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Abstract

Recent results on the combination of open charm and beauty production data in deep-inelastic scattering and their
comparison to perturbative QCD calculations at next-to-leading order and approximate next-to-next-to-leading order
are presented. The combined data are used to extract the masses of the charm and beauty quarks at next-to-leading
order. Inclusive jet and dijet cross sections in deep-inelastic scattering are used to extract the strong coupling a(myz)
at next-to-next-to-leading order for the first time. Finally, further new observables measured for the description of
prompt photons plus jet production in deep-inelastic scattering and their comparison to perturbative QCD calculations

are shown.
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1. Introduction

HERA was the only ep-collider and together with
the H1 and ZEUS experiments allowed to investigate
a wide range of physics and processes in deep-inelastic
scattering (DIS), diffractive scattering (DIFF) and pho-
toproduction (PHP) with significant precision, and thus
provided for example a deeper understanding of quan-
tum chromodynamics (QCD). The energy of the e~
or e* beam was 27.6 GeV, and the energy of the pro-
ton beam, for the data being discussed here, was first
820 and later 920 GeV with a center-of-mass energy of
318 GeV. The H1 and ZEUS experiments collected a
combined data sample of ~ 1 fb~! in the years from
1992-2000 (HERA-I) and 2003-2007 (HERA-II). Both
experiments provide well calibrated datasets, e.g. the
hadronic energy scale uncertainty is typically ~ 1%.

In this presentation we are concerned with hard pro-
cesses in neutral current (NC) DIS. The important pro-
cesses at different orders in a, in DIS are indicated in
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Figure 1: Basic DIS processes: a) O(a?), b) O(a5) boson-gluon fusion
(BGF), ¢) O(a5) QCD Compton (QCDC).

Fig. 1. Inclusive cross section predictions are sensi-
tive in leading order (Fig. 1a) to the valence and sea
quarks of the proton. They become sensitive to the
gluon density and the strong coupling, which are how-
ever strongly correlated, only at order @, and beyond
(scaling violations). Charm and beauty production at
HERA are already at leading order (LO) sensitive to
a; ® g via the BGF process (Fig. 1b), but the calcula-
tions depend even more on the value of the heavy quark
masses and the heavy quark scheme used. The combi-
nation of charm and beauty cross sections from the H1
and ZEUS collaborations and the determination of the
quark masses are discussed in sect. 2.
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Jets in DIS, when measured in the Breit frame [1],
are also sensitive to @; ® g already at LO, via the boson-
gluon-fusion (BGF) process. This process dominates
for the negative photon momentum transfer squared
or photon virtuality, 02, less than about 1000 GeV2,
Above this value the QCDC process (Fig. 1c) becomes
dominant, providing sensitivity to the strong coupling
without involving the gluon from the proton. Thus, the
addition of jet measurements together with hitherto de-
termined parton distribution functions from inclusive
NC and charged current (CC) measurements, allows
an extraction of the strong coupling. The first preci-
sion extraction of a(mz) at next-to-next-to-leading or-
der (NNLO), using all appropriate sets of inclusive jet
and dijet data sets from H1, is presented in sect. 3.

Measurements of DIS events with a prompt photon
and a jet provide another, theoretically clean test of per-
turbative QCD, since the photon does not hadronise in
contrast to the quark or gluon, and there are fewer di-
agrams compared to those in parton-parton processes.
New results on this topic from ZEUS are presented in
sect. 4.

2. Charm and beauty quarks

Heavy quarks and anti-quarks are produced in pairs,
predominantly in BGF as illustrated in Fig. 1b). HI1
and ZEUS measurements, using a variety of techniques
to tag charm and beauty quarks such as: reconstructed
D**, D* and D° meson decays, reconstructed muons
and electrons from heavy-flavour semi-leptonic meson
decays, and analysis of charged tracks exploiting life-
time information, are combined to provide a single con-
sistent HERA data set of reduced charm and beauty
cross sections, in the kinematic range of photon virtual-
ity 2.5 < Q% < 2000 GeV? and Bjorken scaling variable
3107 < xgj < 5- 1072 The reduced cross section is
defined as

a‘QQ _ d2o20 . xQ*
rd  dxgdQ? 2me(1+(1-y)?)’

where y is the inelasticity of the interaction.

Further details of this preliminary extended combina-
tion as well as on previous combinations and the proce-
dures can be found in [2] and in references therein. In
total 13 data sets are used of which 3 on charm are new
and the 5 sets on beauty are used for the first time.

The combined data are compared to theoretical pre-
dictions obtained in the fixed-flavour-number scheme
(FFNS) at next-to-leading order (NLO) using HER-
APDF2.0 [3] and ABMI1 [4] parton distribution

functions (PDFs) and at approximate NNLO using
ABMPI16 [5] PDFs.
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Figure 2: Combined measurements of the reduced production cross
sections (full circles) for charm (upper panel) and beauty (lower
panel). The inner error bars indicate the uncorrelated part of the un-
certainties and the outer error bars represent the total uncertainties.
The input measurements are also shown by the different markers.

In Fig. 2 the reduced charm and beauty cross section
measurements, which are input to the combination, as
well as the resulting combined reduced cross sections
(full circles) for charm (upper panel) and beauty (lower
panel) are shown as a function of xg; for different values
of Q. The beauty data points are the first combination
provided by HERA. The inputs are 209 charm and 52
beauty data points, which are combined simultaneously
to yield 52 charm and 27 beauty data points. As can be
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observed, the consistent treatment of correlations of sta-
tistical and systematic uncertainties, including the cor-
relations between the charm and beauty data sets where
relevant, yields a significant reduction of the overall un-
certainties of the combined data.

The combined reduced cross sections o'rQeg (full cir-
cles) as a function of xp; for given values of 0? are
compared in Fig. 3 to NLO and approximate NNLO
QCD predictions obtained using different PDFs. The
data and the theory predictions are normalised to predic-
tions using the HERAPDF2.0 set in the three-flavour-
number scheme FF3A. One observes that QCD provides
a reasonable overall description of the data. The domi-
nant theory uncertainty arises from variation of the scale

UR = HF = /0% + 4m2Q by a factor of 0.5 to 2. At

0% ~ 12 GeV? the charm data points have a different
slope in xg; from that of the prediction. The description
of the data is not improved by the approximate NNLO
prediction.

The combined charm and beauty data are used to
obtain a preliminary result for the running charm and
beauty masses. To this end a QCD fit is performed us-
ing a fixed three-flavour-number calculation at NLO. In
addition, the NC and CC inclusive HERA DIS data are
used. The light flavour PDFs are parameterised as in
the HERAPDF?2.0 fit. The charm and beauty masses are
free parameters in the fit. The following result for the
values of the masses in the MS scheme and the fit and
systematic uncertainties are obtained:

mc(m) = 12907 38 (fit) *¢ (mod) *,] (par) MeV
my(myp) = 4049158 (fit) *3) (mod) *5} (par) MeV

The dominant systematic uncertainty is the model one,
which is dominated by the scale uncertainty as esti-
mated by variation of the scale by a factor of 0.5 to
2. The parameterisation uncertainty is dominated by
the difference between parameterising the PDFs with
13 or 14 parameters. The masses obtained are consis-
tent with the PDG [6] masses of m,. = 1270 + 30 MeV
and mj;, = 4180*30 MeV and consistent but significantly
improved with respect to previous HI/ZEUS determina-
tions [7, 8]. The PDG masses are mainly obtained from
lattice gauge theory and time-like processes at scales in
the vicinity of the heavy quark mass. An extraction of
the running charm mass at different scales, using the
combined charm data discussed above, is presented in
[9], and the results are found to be consistent with QCD
expectations.
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Figure 3: Combined reduced cross sections from HERA (full circles)
for charm (upper panel) and beauty (lower panel) compared to NLO
and approximate NNLO predictions obtained using various PDFs,
normalised to predictions using the HERAPDF2.0 set FF3A.

3. Extraction of a;(mz) at NNLO using jet cross sec-
tions

Since the presentation of preliminary results by H1
in my talk, the final results have become available [10].
The differences in the values for a,(mz) obtained are
negligible, however, there are changes in the systematic
uncertainties, mainly in the experimental one, due to an
improved analysis strategy. Thus, the latter results are
presented here.

The first program for jet production in NC DIS at
NNLO, NNLOJET, has recently become available [11-
13]. It is used by the H1 collaboration to extract a(mz)
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at NNLO using its high precision measurements of in-
clusive jet and dijet cross sections [14—18], which cover
the kinematic region 5 < Q% < 15000 GeV? and 0.2 <
y < 0.7. Jets are defined in the Breit frame [1] using the
kr clustering algorithm [19] with a resolution parameter
R = 1. The jet four-vectors are restricted to the pseudo-
rapidity range —1 < 1j¢ < 2.5 in the laboratory frame.
The notations ‘300GeV’, ‘HERA-I’ and ‘HERA-II’ cor-
respond to different data taking periods, additionally
subdivided into low-Q? (Q> < 100 GeV?) and high-
0% (Q* > 150 GeV?) domains, where different com-
ponents of the H1 detector were used for the measure-
ment of the scattered lepton. The inclusive jet cross sec-
tions are measured double-differentially as functions of
0? and the jet transverse momentum P in the Breit
frame. For dijets at least two jets must be identified
in the 1;¢; range above the relevant PJTel threshold. The
double-differential dijet cross sections are measured as
functions of Q% and the average transverse momentum
of the two leading jets, (Pt) = (Pr,; + Pr2)/2. For more
details see table 1 in [10].

The inclusive jet and dijet cross sections for a bin i
in the relevant physical observables are calculated as a
convolution of the PDFs f in the variable x and the per-
turbatively calculated partonic cross sections:

o= Z dxfdxﬁc(xaﬂF)é'i,k(xa#RaﬂF) * Chad,i »
T

where the sum runs over all parton flavours k and the
gluon. The calculations depend on the renormalisation
scale ug and the factorisation scale ug. The factors cpyg;
account for the hadronisation corrections. Both the f;
and the & are sensitive to the strong coupling. The
partonic cross sections are given in terms of the pertur-
bative expansion in orders of a;(ur). The dependence
of fi on a,(myz) originates from the factorisation theo-
rem. Fixing the x-dependence of the PDFs at a starting
scale o and setting ug = up, the PDFs at any factorisa-
tion scale yp can be calculated. The starting scale is cho-
sen to be 1y = 20 GeV, since this is a typical scale of the
jet data studied. Thus, the influence of the evolution of
the PDFs on the a, determination is moderate, because
ur = uo. The PDFs at that scale are well known, partic-
ularly the quark densities, because inclusive DIS at LO
is independent of a;. For the PDFs at g = 20 GeV the
NNPDF3.1 PDF set [20] is used by H1. This set was ob-
tained with a nominal value of a?PF(mz) = 0.118. The
scales ug and ug are chosen to be

KR = Hg = O+ P,

jet . . . .
where Pt denotes P'Te in the case of inclusive jet cross

Inclusive jets Dijets
H1 HERA-II phase space H1 HERA-II phase space
201\ '\ 16 <Q? <22 Gev?
o 7< PT <11 GeV A

16 < Q%< 22 GeV?
7 <P,k 11 GeV

=\Q*p?)

=
4
—

RIF

o/ o (NLO,
P
o
T

o +
n
—

200 400<Q? <700 Gev? T 400 < Q2 < 700 GeV? ]
= 30 <P, <50 GeV 30 < P, < 50 GeV
Y ]
< t —NNLO - -NLO «LO
" lSV T

", E2NNLO H_ variation (0.5.2)

RIF

o/ o(NLO,

0.5 FHlana NNLOJET

0.2 05 1 2 4 0.2 05 1 2 4

w1\ . 1 Verop, 3

Figure 4: Relative change of jet cross section as a function of a multi-
plicative factor applied to the renormalisation and factorisation scale.

sections and (Pr) for dijets. The partonic cross sections
Gix(x, ur, pup) are calculated using NNLOJET. In Fig. 4
the scale dependence of the theory prediction at LO,
NLO and NNLO, relative to that at NLO, for inclusive
jets and dijets are shown for a low and a high scale re-
gion of the HERA-II data. The dependence on the scale
factor is strongest for cross sections at lower values of
UR, 1.e. lower values of Q2 and Pr. At higher values of
ur and at NNLO the scale dependence is almost flat.

The value of a,(myz) is determined in a fit of theory
predictions to H1 jet cross sections [14—18] with a;(myz)
as the single free parameter. The statistical and sys-
tematic uncertainties as well as the correlations of the
uncertainties among the different data sets and running
periods are taken into account. The uncertainties of the
PDFs are provided by the authors of the respective par-
ton distribution function (PDF) set.

Values of ay(my) are determined separately for each
individual data set, for all inclusive jet measurements,
for all dijet measurements, and for all H1 jet data (re-
ferred to as H1 jets) taken together. They are shown
in Fig. 5. For H1 jets the uncertainties on a,(my) as
a function of the parameter fi.,, which restricts the jet
data to higher and higher scales, are shown in Fig. 6,
where the minimum scale is set to m1,.

At low [ic, the experimental uncertainties are quite
small due to the high statistics and in addition, the sen-
sitivity to ag(mz) is larger due to the running of a;.
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0, results from H1 jet data in NNLO
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Figure 5: Summary of a(mz) values obtained from fits to all H1 jet
data sets. The inner error bars indicate the experimental uncertainty
and the outer error bars the total uncertainty.

On the other hand, the theoretical uncertainty, estimated
from the usual scale variations by a factor of 0.5 to
2.0, is large, even at NNLO. Using only data with
ficue = 30 GeV, one finds the experimental and scale un-
certainty to become similar in size. Around this region
of ficy the PDFa, uncertainty is almost negligible. H1
has chosen the value i > 28 GeV for their main result.
The H1 jets then yield the following value:

ag(mz) = 0.1157 (20)exp
(6)had (3)PDF (2)PDFa, (3)PDEset (27)scale

with y? = 63.2 for 91 data points. Although the re-
duced number of data points leads to an increased exper-
imental uncertainty, as compared to the option & > 2my,,
(as(mz) = 0.1143 (9)exp (43)m, with the theory uncer-
tainty being dominated by the scale uncertainty), it is
still smaller than the scale uncertainty, which is found
to be reduced significantly. For details on the estimation
of the PDF, PDFa, and PDFset uncertainties see [10].
The ratios of all H1 jet cross section measurements to
NNLO predictions are displayed in Fig. 7, indicating
overall good agreement between data and predictions.
As shown in [10], at NNLO the distributions of the jet
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Figure 6: Uncertainties resulting from fits of as(mz) as a function of
the cut-off scale ficy applied to the data.

P are better described than at NLO, and the scale un-
certainty is significantly reduced, particularly at higher
scales.

The running of @ (ugr) obtained from fits to HI jets is
compared in figure 8 to other determinations of at least
NNLO accuracy [21-24] and to results at NLO at very
high scales [25]. The results are consistent with those
of other experiments. The a(mz) values found in the
two approaches are consistent with each other as well
as with the world average [6, 26].

The more recent H1 jet data sets [16—18] also in-
clude measurements of ratios, where the inclusive jet
and dijet cross sections are normalised to the inclusive
NC DIS cross section of the respective Q7 interval. In
this ratio correlations of systematic and statistical uncer-
tainties partially cancel. Therefore, normalised jet cross
sections are ideally suited for studies together with in-
clusive NC DIS data. In addition to the approach of
extracting a(mz) from jets as described above, a fit of
a(myz) and the PDFs at NNLO is performed, using the
normalised jet and the inclusive DIS cross sections from
H1 as input. The fit with the requirement Q> > 10 GeV>
and 1 > 2my, yields the following result:

ag(mz) = 0.1142(1 l)exp,had,PDF (2)mod (2)par (26)scale »

which is largely insensitive to the PDF model and
parametrisation choices. The scale uncertainty is dom-
inating. This latter approach is also described in [10]
as well as the results of the inclusion of the jet cross
sections on the PDFs obtained.
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Figure 7: Ratios of H1 jet cross sections to NNLO predictions with
as(mz) = 0.1157 as obtained from the fit to H1 jets.

4. Prompt photons and jets in DIS

There are several sources of photons contributing to
the hadronic final state of DIS events. Most of them
arise as decay products of 7° or 7 mesons together with
one or more jets. They may also be radiated from
a quark within a jet in a fragmentation type process
(fg—y(2)). These are background to the processes of in-
terest, the production of prompt photons with high Pr
as shown in Fig. 9. The photons may be radiated from
the incoming or outgoing lepton (labelled LL) or be pro-
duced in hard QCD interactions (labelled QQ). The pho-
tons from LL and QQ processes are relatively isolated
from other particles. The prompt QQ photons emerge
directly from the hard interaction and together with jets
allow a very direct test of the underlying QCD matrix el-
ements. In order to suppress the background, isolation
of the photon from the nearest charged track is required,
and the widths of the photon showers in the electromag-
netic calorimeter are used to discriminate against pho-
tons from meson decays. For more detailed information
on the extraction of the photon signal, further details on
the analysis, the variables and the new preliminary re-
sults in DIS see [27].

In this analysis a set of new variables, using combined
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Figure 8: Running a(ur) and «(mz) for fits to data points arranged
in groups of similar pr, compared to results from other experiments
and processes and the world average (line + band).

photon-jet-electron observables, is studied. They are the
following: x,, a measure of the fraction of the incoming
photon energy given to the photon and jet, x,, denoting
the fraction of proton energy taken by the parton which
interacts with the photon, A¢, the azimuthal angle be-
tween the prompt photon and the jet, A, the difference
in pseudorapidity between the prompt photon and the
jet, Ad.,, the azimuthal angle between the prompt pho-
ton and the scattered electron, and finally An,,,, the dif-
ference in pseudorapidity between the prompt photon
and the scattered electron.

The phase space of this measurement is defined by
the following requirements on the virtuality of the pho-
ton 10 < Q% < 350 GeV?, the transverse energy and
the pseudorapidity of the photon 4 < E% < 15 GeV
and —0.7 < 17 < 0.9, and the transverse energy and the
pseudorapidity of the jet EJTCt > 2.5 GeV and —-1.5 <
7Pt < 1.8.

These new results [27] allow a more detailed test of
the theory compared to previous results [28]. In Fig. 10
the differential cross sections as a function of the com-
bined photon-jet-electron variables, for the total phase
space as given above, are shown and compared to Monte
Carlo (MC) models, implementing leading order ma-
trix elements and parton showers. The LL contribu-
tion is modeled using Djangoh 6 [29], with higher or-
der QCD effects being taken into account by the colour
dipole model implemented in Ariadne 4.12 [30], and
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Figure 9: Lowest order prompt photon and jet production processes,
with the photon radiated from the lepton (LL on top) and from the
quark (QQ below).

the hadronisation of the partons is achieved by Jetset
7.4 [31], implementing the Lund string model. The QQ
contribution is obtained from Pythia 6.416 [32]. These
models provide a good description of the data, if the
LO QQ contribution is weighted by a factor of 1.6 and
the LL contribution is taken as is. The QCD prediction
in the collinear factorisation approach at NLO, labelled
AFG [33, 34], and the calculation implementing the kr
approach, labelled BLZ [35], are compared to the data
in Fig. 11. As can be observed, the AFG prediction pro-
vides a reasonably good description of the data, while
the BLZ prediction does not do so well, particularly for
xy and An.

5. Conclusion

The H1 and ZEUS collaborations have provided a
new combination of charm and beauty cross sections
in DIS with improved precision. These HERA mea-
surements are overall reasonably well described by
NLO and approximate NNLO calculations in the fixed-
flavour-number scheme. A PDF fit to the HERA charm
and beauty combination as well as to the inclusive
HERA cross sections yields values for the running
charm and beauty masses consistent with the values
from the PDG.

Sets of suitable inclusive jet and dijet measurements
at low and high Q?, obtained by the HI collabora-
tion during the HERA-I and HERA-II running peri-
ods, are overall well described by calculations at NLO
and NNLO. At NNLO one finds an improved descrip-
tion of the shape of the jet Pt and a significantly re-
duced scale uncertainty compared to NLO, particularly

do/dAn (pb)

do/dAn (pb)

do/dx.(pb)

=
T

do/dAd (pb/deg)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
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v

£ 23 =
T
do/aan_, (pb)

do/dAo,_ (pb/deg)
£

002

J T R T R
A9, (deg) o,

Figure 10: Differential cross section as a function of combined
photon-jet-electron variables. The inner error bars indicate the sta-
tistical uncertainty, the outer error bars include also the systematic
uncertainties. The solid histograms are the result of the QQ contri-
bution from MC, scaled by a factor of 1.6 (dashed line), and the LL
contribution from MC, unscaled (dotted line).

at higher scales. Using these jet data sets, restricted to
high scales i > 26 GeV, the strong coupling a(myz) =
0.1157 (20)exp (29)ineo is extracted. This is the first pre-
cision determination of a,(myz) from jet data at NNLO
involving one hadron in the initial state. The running of
a; is tested in the range of 7 to 90 GeV, and the scale
dependence is found to be consistent with the expecta-
tion.

The new observables measured for the production of
prompt photons and jets in DIS are found to be well de-
scribed by Monte Carlo models, employing LO matrix
elements and parton showers, if the QCD contribution
(QQ) is scaled up by a factor of 1.6. They are also well
described by a QCD calculation at NLO, implementing
standard collinear factorisation.
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Figure 11: The data points are the same is in Fig. 10. The QCD
predictions, labelled AFG (collinear factorisation) and BLZ (kT fac-
torisation), are shown with their respective uncertainties indicated by
the shaded bands.
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