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We present our new measurement of charm dimuon production in neutrino-iron interactions based
upon the full statistics collected by the NOMAD experiment. After background subtraction we observe
15,340 charm dimuon events, providing the largest sample currently available. The analysis exploits the
large inclusive charged current sample (about 9 million events after all analysis cuts) to constrain the
total systematic uncertainty to ~ 2%. The extraction of strange sea and charm production parameters is
also discussed.

Ipenct BreH pe3ynsT T U3MEPEHMS] POXIAEHUS C-KB PK 110 JUMIOOHHOW CHIH Type B HEHTPUHHBIX
B3 MMOJEHCTBUAX, OCHOB HHBI H mONHOM H Oope x HHbIX aKcrepumMeHT NOMAD. [locne Bbruer
ton 3 peructpupoB HO 15340 coObITHII MIOOHHBIX I P P 3HOIO 3H K C pPOXIeHHeM c-KB pK . ITomy-
YeHH 5 CT TUCTHUK COOBITHH T KOTO THII SIBII€TCS PEKOpAHOH H ceropHd. B H jH3e HCIOIb30B H
Gomnpiioit H G0op COOBITUI MHKJIIO3MBHOTO B3 MMOIEUCTBUSI HEUTPHHO MO K H JIy 3 PSIXEHHOro TOK ,
OKOJIO 9 MIIH, JUIS OLIEHKH TIOJIHOW CHCTEM THUYECKOW OIMMOKH, COCT Bisiomed mopsak 2 %. O6cy-
K1 I0TCS T P METPbl UMITYJIbCHOTO P CIIPeliefieHHs] s-KB DK BHYTPU HYKJIOH U POXIEHHS c-KB PK BO
B3 UMOJEUCTBUSAX HEUTPUHO.

PACS: 13.15.4+g; 13.25.Ft; 14.20.Dh; 14.65.Dw

INTRODUCTION

Neutrino- and antineutrino-induced charm production can be used to extract the strange-
quark parton distribution function (PDF) and to improve the knowledge about the transition
to heavy quarks. In particular, the threshold behavior associated with the charm production
is crucial for the extraction of sin’® 6@y, from neutrino deep inelastic scattering (DIS) data.
Furthermore, a better understanding of the inclusive charm production cross section is im-
portant for the background determination of the experiments aiming at the study of neutrino
oscillations.

In the case of muon neutrino scattering, the underlying process is a neutrino charged-
current (CC) interaction with a s or d quark, producing a c¢ quark that fragments into a
charmed hadron. The charmed hadron may decay semileptonically producing opposite-sign
dimuons through the process shown in Fig. 1.
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Fig. 1. Neutrino-induced charm dimuons

Similarly, a muon antineutrino can interact with a 5 or d quark, producing a ¢ quark that
fragments into a charmed hadron, again leading to a final state with two oppositely charged
muons.

1. CROSS SECTION FOR CHARM DIMUON PRODUCTION

In the first approximation, the charm production double differential cross section by
neutrino deep inelastic scattering assuming an isoscalar target, massive charm quark slow
rescaling £ = x +m?/2Muv [1], the Callan-Gross relationship [1] and limit that Q% > M? is

(£, Q) +d, Q)
2
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where E,, z, y, v, (Q are standard DIS quantities; G is the Fermi constant; My, is the
W-boson mass, M is the proton mass; Vs, V.4 are the Cabibbo—Kobayashi-Maskawa (CKM)
matrix elements; u(z), d(z), s(x) are the parton densities of the up, down and strange quarks.

The fragmentation process describes the recombination of the charm quark with an an-
tiquark from the nucleon sea. It is conventionally represented by a fragmentation function
D(z), which specifies the probability that a given charmed hadron will carry a fraction z of
the momentum of the initial ¢ quark. In the quark parton model (QPM) [1] the fragmentation
function is factorized from double differential cross section for ¢ quark production. This is
not true in higher order quantum chromodynamics (QCD) theory.

The final double differential cross section for dimuon production at leading order in QCD is

2
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where the factor B, = B.(c — pu*v,X) is the probability that the charmed hadron will decay
semimuonically.

From the charm dimuon double differential cross section we can conclude:

1. The CKM matrix element |V.4|? is much smaller than |V.4|*> (0.0507 as opposed
to 0.9476). Therefore, the (anti)neutrino-induced dimuon xg; distributions are sensitive to
the shape of strange-quark momentum distributions, providing a means for the extraction of
the strange quark density.
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Summary of existing measurements of charm dimuons in neutrino interactions. The NOMAD
analysis described in this paper has the largest statistics and the lowest energy threshold

Exp. Publ. Stat. (N,) | Ew. GeV
CDHS 1982 [3] 9,922 30-250 (20)
CHARM I | 1999 [4] 3,100 35-300 (24)
CCFR 2001 [5,6] 5,030 30-600 (150)
NuTeV 2001 [6] 5,102 20-400 (157.8)
CHORUS | 2008 [7] 8,910 15-240 (27)
NOMAD 2011 15,340 6-300 (27)

2. The slow rescaling mechanism naturally includes the mass of the ¢ quark. The vis-
ible neutrino energy E, and the partonic center-of-mass energy squared § = Q*(1/x — 1)
distributions should be sensitive to this mass.

The current knowledge of the strange sea content of the nucleon in the global PDF fits is
based on the NuTeV and CCFR dimuon data [2]. The table summarizes the available relevant
neutrino dimuon data samples.

2. THE NOMAD DETECTOR

The largest sample of neutrino interactions, about 9 millions, measured in NOMAD
together with the excellent reconstruction quality of muon tracks and the good calorimetry,
offer an excellent opportunity to study neutrino-induced charm dimuon production. The
NOMAD detector [8] consisted of an iron-scintillator front calorimeter (FCAL) with a total
mass of 17.7 t (5 nuclear interaction lengths deep) and an active target of 44 drift chambers
(DCH), with a total fiducial mass of 2.7 t, located in a 0.4 T dipole magnetic field, as
shown in Fig. 2. The neutrinos are primarily produced by the decay in flight of 7/K mesons
produced by beam of 450 GeV protons incident on a beryllium target. Relative abundance of
the beam composition is v, : U, : Ve : Ue = 1.0 : 0.0678 : 0.0102 : 0.0027 [9].

2.1. The Front Calorimeter. FCAL consists of 23 iron plates which are 4.9 cm thick and
separated by 1.8 cm gaps. Twenty out of the 22 gaps are instrumented with long scintillators
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Fig. 2. Side view of the NOMAD detector
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which are read out on both ends by 3 in photomultipliers. The dimensions of the scintillators
are 175 x 18.5 x 0.6 cm. To achieve optimal light collection and a reasonable number of
electronic channels, five consecutive scintillators along the beam axis are ganged together by
means of twisted light guides and form a module. Ten such modules are placed above each
other and form a stack. Along the beam axis are four stacks. The area of the FCAL «seen»
by the neutrino beam is 175 x 190 cm.

2.2. The Monte Carlo Simulation. The NOMAD Monte Carlo simulation (MC) is based
on LEPTO 6.1 [10] and JETSET 7.4 [11] generators for neutrino interactions, and on a
GEANT [12] based program for the detector response. The default LEPTO cross sections
define the parton content of the nucleon for the cross-section calculation in the LO approx-
imation with GRV94 PDFs [13]. Modification of the cross-section calculation used in the
present analysis is described in Subsec. 5.1.

3. EVENT SELECTION

We select two types of interactions: the inclusive CC neutrino interactions on iron (single
muon) and the opposite-sign dimuons in CC interactions (two muons). The main selection
cuts are the following:

1) FCAL trigger;

2) one reconstructed and identified 1~ ;

3) fiducial volume inside the sensitive region of FCAL;

4) a second reconstructed ™ (from c-quark production or backgrounds) or p~ (from
backgrounds);

5) time difference between the two muons less than 5 ns to reject backgrounds;

6) leading negative muon requirement to reject antineutrino background: the transverse
momentum of the current muon, P; o larger than the transverse momentum of the secondary
muon, ch;

7) visible hadronic FCAL energy less than 100 GeV and total visible neutrino energy less
than 300 GeV;

8) energy of the current muon greater than 3 GeV;

9) energy of the secondary muon (or the visible hadronic energy for CC) larger than
3 GeV;

10) four-momentum transfer squared Q? greater than 1 GeV?/c?.

Cuts 4-7 are relevant for the dimuon sample only. All the applied cuts are relatively loose
in order to reduce systematic uncertainties. The main goal of the selection is to ensure that
the events are well measured in FCAL. We limit our analysis to the region Q% > 1 GeV?/c?
in which we can reliably calculate the cross sections within the parton model. It must also
be noted that the impact of such a cut on the charm sample is negligible, due to the intrinsic
production threshold.

4. BACKGROUND SUBTRACTION

An event is assumed to be a v, CC event in the presence of reconstructed and identified
negative muon track. The background comes from the v, neutral current (NC) events in
which one of hadrons decays in flight with 4~ production or v., ¥,,, U, events where a lepton
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was identified as a muon. The v,, CC background was estimated from simulation to be less
than 0.5%.

The charm dimuon events are determined from the opposite-sign dimuons (OSDM) mea-
sured in the data after subtracting the background originated from the muonic decay of 7+
and K mesons:

DATA DATA DATA
N — NDATA 3)

ppt pst,

The background events NEﬁTA are estimated from the like-sign dimuons (LSDM) measured
bg

in the data (u~ ™), multiplied by a scale factor extracted from the MC:

NMC
DATA DATA M,
_ g

Nuug'g - NMM_ NMC > )
B

where the scale factor is given by the ratio of opposite-sign to like-sign dimuon events
originated from meson decays.

Figure 3 shows the distributions of the LSDM events in FCAL data and MC. The general
agreement is satisfactory since we note the LSDM events from MC are never directly used
in our analysis. Rather, we only use the ratio of OSDM to LSDM background events in
MC. This ratio is very sensitive to the details of the fragmentation of the hadronic system, in
particular at low momenta. For this reason, we cannot rely on the MC at the level of precision
of a few percent. Instead, we follow a different approach. The background scale is basically
determined by the ratio of positively charged to negatively charged mesons inside the hadronic
system produced by the fragmentation of partons in DIS events. Therefore, we measure this
latter ratio as a function of the meson momentum from the NOMAD data originated in the
light Drift Chamber target (DCH). The difference between target nuclei (carbon in DCH vs.
iron in FCAL) turns out to be negligible for the inclusive fragmentation variables from a
direct comparison between the corresponding MC samples.
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Fig. 3. Distributions of the reconstructed visible
neutrino energy in like-sign dimuon events. Data
are shown as circles, while MC points are shown
as crosses

Fig. 4. Double ratio between positively charged
and negatively charged mesons h*/h~ in DCH
data and MC as a function of their momentum
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After measuring the ratio of positively charged to negatively charged mesons from DCH
data, we reweight each positive meson originated from the hadronic system in FCAL events
according to the measured ratio wy+:

WM =TT wps- (5)
ht

As a result, the entire background estimate for the charm dimuon sample is based upon data
themselves, which are used both for the LSDM and for the background scale. Figure 4 shows
the measured ratio A /h~ from the DCH data, as well as a comparison with the corresponding
MC simulation. The calibration of the background through the reweighting procedure is a
crucial step in the analysis and allows a substantial improvement in the description of the
charm dimuon data by the MC. Without the use of data from the low-density DCH target it
would have not been possible to lower the energy threshold on the secondary muon to 3 GeV
as well as to reduce the systematic uncertainty on the background subtraction.

5. THE CROSS-SECTION MEASUREMENT

After the background subtraction we have 15,340 neutrino-induced charm dimuon events
and about 9 million inclusive charged-current events shown in Fig. 5.

We measure the ratio of the charm dimuon cross section to the inclusive CC cross section,
as a function of the kinematic variables:

Ruu(x) = opu/occ ~ Nyu/Nec(z), where z = E,, zgj, Vs. (6)

The ratio R, provides a large cancellation of all systematic uncertainties affecting both
the numerator and the denominator. Moreover, the energy dependence of the rate provides
information on the charm mass.

5.1. Cross Section Weights. The MC events used in the analysis were produced with the
default LEPTO cross sections, which for the DIS are calculated in the LO approximation
with GRV94 PDFs [13]. This simulation does not adequately describe the charm production
process since it does not include any rescaling mechanism to take into account the large mass
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Fig. 5. Distributions of the reconstructed visible neutrino energy in charm dimuon (a) and inclusive
CC (b) events. Data are shown as circles, while MC points are shown as crosses
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of the charm quark. Furthermore, no electroweak, nuclear and high twist corrections are
included.

In order to achieve an accurate description of data, we implement a reweighting procedure
for the charm cross section:

oHRXP(E,, xBj, yBj)

LEPTO . )
0—## (EuvavaBJ)

(N

w##(El/a TBj, yBJ) =

where o PO is the original LEPTO cross section used to generate the MC events and o/ 5"

is the new cross section obtained from an analytical calculation [2,14—17]. The charm cross
section is calculated in the NLO QCD approximation for the heavy-quark structure functions,
in a factorization scheme with 3 light flavors in the initial state (FFS) [2]. The Target Mass
Corrections (TMC) are implemented following the prescription by Georgi and Politzer [18].
The impact of the dynamical High Twist corrections to the charm production is evaluated
by applying a simple rescaling for the quark charge to the phenomenological twist-4 terms
extracted from the inclusive lepton—nucleon cross sections [14]. We apply nuclear corrections
using the calculations of [15,16]. This calculation takes into account a number of different
effects including the Fermi motion and binding, neutron excess, nuclear shadowing, nuclear
pion excess and the off-shell correction to bound nucleon SFs. The electroweak corrections,
including one-loop terms, are calculated according to [17] within the framework of the parton
model. The parameters related to charm production like the mass of the charm quark and
the strange sea distribution are fixed to the ones extracted from the global PDF fit including
NuTeV and CCFR charm dimuon data [2] at this stage. This allows a consistency check with
a calculation fully independent of NOMAD data.

Finally, we apply an additional reweighting to the charm events to take into account
the effect of the charm fragmentation, which is described by the Collins—Spiller function.
This function describes the probability for a charmed hadron to carry a given fraction z =
PL(h.)/PE,. of the longitudinal momentum and is defined by one free parameter e.

Another additional thing we apply to the charm dimuon events to take into account the
effect of the semileptonic branching ratio B,, as a function of the neutrino energy from a fit
to the E531 data described in [2]:

0.0950

BuE,)= ———
w(Ev) 1+ 6.898/E,

®)

We apply a similar reweighting procedure to the inclusive v, CC events (single muons).
The model used for the inclusive CC structure functions on iron is the same described above
for the charm production. The light quark contributions to the SFs are calculated in the NNLO
QCD approximation. Figure 5 shows comparisons between data and weighted MC for the
reconstructed visible neutrino energy in charm dimuon and inclusive v, CC events.

5.2. The Unfolding. After reweighting of the MC events to our cross-section model, we
unfold the detector response from the measured data for both the inclusive v, CC and the
charm dimuon events. To do this, we first determine the smearing matrix and the efficiency
corrections from the MC simulation:

Nirec (xrec) _ Z rij (l,rec’ ZL’Sim) X € (SL’Sim) « N;‘im (xsim)7 9)
J
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Fig. 6. Distributions of the unfolded neutrino energy in charm dimuon (a) and inclusive CC (b) events.
Data are shown as circles, while MC points are shown as crosses. The curves are analytical model
calculations

where 2"¢ and 2™ are the reconstructed and simulated variable z (z = E,, TBj, V/3). The
inverse of the above relation provides the unfolded measurement:

(10)

N;im(l‘Sim) — Z 6;1($Sim) X ’I“;il(LESim,l‘reC) X NireC(mrec).
1
The binning of the data points is performed in such a way that the bin size is comparable to
the experimental resolution in order to reduce the impact of nondiagonal terms in the smearing
matrix.

We validate the unfolding procedure by splitting the available MC events into two inde-
pendent samples. The first sample (biased) is used to extract the smearing matrix and the
efficiency correction. The second half of the MC sample (unbiased) is used as fake data to
determine the unfolded distributions. These latter are then compared with the input simulated
variables of the unbiased sample. This procedure can reproduce the input distributions in the
unbiased sample with a good accuracy for both v, CC and charm dimuon events. Finally,
we compare the unfolded distributions obtained from FCAL data and MC with an analytical
calculation performed by convolution of our cross-section model with the neutrino flux. The
results are shown in Figs. 6,a and b.
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Fig. 7. a) Final ratio R, between charm dimuon cross section and inclusive v, CC cross section as
a function of the visible neutrino energy. b) The relative statistical (black curve) and systematic (the
band) uncertainties in percentage
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5.3. Systematic Uncertainties. For the experimental systematic uncertainties, we consider
the variation of all analysis cuts, the muon and hadron energy scales, and the flux prediction.
For the model systematic uncertainties, we take into account the following sources: the
background scale factor, the charm fragmentation, the mass of charm quark, uncertainties on
structure functions including strange sea, high twists, electroweak and nuclear corrections.
Overall we include 17 different sources of systematic uncertainties. It must be noted that
the ratio R, provides a large cancellation of all the systematic uncertainties affecting both
the numerator and the denominator. Therefore, the dominant systematic uncertainties are
the contributions related specifically to the extraction of the charm production signal (the
numerator): the background scale factor, the charm fragmentation and the mass of ¢ quark.
The total systematic uncertainty on R, turns out to be around 2%. Both statistical and
systematic uncertainties are shown in Fig. 7.

6. RESULTS

In Fig. 7 we present the final ratio R, between charm dimuon cross section and inclusive
v, CC cross section, as a function of the visible neutrino energy. Both statistical and
systematic uncertainties are shown and a bin centering correction has been applied. The solid
curves represent the result of an analytical calculation fully independent of NOMAD data and
based upon our cross-section model. A comparison with the previous measurements is also
given for completeness.

7. SUMMARY

We performed our study of charm dimuon production in neutrino-iron interactions based
upon the full statistics collected in FCAL by the NOMAD experiment. After background
subtraction we observe 15,340 charm dimuon events, providing the largest sample currently
available. The analysis exploits the large inclusive charged-current sample (about 9 million
events after all analysis cuts) to constrain the total systematic uncertainty to ~ 2%. This
result will be extended soon with zg; and /5 distributions, allowing an improvement in the
knowledge of the strange sea content of the nucleon and of the charm mass by more than a
factor of 2 with respect to previous determinations.
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