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Abstract

Charm production in deep inelastic scattering has been measured with the ZEUS
detector at HERA using an integrated luminosity of approximately 82 pb~1.
Charm has been tagged by reconstructing D**, DY D* DF and A* charm
hadrons in the kinematic region 1.5 < @Q* < 1000 GeV?, 0.02 < y < 0.7,
pr(D,A.) > 3 GeV and |n(D,A.)| < 1.6. The charm fragmentation ratios and
fractions are measured in the kinematic range considered.






1 Introduction

Charm quarks in photoproduction and deep inelastic scattering (DIS) have been exten-
sively studied at HERA [1-6]. These measurements are consistent with perturbative QCD
calculations indicating boson-gluon fusion (BGF) as the dominant mechanism of charm
production. For most of the charm DIS measurements only D* mesons are selected.

This paper presents the measurements of charm production in DIS using D°, D*, DF and
D** mesons and AE baryons. Measurements of the charm fragmentation ratios and frac-
tions were performed in ep scattering at HERA in the DIS regime with
1.5 < Q* < 1000 GeV2. The results are compared with previous measurements in ete™
annihilations and also at HERA.

2 Experimental set-up

The data presented in this analysis were collected with the ZEUS detector at HERA during
the 1998-2000 running periods, with e* beam energy of £, = 27.5 GeV colliding with a,
proton beam energy of E, = 920 GeV. The data sample corresponds to an integrated
luminosity of 82 pb~1.

A detailed description of the ZEUS detector can be found elsewhere [7]. A brief outline
of the components that are most relevant for this analysis is given below.

Charged particles are tracked in the central tracking detector (CTD) [8], which operates
in a magnetic field of 1.43T provided by a thin superconducting solenoid. The CTD
consists of 72 cylindrical drift chamber layers, organised in nine superlayers covering the
polar-angle! region 15° < § < 164°. The transverse-momentum resolution for full-length
tracks is o(pr)/pr = 0.0058pr & 0.0065 & 0.0014/pr, with pr in GeV.

The high-resolution uranium-scintillator calorimeter (CAL) [9] consists of three parts: the
forward, the barrel and the rear calorimeters. The smallest subdivision of the calorimeter
is called a cell. The CAL energy resolutions, as measured under test-beam conditions, are

o(E)/E = 0.18/VE for electrons and o(E)/E = 0.35/+/E for hadrons, with E in GeV.

I The ZEUS coordinate system is a right-handed Cartesian system, with the Z axis pointing in the
proton beam direction, referred to as the “forward direction”, and the X axis pointing left towards
the centre of HERA. The coordinate origin is at the nominal interaction point.



3 Event selection

An event was selected if it satisfied the following criteria: a scattered electron was iden-
tified using a neural-network procedure [10] with energy E. > 10 GeV; y. < 0.95;
yi > 0.02; 1.5 < Q% < 1000 GeV?, where the subscripts e, JB and 3 refer to the
electron, Jaquet-Blondel [11] and - [12] methods, respectively; 40 < 6 < 65 GeV, where
§ = > ,(E — p.); and the index i runs over a combination of tracks measured in CTD
and CAL clusters; a reconstructed primary vertex with |Zyerex| < 50 cm is required; the
impact point (X,Y) for the scattered lepton in the RCAL must lie outside the region
26 x 14 cm? centred on X =Y = 0.

The selected kinematic region was 1.5 < % < 1000 GeV? and 0.02 < y < 0.7.

4 Reconstruction of charm hadrons

The reconstruction of D°, D*, DF, D** mesons and A baryons was performed in the
kinematic region pr(D,A.) > 3.0 GeV and |n(D,A.)| < 1.6. The distributions were
fitted assuming a “modified” Gaussian function, Gauss™? eXp(—O.5a:1+1+0ﬁ), where
x = |(M—Mpa,)/o|, to describe the signal shape plus a background function. Only tracks
measured in the CTD and fitted to the primary vertex were used in the reconstruction.

4.1 Reconstruction of DY mesons

The D° mesons were reconstructed from the decay channel DY — K~7t (+c.c.). In
each event, D° candidates are formed from pairs of tracks with opposite charges and
pr > 0.8 GeV. A cut |cos*(K)| < 0.85, where 0*(K) = angle(pﬁ?o reSt),pg%b)), was
applied to reduce the contribution from combinatorial background. The D° candidates
were separated in two groups. The “AM tag” group consists of D candidates which are
combined with a third track that could be a “soft” pion () in a D** — D} (4 c.c.)
decay. The soft pion must have pr > 0.2 GeV and charge opposite to that of the kaon.
The cut value was pr > 0.25 GeV for a data subsample, corresponding to an integrated
luminosity of 17 pb~!, for which the track reconstruction efficiency at low-momentum
was smaller due to the operating conditions of the CTD [13]. For D° mesons not com-
ing from a D**, the incorrect assignment of the pion and kaon masses to the two tracks
produces a wider reflected signal. The reflected signal normalised to the ratio of num-
bers of D° without and with AM tag is subtracted from the untagged D° canditates.
Figures 1 and 2 show the M(K) distribution for untagged D° candidates after the re-
flection subtraction and tagged D° candidates, respectively. Clear signals are seen at the



nominal value of M (D?). The number of D° untag (tag) mesons yielded by the fit was
Nuntag(DO) = 9910 + 940 (N'8(D%) = 1907 + 77).

4.2 Reconstruction of additional D** mesons

The D** mesons were reconstructed from the decay channels D** — D%rf (4c.c.)
with D° — K~7" (+c.c.). The D** events within the D** kinematic range can be
considered as the sum of events with D° events within D° kinematic range (tagged
DY) plus D° events not in that kinematic range. In each event, pairs of tracks with
pr > 0.4 GeV were combined to form a D° candidate. Only combinations with invariant
mass 1.80 < M(Kn) < 1.92 GeV were considered. Besides that, the D° candidates must
have pr(D?) < 3.0 GeV or |n(D)| > 1.6 to be outside the kinematic region. A third track
with pr > 0.2 GeV and charge opposite to that of the kaon track was combined with the
D candidate to form a D** candidate, and kept if its charge was opposite to the kaon
track. Here again the cut value was pr > 0.25 GeV for the data subsample for which the
track reconstruction efficiency at low-momentum was smaller. Figure 3 shows the distri-
bution of the mass difference AM = M(Knrs)—M(Kn) for D* candidates. A clear signal
is seen around the nominal value of M (D**) — M (D). The combinatorial background
under the signal was estimated from the mass difference distribution of the wrong-charge
combinations, in which both tracks associated to the D° candidate have the same charge
and the third track has opposite charge. The number of reconstructed additional D**
mesons was calculated by subtracting the wrong-charge AM distribution, after normalis-
ing it to the number of right-charge candidates in the region 0.150 < AM < 0.165 GeV.
The subtraction was done in the signal region 0.143 < AM < 0.148 GeV and yielded
Nad(D*+) = 312 £ 28.

4.3 Reconstruction of D* mesons

The D* mesons were reconstructed from the decay channel D* — K-n*rt (+c.c.). In
each event, two tracks with the same charges and a third track with opposite charge
were combined to form D* candidates. Tracks were required to have pr(r) > 0.5 GeV
and pr(K) > 0.7 GeV. To reduce the combinatorial background, a cut in the variable
cos 0*(K) > —0.75 is imposed, where 0*(K) = angle(p%)i rest), pgaf)). To suppress back-
ground from D** and DZ no combination with M(K77r) — M(K7) < 0.150 GeV and
with M(K*“KT”) within £8 MeV of the nominal ¢ mass was taken [3]. Figure 4 shows
the M (K ) distributions for D* candidates. A clear signal is seen at the nominal value

of M(D?*). The number of D* mesons yielded by the fit was N(D*) = 3530 + 360.



4.4 Reconstruction of D¥ mesons

The DF mesons were reconstructed from the decay channel D — ¢nt (+c.c.) with
¢ — KTK~. In each event, two tracks with opposite charges were combined to form
the ¢ candidates whose invariant mass M (K K) should be within +8 MeV of the nom-
inal ¢ mass [3]. A third track was combined with the ¢ candidate yielding the D*
candidate. Only tracks with pr(7) > 0.5 GeV and pr(K) > 0.7 GeV were considered.
Combinatorial background was supressed with the following cuts: | cos® 0**(K)| > 0.1 and
cos 0*(m) < 0.85, where 8**(K) = angle(p%5 rest) i reSt)) and 0*(m) = angle(pgrDs reSt),pgib)).
Figure 5 shows the M (K K) distribution for Dy candidates. A clear signal is seen at
the nominal value of M(D¥). A secondary signal also appears at the nominal value of
M(D%#), as expected from the decay of D* in the same channel. The resulting mass
distribution was fitted to the sum of two modified Gaussians, one for each signal peak.

The number of reconstructed DF mesons yielded by the fit was N(DZE) = 680 £ 79.

4.5 Reconstruction of A¥ baryons

The AF baryons were reconstructed from the decay channel A7 — K~ prt (4c.c.). In each
event, two tracks with the same charges and a third track with opposite charge were com-
bined to form the A* candidates. Only tracks with pr(m) > 0.5 GeV,
pr(K) > 0.75 GeV and pr(p) > 1.3 GeV were considered. The proton momentum in
the laboratory frame is typically larger than that of the pion from the decay due to the
large difference of their masses. Therefore, of the two tracks with same charges, to the one
with larger (smaller) momentum was assigned the proton (pion) mass. The mass of the
kaon was assigned to the track with opposite charge. To suppress the combinatorial back-
ground the following cuts were applied: cos0*(K) > —0.9 and cos 0*(p) > —0.25, where
0*(K,p) = angle(pﬁ?,; rest) p/(\ljb)). Figure 6 shows the M (pK) distribution for A, candi-
dates. The number of reconstructed A, baryons yielded by the fit was N(AF) = 6304 250.

5 Charm fragmentation ratios and fractions >

5.1 Ratio of neutral and charged D mesons production rates

The ratio of neutral and charged D meson production rates, R, /4, is the ratio of the sum
of direct neutral mesons (D*°, D°) production cross sections to the sum of the charged

2 For all charm fragmentation ratios and fractions the distortions from decays of excited D mesons with
non-zero orbital momentum were neglected.



mesons (D** D¥) production cross sections. Direct production of D and D* means
these mesons do not originate from D** and D** decays. As all D*”’s decay into D°, the
ratio is given by
auntag(DO)
Ruja = T t 0y
o(D*) + otae(DO)

The ratio of neutral and charged D meson production rates obtained for the kinematic
region 1.5 < Q? < 1000 GeV?, 0.02 <y < 0.7, pr(D, A.) > 3.0 GeV and |n(D,A.)| < 1.6
is

Ryjq = 1.46 £0.177010.

The measured ratio is consistent with one. The large systematic effect comes mainly from
the signal extraction procedure which also affects the other measurements of ratios and
fractions.

The measurement is compared with other values obtained at HERA [14,15] and with those
from e*e™ annihilations [16-18] in Figure 7. All measurements agree within experimental
uncertainties.

5.2 Strangeness suppression factor

The strangeness suppression factor v, is the ratio of twice the cross sections for charmed
meson containing a strange quark divided by the cross sections for those containing an
up or down quark. As all D*" and D*° decay into either a D or a D° and all D" decay
into a D, 7, is the ratio of twice the D cross section to the sum of the equivalent D°
and D7 cross sections. Equivalent cross sections were defined as the the sums of D° and
D7 direct cross sections and contributions from D** and D** decays. The strangeness
suppression factor is then given by

_ 20(D7)
Vs = o(D*) + gwtag( DO) 4 gtas(DO) _|_20-add<D*i)'

The strangeness suppression factor obtained for the kinematic region 1.5 < Q2 < 1000 GeV?,
0.02 <y <0.7, pr(D,A.) > 3.0 GeV and |n(D,A.)| < 1.6 is

Yo = 0.265 % 00351009,

The measurement is compared with other values obtained at HERA [14,15,19] and with
those from e*e™ annihilations [20] in Figure 7. All measurements agree within experi-
mental uncertainties.



5.3 Fraction of D mesons produced in a vector state

The fraction of D mesons produced in a vector state is given by the ratio of vector charm-
meson production cross sections to the sum of vector and direct pseudoscalar charm-meson
production cross sections. The fraction for charged charm-mesons is given by

O-tag(DO)/BD*‘FHDOW-F + O'add(D*i)
U(Di) + Utag(DO) T O'add<D*i) s

P} =

where Bp«+_ por+ = 0.677 £ 0.005 [21] is the branching ratio of the D** — D% decay.

The fraction of D mesons produced in a vector state for the charged and neutral charm-
mesons, considering the same production rates for D* and D**, is given by

p,— QJtag(DO)/BD*+_,D07r+ + QUadd<D*i)
v = o(DF) 4 guag(DO) + gtas(DO) + 2gadd( D)’

The fractions PZ and Py measured for the kinematic region 1.5 < Q? < 1000 GeV?,
0.02 <y <0.7, pr(D,A.) > 3.0 GeV and |n(D, A.)| < 1.6 are, respectively,

P& = 0.590 & 0.03775:922
Py = 0.490 £ 0.03275:97

It can be seen from the measured fractions PZ and Py that naive spin counting, which
predicts a value of 0.75, does not hold for charm production.

The measurements are compared with other values obtained at HERA [14,15] and with
those from ete™ annihilations [16-18] in Figure 7. All measurements agree within exper-
imental uncertainties.

5.4 Charm fragmentation fractions

The fraction of ¢ quarks hadronising into a particular charm hadron, f(¢ — D, A,), is

the ratio of the charmed-hadron production rate to the sum of the production rate of all
+ =0

charm ground states. The strange-charm baryons ==, =0 and Q2 cross sections should
be included in the sum in addition to the measured D mesons and A. baryons. The
production rates for these baryons is expected to be much lower than that for A due
to strangeness suppression. The relative rates for these baryons can be estimated from
the non-charm sector as in [22]. Assuming equal production of =* and Z° and that the
measured non-charmed =~ /A and Q™ /A relative rates, (6.65+0.28)% and (0.42+0.07)%,
respectively [21], are similar to the charmed ones, the total rate for the charm-strange

baryons should be about (14 4+ 5)% of the A, production rate. Also considering the same



production rates for D** and D**, the sum of the production rates for all charm ground
states is

3" 0 = 0(DE) + 0" (D) + 0'%8(D°) + 20°9(DE) + o (DE) + o(AF) x 1.14.
all

Therefore, the charm fragmentation fractions are:

f(c — DO) = [o‘untag(DO) + O'tag(DO) + O’add(D*i) X (1 + BD**—»D%*)]/ Zag's"
all

flc— D) = [0"5(D°)/Bpes pogs + 0D/ 0y,
all

fle— D*) = [o(D*) +0™(D") x (1 = Bpespoxt)l/ D 0gess

flc— D) =0o(D})/ Zags,

all

flce—AS) = A+/Zcrgs,

all
The measured fragmentation fractions are shown in Table 1.

The measurements are compared with other values obtained at HERA [14,15,19] and
with those from eTe™ annihilations [20] in Figure 8. All measurements agree within
experimental uncertainties.

6 Summary

The production of D°, D*, DF and D** charm mesons and A* charm baryons has been
measured in DIS at HERA in the kinematic region 1.5 < Q? < 1000 GeV?, 0.02 < y < 0.7,
pr(D,A¥) > 3.0 GeV and |n(D, A$)| < 1.6 with the ZEUS detector. The ratio of neutral
and charged D-meson production rates, the strange suppression factor, the fraction of
charged and the sum of charged and neutral charm mesons produced in a vector state
and the fractions of ¢ quarks hadronising as D°, D*, D¥ D** and AF hadrons were
determined in the above kinematic renge. All fragmentation ratios and fractions agree
with those obtained in charm production at HERA and in eTe™ annihilations, confirming
the universality of charm fragmentation.
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Table 1:

ZEUS prel. (DIS)
f(c— D% | 0.584 4 0.03970:02

(
f(e— D) | 0.190 £ 0.014+523
flc— D*) | 0.194 +0.02070.02
flc— D¥) 10.103 +0.013+0:012
fle— AZ) [ 0104+ 00487500

The fractions of ¢ quarks hadronising as a particular charm hadron.
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Figure 1: The M(K) distribution for the untagged D° candidates. The solid
curve represents a fit to the sum of a modified Gaussian function and a background
function.
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Figure 2: The M(Kr) distribution for the tagged D° candidates. The solid
curve represents a fit to the sum of a modified Gaussian function and a background
function.
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Figure 4: The M(Knr) distribution for the D* candidates. The solid curve rep-
resents a fit to the sum of a modified Gaussian function and a background function.
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Figure 8: Comparison of the charm fragmentation fractions measurements with
those obtained in other experiments.

17



