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Abstract

B production in charged current deep inelastic e*p scattering has been measured
using data collected with the ZEUS detector at HERA representing an integrated
luminosity of 358 pb~!. Results are presented separately for etp and e~ p scattering
at a center-of-mass energy of /s = 318 GeV within a kinematic phase space region of
200 GeV? < Q2 < 60000 GeV2, y < 0.9, EX* > 5GeV and —2.5 < 7" < 2.0, where
Q? is the squared four-momentum transfer, y is the inelasticity of the deep inelastic
scattering, Eﬂ;,?t is the jet transverse energy and 7 is the jet pseudorapidity. The
visible charm jet cross sections were extrapolated from the visible to the full phase
space region to determine the total charm cross sections. The electroweak part,
o.mw, of the charm cross sections [fi@ligllestimated with the help of MC calculations
and
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» 1 Introduction

20 Measurements of heavy-flavour production serve as a good testing ground to investigate
21 the predictive power of perturbative quantum chromodynamics (pQCD) as the large mass
22 provides a natural hard scale for a wide [illgElll phase space. While charm production
23 in neutral current deep inelastic scattering (NC DIS) and in photoproduction have been
2o extensively studied at HERA, this has not been done in charged current deep inelastic
2 scattering (CC DIS) [l its small cross section.

26 In CC DIS, single charm quarks in the final state lil8@@ occur at the level of the Quark
27 Parton model (QPM) when either an incoming s or d quark is converted to a charm quark,
28 Or an incoming charm quark is converted to an s or d quark, as illustrated in Fig. 1 (a, b).
20 In the latter case, the single charm in the event arises from the associated charm quark in
s the proton remnant. In addition, single charm can arise from a boson-gluon fusion (BGF)

a1 process producing a c¢5(cd) quark pair. In this case, the incoming virtual W boson |iileSl
2 with a gluon from the proton which splits into « s§(d. or c¢ pair in the initial state, as
33 shown in Fig. 1 (¢, d). All these processes lead to [ilSISEIE final state for either positrons
34 or electrons:

etp — Decs(d)X e p— vees(d)X.

ss The characteristics of the events associated with the four subprocesse iiiCESSoERHoH
oS CISTRIEIEHENS o the QCD scheme chosen
s as detailed in the next section. The subreaction depicted in Fig. 1 (a) is directly sensitive
33 to the strange quark content of the proton and can be used to constrain it. However, the
30 extraction of the relevant part of the cross section is model dependent.

s In the SU(3) flavour model, a perfect symmetry is assumed between the three light flavours,
a1 which results in equal quark densities for the sea quark components. This symmetry is
a2 broken if the strange quark density in the proton is suppressed by the mass of the strange
a3 quark, similar to the well-established strange quark suppression in fragmentation [1]. This
42 mass-suppression, for larger values of Bjorken x, has been supported by experimental data
ss such as the dimuon production in charged current by the CCFR [2] and NuTeV [3], as
s well as the NOMAD [4] and CHORUS |[5] neutrino scattering experiments. However, the
47 interpretation of these measurements depends on nuclear corrections and charm fragment-
ot <l when these data are used by various parton distribution function (PDF) fitting
BEEISEPE no consensus has emerged on the exact level of suppression as a function of z.
so Additionally, the recent high-precision measurements of inclusive W and Z production
smmby the ATLAS collaboration [6] report an unsuppressed strange sea in the low-x regime
2 < 0.05. A similar result was obtained in a combined global QCD analysis of inclusive
53 W and Z data from both the ATLAS and CMS experiments |7]. This observation was
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l 51,52,55 : Do not agree
- The number x_Bj<0.05 is not shown in Ref. 6. It is our interpretation of Fig. 25(right). The flattening region can be declared also at x<0.01.
- Our colleagues at ATLAS are not very experienced in kinematics. Only in DIS exists x_Bj and Q2 as we understand them (external variables, can be reconstructed from the  final state particles). In pp collisions there is no "Bjorken-x" and Q2 as we know it (See our Sect.2). They use the same notation for PDF as we did in DIS, xf(x,Q2), however the meaning of x and Q2 in pp are different. As written Sect. 6.4 of Ref.6 "Using the profiling technique introduced in Sect. 6.1"  and "LHAPDF6 [84] parameterizations" ...

In [84], p. 132, one read

"such PDFs are then defined as a two-variable function fi/B(x; Q) for collinear momentum fraction x and factorization scale Q."
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also supported by the analysis of [N S NS

A reevaluation of the LHC inclusive and W + ¢ measurements and the neutrino scattering
measurements by NOMAD [4] and CHORUS |[5] has been performed [11,12], partly in an
attempt to reconcile the factor-of-two discrepancy in the measured strange quark densities.
The resulting strange-quark PDF was reported to be inconsistent with the ATLAS fit [6].
This is a compelling motivation to revisit this topic in order to improve the determination
of the strange quark content in the proton. This paper presents measurements of charm
production in CC DIS in e*p collisions using the data from the HERA II data-taking
period exploiting the improved luminosity and particle identification capabilities from the
HERA detector upgrade period [13,14]. In order to contribute to the investigation, the
electroweak contribution to charm production cross sections are compared with several
QCD schemes which are detailed in the following section.

2 Charm production in CC DIS at HERA

The kinematics of lepton-proton scattering can be described in terms of the Lorentz-
invariant variables zp;, y and Q*. The variable Q? is the negative squared four-momentum

of the exchange boson —¢* = —(k — k’)? where k and %’ are the four-momenta of the

incoming and outgoing lepton, respectively. The variable xg; is referred to as Bjorken x
. . Q? . . .

scaling variable and defined as xpj; = 5%~ where p is the four-momentum of the incoming

proton. The variable

RSSO EIN®E of charm production in CC DIS at HERA, me-

diated by a W boson, can be expressed in terms of the proton structure functions Fy, Fj
and F, as follows [15]

Po(eFp = v (v ) WEX) G} M,
dxdQ?  drr (Q2 + ME)?

[Y+F2('r7 Q2) + Y_:L'Fg(l', QQ) - y2FL(x, Q2>]7
(1)

where G is the Fermi constant, My is the mass of the W boson and Yy = 1+ (1 — y)%.
The longitudinal structure function F, vanishes except at values of y ~ 1. The basic elec-
troweak single charm production mechanisms [fGicllcauyRtcscnpeamnNECHNTToRGHoN .
In the leading order plus parton shower Monte Carlo simulation (MC), the core electroweak
matrix elements are based on the QPM graphs [llFig. 1 (a, b) and BGF-like configurations
B Fig. 1 (¢, d) through initial state parton showering. In addition, other tree-level higher
order processes are also added through Leading Log (LL) parton showering. The elec-
troweak matrix elements involving light quarks only are complemented by occasional final
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B COISICSNSSENeIeEl 1h.c cxperimental measurement thus refers

to a sum of all these processes, which make differing contributions to different regions of
phase space, but can not be disentangled with the presently available statistics.

In fixed order QCD calculations, the final state gluon splitting contribution in Fig. 2
is formally of next-to-next-to leading order (NNLO, O(a?)) and thus not included in the
next-to-leading order (NLO, O(a;)) QCD predictions considered in this work, even though
its contribution can be noticeable. QPM-like (Fig. 1 (a, b)) and BGF-like (Fig. 1 (c, d))
contributions are separated by the virtuality of the quark entering the electroweak process
in relation to the chosen factorisation scale. NLO corrections to Fig. 1 (a, b) arise in the
form of initial or final state gluon radiation, or a vertex correction.

In the zero-mass variable flavour number scheme (ZM-VFNS) [16, 17|, the charm part of
the structure functions Fy and xF¥ can then be expressed in terms of different PDFs as
follows

F = 20{Cog @ [[VeaP (44 ) + Vas (5 + 0) | +2(Vea? + [Ves) Cag 29}, (2)

2Fy = 22705, ® [|Vcd|2<d - 5) + |Vcs|2(5 - E)} + (|Vcd|2 + |V08|2)O3,g ®g}, (3)

in e*p collisions, and

Ff = 20{Coy @ Va2 (d 4 0) + Vs 25 + ) | + 2Vl + V) Cop @9}, ()
2F5 = 20{ Cyy @ |[Vea (= d ) + Vas2( = 5+ ) | + (Veal® + VesP) Gy @ g}, (5)
in e~ p collisions, where C; ; is the coefficient function for parton j in structure function

F; and d, s, ¢ and g are respectively the down, strange, charm and gluon PDFs with the
argument (z,Q?) omitted. |Vj;| are the Cabbibo matrix elements, given by PDG [1] as

Vil [Vas| Vi 0.97 022 0.0039
V= ||Vl Vel V|| =] 022 1.0 0042]. (6)
Vial  [Visl Vil 0.0081 0.039 1.0

Furthermore, part of the effects beyond NLO are resummed at next-to-leading log in the
zero-mass approximation.
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In the NLO Fixed Flavour Number (FEFN) scheme [18,19], charm mass effects are treated
explicitly up to O(qy) in the matrix elements. In this scheme, there is no charm quark
content in the proton, thus the charm QPM graph in Fig. 1 (b) and its associated higher
order corrections do not occur. This is compensated by a correspondingly larger gluon
content in the proton, such that all initial state charm contributions irrespective of scale are
treated explicitly in the BGF matrix element (Fig. 1 (d)). No resummation is performed.

In the FONLL-B scheme |20, 21|, a general mass heavy flavour number scheme (GM-
VENS), charm mass effects are accounted for by interpolating between the ZM-VEFNS and
FFN predictions, such that all mass effects are correctly included up to O(c), while NLL
resummation of higher orders remains in the massless approximation.

3 Experimental set-up

This analysis was performed with data taken during the HERA II data-taking period
in the years 2003-2007. During this period, electrons and positrons with an energy of
27.5 GeV collided with protonsjiiiilli an energy of 920 GeV [iillcentre-of-mass energy of
\/5 = 318 GeV. The corresponding integrated luminosities are 173pb~" and 185pb~! for
etp and e~ p collisions, respectively.

A detailed description of the ZEUS detector can be found elsewhere [22]. A brief outline
of the components that are most relevant for this analysis is given below.

In the kinematic range of [ilanalysis, charged particles were tracked in the central tracking
detector (CTD) [23], the microvertex detector (MVD) [13] and the STT [24]. The CTD
and the MVD operated in a magnetic field of 1.43 T provided by a thin superconducting
solenoid. The CTD drift chamber covered the polar-angle! region 15° < 6 < 164°. The
MVD silicon tracker consisted of a barrel (BMVD) and a forward (FMVD) [Silill@l. The
BMVD provided polar angle coverage for tracks with three measurements from 30° to
150°. The FMVD extended the polar-angle coverage in the forward region to 7°. The
STT covered the polar-angle region 5° < 6 < 25°.

The high-resolution uranium-scintillator calorimeter (CAL) [25] consisted of three parts:
the forward (FCAL), the barrel (BCAL) and the rear (RCAL) calorimeters. Each part
was subdivided transversely into towers and longitudinally into one electromagnetic section

(EMC) and either one (in RCAL) or two (in BCAL and FCAL) hadronic sections (HAC).
The smallest subdivision of the calorimeter was called a cell. The CAL energy resolutions,

! 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 = —In (tan £), where the polar angle, 0, is measured with respect to the Z axis.
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as measured under test-beam conditions, were o(E)/E = 0.18/vE for electrons and
o(E)/E = 0.35/v/E for hadrons, with E in GeV.

The iron yoke surrounding the CAL was instrumented with proportional drift chambers to
form the Backing Calorimeter (BAC) [26]. The BAC consisted of 5142 aluminium cham-
bers inserted into the gaps between 7.3 c¢m thick iron plates (10, 9 and 7 layers in forecap,
barrel and rearcap, respectively) serving as calorimeter absorber. The chambers were typ-
ically 5 m long and had a wire spacing of 1.5 cm. The anode wires were covered by 50 cm
long cathode pads. The BAC was equipped with energy readout and position sensitive
readout for muon tracking. The former was based on 1692 pad towers (50 x 50 cm?),
providing an energy resolution of ~100 %/ VE, with E in GeV. The position information
from the wires allowed the reconstruction of muon trajectories in two dimensions (XY in
barrel and Y Z in endcaps) with spatial accuracy of a few mm.

The luminosity was measured using the Bethe-Heitler reaction ep — evyp by a luminosity
detector which consisted of independent lead-scintillator calorimeter [27] and magnetic
spectrometer [28] systems. The fractional systematic uncertainty on the measured lumin-
osity was 2.6 %.

4 Monte Carlo simulation

Inclusive CC DIS [l were used to simulate charm [l and light-flavour (LF) back-
ground events. Neutral current DIS and photoproduction samples were used to simu-
late non-CC DIS backgrounds, which were found to be negligible after the CC selection
defined below. The charged current events were generated with DJANGOH 1.6 [29], using
CTEQ5D PDF sets [30] including QED and QCD radiative effects at the parton level.
RN 4.12 cEl@#-dipole model [31] was used for the fragmentation simulation.
The Lund string model was used for hadronization, as implemented in JETSET 7.4.1 [32].
The NC DIS events and photoproduction events were simulated by using DJANGOH and
HERWIG 5.9 [33], respectively.

5 Event selection and reconstruction

5.1 Reconstruction of kinematic variables

CC DIS at HERA produces a neutrino in the final state. The neutrino then escapes the
ZEUS detector, resulting in a loss of information on the leptonic final state. Thus, the
Lorentz-invariant kinematic variables must be defined with the hadronic final state. In
the present analysis, this is done §ill the Jacquet—Blondel method, which requires the
four-momentum of the exchange boson ¢ to be equal not only to the variation in leptonic
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four-momentum k£ — &’ but also to the variation in hadronic four-momentum p — p’. Then,
the invariant variables described in SEGHGIM can be defined as follows

_ D on(E —pa)n

= 7
YiB 5 Ee,beam ) ( )
2
2 pT,h
— , 8
Q=70 ®)
Qs
T = 9
B 28y;5 ( )

where s is the center-of-mass energy of the collision. The difference between the true and
reconstructed kinematic variables was found to be within ~ 1% in the MC simulation
study.

5.2 DIS selection

The ZEUS online three-level trigger system loosely selected CC DIS candidates based on
calorimeter and tracking information [34,35|. The [illliNE cvents were then required to
pass the following offline selection criteria to reject non-CC DIS events:

e a kinematic selection cut was implemented at 200 GeV? < Q3 < 60000 GeV? and
yis < 0.9 to confine the sample into a region with the optimal resolution of the
kinematic quantities and small background;

e a characteristic of CC DIS events is the large missing transverse momentum py pss in
the calorimeter EiiCHCIICHIRNISTRISIENNG. vents were required to have pr miss >
12GeV and ph e > 10GeV where prp i is the missing transverse momentum,

excluding measurements taken from the CAL cells adjacent to the forward beam
hole;

e further background rejection is discussed in detail in a dedicated study of CC DIS at
ZEUS in the e™p scattering periods [36]. In addition, the remaining cosmic muons
are removed by requiring the number of hits in the calorimeter cells N.y > 40
and comparing the fraction of energy deposited in the EMC and HAC. The rear-
hitting events with the energy deposited in the RCAL FEgrcar > 2GeV were re-
jected if Ergac/Frcar > 0.5. The barrel-hitting events with the energy in the
BCAL, Egcar > 2GeV, were rejected if Epgac/Ercar > 0.85, Eppaci/Ercan >
0.7 or Egpace/Ercar, > 0.4. The forward-hitting events with the energy in the
FCAL, Ercar > 2GeV, were rejected if Eppac/FErcar < 0.1, Ergac/Ercar > 0.85,
Eruaci/Ercar, > 0.7 or Eppace/Ercar, > 0.6.
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A total of 4093 events in etp data and 8895 in e~ p data passed these selection criteria.
Comparisons of data and MC at the event level selection stage are shown in Fig. 3 and 4
for eTp and e~ p, respectively. The MC distribution is consistent with data in both the
etp and e~ p periods. From MC studies, the charm contribution to the CC events is about
25% in the e*p periods and 12% in the e~ p periods in relative terms, and similar for both
periods in absolute terms.

5.3 Charm selection and signal extraction

Charm quarks in CC DIS events were tagged by using an inclusive lifetime method [37,
38]. In CC DIS at HERA, I production has the highest production rate and thus
contributes as the major source of background. The lifetime method uses [HCCERCHEN

S eSS o suppress this background

210

contilaion. The underlying principle of this method s that ground state heavy-lavoured

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

Jets were reconstructed with the kr clustering algorithm in the massive mode [39-41] and
were required to satisfy the following criteria:

o EI > 5GeV,

o —2.5 < <20 (1.5),

where E%?t is the jet transverse energy and 7’°* is the pseudorapidity. The tracking efficiency
and resolution in the forward region 7** > 1.5 suffered in the 2005 data-taking period as
the STT was turned off during this time (e"p). Thus, the jets from this period were
required to satisfy a tighter 7/°* upper limit 7'°* < 1.5. These selection criteria constrain
the kinematic phase space region of this analysis, along with the kinematic selection criteria
at the event level selection stage. Secondary interaction vertices were reconstructed when
there were more than two tracks associated with the chosen jet. They were required to
satisfy the following criteria.

Ntrk > 37

secvtx =—

X2/Ndof < 67

|Zsecvtx| < 30 c1m,

Msecvtx < 6 Gev7

VA2 + Ay? < 1 cm,
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230 where NI&  is the number of tracks used to reconstruct the vertex, x*/Ngoy is the good-
231 ness of the vertex fitting, zgeevix 1S the Z-coordinate of the secondary vertex, Mo is the
232 hadronic mass of the secondary vertex and Az and Ay are the X- and Y-displacement of
233 the secondary vertex from the primary interaction vertex. These selection criteria ensure
23¢ - a good fit quality and high acceptance of the CTD and MVD for tracks used to recon-
235 struct the vertices. The requirement on the track multiplicity was implemented in order to

23s  minimize the number of |EKSMINSEIEES rcconstructed in the vertex detector which has the

237 highest rate when reconstructed with two tracks. [ EEEEEEEENNE
RSN EESCEONGENNSIES, . ¢hc c'p and ¢ p periods, respectively.

230 The TSSO the selected secondary interaction [iSllles was projected
N ang gy T ——
OO CISNONEG | tho distributions of

23 HF particles, in this case charmed particles, were asymmetric, as illustrated in Figures 7

24 and 8 (a, b). SO TNSSNPPIESSEEY subtracting the negative

25 decay length distribution from the positive decay length distribution. The region around

226 |Lgy| = 0 or |S| = 0 was dominated by the statistical uncertainty from the high symmetry

27 of light-flavoured distribution after the subtraction. IEISCESEEISHcNCCEEN
a8 in the extracted signal, vertices were required to iSRS
e S OIS, Iicurcs 7 and 8 (c, d) illustrate the shape

251 of the [ fter the background subtraction. The surviving events after the decay
2 length subtraction were used to extract charm cross section in two bins in Q2.

= 0 Charm cross section

2sa The lifetime method used in this analysis tags charm quarks regardless of their origin.

255 'Thus, the selected reactions SIS o MENERSNSEEE cluon split-
26 ting, FlGHIESICISHSERINENE, which is here denoted by QCD charm, in addition to the

27 electroweak charm (EW charm) production discussed in Section 2. In the present ana-
25 lysis, charm production was measured inclusively within the visible phase space region
20 of 200GeV? < Q% < 60000GeV?, y < 0.9, Fg' > 5GeV and —2.5 < 7" < 2.0. N

BEEE The visible charm jet cross sections o..is were initially measured as follows

Ocyvis = T ) o-tlz\jlv(ijw (10)
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2orassociated to a generated charm or anti-charm quark when \/No” - A7 = | where Ao

and An are respectively the azimuthal-angle and pseudorapidity difference between the
jet and charm quark. Each charm quark was evaluated individually against each jet when
more than one charm quark and jet were generated. In this case, all jets within the visible
phase space region and associated with a charm quark were measured.

The EW contribution in the charm quark signal o ew ;s could be SISl by subtracting the
QCD contribution from gluon splitting FlSEEEEE. However, the available prediction
from ARIADNE 4.12, like any prediction from gluon splitting in the massless mode with
arbitrary cutoff, cannot be considered to be reliable] and might be overestimated. As it is
expected to be small (Table 3) [llis assumed to vanish for the central result but considered

as a systematic uncertainty. The visible jet cross section was extrapolated to the full
kinematic phase space SISl an extrapolation factor Cey, [llIEEE cstimated from

the ratio between the il of ENESISEIISNNNENE. V.., , and the charm

Bl within the kinematic region, NEW:

EW

C, Neen (11)
ext — .
Nign'

The resulting total EW [Sillcross section oggy is then given by

OcEW = Cext O¢,vis

EW data MC
Ny M — My MO
= £ & o) (12)
NEW MO evie’
in c

Systematic uncertainties from the following sources have been estimated in this analysis.
Below is the list of the sources of uncertainty and their estimated effects to the total EW
charm cross sections provided in parentheses (§0¢'?, do¢ P):

e 51, CC DIS (negligible) and 4y, secondary vertex (+2.0 pb, +4.0pb) selection
The uncertainty associated with the|li@l values of the selection criteria were evalu-
ated in a previous analysis of CC DIS at HERA using the ZEUS detector [42]. This

was done by varying the selection criteria thresholds [ByllEGHeN and repeating
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the charged current cross section measurement. The uncertainty in the secondary
interaction vertex selection method was estimated by lifting the restriction on the

secondary vertex track multiplicity NZX .

dy Calorimeter (negligible)

The uncertainty in E%?t measurement due tojiililjjemiea calibration of hadronic calori-
meter at ZEUS is known to be £3%. The uncertainty associated with this effect was
estimated by varying the E%et cut by £3% in the MC and repeating the measurement.

93 LF background (negligible)
Some LF particles such asjiiijiiicsonianaBaeH ¢y pically have a lifetime compar-
able to HF particles. Some of these longer-lived LF particles might survive the decay

length subtraction. The uncertainty in the remaining LF background was estimated
by varying the LF background by £30%.

94 EW charm fraction (—0.8 pb, —1.6 pb)
The MC predictions of the QCD contribution (Fig. 2) shown in Table 3 of +6% for
etp collisions and +12% for e~ p collisions were taken as systematic uncertainty.

J5 Secondary vertex rescaling (—1.8 pb, +1.4pb)

The MC samples used in this analysis appear to have a better efficiency in detect-
ing secondary vertices than data. A secondary normalization factor was applied
to the MC vertex distributions. This normalization was performed only to the LF
background distribution to test different hypothesis for its origin.

dg Signal extraction (£6.2pb, +3.8pb)

A high fluctuation in the signal is observed around the significance threshold. In
order to decouple the systematic uncertainty from the statistical effect, the cross-
section measurement was repeated multiple times with varying significance threshold
values and evaluated against a linear fit. The systematic uncertainty was estimated
as the value of the fit at Sihresh = Snominal = 1.

Luminosity

S CCHNSEERVMNEE 1.cclccted in the final
plots.
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= 8 Results

s2s The charm|ijiillcross sections in CC DIS in e*p collisions were measured in the visible
226 kinematic phase space of 200 GeV? < Q% < 60000 GeV?, y < 0.9, E%ft > 5GeV and
27 —2.5 < njet < 2.0 forbe

ajvis = 4.0 +2.8 (stat.)
—3.0 + 3.8 (stat.)

Uc vis T

528 where the superscript [llldenotes the charge of the incoming lepton. A comparison of

220 the data and MC in bins of Q? is shown in Fig. 9. [PHeNQCDIcoHtEbuticonItoNchari
=0 production was introduced as systematic uncertainty in the electroweak part of the charm
s ross Jxections. The EW charm jet cross sections in consideration of this uncertainty are
=2 given by

0w .= 4.0 £28 (stat.) *

cEW vis

0wy = —3.0 £3.8 (stat.) ¥

(syst.) pb,

+0.1
—0.6
0.6 (syst.) pb.

333 The total electroweak [l cross sections were found by extrapolating the visible EW
s3a charm jet cross sections to the full kinematic phase space to be

ohw = 11.8 £7.7 (stat.)

50 (syst.) pb,
0 sw = —8.0 £10.0 (stat.) {2

(syst.) pb.

I+ |+

s3s The corresponding extrapolation factors C%, were found in the MC to be

Ct, =278,

ext

Co, = 2.67.

an A comparison ol the theory predictions iftfthe FFN and FONLL-B schemes, MCland data
337 in bins of Q? is shown in Fig. 10. The total uncertainty of the FONLL-B scheme is obtained

;33 by adding in quadrature the PDF, scale and charm mass uncertainties and represented
330 in the plot as a band around the central value. [Illll@1 provides the experimental values
s of the cross sections o, yis, 0w yis and oew for each bin [l @?. The contributions of the
sa charm production subprocesses to the final EW cross section in each bin were estimated in

32 the [l FFN and FONLL-B PiSSlBl@E 2nd listed in Table 2. The contributions of the
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data and the theory… (data first)

and are shown in Table 1. (optional) Cross sections averaged over 200 < Q2 < 60000 GeV2 are …

The QCD contribution to the charm cross sections was found to be very small (~ 10%) and the difference was absorbed in a small systematic uncertainty.

charm jet cross section or charm cross section? clarify

+ and - of sigma…

charm jet

remove

charm jet?

MC calculations

of

new paragraph

of

MC calculations

schemes


w

43 subprocesses including the final gluon splitting IESGEBEEERENEE to the MC-generated
42 charm signal in the visible and full kinematic rangcjjiii@provided in Table 3. SRR
45 shown the theory predictions from FFN and FONLL schemes with the total uncertainties

w

w

s and ZM-VFNS scheme with varied strange quark fraction f; = ﬁ—g.

w

w
>
~N

oo The theory predictions in Table 2 suggest that the QPM process DN Fig. 1 (a)
1 contributes to the final EW cross section about 30 ~ 50% depending on the kinematic

w

w

e2 range and QCD scheme used. The increase in the QPM contribution and the decrease
63 in the BGF contribution from the visible to the full kinematic range iR
s« hint that a portion of charm quarks originated from the BGF processes escaped through

w

w

w

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

w

e the experimental uncertainty.Jilli@result from e~ p collisions, in particular, leaned toward

w

w

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

w

68

n 9

3

72 Measurements of charm production in charged current deep inelastic scattering in e*p

w

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

w

7 of 358 pb™!, which corresponds to etp collisions of an integrated luminosity of 173 pb~*

w

s and e~ p collisions of an integrated luminosity of 185pb~*. Visible EW charm jet cross

w

w

76 sections for each lepton beam type were measured within a kinematic region, 200 GeV? <
7 Q% < 60000GeV?, y < 0.9, E%?t > 5GeV and —2.5 < p’®* < 2.0, and extrapolated to the
7z full kinematic range. Theoretical predictions with several assumptions about [HlElSlirange

w

w

w

7o quark content and using different heavy flavour schemes were found to be consistent with
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380

381

382

the data within the large experimental uncertainties. The analysis presented here shows
the potential of DIS measurements to increase the knowledge about the strange quark
content of the proton. However, the HERA data lack statistics [Fylaboutitiworordersiof

s magnitude to be decisive on the subject IITNTHTCNEHIOHSOMCONIASTIPIOIEGHE. < as

384

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

386

387

388

389

390

391
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Q? range

c,vis b
(Gev?) Tesis( PD)

etp
2001500 41 +2.0 (stat.) *0
1500-60000 | —0.7 +2.0 (stat.) *
ep

200-1500 | —0.9 +2.1 (stat.) =

6 (syst.)
o (syst.)

o (syst.)
5
1

1500-60000 | —2.6 +3.5 (stat.) iy (syst.)
Q? range
Oc vis b
(GeV?) o vis( PD)
etp

2001500 41 2.0 (stat.) =
1500-60000 | —0.7 42.0 (stat.) =

ep

& (syst.)
T (syst)

200-1500 | —0.9 +2.1 (stat.) 03 (syst.)
1500-60000 | —2.6 +3.5 (stat.) 92 (syst.)
Q? range
o, b
(GeV?) o (pb)
etp

200-1500 9.1 +4.2 (stat.) 92 (syst.)
1500-60000 | —1.4 =+4.3 (stat.) *O% (syst.)
ep

200-1500 | —1.7 +4.1 (stat.) 03 (syst.)
1500-60000 | —5.3 =£7.4 (stat.) Fhl (syst.)

Table 1: SEOSSIEEEHOIEN . cosurements obtained in each [} with corresponding bin width.
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Visible charm jet cross section sigma… (top), visible EW charm jet cross section sigma… (middle) and EW charm cross section (bottom) measurements …

bin of Q2


Contribution (%)

etp 200 < Q2 < 1500 GeV? | 1500 < Q% < 60000 GeV?
d—c s—=c ¢—=3d)|d—>c s—c ¢—5(d)
MC 6 36 58 10 26 64
FFNNLO | 8 49 43 16 43 41
FONLL-B | B 43 50 12 37 51

Contribution (%)

e p 200 < Q% < 1500 GeV? | 1500 < Q2 < 60000 GeV?
d—¢ 5—=¢ c—os/d|d—=c 5—¢ c—s/d
MC 3 37 60 2 29 69
FFN NLO | 4 51 45 5 49 46
FONLL-B | & 43 54 4 33 63

Table 2: Contribution of charm subprocesses to EW charm production in CC DIS. The
BEBIE [ists the contributions of the charm production subprocesses in CC DIS in both etp
and e~ p collisions, as predicted by the MC, Fized-Flavour Number (FFN) scheme and
FONLL-B scheme. The first two columns (d — ¢ and s — ¢ for etp 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 (¢ — 5(d))
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.

N MC Contribution (%)

e _
b d—c s—c ¢—38d) g—cc
Visible kinematic range 9 45 40 6
Full kinematic range 7 31 58 4

MC Contribution (%)

e =
b d—¢ s§—>¢ c—s(d) g—ce
Visible kinematic range 3 45 40 12
Full kinematic range 2 31 o7 10

Table 3: Contribution of charm subprocesses to charm signal within the visible and full
kinematic phase space region. The [l lists the contributions of the charm production
subprocesses in CC DIS in both etp 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 F'ig. 2 enters the fourth column (g — cc).
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Table

Table

not adding up to 100%




Predictions (pb)
Q? range FFN ABMP16.3 FONLL-B NNPDF3.1
(GeV?) . uncertainties . uncertainties
PDF ‘scale‘ mass PDF ‘scale‘ mass
etp
200 — 1500 | 4.72 | 40.05 | T332 | £0.02 | 5.37 | £0.21 | 7088 | £0.00
1500-60000 | 1.97 | £0.03 | 318 | £0.01 | 2.66 | £0.23 | F337 | £0.00
ep
200 - 1500 | 4.50 | £0.05 | T532 | £0.02 | 4.98 | £0.22 | 7556 | +0.00
1500-60000 | 1.73 | £0.03 | *318 | £0.01 | 2.16 | £0.22 | *333 | £0.00
) Predictions (pb)
Q)° range
(o) HERAPDF2.0 ATLAS-
fs=04 £.=03 ]| f.=05 fi=03 | fl=05 | epWZ16
(nominal) HERMES | HERMES
etp
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
ep
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 NNPDFS3.1
PDF sets with their full uncertainties. The ZM-VFNS predictions were ol :th
HERAPDF2.0 with [lllilg@straonge quark fraction fs 'l from 0.3 to 0.5. Additionally,
two x-dependent strange quark fractions were used as suggested by the HERMES' collabor-
ation. The ZM-VENS predictions were also evaluated with the ATLAS-epW Z16 PDF sets
Bl on unsuppressed strange quark content as suggested by the ATLAS collaboration.
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Figure 1: Feynman diagrams of charm production subprocesses in e p collisions. The
Quark-Parton model (QPM) process illustrated in (a) describes s,d — ¢ SR " the
QPM process (b) @ — 5,d , the charm in the final state arises from the associated charm
quark in the proton remnant. In the INOSONBIMMOR fsion processes, the incoming W

boson couples to _7“ from the gluon in the proton, producing a

cs pair in the final state.

20

16th January 2019 4:45


W-gluon fusion

transitions

an ssbar, ddbar (a) or to … (b)


Figure 2: Feynman diagram of QCD charm process. The cc pairs from the final state
gluons, llustrated in the figure, are referred to as QCD charm n [HlGGEE 1he
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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the text.


ZEUS ZEUS
21000 @ 1200y
S 900 Charm CC e+p c L Charm CC e+p
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700F —— MC Charm 800k —— MC Charm
600F ---- MC LF ++ ----MCLF
500 600 "
400F b ot
300E ’u*_'__N’ 400F i CLd
EaT -
2005 G - 200 ¢ ]
100F -, [ ¢ R
0: ol L1 1117 I." aaarinl L1 1111 0- Y =
10° 10 10° 0 20 40 60 80 100 120 140
Q2 (GeV?) Pres (GEV)
ZEUS ZEUS
@ _ n 01200¢ n
51 400 CharmCCe'p S i CharmCCe'p
2t (c) . ZEUS 173 pb™ 2000k (D + ZEUS 173 pb”
H1200F R
- MC ARIADNE [ MC ARIADNE
r —— MC Charm [ —— MC Charm
1000 800
i ---- MCLF i ----MC LF
800F 600f ,
600F [ 4y
- . s 400F ¢ - ¢ '
t F! =
400¢ Vo L b
200k e ‘o 200} St
G: _ :'l- el L 0- '-"'!-.'-_o.
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Figure 3: Comparison between data and MC' in kinematic variables (a) Q%g, (b) DT.miss,
(c) x5 and (d) y;5 W eTp collisions. The subscript of the kinematic variables, JB, de-
notes that these variables are defined using the Jacquet-Blondel method. pr mss represents
missing transverse momentum in the calorimeter. The vertical error bars represent the
statistical uncertainty in dato. |GGG rcpresents events with charm or anticharm
quarks involved in hard CC reaction either in the initial or final state. NGB represents
the contribution from light-flavored events, i.e. with no heavy flavour particles occurring

- the cecnl. MO Beauty represents events with beauty but no charm quark.
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Same font as the one used in the figure. (if you want to keep it)
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Figure 4: Comparison between data and MC' in kinematic variables (a) Q%g, (b) PT.miss,
(¢) xyg and (d) y;p in e p collisions. The subscript of the kinematic variables, JB, de-
notes that these variables are defined using the Jacquet-Blondel method. pr mss 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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ETjet and etajet, notation in the plot
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Figure 6: Comparison between data (points with vertical error bars) and MC in jet and

secondary vertex distributions (a) E*, (b) 7%, (¢) Myeeore and (d)

The labels are the same as in Figs. 3-4.
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EISNEEN C.arm quark identification by SHEthe lifetime-tagging method. The projected
two-dimensional decay length L., and significance S distributions ll 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, = 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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At the end,… Labels are the same as in Fig. 3-4. Besides, additional label MC beauty represents…
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Figure 8: Charm quark identification by using the lifetime-tagging method. The projected
two-dimensional decay length L, 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, = 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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Figure 9: The total charm cross sections o.,s within the visible kinematic region in
two bins of Q? in eTp (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.
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Figure 10: The EW charm cross sections o.ew in two bins of Q° [lille™ (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 FEFN 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 NNPDFS3.1 sets around the central value.
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