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Abstract6

Charm production in charged current deep inelastic e±p scattering has been measured7

using data collected with the ZEUS detector at HERA representing an integrated8

luminosity of 358 pb�1. Results are presented separately for e+p and e�p scattering9

at a center-of-mass energy of
p
s = 318GeV within a kinematic phase space region of10

200GeV2 < Q2 < 60000GeV2, y < 0.9, Ejet
T

> 5GeV and �2.5 < ⌘jet < 2.0, where11

Q2 is the squared four-momentum transfer, y is the inelasticity of the deep inelastic12

scattering, Ejet
T

is the jet transverse energy and ⌘jet is the jet pseudorapidity. The13

visible charm jet cross sections were extrapolated from the visible to the full phase14

space region to determine the total charm cross sections. The electroweak part,15

�
c

EW

, of the charm cross sections were estimated with the help of MC calculations16

and found to be �+
c

EW = 11.8±7.7 (stat.) +0.4
�2.0 (syst.) pb in e+p collisions and ��

c

EW =17

�8.0± 10.0 (stat.) +1.5
�1.7 (syst.) pb in e�p collisions.18
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1 Introduction19

Measurements of heavy-flavour production serve as a good testing ground to investigate20

the predictive power of perturbative quantum chromodynamics (pQCD) as the large mass21

provides a natural hard scale for a wide range in phase space. While charm production22

in neutral current deep inelastic scattering (NC DIS) and in photoproduction have been23

extensively studied at HERA, this has not been done in charged current deep inelastic24

scattering (CC DIS) due to its small cross section.25

In CC DIS, single charm quarks in the final state already occur at the level of the Quark26

Parton model (QPM) when either an incoming s or d quark is converted to a charm quark,27

or an incoming charm quark is converted to an s or d quark, as illustrated in Fig. 1 (a, b).28

In the latter case, the single charm in the event arises from the associated charm quark in29

the proton remnant. In addition, single charm can arise from a boson-gluon fusion (BGF)30

process producing a cs̄(cd̄) quark pair. In this case, the incoming virtual W boson "fuses"31

with a gluon from the proton which splits into a ss̄(dd̄) or cc̄ pair in the initial state, as32

shown in Fig. 1 (c, d). All these processes lead to the same final state for either positrons33

or electrons:34

e+p ! ⌫̄
e

cs̄(d̄)X e�p ! ⌫
e

c̄s(d)X.

The characteristics of the events associated with the four subprocesses and their association35

to particular kinematic configurations in the final state depends on the QCD scheme chosen36

as detailed in the next section. The subreaction depicted in Fig. 1 (a) is directly sensitive37

to the strange quark content of the proton and can be used to constrain it. However, the38

extraction of the relevant part of the cross section is model dependent.39

In the SU(3) flavour model, a perfect symmetry is assumed between the three light flavours,40

which results in equal quark densities for the sea quark components. This symmetry is41

broken if the strange quark density in the proton is suppressed by the mass of the strange42

quark, similar to the well-established strange quark suppression in fragmentation [1]. This43

mass-suppression, for larger values of Bjorken x, has been supported by experimental data44

such as the dimuon production in charged current by the CCFR [2] and NuTeV [3], as45

well as the NOMAD [4] and CHORUS [5] neutrino scattering experiments. However, the46

interpretation of these measurements depends on nuclear corrections and charm fragment-47

ation and when these data are used by various parton distribution function (PDF) fitting48

groups no consensus has emerged on the exact level of suppression as a function of x.49

Additionally, the recent high-precision measurements of inclusive W and Z production50

by the ATLAS collaboration [6] report an unsuppressed strange sea in the low-x regime51

xBj < 0.05. A similar result was obtained in a combined global QCD analysis of inclusive52

W and Z data from both the ATLAS and CMS experiments [7]. This observation was53
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also supported by the analysis of the ATLAS W + c data [8]. However, the CMS W + c54

data [9, 10] favour a somewhat smaller strangeness even at low-x values xBj ⇡ 0.02.55

A reevaluation of the LHC inclusive and W + c measurements and the neutrino scattering56

measurements by NOMAD [4] and CHORUS [5] has been performed [11,12], partly in an57

attempt to reconcile the factor-of-two discrepancy in the measured strange quark densities.58

The resulting strange-quark PDF was reported to be inconsistent with the ATLAS fit [6].59

This is a compelling motivation to revisit this topic in order to improve the determination60

of the strange quark content in the proton. This paper presents measurements of charm61

production in CC DIS in e±p collisions using the data from the HERA II data-taking62

period exploiting the improved luminosity and particle identification capabilities from the63

HERA detector upgrade period [13, 14]. In order to contribute to the investigation, the64

electroweak contribution to charm production cross sections are compared with several65

QCD schemes which are detailed in the following section.66

2 Charm production in CC DIS at HERA67

The kinematics of lepton-proton scattering can be described in terms of the Lorentz-68

invariant variables xBj, y and Q2. The variable Q2 is the negative squared four-momentum69

of the exchange boson �q2 = �(k � k0)2 where k and k0 are the four-momenta of the70

incoming and outgoing lepton, respectively. The variable xBj is referred to as Bjorken x71

scaling variable and defined as xBj =
Q

2

2p·q where p is the four-momentum of the incoming72

proton. The variable y is the inelasticity of the DIS and defined as y = p·q
p·k .73

The differential cross section at high Q2 of charm production in CC DIS at HERA, me-74

diated by a W boson, can be expressed in terms of the proton structure functions F2, F375

and F
L

as follows [15]76

d2�(e±p ! ⌫̄
e

(⌫
e

)W±X)

dxdQ2
=

G2
F

4⇡x

M4
W

(Q2 +M2
W

)2
[Y+F2(x,Q

2)⌥ Y�xF3(x,Q
2)� y2F

L

(x,Q2)],

(1)

where G
F

is the Fermi constant, M
W

is the mass of the W boson and Y± = 1± (1� y)2.77

The longitudinal structure function F
L

vanishes except at values of y ⇡ 1. The basic elec-78

troweak single charm production mechanisms were already described in the introduction.79

In the leading order plus parton shower Monte Carlo simulation (MC), the core electroweak80

matrix elements are based on the QPM graphs in Fig. 1 (a, b) and BGF-like configurations81

in Fig. 1 (c, d) through initial state parton showering. In addition, other tree-level higher82

order processes are also added through Leading Log (LL) parton showering. The elec-83

troweak matrix elements involving light quarks only are complemented by occasional final84
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state gluon splitting into cc̄ pairs in the parton shower, with a semi-arbitrary cutoff mim-85

icking charm mass effects. If only one of the two charm quarks (or its resulting hadron) is86

detected, and its charge is not measured (such as in the measurement technique used in87

this paper) then this "QCD" contribution is experimentally indistinguishable from elec-88

troweak production at the single event level. The experimental measurement thus refers89

to a sum of all these processes, which make differing contributions to different regions of90

phase space, but can not be disentangled with the presently available statistics.91

In fixed order QCD calculations, the final state gluon splitting contribution in Fig. 292

is formally of next-to-next-to leading order (NNLO, O(↵2
s

)) and thus not included in the93

next-to-leading order (NLO, O(↵
s

)) QCD predictions considered in this work, even though94

its contribution can be noticeable. QPM-like (Fig. 1 (a, b)) and BGF-like (Fig. 1 (c, d))95

contributions are separated by the virtuality of the quark entering the electroweak process96

in relation to the chosen factorisation scale. NLO corrections to Fig. 1 (a, b) arise in the97

form of initial or final state gluon radiation, or a vertex correction.98

In the zero-mass variable flavour number scheme (ZM-VFNS) [16, 17], the charm part of99

the structure functions F c

2 and xF c

3 can then be expressed in terms of different PDFs as100

follows101

F c

2 = 2x
n

C2,q ⌦
h

|V
cd

|2
�

d+ c̄
�

+ |V
cs

|2
�

s+ c̄
�

i

+ 2
�

|V
cd

|2 + |V
cs

|2
�

C2,g ⌦ g
o

, (2)

xF c

3 = 2x
n

C3,q ⌦
h

|V
cd

|2
�

d� c̄
�

+ |V
cs

|2
�

s� c̄
�

i

+
�

|V
cd

|2 + |V
cs

|2
�

C3,g ⌦ g
o

, (3)

in e+p collisions, and102

F c

2 = 2x
n

C2,q ⌦
h

|V
cd

|2
�

d̄+ c
�

+ |V
cs

|2
�

s̄+ c
�

i

+ 2
�

|V
cd

|2 + |V
cs

|2
�

C2,g ⌦ g
o

, (4)

xF c

3 = 2x
n

C3,q ⌦
h

|V
cd

|2
�

� d̄+ c
�

+ |V
cs

|2
�

� s̄+ c
�

i

+
�

|V
cd

|2 + |V
cs

|2
�

C3,g ⌦ g
o

, (5)

in e�p collisions, where C
i,j

is the coefficient function for parton j in structure function103

F
i

and d, s, c and g are respectively the down, strange, charm and gluon PDFs with the104

argument (x,Q2) omitted. |V
ij

| are the Cabbibo matrix elements, given by PDG [1] as105

V =

2

6

4

|V
ud

| |V
us

| |V
ub

|
|V

cd

| |V
cs

| |V
cb

|
|V

td

| |V
ts

| |V
tb

|

3

7

5

⇡

2

6

4

0.97 0.22 0.0039

0.22 1.0 0.042

0.0081 0.039 1.0

3

7

5

. (6)

Furthermore, part of the effects beyond NLO are resummed at next-to-leading log in the106

zero-mass approximation.107
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In the NLO Fixed Flavour Number (FFN) scheme [18,19], charm mass effects are treated108

explicitly up to O(↵
s

) in the matrix elements. In this scheme, there is no charm quark109

content in the proton, thus the charm QPM graph in Fig. 1 (b) and its associated higher110

order corrections do not occur. This is compensated by a correspondingly larger gluon111

content in the proton, such that all initial state charm contributions irrespective of scale are112

treated explicitly in the BGF matrix element (Fig. 1 (d)). No resummation is performed.113

In the FONLL-B scheme [20, 21], a general mass heavy flavour number scheme (GM-114

VFNS), charm mass effects are accounted for by interpolating between the ZM-VFNS and115

FFN predictions, such that all mass effects are correctly included up to O(↵
s

), while NLL116

resummation of higher orders remains in the massless approximation.117

3 Experimental set-up118

This analysis was performed with data taken during the HERA II data-taking period119

in the years 2003-2007. During this period, electrons and positrons with an energy of120

27.5GeV collided with protons with an energy of 920GeV at a centre-of-mass energy of121 p
s = 318GeV. The corresponding integrated luminosities are 173 pb�1 and 185 pb�1 for122

e+p and e�p collisions, respectively.123

A detailed description of the ZEUS detector can be found elsewhere [22]. A brief outline124

of the components that are most relevant for this analysis is given below.125

In the kinematic range of the analysis, charged particles were tracked in the central tracking126

detector (CTD) [23], the microvertex detector (MVD) [13] and the STT [24]. The CTD127

and the MVD operated in a magnetic field of 1.43 T provided by a thin superconducting128

solenoid. The CTD drift chamber covered the polar-angle1 region 15� < ✓ < 164�. The129

MVD silicon tracker consisted of a barrel (BMVD) and a forward (FMVD) section. The130

BMVD provided polar angle coverage for tracks with three measurements from 30� to131

150�. The FMVD extended the polar-angle coverage in the forward region to 7�. The132

STT covered the polar-angle region 5� < ✓ < 25�.133

The high-resolution uranium–scintillator calorimeter (CAL) [25] consisted of three parts:134

the forward (FCAL), the barrel (BCAL) and the rear (RCAL) calorimeters. Each part135

was subdivided transversely into towers and longitudinally into one electromagnetic section136

(EMC) and either one (in RCAL) or two (in BCAL and FCAL) hadronic sections (HAC).137

The smallest subdivision of the calorimeter was called a cell. The CAL energy resolutions,138

1 The ZEUS coordinate system is a right-handed Cartesian system, with the Z axis pointing in the
nominal proton beam direction, referred to as the “forward direction”, and the X axis pointing towards
the centre of HERA. The coordinate origin is at the centre of the CTD. The pseudorapidity is defined
as ⌘ = � ln

�

tan ✓
2

�

, where the polar angle, ✓, is measured with respect to the Z axis.
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as measured under test-beam conditions, were �(E)/E = 0.18/
p
E for electrons and139

�(E)/E = 0.35/
p
E for hadrons, with E in GeV.140

The iron yoke surrounding the CAL was instrumented with proportional drift chambers to141

form the Backing Calorimeter (BAC) [26]. The BAC consisted of 5142 aluminium cham-142

bers inserted into the gaps between 7.3 cm thick iron plates (10, 9 and 7 layers in forecap,143

barrel and rearcap, respectively) serving as calorimeter absorber. The chambers were typ-144

ically 5 m long and had a wire spacing of 1.5 cm. The anode wires were covered by 50 cm145

long cathode pads. The BAC was equipped with energy readout and position sensitive146

readout for muon tracking. The former was based on 1692 pad towers (50 ⇥ 50 cm2),147

providing an energy resolution of ⇠100 %/
p
E, with E in GeV. The position information148

from the wires allowed the reconstruction of muon trajectories in two dimensions (XY in149

barrel and Y Z in endcaps) with spatial accuracy of a few mm.150

The luminosity was measured using the Bethe-Heitler reaction ep ! e�p by a luminosity151

detector which consisted of independent lead-scintillator calorimeter [27] and magnetic152

spectrometer [28] systems. The fractional systematic uncertainty on the measured lumin-153

osity was 2.6 %.154

4 Monte Carlo simulation155

Inclusive CC DIS samples were used to simulate charm signal and light-flavour (LF) back-156

ground events. Neutral current DIS and photoproduction samples were used to simu-157

late non-CC DIS backgrounds, which were found to be negligible after the CC selection158

defined below. The charged current events were generated with DJANGOH 1.6 [29], using159

CTEQ5D PDF sets [30] including QED and QCD radiative effects at the parton level.160

The ARIADNE 4.12 color-dipole model [31] was used for the fragmentation simulation.161

The Lund string model was used for hadronization, as implemented in JETSET 7.4.1 [32].162

The NC DIS events and photoproduction events were simulated by using DJANGOH and163

HERWIG 5.9 [33], respectively.164

5 Event selection and reconstruction165

5.1 Reconstruction of kinematic variables166

CC DIS at HERA produces a neutrino in the final state. The neutrino then escapes the167

ZEUS detector, resulting in a loss of information on the leptonic final state. Thus, the168

Lorentz-invariant kinematic variables must be defined with the hadronic final state. In169

the present analysis, this is done via the Jacquet–Blondel method, which requires the170

four-momentum of the exchange boson q to be equal not only to the variation in leptonic171
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four-momentum k� k0 but also to the variation in hadronic four-momentum p� p0. Then,172

the invariant variables described in Section 1 can be defined as follows173

yJB =

P

h

(E � p
z

)
h

2E
e,beam

, (7)

Q2
JB =

p2
T,h

1� yJB
, (8)

xJB =
Q2

JB

2syJB
, (9)

where s is the center-of-mass energy of the collision. The difference between the true and174

reconstructed kinematic variables was found to be within ⇠ 1% in the MC simulation175

study.176

5.2 DIS selection177

The ZEUS online three-level trigger system loosely selected CC DIS candidates based on178

calorimeter and tracking information [34, 35]. The surviving events were then required to179

pass the following offline selection criteria to reject non-CC DIS events:180

• a kinematic selection cut was implemented at 200GeV2 < Q2
JB < 60000GeV2 and181

yJB < 0.9 to confine the sample into a region with the optimal resolution of the182

kinematic quantities and small background;183

• a characteristic of CC DIS events is the large missing transverse momentum p
T,miss in184

the calorimeter due to the final state neutrino. Events were required to have p
T,miss >185

12GeV and p0
T,miss > 10GeV where p0

T,miss is the missing transverse momentum,186

excluding measurements taken from the CAL cells adjacent to the forward beam187

hole;188

• further background rejection is discussed in detail in a dedicated study of CC DIS at189

ZEUS in the e+p scattering periods [36]. In addition, the remaining cosmic muons190

are removed by requiring the number of hits in the calorimeter cells Ncell > 40191

and comparing the fraction of energy deposited in the EMC and HAC. The rear-192

hitting events with the energy deposited in the RCAL ERCAL > 2GeV were re-193

jected if ERHAC/ERCAL > 0.5. The barrel-hitting events with the energy in the194

BCAL, EBCAL > 2GeV, were rejected if EBHAC/ERCAL > 0.85, EBHAC1/ERCAL >195

0.7 or EBHAC2/ERCAL > 0.4. The forward-hitting events with the energy in the196

FCAL, EFCAL > 2GeV, were rejected if EFHAC/EFCAL < 0.1, EFHAC/EFCAL > 0.85,197

EFHAC1/EFCAL > 0.7 or EFHAC2/EFCAL > 0.6.198
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A total of 4093 events in e+p data and 8895 in e�p data passed these selection criteria.199

Comparisons of data and MC at the event level selection stage are shown in Fig. 3 and 4200

for e+p and e�p, respectively. The MC distribution is consistent with data in both the201

e+p and e�p periods. From MC studies, the charm contribution to the CC events is about202

25% in the e+p periods and 12% in the e�p periods in relative terms, and similar for both203

periods in absolute terms.204

5.3 Charm selection and signal extraction205

Charm quarks in CC DIS events were tagged by using an inclusive lifetime method [37,206

38]. In CC DIS at HERA, LF production has the highest production rate and thus207

contributes as the major source of background. The lifetime method uses the decay length208

of the secondary interaction vertex as a distinguishing variable to suppress this background209

contribution. The underlying principle of this method is that ground state heavy-flavoured210

(HF) particles typically have a longer lifetime than LF particles and travel a longer distance211

before they decay at a secondary interaction vertex.212

Jets were reconstructed with the k
T

clustering algorithm in the massive mode [39–41] and213

were required to satisfy the following criteria:214

• Ejet
T

> 5GeV,215

• �2.5 < ⌘jet < 2.0 (1.5),216

where Ejet
T

is the jet transverse energy and ⌘jet is the pseudorapidity. The tracking efficiency217

and resolution in the forward region ⌘jet > 1.5 suffered in the 2005 data-taking period as218

the STT was turned off during this time (e�p). Thus, the jets from this period were219

required to satisfy a tighter ⌘jet upper limit ⌘jet < 1.5. These selection criteria constrain220

the kinematic phase space region of this analysis, along with the kinematic selection criteria221

at the event level selection stage. Secondary interaction vertices were reconstructed when222

there were more than two tracks associated with the chosen jet. They were required to223

satisfy the following criteria.224

• N trk
secvtx � 3,225

• �2/N
dof

< 6,226

• |zsecvtx| < 30 cm,227

• Msecvtx < 6GeV,228

•
p

�x2 +�y2 < 1 cm,229
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where N trk
secvtx is the number of tracks used to reconstruct the vertex, �2/N

dof

is the good-230

ness of the vertex fitting, zsecvtx is the Z-coordinate of the secondary vertex, M
secvtx

is the231

hadronic mass of the secondary vertex and �x and �y are the X- and Y -displacement of232

the secondary vertex from the primary interaction vertex. These selection criteria ensure233

a good fit quality and high acceptance of the CTD and MVD for tracks used to recon-234

struct the vertices. The requirement on the track multiplicity was implemented in order to235

minimize the number of "fake" vertices reconstructed in the vertex detector which has the236

highest rate when reconstructed with two tracks. Figure 5 and 6 show the distributions237

of the chosen jets and secondary vertices in the e+p and e�p periods, respectively.238

The transverse decay length of the selected secondary interaction vertices was projected239

onto its corresponding jet axis. Due to the finite resolution of the MVD and the short decay240

length of LF particles, the 2D decay length (L
xy

) and the significance of the decay length241

(S = L
xy

/�
L

xy

) distributions of LF particles were symmetric, whereas the distributions of242

HF particles, in this case charmed particles, were asymmetric, as illustrated in Figures 7243

and 8 (a, b). Consequently, the LF background was suppressed by subtracting the negative244

decay length distribution from the positive decay length distribution. The region around245

|L
xy

| = 0 or |S| = 0 was dominated by the statistical uncertainty from the high symmetry246

of light-flavoured distribution after the subtraction. To ensure low statistical uncertainty247

in the extracted signal, vertices were required to satisfy an absolute significance threshold.248

The exact value of the threshold was determined so that the signal significance is expected249

to be the highest and found to be at |S| = 2. Figures 7 and 8 (c, d) illustrate the shape250

of the variables after the background subtraction. The surviving events after the decay251

length subtraction were used to extract charm cross section in two bins in Q2.252

6 Charm cross section253

The lifetime method used in this analysis tags charm quarks regardless of their origin.254

Thus, the selected reactions include charm production from the final state gluon split-255

ting, such as the one in Fig. 2, which is here denoted by QCD charm, in addition to the256

electroweak charm (EW charm) production discussed in Section 2. In the present ana-257

lysis, charm production was measured inclusively within the visible phase space region258

of 200GeV2 < Q2 < 60000GeV2, y < 0.9, Ejet
T

> 5GeV and �2.5 < ⌘jet < 2.0. No259

attempt was made to experimentally disentangle the different theoretical contributions as260

the limited statistics and non-measurement of the charm quark charge did not allow doing261

so. The visible charm jet cross sections �
c,vis were initially measured as follows262

�
c,vis =

Mdata �MMC
bg

MMC
c

· �MC
c,vis, (10)
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where Mdata is the reconstructed number of charm jet candidates in the data after the263

decay length subtraction, MMC
bg is the background contribution estimated from the MC264

and MMC
c

is the estimatated charm/anti-charm contribution expected from the MC. �MC
c,vis265

is the cross section of jets that are generated in the MC within the kinematic region and266

associated to a generated charm or anti-charm quark when
p

��2 +�⌘2 < 1 where ��267

and �⌘ are respectively the azimuthal-angle and pseudorapidity difference between the268

jet and charm quark. Each charm quark was evaluated individually against each jet when269

more than one charm quark and jet were generated. In this case, all jets within the visible270

phase space region and associated with a charm quark were measured.271

The EW contribution in the charm quark signal �
c

EW
,vis could be isolated by subtracting the272

QCD contribution from gluon splitting shown in Fig. 2. However, the available prediction273

from ARIADNE 4.12, like any prediction from gluon splitting in the massless mode with274

arbitrary cutoff, cannot be considered to be reliable, and might be overestimated. As it is275

expected to be small (Table 3) it is assumed to vanish for the central result but considered276

as a systematic uncertainty. The visible jet cross section was extrapolated to the full277

kinematic phase space region via an extrapolation factor Cext which was estimated from278

the ratio between the number of charm events generated in the MC, NEW
gen , and the charm279

jet within the kinematic region, NEW
kin :280

Cext =
NEW

gen

NEW
kin

. (11)

The resulting total EW charm cross section �
c

EW is then given by281

�
c

EW = Cext �c,vis

=
NEW

gen

NEW
kin

Mdata �MMC
bg

MMC
c

�MC
c,vis. (12)

7 Systematic Uncertainties282

Systematic uncertainties from the following sources have been estimated in this analysis.283

Below is the list of the sources of uncertainty and their estimated effects to the total EW284

charm cross sections provided in parentheses (��e

+
p, ��e

�
p):285

• �1a CC DIS (negligible) and �1b secondary vertex (+2.0 pb, +4.0 pb) selection286

The uncertainty associated with the exact values of the selection criteria were evalu-287

ated in a previous analysis of CC DIS at HERA using the ZEUS detector [42]. This288

was done by varying the selection criteria thresholds by a fraction and repeating289
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the charged current cross section measurement. The uncertainty in the secondary290

interaction vertex selection method was estimated by lifting the restriction on the291

secondary vertex track multiplicity N trk
secvtx.292

• �2 Calorimeter (negligible)293

The uncertainty in Ejet
T

measurement due to imperfect calibration of hadronic calori-294

meter at ZEUS is known to be ±3%. The uncertainty associated with this effect was295

estimated by varying the Ejet

T

cut by ±3% in the MC and repeating the measurement.296

• �3 LF background (negligible)297

Some LF particles such as K meson and ⇤ baryon typically have a lifetime compar-298

able to HF particles. Some of these longer-lived LF particles might survive the decay299

length subtraction. The uncertainty in the remaining LF background was estimated300

by varying the LF background by ±30%.301

• �4 EW charm fraction (�0.8 pb, �1.6 pb)302

The MC predictions of the QCD contribution (Fig. 2) shown in Table 3 of +6% for303

e+p collisions and +12% for e�p collisions were taken as systematic uncertainty.304

• �5 Secondary vertex rescaling (�1.8 pb, +1.4 pb)305

The MC samples used in this analysis appear to have a better efficiency in detect-306

ing secondary vertices than data. A secondary normalization factor was applied307

to the MC vertex distributions. This normalization was performed only to the LF308

background distribution to test different hypothesis for its origin.309

• �6 Signal extraction (±6.2 pb, ±3.8 pb)310

A high fluctuation in the signal is observed around the significance threshold. In311

order to decouple the systematic uncertainty from the statistical effect, the cross-312

section measurement was repeated multiple times with varying significance threshold313

values and evaluated against a linear fit. The systematic uncertainty was estimated314

as the value of the fit at Sthresh = Snominal ± 1.315

• Luminosity316

Uncertainty in ZEUS luminosity measurement is ±2%. It was neglected in the final317

plots.318

Attempts were made to separate the systematic uncertainties evaluated at the cross section319

calculation stage of the measurement, �6 in particular, from the statistical effect. However,320

this has proven to be ineffective as the uncertainty of the linear fit was comparable to the321

listed systematic uncertainty. Thus, the �6 and �1b, also found to be difficult to correctly322

estimate, were not included in the total systematic uncertainty in the following section.323
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8 Results324

The charm jet cross sections in CC DIS in e±p collisions were measured in the visible325

kinematic phase space of 200GeV2 < Q2 < 60000GeV2, y < 0.9, Ejet
T

> 5GeV and326

�2.5 < ⌘jet < 2.0 to be327

�+
c,vis = 4.0 ± 2.8 (stat.) +0.1

�0.6 (syst.) pb,
��
c,vis = �3.0 ± 3.8 (stat.) +0.5

�0.1 (syst.) pb,

where the superscript ± denotes the charge of the incoming lepton. A comparison of328

the data and MC in bins of Q2 is shown in Fig. 9. The QCD contribution to charm329

production was introduced as systematic uncertainty in the electroweak part of the charm330

cross sections. The EW charm jet cross sections in consideration of this uncertainty are331

given by332

�+
c

EW
,vis = 4.0 ± 2.8 (stat.) +0.1

�0.6 (syst.) pb,

��
c

EW
,vis = �3.0 ± 3.8 (stat.) +0.5

�0.6 (syst.) pb.

The total electroweak charm cross sections were found by extrapolating the visible EW333

charm jet cross sections to the full kinematic phase space to be334

�+
c

EW = 11.8 ± 7.7 (stat.) +0.4
�2.0 (syst.) pb,

��
c

EW = �8.0 ± 10.0 (stat.) +1.5
�1.7 (syst.) pb.

The corresponding extrapolation factors C±
ext were found in the MC to be335

C+
ext = 2.78,

C�
ext = 2.67.

A comparison of the theory predictions in the FFN and FONLL-B schemes, MC and data336

in bins of Q2 is shown in Fig. 10. The total uncertainty of the FONLL-B scheme is obtained337

by adding in quadrature the PDF, scale and charm mass uncertainties and represented338

in the plot as a band around the central value. Table 1 provides the experimental values339

of the cross sections �
c,vis, �

c

EW
,vis and �

c

EW for each bin in Q2. The contributions of the340

charm production subprocesses to the final EW cross section in each bin were estimated in341

the MC, FFN and FONLL-B predictions and listed in Table 2. The contributions of the342
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subprocesses including the final gluon splitting described in Fig. 2 to the MC-generated343

charm signal in the visible and full kinematic range were provided in Table 3. In Table 4 are344

shown the theory predictions from FFN and FONLL schemes with the total uncertainties345

and ZM-VFNS scheme with varied strange quark fraction f
s

= s̄

d̄+s̄

.346

The FFN scheme predictions were generated with OPENQCDRAD [43] using the ABMP347

16.3 NLO PDF sets [44, 45]. The FONLL-B predictions were generated by using the AP-348

FEL [46] with NNPDF3.1 [47]. The ZM-VFNS predictions were generated with HERAPDF2.0 [48].349

The variation of f
s

was chosen to span the ranges between a suppressed strange sea [49,50]350

and an unsuppressed strange sea [6, 51]. In addition to this, two more variations of the351

assumptions about the strange sea were made. Instead of assuming that the strange contri-352

bution is a fixed fraction of the d-type sea, an x-dependent shape, xs̄ = f 0
s

0.5 tanh(�20(x�353

0.07)) xD̄ where xD̄ = xd̄+xs̄, was used in which high-x strangeness is highly suppressed.354

This was suggested by measurements published by the HERMES collaboration [52, 53].355

The normalisation of f 0
s

was also varied between f 0
s

= 0.3 and f 0
s

= 0.5. The ZM-VFNS356

prediction was also evaluated with the ATLAS-epWZ16 PDF sets [6], a new PDF sets357

that supersedes ATLAS-epWZ12 sets. The xFitter framework was used to interface the358

theoretical predictions [54].359

The theory predictions in Table 2 suggest that the QPM process described in Fig. 1 (a)360

contributes to the final EW cross section about 30 ⇠ 50% depending on the kinematic361

range and QCD scheme used. The increase in the QPM contribution and the decrease362

in the BGF contribution from the visible to the full kinematic range shown in Table 3363

hint that a portion of charm quarks originated from the BGF processes escaped through364

the beam pipe. In general, the data are well described by the theory predictions within365

the experimental uncertainty. The result from e�p collisions, in particular, leaned toward366

a somewhat low EW charm cross section which favours a smaller strange quark content.367

The large statistical uncertainty, however, rendered the measurement insensitive to the368

quantitative evaluation of the choice of different QCD schemes or the variation in the369

assumptions about the strange quark content.370

9 Summary and conclusions371

Measurements of charm production in charged current deep inelastic scattering in e±p372

collisions have been performed based on HERA II data with an integrated luminosity373

of 358 pb�1, which corresponds to e+p collisions of an integrated luminosity of 173 pb�1
374

and e�p collisions of an integrated luminosity of 185 pb�1. Visible EW charm jet cross375

sections for each lepton beam type were measured within a kinematic region, 200GeV2 <376

Q2 < 60000GeV2, y < 0.9, Ejet
T

> 5GeV and �2.5 < ⌘jet < 2.0, and extrapolated to the377

full kinematic range. Theoretical predictions with several assumptions about the strange378

quark content and using different heavy flavour schemes were found to be consistent with379
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the data within the large experimental uncertainties. The analysis presented here shows380

the potential of DIS measurements to increase the knowledge about the strange quark381

content of the proton. However, the HERA data lack statistics by about two orders of382

magnitude to be decisive on the subject. In future lepton-ion collider projects, such as383

the US-based electron-ion collider [55], this can be overcome by higher luminosity and384

detectors equipped with better vertex detection resolution.385
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Q2 range
(GeV2)

�
c,vis( pb)

e+p

200–1500 4.1 ±2.0 (stat.) +0.1
�0.6 (syst.)

1500–60000 �0.7 ±2.0 (stat.) +0.2
�0.0 (syst.)

e�p

200–1500 �0.9 ±2.1 (stat.) +0.2
�0.0 (syst.)

1500–60000 �2.6 ±3.5 (stat.) +0.5
�0.1 (syst.)

Q2 range
(GeV2)

�
c

EW
,vis( pb)

e+p

200–1500 4.1 ±2.0 (stat.) +0.1
�0.6 (syst.)

1500–60000 �0.7 ±2.0 (stat.) +0.2
�0.1 (syst.)

e�p

200–1500 �0.9 ±2.1 (stat.) +0.2
�0.2 (syst.)

1500–60000 �2.6 ±3.5 (stat.) +0.5
�0.5 (syst.)

Q2 range
(GeV2)

�
c

EW( pb)

e+p

200–1500 9.1 ±4.2 (stat.) +0.3
�1.5 (syst.)

1500–60000 �1.4 ±4.3 (stat.) +0.4
�0.3 (syst.)

e�p

200–1500 �1.7 ±4.1 (stat.) +0.3
�0.3 (syst.)

1500–60000 �5.3 ±7.4 (stat.) +1.1
�1.0 (syst.)

Table 1: Cross section � measurements obtained in each bin with corresponding bin width.
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e+p

Contribution (%)
200 < Q2 < 1500GeV2 1500 < Q2 < 60000GeV2

d ! c s ! c c̄ ! s̄(d̄) d ! c s ! c c̄ ! s̄(d̄)

MC 6 36 58 10 26 64
FFN NLO 8 49 43 16 43 41
FONLL-B 8 43 50 12 37 51

e�p

Contribution (%)
200 < Q2 < 1500GeV2 1500 < Q2 < 60000GeV2

d̄ ! c̄ s̄ ! c̄ c ! s/d d̄ ! c̄ s̄ ! c̄ c ! s/d

MC 3 37 60 2 29 69
FFN NLO 4 51 45 5 49 46
FONLL-B 4 43 54 4 33 63

Table 2: Contribution of charm subprocesses to EW charm production in CC DIS. The
table lists the contributions of the charm production subprocesses in CC DIS in both e+p
and e�p collisions, as predicted by the MC, Fixed-Flavour Number (FFN) scheme and
FONLL-B scheme. The first two columns (d ! c and s ! c for e+p collisions, for
example) reflect the contributions from the QPM processes described in Figure 1 (a) and
a higher order correction described in Figure 1 (c). For the MC and FONLL-B scheme,
the contribution of the QPM process in Figure 1 (b) enters in the third column (c̄ ! s̄(d̄))
with a higher order correction from the BGF process in Figure 1 (d). For the FFN scheme,
the process described in Figure 1 (b) does not participate. Instead, the contribution from
the BGF process in Figure 1 (d) is provided in the third column.

e+p
MC Contribution (%)

d ! c s ! c c̄ ! s̄(d̄) g ! cc̄

Visible kinematic range 9 45 40 6
Full kinematic range 7 31 58 4

e�p
MC Contribution (%)

d̄ ! c̄ s̄ ! c̄ c ! s(d) g ! cc̄

Visible kinematic range 3 45 40 12
Full kinematic range 2 31 57 10

Table 3: Contribution of charm subprocesses to charm signal within the visible and full
kinematic phase space region. The table lists the contributions of the charm production
subprocesses in CC DIS in both e+p and e�p collisions as predicted by the MC. The labels
in the first three columns are detailed in Table 2. The contribution of the final state gluon
splitting described in Fig. 2 enters the fourth column (g ! cc̄).
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Q2 range
(GeV2)

Predictions ( pb)
FFN ABMP16.3 FONLL-B NNPDF3.1

�
uncertainties

�
uncertainties

PDF scale mass PDF scale mass
e+p

200 – 1500 4.72 ±0.05 +0.31
�0.23 ±0.02 5.37 ±0.21 +0.68

�0.73 ±0.00

1500–60000 1.97 ±0.03 +0.18
�0.13 ±0.01 2.66 ±0.23 +0.37

�0.26 ±0.00

e�p

200 – 1500 4.50 ±0.05 +0.31
�0.23 ±0.02 4.98 ±0.22 +0.66

�0.71 ±0.00

1500–60000 1.73 ±0.03 +0.18
�0.13 ±0.01 2.16 ±0.22 +0.33

�0.21 ±0.00

Q2 range
( GeV2)

Predictions ( pb)
HERAPDF2.0 ATLAS-

epWZ16f
s

= 0.4

(nominal)
f
s

= 0.3 f
s

= 0.5
f 0
s

= 0.3

HERMES
f 0
s

= 0.5

HERMES
e+p

200 – 1500 5.67 5.40 5.96 5.05 5.38 6.41

1500–60000 2.57 2.47 2.65 2.16 2.20 3.07

e�p

200 – 1500 5.41 5.15 5.70 4.79 5.12 6.14

1500–60000 2.30 2.21 2.37 1.89 1.93 2.78

Table 4: List of theory predictions. In the top table are shown the theory predictions
from the FFN scheme with ABMP16.3 PDF sets and FONLL-B scheme with NNPDF3.1
PDF sets with their full uncertainties. The ZM-VFNS predictions were generated with
HERAPDF2.0 with varied strange quark fraction f

s

ranging from 0.3 to 0.5. Additionally,
two x-dependent strange quark fractions were used as suggested by the HERMES collabor-
ation. The ZM-VFNS predictions were also evaluated with the ATLAS-epWZ16 PDF sets
with an unsuppressed strange quark content as suggested by the ATLAS collaboration.
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(a) (b)

(c) (d)

Figure 1: Feynman diagrams of charm production subprocesses in e+p collisions. The
Quark-Parton model (QPM) process illustrated in (a) describes s, d ! c transition. In the
QPM process (b) c̄ ! s̄, d̄ , the charm in the final state arises from the associated charm
quark in the proton remnant. In the W boson-gluon fusion processes, the incoming W
boson couples to (c) an ss̄, dd̄ or (d) a cc̄ pair from the gluon in the proton, producing a
cs̄ pair in the final state.
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Figure 2: Feynman diagram of QCD charm process. The cc̄ pairs from the final state
gluons, illustrated in the figure, are referred to as QCD charm in this analysis. The
contribution from this QCD process is included at the charm-quark-tagging stage and later
subtracted from the total charm production to obtain the electroweak charm production.
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Charm CC e+p

(a) (b)

(c) (d)

Figure 3: Comparison between data and MC in kinematic variables (a) Q2
JB

, (b) p
T,miss

,
(c) x

JB

and (d) y
JB

in e+p collisions. The subscript of the kinematic variables, JB, de-
notes that these variables are defined using the Jacquet–Blondel method. p

T,miss

represents
missing transverse momentum in the calorimeter. The vertical error bars represent the
statistical uncertainty in data. MC Charm represents events with charm or anticharm
quarks involved in hard CC reaction either in the initial or final state. MC LF represents
the contribution from light-flavored events, i.e. with no heavy flavour particles occurring
in the event. MC Beauty represents events with beauty but no charm quark.
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Charm CC e�p

(a) (b)

(c) (d)

Figure 4: Comparison between data and MC in kinematic variables (a) Q2
JB

, (b) p
T,miss

,
(c) x

JB

and (d) y
JB

in e�p collisions. The subscript of the kinematic variables, JB, de-
notes that these variables are defined using the Jacquet–Blondel method. p

T,miss

represents
missing transverse momentum in the calorimeter. The vertical error bars represent the
statistical uncertainty in data. MC Charm represents events with charm or anticharm
quarks involved in hard CC reaction either in the initial or final state. MC LF represents
the contribution from light-flavored events, i.e. with no heavy flavour particles occurring
in the event. MC Beauty represents events with beauty but no charm quark.
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Charm CC e+p

(a) (b)

(c) (d)

Figure 5: Comparison between data (points with vertical error bars) and MC in jet and
secondary vertex distributions (a) Ejet

T

, (b) ⌘jet, (c) M
secvtx

and (d) N trk

secvtx

in e+p collisions.
The labels are the same as in Figs. 3-4.
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Charm CC e�p

(a) (b)

(c) (d)

Figure 6: Comparison between data (points with vertical error bars) and MC in jet and
secondary vertex distributions (a) Ejet

T

, (b) ⌘jet, (c) M
secvtx

and (d) N trk

secvtx

in e�p collisions.
The labels are the same as in Figs. 3-4.
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Charm CC e+p

(a) (b)

(c) (d)

Figure 7: Charm quark identification by using the lifetime-tagging method. The projected
two-dimensional decay length L

xy

and significance S distributions in e+p collisions are
illustrated in (a) and (b), respectively. The asymmetry of charm quark distribution is
visible in these plots. Upon the mirroring of decay length distribution around L

xy

= 0,
the light-flavored contribution is suppressed. Charm signal was then extracted by accepting
entries with absolute significance |S| > 2 from the mirrored decay length and significance
distributions, as illustrated in (c) and (d).
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Charm CC e�p

(a) (b)

(c) (d)

Figure 8: Charm quark identification by using the lifetime-tagging method. The projected
two-dimensional decay length L

xy

and significance S distributions in e�p collisions are
illustrated in (a) and (b), respectively. The asymmetry of charm quark distribution is
visible in these plots. Upon the mirroring of decay length distribution around L

xy

= 0,
the light-flavored contribution is suppressed. Charm signal was then extracted by accepting
entries with absolute significance |S| > 2 from the mirrored decay length and significance
distributions, as illustrated in (c) and (d).
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(a) (b)

Figure 9: The total charm cross sections �
c,vis

within the visible kinematic region in
two bins of Q2 in e+p (left) and e�p (right) collisions. The vertical error bars show the
statistical uncertainties. The systematic uncertainties are omitted in these plots. The solid
red lines represent predictions obtained with the MC.

(a) (b)

Figure 10: The EW charm cross sections �
c

EW in two bins of Q2 in e+p (left) and
e�p (right) collisions. The vertical error bars show the statistical uncertainties. The
systematic uncertainties are omitted in these plots. The solid red lines represent predictions
obtained with the MC. The dashed blue lines represent predictions from FFN scheme with
ABMP 16.3 NLO PDF sets. Filled in green hatched band are the total uncertainty in the
predictions from FONLL-B schemes with NNPDF3.1 sets around the central value.
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