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Summary of the QCD Working Group Daniel Britzger

1. Introduction

The QCD and Hadronic Final State Working Group at the Deep Inelastic Scattering 2014 con-
ference covered a wide range of experimental and theoretical topics. A combined session together
with the Small-x, Diffraction and Vector Mesons Working Group further extended the range to the
softer regime. This report gives a summary on the topics discussed in these sessions, where the
experimental and theoretical contributions are mostly summarized separately.

The covered topics include among others the physics of jets, prompt photons and jets associ-
ated with weak bosons, the underlying event and double-parton scattering, particle production as
well as tuning and validation of Monte Carlo event generators'.

2. Experimental contributions

Various experiments reported new and updated measurements to this working group. These
are results from the ATLAS, CMS and LHCb collaborations at the LHC, H1 and ZEUS at HERA,
as well as results from BaBar and NA48/62. The LHC experiments have reported on measurements
in pp-collisions at a center-of-mass energy of /s = 0.9, 7 and 8 TeV, where the high luminosity of
the 8 TeV data enabled first measurements of QCD phenomena in association with rare processes,
like for instance top quark pairs. The HERA experiments have shown new results with their final
data precision and full data statistics and also more results are still expected in the future from these
experiments.

2.1 Jet production

Studies of jet production are one of the benchmark processes to study our understanding of
QCD, but are also very important analyses for a detailed understanding of the experimental setup.
Recent measurements at the LHC provide precise data of QCD processes in an previously unex-
plored energy regime.

The ATLAS Collaboration has presented new results of cross sections for dijet production in
pp collisions at a center-of-mass energy of /s = 7 TeV with an integrated luminosity of 4.5fb™! [2,
3]. Jets are reconstructed using the anti-k; algorithm with a jet radius parameter of 0.4 and 0.6 and
cross sections are measured as function of the dijet mass up to masses of 5 TeV for different re-
gions of the rapidity separation of the two jets. The data are corrected for higher order electroweak
and non-perturbative effects and compared to next-to-leading order perturbative QCD (pQCD) pre-
dictions obtained with various PDF sets. The data are in general well described by the theory
predictions within the theoretical and experimental uncertainties. The high-mass region is poten-
tially suited to further constrain the PDFs at high momentum fractions. The potential of these cross
section measurements to constrain theoretical parameters, like PDFs, the strong coupling constant
or physics beyond the Standard Model, is demonstrated by exploring contact-interactions (CIs) and
a 95 % confidence limit on the compositeness scale of Cls is set to 6.9 to 7.7 TeV, depending on the
PDF set employed.

'In this brief summary not all references can be given and the reader is referred to the selected references and the
references therein. This holds particularly for references on experimental data in theory talks or theoretical predictions
for experimental results, like Monte Carlo event generators (MC), fixed order calculations or various analysis tools.
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ATLAS has further presented a measurement of jet-shape observables for jets from hadroni-
cally decaying b-quarks compared to light-quark jets in top-quark pair events [4, 5]. It is observed
that b-jets are wider than light jets, which is more pronounced at lower transverse momenta, and
the jet shapes are well described by the studied MC models. It was discussed, that the difference
of the b-jets compared to light jets is not sufficient to use these quantities for an efficient b-tagging.
A further analysis of the measurement of the transverse momenta of Z-boson decaying into two
b-quarks, which is a potential background in Higgs analyses, yields good agreement of data and
NLO+PS predictions [4, 6].

The CMS Collaboration has presented several measurements of jet quantities in pp collisions
of 7and 8 TeV [7]. These are inclusive jet, dijet and 3-jet cross sections and measurements of event
shapes, color-coherence effects and ratios of jets with different jet sizes.

The inclusive jet cross sections are now measured at /s = 7 and 8 TeV using an integrated
luminosity of 5 and 11fb~! of data, respectively [8, 10]. The measurement at 8 TeV is further
extended to the region of low transverse momenta of the jets down to p'Tet > 21GeV using a low-
pile up event sample with 5.8 pb~! [11]. The cross sections, corrected for non-perturbative effects,
are described over the impressive range of 2 magnitudes well by predictions in next-to-leading
order pQCD using nlojet++ [9] and various PDF sets, where data and theory predictions have
uncertainties of comparable size.

Similar as the ATLAS Collaboration, CMS has also presented measurements of dijet cross
sections in pp collisions at /s = 7TeV using 5fb~! of data [8]. The cross sections are presented
as functions of the invariant mass of the two jets, up to 5 TeV, and of the maximum rapidity of the
2-jet system, |y|max. A good description by NLO predictions is observed within uncertainties over
the whole kinematic range also using various PDF sets.

The measurement of 3-jet cross sections at 7TeV as function of the 3-jet mass and the max-
imum rapidity [12] are well described by pQCD NLO predictions within the uncertainties. The
implication of these data in the extraction of the strong coupling constant ¢ and in PDF fits is
presented to this conference in the structure function working group [13].

The CMS Collaboration has further presented a measurement of the ratio of inclusive jet cross
sections of two different jet sizes [14]. These are anti-k; cross section with jet radius parameter
R = 0.5 to jets with R = 0.7. This quantity can be calculated directly using NLO predictions [15].
It was demonstrated that the ratio is sensitive to collinear radiation and non-perturbative effects
are necessary to describe the data in pQCD. Though, the pQCD predictions seem to overshoot the
data. LO or NLO MC event generators matched to parton shower generators (Pythia, Herwig++
and POWHEG) give a reasonable description of the data.

Measurements of hadronic event shape variables, which are sensitive to the energy flow of the
hadronic final state, are presented by CMS using data collected at 7TeV [16]. Observables like
the thrust observable in the transverse plane is capable of separating between 2-jet and multi-jet
topologies. The thrust observable is well described by the studied MC generators and tunes. Other
observables, like the jet broadening or the jet mass event shape observables, are less well described
by the studied MC generators.

CMS has further presented a study of color coherence effects, where effects from color inter-
actions after the hard scatter during the fragmentation process are under investigation [17]. Color
coherence effects are studied based on 3-jet events, where the two leading jets exhibit a back-to-
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back topology and a third parton was radiated which is supposed to lie in the plane defined by
the emitting parton and the beam axis. The investigated observable f is defined as the azimuthal
angle of the third jet with respect to the second in the n—¢ space. The data shows an enhancement
due to the color coherence effects of events near § ~ 0 and a suppression in the transverse plane
(B =~ m/2). The studied MC models do not provide a satisfactory description of this observable.

The measurements of hadronic event shapes and color coherence effects will be used for vali-
dation and further tuning of MC event generators.

2.2 Productions of prompt photons

The production of isolated photons in an hadronic environment, so-called prompt photons, is
another important process to test the understanding of underlying QCD processes. Since prompt
photons are unaffected by hadronisation they are a direct probe of the partonic hard process. Non-
prompt photons, i.e. photons originating from decays of secondary particles such as 7%, are de-
scribed using fragmentation functions. Precise measurements of prompt photons have the capabil-
ity of constraining PDFs of the proton or the photon. The understanding of photon production at the
LHC is of particular importance in view of the Higgs boson measurements, where the background
for its photonic decay needs to be well modeled.

The ZEUS Collaboration has reported measurements on the production of isolated photons
in photoproduction [18, 19, 20], defined as 0? < 1GeV. Prompt photons have been measured
inclusively and with an accompanying jet as function of the photon and for jet kinematic vari-
ables in the kinematic region of the photon of —0.7 < ¥ < 0.9 and with a transverse energy
of 6 < E%/ < 15GeV [20]. The number of prompt photon events was determined by a fit to the
energy-weighted width of the energy-cluster comprising the photon candidate which allows for
a clear separation of background from decays of neutral mesons and isolated photons. The data
are compared to NLO predictions including fragmentation terms [21] which give a good descrip-
tion of the data. The data are further compared to predictions using the kr-factorization method
(LMZ) [22] which describe the photon distributions well, but give a less good description at low
niet and for the resolved enhanced region. The uncertainties on the theory predictions obtained by
scale variations are typically larger then the uncertainties of the data. Further detailed studies have
been presented for photon plus jet cross sections for the direct-enhanced and the resolved-enhanced
regions separately, where also observables which are sensitive to higher order radiation, like the ra-
pidity separation of the jet and the photon, have been investigated [19]. Both theory predictions give
mostly a good description of these data within large theoretical uncertainties. The LMZ-predictions
have problems describing the rapidity distribution of the jet for the resolved-enhanced region. The
double-differential cross sections presented are potentially valuable input to future photon PDF fits.

The ATLAS Collaboration has presented measurements of the production of isolated photons
inclusively and with an accompanying jet [23, 24] using data with an integrated luminosity of
4.6fb! recorded in pp collisions at 1/s = 7TeV. Photons are measured in the kinematic region
of 0 < |n?| < 2.37 and with a transverse energy of E}/ > 100GeV. Backgrounds from neutral me-
son decays are highly suppressed by application of ‘tight ID’ criteria based on the electromagnetic
shower profiles and by requiring the photon to be isolated. The data are compared to NLO predic-
tions using the JETPHOX program [25], which are lower than data for low E}' but in agreement
within theoretical uncertainties. Predictions by MC generators Pythia and Herwig give a fair de-
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scription of the data. JETPHOX predictions are further obtained for different PDF sets. A study
based on a pull distribution taking all experimental uncertainties into account reveals a tension for
E’T/ < 200GeV, which is mostly independent on the applied PDF set. However, the theoretical un-
certainties are often larger than the experimental ones and NNLO predictions are desired to fully
exploit the high experimental precision.

Cross sections for photons in association with a jet have been also measured by the CMS
Collaboration using data at /s = 7TeV [26, 27]. The transverse momentum of the photon is
required within 40 < p; < 300GeV and of the leading jet of p’ft > 30GeV. The cross sections are
determined triple differentially in 8 different photon and leading jet |17|-configurations. The data
are also well described by the JETPHOX NLO prediction over most of the kinematic regions except
for cases of photons measured with large values of || > 2.1. Predictions using SHERPA tend to
be below the NLO predictions and provide a reasonable description over the whole kinematic range
measured.

ATLAS has further studied the dynamics of cross sections of an isolated photon with a jet using
37pb~! of data at Vs =7TeV [23, 28]. The angular distributions between the jet and the photon,
|cos 8¢, are sensitive to the spin of the exchanged virtual particle and can such separate between
photons radiated from direct-photon processes and originating from fragmentation processes. The
photon is measured in the kinematic range of 0 < |n?| < 2.37 and E}/ > 45GeV. Jets are recon-
structed using the anti-k; algorithm with R = 0.6 and a transverse momentum of ]f;t > 40GeV and
0 < |n¥!| < 2.37. The data are well described by NLO predictions from JETPHOX. The shape
of the |cos 87| distribution is closer to that of the direct process than that of the fragmentation
process.

2.3 Jet production in association with weak bosons

Studies of the production of vector bosons in association with jets feature small experimental
uncertainties on the reconstruction of the vector boson and high precision pQCD prediction in
NLO or ME+PS programs. These processes are important for modeling backgrounds for Higgs
measurements or searches for physics beyond the Standard Model.

The productions of jets in association with a vector boson has been studied by the CMS Col-
laboration [26] for many final state configurations.

The production of Z+jets [26, 29] and W +jet cross sections [26, 30], inthe Z — /¢ and W — v
channels, respectively, are measured inclusively for up to 6 accompanying jets with p’Tet > 30GeV
and pseudorapidities within |nje; < 2.4|. Differential cross sections are presented as a function of
the transverse momentum and pseudorapidity for the four most energetic jets and as function of
the Hy variable for up to 4 jets. The data are normalized to the inclusive W /Z production cross
section and its predictions are obtained in NNLO precision by DYNNLO. The data shows good
agreement with predictions from ME+PS event generators (Sherpa, MADGRAPH+Pythia) and
with NLO predictions (Blackhat+Sherpa, POWHEG-BOX+Pythia), if these are available, within
partially large experimental and theoretical uncertainties. The rapid evolving predictions in NLO
for high jet multiplicities would motivate to measure even up to higher jet multiplicities.

CMS has further presented the measurement of the Z+2jet final state cross sections in elec-
troweak production using data of an integrated luminosity of 19.7fb~! recorded at \/s = 8 TeV [26,
31]. The mass of the dilepton system from the Z decay is required to be My, > 50GeV and of the
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dijet mass to exceed M;; > 120GeV, with jets within |nj| < 5.0. Two different methods are
used for this analysis. Once a multi-variate analysis is performed, where the Z-boson is recon-
structed only in the dimuon decay channel. As second analysis, the analysis is performed using
dijet Fisher discriminant fits where the dimuon and dielectron decay channels of the Z-boson is
investigated. Although both analysis are fairly compatible with each other, the combined result of
the dimuon channel of the two analysis is well compatible with the theoretical predictions in NLO
by VBFNLO.

CMS has further presented the measurement of rapidity distributions of events containing a
Z boson or a photon and one jet [26, 32, 33]. The measurements as function of the boson or jet
rapidity are reasonably well described by the NLO predictions (MCFM for Z+jet and Owens for
Y+jet [34]) and by MC event generators (Sherpa and MADGRAPH). However, the predictions have
some problems describing the rapidity separation and rapidity sum of the jet and the boson system.

Last but not least, the LHCb Collaboration has presented a measurement of the cross section
for Z-boson production in association with a jet [35, 36]. The Z-boson is reconstructed via the
decay into two muons. Jets are reconstructed using a particle flow algorithm taking tracking in-
formation and calorimeter deposits into account. The anti-k; algorithm with a jet size parameter
of R = 0.5 is employed for clustering to form jets with transverse momentum of pJTet > 10GeV.
Both, the Z-boson and the jet, are required to be within unique acceptance of the LHCb experiment
of 2.0 < nie < 4.5, The inclusive and differential cross sections are normalized to the inclusive
Z cross sections are are well described by POWHEG+Pythia predictions using different PDFs, as
well as by NNLO predictions from FEWZ. The analysis presented is the first published analysis by
the LHCb experiment involving the measurement of jets.

2.4 Top pair events with additional radiation

The ATLAS Collaboration has presented several studies on the associated production of a top-
quark pair and additional radiation [37]. These processes allow to test QCD at the scale of the top
quark and provide important information for further tuning MC event generators. Events with top
quark pairs are also irreducible backgrounds to Higgs analyses, e.g. in t7H or H — bb final states,
and searches for physics beyond the Standard Model, and reduced uncertainties on the modeling of
top quark pair production mechanism is therefore crucial in particular for future LHC runs.

The modeling of additional radiation in top-quark pair events, reconstructed in the dilepton
channel, was studied using gap fraction variables which are ratios of number of events without jet
to number of events with an additional jet [37, 38, 39]. In the central rapidity region all studied
MC event generators provide reasonable description of the variables, but the models have some
problems in the forward region. A study of jet multiplicities in top pair events in the lepton+jets
channel shows a reasonable description of the data by predictions using MC@NLO+Herwig, Alp-
gen+Herwig and Alpgen+Pythia within partially large experimental uncertainties, although the
predictions differ significantly for large jet multiplicities [37, 38]

ATLAS has presented a measurement of the ratio of the fiducial cross section for the produc-
tion of 17 events with at least one heavy-flavor jet (b or ¢) to the one with a jet of any flavor, and the
ratio was found to be in agreement with LO and NLO SM predictions [37, 40].

ATLAS has further presented a study of the transverse momentum of the 7, ptT’_ pair, which is
sensitive to additional higher order radiation [37, 41]. The cross sections presented are in agreement
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with the predictions by Alpgen+Herwig, POWHEG+Herwig and MC@NLO+Herwig, while the
latter one is closest to the data.

The measurement of top-quark pairs in association with a photon yields a significant signal
consistent with the theoretical expectations [42]. The measurement of top-quark pairs in association
with a vector boson lacks in statistics and only one event is observed in the studied data sample of
4.7fb~! recorded at /s = 7TeV [43].

2.5 Particle production

The LHCb Collaboration has presented a measurement of charged particle production in the
forward region of 2.0 < 1 < 4.8 [44]. The measurement was performed using a minimum-bias
data sample of pp collisions at a centre-of-mass energy of 7 TeV collected in the year 2010, where
pile-up occurred in only 4 % of the events. Charged particles are measured with momenta of
p > 2GeV and transverse momenta greater than pr > 0.2GeV. Measurements of charged particle
multiplicities and densities are compared to predictions from the Pythia and Herwig++ MC event
generators with different tunes. For low values of pr of 0.2 < pr < 0.3GeV the charged particle
multiplicity is overestimated by Herwig++ and underestimated by Pythia. For high values of pr,
which is more sensitive to the hard process, the MC generators agree well with the data. The total
multiplicity is underestimated by both generators. The data are going to be released as a RIVET
analysis, which enables to compare the data to further models of particle production and to provide
input to future generator tunes.

2.6 Underlying event measurements and double-parton scattering

Activity resulting from collisions besides the hard interaction plays an important role at hadron-
hadron collisions at high energies. The so-called underlying event (UE) is defined as all the activity
in an event resulting from the collision besides the hard interaction, and is a product from initial
and final state radiation, multi parton interactions (MPI) and the beam remnants. The observed UE
activity is to some extent independent of the hard scattering scale. Since the UE is an irreducible
background to many analyses and cannot be calculated in pQCD it needs to be well modeled using
MC event generators, where many parameters of these models have to be tuned to describe the
data.

The ATLAS [45, 46] and the CMS collaborations [47, 48, 49, 50, 51] have reported on mea-
surements of the UE event activity. Data are recorded during low-pile up runs in pp-collisions at
V/s =7TeV, and also at /s = 0.9TeV collisions for CMS. Charged and neutral particle proper-
ties (such as particle multipicites, particle densities, momenta sums, averaged momenta, etc...) are
measured for different regions in the transverse plane defined by the hardest object in the event.
In general, the data in the central region are well described by the MC event generators and tunes
studied [45, 46, 47, 48], where only pre-LHC tunes have little problems. However, more detailed
studies reveal some problems of the MC generators: ATLAS has studied the UE activity in the full
acceptance up to |1| < 4.9, and it was observed, that it is difficult for the MC models to describe
the full n-range. CMS on the other hand has studied the strange particle production in underly-
ing events in pp-collisions at /s = 7TeV and it was shown that all predictions (Pythia6 with the
D6T, Z1 and Z2* tunes and Pythia8 with Tune 1) show significant differences to the measure-
ments [47, 49].
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A study on the UE was performed by CMS using a different approach [47, 50], where only
tracks (so-called ‘soft tracks’) which are not clustered within an anti-k; jet with distance parameter
R =0.5 and p'Tet > 5GeV, are the constituents of the UE. The jet-radius was chosen such that
the momentum spectrum of the UE tracks does not change. The Pythia6, Pythia8 and Herwig++
predictions studied provide only partly a satisfactory description of the data and for instance the
highest multiplicities are not described by the models. The study demonstrated also the importance
of the modeling of MPL

The study of the UE was also performed by CMS for ¢ events based on data of 19.7fb ™!
recorded at /s = 8 TeV, where pile-up tracks have been removed using event vertex informa-
tion [47, 51]. The data are fairly well described by the Madgraph+Pythia6 predictions using the
Z2%* tune.

The measurements of UE are used to obtain and validate new sets of parameters for mod-
eling the UE with the MC models (‘tunes’) which will be used in future LHC runs [52, 53].
The new tunes are used to calculate the effective cross section, O.fr, Which characterizes the ef-
fective transverse area of hard partonic interactions between the colliding protons to values of
Oeff = 28 to 30 mb. The effective cross section is also extracted from measurements which are
particularly sensitive to double-parton scattering (DPS). CMS has reported on measurements of
W + 2jet cross sections [54, 55] and 4-jet cross sections [52, 56]. The extraction of O from
MC tunes to these cross section measurements yield values of Ge = 19 to 22 mb, and of G =
20.7 4+ 0.8(stat.) = 6.6(syst.) mb from a template fit to the W + 2jet cross sections. This difference
of the o reveals the difficulties in the description of softer and harder MPI.

Effects of DPS have been presented by ATLAS in the study of W + prompt—J/y cross sec-
tions, which have been observed with a significance of 5.20 [57, 58]. However, the ratio of the
fiducial cross section to the inclusive W= cross section suggests that single parton scattering is the
dominant contribution to this cross section at low P;/ v,

The LHCb Collaboration has presented a study of charmed meson production together with
a Z-boson in the forward region where contributions from double-parton scattering may become
significant [35, 59]. A first observation of this process has been made and future analyses with
increased statistics will be capable of disentangling the contributions from single and double-parton
scattering.

The size of DPS effects has been investigated theoretically by A. Szczurek for double charmed
meson cross sections [60] and compared to LHCb data. It was demonstrated that neutral charmed
meson pairs with large rapidity separation, and hence produced predominantly in the forward re-
gion, are an ideal process to study DPS effects. The speaker has further presented new calculations
for single D-meson production using the k; factorization approach [60]. Similar as predictions in
collinear NLO, these give slightly too small cross section compared to recent data, and the speaker
suggested that contributions from many small subleading contributions are yet missing for this
process.

2.7 Measurement of the transverse momentum of a Z-boson

The ATLAS Collaboration has presented a measurement of the transverse momentum spec-
trum of a Z/7y*-boson in pp collisions with a centre-of-mass energy of /s = 7TeV [61, 62] in the
Z/y* —utu and Z/y* — e+e~ channels. Normalized differential cross sections as a function of
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the transverse momentum of the boson p% in the range of 0 < p% < 800GeV and 0 < |nz| < 2.4 are
compared to pQCD (FEWZ, DYNNLO) and resummed predictions (RESBOS) as well as to pre-
dictions from MC event generators (Pythia8, POWHEGS8+Pythia, Sherpa, MC@NLO and Alpgen)
with different levels of agreement. Measurements of p% and the ¢n-observable [63] were further
used to tune the parton shower model parameters of the Pythia8 and POWHEG+Pythia8 generators
to obtain an agreement of 2 % for p% < 50GeV.

2.8 Search for QCD instantons

Instantons are an intrinsic part of QCD as realizations of non-perturbative fluctuations of the
gluon field and can be interpreted as tunneling transitions between topologically non-equivalent
vacua. An experimental observation of instanton-induced processes would constitute a discovery
of a basic non-perturbative QCD phenomenon.

The H1 Collaboration has presented a search for a signal of a QCD instanton in DIS at HERA
in the kinematic region of 150 < Q% < 15000GeV? and an inelasticity of 0.2 <y < 0.7 [64, 65].
The instanton signal is characterized by a “fire-ball” like topology with large particle multiplicities
and is modeled using the QCDINS MC generator [66]. The expected signal is extracted using
a probability density estimator (PDERS) with topological variables defined in the instanton rest-
frame as input. The data are found to be consistent with the background also in the instanton
enhanced region and no evidence for a QCD instanton is found. An upper limit of 1.6 pb for the
instanton cross section is extracted at a confidence limit of 95 % in comparison with a cross section
predicted by QCDINS of 10 pb.

2.9 Feynman Scaling in Photon and Neutron Production

The H1 Collaboration has presented measurements of normalized cross sections for the pro-
duction of photons and neutrons at very small angles w.r.t. the proton beam direction in deep-
inelastic ep scattering [67, 68]. This measurement provides new information to improve the under-
standing of proton fragmentation. The data are presented as a function of the Feynman variable xr
and of the center-of-mass energy of the virtual photon-proton system, W, and are compared to pre-
dictions obtained using the ep DIS MC event generators LEPTO, CDM (DJANGOH-+ARIADNE)
and RAPGAP-7. The models overestimate the rate of photons by 30 to 70 % with large differences
of the shapes between the models. The cross sections for forward neutrons are well described. The
data are further compared to predictions of models which are commonly used for the simulation of
cosmic ray cascades (SIBYLL 2.1, QGSJET 01, QGSJET II-04 and EPOS LHC), but none of the
models describes the photon and neutron data simultaneously well. The data will be useful input
for tuning and further improving MC model simulations of collider and cosmic ray data.

2.10 Light meson production and rare meson decays

The BaBar Collaboration has reported on measurements of light meson production cross sec-
tions, 777~ (y) and K"K~ (), in e"e™ collisions at SLAC (/s = 10.58 GeV) [69, 70, 71, 72]. The
cross sections are measured by identifying events with a photon radiated in the initial state with
E7 > 3GeV which effectively lowers the center-of-mass energy of the hard process from threshold
toup to v/s' =3 to 5GeV. A comparison of the fitted cross sections of ete™ — 't~ (y) shows



Summary of the QCD Working Group Daniel Britzger

some tension compared to measurements by KLOE, which needs some investigation of the system-
atics of the two experiments. The computation of the hadronic vacuum polarization contribution
to g —2 (HVP) from the 7+ 7~ (y) data, azn(Y)’LO, shows a tension to previous extractions from
the same process, but is in agreement with data from 7-decays and is getting closer to the SM
prediction. The precision of afﬂfm from KK~ (y) cross sections improves by a factor of 2.6
compared to the previously best value. The Babar ISR-program covers a large variety of final state
measurements and further results are to be expected.

The NA48/2 Collaboration has reported on the measurement of the charged kaon rare decays
Koy, K= — 77 et v(Kea(+)) and K+ — 7°7%* v(K,4(00)), and the measured branching ratios
are much more precise than the previously known values [73, 74, 75].

The rare decay K= — 7y has been studied at the NA48/2 beam line at the CERN-SPS by the
NA48/2 and the NA62 Collaborations [76, 77, 78]. The measurements of the two collaborations
are combined and the K,y decay rate is extracted in a model-independent way as well as using
Chiral Perturbation Theory (ChPT) and determining its free parameters ¢4 and ¢g. The results are
in agreement with previous measurements and now overshoot the theoretical precision.

3. Theoretical summary

3.1 Fragmentation functions

H. Paukkunen [81] discussed the inclusive high-pT charged particle production in proton-
proton and proton-antiproton collisions with a special emphasis on the recent LHC and Tevatron
measurements. The NLO calculations for the inclusive charged hadron prodution appear to signif-
icantly overshoot the CMS and ALICE data, that calls for a systematic study to chart the different
sources of uncertainties and identify the causes of the mismatch. It appears that for the particle
transverse momenta below pry = 10 GeV the scale uncertainty remains too large and prohibits
any quantitative conclusions. In this region there is also evidence for a non-perturbative excess of
baryons. On the other hand, for pr > 10 GeV the NLO calculation seems to sufficiently robust
and the observed deviations can only be attributed to poorly known parton-to-hadron fragmenta-
tion functions: none of the existing sets can describe the data. Moreover, the discrepancy increases
with the c.m. energy. It is suggested that the problem appears mainly from the presently too hard
gluon-to-hadron fragmentation functions that have to be reanalyzed.

3.2 High energy jet production

Jet production at very high energies accessible at LHC calls for using various theory methods
to resum energy logarithms that go back to the classical BFKL technique. In particular the study
of the production of two forward jets with a large interval of rapidity was proposed by Mueller and
Navalet as a possible test of the high energy QCD dynamics. B. Ducloue presented in his talk [80]
the very recent results where this process was analyzed, for the first time, within a complete next-to-
leading logarithm framework supplemented by the use of the Brodsky-Lepage-Mackenzie (BLM)
procedure extended to the perturbative Regge dynamics to find the optimal renormalization scale.
The authors show that the agreement with CMS data at 7 TeV is greatly improved by using the
BLM scale fixing procedure and also the energy-momentum conservation is significantly improved

10
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by using the NLO jet vertex. One obtains a clear difference between NLO fixed-order and NLL
BFKL predictions for azimuthal correlations between dijets, not affected by BLM.

Azimuthal decorelations in production of forward and central jets in pp and pPb collisions
were also discussed by K. Kutak [84]. He presented the corresponding results obtained in a some-
what different approach, high energy factorization going back to the classical work by Ciafaloni,
Catani and Hautmann and making use of gluon density obtained from the BK equation extended
to account for some higher order corrections. The emphasis in this study is on combining different
elements in this large program in a systematic way.

A competitative mechanism for the production of Mueller-Navalet jets is the double parton
scattering (DPS) which is much less understood. R. Maciula presented in his talk [79] the study of
DPS using a factorized ansatz in the LO collinear approximation which leads to a reasonably good
description of the recent CMS and ATLAS data on inclusive jet production. Relative contribution
of DPS is shown to grow at large rapidity distance between jets, consistent with previous studies of
DPS effects in open and hidden charm production. A detailed study was done for the LHC energy
and a broad jet transverse momenta range.

M. Jack in his talk [82] presented recent developments in the calculation of multi-jet events
in multi-Regge kinematics in the framework of the High Energy Jets (HEJ) formalism based on
Fadin-Kuraev-Lipatov effective vertex for real gluon emission. The new results presented at this
conference include predictions for Higgs+jets and Z+jets production, that is achieved by including
diagrams with one “unordered” emission in rapidity. Comparisons with experimental data and
other Monte Carlo packages were presented that illustrate the differences and advantages of the
all-order predictions by other methods from all-order predictions in HEJ.

3.3 QCD Studies in the LHC high-luminosity phase

In the forthcoming high-luminosity phase at the LHC, many of the most interesting measure-
ments for precision QCD studies are hampered by conditions of large pileup, particularly at not very
high transverse momenta. Finding observables that may be accessed in this environment presents
a nontrivial problem. It was adressed in his talk by H. Van Haevermaet [83], who argued that
measuring ratios of color-singlet currents via Higgs boson and Drell-Yan production is possible in
the LHC high-luminosity runs and would provide new perspectives for the studies of gluon fusion
processes, with a unique sensitivity to the gluon parton distribution. H. Van Haevermaet presented
results of Monte Carlo calculations for a few specific examples. This is a large ongoing program
which will be continued.

3.4 J/¥ photoproduction

A. Goritschnig [85] spoke of the photoproduction of J/¥ mesons off a proton in the kine-
matical regime of large energies and scattering angles within the framework of perturbative QCD.
In these reactions the heavy charm-quark mass provides the relevant hard scale. The authors con-
sider the standard, so-called hard-rescattering mechanism for the J /¥ where the large transfered
momentum is redistributed by hard gluons coupling to the valence quarks. The authors observe
that photoproduction at large |¢| is dominated by a specific subclass class of Feynman diagrams
where the photon couples to one of the valence quarks of the proton before fluctuating in the cc
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pair. Predictions for the yp — J/Wp cross section for the simplest models of hadron distribution
amplitudes are given and compared, when possible, to the experimental data.

3.5 Associated quarkonium production

J.-P. Lansberg [86] presented a review of theoretical issues that arise in the calculations of
heavy quarkonium production at high energies, with the emphasis on new opportunities in the LHC
era. This is an old subject that is still full of controversies, e.g. there is up to now no final agreement
on the relative importance of color-singlet and color-octet contributions. This situaltion is fuelling
for the study of new observables which can be more discriminant to specific effects. The authors
consider a number of such possibilities. They argue that back-to-back production of quarkonium +
isolated photon provides a unique way to access the transverse dynamics and polarization of glu-
ons inside the proton, encoded in transverse momentum dependent parton distributions (TMDs),
whereas final states such as quarkonium + W /Z can be of great help to discriminate between dif-
ferent quarkonium production mechanisms and also can shed light on double-parton scattering
contributions. The quarkonium-pair production presents a yet another example and a potentially
rich source of information which still has to be harvested.

3.6 Exclusive central diffractive meson production

Last but not least, P. Lebiedowicz gave a talk [87] on the exclusive central diffractive pro-
duction of mesons in proton-proton collisions in a model based on a kind of reggeon field theory.
In this model the amplitudes are formulated in terms of effective vertices and propagators for the
exchanged pomeron and reggeons. Different pomeron-pomeron-meson tensorial (vectorial) cou-
pling structures are possible in general. In most cases two lowest orbital angular momentum - spin
couplings are necessary to describe experimental differential distributions. The authors specifi-
cally discuss the differences between results of the “tensorial pomeron” and “vectorial pomeron”
models. The theoretical results are compared with the WA102, H1 and ZEUS experimental data, in
order to determine the model parameters. It is shown that high-energy central exclusive production,
in particular of pseudoscalar mesons, can provide crucial information on the spin structure of the
soft pomeron, in particular for the pomeron coupling to particles with spin-one such as py mesons.

4. Conclusion

The QCD and Hadronic Final State Working Group was very lively with a wide variety of
new results mostly from the LHC experiments, where several specific LHC-related issues like
multijets, double-parton scattering, underlying event, etc. are coming significantly forward. The
breadth of the contributions proves that the topic of final states is very much alive. Promising
outlooks on future LHC results at 13 and 14 TeV with high luminosities and the exploration of
new observables in previously unexplored energy regimes pointed out the future intensity and the
continuous attraction of the field.
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