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angle with respect to the D to be less than 60 mrad. Negative hadrons are used
for the background estimation. After background subtraction, the p, distribu-
tion for positive hadrons shows an excess of 22.1 £ 5.5 events in the range 10 to
50 MeV/c which can be attributed to D** decays. The ratio of cross-sections
o(D*)/o (D% = 0.38 £0.09 £ 0.05 is measured. Given the D° cross-section mea-

surement [54], the D* production rate relative to CC events is

7D (1024025 + 0.15)%.

3.10.3.3 A Production

This analysis is based on a statistical approach using the flight length distributions
of charmed hadrons [57]. Two different sets of criteria on selection have applied.
The aim is to select one sample enriched in A} decays, called selection A, and
another where the DT and D decays should dominate, called selection B. In
order to have a negligible background contamination, in the selection B only
three-prong decays are considered while in the selection A one also one-prong
decays are included. The criteria specified by selection A were applied to a
sample of 50,414 p events (5157 of which had a muon with momentum greater
that 30 GeV/c) and 1614 events were selected for visual inspection. 62 events
are confirmed as 1-prong decay and 66 events show 3-prong decay topology. The
criteria specified by selection B were applied to 56,761 v, CC interactions (5061 of

which have p, > 30 GeV) and identified 586 events as possible decay candidates.
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133 events are 1-prong decay and 77 events are 3-prong decay topology.
Combining the short and long decay search and taking into account the de-
tection efficiency and background estimation, the number of A, candidates was
found to be 861 + 198(stat) 4= 98(syst) 11(QF).
At an average neutrino energy of 27 GeV, the A, production cross section in

v, charged current interaction was measured to be

a(Ae)
o(CO)

= (1.54 + 0.35(stat) £ 0.18(syst))%.

and branching ratio into 3-prongs was determined

BR(A] — 3 — prong) = 0.24 + 0.07(stat) £ 0.04(syst).

3.10.3.4 Quasi-elastic Charmed Baryon Production

A study of quasi-elastic production of charmed baryons in charged current in-
teractions of neutrinos was performed by looking for their characteristic topolo-
gies [58]. Quasi-elastic charmed baryon production is characterized by two or
three tracks at the primary vertex including the muon and a low hadronic and
electromagnetic activity. In this analysis, a total of 46,105 v, events was used
and 769 events were selected for visual inspection. After visual inspection and
all kinematical cuts (less than 200 pum flight length cut to enrich the sample of
A.) 13 candidates with an estimated background of 1.7 events were found. The

cross-sections for quasi-elastic production of charmed baryons was measured to
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be

TQE) _ (023702 stat) *922 syst))%.

It shows that at an average neutrino energy of 27 GeV, the quasi-elastic contri-

bution is about 15% of the all A. production.

3.10.3.5 Fragmentation Properties of Charmed Particle Production

The measurement of the fragmentation properties of charmed particle production
gives insight in the hadronization process and allows a better description of charm
production to be formulated. Fragmentation properties of deep-inelastic charm
production were measured by using 1048 D° charm candidates. Out of these D°
events, 819 show a two-prong decay topology, 226 a four-prong topology, and only
three have six charged daughter tracks at the decay vertex [54].

In order to study the fragmentation of charmed quarks into hadrons, z which
is the ratio of the energy of the charmed particle E” and the energy transfer
to the hadronic system v was defined as z = EP/v. The estimation of v was
obtained from the measurement of the total energy deposited in the calorimeter,
after subtraction of the energy loss of the muon and correction for the energy
deposited in the emulsion stacks.

The mean value of z was measured to be (z) = 0.63£0.03(stat)£0.01(syst) [59].
From fits to the z distribution, values for the Peterson parameter ep = 0.108 +

0.017(stat)4-0.013(syst) and the Collins-Spiller parameter ecs = 0.21700; (stat) &
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0.04(syst) were found.

3.10.3.6 Associated Charm Production

Associated charm (c¢¢) production in neutrino interactions is a very rare process
and therefore very difficult to observe. A search for associated charm production
in v,CC interactions was performed and one event with a double charm decay
topology with an estimated background of 0.04 was found [60]. A new search
for associated charm production in both charged current and neutral-current
interaction with a high statistics have been performed [61]. 26,621 NC and 99,245
CC located v, interactions have been analyzed. Three double charm decays have
been observed in NC sample with an estimated background of 0.025+0.003. One
double charm decay has been observed in CC v, with an estimated background
of 0.18 £ 0.03.

After the background subtraction and efficiency correction, the average rate of
double charm production at the average neutrino energy of 27 GeV was estimated

to be

o(ccv,)
a(NC)

= (3.9673% (stat) + 0.59(syst))) x 1072,
If we assume the charged current double charm event is coming from back-

ground process, the limit is obtained to be

o(ca)
o(CC)

<9.69 x 1074

at 90% C.L..
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CHAPTER 4

EVENT RECONSTRUCTION AND SELECTION IN

EMULSION

Reconstruction and analysis of the neutrino interactions in emulsion consist of

several steps:

1. In the first one, the long track reconstructed by electronic detectors is used

to predict the event location in the emulsion target.

2. The second step is the event location in emulsion: reconstructed tracks are
scanned back through the emulsion target region until the vertex is located.

Such a track is called ” scan back” track.

3. In the third step, a fiducial volume surrounding the interaction vertex is
analyzed by automatic microscopes and a three dimensional reconstruction
of the neutrino interaction is produced; the events with a decay topology

are selected.

4. The last step is a computer assisted eye-scanning by well trained operators.
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The candidate events are carefully analyzed.

5. And then to estimate the efficiencies and background, Monte Carlo simula-
tion of event reconstruction in emulsion, the so-called NetScan technique,

is applied.

These steps are described in the following sections.

4.1 The Reconstruction of Neutrino Interaction Vertex by Electronic Detectors

All the events triggered and recorded in the electronic detectors are analyzed.
To define the position of the primary neutrino interaction vertex and the param-
eters of the tracks, these events are processed by the CHORUS reconstruction
program. In the first phase of the CHORUS analysis (Phase 1) a reconstruction
program named CHORAL [62] was used to select the events for the emulsion anal-
ysis. In the second phase of the analysis (Phase 2), the CHORAL reconstruction
program was replaced by the CHANT package [63].

The event reconstruction starts with the pattern recognition in the electronic
detectors. Tracks are found in the fibre-trackers in the target region and, inde-
pendently, in the muon spectrometer. A matching is attempted between these
two sets of tracks in order to identify primary muons. Vertices are defined us-
ing the points of closest approach of the fibre-tracker tracks (” T'T-tracks”). The

primary vertex is the most upstream one that contains a muon. Such a muon is
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defined as primary muon, and used as the so-called ” scan back” track.

The selection of candidate tracks to be used for the event reconstruction was
based on a y? matching probability in the angular and position variables. For
all the events with a primary vertex reconstructed inside the emulsion stacks,
the track information is used to search for the interaction point in the emulsion

target.

4.2 Event Location in Emulsion

The emulsion target, which is segmented into four stacks, has an overall mass
of 770 kg, each of the stacks consisting of eight modules of 36 plates of size
36 x 72 em?. Each plate has a 90 um plastic support coated on both sides with
a 350 pum emulsion layer. Downstream of each stack, there are three interface
emulsion sheets with a 90 pm emulsion layer on both sides of an 800 um thick
plastic base and a set of scintillating fibre tracker planes. They are placed between
the emulsion target and the next downstream fiber tracker module, as shown in
Figure 4.1.

The interface sheets and the fibre trackers provide accurate predictions of
particle trajectories into the emulsion stack for the location of the vertex positions.
The accuracy of the fibre tracker prediction is about 150 pm in position and
2 mrad in the track angle. The special sheet (SS) is packed with target emulsion

stack on the downstream side, and is replaced by a new sheet after one year of

63



CHORUS TARGET

SPECIAL SHEET CHANGEABLE SHEETS

N

[ﬂ
f SS 1 CS2

-»\

EMULSION

BASE $0um

EMULSION—=—"

3 2mm

pRoun] |

100 |__ __|[1oog m

Figure 4.1: CHORUS Emulsion Target.

exposure. The two ” changeable sheets” (CS1 and CS2) are mounted at the two
faces of a 1 ¢m thick honeycomb panel, positioned in front of the first fiber tracker

module downstream of the emulsion target.

In the 1994-95 data taking periods, the changeable sheets were replaced ev-
ery three to six weeks during the running time of the experiment, to provide
favourable background conditions for the recognition of the predicted tracks in
the emulsion. During the 1996 data taking, two changeable sheets, and in the
1997 data taking one sheet change were found to be enough, due to the reduction

of the background.

The target emulsion exposure was divided into a number of periods, called
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as " changeable sheet periods’. It is the interval of time during which one set of
sheets were exposed. There are 8 periods during 1994 data taking (numbered
as 1,2,3,4,5,6,7,8), 3 periods in 1995 (9,10,11), 3 periods in 1996 (21,22,23) and
finally one period only in 1997 (31). The sheets were not changed during the

1997 run.

4.2.1 Changeable Sheet Scanning

The emulsion scanning of the event starts from the most downstream interface
emulsion sheet, on the basis of the slope and position reconstructed using the
information from the Target Tracker (TT). All selected tracks are extrapolated
to and searched for in the first interface sheet (the so-called Changeable Sheet,
CS) close to the electronic trackers. This procedure is called scan back location.

The fiber prediction coordinates of selected tracks are expressed in the general
CHORUS reference frame while the measurements in emulsion are performed
with respect to the X-ray marks. The position of these reference marks may be
affected by the emulsion sheet expansion at the temperature and humidity of the
scanning room. For this reason, the 4 X-ray mark coordinates (Y,Z) of each sheet
are measured at the beginning of each scanning session.

Scanning starts by setting the emulsion plate on the microscope stage and
measuring the X-ray marks on emulsion sheet in order to align CS and TT.

This measurement allows for the calibration of the position of the emulsion plate
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on the microscope stage. After the measurement of the X-ray marks, emulsion
data acquisition starts. An automatic scanning is performed within 11 x 11 =
121 (1080 x 810 pm?) scanning views on up stream surface (100 um of thickness)
in every plate around extrapolated position of scan back tracks.

When a track has been detected with the angle differences Afy and Afy
(angle differences between predicted and measured angles) less than 40 mrad,
the track parameters are measured and stored in the Database. In order to select
the good scan back tracks, the following selection criteria (which is called ” good

stop” method 1) have been applied to all tracks found in the fiducial area:

e Pulse height (PH), PH = min(N hit goun X Nhit,,) > 13,

o AO= \/(tan goand — tan 052 4 (tan feend — tan 27N)2 < 0.006.

In order to preserve the high efficiency in SS scanning, an additional selection
was applied to good candidate tracks. For 1994, 1995 and 1996 runs the following

criteria have been applied;

e Af < 0.015 rad without position cut, in order to reduce the background

tracks,

e PH > 10 in order to reduce the noise which comes from the Compton

electrons in the emulsion.

L In 94, 95, 96 CS and SS scanning and 97 CS scanning, good stop method has been applied;
but not for 97 SS scanning.
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Concerning 1997 data, due to the high track density in CS, different criteria have

been applied;

e The tracks with x?/n.d.f.< 3.5 2 are selected. If there is no candidate track

satisfying this criterion, the minimum x? track is selected.

e Pulse height cut for 1997 data depends on the slope of the tracks and given

by PH = PH,,qp or PH > PH,;, — 10 % 64,

All the candidates satisfying the above criteria were selected for SS scanning.

4.2.2 Special Sheet Scanning

After finding the tracks in CS, they are searched in SS. Tracks found in CS
are extrapolated using T'T angle and position information measured in CS. SS
scanning is performed within 7 x 7 = 49 (800 x 700 um?) scanning views for 1996
data (9 x 9 = 81 scanning views for 1997 data) centered about predicted position.
To pick up the good candidate, the good stop method was used for 1996 data.

The following selection criteria are applied after the SS scanning:

2 2 for CS is defined as follows [64]:

— X3 nd f. = {(2Xe)2 (o2 4 (SMantv)iy2 y (dtan(Gz)i)2y /g

osy 05z 05 tan 6y 05 tan 6

where

x o5y = 200. + 200. * abs(tan Oy )
x 05z = 200. 4+ 200. * abs(tanfyz)
% Ostan 9y = 0.004 + 0.004 * abs(tan by )
% Ostang, = 0.004 4 0.004 * abs(tanfyz)
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e The tracks with x?/n.d.f.< 3.3 3 are selected. If there is no candidate track

satisfying this criteria, minimum x? is selected.

e PH = PH,, or PH > PH,,;, — 10 % §°™,

When a candidate track which satisfies the above conditions is found, track

parameters are extrapolated to the bulk emulsion for bulk scanning.

4.2.3 Vertex Location

In order to locate vertices in bulk emulsion, tracks found in both interface
emulsion sheets (CS and SS) are followed plate by plate (from down stream to)
upstream. An automatic scanning is performed on the most upstream surface
(100 pm of thickness layer) in every plate with the help of the angular and
positional predictions. Bulk scanning is performed within 120 x 90 um? (one

scanning view) centered around predicted position. Vertex location in bulk starts

3 x? for SS is defined as follows [64]:
_ Xf/ndf _ {(&)2 + (&)2 + (5(tan9y)i)2 + (5tan(92)i )2}/4

sy 05z 05 tan 0y 05 tan 6y

For the 1996 Data:
* o5y = 05y + 90.50 * abs(tan by )
* 05z = 05z + 90.50 * abs(tanfy)
% O§tan 0y = Ogtan 0y + 0.00114 x abs(tan Oy )
%  Ostanf,; = Ostan6, + 0.00114 % abs(tanfy)
— For the 1997 Data:
x o5y = o5y (1 + 5 abs(tanfy))
% 05z = 05z(1+ 5 *abs(tanfz))
% Ostan 0y = Ostan 0y (1 + 2.5 % abs(tan fy))
% Ostanfy = Ostan6y (1 + 2.5 * abs(tanfyz))
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with the measurement of the fiducial marks (light printed) on the emulsion sheets
in order to get the coordinate on the emulsion plate. The relative position of each
emulsion plate are aligned by measuring the four coordinates of the fiducial marks
on the bulk emulsion.

Scanning in bulk starts from plate 1 which is closest to the SS. When the scan
back track is found in that plate, then it is searched in the next plate, plate 2.
For the following plates, positional prediction of the scan back track is made by
extrapolating from the measured position on the previous plate. For the angular
prediction of the scan back track, SS measured angle has been used, since the
angular resolution measured in SS is better.

The scan back track is said to be found in the bulk plate if the following

conditions are satisfied:

Af, = [tan 67° — tan 6" < (0.025 + 0.05.Abx7) rad,

Af, = |tan 075 — tan 67| < (0.025 + 0.05.A0x7) rad,

AY = |YPl.n—1 o YPl.n| < (15 —+ 5OA9X7) nm,

A7 = |ZPl.n—1 . ZPl.n‘ < (15 + 50A(9X?) um

where (0x7,,0x7.) = (—0.080,0) is the value of X7 beam slope and Afy; =

\/(Qy —Ox7y)? + (0, — 0x7,)? and (6,,0,) is the track slope. Most of the scan
back tracks have been picked up as a single candidate and 2% of them as multiple

candidates including background tracks. The interaction vertex is assumed to be
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Figure 4.2: Vertex location.

located if the scan back track is not observed in two consecutive plates (consider
n and n+1 plates), the first of which is defined as vertex plate as shown in

Figure 4.2.

4.3  Vertex Location of ut Events

For our analysis, we performed a new event location in order to increase u*
sample size.

As mentioned in Sec. 4.1, event location starts with the reconstruction of
events inside the emulsion by the electronic detectors. 21103 events with at least
1 p* have been reconstructed by the reconstruction program, CHANT. Since
emulsion scanning has been done in Nagoya University, only events in Nagoya
modules have been scanned and analyzed. This corresponds to 70% of 96 and
97 data. Emulsion modules which were scanned in Nagoya University are the

following:
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11BT,12BT,15BT,16 BT, 18 BT,
21BT,22BT,25BT,26BT;

1996 Data
31BT,32BT,35BT,36BT,37TBT,38BT;

A1BT,42BT,45BT, 46 BT, 47BT, 48 BT.

51BT,52BT, 55BT, 56 BT, 57BT, 58 BT;

61BT,62BT,65BT,66BT,67TBT,68BT;
1997 Data

71BT,72BT, 75BT, 76 BT

81BT,82BT,85BT,868T,838BT.

Event location was performed according to the procedure explained in Sec. 4.2.

The automatic scanning results of event location can be summarized as:

Total number of prediction for CS: 8881,

e Total number of events found in CS: 8764,

e Total number of events searched in SS: 8216,

e Total number of events found in SS: 7388,

e Total number of events found in bulk: 6531,

e Total number of events stopped in bulk: 4737,

e Total number of events manually confirmed: 3302.
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From 21k events 8881 events have been searched in CS. The finding efficiency
in CS is (found/searched) 98.9%. As we have seen from above, the number of
events searched in SS is 8216, 548 events are out of the fiducial volume. The scan
back finding efficiency in SS is found to be 83.1%. Figure 4.3 and Figure 4.4 show
the angular difference of CS and SS angles which are measured and predicted at
TT in y and z projections, respectively. The number of events connected to
the bulk is 6531 (73.5%); 1793 events (20.2%) stopped in plate 1 to plate 3,
567 events (6.4%) do not have any tracks which stop in the bulk so called pass
through. These events were not used in the analysis. 4737 events (53.2%) stop
in emulsion between plate 4 and plate 35. These events have been checked one
by one manually to confirm whether the vertex was located in the predicted
plate is observed in the microscope or not, in total 3302 events (37.1%) have
been manually confirmed. 416 events which were located in the previous location
procedure was added. In total for the analysis, we have 3718 u* events with at
least a positive muon charge in the CHORUS muon spectrometer. By including

events from previous location, the location efficiency becomes 41.8%.

In the Figure 4.5, the location efficiency is shown as a function of muon mo-
mentum and muon slope. The momentum dependence plot shows that at low
momentum the efficiency decreases. At low momentum the muon track slopes

are close to the reference X-beam. Location efficiency is parametrized in terms
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of muon momentum and it is given by:

€location = Cl(l —Cg X eXp(_C?)P;ﬂL))' (41)

The angle dependence plot shows that efficiency is low at large angle; this is
reasonable. The event location has several sources of inefficiencies such as dis-
tortion of the emulsion, bad alignment, attachment of the scan back track to a
background track.

Once the interaction vertex plate is identified, a detailed analysis of the emul-
sion volume around the vertex position is performed, recording for each event
all track segments within a given angular acceptance. This type of scanning,
originally developed for the DONUT experiment [65], is called ” NetScan” data
taking [66]. In the following section the NetScan data taking is explained in

detail.

4.4 NetScan

Event reconstruction in the emulsions, the so-called NetScan technique, was
developed in Nagoya University originally for the DONUT experiment [65] at
Fermilab. The main feature of NetScan is that all track segments within a fixed
volume centered on the vertex position are picked up. As mentioned, the events
located with the scan back method are inherited by NetScan and used as a pre-

diction of the vertex position. The NetScan data acquisition is performed by fully

74



0 10 20 30 40 50 60 70 80 90 100

Z o0 - q1!
= L
= —
700:
4 0s
L >
o0 [ l
- |>
roL >
500 ‘IFJT | Lt p P o6
o [ T||J>4’+ +| l#H ¢
I T g
H 04
g
H 02

== 0
0 10 20 30 40 50 60 70 80 90 100

GeV/e
0 0.05 0.1 0.15 0.2 0.25 03 035 0.4
- —— r = 1
E'1800
= r i
= S
1600
[ - o8
1400
1200
L | - o6
1000 i EEEE o T
800 fmuene: [ sy
I - 04
600 [
F —0—
400 =
200
—
0 0
0 0.05 0.1 0.15 02 025 03 035 0.4
slope(rad)

Figure 4.5: Location efficiencies of ut events as a function of Top: momentum
and Bottom: muon angle.
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automatic scanning systems (UTS). The scanning area is much larger than scan

back location.

In the CHORUS experiment, to perform the search for charm decays, the scan
volume is taken as 1.5 mm wide in each transverse direction and 6.3 mm long,
corresponding to eight plates (i.e., the vertex plate, and one upstream and six

downstream plates [67]).

As for the scan back, sixteen tomographic images are taken in the most up-
stream 100 pum layer of each plate at different focal depths. The threshold on
pulse height to retain a track segment is set to 10. All track segments, within the
angular acceptance, in the fiducial volume are measured and stored. The angular
acceptance is set to —400mrad < 0, ., < 400mrad, where 6, and 6, are the angles
between the track and the beam axis (conventionally chosen as x) in the (x, y)
and (x, z) planes. This is because of the decrease of efficiency of the UTS at

larger angles.

4.4.1 Offline Reconstruction

The reconstruction program is written in C++ and is divided into two blocks:
ECFSAL (Emulsion Chamber First Structure ALignment) [68] which performs
first alignment and tracking, and ECVTXA (Emulsion Chamber VerTeX Analy-

sis) [69] for background track rejection, fine alignment and vertex reconstruction.
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4.4.1.1 Alignment and Tracking

Once the reliable track segments are selected on the basis of the pulse height
cut off bigger than 12, "ghosts” must be rejected, i.e. copies of segments which
are seen twice because they fall in the intersection zone of two microscope views.
Then, if two segments having the same angle are found, the distances to the
original track are compared. If the distance for one of them is greater than
5 pm, then it is rejected. After the segment selection, the recursive alignment-
tracking program (ECFSAL) is run. It compares the pattern of segments in two
neighbouring plates to determine the position and rotation parameters of the
plate to plate alignment. As shown in Figure 4.6, the angle differences (Af)
between the segments and connected tracks (f) and the position displacements
(Ar) between extrapolated position are the parameters of the plate by plate
alignment.

The tracking consists of the extrapolation of the segments of the first plate to
the following one, looking for a matching segment in a cone of angle dependent
on the alignment residuals (20 mrad being the maximum angle), and in about
4 pm in position, corresponding to 30 of alignment resolution. If no candidate
is found, the starting segment is kept anyway, and the matching is tried in the
further upstream plate. This means that gaps are allowed in the NetScan tracks
which improves the track reconstruction efficiency.

Figure 4.7 shows the track reconstruction efficiency for tanf < 0.4 for each
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Figure 4.6: Parameter definitions used for the track connection and emulsion
plate alignment.

plates. The average efficiency is about 98%. The inefficiency is due to emulsion
problems and UTS’s failure. Figure 4.8 shows the relation between tracking

efficiency and track slope.

4.4.1.2 Fine Alignment

At the end of the first alignment-tracking process, on average 5,000 tracks are
reconstructed in the fiducial volume but only a few of them are real event tracks.
Almost 99% of this is background tracks, i.e. low momentum tracks coming from
cosmic rays, radioactivity, low energy interactions of neutrals, accumulated during

the years of emulsion exposure. Before the vertex reconstruction, it is mandatory
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Figure 4.7: Track finding efficiency for each plate.
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Figure 4.8: Track finding efficiency versus track slope.
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to eliminate as much background as possible, since these fake tracks will gener-
ate fake vertices which will increase the manual check load. Fine alignment is

performed after the event has been cleaned. This is done in ECVTXA.

Tracks are obtained by connecting several track segments, and the number of
reconstructed tracks depends on the angular acceptance in the extrapolation of a
segment to the following plate: the larger is the acceptance, the easier a segment
will fall inside the solid angle. At the moment, in ECFSAL the tolerance is a
floating value which depends on the plate alignment residuals: this means that
low momentum tracks, that undergo large scattering, can appear with splittings in
track segments. Of course, it would be easy to make them connected by increasing
the acceptance; but this can be risky because then one could also attach event
tracks to background tracks. It is therefore necessary to find a good balance
between the level of misconnections introduced and the number of reconnected
low momentum tracks. It was found that the optimal minimal momentum is

100 MeV.

After low momentum track rejection, a second, fine alignment is performed
using information from the surviving tracks, similar in procedure to the first
level one: position shift, angle shift, rotation between plates and gap corrections.
Final tracks are chosen on the basis of their x? value. These tracks, so called

good tracks, are sent to vertex reconstruction.

Figure 4.9 shows RMS of the distribution of Ar after the fine alignment. After
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the second alignment, the resolution is 0.5 pm in position.

7000 £ Entries 38302
6000 - Mean 5617
3 RMS .3585
5000 E
4000 F
3000 F
2000 S—
1000 E—
0 Eo 1 1 1 | IR T S N
0 0.5 1 15 2 25 3 35 4 4.5 5
microns
E Entries 38302
6000
E Mean 5806
5000 F RMS .3602
4000 [
3000
2000 f
1000
o Ed 1 RPN IR RSP RPN RPN R R

0 0.5 1 15 2 25 3 35 4 45 5
microns

Figure 4.9: Position displacement RMS distribution for each plate. Top: y-axis,
Bottom: z-axis.

4.4.2 Vertex Reconstruction

Before reconstructing the vertex, one must eliminate those tracks that seem to
belong to the event only because they happen to pass through the fiducial volume,
but do not originate therein. These are mainly particles produced in the neutrino
interactions and their decay daughters. A track is defined to be a stopping track
if it escapes the fiducial volume not more than once (no matter where, be it from
the downstream face, or from the borders, or from the upstream face). All tracks
which escape twice, are defined passing-through tracks and thus are not related

to the event. After low momentum track rejection, on average 40 stopping tracks
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are found in the fiducial volume. Most of the surviving tracks clearly are still
background: in fact, they originate from fragments of low momentum tracks that
ECVTXA was not able to reconnect and eliminate. Completely isolated segments
are eliminated. Still included are the fragments of low momentum tracks made
of two (or more) connected segments: since the minimum number of connected
segments necessary to form a stand alone track is 2, such a fragment of a low
momentum track is already considered a stopping track itself. One could increase
the number of segments that form a track, but the price of this is a loss in the
tracking efficiency. It was preferred to leave a bigger contamination but also

higher efficiency, and use other methods to reject the background.

All the stopping tracks are used for the reconstruction of the vertices. First,
tracks are considered two by two and two track vertices are constructed. The
requirement, for two tracks to form a vertex is that the distance between them
is less than 20 um. Also, single segments can be re-included, provided they are
matched at less than 30 mrad with a target tracker track; but at least one of the
two tracks building the vertex must be connected in two plates. Two track vertices
are then clustered to form a real vertex, requiring that the distance between two

tracks that form the two track vertices is less than 10 um.
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4.5 Data Sample and Event Selection

In order to keep the high efficiency for the pentaquark search, the NetScan
method is applied to 1p events with an enlarged fiducial volume. The new scan-
ning volume is like a truncated pyramid as shown in the Figure 4.10. This vol-
ume contains the vertex plate itself, the plate immediately upstream, and the ten
plates downstream from the vertex plate, corresponding to 9.48 mm along the
beam direction. The transverse area of the first plate is 1.5x 1.5 mm?, increasing
to 3.0x3.0 mm? at the last plate. The volume is optimized to search for sec-
ondary vertices of charm or long flight decay pentaquark. Figure 4.11 shows the

distribution of the number of plates corresponding to one NetScan data set.

<

3 mm

— |

Figure 4.10: The NetScan volume with a sketch of a ©° decay. The ellipses
represent track segments in 100 pm emulsion layers in which automatic scan-
ning performed. Offline programs reconstruct the tracks and associate them to
common vertices.

The sample of 3718 u* located events have been sent to NetScan for detailed

analysis. Figure 4.12 shows two plates connected tracks for each module. The YZ
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Figure 4.11: Number of plates consisting of one NetScan data set.

plane of detector is 1.4 x 1.4 m?, and the incident charged particle density is not
uniform. For each module the distribution is different since some modules have a
contribution from X-beam muons. We put a threshold on the two plate connected
tracks to select good quality data sets. Table 4.1 shows the threshold for different
modules. The small number of connected tracks is due to the misconnection of

plates, and troubles in the optics or the emulsion plates.

Table 4.1: Threshold of number of two plates connected tracks.

Module | Threshold(/mm?)
125 20trks
6 30trks
7 40trks
8 50trks
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Figure 4.12:
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Two plates connected tracks for different module.

After the alignment and two plate connections the number of data sets which

are available for the analysis are summarized in Table 4.2.

Table 4.2: The number of NetScan data sets passing the quality check.

two plates connected tracks are bad | 11

Total number of data set 3718
Good Quality 3390
alignment is bad 160

both are bad 157

The number of good quality located events with a muon of positive charge

determined by muon spectrometer is 3390. There is still a large fraction of back-

ground in this sample. To reduce the background, stronger criteria [70] on the

muon identification have been applied:
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e low momentum muons stopping inside the spectrometer are discarded;

e the distance of the impact point on the spectrometer entrance surface from

its axis is required to be < 150 cm;

e several muon reconstruction algorithms in the spectrometer are available,
using only hits in the drift chambers or the combined data from all elec-
tronic detector. Consistency checks are applied when a muon track is re-
constructed by more than one algorithm. Otherwise, the track length in

the spectrometer has to be > 3 gaps (two magnets);

e when matching a spectrometer track with a track in the fiber trackers, a

tighter cut is applied on the x? of the global track fit.

With the above primary muon identification criteria, 2480 events (73.2%) were

selected. These sample were used for decay search analysis?.

4.6 Charm Selection

The sample 2480 ™ events still contains low momentum and passing through
tracks. To select interesting decay topologies from this sample we do additional

filtering of events using various cuts.

4 ”SatoMurat” Selection program [71] which was used for CHORUS neutrino charm decay
and oscillation search, has been modified for decay search analysis.
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An impact parameter based selection: The fundamental requirement
of the selection is that two NetScan TT matched tracks go to two distinct re-
constructed vertices. First, good tracks are selected based on the global angle
difference of the fitted tracks and track segments. Then impact parameter be-
tween track and vertex point is calculated and an impact parameter cut is applied.

Selection steps are the following in detail:

e Events must contain at least two T'T matched tracks, which have to be two
plate connected, going to two distinct vertices (one is primary vertex the

other is the decay vertex). The condition for TT matching is

Abrp < 3.44,/(0.00546)2 + (0.0194.6,)2 rad (4.2)

at 99% C.L. as shown in the Figure 4.13 and Figure 4.14. This validates
the primary vertex and assures that a second vertex (neutral charm or at
least kink) is present. This requirement is necessary to have a reasonable

manual check load.

e To eliminate low momentum tracks, the following cut (shown in Figure 4.16

and Figure 4.17) is applied at 99% C.L.

Abgiopar < 2.31,/(0.00367)2 + (0.0236.6,)2rad (4.3)

where the Afgpq is the angle difference between the global angle of the

track and the track segment angle measured in the last (and first) plate (see
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Figure 4.13: TT angle difference of 2 segment tracks.
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Figure 4.14: TT angle difference of 3 segment tracks.

88



Figure 4.15). Afy0pa is also a measure of the multiple scattering, and for

a 100 mrad track the threshold corresponds to about 10 mrad.

Fitted track o Last track

Pe t
) B / segmen

e

First track segment

Figure 4.15: Global angle, 0404 is given by the difference between the angle
of the fitted track 6, and the square root of the sum of first (6;) and last (6;)
segment‘s angles squared.

e The impact parameter (Figure 4.18) of the stopping track and the vertex

point must satisfy the angle dependent condition (Figure 4.19),

IP > /32 + (204.dx)? (4.4)

where oy = \/(0.00305)2 + (0.0194.6;)? is the parametrization of the angular
error, the first term in square root in the equation taking into account the
minimum sensitivity of the instrument. On average, the minimum impact
parameter corresponds to about 10 pum. dx is the distance of the vertex

from the most upstream emulsion surface which is called vertex depth.

e The flight length of a candidate must be more than 25 pm.
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SS angle difference from global angle
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Figure 4.16: Global angle difference of 2
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Figure 4.17: Global angle difference of 3 segment tracks.
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Figure 4.19: The impact parameter of the stopping track and the vertex point.
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e 2 < 0.5 cut is applied in order to suppress fake connections.

e Finally, it must be taken into account that 7%s are produced in neu-

trino(antineutrino) interactions. 7°

converts to v pairs, which again convert
to electron positron pairs. These tracks are almost collinear with the photon
direction because their transverse momentum is negligible. Since the pho-
tons from pion decay point to the neutrino interaction vertex, the electron
pairs tracks are also both pointing to the interaction vertex. Therefore, to
reject events with electron pairs in which possibly only one of the tracks is
matched, a cut on the minimum kink angle is applied: Af;,. > 10 mrad.

The kink angle is defined with respect to the line that links primary to

decay vertex as shown in Figure 4.20.

Primary Vertex

\
v Decay Vertex
\
\\
\
\
A
—* =" kink
\
A

Single stop track

Figure 4.20: Definition of the kink angle with respect to the line which links
primary to decay vertex. E-pair cut: Al > 10 mrad.
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After the additional filtering the selection of decay candidates is performed.

The selection is composed of six categories:

e Golden category: Two vertices are detected, the muon is attached to the
primary vertex, and the secondary vertex has two daughter tracks which

are reconstructed at TT. ®

e Silver category: Two vertices are detected and in secondary vertex only one

daughter track is TT matched.

e Bronze category: Two vertices are detected and in secondary vertex daugh-

ter tracks have only TT hits.

e Parent category: A muon is attached to the parent track, daughter track

must be at least 2 segment connected.

e Isolated muon category: Only one vertex is found. A muon is reconstructed

as a single stop, not attached to the vertex.

e Single stop category: Only one vertex and one separate TT track are found.

Single stop track must be at least 2 segment connected.

These selection criteria were applied to the sample of 2480 located p™t events.
A total of 152 events were selected for which a visual inspection was performed to

confirm the decay topology. A secondary vertex found in the emulsion is tagged as

5 If a track is connected by angular matching to the Target Tracker, it is called a TT match
track. If a track is connected to Target Tracker raw hits, it is called a TThit track.
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a decay vertex if no other activity (nuclear break-up or Auger electron) is observed
at the decay point and if the number of outgoing tracks is consistent with charge
conservation. Moreover, a decay into a single charged particle is accepted only
if the angle between the parent and the decay product (kink angle) is greater
than 50 mrad and the flight length, i.e. the distance between the primary and
decay vertices, is greater than 25 ym. To reduce further the v, background in the
present analysis, the primary vertex, to which the positive muon is attached, is
required to be the most upstream one. After visual inspection, 51 events with a
positive muon reconstructed in the spectrometer and a topology consistent with
a charm decay were identified. The results of the visual inspection are given
in Table 4.3 where the observable decay topologies are classified as even-prong
decays N2 or N4 for neutral particles (mainly D°) and odd-prong decays C1, C3
or C5 for charged particles (mainly D~, D; ), according to the prong multiplicity.

The rejected sample consists mainly of neutrino-induced charm events in which

Table 4.3: Results of the visual inspection (eye-scan) of charm candidates

Secondary vertex topology | Number of events
N2 22
N4 9
C1 14
C3 4
Ch 2

the reconstructed positive muon arises from a downstream charm decay vertex,
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hadronic secondary interactions, delta-rays, or gamma conversions and events
with a low-momentum track that, due to multiple scattering, appears to have a
large impact parameter with the interaction vertex. The remaining part consists

of fake vertices due to imperfections of the reconstruction program.
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CHAPTER 5

MEASUREMENT OF ANTINEUTRINO CHARM

PRODUCTION

Charm production in neutrino and antineutrino charged current (CC) interac-
tions has been studied by several experiments by looking at the presence of two

oppositely charged leptons in the final state, from the process
vy+d,s— p+ c+X
|
DY - pt+u, + X' (5.1)
and
v,+d,5— pt+ e+ X
|
D™ —pu 4+, +X (5.2)

The leading muon is interpreted as originating from the neutrino vertex and the

other one, of opposite charge, as being the decay product of the charmed particle.
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In particular CDHS [73], CCFR [74], CHARM [75], CHARM-II [76], NOMAD [77]
and NuTeV [78] have collected a large statistics of opposite-sign dimuon events. In
such experiments, the evaluation of the charm production cross section requires
the knowledge of the average muonic branching ratio of the various charmed
hadrons, weighted by their relative production rates. Furthermore, experiments
of this type suffer from significant background (~ 20%) due to the undetected
decay in flight of a pion or a kaon. The background reduction involves cuts on
the energies of the primary and decay muons and this makes it difficult to study

cross sections at energies below 20-30 GeV.

A different approach using a hybrid emulsion detector was pioneered by the
E531 experiment at FNAL [79]. In emulsion, charmed particles can be recognized
on the basis of their short flight length and characteristic decay topology. This
allowed a study of all decay channels, not only the muonic one, applying loose
kinematic cuts, with no required knowledge of branching ratios and with very low

background.

A measurement of charm production and of the charm fractions f;, was ob-
tained by E531. In this experiment, charm could be tagged by the presence of a
detached secondary vertex in the emulsion target. 122 events were tagged in this

way, 119 of which are neutrino induced and three induced by antineutrinos [80].

Antineutrino data at low neutrino energies are limited and no measurement

of the production fractions f, of the different charm species h exists.

97



CHORUS measured the average production cross section and its energy depen-
dence by using 7, CC interactions [81]. 32 charm candidates have been confirmed
with an estimated background of 3.2+ 04. The charm production rate in charged
current induced by 7, was found to be

o(ZN — p*eX)

_ (5 (tl4
cON S X)) (5.0 g(stat) = 0.7(syst)) %.

And the ratio of the production fractions of neutral and charged charmed hadrons

was found to be

% = 2.67}7(stat) 4 0.8(syst).
c

In this thesis, we have analyzed an enlarged data sample obtained with addi-

tional event location.

5.1 Data Sample

In total, 2480 7, events have been located in the emulsion and analyzed with
the procedure discussed in Chapter 4. 46 events with topology consistent with a

charm decay is found and given in Table 4.3.

In the following sections, we will describe MC simulation of the antineutrino

charm production and background processes.
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5.2  MC Simulation of Antineutrino Charm Production

The procedure of Monte Carlo simulation in the CHORUS experiment consists
of modeling the neutrino beam, the generation of physical events, the simulation
of the detector response and the reconstruction. The neutrino beams are simu-
lated by GBEAM [38]. Parent mesons for neutrinos, modeled with FLUKA [82]
by NOMAD [83], are feed into the CHORUS GEANT 3.21-based simulation of
the CERN neutrino beam [84]. It simulates the interaction of a 450 GeV proton
in the beryllium target and tracks hadronic shower through the neutrino tunnel
and models meson decays into neutrinos. The output of the simulation is the

flavor, the creation vertex and four momentum of the neutrino.

A large number of deep-inelastic neutrino interactions were simulated using
the JETTA generator [85] which is based on LEPTO 6.1 [86] and JETSET [87].
Quasi-elastic (QE) interactions and resonance production events were generated
with the RESQUE [88] package with a rate of 9.6% relative to deep-inelastic

scattering reactions in the neutrino case and of 26% in the antineutrino case.

The simulated response of the electronic detectors was processed through the
same reconstruction program, CHANT, as used for the experimental data. The
tracks in emulsion and the performance of the track selector are also simulated

in order to evaluate the efficiency of the scanning procedure.
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The efficiency of the NetScan procedure represents the probability to recon-
struct the vertex and the decay topology of the charmed particle in the scanned
emulsion volume. In order to estimate NetScan efficiencies and numbers of the
background events for charm, MC simulation with the complete set-up and event

reconstruction has been performed.

In order to have realistic track density, NetScan data which do not contain
reconstructed vertices (empty data set) have been used. Empty data sets contain
tracks with stop or passing-through the NetScan fiducial volume representing the

real background.

For the empty data sets, specific scanning has not been performed. Instead
of this, some selection has been applied on the already scanned events. During
the scan back vertex location procedure, more than one track can be selected as
scan back tracks for scanning, or multi-candidates found in the interface sheets
are followed in the bulk emulsion. If these tracks stop in different emulsion
plates, each of them is assumed to possibly contain a vertex and NetScan data
taking is performed separately. If the scan back track is fake, the scanned fiducial
volume does not contain the neutrino interaction. Such a data set is stored in
the database and it is defined as an empty data set. For our analysis we have
selected 304 empty data sets. The distribution of empty data sets in the different

microscope stages is given in Table 5.1.

As mentioned before, in the NetScan procedure, all track segments around
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Table 5.1: The number of empty data sets in the different microscope stages.

Map folder Stage number | Number of data sets
Map-05-09-16-Anti-Emp1 Stagel 142
Map-05-09-16- Anti-Emp2 Stage2 15
Map-05-09-16-Anti-Emp3 Stage3 30
Map-05-09-16-Anti-Empb Stageb 34
Map-05-09-16-Anti-Emp6 Stage6 83

the located vertex are recorded within a given angular acceptance. And there
are a few thousand tracks in one NetScan acquisition for each event. These
tracks originate from neutrino interactions, cosmic rays and other background
tracks due to other beams during the exposure of CHORUS emulsions. In the
real case, emulsion plates are misaligned with respect to each other. Several
hardware effects during the scanning procedure have to be taken into account. In
order to evaluate the NetScan efficiency, all these aspects need to be reproduced.
This was achieved by superimposing Monte Carlo events with empty data sets.
This is a very realistic way to simulate the background conditions in the NetScan

procedure. The scheme of Monte Carlo simulation [89] is shown in the Figure 5.1.

Starting from the Monte Carlo true track parameters of all charged particles in
a simulated neutrino interaction, each track is propagated from production point
through the NetScan fiducial volume, taking into account the multiple scattering
as well as the measurement error and the emulsion distortions, to get the position

and direction of each track segment at the upstream surface of each plate.
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The number of frames (up to sixteen) where a grain is found, at the so-called
pulse height, depends on the hardware efficiency. Using a large number of back-
ground tracks, the pulse-height distribution was parameterized as a function of
the radial and transverse angle of the track, independently for each emulsion
module. This parameterization was used to simulate pulse-height and took into
account the hardware efficiency and the developing process that may result in
different fog density and distortion [89]. Finally, to take into account the mis-
alignment of the plates, the parameters of the inverse alignment transformation
for the tracks in the empty data set are applied on the simulated segments to
obtain segments in the same coordinate system as the raw data in the data set.
In other words, misalignments are introduced for Monte Carlo tracks using align-
ment parameters associated to scanned emulsion plates. In doing so, the Monte
Carlo data set includes an event with known physical characteristics that can
be treated in exactly the same way as real data. The combined data are passed
through the same NetScan reconstruction and selection programs used for real

data.

The location efficiencies, the ratio of the number of located events to the

number of interactions in emulsion, are given in Table 5.2.

The NetScan efficiency is a function of many variables: charm species, flight

path, energy of the charmed hadron, number of prongs (decay daughters), etc.
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Figure 5.1: The flowchart of NetScan simulation [89].

Table 5.2: Location efficiencies.

Event Location efficiency (%)
v, CC DIS+0.26QE 54.9+0.3
D° 47.44+0.5
D~ 46.4+0.9
D- 13.6L1.8
D~ +D; 14.6+15
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The NetScan efficiencies, containing both the geometrical acceptance and the re-
construction efficiency, are shown in Table 5.3 for each decay topology. The con-
tribution from charmed D* and DT mesons was evaluated assuming D} /DT =
0.627 £ 0.073 [90] and the production ratio as obtained in [53, 57]. The errors
include the effect of Monte Carlo statistics used for the efficiency evaluation, in-
strumental effects, and the uncertainty on D} /D*. And the contribution of A,

was neglected.

Table 5.3: NetScan efficiency containing geometrical acceptance and reconstruc-
tion efficiency for decays of neutral and charged charmed hadrons for different
decay topologies in the 7,-induced CC events.

DO
ena (%) 66.9 + 0.8
ens (%) 792+ 15
D+ D]
€C1 (%) 41.3 + 3.6
€c3 (%) 72.5 + 2.6

Figures 5.2, 5.3 and 5.4 show the efficiency dependence as a function of the
flight length for each charm species and for each decay topology. The low value
of the selection efficiency at short flight lengths is explained by the difficulty to
separate the two vertices. If a track from the secondary vertex appears to be
attached to the primary then the efficiency to reconstruct the secondary vertex
becomes lower. At long flight paths the selection efficiency goes down; because

the decay point is quite close to the edge of the fiducial volume, then only a few
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secondary tracks can be reconstructed. The simulation shows that approximately

3% of DY decay out of the fiducial volume, and similarly 13% of D~, 7% of Dy .
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Figure 5.2: Dependence of the charm selection efficiency as a function of the flight
path for D decaying into two prongs Left: without coplanarity cut, Right: with
coplanarity cut ¢ > 10 mrad.
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Figure 5.3: Dependence of the charm selection efficiency as a function of the flight
path for D° decaying into four prongs.
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Figure 5.4: Dependence of the charm selection efficiency as a function of the flight
path for Left: D~ and Right: D decaying into one and three prongs.

5.3 Background Estimations

The main background for the neutral charm (D°) detection in emulsion comes
from K° A° decays, and from neutron, K° and A° white interactions, without
any visible nuclear break up at the interaction point. For the charged charmed
hadrons (D, D) the main background coming from 7, K and ¥ decays in flight,
and from charged hadron interactions without any visible track from nuclear break

up (these are called white kinks/tridents).

5.3.1 Strange Particle Background

Although strange particles have much longer mean decay length, they can
fake a charm topology. For two prong topology (N2) the main background comes

from

o KV — ntr~ with Br = 68.60 +0.27 %,
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o A — Pr~ with Br =63.9+0.5 %.

The full simulation of the electronic detectors and of the event reconstruction
in the emulsion is used to calculate the background from these neutral strange

particle decays. The location and NetScan efficiencies for each background par-

ticle are shown in Table 5.4.

Table 5.4: Efficiencies for background particles.

Background particle

Location efficiency (%)

NetScan efficiency (%)

KO

60.1 £ 1.5

3.1+£1.0

AO

46.5 £ 0.9

3.8+1.3

The number of background events per charged event was evaluated and finally

the total number of background events was obtained for the antineutrino data

sample. The results are shown in Table 5.5 and Table 5.6.

Table 5.5: The number of background events per CC event.

Background particle

Detectable bg events

Bg per CC event (107%)

KO

8.5

5.98 £2.12

AO

8

6.36 £ 2.18

Table 5.6: Number of background events in antineutrino data sample.

Background particle | Bg events | Bg events with ¢ > 10mrad
K? 1.31 +0.42 0.16 £0.16
A° 1.39 + 0.48 0.49 £0.27
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The rejection of ete™ pairs is obtained by applying the cut on the opening

angle.

Other background coming from multi prong decays is estimated to be N, lff‘ =

0.29 £+ 0.02 events.

5.3.2 White Interactions

Hadronic white interactions are elastic or inelastic hadronic nuclear interac-
tions with no heavily ionizing tracks or other evidence of nuclear break-up, i.e.,
blobs, delta rays or Auger electrons, that mimic a decay kink topology. These
interactions fake a one prong decay of a charmed particle and cannot be distin-

guished from a decay in the emulsion.

White kinks were generated by using the event generator WHINTER (WHite
INTERactions) [91] and processed through the full simulation chain. Selection
criteria reduce the white kink background. Kinks with an angle smaller than
30 mrad are difficult to be recognized in emulsion. In order to reduce white kink

background, a cut on kink angle 6y, > 50 mrad was applied.

The number of expected white kink interactions in our sample of charm events

is given by:

L
NGL = Avhwi x €1 (5.3)

where
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e L. is the total hadronic track length. To evaluate Lj.q4, all the recon-
structed track, except the muon, in the NetScan volume was considered.
Liyod = Ng"c X (Nen) X Lemutsion = 43811.5mm. Here Lepusion = 10 emul-

sion plates, 7.9 mm, and (n.,) is 2.53 £ 0.11 [5].

e )\ x is the interaction length for a hadron produced in neutrino charged cur-
rent interactions. For CHORUS neutrino spectrum, the interaction length
in emulsion is estimated to be 2.5+ 0.5 m by using the FLUKA [92] simu-

lation program.

o 01 =(19.841.1)% is the efficiency of the white kink selection with NetScan

sel —

on l-prong events.

Calculation gives the white kink events in C1 to be NG = 3.4740.19 events.
Hadronic interactions in 3-prong topology are also estimated to be N§3 =

0.77 £ 0.03 events.

5.4 Measurements of Charm Production Induced by Antineutrinos

In order to obtain the sample of ,CC interactions, one has to subtract from

this sample the contaminations [72] due to:

e 1,CC events with the p~ reconstructed as a pt;

e v, induced dimuon events for which the primary ;= is not reconstructed

while the g% coming from the charm hadron decay is seen;

109



e punch through hadrons traversing the 5.2 interaction lengths of the calorime-
ter and reconstructed as pu* in the spectrometer, in CC events with the y

not identified, or in NC interactions;

e 1, KT decays to u™.

The contaminations to the sample of 2480 ™ events, shown in Table 5.7 , have

been subtracted statistically to determine the total number of 7, CC interactions.

Table 5.7: Estimated contaminations to the sample of u* located events.

put sample 2480 events

NetScan acquisition bug 84
1w pt events 41
2 DC hits events 84
put from charm decay 9
wrong i~ reconstruction 26

v,CC 11.6 £1.1(stat)

v, NC 32.7 £3.1(stat)

Table 5.8 shows the number of charm candidates after the subtraction of con-
taminations to the sample of u*. Figure 5.5 shows the flight length distribution

of charm candidates. Appendix 9.1 summaries the detail of the charm candidates.

Table 5.9 shows the decay topologies of 46 events surviving the estimated
residual background for each topology, and the number of events after background
subtraction, weighted with the inverse of the NetScan efficiency. By using the

unified approach for the analysis of small signals in presence of background [93],
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Table 5.8: Charm candidates after subtracting the contamination to the u™ sam-
ple.

Secondary vertex topology | Number of events
N2 19
N4 9
C1 14
C3 4
L Entries 46
u L Mean 1488.

Number of events

L1,

0 1000 2000 3000 4000 5000 6000
Flight length (um)

Figure 5.5: Flight length distributions for charm candidates.
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the statistical error can be derived at the 68.27% (1) confidence interval.
Taking into account the estimated efficiencies and background described in

Sec. 5.3, and the measured branching ratio of D° to all neutrals of 0.2184+0.049+

0.036 [54], the charm production rate can be obtained.

Table 5.9: Charm events and estimated backgrounds for each decay topology.
The last column gives the final sample of events after background subtraction
and NetScan efficiency correction

Decay topology | Events | Background Weighted sample
N2 19 2.70 £ 0.64 | 24.4773(stat) £ 0.3(syst)
N4 9 0.29 £ 0.02 | 11.075%(stat) + 0.2(syst)
C1 14 3.47 £ 0.19 | 25.573%" (stat) & 2.2(syst)
C3 4 0.77 £ 0.03 45755 (stat) £ 0.2(syst)

£ ENTRIES 19
% 02
=
80.175 -
0075 |
00s |
1000 2000 3000 It;(l):)ght lengstli(l)o(um)

Figure 5.6: Coplanarity versus flight length distribution for N2 topology.
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D° production rate can be defined as:

5 N — DX Ny R |
o N — p ) N2 N4 Cloc. - %. (5.4)

o(yN — ptX) — 1— BR(D® — All neutral) e N2,

In the present sample of 2192 events, the number of background events is
evaluated to be 2.70+£0.64 and 0.29+0.02 in N2 and N4 decay topologies respec-
tively. Further reduction of background can be achieved in N2 decay topologies
by acoplanarity angle! selection, ¢ > 10mrad. By using this selection, the back-
ground event is reduced to 0.66+£0.32 in N2 sample. By applying the acoplanarity
cut, the NetScan efficiency for V2 topology becomes (45.94:0.9)%. Then D° pro-

duction rate has been measured to be

o(7,N — ptD°X)
(N — p*+X)

— (2.86797L (stat) 4 0.14(syst)) % (5.5)

where the systematic uncertainty of the production rate rises mainly from the
choice of event generator and from variations of data quality. The total systematic
error estimated to be 5% [53]. The statistical error was derived by using the
68.27% (1o) confidence interval in the unified approach for the analysis of small
signals in presence of background [93].

D=, D7 production rate can be defined as:

o N = p (D7 DI)X) _ N& | NE e (5.6)
o(uN — ptX) €ct cos | DTHDY) '

L Coplanarity angle,®, is the angle between the line of flight of the neutral primary and the
plane defined by the tangents to the lines of the secondaries at the vertex point. Figure 5.6
shows the coplanarity versus flight length distribution of 2-prong decay topology.
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and has been measured to be

o(yN — p*(D~,D;)X)

_ +0.62
SN = 17 X) = (1.69" 55 (stat) 4+ 0.24(syst)) % (5.7)

where the systematic errors include the effect of Monte Carlo statistics used for
the efficiency evaluation, instrumental effects (4.6%), location effect (2%) [53]
and the uncertainty on DF/D*. And the contribution of A, was neglected. In
total the systematic error is estimated as 14%.

Hence the total charm production rate can be obtained

o(vN - pteX)  o(puN — ptDX)  o(@,N — pt (D™, D;)X)
oc(WN — putX) — o(7,N — ptX) o(r,N — pu*tX)

= (4.5570%(stat) £ 0.64(syst))%. (5.8)

The ratio of the production fractions of neutral and charged charmed hadrons

measured to be

o(v,N — ptDX)
2N — w+(D=, D )X)

= 1.697) > (stat) & 0.21(syst). (5.9)

This result has to be compared with a value of about 1.0 obtained in the
neutrino case [53, 57], supporting the expectation that the charmed baryon pro-
duction is strongly suppressed in antineutrino interactions.

New measurements are in a good agrement with the previous results based on

the sample of 32 7, charm events [81].
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CHAPTER 6

PENTAQUARK SEARCH IN THE CHORUS EXPERIMENT

The first experimental observation of pentaquarks came in July 2003 from the
LEPS Collaboration at the SPring-8 facility in Japan [94]. They observed a sharp
resonance O with quark contents uudds at 1.54+0.01 GeV with a width smaller
than 25 MeV and a statistical significance of 4.60 in the vC1o — KTK~ X reac-
tion (see Figure 6.1). This resonance decays into K *n, hence carries strangeness
S=+1. This result was shortly thereafter confirmed by the CLAS Collabora-
tion [95, 96] by analyzing existing data on deuteron target looking at the channel
~vd — K~ K'np. A peak was observed in the n K™ invariant mass at a value of
1542 +£ 5 MeV, with a width less than 21 MeV, and a statistical significance of
more than 5o. This result has triggered new interest in baryon spectroscopy since
this baryon is manifestly exotic; that is, it cannot be composed of three quarks
but may be explained as a bound state of five quarks. Several other groups have
confirmed this result. Table 6.1 lists the experiments claiming evidence for pen-

taquark states. While pentaquark signals observed in each experiment suffered
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from low statistics, the observation in many different reactions using different
probes (photons, electrons, protons, neutrinos) and targets (protons, neutrons,
nuclei) supported the pentaquark existences. On the contrary, subsequent re-
analysis of data collected in a different set of experiments [108, 121] found no
evidence of pentaquarks. The recent repetitions [122] of some of the previous ex-
periments that claim positive evidence of © pentaquark state yield null results

and contradict the previous observations.

AT T T[T T T T[T T T T [TTTT[H L B UL B B
C i a) 7 - b) -
SOF ERR e 7
> L P 1 = L i
(5] - [ - [} - -
O 156 - i i ] o & -
g [ | 7 &1 ]
o B [ ‘ o L i
% 10 o4 F E ]
E L | 1 § 5[ o
0 5 1 4 [ j
0 :III Ca b b et |: 0 il Lo b by |_-|- /]

1.5 16 1.7 1.8 1.5 1.6 1.7 1.8

MMS,+ (GeVic?) MMS, - (GeVic?)

Figure 6.1: Missing mass spectra for the Left: vK* and Right: vK~ for the
reaction yC' — K+TK~X [94]. The dashed (solid) histogram shows events with
(without) additional detected proton. The A signal is seen on the left and evidence
for ©T is seen on the right.

The evidence for the cascade pentaquarks, =5~ and =2, have been announced
in the =~ 7~ and =~ 7" in pp collisions at /s = 17.2 GeV by the NA49 experiment

at CERN [106]. The reported mass is 1.862 GeV/c? (see Figure 6.2).
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Figure 6.2: Invariant mass spectra for (a) 27~ , (b) E-7*, (c) Z¥n~, and
(d) =7t in the NA49 experiment. The shaded histograms are the normalized
mixed-event backgrounds.

The evidence for the anticharmed pentaquark, ©., comes from H1 Collabora-
tion at HERA [107], in the D**p and D*~p modes at a mass of 3099 + 3(stat) +
5(syst) MeV and a measured Gaussian width of 12 4 3(stat) MeV, compatible
with the experimental resolution. Figure 6.3 shows the D*p invariant mass spec-
trum from oppositely charged D*p combinations in deep-inelastic scattering. It is
anticharmed analogue of the ©1(1540) and has the quark content uudde with spin-
1/2 or -3/2. This is the first exotic baryon with anticharm quark, implying the
existence of other exotic baryons with heavy quarks. Nowak et al. [126] claimed
that the observed H1 pentaquark is a chiral partner of the yet undiscovered ground

state ©0 with opposite parity and a mass of order 2700 MeV. However, a similar
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search with larger statistics has been performed by the ZEUS [123] and FO-
CUS [114] collaborations did not confirm this signal. ALEPH [108], CDF [112],
BELLE [110] have also announced null search results on a strongly decaying

charmed pentaquark.

> 40 — — ————
> I
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o | i
g 30 - e D*p+D“p .
Qo 3 — Signal + bg. fit
3 I - Bg. only fit
E 20} .
: -
1T}
10 | 144 .
0 L ! L + ‘ + ! + ‘ +

3 3.2 3.4 3.6
M(D*p) [ GeV ]

Figure 6.3: Invariant mass of the D*p system; the D* mesons have been recon-
structed in the decay channel D* — Dr, — K.

The pentaquark with anticharm has been seen only by H1 collaboration and
studied in quark models [124], Skyrme model [125] and in other theorical approach
such as diquark-diquark-antiquark of Jaffe and Wilczek [25], a diquark-triquark

model of Karliner and Lipkin [29].
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Table 6.1: Positive signals for pentaquark states.

Experiment Reaction State Mode Mass(MeV)
LEPS(1) [94] 7Cha — KTK—X 0f  K'n 1540 £ 10
CLAS(d) [95] ~d — KTK~(n)p et  Ktn 1542 +5
CLAS(p) [96] ~p— KTK 7T (n) et  K'n 1555 + 10
SAPHIR . [97] vp — K2K™(n) Ot  K'n 1540 + 6
COSY [98] pp — ST K2p ot K 1530+ 5
JINR [99] p(C3Hg) — K2pX ot  K?p 1540 + 8
SVD [100] pA — K2pX ot K 1526 £5
DIANA [101]  KT™Xe — Kp(Xe) ot  KIp 1539 + 2
vBC [102] vA — KopX ot  K?p 1533+ 5
NOMAD [103] vA — K3pX et  Kip 1528.7 £2.5
HERMES [104] quasi-real photoproduction ©¥ K2p 1526 + 3
ZEUS [105] ep — KpX et  Kip 152243
NA49 [106] pp — Zr X Es Er 1862 + 2
H1 [107] ep — (D*p)X O, D*p 3099 £ 3(stat) & 5(syst)

6.1 Pentaquark Search in CHORUS

A search for pentaquark production in 7,CC interaction has been performed
in the CHORUS experiment. Our search is based on the visual observation of
the pentaquark decay vertex and identification of the daughter proton as shown
in Figure 6.4. In the following section, the analysis strategy adopted to the

CHORUS experiment [127] will be discussed.

6.1.1 Analysis Strategy

If the mass of the ©Y below DN threshold, the ©2 decays weakly. In our

search, we focus on the decay channels with a proton. The possible weak decays
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Figure 6.4: Decay topology of the ©2 events produced in 7, interactions with two
and four prongs.

of the ©2 with a proton in the final state would be;

(i) O — pKln (lv),
(44) @8 — ngﬂ'Oﬂ'_(ll/l),

(iii) ©% — pKtr 7w et (6.1)

Given the fact that © can decay via either the annihilation or the decay of
the & quark, and the lifetime of the ©° can be expected to be longer or shorter

than that of the charm hadron state, Table 6.2.

Table 6.2: The lifetime of charmed hadrons.

DY [ DT | DT | AT
or (um) | 123.0 | 311.8 | 147.0 | 59.9

Some experiments' [128, 129] claim observation of longer lifetime neutral

L The following experiments claim observation of longer lifetime neutral charmed hadrons:

e EB531 experiment [129] observed one candidate for the production and decay of a long
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charmed hadrons compared to D°. Therefore, the experimental searches of pen-
taquark must cover a wide range of possible lifetimes.

Possible background sources for the ©0 decays are mainly decays of D°, K°,
A° and ”white” interactions of a neutral hadron. Since the ©2 decays into at
least three particles, the non-coplanarity of the two charged prongs and the ©°
itself rules out the A° decay. Concerning the 4-prong decay topology, such an
events may be the background only if one of its daughter is wrongly identified as
a proton. The contribution of white interactions is negligible.

As mentioned in Sec. 4.6, from a present sample of u* events, 46 events with
a topology consistent with a charm decay were found. To search for anticharmed
pentaquark, the proton identification was performed on the decay daughters of
the secondary vertex with an even multiplicity.

In the following section the proton identification method is discussed in detail.

6.1.2 Proton Identification

In nuclear emulsions, minimum ionizing particles (MIPs) are observed as thin
tracks with a grain density of about 30grains/100um. The grain density in

emulsion is almost proportional to the electronic energy loss and its mean rate is

lived high mass neutral baryon with a decay mode:

— pr~ K mass= 2450 + 14MeV/c? with a lifetime 77.2 4 0.910713s. or
— pK~ K? mass= 2647 + 11MeV/c? with a lifetime 83.4 £ 0.910~13s.

e SLAC Hybrid Facility Photon Collaboration [128] observed an event of D° —
Ktrtr~7n~ with a lifetime of 55.410~sec.
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given by the Bethe-Bloch equation [130],

)
—_— 2__
p 2

dFE K o7 1 11 2moc? 3V Tax
- = ——— | =1In
dr AR |2 12

This equation foresees that, in a given material, d£//dz is a function of the particle
velocity (). Therefore, if the momentum is known, the measurement of dE/dx
along the particle trajectory allows particle identification.

On this basis, the discrimination between pions and protons of 1.2 GeV/c
momentum with a statistical accuracy larger than 30 was achieved by using track
path lengths of about 2.6 mm [131]. The method consists of counting the grains
along the track paths by the automatic scanning microscopes. This information
allows the extrapolation to different path lengths and § values.

The measurement of Multiple Coulomb Scattering (MCS) can be used to es-
timate p( [132], where p is the particle momentum. Therefore, the combination
of dE/dx measurement and the multiple scattering can provide particle identifi-
cation. The momentum resolution can be parametrized as Ap/p = y/a? + (bp)?
where a and b are constants which are inversely proportional to the traversed
length and proportional to the position resolution.

In the ©Y search in 7,CC interactions, kaons from D° decays are the main
source of background if they are identified as protons.

The grain density of proton, kaon and pion tracks in emulsion with different
flight lengths and velocities were simulated. The momentum resolution is also

simulated according to the composition of the traversed material and the position
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resolution.

All tracks from 7, interaction vertex followed in emulsion and track parame-
ters, pulse height, slopes were recorded for dE/dx and pf§ analysis. The average
track length in the emulsion was measured to be 13.2 mm [133]. In Figure 6.5, a
scatter plot of the dF/dx versus pf3 as measured by MCS is shown. The simula-
tion shows a proton identification efficiency of 0.10£0.01% for N2 topology and
1.52+ 0.04% for N4 decay topology. The momentum resolution is about 30% by
MCS and dFE/dX resolution is about 8%. As seen in the Figure 6.6, there is no

particle identified as a proton in the signal region: pg between 0.2 to 2 GeV/c

with dE/dX > 1.9-Me

(g/em?)”

6.2 Event Simulation

In order to simulate the ©Y production in 7, interactions, it is assumed that
the energy dependence of the ©2 production cross section in 7, CC interactions is
the same as the D° production in v,CC interactions reported in Ref. [53]. This
dependence is convoluted with the energy spectrum considered (the CERN Wide
Band beam) to give the effective energy spectrum of ©Y events (Figure 6.7). By
using Vegas generator [134], the 7, interactions were generated by integrating the
tree level matrix element of the 7, scattering off a 5 quark in the nucleon which
produce a u* and a ¢ quark in the final state.

Once the ¢ quark is produced, it has to hadronize into the ©% hadron. The

123



—T T 1 T T T T T T T T 7T
Proton (White)

Kaon (Red)
Pion  (Brue)

el a0l

dE/dX
o

L1 | R

—_
llllllll

(=)
(98]

1 2
P beta (GeV/c)

Figure 6.5: Scatter plot of the number of measured grains versus pg (GeV/c)
measured by MCS.

dE/dX (MeV/(g/em?))
[\e)

0 I
0 1 2 3
Momentum * Beta (GeV/c)

4 [T T T [ T T T T [ T T T T T[]
Ng . .
5t ]
& r N
S - 4
2ok 7
x [
S L
=L
FO -

0 C T S SN SR AN TN TN TN TN NN NN N S S |

=) =
—_
(S8}
w

Momentum * Beta (GeV/c)

Figure 6.6: Scatter plot of the dE/dx versus p8 (GeV/c) measured by MCS,
where the red marks are the decay daughters. Top: N2 sample, Bottom: N4
sample.
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Figure 6.7: v, energy spectrum generated by using Vegas generator.

description of the charm quark fragmentation is done in terms of the variable
2 = DPhad/Pquark With two different models [135, 136]. They foresee a z range
between 0 and 1. As it was already pointed out in Ref. [137], this description
partially fails in fixed target experiments where the charm quark may fragment
into a charmed hadron with valence quarks. This is the case of A, and ©Y baryon
production in v, and 7, interactions, respectively. The HERWIG simulation
program [138] is used to get the z variable distribution for A, production as
shown in Fig. 6.8 where the z > 1 part is due to valence quarks only. The same

distribution for the ©2 production is used.

The final arrangement of the valence quarks is considered to be as in Fig. 6.9

and HERWIG is used to produce hadrons from the other prompt partons via the
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Figure 6.8: z distribution for baryon production in 7, interactions. A fifth order
polynomial is used to parametrize it.

clustering algorithm. This provides a good description of the number of particles
at the primary vertex and of the kinematic distribution of the prompt strange
particle. A ©Y mass of 2.7 GeV/c? is assumed and its width is neglected.

Finally, Vegas is used to generate two and four prong ©° decays with different
lifetimes (0.5¢Tpo, e = 100pum, 2¢Tpo, 4¢Tpo, 8cTpo 16¢Tpo), neglecting the effect
of the matrix element.

The generated decay modes are the following;:

o 00— pKO7r~,

] @8 — pKol_ﬂl,
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*, hadrons

Figure 6.9: ©2 production in 7, interactions.
o O - pKtr 7.

For each decay mode 81k events were generated.

6.3 Decay Branching Ratios

The decay branching ratios of the ©% were estimated in Ref. [127, 139].
Cabibbo suppressed amplitudes were neglected and the work focused on the de-
cay channels with 2 and 4 charged prongs in the final state where one of them is
always a proton.

The branching ratios were calculated by using Clebsh-Gordon coefficients from
isospin conservation of the non-charmed quark cluster. The two and four prong

decay branching ratio were found to be

1
b’l“gp = g, (62)
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1
b’f’4p = % (63)

6.4 Efficiency and Background Evaluation

In order to evaluate the location and detection efficiencies for the 7,CC events
with the ©2 in the final state, we have performed a fast MC simulation. We
parametrized the track reconstruction efficiency in the electronic detector as a
function of particle momentum using the reconstructed 7, CC MC sample. The

parametrization as a function of the particle momentum is given by
0.81806 — 0.35177 * exp(—0.76248 * P)

and shown in the Figure 6.10.

0 5 10 15 20 25 30 35 40 45 50
P(GeV/c)

Figure 6.10: Parametrization as a function of particle momentum.

In order to have a realistic distribution of the interaction vertex in the emulsion
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stack, MC truth vertex position is transferred to the CHORUS coordinates and
shown in Figure 6.11. The stack number was fixed as 4. X position varied from

24.3275 cm < x < 21.4835 em, Y and Z positions varied from -70 ¢m to 70 cm.
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Figure 6.11: Vertex position in the emulsion target from MC simulation.

We assumed the same reconstruction efficiency for pentaquark, (©°), produc-
tion as 7,CC events which is (83.240.3)%. Using this parametrization, the ratio
of reconstruction and location efficiency, Table 6.3, of events with the ©Y in the
final state to that of all 7, CC events is found to be 0.88 £ 0.02 (0.86 £ 0.01 for
D in the final state).

The selection efficiency for decay topologies of D are shown in Table 6.4.

The 69 selection efficiency for different lifetimes of the ©° and for the N4 and N2
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Table 6.3: The location efficiencies and the ratio of reconstruction and location
efficiency of events with the ©2 in the final state to that of all 7, CC events both
for N2 and N4 decay topologies.

N4 N2

€loe. (o) | oo (%) | €ine () | Fébe (%)
0.5ctpo 493 £09 | 90£1.7 | 488=£09 | 8 £1.7
100pm | 49.6 £0.9 | 90+ 1.7 [ 48909 | 89+£1.7
2ctpo [489£09 | 89 +£1.7 | 486=£09 | 89 £1.7
detpo |49.1£06| 89 £1.2 [491+£06 | 89+£1.2
8ctpo |493£06 | 90£1.2 |479£09 | 87 £1.7
16ctpo | 46.5+£0.6 | 8 £1.2 | 46.5+0.6 | 8 +1.2

topologies are shown respectively in Table 6.6 and Table 6.5.

6.5 How to Estimate the Sensitivity and Limit

From the null result, we can set a limit on the production cross section, which
relates to how often a particular process occurs. The production cross section can be

thought of as a probability.

It can also be thought of as the effective area presented by the antineutrino nucleon
interactions to a particular production mechanism. If you take this quantity and mul-
tiply it by a measurement of the amount of data that is collected and the efficiency for
detecting the ©0 signal, you get an estimate for the number of the ©0 events in the
given data set. And when we set a limit on the production cross section, in the absence

of any detectable signal, we estimate a maximum possible value for this quantity.
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Table 6.4: The selection efficiencies for decay topologies of D° for the different cr cuts.

DY no cut(%) | er > 50(%) | er > 100(%) | e > 150(%) | er > 200(%) | et > 250(%)
N2 (¢ > 10) | 45.9+0.9 30.6+0.8 18.9+0.7 12.4+0.6 8.4+0.5 5.7+0.4
N4 79.24+1.5 52.8£1.8 31.7x1.7 19.3+1.4 11.1£1.1 7.5+0.9

Table 6.5: The selection efficiencies for the N2 decay topology of the ©Y for the different cr cuts.

N2 no cut (%) | er > 50(%) | er > 100(%) | e > 150(%) | er > 200(%) | er > 250(%)

¢ >10mrad | ¢ >10mrad | ¢ >10mrad | ¢ >10mrad | ¢ >10mrad | ¢ >10mrad
0.5¢Tpo 31.84+1.2 14.9£0.9 6.3£0.6 2.840.4 1.440.3 0.640.2
100pum 33.9£1.2 19.6£1.0 11.74+0.8 7.3£0.7 4.840.6 2.940.4
2cTpo 35.6+1.3 28.3+1.2 20.941.1 16.1+1.0 13.14+0.9 9.8+0.8
4eTpo 25.5+0.7 21.6£0.7 17.51+0.6 14.440.6 11.6£0.5 9.440.5
8cTpo 26.640.8 23.9140.8 21.0+0.7 18.2+0.7 15.54+0.7 12.9+0.6
16¢Tpo 20.24+0.7 18.9+0.7 17.0+£0.7 15.1+0.7 13.540.6 11.940.6




Table 6.6: The selection efficiencies for the N4 decay topology of the ©Y for the different c7 cuts.

N4 no cut (%) | er > 50(%) | et > 100(%) | er > 150(%) | e > 200(%) | er > 250(%)
0.5¢Tpo 60.6+1.3 24.6+1.1 7.7+0.7 2.7+0.4 1.5+0.3 0.840.2
100pum 61.5+1.3 31.841.2 17.5+0.9 9.940.8 5.7+0.7 3.4+0.5
2¢Tpo 54.6£1.3 39.24+1.3 28.541.2 21.34+1.1 15.7£0.9 11.4+£0.8
4eTpo 43.940.9 35.9+0.9 27.940.8 22.3+0.8 17.6+0.7 14.0+0.6
8eTpo 31.3+0.9 27.0£0.8 23.440.8 19.5£0.7 16.3+£0.7 14.4+0.6
16¢Tpo 19.8+0.7 17.7+0.7 15.6+0.7 14.2+0.6 12.340.6 10.840.6
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6.6 Sensitivity and Backgrounds for ©°

The proton identification efficiency is very low in the case of the CHORUS experi-
ment due to momentum distributions of the daughter particles as discussed in Sec. 6.1.2.
Instead of evaluating the limit based on the proton identification, the limits for different
possible lifetime of the ©% (0.5¢7po, ¢r = 100um, 2cTpo, 4eTpo, 8ctpo 16¢Tpo) have

been computed. The proper lifetime for a given ©0 decay is

ETTL@O
T J— C

N CP@S

where mgo and Pgo and ¢ are the mass and momentum and flight length of the eY,
respectively. The momentum of the ©9 is not directly measured in emulsion. Instead,
one can exploit the correlation between the momentum and the angular distribution of
the decay products [140]. These angles are measured very precisely. For a given decay
mode this correlation is determined by the decay kinematics and is model independent.
The most sensitive parameter is the geometrical average of the angle of the decay
daughters with respect to the direction of the ©Y, (), which is inversely proportional
to the momentum of the parent, Pgo. Hence, the lifetime of the 0! can be estimated
as;
_ Flight length

CT _—,
Vest

1 edaughter_eparent)

where Yegst = Gh and (0) = 2. =

The proper lifetime of the neutral decay candidates were estimated as shown in the
Figure 6.12.

In order to minimize the production sensitivity, a cut on the measured lifetime is
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Figure 6.12: Estimated cr versus flight length distribution of D°.

applied. The sensitivity is expressed as

Niimit

S =
Nige X €10c X €go X Br(N2+ N4)

(6.4)

where Njjp: is the number of signal @8 event, including estimated uncertainties at
90% CL [141]. €gu represents the efficiency for detecting decay topology, €, stands for
location efficiency relative to 7, event for the ©2 events.

As mentioned in Sec. 5.3.1, the background for neutral charmed decays were esti-
mated as 2.76 £ 0.64 events in N2, while 0.29 4+ 0.02 events in N4 candidates in the
present sample of ut. Majority of background is due to strange particle decays into
two bodies. Further reduction of background can be achieved in N2 decay topologies by
acoplanarity angle selection, ¢ > 10mrad. By applying this selection,the background
event number is reduced to 0.66 + 0.32 in N2 sample.

So all neutral candidates were treated as DY here. Number of expected D events

is given in Table 6.7. D° production rate in antineutrino interactions was estimated in
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Sec. 5.4 as

o(r,N — pTDX)
o(uN — ptX)

= (2.86107L (stat) + 0.14(syst)) %. (6.5)

Table 6.7: The number of events for each decay topology of D° for the different
cT cuts.

cT cut non cut | ¢ >50 | ¢ >100 | c7 >150 | ¢ >200 | ¢ >250
N2 19 15 11 8 5 4
N2 (¢ > 10mrad) 15 11 9 7 4 3
N4 9 7 4 1 1 0
N2+4+N4 24 18 13 8 5 3

The number of corrected D is given by

_ AruCC
- Nloc

Npo % 0(D°)  epo * (1 — BR(D® — All neutral))

and found to be 42.3 (35.1 N2 + 7.2 N4). The number of D" events for different
lifetime is given in Table 6.8 and Table 6.9. The uncertainty in background estimation
—2= = 0.3. The sensitivity which is given in that tables is averaged limit by infinite

times tests with null signal.

Table 6.8: D° background estimations for the different c¢7 cuts. The uncertainty

in background estimation is 5(5—;‘)) =0.3.
cT cut non cut | >50 | >100 | >150 | >200 | >250
N2(¢ >0.01) 16.11 | 10.74 | 6.63 | 4.35 | 2.95 | 2.00
N4 5.70 3.80 | 228 | 1.39 | 0.80 | 0.54
N2+N4 21.81 | 14.54 | 8.91 | 5.74 | 3.75 | 2.54
30% error 6.54 436 | 2.67 | 1.72 | 1.13 | 0.76
Sensitivity (Nyimi) 30% | 14.54 | 10.89 | 7.97 | 6.20 | 5.12 | 4.31
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Table 6.9: D° background estimations for the different c¢7 cuts. The uncertainty
in background estimation is SWNpo) _ .3,

N0
cT cut non cut | <50 | <100 | <150 | <200 | <250
N2(¢ >0.01) 16.11 5.37 | 9.48 | 11.76 | 13.16 | 14.11
N4 5.70 1.90 | 342 | 431 | 490 | 5.16
N2+N4 21.81 7.27 | 12.90 | 16.07 | 18.06 | 19.27
30% error 6.54 2.18 | 3.87 | 482 | 541 | 5.78
Sensitivity (Nyimit) 30% 14.54 | 7.09 | 10.03 | 11.67 | 12.67 | 13.29

_ ee

Table 6.10 contains the number of efficiency corrected events, Niest Lo

*E@O*
c

0 0
(6%2 * broy + 6%1 % bryp), where the branching ratios bry, = 3 and bry, = 55 (Sec. 6.3).

Table 6.10: Number of efficiency corrected and analyzed events.

cT cut non cut >50 >100 >150 | >200 | >250
0.5¢tpo 246.26 | 130.49 | 196.00 | 221.46 | 231.13 | 236.53
ct = 100pum | 260.28 | 145.01 | 85.62 | 52.77 | 34.18 | 20.62
2¢Tpo 266.11 | 205.10 | 151.18 | 116.04 | 93.38 | 69.64
4detpo 194.08 | 160.35 | 129.16 | 105.86 | 85.04 | 68.75
8cTtpo 191.97 | 169.32 | 148.57 | 128.27 | 109.04 | 91.28
16¢1po 14291 | 131.58 | 118.14 | 105.16 | 93.76 | 82.63

Using the numbers given in Tables 6.10, 6.8, 6.9, limits on the © production are
estimated and given in Table 6.13. Since the decay branching ratios of the ©% are model
dependent, the sensitivity as a function of bry), is estimated and shown in Figure 6.13.

In the range of the ©7 proper lifetimes (0.5 to 1670 ), the upper limit of the produc-
tion ratio is found to be less than 0.085 at 90% C.L.. The tightest bound ogo /0 <0.039

at 90% C.L is obtained for ©2 lifetime to be equal to 0.5¢mpo.
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Table 6.11: Cross section limit sensitivity.

| ctcut  [noncut [ >50 | >100 [ >150 | >200 | >250 |

0.5¢tpo 0.0590 | 0.0543 | 0.0512 | 0.0527 | 0.0548 | 0.0562
cr = 100pum | 0.0559 | 0.0751 | 0.0931 | 0.1175 | 0.1498 | 0.2090

2cTpo 0.0546 | 0.0531 | 0.0527 | 0.0534 | 0.0548 | 0.0619
4detpo 0.0749 | 0.0679 | 0.0617 | 0.0586 | 0.0602 | 0.0627
8cTpo 0.0757 | 0.0643 | 0.0536 | 0.0483 | 0.0470 | 0.0472

16cTpo 0.1017 | 0.0828 | 0.0675 | 0.0590 | 0.0546 | 0.0522

Table 6.12: The sensitivity of the ©Y production for different lifetime of the
©Y. The lifetime cut is applied in order to minimize the production sensitivity.

The uncertainty in background estimation is W) — .3, As branching ratios

Npo
Br(N2)=0.33 and Br(N4)=0.033 are used. 3

cr cut | DO (N2+N4) | sensitivity

0.5cTpo | < 100pm 9.48+4-3.42 0.051

ct = 100pum no cut 16.11+5.70 0.056
2cTtpo | > 100pum 6.6342.28 0.053

detpo | > 150um 4.35+1.39 0.059

8ctpo | > 200um 2.95+0.80 0.047
16¢cTpo | > 250pum 2.00+-0.54 0.052

Table 6.13: The limit of the ©¢ production is estimated for different lifetime of
the ©2. The lifetime cut is applied in order to minimize the production sensitivity.

The uncertainty in background estimation is SWNpo) — 0.3, As branching ratios

Npo
Br(N2)=0.33 and Br(N4)=0.033 are used. 3

ct cut | data (N2+N4) | Limit

0.5¢ctpo | < 100pm 6+5 | 0.039

ct = 100pum no cut 1549 | 0.065
2ctpo | > 100pm 9.4 | 0.084

detpo | > 150pm 7+1 | 0.083

8ctpo | > 200um 441 | 0.062
16¢cTpo | > 250um 340 | 0.052
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Figure 6.13: ©Y% production cross section sensitivity as a function of the bry, (in
the assumption that bro, + bry, = 1) for different proper lifetimes of ©2. Black
points: 0.5¢7po, Red: 100 w, Blue: 2c¢7po, Green: 4ctpo, Yellow: 8crpo and
Purple: 16¢7po.

6.7 Future Prospect of Pentaquark Search at a Neutrino Factory

In this thesis, a strategy to search for charmed pentaquarks in antineutrino in-
teractions is presented. This strategy is also applied to the possible search for the
charmed pentaquark using an Emulsion Cloud Chamber (ECC) as used in the OPERA

detector [142], at a neutrino factory [127].

It is assumed that the target section of the detector is made of lead plates and
nuclear emulsions used as tracking devices. The cross section of the target is assumed
to be 1 m? (a wall with a matrix of 8 x 10 OPERA-like bricks). The whole target
is made of 20 walls for a total mass of about 13 tons and located 1 km far from the

neutrino source. We assume 2 year data taking (7" = 400 days) and a 7, flux on the

138



detector ® = 107(v/s) which corresponds to about 3.5 x 10'* decaying muons.
By using a 13 ton detector, with a conservative approach, an upper limit of 1.0x10 ™%
of the production ratio is achievable in case of a null result. This value is less than 1%

of the D° production cross section in v, interactions.
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CHAPTER 7

CONCLUSIONS

The CHORUS experiment was designed to search for v,, — v, oscillations through v,
appearance in the v, beam. Apart from the neutrino oscillation search, CHORUS has
studied numerous subjects related to the charm quark production in neutrino-induced
charged current interactions and their decays as well as associated charm production
both in charged current and neutral current neutrino interactions. This thesis concerns
antineutrino-induced charm and pentaquark productions by using the presence of a 6%

v, component in the beam with 18 GeV average energy.

The analysis is based on a sample of 3390 events with at least one reconstructed
positive muon in the spectrometer. Selection criteria to improve the reliability of the
muon reconstruction have been applied and 2480 events survived. Decay search has
been applied to the sample of 2480 events. 46 7, induced charm events were observed
with an estimated background of 5.2 4+ 0.4 events. At an average antineutrino energy

of 18 GeV in the neutrino beam, the charm production rate induced by antineutrinos
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is measured to be

o(vN — pteX)
o(N — putX)

= (4.5570-% (stat) + 0.64(syst))%.

D° and charged charm (D~, D) production rate are measured to be

o(uN — ptDOX)
o(uN — ptX)

= (2.8670T1 (stat) + 0.14(syst)) %,

o(7uN — p*(D~, Dy )X)
o(uN — ptX)

= (1.6910:52(stat) + 0.24(syst)) %.

The ratio between neutral and charged charm production rates is found to be
1.697072 (stat) + 0.21(syst).

This result is consistent with the previous measurements [81].

By using the v, data sample, anticharmed pentaquark (©9) has been searched for
and no evidence is found. Based on the null observation, the limit of the ©% production
is found as a function of different possible ©Y lifetimes (0.5¢Tpo, to 16¢7p0). The upper
limit of the production ratio ogo /0 is less than 0.085 at 90% C.L.. The tightest bound
is ogo/op <0.039 at 90% C.L. obtained for 0V lifetime taken equal to 0.5¢7po. The
upper bound is above the DY production in antineutrinos and therefore does not provide
a tight bound to the ©% production. This is mainly due to the limited statistics of the

v, sample.
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CHAPTER 9

APPENDIX

9.1 List of Charm Candidates:

The list of 46 charm events is reported. The header has the following information:
iev topology dvtx putr mshower nblack thetay thetaz pmuon fl where it iev is the run-
event number, top is the decay topolog (1 = kink, 2 = Vee, 3 = trident, 4 = 4 Vee), dvtx
is the decay vertex plate number, puvtz is the primary vertex plate number, nshower and
nblack are the number of shower and black track at primary vertex respectively, thetay
and thetaz are the slope angle of the muon (mrad), pmuon is the muon momentum and

flis the flight length(um).

49961084 3 11 14 5 0 0.0067 0.0861 55.19 1665.0
51622934 2 31 33 4 0 -0.0240 0.1066 53.17 1267.9
51912632 1 12 13 6 1 -0.0281 0.0263 104.08 996.0
53540459 4 29 33 4 8 -0.0196 0.0648 73.59 3236.1
53654692 1 28 28 3 14 0.0062 -0.0491 18.75 505.5

53820241 4 10 11 1 2 -0.0255 -0.1090 8.83 1097.0
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55021038

56284150

56763284

57660312

58050782

58431625

59130634

59433622

61161353

61830657

62433293

63271369

66111892

66322446

69082757

70282165

72922167

73180682

73862499

74301849

74901210

75373730

23

18

22

20

13

14

19

17

28

20

20

10

14

10

32

30

19

23

20

30

23

17

15

19

18

30

21

23

11

15

11

33

31

13

20

.0285

.1036

.0447

.0520

L1377

.0850

.0606

.0151

.0176

.1118

.1519

.0365

.0145

.0947

.0076

.0546

.0708

.0882

.0611

.0374

.0593

.0197

-0

.0763

.1668

.0443

.0235

.2703

.0466

.0160

.0236

.0062

.0648

.05627

.0814

.0060

.0080

.0005

.1545

L1171

.0056

.0460

.0939

.0091

.0230 151.

150

15.

13.

20.

19.

17.

33.

15.

23.

50.

15.

40.

13.

30.

10.

25.

28.

18.

60

.94

44

11

.41

94

40

12

.62

89

.37

88

59

17

68

79

20

40

53

60

82

93

344.

1044.

5760.

2384.

3797.

852.

3568.

193.

739.

1223.

208.

332.

554.

2744 .

866.

520.

617.

709.

665.

573.

3976.

987.



75932518

75978738

76141510

76521111

76819034

77582068

77787202

78617938

79180027

79222654

79242473

79262017

79741708

79769884

79914818

80086811

81018164

81400638

26

34

14

23

10

13

14

13

16

25

11

27

14

32
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11

25

28
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14
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16

14

14

13

21

27

12

27

17

33

27

11

28

.0604

.0050

.0457

.0688

.0010

.00569

.1253

.0674

.0337

.0322

.0268

.0294

.0227

.0040

.0762

.0791

.0033

.0128

.0397

.0429

.0428

.0721

.0429

.0984

.0960

.0883

.0464

.0376

.0158

.0590

.0199

.1672

.0645

.0596

.0564

.0581
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