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3

Integrated Luminosity (1992-2007):
~500 pb-1 per experiment

√
sep ∼ 320 GeV

central muon detector

liquid argon calorimeter

silicon vertex detectors
drift chambers

lead-fiber
calorimeter

'SpaCal'

scattered electronhadronic final state

· H1 Detector:
· 12x10x15 m3, 2800 tons

· 600k r/o channels

· BX rate: 10.4 MHz (96 ns)

· 4 trigger levels, ~20 Hz to tape
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Figure 1: Distribution of the mass difference ∆m = m(K∓π±π±
s ) − m(K∓π±) for D∗ can-

didates in the kinematic range of 5 < Q2 < 100 GeV2, 0.02 < y < 0.7, |η(D∗)| < 1.8 and
pT (D∗) > 1.25 GeV. The histogram shows the wrong charge combinations, K±π±π∓

s . The
solid line represents the result of the fit described in the text.
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Heavy Quark Production

4

Probe of perturbative QCD: 
Test factorization / universality of calculable and non-calculable components

Input to Parton Density Functions

Parton Distributions

Quark Fragmentation

e

p

! c, b

c, b
"#s

gRunning coupling αs

Multiple Hard Scales: mc,b , Q2, pT

D∗± → D0π±s
�→ K∓π±

Q2

e

X

BGF Matrix Element

Q2 ~ 0:            γp: 'photoproduction'
Q2 > 5 GeV2: 'DIS'

pT
mc,b
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Calculations

·PYTHIA MC: LO+PS (γp)
·FMNR: fixed order NLO (γp)
·MC@NLO: FMNR + Herwig (matched)

·RAPGAP MC: LO+PS (DIS, includes QED corrections)
·HVQDIS: fixed order NLO (DIS)

·NNLO: inclusive c and b contributions  F2cc

·ABKM
·MSTW08

·Cascade: kT-factorization (γp and DIS)

5
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Photoproduction: D*+dijets
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Generally good description, CASCADE somewhat superior in describing higher order effects

23rd Recontres de Blois 2011: Heavy Flavour Production at HERA

Charm tagging by reconstructing D* 
decay in „golden channel“

Measurements of jets gives access to 
both partons from hard process

- D* jet quantities expected to be closer 

to charm quark quantities than D* alone

- study angular correlation in transverse 

plane !!

- sensitivity to resolved photons

Models for comparison

- Pythia (DGLAP)

- Cascade (CCFM)

- MC@NLO (FMNR + Herwig)

Photoproduction of D* and Jets

6
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May 12, 2011                            D* and D* dijets in Photoproduction 12

Motivation

D*: tag charm
     - pQCD
     - gluon density

dijets: measure both partons from hard process
          - correlations
          - parton evolution in proton

H1prelim-10-072

H1prelim-10-072
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Motivation

D*: tag charm
     - pQCD
     - gluon density

dijets: measure both partons from hard process
          - correlations
          - parton evolution in proton
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Photoproduction: b at threshold

·→→

8

Michel Sauter DIS 2011  15Measurement of the photoproduction of b-quarks  at threshold at HERA

Differential cross section

! Access to lowest p
T
(b) values ever measured in ep.

! Agreement between data and NLO calculation (FMNR).

Michel Sauter DIS 2011  12Measurement of the photoproduction of b-quarks  at threshold at HERA

Control distribution: substructure in y

m
ee

 q(e1) q(e2): discrimination of 
beauty against cham and J/!.

side bins sensitive 
to "p-background

bb → eeX  with pT(e) > 1 GeV  -  no jet selection
event sample collected using H1 Fast Track Trigger (FTT)

b-tag from charge and angular correlations

H1prelim-11-071
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Summary: b in γp

9

�pb
t�A large number of b-production results from HERA is available

various channels, techniques (in a wide kinematic range)
 general consistency between data  (with a minimal trend of NLO being only slightly too low)
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Figure 1: Distribution of the mass difference ∆m = m(K∓π±π±
s ) − m(K∓π±) for D∗ can-

didates in the kinematic range of 5 < Q2 < 100 GeV2, 0.02 < y < 0.7, |η(D∗)| < 1.8 and
pT (D∗) > 1.25 GeV. The histogram shows the wrong charge combinations, K±π±π∓

s . The
solid line represents the result of the fit described in the text.
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DIS: D* Inclusive Cross Section

10

·H1 data set:
·∫ Ldt ~ 348 pb-1 

·~25000 D* 

·Cross section measured in 
experimentally visible range 
·5 < Q2 < 100 GeV2

·0.02 < y < 0.7
·pt(D*) > 1.25 GeV
·|η(D*)| < 1.8  

·Extended phase space w.r.t 
previous D* measurements → 
extrapolation factor typically 1.5 
(up to ~3 at highest x )

D∗± → D0π±s
�→ K∓π±

Fragmentation: The parameter of the Kartvelishvili fragmentation function in RAPGAP is
varied in the range given in table 1. The resulting differences in the cross section are
between 1% and 5%.

Electron energy: The systematic uncertainty on the SpaCal energy scale is 0.5% which results
in a systematic error of typically below 1%, but up to 10% at large D∗ inelasticity z.

Electron angle: The angular resolution of the SpaCal/BPC of 0.5 mrad leads to a systematic
uncertainty of typically 2%.

Hadronic energy: The systematic uncertainty on the energy scale of the hadronic final state is
2%. The influence in general is small (below 0.5%) but leads to larger uncertainties of up
to 20% at large D∗ inelasticity z(D∗) (see section 6) and small y.

All sources of the systematic errors are assumed to be uncorrelated between the sources and
added in quadrature. This results in an overall systematic uncertainty of 7.6%.

Uncorrelated uncertainties
Signal extraction 2%
Radiative correction 2%
Trigger efficiency 1%
D0 meson mass cut 1.5%
Reflections 1.0%
Photoproduction background < 0.2%
dE/dx cut 2%

Correlated uncertainties
Track efficiency 4.1%
Luminosity 3.2%
Branching ratio 1.5%
Model 2.1%
PDF 1%
Fragmentation 2.6%
Electron energy scale 1.3%
Electron angle θ 1.3%
Hadronic energy scale 0.3%

Total systematic uncertainty 7.6%

Table 4: Summary of all sources of systematic uncertainties and their effect on the D∗ pro-
duction cross section with the breakdown into bin-to-bin uncorrelated and bin-to-bin correlated
sources.

6 Cross Sections
The cross section in the visible range defined in table 3 is measured to be:

σvis(ep → eD∗±X) = 6.44 ± 0.09 (stat.) ± 0.49 (syst.) nb . (2)

11

·Total systematic error: 7.6% 
·Track Reconstruction (3 tracks + vertex):  4.1 %
·Luminosity 3.2 %
·Fragmentation 2.6%

NLO (HVQDIS using CT10f3): 5.98+1.10-0.88 nb

arXiv:1106.1028
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Figure 14: Differential D∗ cross section as a function of the photon virtuality Q2. The
measurements correspond to the kinematic range of 0.02 < y < 0.7, |η(D∗)| < 1.5 and
pT (D∗) > 1.5 GeV. The data of this measurement (points) are shown in a phase space with
stronger restrictions on η(D∗) and pT (D∗) to be comparable to a previous measurement at
higher Q2 [15] (triangles). The inner error bars show the statistical error, the outer error bars
represent the statistical and systematic errors added in quadrature. The data are compared to
predictions by the MC program RAPGAP with two different proton PDFs and by the MC pro-
gram CASCADE (left) and to predictions by the next-to-leading order calculation HVQDIS
with two different proton PDFs (right).
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Figure 2: DifferentialD∗ cross section as a function of the photon virtualityQ2, the inelasticity
y and Bjorken x. The measurements correspond to the kinematic range of 5 < Q2 < 100 GeV2,
0.02 < y < 0.7, |η(D∗)| < 1.8 and pT (D∗) > 1.25 GeV. The data are shown as points,
the inner error bars show the statistical error, the outer error bars represent the statistical and
systematic errors added in quadrature. The data are compared to predictions by theMC program
RAPGAP with two different proton parton densities and by the MC program CASCADE. In
the lower part of the figures the normalised ratio Rnorm of theory to data (equation 3) is shown,
which has reduced normalisation uncertainties.
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DIS: D* Inclusive Cross Section

11

H1
HVQDIS:
1.3 < mc < 1.6 GeV
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Figure 4: Differential D∗ cross section as a function of the transverse momentum pT (D∗)
and pseudo-rapidity η(D∗) in the laboratory frame, the transverse momentum p∗

T (D∗) in the
γp centre-of-mass frame and the D∗ inelasticity z(D∗). The measurements correspond to
the kinematic range of 5 < Q2 < 100 GeV2, 0.02 < y < 0.7 and |η(D∗)| < 1.8 and
pT (D∗) > 1.25 GeV. The data are shown as points, the inner error bars show the statistical
error, the outer error bars represent the statistical and systematic errors added in quadrature.
The data are compared to predictions by the MC program RAPGAP with two different proton
parton densities and by the MC program CASCADE. In the lower part of the figures the nor-
malised ratio Rnorm of theory to data (equation 3) is shown, which has reduced normalisation
uncertainties.
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Figure 14: Differential D∗ cross section as a function of the photon virtuality Q2. The
measurements correspond to the kinematic range of 0.02 < y < 0.7, |η(D∗)| < 1.5 and
pT (D∗) > 1.5 GeV. The data of this measurement (points) are shown in a phase space with
stronger restrictions on η(D∗) and pT (D∗) to be comparable to a previous measurement at
higher Q2 [15] (triangles). The inner error bars show the statistical error, the outer error bars
represent the statistical and systematic errors added in quadrature. The data are compared to
predictions by the MC program RAPGAP with two different proton PDFs and by the MC pro-
gram CASCADE (left) and to predictions by the next-to-leading order calculation HVQDIS
with two different proton PDFs (right).
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Figure 3: DifferentialD∗ cross section as a function of the photon virtualityQ2, the inelasticity
y and Bjorken x. The measurements correspond to the kinematic range of 5 < Q2 < 100 GeV2,
0.02 < y < 0.7, |η(D∗)| < 1.8 and pT (D∗) > 1.25 GeV. The data are shown as points, the
inner error bars show the statistical error, the outer error bars represent the statistical and sys-
tematic errors added in quadrature. The data are compared to predictions by the next-to-leading
order calculation HVQDIS with two different proton parton densities. The bands indicate the
theoretical uncertainties (table 2). In the lower part of the figures the normalised ratio Rnorm of
theory to data (equation 3) is shown, which has reduced normalisation uncertainties.
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Figure 5: Differential D∗ cross section as a function of the transverse momentum pT (D∗)
and pseudo-rapidity η(D∗) in the laboratory frame, the transverse momentum p∗

T (D∗) in the
γp centre-of-mass frame and the D∗ inelasticity z(D∗). The measurements correspond to
the kinematic range of 5 < Q2 < 100 GeV2, 0.02 < y < 0.7 and |η(D∗)| < 1.8 and
pT (D∗) > 1.25 GeV. The data are shown as points, the inner error bars show the statistical
error, the outer error bars represent the statistical and systematic errors added in quadrature.
The data are compared to predictions by the next-to-leading order calculation HVQDIS with
two different proton parton densities. The bands indicate the theoretical uncertainties (table 2).
In the lower part of the figures the normalised ratio Rnorm of theory to data (equation 3) is
shown, which has reduced normalisation uncertainties.
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Figure 5: Differential D∗ cross section as a function of the transverse momentum pT (D∗)
and pseudo-rapidity η(D∗) in the laboratory frame, the transverse momentum p∗

T (D∗) in the
γp centre-of-mass frame and the D∗ inelasticity z(D∗). The measurements correspond to
the kinematic range of 5 < Q2 < 100 GeV2, 0.02 < y < 0.7 and |η(D∗)| < 1.8 and
pT (D∗) > 1.25 GeV. The data are shown as points, the inner error bars show the statistical
error, the outer error bars represent the statistical and systematic errors added in quadrature.
The data are compared to predictions by the next-to-leading order calculation HVQDIS with
two different proton parton densities. The bands indicate the theoretical uncertainties (table 2).
In the lower part of the figures the normalised ratio Rnorm of theory to data (equation 3) is
shown, which has reduced normalisation uncertainties.
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Charm Structure Function
·In analogy to inclusive structure function

·define charm structure function

·H1 results:
·inclusive lifetime tag 

·D* reconstruction
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Figure 16: F cc̄
2 as derived from D∗ data with HVQDIS (points). The inner error bars show the

statistical uncertainty, the outer error bar the statistical and experimental systematic uncertainty
added in quadrature. The extrapolation uncertainty within the HVQDIS model is shown as
blue band in the bottom of the plots. The outer (orange) band shows the model uncertainty
obtained from the difference in F cc̄

2 determined with HVQDIS and CASCADE. The data are
compared to the measurement of F cc̄

2 with the H1 vertex detector [14] (open squares), to NLO
DGLAP predictions from HVQDIS with two different proton PDFs, and to the F cc̄

2 prediction
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Charm Structure Function
·In analogy to inclusive structure function

·define charm structure function

·H1 results:
·inclusive lifetime tag: somewhat smaller 

extrapolation than D* 
·D* reconstruction: larger reach in x, more 

precise than incl. lifetime tag
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Figure 17: F cc̄
2 as derived from D∗ data with HVQDIS (points). The inner error bars show the

statistical uncertainty, the outer error bar the statistical and experimental systematic uncertainty
added in quadrature. The extrapolation uncertainty within the HVQDIS model is shown as blue
band in the bottom of the plots. The outer (orange) band shows the model uncertainty obtained
from the difference in F cc̄

2 determined with HVQDIS and CASCADE. The data are compared
to the measurement of F cc̄

2 with the H1 vertex detector [14] (open squares) and to predictions
from the global PDF fits CT10 (dashed line), MSTW08 at NNLO (dark dashed-dotted line),
NNPDF2.1 (shaded band) and ABKM at NLO (light dashed-dotted line) and NNLO (solid
line).
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2 as a function of Q2 for different x, as derived from D∗ data with HVQDIS

(points). The inner error bars show the statistical uncertainty, the outer error bar the total un-
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added in quadrature. The data are compared to the measurement of F cc̄

2 with the H1 vertex
detector [14] (open squares), to NLO DGLAP predictions from HVQDIS with two different
proton PDFs, and to the F cc̄

2 prediction of HERAPDF1.0.
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Charm & Beauty Structure Functions

15

·Good agreement with predictions using gluon 
distribution from scaling violations
·Charm data are in precision regime 

constraining gluon density g(x)
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added in quadrature. The predictions of QCD calculations are also shown. Note that some
points have been interpolated in x for visual clarity.
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Conclusions

·New results from H1
·D* + jets in photoproduction
·b → eX at threshold
·Inclusive D* in DIS and F2cc 

·complementing a large number of already existing results on Heavy Quark Production at HERA

·HQ measurements at HERA provide valuable precision input to 
·understanding of perturbative QCD calculations (esp. in the regime where mb,mc ~ pT ~ Q)
·improving PDF
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23rd Recontres de Blois 2011: Heavy Flavour Production at HERA

Charm and Beauty Jets in DIS
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Figure 9: The upper plots show the differential cross section dσ/dQ2 for events with a jet
in the Breit frame with E∗jet

T > 6 GeV, where the jet with the highest transverse energy in the
laboratory frame satisfyingE jet

T > 1.5 GeV and−1 < ηjet < 1.5 is a beauty jet. The lower plots
show the differential cross section dσ/dQ2 for events with a beauty jet in the laboratory frame
withEjet

T > 6 GeV and−1 < ηjet < 1.5. The present measurements are made for the kinematic
range Q2 > 6 GeV2 and 0.07 < y < 0.625. The inner error bars show the statistical error, the
outer error bars represent the statistical and systematic errors added in quadrature. The data
are compared with the measurements obtained using muon tagging from H1 [7] (upper plots)
and ZEUS [8] (lower plots) extrapolated to the present phase space and shifted in Q2 for visual
clarity. For the muon data the outer error bars show the statistical, systematic and extrapolation
uncertainties added in quadrature. The data are also compared with the predictions from the
Monte Carlo models RAPGAP and CASCADE (left) and the NLO QCD calculation (right),
where the bands indicate the theoretical uncertainties.
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Figure 9: The upper plots show the differential cross section dσ/dQ2 for events with a jet
in the Breit frame with E∗jet

T > 6 GeV, where the jet with the highest transverse energy in the
laboratory frame satisfyingE jet

T > 1.5 GeV and−1 < ηjet < 1.5 is a beauty jet. The lower plots
show the differential cross section dσ/dQ2 for events with a beauty jet in the laboratory frame
withEjet

T > 6 GeV and−1 < ηjet < 1.5. The present measurements are made for the kinematic
range Q2 > 6 GeV2 and 0.07 < y < 0.625. The inner error bars show the statistical error, the
outer error bars represent the statistical and systematic errors added in quadrature. The data
are compared with the measurements obtained using muon tagging from H1 [7] (upper plots)
and ZEUS [8] (lower plots) extrapolated to the present phase space and shifted in Q2 for visual
clarity. For the muon data the outer error bars show the statistical, systematic and extrapolation
uncertainties added in quadrature. The data are also compared with the predictions from the
Monte Carlo models RAPGAP and CASCADE (left) and the NLO QCD calculation (right),
where the bands indicate the theoretical uncertainties.
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Figure 7: The differential cross sections dσ/dE∗jet
T and dσ/dQ2 for events with a jet in the Breit

frame, where the jet with the highest transverse energy in the laboratory frame satisfyingE jet
T >

1.5 GeV and −1 < ηjet < 1.5 is a charm jet. The measurements are made for the kinematic
range Q2 > 6 GeV2 and 0.07 < y < 0.625. The inner error bars show the statistical error, the
outer error bars represent the statistical and systematic errors added in quadrature. The data are
compared with the predictions from the Monte Carlo models RAPGAP and CASCADE (upper
plots) and the NLO QCD calculation (lower plots), where the bands indicate the theoretical
uncertainties. For the upper plots the normalised theory to data ratio Rnorm is also shown. The
inner error bars on the data points at Rnorm = 1 display the relative statistical errors, and the
outer error bars show the relative statistical and systematic uncertainties added in quadrature.
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Figure 8: The differential cross sections dσ/dE∗jet
T and dσ/dQ2 for events with a jet in the Breit

frame, where the jet with the highest transverse energy in the laboratory frame satisfyingE jet
T >

1.5 GeV and −1 < ηjet < 1.5 is a beauty jet. The measurements are made for the kinematic
range Q2 > 6 GeV2 and 0.07 < y < 0.625. The inner error bars show the statistical error, the
outer error bars represent the statistical and systematic errors added in quadrature. The data are
compared with the predictions from the Monte Carlo models RAPGAP and CASCADE (upper
plots) and the NLO QCD calculation (lower plots), where the bands indicate the theoretical
uncertainties. For the upper plots the normalised theory to data ratio Rnorm is also shown. The
inner error bars on the data points at Rnorm = 1 display the relative statistical errors, and the
outer error bars show the relative statistical and systematic uncertainties added in quadrature.
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Charm and beauty cross section as 
function of ET

*jet well described by 
NLO QCD calculation (HVQDIS)

- only little dependence on scale 

choice

Comparison with results from !-
tagging

- relatively large extrapolation factors

- ratio of the muon data to the lifetime 

tagged data " 2, but in agreement 

within full error

Charm Beauty

Lifetime tagJet Eur.Phys.J.C71:1509,2011

·Simultaneous measurement of charm and beauty 
·No hadron reconstruction or lepton tag → larger statistics → reach to higher pt 
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Figure 1: The significance distribution S1 (a), S2 (b) and the output of the neural network (NN
Output) (c) for tracks of the highest transverse energy jet in the event. Included in the figure
is the expectation from the Monte Carlo simulation for uds, c and b events. The contributions
from the various quark flavours in the Monte Carlo simulation are shown after applying the
scale factors ρl, ρc and ρb, as described in the text. The background (BG) contribution from a
photoproduction Monte Carlo simulation is also shown.
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Figure 15: W− production cross section σW− at the LHC for
√
s = 7 TeV as a function of

mmodel
c . The lines show predictions for different VFN schemes as inidcated by the legend. The

stars show position of the corresponding mmodel
c (opt) values. The thick dashed horizontal lines

indicate the range of σW− , determined for mmodel
c = mmodel

c (opt), if massive VFN schemes are
considered. The thin dashed horizontal line corresponds to the prediction using ZMVFN scheme
for mmodel

c = mmodel
c (opt).
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