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2009 RENCONTRES DE MORIOND

The XLIVth Rencontres de Moriond were held in La Thuile, Valle d’Aosta, Italy.
The first meeting took place at Moriond in the French Alps in 1966. There, experimental
as well as theoretical physicists not only shared their scientific preoccupations, but also
the household chores. The participants in the first meeting were mainly french physicists
interested in electromagnetic interactions. In subsequent years, a session on high energy
strong interactions was added.
The main purpose of these meetings is to discuss recent developments in contemporary
physics and also to promote effective collaboration between experimentalists and theorists in the field of elementary particle physics. By bringing together a relatively small
number of participants, the meeting helps develop better human relations as well as more
thorough and detailed discussion of the contributions.
Our wish to develop and to experiment with new channels of communication and dialogue,
which was the driving force behind the original Moriond meetings, led us to organize a
parallel meeting of biologists on Cell Differentiation (1980) and to create the Moriond
Astrophysics Meeting (1981). In the same spirit, we started a new series on Condensed
Matter physics in January 1994. Meetings between biologists, astrophysicists, condensed
matter physicists and high energy physicists are organized to study how the progress in
one field can lead to new developments in the others. We trust that these conferences and
lively discussions will lead to new analytical methods and new mathematical languages.
The XLIVth Rencontres de Moriond in 2009 comprised three physics sessions:
• February 1 - 8: “Very High Energy Phenomena in the Universe”
• March 07 - 14: “Electroweak Interactions and Unified Theories”
• March 14 - 21: “QCD and High Energy Hadronic Interactions”
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It is our sincere hope that a fruitful exchange and an efficient collaboration between the
physicists and the astrophysicists will arise from these Rencontres as from previous ones.
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1.
LHC and LHC detector commissioning

ALICE COMMISSIONING: GETTING READY FOR PHYSICS
C. LIPPMANN
PH Division, CERN, 1211 Geneva 23, Switzerland
ALICE is a general-purpose heavy-ion detector at the CERN LHC. We describe the commissioning activities in the years 2007-2009 and the status of the different subsystems at the time
of this conference.

1

Introduction

ALICE (A Large Ion Collider Experiment) is the dedicated heavy-ion experiment at the Large
Hadron Collider (LHC) in Geneva1 . It is designed to study the physics of strongly interacting
√
matter at extreme energy densities by analysing the collisions of lead nuclei at s = 5.5 TeV
per nucleon pair, using as probes the hadrons, electrons, muons and photons that are produced
in the collisions2 . ALICE must offer excellent particle identification (PID) in a large momentum range. As compared to proton collisions at the LHC, the charged track multiplicities will
be extraordinary for the lead collisionsa , but the momenta of the produced particles will be
rather low. As a consequence, precision tracking capabilities over a large momentum range
(100 MeV/c < p < 100 GeV/c), a low material budget and a rather low magnetic fieldb are required. A very high granularity detector was chosen, which is however—at least when compared
to the other large LHC experiments—limited in readout speed.
2

ALICE Commissioning in 2007-2009

The installation and commisioning of ALICE subdetectors continued well into the year 2008.
Two global runs were organised in late 2007 and in early 2008 in order to integrate the individual
subdetectors in the global experiment control system. From May to October 2008 the third global
run took place, including 24 hour operation over many months, and calibration data taking for
the various subdetectors. In this period, the first particles from the LHC reached the experiment
on 15th June. During the LHC injection tests on 8th and 24th August the first beam-related
events were seen in ALICE. The third global run then started on 5th May 2008. It was intended
to converge into data taking with beam collisions, and on 10th September the first beams were
actually circulated in the LHC. Unfortunately, on 19th September a serious fault damaged a
number of LHC magnets and the beams stopped. The data taking however continued until 20th
October with calibration triggers. The LHC will not see beam again before September 2009.
The resulting extended shutdown period is used for installation of more detector modules (TRD,
PHOS and EMCAL, see below), and for upgrades and maintenance.
a
b

ALICE was optimised for a charged-track multiplicity dNch /dη ≤ 8000.
The magnetic field of the ALICE solenoid magnet (L3) will be in the range 0.2 T≤ B ≤ 0.5 T.

Figure 1: Left: SPD resolution after alignment with cosmic tracks. We compare the upper and lower halfs of
cosmic tracks reconstructed in the SPD. Right: Tracks from a common vertex reconstructed in the ITS. They
indicate a beam induced collision. The data was taken during LHC beam circulation on 11th September 2008.

3

ALICE Experimental Setup and Status of the Subdetectors

ALICE consists of a central barrel part for the measurement of hadrons, leptons and photons,
and a forward muon spectrometer. The central part is embedded in a large solenoid magnet that
is reused from the L3 experiment at LEP. More detailed descriptions of the detector systems
can be found elsewhere3 . Their status at the time of this conference (March 2009) is described
in the following.
3.1

ITS

The Inner Tracking System consists of three different silicon detector technologies with two
layers each: High resolution silicon pixel (SPD), drift (SDD) and strip (SSD) detectors. The
system is fully installed and commissioned. In general, the whole ITS was recording data during
the LHC injection tests in august 2008 and during the first beam circulations. Preliminary
results of the internal SPD alignment based on a sample of cosmic tracks and a beam induced
event display are shown in Fig. 1. The achived performance compares well to simulations; with
the residual misalignment the design value for the primary vertex resolution (100 µm for proton
colisions) is expected to be reached.
The SPD can provide a trigger decision at the first level. Each of the 1200 pixel chips
transmits a digital pulse, when one or more of the pixels in the matrix are hit. Different simple
and fast algorithms can be used to provide triggers based on multiplicities. ALICE is the only
LHC experiment including the vertex detector in the first trigger decision from startup.
3.2

TPC

The main tracking detector in the central barrel is the Time Projection Chamber, offering also
momentum measurement and PID. Its main advantage is the unequalled granularity (560 Mio
pixels). However, some of the requirements are very challenging: The TPC has to cope with
very high charged track multiplicities, but it also has to be read out very fast: 1 kHz (a few
100 Hz) for proton (lead) collisions. The TPC was running continuously for many months in
2008 and recorded 60 × 106 calibration events. The first round of calibrations is completed and
reveals a performance already approaching the design values (Fig. 2). Very good temperature
homogenisation in the drift volumec was achieved, close to the design value (∆T < 0.1 K).
c

This is necessary in order to limit changes in the drift velocity.

Figure 2: Performance of the TPC measured with cosmic trigger as a function of momenta. Left: dE/dx spectra.
Right: Transverse momentum resolution. The inlay shows a typical track used to derive the momentum resolution
(by comparing the upper and lower half).

3.3 ACORDE
The Alice COsmic Ray DEtector is an array of plastic scintillator paddles mounted on the L3
magnet. It serves as a cosmic ray trigger at the first trigger level. Only cosmic muons with
energies ≥ 10 GeV reach the ACORDE, at rates ≤ 5 Hz/m2 . The system is fully commissioned
and is used heavily in the commissioning of other ALICE detectors.
3.4 Outer Central Detectors
The TRD (Transition Radiation Detector) is not yet fully installed (4 out of 18 TRD modules
during 2008). For the run in 2009/2010 up to 8 modules will be installed. The TRD trigger
contribution (second level) on high momentum particles was sucessfully used in 2008 (Fig. 3).
The TOF (Time Of Flight) implements Multigap Resistive Plate Chambers to obtain a very
good system time resolution sufficient to provide PID in the intermediate momentum range. All
18 TOF modules are installed and fully commissioned. During 2008 a system time resolution
of 130 ps was achieved in the experiment (Fig. 3). This number has to be compared to a
design value of around 100 ps and is expected to improve significantly following more detailed
calibrations. The HMPID (High Momentum Particle IDentification) extends the useful PID
range (π/K, K/p). It was the first detector to be installed in the L3 magnet and is fully
commissioned. The PHOS (PHOton Spectrometer) provides PID (γ, π 0 and η) and contributes
to the first level trigger decision. One out of 5 modules was installed in 2008. For the run
in 2009/2010 up to 3 modules will be installed. The aim of the EMCAL (ElectroMagnetic
CALorimeter) is to do high momentum jet physics. The project was approved only in the end
of 2007 and up to 4 out of 12 modules will be installed for the run in 2009/2010.
3.5 Muon Spectrometer
The muon spectrometer will study the complete spectrum of heavy quarkonia (J/Ψ, Ψ′ and the
Υ family) via their decay in the µ+ µ− channel. It consists of 5 tracking stations (2 planes of
cathode pad chambers each), 2 trigger stations (2 planes of Resistive Plate Chambers each), a
dipole magnet, and two absorbers. It covers the pseudorapidity interval 2.5 ≤ η ≤ 4 and the
whole system is now fully commissioned.
3.6 Forward Detectors
A number of small and specialized detector systems in the forward region are used for triggering or to measure global event characteristics. All of them were already fully installed and

Figure 3: Left: An event display in the TPC and TRD. The readout was triggered by the TOF (first trigger
level) and confirmed by the TRD trigger (second level). Right: Histogram of the measured flight time between
two TOF modules. We subtract L/c, with L the length of the trajectory, and c the speed of light.

commissioned in 2008.
The FMD (Forward Multiplicity Detector) consists of 3 planes of silicon strip detectors to
measure charged particle multiplicities. During the LHC injection tests and beam circulation
the FMD was in general recording data and operated as expected at hit densities of 10 to several
103 charged particles per cm2 . The T0 detector serves as time reference for TOF (∼ 30 ps time
resolution) and provides vertex measurement. The V0 detector provides a centrality trigger
at the first level, serves as a luminosity monitor and can be used to reject beam-gas events.
During the LHC injection tests and beam circulation the V0 was in general recording data and
for the beam-induced events clear correlations between the measured signal charge and, e.g.
the number of fired chips in the SPD were observed. The ZDC (Zero Degree Calorimeter) is
composed of four calorimeters, two each to detect protons and neutrons. They are located 115
meters away from the interaction point on both sides, exactly along the beam line. The PMD
(Photon Multiplicity Detector) measures multiplicity and spatial distributions of photons in the
forward pseudorapidity region.
4

Summary & Conclusions

Where possible the detector performance was evaluated using cosmic muons and the first few
beam particles delivered by the LHC. All installed detectors are fully commissioned and shown
to be performing close to their specifications. The current shutdown period is used to install
additional detectors.
The ALICE experiment is ready for recording the first proton-proton collisions in the LHC,
expected in late 2009, and the collaboration eagerly awaits the first heavy-ion collisions at the
end of the upcoming run.
References
1. The ALICE Collaboration, Technical proposal for A Large Ion Collider Experiment at the
CERN LHC, CERN-LHCC-95-71.
2. F. Carminati et al., ALICE: physics performance report, volumes 1 & 2, J. Phys. G30,
1517 (2004), J. Phys. G32, 1295 (2006).
3. The ALICE Collaboration, K Aamodt et al., JINST 3, S08002 (2008).

COMMISSIONING OF THE ATLAS DETECTOR
WITH COSMIC-RAYS AND SINGLE-BEAMS
Masaya ISHINO on behalf of the ATLAS collaboration
ICEPP University of Tokyo, Tokyo, 113-0033, Japan
The ATLAS detector has been commissioned with cosmic rays and the first single beam
at the Large Hadron Collider, allowing for the detailed performance studies of each detector
subsystem. In this paper, the results of the inner-tracker position alignment with large number
of cosmic-ray events are presented. In addition, the single-beam events were used for the timing
studies of the level-1 trigger system. The procedure for triggering on the single-beam events
and the achieved timing accuracy are reported.

1

The ATLAS detector commissioning

The ATLAS detector is being commissioned with cosmic rays since 2005, starting with a small
fraction of the full ATLAS system and gradually adding more and more detector components,
finally all subsystems were ready for the data taking in summer 2008 1 . The commissioning with
cosmic rays allows for the thorough tests of the detector installed in the underground cavern,
together with its service systems. Basic studies are focused on the noise level in the detector
and amplifier modules, location of hot and dead channels and identification of malfunctioning
electronics boards. The test results allow for a regular update of operation parameters, threshold
settings and lists of masked channels, as well as for the replacement or repair of the electronics.
In this way, the optimal detector operation mode is achieved. Additionally, the trajectories of
cosmic-ray particles can be used to align the relative positions of tracking detector modules, as
will be shown in section 3.
The cosmic-ray events are triggered by the muon trigger chambers, calorimeter triggers and
scintillation counters (MBTS), designed to trigger on minimum-bias events. The central trigger
processor (CTP) on the first trigger level (level-1) combines the information from these trigger
sources and makes the final Level-1 Accept decision (L1A) which is transfered to the frontend electronics of all subsystems. Following the L1A signal, the data buffered in the pipe-line
memory are read out, processed by the event builder and recorded to the mass storage space. In
order to consistently read out data belonging to the same bunch crossing, it is important that
all sub-detectors are timed-in perfectly.
In addition to the cosmic rays, the circulation of the single-beam at the Large Hadron
Collider (LHC) in September 2008 allowed for additional detector performance tests. During
several days, the proton bunches containing 2·109 protons of 450 GeV energy were being injected
into the LHC ring and circulated without acceleration. During the first day, the whole ATLAS
detector system has been illuminated by the particles from the beam-halo. Two trigger systems
have been used to record the single-beam signals: the previously mentioned MBTS and the
beam pick-up detectors (BPTX) positioned in the beam pipe 175 m upstream of the interaction

point. The recorded data allow for the timing adjustments of the trigger systems, as will be
shown in the next section.
2

Level-1 trigger timing alignment with single beam

Single-beam events can be used for the trigger timing alignment with respect to the bunch
crossings. One set of data has been obtained using MBTS and the level-1 calorimeter trigger
system whose relative timing is well understood from previous tests with cosmic rays.
Subsequently these triggers are disabled and data is collected using BPTX without any
additional requirement. As long as the life time of the beam is smaller than a few hundred turns,
the ATLAS data acquisition system records all data with a trigger rate of 11 kHz, corresponding
to 89 µs for one LHC turn. These buffered data are then read out before the next bunch is
injected into the LHC ring.
As the life time of the beam is increasing, the trigger rate needs to be reduced. Therefore, a
coincidence between BPTX and MBTS is required. The recorded data are used for the timing
alignment of remaining standard level-1 triggers. At the same time, the prescaled BPTX trigger
is used to cross-check the main (BPTX+MBTS) trigger. The BPTX discriminated pulse and
the signal from the MBTS are traced by oscilloscope and shown in Figure 1.
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Figure 1: The timing spectrum of the discriminated pulse from the beam pick-up detectors (BPTX) and the
analog signal of three scintillation counters (MBTS), as traced by oscilloscope. Both BPTX and MBTS show a
spike every 89 µs, corresponding to one turn of the single beam in the LHC ring. After seven turns, the beam
intensity falls below the threshold of the BPTX discriminator, while MBTS is still sensitive to the beam activity.

Although other standard level-1 trigger sources (muon trigger, calorimeter trigger etc.) are
not used for the event triggering, all available trigger information is recorded by the CTP readout
system. The time window for the readout is set to 32 bunch crossings (i.e. 800 ns) and the arrival
time of each trigger is monitored. In this way, the timing alignment with respect to BPTX can
be efficiently performed, narrowing the relative time distribution from original several bunch
crossing units down to only one bunch crossing unit (25 ns) for most of the trigger items, as
demonstrated in Figure 2 (left).
The results of additional timing studies for the muon end-cap trigger system are shown in
Figure 2 (right). The thin-gap-chamber (TGC) technology 1 is used to trigger on muons in the
pseudorapidity range 1.05< |η| <2.4 of the ATLAS muon spectrometer. The system is designed
for operation at high rates, with only a small time jitter of 20 ns. The TGC system consists of
seven disc-shaped layers with a 25 m diameter on both sides of the interaction point. The signal
is read out in a two-dimensional η − φ plane. Based on the hit pattern in multiple layers and
the bending power of the toroidal magnet in front of the TGC wheels, the momentum of the
trigger candidate is calculated by means of a look-up table. If the measured momentum exceeds
the trigger threshold, the signal is sent to the CTP.
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Figure 2: (Left) Trigger timing distribution of level-1 triggers issued by the calorimeter (Tau5, J5, EM3), muon
trigger chambers (TGC) and scintillator counters (MBTS). On the top-left, the original large spread is shown, as
observed on the first day of data taking. On bottom-left, the equivalent distribution is shown after two days of
operation. (Right) Trigger timing distribution of the level-1 muon end-cap trigger.

Since the particles from the beam-halo are mostly emitted parallel to the beam line, special
trigger logic (TGC HALO) with large acceptance has been developed for the single-beam data.
The trigger logic requires the coincidence in pseudorapidity η for only two TGC layers, thus
providing the sensitivity to the particles emitted in the horizontal direction. In addition, the
coincidence between 3 out of 4 layers is required in φ direction to ensure clean muon samples. At
the same time, the other two (standard) TGC trigger items are used, TGC MU0 and TGC MU6.
They require the coincidence between all layers and that a track originates from the interaction
point. The width of the trigger road is narrower for TGC MU6 than for TGC MU0.
The timing distributions of the mentioned TGC triggers are shown in Figure 2 (right) with
respect to the bunch crossing (BC) units of 25 ns. Two sharp peaks can be observed at BC=1 and
at BC=5, corresponding to the trigger signal from two detector sides: upstream of the interaction
point (C-side) and downstream (A-side). The time difference between two peaks appears due
to the finite time-of-flight of particles from one side of the detector to the other. The traversed
distance of 28 m corresponds to the time-of-flight of about 100 ns, i.e. 4 bunch crossing units.
The spread of the distributions around the two peaks is about one bin, demonstrating that a good
timing alignment at the level of 25 ns is achieved for all 320 000 channels. It is also interesting to
remark the different number of entries in different BC bins. On the upstream detector side, the
beam-halo particles are emitted parallel to the beam line. Traversing further to the downstream
side, some of the particle trajectories are bent in a 20 m long toroidal magnetic field, such that
the track direction could point to the interaction point. Thus, the TGC HALO trigger item
observes the particle on both sides of the detector, while the other two standard trigger items
are sensitive only on the downstream side (A-side) where particles appear to originate from the
interaction point. As a result of the presented studies, the global timing of the TGC system
is shifted by 5 bunch crossing units to provide the same timing of standard TGC triggers with
BPTX for the collision events.
3

Inner Detector commissioning with cosmic ray events

The inner tracker system of the ATLAS detector consists of the pixel detectors (Pixel) in the
innermost layers, surrounded by the silicon microstrip detectors (SCT) and subsequently by the
transition radiation tracker (TRT). One of the important commissioning goals is the position
alignment of more than 6000 inner-tracker detector modules, in order to achieve the designed
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tracking accuracy.
In September and October 2008, about 2.7 million cosmic-ray tracks are recorded under
nominal settings of the solenoidal and toroidal magnetic fields. The main trigger source for
cosmic-ray particles is the level-1 muon trigger with a nominal rate of about 300 Hz. However,
only a small fraction of these tracks is traversing the inner detector. In order to study the
alignment of the Pixel and SCT system, additional trigger requirement is introduced, selecting
only events with more than one track in the inner-tracker region. The selection is a softwarebased algorithm with an online event selection in the frame of the level-2 trigger. In this way,
more than 30% of events triggered by the level-1 muon trigger can be used for the SCT alignment
and about 7% of them for the Pixel subsystem.
The residual distribution for the barrel region of the Pixel and SCT subsystems is shown
in Figure 3. The residual is defined as the difference between the measured hit position in a
given module and the expected hit point obtained from the track extrapolation. The x-direction
corresponds to the main bending direction of the track. The pixel size is 50 µm, the SCT strip
width is 80 µm. Only the particles with transverse momentum larger than 2 GeV/c and passing
near the interaction point (|d0 | <50 mm, |z0 | <400 mm) are selected for the iterative alignment
procedure. If the nominal detector geometry is assumed for the track reconstruction, the residual
distribution is quite poor with a width σ of more than 120 µm for both subsystems (black
curve). After applying the alignment corrections, a significant improvement can be observed.
The residual distributions become much narrower, with a σ-value of 24 µm for the Pixel and
30 µm for the SCT subsystem (blue curve). The obtained alignment accuracy is close to the
expected performance predicted by the Monte-Carlo study with perfect detector alignment (red
curve).
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Figure 3: The residual distribution observed with cosmic-ray tracks for the pixel detector (left) and the SCT
detector (right). The black curve is obtained assuming the nominal detector geometry, while the blue curve is
the result obtained after applying the alignment corrections. The Monte-Carlo prediction for a perfectly aligned
detector is shown as a red curve.

4

Conclusions

The ATLAS detector has been commissioned with cosmic-ray events and with the single beam
data. A large number of cosmic-ray tracks allows for an accurate alignment of the inner tracker.
The first single-beam data at the LHC have been used for the calibration of the level-1 trigger
timing, providing a timing accuracy at the level of 25 ns.
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Commissioning of the CMS Detector
M. GIUNTA
on behalf of the CMS Collaboration
INFN & University of Bologna, Italy
The status of the commissioning of the CMS detector is summarized and some of the achievements of the past year are highlighted. Preliminary results presented in this note used the big
amount of cosmic data collected during 2008 and events produced by the first LHC beams.

1

Introduction

The Compact Muon Solenoid 1 (CMS) is one of the four experiments operating at the CERN
Large Hadron Collider (LHC). A schematic view of the detector is shown in Fig. 1. The tracking
system is made of a pixel detector close to the beam pipe surrounded by a silicon strip detector:
its high granularity (70 millions pixels, 10 millions strips) and precision ensures good track
reconstruction efficiency. It is placed inside a 3.8T superconducting solenoid together with the
electromagnetic calorimeter (ECAL), made of lead tungstate crystals, and the brass-scintillator
sampling hadronic calorimeter (HCAL). Forward sampling calorimeters increase the pseudorapidity coverage up to |η| ≤ 5. The magnet return yoke is instrumented with 4 stations of
muon chambers: Drift Tubes (DT) in the barrel region, Cathode Strip Chambers (CSC) in the
endcap, Resistive Plate Chambers (RPC), providing a better time resolution, in both; they cover
most of the 4π solid angle.
Superconducting Solenoid
Silicon Tracker
Pixel Detector

Very-forward
Calorimeter

Preshower

Hadronic
Calorimeter

Electromagnetic
Calorimeter

Muon
Detectors

Compact Muon Solenoid

Figure 1: Schematic view of the CMS Detector

2

Data collected during 2008

A total of 350M events were collected with magnet off in common (with all the available subdetectors) data taking configuration, the majority between May and August during the four cosmic
data taking campaigns called CRUZETs (Cosmic RUn at Zero Tesla), but some events were also
recorded during the circulation of LHC beams between the 10th and the 19th of September. In
October, during the four weeks of CRAFT (Cosmic Run At Four Tesla), 290M events were
collected with magnet at 3.8T.
During the first half of 2008 there was a frenetic activity to complete the installation of all subdetectors in the underground cavern and by the time of the fourth CRUZET only the Preshower
and the RPCs of one endcap were missing; they are currently being installed.

Figure 2: Residual distribution for the Tracker Outer Barrel (TOB)

3

Studies using cosmic muons

The big amount of cosmic data available was really useful to spot problems, exercise the full
hardware/software chain, from the on-detector electronics to the GRID-based data analyses,
and verify performances of the different subdetectors. Some preliminary results are summarized
in the following paragraphs.
3.1

Track reconstruction systems

Measurements of occupancies and efficiencies in detecting the crossing muons were performed
both in the muon chambers and the tracking system in order to verify the hardware status and
settings (power and trigger systems, front end electronics, etc.). The efficiencies obtained were
almost 100% in all the layers in operation.
Space resolutions were evaluated from the standard deviation of the residual distributions
(XF itT rack − XRecHit ). In Fig. 2 the residual distribution for the TOB (Tracker Outer Barrel) is shown for two different track-based alignment algorithms: a local iterative method called
HIP 2 and a global method, accounting for global correlations, called MillePede 3 . The best resolution obtained is σ = 24µm and the mean value, sensitive to module displacements, is 0µm.

In the DTs the worst resolution values, σ ∼ 200− 260µm (however compatible with Monte Carlo
simulations), were obtained in the chambers of the external wheels, where the magnetic field
has a large radial component.
This component of the magnetic field, perpendicular to the chambers, also causes a smaller
effective drift velocity, due to the fact that particles have to travel longer paths to reach the
wire, because of the transverse Lorentz force; this effect was clearly observed, especially in the
innermost stations of the outer wheels.

Figure 3: ECAL Stopping power

3.2

Calorimeters

The stopping power (energy deposit corrected for the muon path length) for muons crossing the
ECAL is shown in Fig. 3 as a function of the muon momentum as measured by the tracker. The
good agreement between the data and the theoretical curve proves the correctness of both the
tracker momentum scale and the ECAL energy scale, calibrated with e− at test beams. Similar
good results were also obtained for the HCAL energy scale.
Cosmic muons were also used to perform some physics analysis, like a measurement of the
charge ratio, of the moon shadow (the moon screens the cosmic rays flux) and others. For
instance, the angle distribution was measured: an excess of muons in certain regions was found
and understood as due to an increased acceptance through the access shafts of CMS.
4

Events produced by the first LHC beams

Two types of events were produced when beams were circulating in LHC:
• Beam-Splash events: the beam (2x109 protons) was deviated against one collimator placed
150m upstream of CMS
Hundreds of thousands of muons were produced in these events and passed through the detector.
During LHC collisions this will never happen, but this type of events offered the possibility to
stress our system. Hits in the detectors were recorded also in these extreme conditions and
meaningful measurements were possible, as it can be seen in Fig. 4(a) where the good linear
correlation between reconstructed energies in the Barrel HCAL and ECAL is shown.
• Beam-Halo events: caused by interactions of the beam protons with beam gas

Figure 4: (a) Linear correlation between reconstructed energies in HCAL and ECAL in Beam-Splash events; (b)
Angle distributions of reconstructed muon tracks

Usually one muon (rarely two) was produced and crossed the whole detector. While cosmic
muons in CMS are mainly vertical tracks, beam-halo muons made a small angle with respect to
the beam direction (see Fig 4(b) ). They were particularly useful for subdetectors placed vertically in the endcaps (like CSCs), since their direction is more similar to what these subdetectors
were designed to detect during collisions.
For example, CSCs could perform track-based alignment using these events, achieving accuracies
of 270µm, 0.35mrad, comparable to the photogrammetry results, with just 9 minutes of LHC
beam.
5

Conclusions

The commissioning of the CMS detector is at a very good stage. Several tests performed during
last year confirm that our subdetectors work as expected. During the winter shutdown the
needed repairs were performed and the missing parts (Preshower and the RPC endcap) will be
completed soon. In the summer, more cosmic data will be collected, also with the magnet on,
while waiting for LHC to start.
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THE LHCB COMMISSIONING
S. DE CAPUA (for the LHCb collaboration)
European Organization for Nuclear Research,
CERN, CH-1211 Genève 23, Switzerland
The LHCb experiment is dedicated to precision measurements of CP violation and rare decays
of B hadrons at the Large Hadron Collider (LHC) at CERN. The LHCb installation has been
finished in spring 2008 and an intensive testing and commissioning of the system has been
started. An overview and the results from our commissioning activities are described.

1

Introduction

LHCb 1,2 is an experiment dedicated to heavy flavour physics at the LHC. Its primary goal is to
look for indirect evidence of new physics in CP violation and rare decays of beauty and charm
hadrons. With the large bb production cross section of ∼ 500 µb expected at an energy of 14 TeV,
the LHC will be the most copious source of B mesons in the world. With a modest luminosity
of 2 × 1032 cm 2 s 1 for LHCb, 1012 bb pairs would be produced in 107 s, corresponding to one
year of data taking. The luminosity for the LHCb experiment can be tuned by changing the
beam focus at its interaction point independently from the other interaction points. This will
allow LHCb to maintain the optimal luminosity for the experiment for many years from the
LHC start-up.
2

Detector overview

LHCb is a single-arm spectrometer with a forward angular coverage from approximately 10 mrad
to 300 (250) mrad in the bending (non-bending) plane. The choice of the detector geometry is
justified by the fact that at high energies both the b- and b-hadrons are predominantly produced
in the same forward or backward cone. The layout of the LHCb spectrometer is shown in figure 1.
The LHCb detector is made of various detector subsystems. The vertex locator system
(including a pile-up veto counter), called VELO, is a silicon detector which surrounds the interaction point and aims at precise measurements of the radial and angular position of the tracks.
The spectrometer magnet is a warm dipole, providing an integrated field of 4 Tm. The tracking
system is made up of a Trigger Tracker (a silicon microstrip detector, called TT) in front of
the magnet, and three tracking stations behind the magnet, made of silicon microstrips for the
inner parts (IT) and of Kapton/Al straws for the outer parts (OT). To achieve excellent π–K
separation in the momentum range from 2 to 100 GeV/c, the LHCb detector is equipped with
two Ring Imaging Cherenkov counters (RICH1 and RICH2), which use Aerogel, C 4 F10 and CF4
as radiators. The calorimeter system is composed of a Scintillator Pad Detector and Preshower
(SPD/PS), an electromagnetic (shashlik type) calorimeter (ECAL) and a hadronic (Fe and scintillator tiles) calorimeter (HCAL). Finally, the muon detection system providing µ identification

and contributing to the Level-0 trigger of the experiment, is composed of MWPC’s (except in
the highest rate region, where triple-GEM’s are used).

Figure 1: View of the LHCb detector.

2.1

The LHCb trigger

As mentioned in sec 1, the LHCb experiment plans to operate at an average luminosity which
is much lower than the maximum design luminosity of the LHC, reducing the radiation damage
to the detectors and electronics. At LHC, the crossing frequency is 40 MHz, which has to be
reduced by the trigger to about 2 kHz, at which rate the events are written to storage for further
offline analysis. This reduction is achieved in two trigger levels 3,4 : the Level-0 (L0) and the
High Level Trigger (HLT).
The L0 trigger is implemented using custom made electronics, operating synchronously with
the 40 MHz bunch crossing frequency. Its purpose is to reduce the LHC beam crossing rate
of 40 MHz to the rate of 1 MHz with which the entire detector can be read out. The Level-0
trigger attempts to reconstruct (i) the highest E T hadron, electron and photon clusters in the
calorimeters and (ii) the two highest p T muons in the muon chambers.
The HLT is instead executed asynchronously on a processor farm, using commercially available equipment, and it makes use of the full event data in order to be able to reduce the event
rate from 1 MHz down to 2 kHz. Since the HLT is fully implemented in software, it is very
flexible and will evolve with the knowledge of the first real data and the physics priorities of the
experiment.
3

LHCb commissioning

The LHCb commissioning started in 2007. The main purposes were initially to test and calibrate
each detector subsystem individually and finally run the LHCb detector as a whole.
In the first phase, the safety issues have been checked and hardware operations controls and
monitoring have been tested. Then, calibration pulses have been used to test the response of
the hardware, which allowed to check control cables, data cables and trigger signals. Calibration
pulses have been also used to check the channel mapping and to spot any anomalous electronic
channels (dead or noisy). From the data produced by each sub-detector, the initial settings of
time and spatial alignment had been set to reasonable values.
Once all the detector subsystems have been commissioned, the system was exercised as a
whole. The LHCb experiment has been read out to a maximum hardware trigger rate of 100 kHz

due to the limited capacity of the network and the event filter farm. The designed hardware
trigger rate of 1 MHz will be reached in 2009. Data storage at 2 kHz was already exercised in
2008.
3.1

Commissioning with cosmic rays events

Although the configuration of the LHCb experiment is not well suited for cosmic runs (the rate
of tracks within ±250 mrad from horizontal is well below 1 Hz), more the a million useful cosmic
events have been recorded. A typical cosmic event is shown in figure 2 (left).
In order to acquire cosmic events, the ECAL/HCAL and MUON trigger has been slightly
relaxed: (i) thresholds on pT and ET have been lowered in order to be sensitive to minimum
ionizing particles, (ii) the coincidence of only two muon stations has been required and (iii)
tracks have not been constrained to point to any vertex.
Cosmic data have been extremely useful to commission the trigger (the same logic as for
real data has been used) and to achieve a spatial alignment and a coarse time alignment of one
detector or a few neighbors in which more vertical cosmic tracks can be used. In figure 2 (right),
the time distribution of four muon stations (M2-M5) with respect to the trigger time is shown:
the trigger time was given by the SPD and optimized for forward tracks.

Figure 2: (Left) Event display of a cosmic event reconstructed by the OT, Calo and Muon systems. (Right) Time
distribution of four muon stations (M2-M5) with backward and forward tracks.

However, not all the detectors could be aligned with this method: in particular, the Trigger
Tracker and the Vertex Locator are too small and too far from the detectors providing the
trigger, and they could not participate in the cosmic runs.
3.2

Commissioning with beam induced events

In summer 2008, the LHC machine group performed two sector tests: one beam was injected
from the SPS into the LHC to test the new injection lines and their optics. The beam was
dumped in a stopper (TED) about 340 m downstream the LHCb experiment. The fluence was
about 10 particles/cm2 . In a second step, the beam was stopped 50 m from the LHCb detector
in a collimator/beam stopper (TDI) just after the kicker injection magnet: in this case the
fluence was 100 times higher. Finally, the beam was injected and passed through the LHCb
experiment. During the last two steps, the subdetectors have been kept off most of the time to
avoid damage.
Beam induced data have been used to perform a more precise time and spatial alignment,
especially for those detectors which could not make use of cosmic events. Figure 3 (left) shows

the distribution of the difference between the alignment constants computed with two different
data samples: the VELO spatial alignment resolution is 5 µm for X(Y) translations and 200 µrad
for Z rotations 5 . Once reconstructed in the Vertex Locator, tracks have been then extrapolated
to the Trigger Tracker and the hit residuals have been computed: the resolution is about 500 µm
and the result is shown in figure 3 (right).
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Figure 3: VELO (left) and TT (right) spatial alignment with beam induced events. Note that the large background
in the right plot is due to the high fluence of particles.

A new machine test was performed on September 10th of 2008: one beam was injected
upstream the LHCb experiment and circulated around the accelerator ring for about 30 minutes.
Many clean events have been recorded, and splash events as well, when the beam was hitting
the TDI. Figure 4 shows two events recorded by the Muon and the Calorimeter systems (left)
and by the Tracking System (right).

Figure 4: Tracks reconstructed by MUON and CALO systems (left), and by the Tracking System (right).

4

Conclusions

The LHCb commissioning started in 2007. In the first phase, each detector subsystem has been
individually commissioned: calibration pulses have been used to test the hardware, the electronic
channels and the control software as well. In the second phase, the system was exercised as a
whole. Despite the horizontal geometry of the LHCb detector, we collected more than a million
of useful cosmic events that allowed a first time alignment of most of the subdetectors. Moreover
beam induced events during the LHC synchronisation tests provided useful data for further time
and spatial alignment of the detectors. After a fault was discovered in the LHC, requiring a
shutdown for its repair, LHCb started a phase of general maintenance, looking forward for
physics in 2009.
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LHC: Status and Commissioning Plans
M. Lamont
CERN, Geneva, Switzerland
In 2008 the LHC saw a series of injection tests with beam and the start of full beam commissioning. Initial beam commissioning went well and circulating beam was quickly established.
Progress was unfortunately curtailed by the sector 34 incident which caused extensive damage.
The causes of the incident are recalled and the status of repairs and consolidation measures
are presented. The schedule and luminosity targets for the 2009 - 2010 run are discussed.

1

Introduction

After an intense period of preparation, the LHC started full beam commissioning on September
10th 2008. Initial progress was excellent, however commissioning was curtailed by the serious
incident in sector 34 which saw the opening of an interconnect busbar during powering tests
without beam. This provoked a destructive release of a large volume of Helium into the insulation
vacuum of the sector. The damage caused was extensive and has required the removal of 51
main magnets (dipoles and quadrupoles) and the repair of the considerable collateral damage.
This paper gives a brief overview of the present understanding of the causes of the incident;
the status of the repair; the compensatory measures that are being put in place to ensure that
the incident never recurs and those that aim to alleviate the effects of any future problems. It
is hoped to start with beam again at the end of September 2009 and run through the winter to
provide the experiments with a significant integrated luminosity at a target beam energy of 5
TeV.
2
2.1

Sector 34
Cause of sector 34 Incident

The current of the main magnet circuits passes through busbars in the interconnects between
quadrupole and dipole and between dipole and dipole. These busbars consist of the superconducting Rutherford cable soldered inside a rectangular cross-sectioned copper envelope 1 .
The busbars from adjacent magnets are spliced together by soldering overlaying protruding
lengths of Rutherford cable inside segments of copper to produce a continuous busbar with good
connectivity between neighbouring segments of copper and a well soldered Rutherford cable
joint.
The present understanding is that a splice with bad thermal and electrical contact between
the superconductor and the copper produced sufficient resistive heating to lead to thermal
runaway. This provoked the melting of the material surrounding the splice, and subsequently an
electric arc developed between the two exposed cable ends. This arc melted through the helium

line in which the cable travels, releasing Helium into the insulation vacuum of the interconnect.
The rapid and voluminous expansion of the Helium caused a pressure wave that propagated
along the insulation vacuum causing extensive damage 2 .
Subsequent examination of cryogenics temperature measurements led to the conclusion that
the splice had a resistance of 220 nano-ohm compared with the nominal value of around 0.3
nano-ohm.
2.2

Sector 34 repair

Damage to the sector was extensive and has necessitated a full-scale repair program, briefly:
• Removal of the damaged magnets: 53 main magnets in total, 39 dipoles, 14 quadrupoles
and their associated correctors (these are incorporated into a short straight section or
SSS).
• Repair of damage to the cryogenics supply line.

• Cleaning of beam vacuum which was polluted locally with soot and throughout the sector
with debris from the magnets’ super-insulation.
• Repair of damaged beam vacuum segments.

• Refurbishment of lightly damaged magnets and the configuration and preparation of spare
magnets.
• Cool-down and tests of all magnets on the surface before re-installation.
• Re-installation of magnets.

• Re-interconnection and a program to address all nonconformities.
• Execution of rigorous electrical and assembly quality assurance.

• Cool-down of the sector with associated electrical quality assurance.

• Re-testing of all circuits.

At the time of writing (end May 2009), all magnets have been re-installed, most of the
interconnect work has finished and the thorough program of quality assurance tests are in
progress.
The sector 34 repair represents a huge effort by a number of different teams. Quality assurance has been pursued rigorously and a number of issues, problems and nonconformities have
been addressed.
3
3.1

Consolidation and Compensatory Measures
Extended Quench Protection System

An additional layer of detection electronics will ensure the safe detection of aperture symmetric
quenches by comparing the total voltage drops across magnets. The system will share the
instrumentation cables with the suspicious splice detection system and evaluate the signals
derived from four dipole magnets and two quadrupole magnets.
The Quench Protection System (QPS) will also be extended to detect and localize suspect
splices which could represent a potential risk for the LHC main circuits (RB, RQD and RQF) 3 .
According to the outcome of recent simulations 1 a splice developing a resistance in the order
of 50 to 100 nano-ohm is regarded as potentially dangerous at higher currents. This value is
equivalent to a voltage drop of 100 mV or a generated power of 0.1 W at a current of 1 kA. In
such a case the system should interlock the concerned circuits by initiating a fast discharge by
activation of the energy extraction systems.

The necessary detection threshold has been determined to 300 micro-volt with 10 s evaluation
time. In addition the system will provide data for enhanced diagnostics via the QPS supervision
allowing a measurement of the splice resistance with a resolution of about 1 nano-ohm. As the
new system can only access the superconducting circuits via the existing voltage taps routed to
the magnet interface box connectors (diode voltage taps) it is not possible to provide coverage
of a single splice.
The extension of the QPS system represents a major upgrade and necessitates the design,
prototyping, production of a large number of new boards and crates. Full scale cabling is
required in the LHC tunnel and a full series of component and systems tests will be required.
The installation and commissioning of the system is very much on the critical path for LHC
re-commissioning in 2009.
3.2

Helium release - compensatory measures

In order to minimize the collateral damage should a similar incident to that in sector 34 occur,
a number of measures have been taken that anticipate the so-called Maximum Credible Incident
(MCI) 4 . The MCI foresees the rupture of all three Helium lines in a interconnect and a peak
Helium discharge of 40 kg/s. Measures to deal with a potential MCI include:
• New relief valves (DN200) - these have been installed on each dipole of four LHC sectors
in 2009. The intervention has to be done at warm and these sectors were brought up to
room temperature at the end of 2008.
• The sectors that have remained cold in 2009 have had their instrument ports in the SSS
equipped with springs, providing an additional Helium release pathway - although not
enough to deal with the full MCI. These four remaining sectors will be equipped with
DN200 relief valves in the 2010 shutdown.
• Relief valves have also been fitted on stand alone magnets in the long straight sections and
on the various current feed boxes.
• New support jacks have been installed on the SSS with vacuum barriers. These jacks are
able to withstand the forces generated in the case of a MCI preventing lateral movement
and knock-on damage 5 .
3.3

Other consolidation

Numerous other fixes and consolidation measures have taken place in the forced extended shutdown. This work has included resolution of problems with the so-called continuous cryostats
(empty cryostats in the dispersion suppressors); movement of electronics susceptible to radiation; decrease of dipole and quadrupole energy extraction time; re-configuration the UPS system
etc.
4
4.1

Splices
Resistive Spices

A number of techniques 6 have been developed to detect splices with potentially dangerous
resistance, with the stated aim to measure all splices cold. (At low temperature the current flows
through the superconductor and one is attempting to measure the resistance of the soldered joint
between the Rutherford cable segments.) The methods are listed below.
• The Keithley method which uses a nanovoltmeter on specific segments previously identified
as possibly problematic.

• The QPS snapshot method which uses QPS diagnostic data to measure the voltage drop
across a low number of splices. Using this technique around 6600 splices have be measure
and two bad splices found.
• Calorimetry - cryogenics temperature monitoring measurements in cold sectors have revealed potential problems in splices inside magnets. 57% of all splice have been covered
by this method with two bad splices found and confirmed.
• Ultrasound and gamma source techniques have been principally used in quality control
and splice diagnostics. Gamma analysis has revealed the presence of ”voids” where solder
has been drained from the magnet side busbar during the splice brazing process.
• Measurement data taken during the surface tests of all magnets has also been reanalyzed.
Splice resistance nonconformities to date include a 200 nano-ohm interconnect case (the
cause of the sector 34 incident), a magnet inter-pole splice of 100 nano-ohm; a magnet inter-pole
splice of 50 nano-ohm; a magnet inter-aperture splice of 30 nano-ohm. About half the machine
has been checked cold to 40-60 nano-ohm and third to better than 20 nano-ohm. The other half
of the machine and still to be measured (and the first half re-measured with better accuracy).
4.2

Warm splice measurements

One additional danger that has recently surfaced is a bad electrical contact between the copper
of the busbar and the U-profile of the splice insert on at least one side of the joint. Combined
with a bad contact between the cable and the copper this leaves the splice without an alternate
route for the current in the case of a busbar quench - in a good splice the current can flow in
the copper removing the danger of excessive resistive heating in the quenched superconductor.
A good contact between the Rutherford cable joint is assumed (i.e. less that 2 nano-ohm) 7 .
Such situation can be detected by measurements at warm using low current and a nanovoltmeter across short segments of the machine. Under such circumstances the current flows in the
copper and the resistance of a good joint is around 12 micro-ohm. Extensive measurements of
the four warm sectors (May 2009) have revealed 16 segments with excess resistance of over 30
micro-ohm. The relevant interconnects have been opened. Individual splice measurements have
revealed resistances of 30 - 50 micro-ohms. All such splices have been re-done and re-measured.
Warm quadrupole measurements started in May 2009. Measurements at at 80 K in sector
23 are also ongoing at this time. The measurements at 80 K are more difficult and show a lot
more signal variation - the resistivity of copper falls by a factor of 7.5 at this temperature. The
question of what to do if suspect splices are found at this stage of re-commissioning is to be
addressed.
5

2009 - 2010 run

The baseline for the 2009 - 2010 run was established at Chamonix and foresees one month
commissioning to establish first collisions, a ten month proton physics run followed by a one
month Lead ion run with shutdown foreseen at the end of September 2010. The run will be
through the winter with a possible technical stop under discussion over Christmas 8 .
The curtailed but productive beam commissioning period in 2008 coupled with the results
from the injection tests have given us some confidence in numerous aspects of the LHC’s potential
operation, namely: magnet model, magnet field quality, machine aperture, machine alignment,
optics, injection and beam dump systems, collimation, beam instrumentation, controls and
software 9 . It also had to be noted that only limited progress was made into the full beam
commissioning program and that a lot remains to be done before we reach the first major
milestone of the program - colliding low intensity beams at high energy. Systematic and careful

progress will be essential if the potential dangers of even moderate intensity beams are to be
dealt with properly. It is estimated that approximately four weeks will be required to establish
first collisions given reasonable machine availability. These collisions will be with un-squeezed,
low intensity beams.
Commissioning will continue thereafter for some weeks as the intensity is increased, the
squeeze commissioned and the machine protection and other system commissioning is performed.
This stage can be interleaved with pilot physics with a gradual increase in intensity, a lowering
of β ∗ and a concomitant increase in the luminosity. Luminosity will remain modest during this
phase.
5.1

Luminosity

The stated aim of the 2009-2010 run 8 is to deliver a few hundred pb−1 of good data to the
general purpose detectors. Issues that should be considered in estimates of possible integrated
luminosity are listed below.
• The total beam intensity achievable during this period will depend critically on the cleaning
efficiency of collimation system and the to be established quench limits. Recent estimates
10 put the total current limits at 2e13 protons for intermediate collimator settings and,
after some experience, 5e13 for tight collimator settings. Such limitations clearly impact
the maximum achievable luminosity.
• At 5 TeV there is damage potential with even low beam intensities. The machine protection
must be fully tested and qualified before any move to higher intensities.
• The number of bunches will be increased from 2 bunches on 2 bunches (2x2), and increase
through 43x43 (43-4-43-19), to 156x156 (156-4-16-72). The second set of figures representing the number of colliding bunches in Atlas, Alice, CMS and LHCb respectively. Up
to 156 bunches there are no parasitic encounters either side of the experiments and the
crossing angles can remain off.
• The bunch intensity can be increased from 5e9 to 11e10. Given a limit on the total intensity
it is of interest to use the minimum number of bunches.
• Above 156 bunches per beam the crossing angle must be brought on. This is not necessarily cost free and consideration of related effects such as beam-beam, dynamic aperture,
physical aperture must be made.
• Running below 7 TeV brings bigger beams and less physical aperture.

• β ∗ : The limit at 5 TeV is 3 to 1 m in Atlas and CMS 11 . Bringing the crossing angle
on pushes the minimum β ∗ up. LHCb has the additional restraint of their spectrometer
bump and consequently are limited to 4 to 2 m.
• Many machine operations issues such as injection, ramp, squeeze, beam lifetime, background optimization in physics have to be mastered.
• Machine availability will be critical; the problem space of the LHC is huge and low availability is a real possibility in the first months. Time must also be foreseen for continued
beam commissioning, machine development, access etc.
It’s clear that possibilities exist to optimize luminosity parameter space given the above limitations and experience. 1 × 1032 cm−2 s−1 would be an encouraging achievement and integrated
luminosity of 200-300 pb−1 of good data would appear a reasonable target 12 .

6

Conclusions

The seriousness of the sector 34 incident can not be understated. There has been a remarkable
effort to effect a repair. Considerable measures have been taken to mitigate the effects of any
similar incident and to make sure something like it never happens again.
There are thousands of splices in the LHC and some still have be measured either warm or
cold. A concerted program of measurements is ongoing. There is now good understanding of
the causes of the sector 34 incident and of other possibilities of failure.
First experience with beam in the LHC was encouraging. The 2009 - 2010 run foresees first
beam around the end of September 2009, first collisions at high energy with a month, followed
by 10 months of proton physics. The aim is to deliver a few hundred pb−1 of good data to the
general purpose detectors.
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Searches for a low mass SM Higgs at the Tevatron
Thomas Gadfort
Nevis Laboratories, Columbia University, 136 South Broadway,
Irvington, NY 10053, USA
We present recent results from the low mass standard model Higgs searches performed by the
√
CDF and DØ experiments at the Tevatron pp̄ collider operating at s = 1.96 TeV. A low mass
Higgs can be produced at the Tevatron in association with a W/Z boson or directly through
gluon-gluon or vector-boson fusion and will preferentially decay to a bb̄, τ τ , or γγ pair. We
present results from searches for these production and decay modes using between 1.0-4.2 fb −1 .
Unfortunately, neither experiment finds evidence for the Higgs boson, thus, limits on the Higgs
boson production rate for each mass hypothesis are presented both for the individual searches
as well as the combined Tevatron limit.

1

Introduction

The Higgs boson is a massive electrically neutral spin-0 particle created when electroweak gauge
symmetry is spontaneously broken as the vacuum acquires a non-zero expectation value. Previous searches for the Higgs boson by experiments at the LEP collider failed to find strong
evidence for its existence, however conclude that its mass must be greater than 114.4 GeV/c 2 at
95% CL 1 . Indirect constraints on the Higgs mass is also available through precision electroweak
measurements. A recently updated analysis suggests the Higgs boson mass to be less than
163 GeV/c2 at 95% CL 2 .
Searches for a Higgs boson at the Tevatron are subdivided in two categories depending on
the assumed mass. Low mass searches assume a Higgs mass (m H ) less than 135 GeV/c2 and
high mass searches assume mH > 135 GeV/c2 . If the Higgs boson mass is low it will decay
primarily into a bb̄ (∼ 80 − 90% BR) or τ + τ − pair (∼ 7 − 8% BR). The Higgs boson can also
decay into a diphoton pair through a virtual loop with a branching ratio of 0.2%. All searches
for a low mass Higgs at the Tevatron require one of these three final states.
In pp̄ collisions, the Higgs is produced primarily through gluon-gluon fusion via a virtual
top quark loop with σ(gg → H) ≈ 1 pb for m H = 115 GeV/c2 . The Higgs is also produced
in association with a W or Z gauge boson with a slightly lower cross section, however these
events produce highly boosted decay products which greatly reduces the overall background
rate. Finally, with an even lower rate the Higgs is created through vector boson fusion producing
a central Higgs decay and two forward jets.
This report summarizes the low mass Higgs searches by the CDF and DØ experiments. The
following search channels are described in this note: W H → ℓνbb, ZH → ℓℓbb, ZH → ννbb, and
inclusive H → τ τ and H → γγ decays. The combined Tevatron limits are presents following
the individual results.
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W H analyses.

2
2.1

Recent Higgs Search Results
W H → ℓνbb Associated Higgs Production Search

The CDF and DØ experiments both search for W H associated Higgs production in the ℓνbb final
state using 2.7 fb−1 . The event selection for this search requires one high p T isolated lepton
(electron or muon), large missing transverse energy to indicate the presence of a neutrino, and
two high pT jets. CDF also selects events with an isolated track if a lepton is not reconstructed.
Since the Higgs decays to a bb̄ pair in this analysis, both experiment rely heavily on b-jet tagging,
which uses high impact parameter tracks within the jet cone radius to indicate the presence of
a long-lived B hadron decay. CDF combines these tracks to form secondary (displaced) vertices
as well as computing a jet lifetime, which is distinct for B decays and charm or other longlived light flavor hadron decays.DØ combines information from the displaced decay vertex (e.g.
vertex mass, track multiplicity) in a neural network whose shape for B decays tend towards one
while light-flavor decays tend towards one, where a jet is considered “b-tagged” if its network
output value is near one. Both analyses separate events by the number of tagged b-jets to
maximize sensitivity. The dominant backgrounds after b-tagging are W → ℓν + jets and top
pair production, both of which can produce two b-jets in the final state.
Both experiments increase their search sensitivity through the use of multivariate analysis
techniques. CDF employs three such techniques in their search. The first is a neural network
method trained with W H signal against W + bb background. The second is a matrix element
method which uses leading order matrix elements to define a signal and background event
probability. The third method is a boosted decision tree algorithm that is trained using the
matrix element probabilities as discriminating variables. These three algorithms are combined
with the NEAT neural network algorithm. Using the shape of the NEAT output distribution for
the expected signal, background, and data, this analysis excludes a production rate of 5.6 times
the SM rate for a 115 GeV/c2 Higgs mass. DØ also uses a neural network technique to separate
signal and background and excludes a cross section of 6.7 times the SM prediction for the same
Higgs mass. Both experiments report exclusions at 95% CL. The CDF and DØ multivariate
output distributions are shown in Figure 1.
2.2

ZH → ℓℓbb Associated Higgs Production Search

The event signature for this search is two high p T isolated leptons and two high pT b-jets with
the CDF search analyzing 2.7 fb−1 while the DØ result is newly updated for this conference
with 4.2 fb−1 . In addition to the increased data set, DØ has updated the event selection to
include events with one isolated muon and one isolated track as well as events with one isolated
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electron and one electron-like candidate that is reconstructed between the central and forward
calorimeter cryostats. Both analyses also require one or more b-tagged jets in the event to reduce
the Z+light flavor background. In both searches the dominant backgrounds after b-tagging are
Z → ℓℓ+jets and dilepton tt̄ production.
Similar to the W H search, both experiments employ multivariate techniques to isolate the
ZH signal. CDF uses a neural network trained against t t̄ and Z+jets separately. The output of
each network is used to set limits of 7.1 times the expected SM cross section for an assumed Higgs
mass of 115 GeV/c2 . DØ trains a boosted decision tree against all backgrounds simultaneously
and sets limits of 8.0 times the SM prediction for m H = 115 GeV/c2 . A 1D slice of the 2D
network output for the CDF search and the boosted decision tree output for the DØ search are
shown in Figure 2.

2.3

ZH → ννbb Associated Higgs Production Search

This search requires two high pT b-tagged jets as well as large missing transverse energy representing the two neutrinos produced in the Z decay. Both experiments report results with 2.1 fb −1 .
The backgrounds in this channel are mainly QCD multijet production and W +jets events when
the lepton from the W → ℓν decay is not reconstructed. As with the W H and ZH searches,
each experiment uses a multivariate technique to isolate the Higgs signal. CDF uses its neural
network distribution to set limits of 6.9 times the SM prediction and DØ uses its boosted decision tree output to set limits of 7.5 in the same units each for m H = 115 GeV/c2 . The two
multivariate outputs for double tagged events are shown in Figure 3.

2.4

Inclusive H → τ τ and H → γγ Searches

Both CDF and DØ combine searches with one or more τ candidates in the final state to search
for the Higgs. CDF recently completed an analysis with 2.0 fb −1 in the inclusive τ τ +X final
state. In this channel, the Higgs may be produced in association with a W/Z boson, directly
through gluon-gluon fusion, or through vector boson fusion. This analysis uses a neural network
trained against the large QCD multijet background as well as separate networks to discriminate
tt̄ and Z → τ τ events. Combining these networks, CDF excludes 31 times the SM prediction
for mH = 115 GeV/c2 . DØ combines their W H → τ νbb and inclusive H → τ τ + X analyses
both using 1.1 fb−1 setting limits of 27 times the SM prediction also for a 115 GeV/c 2 Higgs
mass.
DØ recently updated a analysis with 4.2 fb −1 searching for the Higgs boson decaying to
a diphoton pair. The diphoton mass distribution is divided into ±15 GeV mass windows surrounding the assumed Higgs mass and fit to the observed data resulting in a limit of 13 times
the SM prediction for mH = 115 GeV/c2 Higgs mass.
3

Combined Higgs Mass Limits

Because no one Higgs search is sensitive to the SM predicted cross section all searches are
combined to maximize sensitivity. Details of the statistical combination can be found in 3 . By
combining all available results, we expect to exclude a Higgs production cross section slightly
below three times the SM prediction for all masses between 115 and 150 GeV/c 2 . The observed
value for mH = 115 GeV/c2 is 2.5 times the SM prediction.
Assuming each experiment collects 2-3 times the currently available integrated luminosity
and all analyses incorporate expected improvements, the Tevatron hopes to exclude at 95% CL
all Higgs masses 114 and 150 GeV/c2 by the end of Run II. However, it is unlikely that a
3σ evidence claim can be made with the full dataset if the Higgs mass is above 125 GeV/c 2 and
below 145 GeV/c2 .
4

Summary

We have presented recent results from the low mass Higgs searches performed by the CDF and
DØ experiments. Using up to 4.2 fb −1 of Run II data, the combined limit on standard model
Higgs production is 2.5 times the predicted value for a 115 GeV/c 2 Higgs keeping hope alive
that a low mass Higgs may be seen or otherwise will be excluded by the combined Tevatron
search in the near future.
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Higgs boson searches are commonly considered one of the main objectives of particle physics
nowadays. The latest results obtained by the CDF and DØ collaborations are presented here
when seatching for Higgs boson decaying into a W-boson pair, currently the most sensitive
channel for masses greater than 130 GeV. The presented results are based on an integrated
luminosity that ranges from 3.0 to 4.2 fb−1 . No significant excess over expected background is
observed and the 95% CL limits are set for a Standard Model (SM) Higgs boson for different
mass hypotheses ranging from 100 GeV to 200 GeV. The combination of CDF and DØ
results is also presented, which exclude for the first time a SM Higgs boson in the 160 <
mH < 170 GeV mass range.

1

Higgs searches at the Tevatron

Hadron colliders collision data can be used to probe Standard Model (SM) theory in several
√
sectors. Data collected at the pp̄ Tevatron collider operating at s = 1.96 TeV has been useful
for both re-enstablish or improve previous important measurements and to make new important
discoveries, looking for processes whose cross section range by several orders of magnitude. CDF
and DØ experiments1 2 are collecting data since 2002 and nowadays they have around 5.4 fb−1 of
good data available for analysis. The Higgs searches presented here are based on an integrated
luminosity that goes from 3.0 to 4.2 fb−1 depending on the specific analysis.
According to SM, Higgs boson is produced at Tevatron energies by four main production
mechanisms, for a total cross-section of about 0.6 pba . The dominant mechanism is via gluon
fusion and fermionic loop (∼ 86%), then there is the production with a W or Z boson (∼ 15%)
and finally by vector-boson fusion (VBF).
a

Higgs boson properties depend on its mass, which is not predicted inside the SM framework; here and whenever
not explicitly mentioned in the following, numbers refer as an example to an Higgs boson of mass mH = 160 GeV.

SM Higgs decay depends on its mass mH . For mH > 135 GeV the main decay channel is a
W-boson pair, and searches of this final state at Tevatron are commonly defined as High Mass
Higgs Searches; if mH < 135 GeV H → bb̄ predominantly and these searches are described in
another proceeding to this conference.
CDF and DØ look for both Ws decaying leptonically, selecting events with two electrons or
two muons or one electron and one muon for a total branching ratio of the W W pair of ∼ 6%,
including the leptonic decay of the τ . The larger branching ratio dacay in hadrons is not used
due to high level of QCD background. The di-lepton final state offer a clean signature at hadron
colliders and the trigger cross section is under control also at high instantaneous luminosity.
The main background consists of Drell-Yan (DY) events, which have the same final visible
state of the signal (two leptons) but no real missing energy and can be reduced requiring it.
Heavy di-boson production (W W , W Z, ZZ) is the most important not reducible background
for these searches. tt̄ is also an important background, in particular for events containing jets.
Finally instrumental backgrounds arise from W/Z + γ or jets events where the photon or the
jet is misidentified as a lepton. Most of these processes are modelled using PYTHIA Monte
Carlo and a GEANT-based simulation of the detectors. An important exception is the W W
background: CDF models NLO effects using a pure NLO simulation, namely MC@NLO , while
DØ uses Sherpa to model the pT of the W W system3 . These predictions are then normalized to
NNLO cross section calculations for W H, ZH, tt̄ processes, NLO for V BF , W W , W Z, ZZ, W γ.
The gluon fusion signal process has been simulated using the most recent calculation available4
which uses the recent MSTW2008 parton density functions (pdf) set5 . Data-driven methods are
used in order to model the constribution of the instrumental background.
2

Analysis description

To select signal events both collaborations reuire two high-pT opposite sign isolated leptons.
In order to increase acceptance to Higgs events, dedicated analyses also look for final state
containing two leptons with the same charge; they will be briefly discussed in section 2.3. CDF
requires the first (second) lepton to have pT greater than 20 (10) GeV, while DØ asks both
leptons to have pT (ET ) greater than 10 (15) GeV for muons (electrons). A significant transverse
missing energy E
6 ~ T is then required to reduce DY. The invariant mass of the lepton pair must be
greater than 16(15) GeV at CDF(DØ) in order to suppress heavy flavor decays and DY events.
Table 1 shows the numbers of events expected and observed after the pre-selection cuts.
The signal/background ratio is too low for a counting experiment to discriminate backgroundonly from signal plus background hypotheses. Other kinematical properties are used to enhance
the separation. The strongest discriminant is the opening angle between final state leptons; in
signal events leptons come from the decay of spin-1 particles which are from spin-0 Higgs boson,
which implies, given the fixed helicity for neutrinos, that leptons will tend to go in the same
direction. For the background this spin correlation does not exist and final state leptons tend to
be back-to-back. To exploit this and other kinematical signal properties both collaborations use
multivariate techniques. An Artificial Neural Network (NN) is trained to separate signal from
background for each different Higgs mass hypothesis. Moreover, in order to exploit different
signal and background composition, the selected sample is divided in several analysis channels.
2.1

DØ analysis

DØ collaboration separate the analysis depending on the flavor of the final state leptons: ee, eµ,
µµ, with a collected integrated luminosity of, respectively, 4.2, 4.2 and 3.0 fb−1 . Input to the
NNs can be classified in three different types: lepton specific variables (e.g. pT of the leptons),
kinematic properties of the whole event (e.g. E
6 ~ T ) or angular variables (e.g. ∆φ(leptons)).

Table 1: Number of expected and observed events after pre-selections for CDF and DØ H → W W opposite-sign
analyses. DØ Numbers include statistical uncertainties only.
Tevatron Preliminary

CDF
DØ (stat. only)

R

L (fb−1 )
3.6
3.0-4.2

L = 3.6 − 4.2 fb−1 , MH = 160 GeV

Signal
20.0 ± 2.5
23.2 ± 0.1

Background
1088 ± 105
4994 ± 30

√
S/ B
0.61
0.33

Data
1085
4749

No significan excess over predicted background is observed in DØ data and 95% CL upper
limits on the production cross section of a SM Higgs boson are set using a modified frequentist
approach (CLs )9 , which are 70% higher than the predicted SM cross section for mH = 160 GeV7 .
2.2

CDF analysis

CDF colaboration separate the 3.6 fb−1 selected sample depending on jet multiplicity, optimizing
different NNs for each sample. Jets are requested to have ET > 15 GeV, |η| < 2.5. Input variables
to the NNs are analogous to DØ. Events with no jets have signal contribution only from gluon
fusion and the dominant background is W W production. Events with one jet have additional
signal contribution from associate Higgs production and VBF and W W still remain the main
source of background. Finally, signal events with two or more jets are dominated by W H,ZH
and V BF production mechanisms and the dominant background comes from tt̄.
No significant excess over predicted background is observed in CDF data and 95% CL upper
limit on the production cross section of a SM Higgs boson are set using a Bayesian technique9 ,
which for mH = 160 GeV are 50% higher than the predicted SM cross section6 .
2.3

Same sign analyses

In order to increase the acceptance to Higgs events, both collaborations also perform searches
with two same charge final state leptons. The main signal contribution comes from W H →
W W W → l± l± + X, where one of the leptons comes from the W boson produced in association
with the Higgs. For these searches the main backgrounds are instrumental backgorunds coming
from charge mis-identification or jets faking a lepton signature. CDF uses 3.6 fb−1 and an
analysis technnique similar to the opposite sign analysis to set 95% CL upper limits on the
H ). DØ
production of a SM Higgs boson that are 6.6 times the expected SM cross section6 (σSM
H 8.
recentlyb made public a new result which use 3.6 fb−1 of data and set limits up to 18.4 · σSM
3

Tevatron combination and results

Results of both collaborations, in the High and Low mass region, are combined using two different
methods: a Bayesian and a modified frequentist technique9 . Both perform a counting experiment
for each bin of the final discriminant, including effects from systematics uncertainties.
This combination procedure is able to correlate systematics uncertainties among different
analysis and experiments. Systematics uncertainties are divided in two main categories: rate and
shape systematics. The first ones affect the normalization of the different signal and background
contributions; these are the most important and are dominated by theoretical uncertainties on
signal and background cross sections used to normalize our simulations. Shape systematics affect
the shape of the output discriminant; an important example is the jet energy scale calibration.
b

This result is not currently included in the Tevatron combination discussed in section 3

Figure 1: Observed and expected (median, for the background-only hypothesis) 95% CL limits on the ratios to
the SM cross section, as functions of the Higgs boson mass for the combined CDF and DØ analyses.

Figure 1 summarize the combination for Higgs masses between 100 and 200 GeV/c2 . The
dotted line represent the median, the green and yellow bands one and two sigma spread of the distribution of the expected limits from a background-only hypothesis; the solid line is the limit that
is set looking at data. Each analysis is performed for different Higgs mass hypotheses in 5 GeV
steps, then results are connected with a straight line for better readability. The combination
excludes at 95% CL a Standrd Model Higgs boson in the 160 < mH < 170 GeV/c2
mass range; the expected limits are 1.1 and 1.4 times the expected SM cross section respectively
for an Higgs mass of 160 and 170 GeV.
4

Conclusions

During latest years CDF and DØ have improved their sensitivity to low cross section processes,
been now in the reaches of the Higgs production. The combination of the analysis carried out by
the two experiments has led for the first time to the exclusion of a SM Higgs in the 160−170 GeV
mass range. More data is available to be analyzed and more will be collected in the next years
allowing an exclusion by each experiment and widening the combined exclusion region.
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SEARCHES FOR BSM HIGGS AT THE TEVATRON
L. SCODELLARO
(on behalf of the CDF and DØ Collaborations)
Instituto de Fisica de Cantabria, Avda de los Castros s/n,
Santander 39005, Spain
In this paper, we present the latest results of the searches for beyond standard model Higgs
boson production at the Tevatron collider of Fermilab. Analyses have been carried out on
samples of about 1-4 fb−1 of data collected by the CDF 1 and DØ 2 detectors. In particular,
Higgs bosons in supersymmetric models and fermiophobic scenario have been investigated,
and limits on production cross sections and theory parameters have been established.

1

Introduction

The CDF and DØ experiments are finally reaching sensitivity to a standard model Higgs boson
production in pp̄ collisions at the Tevatron 3 . Nevertheless, no hint for Higgs has been observed
yet. Moreover, the experiments can not still probe the low mass region M H < 160 GeV/c2 which
is favorite by the fit to the electroweak observables.
Searches for Higgs boson production in the context of beyond standard model theories are
then well motivated and have been carried out both from CDF and DØ collaborations. We will
summarize here the latest results, by focusing on four different scenarios: neutral Higgs bosons
in the minimal supersymmetric standard model (MSSM), charged Higgs bosons, Higgs in the
next to minimal supersymmetric standard model (nMSSM), and fermiophobic Higgs bosons.
2

Neutral Higgs Bosons in the MSSM

The MSSM requires the existence of two isodoublets of Higgs fields, which couple to up-type
and down-type fermions respectively. Out of the eight degrees of freedom, three are absorbed by
the masses of the Z and W bosons, and five are associated to new scalar particles: three neutral
Higgs bosons (h, H, A) and two charged ones (H ± ). At tree level, Higgs phenomenology in the
MSSM is described by two parameters: the ratio tan β of the vacuum expectation values of the
Higgs doublets, and the mass mA of the pseudoscalar boson A.
The couplings of neutral Higgs bosons to bottom quark b and tau τ (down-type fermions)
scale as tan β with respect to standard model value. For tan β ∼ 1, therefore, limits on standard
model Higgs production apply to neutral Higgs in MSSM too. At high values of tan β, production
processes involving b quarks are enhanced of a factor tan 2 β. Moreover, the pseudoscalar boson
A becomes degenerate with either one of the other neutral Higgs particles, which provides a
further enhancement of the searched signal. Finally, in the high tan β region the neutral Higgs
bosons decay dominantly into bb̄ (Br∼ 90%) or τ + τ − (Br∼ 5-13%) pairs.
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Figure 1: Exclusion regions in the plane mA -tan β from neutral Higgs boson φ0 searches at the Tevatron. Left
plot result comes from φ0 b → bbb studies at the DØ experiment, while right one has been obtained by the CDF
collaboration by searching for inclusive φ0 → τ + τ − production.

The CDF and DØ collaborations looked for signal of MSSM neutral Higgs boson production
both inclusively and in association with a bottom quark. While offering a higher cross section,
the inclusive production can only be exploited in the decay mode to taus, due to the high
background from QCD processes which can mimic a b b̄ signal. Associated production has been
instead investigated both in the τ + τ − and bb̄ decay channels. The reconstruction of the hadronic
decays of the tau and the identification of jets coming from b quark hadronization are key
ingredient of these searches. Upper limits on production cross sections can be interpreted as
exclusion regions in the plane mA -tan β. Since at higher order other parameters of the MSSM
become important for Higgs phenomenology, a particular set (benchmark scenario) for their
values have to be considered when drawing the exclusion regions. Fig. 1 shows the results
for the maximum Higgs mass and the no-mixing scenarios 4 , and for Higgs mixing parameter
µ = ±200 GeV.
3

Charged Higgs Bosons

Searches for charged Higgs bosons H ± have been carried out at the Tevatron experiments by
looking in top quark samples. In particular, the CDF collaboration looked for the decay of top
quark into charged Higgs and bottom quark in t t̄ pair production events. In order to reduce
background, the other top was required to decay in a W boson which then decay to leptons, and
the bottom quarks are required to be tagged. The charged Higgs is assumed to decay exclusively
±
to quarks. This search is sensitive to MSSM production for tan β < 1 and M H
< 130 GeV/c2 . By
±
′
±
′
fitting the observed dijet mass distribution to H → q q̄ , W → q q̄ and background templates,
an upper limit on the branching ratio of the t → H + b decay has been set as a function of the
Higgs boson mass (see Fig. 2).
The DØ experiment searched for charged Higgs boson by using a different approach, which
consists in computing the effects that a t → H + b decay would have on the yields of events in
the different tt̄ decay channels, and then comparing the expectations to the observed number
of events to set limit on the branching ratio of top quark decay to charged Higgs boson. Fig. 3
shows the results in two scenarios for the Higgs decay: a tauonic model where the Higgs decays
exclusively into tau and neutrino (which is equivalent to the MSSM for very high values of
tan β), and a leptophobic model assuming Br(H + → cs̄)= 100 % (realized by a general multiHiggs-doublet model 5 ).
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Higgs Bosons in the nMSSM

The nMSSM 6 adds a singlet superfield to the MSSM, allowing the theory to generate dynamically
the mixing term µHu Hd in the Higgs sector, and solving in this way the µ problem. It also turns
out to be the simplest supersymmetric model in which the electroweak scale originates only from
the scale of supersymmetry breaking.
Two additional Higgs boson states appear in the nMSSM: a neutral CP-even Higgs s and
a CP-odd Higgs a. While the lightest CP-even Higgs boson h remains SM-like in the nMSSM,
its dominant decay may not be necessarily into a b b̄ pair, since the mass of the new state a
is allowed to be small enough for the decay h → aa to become dominant. LEP limits on the
mass of the h boson can then be avoided if M a < 2mb , obtaining in this way a theory free from
fine-tuning problems.
The DØ collaboration searched for the nMSSM process h → aa. At low M a < 2mτ , a 4 muon
signature is required, and upper limits on σ(pp̄ → hX)×Br(h → aa)×Br(a → µµ) 2 at about
10 fb have been set. Assuming Br(h → aa) ≈ 100% and M h = 120 GeV/c2 , which correspond to
a production cross section of 1000 fb within the SM, it should be Br(a → µ + µ− ) > 10% to avoid
detection, while the nMSSM predicts a branching ratio for the decay a → µ + µ− greater than
10% for a boson mass up to 2mc , and, depending on the branching ratio of a to charm quarks,
possibly even up to 2mτ . For Ma > 2mτ , the decay channel to µ+ µ− τ + τ − has been investigated
and the limits set on Higgs production are still a factor of ∼ 4 larger than predictions.
5

Fermiophobic Higgs Bosons

A fermiophobic Higgs boson would greatly enhance the sensitivity of the Tevatron experiments
to Higgs production in the low mass region (M H > 130 GeV/c2 ), where the dominant SM decay
to bb̄ provides a difficult signature due to the background from QCD processes. Theoretically,
null (or highly suppressed) coupling of the Higgs boson to fermions could indicate a different
origin for fermion and boson masses.
The benchmark fermiophobic model assumes the same Higgs couplings to gauge boson as in
the SM, and no couplings to fermions. In such a scenario, Higgs direct production is forbidden,
and productions in association with a W or a Z boson and via vector boson fusion become the
dominant mechanisms.
The CDF and DØ collaborations looked for W H → W W W ∗ production in events with
two leptons (electrons or muons) with the same charge. Observed limits on the production
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Figure 4: CDF and DØ upper limits on the Higgs associated
production with a W boson times the branching ratio of Higgs
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Figure 5: CDF upper limits on the production
cross section times branching ratio for a fermiophobic Higgs boson decaying into photons, compared with benchmark model predictions.

cross section times the branching ratio for the decay H → W + W − are compared to SM and
fermiophobic model predictions in Fig. 4.
Inclusive production of a Higgs boson decaying to photons has also been searched by the
two experiments by exploiting the high resolution (about 3%) on the reconstructed mass of the
diphoton system provided by their calorimeters. When comparing the observed limits on the
production cross section to the benchmark model expectations, a lower limit on the mass of a
fermiophobic Higgs boson is set at 106 GeV/c 2 (see Fig. 5).
6

Conclusions

The CDF and DØ collaborations looked actively for Higgs bosons in the context of physics
beyond the standard model in about 1-4 fb−1 of pp̄ collisions at the Tevatron collider. Advanced
techniques have been established and several limits on relevant parameters for different theories
have been set, but no Higgs production signal has been observed yet.
Lot of improvements are to come: increased statistics (both experiments already have 5 fb −1
of data on tape) and combination of different search channels and experiment results will enhance
the sensitivity to Higgs production, eventually leading to new insights on the mechanism of
electroweak symmetry breaking.
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A summary of the sensitivity of the ATLAS and CMS experiments at the LHC to discover
a Standard Model Higgs boson is presented. Some prospects for Minimal Supersymmetric
Standard Model Higgs searches at LHC are also included.

1

Introduction

The primary objective of the LHC is to elucidate the mechanism responsible for electroweak
symmetry breaking. In the context of the Standard Model (SM) the assumption of one doublet
of scalar fields gives rise to a scalar particle known as the Higgs boson. 1,2 The Higgs mass is not
predicted by theory and, to date, direct experimental searches for the Higgs have put a lower
limit 3 on its mass at MH > 114.4 GeV/c2 and recently excluded 4 the MH ∈ [160 − 170] range
@95%CL. A preferred value for the Higgs mass, derived by fitting precision electroweak data, 5
2
2
is currently MH = 90+36
−27 GeV/c with an upper bound of 163 GeV/c @ 95% CL. This bound
increases to 191 GeV/c2 when the LEP-2 direct search limit of 114.4 GeV/c2 is included in the
fit.
Both the ATLAS and CMS experiments at the LHC, scheduled for proton-proton collision
data-taking beginning Autumn 2009, have been designed to search for the Higgs over a wide
mass range. 6,7 These proceedings summarize the sensitivity for each experiment to discover a
√
SM Higgs boson with relatively low integrated luminosity per experiment (1 − 5 fb−1 ) at s =
14 TeV, as well as recent developments that have enhanced this sensitivity. A brief discussion
on the sensitivity for these experiments to discover one or more of the Higgs bosons from the
minimal version of the supersymmetric theories 8 (MSSM) is also included.
2

Standard Model Higgs Production at the LHC

The SM Higgs production NLO cross-sections at the LHC, as a function of Higgs mass, are
shown in Figure 1. The dominant production mechanism for SM Higgs boson production,
which proceeds via a top-quark loop, is the Gluon-Gluon Fusion mode (gg → H) which suffers
from large background at low mass. The Vector Boson Fusion (VBF) process (qq → Hqq) is the
second-most dominant production mode at the LHC having a very distinct final state. Associated
Production modes, where the Higgs is produced via qq ′ → HW, qq → HZ and gg, qq → ttH,
have much smaller cross-sections. The presence of a W, Z or top-quark alongside the Higgs, or
high-pT high-η jets from VBF, allow for triggering on events with Higgs in invisible final states.

Figure 1: Dominant Standard Model Higgs production cross-sections at the LHC.2

3

Figure 2: Branching ratios for Standard Model
Higgs decays.2

Higgs Discovery Final States

The final states most suitable for discovery at the LHC vary depending on the branching ratios
(shown in Figure 2), which are a function of the Higgs mass, and the relevant backgrounds.
For MH < 2MW the dominant decay mode is through bb; however, due to the enormous QCD
background, the discovery is unlikely using this channel. The γγ final state, which appears when
the Higgs decays via bottom, top and W loops, has a small branching fraction but an excellent
γ/jet separation and γ resolution help to make this a very significant channel. H → τ + τ − is
accessible through the VBF modes, where the two struck quarks appear as high-pT jets in the
very forward (high-η) and opposite regions of the detectors.
If the Higgs mass is large enough to make the W W and ZZ modes kinematically accessible,
the H → W W (∗) final-states are powerful over a very large mass range (W W accounts for ∼95%
of the branching ratio at MH ∼160 GeV/c2 ), as is the H → ZZ (∗) → 4l final state–the latter of
which is commonly referred to as the “Golden Mode” as with four leptons in the final state the
signal is easy to trigger on and allows for full reconstruction of the Higgs mass.
Both ATLAS and CMS have conducted extensive fully-simulated GEANT-based 9 Monte Carlo
studies to determine the experimental viability of all of these channels at NLO. A few of these
signatures are highlighted below; for details, the reader is referred to their corresponding Technical Design Reports 6,7 and updates. 10
3.1

H → γγ

Despite the small branching ratio, H → γγ remains a very attractive channel for MH < 140
GeV/c2 . Genuine photon pairs from qq → γγ, gg → γγ and quark bremsstrahlung comprise the
irreducible background, while jet-jet and γ-jet events, where one or more jets are misidentified
as photons, make up the reducible background. Z → ee events, with both electrons misidentified
as photons, can be reduced using electron/photon separation techniques. The sensitivity of this
channel is similar for both experiments; the high-granularity liquid Argon calorimeter of ATLAS
is capable of determining the primary vertex with great precision, while CMS has a superior
energy resolution. Studies conducted by both experiments consider the signal and background
to NLO. Both experiments have looked beyond a simple cut-based analysis and enhanced the
signal significance by ∼35%. With an integrated luminosity of 10 (30) fb−1 the significance is
just above 4σ (8σ) for MH = 130 GeV/c2 , .
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H → ZZ (∗) → 4l (4e, 4µ, and 2e2µ)

At MH > 130 GeV/c2 , the 4-lepton channels gain in importance on account of the precise energy
reconstruction of both ATLAS and CMS for electrons and muons. This channel has a very clean
signal with high branching ratio except at MH ∼ 2MW . Since an excellent mass resolution
(1.5 − 2 GeV/c2 for mH = 130 GeV/c2 ) can be achieved, it is a powerful analysis in a wide
mass range. The dominant backgrounds for these channels are ZZ (∗) , Zbb and tt production.
Through the use of impact parameter and lepton isolation requirements the latter two can be
significantly reduced. Collectively, the significance for these channels is more than 5σ for 30
fb−1 of data in the whole mass range for both experiments separately, which have comparable
significance.
3.3

H → W W (∗) → lνlν (l = e, µ)

As the branching ratio for a SM Higgs decaying to W W is more than 95% at ∼160 GeV/c2 , this is
the most significant channel at that mass point. Unlike other channels, in the H → W W → lνlν
final state (ATLAS has considered the H + 0j and H + 2j processes in the eνµν channel only)
full mass reconstruction is not possible and the analysis is essentially reduced to a counting
experiment; therefore an accurate background estimate is critical. The dominant backgrounds
for this analysis are W W and tt production. The former can be suppressed by exploiting
spin correlations between the two leptons while the latter has been shown to be suppressed
significantly by a jet veto. Using NLO cross-sections and conservative estimates for the effect of
systematic uncertainties, a significance of around 5σ for MH = 165 GeV/c2 with an integrated
luminosity of ∼1 fb−1 is estimated.
3.4

H → τ +τ −

The distinct experimental signature of Higgs production via VBF allows for search channels like
H → τ + τ − , resulting in a very significant channel for low masses and important for studying
the coupling of Higgs to leptons. ATLAS and CMS now both consider three final states, thus
covering all combinations of leptonically- and hadronically-decaying taus. Triggering on the fully
hadronic mode is currently under investigation. Despite the presence of multiple neutrinos in
the final-state, mass reconstruction can typically be done via the collinear approximation where
the tau decay daughters are assumed to be in the same direction as their parent. A significance
around 5σ can be achieved with ∼ 30 fb−1 at MH ∼ 115 GeV/c2 .
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Summary of Higgs Discovery Potential

The expected significance combining various final states as a function of SM Higgs mass and
cumulated luminosity is summarized in Figure 3 for the ATLAS experiment, while the updated 10
√
combined and s= 10 TeV projected exclusion limit result for CMS in the two main search
channels (H → ZZ (∗) and H → W W (∗) ) with 1 fb−1 is shown on Figure 4. The discovery
potential at ATLAS and CMS is quite similar.
Discovery prospects for the detection of MSSM Higgses (A, h, H and H ± ) have also been
evaluated. 6,7 At tree-level, all Higgs masses and couplings can be expressed in terms of mA
and tan β. The complete region of the mA − tan β parameter space (mA = 50 - 500 GeV/c2
and tan β = 1 − 50) should be accessible to the LHC experiments. The sensitivity for the
discovery of MSSM Higgses, in the mmax
scenario is summarized in Figures 5 and 6. The bbH/A
h
production mode allows a reach extending down to MA ∼ 150 GeV/c2 , tan β ∼ 15 with the µµ
and τ τ channels for 30 fb−1 of data. SM Higgs searches reinterpreted in the MSSM (mainly
h → γγ, qqh/H → qqτ τ ) cover the low and intermediate tan β region.
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LIGHT HIGGS SEARCHES AT THE LHC USING JET SUBSTRUCTURE
MATHIEU RUBIN
LPTHE, UPMC Univ. Paris 6, CNRS, 4 place Jussieu 75252 Paris CEDEX 05, France
It is widely believed that searching for a light Higgs boson (with a mass around 120 GeV)
in the W H and ZH channels, where H → bb̄, will be very challenging at the LHC. These
proceedings describe how this channel can be recovered as a promising search channel at high
pt by using a subjet analysis procedure.

1

Motivation

One of the major goals of the LHC is to discover the Higgs boson, which is the only particle of
the Standard Model (SM) that has not been seen yet at colliders. Even if we cannot predict its
mass, SM precision electroweak fits seem to favour a low-mass Higgs,2 and LEP data excluded
a mass below 114 GeV.3 That’s why we are going to focus on the search for a light Higgs
boson at the LHC, assuming its mass is between 115 GeV and 130 GeV.
Such a search is very difficult because the dominant decay channel into a bb̄ pair is swamped
by backgrounds. To overcome this issue, experiments usually rely on a combination of several
search channels including Higgs decay into γγ, ZZ ∗ , and τ + τ − . Unfortunately, to be efficient
discovery channels, they need a large integrated luminosity.4,5 Therefore, maybe would it
be interesting to examine Higgs boson production in association with a W or a Z, where
the vector boson decays leptonically, and H decays into bb̄? These channels may improve
our ability to see a low-mass Higgs boson and they offer an opportunity to measure Higgs
couplings with vector bosons and bb̄.
2

Problems and high-pt solution

These channels are important search channels at Tevatron,6 but at the LHC they suffer from
very large QCD backgrounds, essentially W bb̄, Zbb̄ and tt̄. The Atlas study7 also highlighted
the fact that you need an exquisite control of background shape in order to identify the signal
above it.
To get rid of these problems, one possible solution is to look for high-pt Higgs bosons,
where pmin
pt > pmin
is 200 or 300 GeV. Of course, by doing so, we only keep a small fraction
t
t
of the total V H cross-section (V = W or Z). But there are several compensating advantages:
(1) the ratio signal over background is increased because the V bb̄ cross-section falls somewhat
more quickly with pt than V H cross-section, and due to kinematical constraintsa , the tt̄ crosssectionb falls even more quickly with pt ; (2) as V and H are very boosted, they mainly decay
in the central region of the detector, and therefore we gain in detector acceptance; (3) the
ZH channel where Z → ν ν̄ becomes more easily visible because of the large missing ET ; (4)
backgrounds lose the cut induced shape that was problematic in the Atlas study.
a
b

b and b̄ from t and t̄ decays must be close to each other, see next section
more precisely the part of the tt̄ background that looks like the signal

3

The subjet analysis procedure

As the Higgs boson is very boosted, the b and b̄ from its decay are close to each other.c Therefore, we require 1 high-pt jet in the event. Once such a jet is identified, a question immediately
arises: is it a Higgs jet or a background QCD jet? Of course, this is common problem for
LHC analyses and some solutions have already been found in the boosted regime.10,11,12 All
of them exploit the soft divergence of gluon emission in QCD, which implies that there is
a high probability to emit a soft gluon. Therefore, if one measures the energy fraction of a
splitting, one can make a guess as to whether a gluon was emitted or not. By doing so, we
can reduce a large part of the quark-gluon and gluon-gluon splittings, even if gluon splitting
into q q̄ remains irreducible with this method.
3.1

The mass drop analysis (MD)

In our study, we use this idea as a first step to suppress as much background as possible in
what we call the Mass Drop Analysis. Its goal is to identify the splitting responsible for the
large jet mass, while discarding soft emissions. In order to extract the angular scale Rbb̄ of this
splitting (cf note c), we use the Cambridge/Aachen (C/A) algorithm,8,9 which is a sequential
recombination algorithm like the kt except that it is ordered in angle rather than in relative
transverse momentum. We go back through the clustering history of the highest-pt jet using
the following procedure:
1. Break j into 2 subjets j1 and j2 (such that mj1 > mj2 ) by undoing its last stage of
clustering.
2. If (mj1 < µmj ) and min(p2tj1 , p2tj2 )∆Rj21 ,j2 > ycut m2j then exit the loop.d
3. Otherwise, redefine j to be equal to j1 and go back to step 1.
Here, µ and ycut are 2 parameters of this procedure that measure respectively the importance
of the mass drop and the hardness of the splitting. In practice, they were chosen as µ = 23
and ycut = 0.09.
The final jet j that remains after the end of the loop is considered as our Higgs candidate
if both j1 and j2 are b-tagged.
3.2

The filtering analysis

The MD analysis allows us to reduce the background but is not sufficient for the LHC. Indeed,
at the reference pt scale of 200 or 300 GeV, the angular separation Rbb̄ is still large (cf note c:
Rbb̄ ∼ 1) and the Underlying Event (UE), whose effect on the jet mass scales like R4 ,13 will
degrade too much the mass resolution (cf figure 1). We thus have to reduce this effect as
much as possible, and this is what
 is done
 in the filtering analysis, whose procedure is the
Rbb̄ e
following: first define Rfilt = min 0.3, 2 ; then cluster the particles that remain after the
MD analysis in the Higgs candidate jet (the “Higgs neighbourhood”) using C/A algorithm
with Rfilt ; and finally take the 3 hardest jets. This last step allows us to keep the major part
of the perturbative radiation, which eventually leads to a good mass resolution on our jets
(figure 1).
c

Their angular separation is roughly Rbb̄ ≃ √

MH
1
z(1−z) pt

, where z and 1 − z are the energy fractions of the

b and b̄, MH and pt being respectively the mass and the transverse momentum of the Higgs boson
d
2
= (yi − yj )2 + (φi − φj )2
∆Rij
e
This choice was motivated by Monte-Carlo studies of a few possible options
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Figure 1: (a) Effect of the subjet analysis procedure on the signal: ZH events with UE were generated using
HERWIG14,15 and JIMMY16 , with a pt cut of 200 GeV, and clustered using C/A with R = 1.2. We plot
the Higgs candidate jet mass distribution before any subjet analysis (solid curve), after MD analysis (dotted
curve), and after filtering analysis (dashed curve). (b) The same for the background (QCD jets), where the
hardest jet mass distributions are plotted. Notice that the MD analysis essentially reduces the background in
the signal region, whereas the filtering analysis improves jet mass resolution for the signal

4

Event generation and selection

To examine the impact of the subjet analysis on a light Higgs boson search at the LHC, we
generated signal and background events using HERWIG14,15 . We studied 3 different channels,
all involving the production of a Higgs boson (decaying into bb̄) with a vector boson (decaying
leptonically): (1) ZH with Z → l+ l− , (2) ZH with Z → ν ν̄, (3) W H with W → lν. For each
channel, we generated several kind of backgrounds: W W , W Z, ZZ, Zj, W j, jj, tt̄, single
top. We also simulated the UE using JIMMY16 .
The reader is refered to 1 in order to get all the detailed cuts of our analysis. But the two most
important points to keep in mind are the large pt cut of at least 200 GeV we impose on the
Higgs candidate, and the subjet analysis procedure to discriminate against QCD background
and improve jet mass resolution.
Results at hadron level
Events / 8GeV / 30fb-1
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Figure 2: Results for the 3 channels combined, with b-tag/mistag rates = 0.6/0.02

Figure 2 shows our results for a luminosity of 30 fb−1 when we combine the 3 channels.
The most important backgrounds are from tt̄ and V j. The V Z background can become
problematic only in case of poor experimental mass resolution. On the plot, the Higgs peak
is seen with a significance of 4.5σ in a 16 GeV window (112-128 GeV).
Also shown in figure 3 are the results for different b-tag/mistag rates and for different Higgs
masses. Most scenarios are above 3σ, but to be a significant discovery channel, it requires
decent b-tagging, lowish mass Higgs, and good experimental mass resolution.
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Figure 3: Impact of b-tagging, Higgs mass and pt cut. In (a) mH = 115 GeV

6

Conclusion

Contrary to what was believed, W H and ZH channels may be promising search channels at
the LHC for a low-mass Higgs boson. We carried out a simple analysis that leaves room for
improvement, and the significance of 4.5σ that we obtained for 30 fb−1 implies that it deserves at least a serious experimental study.f Moreover, this channel provides very important
information on W W H, ZZH and bb̄H couplings.17
This study exploits a new subjet analysis procedure that allows one to reduce QCD background and improve mass resolution on jets. It is not restricted to Higgs physics, but can also
be used to identify for instance a W or a Z, or even new particles, that decay hadronically.
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Higgs and Beyond the Standard Model physics with the FP420 detector at the LHC
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The physics case of the FP420 R&D project aiming at the installation of proton detectors in the LHC
tunnel at 420 m from the ATLAS and CMS interaction points, is presented. The motivations of the
measurements accessible with FP420 – exclusive Higgs production (p p → p H p) and photon-induced
processes (p p → p γ p → p X p, p p → p γ γ p → p X p, where X is sensitive to new physics) – are outlined.
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Introduction
Proton-proton collisions at the LHC will give access to many different scattering processes at energies
never studied before. The primary goal of the collider is the production of new particles predicted within
or beyond the Standard Model (SM): Higgs boson, SUSY partners of the SM particles ... The dominant
production mode of heavy particles are high-p T parton-parton scatterings in “head-on” p p collisions.
Such collisions are characterised by large QCD activity and backgrounds which often complicate the
identification of new physics signals. In this context, the clean topologies of exclusive particle production in “peripheral” p p processes mediated by colourless exchanges – such as di-gluon colour-singlet
states (aka “Pomerons”) or two photons (Fig. 1, left) – is attracting increasing interest despite their much
smaller cross sections, O(10−5 ), compared to the standard parton-parton interactions. Exclusive events
are characterised by wide rapidity gaps on both sides of the centrally produced system and the survival of
both protons scattered at very low angles with respect to the beam. The final-state is thus much cleaner,
with a larger signal/background and the event kinematics can be constrained measuring the final protons.
A prime process of interest is Central Exclusive Production (CEP) of the Higgs boson, pp → p ⊕ H ⊕ p,
(’⊕’ represents a rapidity-gap i.e. a large region devoid of hadronic activity). In order to detect both
protons in the range of momentum loss appropriate for Higgs masses close to the LEP limit, 114 GeV/c 2 ,

σ (fb)

detectors must be installed a few mm’s away to the outgoing beams in the high-dispersion region 420 m
away from the interaction points on each side of the ATLAS and CMS experiments. The FP420 R&D
project [1] aims at assessing the feasibility of installing such near-beam detectors in the LHC tunnel to
measure the leading protons issuing from central-exclusive or photon-exchange processes, in conjunction
with the produced system measured in the central ATLAS and CMS detectors.
σ(pp → H+X ), s = 14 TeV
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Figure 1: Left: Diagrams for central exclusive Higgs production (top) and photon-photon interactions (bottom). Right: Cross
sections for the SM Higgs versus MH in production channels accessible at the LHC [2] (σ pH p is from [1] and σγ γ→H from [3]).

1

Higgs physics

The ATLAS [4] and CMS [5] experiments have been designed to discover the SM Higgs, if it exists, in
√
p p at s = 14 TeV with a few tens of fb−1 in at least one or two decay modes, in the dominant gluongluon or vector-boson-fusion (VBF) production channels (Fig. 1, right). As important as discovering
a Higgs-like resonance, it is to characterise its properties and confirm that it is the particle responsible
of the SM electroweak symmetry breaking. The following Higgs properties are very challenging to
determine in the traditional LHC searches:
• Coupling to b-quark: Testing the mass-dependent Yukawa couplings of Higgs to the various SM
fields is crucial. Yet, the H → bb decay channel is now considered unaccessible at the LHC [4, 5]
due to the overwhelming QCD background: σ(H → bb) ≈ 20 pb ≪ σ(bb) ≈ 500 µb.
• Quantum numbers: The expected SM Higgs spin-parity J PC = 0++ is very difficult to determine
at the LHC in the currently favoured range of massesa MH . 180 GeV/c2 .
• Nearly-degenerate Higgs bosons: Possible additional Higgs states with similar masses (but different parities) predicted in various extensions of the SM, are not easy to separate.
a At higher masses, the azimuthal asymmetry of the SM Higgs VBF-jets or ZZ-decay can be used to confirm its CP numbers.

• Mass & width in invisible decays: Details on possible invisible branching ratios remain very difficult as their presence can only be determined in counting-type measurements in VBF channels.
• (N)MSSM Higgs’es: Additional Higgs bosons in (next-to) minimal supersymmetric extensions
of the SM, with largely enhanced third-family (b, τ) decays, with CP-violating mixings, or with
complicated decay channels (e.g. h → aa → 4τ) remain very problematic (if possible at all).
The main motivation of a CEP Higgs measurement is that it can help to address all these issues well
before a possible future e+ e− linear collider becomes operational. Indeed, observation of a Higgs-like
resonance in the CEP channel benefits from (i) enhanced signal over backgrounds (giving access to the
difficult bb decay channel) [6, 7, 8, 9, 10]; (ii) quantum numbers measurement via azimuthal asymmetry
of the leading protons [11]; (iii) mass determination with O(2 GeV/c 2 ) resolution from the leading protons via the “missing mass” method, M h2 = (p1 + p2 − p′1 − p′2 ) [12], irrespective of the (e.g. possibly
invisible [13]) decay modes; (iv) separation of scalar from pseudoscalar degenerate states, as the CEP
system is scalar with an approximate J PC = 0++ selection rule [14]; and (v) discovery possibilities (bb, ττ
decays) in complicated regions of the MSSM [7, 15, 16] or NMSMM [17].
The CEP Higgs process (top diagram in Fig. 1) is dominated by a hard scale, Λ2QCD ≪ Q2 ≪ MH2 ,
and thus calculable with perturbative QCD techniques. The QCD factorization theorem is applicable
with the addition of an extra factor accounting for non-perturbative effects (see below). Schematically,
2
σ pp→pH p = uPDF(x1,2 , Q2 ) ⊕ σgg→H ⊕ Sgap
survival .

33

N events (3 years at 2x10 cm-2s-1)

Here uPDF(x1,2 , Q2 ) are proton ’unintegrated parton distribution functions’ which can be approximated
√
in terms of standard gluon distribution functions, g(x, Q 2 ) evaluated at x = MH / s and Q = MH /2,
times a ’Sudakov suppression factor’ encoding the probability that the fusing gluons do not radiate in
their evolution from Q up to the hard scale. The possibility of soft rescatterings where particles from
the underlying p p event (i.e. from other parton interactions) populate the gaps, is basically independent
of the short-distance subprocess and can be taken into account with a multiplicative gap survival probability factor S2 , computable within eikonal approaches [18, 19]. For S2 = 0.03, the expected SM CEP
Higgs cross section (MH = 120 GeV/c2 ) is around 3 fb (Fig. 1, right). The reliability of such theoretical calculations has been cross-checked at the Tevatron in the exclusive production of high-mass dijets,
p p̄ → p + j j + p̄ [20] and scalar quarkonium states p p̄ → p + χ c0 + p̄ [21], which are well described by
the theory. In certain regions of the MSSM, at high tan β and small M A , with enhanced Higgs coupling
to fermions, σ pp→pH p can be a factor of 10–100 larger [7, 15].
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Figure 2: Left: Top view of the proposed FP420 system on top of the moving ’Hamburg’ pipe in the cold area of the LHC
tunnel (zoom shows the support table with one detector section). Right: Expected mass fit for the MSSM h → bb̄ decay
(MH = 120 GeV/c2 ), measured with FP420 in 60 fb−1 integrated luminosity [16]. (The significance of the fit is 3.5σ).

For Higgs masses close to the LEP limit, M H ≈ 120 GeV/c2 , both protons lose a longitudinal momentum fraction ξ1,2 ≈ 1% (using MX2 ≈ ξ1 ξ2 s) and, after accounting for the LHC beam optics [22], the
optimal proton tagging acceptance is beyond the current ALFA [23] and TOTEM [24] Roman Pots (RPs)
detectors around 220 m (which have p acceptances for larger masses, 0.02 < ξ < 0.2). The proposed
FP420 detector system [1] – a magnetic spectrometer consisting of a moveable 3-D silicon tracking system and fast Čerenkov detectors located in a 12-m-long region at about 420 m from the ATLAS and
CMS IPs (Fig. 2, left) – allows for the detection of both outgoing protons scattered by a few hundreds
µrads (i.e. 3 – 9 mm at 420 m) relative to the LHC beamline. A measurement of the protons relative-time
of arrival in the 10 ps range is required for matching them with a central vertex within ∼2 mm. Such a
vertex matching is required to reject a large fraction of the simultaneous p p pile-up collisions at highluminosities. Under such circumstances, MSSM Higgs line-shapes can be reconstructed e.g. in the b b̄
channel with a 3σ or better significance with an integrated luminosity of 60 fb −1 (Fig. 2, right) [16].
2

Photon-proton and photon-photon physics
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A significant fraction of pp collisions at the LHC will also involve quasi-real (low-Q 2 ) photon interactions: one photon is emitted by one (or both) incoming proton(s) which then subsequently collides with
the other proton (photon) producing a system X (Fig. 1, bottom left). The LHC thus offers the unique
possibility to study γ γ and γ p processes at centre-of-mass (c.m.) energies well beyond the electroweak
scale. Such photon-induced interactions are less central (i.e. take place at larger impact parameters) than
Pomeron-induced processes and, thus, the exchanged squared-momentum t ≈ p 2T is smallerb . Differential
cross sections for pp(γq/g → X )pY reactions, as a function of the γ-proton c.m. energy, are presented
in Fig. 3 (left) together with the acceptance of forward proton taggers. A large variety of processes have
sizeable cross section well in the TeV energy range. Fig. 3 (right) shows various pair production cross
sections (for charged and colourless fermions and scalars of two different masses) as a function of the
minimal photon-photon c.m. energy Wγ γ .
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Figure 3: Left: Differential cross-sections for various pp(γq/g → X)pY processes as a function of the c.m. energy in γ-proton
collisions, Wγp . The acceptance of RPs (220 m at 2 mm from the beam-axis, and 420 m at 4 mm from the beam-axis) is also
sketched [25]. Right: Cross sections for various γγ processes at the LHC as a function of the minimal Wγ γ c.m. energy [25].

Various exclusive photon-induced processes sensitive to new physics are accessible to measurement
b The t-distribution

is of the type exp(−b t) with slope b ≈ 4 (40) GeV−2 for double-Pomeron (double-photon) collisions.

at the LHC with forward proton taggers [25]:
1. two-photon production of W and Z pairs sensitive to anomalous quartic gauge couplings [26],
2. two-photon production of supersymmetric pairs [27], and
3. anomalous single top photoproduction [28].
Many physics scenarios beyond the SM, with novel interactions and/or particles, lead to modifications of the gauge boson (γ, W and Z) self-interaction vertices. Two-photon production of W ,Z pairs
provides an excellent opportunity to investigate anomalous quartic gauge couplings. The WW process
has a total cross section of more than 100 fb, and a very clear experimental signature. The processes
γγ → W +W − → l + l − νν̄ and γγ → ZZ → l + l − j j have been investigated via the signature of two leptons
(e or µ) within the CMS [26] acceptance. The calculated cross section upper limits can then be converted
to limits on the anomalous quartic couplings which are about 4000 times stronger than the best limits
established at LEP2.
The SUSY pair cross-section at the LHC, e.g. γγ → l˜+ l˜− , has cross-sections O (20 fb) still consistent with the LEP search limits. Two-photon exclusive production of pairs of new charged particles
benefits from (i) the possibility to significantly constrain their masses, using double leading-proton information, and (ii) in the case of SUSY pairs, the presence of simple final states without cascade decays,
characterised by two (acoplanar) charged leptons with large missing energy with low backgrounds, and
large trigger efficiencies. With this technique and sufficient statistics, masses could be measured with
precision of a few GeV/c2 by looking at the minimal c.m. energy required to produce the heavy pair [27].
Single top photo-production in the SM is only possible for higher-order electroweak interactions,
since neutral currents preserve quarks flavour at tree level. The observation of a large number of single
top events would hence be a sign of Flavour Changing Neutral Currents (FCNC) induced by processes
beyond the SM. A general effective Lagrangian for such processes can be written with anomalous couplings ktuγ and ktcγ . Strong limits on the anomalous coupling ktuγ (of which the current best value, from
ZEUS, is around 0.14) and the unprobed ktcγ can be obtained with forward proton taggers in photonproton collisions after 1 fb−1 of integrated luminosity [28].
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HiggsBounds is a computer code which tests the Higgs sectors of new models against the current exclusion bounds from the Higgs searches at LEP and the Tevatron. As input, it requires
a selection of model predictions, such as Higgs masses, branching ratios, effective couplings
and total decay widths. HiggsBounds then uses the expected and observed topological cross
section limits from the Higgs searches to determine which points in the parameter space have
already been excluded at 95% CL. HiggsBounds will be updated to include new results as they
become available.

1

Introduction

The search for Higgs bosons is a major cornerstone of the physics programmes of past, present
and future high energy colliders. The LEP and Tevatron experiments, in particular, have been
able to turn the non-observation of Higgs bosons into constraints on the Higgs sector, which
can be very useful in reducing the available parameter space of particle physics models. Such
constraints will continue to be important far into the LHC era as they will need to be taken into
account in the interpretation of any new physics.
These analyses usually take one of two forms. Dedicated analyses have been carried out
in order to constrain some of the most popular models, such as the SM 1 and various benchmark scenarios in the MSSM 2 . In addition, model-independent limits on the cross sections of
individual signal topologies (such as e+ e → hi Z → bb̄Z) have been published. The former
type of analyses include detailed knowledge of the overlap between the individual experimental
searches, and therefore have a high sensitivity, whereas the latter can be used to test a wide
class of models.
There are certain issues involved with the application of these experimental constraints. The
data is distributed over many different publications and the limits are given with a variety of
normalisations. In the case of the Tevatron, the results are also frequently updated. Furthermore, care must be taken when using more than one experimental analysis to ensure that the
resulting exclusion bound has the same confidence level (CL) as each individual analysis.
The fortran code HiggsBounds 11 has been designed to facilitate the task of comparing Higgs
a
b

Online version and code download available at: http://www.ippp.dur.ac.uk/HiggsBounds.
Talk presented by K. E. Williams at “Rencontres de Moriond – QCD and High Energy Interactions 2009”

Table 1: LEP and Tevatron analyses used by HiggsBounds. l or l′ indicates an electron or a muon, and † indicates
analyses which combine processes using SM assumptions. In this notation, mhk > mhi .
e+ e− → (hk )Z → (bb̄)Z

pp̄ → ZH → l+ l− bb̄ ( CDF,DØ )

e+ e− → (hk )Z → (τ + τ − )Z

pp̄ → W H → lνbb̄ ( CDF,DØ )

e+ e− → (hk → hi hi )Z → (bb̄bb̄)Z

pp̄ → W H → lνbb̄ ( CDF,DØ )

e+ e− → (hk → hi hi )Z → (τ + τ − τ + τ − )Z

pp̄ → H → W + W − → l+ l′− ( CDF,DØ )

e+ e− → (hk hi ) → (bb̄bb̄)

pp̄ → H → γγ ( CDF,DØ )

e+ e− → (hk hi ) → (τ + τ − τ + τ − )

pp̄ → H → τ + τ − ( CDF,DØ )

e+ e− → (hk → hi hi )hi → bb̄bb̄bb̄

pp̄ → bH, H → bb̄ ( CDF,DØ )

e+ e− → (hk → hi hi )hi → τ + τ − τ + τ − τ + τ −

pp̄ → W H/ZH → bb̄ + ETmiss. ( CDF,DØ )†

+ −

+ −

e e → (hk → hi hi )Z → (bb̄τ τ )Z

pp̄ → H/HW/HZ/H viaVBF,

e+ e− → (hk → bb̄)(hi → τ + τ − )
e+ e− → (hk → τ + τ − )(hi → bb̄)

H → τ + τ − ( CDF )†
combined Tevatron analyses for the SM Higgs†

sector predictions with existing exclusion limits, thus allowing the user to quickly and conveniently check a wide variety of models against the state-of-the-art results from Higgs searches.
2

Outline of the program

The user provides the Higgs sector predictions of the model under consideration. For each
neutral Higgs boson hi (i = 1, . . . , nHiggs ) in the model, this will usually include the mass, total
decay width, branching ratios and Higgs production cross sections:
(P )
Mhi , Γtot (hi ) , BRmodel (hi → ...) , σmodel
σref (P )

.

(1)

Where it exists, σ SM (P ) is used as the reference cross section. Variations on this input format
are offered, as described in detail in the HiggsBounds manual 11 . The HiggsBounds package
includes sample programs which demonstrate how HiggsBounds can be used in conjunction
with the widely used MSSM Higgs sector programs FeynHiggs 9 and CPsuperH 10 .
A list of the experimental analyses 2,3,4 currently included in HiggsBounds is given in Table 1.
These include results from both LEP and the Tevatron and consist of tables of expected (based
on Monte Carlo simulations with no signal) and observed 95% CL cross section limits, with
a variety of normalisations. The list mainly consists of analyses for which model-independent
limits were published. However, we also include some dedicated analyses carried out for the
case of the SM. These analyses are only considered if the Higgs boson in question would appear
sufficiently ‘SM-like’ to this analysis. Roughly speaking, this requires that the ratios of all
involved couplings to the SM couplings are approximately equal 11 .
For each Higgs process X (here, we treat each combination of Higgs bosons in each experimental analysis as a separate X), HiggsBounds uses the input to calculate the quantity
Qmodel (X), which, up to a normalisation factor, is the predicted cross section for X.
The normalisation is carried out using SM predictions for Higgs boson production cross
sections and decay branching ratios from HDECAY 5 3.303, the TEV4LHC Higgs Working Group 6,8 ,
VFB@NLO 7 , HJET 8 1.1 and dedicated calculations of our own 11 .
In order to ensure the correct statistical interpretation of the results, it is crucial to only
consider the experimentally observed limit for one particular X. Therefore, HiggsBounds must
first determine X0 , which is defined as the process X with the highest statistical sensitivity
for the model point under consideration. In order to do this, the program uses the tables of
expected experimental limits to obtain a quantity Qexpec corresponding to each X. The process
with the largest value of Qmodel /Qexpec is chosen as X0 .

Figure 1: Coverage of the LEP Higgs searches in the MH1 –tan β plane of the CPX scenario, where MH1 is the
lightest neutral Higgs boson and tan β is the ratio of vacuum expectation values. Left: the LEP processes predicted
to have the highest statistical sensitivity at each parameter point. Right: the parameter regions excluded at the
95% CL (green (dark grey) = excluded, white = unexcluded, light grey = theoretically inaccessible)
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HiggsBounds then derives a value for Qobs for this process X0 , using the appropriate table
of experimentally observed limits. If
Qmodel (X0 )
> 1,
Qobs (X0 )

(2)

HiggsBounds concludes that this particular parameter point is excluded at 95 % CL.
In order to use HiggsBounds, the narrow-width approximation must be valid for each Higgs
boson described in the input. This is because the experimental exclusions bounds currently
utilised within HiggsBounds have all been obtained under this approximation. We intend to
include width-dependent limits into HiggsBounds in the future, where they are provided by
experimental collaborations in a model-independent format (such as those provided in Ref.4 ).
3

Numerical example: the CPX scenario

We will illustrate some of the main features of HiggsBounds using an example from Ref. 12
(with the modifications described in Ref. 11 ). The CPX scenario was one of the MSSM scenarios
which were investigated in detail by the LEP Higgs Working Group 2 . It is phenomenologically
interesting because it introduces large CP-violating phases, which induce mixing in the neutral
Higgs sector, resulting in weaker exclusions than those obtained for the real MSSM. However,
since this original analysis, there have been relevant theoretical advances 13,12 , which can have a
large numerical effect on the Higgs sector of the CP-violating MSSM. Therefore, HiggsBounds
was employed to investigate the effect of these new results on the amount of CPX parameter
space which can be excluded by current Higgs search data.
From Fig. 1 (right), it can be seen that, although substantial regions of CPX parameter
space can be excluded (green), there are significant regions which remain unexcluded (white),
including an unexcluded region (the ‘CPX hole’) at a lightest Higgs mass Mh1
45 GeV,
qualitatively confirming the result of the original analysis 2 . In addition, the use of HiggsBounds
allows a greater understanding of the theoretical influences on the exclusions. For example, it
!
can be seen from Fig. 1 (right) that the process e+ e → (h1 Z) → (bb̄Z) (red), which is usually
the most effective at excluding areas of MSSM parameter space, has the highest statistical
sensitivity only in regions with low tan β and/or high Mh1 . This is because the coupling of
the lightest Higgs to two Z bosons is suppressed in the other regions, therefore reducing the h1
Higgsstrahlung production cross section. It is also interesting to note that, near to the CPX

hole, the processes with the highest statistical sensitivity all directly involve the decay of the
second heaviest neutral Higgs h2 . Therefore, it can be inferred that variations in the partial
decay widths of the dominant decay modes (in this case, the Higgs cascade decay h2 → h1 h1 and
the decay to b-quarks h2 → bb̄) will affect the size and position of the CPX hole, as is indeed
the case 12 .
In conclusion, the program HiggsBounds provides a convenient way to compare theoretical
Higgs sector predictions with the current exclusion bounds from LEP and the Tevatron, in a
way that maintains the statistical interpretation of the exclusion limit and gives extra insight
into phenomenological influences on the result.
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ALL-ORDER CORRECTIONS TO HIGGS BOSON PRODUCTION IN
ASSOCIATION WITH JETS
JEPPE R. ANDERSEN
Theory Division, Physics Department, CERN, CH 1211 Geneva 23, Switzerland
We present a new framework for calculating multi-jet observables. The framework is based
on the factorisation of scattering amplitudes in the kinematical limit of large invariant mass
between all particles. We show that by constraining the analyticity of scattering amplitudes
away from this limits, we get good agreement order by order with the full, fixed order perturbative calculation at the low orders where these are available, and therefore get firm predictions
on the all-order behaviour. As an example, we study Higgs boson production through gluon
fusion in association with at least two jets at the LHC.

1

Introduction

Achieving the full potential of the LHC will challenge our understanding and description of
events with multiple jets. A detailed understanding and description of the multi-jet predictions
arising from the Standard Model (SM) is necessary in order to fully disentangle this contribution
from that which might arise from much sought-after extensions of the Standard Model.
The true complication of each observed jet in terms of its constituent hadrons can currently
only be described within the context of a parton shower and hadronisation model, as implemented in e.g. Ref. 1,2,3 . However, while obtaining a good description of the structure of each
jet, the underlying soft and collinear resummation often underestimates the rate and hardness
(p⊥ -spectrum) of multi-jet samples4 . Matching procedures5,6,7 can ensure that the description
of a given process contains at least the full tree-level. Virtual corrections (and the resulting
weighting of samples with varying jet multiplicity) are, however, estimated using only the Sudakov factor from the shower, which arises from the requirement of unitarity of the parton
shower.
In this contribution, we will describe results obtained in an approach, which sums perturbative corrections to the hard scattering matrix element to all orders, but considers corrections of
a different origin than that of the soft and collinear logarithms of the parton shower. Instead of
focusing on the emission under small invariant masses, we will focus on the limit of hard, wideangle emission. The goal is to achieve an all-order exclusive description of the leading radiative
corrections (real and virtual) for the formation of extra jets, and not be concerned with the
description of the internal structure of each jet, which we will leave for a later matching with a
parton shower.
2

Building Blocks for All-Order Results

The approximation, which eventually allows us to construct an exclusive (i.e. differential in
the momenta of all particles), all-order resummation of the hard scattering matrix element, is

based on keeping only the leading contribution to scattering amplitudes in the limit where the
invariant mass sij between all particles is large. The QCD radiative corrections to the basic
2 → 2 partonic process (or 2 → W jj. . . ) can then be calculated in this limit. In terms of the
rapidities yi and transverse momenta p⊥,i of each particle, this Multi-Regge Limit is written as
y0 ≫ y1 ≫ . . . ≫ yn+1 ;

|pi⊥ | ≃ |pi+1⊥ |,

(1)

where obviously y0 ≫ y1 really means y0 − y1 → ∞. In fact, the leading contribution to the
tree-level matrix elements of all scattering processes can be calculated in this strict limit (and
sub-leading contributions are suppressed by one power of sij in the square of the matrix element).
This MRK limit of the matrix elements is reproduced by a set of Feynman rules consisting of
just one Feynman diagram for each rapidity ordering of particles. This one Feynman diagram
consists of a string of gluon propagators connecting effective vertices8,9 like e.g. the non-local
Lipatov vertex

 



ŝai
ŝbi
t̂i+1
t̂i
µi
µi
µi
C (pa , pb , qi , qi+1 ) = −(qi + qi+1 ) − 2
pb +2
pµa i ,
+
+
(2)
ŝab
ŝbi
ŝab ŝai
here described for the scattering process pa pb → p0 · · · pn , where ŝai = 2pa ·pi etc., and t̂i = qi2 is
the propagator associated with the ith connecting gluon. In fact, the leading virtual corrections
can be parametrised to all orders by replacing the 1/qi2 → 1/qi2 exp(α̂(qi )(yi−1 − yi )) in the
propagators.
So if these effective Feynman rules results in an approximation of the scattering amplitude
which reproduces the known MRK limit of the full scattering amplitude, why not just use
this limit instead of the (slightly) more involved effective Feynman rules? The point is that
we would like an approximation for the inclusive corrections to all orders, i.e. without having
to require large rapidity separations between each and every set of particles. By using the
effective Feynman rules, we can ensure that aside from reproducing the correct MRK limit, the
amplitudes fulfill certain requirements when applied away from the MRK limit (obviously, any
phase space point relevant to the LHC is specifically away from the exact MRK limit). Firstly,
the amplitudes which arise from these effective Feynman rules are gauge-invariant, i.e. satisfies
the Ward identity k.M = 0 exactly for each gluon of any (on-shell) momentum k, not just in
the MRK limit. Secondly, the full kinematic dependence is kept in the divergences arising from
the propagators of the connecting t-channel gluons (i.e. there is no limit taken in the kinematic
invariants arising); see Ref.10,11 for more details.
By also capturing the leading (in log(sij /ti )) contribution to the virtual corrections, it is
straightforward to organise the cancellation of the infra-red poles between the real and virtual
corrections, see e.g. Ref.10 . The resulting amplitudes are sufficiently simple that they can be
evaluated to any (necessary) order in αs , and the phase space integration is efficiently implemented following the procedure of Ref.12 . The end result is an inclusive (in the sense of including
the emission of any number of gluons) calculation, which is exclusive in the momenta of all particles. Therefore, any analysis (jet-algorithm, etc.) can be implemented on the output of the
resummation.
3

Higgs Boson plus Multiple Jets

This resummation scheme was first applied to the process of Higgs Boson production through
gluon fusion in association with at least two jets10,11 . This process is particularly interesting
when a large rapidity difference between two jets occurs. Firstly, it allows for an extraction of
the CP structure of the ttH-coupling13 . Secondly, it is necessary to understand the process in
details, since it is a background to the extraction of the coupling of the Higgs boson to Z/W
in Higgs boson production through weak boson fusion 14 . This process therefore naturally lends
itself to a treatment based on the phase-space assumptions of Eq. (1).
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Figure 1: Left: The cross section for hjj and hjjj obtained using MadGraph, compared with the result obtained
using the effective Feynman rules, allowing all-order resummation. Right: The relative jet rates in the fully
resummed and matched event sample.

After constructing a set of rules which are sufficiently simple to allow all-order results to be
constructed, the next step for any resummation programme should be to verify that the rules
are also sufficiently accurate that whatever is summed will resemble the perturbative series for
whatever process is claimed to be resummed. On Fig. 1(left) we compare the α4s and α5s cross
sections for hjj and hjjj (jets defined with kt-algorithm, p⊥ > 40GeV) production respectively,
between our approximation (allowing all-order results to be obtained) and the full tree-level
QCD results (obtained using MadGraph15 ), within a standard set of weak-boson fusion-cuts,
and with a scale choice equal to a Higgs mass of 120GeV. The red bands indicate the scale
uncertainty. It is clear that the approximation is sufficiently accurate in describing the hard
emission that it is worthwhile constructing a resummation based on them. This holds true also
for kinematic distributions, see Ref.10 . Furthermore, in the final formulation the Higgs boson
plus two and three jet results are matched to full tree-level accuracy. On Fig. 1(right), we show
the relative contribution from various exclusive jet states within the resummed and matched
result for inclusive Higgs boson production in association with at least two jets. Again, the red
bands indicate the scale uncertainty in the relative jet rates in the resummed result. We see
that within these cuts, the exclusive two-jet rate will account for only roughly 17-25% of the
cross section for Higgs boson production in association with two or more jets, with the higher
jet rates accounting for the rest.
The inclusive (i.e. containing virtual and real-emission corrections to all orders) nature of
the resummation allows one to study the dependence on the details (like rapidity-range and
transverse momentum cut) of a central jet veto. Such jet vetos are intended to suppress the
gluon-fusion contribution to the hjj-channel. As an example, we show in Fig. 2 the cross section
in the resummed and matched calculation, when apart from the cuts mentioned on the figure,
a requirement is imposed that
∀j ∈ {jets with pj⊥ > p⊥,veto } \ {a, b} : yj −

ya + yb
> yc ,
2

(3)

where jets a, b are the most forward/backward hard jet of transverse momentum larger than
40GeV. For a transverse momentum cut of 40GeV, the result for yc → ∞ is obviously what
would be called the exclusive two-jet rate of the resummed and matched calculation. It is seen
that with a veto as hard as 40GeV on further jets, the cross section is reduced to about 100fb
(with the scale choices made in Ref.10 ), which is less than half of the tree-level prediction for hjj
within the same cuts. This promises well for central jet vetos as a method of suppressing gluon
fusion contribution to hjj within the weak boson fusion cuts.
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Figure 2: The cross section for Higgs boson production in association with at least two jets, as a function of the
parameters of a veto on extra jet activity.

4

Conclusions

We have very briefly described the ideas behind a resummation scheme, which captures the
effects of hard emission resulting in the formation of observable jets, and discussed example
analyses. A partonic event generator based on this formalism for Higgs boson production in
association with jets can be downloaded http://andersen.web.cern.ch/MJEV.
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STRONGLY INTERACTING GAUGE BOSON SYSTEMS AT THE LHC a
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We explore the potential of the CERN-LHC to access strongly interacting gauge boson systems
via weak-boson scattering processes with W + W − jj, ZZjj, and W ± Zjj final states, focusing
on the leptonic decay modes of the gauge bosons. Cross sections and kinematic distributions
for two representative scenarios of strong interactions in the weak sector and all relevant
background processes are computed with fully-flexible parton-level Monte-Carlo programs
that allow for the implementation of dedicated selection cuts. We find that models with new
resonances give rise to very distinctive distributions of the decay leptons. The perturbative
treatment of the signal processes is under excellent control.

1

Introduction

Weak gauge boson scattering reactions provide particularly promising means for gaining insight
into the mechanism of electroweak symmetry breaking. At hadron colliders such as the CERN
LHC this class of processes can be probed in vector-boson fusion (VBF) reactions, where the
quarks emerging from the scattering protons emit weak bosons which in turn scatter off each
other. The decay products of the gauge bosons emerge almost back-to-back at central rapidities,
while the quarks give rise to energetic jets of relatively low transverse momenta in the forward
and backward regions of the detector. Due to the lack of color exchange between the two separate
quark lines, additional jet emission from the central region is strongly suppressed.
These distinctive features allow for a separation of VBF reactions from QCD processes with
a priori much larger cross sections. In Ref. 1 we have developed dedicated selection cuts which
help to minimize backgrounds with respect to the signal of two “prototype” scenarios of strongly
interacting gauge boson systems. We considered modifications of the Standard Model (SM) with
a heavy and broad Higgs boson as example of a model with strong interactions in the gauge
boson sector, unitarized by a scalar resonance. As a model with vector resonances, we adapted a
Warped Higgsless scenario with an infinite tower of spin-one Kaluza-Klein (KK) excitations, Wk±
and Zk . They result from the compactification of a bulk-gauged Randall-Sundrum scenario 3,4
defined on a slice of a five-dimensional Anti-de Sitter space with the fifth coordinate y being
constrained to the interval R ≤ y ≤ R′ . The lowest-lying states Z0 , Z1 , and W1± are identified
with the photon and the Z and W ± bosons of the SM. Details of the models we have used and
references to the relevant literature can be found in 1,2 .
In this proceedings contribution we briefly recollect the major results of our previous work for
a
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these two representative scenarios of strongly interacting gauge boson systems at next-to-leading
order (NLO) QCD accuracy.
2

Framework of the Analysis

Strong interactions among weak gauge bosons give rise to enhanced cross sections for longitudinally polarized gauge bosons at large invariant masses, while the scattering of the transverse
modes remains perturbative. We thus define the “signal” of any model of strong interactions in
the weak sector by the enhancement of the corresponding VBF pp → V V jj cross section over
the SM prediction with a light Higgs boson. Throughout, V stands for a W ± or Z boson.
To clearly identify gauge boson scattering events in a hadron collider environment, the
suppression of large QCD backgrounds is essential. We explore the impact of QCD V V jj
production, where a colored parton rather than a weak boson is exchanged between the scattering
quarks and gluons, and, in the case of W + W − jj final states, furthermore the tt̄, tt̄ + 1jet, and
tt̄ + 2jets production processes. For all signal and background reactions, leptonic decays of
the gauge bosons are fully taken into account, retaining the spin and color correlation of all
final-state particles without any approximations. Throughout, we sum over charged leptons
of the first two generations and over three neutrino generations, but neglect identical-lepton
interference effects. For brevity, we will refer to these reactions as W + W − jj, ZZjj → 4ℓjj,
ZZjj → 2ℓ2νjj, and W ± Zjj production, even though we are always considering leptonic final
states. For the computation of the signal and background processes, respectively, we employ the
parton-level Monte Carlo programs Vbfnlo 5 and Helac 7 .
For our numerical studies we use the CTEQ6M parton distributions with αs (MZ ) = 0.118
at NLO and the CTEQ6L1 set at LO. As electroweak input parameters we choose the masses
of the SM gauge bosons, MZ = 91.188 GeV, MW = 80.423 GeV, and the Fermi constant,
GF = 1.166×10−5 GeV−2 , from which we obtain αQED and sin2 θW via LO electroweak relations.
Jets are recombined via the kT algorithm. To optimize the number of surviving signal events
with respect to backgrounds, the selection cuts of Ref. 1 are applied: All jets need to be located
within the detector and be well-separated from each other,
|ηj | < 4.5 ,

∆Rjj > 0.7 ,

(1)

where ηj denotes the jet rapidity and ∆Rjj the separation of any pair of jets in the rapidityazimuthal angle plane. The two jets of largest transverse momentum are referred to as “tagging
jets” with
ptag
T j > 30 GeV ,

∆ηjj = |ηjtag
1

| > 4,
ηjtag
2

< 0,
ηjtag
× ηjtag
2
1

mjj > mmin
jj ,

(2)

+
−
where the minimum invariant mass is given by mmin
jj = 1000 GeV for the W W jj mode and
mmin
jj = 500 GeV for all other channels. For the charged leptons, we impose

pT ℓ > 20 GeV ,

|ηℓ | < 2.5 ,

mℓℓ > 15 GeV ,

∆Rℓj > 0.4 ,

tag
tag
ηj,min
< ηℓ < ηj,max
,

(3)

where mℓℓ is the invariant mass of two charged leptons of the same flavor and ∆Rℓj stands for
the separation of a charged lepton from any jet. For b quarks, we moreover require ∆Rℓb > 0.4,
even if the b quark is too soft to qualify as a jet.
In addition to Eqs. (1)–(3), process-specific cuts are imposed on the decay leptons. For the
ZZ → 4ℓ jj final state, we require
mZZ > 500 GeV ,

pT (ℓℓ) > 0.2 × mZZ ,

(4)

where mZZ is the invariant mass of the four-lepton system, and pT (ℓℓ) the transverse momentum
of two same-flavor charged leptons. In the ZZjj → 2ℓ2ν jj decay mode, we impose
mT (ZZ) > 500 GeV ,

pmiss
> 200 GeV ,
T

(5)

with pmiss
being the transverse momentum of the neutrino system and
T
q

m2T (ZZ) = [ m2Z + p2T (ℓℓ) +

q

m2Z + (pmiss
)2 ]2
T

[~
pT (ℓℓ) + p~Tmiss ]2 .

(6)

For the W ± Zjj channel, we demand
mT (W Z) > 500 GeV ,
where

pmiss
> 30 GeV ,
T

q

|]2
m2T (W Z) = [ m2 (ℓℓℓ) + p2T (ℓℓℓ) + |pmiss
T

[~
pT (ℓℓℓ) + p~Tmiss ]2 ,

(7)
(8)

with m(ℓℓℓ) and pT (ℓℓℓ) denoting the invariant mass and transverse momentum of the chargedlepton system, respectively.
For the W + W − jj mode, powerful cuts are needed to tame the overwhelming tt̄ + jets backgrounds:
pT ℓ > 100 GeV ,

∆pT (ℓℓ) = |~
pT,ℓ1

mℓℓ > 200 GeV ,

p~T,ℓ2 | > 250 GeV ,

min (mℓj ) > 180 GeV ,

(9)

where ∆pT (ℓℓ) is the difference between the transverse momenta of the two charged decay
leptons, and min(mℓj ) the minimum invariant mass of a tagging jet and any charged lepton.
Moreover, for the top-quark induced backgrounds any additional jet activity in the centralrapidity region of the detector is vetoed by discarding all events with
pveto
T j > 25 GeV ,

tag
tag
ηj,min
< ηjveto < ηj,max
.

(10)

Events with jets which are positively identified as arising from b quarks are also vetoed, with
efficiencies depending on their transverse momenta and rapidities, cf. Tab. 2 in Ref. 1 .
3

Results and Discussion

Cross sections for the Higgsless Kaluza-Klein scenario with R = 9.75 × 10−9 GeV−1 , the heavy
Higgs scenario, and the sum of all backgrounds are calculated with the selection cuts listed
above. A pronounced sensitivity to the extra-dimensional model occurs in the W ± Zjj and
±
the W + W − jj modes, due to resonant contributions from the Wk=2
and the Zk=2,3 excitations,
respectively. The impact of the first Kaluza-Klein excitation with a mass of 700 GeV on the
transverse mass distribution of the W + Z system in the W + Zjj mode is illustrated by Fig. 1 (a),
which shows the Warped Higgsless signal together with the relevant backgrounds. Also displayed
is the distribution for the heavy Higgs scenario, which does not exhibit a resonance behavior in
the W + Zjj mode. The ZZjj channels, on the other hand, are very sensitive to heavy scalar
resonances, while they provide important control samples for the study of iso-vector spin-one
excitations, cf. Ref. 1 .
These features are very generic and do not suffer from large uncertainties due to radiative
corrections for the signal cross sections and distributions. Similar to related VBF processes
within the SM 6 , weak boson scattering reactions within the heavy Higgs and the Kaluza-Klein
scenario we considered are under excellent control perturbatively. NLO-QCD corrections to
total cross sections within the selection cuts introduced above are below 10 % and affect the
shapes of characteristic jet- and lepton distributions only marginally. This is exemplified by the

Figure 1:

Transverse mass distribution of the W + Z system for the pp → W + Zjj process after imposing
all dedicated selection cuts for various signal and background production processes at LO (a) and
associated K factor for the Kaluza-Klein scenario (b).

ratio of the NLO to the LO prediction, called K factor, for the transverse mass of the W + Z
Z considered.
system in Fig. 1 (b), which is close to one and flat over the entire range of mW
T
In summary, signatures of strongly interacting gauge boson systems should be observable at
the LHC on top of a priori large backgrounds after the application of dedicated selection cuts.
The combined analysis of the W + W − jj, W ± Zjj, and ZZjj modes will allow to differentiate
between various scenarios of new interactions in the gauge boson sector and thus help to gain
insight into the mechanism of electroweak symmetry breaking.
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3.
Light Mesons

KLOE RESULTS ON LIGHT MESON PROPERTIES
FEDERICO NGUYEN for the KLOE COLLABORATION a
INFN “Roma TRE”, Roma (Italy) – e-mail address: nguyen@fis.uniroma3.it
The KLOE experiment operating at the φ–factory DAΦNE has collected an integrated luminosity of about 2.5 fb−1 and 250 pb−1 , on and off the φ meson peak respectively. Recent
results achieved from studying properties of pseudoscalar and scalar mesons are presented.

1

Introduction: KLOE detector

The KLOE detector consists of a cylindrical drift chamber 1 (3.3 m length and 2 m radius),
surrounded by a calorimeter 2 made of lead and scintillating fibers. The detector is inserted in a
superconducting coil producing a magnetic field B=0.52 T. Large angle tracks from the origin
σp /p = 0.4%. Photon
(θ > 45◦ ) are reconstructed with momentum resolution
p
penergies and times
are measured with resolutions of σE /E = 5.7%/ E(GeV) and σt = 57 ps/ E(GeV) ⊕ 100 ps.
2

Pseudoscalar Mesons

KLOE collected a statistics of about 108 η and 5 × 105 η ′ events, produced through magnetic
dipole transitions, φ → ηγ and φ → η ′ γ, with full reconstruction of decay products.
η → π + π −e+ e−. CP violating (CPV) mechanisms can be tested in the decays of the pseudoscalar mesons by measuring an asymmetry Aφ in the angle φ between the e+ e− and π + π −
planes in the meson rest frame. In the η case, a nonzero Aφ value would signal CPV dynamics not
directly related to most widely studied flavour changing neutral current processes. Furthermore,
possible contributions 3,4 beyond the Standard Model can raise Aφ up to O(10−2 ).
The η → π + π − e+ e− analysis 5 is based on a sample of 1.7 fb−1 . The event selection consists
of the requirement of one photon of E > 250 MeV energy, namely the monochromatic photon
from φ → ηγ, and four charged tracks coming from the interaction region. Mass assignment
for each track is done using time of flight of the charged particles measured in the calorimeter.
Background sources are due to φ decays: φ → π + π − π 0 or η → π + π − π 0 processes with π 0 Dalitz
decay; or continuum processes: e+ e− → e+ e− γ events with γ conversions, studied using data
√
taken at s = 1 GeV. The contamination is evaluated by fitting the sidebands of the Mππee data
a
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spectrum with background components after loose cuts on the kinematic fit χ2 and on the sum of
momenta of the charged particles. Signal events are computed after rejecting γ conversions, and
from the fit the branching ratio is evaluated: BR(η → π + π − e+ e− ) = (26.8 ± 0.9stat ± 0.7sys ) ×
10−5 . The asymmetry Aφ is measured from momenta of the charged particles and background
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Cont. bckg
φ bckg
Signal MC

250

0.3
0.25
0.2

0.8

0.15

0.7

200

250

1
0.9

0.1
0.05

0.6

0

200

150

38

39

40

41

0.5
0.4

150
100

0.3

100

0.2

50

50

0.1

0
500 510 520 530 540 550 560 570 580 590 600

0
-0.5 -0.4 -0.3 -0.2 -0.1 0

Mππee [MeV]

0.1 0.2 0.3 0.4 0.5

0

30 32 34 36 38 40 42 44 46 48 50

φP

sinφcosφ

Figure 1: Left: Mππee distributions around the η mass resulting from the fit: χ2 /dof = 32.5/30. Middle:
sin φ cos φ distributions for 535 < Mππee < 555 MeV. Right: Zη2′ vs. ϕP , with constraints from Y 1 = Γ(η ′ →
γγ)/Γ(π 0 → γγ), Y 2 = Γ(η ′ → ργ)/Γ(ω → π 0 γ), Y 3 = Rφ and Y 4 = Γ(η ′ → ωγ)/Γ(ω → π 0 γ) measurements.

subtracted. From the selected sample of 1555 events, the first measurement of Aφ performed is
found compatible with zero at the 3% level: Aφ = (−0.6 ± 2.5stat ± 1.8sys ) × 10−2 . Left and
middle panels of Fig. 1 show the Mππee spectrum after the fit and the sin φ cos φ distribution in
the signal region.
η-η ′ mixing. From the selection of φ → η ′ γ → π + π − 7γ and φ → ηγ → 7γ events out of a
sample of 430 pb−1 , the ratio Rφ ≡ Γ(φ → η ′ γ)/Γ(φ → ηγ) is measured. η, η ′ are known to be
linear combinations of strange, ss̄, and nonstrange, nn̄, quarks. Moreover the η ′ could contain
a gluonium component GG, so that
|η ′ i = Xη′ |nn̄i + Yη′ |ss̄i + Zη′ |GGi

Xη ′

= cos ϕG sin ϕP

Yη′

= cos ϕG cos ϕP

= cos ϕP |nn̄i − sin ϕP |ss̄i

Zη′

= sin ϕG

|ηi

where ϕP is the pseudoscalar mixing angle. A combined fit 6 of the KLOE measured value
of Rφ ∝ cot2 ϕP cos2 ϕG with available measurements of Γ(η ′ → ργ)/Γ(ω → π 0 γ), Γ(η ′ →
γγ)/Γ(π 0 → γγ) and Γ(η ′ → ωγ)/Γ(ω → π 0 γ), yields the following results, if Zη2′ is fixed or not:
+0.6 ◦
) ,
ϕP = (41.5−0.7
◦

ϕP = (39.7 ± 0.7) ,

Zη2′ = 0 fixed,
Zη2′

= 0.14 ± 0.04,

Pχ2 = 0.01,

(1)

Pχ2 = 0.49.

(2)

A 3σ evidence is found for gluonium content in η ′ , as shown in Fig. 1 right panel. Further
analyses, including the new measurement 7 of the BR(ω → π 0 γ) done by KLOE, confirm the
gluonium content in the η ′ wavefunction.
3

Scalar Mesons

The still unresolved structure of these states is studied either through electric dipole transitions
such as φ → a0 (980)γ and looking at the mass spectrum of the scalar meson decay products, or
with the search for processes like φ → [a0 (980) + f0 (980)]γ → K K̄γ and γγ → σ(600) → ππ.

φ → a0 (980)γ → ηπ 0 γ. Two independent analyses 8 using η → 2γ or η → π + π − π 0 decays
are performed from a sample of 410 pb−1 . Both analyses share the requirement of five photons
from the interaction point. The selection of also two tracks of opposite charge, while less efficient
for η → π + π − π 0 events, has a selected sample with smaller background than from the η → 2γ
channel. The absence of a major source of interfering background allows to obtain the branching
fraction directly from event counting. Table 1 shows that the two samples lead to consistent
branching ratio values, thus a combined fit of the two spectra is performed. The couplings,
fitted according to the Kaon Loop 9 and the No Structure 10 models, point to a total width in
the range [80 ÷ 105] MeV and to a sizeable ss̄ content of the a0 (980).
channel features

η → γγ

η → π+ π− π0

signal efficiency

40%

20%

50%

14%

BR(φ → ηπ 0 γ) × 105

B/(S + B)

7.01(10)(20)

7.12(13)(22)

fit parameter

Kaon Loop

No Structure

982.5(1.6)(1.1)

982.5 (fixed)

ma0 (MeV)
ga0 K + K − (GeV)

2.15(6)(6)

2.01(7)(28)

ga0 ηπ (GeV)

2.82(3)(4)

2.46(8)(11)

gφa0 γ (GeV−1 )
χ2 /dof
CL

–

1.83(3)(8)

157.1/136

140.6/133

10.4%

30.9%

Table 1: Results from the two independent
analyses (first three rows) and from the combined fit of the two spectra (second six rows).

Figure 2: BR(φ → K K̄γ): excluded region (dark
band) at 90% CL compared with theoretical estimates and the KLOE prediction (light band).

search for [a0 (980) + f0 (980)] → K K̄. This process has never been observed. Detection
of a KS KS pair is a clear signature of a K K̄ pair with quantum numbers J P C = 0++ , thus
the φ → KS KS γ → 2(π + π − )γ process 11 is searched for, where the main background are the
resonant e+ e− → φγ → KS KL γ and the continuum e+ e− → π + π − π + π − γ processes. From an
integrated luminosity of 2.2 fb−1 , 5 candidate events are found in data, whereas 3 events are
expected from Monte Carlo background samples. This leads to BR(φ → K K̄γ) < 1.9 × 10−8 at
the 90% CL. Fig. 2 shows the predictions of various theoretical models for the branching ratio.
Some of them are excluded by this measurement. The present upper limit is consistent with the
BR(φ → K K̄γ) prediction computed with a0 (980) 8 , f0 (980) 12,13 couplings measured by KLOE.

search for γγ → σ(600) → π 0 π 0 . While there is a long debate on the observation 14,15 of
the σ(600) as a bound π + π − state, there is no direct evidence for the σ(600) → π 0 π 0 decay. At
DAΦNE, the detection of the process e+ e− → e+ e− π 0 π 0 implies 16 the intermediate process γγ
√
to a scalar meson state. From a sample of 11 pb−1 of data taken at s = 1 GeV, the feasibilty
study of the π 0 π 0 → 4γ invariant mass (M4γ ) spectrum – without tagging e+ or e− in the final
state – is performed. Preliminary results show an excess of events in the M4γ region below 400
MeV, difficult to be explained by φ decays or e+ e− annihilation processes. This preliminary work
is encouraging and motivates the analysis extension to the whole sample of 240 pb−1 collected
√
by KLOE at s = 1 GeV.

4

Conclusions

The KLOE data set, together with a precise simulation of the detector response and of a large
number of several processes – φ decays and continuum e+ e− annihilations – allowed for an
extensive study of properties of scalar and pseudoscalar mesons:
• the most precise BR(η → π + π − e+ e− ) determination and the first measurement of the
asymmetry between π + π − and e+ e− planes, found compatible with zero;
• evidence of valence gluons in the η ′ wavefunction to three standard deviations;
• good agreement between two ηπ 0 γ analyses with different systematics, where the combined
fit of the two spectra points to a sizeable strange quark content in the a0 (980);
• upper limit of the BR(φ → K K̄γ) at 90% CL with the whole KLOE statistics;
• excess of events with respect to known backgrounds in the 4γ invariant mass.
The programme of the KLOE-2 experiment, expected to roll in the e+ e− interaction region of
DAΦNE in the second half of 2009, includes meson spectroscopy with γγ interactions, improved
measurements in the η-η ′ sector and observation of the K K̄γ final states.
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Recent J/ψ results from BESII
Fang Liu (for BES Collaboration)
Institute of High Energy Physics, Beijing 100049, People’s Republic of China
Many decay modes of J/ψ channels are studied using 5.8×107 J/ψ events collected at BESII. The
1−− structure Y (2175) is observed in the decay of J/ψ → ηφf0 (980) and no significance signal exists
in the decay of J/ψ → ηK ∗0 K¯∗0 . The baryon pair processes of J/ψ → Σ+ Σ¯− and J/ψ → Ξ0 Ξ¯0 ,
are measured for the first time. The branching ratio of J/ψ to P P̄ η and P P̄ η ′ are determined. The
systems KS0 K ± π ∓ and K + K − π 0 associated with an ω (or φ), denoted as X(1440), are studied, and
the mass, width and branching ratios (or upper limit at 90% C.L.) are obtained.

I.

INTRODUCTION

Many decay modes of J/ψ are studied at the Beijing Electron Position collider (BEPC). BEPC operates in the
center of mass energy range from 2 to 5 GeV with a luminosity at the J/ψ energy of approximately 5 ×1030 cm−2 s−1 .
BES detector is described in Ref. [1].
The J/ψ and ψ(2S) has been useful for searches for new hadrons and studies of light hadron spectroscopy. A
number of new results are obtained in J/ψ decays. After observing a new 1−− structure Y (2175) [2] in the BABAR
collaboration, Y (2175) is also observed in the decays of J/ψ → ηφf0 (980), with η → γγ, φ → K + K − , f0 (980) →
π + π − [3], but no evidence of Y (2175) exists in the decay of J/ψ → ηK ∗0 K¯∗0 . The baryon pair processes of J/ψ →
Σ+ Σ¯− and J/ψ → Ξ0 Ξ¯0 are measured for the first time [4]. The branching ratios of J/ψ to P P̄ η and P P̄ η ′ are
determined [5]. The systems KS0 K ± π ∓ and K + K − π 0 associated with an ω have enhancements in the invariant mass
distribution near 1.44 GeV/c2 , however no evidence for mass enhancement exits in the K K̄π system recoiling against
a φ [6].

II.

OBSERVATION OF Y (2175)

In the decays of J/ψ → ηφf0 (980), a clear η in the γγ mass, φ in the K + K − mass and f0 (980) signal in the π + π − mass are seen in Fig. 1 (a) (b) and (c). A peak around 2175 MeV/c2 is observed in the
φf0 (980) invariant mass of Figure (d). A fit with a Breit-Winger function gives the peak mass and width of
m = 2.186±0.010(stat)±0.006(syst) GeV/c2 and Γ = 0.065±0.023(stat)±0.017(syst) GeV/c2 and the branching ratio
is determined to be Br(J/ψ → ηY (2175))·Br(Y (2175) → φf0 (980))Br(f0 (980) → π + π − ) = (3.23±0.75±0.73)×10−4.

FIG. 1: (a) The γγ invariant mass. (b) the K + K − invariant mass. (c) The π + π − invariant mass. (d) The φf0 (980) invariant
mass.

This observation stimulated some theoretical speculation that this J P C = 1−− state may be an s-quark version of

TABLE I: The branching fractions of J/ψ decays into Σ+ Σ¯− and J/ψ → Ξ0 Ξ¯0 .
channels J/ψ → Σ0 Σ¯0
J/ψ → Ξ− Ξ¯+
J/ψ → Σ+ Σ¯−
J/ψ → Ξ0 Ξ¯0
MARKI 1.3 ± 0.4
1.4 ± 0.5
3.2 ± 0.8(Ξ0 Ξ¯0 + Ξ− Ξ¯+ )
MARKII 1.58 ± 0.16 ± 0.25 1.14 ± 0.08 ± 0.020
DM2
1.06 ± 0.04 ± 0.23 1.4 ± 0.12 ± 0.24
BESII
1.33 ± 0.04 ± 0.11
1.50 ± 0.10 ± 0.22 1.20 ± 0.12 ± 0.21
BarBar 1.15 ± 0.24 ± 0.03

the Y (4260) since both of them are produced in e+ e− annihilation and exhibit similar decay patterns [7]. There have
been a number of different interpretations proposed for the Y (4260), including: a cc̄g hybrid [8–10]; a 43 S1 cc̄ state [11];
a [cs]S [c̄s̄]S tetraquark state [12]; or baryonium [13]. Likewise a Y (2175) has correspondingly been interpreted as:
a ss̄g hybrid [14]; a 23 D1 ss̄ state [15]; or a ss̄ss̄ tetraquark state [16]. As of now, Tetraquark none of these
interpretations have either been established or ruled out by experiment. It is possible to distinguish the hybrid and
higher quarkonium [14]. So the decay J/ψ → ηK ∗0 K¯∗0 which is forbidden if Y (2175) is a hybrid state is also studied
on BESII.
Figure 2 (a) (b) show γγ invariant mass and the scatter plot of K + π − versus K − π + after event selection, and a K ∗0 (K ∗0 ) band and η peak are obvious. Here the branching ratio of Br(J/ψ → ηK ∗0 K¯∗0 ) =
(7.7 ± 0.8(stat) ± 1.4(syst)) × 10−4 are measured for the first time. Figure (c) shows the invariant mass of K ∗0 K¯∗0 , no
obvious signal of Y (2175) exists and the upper limit of Br(J/ψ → ηY (2175)) · Br(Y (2175) → K ∗0 K¯∗0 ) at 90% C.L.
is given to be 2.26 × 10−4 .

FIG. 2: (a) The γγ invariant mass. (b) the scatter plot of K + π − versus K − π + . (c) The K ∗0 K¯∗0 invariant mass.

III.

J/ψ → Σ+ Σ¯− AND J/ψ → Ξ0 Ξ¯0

Figure 3 (a) (b) show the distribution of π 0 P and π 0 P̄ , Two clear bumps corresponding to the signal Σ+ and Σ¯− .
Figure 3 (c) shows the Σ fitting with the signal shape from MC simulation together with second order polynomial
for the background. Figure 4 (a) (b) show the distribution of π 0 Λ and π 0 Λ̄, Two clear bumps corresponding to
the signal Ξ0 and Ξ¯0 . Figure 4 (c) shows the Ξ fitting results. Table 1 summarizes the measurement results for
J/ψ → Σ+ Σ¯− and J/ψ → Ξ0 Ξ¯0 . We note that the isospin partners, Σ+ and Σ0 and also Ξ0 and Ξ− , have the similar
branching fractions in agreement with the expectations of isospin sysmmetry. And combining of the corresponding
ψ(2S) branching fraction PQCD 12% rule holds within errors.

FIG. 3: (a) The π 0 P invariant mass. (b) The π 0 P̄ invariant mass. (c) The πP invariant mass.

FIG. 4: (a) The π 0 Λ invariant mass. (b) The π 0 Λ̄ invariant mass. (c) The πΛ invariant mass.

TABLE II: The branching fractions of J/ψ decays into P P̄ η(η ′ ).
decays
P P̄ η(η → γγ)
P P̄ η(η → π + π − π 0 )
P P̄ η ′ (η ′ → ηπ + π − )
P P̄ η ′ (η ′ → γρ)

IV.

Br(10−3 ) (this work) PDG value (10−3 )
1.81 ± 0.02 ± 0.16
2.09 ± 0.18
1.77 ± 0.08 ± 0.25
0.225 ± 0.039 ± 0.040 0.9 ± 0.4
0.199 ± 0.025 ± 0.033

J/ψ TO P P̄ η AND P P̄ η ′

The decay of J/ψ → P P̄ η has been studied via η → γγ and η → π + π − π 0 , and shown in Fig. 5 (a) (b), respectively.
The decay of J/ψ → P P̄ η ′ has been also measured through η ′ → ηπ + π − and η ′ → γρ in Fig. 5 (c) (d).

FIG. 5: (a) The fitting result of η via η → γγ. (b) The fitting result of η via η → π + π − π 0 . (c) The fitting result of η ′ via
η ′ → ηπ + π − . (d) The fitting result of η ′ via η ′ → γρ.

V.

OBSERVATION X(1440) IN THE DECAYS J/ψ → ωK K̄π AND J/ψ → φK K̄π

Figure 6 (a) (b) shows the KS0 K ± π ∓ and K + K − π 0 invariant mass recoiling against the ω. A peak around 1.44
GeV2 , denoted as X(1440), is obvious. The mass, width, and branching fractions are obtained and listed in Table III.
Figure 6 (c) (d) show the KS0 K ± π ∓ and K + K − π 0 invariant mass recoiling against the φ. No significant structure
X(1440) exists and An upper limits on the X(1440) decay branching fractions at the 90% C.L. are also given in
Table III.

FIG. 6: The KS0 K ± π ∓ (a) and the K + K − π 0 invariant mass (b) in the decays ωK K̄π. The KS0 K ± π ∓ (a) and the K + K − π 0
invariant mass (b) in the decays φK K̄π.

TABLE III: The mass, width, and branching fractions of J/ψ decays into {ω, φ}X(1440).
J/ψ → ωX(1440)
J/ψ → ωX(1440)
(X → K + K − π 0 )
(X → KS0 K + π − + c.c.)
M = 1437.6 ± 3.2 MeV/c2
M = 1445.9 ± 5.7 MeV/c2
Γ = 48.9 ± 9.0 MeV/c2
Γ = 34.2 ± 18.5 MeV/c2
0
+ −
B(J/ψ → ωX(1440) → ωKS K π + c.c.) = (4.86 ± 0.69 ± 0.81) × 10−4
B(J/ψ → ωX(1440) → ωK + K − π 0 )
= (1.92 ± 0.57 ± 0.38) × 10−4
0
+ −
B(J/ψ → φX(1440) → φKS K π + c.c.) < 1.93 × 10−5
(90% C.L.)
B(J/ψ → φX(1440) → φK + K − π 0 )
< 1.71 × 10−5
(90% C.L.)

VI.

PROSPECT

The BEPC (BEPCII) has been updated by government approval and BEPCII has a high luminosity doublering collider. Many sub-detector has been greatly improved. Now BESIII has achieved new peak luminosity of
1.85 × 1032 cm−2 s−1 and taking ψ(2S) data. We’re expecting new exciting results at BESIII.
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4.
Heavy Flavours

THE STATUS OF FLAVOUR PHYSICS: AN INTRODUCTION

C. MATTEUZZI
I.N.F.N., Dipartimento di Fisica G.Occhialini U2, Piazza della Scienza 3,
Universita’ Milano-Bicocca, 20126 Milano, Italy
Flavour physics is a very interesting sector for present and future dedicated experiments and
machines. Some physics aspects of CP violation are still left open by the excellent measurements at B-factories and Tevatron. Very rare decays, forbidden in the Standard Model, for
which the required statistics can only be obtained at hadron colliders or super-B machines
will open a window on New Physics, in a complementary way to the direct searches at LHC.

1

Introduction

In the Standard Model, the flavor structure of the hadronic sector is governed by the CabibboKobayashi-Maskawa (CKM) matrix, which is usually parametrized in terms of three angles and
one phase, or, more conveniently, of the four parameters A, λ, ρ and η (Wolfenstein parametrization). The basic parameter λ, the Cabibbo angle, has been measured by KLOE with the best
precision ever 1 λ= sin θCabibbo = 0.2237 ± 0.0013. The unitarity triangle (UT) is a very useful
tool to analyse and represent the correlations among flavor and CP violating observables (see
figure 1).
In the recent years, the B-factories, working at the Υ(4s), at SLAC 2 and KEK 3 , made
several measurements of the UT sides and angles, and also in the leptonic sector. By now
sin(2β) is a precision measurement 4 , (sin(2β) = 0.668 ± 0.028), while the angles α and γ have
still large statistical and systematic uncertainties.
CDF and D0, working at the Tevatron, also produced excellent quality results 5 from B and
D decays, demonstrating that hadron machines are a viable source of high statistics b-hadrons
decays.

2

Current status of the CKM parameters

Combining all the available experimental information, the state of the art of the UT triangle in
the (ρ, η) plane is shown in figure 2 (taken from 6 ). The UT is now largely constrained leaving
small room to New Physics (NP). One can conclude that the SM is consistent up to the level
probed, which is the experimental error. New Physics effects beyond the Standard Model seem
therefore to be rather small, implying the need to make precise measurements and look at more
complex observables.

Figure 1: The representation of the CKM unitarity relations (bd) and (bs).

Figure 2: Determination of UT combining all the experimental measurements available.

3

Flavour Physics beyond 2009

An open problem of particle physics today is the CP violation mechanism. Cosmology tells
us that the Standard Model does not predict the amount of CP violation necessary for the
baryogenesis. The baryonic world in which we live needs more than what the CKM matrix
expects. The main goal of future experiments must be the discovery and investigation of possible
new contributions to this mechanism. This will have two aspects: test up to a very high level of
precision the consistency of the Standard Model and the CKM description of CP violation, and
on the other hand, to measure very rare decay modes which could be affected by the existence
of new particles introduced by NP models. New Physics must keep however Flavour Changing
Neutral Currents (FCNC) processes very small. The absence of FCNC in the SM is explained
by the GIM mechanism and the structure of the CKM matrix. Precise measurements of decays
with very small branching ratios could be therefore a window on new physics.
New particles can give additional loops or boxes through which the decays can take place:
their existence could then be probed by measuring the decay rate and other variables distributions involved. This indirect approach to discovery of new physics can in principle access
higher energy scales than direct production, accessible if enough energy is available at collider
experiments (after all indirect evidence of the 3rd family and of the Z o boson was inferred from
CP violation in kaon mixing and from the measurement of ν N → ν N). It can also access phases
of the new couplings, and B, D, K physics measurements will help understanding the nature of
the flavour structure of the New Physics found in direct searches at LHC.
In all cases, to detect New Physics effects in weak decays of b, c quarks and τ leptons, very
large statistics will be necessary in order to have the appropriate experimental sensitivities.

4

Is there new physics in B decays?

Rare B decays are highly sensitive to probe new degrees of freedom beyond the Standard Model.
Few examples are given here. A wide and exaustive review can be found in 7 .

4.1

The decay Bos → J/ΨΦ

The SU(3) counterpart of Bdo → J/ΨK o (with which B-factories measured the β angle), is
Bso → J/ΨΦ related to the phase βsSM of the oscillation Bso − B̄so , responsable for the CP
violation in the Bso → J/ΨΦ decay.
The presence of NP could contribute additional processes and modify the phase of the
mixing amplitude. Also its magnitude could be modified, but the Tevatron measurement of the
oscillation frequency 8 leaves extremely small room to new contributions.
The SM predicts a very small value, 2βsSM = 0.04 . CDF 9 and D0 10 , at Tevatron, have
measured, with the J/Ψ(µ− µ+ )Φ(K − K + ) final state a (combined) value 2.2 σ different from
the SM, with a combined luminosity of about 5.5 fb−1 . These experiments will add about a
factor of two in luminosity in 2009, but the best measurement of 2β s should come from LHCb 11 ,
especially when it can reach an integrated luminosity of 10 fb −1 . In this case the expected
statistical precision will be σ(2βs ) ∼ 0.01, allowing a 4σ test of the SM prediction 12 . Also
ATLAS 13 and CMS 14 plan to do this measurement, expecting to achieve σ(2β s ) ∼ 0.04 with
an integrated luminosity of 30 fb−1 .
If disagreement with the Standard Model suggested by the Tevatron measurements will be
confirmed, extremely interesting indications can be inferred on New Physics and its flavour
structure 15 .

Figure 3: Standard Model (left) and contribution of SUSY particles (right) to the Bso → µµ.

4.2

The decay Bos → µµ

The decay Bso → µµ can potentially be a window on the existence of new particles and provide a
constraint on the parameter space of New Physics. Its branching ratio is predicted by the SM to
be BR(Bso → µµ) = (3.4 ± 0.4)x10−9 , while the present experimental limits given by Tevatron
are of the order of 4.7 x 10−8 at 95% C.L. 16 .
In figure 3 it is shown how NP can intervene to change the decay rate of the SM. In SUSY
models this can increase as the 6th power of the parameter tanβ. It is a high priority for the
LHC experiments to make this measurement at the level of sensitivity requested by the SM.
This can be achieved in LHCb 12 with a 5σ statistical significance with 10 fb −1 . ATLAS 13 and
CMS 14 will require a much larger luminosity (about 30 fb −1 ) in order to get a limit 18 of the
order of 10−9 .
4.3

The decay Bo → K ∗o µµ

The transition b → s is one where NP effects can be large.
The decay Bo → K ∗o µµ (with the K ∗ → Kπ) is a FCNC process particularly interesting.
The SM forbids it at the tree level, therefore the contributions from NP can be comparable to
that of the SM, entering with loop diagrams.
The interference between the vector and axial vector current introduces an asymmetry in the
angular distribution of the muons which depends on the dimuon invariant mass squared s. The
forward-backward asymmetry (defined as muon going forward or backward in the rest frame of
the Bo ) vanishes at a value of s predicted precisely by the SM. This crossing point is sensitive
therefore, if measured with a small uncertainty, to different models of NP, as shown in figure 4.
The pattern of the zeros of the angular asymmetry in a given model will be useful in identifying
the correct model and/or limiting its parameters space.
Other variables, like the asymmetry in the spin amplitude and the polarization of the K ∗
provide sensitivity to NP.
LHCb expects to measure this channel very precisely with a luminosity of 2 fb −1 (see figure 4)

Figure 4: Left: prediction of different SUSY models for the asymmetry as a function of s. Right: expected
sensitivity for the measurement of the asymmetry AFB in LHCb with 2 fb−1 .

but also with a more modest luminosity it will already allow to discard some of the new physics
models 12 .
5

Conclusions

Flavour physics will give in the near future information on some major open problems of particle
physics today. The effects of New Physics in loops can be seen in rare decay branching fractions
of B, τ , D, K, in kinematic distributions and CP-violating asymmetries. Some examples for B
decays have been given in section 4. Purely leptonic branching ratio like B → τ ν must also be
mentioned because of its correlation with the sin(2β). D o − D̄o oscillations and rare decays like
D o → µ+ µ− can give complementary information if charm decay is affected by new dynamics
in a way different than in B decay 20 .
Branching ratios for KL → π o νν and K + → π + νν can be enhanced by factors 2 to 5 by new
physics contributions.
Flavour physics will play a significant role in deepening the understanding of the Standard
Model and, should NP found at LHC, will indicate specific patterns and distinguish between
various scenarios of New Physics. The rare decays are crucial to understand how FCNC are
suppressed in models beyond the SM.
Different approaches like dedicated experiments such as LHCb 12 at LHC, general purpose
LHC experiments ATLAS 13 and CMS 14 , dedicated machines (super-B factories 19 ), rare K decay
experiments, and better theoretical understanding and predictions, will be all fundamental for
achieving this goal.
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MEASUREMENTS OF THE MASSES, LIFETIMES AND MIXINGS OF B
HADRONS AT THE TEVATRON
S. MALDE on behalf of the CDF and D0 collaborations
Department of Physics, Denys Wilkinson Building, 1 Keble Road,
Oxford OX1 3RH, United Kingdom

√
The Tevatron, with pp collisions at s =1.96 TeV, can produce all flavors of B hadrons and
allows for unprecedented studies in the B physics sector. The CDF and D0 collaborations
have more than 5 fb−1 of data recorded. I present here a selection of recent results on the
masses, lifetimes and mixings of B hadrons using between 1.0 and 2.8 fb−1 of data.

1

Observation of the Ωb

1
The Tevatron has improved the understanding of B baryons through the observation of the Σ ±
b ,
± 2,3
−
Ξb
and, most recently, the Ωb . These predicted baryons were not observed until Run II. D0
−
+ − −
0
−
−
−1
observes the Ω−
b in the decay channel Ωb → J/Ψ[→ µ µ ]Ω [→ Λ (→ pπ )K ] using 1.3 fb
−
of data. To increase the acceptance of the Ω b the data is reprocessed with a modified tracking
algorithm that allows reconstruction of tracks with large impact parameters which occur in this
decay channel, due to the long lifetime of the Ω and Λ baryon. A boosted decision tree is used to
enhance the signal of the Ω over the combinatorial background, as shown in Fig. 1. D0 observes4
−
17.8±4.9(stat)±0.8(syst) Ω−
b baryons and measures M (Ω b ) = 6.165±0.010(stat)±0.013(syst)
2
GeV/c . The significance of the signal is greater than 5σ. The theoretical predictions of the
2
mass 5 , 5.94< M (Ω−
b ) <6.12 GeV/c , are lower than the observed mass.

2

B hadron lifetimes

The lifetimes of B hadron species test the Heavy Quark Expansion theory6 which predicts
the lifetime ratios7 : τ (B + )/τ (B 0 )=1.06±0.02, τ (Bs0 )/τ (B 0 ) = 1.00±0.01 and τ (Λb )/τ (B 0 ) =
0.88±0.05. The experimental world averages for these ratios are τ (B + )/τ (B 0 ) = 1.071±0.009,
τ (Bs0 )/τ (B 0 ) = 0.939±0.021 and τ (Λb )/τ (B 0 ) = 0.904±0.032.
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Figure 1: The left and center plots show Ω signal before and after the decision tree selection is applied. The right
hand plot shows the mass distribution of the Ω−
b candidates.
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Figure 2: The left hand plot shows the sample composition of the reconstructed Λb candidates. The decay time
distribution and fit projection is shown in the central plot. On the right is a comparison of τ (Λb ) measurements.

2.1

Λb lifetime

The Λb lifetime has raised recent interest as the CDF measurement of τ (Λ b ) using Λb → J/ΨΛ 8
was precise but larger than all previous measurements. CDF has also measured τ (Λ b ) using
fully reconstructed decays in the decay mode Λ b → Λc π, where the events are collected by the
displaced vertex trigger9 . This trigger exploits the long lived nature of B hadrons and yields
∼3000 Λb events in 1.1 fb−1 of data after signal optimization. The sample composition is shown
in Fig. 2. The trigger acceptance biases the decay time distribution. This is corrected for
by modeling the trigger efficiency using Monte Carlo simulation. After the sample composition is determined, an unbinned maximum likelihood fit is performed and measures cτ (Λ b )=
420.1±13.7(stat)±10.6(syst) µm. This is the world’s best determination of τ (Λ b ) and is consistent with all previous measurements as shown in Fig. 2. The lifetime ratio τ (Λ b )/τ (B 0 ) is
compatible with theoretical predictions. The systematic uncertainties in this measurement are
dominated by uncertainties in the simulation of the trigger response and the decay kinematics.
2.2

Bs0 lifetime

Previous measurements of τ (Bs0 ), which used semileptonic decay modes, were lower than τ (B 0 ).
CDF has measured the Bs0 flavor specific lifetime using the decay mode B s0 → Ds− π + using 1.3
fb−1 of data collected by the displaced vertex trigger10 . As before, Monte Carlo simulation is used
to correct for the decay time bias of the trigger. The measurement uses 1100 fully reconstructed
decays and also 2000 partially reconstructed decays e.g. B s0 → Ds−∗ π + , Bs0 → Ds− ρ+ which
significantly improves the statistical precision of the result. The partially reconstructed decays

have missing particles which results in a incorrect measure of the mass and transverse momentum
used to determine the decay time. This is corrected for statistically by introducing a K factor
L mrec
: t = xycPTb · K where the K factor distribution is determined from Monte Carlo and is the
ratio of the true lifetime and the lifetime measured using a partially reconstructed event. CDF
measures cτ (Bs0 )= 455.0±12.2(stat)±8.2(syst)µm which is the most precise measurement of the
flavor specific Bs0 lifetime and is compatible with the world average value11 of τ (B 0 ).
2.3

Simulation independent method of lifetime measurement

The use of Monte Carlo to model the trigger bias leads to large systematic uncertainties that will
dominate measurements with more data. A simulation free method to correct the trigger bias
has been developed12 at CDF to improve future measurements. This uses the decay kinematics
to determine a per event efficiency. The event efficiency is evaluated, as a function of decay time,
by calculating the trigger acceptance at each possible decay time along the B meson momentum
direction. Using the decay mode B + → D 0 π + , we measure τ (B + ) = 498.6±6.9(stat)±4.5(syst)
µm. This is consistent with the world average11 , and the measurement is presented as a proof of
principle. Overall, the total systematic uncertainty is half the size of the typical error from the
simulation dependent method. The largest contributions to the systematic uncertainties for the
simulation free method come from assumptions on the track finding efficiencies of the trigger.
2.4

Bc lifetime

The lifetime of the Bc meson is expected to be much smaller than the other B mesons as either
the b or c quark can decay. CDF and D0 use the semileptonic decay channel B c → J/ΨlX (where
l = µ, e). The neutrino is not reconstructed and the resulting mismeasurement of the mass and
transverse momentum of the Bc is statistically corrected for by determining K factors from
Monte Carlo. The decay time distributions of background events are modeled and calibrated
using Monte Carlo and data. CDF uses both the electron and muon channels in 1.0 fb −1 and the
combined measurement13 is cτ (Bc )=142±15(stat)±6(syst) µm. D0 analyzes the muon channel
only in 1.3 fb−1 and measures14 cτ (Bc )=134±11(stat)±10(syst) µm. Both measurements are
consistent with, and more precise than, theoretical predictions15 .
3

CP violation in Bs0 mixing

The study of CP violation in Bs0 mixing has been carried out by both experiments in the
decay Bs0 → J/Ψ[→ µ+ µ−]φ[→ K + , K − ]. The time evolution
of the B s0 and its
 of a Γmixture
 a
d a
0
antiparticle Bs is given by the Schrodinger equation i dt ( b ) = M − i 2 ( b ), where M and Γ are
the 2 × 2 mass and decay matrices that relate the flavor eigenstates, B s0 and Bs0 , with the mass
eigenstates, Bs0H and Bs0L . The difference in mass and width between B s0H and Bs0L is related to
L
the off diagonal elements of the mass and decay matrices as follows: m H
s − ms = ∆ms ≈ 2|M12 |,
ΓL − ΓH = ∆Γ ≈ 2|Γ12 |cos(φs ) where φs = arg(−M12 /Γ12 ) ≈ 0.04 in the Standard Model(SM).
Any new particle participating in the mixing loop that carries a weak phase will be measurable
given that the SM prediction is ∼0. This phase φ N P is accessible through the measurement
J/Ψφ
which is the relative phase between
decay amplitude and mixing followed
of βs

 the ∗direct
−Vts Vtb
by decay amplitude. In the SM βs = arg Vcs V ∗ ≈ 0.02 where Vij are the elements of the
cb
CKM matrix. A large observed βs is a clear indication of new physics, and is related to the new
J/Ψφ
P
physics phase, φN P , through 2βs
= 2βsSM − φN
s .
CDF and D0 reconstruct 3200 and 2000 signal events in 2.8 fb −1 of data respectively. The
angular distribution of the muons and kaons, (to disentangle the CP of final state), the tagging information, (to determine the initial flavor of the meson), mass, decay time and mixing
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Figure 3: Confidence intervals on the ∆Γ − βs plane. Note that φs = −2βs and hence the shift with respect to
the SM expectation is in the same direction for each experiment.

frequency are put together in an unbinned maximum likelihood fit to extract β s and ∆Γ. The
results are presented in confidence intervals as the errors are non Gaussian in Fig. 3. CDF
observes a 1.8σ deviation16 from the expected SM values and D0 observes a 1.7σ deviation17 .
A combination of the D0 result and a previous CDF result18 using only 1.35 fb−1 of data gives
a 2.2σ deviation from the SM. Although not statistically significant, it is interesting that both
experiments observe similar shifts. The evolution of this measurement as more data and analysis
improvements are incorporated is awaited due to the potential to observe new physics.
4

Conclusions

The Tevatron continues to lead the way with B-baryon mass measurements and B hadron lifetime
measurements. New and improved results can be expected with the data now available. CDF
and D0 have made interesting measurements related to CP violation in B s0 mixing and could
potentially observe the signature of new physics in the future. These exciting results demonstrate
the success of the B physics program at the Tevatron.
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Measurements of Rare B Decays at Tevatron
Masato Aoki
Fermi National Accelerator Laboratory,
Batavia, Illinois 60510, USA
(On behalf of the CDF and DØ Collaborations)
Both CDF and DØ experiments have been searching for evidence of physics beyond the standard model (SM) using the Tevatron pp̄ collider at Fermilab. We report on recent searches in
the B flavor sector, especially decays via flavor changing neutral current processes (FCNC),
0
B(s)
→ e+ µ− and Bs0 → µ+ µ− , at the Tevatron.

1

Introduction

The branching fraction of a rare decay mode is an interesting quantity to measure because the
contribution from physics beyond the SM may be sizable in rare decay modes. In order to be
able to observe rare heavy flavor decays it is essential to produce a sufficient number of bottom
hadrons. The bottom anti-bottom production cross-section σ(b b̄) at the Tevatron is O(105 )
larger than production in e+ e− colliders at the Υ(4s) or Z 0 energy scale. The large production
of all kinds of b-hadrons at the Tevatron offers the opportunity to study rare decays also in
the Bs0 and b-baryon sectors. On the other hand the inelastic cross section is 10 3 times higher
than σ(bb̄) requiring very selective and efficient triggers. Therefore, interesting events must be
extracted from a high track multiplicity environment, and detectors need to have very good
tracking, vertex resolution, wide acceptance, good particle identification and highly selective
triggers.
0 → e+ µ− and
In this article we report on searches for rare B decays via FCNC process, B (s)
Bs0 → µ+ µ− , using the Tevatron pp̄ collider at Fermilab.
2

0 → e+ µ− Decays
B(s)

0 →
In the SM, lepton number and lepton flavor are conserved; therefore the decays such as B (s)
e+ µ− are forbidden. However the observation of neutrino oscillations indicates that lepton flavor
is not conserved while lepton flavor violating (LFV) decays in the charged sector have not been
observed yet. The grand-unification theory by J. Pati and A. Salam predicts a new interaction to
mediate transitions between leptons and quarks via exchange of spin-1 gauge bosons, which are
called Pati-Salam leptoquarks (LQ), that carry both color and lepton quantum numbers 1 . The
lepton and quark components of the leptoquarks are not necessarily from the same generation 2,3 ,
and the decays Bs0 → e+ µ− and B 0 → e+ µ− can be mediated by different types of leptoquarks.
0 → e+ µ− using 2 fb−1 of Run II data 4 .
CDF reported on searches for the LFV decays B (s)
Data sample used in the searches was taken with the two displaced-track trigger, in which two

oppositely-charged tracks are required to have a transverse momentum p T > 2 GeV/c and an
impact parameter 5 0.1 < d0 < 1 mm, and it is also required that the scalar sum of the transverse
momenta of the two tracks is greater than 5.5 GeV/c, the difference in the azimuthal angles of
the tracks is 20◦ < ∆ϕ < 135◦ , and a transverse decay length 6 is Lxy > 200 µm. In the off-line
0 isolation, the pointing angle and the transverse decay length were
analysis, additionally the B(s)
0 → e+ µ− decays. These thresholds were optimized
required to be consistent with those of B (s)
in an unbiased way to obtain the best sensitivity for the searches 7 . To identify electrons, both
the specific ionization (dE /dx ) 8 measured in the central drift chamber and the transverse and
longitudinal shower shapes as measured in the central electromagnetic calorimeter were used.
The electron identification efficiency is ∼ 70% while the muon identification is fully efficient with
pT > 2 GeV/c in the central muon detector. Search windows in e + µ− invariant mass were defined
to be (5.262–5.477) GeV/c2 for Bs0 → e+ µ− and (5.171–5.387) GeV/c2 for B 0 → e+ µ− . These
correspond to a window around the nominal values of the B s0 and B 0 masses 9 of approximately
±3σm . The background contributions considered include combinations of random track pairs
and partial B decays that accidentally meet the selection requirement and hadronic two-body B
decays in which both final particles are misidentified as leptons. The random track contribution
was evaluated by extrapolating the normalized number of events found in the sidebands to the
signal region. The double-lepton misidentification rate was determined by applying electron
and muon misidentification probabilities to the number of two-body decays found in the search
window. Figure 1 shows the invariant mass distribution for e + µ− candidates. One event in the
Bs0 mass window, and two events in the B 0 mass window were observed. These numbers are
consistent with the estimated total background of 0.8 ± 0.6 events in the B s0 search window, and
0.9 ± 0.6 in the B 0 window. B 0 → K + π − decays were used as a reference channel to set a limit
0 → e+ µ− ). Using the same selection criteria except lepton identification, 6387 ± 214
on B(B(s)
events of B 0 → K + π − decays were observed as shown in Fig. 1. Resulting upper limits were
B(Bs0 → e+ µ− ) < 2.0 (2.6)×10−7 and B(B 0 → e+ µ− ) < 6.4 (7.9)×10−8 at 90% (95%) confidence
level (C.L.). Using the limits on the branching fractions, the masses of the corresponding
Pati-Salam leptoquarks were calculated to be M LQ (Bs0 → e+ µ− ) > 47.8 (44.9) TeV/c2 and
MLQ (B 0 → e+ µ− ) > 59.3 (56.3) TeV/c2 at 90 (95)% C.L. These are the best limits in the world
to date.
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Figure 1: e+ µ− invariant mass distribution(left) and the reference channel B 0 → K + π − (right) in data.

3

Bs0 → µ+ µ− Decays

Branching fraction of the pure leptonic FCNC processes like B s0 → µ+ µ− in the SM is heavily
suppressed 10 : B(Bs0 → µ+ µ− ) = (3.35±0.32)×10−9 . B 0 → µ+ µ− decay is further suppressed by
a factor |Vtd /Vts |2 in the CKM matrix elements leading to a SM predicted branching fraction of
O(10−10 ). The decay amplitude of Bs0 → µ+ µ− can be enhanced significantly in some extensions

of the SM. For instance, in the type-II two-Higgs-doublet-model (2HDM) 11 the branching fraction
is proportional to tan4 β, where tanβ is the ratio between the vacuum expectation values of the
two neutral Higgs fields. In the minimal super-symmetric SM (MSSM) 12 the dependence on tanβ
is even stronger, ∝ tan 6 β. Current observation of this decay at the Tevatron would necessarily
imply new physics.
Current world best limit on B(Bs0 → µ+ µ− ) is given by CDF using 2 fb−1 of Run II data 13 .
The sensitivity of the analysis was improved significantly from the previous result 14 by increasing
the integrated luminosity of the event sample, using an enhanced muon selection, employing a
neural network (NN) classifier to separate signal from background, and performing the search in
a two dimensional grid in dimuon mass and NN space. The observed event rates were consistent
with SM background expectations. Extracted 90% (95%) C.L. limit was B(B s0 → µ+ µ− ) <
4.7 (5.8) × 10−8 .
DØ reported a new expected upper limit on B(B s0 → µ+ µ− ) using approximately 5 fb−1 of
dimuon trigger data 15 . The data sample was split into three subsamples, Run IIa, Run IIb-I and
Run IIb-II, based on the data taking period. Roughly the integrated luminosity of Run IIa data
is 1.3 fb−1 , Run IIb-I is 1.9 fb−1 and Run IIb-II is 1.6 fb−1 . The three subsamples were treated as
three different and independent analyses, but the final upper limit was combined from the separate analyses. To separate signal from background a boosted decision tree (BDT) 16 classifier was
constructed, where five input variables of the B s0 meson (isolation, transverse momentum, transverse decay length significance, impact parameter significance and logarithm of vertex χ 2 probability) were used. Figure 2 shows the dimuon invariant mass distributions after applying the
BDT cut, where only events not in the blinded region ±3σ m (σm = 0.115 GeV/c2 ) around the Bs0
mass are shown. The same BDT cut was applied on the normalization channel, B + → J/ψK + ,
and the following numbers of events were found: 1847 ± 49(stat.) ± 115(syst.) events in Run IIa
data, 2188 ± 52(stat.) ± 123(syst.) events in Run IIb-I data and 1683 ± 46(stat.) ± 112(syst.)
events in Run IIb-II data. The systematic uncertainty is coming from our parametrization of
the B + mass shape. The random track contribution in the signal region ±2.5σ m was estimated
by extrapolating events in the sideband region to the signal region. In addition, possible nonnegligible contributions of misidentified B s0 → K + K − and B 0 → K + π − were estimated. The
total background events in the search window in Run IIa, Run IIb-I, and Run IIb-II data sets
were estimated to be 2.16 ± 0.62, 3.73 ± 1.07 and 2.15 ± 0.63, respectively. The expected SM
yields of Bs0 → µ+ µ− events in Run IIa, Run IIb-I, and Run IIb-II data sets are 0.192 ± 0.034,
0.193 ± 0.034 and 0.139 ± 0.025, respectively. Aside from the background uncertainty, the largest
uncertainty common to the three data sets, 15.2%, comes from the fragmentation ratio between
B + and Bs0 . Assuming no signal counts (background only) in the signal region, an expected
upper limit on the branching fraction at the 90%(95%) C.L was computed. The number of
observed events was set to the number of background events, 2 events for Run IIa, 4 events for
Run IIb-I and 2 events for Run IIb-II. In this calculation, it was assumed that there are no
contributions from B 0 → µ+ µ− decays, where the decay is suppressed by |V td /Vts |2 ≈ 0.04. The
expected 90%(95%) upper limits for the branching fraction were 7.6 (9.4) × 10 −8 for Run IIa
data, 9.9 (11) × 10−8 for Run IIb-I data and 10 (13) × 10−8 for Run IIb-II data. The combined
upper limit is then 4.3 (5.3) × 10−8 at the 90%(95%) C.L. This sensitivity is comparable with
the best published upper limit from CDF 13 , and improves the previous DØ result 17 by a factor
of two. Further work to understand and reduce the background as well as to include more data
is ongoing before opening the search box.
4

Conclusion

0 → e+ µ− ) using 2 fb−1 of data, and DØ has
CDF has reported new upper limits on B(B (s)
reported an new expected upper limit on B(B s0 → µ+ µ− ) using approximately 5 fb−1 of data.
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Figure 2: Dimuon invariant mass distributions. Search box remains blinded.

With the continuously increasing amount of data provided by the Tevatron and improvements
of the analyses measurements of rare B decays provide new insight into the properties of the
FCNC decays, which allows for improved tests of the SM that could guide us to new physics
scenarios.
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BARYONIC B MESON DECAYS AT BELLE AND BABAR
Y. W. Chang
Department of Physics, National Taiwan University, No. 1, Sec. 4, Roosevelt Road, Taipei, 10617
Taiwan (R.O.C)
Recent results obtained using the data sample collected on the Υ(4S) resonance with the
Belle detector at the KEKB asymmetric-energy e+ e− collider and the Babar detector at the
PEP-II asymmetric-energy e+ e− collider are discussed. Measurements of several charmless
and charmed baryonic B decay branching fractions are reported, and some behaviors and
mechanisms are discussed.

1

Introduction

Baryonic decays of B mesons, which contain a heavy bottom quark and a light up or down
quark, can provide a laboratory for a range of particle physics investigations like: measurements
of baryonic decay branching fractions; trends in decay rates and baryon production mechanisms;
searches for exotic states, excited baryon resonances and intermediate states; examination of the
angular distributions of B-meson decay products to determine baryon spins; and measurements
of radiative baryonic B decays that could be sensitive to new physics through flavor-changing
neutral currents. In 2002, a charmless three-body baryonic B decay, B + → pp̄K + 1 , was observed
at Belle. Moreover, the peaking distribution near the threshold in Mpp̄ spectrum displays that
larger energy meson is flavored during the decay process and matches the theoretical expectation.
After this exhortative discovery, many other similar observations were accomplished, and many
theoretical calculations were done for the sake understanding the mechanism of these decay
modes. In this paper, we’ll report some results of baryonic B decays, studied in 2007 ∼ 2009.
2
2.1

Charmless baryonic B decays
Observation of B 0 → ΛΛ̄K 0 and B 0 → ΛΛ̄K ∗0

In this paper 2 , the charmless three-body decays B → ΛΛ̄h are studied, where h stands for
π + , K + , K 0 , K ∗+ , or K ∗0 , using a 605f b−1 data sample collected at the Υ(4S) resonance
with the Belle detector at the KEKB asymmetric energy e+ e− collider. One can simply replace
the sd − s̄d¯ diquark pair with an ud − ūd¯ pair to establish a one-to-one correspondence between
B → ΛΛ̄h and B → pp̄h decays. A common feature of these decays is that the baryon-antibaryon
mass spectra peak near threshold. The K + meson carries the energetic s̄ quark from the b̄ → s̄
transition so that a threshold enhancement of the baryon-antibaryon system is naturally formed.
However, there is another possibility that the Λ̄ (instead of the K + ) carries the s̄ from the b̄ → s̄
transition. It is interesting to know the role of this s̄ quark in B → ΛΛ̄K (∗) weak decays.
Using 657 ×106 B B̄ events, low mass MΛΛ̄ enhancements near threshold for both the ΛΛ̄K 0
and ΛΛ̄K ∗0 modes are still observed, with 12.4σ and 9.3σ significance, respectively. The

dBr/dcosθΛ̄

(a)

(b)

3

dBr/dcosθK

branching fraction of B + → ΛΛ̄K + mode superseding the previous measurement 3 is updated, and upper limits on the modes B + → ΛΛ̄K ∗+ and B + → ΛΛ̄π + in the region of
MΛΛ̄ < 2.85 GeV/c2 are set. A related search for B 0 → ΛΛ̄D̄0 yields a branching fraction
−5 with 3.4σ. This may be compared with the large,
of B(B 0 → ΛΛ̄D̄0 ) = (1.05+0.57
−0.44 ± 0.14) × 10
∼ 10−4 , branching fraction observed for B 0 → pp̄D̄0 . The MΛΛ̄ enhancements near threshold
and related angular distributions for the observed modes are also reported. As what Figure 1
shows, the forward peaking distribution in B + → ΛΛ̄K + (as what B + → pp̄K + decays do 4 )
is not observed, and the fully polarized result in the helicity of K ∗0 in B 0 → ΛΛ̄K ∗0 (as what
B 0 → pp̄K ∗0 decays have 5 ) are not obtained. All the details are summarized in Table 1. The
small value of B(B + → ΛΛ̄π + ), the large value of B(B 0 → ΛΛ̄K 0 ), and the absence of a peaking
feature in the cos θΛ̄ distribution for B + → ΛΛ̄K + indicate that the underlying dynamics of
B → ΛΛ̄h are quite different from those of B → pp̄h. These results also imply that the s̄ quark
from b̄ → s̄ penguin diagram does not necessarily hadronize to form a K + ; the probability of
forming a Λ̄ is not negligible. In addition, because B(B 0 → ΛΛ̄D̄0 (B + → ΛΛ̄π + )) is much
smaller than B(B 0 → pp̄D̄0 (B + → pp̄π + )), it appears that diquark pair popping out from the
¯ is suppressed compared to uu − ūū (ud − ūd).
¯
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Figure 1: (a) Differential B(B + → ΛΛ̄K + ) vs. cos θΛ̄ in the ΛΛ̄ rest frame. (b) Differential B(B 0 → ΛΛ̄K ∗0 ) vs.
cos θK in the K ∗0 system. The solid curve represents the fitting result.
Table 1: Summary of measurements of B(B → ΛΛ̄h) with the corresponding significance S.

Charmless
Mode
B 0 → ΛΛ̄K 0
B 0 → ΛΛ̄K ∗0
B + → ΛΛ̄K +

3
3.1

branching fractions.
B(10−6 )
S
+0.84
4.76−0.68
± 0.61 12.5σ
+0.87
± 0.34 9.0σ
2.46−0.72
+0.41
3.38−0.36 ± 0.41 16.5σ

Results in the region of MΛΛ̄ < 2.85 GeV/c2 .
Mode
B(10−6 )
S
+
+
B → ΛΛ̄π
< 0.94 at 90% C.L. 2.5σ
< 4.98 at 90% C.L. 3.7σ
B + → ΛΛ̄K ∗+
+1.13
(2.19−0.88
± 0.33)

Charmed baryonic B decays
Study of intermediate two-body decays in B̄ 0 → Σc (2455)0 p̄π +

In this analysis 6 , a detailed study of the intermediate three-body decay B̄ 0 → Σc (2455)0 p̄π +
+ − 7 is performed, based on a data sample of
observed in the previous analysis of B̄ 0 → Λ+
c p̄π π
388 × 106 B B̄ events, corresponding to 357f b−1 accumulated at the Υ(4S) resonance with the
Belle detector. Hereafter, Σc (2455) is denoted as Σc in this analysis.
A broad p̄π + mass structure near 1.5 GeV/c2 , denoted as N̄ 0 , a uniform cosθp̄ distribution
with a sharp forward peak , and a low mass Σ0c π + enhancement, denoted as XΣ+0 π+ , are observed.
c
Here, cosθp is the cosine of the angle between the p̄ momentum and the direction opposite to
the B momentum in the p̄π + rest frame. In order to describe the p̄π + mass structure, which
is not explained by a simple phase space non-resonant B̄ 0 → Σ0c p̄π + decay, an intermediate

two-body decay p̄ → Σ0c N̄ 0 with a resonant state N̄ 0 → p̄π + is considered. However, forward
cosθp peak and the Σ0c π + low mass structure still cannot be reproduced with these two modes
only. Therefore, one additional mode B̄ 0 → XΣ+0 π+ p̄ is introduced to account for the observed
c
features. As the low MΣ0c π+ structure is close to threshold, it produces a forward peak in the
cosθp distribution. Because a good candidate to interpret this broad structure are not found
within known Σ0c π + resonant states, a threshold mass enhancement is assumed. Therefore, to
explain these structures, contributions from an intermediate two-body decay B̄ 0 → Σ0c N̄ 0 , nonresonant three-body decay B̄ 0 → Σ0c p̄π + and a low mass structure near threshold B̄ 0 → XΣ+0 π+ p̄
c
are needed. A simultaneous fit to the M (p̄π + ) and cosθp̄ distributions with those three modes
is performed, and the yield and the relativistic Breit-Wigner parameters of the N̄ 0 state for
B̄ 0 → Σ0c N̄ 0 are determined. The product of branching fractions is measured to be B(B̄ 0 →
Σ0c N̄ 0 ) × B(N̄ 0 → p̄π + ) = (0.80 ± 0.15(stat.) ± 0.14(syst.) ± 0.21) × 10−4 , where the last error
−
is due to the uncertainty in B(Λ+
c → pK π+). The significance of the signal is 6.1σ including
systematics. The fitted mass and width are consistent with the presence of an intermediate
baryonic resonance N̄ 0 , where N̄ 0 is the N̄ (1440)0 P11 or N̄ (1535)0 S11 state, or an admixture of
the two states.
3.2

−
+
−
+ −
Measurement of B(B̄ 0 → Λ+
c p̄) and B(B → Λc p̄π ) and studies of Λ π resonances

−
+
−
In this research 8 , the decays B̄ 0 → Λ+
c p̄ and B → Λc p̄π are investigated. Baryon production
0
−
+
−
in B decays is studied by comparing the two-body (B̄ → Λ+
c p̄) and three-body (B → Λc p̄π )
decay rates directly. The dynamics of the baryon-antibaryon (Λ+
c p̄) system in the three-body
−
decay provide insight into baryon production mechanisms. Additionally, the B − → Λ+
c p̄π
system is a laboratory for studying excited baryon states and is used to measure the spin of the
Σc (2455)0 . The measurements presented in this study are based on 383 × 106 Υ(4S) → B B̄
decays collected with the BABAR detector at the PEP-II asymmetric-energy e+ e− storage rings
√
at the Stanford Linear Accelerator Center. The center-of-mass energy s corresponds to the
mass of the Υ(4S) resonance at the interaction point.
The measured branching fractions and comparisons with the previous values 9,10 are shown
−
0
+
in the table 2. The ratio is B(B − → Λ+
c p̄π )/B(B̄ → Λc p̄) = 15.4 ± 1.8 ± 0.3. For searches for
−
−
+
excited charm baryon states in the B → Λc p̄π process, the resonant decays B − → Σc (2455)0 p̄
and B − → Σc (2800)p̄ are observed, but the evidence for B − → Σc (2520)0 p̄ is not found.

B(B − → Σc (2455)0 p̄)
= (12.3 ± 1.2 ± 0.8) × 10−2
−
B(B − → Λ+
c p̄π )
B(B − → Σc (2800)0 p̄)
= (11.7 ± 2.3 ± 2.4) × 10−2
−
B(B − → Λ+
c p̄π )
B(B − → Σc (2520)0 p̄)
< 0.9 × 10−2 (90% C.L.)
−
B(B − → Λ+
c p̄π )

(1)

This is the first observation of the decay B − → Σc (2800)p̄; however, the mass of the observed
excited Σ0c state is (2846 ± 8 ± 10) MeV/c2 , which is somewhat inconsistent with PDG value 11 .
Finally, the spin of the Σc (2455)0 baryon is measured to be 1/2 as predicted by the quark model.
This is the first measurement of the spin of this state.
−
−
Table 2: Measurements of branching fractions B(B̄ 0 → Λ+
→ Λ+
c p̄) and B(B
c p̄π ) at Babar and Belle. The
− +
uncertainty on B are statistical, systematic, and the uncertainty due to the uncertainty in B(Λ+
c → pK π ).

Decay Mode
B(B̄ 0 → Λ+
c p̄)
−
B(B − → Λ+
c p̄π )

Babar (10−5 )
1.89 ± 0.21 ± 0.06 ± 0.49
33.8 ± 1.2 ± 1.2 ± 8.8

Belle (10−5 )
2.19 +0.56
−0.49 ± 0.32 ± 0.57
20.1 ± 1.5 ± 2.0 ± 5.2

3.3

+ −
Study of B̄ → Ξc Λ̄−
c and B̄ → Λc Λ̄c K̄ decays

This study 12 reports measurements of B-meson decays into two- and three-body final states
containing two charmed baryons using a sample of 230×106 Υ(4S) → B B̄ decays. Measurements
− −
− → Ξ0 Λ̄− , B̄ 0 → Ξ+ Λ̄− , and
of the branching fraction of the decays B − → Λ+
c Λ̄c K , B
c c
c c
− 0
B̄ 0 → Λ+
c Λ̄c K̄ are presented, and three-body decays for the possible presence of intermediate
resonances are investigated. The data were collected with the BABAR detector and represent
an integrated luminosity of approximately 210 f b−1 collected at the Υ(4S) resonance.
The measured branching fractions obtained from modes with significant signals are B(B − →
0
0
− +
−5 and B(B − → Λ+ Λ̄− K − ) =
Ξc Λ̄−
c ) × (Ξc → Ξ π ) = (2.08 ± 0.65 ± 0.29 ± 0.54) × 10
c c
−3
(1.14 ± 0.15 ± 0.17 ± 0.60) × 10 , where the uncertainties are statistical, systematic, and from
− +
the branching fraction B(Λ+
c → pK π ), respectively. On two other modes, upper limits
+
− + +
−5 and
−
at the 90% confidence level are set: B(B̄ 0 → Ξ+
c Λ̄c ) × B(Ξc → Ξ π π ) < ×10
−
0
−3
B(B̄ 0 → Λ+
c Λ̄c K̄) < 1.5 × 10 . As table 3 and 4 show, the measurements are consistent
− −
with the previous values within uncertainties 13,14 . The branching fraction of B − → Λ+
c Λ̄c K
−3
is found to be comparable to the O(10 ) branching fraction predicted for two-body decays to
− mass distribution of the decay B − → Λ+ Λ̄− K − , a
a pair of charmed baryons. In the Λ+
c K
c c
structure centered at an invariant mass of 2.93 GeV/c2 is observed. The data in the Dalitz plot
and two-body mass projections are inconsistent with a phase space distribution and suggest the
presence of a Ξ0c resonance in the decay.
0
+ −
Table 3: Measurements of B(B − → Ξ0c Λ̄−
c ) and B(B̄ → Ξc Λ̄c ) at Babar and Belle with the corresponding
+ −
significance S. The uncertainties are statistical, systematic, and the uncertainty of B(Λ̄−
c → p̄K π ), respectively.

Decay Mode
B(B − → Ξ0c Λ̄−
c )
− +
0
B(B − → Ξ0c Λ̄−
c ) × B(Ξc → Ξ π )
−
0 −
0
B(B → Ξc Λ̄c ) × B(Ξc → ΛK − π + )
−
+
− + +
B(B̄ 0 → Ξ+
c Λ̄c ) × B(Ξc → Ξ π π )

Babar (10−5 )
2.08 ± 0.65 ± 0.29 ± 0.54
2.51 ± 0.89 ± 0.29 ± 0.65
1.70 ± 0.93 ± 0.30 ± 0.44
1.50 ± 1.07 ± 0.20 ± 0.39

S
6.4σ
6.1σ
2.1σ
1.8σ

Belle (10−5 )
± 1.1 ± 1.2
± 1.1 ± 1.5
± 0.9 ± 1.0
± 1.9 ± 2.4

4.8+1.0
−0.9
5.6+1.9
−1.5
4.0+1.1
−0.9
9.3+3.7
−2.8

S
8.7σ
6.8σ
5.9σ
3.8σ

− −
0
+ − 0
Table 4: Measurements of B(B − → Λ+
c Λ̄c K ) and B(B̄ → Λc Λ̄c K̄ ) at Babar and Belle with the corresponding
− +
significance S. The uncertainties are statistical, systematic, and the uncertainty of B(Λ+
c → pK π ), respectively.

Decay Mode
− −
B(B − → Λ+
c Λ̄c K )
− 0
B(B̄ 0 → Λ+
c Λ̄c K̄ )

Babar (10−4 )
11.4 ± 1.5 ± 1.7 ± 6.0
3.8 ± 3.1 ± 0.5 ± 2.0

S
9.6σ
1.4σ

Belle (10−4 )
± 0.8 ± 3.4
± 1.2 ± 4.2

6.5+1.0
−0.9
7.9+2.9
−2.3

S
15.4σ
6.6σ
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CHARMLESS HADRONIC B DECAYS AT BELLE and BABAR
F.F. WILSON
Rutherford Appleton Laboratory, Didcot, Chilton, Oxford, OX11 0QX, UK
I report on recent measurements from the Belle and BABAR collaborations on the decay of the
B meson to hadronic final states without a charm quark.

1

Introduction.

The study of the branching fractions and angular distributions of B meson decays to hadronic
final states without a charm quark probes the dynamics of both the weak and strong interactions,
and plays an important role in understanding CP Violation (CPV) in the quark sector. CP
Violation at the B factories is described graphically by a triangle with sides formed from the
CKM matrix elements Vqd Vqb∗ (q = u, c, t) and internal angles α, β, γ (or φ2 , φ1 , φ3 ). Discrepancies
in the measured values of the sides and angles could be an indication of New Physics beyond the
Standard Model (SM) due to enhanced branching fractions or modified CP asymmetries. The
experimental measurements of branching fractions, CP asymmetries, polarization and phases
(both weak and strong) can be compared to theoretical models based on, for example, QCD
factorization, SU(3) symmetry and Lattice QCD.
The results presented below assume charge-conjugate states and all branching fraction upper
limits (UL) are at the 90% confidence level (C.L.). The time-integrated CP asymmetry is defined
as ACP = (Nb − Nb )/(Nb + Nb ) where Nb (Nb ) is the number of B mesons containing a b(b)
quark. The latest results are based on a total dataset of 467 × 10 6 BB pairs for BABAR and
657 × 106 BB pairs for Belle, unless indicated.
2

Decays involving two-body final states.

The last few years have seen considerable advancement in the prediction of the branching fractions and polarizations of B meson decays to Vector-Vector (V V ), Vector-Scalar (V S) and
Vector-Tensor (V T ) final states. In general, there has been good agreement between theory and
experiment on branching fractions (with some notable exceptions) but the polarization measurements have presented a challenge. The V V states are expected to be almost fully longitudinally
polarized (fL ∼ 1) and this should remain true in the presence of penguin loop decays. However,
penguin-dominated decays seem to have a smaller fL (e.g. fL ∼ 0.5 for B → φK ∗ ) 1 .
Belle has recently measured the decay B − → K ∗0 K − which is dominated by b → dss̄
gluonic penguin diagrams. They measure a yield of 47.7 ± 11.1 events, corresponding to a
branching fraction B(B − → K ∗0 K − ) = (0.68 ± 0.16 ± 0.10) × 10−6 with a 4.4σ significance 2 .
The event yield for B − → K2∗0 (1430)K − is measured to be 23.4 ± 12.1 with an upper limit
on the branching fraction of B(B − → K2∗0 (1430)K − ) < 1.1 × 10−6 . A similar analysis has

been done for B 0 decays to the V V final states ρ0 K ∗0 and f0 K ∗0 3 . Unlike an earlier BABAR
analysis 4 , Belle sees no evidence for ρ0 K ∗0 and f0 K ∗0 (and, consequently, do not measure fL )
but observes B 0 → ρ0 K + π − and sees first evidence for B 0 → f0 K + π − and B 0 → π + π − K ∗0 ,
−6
with branching fractions (significance) of (2.8 ± 0.5 ± 0.5) × 10−6 (5.0σ), (1.4 ± 0.4+0.3
−0.4 ) × 10
+1.1+0.9
−6
(3.5σ), and (4.5−1.0−1.6 )×10 (4.5σ), respectively. BABAR has measured B meson decay to an ω
accompanied by a K ∗ , ρ or f0 . Five measurements have a significance above 5σ, with another two
above 3σ. This has allowed BABAR to measure both fL and ACP . The V V branching fractions
agree with theory predictions and the asymmetries are consistent with zero, as expected, while
fL ∼ 0.5 except for ωρ+ ∼ 0.9. The results 5 are summarized in Table 1.
Table 1: Branching fraction central value (B) and upper limit (UL) in units of 10 −6 , significance S in standard
deviations, longitudinal polarization (fL ) and CP asymmetry ACP for the Vector-Vector (V V ), Vector-Scalar
(V S) and Vector-Tensor (V T ) decays of B → ωK ∗ , ωf0 and ωρ.

Mode
VV
VV
VS
VS
VT
VT
VV
VV
VV

3

Decay
ωK ∗0
ωK ∗+
ω(Kπ)∗0
0
ω(Kπ)∗+
0
ωK2∗ (1430)0
ωK2∗ (1430)+
ωρ0
ωf0
ωρ+

S(σ)
4.1
2.5
9.8
9.2
5.0
6.1
1.9
4.5
9.8

B
2.2 ± 0.6 ± 0.2
2.4 ± 1.0 ± 0.2
18.4 ± 1.8 ± 1.7
27.5 ± 3.0 ± 2.6
10.1 ± 2.0 ± 1.1
21.5 ± 3.6 ± 2.4
0.8 ± 0.5 ± 0.2
1.0 ± 0.3 ± 0.1
15.9 ± 1.6 ± 1.4

UL
7.4
1.6
1.5
-

fL
0.72 ± 0.14 ± 0.02
0.41 ± 0.18 ± 0.05
0.45 ± 0.12 ± 0.02
0.56 ± 0.10 ± 0.04
0.90 ± 0.05 ± 0.03

ACP
+0.45 ± 0.25 ± 0.02
+0.29 ± 0.35 ± 0.02
−0.07 ± 0.09 ± 0.02
−0.10 ± 0.09 ± 0.02
−0.37 ± 0.17 ± 0.02
+0.14 ± 0.15 ± 0.02
−0.20 ± 0.09 ± 0.02

Decays involving three-body final states.

An interesting use of the decay to final states with three particles is the search by Belle for the
exotic state X(1812) in the decay B + → K + X(1812), X(1812) → ωφ. This is similar to the
observation by Belle of the Y(3940) resonance in B + → K + ωψ 6 . Belle observe NK + ωφ = 22.1+8.3
−7.2
events leading to a branching fraction for the Dalitz plot of B(B + → K + ωφ) = (1.15+0.43+0.14
−0.38−0.13 )×
10−6 (2.8σ) and an upper limit < 1.9 × 10−6 . Assuming the X(1812) masses and width from
BES 7 , Belle searches for a near-threshold enhancement in the Mπ+ π− π0 K + K − mass spectrum.
No significant yield is seen and an upper limit of 3.2 × 10−7 is placed on the product branching
fraction B(B + → K + X(1812), X(1812) → ωφ) 8 .
BABAR has also looked at rare processes in Dalitz plots. Previous measurements have shown
that almost 50% of the events in B 0 → K + K − π + can be assigned to an ill-defined resonance,
called fX (1500) by BABAR. If this is an even-spin resonance, the rate for fX (1500) → KS0 KS0
would be expected to be half the rate for fX (1500) → K + K − . They see 15 ± 15 events in the
whole Dalitz plot placing an upper limit on the total branching fraction of B(B + → KS0 KS0 π + ) <
5.1 × 10−7 . This makes the even-spin hypothesis unlikely but interpretation is difficult as the
exact quantum numbers of the fX (1500) are unknown 9 .
Some MSSM models could enhance the branching fractions of SM-suppressed decays from the
SM values of ∼ 10−16 to ∼ 10−6 . BABAR has searched for B − → K + π − π − and B − → K − K − π +
and placed upper limits of 9.5 × 10−7 and 1.6 × 10−7 , respectively, on the branching fractions 10 .
The decay B + → π + π + π − can in principle be used to extract the CKM angle γ by measuring
the interference between π + π − resonances and the χc0 resonance which has no CP violating
phase. It can also be helpful in understanding broad resonances and nonresonant backgrounds

that are present in B 0 → π + π − π 0 and so improve our measurement of the CKM angle α.
BABAR’s results 11 for B + → π + π + π − are summarized in Table 2. No significant direct CP
asymmetry is measured and, although some resonances are significant, no evidence is found for
χc0 and χc2 , leading to branching fraction upper limits for B + → χc0 π + < 1.5 × 10−5 and
B + → χc2 π + < 2.0 × 10−5 , making the measurement of γ in this mode unlikely at Belle or
BABAR.
Table 2: Branching fraction (B), CP asymmetry ACP , and Fit Fraction for the decay B + → π + π + π − with the
resonance decaying to π + π − . The errors are statistical, systematic and model-dependent, respectively.

Decay
π + π + π − Total
π + π + π − nonresonant
ρ0 (770)π ± ; ρ0 → π + π −
ρ0 (1450)π ± ; ρ0 → π + π −
f2 (1270)π ± ; f2 → π + π −
f0 (1370)π ± ; f0 → π + π −
f0 (980)π ± ; f0 → π + π −
χc0 π ± ; χc0 → π + π −
χc2 π ± ; χc2 → π + π −

4

Fit Fraction (%)
+7.5
34.9 ± 4.2 ± 2.9−3.4
+1.5
53.2 ± 3.7 ± 2.5−7.4
+1.9
9.1 ± 2.3 ± 2.4−4.5
5.9 ± 1.6 ± 0.4+2.0
−0.7
+4.3
18.0 ± 3.3 ± 2.6−3.5
-

B (×10−6 )
15.2 ± 0.6 ± 1.2+0.4
−0.3
5.3 ± 0.7 ± 0.6+1.1
−0.5
8.1 ± 0.7 ± 1.2+0.4
−1.1
1.4 ± 0.4 ± 0.4+0.3
−0.7
0.9 ± 0.2 ± 0.1+0.3
−0.1
2.9 ± 0.5 ± 0.5+0.7
−0.5 (< 4.0)
< 1.5
< 0.1
< 0.1

ACP (%)
+2.5
3.2 ± 4.4 ± 3.1−2.0
+17
−14 ± 14 ± 7−3
18 ± 7 ± 5+2
−14
−6 ± 28 ± 20+12
−35
41 ± 25 ± 13+12
−8
72 ± 15 ± 14+7
−8
-

CP Violation and the CKM angle α(φ2 ).

The precision of the measurement of the CKM angle α(φ2 ) continues to improve. In the absence
of penguin loops in the decays, the angle α can be measured in the time-dependent decay of
B 0 → ρρ and B 0 → ππ. However the penguin contribution, particularly in π 0 π 0 , is not small
and so the measured αef f differs from the true α by ∆α = α − αef f . ∆α can be constrained
by performing an Isospin analysis on the decays B 0 → ρ0 ρ0 , B ± → ρ± ρ0 and B 0 → ρ+ ρ− .
Table 3 summarizes the measurements from BABAR 12 , where the CP parameters are quoted for
the longitudinally polarized (CP -even) component of the V V decays. When combined, ∆α is
+6.0 o
constrained to be between −1.8o and 6.7o (68% C.L.). The angle α is measured to be (92.4−6.5
)
and can be compared to the recent result from Belle 13 of α = (91.7 ± 14.9)o . A similar analysis
using B → ππ decays produces a looser constraint | ∆α |< 43o , which results in an exclusion
range for α between 23o and 43o at the 90% C.L. The result of combining these measurements
using the CKMfitter programme 14 with earlier measurements of B → πρ are shown in Fig. 1.
Table 3: Branching fraction (B), longitudinal polarization (fL ), direct CP asymmetry (CL ), CP asymmetry in
the interference between mixing and decay (SL ) and CP asymmetry ACP for the decays B 0 → ρ+ ρ− , B 0 → ρ0 ρ0
and B + → ρ+ ρ0 measured by BABAR.

B(×10−6 )
fL
CL
SL
ACP

B 0 → ρ + ρ−
25.5 ± 2.1+3.6
−3.9
0.992 ± 0.024+0.026
−0.013
0.01 ± 0.15 ± 0.06
−0.17 ± 0.20+0.05
−0.06
-

B 0 → ρ 0 ρ0
0.92 ± 0.32 ± 0.14
0.75 ± 0.14 ± 0.04
0.2 ± 0.8 ± 0.3
0.3 ± 0.7 ± 0.2
-

B + → ρ + ρ0
23.7 ± 1.4 ± 1.4
0.950 ± 0.015 ± 0.006
−0.054 ± 0.055 ± 0.01

CK M

B → ππ/ρρ/ρπ (BABAR)
B → ππ/ρρ/ρπ (Belle)
B → ππ/ρρ/ρπ (WA)

fitter
Moriond 09
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Figure 1: Constraints on α (φ2 ) from B → ππ, B → ρπ and B → ρρ BABAR and Belle measurements compared
to the prediction from the global CKM fit from CKMfitter. Similar results are available from the UTfit group 14 .

Belle has seen direct CP in B 0 → π + π − but BABAR does not, reporting only that Cπ+ π− =
−0.25 ± 0.08 ± 0.02 with a significance of just 2.2σ. However, both experiments see significant
+0.006
direct CP in B 0 → K + π − with BABAR reporting ACP = −0.107 ± 0.016−0.004
with 6.1σ significance, to be compared to −0.094 ± 0.018 ± 0.008 from Belle. Both experiments also measure
ACP for B ± → K ± π 0 to be slightly positive but consistent with zero. ACP should be similar for
both Kπ modes but Belle reports a 4.4σ difference and BABAR sees a similar discrepancy 15 .
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Heavy Charmonium Mini-Review
E.S. Swanson
Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh PA 15260 USA
A brief review of heavy charmonium states with emphasis on new results is presented. It is
suggested that the X(3872) is likely a DD̄∗ molecule with strong cc̄ admixture, the Y (4140)
is an experimental artefact, and the X(4630) is a final state threshold enhancement. Issues
with the hybrid interpretation of the Y (4260) are discussed.

1

Experimental Landscape

Sixteen new heavy charmonium states have been claimed since 20031 . This new spectroscopy is
probing the regime where the simple constituent quark model is expected to fail due to some
combination of the excitation of gluonic degrees, coupled channel effects, or other dynamical
effects. Properties of the sixteen new states are summarised in Table 1. Of these, four appear
to be likely cc̄ states: hc , ηc′ , χ′c2 , and the X(3940), which could be the ηc′′ . We remark that even
though these states fit reasonably well into the constituent quark model, they tell us something
of QCD in this regime. For example, the hc mass is very close to the spin-averaged χcJ mass,
indicating that the long range confinement force does not induce spin-splittings. Similarly, the
discovery of the ηc′ permits a comparison of the excited state hyperfine splitting to the ground
state splitting, perhaps yielding insight to coupled channel effects in the spectrum.

state
hc
ηc′
X(3872)

M (MeV)
3525.28(19)(12)
3654(6)(8)
3871.4(6)

X(3875)
χ′c2
X(3940)
Y (3940)
Y (4008)
Y (4140)
X(4160)
Y (4260)
Y (4350)
X(4630)
Y (4660)
Z1 (4050)
Z2 (4250)
Z ± (4430)

3875.5(1.5)
3929(5)
3942(9)
3943(17)
4008+82
−49
4143(2.9)(1.2)
4156(29)
4264(12)
4361(13)
4634(8)(7)
4664(12)
4051(24)
4248+185
−45
4433(5)

Table 1: Summary
Γ (MeV) J P C
≈0
1++
15±20
0−+
<2.3
1++
3.0+2.1
−1.7
29 ± 10
37 ± 17
87 ± 34
226+97
−80
11.7 ±8
139+113
−65
83 ± 22
74 ± 18
92 ± 34
48 ± 15
82+51
−29
177+320
−72
45+35
−18

?
2++
0?+
??+
1−−
?
0?+
1−−
1−−
1−−
1−−
?
?
?

of Recent Charmonium States
decay modes
production
γηc
ψ ′ → hc π
± ∓
KS K π
γγ → ηc′
ππJ/ψ, πππJ/ψ
B → KX
DD̄∗ , γJ/ψ, γψ ′
pp̄
B → KX
D0 D̄0 π 0 (γ)
DD̄
γγ → Z
DD¯∗ (not ωJ/ψ) e+ e− → J/ψX
ωJ/ψ (not DD¯∗ ) B → KY
ππJ/ψ
e+ e− (ISR)
J/ψφ
B → KY
D∗ D¯∗ (not DD̄)
e+ e− → J/ψX
ππJ/ψ
e+ e− (ISR)
ππψ ′
e+ e− (ISR)
+ −
Λc Λc
e+ e− → X
′
ππψ
e+ e− (ISR)
π ± χc1
B → KZ1±
π ± χc1
B → KZ2±
± ′
π ψ
B → KZ ±

experiment
CLEO
Belle, BaBar, CLEO
BaBar, Belle, CDF
Belle, BaBar
Belle
Belle
Belle, BaBar
Belle, BaBar
CDF
Belle
BaBar, CLEO, Belle
BaBar, Belle
Belle
Belle
Belle
Belle
Belle, BaBar

1.1

X(3872)

Amongst the other states, the X(3872) has a solid experimental pedigree, being seen by a
number of experiments in a number of channels. It is a viable candidate as a molecular (loosely
bound) DD̄ ∗ state, and if this interpretation survives, would be the first example of a nonnuclear multiquark state. This interpretation is supported by the likely quantum numbers of
the state, J P C = 1++ , although one should note that J P C = 2−+ is not ruled out yet.
There is increasing evidence that the X must contain a substantial cc̄ component. For
example, the recently measured transition X → γψ′ is comparable2 to the rate for X → γJ/ψ,
which is difficult to accommodate in a molecular scenario. This is because the γJ/ψ mode can
come directly from the ρJ/ψ or ωJ/ψ component of the X, while the γψ′ mode must come
from the D D̄∗ component with additional excitation of the cc̄ pair. Additional evidence for cc̄
content comes from the B decay branching fraction, which is typical for charmonium, and the
ratio of X production from neutral and charged B decay. More discussion can be found in the
first of Refs. 1 .
Finally, a possible resonance signal was seen in B → KD ∗0 D̄ 0 at a mass near 3875 MeV.
This could be interpreted as a shifted X(3872)3 , a tetraquark partner state, or a threshold effect.
This channel was recently remeasured by Belle4 , who find a a new mass of 3872.6 ± 0.5 ± 0.4
MeV and width of 3.9 ± 2.0 ± 0.6 MeV. It thus appears likely that this signal is the X(3872)
and that it has a strong D∗ D̄ decay mode, again pointing to a large cc̄ component in the X.
1.2

More Molecules

Other molecular bound states are possible5 , specifically a D ∗ D̄ ∗ 0++ state at about 4020 MeV
is possible. Binding is enhanced when heavier quarks are present, and it is possible that several
(I obtain six) B B̄ ∗ and B ∗ B̄ ∗ states exist. Finally, Close and Downum6 have noted that Swave pion exchange (as opposed to P-wave) between S-wave meson pairs can lead to strong
binding. Thus DD̄0 (0−± ) and D ∗ D̄1 (0, 1, 2)−± bound states may exist. It is possible that the
later provide an explanation for the Y (4260) and Y (4360) signals.
1.3

Z(4430), Z1 , Z2

The Z(4430), Z1 (4050), and Z2 (4250) carry charge and, it appears, cc̄ quarks. They are thus
manifestly flavour-exotic and are candidates for tetraquark states. Of course, the experimental
bar must be set high for such novel states. In this regard it must be noted that the experimental
signal for the Z1 and Z2 (see the right panel of Fig. 1) is not robust, namely both peaks
hinge on a high event rate in a single bin with large error bars7 . In contrast, the signal for
the Z(4430) is impressive. However, even such evidence can be confounded by assumptions of
background behaviour. For example, BaBar make different assumptions and find no evidence
for the Z(4030)8 . We look forward to an experimental resolution to this situation.
1.4

X(4630)

−
9
The Belle collaboration claim a state in e+ e− → Λ+
c Λc with a significance of 8.2σ . This is
reported in Table 1 as the X(4630). While this could be the Y (4660) in a new production and
decay mode, it should be noted that it is right at ΛΛ threshold, and therefore could simply be
a hypernucleon interaction effect. In general when new hadronic channels open, slowly moving
hadrons can interact strongly and cause enhancements in event rates. This is, for example, the
likely explanation for the anomalously large ρρ signal seen at ρρ threshold in γγ production.
Such enhancements typically have a width of order ΛQCD , similar to the measured Γ(X) = 92
MeV.
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Figure 1: Left panels: the Y (4140). Right panel: the Z1 and Z2 .

1.5

Y(4140)

CDF has just reported evidence for a resonance near J/ψφ threshold in B decays10 (see the left
panels of Fig. 1). Some properties of this state are given in Table. 1. The proximity of the
signal to threshold makes it natural to suspect that the the Y (4140) is a final state enhancement.
However, it is very narrow with respect to expectations. Thus if this state is confirmed, it is very
unusual indeed11 . Since the signal only contains 14±5 events, the most economical interpretation
is that it is a statistical fluctuation
1.6

Y(4260)

The last charmonium states discussed here is the Y (4260), which is a vector in a crowded sector
of the spectrum. Indeed, it lies between the expected ψ(2D) and ψ(4S) levels, which already have
candidates. An attractive possibility for this state is that it is our first glimpse of a charmonium
hybrid. Obtaining lattice results for excited states is notoriously difficult; recent results hint at
a 1−+ exotic at approximately 4300 MeV12 , similar to flux tube model predictions13 . This exotic
state should be accompanied by (possibly) nearby vector hybrids, supporting the hypothesis.
Additional support is supplied by the apparent absence of DD̄∗ and D∗ D̄∗ decay modes of
the Y . This is in keeping with general expectations for hybrid meson decays; namely they should
not decay to final states with identical mesons (or identical spatial wavefunctions), and that the
angular momentum present in the excited hybrid glue should manifest itself as internal angular
momentum in final two-body states (ie, the decay should be to an S-wave and a P-wave).
There are, however, some theoretical issues with the hybrid interpretation of the Y . Flux
tube models and lattice computations indicate that the quark spin composition of a vector hybrid
is Sq = 0. The decay Y → ππJ/ψ therefore necessitates a spin flip, which is suppressed for
heavy quarks (the production of ππ is expected to go via the lowest gluonic multipole operators,
which are not spin-dependent). Furthermore, the production of a hybrid in e+ e− will be strongly
suppressed by both the spatial excitation of the cc̄ pair and the necessity of producing a gluonic
excitation. Ultimately, experiment will settle these issues; thus finding multiplet partners for
the Y (both in flavour and in J P C ) and determining its decay modes are crucial.
1.7

the ηb

The discovery of the ηb was enabled by the enormous statistics collected in Υ(3S) radiative
decays. This permitted extracting a tiny signal (albeit, one with 20,000 events) from under a
huge χb (2P ) peak14 . This observation has now been confirmed in Υ(2S) decays15 . The measured

(and averaged) Υ − ηb hyperfine splitting is 69.6(30) MeV. This splitting agrees with lattice
computations, but disagrees with NRQCD estimates of around 40 MeV. Nevertheless, it has been
argued that the lattice is missing important ultraviolet contributions to this mass difference16 .
Once these issues are settled the hyperfine splitting should lead to a very accurate measurement
of αs (Mηb ). Finally, the mass of the ηb tests scenarios where this state can mix with a light
pseudo-scalar Higgs particle.
It is clear that the new charmonium states challenge our understanding of strongly interacting QCD. Interpretations of these new states range from canonical quark-antiquark, hybrids,
weakly bound states of various open charm or charmonium mesons, threshold enhancement effects, to tightly bound qq q̄q̄ states. The constituent quark model must fail somewhere: perhaps
we are seeing the beginnings of a new era in hadronic spectroscopy.
Acknowledgments
I thank Frank Close, Marko Bracko, Jozef Dudek, Bill Dunwoodie, and Arafat Mokhtar for
discussions. This research is supported by the U.S. Department of Energy under contract DEFG02-00ER41135. Talk presented at Rencontres de Moriond-QCD, 2009.
References
1. Relatively recent reviews of the new charmonium (and other) states are E. S. Swanson,
Phys. Rept. 429, 243 (2006) [arXiv:hep-ph/0601110]; S. Godfrey and S. L. Olsen, Ann.
Rev. Nucl. Part. Sci. 58, 51 (2008) [arXiv:0801.3867 [hep-ph]]. P. Colangelo, F. De Fazio,
F. Giannuzzi and S. Nicotri, Nucl. Phys. Proc. Suppl. 185, 140 (2008).
2. B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 102, 132001 (2009)
[arXiv:0809.0042 [hep-ex]].
3. W. Dunwoodie and V. Ziegler, Phys. Rev. Lett. 100, 062006 (2008) [arXiv:0710.5191
[hep-ex]].
4. I. Adachi et al. [Belle Collaboration], arXiv:0810.0358 [hep-ex].
5. N. Tornqvist, Z. Phys. C61, 525 (1994); see also the first of Ref. 1 .
6. F. Close and C. Downum, private communication. Submitted to PRL.
7. I. Adachi et al. [Belle Collaboration], arXiv:0810.0358 [hep-ex].
8. A. G. Mokhtar, arXiv:0810.1073 [hep-ex].
9. G. Pakhlova et al.
[Belle Collaboration], Phys. Rev. Lett. 101, 172001 (2008)
[arXiv:0807.4458 [hep-ex]].
10. T. Aaltonen et al. [CDF Collaboration], arXiv:0903.2229 [hep-ex].
11. CDF can double the statistics, which should be sufficient to confirm this state.
12. J. J. Dudek, R. G. Edwards, N. Mathur and D. G. Richards, Phys. Rev. D 77, 034501
(2008) [arXiv:0707.4162 [hep-lat]].
13. T. Barnes, F. E. Close and E. S. Swanson, Phys. Rev. D 52, 5242 (1995) [arXiv:hepph/9501405].
14. B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 101, 071801 (2008) [Erratumibid. 102, 029901 (2009)] [arXiv:0807.1086 [hep-ex]].
15. B. Aubert et al. [BABAR Collaboration], arXiv:0903.1124 [hep-ex].
16. For a complete discussion and references see the contribution from Alexander Penin, these
proceedings.

CHARMONIUM[-LIKE] STATES AT BELLE AND BABAR
M. BRAČKO
University of Maribor, Smetanova ulica 17, SI-2000 Maribor, Slovenia
and
Jožef Stefan Institute, Jamova cesta 39, SI-1000 Ljubljana, Slovenia
Belle and BABAR experiments at the KEKB and PEP-II B-factories provide also an excellent
environment for spectroscopy studies. In this report we present recent results in the field of
charmonium spectroscopy, focusing on new charmonium-like states observed in B decays, and
on J P C = 1−− resonances created in e+ e− annihilation through the photon radiative return.

1

Introduction

There has been a renewed interest in charmonium spectroscopy since 2002. The attention to this
field was directed by the discovery of the two missing cc states below the open-charm threshold,
ηc (2S) and hc (1P ),1,2 but even more by observations of a number of new particles 3 above
the threshold for the open-charm production. Many of these exciting new states – although
resembling charmonia – differ from regular cc states by some of their properties, or can simply
not be identified as charmonia due to lack of available cc assignments. The naming convention,
X, Y , Z, already indicates lack of knowledge about the structure and properties of these new
states at the time of their discovery.
The majority of these new states were observed by the Belle 4 and BABAR 5 experiments,
operating their detectors at the two respective asymmetric-energy e+ e− colliders (so-called Bfactories): KEKB in Japan and PEP-II in the USA. Both experiments together have by now
accumulated huge data samples that in total correspond to nearly 1.5 ab−1 and contain 1.3× 109
BB pairs.a Although initially designed for measurements of CP violation in the B-meson system,
experiments at B-factories can also use large samples of experimental data to perform searches
for new states and to study their properties. The charmonium(-like) particles are at B-factories
produced by several mechanisms: via B decays; in e+ e− annihilation into double cc; C-even
states can be formed in γγ processes; and J P C = 1−− resonances can be created in e+ e−
annihilation after the photon radiative return. In this review we will only present results from
recent analyses of new states produced by the first and the last of the four mentioned mechanisms.
2

Charmonium-like states observed in B decays

The story about new charmonium-like states begins in 2003, when Belle reported 6 on the
B + → K + J/ψπ + π − analysis,b where a new state decaying to J/ψπ + π − was discovered, and
soon confirmed 7 by the CDF, DØ and BABAR collaborations. The narrow X(3872) state 8
a
b

PEP-II was turned off in April 2008 and the final BABAR data sample corresponds to 531 fb−1 .
In this review, the inclusion of charge-conjugated states is always implied.
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Figure 1: [Belle results] Top left:The B → Kπ + ψ(2S)
Dalitz plot. The second and the fourth of five vertical
slices correspond to the K ∗ (890) and K ∗ (1430) regions,
respectively. Bottom left: The Dalitz plot projection
for the π + ψ(2S) invariant mass with the K ∗ veto applied. The solid (dotted) histogram shows the fit result with a single (without any) π + ψ(2S) state. Right
panel: (a)-(e) plots show the fit results for five vertical
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2
0 ∗0
(Γ = (3.0+1.9
−1.4 ± 0.9) MeV), with a mass of (3872.3 ± 0.8) MeV/c very close to the D D
threshold, was studied intensively in several production and decay modes by Belle, BABAR and
other experiments.9,10,11,12,13,14,15,16 These results suggest two possible J P C assignments, 1++
and 2−+ , and establish the X(3872) as a candidate for a loosely bound D 0 D∗0 molecular state.
However, results provide substantial evidence that the X(3872) state must contain a significant
cc component as well. A much larger data sample is probably required to resolve this issue.

2.1

Charged charmonium-like states: Z + (4430); Z + (4050)& Z + (4250)

Last year a surprising discovery of a new charmonium-like state was reported 17 by Belle in
the B +,0 → K 0,− π + ψ(2S) analysis, performed on a data sample with 657 · 106 BB pairs.
After excluding the Kπ Dalitz regions that correspond to K ∗ (890) and K2∗ (1430) mesons (i.e.
K ∗ veto), a strong enhancement is seen in the π + ψ(2S) invariant mass distribution. A fit
with a Breit-Wigner shape yields a peak mass and width of M = (4433 ± 4 ± 2) MeV/c2
+30
and Γ = (45+18
−13 −13 ) MeV, with a 6.5σ statistical significance. The observed resonance, called
+
Z (4430), is the first charged charmonium-like meson state – an obvious tetraquark candidate.
Using the same data sample as above, Belle also performed a full Dalitz plot analysis 18
with a fit model that takes into account all known Kπ resonances below 1780 MeV/c2 . Dalitz
plot is divided in five M 2 (Kπ) regions and the Z + (4430) signal is clearly seen for the K ∗ -vetoequivalent M 2 (π + ψ(2S)) distribution, i.e. for the sum of the 1st , 3rd and 5th regions (see Fig. 1).
The fit results with 6.4σ peak significance agree with previous Belle measurement, and provide
+19
+86 +74
2
the updated Z + (4430) parameters: M = (4443+15
−12 −13 ) MeV/c , Γ = (109−43 −56 ) MeV and
+1.8 +5.3
0
−
+
+
+
−5
B(B → K Z (4430)) × B(Z (4430) → π ψ(2S)) = (3.2−0.9 −1.6 ) · 10 .
BABAR also searched for the Z + (4430) signature in their data sample, analysing the B −,0 →

ψπ − K 0,+ (ψ = J/ψ or ψ(2S)) decays.19 A substantial amount of work in this analysis is invested
into a detailed study of the Kπ − system, since its mass and angular-distribution structures
strongly influence the Dalitz plots. As shown in Fig. 2 the Kπ − invariant mass distributions
are well described in terms of a superposition of S−, P − and D−wave amplitudes. The shapes
and the composition of these components strongly affect the ψπ − mass spectrum through the
Kπ − reflection background. However, it is found that these reflections alone can not explain a
narrow peak in the J/ψπ − or ψ(2S)π − mass distributions. These distributions for all events, and
separately for events inside and outside the K ∗ (890) and K ∗ (1430) regions, are then fitted with
the sum of the Kπ − background function and a relativistic Breit-Wigner shape (see Fig. 2). No
significant evidence for a signal peak is seen for any of the processes investigated, not even in the
K ∗ veto region for the ψ(2S)π + distribution, where the Z + (4430) was observed by Belle. The
most prominent structure in the ψ(2S)π − mass distribution for all events is an excess of 2.7σ
with a mass and width of M = (4476 ± 8((stat.)) MeV/c2 and Γ = 32 ± 16((stat.)) MeV. Using
the Belle values 17 for the Z + (4430), the upper limit for the product of branching fractions is
calculated as B(B 0 → K − Z + (4430))×B(Z + (4430) → π + ψ(2S)) < 3.1·10−5 at a 95% confidence
level. This result gives no conclusive evidence for the existence of the Z + (4430), seen by Belle.
The observation of the Z + (4430) state suggests that studies of B → Kπ(cc) decays could
reveal other similar neutral and charged partners. Belle thus reports also on a Dalitz plot
analysis of B 0 → K − π + χc1 decays with 657 · 106 BB pairs.20 The fit model for Kπ resonances is the same as in the Z + (4430) Dalitz analysis, but here it includes also the K3∗ (1780)
meson. The fit results suggest that a broad doubly peaked structure in the π + χc1 invariant
mass distribution should be interpreted by two new states, called Z + (4050) and Z + (4250).
The double-Z + hypothesis is favoured when compared to the single-Z + (no-Z + ) hypothesis by the statistical significance of 5.7σ (13.2σ), and even with various systematic variations of the fit model, the significance is still at least 5.0σ (8.1σ). The masses, widths and
2
product branching fractions for the two states are: M (Z + (4050)) = (4051 ± 14+20
−41 ) MeV/c ,
+180
+44
+47
+21
Γ(Z + (4050)) = (82−17 −22 ) MeV, M (Z + (4250)) = (4248−29 −35 ) MeV/c2 , Γ(Z + (4250)) =
+316
+1.5 +3.7
0
− +
+
+
−5
(177+54
−39 −61 ) MeV; and B(B → K Z (4050)) × B(Z (4050) → π χc1 ) = (3.0−0.8 −1.6 ) · 10 ,
+2.3 +19.7
0
−
+
+
+
−5
B(B → K Z (4250)) × B(Z (4250) → π χc1 ) = (4.0−0.9 −0.5 ) · 10 .
2.2

Studies of J P C = 1−− states using ISR

The annihilation through initial-state radiation (ISR), e+ e− → γISR Xfinal , has proven to be a
√
powerful tool to search for 1−− states at B-factories: it enables a scan across a broad s energy
range below the initial e+ e− centre-of-mass (CM) energy, while the high luminosity compensates
for the suppression due to the hard-photon emission. The ISR processes are effectively identified
by a small mass recoiling against the studied system Xfinal . BABAR used this technique for
a discovery of the Y (4260) state above D (∗) D(∗) threshold in the e+ e− → γISR Y (4260) →
γISR J/ψπ + π − process.21 Using the same method Belle recently confirmed 22 the Y (4260) state,
but also found another resonant structure, called Y (4008). A similar analysis was performed
by Belle to study the ISR e+ e− annihilation process resulting in the ψ(2S)π + π − final state.23
The obtained ψ(2S)π + π − mass distribution reveals two resonant structures, called Y (4360) and
Y (4660). While Y (4660) still needs a confirmation, the former resonance, Y (4360), has a mass
similar to the wide structure Y (4325), discovered previously by BABAR.24
Results are summarised in Table 1. The Y states observed in J/ψπ + π − and ψ(2S)π + π −
decay modes are distinctive, although a hint exists that the Y (4260) could also be seen in the
ψ(2S)π + π − decay mode.25 The nature of Y states and their strong couplings to ψπ + π − are
somewhat puzzling: such heavy charmonium(-like) states should decay mainly to D (∗) D(∗) , but
it seems that observed Y states do not match the peaks in e+ e− → D (∗)± D(∗)∓ cross sections,
measured by Belle.26 This conclusion is supported also by BABAR cross-section measurements.27,28

Table 1: Properties of Y (1−− ) states, measured by Belle and BABAR. States marked with (?) might be the same.

Belle
Y state
Y (4008)
Y (4260)
Y (4325)(?)
Y (4360)(?)
Y (4660)

3

Decay mode
J/ψπ + π −
J/ψπ + π −
ψ(2S)π + π −
ψ(2S)π + π −
ψ(2S)π + π −

(MeV/c2 )

M
4008 ± 40+114
−28
4247 ± 12+17
−32

Γ (MeV)
226 ± 44 ± 87
108 ± 19 ± 10

4361 ± 9 ± 9
4664 ± 11 ± 5

74 ± 15 ± 10
48 ± 15 ± 3

BABAR
M (MeV/c2 )
Γ(MeV)
4259 ± 6+2
−3
4324 ± 24

105 ± 18+4
−6
172 ± 33

Summary and Conclusions

The B-factory experiments, Belle and BABAR, provide an excellent environment for charmonium
spectroscopy. As a result, many new charmonium-like particles have been discovered during
their operation, and some of them – like X(3872), Z + (4430), Z + (4050) & Z + (4250)and several
Y (1−− ) states – are mentioned in this report.
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Bottomonium Results from BABAR and BELLE
Jörg Marks for the BABAR Collaboration
Physikalisches Institut der Universität Heidelberg
Philosophenweg 12, D-69120 Heidelberg, GERMANY
After nine years of operation the BABAR experiment at the B factory PEPII (Standford Linear
Accelerator Center) stopped data taking in April 2008. The last three month of data taking
were devoted to e+ e− collisions at center of mass energies of the Υ(2S), Υ(3S) and to an
energy scan above the Υ(4S). Besides the observation of the bottomonium ground state ηb ,
the center of mass energy dependent e+ e− → bb̄ cross section was measured in the energy
range from 10.54 to 11.20 GeV. BELLE observed an enhancement in the production cross
section for e+ e− → Υ(nS)π + π − → µ+ µ− π + π − in an energy scan from 10.83 to 11.02 GeV.
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Introduction

The bound states of bb̄, the bottomonium states, are the heaviest and most compact bound
states of quarks and anti quarks in nature. They were first discovered as spin triplet states
called Υ by the E288 collaboration at Fermilab in 1977 in p scattering on Cu and Pb targets
studying muon pairs in a regime of invariant masses larger than 5 GeV 1 . Thirty years after the
discovery of these bb̄ triplet states, still no evidence for the lowest energy spin singlet state, the
pseudo scalar ηb , was found.
Spectroscopic measurements of fine and hyperfine structure splittings of hadronic and radiative transitions in the bottomonium system allow to test calculations of NRQCD, QCDME
and lattice QCD. In particular, the hyperfine mass splitting between the singlet and triplet
states yields information about the spin-spin interactions. Of the recent topics in bottomonium
physics, BABAR’s discovery of the ηb and the measurement of the hyperfine splitting are discussed 2 . Results of an inclusive bb̄ cross section measurement of a precision energy scan above
the Υ(4S) are presented. These results are compared to an exclusive cross section measurement
of e+ e− → Υ(nS)π + π − by BELLE in a scan on the Υ(5S) resonance.
Discovery of the ηb Meson

2

The large BABAR dataset on Υ(3S)/(2S) of 120 million/100 million events allows to search for
the rare radiative M1 transitions from the triplet states Υ(3S) and Υ(2S) to the ηb .
The strategy is to search in the inclusive photon spectrum for the decay Υ(3S) → γηb in the
center of mass frame of the Υ(3S). Besides the signal photons at an energy of about 900 MeV,
we expect large backgrounds of non-peaking and peaking nature. Continuum q q̄ events, Υ(3S)
cascade decays and Υ(3S) → γgg events contribute to the non-peaking background. There are
two contributions to the peaking background: i) the decay chain from Υ(3S) to the tripleta χbJ ,
a

The 3 states of the χbJ (2S) decaying to Υ(1S) appear as one peak at about 760 MeV due to energy resolution

which then decays to Υ(1S), ii) initial state radiation (ISR) with a photon of such a radiated
energy (Eγ ≈ 860 MeV) that the remaining virtual photon matches the Υ(1S).

Knowing all sources entering the inclusive photon spectrum, for each contribution a probability density function (PDF) is determined. A binned maximum likelihood fit in the photon energy
range from 500 to 1100 MeV allows to extract the ηb signal. About 10 % of the data are used to
improve the PDF determination, the event selection and the background suppression. This data
√
are discarded in the final analysis. The shape of the photon distribution (Eγ = s − m2 /2 s) of
the decay to ηb is determined from MC as a convolution of a Crystal Ball and a Breit-Wigner
function. The width of the Breit-Wigner function is fixed to 10 MeV and variations are considered as systematic errors. For the non-peaking background component an exponential Ansatz
is used; the starting parameters are determined from the side bands. The χbJ (2S) decays are
parametrized as 3 Crystal Ball functions. Their width is fixed and is for all 3 lines the same.
The relative peak positions are taken from PDG. The relative yields are also fixed. In the final
fit the yield of the contribution from ISR (e+ e− → γISR Υ(1S)) is fixed and taken from the extrapolated yield of the Υ(4S) off-peak data to the Υ(3S) on-peak sample taking the luminosity,
the reconstruction efficiency and the cross section into account.

Figure 1: Inclusive photon spectrum after subtracting the non-peaking background. a) For Υ(3S) data with
PDF’s for χbJ (2S) peak (cyan), ISR Υ(1S) (green), ηb signal (magenta) and the sum of all three. The inline plot
is the inclusive photon spectrum after subtracting all components except the ηb signal. b) For Υ(2S) data with
PDF’s for χbJ (1S) peak (cyan), ISR Υ(1S) (red) and ηb signal (blue).

A maximum likelihood fit of the four components to the data sample with an integrated
luminosity of 25.6 f b−1 (109 million Υ(3S) events) is performed. Figure 1a shows the inclusive
photon spectrum and the PDFs of the fit result as colored lines after subtracting the non-peaking
background. The χbJ (2S) contribution is indicated in light blue, in green the contribution from
initial state radiation. The ηb peak in magenta is clearly visible. Subtracting the χb and ISR
contributions leads to the ηb signal shown in the upper right part of Figure 1a. The photon
energy is measured to be hEγ i = 921.2+2.1
−2.8 ± 2.4 M eV with a significance of 10σ.
In addition to the ηb search in Υ(3S) data, BABAR performed a similar analysis using 92
Million Υ(2S) events 3 . The ηb discovery is confirmed in this channel with a signal significance
of 3.5σ. Both values of the ηb mass agree very well. The combined mass of the ηb is measured
to be Mηb = 9390.4 ± 3.1 M eV /c2 , which is in good agreement with unquenched lattice QCD
calculations 4 . Using the PDG average for the mass of the Υ(1S), BABAR measures a hyperfine
mass splitting of ∆MΥ(1S)−ηb = 69.9 ± 3.1 M eV /c2 well in agreement with lattice QCD predictions 5 . The ratio of the branching fraction measurements for Υ(3S) → ηb γ and Υ(2S) → ηb γ is
6
RB = B(Υ(2S) → γηb )/B(Υ(3S) → γηb ) = 0.89+0.25+0.12
−0.23−0.16 . According to Godfrey and Rosner ,
this is compatible with the assumption of radiative M1 transitions.

and Doppler broadening.
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Energy Scans above Υ(4S)

Recently, non-baryonic charmonium states which do not behave like standard cc̄ states were
discovered. The question arises, if similar exotic states with J P C = 1−− appear in the bottomonium energy regime. Scaling the Y states (4260, 4350, 4660) from the charmonium to the
bottomonium regime, the interesting energy range is above Υ(4S) and below 11.2 GeV. BABAR
performed a scan in the center of mass energy from 10.54 to 11.2 GeV in 5 MeV steps with 25
pb−1 of recorded data per point. This is about 4 times finer with a 30 times larger amount of
data than the last scan done 25 years ago at CESR 7,8 . Including 8 additional points of irregular
spacing on Υ(6S), the total amount of data corresponds to an integrated luminosity of 3.9 f b−1 .
BABAR follows an inclusive approach to search for new states with b quark content measuring
0 (s) at different center of
the inclusive hadronic cross section as the ratio Rb (s) = σbb(γ) (s)/σµµ
mass energies 9 . Here, σbb(γ) (s) is the total cross section of e+ e− → bb̄(γ) including the bb̄ states
0 (s) is the lowest order
produced in initial state radiation below the open beauty threshold and σµµ
+
−
+
−
cross section of e e → µ µ . The region above the Υ(4S) is explored with unprecedented

Figure 2: (Left)Rb as function of the center of mass energy with the position of the opening thresholds of the
(∗) (∗)
e+ e− → B(s) B̄(s) processes as dotted lines. (Right) Zoom of the same plot with the fit result superimposed.

details as shown in Figure 2 by the measurement of Rb as function of the center of mass energy.
The errors are of statistical and uncorrelated systematic nature. The dotted lines indicate the
different B meson production thresholds. The large statistics per energy point and the small
energy steps reveal structures which seem to correspond to threshold openings. The Υ(5S) and
Υ(6S) candidates are probably not pure resonance structures as predicted within the coupled
channel model in 1984 by Törnquist 10 . It handles the coupling between the quarkonia and the
continuum. Coupled channel effects play a significant role in accounting for the energy spacing of
the nS level. All resonances contribute by interference with the dominant resonance. Therefore,
an interpretation of the measured structures is very difficult. The bumps in the region from 10.6
to 10.75 GeV are not due to resonances, but appear due to threshold openings of the B ∗ B̄ and
B ∗ B¯∗ and the node structure in the overlap integrals. Above Υ(6S) a plateau is clearly visible.
In order to determine the parameters for the Υ(5S) and Υ(6S) candidates, the following
simplified model is fit to the data in the energy range from 10.8 to 11.2 GeV: σ = |Anr |2 + |Br +
A5S eiφ5S BW (M5S , Γ5S ) + A6S eiφ6S BW (M6S , Γ6S )|2 , BW (M, Γ) is a relativistic Breit-Wigner
resonance. The values obtained M (Υ(5S)) = 10876 ± 2 M eV /c2 , Γ(Υ(5S)) = 43 ± 4 M eV /c2
and M (Υ(6S)) = 10960 ± 2 M eV /c2 , Γ(Υ(6S)) = 37 ± 3 M eV /c2 differ significantly from the
PDG values M (Υ(5S) = 10865 ± 8 M eV /c2 , Γ(Υ(5S) = 110 ± 13 M eV /c2 and M (Υ(6S)) =
11019±8 M eV /c2 , Γ(Υ(6S)) = 79±16 M eV /c2 . The result of the fit is superimposed in Figure 2
(right). The number of states and their energy dependence is a priori unknown. Therefore, a
calculation within a proper coupled channel approach would certainly yield different results.
In contrast to BABAR, BELLE followed an exclusive approach measuring the energy dependence of the cross section of e+ e− → Υ(nS)π + π − → µ+ µ− π + π − (n = 1, 2, 3) in an energy
scan within the Υ(5S) region 11,12 . Data of six energy points from 10.83 to 11.02 GeV corre-

Figure 3: The center of mass energy dependent cross sections for e+ e− → Υ(nS)π + π − → µ+ µ− π + π − (n = 1, 2, 3)
processes. a) The results of a fit with a common mean and width of an S-wave Breit-Wigner model are shown as
curves. b) The results of a fit with the PDG Υ(5S) and Υ(6S) parameters is superimposed.

sponding to an integrated luminosity of 7.9 f b−1 were collected. The signal yield for the cross
section measurement is extracted by an unbinned maximum likelihood fit to ∆M , defined as the
difference between M (µ+ µ− π + π − ) and M (µ+ µ− ), for the 3 different resonance regions Υ(1S),
Υ(2S) and Υ(3S). The three sets of cross section measurements as a function of the center of
mass energy are shown in Figure 3 in different colors. The fit of a single S-wave Breit-Wigner
resonance model is superimposed (Figure 3a). In the fit the normalization as well as a common mean µ(Υ(5S)) and width Γ(Υ(5S)) are extracted. An enhancement in the production of
the final states is observed and the conventional Υ(5S) lineshape does not describe the measurements well. The values obtained in the fit, µ(Υ(5S)) = 10889.6 ± 1.8 ± 1.9 M eV /c2 and
2
Γ(Υ(5S)) = 54.7+8.5
−7.2 ± 2.5 M eV /c , are clearly different from the PDG values listed above. This
is supported in Figure 3b where a fit with the PDG Υ(5S) and Υ(6S) parameters yields a poor
χ2 value; the observed resonance structure disagrees with the Υ states given by the PDG.
4

Summary

The large BABAR datasets on Υ(2S)/Υ(3S) resulted in the discovery of the lowest energy spin
singlet state of the bottomonium system ηb in Υ(3S) → ηb γ decays. The ηb mass was measured
to be Mηb = 9390.4 ± 3.1 M eV /c2 with a hyperfine splitting ∆MΥ(1S)−ηb = 69.9 ± 3.1 M eV /c2 .
These measurements were complemented by an inclusive hadronic cross section measurement
above Υ(4S) from 10.54 to 11.2 GeV which revealed structures with unprecedented detail. BABAR
extracted from the fit of a simplified model parameters for Υ(5S) and Υ(6S) which indicate a
smaller width than the PDG values. This is supported by a cross section measurement from
BELLE of e+ e− → Υ(nS)π + π − → µ+ µ− π + π − in the Υ(5S) region of 10.83 to 11.02 GeV.
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Evidence for a Near-Threshold Structure in the J/ψφ channel from B+ → J/ψφK+
Decays at CDF
Jane M. Nachtman for the CDF Collaboration
Department of Physics and Astronomy, University of Iowa, Iowa City,
Iowa, USA
Evidence for a new particle in the J/ψφ mass spectrum is reported here. The new structure
was found in 2.7 fb−1 of pp̄ collision data collected with the CDF detector at Fermilab’s Teva√
tron accelerator at s = 1960 GeV. The new state, Y(4140), has a mass of 4143.0 MeV/c2 and
a width of 11.7 MeV/c2 , with a statistical significance of at least 3.8 σ 1 .

Introduction
In recent years, several unusual and interesting charmonium-like mesons have been observed at
BABAR, BELLE, CDF and D0 2,3,4,5 . The unusual properties of the X(3872), Y(3940), and
Y(4260) mesons have led to speculations of exotic mesons such as hybrids or four-quark states.
These hints of exotic mesons have prompted searches for particles that could somehow be
related. One such likely channel is the decay to J/ψφ , for several reasons. The J/ψφ final
state has positive C-parity and two JPC = 1−− vector mesons (VV); the X(3872) and Y(3930)
decay to VV states. The threshold for a particle decaying to J/ψφ is 4.116 GeV; the Y(3940)
was observed near the J/ψω threshold. Finally, a typical charmonium meson with a mass above
4.116 GeV/c2 has a very small predicted branching ratio to this channel; reconstructing an
unexpected number would indicate something new.
From an experimental point of view, the J/ψφ channel is possible to reconstruct in a
straightforward manner. To reduce combinatorial background the J/ψφ can be isolated by reconstructing the B+ (charge conjugation is implied throughout) in the B+ → J/ψφK+ channel.
Since b hadrons are copiously produced at the Tevatron, even rare processes can now be reconstructed in the large datasets available to CDF and D0; this CDF analysis searches 2.7 fb−1 of
data, and nearly 5 fb−1 has been written to tape since the start of Run II. The b hadrons
produced at the Tevatron are boosted, allowing near-threshold structure searches with a smooth
acceptance. The CDF detector has excellent mass and vertex resolution, and analyses can take
advantage of well-developed particle identification (PID) techniques. The CDF detector has
been well described elsewhere 6 , and will not be discussed in detail here.
Analysis
The analysis strategy begins with reconstructing the B+ in the B+ → J/ψφ K+ decay channel,
where the J/ψ decays to µ+ µ− and the φ decays to K+ K− . Once this channel is isolated, the
J/ψφ mass spectrum can be analyzed. In order to justify the choice of selection criteria, control
channels of BS → J/ψφ (3000 events) and B+ → J/ψK+ (50,000 events) are selected.
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Figure 1: The B+ candidate mass spectrum before the Lxy and kaon LLR cuts are applied.
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Figure 2: The B+ candidate mass spectrum after all selection criteria is applied.

The selection of the B+ sample begins with the CDF dimuon trigger dataset, from which the
J/ψ is reconstructed using typical CDF selection criteria. Two kaon candidates whose invariant
mass falls within a mass window defined by the φ mass and resolution are added, as well as
an additional kaon to form the invariant mass of the five particles. The resulting B+ candidate
mass spectrum is shown in Figure 1. Two more selection criteria are added at this point. The
vertex separation, Lxy , is the separation between the primary vertex and the secondary vertex
formed by the reconstructed decay products of the candidate B+ . The Lxy must be greater
than 500 µm in this analysis. The CDF PID for kaons uses a log-likelihood ratio (LLR) to
discriminate between kaons and pions. In this analysis, the kaon LLR must be greater than 0.2.
The mass spectrum of the B+ candidates is shown in Figure 2.
A phase-space monte carlo simulation was used to verify that no additional structures would
be expected in the B+ candidate mass spectrum of this analysis. The possibility of reflections
was also considered; the decay BS → ψ(2S) with ψ(2S) → Jψπ + π − could be reconstructed in
the B+ mass window if one of the pions were misidentified as a kaon. This possible background
was eliminated with a cut on the mass of the search window.
Additionally, a check of the φ mass spectrum was made to ensure that no component due to
f0 or K+ K− phase space was present. Looking at the B+ candidate sample at the φ candidate

Candidates/2 MeV/c2

30

CDF II Preliminary, 2.7 fb-1

25
20
15
10
5
0
1.00

1.01

1.02

1.03

1.04

mK+K- (GeV/c2)

Candidates/10 MeV/c

2

Figure 3: The φ candidate mass spectrum, with a relaxed K+ K− mass window, and B+ candidate mass sideband
subtraction applied.
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Figure 4: The J/ψφ mass spectrum, represented as ∆M, the difference between the mass of the µ+ µ− K+ K− and
the mass of the µ+ µ− . The fit to a signal hypothesis is shown as the blue line, indicating the enhancement at
∆M of 1046.3. The three-body phase space background fit is shown as the red line.

mass with a relaxed mass window, and subtracting the B+ sidebands, yields the mass spectrum
shown in Figure 3. Using a P-wave relativistic Breit-Wigner to fit the data yields a χ2 probability
of 28%; there is little to no contamiation of the φ sample.
Next, a search of the J/ψφ mass spectrum is performed, and an enhancement at the threshold is present in the data, as shown in Figure 4, which shows the mass as ∆M, or the difference
between the mass of the µ+ µ− K+ K− and the mass of the µ+ µ− . The data is fit with a signal
hypothesis of an S-wave relativistic Breit-Wigner and a background hypothesis of three-body
phase space, returning a signal yield of 14±5, a width of 11.7 +8.3 -5.0 (stat) and a ∆M of
1046.3±2.9 (stat) MeV/c2 .
A log-likelihood ratio (-2ln(L0 /Lmax )) is used to estimate the significance of the structure,
where L0 and Lmax are the likelihood values for the null hypothesis fit and the signal hypothesis
fit. The significance of the structure in the J/ψφ mass is 5.3σ if there were a priori predictions
for mass and width of the new structure; however, in the absence of predictions the significance
is found using a toy Monte Carlo technique to estimate the probability that the structure is
due to a background fluctuation. The ∆M spectrum is modeled as a three-body phase space

decay. For each trial, the most significant fluctuation in the toy events is found anywhere in ∆M
between 1.02 and 1.56 GeV/c2 , with a width between 1.7 MeV/c2 (taken from resolution) and
120 MeV/c2 (ten times the observed width). Then, the number of times that a fluctuation with
a significance greater or equal to that found in the data is observed in the toy trials is counted,
and a p-value is calculated. Using this method the significance drops from 5.3 σ to 4.3 σ. A
further check is to vary the background model; using phase space and a flat background for
non-B background yields a significance of 3.8 σ.
Conclusion
Evidence for a new structure in the J/ψφ mass spectrum has been found in 2.7 fb−1 of data
collected with the CDF detector at Fermilab. The signal yield is 14±5 events, with a width
of 11.7 +8.3 -5.0 (statistical) ± 3.7 (systematic error) and a mass difference of 1046.3±2.9
(statistical) ± 1.2 (systematic error) MeV/c2 , giving a mass of 4143.0 MeV/c2 . The significance
of this signal is 4.3 σ after taking the absence of a prediction for the mass and width into
account. The width of this structure indicates that a strong decay is likely. The new structure
is tentatively named the Y(4140).
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RECENT B-PHYSICS RESULTS FROM LATTICE QCD
RUTH S. VAN DE WATER
Physics Department, Brookhaven National Laboratory, Upton, NY 11973
We discuss recent unquenched “2+1” flavor lattice QCD calculations of hadronic weak matrix
elements involving b-quarks. We present results for the B → D∗ ℓν form factor and |Vcb |, the
B → πℓν form factor and |Vub |, and the neutral B-meson mixing matrix elements and their
SU (3)-breaking ratio ξ. All of these results are new since Moriond QCD 2008
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Introduction

Although the bottom and charm quark factories and the Tevatron have been pouring out data
in order to pin down the elements of the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix,
lattice QCD calculations are needed to interpret may of their results. This is because, in order
to accurately describe weak interactions involving quarks, one must include effects of confining
quarks into hadrons. Typically the non-perturbative QCD effects are absorbed into quantities
such as decay constants, form factors, and bag-parameters. Currently, the only way to calculate these hadronic weak matrix elements with all systematic uncertainties under control is
numerically using lattice QCD.
In the Standard Model, the CKM matrix is unitary. This leads to relationships among matrix elements that can be expressed as the CKM unitarity triangle. Many models of new physics
predict the presence of new quark flavor-changing interactions and CP -violating phases. Experimentally, these would manifest themselves as apparent inconsistencies between measurements
that are predicted to be the same within the Standard Model framework. Thus one of the key
goals in flavor physics is to over-constrain the CKM unitarity triangle.
Schematically, experimental quantities such as branching fractions and oscillation frequencies
can be expressed as the product of a CKM factor times a hadronic weak matrix element times
kinematic and other factors that can be computed in perturbation theory:
expt. = CKM × lattice × known factors.

(1)

Thus, in order to test the Standard Model and observe new physics, we need precise lattice QCD
calculations of weak matrix elements with an accuracy of a few % or better.
1.1

Systematics in Lattice QCD Calculations

Lattice calculations typically quote the following sources of error:
1. monte carlo statistics & fitting
2. tuning the lattice spacing, a, and quark masses
3. matching lattice gauge theory to continuum QCD

4. chiral extrapolation to the physical up and down quark masses
5. extrapolation to the continuum (this is often combined with the chiral extrapolation).
In order to verify understanding and control of systematic uncertainties in lattice calculations,
we compare the results of lattice calculations of known quantities with experiment. Two such examples are the pion decay constant,1 which has been computed to ∼2% accuracy and agrees with
experiment, and the D → Kℓν form factor,2 whose shape and normalization were successfully
predicted before they was measured accurately by the FOCUS experiment.
1.2

Lattice Calculations of B-meson quantities

Currently there are two groups calculating heavy-light meson quantities with three dynamical
light quark flavors: Fermilab/MILC and HPQCD. Both use the publicly available “2+1 flavor”
MILC configurations 3 which have three flavors of improved staggered quarks, two degenerate
light quarks and one heavy quark with a mass close to that of the physical strange quark.
The light quark masses range from ms /10 ≤ ml ≤ ms ; this corresponds to a minimum mπ
of approximately 240-330 MeV. All of the calculations presented in this review are computed
on two or more lattice spacings with minimum of a ≈ 0.09 fm. The two lattice collaborations
use different heavy quark discretizations: Fermilab/MILC uses Fermilab quarks,4 while HPQCD
uses nonrelativistic (NRQCD) heavy quarks.5
2

B → D ∗ ℓν Decay and |Vcb |

Moriond QCD 2009
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The CKM matrix element |Vcb |
is critical to unitarity triangle fits Figure 1: Recent determinations of |Vcb |. The top (blue) point shows
because, in order to make the base the inclusive determination, while the lower (red and black) points
show exclusive determinations from different semileptonic decays.
of the CKM unitarity triangle have
unit length, the convention is to divide everything by |Vcd Vcb∗ |. Thus |Vcb | enters all constraints
on the apex of the unitarity triangle except for those from angles and ratios. For example, the
∼ 2% error in |Vcb | already limits the constraint from neutral kaon mixing (the ǫK band), and
will ultimately limit other constraints if unimproved.
Recently, the Fermilab Lattice and MILC Collaborations have published the first unquenched
determination of the B → D ∗ ℓν for factor at zero recoil. They find: 6

F (1) = 0.921 ± 0.013stat. ± 0.020sys. .

(2)

The largest uncertainties in this result are from statistics and discretization errors, and can
be reduced in a straightforward manner. The MILC Collaboration has recently generated four
times the configurations on the a ≈ 0.12 fm lattices, and the use of these lattices will reduce the
statistical errors. Configurations with smaller lattice spacings of a ≈ 0.06 fm and a ≈ 0.045 fm
also have yet to be analyzed, and will reduce the discretization errors. Using the most recent
experimental value of F (1) × |Vcb | from the Heavy Flavor Averaging Group and applying an
0.7% QED correction gives
|Vcb | × 103 = 38.2 ± 0.6exp. ± 1.0theo. .

(3)

Figure 1 shows the above result compared with other determinations of |Vcb |. Currently, the
exclusive determinations of |Vcb | are approximately 2-σ lower than the inclusive determination.
We note, however, that the confidence level of the global fit that leads to the inclusive value is
0.01%; thus the experimental data are not consistent for B → D∗ ℓν. A future calculation of the
B → D∗ ℓν form factor at non-zero recoil may shed some light on this discrepancy.
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B → πℓν Decay and |Vub |
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-0.17
+0.16
because the errors in experimental
3.48
UTFit
-0.16
branching fraction are smallest at
2
+0.36
low q , whereas the errors in latFNAL-MILC ’08
3.38
-0.36
tice form factor determinations are
2
2.5
3
3.5
4
4.5
5
smallest at high q 2 .
3
The ratio |Vub |/|Vcb | constrains
|Vub|x10
the apex of the unitarity triangle. Figure 2: Recent determinations of |V |. The upper two (blue)
ub
The constraint, which is limited by points are representative inclusive determinations and the next two
the large uncertainty in |Vub |, is ap- (red) points are earlier exclusive determinations from lattice QCD.
proximately parallel to the one from The bottom (black) point shows the newest lattice QCD result.
the angle β. Because sin(2β) constrains the height of the unitarity triangle to better than 4%
and is still improving, a precise determination of |Vub | will allow a strong test of CKM unitarity.
The Fermilab Lattice and MILC Collaborations have recently computed the B → πℓν form
2
= 26.5 GeV2 . 8 They find that the shape and
factor at 12 q 2 values from ≈ 18 GeV2 to qmax
normalization are consistent with other 2+1 flavor determinations. The errors, however, are
smaller and more reliable due to the use of a second lattice spacing. The largest uncertainties in
the form factor are from statistics and the chiral extrapolation, and can be reduced by analyzing
the additional configurations on the a ≈ 0.12 fm lattices and analyzing configurations with larger
spatial volumes that allow simulations at lighter pion masses.
In order to extract |Vub |, Fermilab and MILC combine their numerical lattice form factor
data with the experimentally-measured branching fraction from the BABAR experiment.9 They
fit lattice and BABAR data together to a model-independent function based on analyticity, unitarity, and crossing-symmetry10 leaving |Vub | as a free parameter. The simultaneous fit procedure
optimizes the extraction and minimizes the resulting error in |Vub |. They obtain

|Vub | × 103 = 3.38 ± 0.36.

(4)

Figure 2 shows the above result compared with other determinations of |Vub |. The new exclusive
|Vub | is approximately 1-2-σ lower than inclusive determinations, but is consistent with the
preferred values from Standard Model unitarity triangle fits.
4

Neutral B-meson mixing

The ratio of Bs -to-Bd oscillation frequencies is proportional to |Vtd |/|Vts |. In combination with
a lattice calculation of the neutral Bs - and Bd -mixing matrix elements, this ratio constrains the

apex of the CKM unitarity triangle. Because the oscillation frequencies are measured to better
than 1% accuracy, the dominant error in this constraint is currently
q from the
q uncertainty in the

lattice QCD determination of the SU (3)-breaking ratio ξ ≡ fBs B̂Bs /fBd
Recently the HPQCD CollaboMoriond QCD 2009
ration has completed the first unquenched 2+1 flavor determination
FNAL-MILC ’08
(preliminary)
the neutral B-meson mixing matrix
HPQCD ’09
elements and their ratio ξ: 11

fBd
fBs

q

ξ = 1.258(33)

B̂Bd .

+0.052
-0.052

1.205

+0.033
-0.033

1.258

(5)
1.1

1.15

1.2

1.25

1.3

1.35

B̂Bd

= 216(15) MeV (6)

B̂Bs

= 266(18) MeV. (7) Figure 3: Recent determinations of ξ. The upper (red) point shows

q

ξ
the preliminary result of the Fermilab Lattice and MILC Collabo-

The largest uncertainty in ξ is from rations, while the lower (black) point shows the result of HPQCD.
statistics and chiral extrapolation and can be reduced by analyzing more configurations on the
a ≈ 0.12 fm lattices and using configurations with larger spatial volumes in order to access lighter
pion masses. Figure 3 shows the above result compared with other determinations of ξ. The
value is consistent with the preliminary 2+1 flavor determination of the Fermilab Lattice and
MILC Collaborations.12 Combining it with current experimental measurements of the oscillation
frequencies leads to the ratio of CKM matrix elements |Vtd |/|Vts | = 0.214(1)exp. (5)theo. .
5

Summary and Outlook

Lattice QCD calculations of B-meson decays and mixing now allow reliable determinations of
CKM matrix elements. In the past year, lattice QCD has produced:
• the first 2+1 flavor calculation of the B → D ∗ ℓν form factor and |Vcb | exclusive
• the best 2+1 flavor calculation of the B → πℓν form factor and |Vub | exclusive
• the first 2+1 flavor calculation of neutral B-meson mixing parameters and their ratio ξ.
Lattice QCD results will continue to improve with higher statistics, finer lattice spacings, improved heavy-quark actions, and improved form factor data at nonzero q 2 . Lattice QCD will soon
allow percent-level tests of the Standard Model in the quark flavor sector and may eventually
reveal new physics.
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BOTTOMONIUM AND CHARMONIUM RESULTS FROM CLEO
T. K. PEDLAR
Department of Physics, Luther College, 700 College Drive
Decorah, IA, 52101, USA

Heavy Quarkonium Physics continues to be a focus of the work done by the CLEO Collaboration. We present several results in the spectroscopy of both bottomonium and charmonium
systems using CLEO’s data sets taken at the Υ(3S), Υ(2S) and ψ(2S) resonances.

1

Introduction

In 2000, CLEO stopped running at the Υ(4S) for B-meson studies, and began an eight-year study
of the states of bottomonium, charmonium and open charm mesons, the latter two of which were
performed primarily as the experiment evolved into CLEO-c. We present here several results
from our full charmonium and bottomonium data sets.
2

Hadronic Transitions

The study of hadronic transitions among heavy quarkonium states provides important tests for
non-perturbative Quantum Chromodynamics (QCD) 1 . In the multipole expansion, 2 hadronic
transitions among heavy quarkonium states proceed by emission and hadronization of soft gluons. The non-relativistic nature of the bottomonium system and the richness of the spectrum of
bound states make it an excellent laboratory for the study of the low-q 2 hadronization process.
2.1

Transitions

transitions among
First, we report 3 improved measurements of the branching fractions for
the vector states of the bottomonium system. Dipion transitions from Υ(3S) to the lower
vector states (Υ(2S), Υ(1S)) and from Υ(2S) to Υ(1S) have been of interest ever since their
first observation in 1982. There has recently been a resurgence of interest in dipion transitions
following the observation of new π + π − transitions by several experiments. Additional motivation

to update measurements of the branching fractions for bottomonium dipion transitions comes
from the prospects of using Υ(3S), Υ(2S)→ππΥ(1S) as a clean source of tagged Υ(1S) to study
exclusive Υ(1S) decays, including searches for invisible decay modes.
In this analysis, we study the
transitions both inclusively (in
Table 1: Results of improved branching fraction measurements for the
which case we detect only the
processes Υ(nS)→ππΥ(mS).
pair of charged pions) and exclu- Mode
BF (%)
PDG BF (%)
sively (in which case we detect, Υ(3S)→π + π − Υ(1S) 4.46 0.01 0.13
4.48 0.21
in addition to the charged or neu- Υ(3S)→π 0 π 0 Υ(1S) 2.24 0.09 0.11
2.06 0.28
2.00 0.32
tral pair of pions, the decay of the Υ(3S)→π 0 π 0 Υ(2S) 1.82 0.09 0.12
daughter Υ(nS) state to either Υ(2S)→π + π − Υ(1S) 18.02 0.02 0.61 18.8 0.6
0 0
9.0 0.8
µ+ µ− or e+ e− ). In each case, the Υ(2S)→π π Υ(1S) 8.43 0.16 0.42
primary quantity used to identify our observation of the dipion transitions of interest is mass
recoiling against the dipion system. From the recoil mass histograms, yields for each process
may be obtained and converted to the branching fractions presented in Table 1. In every case
the branching fractions obtained are more precise than the current PDG 4 world average.
2.2

η Transitions

We next present the first observation 5
of a transition in bottomonium involving η mesons. In order to produce a pseudoscalar meson η or π 0
in Υ(nS)→(η, π 0 )Υ(mS) transitions (involving the flip of a heavy quark’s spin),
one quark of the hadronic system must
emit an M1 (magnetic dipole) gluon while
the other emits an M1 or E2 (electric
quadrupole) gluon. The observation of
the spin-flip of a b-quark can shed light
Figure 1: Invariant mass of (left) η and (right) π 0 candidates
on its chromomagnetic moment.
observed in transitions Υ(mS)→Υ(nS)+X(γγ, π + π − π 0 , 3π 0 ).
In this analysis, the daughter Υ state
is tagged via its decay to ℓ+ ℓ− . Branching fractions are then obtained from the invariant mass
distributions of the π 0 or η daughters. (See Figure 1) The backgrounds from various sources are
very small, and expected to be linear in the region of interest. We thus obtain:
B(Υ(2S)→ηΥ(1S)) = (2.1+0.7
−0.6

! 0.3) × 10−4 (5.3σ).

(1)

For the other π 0 or η transitions studied, only upper limits were obtained.
3

Hadronic Annihilation Decays

By contrast to the processes discussed above, hadronic annihilation of heavy quarkonia is a
comparatively high q 2 process, and thus they probe quite different features of QCD.
3.1

χb (1P, 2P ) Decays to Light Hadrons

CLEO has also, for the first time, observed 6 decays of bottomonia into light hadrons. Using
data taken at the higher vector states Υ(3S) and Υ(2S), we tag the production of χb (1P, 2P ) by
observation of the appropriate E1 photons. We then reconstruct over 650 different exclusive final
states, and obtain the yield from the invariant mass distributions for each. We observe fourteen

modes in which there are > 5σ signals for each of χb (1P ) and χb (2P ), having branching fractions
in the range 1 − 20 × 10−4 . These results can be of use in validating models of fragmentation of
heavy states, and for exclusive reconstruction of ηb and hb .
3.2

χb (1P, 2P ) Inclusive Decays to Open Charm

We have also studied 7 inclusive decays of χb (1P, 2P ) to open charm. For even-J states, we
expect that hadronic decays occur via gg, whereas for the J=1 states, gg is forbidden, and
the most probable intermediate state is g + q q̄. We may test these expectations by seeking
decays involving open charm, which would tend to be suppressed for gg and enhanced, with an
expectation of ≈ 25% of the hadronic rate for the g + q q̄ intermediate state.
0
In this analysis, for events containing at least one D the spectrum of detected photons is
0
0
fitted to obtain rates of D production from each χb state. The ratio R of the D rate to the total
hadronic rate (roughly the total width minus the radiative width in each case) is calculated. For
the J = 1 states, we confirm theoretical expectations, obtaining: only were significant results
obtained - and each confirms the expectation of ≈ 25% for the J = 1 states:
R(χb1 (1P )) = (24.8 ± 3.8 ± 2.2 ± 3.6)%

R(χb1 (2P )) = (25.3 ± 4.3 ± 2.5 ± 2.4)%.

(2)
(3)

These results represent the first measurements for the J = 1 branching fractions and offer the
opportunity for the refinement of models of bb̄ hadronic annihilation decays.
4

Radiative Transitions and Decays

The study of radiative transitions and decays offers a third probe of QCD.
4.1

Annihilation of J/ψ to 3γ

An important test of QED has been the study of the 3γ decay of Ortho-positronium, and
similarly the 3γ decay of ortho-charmonium, J/ψ, can serve as a laboratory for the investigation
of the QCD by comparing the rate for this decay to the rates for γgg, ggg or ℓ+ ℓ− . Prior to our
observation 8 of this decay only Ortho-positronium was known to decay to γγγ.
Production of J/ψ was tagged via the process ψ(2S)→π + π − J/ψ, and events containing
three additional showers in the electromagnetic calorimeter were selected. Events for which the
invariant mass of any pair of these showers corresponded to π 0 , η, η ′ or ηc were removed. An
excess of 24.2 events is observed on top of expected backrounds. We thus obtain
B(J/ψ→γγγ) = (1.2 ± 0.3 ± 0.2) × 10−5 (6σ),

(4)

with which zeroth order predictions 1 generally agree, but first-order perturbative QCD corrections are huge; this measurement presents a significant challenge, therefore, for theory.
4.2

Decays of Vector Charmonium to γ + Pseudoscalar Mesons

Naively, one expects that the ratio of decay rates of heavy quarkonia via γgg to that via ggg
to scale as α/αS . However, this is not borne out in the charmonium system; a recent CLEO-c
measurement revealed the ratio for ψ(2S) is only half of that for J/ψ. We have probed this
result by searching for decays of ψ(2S) and J/ψ to γ + (π 0 , η, η ′ ) which proceed via γgg. Of
particular interest is the ratio Rn ≡ B(ψ(nS)→η)/B(ψ(ns)→η ′ ), which is expected to satisfy
R1 ≃ R2 . Previous measurements revealed R1 = 20.2 ± 2.4% and R2 < 66% at 90% CL .

We searched for all the above γ+ pseudoscalar decays of J/ψ, ψ(2S) and ψ(3770) and found 9
that R2 << R1 at 90% CL. We’ve tightened the result for R1 , with R1 = 21.1±0.9%, and obtain
a much lower limit of R2 < 1.8% at 90% CL. Such a small value of R2 /R1 poses a significant
challenge to our understanding of these decays.
4.3

Radiative Production of ηc from ψ(2S), J/ψ

The M1 radiative transitions (ψ(2S), J/ψ)→γηc represent fundamental processes whose rates
serve as important benchmarks for theory, but both are very poorly measured. In addition, the
partial with measurements of ηc are dependent upon these poor measurements. CLEO-c has
made new and much improved measurements 10 of each of these branching fractions.
In this analysis, we measure the yield from the inclusive photon spectrum from ψ(2S)→γηc
and the yields from the exclusive photon spectra (using identical exclusive final states of ηc ) from
ψ(2S)→γηc and from ψ(2S)→π + π − J/ψ; J/ψ→γηc . We obtain B(ψ(2S)→γηc ) from the inclusive photon spectrum, and B(J/ψ)/B(ψ(2S)) from the exclusive photon spectra. Multiplying
these two numbers yields the branching fraction B(J/ψ→γηc ). We thus find:
B(ψ(2S)→γηc ) = (4.32 ± 0.16 ± 0.60) × 10−3 and
B(J/ψ→γηc ) = (1.98 ± 0.09 ± 0.30)%.

(5)
(6)

These are each significantly larger than, but much more precise than the previous PDG 4 average,
and will result in a renormalization of nearly all exclusive ηc branching fractions. Interestingly
the ηc masses reported by experiments which observe ηc in M1 transitions average 5 MeV below
those reported by experiments which produce ηc through γγ fusion or p̄p annihilation. In our
study, we observed that depending on the lineshape assumed, we can obtain a mass consistent
with either M1 transition or direct-production results. We thus note that a very careful study
of the M1 lineshape is clearly in order if the ηc mass is to be extracted from M1 transitions.
5

Summary
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THE MASS OF η b
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b
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In this paper we briefly review the advances and problems in the QCD theory of the ηb mass.

1

Introduction

The properties of the Υ mesons, the bottom quark-antiquark spin-one bound states, are measured experimentally with great precision, and recent theoretical analysis of the Υ family based
on high-order perturbative calculations resulted in determinations of the bottom-quark mass
mb with unprecedent accuracy.1,2 At the same time the spin-zero ηb meson remained elusive
despite dediacted experimental searches. Only recently a signal of the ηb has been observed
by Babar collaboration in the radiative decays of the excited Υ states.3,4 The ηb meson shows
up as a peak in the photon energy spectrum of the Υ → γηb transitions. Despite considerable background from Υ → γχb and e+ e− → γΥ processes, the peak energy can be measured
with rather high precision. Together with very high accuracy of the Υ spectroscopy, this allows for the determination of ηb mass M (ηb ) with only a few MeV error. The analysis of
+3.1
the Υ(3S) decays gives M (ηb ) = 9388.9−2.3
(stat) ± 2.7 (syst) MeV,3 while Υ(2S) data give
+4.6
4
M (ηb ) = 9392.9−4.8 (stat) ± 1.9 (syst) MeV. Thus an accurate prediction of M (ηb ) is a big challenge and a test for the QCD theory of heavy quarkonium. Due to a very small experimental
uncertainty of the Υ(1S) mass, the problem can be reduced to the calculation of the hyperfine
splitting (HFS) Ehfs = M (Υ(1S)) − M (ηb ). This quantity is very sensitive to αs and could
become a competitive source for the determination of the strong coupling constant. In this
paper we briefly review the advances and problems in the QCD theory of bottomonium HFS.
We consider only the approaches entirely based on the first principles of QCD, leaving aside
numerous semi-phenomenological models.

2

Bottomonium Hyperfine Splitting in QCD

Systematic perturbative analysis of the heavy quarkonium bound states is based on the effective
field theory of (potential) nonrelativistic QCD, or (p)NRQCD.5,6 A recent major breakthrough
in the high-order calculations of the heavy quarkonium properties is related to the use of dimensional regularization 7 and the threshold expansion 8 within the effective field theory framework.2,9
The bottomonium spectrum has been computed to O(mb α5s ), which includes the O(αs ) next-toleading order (NLO) correction to the HFS. The corresponding result for an arbitrary principal
quantum number is given in Refs.2,10 in a closed analytical form. For the ground state it reads
N LO
Ehfs

"

=

CF4 α4s mb
αs
1+
3
π

+

122 − 11π 2
CA
18

!#

7 CA
CF
2π 2 − 26
3 − 3 ln 2
ln (CF αs ) −
+
nf TF +
TF
4
2
9
2
LO
≈ Ehfs
[1 + αs (1.67 ln (αs ) + 0.61)] ,

(1)

where CF = (Nc2 − 1)/(2Nc ), CA = Nc = 3, nl = 4, and αs is renormalized in the MS scheme
at the scale µ = CF αs mb . A logarithmically enhanced term in Eq. (1) is characteristic to the
multiscale dynamics of the nonrelativistic bound states.11 Such terms can be resummed to all
orders through the renormalization group analysis of pNRQCD, or the nonrelativistic renormalization group (NRG) 12,13 (see also Ref.14 ). The renormalization-group-improved expression
for the bottomonium HFS is available to the next-to-leading logarithmic (NLL) approximation,
which sums up all the corrections of the form αns lnn−1 αs .15 The corresponding analytical expression is too lengthy to be presented here. The result of the numerical analysis is given in
Fig. 1. The logarithmic expansion shows nice convergence and weak scale dependence at the
physical scale of the inverse Bohr radius µ ∼ αs mb . This suggests a small uncertainty due to
uncalculated higher-order terms. At the same time the nonperturbative contribution to the HFS
is difficult to estimate. In principle it can be investigated by the method of vacuum condensate
expansion.16 The resulting series, however, does not converge well and suffers from large numerical uncertainties.17 On the other hand, the nonperturbative contribution is suppressed at least
by the second power of the heavy quark velocity v ∼ αs . Hence it is beyond the accuracy of
the NLL approximation and should be added to the errors. In the charmonium system, where
the nonperturbative effects are supposed to be much more important, the NLL approximation
gives the central value M (J/ψ) − M (ηc ) = 104 MeV,15 which is in a very good agreement with
the experimental value 117.7 ± 1.3 MeV. This suggests that the nonperturbative contribution to
the bottomonium HFS is likely to be small as well. A detailed discussion of the uncertainties of
the NLL result can be found in Ref.15 The final numerical prediction for the bottomonium HFS
based on perturbative QCD reads
QCD
Ehfs
= 39 ± 11 (th) +9
−8 (δαs ) MeV ,

(2)

where “th” stands for the errors due to the high-order perturbative corrections and nonperturbative effects, whereas “δαs ” stands for the uncertainty in αs (MZ ) = 0.118 ± 0.003.
The problem of proper description of the nonperturbative dynamics of strong interactions
at long distance is naturally solved by the lattice simulations of QCD. A systematic analysis of
the bottomonium HFS within the unquenched lattice NRQCD predicts 18
lat
Ehfs
= 61 ± 14 MeV,

(3)

which has somewhat larger central value than Eq. (2), but agrees with the perturbative result
within the error bars.
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Figure 1: HFS of 1S bottomonium as a function of the renormalization scale µ in the LO (dotted line), NLO
(dashed line), LL (dot-dashed line), and NLL (solid line) approximations. For the NLL result, the band reflects
the errors due to αs (MZ ) = 0.118 ± 0.003.

3

Discussion

The estimate (1) based on the perturbative QCD undershoots the experimentally measured
values
exp
+2.3
Ehfs
= 71.4−3.1
(stat) ± 2.7 (syst) MeV,3

exp
+4.8
Ehfs
= 67.4−4.6
(stat) ± 2.0 (syst) MeV,4

(4)

by about two standard deviations. This discrepancy is rather unexpected and difficult to explain
if one takes into account the very successful perturbative description of the HFS in charmonium.
At the same time the prediction of the lattice QCD apparently agrees with the experimental
data. This fact, however, should be taken with great care. Indeed, the lattice simulation 18 uses
a finite lattice spacing a ∼ (αs mb )−1 . It is determined by fitting the bottomonium spectrum,
which is mostly sensitive to the soft momentum scale αs mb . At the same time the HFS gets a
significant contribution from the hard momentum scale of the heavy quark mass through the
radiative corrections. In the lattice NRQCD framework this contribution should be included into
the Wilson coefficient of the spin-flip operator in the effective Hamiltonian, which is neglected
in Eq. (3). The one-loop Wilson coefficient contains a large logarithm of the form ln (amb ). It is
in one-to-one correspondence with the logarithmic term of Eq. (1) and results in an additional
contribution to the HFS
αs 7 CA
ln (amb )Ehfs ≈ −20 MeV,
(5)
δhard Ehfs = −
π 4
which brings the lattice estimate (3) in a perfect agreement with the perturbative result (1).
Thus, no definite conclusion on the accuracy of the lattice QCD predictions for the bottomonium
HFS can be made at the moment and further theoretical study is necessary. In particular one
has to compute the Wilson coefficient of the spin-flip operator perturbatively in the lattice
regularization beyond the logarithmic approximation.
To summarize, with the precise experimental data now at hand, the bottomonium HFS
becomes one of the most interesting hadronic systems to apply and to test the QCD theory
of strong interactions. A significant discrepancy between the prediction based on perturbative
QCD and the experimentally measured HFS is intriguing and requires further analysis.
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SEMILEPTONIC AND LEPTONIC CHARM DECAYS AT CLEO-C
WERNER M. SUN (for the CLEO Collaboration)
Cornell University, Ithaca, New York 14853, USA
√
Using e+ e− collision data in the s ≈ 4 GeV energy region, CLEO-c has made extensive
studies of semileptonic and leptonic decays of the D0 , D+ , and Ds+ charmed mesons. We
report recent measurements of absolute branching fractions, form factors, and decay constants
that serve as precision tests of theoretical calculations.

1

Introduction

In the past decade, the arrival of CLEO-c and now BES-III has brought a wealth of new experimental data on charm physics. These pristine data samples collected at charm threshold
complement the high statistics charm samples collected at B-factories and hadron colliders. This
experimental renaissance is matched by the maturity of Lattice QCD (LQCD). Testing LQCD
calculations of charm form factors and decay constants against measurements by CLEO-c and
BES-III validates its use in other related systems, such as B decays.
The CLEO-c data samples discussed in this article were produced at the Cornell Electron
Storage Ring, with e+ e− collisions occuring at two center-of-mass energies in the charm threshold
region. Here, charm mesons are pair-produced nearly at rest in the lab frame, and the particle
multiplicities are O(10) per event. The first data sample consists of 818 pb−1 produced on the
ψ(3770) resonance, corresponding to 3.0 × 106 D0 D̄0 events and 2.4 × 106 D+ D− events. The
√
second sample consists of 600 pb−1 taken near s = 4170 MeV, corresponding to 5.8 × 106
Ds∗± Ds∓ events. In the remainder of this article, sums over charge conjugate states are implied.
To reduce backgrounds, we tag one of the two D mesons in each event via full reconstruction.
In this way, we infer not only the presence of a second (signal) D meson, but also its flavor and
√
charge. At the ψ(3770), D and D̄ are produced with no extra particles, while at s = 4170
MeV, pairs of Ds mesons are produced with a transition γ or π 0 from the Ds∗ decay. We fully
reconstruct 10–15% of all D0 /D+ decays and approximately 6% of all Ds decays.
We select electron tracks based on a multivariate discriminant that makes use of energy
deposited in the electromagnetic calorimeter (compared to the track momentum), ionization
energy loss of the track in the drift chamber (dE/dx), and information from the Ring Imaging
Cherenkov counter (RICH). Muons are not explicitly identified; instead, we veto tracks that are
associated with calorimeter deposits (i.e., inconsistent with minimum-ionizing muons). We also
veto charged kaons identified by dE/dx and the RICH.
+
One signature of semileptonic decays (D(s) → Xℓν) and leptonic decays (D(s)
→ ℓ+ ν) is
the presence of a weakly-interacting neutrino. We identify events containing a single neutrino
by exploiting the hermeticity of the CLEO-c detector. We combine our knowledge of the e+ e−
beam parameters with a D tag and the visible candidates from the (semi)leptonic signal D decay

Table 1: D0/+ semileptonic branching fractions (%). Uncertainties are statistical and systematic, respectively.

Mode
D0 → π − e+ νe
D+ → π 0 e+ νe
D0 → K − e+ νe
D+ → K̄ 0 e+ νe

Tagged
0.308 ± 0.013 ± 0.004
0.379 ± 0.027 ± 0.023
3.60 ± 0.05 ± 0.05
8.87 ± 0.17 ± 0.21

Untagged
0.299 ± 0.011 ± 0.008
0.373 ± 0.022 ± 0.013
3.56 ± 0.03 ± 0.09
8.53 ± 0.13 ± 0.23

Average
0.304 ± 0.011 ± 0.005
0.378 ± 0.020 ± 0.012
3.60 ± 0.03 ± 0.06
8.69 ± 0.12 ± 0.19

to form the missing four-momentum of the event. For signal events, the invariant mass of this
four-momentum is consistent with the neutrino mass of (approximately) zero.
Absolute branching fractions are obtained by dividing signal event yields by tag yields after
efficiency corrections. For leptonic decays, these branching fractions lead to a determination of
the D+ and Ds+ decay constants fD and fDs via
+

Γ(D(s) → ℓ νℓ ) =

2
G2F |Vc{d,s} |2 fD
(s)

8π

mD(s) m2ℓ

m2
1 − 2ℓ
mD

!2

.

(1)

For D semileptonic decays, in addition to absolute branching fractions, we also measure event
yields in bins of q 2 , the square of the virtual W invariant mass. The differential decay rates
obtained from these yields are related to the D → X form factors f+X via
G2F |Vc{d,s} |2 p3K,π X 2 2
dΓ
=
|f+ (q )| .
dq 2
24π 3
2
2.1

(2)

Results
Semileptonic Decays

CLEO-c results for D0 → {K − , π − }e+ νe and D+ → {K̄ 0 , π 0 }e+ νe decays are based on two
complementary analyses using a 281 pb−1 subset of the ψ(3770) dataset. The first analysis 1,2
employs the tagging technique described in Section 1. The second analysis 3 does not require
a tag D and instead infers the neutrino four-momentum from the all the visible particles in an
event. This untagged analysis attains higher efficiency than the tagged analysis, at the price of
lower purity and larger systematic uncertainties. In averaging the results of these two analyses,
we account for sample overlap and correlated systematic uncertainties.
Branching fractions for the D0 and D+ semileptonic modes are reported in Table 1. The
precision of these measurements exceeds all previous results. In Figure 1, we show the measured
dΓ/dq 2 distributions compared to LQCD 4 and fitted to four models: two pole models 5 of the
2 )(1 − αq 2 /M 2 ), with α = 0 (simple) and α > 0 (modified);
form f+ (q 2 ) = f+ (0)/(1 − q 2 /Mpole
pole
and two- and three-parameter forms of the series expansion discussed in Refs. 6,7,8,9 . All models
are capable of describing the data, although the pole model fits prefer unphysical pole masses 10 .
By taking the LQCD value of f+K,π (0) 11 , we also obtain |Vcd | = 0.223 ± 0.008 ± 0.003 ± 0.023
and |Vcs | = 1.019 ± 0.010 ± 0.007 ± 0.106, where the uncertainties are statistical, experimental
systematic, and from LQCD, respectively.
√
Results for Ds+ semileptonic decays are based on 310 pb−1 at s = 4170 MeV using a
tagging technique 12 . Table 2 shows first measurements of absolute Ds+ semileptonic branching
fractions and the first observations of the Cabibbo-suppressed modes (Ds+ → K (∗)0 e+ νe ) as well
as Ds+ → f0 (980)e+ νe .

Figure 1: CLEO-c data for f+ (q 2 ) compared to LQCD predictions (left) and fitted (right) to the simple (long
dash) and modified (short dash) pole models and the two- (dot) and three-parameter (solid) series expansion.

Table 2: Ds+ semileptonic branching fractions. Uncertainties are statistical and systematic, respectively.

Mode
Ds+ → φe+ νe
Ds+ → ηe+ νe
Ds+ → η ′ e+ νe
Ds+ → K 0 e+ νe
Ds+ → K ∗0 e+ νe
Ds+ → f0 (π + π − )e+ νe
2.2

B(%)
2.29 ± 0.37 ± 0.11
2.48 ± 0.29 ± 0.13
0.91 ± 0.33 ± 0.05
0.37 ± 0.10 ± 0.02
0.18 ± 0.07 ± 0.01
0.13 ± 0.04 ± 0.01

Leptonic Decays

Results for D+ → µ+ ν 13 and Ds+ → {µ+ , τ + }ν 14,15 are based on the full CLEO-c datasets
√
taken at the ψ(3770) and s = 4170 MeV, respectively. The decay D+ → µ+ ν is both Cabibbosuppressed and helicity-suppressed. To search for this rare decay, we combine a tag D− candidate
with a µ+ candidate and compute the missing (recoil) mass in the event, after discarding events
with extra tracks and energy deposits in the electromagnetic calorimeter. The resultant missingmass-squared distribution is shown in Fig. 2, and the fitted yield is 149.7 ± 12.0 events. No
evidence for D+ → τ + ν is observed. The D+ → µ+ ν yield corresponds to B(D+ → µ+ ν) =
(3.82 ± 0.32 ± 0.09) × 10−4 and fD = (205.8 ± 8.5 ± 2.5) MeV. This measurement of fD agrees
well with the LQCD calculation 11 of fD = (207 ± 4) MeV.
Unlike D+ → µ+ ν, the decays Ds+ → µ+ ν and Ds+ → τ + ν are Cabibbo-favored and, in the
case of Ds+ → τ + ν, not helicity-suppressed. To obtain a measurement of fDs , we combine two
analyses. The first analysis is sensitive to Ds+ → τ + ν, where τ + → e+ ν ν̄. We select events
with a tag Ds− candidate, a e+ candidate, and no additional tracks. Apart from energy deposits
associated with these particles, signal events contain low calorimeter activity. Fig. 2 shows the
energy of unassociated calorimeter deposits, where the displacement of the signal peak from zero
arises from the transition γ from the Ds∗ decay. Based on the signal region below 400 MeV, we
obtain a branching fraction of B(Ds+ → τ + ν) = (5.30 ± 0.47 ± 0.22)%.
The second analysis is a simultaneous treatment of Ds+ → µ+ ν and Ds+ → τ + ν, where
+
τ → π + ν̄. Here, a tag Ds− candidate is combined with a track and a photon candidate, and
we compute the missing mass in the event. Extra tracks and calorimeter energy are vetoed, and
events are classified according to the calorimeter energy matched to the signal track as either
µ-like (E < 300 MeV) or π-like (E > 300 MeV). Missing-mass-squared distributions for both
types of events are shown in Fig. 2, and we obtain branching fractions of B(Ds+ → τ + ν) =

Figure 2: Missing-mass-squared distributions for D+ → µ+ ν (left) and Ds+ → µ+ ν/τ + (π + ν̄)ν (right); and
unassociated calorimeter energy for Ds+ → τ + (e+ ν ν̄)ν (center).

(6.42 ± 0.81 ± 0.18)% and B(Ds+ → µ+ ν) = (5.65 ± 0.45 ± 0.17) × 10−3 .
The average Ds+ decay constant from these three branching fraction measurements is fDs =
(259.5 ± 6.6 ± 3.1) MeV, which also agrees with the LQCD calculation 11 of fDs = (241 ± 3) MeV.
We also obtain the ratio fDs /fD = 1.26 ± 0.06 ± 0.02, which LQCD predicts to be 1.164 ± 0.011.
3

Summary

Data taken at charm threshold provides a unique opportunity to investigate non-perturbative
QCD. CLEO-c has performed extensive studies of semileptonic and leptonic decays of D0 , D+ ,
and Ds+ mesons. The measured form factors and decay constants agree well with new LQCD
predictions, which have uncertainties of similar size to experiment.
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Recent Results on ψ(3770) Physics at BES
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Beijing 100049, P.R. China
There are about 33, 6.5 and 1.0 pb−1 of e+ e− annihilation data have been taken around the
√
√
√
center-of-mass energies of s = 3.773 GeV, at s = 3.650 GeV and at s = 3.6648 GeV,
respectively, with the BES-II detector at the BEPC collider. By analyzing these data sets, we
have measured the branching fraction for ψ(3770) → non-DD̄ by several different methods;
+ −
and have observed an anomalous line shape of σ e e →hadrons in energy region from 3.65 to
3.87 GeV; and have measured the line shapes of the D+ D− , D0 D̄0 and DD̄ production and
together with the ratios of the production rates of D+ D− and D0 D̄0 in e+ e− annihilation
around the ψ(3770) resonance.

1

Introduction

The ψ(3770) is the lowest mass charmonium resonance above the open charm pair DD̄ production threshold. Traditional charmonium theories expect that it decays almost entirely into
pure DD̄ pairs. However, before the measurements from BES and CLEO Collaborations,
obs
for ψ(3770) producthere is a long standing puzzle that the observed cross section σψ(3770)
obs
tion is not saturated by the observed cross section σDD̄ for DD̄ production at the ψ(3770)
peak 1 . Recently, CLEO Collaboration measured the e+ e− → ψ(3770) → non − DD̄ cross
2
section to be (−0.01 ± 0.08+0.41
−0.30 ) nb . However, BES measured the branching fraction for
ψ(3770) → rmnon − DD̄ by analyzing several different data samples and different methods to
be (14.7 ± 3.2)% 3,4,5,6,7 with the assumption that there is only one traditional ψ(3770) resonance in the energy region between 3.700 and 3.872 GeV. While, up to now, the sum of the
measured branching fractions for ψ(3770) → exclusive non−DD̄ decays is not more than 2%
8,9,10,11,12,13 . To better understand the situation, we examine the line shape of the cross section
for e+ e− → hadrons in the energy region from 3.650 to 3.872 GeV, and measure the line shapes
of the D+ D− , D0 D̄0 and DD̄ production and the ratios of the production rates of D+ D− and
D0 D̄0 in e+ e− annihilation at ψ(3770) resonance. These measurements are made by analyzing
about 33, 6.5 and 1.0 pb−1 of e+ e− annihilation data sets taken around the center-of-mass ener√
√
√
gies of s = 3.773 GeV, at s = 3.650 GeV and at s = 3.6648 GeV with the BES-II detector
√
at the BEPC collider. The data sets taken around s = 3.773 GeV include the data sets of 17.3
√
pb−1 taken at s = 3.773 GeV, the precision cross section scan data sets taken in March 2001,
during March to April 2003 and during December 2003 to January 2004.

Table 1: The measured branching fractions for ψ(3770) → D0 D̄0 , D+ D− , DD̄ and non−DD̄ decays.

B[ψ(3770) →](%)
Ref.3
Ref.4
Ref.5
Ref.6
PDG 20087

2

D0 D̄0
49.9 ± 1.3 ± 3.8
46.7 ± 4.7 ± 2.3

D+ D−
35.7 ± 1.1 ± 3.4
36.9 ± 3.7 ± 2.8

DD̄
85.5 ± 1.7 ± 5.8
83.6 ± 7.3 ± 4.2

48.7 ± 3.2

36.1 ± 2.8

85.3 ± 3.2

non − DD̄
14.5 ± 1.7 ± 5.8
16.4 ± 7.3 ± 4.2
13.4 ± 5.0 ± 3.6
15.1 ± 5.6 ± 1.8
14.7 ± 3.2

Measurements about B(ψ(3770) → non − DD̄)

Assuming that there is only one traditional ψ(3770) in the energy region between 3.700 and
3.872 GeV, we measure the branching fraction for ψ(3770) → rmnon − DD̄ decays by analyzing
several different data samples and different methods. The measured branching fractions for
ψ(3770) → D0 D̄0 , D+ D− , DD̄ and non−DD̄ decays are compared in Tab. 1. After the
ψ(3770) resonance was discovered for more than thirty years, Particle Data Group 2008 7 gives
the branching fractions for ψ(3770) → D0 D̄0 , D+ D− and DD̄ decays for the first time. They are
B[ψ(3770) → D0 D̄0 ] = (48.7 ± 3.2)%, B[ψ(3770) → D+ D− ] = (36.1 ± 2.8)% and B[ψ(3770) →
DD̄] = (85.3 ± 3.2)%, which indicates that the branching fraction for ψ(3770) → non − DD̄
decays is (14.7 ± 3.2)%.
These measurements imply that the ψ(3770) could substantially decay into non−DD̄ final
states, which might greatly challenge the traditional theories. Otherwise, there may exist some
other effects in the energy region around ψ(3770) resonance which are responsible for the large
branching fraction for ψ(3770) → non − DD̄ decays.
3

+ e− →hadrons

Anomalous line-shape of σ e

in energy region from 3.65 to 3.87 GeV

To understand why the measured branching fraction for ψ(3770) → non − DD̄ is substantially
larger than 2%, we examine the line shape of the cross section for e+ e− → hadrons in the energy
region from 3.650 to 3.872 GeV, by analyzing the precision cross section scan data sets taken in
March 2003 and during December 2003 to January 2004. Fig. 2 in Ref. 14 shows the measured
observed cross sections for e+ e− → hadrons versus the nominal center-of-mass energies. In the
figure, we can see that the slope of the high-energy side of the peak is substantially larger than
that of the low-energy side. This phenomenon is inconsistent with the traditional expectation
under the assumption that there is only one simple ψ(3770) resonance in this energy region.
To investigate this situation, we fit the measured observed cross sections for e+ e− → hadrons
with the following solutions, respectively. Firstly, we suppose that there are two amplitudes
and ignore the possible interference between them. Secondly, we suppose that there are two
amplitudes completely interfering with each other. Thirdly, we assume that there are two
amplitudes of G(3900) 15,16 and ψ(3770) resonance interfering with each other. Finally, we carry
out the treatment as a comparison solution that there is only one simple ψ(3770) resonance.
The fitted results are summarized in Tab. 2. The details about the fits can be found in Ref. 14 .
By comparing the fitted results, we can obtain the better hypothesis to describe the anomalous
line shape of the cross sections for e+ e− → hadrons in the energy region from 3.700 to 3.872
GeV. The signal significance for the two structure hypotheses are 7.0σ and 7.6σ for solution 1
and solution 2. The significance of the interference between the two amplitudes is 3.6σ. Fig. 2
in Ref. 14 shows the fit to the observed cross sections for e+ e− → hadrons for solution 2. Fig.
3 (a) in Ref.14 shows the fits to the observed cross sections for e+ e− → hadrons for the three
solutions. Fig. 3 (b) in Ref.14 shows the ratio of the residual between the observed cross section

Table 2: The fitted results, where M , Γtot and Γee are the mass, total, and leptonic widths of resonance(s),
σG is standard deviation of G(3900), φ is the phase difference between the two amplitudes and AM stands for
amplitude(s). ndof denotes number of degrees of freedom.

Quality

two AM (solution 1)

two AM (solution 2)

one AM

χ2 /(ndof)
Mψ(3686) [MeV]
Γtot
ψ(3686) [keV]
Γee
ψ(3686) [keV]
M1 [MeV]
Γtot
1 [MeV]
Γee
1 [eV]
M2 [MeV]
Γtot
2 [MeV]
or σG [MeV]
Γee
2 [eV]
or C
φ [degree]
f

125/103=1.21
3685.5 ± 0.0 ± 0.5
312 ± 34 ± 1
2.24 ± 0.04 ± 0.11
3765.0 ± 2.4 ± 0.5
28.5 ± 4.6 ± 0.1
155 ± 34 ± 8
3777.0 ± 0.6 ± 0.5
12.3 ± 2.4 ± 0.1
...
93 ± 26 ± 9
...
...
0.4 ± 5.6 ± 0.6

112/102=1.10
3685.5 ± 0.0 ± 0.5
311 ± 38 ± 1
2.23 ± 0.04 ± 0.11
3762.6 ± 11.8 ± 0.5
49.9 ± 32.1 ± 0.1
186 ± 201 ± 8
3781.0 ± 1.3 ± 0.5
19.3 ± 3.1 ± 0.1
...
243 ± 160 ± 9
...
158 ± 334 ± 5
5.2 ± 2.5 ± 0.6

182/106=1.72
3685.5 ± 0.0 ± 0.5
304 ± 36 ± 1
2.24 ± 0.04 ± 0.11
3773.3 ± 0.5 ± 0.5
28.2 ± 2.1 ± 0.1
260 ± 21 ± 8
...
...
...
...
...
...
0.0 ± 0.5 ± 0.6

ψ(3770) and G(3900)
AM (solution 3)
170/104=1.63
3685.5 ± 0.0 ± 0.5
293 ± 36 ± 1
2.23 ± 0.04 ± 0.11
3774.4 ± 0.5 ± 0.5
28.6 ± 2.3 ± 0.1
264 ± 23 ± 8
3943.0(fixed)
...
54(fixed)
...
0.243(fixed)
150 ± 23 ± 5
0.0 ± 1.2 ± 0.6

and the fitted value for the one ψ(3770) amplitude hypothesis to the error of the observed cross
section, which indicating that there is more likely some new structure in addition to ψ(3770)
resonance.
4

Measurement of the line shapes of sigmaDD̄ (s) and sigmaD
ψ(3770) resonance

+ D−

(s)/sigmaD

0 D̄ 0

around

To investigate what on earth is responsible for the large branching fraction for ψ(3770) →
non − DD̄ decays which is beyond the expectation by the traditional theories, we measure the
line shapes of the D0 D̄0 , D+ D− , and DD̄ production and the ratios of the production rates
of D0 D̄0 and D+ D− in e+ e− annihilation at ψ(3770) resonance. These measurements are also
helpful for the understanding the anomalous line shape of the cross section for e+ e− → hadrons
in the energy region from 3.650 to 3.872 GeV. These measurements are made by analyzing the
precision cross section data sets taken in March 2001, during the period from March to April
2003, and during December 2003 to January 2004. Fig. 5 in Ref.17 shows the observed cross
sections for e+ e− → D0 D̄0 , e+ e− → D+ D− and e+ e− → DD̄ versus the nominal center-of-mass
energies. In the figure, we can see that the line shapes of the cross section for e+ e− → D0 D̄0 ,
e+ e− → D+ D− and e+ e− → DD̄ are also anomalous, just like the line shape of the observed
cross section for e+ e− → hadrons. Fig. 6 in Ref.17 shows the measured ratio of the observed
cross section for e+ e− → D+ D− relative to the observed cross section for e+ e− → D0 D̄0 versus
the nominal center-of-mass energies.
5

Summary

Using the e+ e− data sets of about 33, 6.5 and 1.0 pb−1 , respectively, taken around the center√
√
√
of-mass energies of s = 3.773 GeV, at s = 3.650 GeV and at s = 3.6648 GeV with the
BES-II detector at the BEPC collider, BES Collaboration measure the branching fraction for
ψ(3770) → non − DD̄ decays by analyzing several different data samples and different methods
with assumption that there is only one traditional ψ(3770) in the energy region between 3.700

and 3.872 GeV. We observe an anomalous line shape of the cross section for e+ e− → hadrons in
the energy region from 3.650 to 3.872 GeV. We measure the line shapes of the D+ D− , D0 D̄0 and
DD̄ production and the ratio of the production rates of D+ D− and D0 D̄0 in e+ e− annihilation
at ψ(3770) resonance. These indicate that there may exist a new structure in addition to one
simple ψ(3770) resonance in the energy region between 3.700 and 3.872 GeV or there are some
unknown dynamics effects distorting the line shape of the cross sections for e+ e− → hadrons
and DD̄.
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Υ(5S) AND Bs DECAYS AT BELLE
A. DRUTSKOY
Department of Physics, University of Cincinnati, 345 Clifton ct.,
Cincinnati, OH 45221, USA
Recent results obtained using the data sample of 23.6 fb −1 collected on the Υ(5S) resonance
with the Belle detector at the KEKB asymmetric energy e+ e− collider are discussed. Measurements of several Bs0 decay branching fractions are reported. Studies of the Υ(5S) decays
to the channels with B + and B 0 mesons or bottomonium states are discussed.

1

Introduction

During the last several years an opportunity for B s0 meson studies at the e+ e− colliders running
at the Υ(5S) resonance has been extensively explored. The first evidence for B s0 production at
the Υ(5S) was found by the CLEO collaboration 1,2 using a dataset of 0.42 fb−1 collected in 2003.
To test the feasibility of a Bs0 physics program the Belle collaboration collected at the Υ(5S)
a dataset of 1.86 fb−1 in 2005. After the successful analysis of these data 3,4 , Belle collected a
bigger sample of 21.7 fb−1 in 2006. More Υ(5S) data were taken by Belle in 2008.
The Υ(5S) resonance can potentially decay to various final states with B + , B 0 and, moreover,
Bs0 mesons, because the Υ(5S) has a mass exceeding the B s0 B̄s0 production threshold. At this
energy a bb̄ quark pair can be produced and hadronized in various final states, which can be
classified as two-body Bs0 channels Bs0 B̄s0 , Bs0 B̄s∗ , Bs∗ B̄s0 , Bs∗ B̄s∗ , two-body B +/0 channels B B̄,
B B̄ ∗ , B ∗ B̄, B ∗ B̄ ∗ , three-body channels B B̄ , B B̄ ∗ , B ∗B̄ , B ∗ B̄ ∗ , and four-body channel
B B̄ . Here B denotes a B + or a B 0 meson and B̄ denotes a B − or a B̄ 0 meson, and the excited
states decay to their ground states via B ∗ → B! and Bs∗ → Bs0! . Moreover a bb̄ quark pair can
hadronize to a bottomonium state accompanied by , K, or η mesons, for example through the
Υ(5S)→ Υ(1S) + − decay. Fractions and decay parameters for all of these channels provide
important information about the b-quark dynamics.
5
The Bs0 production rate at the Υ(5S) was measured to be (19.5 +3.0
−2.3 )% , therefore the Υ(5S)
0
could play a similar role for comprehensive B s studies that the Υ(4S) has played for B + and
B 0 studies. Similar to the experimental technique used at the Υ(4S), two variables can be used
CM − E CM and the beamto identify Bs0 signals at the Υ(5S): the energy difference ∆E = E B
0
beam
energy-constrained mass Mbc =

q

s

CM )2 − (pCM )2 , where E CM and pCM are the energy and
(Ebeam
B0
B0
B0
s

s

s

CM is the CM
momentum of the Bs0 candidate in the e+ e− center-of-mass (CM) system, and Ebeam
0
0
0
∗
∗
0
∗
∗
beam energy. The Bs B̄s , Bs B̄s , Bs B̄s and Bs B̄s intermediate channels can be distinguished
kinematically in the Mbc and ∆E plane, where three well-separated B s0 signal regions can be
defined corresponding to the cases where both, only one, or neither of the B s0 mesons originate
from a Bs∗ decay.
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Figure 1: The Mbc distribution (left) and ∆E distribution (right) for the Bs0 → Ds− π + candidates.

2
2.1

Bs0 decay branching fraction measurements
Measurement of Bs0 → Ds− π + decay and evidence for Bs0 → Ds∓ K ± decay

We report here the results from studies of B s0 → Ds− π + and Bs0 → Ds∓ K ± decays 6 obtained
by the Belle collaboration with 23.6 fb−1 at the Υ(5S). In this analysis Ds− candidates are
reconstructed in the φπ − , K ∗0 K − and KS0 K − modes. The Mbc and ∆E scatter plots for
the Bs0 → Ds− π + and Bs0 → Ds∓ K ± decays are studied. A clear signal is observed in the
Bs0 → Ds− π + decay mode, and evidence for the Bs0 → Ds∓ K ± decay is also seen. For each mode,
a two-dimensional unbinned extended maximum likelihood fit in M bc and ∆E is performed on
the selected candidates. Fig. 1 shows the M bc and ∆E projections in the Bs∗ B̄s∗ region of the
data, together with the fitted functions. The different fitted components are shown with dashed
curves for the signal, dotted curves for the B s0 → Ds∗− π + background, and dash-dotted curves
for the continuum.
−3 and B(B 0 →
Finally, the branching fractions B(B s0 → Ds− π + ) = (3.67+0.35
s
−0.33 ± 0.65) × 10
+1.2
± 0.4) × 10−4 are measured. The ratio B(Bs0 → Ds∓ K ± )/B(Bs0 → Ds− π + ) =
Ds∓ K ± ) = (2.4−1.0
0
∓ ±
(6.5+3.5
−2.9 )% is derived; the errors are completely dominated by the low B s → Ds K statistics.
+
−
0
Comparing the number of events reconstructed in the B s → Ds π mode in three signal
(∗) (∗)
regions, the fraction of Bs∗ B̄s∗ events over all Bs B̄s events was measured to be fBs∗ B̄s∗ =
+3.8
(90.1−4.0
± 0.2)%. From the Bs0 signal fit the mass m(Bs∗ ) = (5416.4 ± 0.4 ± 0.5) MeV/c2 is
obtained. The mass difference m(Bs∗ ) − m(Bs0 ) obtained is 4.0σ larger than the world average
for m(B ∗0 ) − m(B 0 ).
2.2

Observation of Bs0 → φ and search for Bs0 →

decays

The Bs0 → φ and Bs0 →
decays 7 are studied by Belle with 23.6 fb−1 at the Υ(5S). Within
0
the Standard Model the Bs → φ decay can be described by a radiative penguin diagram and
the corresponding branching fraction is predicted to be ∼ 4 × 10 −5 . The Bs0 →
decay is
expected to proceed via a penguin annihilation diagram and to have a branching fraction in the
decay branching fraction is sensitive to some
range (0.5 − 1.0) × 10−6 . However, the Bs0 →
Beyond the Standard Model contributions and can be enhanced by about an order of magnitude;
such enhanced values are not far from the sensitivity expected in this analysis.
The three-dimensional (two-dimensional) unbinned extended maximum likelihood fit to M bc ,
∆E and cosθφh (Mbc and ∆E) is performed for Bs0 → φ (Bs0 → ) decay to extract the signal
yield. Fig. 2 shows the Mbc and ∆E projections of the data. The points with error bars represent
data, the thick solid curves are the fit functions, the thin solid curves are the signal functions,
and the dashed curves show the continuum contribution. On the M bc figure, signals from
Bs0 B̄s0 , Bs∗ B̄s0 , and Bs∗ B̄s∗ appear from left to right. On the ∆E figure, due to the requirement
Mbc > 5.4 GeV/c2 only the Bs∗ B̄s∗ signal contributes.
A clear signal is seen in the Bs0 → φ mode. This radiative decay is observed for the first
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Figure 2: The Mbc and ∆E projections for the Bs0 → φγ (left) and Bs0 → γγ (right) modes.
+1.2
−5 is measured.
time and the branching fraction B(Bs0 → φ ) = (5.7+1.8
−1.5 (stat.) −1.1 (syst.)) × 10
The obtained value is in agreement with the SM predictions. No significant signal is observed
mode, and an upper limit at the 90% C.L. of B(B s0 → φ ) < 8.7 × 10−6 is set.
in the Bs0 →

Observation of Bs0 → J/ψ φ and Bs0 → J/ψ ! decays
Preliminary results on the B 0 → J/ψ φ and B 0 → J/ψ ! decay branching fraction measurements

2.3

s

s

are obtained by Belle. The electron mode J/ψ → e + e− and the muon mode J/ψ → µ+ µ− are
used to reconstruct J/ψ mesons. The Bs0 → J/ψ φ decay branching fraction is measured to
−3 and (1.18 ± 0.25+0.22 ) × 10−3 using the electron and muon modes,
be (1.12 ± 0.25+0.21
−0.24 ) × 10
−0.25
respectively.
The Bs0 → J/ψ ! decay branching fraction is measured using the ! →
and ! → π + π − π 0
!
!
−4
0
modes to reconstruct mesons. The combined value B(B s → J/ψ ) = (3.69 ± 0.95+0.65
−0.95 ) × 10
is obtained, which is about 3 times smaller than that for the B s0 → J/ψ φ decay. This ratio
agrees with a rough estimate obtained within the quark model, where the ss̄ part of the ! meson
wave function is one third, in contrast to the fully ss̄ content of φ mesons.
2.4

First measurement of Bs0 → X + ℓ− ν decay

The correlated production of a Ds+ meson and a same-sign lepton at the Υ(5S) resonance is used
in this analysis to measure B(Bs0 → X + ℓ− ν). Ds+ candidates are reconstructed in a clean φπ +
mode. Neither the cc̄ continuum nor B (∗) B̄ (∗) states (except for a small contribution due to
∼ 19% B 0 mixing effect) can result in a same-sign c-quark (i.e., D s+ meson) and primary lepton
final state.
Finally, we obtained the semileptonic branching fractions:
B(Bs0 → X + e− ν) = (10.9 ± 1.0 ± 0.9)%
B(Bs0 → X + µ− ν) = (9.2 ± 1.0 ± 0.8)%
B(Bs0

(1)

+ −

→ X ℓ ν) = (10.2 ± 0.8 ± 0.9)%,

where the latter one represents an average over electrons and muons. The results are preliminary.
The obtained branching fractions can be compared with the PDG value B(B 0 → X + ℓ− ν) =
(10.33 ± 0.28)% 5 , which is theoretically expected to be approximately the same, neglecting a
small possible lifetime difference and small corrections due to electromagnetic and light quark
mass difference effects.
3
3.1

Study of Υ(5S) decays
Observation of Υ(5S) → Υ(1S) π + π − and Υ(5S) → Υ(2S) π + π − decays

The production of Υ(1S) π + π − , Υ(2S) π + π − , Υ(3S) π + π − , and Υ(1S) K + K − final states in a
21.7 fb−1 data sample obtained at e+ e− collisions with CM energy near the peak of the Υ(5S)

Table 1: The branching fractions (B) and the partial widths (Γ) for Υ(nS) → Υ(mS) h+ h− processes.

Υ(5S) →
Υ(1S) π + π −
Υ(2S) π + π −
Υ(3S) π + π −
Υ(1S) K + K −

B (%)
0.53 ± 0.03 ± 0.05
0.78 ± 0.06 ± 0.11
0.48+0.18
−0.15 ± 0.07
+0.016
0.061−0.014 ± 0.010

Γ (MeV)
0.59 ± 0.04 ± 0.09
0.85 ± 0.07 ± 0.16
0.52+0.20
−0.17 ± 0.10
+0.017
0.067−0.015 ± 0.013

Γ (MeV)
Υ(1S) π + π −

Υ(2S) →
Υ(3S) → Υ(1S) π + π −
Υ(4S) → Υ(1S) π + π −

0.006
0.0009
0.0019

resonance 8 has been studied by Belle. Final states with two opposite-sign muons and two
opposite-sign pions (or kaons) are selected. Signal candidates are identified using the kinematic variable ∆M , defined as the difference between M (µ + µ− π + π − ) or M (µ+ µ− K + K − ) and
M (µ+ µ− ) for pion or kaon modes.
The obtained branching fractions and partial widths are given in Table 1. For comparison,
the partial widths for similar transitions from Υ(2S), Υ(3S), or Υ(4S) are also shown. The
Υ(5S) partial widths (assuming that the signal events are solely due to the Υ(5S) resonance)
are found to be in the range (0.52-0.85) MeV, that is more than 2 orders of magnitude larger
than the corresponding partial widths for Υ(2S), Υ(3S), or Υ(4S) decays. The unexpectedly
large Υ(5S) partial widths disagree with the expectation for a pure b b̄ state, unless there is a
new mechanism to enhance the decay rates.
3.2

Study of Υ(5S) decays to B 0 and B + mesons

The Υ(5S) decays to channels with B + and B 0 mesons are studied using the 23.6 fb −1 data
sample obtained at the Υ(5S) with the Belle detector. The reported results are preliminary. As
discussed above, at the Υ(5S) energy a b b̄ quark pair can be hadronized in various final states,
such as two-body Bs0 channels, two-body B +/0 channels, three-body channels B B̄ π, B B̄ ∗ π,
B ∗ B̄ π, B ∗ B̄ ∗ π, and four-body channel B B̄ ππ. Generally a bb̄ quark pair can also hadronize to
a bottomonium state accompanied by π, K or mesons.
The B + → J/ψK + , B 0 → J/ψK ∗0 , B + → D̄0 π + and B 0 → D − π + decays are fully
reconstructed and treated simultaneously to measure the B + and B 0 production rates per bb̄
+5.2
± 6.2)%, with the
event. The rates are f (B + ) = (67.7 ± 3.6 ± 4.8)% and f (B 0 ) = (70.4−5.1
+3.0
+/0
average value of f (B ) = (68.6−2.9 ± 5.0)%.
Assuming equal rates to B + and B 0 mesons in all channels produced at the Υ(5S) energy,
we measure the fractions for bb̄ event transitions to the two-body and multi-body channels
with B +/0 meson pairs, f (B B̄) = (5.1 ± 0.9 ± 0.4) %, f (B B̄ ∗ + B ∗ B̄) = (12.6 ± 1.2 ± 1.0) %,
f (B ∗ B̄ ∗ ) = (34.7 ± 1.8 ± 2.7) %, and f (B (∗) B̄ (∗) π(π)) = (17.0 +1.6
−1.5 ± 1.2) %. The two-body
channel fractions are in a reasonable agreement with theoretical predictions. The multi-body
channels are observed for the first time and the obtained fraction is unexpectedly large.
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HEAVY FLAVOURS AT ZEUS AND H1
S.K. BOUTLE
Department of Physics and Astronomy, University College London,
Gower Street, London WC1E 6BT, England
An overview of recent measurements of charm and beauty production in ep collisions at HERA
is presented. Various techniques are used by the ZEUS and H1 collaborations to efficiently
tag heavy quarks in events and different regions of phase space are explored. Differential
cross sections are measured in both photoproduction and deep-inelastic scattering. The predictions based on perturbative QCD calculations at next-to-leading order are generally found
to describe the proton structure and the production of heavy quarks.

1

Introduction

Heavy quarks (c and b quarks) are produced at HERA prodominantly by the process known as
boson-gluon fusion, where a photon emitted by the electron interacts with a gluon in the proton
producing a bb̄ or cc̄ pair. This process is calculated using a convolution of the parton density
function of the proton (non-perturbative), the parton scattering cross section (perturbative) and
the fragmentation functions (non-perturbative), which describe the transition from the heavy
quark to a meson. Perturbative QCD calculations of the parton scattering process should be
reliable since the virtuality Q2 of the exchanged photon and the large mass of the produced
quark, in the case of photoproduction, provide a hard scale. Hence, the study of heavy quark
production at HERA is a stringent test of perturbative Quantum Chromodynamics (QCD).
Cross section measurements for heavy quark production and the extraction of the charm and
beauty contributions to the proton structure function F2 will be presented and compared to
theoretical QCD predictions.
The data used in these measurements were collected using the H1 ? and ZEUS ? detectors.
These are multi-purpose detectors designed to study interactions in the HERA collider which,
during the HERA I running period, collided protons at 820GeV with 27.5GeV electrons or
positrons. After a luminosity upgrade in 2001, the proton energy was increased to 920GeV.
During the upgrade period a silicon microvertex detector (MVD) was installed in the ZEUS
detector. This detector component and the existing vertex detector in H1 enable precision
heavy flavour measurements based on lifetime tagging to be made by both experiments.
2

Decay Tagging Methods

Charm and beauty decays can be tagged by identifying a lepton which is produced in the
semileptonic decay of heavy quarks. Two variables can be used to discriminate between different
quark decays. The first is the relative transverse momentum, prel.
T , of the lepton with respect to
the heavy flavour hadron which for experimental purposes is approximated to the direction of
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Figure 1: Differential cross section as a function (a) pµ
T and (b) η . The filled circles show the results from this
analysis and the open circles show the results from the previous ZEUS measurement. The band represents the
NLO QCD predictions with their uncertainties. The Pythia MC predictions are also shown (dashed line).

the associated jet. This variable can be used to discriminate between beauty and charm decays
since the mass of the beauty quark is larger and therefore it has a harder prel.
T spectrum. The
second variable is the signed impact parameter (δ) which is defined as the transverse distance
of closest approach of a track to the primary vertex. This variable reflects the lifetime of the
quark and hence can be used to discriminate between charm and beauty decays and the decays
of light quarks. The sign allows a statistical disentanglement of detector resolution effects from
the effects of the decay lifetime of the heavy hadron.
3

Beauty and Charm in semileptonic decays

The combination of the methods described in section ?? can be a powerful tool in the tagging
of beauty quarks. Such a method was used by the ZEUS collaboration in a recent measurement
? of beauty photoproduction in the semileptonic decay channel into muons in dijet events (a
similar measurement was carried out by the H1 collaboration ? ). Total and differential cross
sections were measured in the kinematic region defined by Q2 < 1 GeV2 , 0.2 < y < 0.8,
pTjet1,2 > 7, 6 GeV, |η jet | < 1.5, pµT > 2.5GeV (pµT > 1.5GeV for the pµT cross section) and
−1.6 > η µ < 1.3. Fig. ?? shows the differential cross sections as functions of muon pT and η.
The data are compared to a NLO QCD prediction computed with the FMNR program ? and the
η distribution is also compared to a previous ZEUS measurement ? which used the prel.
T method
alone. Good agreement is observed with the calculations over the pµT and η µ regions considered
and also with the previous measurement.
In a similar way, beauty and charm production has also been measured in DIS by the ZEUS
collaboration ? . In this analysis, it was also possible to extract beauty and charm contributions
to the structure function, F2 .
4

Inclusive track measurements

An inclusive measurement of beauty dijets in the photoproduction regime carried out by the H1
collaboration ? is presented here. Photoproduction (Q2 < 1 GeV2 , 0.15 < y < 0.8) events with
two jets with pj1,j2
> 11, 8 GeV and −09. < ηj1,j2 < 1.3 were selected. Events containing beauty
T
quarks were distinguished from those containing only light quarks by reconstructing δ of the
charged tracks, in a similar way to the muon analyses described in section ??. The quantities
S1 and S2 , are defined as the significance δ/σ(δ) of the track with the highest and second
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Figure 2: Measurements of D∗ meson production cross section as a function of Q2 performed by (a) the ZEUS
and (b) H1 collaborations. The measurements are compared to theoretical predictions provided by the HVQDIS
program.

highest absolute significance respectively, where σ(δ) is the error on δ. In order to eliminate a
large fraction of the light quark background and to reduce the uncertainty due to the impact
parameter resolution, the negative bins in the significance distributions were subtracted from
the positive ones. To extract the beauty fraction, a simultaneous χ2 −fit to the subtracted S1
and S2 distributions and to the significance of the reconstructed position of the secondary vertex
(Lxy /σ(Lxy )) was performed and used to calculate cross sections in x-Q2 intervals. This could
then be extrapolated to the full phase space to obtain the charm and beauty contributions to
the structure function F2 .
5

D meson production
!

!

" ! !

Charm production in DIS has been identified in the decay channel D → D 0 πslow → K π πslow .
The D cross section has been measured as a function of Q2 by the ZEUS ? and H1 ? collaborations as shown in Fig. ??. The data are compared to NLO QCD predictions provided by
the HVQDIS program ? and are well described by the calculation over four orders of magnitude.
Using the same decay channel, D meson production has also been studied in photoproduction
by the H1 collaboration ? . The theoretical uncertainties on these cross sections are much larger
than the experimental uncertainties, indicating that higher order calculations are needed.
6

Measurements of F2bb̄ and F2cc̄

Fig. ??(a) shows a summary of measurements of F2cc̄ at fixed values of x as a function of Q2
measured using a variety of techniques while figure ??(b) shows measurements of F2bb̄ . The
experimental points include those from the analyses described in sections ?? and ??, and in
other H1 and ZEUS measurements. Good agreement is found between different data sets and
analysis techniques.
The data are compared with QCD predictions from MRST ? and CTEQ ? at NLO. In general
the results for F2cc̄ are reasonably well described by the NLO predictions however at low x there
are notable differences between the two theoretical predictions. The precision on the data, in
this case, is sufficiently high to be able to distinguish between different PDF sets. The same
cannot be said for the measurements of F2bb̄ , which are limited by statistics.
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7

Conclusions

Recent results for charm and beauty production in ep collisions at HERA have been presented
and compared with NLO QCD calculations. By exploiting the precision of the vertex detectors
of the H1 and ZEUS experiments new measurements have been made of beauty and charm
cross sections and the charm and beauty contributions to the structure function F2 . These
measurements have been well described
by NLO QCD predictions. Measurements have been
!
made by both collaborations of D production in the DIS regime which are described well by
theoretical predictions.
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HEAVY FLAVOUR PHYSICS AT CMS AND ATLAS
L. WILKE
on behalf of the CMS and ATLAS Collaborations
Physik-Institut, Universität Zürich, Switzerland
Prospects for heavy flavour studies with the CMS and ATLAS detectors are presented. Many
studies are aimed for early LHC data, taking advantage of the large b production cross-section.
Rare decay studies as the Bs → µ+ µ− decay have also been performed.

1

Introduction

CMS 1 and ATLAS 2 are multipurpose detectors operating at the LHC at CERN. Their excellent
tracking and muon systems up to high pseudorapidity makes them well suited for heavy flavour
studies. Since a high number of charm and beauty quarks will be produced at the LHC, analyses
will already be possible with integrated luminosities of 10 pb 1 . If not mentioned otherwise,
the studies presented assume a centre-of-mass energy of 14 TeV and are made with full detector
simulations.
The outline is as follows. In Section 2 the strategies for quarkonia studies including crosssection and polarisation measurements are discussed. Section 3 covers b-quark production
whereas in Section 4 the measurement prospects for different decays of b-mesons are discussed.
2

Quarkonia studies

Several models exist for the production mechanism of quarkonium 3,4,5 . While the color-octet
mechanism describes well the inclusive quarkonium cross-section at the Tevatron, it does not
describe the polarisation 6 . Other models have been proposed but it is not clear yet as to
which describes the data best. Both CMS and ATLAS have prepared analyses to probe the
region of large transverse momenta with high statistics accessible only at the LHC to improve
on understanding of the production mechanism. Furthermore, quarkonia studies are vital for
detector alignment and calibration.
2.1

J/ψ-cross-section measurement

There are three main sources of J/ψ production, directly produced J/ψ, prompt J/ψ produced
indirectly (e.g. from χc decays) and non-prompt J/ψ from the decay of b hadrons. CMS studied
the feasibility of a measurement of the J/ψ(→ µ+ µ ) differential cross-section as a function of
the transverse momentum 7 . The main background comes from events containing two muons
mainly from two different decays accidentally having the same invariant mass. The events are
selected with a dimuon trigger with a threshold of 3 GeV/c for both muons. Offline, cuts on the
invariant mass and the vertex are applied.
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Figure 1: a) Invariant mass plot for prompt, non-prompt J/ψ’s and background for the full momentum range; b)
Inclusive J/ψ cross section; c) Fraction of J/ψ’s from b-hadron decays. All plots are based on expectations with
3 pb−1 of CMS data.

The cross section (Figure 1b) for each bin in transverse momentum is extracted by fitting
the mass spectrum (Figure 1a) with a signal and background hypothesis. For 1 pb 1 a yield of
about 25000 J/ψ’s and a mass resolution of approximately 30 MeV/c2 is expected. The fraction
of J/ψ’s from b-hadron decays (Figure 1c) is determined with an unbinned likelihood fit on the
decay length distribution for each transverse momentum bin.
2.2

Quarkonia polarisation measurement

ATLAS proposes a method to measure the polarisation of the J/ψ and Υ states 8 . This can
be achieved by measuring the angular distribution of the muons from the J/ψ (Υ) decay. The
angle Θ⋆ is defined as the angle between the µ+ and the J/ψ (Υ) boost direction in the J/ψ (Υ)
dN
rest frame. The
 8 angular distribution is connected to the polarisation parameter α via d cos Θ ∝
2
⋆
1 + α cos Θ
. α is equal to +1 for transversely polarised production, -1 for longitudinally
polarised production and 0 for unpolarised production. The J/ψ (Υ) are reconstructed by using
a dimuon trigger with 4 and 6 GeV thresholds for the two muons. Offline, invariant mass and
vertex cuts are applied. For the J/ψ the single muon trigger with a threshold of 10 GeV/c is
used in addition since the angular acceptance depends highly on the trigger. For the Υ this is
not possible due to larger backgrounds. An uncertainty between 0.02 and 0.06 for the J/ψ and
about 0.2 for the Υ is reached in a momentum range of 12 − 21 GeV/c.
3

b-production studies

Due to the large cross-section for b-quark production at the LHC it is of high importance to
understand the production processes. There are three production processes: flavour creation,
flavour excitation and gluon splitting which have large uncertainties. Furthermore b-quark production is the main background to many other analyses, such as Higgs or SUSY searches.
3.1

Inclusive b-production

CMS proposes to measure the b-hadron spectrum by selecting events with a single muon trigger
on Level-1 and a muon + b-jet trigger in the High-Level-Trigger. A search for the highest
transverse momentum b-jet is performed offline which requires to have associated muon. The
distribution of the relative momentum of the muon with respect to the b-jet is used to distinguish
between b, c and lighter quark jets. The expected uncertainty on the measurement is less than
20% for a transverse momentum up to 1 TeV/c 9 .

3.2

B + → J/ψK + production

The decay B + → J/ψ (→ µ+ µ ) K + has a very clear topology. It is also a reference channel for
rare b-decays and allows detector studies due to its well known properties. To identify this decay
ATLAS uses a single muon trigger with a threshold of 6 GeV/c in transverse momentum. In
the offline selection a second muon with a transverse momentum of at least 3 GeV/c is required.
To reconstruct the J/ψ cuts on the common vertex and on the invariant mass are applied. An
additional track displaced from the primary vertex is required for the K + . Further cuts on the
common vertex to the three particles are applied. The number of signal events is determined
from a fit on the reconstructed B + mass. The expected uncertainty for a measurement with 10
pb 1 in 5 bins of transverse momentum is expected to be between 15 and 20% 8 .
3.3

bb̄-correlations

dσ /dΔφ(pp→bb) [μb]

Another approach taken by CMS to determine the fraction of the different production mechanisms is to measure the angular correlation between the two b-quarks 10 which depends on the
production model. This study was done for a center-of-mass energy of 10 TeV. The events are
selected with a dimuon trigger with a threshold in transverse momentum of 3 GeV/c. The first
b-hadron is required to decay into a J/ψ whereas for the second only a muon from an arbitrary
b-hadron decay is reconstructed. The signal events are extracted with an unbinned likelihood
fit on the invariant J/ψ mass, the transverse J/ψ decay length and the distance of closest approach of the third muon to the beamline. The angular distribution between the J/ψ and the
muon (Figure 2a) is unfolded to the angular distribution between the b and b̄ (Figure 2b) using
simulation.
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Figure 2: a) Distribution of the angle ∆φ between the reconstructed J/ψ and the reconstructed muon. b) Unfolded
distribution of the angle between the b and b̄. Events were generated with a center-of-mass energy of 10 TeV and
for an integrated luminosity of 50 pb−1

.

4
4.1

b-decay studies
Bd → J/ψK and Bs → J/ψφ decays

Both decays, Bd → J/ψ(→ µ+ µ !)K (→ K + π !) and Bs → J/ψ(→ µ+ µ !)φ(→ K + K !) are
very promising for the startup of LHC due to their high rate. They will be an important tool to
test the detector calibration and trigger systems. Furthermore the Bs -decay opens interesting
physics issues giving the possibility to improve the CDF and D0 measurement on the width
difference ∆Γs between the light and heavy mass eigenstates.

ATLAS developed a strategy for the measurements of Bd (Bs ) decays with a simple reconstruction algorithms as independent as possible of the reconstruction software 8 . The events are
selected with a dimuon trigger with transverse momentum thresholds of 4 and 6 GeV/c. Then
the J/ψ is reconstructed from two muons and the K (φ) from two tracks assuming a kaon and
a pion (two kaons). Cuts on vertex and transverse momentum are applied and a simultaneous
fit on the invariant mass and decay time is then performed. The invariant mass and decay time
is shown in Figure 3 for the Bd - and for the Bs -decay.
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Figure 3: a) Invariant mass distribution and decay time spectrum for the Bd → J/ψK ⋆ decay for an integrated
luminosity of 10 pb−1 ; b) Same distributions for the Bs → J/ψφ decay for an integrated luminosity of 150 pb−1 .

CMS proposes a measurement of ∆Γs using a tighter selection of the events 9 . A dedicated
trigger with full event reconstruction is used and cuts on the secondary vertex are applied. A
kinematic vertex fit is applied offline and an angular analysis is performed to extract the width
difference. Assuming a width difference of 20% an uncertainty of 4% is expected for 1.3 fb !1 .
4.2

Rare decay studies: Bs → µµ

The decay Bs → µ+ µ ! is forbidden at tree level in the standard model resulting in a very low
predicted branching ratio of (3.42 ± 0.54) · 10 !9 . New particles can contribute to the lowest order
loop diagrams thereby increasing the branching ratio by orders of magnitude. The events are
selected with the already mentioned dimuon triggers, applying offline cuts on muon separation,
isolation, decay length and invariant mass. For an integrated luminosity of 10 fb !1 both, CMS
and ATLAS expect 6 SM signal events and 14 background events 8,9 . The 90% confidence upper
limit for Bs → µ+ µ ! is 1.4 · 10 !8 .
References
1.
2.
3.
4.
5.
6.
7.
8.

CMS Collaboration, JINST 3, S08004 (2008)
ATLAS Collaboration, JINST 3, S08003 (2008).
N. Brambilla et al. CERN Yellow Report CERN-2005-005 (2005).
J. P. Lansberg, Int. J. Mod. Phys. A 21, 3857 (2006).
M. Krämer, Prog. Part. Nucl. Phys. 47, 141 (2001).
CDF Collaboration, Phys. Rev. Lett. 99, 132001 (2007).
CMS Collaboration, CMS Physics Analysis Summary, BPH-07-002
ATLAS Collaboration, Expected Performance of the ATLAS Experiment: Detector, Trigger and Physics, CERN-OPEN-2008-020
9. CMS Collaboration, CMS Technical Design Report Volume II, J. Phys. G: Nuclear and
Particle Physics 34, 995 (2007)
10. CMS Collaboration, CMS Physics Analysis Summary, BPH-08-004

5.
New Phenomena

!"# $ &'" ()*"' +), -"./,0-) (&$$1 *&,2 (&//", &-* 3&,4)- &$4(("/,4
!"#$% &'(% ) *+%,"! -!,.$#/!! ) 01!$# *.2'" !

!"#$%&!'% () *+,-. -0 1(+(23 4'.5!$-.%,0 6$#&#2.0 6(7#0 8!'9#.0 :.,#;. <=>?=@A=0 B#"#'
! !"#$%&!'% () *+,-. -0 4'.5!$-.%, () 1(,#&#0CD<> E()3230 1(,#&# <C>?=@@@0 B#"#'
" F.GG.#& HI J.'! 1+!($!%. #G *+,-. - H'-%.%3%!0 4'.5!$-.%, () :.''!-(%#0 :.''!#"(G.-0 :K @@L@@0 486

! "#$ &$$ ' (!) $ '*! +,"!* -.# . -,&*" !/0*'#1 1!&23#1, ,$ #**'2#,14 "'35 +'22!34 '1"
6'37,1 '$7++!237 ,8 2.! 91#:!3$! $#+&*2'1!,&$*7 67 2.! "71'+# $ ,8 2.! !/2!1"!" ;#<<$ $! =
2,3 '1" (!)=$ '*! 3#<.2=.'1"!" 1!&23#1,$ -#2. #+0,$!" '1 !/' 2 $7++!237> (#17 1!&23#1,
+'$$!$ '3! <!1!3'2!" '2 2.! 2.3!! *,,0 *!:!*4 ' $#1<*!2 $ '*'3 ?!*" #$ ' '1"#"'2! ,8 "'35 +'22!34
'1" ' $23,1< ?3$2 ,3"!3 0.'$! 23'1$#2#,1 #$ 3!'*#@!" 8,3 $& !$$8&* !*! 23,-!'5 6'37,<!1!$#$>
(.! +,"!* 03,:#"!$ :'3#,&$ "#$ 3#+#1'2#:! 03!"# 2#,1$4 $, 2.'2 #2 #$ 2!$2'6*! '2 2.! &33!12 '1"
8&2&3! !/0!3#+!12$>
5 6-/,)*. /0)!"#$% &' ()!& *+#* # )'& ,!"'- .'$!)" *+' /*#)"#0" ,!"'- 1234 ,5/* .' !)/7"'0'" *!
5)"'0/*#)" *+' 8+')!,')# /5 + #/ *7)$ )'5*07)! ,#//'/ #)" *+'70 ,797):% *+' )#*50' !; "#0(
,#**'0 1<34#)" .#0$!) #/$,,'*0$ !; *+' =)7>'0/'?
@) *+7/ *#-(% &' "7/ 5// # ,!"'- &+7 + &!5-" '98-#7) *+'/' 80!.-',/ /7,5-*#)'!5/-$ .$ #)
'9*')"'" A7::/ /' *!0 &7*+ 'BC/ #-' 07:+*C+#)"'" 1DA4 )'5*07)!/ ? 7)$ )'5*07)! ,#//'/
#0' :')'0#*'" #* *+' *+0'' -!!8 -'>'- "5' *! #) '9# * "7/ 0'*' /$,,'*0$% .$ &+7 + *0''C-'>'E5(#&# !58-7):/ !; )'5*07)!/ #0' 80!+7.7*'"? +' -7:+*'/* )'5*0#- !"" /*#*' 5)"'0 *+' "7/ 0'*'
/$,,'*0$ 7/ # #)"7"#*' !; <3? F#0$!) )5,.'0 #) #-/! .' :')'0#*'" #* *+' '-' *0!&'#( 8+#/'
*0#)/7*7!) 1GHI 4 .$ #""7*7!)#- JI >7!-#*7): 8+#/'/ 7) *+' A7::/ /' *!0 ! ? @) *+7/ ;0#,'&!0(%
# /5 '//;5- ,!"'- #) .' ,#"' &7*+!5* !)*0#"7 *7!) !; *+' 500')* "#*#?
K07:7)#- 7"'# !; :')'0#*7): *7)$ )'5*07)! ,#//'/ >7# *+' 0#"7#*7>' 'L' * +#/ .'') 80!8!/'"
.$ M'' " ? +' '9*')/7!) &7*+ # 'BC/ #-' DA )'5*07)! +#/ .'') "7/ 5//'" 7) D';? # % &+'0'
)'5*07)! ,#//'/ #0' :')'0#*'" #* *+' *+0''C-!!8 -'>'- "5' *! *+' '9# * ! 8#07*$% #)" *+' ! C!""
DA )'5*07)! 7/ # #)"7"#*' !; <3? +7/ +#/ .'') '9*')"'" &7*+ *&! DA )'5*07)!/ *! "'/ 07.'
*+' )'5*07)! "#*# $ ? 2'>'0#- ,!"'-/ &7*+ #""7): .#0$!:')'/7/ +#>' .'') !)/7"'0'" 7) D';? % ?
+' ;!--!&7): #">#)*#:'/ &!5-" .' 7) *+' 80'/')* ,!"'-N 1#4 #-- ,#// / #-'/ #0' #* ,!/* #* *+'
'B / #-' &7*+!5* -#0:' +7'0#0 +$% 1.4 8+$/7 / ;!0 :')'0#*7): )'5*07)! ,#//'/ 7/ !))' *'" &7*+
*+#* ;!0 <3 #)" .#0$!:')'/7/% 1 4 *+' ,!"'- 8#0#,'*'0/ #0' /*0!):-$ !)/*0#7)'" .$ *+' 500')*
"#*#% /! *+#* *+' ,!"'- 80!>7"'/ *'/*#.-' #)" "7/ 07,7)#*7>' 80'"7 *7!) #* ;5*50' '98'07,')*/?

A0!'5!3
B""3!$$ '82!3 B03#* CDDEF G!0'32+!12 ,8 B3 .#2! 2&3! '1" H&#*"#1< I1<#1!!3#1<4 ;,55'#=J'5&!1 91#:!3$#274
A'00,3, DKC=LKDM4 N'0'1
!

!

(! !"#$ &'
(
)(! !*+,&-. /0+1"2' (

!

(

"

!

# $

%

!

!

( ( ( (
( ( (

(

& '

(

"
!

(

!"#$ %& '!()* #$ ,(-,$()*$. /01$( )2$ 1*. ($)$ .344$)(*$.5

v

#

κ
L

i

H!
yi

v

v
κ
H!
yj

e!R i

L

j

L

H!
yi

i

e!R j
hi

#

κ

S! S!

"

v

c " hj

hi

NR

H!
yj

S!

e!R i

"

κ
S!

"

c " hj

L

j

e!R j
"

NR

6*7/($ %& 2$ 1*!7(!4. 8-( 7$0$(!)*07 )*03 0$/)(*0- 4!..$.5
!"#$%

3" 42&0+56 " &7+ * $-$0 4*+*842 5+6/-"&* 74&9 9.8"0 9$0:" ;)< ! $25 ! '= 9$0:"5 *42:-"&
>"-5* !% '= $ 0"$- * $-$0 *42:-"& !&' $25 &7+ :"2"0$&4+2 4*+*842?*42:-"& @A 2"6&042+* !' 74&9
* B ;+ <'C 3" 4D8+*" $2 "#$ & (! *.DD"&0. &+ :"2"0$&" &42. 2"6&042+ D$**"* $& &9" &90""?-++8
-"E"-= 794 9 7" 0","0 $* (! C 3" $**4:2 (! ?+55 9$0:" &+ % = & $25 ' = 794-" +0542$0. :$6:"
>"-5*= F6$01* $25 -"8&+2* $25 A4::* 5+6/-"&* $0" (! "E"2C G2 +05"0 &+ $E+45 &9" H$E+0 9$2:42:
2"6&0$- 600"2&= 7" 4D8+*" $2+&9"0 !*+,&-.?/0+1"2' 54* 0"&" *.DD"&0. !()! 'C3" $**4:2 ()! 9$0:"*
*6 9 &9$& +2-. +68-"* &+ -"8&+2* 79"0"$* ! 5+"* &+ F6$01*= $* *6DD$04I"5 42 J$/-" ;C J9"
K61$7$ +68-42: 42 +60 D+5"- " # $ = 794 9 7" 0","0 &+ $* &9" &.8"?L # = 4* 54M"0"2& ,0+D &9$& 42
&9" D424D$- *68"0*.DD"&04 NO !ONNO'C
P* (! 4* "#$ &= &9" "E"2 $25 +55 >"-5* $22+& D4#C O$** D$&04 "* ,+0 &9" (! "E"2 * $-$0*
$0" 54$:+2$-4I"5 $* 42 &9" 6*6$- JAQO /. &9" D4#42: $2:-"* * $25 , = 79"0" * 54$:+2$-4I"* &9"
RS?"E"2 *&$&"*= $25 &$2 , B ! %! ")! % "C J9" (! "E"2 89.*4 $- *&$&"* $0" &7+ RS?"E"2 !- $25
. '= $ RS?+55 !/' $25 9$0:"5 !. ' *&$&"*C 3" 9"0" 5">2" - $25 . *6 9 &9$& - 4* $-7$.* &9"
NO?-41" A4::* /+*+2 79"2 *42!, *' B ;C
"
!

"
!

# #

&

'$()*+," !-../ 0-*1 !-))$*/ 2.) 3*#$* 45-.$ 6*-,.+)+",

J9" TA 2"6&042+ D$** D$&04# 0 4* :"2"0$&"5 /. &9" &90""?-++8 54$:0$D* 42 U4:C ;C J+ 0"?
80+56 " &9" 2"6&042+ 5$&$ 625"0 &9" !"#$!% 0"F640"D"2& +2 &9" +68-42: +2*&$2& - # $!;'
42 U4:C ; $25 &9" 1 % $2 0"*6-&* % = 7" >25 &9$& 3 ! # $!;' J"V= 3 4
# $!;WW' X"V=
5 &$2 , 6# $!;W'= $25 3 /"42: *"E"0$- &4D"* ;WW X"VC Y2 &9" +&9"0 9$25= &9" TZS 540" &
*"$0 9 0"*6-&* 4254 $&" 3 !$25 3 ' 6
# ;WW X"V C G2 $554&4+2= 74&9 &9" TZS 80" 4*4+2
5$&$ ,+0 &9" 7 8$0$D"&"0= &9" 80","00"5 E$-6"* &602 +6& &+ /" 3 & 3 !+0 3 ' & ;WW X"V
,+0 *42!, *' & ;C J9$21* &+ &9" J.8"?L K61$7$ +68-42: #= *6 9 $ -4:9& . 4* 2+& "# -65"5 /.
&9" 8 % 92 5$&$ ! C N42 " 7" $22+& $E+45 &+ 42 -65" &9" 94"0$0 9. $D+2: :&' = 7" +2-. 0"F640"
- : # $!: ' # ;W!( ,+0 E$-6"* +, - C
J9" -4:9&"*& (! ?+55 8$0&4 -" 4* *&$/-" $25 $2 /" $ $2545$&" +, QO 4, 4& 4* 2"6&0$-C G2
+60 D+5"-= ' D6*& /" 9"$E.= *+ &9$& &9" QO $2545$&" 4* 45"2&4>"5 $* &C 39"2 & 4* -4:9&"0
$

"
%

&

'

(

'

(

'

"

"

%

"
!

'

)

10

500

1

SM

∆λhhh/λhhh =100%

κ=3
sin(β−α)=1
1000

40%

0

mA (GeV)

10
Ωh

2

800
600
−1

10

−2

10

30

40

50
60
mη (GeV)

70

20%
10%

mh=120GeV
sin(β−α)=1
mH+=mH=M=100GeV

mh=120GeV
mH=100GeV
σ1=0.05
σ2=0.03

mS=400GeV

φC/TC=1

300

5%

mη=50 GeV
100
200

80

300
mS (GeV)

400

!"#$% &' ()%*+ ,"#$%℄ ./% $%0! 23#4524 % 6* 7 (8!"/+ ,"#$%℄ ./% $%"!64 6* 9+$64" ,$9+ 6$5%$ :;<.7 =%>!2+!649
*$6? +/% @A >20#% !4 +/% !!! 6#B0!4" 2$% 2096 9/6C47
!"# !$ % &'('#)

%7

"#*

*'+,#"# -. "##,!,-" $( ,# ' !/
! "#*

$8 !"#5$ *,"51"+() "#* ,# '

"0$1"5$* "##,!,-" ,'# 1" $
=

$!

"( " @<#

,'# '@

)

B!$ +'*$- (" ,(J$(
!$1+"- $L<,-,&1,<+

'( !)

&&

!$ 1$-,

+"(( *$#(, . =

"# &$ 1$"-,M$* &.
"

"

)%

6"

0 7 " DCC

#2

!"##$- 4,55( 6$

!$,1 (<++$* !$1+"-

,( $0"-<" $*: ;,5: >6?$@ 7 (!'A(

)

,( "1'<#* EC2FG H$I:

'#*, ,'#( @'1 &"1.'5$#$(,(: K(9$ ,"--.) *$9"1 <1$ @1'+
!$ ( 1'#5 J1(

'1*$1 K%NB: ;'1 (<Æ ,$# (9!"-$1'#

$% + ,- . D/ A!$1$ +
#

6$Q C7 "#*

-

"1$ !$

!$ K%NB: R# ;,5: >6S,5! 7) !$ "--'A$* 1$5,'# <#*$1 !,( '#*, ,'#

)" .
TGC
#
(,#61 % 27 " D:

,( (!'A#: B!$ '#*, ,'# ,( (" ,(J$* A!$#

)%

$!

: B!$ *" " 6="# $! " C*DD7 ,#*, " $ !"
!$ #$ $(("1.

+ "#* -

0," 1$$2-$0$-

0," '#$2-''9 *,"51"+(: ;1'+

*$ '<9-,#5 ,# !$ &1'P$# 9!"($) , ,( 1$L<,1$* !"
1, , "- 0"-<$( '@

" "

H$I "#*

H$I @'1

)# .
#

DCC H$I)

)$

" D>C H$I)

!"#$%&#$%'%()
U ( $#"1,' A!, ! "# (,+<- "#$'<(-. ('-0$ !$ !1$$ ,((<$( <#*$1 !$ *" " $&&$$&$! A'<-* &$
(,#61 % 27 " D/

)# .
#

&6DCC7H$I /

3 "# 1 " TC/
)$ Q D>CH$I / )%
)" # ECCH$I / ) 4
)' /
)(
#

"

)% " &6DCC7H$I /
)( ! " TB$I*

"

B!,( ,( 1$"-,M$* A, !'< "((<+,#5 <##" <1"- !,$1"1 !. "+'#5 !$ '<9-,#5(: U-- !$ +"(($( "1$
&$ A$$# &6DCC7 H$I "#* &6D7 B$I: B!$ *,( 1,+,#" ,0$ 9!$#'+$#'-'5, "- 91'9$1 ,$( '@

!,(

( $#"1,' "1$ *,( <(($* ,# *$ ",-( ,# S$@(: $ "#* ' : %$ (!'1 -. (<++"1,M$ !$+ ,# !$ @'--'A,#5:

$ *$ ".( ,# '
A!$# ) 4 )$ ,>: B!$ &1"# !,#5 1" ,' ,( "&'<
" ET H$I "#* "# 1 Q DC: B!,( ,( 1$-" $* ' !$ YW "&<#*"# $) (' !" '<1 YW

B!$ VW2-,P$ 4,55( &'('#
TCX @'1

)

( $#"1,' ,(

$( "&-$ "

!$ ZKS[ ?"15$ 4"*1'# Z'--,*$1 6?4Z7 "#*

Z'--,*$1 6R?Z7 &. ($"1 !,#5 !$ +,((,#5 *$ ". '@
*,1$

YW ($"1 !$( $( ) &$ "<($

$:

;<1 !$1+'1$)

!$ R# $1#" ,'#"- ?,#$"1

,( 9' $# ,"--. *$ $

"&-$ &.

$1 A, ! #< -$, 0," !$ ( "-"1 $8 !"#5$ $) :
,'# *&'&+ ) % 6'1 57 "# 91$*'+,#"# -. *$ ". ,# '

"# ( "

\$ "<($ '@ B.9$2] ^<P"A" ,# $1"
!/! @'1 "# 1 .
>_ 6 6% 657 ' " " 7 " DCC X "#*
#
@'1 )# Q )% Q DTC H$I) (,#61 % 27 Q D "#* "# 1 Q DC:

,#( $"* '@

6 6% 657
U

'

7 7

" "

7 " C*T X

!$ ?4Z 6TC @&

$7)

!$

"# &$ *,( ,#5<,(!$* @1'+ !$ WVVW 4,55( ($ '1 &. <(,#5 88 ' 56% 7 ' 9 9 "#*
/
' !!5 ' !/
!9 9 $8 $9 @'1 !$ ,# $1+$*," $ 1$5,'# '@ "# 1 ) A!$1$ 9 1$91$($# ( 7 "#* " ' :

+'*$-

::

% ! "#* % 6'1 57 "# &$ *,1$ -. $( $* " !$ ?4Z 6TCC
@&
"#* 5% ! $, ) "#* "-(' :: ' %5: B!$ 91' $(( < < ' %5 " !$
R?Z "# "-(' &$ <($*: B!$,1 (,5#"-( "1$ @'<1 -$9 '# ( " $( 9 9 " ! = "#* 9 9 " " '&+ :
;'1 (< $((@<- &"1.'5$#$(,() > ! !"( ' !"0$ !$ #'#2*$ '<9-,#5 91'9$1 . !" "`$ ( !$
$$$ '<9-,#5 $* : B!$ $$$ '<9-,#5 (!'<-* *$0," $ @1'+ !$ VW 0"-<$ &. +'1$ !"# "&'< >C X
R# "**, ,'#) '<1 ( $#"1,' A, ! -,5!

$ 7 0," :: ' ; " ' %% !

!"" #$%& '() *+$ + *-./0 1" 2"!2"0 32 2+" 456 ! 370 $2!

-82$-7 " &

!

37 1" 89-0. "0 $7

83$9 32 2+" 5:6 370 2+" 456) 370 0" 3; $72- " #$ & <+" !$%73/ *-./0 1" 3 +390 +309-7 83$9
*$2+ 3 /39%" =$!!$7% "7"9%; #$ & 47 300$2$-7) 2+" >3?-9373 732.9" $7 2+" !.1@0$3%93= $7 #$%& A
37 1" 0$9" 2/; 2"!2"0 1; 2+" 89- "!!
#$73//;) *"

-=="72 -7 2+"

%! %!

!!!!

%! %!

32 2+" 456

-82$-7 0." 2-

&!

!"

A( &

3!" *$2+ 2+" 6B C$-/32$7% 8+3!"!& D.9 =-0"/ $7 /.0"! 2+"

<:E>) !- 2+32 2+" !3=" 0$! .!!$-7 37 1" 388/$"0 $7 "C3/.32$-7 -F 139;-7 7.=1"9 32 2+"
GHB< # & <+" =3!! !8" 29.= *-./0 1" +37%"0 2- !-=" "I2"72) 1.2 =-!2 -F 2+" F"32.9"!
0$! .!!"0 31-C" !+-./0 1" -7!"9C"0 *$2+ 3 /$22/" =-0$J 32$-7&

!"##$%&
47 2+$! 23/K) *" +3C" 0$! .!!"0 2+" =-0"/ *$2+ 2+" "I2"70"0 :$%%! !" 2-9 370 <"L@! 3/" M:
7".29$7-!) *+$ + *-./0 "I8/3$7 7".29$7- =3!! 370 =$I$7%) E> 370 139;-7 3!;=="29; 1; 2+"
<"L ! 3/" 8+;!$ !& 42 %$C"! !8" $J 89"0$ 2$-7! -7 2+" -//$0"9 8+"7-="7-/-%;& 47 8392$ ./39) 2+"
89"0$ 2$-7! -7 2+" :$%%! 8+;!$ ! 39"
=-0"/

-=8/"2"/; 0$N"9"72 F9-= 2+-!" $7 2+" >OO>) !- 2+32 2+"

37 1" 0$!2$7%.$!+"0 32 2+" 5:6 370 3/!- 32 2+" 456&

'()(%(* (,
-./)

A& >& P-K$) O& Q37"=.93 370 D& O"2-) B+;!& M"C& 5"22&
O& Q37"=.93) D& O"2-) 39W$CXRURY&ZT'U [+"8@8+℄&

0) 'YSA

'& ]& >& 6/$7") Q& Q3$7./3$7"7 370 P& B& L$! +"9) B+;!& M"C& E
O& ]& :.1"9 370 >& O"7$. +) ]:GB
Z& P& _"") B+;!& 5"22& `
`

-1-)

23) ZTU

.1--) RZT

'RR^(&

AUTR( [G9932.=@$1$0& `

2

AYA AUTS(&

Y& 5& >& Q93.!!) O& a3!9$ 370 >& <9-00"7) B+;!& M"C& E
S& Q& 6+".7% 370 D& O"2-) B+;!& M"C& E
^& G& >3) B+;!& M"C& E
`

10/)

AT

43)

RbbZRA

12) AAZRRU

RSATRS

'RRU(V >& P-K$)

AUU^(V 5& #9-==")

) Y^A AUTR(℄V P& _"") B+;!& 5"22&

14) RTSRR'

'RRZ(&

'RRY(&

'RR^(V ]& Q.1-) G& >3 370 E& O."=32!.) B+;!& 5"22&

'RR^(V <& :3=1;") "2 3/&) B+;!& M"C& E

4

) RUSRRZ

'RRb(V Q& O& `31. 370

G& >3) 39W$CXRbRT&ZbUR [+"8@8+℄V a& O3+. 370 c& O39K39) 39W$CXRTRY&'Rb' [+"8@8+℄&
b& L& E& `39%"9) ]& 5& :"*"22 370 M& ]& a& B+$//$8!) B+;!& M"C& E

0-) ZY'A

AUUR(&

T& >& P-K$) O& Q37"=.93) Q& <!.=.93) 370 Q& d3%;.) 39W$CXRUR'&Y^^S [+"8@8+℄&
U& O& O. 370 `& <+-=3!) 39W$CXRURZ&R^^b [+"8@8+℄V :& G& 5-%37 370 E& >3 5"7737)
39W$CXRURZ&''Y^ [+"8@8+℄&

! "#$ [>GeP 6-//31-932$-7℄) B+;!& M"C& 5"22&

AR& >& 5& `9--K!

AA& <& O +*"2f) >& <-92-/3 370 ]& H& #& L3//") a"* ]& B+;!&
A'& G& `391"9$-

-.

53

AUUU( AS'A

'RRT( AAZRAA&

! "#$ [:"3C; #/3C-9 PC"93%$7% e9-.8℄) 39W$CXRTRT&A'Ub [+"8@"I℄&

AZ& e& E& >--9") B+;!& 5"22& `

032) ZSb AUUT(V B+;!& M"C& E 2) RAYSRZ AUUT(&
12) AUbR 'RR^(V E& O& PK"9$1) "2 3/&) B+;!& M"C& 5"22& 21)

AY& d& E& Q$=) B+;!& P2-=& a. /&
RAAZR' 'RR^(&
AS& ]& > E-73/0) B+;!& M"C& E

.)

Z^Zb AUUY(V F-9 3 9" "72 !2.0;) !""

$%$) :& O.7% 6+"-7)

O& Q& Q37% 370 6& O& Q$=) ]& 6-!=-/& P!29-8392& B+;!& RS 'RRT( RRY&
A^& O& Q37"=.93 370 6& B& d.37) B+;!& 5"22& `
370 6& B& d.37) B+;!& M"C& E

12) RbSRRT

3.)

ATT

R^ATRA 'RRT( [39W$CX+"8@8+hR^RURbU℄&
Ab& O& Q37"=.93) d& DK303 370 G& O"73+3) B+;!& 5"22& `
AT& >& `3223%/$3)
AU& M& `"/.!"C$

'RR'(V g& :& 63-) O& Q37"=.93

'RRY(V P& `"/;3"C)

1.1)

! "#$) B+;!& M"C& 5"22&

-..)

Z^A 'RRS(&

! "#$) 39W$CX+"8@8+hRAAA'b^V d& d3!.$) "2 3/&) 39W$CX+"8@8+hR'AARYb&
370 e& ]$K$3) B+;!& M"C& E

39W$CXRUR'&'YST [+"8@8+℄V <& <3K3+3!+$

4.)

RbZRAb

'RRY(V

G& P!3K3*3)

! "#$) 39W$CXRUR'&ZZbb [+"8@"I℄&

'R& `& Q& `.//- K) Q& :3%$*393 370 P& E& >392$7) B+;!& M"C& 5"22&

14)

ZRSS AUUA(&

! "#$)

ON GAUGE MEDIATION AND COSMOLOGICAL VACUUM SELECTION
Zygmunt Lalak
Institute of Theoretical Physics, University of Warsaw
ul. Hoża 69, Warsaw, Poland
Gauge mediation of supersymmetry breakdown has many attractive features and can be realized in phenomenologically interesting string-motivated models. We point out that in models
with the Polonyi-like field stabilized at a low expectation value by quantum corrections, gravity seems to limit from above the admixture of gravity mediation to the dominant gauge
mediation channel. However, we also point out that in a class of such models the low energy
metastable supersymmetry breaking vaccum appears to be cosmologically disfavoured. These
features should hold also in the case of typical stabilized models with anomalous U (1)A groups.

1

Introduction

Gauge mediation of supersymmetry breaking 1,2 with the gravitino mass in the GeV mass range
appears to be a phenomenologically interesting and theoretically well supported possibility.
Heavy gravitino as LSP is an interesting dark matter candidate, allowing for a high reheating
temperature needed for leptogenesis. However, to reliably study gauge mediation one needs
to take into account the complete theory, with the dynamical supersymmetry breaking sector
coupled to messengers and further to the visible sector. A simple and calculable supersymmetry breaking sector is given by the O’Raifeartaigh-type models, see, e.g. 3,4,5,6,7 . The renewed
interest in these models is partly motivated by the acceptance of metastable supersymmetry
breaking vacua in models with R-symmetry broken spontaneously and/or explicitly by a small
parameter. There are two interesting aspects of such scenarios related to gravity. First of all, the
gravitational mediation is always present and it is legitimate to ask to what extent one can mix
the two channels of mediation. Secondly, one should ask about the cosmological history of the
such models. The existence of many competing vacua - spersymmetric and non-supersymmetric
ones - poses the question of how natural it is for the complete theory to settle down into the
phenomenologically relevant vacuum with broken supersymmetry. We are going to make a few
comments on these issues. This summary is based on 8,9 .

2

Models of direct gauge mediation

A simple example is a model discussed in 4 with superpotential containing a linear term of a
gauge singlet chiral superfield X responsible for supersymmetry breakdown. The messengers Q
and q, transmitting the supersymmetry breakdown to the visible sector, transform as 5 and 5̄
of SU (5) and are coupled to the field X. The superpotential reads W = F X − λ̃XQq and the

form of the Kähler potential,
K = X̄X −

(X̄X)2
+ q̄q + Q̄Q ,
Λ2

(1)

takes into account the loop corrections representing the logarithmic divergence in the effective
potential coming from the effects of the massive fields in the O’Raifeartaigh model which have
been integrated out. The sign of the second term in the Kähler potential is negative here. For
λ̃ = 0 supersymmetry is broken by FX 6= 0 and X is stabilized at 0. Supersymmetry is however
restored by
q turning on the coupling λ̃. The supersymmetric global minimum is at X = 0 and

Q = q = F/λ̃. Coupling the model to gravity changes the vacuum structure. Supersymmetric
vacuum is still present as a global minimum (with shifted values of the fields) but in addition a
local (metastable) minimum with broken supersymmetry appears, with vanishing vevs for the
messenger fields.
A constant c is added to the superpotential to cancel the cosmological constant at the
metastable vacuum. Another fact worth mentioning is that, with gravity, after decoupling the
messengers (λ̃ = 0) the supersymmetric vacuum disappears (as in the case without gravity)
but the minimum is for X different from zero. In the above discussion, the role of gravity is
linked to the negative sign of the second term in the Kähler potential, which follows from the
O’Raifeartaigh model. However, more general models of a similar type can give positive sign for
that term and X can be stabilized away from the origin, with broken supersymmetry 10 , with or
without messengers even in the limit MP → ∞. One can expect that the role of gravity is then
more subtle.
3

Graviational vs gauge mediation

We shall now discuss the vacuum structure of a class of globally supersymmetric models under
the additional assumption that messengers becoming massless in the limit X → 0 give negligible
contribution to the loop-corrected Kähler potential. We expand the loop correction to the Kähler
potential in powers of |X|:
δK = −

µ

¶

m2
2λ|X| 6
2λ|X| 4
) +(
) +···
f4 (
128π 2
m
m

.

(2)

In (2) we have extracted the overall dependence on the representative mass scale m and coupling
strength λ. The scale Λ appearing in eq. (1) is now given (for f4 > 0) by Λ2 = 8π 2 m2 /(λ4 f4 )
and it can be significantly larger than the scale m, which is the mass scale of the rafertons giving
rise to the domninant look correction. In this expansion we denoted by . . . terms of higher order
in |X| as well as contributions from the messenger sector. We also suppressed the effects of
the |X|0 and |X|2 . The former amounts to overall rescaling of the potential and the latter is
swallowed by the rescaling of X which restores its canonical normalization.
Let us assume the simple superpotential:
W = mφ1 φ3 +

R
mφ22 + λφ1 φ2 X + F X + c .
2

(3)

A model described by (3) has been extensively studied in the global limit in 10 . Here we couple
it to gravity and we again assume that the messenger sector
√ does not affect the position of the
local supersymmetry breaking minimum. When c = F MP / 3 the effective potential vanishes in
the limit |X| → 0. Only small corrections to this relation are necessary to make the cosmological
constant vanish at the supersymmetry breaking local minimum of the potential with X 6= 0 and
we shall use this approximate relation from now on.

Functions f4 and f6 , defined in eq. (2), have the following form:
1 + 2R2 − 3R4 + R2 (R2 + 3) ln R2
(R2 − 1)3
2
1 + 27R − 9R4 − 19R6 + 6R2 (R4 + 5R2 + 2) ln R2
.
3(R2 − 1)5

f4 = −

(4)

f6 =

(5)

As shown in 10 , the function f4 is positive for R < 2.11 and negative otherwise. The function
f6 is positive for R > 1/2, thereby ensuring (in the global limit) the existence of a metastable
supersymmetry breaking minimum whenever f4 < 0.
One can envision three main classes of solutions depending on the sign and size of f4 . For
f4 < 0 and f6 > 0 we recover the minimum previously discussed in the context of globally
supersymmetric model:
8|f4 | m2 /4
.
(6)
X2 =
9f6 λ2
For f4 > 0 the position of the supersymmetry breaking minimum is determined by a balance
between terms linear and quadratic in X 4 . The solution reads then:
1 Λ2
X= √
,
2 3 MP

(7)
1/2

where, as before, Λ appearing in (1) is given byΛ = 2πm/(λ2 nφ |f4 |1/2 ). Finally, we may have
f4 ≈ 0, leading to a dominance of the quartic term over the quadratic one. We find then:
m4
16π 2
.
X3 = √
9 3/2f6 16λ6 MP

(8)

Note that including the supergravity corrections to the effective potential is crucial for the
existence of solutions (7) and (8), for which hXi is proportional to negative powers of MP . All
the three solutions (6)-(8) break R-symmetry 11 : in (6) R-symmetry is broken spontaneously,
whereas the form of (7) and (8) shows that explicit soft R-symmetry breaking (the constant
term c in the superpotential) is transmitted to hXi through gravitational interactions.
Numerical analysis shows that all the three solutions can be realized in the simple model
(3), depending on the value of the mass ratio R.
We note that the local minimum disappears for mass scales of the O’Raifeartaigh sector
slightly smaller than 10−3 MP This can be understood by noticing that the solution (8), which
is a good approximation for sufficiently large m, can be rewritten as:
µ

λX
m/2

¶3

32π 2
m
= √
3
9 3f6 2λ MP3

(9)

If the left-hand side of (8) exceeds unity, our perturbative expansion (2) breaks down and one
should not expect the minimum to persist. It also follows from (9) that the maximal scale m
for which there exists a local minimum with X 6= 0 scales as λ3 , which, upon substitution to (8)
shows that the corresponding value of X scales as λ2 . These observations are confirmed by our
numerical analysis.
The numerical analysis supports the conclusion that the supergravity corrections provide
an upper bound on the values of the mass scale m of the O’Raifeartaigh sector for which the
metastable supersymmetry breaking minima exist. In the particular example analyzed here,this
< 10−3 M , which corresponds to Λ < 10−2 M .
bound is m ∼
∼
P
P

4

Cosmological vacuum selection 9

To describe the cosmological history of models with direct gauge mediation let us restrict ourselves to the case f4 = 1, f6 = 0. The result is rather generic as confirmed by more general
analysis. Let us assume that the hidden sector coupled to messengers is in thermal equilibrium shortly after inflation. This is justified as the interactions of X with messengers and with
the observable sector are not suppressed by a large mass scale, like in the case of the purely
gravitational mediation. It is rather straightforward to see that at very hight temperatures,
T ≪ Λ̃ the minimum of the effective potential lies very close to the origin in the field space.
Q = q = 0, X ≈ 0. As the Universe cools down, at the critical temperature
µ
Tcr = 2 √ ,
λ

(10)

the two minima with nonvanishing expectation values of messengers, < q >=< Q >6= 0, form,
which evolve smoothly towards the supersymmetric minima at T = 0. The mimimum which
corresponds to the supersymmetry breaking minimum at low temperatures forms at the temperature TX which is typically much lower than Tcr :
TX = O(3) µ

µ
1 µ
≈ Tcr √
.
Λλ
λΛ

(11)

The possible way out is to arrange for nonadiabatic initial conditions, which give rise to a
dispaced intial value for the field X. Analysis of the dynamical evolution indicates, that a
suitable set of iniatial conditions leading to enhanced probability of the evolution towards the
non-supersymmetric vacuum is Λ2 < Xinit < Λ with λ < 10−7 , 10−3 < Λ < 10−1 . Interestingly,
this points towards the mixed gauge/gravity mediation scenario.
5

Summary

Gauge mediation of supersymmetry breakdown has many attractive features and can be realized
in phenomenologically interesting string-motivated models. We point out that in models with
the Polonyi-like field stabilized at a low expectation value by quantum corrections, gravity
seems to limit from above the admixture of gravity mediation to the dominant gauge mediation
channel. However, we also point out that in a class of such models the low energy metastable
supersymmetry breaking vaccum appears to be cosmologically disfavoured. Our conclusions are
not altered in the models where X is charged under an anomalous U (1)A group, and coupled to
charged modulus, as long as the modulus and the gauge boson of the U (1)A obtain the Planck
scale masses, which is usually the case.
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NON-SUSY SEARCHES AT THE TEVATRON
ANTONIO BOVEIAa
Enrico Fermi Institute, University of Chicago b ,
5640 S Ellis Ave, Chicago, IL 60637, USA
I describe recent signature-based searches for anomalous physics processes with up to 2.9 fb−1
of data from the CDF or DØ detectors at the Fermilab Tevatron. While each search conveys
its sensitivity by interpreting a null result in terms of one or more specific exotic models, the
searches are designed to be broadly sensitive to many models.

1

Introduction

Without unambiguously new phenomena to explore or a truly compelling Standard Model extension to test, the highest-energy collider experiments often look for anomalous physics via
model-independent “signatures” which are general enough to probe a broad variety of models
but specific enough to allow sufficient optimization against backgrounds. Along with targeted
analyses, such as the searches for supersymmetry discussed elsewhere in these proceedings, CDF
and DØ perform many signature-based searches. I discuss some recent results here; searches
involving top quarks or signature-independence are described in separate contributions.
2

Searches for dilepton resonances

Z ′ searches for a resonant excess in the invariant mass distribution of two leptons are an ideal
signature-based search—their distinguishing feature is simple; their final states and backgrounds
are well understood both experimentally and theoretically; and their reach is far, addressing
many popular proposals such as Randall-Sundrum (RS), technicolor, Little Higgs, E6, and Rparity violating supersymmetry models1 . Both CDF and DØ have looked for Z ′ resonances in the
dielectron mass spectrum above the Z peak. When combined with a detector simulation and
various small backgrounds, the Pythia Drell-Yan calculation correctly predicts the dielectron
spectrum observed in 2.5 fb−1 of CDF data2 . Though the data contain an upward fluctuation
at about 240 GeV, a fluctuation at least as large at a mass heavier than 150 GeV should occur
in about 0.6% of experiments (2.5σ). DØ performs a similar search in the combined dielectron
and diphoton channel with 1 fb−1 and finds no comparable excess at any mass3 . Both spectra
are shown in Figure 1. CDF also has a search for Z ′ → µµ with 2.3 fb−1 of data. Since the
tracker resolution in curvature is roughly constant with momentum, the search is done in inverse
dimuon mass 1/Mµµ . The dimuon data again agree with the Drell-Yan–dominated Standard
Model prediction4 .
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Figure 1: CDF dielectron invariant mass (left) and DØ di-EM (electron/photon) invariant mass
(right).
One can communicate the sensitivity of these searches by setting limits on a theoretical model
containing a massive dilepton resonance. At 95% confidence, CDF excludes spin 1 SM-like Z ′
bosons lighter than 965 GeV/c2 with the dielectron channel and lighter than 1.03 TeV/c2 with
the dimuon channel. For RS1 scenarios with k/Mp = 0.1, DØ’s result excludes virtual gravitons
lighter than 900 GeV/c2 and the CDF dimuon result excludes gravitons lighter than 921 GeV/c2 .
DØ also provides constraints on ADD-like extra-dimensional models with a near-continuum of
narrowly spaced Kaluza-Klein (KK) gravitons. For n = 2 extra dimensions, M̄p > 2.09 TeV/c2 ;
for n = 7, M̄p > 1.29 TeV/c2 .
3

Searches for photon(s) or jet(s) and missing momentum

Both experiments search in the single or double photon or jet and missing momentum channels.
As with Z ′ searches, these are experimentally and theoretically attractive signatures—in this
case, of the production of a dark matter candidate in supersymmetry, continuum KK graviton
emission, and other models. With 1.0 fb−1 of data, the DØ single photon + E
6 T analysis
obtains a photon transverse momentum spectrum that agrees with the background prediction, a
concoction of Z+γ (irreducible when the Z decays to neutrinos) and instrumental backgrounds5 .
A similar search for missing momentum and either a single photon or a single jet in 2 fb−1
of CDF data again finds no evidence of anomalous production6 . These results constrain the
higher-dimensional Planck mass, surpassing limits from LEP for n ≥ 4 extra dimensions.
With 2 fb−1 , CDF analyzes distributions of E
6 T and the scalar sum of photon transverse
momenta (HT ) in the diphoton + E
6 T signature, a feature of GMSB supersymmetry and models with massive stable graviton production. At low E
6 T , mismeasured jets comprise the main
background. To predict this background, the analysis uses a detailed parameterization of spurious E
6 T obtained from the recoil jets in Z → e+ e− events. At high E
6 T , the main backgrounds
are electroweak processes involving intrinsic E
6 T , obtained from simulation. The result consists
6 T significance
of counting experiments and E
6 T and HT distributions for various minimum E
requirements. No excess production is observed7 .
DØ analyzes 2.5 fb−1 for the dijet + E
6 T signature using simultaneous requirements on the
minimum E
6 T and the minimum scalar sum HT of jet transverse momentum8 . As shown in Figure
2, both distributions agree with expectation in the bulk, SM-dominated region (predominantly
Z → νν + jets production) and in the high tails where one might have seen anomalies. DØ
expresses this null result as limits on scalar leptoquarks (MLQ > 205 GeV/c2 when LQ decays
exclusively to jν) and limits on the lightest T-odd particle in Little Higgs models (if Q̃ → j LTP
exclusively and MLTP < 200 GeV/c2 , then MQ̃ > 400 GeV/c2 at 95% confidence).

Figure 2: Key distributions for the DØ dijet + E
6 T analysis, with the expected contribution from
a 200 GeV scalar leptoquark.
4

Searches for diboson resonances

Diboson resonance searches are an experimentally attractive analog of the Z ′ searches—they
involve the same clean final states but also have additional particles or mass constraints which
lead to very small backgrounds. DØ has a search for a massive particle decaying to a Z and
a photon, where the Z subsequently decays to electrons or muons9 . With 1 fb−1 of data, the
dilepton + photon invariant mass spectrum agrees with the SM expectation, derived from a Baur
calculation of Zγ and a fake-rate–based estimate of the contribution from Z+jets. Without a
clear signal, DØ sets limits on particle production cross sections assuming the acceptance of
either a scalar or a vector particle. For example, the search sets an upper limit of about 200 fb
for 600 GeV/c2 particles of either type.
CDF also has new searches in heavy gauge boson modes, which can probe high mass higgs
and bulk RS scenarios. One search involves a massive particle decaying to eνjj through a diboson
pair10 . The W W and W Z invariant mass spectra agree with the SM prediction consisting of
W + jets at low mass and a concoction of backgrounds, such as QCD faking the trigger W , at
high mass. The search interprets the null result as limits on W’ (284 < MW ′ 515 GeV/c2 ), Z’
(247 < MZ ′ < 545 GeV/c2 ), and RS graviton models (MG > 607 GeV/c2 ).
CDF also has a result in the X → ZZ signature using dilepton + dijet decays and four lepton
decays11 . This result is the first to use CDF’s newly improved forward track reconstruction, and
it also uses more efficient electron and muon selection than typically employed. The cumulative
effect of these improvements is demonstrated with data by the dimuon mass spectrum, where
relative to muon criteria used in other CDF analyses the improvements more than quadruple the
yield in the Z peak (Figure 3). The X → ZZ results are the spectra of the four lepton invariant
mass and the two lepton two jet invariant mass, also shown. The dominant backgrounds are
not resonant in both Z masses and are estimated entirely from data using sideband fits. The
data agree well with the background prediction; there is no evidence of any bump in the mass
spectra. The analysis conveys its sensitivity with a limit on RS graviton-like particles decaying
to ZZ, ruling out masses below 491 GeV/c2 .

Figure 3: X → ZZ analysis: (top) comparison of dimuon yields using standard and improved
muon selections and (bottom) four body mass spectra and background predictions for the four
lepton and two lepton, two jet channels (l = e, µ).
5

Conclusions

None of the signature-based searches discussed here uncovers a substantial population of anomalous events, but in many cases these null results do not yet preclude discovery. Both CDF and
DØ have recorded 1.8–5 times as much data. As the datasets continue to grow, Tevatron searches
may yet find an interesting excess.
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MODEL INDEPENDENT SEARCHES FOR NEW PHYSICS AT THE
TEVATRON
J. PIPER
Department of Physics and Astronomy, Michigan State University,
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East Lansing, MI, USA 48824
for the CDF and DØ collaborations
The standard model is a successful but limited theory. There is significant theoretical motivation to believe that new physics may appear at the energy scale of a few TeV, the lower end
of which is currently probed by the Fermilab Tevatron Collider. The methods used to search
for physics beyond the standard model in a model independent way and the results of theses
searches based on 1.0 fb−1 of data collected with the DØ detector and 2.0 fb−1 at the CDF
detector are presented.

1

Introduction and Strategies

Particle physics is at a stage where there is no unique way forward. The standard model of
particle physics has been remarkably successful: all fundamental particles predicted by this
model have been discovered, with the notable exception of the Higgs boson. Despite its success,
there are strong motivations from the theory to expect new physics at energies at or just above
the electroweak scale.
Assuming that new physics does exist, we do not know what this new physics is and thus
precisely how to search for it. There are many theories and models which predict differences
between reality and the standard model. But generally these theories and models do not give
precise energy and phase space regions to search for new physics. Motivated by this, a scan
over many channels was performed at each experiment to look for significant deviations from
the standard model. The CDF experiment searches over all high-pT data. At D0, it was found
that the background model was most developed for the case of final states containing leptons.
Similar approaches to search for new physics have been applied to data from DØ Run I, 1,2,3 and
H1 at HERA 4 .
At CDF and DØ , several methods are used to search across large portions of the data set.
First, exclusive final states are tested for agreement in event counts using the vista algorithm.
vista also searches many histograms for each of the final states for disagreement. In sleuth,
one variable, (ΣpT,obj ) + M ET , is used for the search, focusing on the tails of the distributions.
Finally, at CDF, masses of all object combinations are searched for discrepancies in bump
hunter.
CDF 5,6 focuses on consistency and reach. The objects used in all final states have the same
set of object cuts. The standard model background implementation comes from Monte Carlo,

primarily pythia7 and MadEvent8 . After the Monte Carlo is pushed through the detector
simulation, additional corrections to fix modeling issues are performed in a standard, rigorous
way. All of the final states and histograms are put into one immense fit, using as few parameters
as possible to provide basic agreement across final states. The fit uses all of the exclusive final
states defined in vista with the histograms provided for those final states. In practice, it is
often one histogram that dominates the value found for any of the individual parameters. CDF
introduced 43 correction parameters to minimize final state discrepancies. The parameters are
further constrained by adding information external to that used in the vista high-pT data
sample. The correction factors obtained from the fit are found to be consistent with those
derived in control regions of other analyses at CDF.
As at CDF, DØ runs Monte Carlo simulations to predict the standard model expectation.
DØ uses mostly alpgen9 and pythia Monte Carlo. DØ models multijet background from data
rather than Monte Carlo. To estimate these backgrounds, some of the object selection cuts
are reversed in data to produce samples with electron, muon, or tau objects which are mostly
misidentified jets from multijet backgrounds.
DØ then divides the whole data set into seven nonoverlapping final states. In each of these,
previously determined standard weights are applied using well-understood areas of phase space
dominated by particular standard model processes to account for necessary corrections to the
Monte Carlo and detector modeling. These seven states are defined by their lepton content
and are inclusive in jets and additional objects. A fit is then performed for each of these
states to obtain the scale factors which reproduce the distributions of the selected data with the
background from Monte Carlo and multijet background determined from data.
2

General Searches Using vista

vista performs two checks, a normalization-only check on the number of events in each exclusive
state, and a shape-only analysis of histograms within a state by calculating a KolmogorovSmirnov statistic (and resulting fit probability). Both of these numbers require additional
interpretation, because of the number of trials involved. When observing many final states,
some disagreements are expected merely due to statistical fluctuations in the data. Therefore,
probabilities calculated with both of these methods are corrected to reflect this multiple testing.
At CDF, there are no discrepancies in event counts over the 399 states checked. Additionally,
555 1-D shape histograms show discrepancy after trials. Many of these can be attributed to a
Monte Carlo “3-jet effect”. The “3-jet effect” is seen in several types of histograms across
many of the multijet final states. These include the ∆R(j2 , j3 ) and the jet mass distributions.
Examining different parton shower generators show that predictions for this region of phase
space are not consistent. These predictions have not yet been compared against LEP I data
to provide reasonable constraints on this effect. The distributions of final state counts and
histograms are shown is Figs. 1(a) and 1(b).
At DØ , of the 180 distributions, four show significant event count discrepancies. These are
the final states µ + 2 jets + E/T with a converted probability of 9.3σ after trials correction, µ
+ γ + 1 jet + E/T with 6.6σ, µ+ µ− + E/T with a discrepancy of 4.4σ and µ+ µ− + γ at 4.1σ.
Additionally, 24 histograms show shape discrepancies. The distributions of final state counts
and shape discrepancies can be seen in Figs. 1(c) and 1(d).
Two of these states are directly related to oversimplified modeling of the photon misidentification rate. The µ + 2 jets + E/T final state discrepancy shows an excess of events with a muon
at η > 1.0. The excess points to an oversimplification in our approach to trigger efficiencies.
The proportion of events that are brought in by single muon vs. muon plus jets triggers changes
significantly as we increase jet multiplicity. These triggers introduce η-dependent efficiencies
which are not fully incorporated into our simple fits. The dimuon with missing energy final

state shows an excess of data compared to the standard model Monte Carlo prediction. A study
into the track curvature of data and MC muons, and of the associated resolution, has shown
that an additional smearing should be applied in the Monte Carlo to appropriately simulate
very high pT muons. The prime signature of these muons is an excess of E/T because of the lack
of compensation for the mismeasured, unbalanced track.
3

Targeted Searches using bump hunter (CDF) and sleuth

The bump hunter algorithm scans the spectrum of most mass variables with a sliding window.
The window varies across each final state and within final states themselves to account for
changing detector resolution. For each combination of objects, the mass is calculated in each
sliding window, and the probability to see a data excess as large as the one observed is noted.
The window then slides by two times the mass resolution. In order for a bump to be defined,
the region must contain at least five data events, and the side bands (regions on either side of
the region of interest and of half the width) must be less discrepant than the central region of
interest. The smallest probability for each final state is determined and the overall significance
of the most significant of these excesses is evaluated by performing pseudoexperiments.
One bump is found to cross the discovery threshold. This is the mass of four jets in a final
P
state with four jets of pT < 400. This discrepancy is attributed to the same three jet effect
as was observed previously in the vista shape discrepancies. The same effect is observed in
other final states of different jet multiplicities with a significance that falls below the threshold.
P
In sleuth,
pT in each channel is searched for a cut which maximizes the significance
P
pT > cut. This significance is then
of the data excess over the SM backgrounds producing
corrected for the number of trials in both the number of possible positions of the cut in the
histogram, and at a higher level, the number of final states Sleuth examines. The final corrected
probability corresponds to the probability that an individual final state would produce one or
more probabilities as small as observed. A significant output from Sleuth is defined as a state
with corrected probability < 0.001 (equivalent to about 3 Gaussian standard deviations).
CDF finds no discrepant state that crosses the discovery threshold. The most discrepant
states at CDF contain same sign muon-electron pairs. The most significant of these causes a P̃
of 0.085 which is still well above the threshold of 0.001. Sleuth by definition does not focus on
the correlation among the most discrepant objects and instead focuses on just the single most
discrepant state.
The vista final states that show broad numerical excesses at DØ are found again with the
sleuth algorithm, as would be expected. One additional distribution crosses the discovery
threshold of P̃ < 0.001, where P̃ is the probability after all trial factors: the final state that
crosses the discovery threshold is µ± + e∓ + E/T . Currently the evidence suggests that the
muon tracking resolution is responsible for this discrepancy. A large fraction of the events in
the tail of the Sleuth distribution have a muon with a very large pT and large missing energy.
With the present modeling of muon resolution, straight track events are underrepresented in
the standard model background estimation. This state has 46 data events in the tail of this
distribution compared to only 17 predicted by the Monte Carlo.
4

Conclusion

In conclusion, CDF and DØ have performed broad searches for new physics using 2.0 f b−1 at
CDF and 1.0 f b−1 at DØ . Hundreds of exclusive data final states and thousands of kinematic
distributions were compared to the complete standard model background predictions at each
experiment using the vista algorithm. No final states were discrepant at CDF and only four
out of 180 exclusive final states showed a statistically significant discrepancy at DØ . Given
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Figure 1: CDF and DØ distributions of final state counts and Kolmogorov-Smirnov probabilities converted to
units of σ before trials factor. The CDF final state and shape distributions are shown in Figs. 1(a) and 1(b) while
the corresponding DØ distributions are shown in Figs. 1(c) and 1(d).

the known modeling difficulties in all four final states, we refrain from attributing the observed
discrepancies to new physics. A quasi-model independent search for new physics was also perP
formed using the algorithm Sleuth by looking at the regions of excess on the high- pT tails of
exclusive final states. Only µ± + e∓ + E/T surpasses the discovery threshold beyond the obvious
excesses noticed in vista, and this seems to be related to difficulties in modeling the muon pT
resolution. At CDF, there were no Sleuth discrepancies, but the most discrepant final states
contained a same-sign muon and electron. Since no final state met the criteria defined beforehand for discovery, no new physics claim is made. Although there were no strong hints of new
physics in the data, a factor of five more data has already been recorded at each experiment. As
this data is incorporated into the analyses and improvements are implemented in the correction
models, both experiments should be much more sensitive to possible new physics.
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Searches for new phenomena at CMS and ATLAS
Tanja Rommerskirchen (for the CMS and ATLAS collaborations)
Physics Institute, University of Zurich, Switzerland
The prospects of the ATLAS and CMS experiments at LHC for beyond standard model
searches are described. These studies concentrate on the search plans for supersymmetry
(SUSY) and beyond in the first few years of data taking.

1

Introduction

The first collisions at the Large Hadron Collider are foreseen for the end of 2009. This article
summarizes the plans of the ATLAS and the CMS collaborations for beyond standard model
√
searches with early LHC data. The collision energy assumed in the presented searches is s = 14
TeV. The article is divided into two parts, one part dealing with supersymmetry (SUSY) as
theoretically preferred candidate for new physics; the other part presents plans on how to ensure
sensitivity for even more exotic signatures.
2

SUSY searches

Even the supersymmetric model with the smallest number of additional particles, the MSSM
(Minimal Supersymmetric Model), is characterized by more than 100 parameters 1 . In order to
cover as much supersymmetric parameter space as possible, searches concentrate on common
features of most supersymmetric models, such as multiple jets plus leptons and missing energy
for R-parity conserving models. Accordingly, SUSY search channels are defined in terms of the
expected event topology, i.e. number of jets, leptons and photons.
2.1

Search channels in mSuGra

Two nice example for this kind of searches are the same-sign di-lepton search prepared by
the ATLAS collaboration 2 and the two jets plus zero lepton search prepared by the CMS 3
collaboration.
The basic requirements in the same-sign di-lepton search are two same-sign di-leptons plus
four jets plus missing transverse energy (ETmiss ) larger than 100 GeV. Figure 1(a) shows the ETmiss
distribution for several points in the mSuGra parameter-space and standard model background.
After a selection, nearly no standard model background is left. During the early period of data
taking the usage of calorimeter based ETmiss might be problematic. From experience at the
Tevatron, large systematic uncertainties are expected. This uncertainty is reduced in the two
jet + zero lepton + ETmiss search, which profits from the particular event topology by defining
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Figure 1: αT and ETmiss distributions shown for 1 fb−1 of integrated data.

a non-ETmiss based variable
αT =

ETj2
j1,j2
Minv,T

,

(1)

j1,j2
where ETj2 is the energy of the second leading jet and Minv,T
is the transverse invariant mass
of the two jets. αT is a powerful variable which discriminates between events containing real
missing energy in form of neutrinos or neutralinos and the standard model di-jet background.
This quantity is also particularly robust against jet-energy mismeasurements. Figure 1(b) shows
the αT -distribution for standard model backgrounds and for one point in the mSuGra parameterspace.

2.2

Background estimation methods

Because searching for supersymmetry means searching for the unknown, to avoid claiming a false
discovery, understanding and controlling the standard model background is crucial. In addition
to the usual Monte Carlo based simulations, data driven methods have been developed by both
experiments. Especially for the non-reducible Z → ν ν̄ background, several complementary
estimation methods are in place. The general idea of these methods is to select a clean sample
for the control background which is similar to Z → ν ν̄ and to correct for the differences in e.g.
cross-section and acceptance between the control sample and Z → ν ν̄. Control backgrounds for
Z → ν ν̄ that have been studied are Z → ll 2 , photon + jets 4 , and W → lν 3 .
2.3

SUSY discovery reach

Most of the searches presented so far use simulations for particular points in the supersymmetric
parameter-space to study the kinematics expected in real events. These points have been chosen
by both collaborations and should cover most of the possible topologies in a supersymmetric
model. Complementary to these points, scans in the supersymmetric parameter-space have been
made in order to estimate the discovery reach of standard SUSY ETmiss + m jets + n lepton
searches in various models. In Figure 2 the estimated discovery reach of mSuGra searches done
with ATLAS in the n jet plus 0 lepton channel is illustrated 2 . Comparable studies for the CMS
detector have shown that both experiments have similar discovery reaches 1 .
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Figure 2: ATLAS discovery reach for the n jet plus 0 lepton channel in the m0 and m1/2 mSuGra plane for
tan β = 10 at 1 fb−1

3

Searches beyond mSuGra

In addition to the standard mSuGra searches, both experiments aim for being sensitive to various
unusual signatures predicted by SUSY models beyond mSuGra and by non-SUSY models.

3.1

Heavy stable charged particles

Particularly challenging signatures are produced by heavy stable charged particles (HSCP),
such as those predicted by supersymmetric models like GMSB and split SUSY, and nonsupersymmeteric models such as universal extra dimensions (UED). HSCP could also be states
composed of gluinos and stops. These states are called R-Hadrons. R-Hadrons are hadronically
interacting with matter. The quarks bound to the stops or gluinos can be emitted and therefore
the total charge of the hadron is modified. Slow heavy particles are difficult to trigger on as
they might arrive too late in the muon system and be lost. Also the muon reconstruction in
general would be non-trivial for charge-flipping R-Hadrons. Two independent measurements of
the particle velocity, one in the muon chambers and one in the silicon tracker, provide a way to
effectively suppress all standard model background. Figure 3 shows the integrated luminosity
needed by CMS to discover more than three HSCP events, for four different models, after the
full event selection 5 . Methods to make the trigger and pattern recognition more sensitive to
this unusual signature are currently studied.

3.2

Di-object signature searches

Di-object searches are i.e., di-lepton, di-jet and di-photon searches which are sensitive to new
signals like heavy mass resonances as predicted by GUT, extra dimension and compositness
models. Di-object searches are also a simple way to address a broad class of new physics with
small statistics. Also lepton + ETmiss and jet + ETmiss searches are being prepared to cover heavy
W-like bosons as predicted by the left-right model and mono-jet final states predicted by extra
dimension models. Among these different channels, di-muon 6 and di-electron resonances 7 are
certainly the golden channels for early searches due to their clean signatures.
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Figure 3: Integrated luminosity needed for discovering three HSCP (Heavy stable charged particle) events in the
case that the full selection as described in ref. 5) is applied and no standard model background is left. Four
different models are tested.

3.3

More exotic searches

Some of the prepared searches are not aimed at early data but cover interesting signatures which
would become visible with higher luminosities and a better understanding of the detector. This
includes searches for vector boson resonances 2 , fourth generation quarks 11 and mini black holes 2 .
In order to complement this searches for specific signatures a model unspecific search (MUSIC)
12 has been set up by the CMS collaboration. MUSIC automatically sorts the incoming events
according to their signature, i.e. number of jets, leptons and tests the number of events against
the standard model background estimation. For early data MUSIC is expected to improve the
understanding of the detector response and the MC simulations.
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Multi-muon events at CDF
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We report a study of multi-muon events produced at the Fermilab Tevatron collider and
recorded by the CDF II detector. In a data set acquired with a dedicated dimuon trigger
and corresponding to an integrated luminosity of 2100 pb−1 , we isolate a significant sample of
events in which at least one of the identified muons has large impact parameter and is produced
outside the beam pipe of radius 1.5 cm. We are unable to fully account for the number and
properties of the events through standard model processes in conjunction with our current
understanding of the CDF II detector, trigger and event reconstruction. Several topological
and kinematic properties of these events are also presented. In contrast, the production
cross section and kinematics of events in which both muon candidates are produced inside
the beam pipe are successfully modeled by known QCD processes which include heavy flavor
production. The presence of these anomalous multi-muon events offers a plausible resolution
to long-standing inconsistencies related to bb̄ production and decay.

1

Introduction

This study reports the observation of an anomalous muon production in pp̄ interactions at
√
s = 1.96 TeV. The analysis was motivated by the presence of several inconsistencies that
affect or affected the bb̄ production at the Tevatron: (a) the ratio of the observed bb̄ correlated
production cross section to the exact next-to-leading-order (NLO) QCD prediction 1 is 1.15±0.21
when b quarks are selected via secondary vertex identification, whereas this ratio is found to be
significantly larger than two when b quarks are identified through their semileptonic decays 2 ; (b)
sequential semileptonic decays of single b quarks are considered to be the main source of dilepton
events with invariant mass smaller than that of a b quark. However, the observed invariant mass
spectrum is not well modeled by the standard model (SM) simulation of this process 3 ; and (c) the
value of χ̄, the average time integrated mixing probability of b flavored hadrons derived from the
ratio of muon pairs from b and b̄ quarks semileptonic decays with opposite and same sign charge,
is measured at hadron colliders to be larger than that measured by the LEP experiments 4,5 This
analysis extends a recent study 6 by the CDF collaboration which has used a dimuon data sample
to measure the correlated σb→µ,b̄→µ cross section. After briefly describing that study, it is shown
that varying the dimuon selection criteria isolates a sizable, but unexpected background that
contains muons with an anomalous impact parameter 7 distribution. Further investigation shows
that a smaller fraction of these events also has anomalously large track and muon multiplicities.
We are unable to account for the size and properties of these events in terms of known SM
processes, even in conjunction with possible detector mismeasurement effects.
The CDF II detector 8 consists of a magnetic spectrometer, based on a 96-layer drift chamber,
surrounded by electromagnetic and hadron calorimeters and muon detectors. Precision impact
parameter and vertex determinations are provided by three slicon tracking devices collectively

referred to in this report as the “SVX”. The SVX is composed of eight layers of silicon microstrip
detectors ranging in radius from 1.5 to 28 cm in the pseudorapidity region |η| < 1.
2

Study of the data sample composition

The study presented here, which is further detailed in Ref,9 uses the same data and Monte
Carlo simulated samples, and the same analysis methods described in Ref. 6 We use events
containing two central (|η| < 0.7) muons, each with transverse momentum pT ≥ 3 GeV/c,
and with invariant mass larger than 5 GeV/c2 . In Ref,6 the value of σb→µ,b̄→µ is determined
by fitting the impact parameter distribution of these primary muons with the expected shapes
from all known sources. To ensure an accurate impact parameter determination, Ref.6 uses
a subset of dimuon events in which each muon track is reconstructed in the SVX with hits
in the two inner layers and in at least four of the inner six layers. The data are nicely
described by a fit with contributions from
10
the following QCD processes: semileptonic
heavy flavor decays, prompt quarkonia de10
cays, Drell-Yan production, and instrumen10
tal backgrounds from hadrons mimicking the
10
muon signal. Using the fit result, shown in
Fig. 1, Ref. 6 reports σb→µ,b̄→µ = 1549 ± 133
10
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pb for muons with pT ≥ 3 GeV/c and |η| ≤
d (cm)
0.7.
This result is in good agreement with
theoretical expectations as well as with analogous measurements that identify b quarks
Figure 1: Impact parameter distribution of muons con- via secondary vertex identification.10,11 Howtributed by different physics processes.
ever, it is also substantially smaller than previous measurements of this cross section12,13 ,
and raises some concern about the composition of the initial dimuon sample prior to the SVX
requirements. The tight SVX requirements used in Ref.6 select events in which both muons arise
from parent particles that have decayed within a distance of ≃ 1.5 cm from the pp̄ interaction
primary vertex in the plane transverse to the beam line. Using Monte Carlo simulations, we
estimate that approximately 96% of the dimuon events contributed by known QCD processes
satisfy this latter condition. Since the events selected in 6 are well described by known QCD
processes, we can independently estimate the efficiency of the tight SVX requirements. Using
control samples of data from various sources and the sample composition determined by the fit
to the muon impact parameter distribution, we estimate that (24.4 ± 0.2)% of the initial sample
should survive the tight SVX requirements, whereas only (19.30 ± 0.04)% actually do. This
suggests the presence of an additional background that has been suppressed when making the
tight SVX requirements. The size of this unexpected dimuon source is estimated as the difference of the total number of dimuon events, prior to any SVX requirements, and the expected
contribution from the known QCD sources. This latter contribution is estimated as the number
of events surviving the tight SVX requirements divided by the efficiency of that selection. In a
data set corresponding to an integrated luminosity of 742 pb−1 , 143743 dimuon events survive
the tight SVX cuts. Dividing this number by the 24.4% efficiency of the tight SVX selection
criteria we expect 589111 ± 4829 QCD events to contribute to the initial sample whereas 743006
are observed. The difference, 153895 ± 4829 events, is comparable in magnitude to the expected
dimuon contribution from bb̄ production, 221564±11615. This estimate assumes the unexpected
source of dimuon events is completely rejected by the tight SVX requirements.
Most CDF analyses use a set of SVX criteria, referred in the following as standard SVX, in
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which tracks are required to have hits in at least three of the eight SVX layers. This standard
SVX selection accepts muons from parent particles with decay lengths as long as 10.6 cm.
Applying the standard SVX selection reduces the estimated size of the unknown dimuon source
by a factor of two, whereas 88% of the known QCD contribution is expected to survive.
A summary of the estimates of the size of this unexpected source of dimuon events, whimsically called ghost events, for various sets of SVX criteria is shown in Table 1. In this table and
throughout this report the expected contribution from known QCD sources, referred to as QCD
contribution, will be estimated from the sample of dimuons surviving the tight SVX requirements
and properly accounting for the relevant SVX efficiencies using the sample composition from the
fits of Ref.6 We elect to follow
Table 1: Number of events that pass different SVX requirements. Dimuons this approach since the tight
are also split into pairs with opposite (OS) and same (SS) sign charge.
SVX sample provides a well
understood sample.6 The ghost
Type
No SVX
Tight SVX Standard SVX
contribution will always be esTotal
743006
143743
590970
timated from the total numTotal OS
98218
392020
ber of events observed in the
Total SS
45525
198950
data after subtracting the exQCD
589111 ± 4829
143743
518417 ± 7264
pected QCD contribution. TaQCD OS
98218
354228 ± 4963
ble 1 shows also the event yields
QCD SS
45525
164188 ± 2301
separately for the subset of
Ghost
153895 ± 4829
0
72553 ± 7264
events in which the dimuons
Ghost OS
0
37792 ± 4963
have opposite-sign (OS) and
Ghost SS
0
34762 ± 2301
same-sign (SS) charge. The ratio of OS to SS dimuons is approximately 2:1 for QCD processes but is approximately 1:1 for the ghost contribution.
At this stage it is worth commenting further on the set of inconsistencies related to bb̄
production and decay mentioned above. The general observation is that the measured σb→µ,b̄→µ
increases as the SVX requirements are made looser and is almost a factor of two larger than that
measured in Ref.6 when no SVX requirements are made.13 As mentioned above, the magnitude
of the ghost contribution is comparable to the bb̄ contribution when no SVX selection is made
and in combination would account for the measurement reported in Ref. 13 Similarly, for the
standard SVX criteria, the magnitude of the ghost contribution, when added to the expected bb̄
contribution of 194976 ± 10221 events, coincides with the cross section measurement reported
in Ref.12 and the χ̄ value reported in Ref.4 since these measurements use similar sets of silicon
criteria. Moreover, as demonstrated in9 , when applying the tight SVX criteria to initial muons,
the invariant mass spectrum of combinations of an initial muon with an additional accompanying
muon is well described by known QCD sources and is dominated by sequential semileptonic heavy
flavor decays. In contrast, without any SVX requirement the invariant mass spectrum cannot be
modeled with the SM simulation and the inconsistencies at low invariant mass reported in3 are
reproduced. Thus, this unknown source of dimuon events seems to offer a plausible resolution
to these long-standing inconsistencies related to bb̄ production and decay. The remainder of this
paper is dedicated to a further exploration of these events.
The nature of the anomalous events can be characterized by four main features. The impact
parameter distribution of the initial muon pair cannot be readily understood in terms of known
SM processes. In small angular cones around the initial muons the rate of additional muons
is significantly higher than that expected from SM processes. The invariant mass of the initial
and additional muons looks different from that expected from sequential semileptonic decays of
heavy flavor hadrons. The impact parameter distribution of the additional muons has the same
anomalous behavior as the initial muons. We will discuss these features in turn.
As shown in Fig. 2, muons due to ghost events have an impact parameter distribution
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Figure 2: Impact parameter distribution of muons
contributed by ghost (•) and QCD (histogram)
events. Muon tracks are selected with the standard SVX requirements. The detector resolution
is ≃ 30 µm. The insert shows the distribution of
simulated muons (histogram) that pass the same
analysis selection as the data and arise from inflight-decays of pions and kaons produced in a
QCD heavy flavor simulation. The dashed histogram shows the impact parameter of the parent
hadrons.
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that is completely different from that of muons due
to QCD events.
A number of potential background sources have
been evaluated. The one expected to contribute significantly arises from in-flight-decays of pions and
kaons. Based upon a generic QCD simulation, we
predict a contribution of 57000 events,9 44% and 8%
of which pass the standard and tight SVX selection, respectively. The uncertainty of this prediction is difficult to assess, but, as shown by the insert
in Fig. 2, in-flight decays alone cannot account for
the shape of the muon impact parameter distribution in ghost events. A minor contribution of KS0
and hyperon decays in which the punchthrough of a
hadronic prong mimics a muons signal has been also
investigated.9 Secondary interactions in the tracking
volume are also possible candidates, and more difficult to quantify. The possibility of instrumental
effects, trigger and reconstruction biases have been
investigated in detail in Ref.9 For example, we have
verified the soundness of large impact parameter
tracks by measuring the lifetime of KS0 decays reconstructed in the same data set used for this analysis.

Events with additional muons

We search QCD and ghost events that contain a pair of initial muons that pass our analysis selection (without any SVX requirement) for additional muons with pT ≥ 2 GeV/c and
|η| ≤ 1.1. We have the following motivations: (a) events acquired because of in-flight decays or
secondary interactions are not expected to contain an appreciable number of additional muons;
(b) QCD events that might appear in the ghost sample because of not-yet-understood detector
malfunctions should not contain more additional leptons than QCD events with well reconstructed initial dimuons; and (c) we want to investigate if the anomaly reported in Ref.3 is also
related to the presence of the unexpected background. According to the simulation,9 additional
muons arise from sequential decays of single b hadrons. In addition, one expects a contribution
due to hadrons mimicking the muon signal. In the data, 9.7% of the dimuon events contain an
additional muon (71835 out of 743006 events). The contribution of events without heavy flavor,
such as all conventional sources of ghost events mentioned above, is depressed by the request of
an additional muon. For example, in events containing a Υ(1S) or KS0 candidate and are included in the dimuon sample, the probability of finding an additional muon is (0.90±0.01)% and
(1.7 ± 0.8)%, respectively. However, the efficiency of the tight SVX selection in dimuon events
that contain additional muons drops from 0.1930 ± 0.0004 to 0.166 ± 0.001. This observation
anticipates that a fraction of ghost events contains more additional muons than QCD data.
This paragraph summarizes a detailed study of the rate and kinematic properties of events
that contain at least three muons reported in Ref.9 This study uses a data set of larger integrated luminosity that corresponds to 1131090 ± 9271 QCD and 295481 ± 9271 ghost events.
Reference9 shows that the rate and kinematics of three-muon combinations are correctly modeled by the QCD simulation only if the two initial muons are selected with the tight SVX
requirement. Muon pairs due to b sequential decays peak at small invariant masses and small

opening angles. The distributions of analogous pairs
in the unexpected background have a quite similar be1.5
haviour. However, combinations of initial and additional
muons in ghost events have a smaller opening angle and
a smaller invariant mass than those from sequential b
1
decays.9 Therefore, the study of ghost events is further
restricted to muons and tracks contained in a cone of
0.5
angle θ ≤ 36.8◦ (cos θ ≥ 0.8) around the direction of
each initial muon. As reported in Ref.,9 less than half
0
0.5
1
1.5
2
of the OS and SS muon combinations in ghost events
d (cm)
can be accounted for by fake muons, and ghost events
Figure 3: Two-dimensional distribution of are shown to contain a fraction of additional real muons
the impact parameter of an initial muon, (9.4%) that is four times larger than that of QCD events
d0p , versus that, d0s , of additional muons
(2.1%). Reference9 investigates at length the possibility
in ghost events. Muons are selected with
that the predicted rate of fake muons is underestimated.
standard SVX requirements.
The fraction of additional real muons in QCD and ghost
events is verified by selecting additional muons with pT ≥ 3 GeV/c and |η| ≤ 0.7. In this case,
because of the larger number of interaction lengths traversed by hadronic tracks, the fake rate
is negligible.6 In this study the muon detector acceptance is reduced by a factor of five but the
rate of such additional muons is (0.40 ± 0.01)% in QCD and (1.64 ± 0.08)% in ghost events.
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Figure 4: Exploded impact parameter distribution of additional muons in QCD
events. The entire distribution is shown
in the insert. Muons are selected without
any SVX requirements.

Figure 3 shows the two-dimensional distribution of the
impact parameter of an initial muon versus that of all
additional muons in a cos θ ≥ 0.8 cone around its direction. The impact parameter distribution of the additional
muons is found to be as anomalous as that of primary
muons. However, the impact parameter of the additional
and initial muons are weakly correlated (the correlation
factor is ρd0p d0s = 0.03).
For comparison, Fig. 4 shows that the impact parameter distribution of additional muons in QCD events is not
anomalous at all.
It is difficult to reconcile the rate and characteristics of
these anomalous events with expectations from known SM
sources. Although one can never rule out the possibility
that these data could be at least partially explained by
detector effects not presently understood, we will present
some additional properties of the ghost sample.

Figure 5 (a) shows the distribution of the number of muons found in a cos θ ≥ 0.8 cone
around a primary muon in ghost events. In the plot, an additional muon increases the multiplicity by 1 when of opposite and by 10 when of same sign charge as the initial muon. Leaving
aside the case in which no additional muons are found, it is interesting to note that an increase of one unit in the muon multiplicity corresponds in average to a population decrease
of approximately a factor of seven. This factor is very close to the inverse of the τ → µ
branching fraction (0.174) multiplied by the 83% efficiency of the muon detector, and makes
it hard to resist the interpretation that these muons arise from τ decays with a kinematic acceptance close to unity. The multiplicity distribution corrected for the fake muon contribution9
is shown in Fig. 5 (b). The fake contribution is evaluated on a track-by-track basis using the
probability that pions from D0 mesons from B hadron decays mimic a muon signal. Unfortunately, the multiplicity distribution of muons and tracks contained in a 36.8◦ cone around
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Figure 5: Multiplicity distribution of additional muons found in a
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the direction of such D 0 mesons
does not have the high multiplicity tail of ghost events. In the D 0
control sample, we do not observe
any dependence of the fake rate on
the track and muon multiplicity,
but we also cannot rule out a drastic increase of the fake probability per track in events with multiplicities much larger than those of
QCD standard processes. A study
based on higher quality muons9
does not show any evidence of
that being the case.

Conclusions

√
We report the observation of anomalous muon production in pp̄ collisions at s = 1.96 TeV.
This unknown source of dimuon events seems to offer a plausible resolution to long-standing
inconsistencies related to bb̄ production and decay. A significant fraction of these events has
features that cannot be explained with our current understanding of the CDF II detector, trigger
and event reconstruction.
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Search for Excess Dimuon Production in the Radial Region 1.6 < r . 10 cm at the
D0 Experiment
M.R.J. Williams
Lancaster University
Fermilab, Batavia, Il 60614, U.S.A.
√
We report on a study of dimuon events produced in pp̄ collisions at s = 1.96 TeV, using
−1
0.9 fb of data recorded by the D0 experiment during 2008. Using information from the innerlayer silicon tracking detector, we observe 712±462±942 events in which one or both muons are
produced in the range 1.6 < r . 10 cm, which is expressed as a fraction (0.40 ± 0.26 ± 0.53)%
of the total dimuon sample. We therefore see no significant excess of muons produced a few
centimeters away from the interaction point.

1

Introduction

A recent study by the CDF collaboration 1 claims to observe a large sample of dimuon events in
which one or both muons appear to be produced at large radial distances (> 1.5 cm) from the
primary interaction point, with observations not consistent with current heavy quark production
models. We describe a corresponding search at D0 for dimuon events in which one or both muons
are produced at radial distances exceeding 1.6 cm, relative to the primary pp̄ interaction.
2

The D0 Detector

D0 is a general purpose colliding beam detector described in detail elsewhere 2 . The most
important detector components for this analysis are the tracking and muon systems in the
central region corresponding to pseudorapidity |η| < 1.0.
The central tracking detector at D0 is contained within a 2 T solenoidal field, and comprises
the silicon microstrip tracker (SMT) and the central fiber tracker (CFT). The silicon tracker
consists of six barrel/disk modules, two outer disks, and an inner layer (L0). The L0 detector 3
surrounds the beryllium beampipe, and is formed from single-sided sensors staggered at radii of
1.60 and 1.76 cm to provide 98% φ coverage, in the range |z| < 38 cm.
The muon system in the |η| < 1 region consists of a combination of proportional drift tubes
(PDTs) and scintillation counters 4 . These are arranged on both sides of an iron toroid of
thickness 1.09 m, which provides a magnetic field of 1.8 T to aid in muon identification and
reconstruction. The total thickness traversed by muons exiting the iron is 12.8–14.5 λ giving a
minimum momentum of around 3 GeV/c for that muon topology.
3

Event Selection

This analysis uses data collected by the D0 experiment between August and December 2008,
corresponding to a total integrated luminosity of around 0.9 fb −1 . No particular trigger require-

ments are enforced (i.e. events are accepted from all triggers, inclusively). The event selection
scheme is designed to approximately match the corresponding requirements used by CDF in
their analysis 1 .
The dimuon sample is produced by selecting the two highest-p T muons in each event, provided that they satisfy the following requirements. Both muons must fulfill standard D0 quality
criteria, be associated with muon-system hits on both sides of the toroid magnet, and satisfy
pT > 3 GeV/c and |η| < 1.0. Both muons must be matched to central tracks, which originate
within 1.5 cm of each other along the beam axis. The combined invariant mass of the dimuon
pair, M (µµ), must lie in the range 5 < M (µµ) < 80 GeV/c 2 . To remove contamination from
cosmic ray muons, opposite-sign dimuon candidates are excluded if their azimuthal separation
∆φ exceeds 3.135 rad. Both muons must also be detected within ±10 ns of the expected arrival
time (for beam-produced muons) by muon scintillators on either side of the toroid. Finally,
muons are excluded if they do not pass through the active geometrical limits of the L0 detector.
Two subsets of the dimuon sample are defined using information from the SMT. Muons are
tagged as “loose” if they have three or more hits in the silion tracker, and tagged as “tight” if
they are also associated with a L0 hit. A loose (tight) event is one in which both muons are
loose (tight). Events which are loose but not tight therefore contain at least one muon without
a L0 hit, either due to hit inefficiencies, or production beyond L0. The loose selection has a
radial range up to 10 cm, determined by examining the hit coordinates of muons accepted in
this sample.
The number of events containing one or both muons produced beyond L0, N (excess), can be
expressed in terms of the number of loose and tight events, and the dimuon selection efficiency
of the tight sample relative to the loose, ε T /L :
N (excess) = N (loose) −
4

N (tight)
.
εT /L

(1)

Tight/Loose Muon Detection Efficiencies

To measure the relative efficiency of the tight and loose selection requirements, a test sample of
J/ψ → µ+ µ− candidates is selected. The same 0.9 fb −1 data sample described above is used to
reconstruct J/ψ candidates from opposite-charge muons originating at a common vertex, and
with invariant mass 2.95 < M (µµ) < 3.2 GeV/c 2 . All other requirements applied to the signal
sample are also applied to the J/ψ muons. The test sample is limited to muons produced within
L0 by enforcing the transverse decay length criterion |L xy (J/ψ)| < 1.6 cm, which is the case for
> 99.89% of the selected candidates.
The resulting test sample contains 119 276 J/ψ → µ + µ− candidates, of which (91.5 ± 0.6)%
are signal J/ψ events, as determined by fitting the dimuon invariant mass distribution with an
appropriate model. From this sample of 238 552 muons, 228 569 satisfy the loose SMT criteria,
and 210 026 also satisfy the tight (L0) requirement. The mean single-muon efficiency, ε T /L (µ), is
therefore calculated to be 0.9189 ± 0.0006; the equivalent dimuon efficiency is the square of this
value, εT /L = 0.8443 ± 0.0008. Here the uncertainties are purely statistical, and are determined
using the standard binomial expression.
The efficiency εT /L (µ) can depend on the kinematic and geometrical properties of the muon.
Figure 1(a) shows the relative tight/loose selection efficiency as a function of transverse momentum, determined by calculating N (tight)/N (loose) separately in each p T bin. The distribution
suggests that higher-pT muons may have higher L0 efficiencies, at the ∼1% level, which is
quantified by fitting the resulting distribution to a first degree polynomial, yielding the parameterization ε(pT ) = a + b · (pT − 9), where a = 0.9214 ± 0.0011, b = 0.0007 ± 0.0003, and the
transverse momentum is in units of GeV/c. The fit converges with a minimum χ 2 of 31, for 22
degrees of freedom.
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Figure 1: The relative tight/loose selection efficiency for muons from J/ψ decays, as a function of their transverse
momentum pT and two-dimensional geometry (z, φ).

A similar calculation is carried out for the muon pseudorapidity η. In this case, small (±3%)
and uncorrelated variations in efficiency are observed in different bins, and are taken into account
on a bin-by-bin basis as described later. Finally, the efficiency is determined as a function of
the muon (z, φ) coordinate, as it passes through the L0 detector, as shown in Fig. 1(b). This
accounts for the effects of varying sensor performance.
The relative efficiency of loose and tight requirements for dimuon events is then taken as
the product of the efficiencies for the individual muons, where the individual muon efficiency is
considered as the product of kinematic and geometrical contributions:
ε(µi ) = ε(zµi , φµi ) · F(ηµi ) · F(pTµi ) .

(2)

The geometrical efficiency ε(zµi , φµi ) is taken directly from the histogram shown in Fig. 1(b).
The normalized pseudorapidity dependence F(η µi ) is taken directly from the appropriate bin of
the ε(µi ) vs. η histogram. The normalized transverse momentum dependence is parameterized
as:
F(pµTi )

=

a + b · (pTµi − 9)
,
a

(3)

with a and b fixed at their central values, and transverse momentum in units of GeV/c. For
muons with transverse momenta larger than 15 GeV/c, the p T correction is fixed to unity.
5

Results

In total, the signal sample contains 204 177 dimuon events, of which 177 535 satisfy the loose
silicon hit requirements. Of these, 149 161 also pass the tight SMT requirement that both muons
have a hit in L0. The determination of N (excess) proceeds on an event-by-event basis:
N (tight)

N (excess) = N

obs

(loose) −

X
i=1

1
εiT /L

(4)

Here N obs (loose) is the observed number of events in the loose sample. The summation is over
all tight events, and the efficiency for an event is the product of the two muon efficiencies given

by Eq. (2). Using this method, the total number, and relative fraction, of events with one or
both muons produced outside L0 is found to be:
N (excess) = 712 ± 462 (stat.) ± 942 (syst.),
N (excess)/N

obs

(loose) = (0.40 ± 0.26 ± 0.53) %.

(5)
(6)

This value is significantly smaller than the corresponding fraction of 12% reported by CDF.
The uncertainty on the efficiency is determined using ensemble tests, in which the full eventby-event calculation of Eq. (4) is repeated 1000 times, with the constituent efficiency factors
in Eq. (2) allowed to vary pseudo-randomly with an appropriate mean and standard deviation.
The resulting uncertainty ±0.0024 is then translated into an uncertainty on N (excess).
6

Systematic Uncertainties and Consistency Checks

A systematic uncertainty is assigned to the efficiency calculation by repeating it with different
binning schemes for the φ, z, and η histograms, and also with the p T factor removed from the
parameterization. These sources combine to give a total systematic uncertainty on the fractional
excess of ±0.53%.
The study is repeated using only those events which are selected by a dedicated dimuon
trigger in which the muons are not required to be matched to central tracks. The results are
consistent with the inclusive trigger selection, with N (excess) comprising a fraction 0.32% of
the loose sample (396 / 123, 572).
To check for possible enhancements of N (excess) in different kinematic regions, it is determined separately in bins of M (µµ), φ(µ), η(µ) and p T (µ), and no significant departure from
zero is observed in any particular region.
7

Conclusions

Using 0.9 fb−1 of integrated luminosity, a sample of dimuon events is examined with similar
event characteristics as those selected in the CDF multi-muon analysis 1 . We measure the
fraction of events in which one or both muons are produced in the range 1.6 < r . 10 cm to
be (0.40 ± 0.26 ± 0.53)%, significantly smaller than the ∼12% observed by CDF. These events
are expected to have contributions from K and π decays in flight, as well as residual cosmic
ray contamination, and further studies are in progress to quantify the composition. Additional
examination of the dimuon properties indicate no significant excess in any particular kinematic
regions in η, φ, pT or M (µµ).
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Top quark pair production cross section at Tevatron
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CEA, IRFU, SPP Centre de Saclay, F-911191 Gif-sur-Yvette, France
An overview of the recent measurements
of the top antitop quark pair production cross section
√
in proton antiproton collisions at s = 1.96 TeV in lepton + jets and dilepton final states
is presented. These measurements are based on 1 – 2.8 fb−1 of data collected with the D0
and CDF experiments at the Fermilab Tevatron collider. The cross section is measured with
a precision close to 8 % and found to be compatible with the standard model prediction.
Interpretations of the cross-section measurements for charge higgs search and for top quark
mass measurement are also discussed.

1

Introduction

The measurements of the top antitop quark pair (tt̄) production cross section are aimed to
verify the agreement between the experimental data and the perturbative QCD calculation.
Several approaches for the tt̄ cross section calculation to the next-to-leading order are discussed
in the literature 1,2,3,4 . All of them have a comparable uncertainty between 7 % and 10%. Any
significant deviation from the predicted value or differences in the measured cross section in
different final states may indicate the presence of effects beyond standard model.
Within the standard model (SM) the top quark decays to a W boson and b quark with a
probability close to 100%. If both W bosons (from top and antitop quarks) decay to leptonneutrino pairs, such final states will be referred to as the “dilepton” channel. If one of the W
bosons decays to a pair of light quarks, then this final state will be referred to as the “lepton+jet”
channel.
2

Dilepton final state

The decay signature of the dilepton final state consists of two leptons with large transverse
momentum (pT ), two jets originating from b quarks and non-zero missing transverse energy
(6ET ) due to the presence of neutrinos from W boson decays. This channel has the highest signal
to background ratio of all tt̄ final states, but also the lowest probability, BR ∼ 6.5% for final
states with e, µ or τ → e, µ and BR ∼ 3.6% for final states with hadronically decaying τ lepton.
The main sources of background in this channel are Z boson (Z/γ ⋆ → l+ l− ) and diboson
productions (WW, WZ and ZZ) with at least two charged leptons in the final state. Other
important background contribution is W (+jets) and multijets production processes (so-called
“instrumental background”). Semileptonic decays of b and c quarks, pion or kaon decays could
lead to an additional muon in these processes. An additional electron or tau lepton could be
present because of the jet misidentification.
Z/γ ⋆ and diboson background contributions
are
R
R
estimated as Nbckg = σtheory ε Ldt, where σtheory is a theoretical cross section, Ldt is the

(1)
(2)
(3)
(4)
(5)

dileptons, kinematic based approach (2.8 f b−1 ) 5 :
dileptons, b-tagging approach (2.8 f b−1 ) 5 :
lepton+jets, kinematic based approach (2.8 f b−1 ) 6 :
lepton+jets, b-tagging (2.7 f b−1 ) 7 :
alljets (1.0 f b−1 ) 8 :
CDF combined, preliminary (2.8 fb−1 ) 9 :

σtt̄ = 6.7 ± 0.8 ± 0.4 ± 0.4 pb
σtt̄ = 7.8 ± 0.9 ± 0.7 ± 0.45 pb
σtt̄ = 7.1 ± 0.4 ± 0.4 ± 0.4 pb
σtt̄ = 7.2 ± 0.4 ± 0.5 ± 0.4 pb
σtt̄ = 8.3 ± 1.0+2.0
−1.5 ± 0.5 pb
σtt̄ = 7.0 ± 0.6 pb

Table 1: tt̄ cross section measurements by the CDF experiment. The first uncertainty is the statistical only, the
second one is the systematic uncertainty and the last one is the uncertainty on the integrated luminosity. For the
combined result all uncertainties are combined together. In all measurements mt is assumed to be 175 GeV.

(1)
(2)
(3)
(4)

dileptons (1.0 f b−1 ) 10 :
σtt̄ = 7.5 ± 1.0+0.7
−0.6 ± 0.6 pb (mt = 170 GeV)
+1.2
σtt̄ = 7.3+1.3
τ +lepton (2.2 f b−1 ) 11 :
−1.2 −1.1 ± 0.45 pb (mt = 170 GeV)
−1
12
lepton+jets (0.9 f b ) :
σtt̄ = 7.8 ± 0.5 ± 0.5 ± 0.45 pb (mt = 175 GeV)
+2.0 +1.4
−1
13
alljets (0.4 f b ) :
σtt̄ = 4.5−1.9
−1.1 ± 0.3 pb (mt = 175 GeV)
+1.0
D0 combined, preliminary (1.0 fb−1 ) 14 :
σtt̄ = 8.2−0.9
pb (mt = 170 GeV)

Table 2: tt̄ cross section measurements by the D0 experiment. The first uncertainty is the statistical only, the
second one is the systematic uncertainty and the last one is the uncertainty on the integrated luminosity. For the
combined result all uncertainties are combined together.

integrated luminosity and ε is the selection efficiency calculated using MC simulation. Non of
the existing MC generators can reproduce the Z/γ ⋆ pT distribution in data 15 . That is why
this distribution is reweighted according to the data / MC difference measured in the sample
Z/γ ⋆ → l+ l− . To estimate the instrumental background the CDF experiment assumes that the
number of background events in the main sample (where both leptons have opposite charge) is
equal to the number of events in the dilepton samples where both leptons have the same charge.
In addition to the “same sign” approach the D0 collaboration also estimates the instrumental
background from a sample with inverted quality on the lepton identification parameters.
The most recent CDF results are based on an integrated luminosity of 2.8 f b−1 in three final
states: ee, eµ and µµ. Two approaches are used to increase the signal-to-background ratio. In
the first approach at least one jet is required to be identified as a jet originating from a b quark
(“b-tagging”). In the second approach a selection based purely on the kinematic properties of
the final states is used. The measured cross section is listed in Table 1, results (1) and (2). The
most recent D0 results use an integrated luminosity of ∼ 1 f b−1 and include not only electron
and muon final states, but also the final states with hadronically decaying tau leptons: ee, eµ,
µµ, eτ and µτ . The measured cross section is listed in Table 2, result (1). The cross section
measurements in final states with hadronically decaying tau leptons are important to constrain
non standard model contribution to the tt̄ final states (see an example in section 4). The D0
2.2 f b−1 measurement in the eτ and µτ final states gives a value shown in Table 2, result 2.
3

Lepton + jets final state

The decay signature for the lepton+jets final state consists of one high pT lepton, two b quark
jets, two jets originating from the W boson decay and non-zero E
6 T due to the presence of the
neutrino from the leptonic decay of the second W boson. This channel has high branching ratio,
BR ∼ 35% for final state including e, µ, τ → e, µ and BR ∼ 9.5% for final states containing
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Figure 1: Upper limits on B(t → H + b) for tauonic (left) and leptophobic (right) H + decays. The yellow band shows the ±1 standard
deviation band around the expected limit.
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Figure 2: Experimental (point and
black dashed line) and theoretical σtt̄ as
a function of mt . The gray band is the
total experimental uncertainty.

a hadronically decaying τ lepton. At the same time the background contribution in this final
state is higher than in the dileptonic one. The main sources of background are W+jets and
multijet production processes. In addition to the selection which require one high pT lepton, at
least three jets and high E
6 T , both experiments use two approaches to reduce the background
contribution. The first one is based on the b quark jet identification and the second approach
uses a multivariate discriminant built with kinematic information only. The multijet background
is determined from a sample enhanced with multijet events by loosening the lepton identification
criteria. The W+jets background distributions shapes are determined from MC simulation, but
the overall normalization is adjusted to data. For W+jets simulation both experiments use
the combination of matrix element generator Alpgen 16 with showering generator Pythia 17 .
The heavy flavor contributions are adjusted by scaling up corresponding cross sections with
scale factors determined from data. The tt̄ cross sections measured by the CDF experiment
with 2.8 f b−1 are shown in Table 1, results (3) and (4). The D0 0.9 f b−1 measurement which
combine both b-tagging and kinematic based approaches is listed in Table 2, result (3).
The b-tagging approach provides a purer sample of tt̄ events than the one using only kinematic information, but the systematic uncertainty of the cross section measurement is slightly
higher, which is explained by the additional uncertainty due to the b quark identification procedure (5% for the CDF and 6% for D0). A better understanding of the b-tagging procedure
may improve this uncertainty, but both approaches (the b-tagging and kinematic ones) will stay
limited by the uncertainty on the integrated luminosity measurement , 5.8% for CDF, 6.1% for
D0 (see complete systematic breakdown tables in 6,7,12 ). That is why the CDF collaboration
explores a new way of determining the tt̄ cross section by measuring a ratio of tt̄ to Z boson
cross sections. This ratio is insensitive to the integrated luminosity uncertainty and “replaces”
it with an uncertainty on the calculated value of the Z boson cross section. Using the Z boson
cross section in the invariant mass range 66 – 116 GeV (σZ = 251.3 ± 5.0 pb 18 ) the measured tt̄
cross section is found to be 6,7 :
- kinematic based analysis: σtt̄ = 6.9 ± 0.4(stat) ± 0.6(syst) ± 0.1(theory) pb, mt = 175 GeV
- b-tagging analysis:
4

σtt̄ = 7.0 ± 0.4(stat) ± 0.4(syst) ± 0.1(theory) pb, mt = 175 GeV

Interpretations of tt̄ cross section measurements

The ratio of cross sections measured in different final states are particularly sensitive to new
physics which may appear in top quark decays, especially if the boson from the top decay is not
a W boson. For example, the decay into a charged Higgs boson (t → H + b) as predicted in some
models 19 , can compete with the SM decay t → W + b. Using the ratios σ(tt̄)dilepton /σ(tt̄)lepton+jets
and σ(tt̄)τ +lepton /σ(tt̄)dilepton & lepton+jets the D0 experiment extracts an upper limit on the

Theoretical computation
NLO 1
NLO+NLL 2

mt (GeV)
+6.1
165.5−5.9
+5.8
167.5−5.6

Theoretical computation
approximate NNLO 3
approximate NNLO 4

mt (GeV)
169.1+5.9
−5.2
168.2+5.9
−5.4

Table 3: Top quark mass at 68% C.L. for different theoretical computations of the tt̄ cross section. Combined
experimental and theoretical uncertainties are shown.

branching ratio B(t → H + b) in case of the leptophobic (H + → cs̄) and tauonic (H + → τ ν)
models respectively 14 . The corresponding limits are shown in Fig. 1.
Another interesting interpretation of the tt̄ cross section measurement is the extraction of
the top quark mass using the theoretical dependence which relates cross-section with mass.
This provides a measurement complementary to the direct top quark mass measurement, which
is done in a well defined renormalization scheme, employed in the theoretical cross section
calculation. Fig. 2 shows the D0 combined experimental and the theoretical 1,2,3 cross sections
as a function of the top quark mass. Following the method in 10,12 , the D0 collaboration extracts
the top quark mass value at 68% CL. Since the theoretical calculations are performed in the
pole mass scheme, this defines the extracted parameter here. The results 14 are given in Table 3.
All values are in good agreement with the current world average of 173.1 ± 1.3 GeV 20 .
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√
We measure the top quark mass in tt̄ events using up to 3.6 fb−1 of pp̄ collisions at s = 2 TeV.
New results are described for matrix element methods with single lepton and dilepton channels, and template methods with all-jets and dilepton channels. Standardization of systematic uncertainties has proceeded between the CDF and D0 collaborations. A combined
measurement of 173.1 ± 0.6(stat) ± 1.1(syst) GeV is achieved. Fits to all measured electroweak parameters gives a Higgs boson mass 95% CL upper limit of mH < 163 GeV.
We also present a new measurement of the W boson mass from D0. Three different template methods are performed. Accounting for their correlations, a combined measurement of
MW = 80.401 ± 0.043(stat + syst) GeV is obtained.

1

Introduction

The study of the top quark and W boson masses continues to be important in electroweak
physics. Radiative corrections to the calculation of the W boson mass, MW , include terms
which are logarithmic in the Higgs mass, mH , and vary as the square of the top quark mass,
mt . This allows a constraint on mH from measurements of the other two parameters. Another
source of interest in the top quark mass has been the peculiar unitary value of the corresponding
Yukawa coupling, Yt . As a result, the study of both the W boson and top quark masses are
major goals of the Fermilab Tevatron program. I present recent measurements of both quantities
in this paper.
Experimentally, the measurements are currently made exclusively at the Fermilab Tevatron
by the D0 and CDF experiments. These are large, multipurpose collider detectors capable of low
background particle identification for electrons and muons, and good momentum measurements
for leptons, jets and E
6 T . Recorded data samples amount to 6 fb−1 per experiment. The measurement of mt has been undergoing rapid improvements in precision over the last few years. Up
to 3.6 fb−1 have been analyzed so far, which represents a ten-fold increase from data available

just four years ago. Improved methods have permitted more precise measurements. Advances
in the estimation of systematic effects have substantially reduced remaining uncertainties.
2

Methods of Top Quark Mass Measurement

In general, the methods used to measure the top quark mass fall into two categories (for exception, see Ref. 1 ). Template methods fit a set of quantities, xi , derived from event observables
such as the measured kinematic quantities. The xi are correlated with mt and are compared
to distributions expected from top quarks of varying mass. Often, template methods involve a
kinematic reconstruction of the event by solving constraint equations, and then fitting to the
solved top quark mass. Matrix element methods instead compare the observables, the xi of this
method, directly to expectations using a leading order (LO) matrix element calculation for tt̄.
In this way, event-by-event likelihoods are generated which use all of the kinematic information
in an event. In each of these approaches, the background is accounted for by modeling the xi .
A probability of consistency vs. mt is then achieved by accounting for tt̄ and background:
P (xi |mt ) = ftop Ptop (xi |mt ) + fbkg Pbkg (xi )

(1)

where Ptop and Pbkg are signal and background probability densities based on xi and a particular
mt . For matrix element approaches, Ptop incorporates the tt̄ matrix element. For a particular
final state channel:
Z X

(2π)|M |2
· dΦ6 · W (xi , y)
dq1 dq2 f (q1 )f (q2 ) p
4 (q1 · q2 )2
(2)
where M is the LO matrix element, and f (q) are the parton distribution functions.
The precision of the world average measurement of mt has become dominated by systematic
uncertainties. The calibration of jet energies particularly limits the achievable precision of the
mt measurement. However, top quark events offer an in situ dijet resonance in channels where
W → q q̄ ′ → jj. As a result, measurements in these channels typically perform a simultaneous fit
to the jet energy scale (through mjj ) and to mt . This allows the top quark mass to be evaluated
at the scale favored by the correct MW , and the residual systematic uncertainty is reduced.
Systematic uncertainties have been defined to facilitate measurement combinations. Dominant
physics modeling uncertainties come from hadronization, underlying event, and the modeling
of backgrounds. Major detector modeling uncertainties arise from the residual jet energy scale,
and also the difference between b-jet and light-quark jet calibrations. Template methods can
have significant uncertainty due to the statistical samples available for template generation.
Ptop (xi |mt ) =

3

1
×
σobs (q q̄ → tt̄ → channel|mt )

All-hadronic Channel

In a tt̄ event, both quarks are expected to decay to a W boson and a b quark. An all-hadronic
(6j) final state results when both W bosons decay to quark pairs. Such a final state has
an enormous background from QCD multijet production. This is ameliorated with the use
of multiparameter discriminants and the tagging of b-jets by identification of their displaced
decay vertices from long b hadron lifetimes. CDF has performed a mass analysis in 2.9 fb−1 of
collider data using this channel 2 . To enhance their sensitivity, they have developed a further
discriminant which separates quark jets from gluon jets. The resulting background reduction
gives a 25% improvement in statistical uncertainty from the mass measurement.
The method of mass measurement proceeds by calculating dijet and three jet masses for
each of the different assignments of jets to W bosons and b quarks. A χ2 is calculated of these
masses with respect to fitted top quark and W boson masses, as well as fitted momenta, given
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Figure 1: Left: CDF reconstructed mt from 6j events. Fitted tt̄ and background contributions are overlaid with
data. Right: D0 fitted jet energy scale vs. mt for ℓ+jets events. Contours of constant ∆L are shown.

expected widths and resolutions of these parameters. The shapes of the reconstructed W boson
and top quark masses are obtained by fitting shapes from the tt̄ and background samples. These
are used as templates to compare to data. The result of this fit is shown in Fig. 1. The use of
the MW constraint reduces the systematic uncertainty, but the residual jet energy scale is still
a large contributor, along with color reconnection and residual bias errors.
4

Single Lepton Plus Jets Channels

Final states which provide high statistics but also reasonable background levels are those where
at least one W boson from top quark decay itself decays to a lepton-neutrino (ℓν, where ℓ = e, µ)
pair. These ℓ+jets events have been updated recently by both Tevatron experiments using matrix
element approaches. D0 has selected events in 2.6 fb−1 of Run 2b data using a neural network btag selection 3 . For both the signal and background probabilities given in Eq. 1, matrix elements
are used. As shown in Fig. 1, the fitted jet energy scale is 1.018 ± 0.007, which is consistent
with the jet energy scale uncertainty from γ+jet events. The error is also within the expectation
of pseudoexperiment tests from the Monte Carlo. The dominant systematic uncertainty comes
from the relative b/light jet response uncertainty of 0.8 GeV.
Using 3.2 fb−1 , CDF has selected events with an exclusive four-jet selection 4 . One of these
jets must satisfy a b-tag requirement. A neural network selection is performed based on 19
kinematic quantities using a quasi-Monte Carlo method to obtain uniformity in the integration.
Not only is a clear separation between signal and background achieved, but the NN output is
independent of top quark mass for the signal. In order to improve the mass resolution, the
likelihood which comes from the mass fit is used to reject background and poorly reconstructed
tt̄ events. This is done by cutting out low peak likelihood events. The dominant uncertainty
comes from the jet energy calibration.
5

Dilepton Channels

The rarest events occur when both W bosons decay to ℓν. Such dilepton (2ℓ) channels can usually
attain low backgrounds without resort to b-tagging. However, there is no W → jj resonance

Table 1: Recent mt measurements by CDF and D0 experiments. The D0 2ℓ entry combines the eµ matrix element
and ee/µµ/ℓ+track template measurements. The last two entries give the combined result for each experiment
for Run 1 plus Run 2 data.

Channel
6j
ℓ+jets
ℓ+jets
2ℓ
all
all

Experiment
CDF
D0
CDF
D0
CDF
D0

Luminosity
2.9 fb−1
3.6 fb−1
3.2 fb−1
1-3.6 fb−1
up to 3.2 fb−1
up to 3.6 fb−1

mt (GeV)
+1.2
174.8 ± 2.4(stat + JES)−1.0
(syst) 2
173.7 ± 0.8(stat) ± 1.6(syst) 3
172.1 ± 0.9(stat) ± 0.7(JES) ± 1.1(syst) 4
174.7 ± 2.9(stat) ± 2.4(syst) 5,6
172.6 ± 0.9(stat) ± 1.2(syst) 7
174.2 ± 0.9(stat) ± 1.5(syst) 8

with which to obtain an in situ calibration and reduce the jet energy scale uncertainty. In
addition, there is an ambiguity of how the measured event E
6 T corresponds to the two neutrino
momenta. The dilepton analyses have been pursued in both template and matrix element
approaches recently. Using eµ events in 3.6 fb−1 of data, D0 has employed matrix elements for
both signal and background in the likelihood calculation 5 . For the latter, the largest Z → τ τ
background is assumed for all backgrounds. This yields a measurement of mt = 174±3.3(stat)±
2.6(syst) GeV. The main systematic uncertainties are the jet energy scale uncertainty, and
the difference between b-jet and light quark jet energy scales. Hadronization and background
modeling also play significant roles.
Template methods have also been recently finalized by D0 for the three standard dilepton
channels (ee, eµ, µµ) plus two b-tagged channels with loosened lepton identification requirements
(e/µ+track) 6 . Because the dilepton event is underconstrained due to the two neutrinos, the
kinematic reconstruction supplies an input parameter. They sample assumed neutrino rapidity
distributions to provide a relative weight vs. mt . D0 uses the moments of the weight distribution
in 1 fb−1 to extract mt = 176.2±4.8(stat)±2.1(syst) GeV. D0 has also applied a template method
with the same sample using partial production and decay information. These two measurements
combined give mt = 174.8 ± 4.4(stat) ± 2.0(syst) GeV.
6

World Average and Electroweak Fits

The measured value of mt for 6j, ℓ+jets and 2ℓ channels is given in Table 1, incorporating
combinations of Run 2a and 2b results. Combined measurements for each experiment using all
Run 1 and Run 2 results are also indicated. The world average top mass determined from these
is 173.1 ± 0.6(stat) ± 1.1(syst) GeV 9 , which corresponds to Yt = 0.995 ± 0.007. In the context
of the electroweak model, fitting all measured electroweak parameters including mt yields a new
constraint of the Higgs boson mass of mH < 163 GeV 10 at 95% CL. The most likely value is
mH = 90+36
−27 GeV (see Fig. 2), to be compared with the direct LEP2 lower limit of 114.4 GeV.
7

Measurement of the W Boson Mass

The D0 experiment has completed a preliminary, precision measurement of the W boson mass.
They use 499,830 W → eν events obtained from 1 fb−1 of collider data to perform three template
analyses in parallel.
6 T and the transverse mass calculated from
q These use the electron pT , the E
these two, mT = 2peT pνT (1 − cos(φe − φν )). This measurement requires a precise calibration
of the electromagnetic calorimeter, which is provided by the 18,725 Z → ee events in this data
sample. A detailed modeling of the detector response to the recoiling system is also needed.
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10000

D0 Preliminary, 1 fb-1

DATA
FAST MC
W->τν
Z->ee
QCD

7500
5000
Fit Region
χ2/dof = 48/49
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Figure 2: Left: Fit to mH using electroweak constraints including the new world average mt measurement. The
mH < 163 GeV limit, as well as the direct 95% c.l. exclusion band of 160 − 170 GeV masses from Tevatron
searches are indicated. Right: The fitted distribution of mT in W → eν events in 1 fb−1 of D0 data. Residuals
of the data relative to the fitted W boson template are shown at lower right.

The analysis proceeds by comparing the distribution of the template variables with high
statistics distributions from models of signal and background. For signal, these are obtained
in 10 MeV steps using RESBOS 11 and PHOTOS 12 . These templates must have 108 events
each, so a tuned fast simulation of the detector is used. The Z → ee process is modeled in
a similar fashion to facilitate a carryover of the electromagnetic calibration to the W events.
A parametrized functional form for the Z boson reconstructed mass distribution is taken from
GEANTed Monte Carlo samples and tuned to the data. The fit of the data to the templates
in the mass range of 70 to 110 GeV yields the electron energy calibration scale and offset
with χ2 /dof = 153/160. Z boson events are also used to study the hadronic recoil to the W
boson. A GEANTed Monte Carlo sample again provides the functional form for the detector
response to the hard component. Contributions due to the spectator quarks and additional pp̄
collisions are modeled by fitting to Z boson collider data. The backgrounds in this channel arise
from Z → ee events where one electron is not identified, QCD instrumental background, and
W → τ ν → eνν. These are modeled using an electron plus track control sample, a trigger sample
with track requirements omitted, and a full GEANT Monte Carlo simulation, respectively.
The W boson mass is measured by blinding the data sample with an unknown offset for
all three measurements simultaneously. The blinding was done to avoid bias by knowledge of
the current world average value. The comparison of the data to the templates is performed,
yielding good χ2 for each measurement (e.g. mT yielded χ2 /dof = 48/49). Once the blinding
was removed, a measurement was obtained for each method, as given in Table 2 and Fig. 2.
The systematic uncertainties are dominated by a 34 MeV uncertainty due to the electron energy
scale. The methods are somewhat decorrelated, and a combination yields 80.401 ± 0.021(stat) ±
0.038(syst) GeV = 80.401 ± 0.043 GeV 13 . This will be propagated into the world average W
boson mass and electroweak fits soon.
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Conclusions

Tevatron experiments have analyzed up to 3.6 fb−1 of collider data for top quark and W boson
mass measurements. For the former, the all-jets channels are achieving 1.5% precision, the
single leptons have surpassed the 1% precision, and even the rare dilepton events are providing

Table 2: Measurements of MW using three different template variables. W → eν events in 1 fb=1 of D0 data
were used.

template variable
mT
E
6 T
peT

MW (GeV)
80.401 ± 0.023(stat) ± 0.037(syst)
80.400 ± 0.027(stat) ± 0.040(syst)
80.402 ± 0.023(stat) ± 0.044(syst)

2% precision to the top mass measurement. The world average is now 173.1 ± 0.6(stat) ±
1.1(syst) GeV, which gives 0.7% precision. This update generates a new 95% CL upper limit
on the Higgs boson mass of 163 GeV. The W boson mass has also been measured by D0 in
the eν channel, yielding the world’s best measurement by a single experiment: MW = 80.401 ±
0.043(stat + syst) GeV.
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SINGLE TOP PRODUCTION IN THE W t MODE WITH MC@NLO
Chris D. White
Nikhef, Kruislaan 409, 1098SJ Amsterdam, The Netherlands

We consider whether W t production can be considered as a distinct production process at
the LHC, separate from top pair production with which it interferes. We argue that this
problem can be meaningfully addressed in an MC@NLO calculation, and give two definitions
of the W t mode whose difference measures the degree of interference between W t and top pair
production. These are then implemented in the MC@NLO software framework, and results
given which demonstrate that it is indeed legitimate to isolate the W t process, subject to
adequate cuts.

1

Introduction

Top physics is an important research area, and is of theoretical interest given the proximity of
the top quark mass to the energy scale associated with electroweak symmetry breaking. Given
one expects new physics to explain the nature of this symmetry breaking, it follows that the
top quark sector can be a sensitive probe of new physics effects. Furthermore, the forthcoming
Large Hadron Collider will offer unprecedented rates for top quark production, making detailed
theoretical understanding of its properties essential.
Of particular interest is single top production, which efficiently isolates the electroweak sector
of the Standard Model (SM). The total leading-order (LO) cross-section for single top production
is approximately 320pb, which is somewhat less than the top pair cross-section (≃ 830pb), but
still significant. There are three production modes for single top quarks in the SM, named
the s−, t− and W t channels, and shown at LO in figure 1. The first two are well-understood
theoretically, and the latter less so. Despite this, the W t channel makes up around 20% of the
total single top cross-section.
The W t mode is well-defined at LO, but at NLO in QCD receives large corrections due to
diagrams such as those shown in figure 2. These can be interpreted as top pair production,
followed by decay of the antitop. The large contributions occur when the invariant mass of the
final state W and b approaches the top quark mass, and the intermediate top quark propagator

Figure 1: The three SM single top production modes at LO: (1) s-channel; (2) t-channel; (3) Wt production.

Figure 2: Subset of diagrams contributing to W t production at NLO in QCD.

becomes resonant. The question then arises of whether it is still possible to consider W t as a
well-defined production process, or whether interference with top pair production renders this
approach untenable.
One consistent procedure is to only consider given final states (namely W W b and W W bb̄, see
1
e.g. ). One then includes all Feynman diagrams that give rise to each final state, truncating the
perturbation expansion at O(α2S αEW ). However, in that case NLO QCD corrections to top pair
production are absent, compromising the theoretical accuracy of this approach. Alternatively,
one may choose to regard W t as a well-defined production mode, subject to adequate cuts. The
aim is to give a definition of W t production such that one may consistently combine event
samples of W t and tt̄ events in any given analysis, without worrying about interference between
them. Provided this can be shown to be consistent in a wide enough area of phase space, this is a
useful approximation to the underlying physics. Firstly, one has a means of efficiently generating
W t-like events for use in Monte Carlo analyses. Secondly, full NLO QCD corrections can be
included in both the top pair and W t production modes.
Previous definitions of the W t mode were defined (up to NLO level) in 2,3,4 . However, for
a definition of the W t mode to work in an experimental setting, it must be applicable within a
parton shower context. Because the interference problem only occurs at NLO in the W t process,
this necessitates the use of an MC@NLO, and we adopt the framework of 5 .
2

The W t Mode in MC@NLO

We give two definitions of the W t mode 6 , such that the difference between them measures
the interference between W t and tt̄ production. These are called diagram removal (DR) and
diagram subtraction (DS), and can be summarised as follows.
In DR, one removes all diagrams containing an intermediate tt̄ pair at the amplitude level,
completely eradicating the interference with tt̄. This has the disadvantage that it breaks QCD
gauge invariance, although this does not seem to be a problem in practice (see 6 for a detailed
discussion).
In DS, one modifies the differential cross-section with a local subtraction term which removes
the resonant top pair contribution. This is gauge invariant, and because the definition is at the
squared amplitude level the interference term with W t production is still present. The local

subtraction term is defined as follows:
dσsub = |Ã(tW b̄)tt̄ |2 ×

fBW (mbW )
,
fBW (mt )

(1)

dσsub/d mbW [GeV]

where Ã(tW b̄)tt̄ is the amplitude for tW b̄ production coming from tt̄-like diagrams, and the
kinematics are reshuffled to place the t̄ on-shell. This is then damped by a ratio of BreitWigner functions fBW when the invariant mass mbW lies away from the top mass mt (for more
details, see 6 ). The subtraction term has the desired properties of being strongly peaked around
mbW ≃ mt (with the amplitude at that value corresponding to the size of the resonant top pair
contribution), and steeply falling as mbW moves away from mt . A plot of the subtraction term,
as a function of mbW , is shown in figure 3, and it indeed has these properties.
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Figure 3: The local subtraction term used in the DS definition of the W t mode.

Both the DR and DS definitions have been implemented in the MC@NLO event generator,
and can be found in the latest release 7 . Furthermore, spin correlations have been implemented
using the method of 9 . Along with the s− and t− channel modes 8 , this then completes the
description of the three single top production modes in MC@NLO.
3

Results

In 6 a detailed comparison of DR and DS is made, where a transverse momentum veto on the
second hardest B jet is used as an example cut which can be used to reduce the tt̄ background 4 .
For phenomenologically reasonable values of this veto, the results from DR and DS agree closely,
and certainly well within the scale variation associated with each result. As an example, the
transverse momentum distribution of the lepton originating from the top decay (a worst-case
amongst the distributions studied) is shown in figure 4. This validates the statement that W t
production can indeed be well-defined subject to cuts used to isolate the signal over the top pair
background. When that is the case, MC@NLO can be used to provide an accurate description.
One may generate samples of W t and tt̄ events separately, and combine the two event samples
consistently.
To summarise, we have implemented W t production in MC@NLO. This is non-trivial due
to the interference between W t and top pair production. Thus two implementations of W t
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Figure 4: Comparison of DR and DS results, for the transverse momentum distribution of the lepton originating
from the top decay.

production have been given, whose difference measures the degree of interference with tt̄. By
running both codes, the user has a means of checking whether or not it is safe to consider W t
to be well-defined. If this is indeed the case, one has a means of efficiently generating both W t
and tt̄ events, which can be consistently combined within existing systematic uncertainties.
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DISCOVERY OF SINGLE TOP QUARK PRODUCTION
Dag Gillberg
(On behalf of the DØ and CDF Collaborations)
Simon Fraser University, Canada
now Carleton University, Canada, dgillber@physics.carleton.ca

The first observation of electroweak single top quark production was recently reported by
the√the DØ and CDF collaborations based on 2.3 and 3.2 fb−1 of pp̄ collision data collected
at s = 1.96 TeV from the Fermilab Tevatron collider.1,2 Several multivariate techniques
are used to separate the single top signal from backgrounds, and both collaborations present
measurements of the single top cross section and the CKM matrix element |Vtb |.

1

Introduction

The top quark was discovered at the Fermilab Tevatron in 1995 3 and is the heaviest elementary
particle found so far. At the Tevatron, top quarks are predominantly produced in pairs via the
strong interaction, but can also be produced singly via an electroweak W tb vertex. The two main
single top production modes are the s-channel (tb) and the t-channel (tqb) processes illustrated
in Figure 1. The analyses presented herein assume B(t→W b) = 1, and that the s- and t-channel
modes are produced in the standard model (SM) ratio. CDF uses mtop = 175 GeV throughout
the analysis, for which the NLO SM single top cross section σs+t is 2.86 pb.4 DØ use mtop =
170 GeV for which σs+t = 3.46 pb at (N)NLO.5
(a)

(b)

t

W

b
W+
q'

q

q'

q

b
b

g

t
b
b

Figure 1: Representative Feynman diagrams for (a) s-channel and (b) t-channel single top production showing
the top quark decays of interest.

2

Motivation

Studies of single top quark events will provide access to properties of the W tb coupling,6 such
as the CKM matrix element |Vtb | (see Section 7). Single top quark production is also a very
important background for SM Higgs production, and studies of the single top final state offer
potential for several discoveries beyond the SM.7 For instance, the existence of a new heavy
boson (like a charged Higgs) would enhance the single top s-channel cross section while the
existence of flavour-changing neutral currents could enhance the t-channel cross section.
3

Analysis Strategy

The analyses start by selecting events where the W boson from the top decays leptonically. Due
to the small single top cross section and the large background (mainly from W +jets processes
and tt̄), a simple cut-based counting experiment is not sufficient to verify the presence of single
top. Instead, the strategy used is to apply a fairly loose event selection and employ sophisticated
multivariate techniques to extract the single top signal from the large backgrounds.
4

Dataset and Event Selection

The DØ collaboration uses a larger dataset and a looser event selection compared to the previous
analysis,8 which reported the first evidence for single top quark production. The 2.3 fb−1 dataset
was collected with the DØ detector using a logical OR of many trigger conditions. The main
/ T > 20 GeV,
event selection criteria applied are an isolated electron or muon with pT > 15 GeV, E
2-4 jets with pT > 15 GeV out of which one jet has pT > 25 GeV and at least one jet must be
tagged with a neural network based b-tagging algorithm. Additional selection criteria remove
multijet background events with misidentified leptons. The numbers of predicted events and the
numbers of events observed in data are presented in Table 1.
The CDF collaboration constructs a 3.2 fb−1 ℓ+jets dataset using a similar, but slightly
more stringent, event selection than the one used by DØ. Events are required to have an
/ T > 25 GeV and 2-3 jets with pT > 20 GeV.
isolated electron or muon with pT > 20 GeV, E
/ T +jets dataset that accepts events where the W boson decays to a τ
CDF also constructs a E
lepton, and those in which the electron or the muon fail the lepton identification criteria. Events
/ T > 50 GeV, one jet with
with any isolated lepton are rejected, and events are required to have E
pT > 35 GeV, a second jet with pT > 25 GeV, and ∆R > 1.0 between the two leading jets.
Additional requirements are applied to reduce the large instrumental background.2 The number
of events observed in the data and predicted by the modelled background and SM signal are
presented in Table 1.
Table 1: Predicted and observed numbers of events in the DØ and CDF datasets for single top (tb+tqb), the
different background components and the data. W +jets is the largest background and is split into events with
heavy flavour jets (W +HF) and events with fake b-jets (mistags) in the right table below.

DØ
L [fb−1 ]
tb + tqb
W +jets
tt̄
multijet
Z+jets, dibosons
Total prediction
Observed

ℓ+jets
2.3
223 ± 30
2647 ± 241
1142 ± 168
300 ± 52
340 ± 61
4652 ± 352
4519

CDF
L [fb−1 ]
tb + tqb
W +HF
tt̄
mistags, multijet
Z+jets, dibosons
Total prediction
Observed

ℓ+jets
3.2
191 ± 28
1551 ± 472
686 ± 99
778 ± 104
171 ± 15
3377 ± 505
3315

/ T +jets
E
2.1
64 ± 10
304 ± 116
185 ± 30
679 ± 28
171 ± 54
1404 ± 172
1411
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Signal-Background Separation

After the event selection, the expected signal is smaller than the uncertainty on the background
(see Table 1). Both collaborations use several different multivariate techniques to further improve the discrimination against the background. Each such multivariate technique constructs
a powerful discriminant variable that is proportional to the probability of an event being signal. The discriminant distribution is used as input to the cross section measurement. Several
validation tests are conducted by studying the discriminant output distributions in background
enriched control samples.
The DØ collaboration uses three individual techniques to separate single top quark events
from the background, namely boosted decision trees (BDT), matrix element method (ME) and
Bayesian neural networks (BNN). The BDTs use 64 well-modelled input variables and classify
events based on the outcome of a set of binary cuts. Boosting is used to further improve the
performance. The ME method calculates a discriminant by relating the reconstructed four
momenta in the event with the expected parton-level kinematics. The BNN is an average of
several hundred neural networks, and is constructed using 18-28 input variables. The three
multivariate techniques are combined separately for each analysis channel using a second layer
of Bayesian neural networks. The combined discriminant (Figure 2) gives a higher expected
significance than any of the three individual discriminant methods on their own.
The CDF collaboration analyses their ℓ+jets dataset using five different multivariate techniques: BDTs, neural networks, the ME method and two separate likelihood functions. The
BDTs use 20 input variables, the NN analysis constructs four separate NNs from 11-18 input
variables, and the ME analysis calculates the signal probability from Feynman diagrams. Two
projective likelihood functions are constructed using 7-10 input variables; the LF discriminant
is optimized to find single top quark events in the whole dataset just like the other analyses,
while the LFS discriminant is optimized to be sensitive to the s-channel process for events with
two b-tagged jets. The five ℓ+jets analyses are combined using a neural network trained with
neuro-evolution,9 which is tuned to maximize the expected significance. The combined discrim/ T +jets dataset
inant is shown in Figure 2. CDF also constructs an MJ discriminant from the E
using neural networks.

Single Top
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Figure 2: Combined super discriminants for DØ (left) and CDF (right).
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Results

Both experiments measure the single top quark production cross section from the discriminant output distributions using a Bayesian binned likelihood technique.10 The statistical and all
systematic uncertainties and their correlations are considered in these calculations. The measurements for each individual analysis and for all analyses combined are presented in Table 2.

DØ estimates the significance of the measurements from a large ensemble of pseudo experiments (PE) generated from background only with all uncertainties included. The cross section
is measured for each PE, and the expected and observed p-values are calculated as the fraction of PEs giving a cross section equal to or higher than the SM σs+t and the measurement
in data respectively. CDF also generates large ensembles of PEs and obtain the expected and
observed p-values by computing the log-likelihood ratio test statistic 2 for each PE. The p-values
are converted into a number of Gaussian standard deviations, and are presented in Table 2.
Table 2: Integrated luminosities, expected and observed significances stated in standard deviations σ and measured
single top cross sections for the DØ (left) and CDF (right) analyses. [†] LFS measures σs , not σs+t .

DØ
Analysis

L

Significance
Exp. Obs.

Measured
σs+t [pb]

BDT
BNN
ME

2.3
2.3
2.3

4.3σ
4.1σ
4.1σ

4.6σ
5.4σ
4.9σ

3.74+0.95
−0.79
4.70+1.18
−0.93
4.30+0.99
−1.20

Combined

2.3

4.5σ

5.0σ

3.94+0.88
−0.88
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[fb−1 ]

CDF
Analysis

L

Significance
Exp.
Obs.

BDT
NN
ME
LF
LFS
MJ

3.2
3.2
3.2
3.2
3.2
2.1

5.2σ
5.2σ
4.9σ
4.0σ
1.1σ
1.4σ

3.5σ
3.5σ
4.3σ
2.4σ
2.0σ
2.1σ

2.1+0.7
−0.6
1.8+0.6
−0.6
2.5+0.7
−0.6
+0.8
1.6−0.7
[†]
1.5+0.9
−0.8
4.9+2.5
−2.2

Combined

3.2

> 5.9σ

5.0σ

2.3+0.6
−0.5

[fb−1 ]

Measured
σs+t [pb]

Measurement of |Vtb |

Both DØ and CDF use their cross section measurements to extract |Vtb |. This is possible
since the single top cross section is directly proportional to |Vtb |2 . Under the assumptions
stated in Section 1, CDF measures |Vtb | = 0.91 ± 0.11(stat+sys)±0.07(theory) and sets the
limit |Vtb | > 0.71 at 95% CL. Assuming mtop = 170 GeV (Section 1), DØ extracts the limit
|Vtb | > 0.78 at 95% CL, and measures |Vtb f1L | = 1.07 ± 0.12, where f1L is the strength of the
left-handed W tb coupling.
8

Summary

The DØ and CDF collaborations have performed precise measurements of the electroweak single
top quark production cross section and the CKM matrix element |Vtb | using 2.3 fb−1 and 3.2 fb−1
of data respectively. Both collaborations individually observe a 5.0 standard deviation excess
over background in their data and thereby establish the discovery of single top quark production.
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MEASUREMENTS OF TOP QUARK PROPERTIES

L. CERRITO (for the CDF and D0 Collaborations)
Department of Physics, Queen Mary University of London
Mile End Road, London E1 4NS, England
Preliminary results on the measurement of four selected properties of the top quark are presented. The relative fraction of tt̄ production through gluon fusion has been measured in the
tt̄ dilepton decay channel by the CDF Collaboration as Fgg = 0.53+0.36
−0.38 . Using an integrated
luminosity of 2.7 fb−1 collected with the CDF II detector, we also determine the tt̄ differential
cross section with respect to values up to ∼1 TeV of the tt̄ invariant mass. We present a
model-independent measurement of the helicity of W bosons produced in top quark decays,
using an integrated luminosity of up to 2.7 fb−1 collected by the D0 detector, and find the
fraction of longitudinal W bosons f0 = 0.49 ± 0.14, and the fraction of right-handed W bosons
f+ = 0.11 ± 0.08. Finally, we measure the parton level forward-backward asymmetry of pair
produced top quarks using an integrated luminosity of 3.2 fb−1 collected with the CDF II
detector, and find AF B = 0.19 ± 0.07. All results are consistent with the predictions of the
standard model.

1

Introduction

The existence of the top quark has been confirmed in 1995 at the Tevatron collider a , and the
top established within the standard model (SM) as the weak isospin partner of the bottom
quark, with spin 1/2, interacting via all known forces, characterized by values of mass and
width of ∼ 175 GeV/c2 and ∼1.5 GeV/c2 respectively and decaying almost exclusively to W b.
Since the beginning of the Run II phase at the Tevatron in 2001, data samples of increasing
numbers of top quark decays have been used to measure the top quark mass 1 (mt ) and the
pair production cross section 2 (σtt̄ ) with progressively greater precision. There is however a
wide class of properties, such as the top quark production mechanism, the forward-backward
asymmetry and the differential cross-section for example, whose experimental determination,
limited by the statistical uncertainties, is only recently approaching the accuracy needed to
test the SM predictions. A comprehensive study of top quark production and decay properties
is crucial in view of the peculiar large value of mt and the special role the top may play in
extensions of the SM. This article presents an overview of those properties of top that have been
determined experimentally, indicating the relevance they have in and beyond the SM, and the
precision reached by the latest measurements.
a
The Tevatron is a proton-antiproton synchrotron accelerator colliding beams at a center-of-mass energy of
1.96 TeV (Run II) in two locations (CDF and D0). Each experiment has to date recorded an integrated luminosity
of ∼ 6 fb−1 . The Tevatron operated until 1998 (Run I) at a center-of-mass energy of 1.8 TeV.

2

Properties of Top Quark Pair Production

gg → tt̄ Fraction
According to the SM, the production of tt̄ at the Tevatron proceeds via q q̄ annihilation (q q̄ → tt̄)
or gg fusion (gg → tt̄), the latter accounting for ∼ (15 ± 5)% of the total with the uncertainty
primarily due to the parton density functions (PDFs 3,4 ). As a consequence of the short top
quark lifetime 5 (∼ 5 × 10−24 s), the spin and kinematic information of the top are preserved in
its decay products so that the two production mechanisms lead to different kinematic properties
of the final-state particles. In general, top quark pairs produced via q q̄ annihilation (gg fusion)
tend to be more central (forward) in the detector, with like (un-like) spins. Disagreement with
the SM prediction could reveal the existence of new mechanisms of top-quark production or
decay, such as a new vector particle associated with top color 6 or a t → H + b signature 7 . We
report a measurement based on the azimuthal correlation of charged leptons in the tt̄ dilepton
decay channel. The signature of tt̄ dilepton events consists of two high transverse momentum leptons from W decay, large missing transverse energy due to two missing neutrinos, and
two jets originating from b-quarks. The analysis uses an integrated luminosity of 2.0 fb−1 collected with the CDF II 8 detector, selecting a total of 145 candidate tt̄ events with 49.4±7.8
expected from background sources 9 . The distribution of the azimuthal opening angle, ∆φ, of
the charged leptons is determined separately for the gg, q q̄ initiated processes and for each
source of background events. These templates are fit to the data distribution of ∆φ using an
unbinned likelihood fit, with the gg fraction (Fgg ) set as a free fit parameter. The fit returns:
+0.35
+0.07
Fgg = 0.53−0.37
(stat.)−0.08
(syst.), with the statistical contribution dominating the uncertainty,
and with the largest systematic uncertainty due to the background modeling. While this measurement is the first determination of Fgg using the dilepton decay channel, the most precise
+0.15
measurement to date 10 is Fgg = 0.07−0.07
, obtained with the much larger ℓ+ jets sample of top
quarks, yielding an accuracy comparable to the expected magnitude of the gg fraction.
dσ/dMtt̄ Differential Cross Section
The study of the invariant mass of the top and anti-top system (Mtt̄ ) in pp̄ collisions is of
relevance because Mtt̄ is sensitive to a very broad class of models beyond the SM. These may
produce distortions to the dσtt̄ /Mtt̄ production spectrum ranging from narrow resonances to
broad interferences 11 . The first measurement 12 of dσtt̄ /Mtt̄ up to values of Mtt̄ ≃ 1 TeV, using
2.7 fb−1 of CDF II data, indicates good agreement with the SM expectation.
Forward-Backward Asymmetry in tt̄ Production
In Quantum Chromo Dynamics, a small charge asymmetry AC arises in next-to-leading order
(NLO) tt̄X production. Because the strong interaction is invariant under charge conjugation,
AC is equivalent to a forward-backward asymmetry AF B and in the Tevatron pp̄ rest frame
is calculated 13 to be AF B = (5.0 ± 1.5)%, where the uncertainty is driven by the size of the
corrections at higher orders. Measurements of AF B have previously been reported 14,15 . We
present a new measurement of the parton level AF B of pair produced top quarks updating the
latter result and increasing the dataset analyzed therein from 1.9 fb−1 to 3.2 fb−1 of pp̄ collision
data. A sample of 776 candidate tt̄ events is selected in the ℓ+ jets decay channel, where one
top decays semi-leptonically (t → ℓνb) and the other hadronically (t → q q̄b). We expect a
background of 167±33 events. We study the rapidity yhad of the hadronically-decaying top
(or anti-top) system, tagging the charge with the lepton sign Qℓ from the leptonically decaying
system. The hadronically decaying system is chosen because its direction is better reconstructed
than the leptonic one, which is complicated by the missing energy of the neutrino. In the pp̄
center-of-mass frame we measure the asymmetry in −Q · yhad :
App̄
FB =

N (−Q · yhad > 0) − N (−Q · yhad < 0)
,
N (−Q · yhad > 0) + N (−Q · yhad < 0)

(1)

where N indicates number of events. We subtract background and perform a model-independent

correction for acceptance and reconstruction dilutions in order to find the asymmetry at the
parton level. We find App̄
F B = 0.193 ± 0.065 (stat.) ± 0.024(syst.), consistent with previous results
and higher than, but in agreement with, the asymmetry expected in QCD at NLO.

3

Top Quark Decays and Other Properties

Helicity of W bosons in tt̄ Decays
Charged current weak interactions proceed via the exchange of a W ± boson and are described
by a vertex factor that has a pure vector minus axial vector (V − A) structure 16 . As a consequence, the W bosons from the top-quark decay (t → bW + ) are dominantly either longitudinally
polarized or left-handed, while right-handed W bosons are heavily suppressed (O(10−4 )). At
leading order (LO) in perturbation theory, the fraction of longitudinally polarized W bosons is
m2t
Γ(W0 )
≈
given by 17 f0 = Γ(W0 )+Γ(W
2 +m2 , where W0 and W± indicate longitudinally and
)+Γ(W
)
2m
−
+
W

t

transversely polarized W bosons, respectively. Assuming a top-quark mass of 175 GeV/c2 , the
SM predicts f0 ≃ 0.7, while the fraction of left-handed W bosons is f− ≃ 0.3. A significant
deviation, at level exceeding 1% from the predicted value for f0 or f+ could indicate new physics,
such as a possible V + A component in the weak interaction or other anomalous couplings at
the W tb vertex. The polarization of the W can be inferred from the kinematics of the final state
particles. In particular, we exploit the distribution of the angle (θ ∗ ) between the down-type
fermion and top quark momenta in the W boson rest frame. This measurement uses a data
sample recorded with the D0 experiment 19 at the Tevatron; the D0 detector underwent significant enhancement in 2006 so that we split the data into “Run IIa” and “Run IIb” subsamples,
denoting data recorded before and after the detector enhancement. The data analysis of the
Run IIb subset is combined here with the ∼1 fb−1 Run IIa measurement 18 for a total integrated
luminosity of 2.2–2.7 fb−1 . Events in both the ℓ + jets and dilepton final states are selected with
a multivariate likelihood discriminant that uses both kinematic and b-lifetime information to distinguish tt̄ signature from background. We select a sample of 786 ℓ+jets (175 dilepton) events
with an expected background contribution of 225±10 (51±8) events. Template distributions of
cosθ ∗ are determined for the tt̄ signal using Monte Carlo (MC) simulation of top events, and for
the backgrounds using a combination of MC simulation and data. To extract f0 and f+ , we compute a binned Poisson likelihood L(f0 , f+ ) for the data to be consistent with the sum of signal
and background templates at any given value for these fractions. The background normalization is constrained to be consistent within uncertainties with the expected value by a Gaussian
term in the likelihood. Systematic uncertainties are evaluated in ensemble tests by varying the
parameters that can affect the shapes of the cosθ ∗ distributions or the relative contribution
from signal and background sources. We measure: f0 = 0.490 ± 0.106 (stat.) ± 0.085 (syst.)
and f+ = 0.110 ± 0.059 (stat.) ± 0.052 (syst.). The data indicates fewer longitudinal and more
right-handed W bosons than the SM predicts, but is compatible with the SM within the experimental uncertainties. The most precise determination of f0 and f+ has so far been obtained 20
by fixing f+ (f0 ) to the SM expectation and measuring f0 (f+ ), and yields: f0 = 0.62 ± 0.11
and f+ = −0.04 ± 0.05.
Other Properties
The measurement of the top quark charge q has been performed using 370 pb−1 of D0 collision
data, 21 excluding |q| = 4e/3 with ∼90% confidence level (C.L.); the result has been recently
confirmed by the CDF collaboration. The top quark width has been measured 22 using 1 fb−1 of
data collected with the CDF II detector, as Γtop < 13.1 GeV/c2 with 95% C.L., which is about an
order of magnitude larger than the predicted width. Finally, an experimental constraint of the
Cabibbo-Kobayashi-Maskawa matrix element |Vtb | > 0.89 with 95% C.L. has been reported 23
using 0.9 fb−1 of data collected with the D0 detector.

4

Conclusions

A number of properties of the top quark, other than its mass and pair production cross section,
have been measured but still suffer from large uncertainties. Indeed, the experimental determination of many of these properties, including for example the top quark production mechanism,
the forward-backward asymmetry, the differential cross-section and the helicity of W bosons, are
only recently approaching the accuracy needed to test the SM. Nevertheless, all measurements
presented in this article indicate that the dynamics of top production and decay at the Tevatron
is in agreement with the SM expectation. Moreover, since all results are currently limited by
the statistical uncertainties, increased accuracy is expected in the near future by the analysis of
all available data sets, and exploiting the additional ∼3–4 fb−1 of integrated luminosity foreseen
at the Tevatron collider by the end of 2010.
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The Global Electroweak Fit of the Standard Model with Gfitter
J. Stelzer a
DESY,
Notkestraße 85, 22607 Hamburg, Germany
The global fit of the Standard Model to electroweak precision data, routinely performed by
the LEP electroweak working group and others, demonstrated impressively the predictive
power of electroweak unification and quantum loop corrections. We have revisited this fit
in view of (i) the development of the new generic fitting package, Gfitter, allowing flexible
and efficient model testing in high-energy physics, and (ii) the insertion of constraints from
direct Higgs searches at LEP and the Tevatron. Including the direct Higgs searches, we find
+15.6
GeV. For the strong coupling strength at fourth perturbative order we
MH = 116.3−1.3
obtain αS (MZ2 ) = 0.1193+0.0028 ± 0.0027(exp) ± 0.0001(theo). Finally, for the mass of the
top quark, excluding the direct measurements, we find mt = 179.5+8.8
−5.2 GeV. In the TwoHiggs-Doublet-Model we exclude a charged-Higgs mass below 240 GeV at 95 % confidence
level. This limit increases towards larger tanβ, where e.g., MH ± < 780 GeV is excluded for
tanβ = 70.

1

Introduction

Precision measurements, combined with theoretical predictions of matching precision, allow us
to probe physics at much higher energy scales than the masses of the particles directly involved
in experimental reactions by exploiting contributions from quantum loops. In recent particle
physics history fits to experimental electroweak precision data have substantially contributed to
our knowledge of the Standard Model (SM). The first application of global fits to electroweak
data has been performed by the LEP Electroweak Working Group, unifying LEP and SLD
precision data.
Several theoretical libraries within and beyond the SM have been developed in the past,
which, tied to a multi-parameter minimization program, allowed to constrain the unbound parameters of the SM. However, most of these programs are relatively old, were implemented in
outdated programming languages, lack the modularity to be extendable with models beyond
the SM, and are generally difficult to maintain in line with the theoretical and experimental
progress. It is unsatisfactory to rely on them during the forthcoming era of the Large Hadron
Collider (LHC), where improved measurements of important input observables are expected and
new observables from discoveries may augment the available constraints.
These considerations led to the development of the generic fitting package Gfitter [1], designed to provide a framework for model testing in high-energy physics. Gfitter is implemented
in C++, theoretical models are inserted as plugin packages. Tools for statistical analyzes such as
toy Monte Carlo sampling are provided by a core package, where theoretical errors, correlations,
and inter-parameter dependencies are consistently dealt with.
a

On behalf of the Gfitter Group (www.cern.ch/Gfitter).
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The Global Electroweak Fit of the Standard Model

Our goal of fitting the SM to the electroweak data is twofold: (i) the determination of the free
model parameters, and (ii) a probe the overall goodness of the SM by testing the goodness-of-fit
as a measure for the agreement between model and data after fit convergence, using the over
constraint of the model by the available measurements.
For the electroweak precision observables that were measured by the LEP, SLC, and the
Tevatron experiments, state-of-the-art calculations in the on-shell mass scheme have been used
for the implementation of the SM predictions. For the W mass, M W , and the effective weak mixf
, the full second order corrections are used [2]. Corrections of order O(αα 2S ) and
ing angle, sin2 θeff
the leading three-loop corrections in an expansion of the top-mass-squared (m 2t ) are included.
The fourth-order (3NLO) perturbative calculation of the massless QCD Adler function [3], contributing to the vector and axial-vector radiator functions in the prediction of the Z hadronic
width and other observables is available. It allows us to fit the strong coupling constant with
unique theoretical accuracy.
Experimental precision data come from the Z-pole cross-section and asymmetry measurements from LEP and SLC. For MW we combine the official LEP and Tevatron average with the
recent D0 measurement leading to our private preliminary combined value of M W = (80.399 ±
0.023) GeV. For the running quark masses m c and mb the world average values are used. For
the top mass the latest combined Tevatron result m t = (173.1 ± 1.3) GeV is input to the fit.
(5)
For ∆αhad (MZ2 ) we take the phenomenological result. The direct searches for the SM Higgs
Boson at LEP and the most recent results from the Tevatron are included. A complete list of
the theoretical and experimental input is given in [1].
We perform global fits in two versions, (i) the standard fit (also known as “blue-band” fit),
which makes use of all the available information except for the direct Higgs searches performed at
LEP and the Tevatron, and (ii) the complete fit, which also uses the constraints from the direct
Higgs searches. The standard (complete) fit converges at the global minimum value χ 2min = 16.4
(χ2min = 17.9) for 13 (14) degrees of freedom, corresponding to a p-value of 0.228 ± 0.004 0.002
(0.204 ± 0.004 0.002 ) derived from MC toy experiments. From the standard fit, we estimate
MH = 83+30
23 GeV. The complete fit represents the most accurate estimation of M H considering
all available data. The resulting ∆χ 2 curve versus MH is shown in Figure 1. The inclusion
of the direct Higgs search results from LEP leads to a strong rise of the ∆χ 2 curve below
MH = 115 GeV. The data points from the searches at the Tevatron, available in the range
110 GeV < MH < 200 GeV increases the ∆χ2 estimator for Higgs masses above 150 GeV
beyond that obtained from the standard fit. From the complete fit we find M H = 116.3+15.6
1.3 GeV.

Table 1: Measurement prospects at future accelerators for key observables used in the electroweak fit, and their
(5)
impact on the electroweak fit. The estimated improvement for ∆αhad (MZ2 ) from 22 to 7 · 10−5 is unrelated to
the accelerators. The lower rows give the results obtained for MH and αS (MZ2 ), including, for MH , the improved
(5)
∆αhad (MZ2 ) precision (in parentheses), and when in addition ignoring the theoretical uncertainties (in brackets).

Quantity
MW [ MeV]
mt [ GeV]
ℓ
sin2 θeff
[10−5 ]
0
−2
Rl [10 ]
(5)
∆αhad (MZ2 ) [10−5 ]
MH (= 120 GeV) [ GeV]
αS (MZ2 ) [10−4 ]

Expected uncertainty
LHC
ILC

Present

+ 56
− 40

25
1.2
17
2.5
22 (7)
 + 39 
+ 52
− 39

28

− 31

+ 45
− 35

15
1.0
17
2.5
22 (7)
 + 30 
+ 42
− 33

28

− 25

+ 42
− 33

GigaZ (ILC)

15
0.2
17
2.5
22 (7)
 + 28 
+ 39
− 31

27

− 23

+ 27
− 23

6
0.1
1.3
0.4
22 (7)
 + 8 
+ 20
− 18

6

−7

Several improvements on the key observables in the electroweak fit are expected from the
LHC [4, 5], further ones from the ILC (with GigaZ) [6], see Table 1. In addition, the Higgs boson
should be discovered, leaving the SM without an unmeasured parameter (except the neutrino
masses). The primary focus of the global SM fit would then move from parameter estimation to
the analysis of the goodness-of-fit with the goal to uncover inconsistencies between the model
and the data. New precision measurements would enter and further constrain the fit. The
most important data, however, would be the results of the direct searches for new phenomena.
A significant improvement of the hadronic cross section data at and below the cc resonances,
(5)
and an improved determination of ∆αhad (MZ2 ) will be needed to fully exploit the new precision
(5)
data [7]. The MH scans obtained for the four scenarios, assuming an improved ∆α had (MZ2 )
precision to be applicable for all future (LHC and beyond) scenarios, are shown in Fig. 2, the
impact on the SM parameters MH and αS (MZ2 ) is summarized in Table 1.
3

The Two Higgs Doublet Model

As an example for a study beyond the SM we investigate models with an extended Higgs sector
of two doublets (Type-II 2HDM). We only constrain the mass of the charged Higgs, M H ± , and
the ratio of the vacuum expectation values of the two Higgs doublets, tanβ. These constraints
are currently dominated by indirect measurements. Experimental input to the fit measurements
are observables from the B and K physics sectors, namely R b0 , and the branching ratios of the
decays B → Xs γ, B(B → τ ν), B(B → µν), B(B → Dτ ν), and B(K → µν).
For each observable, individual constrains have been derived. The 2HDM sensitivity of the
hadronic branching ratio of Z to b quarks, R b0 , arises from an exchange diagram with the charged
Higgs boson modifying the Zbb coupling, the current measurement of R b0 leads to an exclusion
of tanβ < 0.5. The inclusive decay B → Xs γ, a flavors changing neutral current process that in
the SM occurs only at loop-level in lowest order, contains a positive 2HDM contribution from a
charged Higgs replacing the W ± in the loop. Current measurements exclude M H ± < 220 GeV/c2
and tanβ < 0.5 at 95 % CL, see Figure 3.
The other observables that are sensitive to the existence of a charged Higgs, are the branching
ratios of leptonic and semileptonic decays of pseudescalar mesons, B(P → lν l ). The 2HDM
contributes through a tree-level process, where the W ± is replaced by a charged Higgs. The
modification of the branching ratios of these decays in the Type-II 2HDM, are functions of the
ratio tanβ/MH ± only. With the current experimental data from BABAR, Belle, and CLEO, the
B → τ ν branching ratio is giving the single strongest constraint, excluding low Higgs masses at
large tanβ.
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Figure 4: Simple overlay of the 95% CL excluded regions from the individual observables. The black solid
line shows the 95 % CL excluded region determined
from toy experiments.

A global Type-II 2HDM fit was performed, combining all the available observables (and using
the tree-level SM predictions for the leptonic B decays). The global minimum is found with
χ2min = 3.9 at MH ± = 860 GeV and tanβ = 7. Since the number of effective constraints varies
strongly across the tanβ − MH ± plane, 2 000 toy-MC experiments are performed in each scan
point to determine the associated p-value. Figure 4 shows the 95% CL excluded region obtained
from the toy-MC analysis of the combined fit (solid line) together with the corresponding regions
obtained from the individual constraints. It can be seen that due to the increased number of
effective degrees of freedom the combined fit does not necessarily lead to stronger constraints.
The combination of the constraints excludes the high-tanβ, low-M H ± region spared by the
B → τ ν constraint. We can thus exclude a charged-Higgs mass below 240 GeV independently
of tanβ at 95% confidence level. This limit increases towards larger tanβ, e.g., M H ± < 780 GeV
are excluded for tanβ = 70 at 95% CL.
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The potential for top quark physics of the ATLAS and CMS experiments at the Large Hadron
Collider is surveyed ranging from top quark “re-discovery” and its use as a calibration tool to
initial and later stage measurements.
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Introduction: top quark at the LHC

ATLAS 1 and CMS 2 are complementary multi-purpose detectors aimed at measuring the properties of leptons, hadrons and photons in proton-proton (pp) collisions at the Large Hadron
√
Collider 3 (LHC). On its way to reach the design center-of-mass energy ( s = 14 TeV) and in√
stantaneous luminosity (L = 1034 cm−2 s−1 ),R in 2009-2010 the LHC is expected to run at s =
10 TeV, delivering an integrated luminosity ( Ldt) of the order of 0.2 fb−1 . 3 All results reported
√
in this paper are derived from simulated collisions at s = 14 TeV.
√
At LHC with s = 14 TeV top quark pair (tt) production cross section 4 (σtt ) is about 900
pb with a theoretical uncertainty of order 10% and a resulting rate of about 0.9 Hz already at
L = 1033 cm−2 s−1 . The single top quark production 5 is dominated by t-channel diagrams that
√
account for about 76% of the total cross section (σ t ) of about 320 pb. For LHC with s =
10 TeV, σtt drops 4 to ≈ 400 pb and, while σt remains about three times smaller than σ tt , the
relevant W +n jets background cross section (with n>1) decreases by ≈ 23%: this results into a
√
somewhat worse signal to background ratio (S/B) for tt in comparison to
s = 14 TeV.
As the top quark decays to a W boson and a b-quark with a branching fraction (BR) of
almost 100%, the tt final state features a b-jet pair associated with high transverse momentum
(pT ) light jets when each W boson decays to quarks (fully hadronic channel with BR ≈ 44.4%)
and one (ℓ+jets channel with BR ≈ 44.4%) or two high p T lepton(s) (ℓℓ channel with BR ≈
11.2%) and sizeable transverse missing energy (E Tmiss ) in the cases where one or two W bosons
decay to leptons respectively. The final states of single top quark and tt can be obtained from

one another by swapping one t → W b leg of the tt decay with a W boson (W t channel) or
one/two quarks (s and t-channels), one of which is a b-quark. The two final states then have
similar backgrounds (single bosons (W , Z) plus jets, di-bosons and Quantum Chromodynamics
(QCD) multi-jet events) and they are background to each other.
2

Re-discovering Top

300

WW MET (GeV)

tt MET (GeV)

A clean and robust analysis is required to re-establish the top quark signal with early data.
An example CMS analysis 8 uses a realistic first day simulation of the detector mis-calibration
and misalignment. The distinguishing features of the ℓ+jets final state (one central high p T muon
(µ) and four or more central high p T jets) are coupled to additional µ isolation cuts (on energy
deposited in a calorimeter cone around the µ and the µ spatial distance Rfrom the closest jet) to
achieve a drastic reduction of the large QCD background. With only Ldt = 10 pb−1 the tt
signal is expected to emerge from the background in the high jet multiplicity bins (N jets ≥ 4)
with about 130 signal events and S/B ≈ 1.4 as shown in figure 1 (left). No b-tagging or E Tmiss
cuts are used. The size and shape of the QCD background have large uncertainties and its
data-driven determination is a crucial ingredient in the analysis.
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Figure 1: Left: CMS reconstructed jet multiplicity distribution for tt events passing the final selection with CMS
detector except for the requirement Njets ≥ 4. Center and Right: simulated eµ templates in the plane of ETmiss and
number of jets for tt and W +jets samples as seen by the ATLAS detector. See text for references.

Once the signal is established, the lower BR ℓℓ final state provides a clean sample to measure
σtt . 9,10 The selections of both ATLAS and CMS require two high p T isolated leptons with
opposite charges and large ETmiss that is not collinear with any of the two leptons or with the
leptonic system. In an example from ATLAS σ tt is derived even without any additional cuts (no
b-tagging) by a likelihood fit of the signal to simulated templates of distributions in the E Tmiss jet multiplicity space. a As one can see in figure 1 (center and right), tt events
show higher
R
multiplicity and somewhat higher ETmiss than W +jets background. With Ldt = 100 Rpb−1
such an analysis 9,10 has an outstanding significance (≈ 20) which is already
≈ 7 with Ldt
R
= 10 pb−1 : the ℓℓ channel can also be used to establish the tt signal. For Ldt = 100 pb−1
the ATLAS fractional uncertainty on σ tt (δσtt /σtt ) shows comparable systematic and statistical
contributions (7% and 4% respectively). b The crucial analysis requirements are to validate
the ETmiss description and perform data-driven background estimates.
The more statistically powerful ℓ+jets channel (ℓ = e,µ) is also used to extract σ tt by
requiring one high pT central lepton and four or more central high p T jets. The reconstruction
a
Other methods use additional cuts on the number of jets and their transverse momentum to purify the
sample. With no b-tagging the cross section is extracted by counting the events in multiplicity bins or performing
a likelihood fit to angular variables (ATLAS) 9 while the use of b-tagging and W mass constraint can also be
added (CMS). 10
R
b
CMS estimates that for Ldt = 1 fb−1 the statistical contribution is expected to drop to 0.9% compared to
a dominant systematic contribution of ≈ 11% (see section 8.1.2 of 7 ).
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Figure 2: Left: ATLAS reconstructed top quark mass after W boson mass constraint for semi-leptonic (ℓ = e)
analysis. Center: CMS b-tagging efficiency measurement as a function of the jet E T for jets in the barrel (|η| <
1.5). Right: ATLAS di-jet invariant mass in fully simulated tt events (dots) superposed on the template histogram
with α = 1 and β = 1 and the best fit histogram. See text for references.

of the hadronic top is used to enhance the signal over the dominantR W +jets background when
no b-tagging is used. Figure 2 (left) shows the ATLAS result 9 for Ldt = 100 pb−1 where the
hadronic top consists of the three jets with the highest total p T and at least one di-jet pair is
required to have a mass consistent with the W boson. c Then σtt can be extracted by a likelihood
fit to the mass shape (ATLAS) orR by simply counting events after subtracting the expected
background (ATLAS, CMS). For Ldt = 100 pb−1 the ATLAS δσtt /σtt in a robust counting
experiment 9 is already systematic-dominated (≈ 17% compared to 3% statistical contribution).
The main initial systematic uncertainties are the jet energy scale (JES) and the normalization
of the W +jets background which, like the estimate of the uncertain QCD background, benefits
from a data driven approach. A precise (5%) measurement of the b-tagging efficiency will be
necessary for it to be used effectively in the cross-section measurement.
3

Top for Calibration

The established ℓ+jets sample can be used (together with the di-lepton (CMS)) to measure
the b-tagging efficiency ǫb . By exploiting cuts on the kinematic and topological properties or
by cutting on likelihood discriminants, it is possible to select a highly enriched b-jet sample in
which, after background subtraction, ǫ b can be measured 11 , also as a function of the b-jet pseudorapidity and transverse energy (ET )(also see section 12.2.8.1 of 2 ). CMS shows an example of
this determination in figure 2 where ǫ b is shown
to vary from 30%
to 60% in the ET range (50
R
R
GeV, 250 GeV) for the barrel section using Ldt = 1fb−1 . With Ldt = 1 fb−1 an uncertainty
on ǫb of 6% in the barrel and of 10% in the endcaps
is expected.d ATLAS showed that a global
R
average ǫb can be known at the 5% level with Ldt = 100 pb−1 by performing a likelihood fit
to the expected number of events with zero to three b-tagged jets 11 (ǫb , the c-tagging efficiency
and σtt are determined simultaneously).
Once b-tagging is understood the ℓ+jets sample can be used to identify the b and the W
di-jet system that result from the “hadronic” top decay (for high p T jets). In this way in ATLAS
the global average JES for light jets is expected to be known at the 2% level even with 50 pb −1
by performing a χ2 fit to di-jet mass simulated templates when varying the overall light jet scale
(α) and resolution (β) with respect to the default. 11 An example of such technique is shown
in
R
figure 2 (right). Differential information on the light JES can be known at about 2% with Ldt
= 1 fb−1 by using re-scaling techniques 11 , while CMS expects that exploiting the top quark
The addition of one or two b-tagged jets improves S/B 9 (ATLAS) and with two b-tagged jets and cleanly
separated jets, a convergent kinematic fit imposing the W mass constraint to the light di-jet system can be used
to select events (see section 8.1.3 of 7 ) (CMS).
R
d
A 10% uncertainty is expected by ATLAS for Ldt = 100 pb−1 .
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Figure 3: Left: ATLAS
R reconstructed hadronic top quark mass fitted with the sum of a Gaussian and a “threshold”
function, scaled to Ldt= 1 fb−1 . Right: correlation between the CMS reconstructed three lepton invariant mass
and the top input mass at full simulation. See text for references.

mass Rmeasured at the Tevatron can provide knowledge of the average b JES 13 at the % level
with Ldt = 100 pb−1 .
4

Measuring Top

4.1

Top Quark Mass

Equipped with better understanding of b-tagging and JES, the top quark mass (m top ) can
be measured in the ℓ+jets channel by using the same selection required for σ tt measurements
and requesting at most harder jets (ATLAS) to suppress backgrounds. The hadronic W is
reconstructed even with minimal or no b-tagging information and it is then associated with the
closest jet or b-jet by its spatial (ATLAS) or kinematic (ATLAS/CMS) distance. 14,15 The top
quark mass value is then derived by either fitting an analytic function (ATLAS), extrapolating or
performing a more sophisticated event-by-event likelihood fit (CMS). An example from ATLAS
is shown in figure 3: after b-tagging, a nearly background-free scenario is obtained where the
reconstructed top mass is fitted by a Gaussian plus a “threshold function”. 14 The measurement
is quickly systematics dominated, mainly by the jet energy scale (particularly the b-jet scale).
A
top quark mass uncertainty of the order of 1 to 5 GeV is expected to be achievable 14,15 with
R
Ldt = 1 fb−1 if the uncertainty on the JES is in the range of 1% to 5% respectively. The fully
hadronic and ℓℓ channel also have mass information, but the extraction is harder due to the
increased level of combinatoric background and the final state neutrinos. e
Alternative techniques to measure the top quark mass are also considered to reduce the
impact of JES systematic uncertainty. In an example from CMS 16 , ℓ+jets events are sifted
through to find exclusive b-jet decays to J/Ψ (with the b-jet coming from t → W b → ℓνb chain).
The top quark mass is strongly correlated with the mass of the system formed by the J/Ψ and
the lepton from the “leptonic” top decay as it is shown in the calibration curve by CMS in
figure 3. The systematic uncertainty is dominated by theoretical contributions (mainly from
models of b-quark fragmentation and underlying event) while the JES contribution is negligible.
state with a leptonic J/Ψ 16 , a top quark
Given the low BR rate for tt event to produce a final
R
mass uncertainty of about 2 GeV is expected for Ldt= 20 fb−1 .
4.2

Single top quark

Once the tt signal is established and measured, the attention can turn to measuring σ t in the
dominant t-channel where one top quark decays leptonically (the final state is then qℓνb(b)).
For instance CMS expects 15 top quark mass uncertainties
of about 1.2 GeV in the ℓℓ channel with
R
10 fb−1 and 4.2 GeV in the fully hadronic channel with Ldt = 1 fb−1 . 15
e
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Figure 4: Left: ATLAS reconstructed leptonic top quark mass distribution with cut on BDT output of 0.6.
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analysis for Ldt = 1fb−1 . Right: branching ratios of an FCNC signal detectable by CMS at the 5 s.d. level
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In an example from ATLAS, 17 a complex set of kinematic cuts (on the final state lepton, the
b-jet and the distinctive single forward light jet) is coupled to a multivariate Boosted Decision
Tree (BDT) based on a set of shape variables to separate
the signal from the background.
R
The distribution for the top quark mass after all cuts for Ldt = 1 fb−1 is shown in figure 4
(left) where the single top signal is standing out of the remaining tt and W +jets backgrounds.
With these techniques RS/B is expected to be about 1.3 with δσ t /σt dominated by systematic
contributions even for Ldt = 1 fb−1 . Given the sizeable background to be overcome, the tt
signal knowledge from the data is required in addition to the W +jets and the QCD signals. In
addition an excellent detector understanding is required (b-tagging performance, JES) also to
control the BDT inputs.
The less statistically powerful W t channel is very similar to the tt signal in its final state
(one b-jet less). So, as ATLAS shows in figure 4 (center), even after cuts on a set of kinematic
variables and a set of BDT outputs based on twenty-five variables,
the tt background is still
R
sizeable 17 . This results into an expected S/B of about 0.4 with Ldt = 1 fb−1 . Only a few fb−1
will allow three standard deviation (s.d.) evidence to be established and a measurement of the
cross section with a relative uncertainty of 20% should be in sight with 10 fb −1 . The lowest BR
s-channel is expected to be the most difficult: ATLAS, for instance, expects to achieve a 3 s.d.
evidence 17 with about 30 fb−1 . f Even more than for the t channel, both s and W t channel will
require an excellent detector understanding to be coupled to data-driven background estimation
techniques and to a good control of the theoretical description of initial and final state radiation
(particularly for the W t channel whose similarity to tt makes it more sensitive to jet multiplicity).
5

Top beyond the standard model

Measurements of the properties of the top quark offers a window onto possible physics beyond
the standard model. An example from CMS 19 shows the sensitivity to Flavour Changing Neutral
Current events where a t → W b leg of the tt decay is replaced by a t → Zq decay. The resulting
final state is ℓℓqlνb. Cuts are applied to all the expected final state particles: one b-tagged jet,
one light jet and two isolated opposite-sign leptons whose di-lepton mass is consistent with the
Z boson. Additional cuts on the masses and the angular relation of the Zq and W b systems
tend to select events consistent with a tt decay. Once the background is subtracted (mainly
ℓℓ tt events) it is possible to count the events and measure the cross section. Figure 4 (right)
shows the cross sections for which a 5 s.d. sensitivity is expected as a function of the collected
f
CMS expects to need at least 10 fb−1 to measure the cross section with a systematic-dominated uncertainty
of about 30%. 18

integrated luminosity. With Ldt = 10 fb−1 a branching ratio of 1.49 · 10−3 is expected to be
detectable (see section 8.5.4 of 7 ). The main systematic uncertainties derive from jet and lepton
energy scale and b-tagging efficiency.
R
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In this talk we discuss top-quark pair production in association with an additional jet. We
present numerical results based on a next-to-leading order QCD calculation.

1

Introduction

Top-quark physics is currently studied at the Tevatron and will be on the agenda of the two
main LHC experiments, as soon as the LHC is turned on. The top-quark is by far the heaviest
elementary fermion in the Standard Model. The large top mass is close to the scale of electroweak
symmetry breaking and it is reasonable to expect that the top-quark is particular sensitive to
the details of the mechanism of electroweak symmetry breaking.
The production of a top-quark pair together with an additional jet is an important reaction.
This is clear from the simple observation that a substantial number of events in the inclusive topquark sample is accompanied by an additional jet. Depending on the energy of the additional jet
the fraction of events with an additional jet can easily be of the order of 10–30% or even more.
For example at the LHC we find a cross section of 376 pb for the production of a top–antitopquark pair with an additional jet with a transverse momentum above 50 GeV. This is almost
half of the total top-quark pair cross section which is 806 pb 1 if evaluated in next-to-leading
order (NLO).
Ignoring the Standard Model as the theory of particle physics one might wonder whether
the top-quark, which is almost as heavy as a gold atom, behaves as a point-like particle. A
deviation from the point-like nature would appear as anomalous moments yielding differential
distributions different from the point-like case. Anomalous couplings to the gluon are most
naturally probed via the production of an additional jet.
The emission of an additional gluon also leads to a rather interesting property of the cross
section: The differential cross section contains contributions from the interference of C-odd and
C-even parts of the amplitude2−5 , where C denotes the charge conjugation. While for the total
cross section these contributions cancel when integrating over the (symmetric) phase space they
can lead to a forward–backward charge asymmetry of the top-quark which is currently measured
at the Tevatron 6,7 .
Apart from its significance as signal process it turns out that tt̄ + jet production is also an
important background to various new physics searches. A prominent example is Higgs production via vector-boson fusion. The major background to this reaction is due to tt̄ + jet, again
underlining the need for precise theoretical predictions for this process. In this talk we discuss
predictions based on an NLO calculation 8,9 .
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Figure 1: Scale dependence at LO (green) and NLO (red). The left plot shows the cross section for tt̄+jet
production at the Tevatron, the middle one shows the corresponding plot for the LHC. The right plot shows the
forward-backward charge asymmetry at the Tevatron.

2

The calculation

As with any NLO calculation there are real and virtual corrections. The matrix elements
corresponding to the real emission contribution are given by the square of the Born amplitudes
with 6 partons. All relevant matrix elements for this contribution can be obtained by crossing
from the generic matrix elements
0 → tt̄gggg,

0 → tt̄q q̄gg,

0 → tt̄q q̄q ′ q̄ ′ ,

0 → tt̄q q̄q q̄.

(1)

The matrix elements for the virtual contribution are given by the interference term of the oneloop amplitudes with 5 partons with the corresponding Born amplitude. The required generic
matrix elements are
0 → tt̄ggg, 0 → tt̄q q̄g.
(2)
Taken individually, the real and the virtual contributions are infrared divergent. Only their sum
is finite. We use the dipole subtraction formalism10−12 to render the individual contributions
finite. The virtual one-loop diagrams consist of self-energy, vertex, box-type, and pentagon-type
corrections. The most complicated diagrams are the pentagon diagrams. We use highly automated procedures for all contributions and various procedures to ensure numerically stability and
efficiency13−24 . To ensure correctness we have for every piece two independent implementations,
using where ever possible different methods and tools25−31 .
3

Numerical results

For the numerical analysis we use the value mt = 174GeV for the top-quark mass, CTEQ6L1
PDFs together with a one-loop running αs in LO, as well as CTEQ6M PDFs with a two-loop
running αs in NLO. The number of active flavours is NF = 5, and the respective QCD parameters
= 165MeV and ΛMS
= 226MeV. We identify the renormalisation and factorisation
are ΛLO
5
5
scales, µ = µren = µfact . The additional jet is defined by the Ellis-Soper k⊥ -jet algorithm32 with
R = 1 and we require a transverse momentum of pT,jet > pT,jet,cut . For the Tevatron we use
pT,jet,cut = 20GeV, for the LHC we either use pT,jet,cut = 20GeV or pT,jet,cut = 50GeV. Fig. 1
shows the scale dependence of the cross section at LO and NLO for the Tevatron and the LHC.
The NLO corrections reduce the scale dependence significantly. In addition we show in Fig. 1
the forward-backward charge asymmetry at the Tevatron. In LO the asymmetry is defined by
AtFB,LO =

−
σLO
+ ,
σLO

±
σLO
= σLO (yt >0) ± σLO (yt <0),

(3)
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Figure 2: The distribution of the additional jet in pT and rapidity at the Tevatron (left) and the LHC (right).
The large plots show the predictions at LO (green) and NLO (red). The lower panels show the scale uncertainties,
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Figure 3: The distribution of the top-quark in pT (left) and rapidity (right) at the Tevatron.

where yt denotes the rapidity of the top-quark. Denoting the corresponding NLO contributions
±
to the cross sections by δσNLO
, we define the asymmetry at NLO by
AtFB,NLO

σ−
= LO
+
σLO

+
δσNLO
δσ −
−
1 + NLO
−
+
σLO
σLO

!

,

(4)

i.e. via a consistent expansion in αs . At LO we find an asymmetry of about −8%. The scale
dependence is rather small. This is a consequence of the fact that αs cancels exactly between
the numerator and the denominator. In addition the residual factorisation scale dependence
also cancels to a large extent in the ratio. The NLO corrections to the asymmetry are of order
α1s and depend on the renormalisation scale. It is therefore natural to expect a stronger scale
dependence of the asymmetry at NLO than at LO, as seen in the plot. Within the current
numerical set-up the asymmetry is almost washed out at NLO.
In Fig. 2 we show the distribution of the additional jet in pT and rapidity at the Tevatron
and the LHC. In these plots we used pT,jet,cut = 20GeV for the Tevatron and pT,jet,cut = 50GeV
for the LHC. The scale variations in the lower panel correspond to a variation by a factor of 2
around µ = mt . As expected, the scale uncertainties are reduced by the inclusion of the NLO
corrections. Also shown in the lower panel of Fig. 2 is the ratio K = NLO/LO.
Finally, Fig. 3 shows the distribution of the top-quark in pT and rapidity at the Tevatron.
We note that the NLO corrections do not simply rescale the LO shape, but induce distortions
of the distributions, as can be seen from the non-constant K-factor.

4

Conclusions

In this talk we discussed predictions for tt̄+jet production at hadron colliders based on a NLO
QCD calculation. For the cross section the NLO corrections reduce significantly the scale dependence of the LO predictions. The charge asymmetry of the top-quarks at the Tevatron is
significantly decreased at NLO and is almost washed out in particular when the residual scale
dependence is taken into account. Further refinements of the precise definition of the forwardbackward asymmetry are required to stabilise the asymmetry with respect to higher-order corrections. From a technical perspective the calculation we reported on represents a corner-stone
for NLO multi-leg computations, which are required for the LHC.
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SEARCHES FOR NEW PHYSICS IN TOP EVENTS AT THE TEVATRON
R. EUSEBI
Fermi National Accelerator Laboratory,
Batavia, Illinois 60510, USA

During the past years the CDF and D0 detectors have collected large amounts of data obtaining
a relatively pure sample of pair-produced top quarks and a well understood sample containing
singly-produced top quarks. These samples have been used for the precise measurement of
the top quark properties, and have set stringent limits on new physics in the top sample. This
reports presents the latest results from the CDF and D0 collaborations on the search for new
physics within the top sample using an integrated data sample of up to 3.6 fb−1 .

1

Introduction

The standard model of particles of fields (SM) predicted the existence of the top quark, a weak
isospin partner of the bottom quark. In 1995 the top quark was discovered by the CDF and D0
collaborations1,2 with a mass of about 175 GeV. Its large mass suggest it is strongly associated
with the mechanism of electro-weak symmetry breaking, and makes it the fermion with the
largest coupling to the SM-expected, but not yet found, Higgs boson. These reasons make the
top quark potentially sensitive to new physics, which can be revealed through both, precision
measurements of its production and decay properties and by dedicated searches for new physics
in the top quark sample. This letter reports the results of measurements of top quark properties
with up to 3.6 fb−1 of data. In general most of the analyses in this report were performed
by both the CDF and D0 collaborations, however, for each search a single analysis of either
collaboration is presented here.
2
2.1

Searches for New Physics in the Top sample
Top Anomalous Decays

In the SM the top is expected to decay to a W boson and a b quark with a branching ratio
larger than 99%. The presence of physics beyond the SM, like flavor changing neutral currents

(FCNC), can alter this branching ratio. In the SM flavor changing neutral currents (FCNC)
are allowed at orders higher than tree level. The decay t → Zq for example is very rare with a
branching ratio of about B(t → Zq)≈ 10−14 in the SM, but with the potential to reach values
as high as 10−2 in exotic scenarios involving new physics3 .
Based on the number of expected event in the tt̄ → lepton + jets channel and using 1.9 fb−1
of data the CDF collaboration has set limits on the top decays to either Zc, γc, gc or to an
invisible final state. This analysis requires missing transverse energy greater than 30 GeV, at
least three jets with energy greater than 30 GeV, and at least two loose b-tags, see 4 for details.
By comparing the observed event yields with the predicted ones this analysis set upper limits at
the 95% confidence level (C.L.) of BR(t → Zc) < 0.15, BR(t → gc) < 0.14, BR(t → γc) < 0.12,
and BR(t → invisible) < 0.10.
2.2

Stringent Limits on Flavor Changing Neutral Currents

Unlike the general search shown above the CDF collaboration has performed a targeted search
for the flavor changing neutral current decay of the top quark t → Zq using a data sample
corresponding to an integrated luminosity of 1.9 fb−1 . Candidate events are selected by requiring
two opposite sign leptons (e’s or µ’s), 4 or more jets and a series of optimized cuts. Events in
this signal region are further classified according to whether or not they have a secondary vertex,
or b-tag. A third sample is used as control and made from rejected events that failed to pass at
least one of the optimized requirements.
The signal is discriminated from the background by exploring kinematic constraints present
in FCNC events. A mass χ2 variable quantifies the consistency of each event with originating
from a top quark FCNC decay. Templates of this variable are generated for the main backgrounds, and the FCNC signal. Shape systematic uncertainties are included in the templates.
The χ2 template fit is implemented as a simultaneous fit to two signal regions and the control
region. Assuming a top quark mass of 175 GeV the expect sensitivity of the measurement is
to set an upper limit on B(t → Zq) of 5.0%. The results of the fit are consistent with the χ 2
distribution of the background. An upper limit of B(t → Zq) < 3.7% at 95% C.L. is obtained
using the Feldman-Cousins prescription, which is much more stringent that the one obtained by
comparing yields as shown in the previous section.
2.3

Top Couplings Form Factors

The most general tbW coupling including operators up to dimension five can be written as:
g
g iσ µν qν L
L = − √ b̄γ µ Vtb (f1L PL + f1R PR )tWµ− − √ b̄
(f2 PL + f2R PR )Wµ− + h.c.
M
2
2
W

(1)

where MW is the mass of the W boson, qν is its four-momentum, V tb is the Cabibbo-KobayashiMaskawa matrix element, PL = (1 − γ 5 )/2 (PR = (1 + γ 5 )/2) is the left-handed (right-handed)
projection operator and f1L , f1R , f2L and f2R are the form factors couplings, which in the SM
take the values f1L = 1, f2L = f1R = f2R = 0. The lower indices 1 and 2 of the couplings refer to
the vector and tensor characters of the coupling respectively.
While measurements of the BR(b → sγ) have been used to constrain the right-handed vector
and tensor couplings 5 those measurements rely on assumptions of the absence of other 15 nonSM contributions to the b quark decay. The direct measurement presented here avoids such
assumptions. The D0 collaboration has set limits on all this factors using up to 2.7 fb−1 of data.
This analysis investigate one pair of coupling form factors at a time out of the full set of
left/right (upper indices L or R) and vector/tensor (lower indices 1 or 2) form factors. For each
pair of couplings under investigation we assume that the other two couplings take their SM
values.

Using a measurement of the helicity of the W bosons in the decay of tt̄ → lepton+jets events
with 2.7 fb−1 of data 6 a likelihood is obtained in the (f1L ,f1R ), (f1L ,f2L ) and (f1L ,f2R ) planes. This
likelihood is combined with the result of a search for anomalous couplings in the single top quark
final state using 1.0 fb−1 of data. The result of the combination is a two-dimensional posterior
probability density as a function of both form factors in each of the three two-dimensional planes.
By projecting the two-dimensional posteriors in the corresponding form factor axis we set
95% C.L limits of |f1L |2 |f1R |2 < 0.72, |f2L |2 < 0.3, and |f2R |2 < 0.19. The most stringent limit of
7
L R
|f1L |2 < 1.16+0.51
−0.44 is obtained from the posterior (f1 ,f2 ). See full details at .
2.4

Pair production of Stop Quarks

The theory of super-symmetry proposes that each particle in the SM has a corresponding superpartner. In this theory the super-symmetric partner of the top quark is a scalar particle called
the stop quark. The CDF collaboration has searched for pair-produced stop quarks in which each
0
stop decays via t̃1 → bχ̃±
1 → bχ̃1 lν, providing a signature similar to that of the SM tt̄ → dilepton
process. The analysis examines 2.7 fb−1 of data selecting events with two leptons, two jets, and
missing transverse energy to account for the undetected particles in the stop decay chains. A
special cut is imposed to reduce background from Drell-Yan processes. This analysis is separated
into two channels; events that contain a b-tagged jet, and events that do not.
The events are kinematically reconstructed under the stop decay hypothesis. The reconstructed stop mass is used as a discriminating kinematic variable in a fit to data. The reconstructed stop mass distribution depends on the mass of the stop (M (t̃)), the mass of the
neutralino (M (χ0 )) and on the branching ratio of the chargino to a lepton and neutralino
0
0
(BR(χ̄±
1 → χ̃ νl)). This analysis set limits at 95% C.L. on the (M (t̃), M (χ )) plane for different
±
0
8
values of BR(χ̄1 → χ̃ νl). See to see the two dimensional exclusion counturs and for details
on the analysis.
2.5

Search for 4th Generation Top

Fourth generation t′ ’s are predicted in some SUSY models 9 . The CDF collaboration has searched
for a heavy top (t′ ) quark pair production decaying to W q final states in 2.8 fb−1 in the lepton
plus jets data sample without b-tagging requirements. The t′ is assumed to be produced in pairs
via the strong interaction, to have mass greater than the top quark, and to decays promptly
and only to W q final states.
Two variables are directly related to the mass of t′ ; the total transverse energy of the event
(HT ), and the reconstructed mass of the t′ (Mreco ) as obtained from a kinematic fitter. To
discriminate the new physics signal from standard model backgrounds a set of 2D-templates of
the main backgrounds, as well as different mass t′ ’s, are constructed in the (HT ,Mreco ) plane.
For a given t′ mass, the observed data is fitted to the background 2D-template and to the 2Dtemplate of the given t′ mass, to set limits on the t′ production. Using a specific t′ model 10 ,
this analysis exclude t′ with masses below 311 GeV/C2 at 95% C.L.
2.6

Higgs Production in Association with tt̄

The D0 collaboration has searched for Higgs production in association with t t̄ production using
2.1 fb−1 of data. Data is selected with a single lepton and four or more jets, with one to three
b-tagged jets. For each event HT , the scalar sum of the transverse energies of the lepton and
all jets, is computed and its distribution in all jet-multiplicity bins is used to set limits on the
tt̄H → tt̄bb̄ production cross section.
Kinematical differences between tt̄ and tt̄H events are exploited and limits are set on the
tt̄H → tt̄bb̄ production cross section for different Higgs masses. This analysis finds limits at 95%

C.L. that range from 48 times the SM-expected cross section for a Higgs mass of 105 GeV, to
about 835 times the SM-expected cross section for a Higgs mass of 155 GeV . See all the details
of this analysis at 11 .
These limits are also interpreted as limits on the production of t̄t′ where the t′ is a fourth
generation top that decays via t′ → tH. This kind of production is detailed at 12 . The results of
this interpretation are expressed as exclusion limits in the two dimensional plane of (M H , Mt′ ).
See 11 for details on this analysis.
2.7

Top Quark Pair Resonances

The D0 collaboration has performed a search of a resonance (X) decaying to a pair of top quarks.
This analysis requires events with a single lepton, large missing transverse energy and at least
three jets selecting 3.6 fb−1 of data.
The distribution of the events total invariant mass observed in data is compared to templates
for the expected SM backgrounds and narrow resonance signals of various masses. Since no
excess is seen above backgrounds limits are obtained on σX × BR(X → tt̄), where σX is the
production cross section of the resonance and BR(X → tt̄) represents the branching ratio of the
decay of the resonance to tt̄. Within a top-color-assisted Technicolor model, the existence of a
leptophobic Z ′ boson with MZ ′ <820 GeV and width ΓZ ′ = 0.012MZ ′ is excluded at 95% C.L.
See 13 for details.
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RECENT RESULTS ON JET PHYSICS AT THE TEVATRON
M. Martı́nez
ICREA/Institut de Fı́sica d’Altes Energies. Barcelona, 01893-E, Spain.
In this contribution, a comprehensive review of the main aspects of high pT jet physics in Run
II at the Tevatron is presented. Recent measurements on inclusive jet and dijet production are
discussed using different jet algorithms and covering a wide region of jet transverse momentum
and jet rapidity. Several measurements, sensitive to a proper description of soft gluon radiation
and the underlying event in hadron collisions, are also shown.

1

Inclusive Jet Production

√
The measurement of the inclusive jet cross section in pp collisions at s = 1.96 TeV constitutes
a stringent test of perturbative QCD (pQCD) predictions over almost nine orders of magnitude.
The increased center-of-mass energy and integrated luminosity in Run II at the Tevatron allows
to search for signals of quark compositeness down to ∼ 10−19 m. Both CDF and D0 experiments
have explored new jet algorithms away from the cone-based jet algorithm employed in Run I
that was not infrared safe.
The CDF experiment has published results 1,2 on inclusive jet production using both the kT 3,4
and a midpoint 5 algorithms. While the kT algorithm is infrared safe to all orders in perturbation
theory, the midpoint algorithm employed still suffers from some infrared sensitivity at higher
orders. The measurements are performed for jets with pjet
T > 54 GeV/c and rapidity in the
jet
−1
region |y | < 2.1, using 1.0 fb of data. Figure 1(left) shows the measured cross sections
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Figure 1: Measured inclusive differential jet cross sections, using the kT algorithm with D = 0.7, as a function of
jet
pjet
| regions compared to NLO pQCD predictions. The shaded bands show the total systematic
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uncertainty on the measurements. The dashed lines indicate the PDF uncertainty on the theoretical predictions.

using the kT algorithm, with D = 0.7, compared to NLO pQCD predictions 6 , which include
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non-pQCD corrections relevant at low pjet
T . The measured cross sections decrease by more than
seven to eight orders of magnitude as pjet
T increases. Figure 1(right) shows the ratios data/theory
jet
jet between
as a function of pT . Good agreement is observed in the whole range in pjet
T and y
the measured cross sections and the theoretical predictions. In the most forward region, the
uncertainty on the measured cross section at high pjet
T , compared to that on the theoretical
prediction, already indicated that the data would contribute to a better understanding of the
gluon PDF. In the region 0.1 < |yjet | < 0.7, different values for D in the kT algorithm are
considered: D = 0.5 and D = 1.0, thus decressing and increasing the effective size of the jet and
therefore the non-pQCD contributions, respectively. In both cases, good agreement is observed
between the measured cross sections and the NLO pQCD predictions.
Similarly, Figure 2 shows the measured inclusive jet cross sections by D0 7 based on 0.7 fb−1
of Run II data. The midpoint jet algorithm has been used with a cone size R=0.7. The
measurements are carried out for jets with pjet
T > 50 GeV/c in six different rapidity regions
up to |yjet | < 2.4. The data are compared to NLO pQCD predictions, as implemented in the
NLO++ 8 program, with CTEQ6.5M and MRST2004 PDFs sets, and using pjet
T as the nominal
renormalization/factorization scale. Figure 2(right) presents the ratio data vs NLO pQCD
jet
predictions as a function of pjet
T in the different |y | regions. The measurements are in good
agreement with the theoretical predictions within the current PDFs uncertainties. However, the
Figure also suggests that the data prefer the lower edge of the CTEQ uncertainty band while
the measurements are in good agreement with the nominal MRST2004 prediction.
The CDF and D0 experiments have employed the dijet invariant mass distribution to search
for resonances decaying into jets 9 as predicted by different models. In the case of D0, measurements of the dijet angular distributions are performed in different regions of the dijet invariant
mass. For both experiments, good agreement is observed between the data and theory, and
the results are translated into improved limits in different models. In particular, compositeness
scales Λ below 2.56 TeV are now excluded at 95% C.L.
2

Jet Shapes

The internal structure of jets is dominated by multi-gluon emissions from the primary final-state
parton. It is sensitive to the relative quark- and gluon-jet fraction and receives contributions
from soft-gluon initial-state radiation and beam remnant-remnant interactions. The study of
jet shapes at the Tevatron provides a stringent test of QCD predictions and tests the validity of
the models for parton cascades and soft-gluon emissions in hadron-hadron collisions. The CDF

Figure 3: (left) The measured integrated jet shape, Ψ(r/R), in inclusive jet production for jets with 0.1 < |yjet | <
0.7 and 37 GeV/c < pjet
T < 45 GeV/c. The predictions of pythia-tune a (solid lines), pythia (dashed-dotted
lines), pythia-(no MPI) (dotted lines) and herwig(dashed lines) are shown for comparison. (right) The measured
jet
| < 0.7 and 37 GeV/c < pjet
1 − Ψ(0.3/R) as a function of pjet
T < 380 GeV/c.
T for jets with 0.1 < |y

experiment has published results 10 on jet shapes for central jets with transverse momentum in
the region 37 < pjet
T < 380 GeV, where jets are searched for using the midpoint algorithm and
a cone size R = 0.7. The integrated jet shape, Ψ(r), is defined as the average fraction of the jet
transverse momentum that lies inside a cone of radius r concentric to the jet cone:
Ψ(r) =

1  PT (0, r)
,
Njet jets PT (0, R)

0≤r≤R

(1)

where Njet denotes the number of jets. The measured jet shapes have been compared to the
predictions from pythia-tune a and herwig Monte Carlo programs. In addition, two different
pythia samples have been used with default parameters and with and without the contribution
from multiple parton interactions (MPI) between proton and antiproton remnants, the latter
denoted as pythia-(no MPI), to illustrate the importance of a proper modeling of soft-gluon
radiation in describing the measured jet shapes. Figure 3 presents the measured integrated jet
shapes, Ψ(r/R), for jets with 37 < pjet
T < 45 GeV, compared to herwig, pythia-tune A,
pythia and pythia-(no MPI) predictions. Figure 3(right) shows, for a fixed radius r0 = 0.3,
the average fraction of the jet transverse momentum outside r = r0 , 1 − Ψ(r0 /R), as a function
jet
of pjet
T . The measurements indicate that the jets become narrower as pT increases. pythia with
default parameters produces jets systematically narrower than the data in the whole region in
pjet
T while pythia-tune a predictions describe all of the data well.
3

Dijet Azimuthal Decorrelations

The D0 experiment has employed the dijet sample to study azimuthal decorrelations, ∆φdijet ,
between the two leading jets 11 . The normalized cross section,
1

dσ
,
σdijet d∆φdijet

(2)

is sensitive to the spectrum of the gluon radiation in the event. The measurements has been
jet
performed in different regions of the leading jet pjet
T starting at pT > 75 GeV, where the second
jet is required to have at least pjet
T > 40 GeV. Figure 4 shows the measured cross section
compared to LO and NLO pQCD predictions 12 . The LO (non trivial) predictions for this
observable, with at most three partons in the final state, is limited to ∆φdijet > 2π/3, for which
the three partons define a Mercedes-star topology. The NLO predictions for this observable,
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Figure 4: (left) Measured azimuthal decorrelations in dijet production for central jets compared to pQCD predictions in different regions of pjet
T of the leading jet. (right) Measured azimuthal decorrelations in dijet production
for central jets compared to pythia and herwig predictions in different regions of leading pjet
T . The band covers
pythia predictions with different amount of initial-state soft-gluon radiation.

with four partons in the final state, describes the measured ∆φdijet distribution better except in
the very high and very low regions of ∆φdijet . Figure 4(right) present the measured cross section
compared to pythia and herwig predictions in different regions of pjet
T . The pythia samples
with default parameters underestimates the gluon radiation at large angles. Different tunes of
pythia predictions are possible, which include an enhanced contribution from initial-state soft
gluon radiation, to properly describe the azimuthal distribution. herwig also describes the data
although tends to produce less radiation than pythia close to the direction of the leading jets.
This measurement clearly shows that angular correlations between jets can be employed to tune
Monte Carlo predictions of soft gluon radiation in the final state.
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PHOTON+JET PRODUCTION AT

√

s=1.96 TeV

C. DELUCA
Institut de Fı́sica d’Altes Energies, Universitat Autonòma de Barcelona,
Ed. Cn, 08193 Barcelona, Spain.
Prompt photon production results by the CDF and DØ Collaborations in the Tevatron Run II
√
at a center of mass energy of s=1.96 TeV are presented. Cross sections for central isolated
photons, photon+jet production and photons produced in association with a heavy flavor
quark are reported. The measurements are compared to Next-to-Leading order perturbative
QCD predictions.

1

Introduction

The prompt photon cross section is a classic measurement to test perturbative QCD (pQCD)
with the potential to provide information on the parton distribution function (PDF), and sensitive to the presence of new physics at large photon transverse momentum. Prompt photons also
constitute an irreducible background for important searches such as H→ γγ, SUSY or models
with extra-dimensions with energetic photons in the final state. From an experimental point of
view, the study of direct photon production has several advantages compared to QCD studies
using jets, but require a good understanding of the background, mainly dominated by light
mesons (π 0 and η) which decay into photons. Since these photons are produced within a jet,
they can be suppressed by requiring the photon candidates to be isolated in the calorimeter.
2

Inclusive isolated prompt photon cross section

CDF has recently measured the inclusive isolated prompt photon cross section for central photons
using 2.5 fb−1 of data, a factor of 6 more than in previous measurements 1 , which results in an extension of the pT coverage by 100 GeV/c. The cross section is measured up to 400 GeV/c, testing
the pQCD over 6 orders of magnitude. Photons are required to have |η| <1.0, pT >30 GeV/c,
iso
and to be isolated with ETiso
p <2.0 GeV, where ET is defined as the transverse energy deposited
in a cone of radius R = ∆η 2 + ∆φ2 =0.4 around the photon candidate minus that of the
photon. To reject electrons from W decays and non-collision backgrounds, candidates with
ETmiss >0.8pT are vetoed. The fraction of prompt photons in the sample is determined by fitting
the calorimeter isolation distribution in the data to signal and background templates obtained
from MC simulations. Data are unfolded back to hadron level using a bin-by-bin procedure in
a PYTHIA inclusive photon MC sample. The unfolding factors correct for selection efficiencies
and for the detector resolution and acceptance effects, and vary between 64% to 69% in the pT
considered. The systematic uncertainties in the cross section range from 10 to 15%, dominated
by the purity determination at low pT and by the uncertainty in the photon energy scale at high
pT .
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Figure 1: The inclusive isolated prompt photon cross section as a function of the photon transverse
momentum measured by the CDF experiment (left). The ratio data to the NLO pQCD predictions
corrected for the non-pQCD contributions of the underlying event is shown in the right.

The cross section is measured as a function of the photon transverse momentum and compared
to NLO pQCD predictions as given by the JETPHOX 2 program, with CTEQ6.1M PDFs 3 ,
BFGII fragmentation functions 4 and renormalization, factorization and fragmentation scales
set to the transverse momentum of the photon (see Fig. 1). The pQCD predictions have been
corrected to account for the non perturbative effect of the underlying event, estimated from two
different sets of tunes in PYTHIA samples 5 . This correction decreases the theoretical cross
section by approximately 9%, constant in pT . The ratio of the measurement to the theory as a
function of the photon transverse momentum is also presented in Fig. 1. Theory and data agree
over the whole measured pT range except for pT <40 GeV/c. For pT >40 GeV/c the data is
over the theory, reproducing the trend seen in previous measurements.

3

Photon plus jet cross section

The DØ Collaboration has measured the photon + jet cross section with 1.1 fb−1 of data 6 .
Photons must be isolated and have |y γ | <1.0 and pγT >30 GeV/c. The isolation criteria requires
the transverse energy not associated to the photon in a cone of radius R = 0.4 around the photon
direction to be less than 0.07 times the energy of the photon. Backgrounds from cosmics and
electrons from W boson decays are vetoed by a missing transverse energy requirement of ETmiss <
12.5 GeV + 0.36pγT . Jets are reconstructed with a midpoint cone algorithm with R = 0.7, and
jet
jet
must have pjet
T >15 GeV/c and can be either central (|y | <0.8) or forward (1.5< |y | <2.5).
The leading photon and jet are required to have ∆R(γ, jet) >0.7. The photon purity of the
sample is determined with a neural network (NN) using information from the calorimeter and
the tracker.
The differential cross section as a function of the pT of the photon is shown in Fig. 2. The
measurement is performed in four different kinematic regions defined by central (forward) jets
and same and opposite sign photon and jet rapidities. Data are compared to theoretical predictions obtained from JETPHOX with CTEQ6.5M PDFs and BFGII fragmentation
functions.
p
The scales have been chosen to be µR,F,f = pγT f (y ∗ ) with f (y ∗ ) = 1 + exp(2|y ∗ |)/2 and
y ∗ = 0.5(y γ − y jet ). Non-PQCD effects were considered to be negligible. As shown in Fig. 2, the
predictions do not describe the shape of the data for the whole measured range, especially for
|y jet | <0.8 and pγT >100 GeV/c and for 1.5< |y jet | <2.5, y γ · y jet <0 and pγT <50 GeV/c, where
the difference in shape is similar to those observed in previous inclusive photon measurements 1 .
The comparison to predictions with different PDFs 7 leads to similar conclusions.
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Figure 2: The measured cross section as a function of the photon transverse momentum for the four
different kinematic regions (left). For presentation purposes, the cross section result for central jets and
y jet · y γ >0 and for forward jets with y jet · y γ >0 and y jet · y γ <0 are scaled by factors of 5, 0.1, and
0.3 respectively. The corresponding ratios to the theory predictions vs the pT of the photon, for each
measured interval, are shown in the right.

4

Photon plus heavy flavor jet cross section

The differential cross section for the processes γ + b + X and γ + c + X has been measured with
1.02 fb−1 of data collected by the DØ detector 8 . Photons are subjected to the same selection
as in Section 3, and jets are reconstructed with a midpoint cone algorithm with R = 0.5. The
jets are required to have |y jet | <0.8 and pjet
T >15 GeV/c. The leading jet must have at least two
tracks associated with hits in the silicon microstrip tracker for the heavy flavor tagging. The
b and c jets are identified by using the longer lifetime of the B and D hadrons in a dedicated
NN, with an efficiency of 55-62% for b jets and of 11-12% for c jets. The background from
light meson decays is statistically subtracted using a NN. The fractional contribution of b and
i
i
templates to the data, where Ptracks
is
c jets is determined by fitting PHF −jet = −lnΠi Ptracks
the probability that a track originates from the primary vertex. The templates for b and c jets
are obtained from MC, and the light jet templates come from a data sample enriched with light
jets.
The cross section is measured as a function of the photon transverse momentum for two different
kinematical regions defined by y γ · y jet >0 and y γ · y jet <0, and is shown in Fig. 3 for γ + b + X
and γ + c + X. The result is compared to NLO pQCD predictions with CTEQ6.6M PDFs
and µR,F,f =0.5pγT . These predictions have been corrected for parton-to-hadron fragmentation
effects by 7.5% (3%) in the b (c) jet cross section for low pγT and by 1% in both predictions
at high pγT . Data and theory agree for the γ + b + X in the whole measured range. For the
γ + c + X cross section, the theory does not describe the shape nor the normalization observed
in the data for pγT >50 GeV/c. Data are also compared to predictions including two models
with intrinsic charm parametrizations in the CTEQ6.6M PDF 9 . Both models do not describe
the cross section. The observed difference in the shape could be due to an underestimation of
the g → QQ̄ splitting in the theory, which becomes dominant at high pγT 10 .
5

Summary

The cross section for inclusive isolated prompt photons, photon + jet and photon produced in
√
association to a heavy flavor jet have been measured at the Tevatron, with s =1.96 TeV and
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Figure 3: The measured γ + b + X and γ + b + X cross sections as a function of the photon transverse

momentum for the different kinematic regions (left). The ratios to the theory predictions vs the pT of
the photon, for each measured cross section, are shown in the right.

with luminosities that range from 1.02 fb−1 to 2.5 fb−1 . The cross sections are compared to
theoretical predictions, providing a test of the pQCD theory up to 6 orders of magnitude. The
measured cross section agrees with the theory except for pγT <40 GeV/c, where data and theory
shapes differ in a similar manner as that observed in previous measurements. The photon + jet
cross section has been measured for four different kinematical regions, resulting in similar shapes
as in the inclusive measurement. The theory is not able to describe the measurement in the
whole measured range, especially for |y jet | <0.8 and pγT >100 GeV/c and for 1.5< |y jet | <2.5,
y γ · y jet <0 and pγT <50 GeV/c. First measurements on γ + b + X and γ + c + X cross sections
have been presented. Good agreement is observed in the case of b jets, while theory is below
the data in the c jet cross section for pγT >50 GeV/c.
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Jet Studies at CMS and ATLAS
Konstantinos Kousouris
Fermi National Accelerator Laboratory, P.O. Box 500 Batavia IL 60510, USA
The jet reconstruction and jet energy calibration strategies adopted by the CMS and ATLAS
experiments are presented. Jet measurements that can be done with early data to confront
QCD at the highest transverse momentum scale and search for new physics are described.

1

Introduction

Jet final states will be the dominant ones at the LHC p-p collisions. The understanding of the
jet objects will be critical for the re-discovery of the standard model and at the same time will
increase the sensitivity to new physics signals. Despite the large experimental uncertainties, the
CMS 1 and ATLAS 2 experiments will be able to probe the highest transverse momentum scale,
far beyond the Tevatron reach, even with small amount of data (O(10 pb−1 )).
2
2.1

Jet Properties
Jet Reconstruction

The reconstruction of the jets can be done with different inputs (calorimeter energy depositions,
combined calorimeter and tracker information, tracks alone or particle flow candidates) and
both experiments plan to use all the above jet flavours in order to optimise the sensitivity of
each physics channel. For QCD studies which reach the highest pT and cover the full spectrum
and detector acceptance, the calorimeter jets are used. The algorithms employed in the jet
reconstruction need to be infrared and collinear safe to allow theoretical calculations. The
ATLAS experiment plans to use the Seeded Cone algorithm with two radius sizes (R = 0.4, 0.7) 3
and the successive recombination kT algorithm 4 with two distance parameters (D = 0.4, 0.6).
The CMS experiment plans to use the Seedless Cone 5 with two radius sizes (R = 0.5, 0.7) as
well as the kT algorithm with two distance parameters (D = 0.4, 0.6).
2.2

Jet Energy Scale

The most important uncertainty related to jets is the jet energy scale (JES). Due to the non
linear and non uniform response of the CMS and ATLAS hadron calorimeters, it is necessary
to apply jet energy corrections which restore on average the JES. Both experiments plan to
use data-driven approaches for in-situ jet calibration at startup (dijet balancing to restore the
pseudorapidity uniformity and γ, Z + jet balancing to restore the non-linearity) 6 3 . At a later
stage of the experiments, when Monte Carlo simulations tuned to data will be available, the
JES will be determined from the Monte Carlo. In Fig. 1 the corrected jet energy response in the

ATLAS calorimeter is shown as a function of η and energy, compared to the raw jet response.
The systematic uncertainty of the JES expected with early data is of the order of 10% and could
reach 5% with 100 pb−1 of data.

Figure 1: Effect of the jet energy corrections in the ATLAS simulation. Left: corrected jet response compared to
raw jet response as a function of η. Right: corrected jet response compared to raw jet response vs energy.

3

Inclusive Jets

The measurement of the inclusive jet cross-section, as a function of the jet pT is critical for
the commissioning of the jet object and the understanding of the detectors. Moreover, it is
sensitive to new physics, such as contact interactions and quark compositeness. Even with large
experimental systematic uncertainties (dominated by the JES and followed by the luminosity
uncertainty), physics beyond the Standard Model will manifest itself as large deviation from
√
QCD at high jet pT . With 10 pb−1 at s = 14 T eV p-p collisions, a contact interaction at
energy scale Λ = 3 T eV can be clearly seen (the Tevatron excluded limit is Λ < 2.7 T eV 7 ).
In Fig. 2 the contact interaction signal is compared to the QCD prediction and the dominant
systematic uncertainties. It should be noted though that in the absence of new physics signal,
the inclusive jet cross-section cannot be used as a precision QCD measurement due to the large
experimental uncertainties. This can only be achieved if the JES uncertainty is ∼ 1 − 2%.

√
Figure 2: Left: inclusive jet cross-section in the central rapidity (|η| < 1) with 10 pb−1 at s = 14 T eV p-p
collisions. The shaded band is an estimate of the dominant experimental uncertainties. Right: deviation from
QCD due to contact interaction, compared to systematic and theoretical uncertainties.

4

Dijet Mass and Dijet Ratio

Another observable of interest is the dijet production cross-section, as a function of the invariant
mass of the two jets with the highest pT in an event. This measurement will be used to confront

the QCD predictions at transverse momentum scales, far beyond any previous experiment. It
can also be used to search for new physics 8 , such as resonances (e.g. excited quark) that decay to
two jets. In Fig.3(left) the fractional deviation of excited quark signal from QCD is compared to
√
the statistical uncertainty corresponding to 100 pb−1 of data with pp collisions at s = 14 T eV .
However, the direct measurement of the dijet cross-section is dominated by the JES systematic
uncertainty and cannot be used as a precision QCD test with early LHC data.
Observables sensitive to the angular properties of the dijet production can be used early
on to detect deviations from QCD predictions. While the QCD production is dominated by
t-channel scattering, new physics signals tend to be more isotropic (s-channel). When enough
data will be available and the detectors are understood, the study of the angular distributions
will provide maximum sensitivity to new physics. During the early data taking however, the
study of the dijet ratio as a function of the dijet mass will be a robust measure of the angular
production properties. The dijet ratio is defined as R = N (|η| < 0.7)/N (0.7 < |η| < 1.3)
where N (|η| < 0.7) is the number of dijet events with both jets observed in the central rapidity
region and N (0.7 < |η| < 1.3) is the number of events with both jets observed in the region
0.7 < |η| < 1.3. In Fig.3(right) the QCD prediction for the dijet ratio is approximately flat
at the value of ∼ 0.5 while new physics, such as contact interaction, leads to large deviation
with increasing dijet mass. In the dijet ratio measurement important experimental systematic
uncertainties (JES, luminosity) cancel and therefore this measurement is suitable for early data.

Figure 3: Left: fractional deviation of excited quark production from QCD, as a function of the dijet mass,
−1
at
for
√ various resonance masses. The errors correspond to the statistical uncertainty expected with 100 pb
s = 14 T eV pp collisions. Right: the dijet ratio observable for QCD (flat line) compared to contact interaction.

5

Other QCD studies

In addition to the jet measurements which are sensitive to new physics, dedicated QCD studies
are also feasible with early data. The dijet azimuthal decorrelation observable (1/N dN/d∆φ)
is sensitive to the underlying QCD dynamics 9 and at the same time unaffected by the JES
uncertainty. In Fig.4 (left) typical dijet azimuthal decorrelation distributions are shown from
different Monte Carlo generators (ATLAS simulation). The shape at low ∆φ values is sensitive
to the fragmentation and hadronization modelling and this measurement can be done with early
data in order to confront the QCD predictions and tune the Monte Carlo event generators.
The jet structure is also sensitive to the showering and fragmentation modelling in the Monte
Carlo generators. It can be quantified by studying the transverse momentum distribution of the
jet constituents 10 . The measurement is moderately affected by the JES uncertainty and can be
performed with early data. In Fig.4(right), the jet shape variable is shown as a function of the
jet pT . At low pT the QCD jets originate mostly from gluons (wider calorimeter shower) while
at higher pT the quark fraction increases and the jets become narrower.

Figure 4: Left: dijet azimuthal decorrelation as predicted by different generators
from ATLAS simulation. Right:
√
jet shapes variable as a function of the jet pT from CMS simulation at s = 14 T eV pp collisions. The error bars
reflect the combined statistical and systematic uncertainty.

6

Conclusions

Jet measurements at LHC will be used to confront the predictions of QCD while at the same
time being sensitive to new physics signals. Despite the large systematic uncertainties expected
at startup, mainly due to the JES, the unprecedented pT reach with pp collisions at 14 T eV
will allow the exploration of the T eV scale. Precision QCD measurements however will not
be feasible until the experimental uncertainties are sufficiently understood and reduced. Both
CMS and ATLAS have a rich QCD physics program with jets which will be employed as soon
as collision data become available.
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The propagation of uncertainties from the measured experimental data to the partond distribution functions using Monte Caro methods is discussed. We briefly present a comparison
with other methods.

1

Introduction

The accuracy of current and forthcoming experiments requires a precise determination of the
parton distribution functions (PDFs) and a robust estimate of the associated uncertainty, which
should have a small theoretical bias, and can be associated with a genuine statistical confidence
level.
In a series of recent papers 1,2,3,4 the NNPDF collaboration has developed a method based
on a Monte Carlo (MC) estimate of the errors that allows the propagation of uncertainties from
the experimental data to the fitted PDFs, and to any other quantity that depends on them.
We summarize in this note the main features of the NNPDF approach. Each PDF at the
reference scale f (x, Q20 ) is parametrized using a neural network, and therefore the space of
functions V (f ) is mapped into the space of parameters that define the net. We shall not present
the details of the neural network parametrization here, since the statistical considerations that
we discuss apply equally well to any parametrization which is flexible enough not to introduce
a functional bias. The MC method aims at determining the probability distribution in V (f ).
2
2.1

The Monte Carlo approach
Methodology

As pointed out in Ref. 5 a faithful determination of the PDFs is achieved by computing the
probability measure in the functional space V (f ) of possible functions describing the PDFs at
some reference scale. Note that the PDFs are defined, and can be extracted from experimental
data, only within a well–defined theoretical framework, e.g. using perturbative QCD in a given
scheme and at a given order of perturbation theory. These choices, together with any other
theoretical assumption determine the priors for the probability measure.
In the NNPDF approach this measure is represented by a MC ensemble, which is obtained
in two steps, as first proposed in Ref. 1 .

First we generate an ensemble of artificial data, i.e. we generate Nrep replicas of the whole
data set, such that the statistical distribution of the replicas reproduces the statistical distribution of the experimental data. A detailed description of this procedure is presented below in
Sect. 2.2.
In the second step we perform a fit to each replica of the data, thereby obtaining an ensemble
of functions {fk ; k = 1, . . . , Nrep }. This ensemble of fitted functions yields a representation of
the density measure in V (f ), which can be used to compute the probability distribution of any
quantity that depends on the PDFs. It is important to realize that the MC ensemble is not a
random exploration, but rather an importance sampling of V (f ).
2.2

Experimental errors and correlations

Artificial data are generated following Refs. 1,2,3,4 . In order to facilitate the comparison with
recent NNPDF fits, we follow the notation introduced in Ref. 4 , where the reader can find
a more detailed description of the procedure. Let us denote by Fp a generic data point, by
σp,l the correlated uncertainties, σp,n the normalization uncertainties, and σp,s the statistical
(exp)
uncertainties. For each given data point Fp
we generate k = 1, . . . , Nrep artificial points
(art)(k)
Fp
as follows
Fp(art)(k)

=

(k)
Sp,N Fp(exp)

1+

Nc
X
(k)

rp,l σp,l +

rp(k) σp,s

!

, k = 1, . . . , Nrep ,

(1)

l=1

where
(k)
Sp,N

=

Na 
Y

n=1
(k)

(k)

(k)

1+

(k)
σp,n
rp,n

Nr q
Y

(k)

1 + rp,n σp,n .

(2)

n=1

The variables rp,l , rp , rp,n are all univariate gaussian random numbers that model the fluctuations of the artificial data around the central value given by the experiments. For each replica
(k)
(k)
k, if two experimental points p and p′ have correlated systematic uncertainties, then rp,l = rp′ ,l ,
i.e. the fluctuations due to the correlated systematic uncertainties are the same for both points.
(k)
A similar condition on rp,n ensures that correlations between normalization uncertainties are
properly taken into account.
The treatment of normalization uncertainties needs some care in order to avoid a fit result
which is systematically biased to lie below the data 6 . Our treatment of the normalization errors
is spelled in detail in Ref. 4 .
Figure 1 shows scatter plots for the central values and the errors of the data. On the
horizontal axes we report the experimental data and their errors as given by the experimental
collaborations, while the vertical axes show the central values and errors obtained by averaging
over our set of replicas. Each data point included in the fit corresponds to one point on the scatter
plots. It is clear from the figure that the replicas reproduce the experimental data and their
errors to a very good accuracy already with a set of 100 replicas. A quantitative assessment of the
accuracy of the replica set can be obtained by monitoring the statistical estimators introduced
in Ref. 2 . These estimators have been used to assess the accuracy of the MC sampling of the
experimental data in all the subsequent NNPDF analyses, and we refer the interested reader to
Refs. 2,3,4 for a more detailed discussion.
The important feature in this first stage is that the fluctuations of the replicas in the MC
sampling of data do reflect the true errors in the data as quoted by the experimental collaborations, i.e. there is no rescaling of the error bars in the MC procedure.
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Figure 1: Scatter plots of experimental vs. Monte Carlo central values (left panel) and errors (right panel).

2.3

Fitted replicas

In order to propagate the density measure to the fitted quantities, we perform a standard
bootstrap analysis, as explained e.g. in Ref. 7 .
A set of parton distributions is obtained by fitting each replica of the data. The fit is
performed by minimizing for each replica the error function:
E (k) [ω] =

Ndat 

 

1 X
(art)(k)
(net)(k)
(art)(k)
(net)(k)
− Fi
− Fj
Fi
(cov)−1
Fj
,
ij
Ndat i,j=1

(3)

(net)(k)

is the predicted value for the i-th data point, which depends on the parameters
where Fi
ω that define the neural networks. Note that the covariance matrix is included in the figure
of merit for the minimization, and therefore correlations are fully taken into account. Further
details can be found in Ref. 4 .
The MC set of fitted parton distributions provides a faithful representation of the density
measure in V (f ) that is induced by the data included in the fit, for the given priors specified in
defining the PDFs, the kinematical cuts, and the physical constraints imposed during the fitting
procedure.
Any observable O that is constructed from the PDFs can be computed as an average on the
replica ensemble:
hO[f ]i =

Nrep
1 X
O[fk ] ,
Nrep k=1

(4)

while the set {Ok ≡ O[fk ]} provides a representation of the probability distribution for the
observable O. Therefore the uncertainty of any quantity constructed using the PDFs is obtained
as the central 68% percentile of the replica distribution. In this respect there is no difference
between computing the uncertainty on the PDFs or on a derived quantity. The uncertainty
computed in this way corresponds to a genuine 68% confidence region, provided the replica
ensemble is large enough to yield a faithful representation of the probability distribution. Finally
let us remark that for a Gaussian distribution the central 68% percentile coincides with the
variance of the ensemble, while the two quantities differ if the distribution is skewed. Once
again a quantitative description of the density measure is provided the statistical estimators
introduced in Ref. 2 .
It is worthwhile stressing again that the set of PDF replicas obtained in this way is not a
random sampling of parameter space. On the contrary a best fit is generated for each replica,
and therefore the fluctuations of the fits truly reflect the fluctuations in the PDFs induced by
the fluctuations in the data. Likewise potential flat directions in parameter space are sampled
in the set of fitted replicas.

3

Comments

There are currently different methods to determine the uncertainty on a given observable O.
In the Hessian matrix (HM) method, a tolerance region is defined in parameter space by
setting a “tolerated increase” T 2 in the value of χ2 above the best–fit value. This region can be
P
mapped into a sphere i zi2 ≤ T 2 by choosing a set of orthonormal PDF parameters {z1 , . . . , zN }.
The 1σ error for an observable X is obtained by linear error propagation:
v
uN 
2
X
1u
(δO)HM ≈ t
O(zi+ ) − O(zi− ) ,

2

(5)

i=1

where O(zi± ) are the values of O corresponding to the extreme positive/negative values of the
parameter zi on the spere obtained for T = 1, with the other parameters fixed at their best–fit
value zj = zj0 for j 6= i.
The HM method yields the same result as the MC method for Gaussian–distributed compatible datasets. A comparison of the two methods based on the same datasets and with the
same theoretical assumptions has been presented in Sect. 3 of the Summary Report for the
HERA–LHC workshop proceedings 8 . The introduction of a tolerance parameter T ≥ 1 to define
the 1σ contours amounts to rescaling all errors by a constant factor, and obscures the statistical
meaning of the error bands.
A recent publication 9 has introduced a PDF uncertainty on a variable O as the envelope
of the values {Ok ; k = 1, . . . , Nsam } obtained by sampling the (N − 1)–dimensional spherical
boundary of the 1σ tolerance region with a flat probability. The uncertainty is defined as:
(δO)env = max {O1 , . . . , ONsam } − min {O1 , . . . , ONsam } .

(6)

Even though this procedure is correct in principle, the convergence of the envelope error to the
actual error, as obtained from the MC or HM methods, is very slow. It can be shown in a simple
example that the envelope method systematically underestimates the correct error for a finite
number Nsam of elements chosen on the tolerance boundary. This is due to the fact that this
method explores the boundary of the tolerance region with a uniform probability, and therefore
becomes less and less efficient as the dimension of the parameter space is increased. Note that
this does not correspond to the MC method adopted by the NNPDF collaboration: as noted
above the MC method performs an importance sampling of the parameter space.
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Aspects of Jet Production with PHENIX
M. Nguyen for the PHENIX Collaboration
Department of Physics and Astronomy, Stony Brook University,
Stony Brook, NY, U.S.A.
Meausrement of the in-medium energy loss of fast partons is one of the most active topics in
heavy-ion physics. Such studies provide an opportunity to gain insight into the fundamental
behavior of QCD processes by studying them away from vacuum conditions. A promising
channel for relating theoretical models to data are two particle correlations using direct photon
triggers. Recent results on this observeable using the PHENIX detector are presented.

1

Parton Energy Loss in a QGP

The primary motivation for nuclear collisions at the Relativistic Heavy Ion Collider (RHIC)
is to study the medium created at high energy density, which we believe to be composed of
a dense, thermalized, effectively deconfined Quark-Gluon Plasma (QGP). Jet tomography is a
promising tool with which to study medium properties. In the ideal case one would observe
the attenuation of a parton beam of fixed energy in a stationary sample of QGP, in analogy to
X-ray tomography in medical applications. To the extent that the interaction of fast partons
with the medium is well understood, we may then infer the density profile of the medium. The
theoretical modeling of energy loss in hot nuclear matter, however, turns out to be a rather rich
field of study in itself.
In practice, we have access to neither parton beams nor QGP bricks. In fact, the medium
is small and fleeting, the size and lifetime being only of order 10 fm. Instead we use hard
scattered partons generated within the medium to probe the system. The typical time scale of
jet production is such that partons are likely to lose energy via gluon radiation as they traverse
the medium and fragment as normal, albeit at lower energy, outside the medium. Then, at least
to lowest order, we might expect the observed distribution of hadrons to reflect an effectively
modified fragmentation function which is simply shifted by the amount of lost energy which
must be averaged over all trajectories.
The calculation of ∆E for a given path-length, L, led to the consideration of destructive interference of gluon bremsstrahlung due to multiple scattering, the so-called Landau-PomeranchukMigdal (LPM) effect which was a previously unsolved problem in QCD. This effect predicts
an L2 dependence to the ∆E as opposed to the linear dependence one naively expects 1 . This
provides a nice example of how we might test fundamental predictions of QCD by introducing
medium effects.
An accurate description of medium modification requires a thorough understanding of vacuum jet fragmentation which may be tested by comparing measured cross sections to Next-toLeading Order (NLO) pQCD calculations. Shown in Figure 1 is the inclusive direct photon cross
section in p+p collisions which compare well with NLO calculations 2 .

Figure 1: Inclusive direct photon cross section in p+p
collisions compared to an NLO pQCD calculation 2 .

2

Figure 2: Nuclear modification factor RAA (pT ) for direct photons and π 0 ’s in central Au+Au collisions 3,4 .

High pT Suppression and Modified Jet Shapes

Nuclear effects are quantified via the nuclear modification factor RAA which is the ratio of the
yield observed in Au+Au divided by the yield in p+p collisions scaled by the number of binary
collisions in Au+Au. Shown in Figure 2 is the RAA for π 0 which shows a factor of five suppression
which is taken as evidence that jets are strongly quenched by the medium 3 . On the other hand,
direct photons are unmodified as one would expect from a color neutral object which would not
interact strongly with the medium 4 a .
The best way to study jets is by employing jet reconstruction algorithms, a well developed
procedure in the context of elementary particle collisions. Such studies are indeed being pursued
in heavy-ion collisions, but are complicated by the presence of a very large background. Instead
we focus on two particle correlations in which essential features of jet production are evident
in azimuthal correlations between particle pairs. Typically, we tabulate per-trigger yield (Y )
of associated particles as a function ∆φ from which a di-jet structure is manifest as a double
peak structure. The underlying event (UE) in p+p collisions is treated as a pedestal and is
removed by a two Gaussian + constant fit. Although the true structure of the UE is known to
be more complicated 5 , such a procedure is justified by the fact that a similar methodology is
applied in Au+Au collisions and we are primarily interested in the difference between the two
systems. In Au+Au the UE is much larger due to the large number of soft collisions. This
background is subtracted by event mixing since, to good approximation, it is independent of the
hard scattering. The soft background does however contain correlations of its own due to the
collective behavior of the system which must be subtracted away to study the jet correlations.
In glancing (peripheral) Au+Au collisions, two particle correlations resemble the corresponding measurement in p+p collisions. In head-on (central) collisions, however, the away-side shape
is drastically modified into a configuration in which the peak is shifted approximately one raNote that at very high pT the data do show a hint of deviation from an RAA of unity. Such effects may be
expected due to both initial and final state effects are reviewed in 6 .
a
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Figure 3: Example of a di-hadron correlation measurement in which a modified jet shape is apparent 7 .
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Figure 4: Examples of direct photon triggered correlation measurements in p+p and Au+Au collisions 8 .

dian away from π, a feature colloquially referred to as the cone 7 . This observation spurred a
tremendous amount of theoretical interest. A number of theories have been proposed to explain
the data. For example, it’s been argued that the away-side parton creates a mach cone as it
passes through the medium 9 .
An alternative explanation proposes that the mechanism of gluon radiation may itself be
modified in such a way as to produce this feature. This calculation uses standard perturbative methods, namely Sudakov form factors, to calculate in-medium jet shape modifications 10 .
However, an additional term is added to the parton splitting functions. The authors find that
large angle scattering is enhanced and, in principle, one is able to recover the cone-like jet
shape. Another approach, along similar lines, calculates not angular correlations, but rather the
momentum distribution of final state hadrons using the so-called Modified Leading Log Approximation (MLLA) along with the assumption of Local Parton-Hadron Duality (LPHD) 11 . This
calculation predicts a characteristic enhancement of particles at low fractional momentum which
can be tested at RHIC and even better at the larger jet energies available at the LHC. More
advanced calculations are currently being implemented into Monte Carlo simulations however
reliable predictions are for di-hadron correlations are difficult to obtain as the trigger bias introduced by such measurements is problematic. For quantitative comparisons we must look to full
jet reconstruction or direct photon correlations where the initial jet energy may be determined.
3

Direct Photon Correlations

Shown in Figure 4 are examples of two particle correlations using direct photon triggers and
associated charged hadrons in both p+p and Au+Au. The analysis is performed by measuring
the per-trigger yield of inclusive photons and estimating that of decay photons from the measured
π 0 and η triggered correlations according to a Monte Carlo based calculation as described in 8 .
The direct photon correlations are obtained by a statistical subtraction of these two quantities
according to
Ydirect =

Rγ
1
Yinclusive −
Ydecay ,
Rγ − 1
Rγ − 1

(1)

where Rγ (≡ Ninclusive /Ndecay ) is determined from the decay and direct photon spectra.
One can test the compatibility of the measurement with NLO calculations. Shown in Figure
5 is the zT (≡ phT /pγT ) distribution for isolated direct photons ? in p+p collisions where, modulo
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Figure 5: Away-side charged hadron yield per isolated direct photon vs. zT compared to NLO calculations from 13 .
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Figure 6: γ-h IAA 8 , π 0 RAA 3 and h-h IAA 14 vs. number of participants for the pT selections as indicated.

the kT effect, the distribution measures the the fragmentation function of the away-side jet.
Also shown are NLO calculations from 13 using the KKP parametrization 12 of the FF’s which
show good agreement with the data.
Figure 6 shows γ-h IAA for the ratio of the per-trigger yield in Au+Au to that in p+p
collisions, for the away-side head region (HR) as shown in Figure 3. The pT selection, as indicated
in the legend, corresponds to hzT i ≈ 0.45. The similarity to the large suppression shown by the
high pT single π 0 yield (RAA ) suggests that surface emission is dominant and supports a picture
in which the medium is composed of an extremely opaque core. Depending on the density profile,
one might expect di-hadron correlations to show a different level of suppression since the both
jets are biased towards small energy loss. Within the statistical precision of the measurement,
however, no difference is apparent.
Model calculations suggest that sensitivity to the energy loss mechanism and density profile
are maximized at low values of zT where the h∆Ei of the away-side jet becomes large 15,11,13 .
New data from recent and upcoming runs should provide the improved statistical precision to
measure to low values of zT where and to confront the energy loss models discussed in this work.
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Jet physics and strong coupling at HERA
M. Gouzevitch (on behalf of H1 and ZEUS collaborations)
The H1 Collaboration, DESY, Notkestrasse 85, 22607 Hamburg, Germany

Jet production in electron-proton scattering at HERA provides an important testing ground
for Quantum Chromodynamics (QCD). The inclusive jet and multi-jet cross sections recently
measured by H1 and ZEUS collaborations allow a precise determination of the strong coupling
and test of its running. Additionally, a measurement of the angular correlations in the 3-jet
events gives a handle on the fundamental gauge structure of the QCD.

1

Jet production at HERA

In ep collisions at HERA one distinguishes two processes, according to the virtuality Q2 of the
exchanged boson, DIS and photo-production.
In DIS a highly virtual boson (Q2 > 1 GeV2 ) interacts with a parton carrying a momentum
fraction of the proton. The Born level contribution to DIS generates no transverse momentum in
the Breit frame, where the virtual boson and the proton collide head on. Significant transverse
momentum PT in the Breit frame is produced at leading order (LO) in the strong coupling αs
by the QCD-Compton and boson-gluon fusion processes.
In direct photo-production the quasi-real photon (Q2 < 1 GeV2 ) interacts with a parton
from the proton. In resolved photo-production the photon behaves as a hadron and a parton
from the photon, carrying a fraction of its momentum, enters the hard scattering with the proton
and gives rise to jet production.
In the analyses presented here jets are defined using the kT clustering algorithm. The
associated cross-sections are collinear and infrared safe and therefore well suited for comparison
with predictions from fixed order QCD calculations. For DIS, the jet algorithm is applied in the
Breit frame, and for photo-production in a photon-proton collinear frame, the laboratory frame.
2

Gauge Structure of QCD

The angular correlations in the 3-jet cross sections were measured by the ZEUS collaboration
in photoproduction and DIS based on a sample of about 130 pb−1 collected between 1995 and

(1/σ) dσ/dΘH

SU(3)
U(1)

ZEUS γp 127 pb

-1

3

SU(N), large N

0.02

CF = 0
SO(3)

(1/σ) dσ/dcos(α23)

ZEUS

0.03

1.5

1

0.01

0
0.5

theoretical uncertainty

0
-0.5
-1

0

20

40

60

80

ΘH (deg)

rel. diff. to SU(3)

rel. diff. to SU(3)

0.5

0
0.5
0
-0.5
-1

-1

-0.5

0

0.5

1

cos(α23)

Figure 1: Differential 3-jet cross sections normalised to the shape in photoproduction as function of ΘH , the angle
between the plane determined by the highest-transverse-energy jet and the beam and the plane determined by
the two jets with lowest transverse energy (left) and the angle between second and third jet (right).

2000 1 . The transverse momentum PT of jets is required to exceed 14 GeV, if Q2 < 1 GeV2 , or
8 GeV for the first jet and 5 GeV for second and third jets, if Q2 > 125 GeV2 . The differential
cross sections were normalised in shape by the total 3-jet cross section in order to reduce the
sensitivity to the scales, parton density functions (PDFs) and to the strong coupling constant
and its running. In a given angular distribution, it may be possible to distinguish a particular
component of the hard scattering, e.g. its shape may distinguish between a two-boson-fermion
vertex or a tri-boson vertex. The absolute contribution to the cross sections of each of those
vertices is given by the colour factors which represents a signature of the underlying gauge group.
An example of such the angular correlations is given in figure 1.
The theoretical uncertainties, typically of the order of 5%, are dominated by the experimental
uncertainties of typically 10%. The main impact to the experimental uncertainty comes from
the limited statistics (inner error bars) and from systematic uncertainties (outer error bars)
dominated by the model dependence of data correction. This measurement rule out some of the
choices of underlying gauge groups, like SU(N) with large N or CF = 0, but further improvements
in sensitivity are needed to distinguish between SU(3), SO(3) and U(1)3 .
3
3.1

Strong Coupling Determination
Jets cross sections

In a ZEUS photoproduction analysis 2 the inclusive jet cross sections were measured by requiring
the jet PT above 17 GeV and the jet pseudorapidity within −1.0 < η Lab < 2.5. The measured
cross-sections are corrected for detector acceptance using leading order Monte Carlo event generators. The overall experimental systematic uncertainty of typically 10 to 15% is dominated
by the uncertainty on the absolute energy scale of the hadronic calorimeters and the model
dependence of data correction.
A jet measurement in DIS was recently performed by the H1 collaboration in two kinematic
regimes. The low Q2 data 3 , corresponding to 5 < Q2 < 100 GeV2 , are selected by requiring the
scattered electron to be measured in the Spaghetti endcap Calorimeter. The high Q2 data 4 ,
corresponding to 150 < Q2 < 15000 GeV2 , are selected by requiring the scattered electron to
be measured in the Liquid Argon barrel Calorimeter. At low Q2 a sample of 44 pb−1 collected
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Figure 2: The normalised inclusive jets cross sections in DIS as function of PT of jets in different Q2 regions.

between 1999 and 2000 is used, whereas at high Q2 the analysis is based on nearly the full H1
data sample of about 400 pb−1 collected between the years 1999 and 2007.
The inclusive jet cross sections were measured in low Q2 regime by requesting PT > 5 GeV
and −1.0 < η Lab < 2.5. At high Q2 the cross sections was measured based on the inclusive
jets with 7 < PT < 50 GeV and on 2-jet (3-jet) events containing at least 2 (3) jets with
5 < PT < 50 GeV. A more restrictive pseudorapidity cut was applied −0.8 < η Lab < 2.0 to
ensure a good calibration of the jets. The jet cross sections at high Q2 are normalised to the
inclusive DIS cross sections in order to reduce the sensitivity to the normalisation uncertainties.
The normalised jet cross sections as functions of Q2 and PT are shown in figure 2.
One of the main sources of experimental uncertainties at low and high Q2 remains the
uncertainty on the absolute calibration of the hadronic energy scale with an impact on the cross
sections of about 1 to 5%. The detector correction factors show an uncertainty due to the MC
model dependence which amounts typically to 1 to 10%.
3.2

Determination of the strong coupling

The strong coupling is extracted from the data by a minimal χ2 fit procedure where the value
of the strong coupling at the Z boson mass, αs (MZ ), is taken to be the only free parameter of
the theory. In ZEUS photoproduction analysis the experimental uncertainty is estimated by the
offset method adding in quadrature the deviation of αs from the central value when the fit is
repeated with independent variations of various experimental sources:
αs (MZ ) = 0.1223 ± 0.0022 (exp.)

+0.0029
−0.0030 (th.) .

The theoretical uncertainty contains a dominating part coming from terms beyond NLO
estimated using the band method of Jones et al. 5 , added in quadrature to the uncertainties
on the hadronisation corrections and to the uncertainties on the proton and photon PDFs
parameterisation. The total theoretical uncertainty amounts to 2.5%.

αs from Jet Cross Sections
exp. uncert.

H1 Preliminary

H1 high Q2 jet multiplicities

H1 data for Q2 < 100 GeV2 (H1 Prelim. 08-032)
H1 data for Q2 > 150 GeV2 (DESY 09-032)

0.3

th. uncert.

DESY 09-032 [arXiv:0904.3870]

H1 low Q2 incl. jets

αs fit from Q2 > 150 GeV2 (DESY 09-032)

αs

H1prelim-08-032

Theory uncertainty

ZEUS γ p jets
ZEUS-prel-08-008

0.2
LEP 4-jet rate
Prog.Part.Nucl.Phys.58:351-386,2007

World average

0.1

102

10

S.Bethke, Prog.Part.Nucl.Phys.58:351-386,2007
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Q / GeV

0.12

0.13

α s(MZ )

Figure 3: The running of αs (Q) (left) and different recent extractions of αs (MZ ) from HERA, compared to a
LEP measurement and the world average.

In the H1 analysis based on DIS jets the experimental uncertainty of αs is defined by that
change in αs which increases the minimal χ2 by one unit. The strong coupling is extracted
individually from the inclusive jets at low Q2 and from the inclusive, 2-jet and 3-jet at high Q2 .
The experimentally most precise determination of αs (MZ ) is derived from the combined fit to
all three observables at high Q2 . The extracted value is slightly lower than that obtained from
photoproduction jets by ZEUS, but compatible within two standard deviations:
αs (MZ ) = 0.1168 ± 0.0007 (exp.)

+0.0046
−0.0030 (th.)

± 0.0016 (pdf) .

The theory uncertainty is estimated by the offset method adding in quadrature the deviations
due to various choices of scales and hadronisation corrections. The largest contribution was
the theoretical uncertainty arising from terms beyond NLO which amounts to 3%. The PDF
uncertainty, estimated using CTEQ6.5, amounts to 1.5%. The χ2 variation method leads to
smaller uncertainties estimate than the offset method for the experiment, while the offset method
leads to more conservative uncertainties estimate than the Jones et al. method for the theory.
The value extracted at low Q2 , αs (MZ ) = 0.1186 ± 0.0014 (exp.)+0.0132
−0.0101 (th.) ± 0.0021 (pdf),
is compatible with high Q2 , but the uncertainty arising from the renormalisation scales variation
reach 10%. The measurement of the strong coupling in a large Q2 range allows to test the αs (Q)
running between 2 and 100 GeV as shown on the figure 3.
The results for jets at HERA, summarised in figure 3, are competitive with those from e+ e−
data 6 and are in good agreement with different world averages 6,7 .
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W/Z+ Jets and W/Z+ Heavy Flavor Jets at the Tevatron
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The associated production of jets and vector bosons is an important process at hadron colliders.
An overview over recent Tevatron vector boson+jets measurements is given with an emphasis
on comparisons between data and the predictions of various theory models.

1

Motivation

The associated production of jets and vector bosons (V + jets) in hadron collisions represents an
important test of QCD. In addition, V + jets is a significant source of background events in many
measurements and searches both at the Tevatron and the LHC. The development of simulation
codes which produce accurate predictions for V + jets production has been a very active field
of research over the last few years. The developments have followed two main paths: partonlevel fixed-order predictions with NLO accuracy; and particle-level predictions from combining
tree-level 2 → N matrix elements with a parton shower algorithm. These new models require
validation against experimental measurements of the properties of V + jets production. The
leptonic decay modes offer distinct experimental signals with low backgrounds, and during the
last two years a long list of V + jets measurements from the CDF and DØ experiments have
been made public. All the measurements presented here are fully corrected for detector effects,
thus offering a reference against which existing and future simulation models can be validated
and tuned. The measurements can be divided into those which tag heavy-flavour (HF) jets and
those which are inclusive in jet flavour.
Z+ jets measurements

2

CDF has presented measurements of the jet multiplicity in Z+ jets as well as the inclusive,
?
differential pjet
T spectra in event with at least N = 1, 2 jets . The boson is selected via its decay
into an pair of high-ET electrons whose invariant mass is compatible with MZ . Jets are defined
using the Run II mid-point algorithm and are required to satisfy pT > 30 GeV and |y| < 2.1.
The correction for detector effects is deduced from a simulated event sample passed through
a simulation of the detector. In Fig. ?? (left) the measured pjet
T spectra are compared with
parton-level NLO pQCD predictions from mcfm ? which have been corrected for hadronization
and the underlying event. The NLO predictions are seen to agree with data within experimental
and systematic uncertainties over one order of magnitude in pjet
T and four orders of magnitude
in cross section.
DØ has presented measurements of the pjet
T spectra of the three leading jets in the Z(→
+
−
e e )+ jets channel, normalized to the inclusive Z(→ e+ e− ) cross section ? . The event selection
a
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Figure 1: Inclusive pjet
T spectra in Z + N -jet events, N = 1, 2, with data compared to NLO pQCD (right). Data
compared with NLO pQCD and various event generators predictions for ∆φ(Z,jet) in Z + 1-jet events (left).

is similar to the CDF analysis, with jets being reconstructed down to 20 GeV. The measurements are compared with both with fixed-order pQCD parton-level predictions from mcfm and
the particle-level predictions of various commonly used event generators. The comparisons for
the second jet are given in Fig. ??. Both the LO and NLO pQCD predictions are consistent
with data within experimental and theoretical uncertainties. As expected, the NLO prediction
has significantly lower scale uncertainties than the LO prediction, corresponding to a higher predictive power. pythia ? using Tune A (“old” Q2 -order parton shower) predicts less jet activity
than seen in data, and the discrepancies increase with pjet
T and jet multiplicity. The same tendency is seen for herwig ? . pythia using Tune S0 (“new” pT -ordered parton shower) gives good
agreement for the leading pjet
T spectrum, but no improvement over the old model for sub-leading
jets. In contrast, both sherpa ? and alpgen+pythia ? are found to predict the shapes of the
pjet
T spectra reasonably well for all three leading jets, with the latter generator giving somewhat
better agreement for the leading jet. The normalizations are affected by significant scale uncertainties which increase with jet multiplicity. sherpa (alpgen+pythia) predicts more (less)
jets than observed in data, but for both codes the normalizations can be made to agree with
data by adjusting the choices of factorization and renormalization scales.
Two DØ studies ?,? presents measurements of the pT and rapidity of the Z and the leading
jet, as well as various angular correlations between the two objects. The data are compared with
NLO pQCD from mcfm, pythia using Tune A, sherpa, alpgen+pythia using Tune A, and,
for the angular correlation observables, alpgen+herwig. While fixed-order NLO calculations
are found found give accurate predictions for pT and jet multiplicity observables (see above),
it does not describe the spectrum of ∆φ(Z,jet) (Fig. ?? (right)) for values close to π, where
multiple soft emissions are important, or below ∼ 2, where the underlying event gives sizable
contributions. Of the particle-level event generators, sherpa is found to give the most accurate
description of the angular correlations.
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Figure 2: Data compared with NLO pQCD and various event generators predictions for pT (2nd jet) in Z + 2-jet
events.

3

V + HF-jet measurements

Many searches for new particles, e.g. low-mass Higgs searches at the Tevatron, tag b-jets in
order to enhance the signal to background ratio. In such searches, accurate predictions for the
associated production of a vector boson and heavy-flavour jets is of major importance for the
sensitivity of the analysis to new physics.
Both CDF and DØ have presented measurements of a W boson in association with a single
c quark using similar strategies ?,? . This channel is sensitive to the s-quark content of the proton
at large Q2 , and it is a background to top-quark measurements and searches for a low-mass Higgs
particle at the Tevatron. The W is selected via a high-pT lepton (e or µ), and large missing ET .
A soft muon from a semi-leptonic c-quark decay is used to tag c-jets. For signal events the two
leptons tend to have opposite charge, whereas the backgrounds show no such charge correlation.
+1.4
CDF measures (σ × BR) = 9.8 ± 2.8(stat)±−1.6
(sys) pb, which is in good agreement with the
+1.4
NLO pQCD prediction of 11±−3.0 pb. DØ presents the differential pjet
T cross section for W + c
relative to W +jet and sees agreement with alpgen+pythia within uncertainties.
Based on a similar event selection, CDF measures the W + b-jet cross section ? . The W is
selected via its decay into eν or µν, and a secondary-vertex algorithm is used to define a b-quark
enhanced sample. The b-quark content is extracted from the secondary-vertex mass distribution
by fitting with mass templates for light-flavour, c and b quark samples. The cross section for
pb−jet
> 20 GeV is measured to be (σ × BR) = 2.78 ± 0.27(stat)±0.42(sys) pb. The alpgen
T
prediction of the cross section is 0.78 pb, which is a factor of 3 − 4 below data, and work is
ongoing to understand this discrepancy.
A very similar b-tagging and b-content extraction technique is used by CDF in an analysis ?
of Z + b-jet events in the ee and µµ channels. Cross sections are measured relative to the
inclusive Z cross section and are presented differential in ETb−jet , η b−jet , pZ
T and jet multiplicity
both for b jets and flavour-inclusive jets. The total relative cross section is measured to be
σ(Z+jet)/σ(Z) = (3.32± 0.53(stat)±0.42(sys)) × 10−3 . The NLO pQCD prediction is 2.3× 10−3
2
for µ2F = µ2R = m2Z + p2T,Z and 2.8 × 10−3 for µ2F = µ2R = hpjet
T i , in good agreement with data
−3
within uncertainties. The prediction of alpgen is 2.1 × 10 and pythia predicts 3.5 × 10−3 .

Figure 3: The pb−jet
spectrum measured in Z + b-jet production compared with mcfm, pythia and alpgen.
T

The large difference between alpgen and pythia has been traced back to the higher choice of
scales used for alpgen than for pythia.
4

Conclusions

In addition to offering an important test of QCD, V + jets production is a major source of
background to many measurements and searches at hadron colliders. Several new codes for
simulating the associated production of Z/W and jets have become available over the last few
years, and the validation and tuning of these tools are of great importance. A long list of V +
jets measurements have become available from the CDF and DØ experiments during the last
two years. Parton-level predictions from NLO pQCD are found to offer the highest predictive
power for pjet
T spectra, showing good agreement with data, both for flavor-inclusive and HF
measurements. Generators matching tree-level matrix elements with parton showers are found
to offer the most accurate particle-level predictions but have significant scale uncertainties.
Angular correlations show sensitivity to multiple soft emissions and the underlying event and
are therefore partially outside of the scope of fixed-order pQCD calculations, and event-generator
predictions show varying agreement with data. In the heavy-flavor channels, both pQCD and
event-generator predictions are found to be in agreement with data within uncertainties, with
a possible exception being W + b-jet production. Since all presented measurements are fully
corrected for detector effects they can be directly used for testing and improving existing and
future theory models.
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DIBOSON PRODUCTION CROSS SECTIONS AT

√
s = 1.96 TeV
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Florida State University, Tallahassee, Florida, USA
for the CDF and DØ Collaborations
The increasing
√ size of the data recorded by the CDF and DØ experiments at the Tevatron
collider at s = 1.96 TeV makes the diboson physics program more accessible for probes of
the electroweak gauge structure in the Standard Model. Here we summarize the most recent
measurements of the diboson cross sections and limits on the trilinear gauge boson couplings.

1

Introduction

The diboson production plays an important role in electroweak precision measurements and
searches for the New Physics (NP) which may exist at some energy scale Λ. The search for
the NP is often related to the precision measurements such those of the cross sections and the
trilinear gauge boson couplings (TGCs). More discussions about these TGC parameters can be
found in 1 . Depending on the NP scenario, these observables are expected to deviate from their
SM predictions. The charged TGCs studied in W W and W γ production are (∆g 1Z , ∆κγ,Z , λ) and
(∆κγ , λ), respectively, and (∆g1Z , ∆κZ , λ) in W Z production, where ∆ represents the deviation
from the SM prediction. In the SM, ∆g1Z = ∆κγ,Z = λ = 0. The neutral TGCs hγ,Z
30,40 studied
in Zγ production are not allowed in the SM and their values are predicted to be zero. Besides,
the diboson production is an important background to studies of the top quark and searches for
the Higgs boson and SUSY particles. The most precise knowledge of background processes and
their proper modeling is highly valuable for current and future studies.
2
2.1

Diboson Production
Zγ → ννγ

The Zγ events are reconstructed from 3.6 fb 1 of DØ data. Candidate events are required to
have one isolated central photon (|ηdet | < 1.1 2 ) with ET > 90 GeV and 6 ET > 70 GeV. The
pointing algorithm 3 is used in order to reduce the contribution from bremsstrahlung photons.
After all selection criteria were applied 51 ννγ candidate events are observed. The predicted
numbers of signal and background events are 33.7 ± 3.4 and 17.3 ± 2.4, respectively. The
dominant background events are W → eν in which the electron is misidentified as a photon
and it contributes with 9.7 ± 0.6 events. The measured cross section is σ ZZ × BR(Z → νν) =
32 ± 9(stat + syst) ± 2(lumi) fb 5 which is in agreement with the next-to-leading (NLO) cross
section of (39 ± 4) fb 4 . The observed signal significance is 5.1 standard deviations (s.d.).

Furthermore, the photon ET spectrum shown in Fig. 1, is used to set the limits on ZZγ and
γ
Zγγ TGCs. The 95% C.L one-dimensional limits for h γ,Z
30,40 at Λ = 1.5 TeV are |h30 | < 0.036,
γ,Z
5
|hZ
30 | < 0.035 and |h40 | < 0.0019 . The combination with the previous results in the most
γ,Z
restrictive limits on these couplings at 95% C.L. of |h γ,Z
30 | < 0.033 and |h40 | < 0.0017 of which
γ
Z
three of them (h40 , hZ
40 and h30 ) are world’s best to date.
2.2

ZZ → ννl+ l

For the first time, the ZZ production in the ννll (l = e, µ) final states has been studied at the DØ
′
using 2.7 fb 1 of data 6 . The analysis builds up a new variable E
6 T , highly discriminating against
the Z → ll background events. Its purpose is to minimize the mismeasurement of the transverse
momentum of either the charged leptons or the hadronic recoil system which contributes to the
′
reconstructed 6 ET . In the electron channel 6 ET is required to be > 27 GeV, and in the muon
′
channel 6 ET > 30(35) GeV for data collected during 2002-2006 (2006-2008). In addition, each
channel requires that there are only two oppositely charged isolated leptons with p T > 15 GeV
with the dilepton invariant mass is (70 < M ll < 110) GeV. Events with additional lepton of
the same family are vetoed. Further separation between the signal and W W, W Z, W +jets,
ZZ → l+ l backgrounds uses the likelihood discriminant. The total number of 43 candidate
events has been selected of which 26.5 ± 0.5 are predicted to be the background. The observed
signal significance is 2.6 s.d. and the measured cross section is σ ZZ = 2.01±0.93(stat)±0.29(syst)
pb which is consistent with the NLO SM predicted cross section of 1.4 ± 0.1 pb 7 .
2.3

ZZ → l+ l l + l
′

′

Sensitivity to single lepton cuts plays an important role when selecting l + l l + l events (l, l =
e or µ). Application of tighter selection criteria such as lepton p T , dilepton invariant mass
and lepton isolation, relative to the previous DØ analysis 8 , results in the first observation of
the ZZ production at a hadron collider. The analysis uses 1.7 fb 1 of DØ data in which four
isolated leptons with pT > 15 GeV are required to be within |ηdet | < 2 if muons and |ηdet | < 1.1
or 1.5 < |ηdet | < 3.2 if electrons. Two most energetic leptons in the µµµµ or eeee channel
are required to have pT > 30(25) GeV. Events are required to have at least one Z with an
invariant mass greater than 70 GeV and the other greater than 50 GeV. In the eeµµ channel
the two most energetic electrons or muons must have p Tp > 25(15) GeV. Lepton candidates
are required to be spatially separated by R > 0.2 (R = (∆η)2 + (∆φ)2 ) to reduce Z → µµ
background. The total of 3 events, two in the eeee channel and one in the µµµµ channel,
were observed. The SM signal and background are expected to contribute with 1.89 ± 0.08 and
0.14+0.03
0.02 events, respectively. The observed signal significance is 5.3σ and the measured cross
9
7
section σZZ = 1.75+1.27
0.86 (stat) ± 0.13(syst) pb is in agreement with the SM prediction . The
6
8
combination with previous analyses and results in the observed signal significance of 5.7σ and
the measured cross section is σZZ = 1.60 ± 0.63(stat)+0.16
0.17 (syst) pb.
′

2.4

′

′

W Z → jjll

A search for anomalous ZW W TGCs in the jjll final states results in setting the 95% C.L.
limits on ∆κZ , λ and ∆g1Z using the pllT distribution, and the 95% C.L. limits on the cross
section for the W Z production 10 . This preliminary result is obtained using 1.9 fb 1 of CDF
data selecting events with two high p T leptons and two jets. The pllT phase space is divided
in three regions: control region used to validate the data modeling (105 − 140 GeV), medium
(140 − 210 GeV) and high (> 210 GeV) regions. The medium and high p llT regions are used to
perform the measurements. Total number of observed (predicted) events is 97 (71.4 ± 0.5) and
12 (9.74 ± 0.18) in the medium and high region, respectively. The observed 95% C.L. limits on

TGCs are −1.09 < ∆κZ < 1.40, −0.18 < λ < 0.18 and −0.22 < ∆g1Z < 0.32 for Λ = 1.5 TeV,
and −1.01 < ∆κZ < 1.27, −0.16 < λ< 0.17 and −0.20 < ∆g1Z < 0.29 for Λ = 2 TeV. Unbinned
MC fit to data in the dijet mass distribution results in the 95% C.L. cross section limits of 234
fb and 135 fb for medium and high region, respectively.
2.5

W W → lνl′ ν

The most precise W W cross section measurement at a hadron collider is performed analyzing
the lνl′ ν (l, l′ = e, µ) final states with 1.0 fb 1 of DØ data 11 . In each ll ′ final state (ee, µµ or
eµ) the two most energetic leptons are required to have p T > 25 (15) GeV, to be of opposite
charge and to be spatially separated from each other by R > 0.8 (ee) and R > 0.5 (eµ). The
Z/γ ∗ → ll background is effectively removed requiring E
6 T > 45 (ee), 20 (eµ) or 35 (µµ) GeV,
6 ET > 50 GeV if |MZ − mee | < 6 GeV (ee), ∆φµµ < 2.45 and 6 ET > 40 GeV if ∆φeµ > 2.8.
Imposing the upper cut on the transverse momentum of the W W system, of 20 (ee), 25 (eµ)
and 16 (µµ) GeV minimizes the tt̄ background. After all selection criteria were applied, all three
combined channels yield 100 candidate events, 38.19 ± 4.01 predicted background events and
64.70 ± 1.12 predicted signal events. The cross section measurements in the individual channels
are combined, yielding σW W = 11.5 ± 2.1(stat + syst) ± 0.7(lumi) pb which is in agreement with
the SM NLO prediction of 12.4±0.8 pb 7 . The pT distributions of the leading and trailing leptons
were used to set limits on anomalous TGCs considering two different parameterizations between
the couplings. The one-dimensional 95% C.L. limits for Λ = 2 TeV are −0.54 < ∆κ γ < 0.83,
−0.14 < λγ = λZ < 0.18 and −0.14 < ∆g1Z < 0.30 under the SU (2)L × U (1)Y -conserving
constraints 12 , and −0.12 < ∆κγ = ∆κZ < 0.35 and −0.14 < λγ = λZ < 0.18 under the
assumption that γW W and ZW W couplings are equal.
2.6

W W + W Z → lνjj

This analysis results in the first evidence for the W W/W Z production in the lνjj final states
at the hadron collider with 1.1 fb 1 of DØ data 13 . Selected lνjj (l = e, µ) candidate events
are required to have a single isolated lepton with p T > 20 GeV and |η| < 1.1 (2.0) for electrons
(muons), 6 ET > 20 GeV and at least two jets with p T > 20 GeV. The jet of highest pT must
have pT > 30 GeV and the transverse mass of leptonically decaying W boson must be > 35 GeV
to reduce the multijet background. Because of the small signal-to-background ratio (3%), an
accurate modeling of the dominant W +jets background is essential and therefore, studied in
great detail. After all selection criteria were applied, the signal and the backgrounds are further
separated using a multivariate classifier, Random Forest (RF) 14 . The signal cross section is
determined from a fit of signal and background RF templates to the data with respect to
variations in the systematic uncertainties 15 and is measured to be σW W +W Z = 20.2±2.5(stat)±
3.6(syst) ± 1.2(lumi) pb which is consistent with the SM NLO prediction of σ(W W + W Z) =
16.1 ± 0.9 pb 7 . The observed signal significance is 4.4 s.d.. Fig. 2 shows the W W/W Z dijet
mass peak extracted from data compared to the MC prediction.
3

Summary

The recent results in diboson production at the Tevatron, using 1.0−3.6 pb 1 of data, have been
presented. Measured cross sections for the Zγ, ZZ, W Z and W W processes and TGCs at the
γZZ, γW W and ZW W vertices are in agreement with the SM predictions. The DØ experiment
Z
sets the world’s tightest limits on the hγ40 , hZ
40 and h30 TGCs and reports the first evidence of
W W/W Z production in semi-leptonic final states at a hadron collider.
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Figure 1: Photon ET spectrum of ννγ data candidate events compared to the SM signal and
background, and the expected distribution in
the presence of anomalous TGCs. The systematic and statistical uncertainties on the SM MC
events are included as shaded bands.

Figure 2: A comparison of the extracted signal
(filled histogram) to background-subtracted data
(points), along with the ±1 standard deviation
(s.d.) systematic uncertainty on the background.
The residual distance between the data points and
the extracted signal, divided by the total uncertainty, is given at the bottom.
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LEPTON STUDIES WITH ATLAS AND CMS EARLY DATA
C. ADAM-BOURDARIOS
Laboratoire de l’Accélérateur Linéaire, Orsay, France
ON BEHALF OF THE ATLAS AND CMS COLLABORATIONS
Leptons will play a key role in the first measurements performed by the LHC experiments.
The ATLAS and CMS detectors are now built, and early estimates of their performance have
been revisited. The expected first physics signals are described: they will shed light on the
level of detector understanding and allow a control of the systematics uncertainties, opening
the road to new and precision physics.

The last two years have seen the end of the ATLAS and CMS detector assembly. This
allowed a survey of the detector elements placement accuracy, and a precise cross-check of the
amount and position of the dead material. All of this was gradually integrated in the detector
simulation, which is now believed to be realistic. The Geant 4 simulation and the calibration
procedure have been extensively validated by a set of Test-Beams. Cosmics data, taken in
summer 2008, are being used to study and improve the detector alignment 1 . Last but not least,
the reconstruction algorithms have now stabilised, in particular for lepton identification.
For all these reasons, early estimates made over the years were revisited. Both collaborations
have published detailed reports about the expected performance, to be used as references and
guidelines in the coming years 2,3,4 . They are both now focusing on the short term physics
program, accessible with integrated luminosities of about 100 pb−1 .
1
1.1

Detector Performance for lepton identification
Electrons

The first challenge for electron reconstruction is the resolution and linearity of the energy measurement. After years of very detailed calibration studies, the analysis of Test-Beam data has
proven that the design goals were met, with a local constant term smaller than 0.5 %. The
second challenge is the jet rejection: QCD cross sections are such that one expects an electron
to jet ratio of 10−5 . Both experiments have developed cut-based algorithms, meant to be robust
enough to be used at the startup. The efficiencies and rejections obtained by ATLAS are shown
in Table 1.1 3 : eventually, multivariate techniques will allow to increase the efficiency by 4 to
8 %, and the rejection by 40 to 60 %.
1.2

Muons

Both experiments use a combination of the Tracking and Muon detectors to identify and measure
their momentum between 4 GeV and 1 TeV. Figure 1 shows the ATLAS muon identification

Table 1: Electron identification efficiency and jet rejection of the ATLAS cut-based algorithm, averaged over all
ET > 17 GeV. The jet rejection factor needed ( 105 ) can be achieved via two sets of cuts.

Cuts

Efficiency (%)
Isolated electrons Electrons in jets
87.96 ± 0.07
50.8 ± 0.5
77.29 ± 0.06
30.7 ± 0.5
61.66 ± 0.07
22.5 ± 0.4
64.22 ± 0.07
17.3 ± 0.4

Loose
Medium
Tight(TRT.)
Tight (isol.)

Jet rejection
567 ± 1
2184 ± 13
(8.9 ± 0.3) 104
(9.8 ± 0.4) 104

dN/dη (/event)

efficiency

Figure 1: ATLAS muon identification performance in physics events, as a function of the pseudo-rapidity η.
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efficiency and fake rejection 3 : for PT > 20 GeV, one expects less that 2.10−3 fake muons per
event.
The J/ψ will be one of the first signals reconstructed at the LHC startup. The CMS
collaboration expects, with only 3 pb−1 , about 7.104 J/ψ → µ+ µ− reconstructed decays, with
transverse momenta between 5 and 40 GeV. Making use of the large B lifetime, the promptly
produced J/ψ will be separated from those issued from B decays, and the cross section measured
with a systematic uncertainty of 15 %. But the reconstructed dimuon invariant mass will also
be a probe of the alignment and muon reconstruction quality: it is expected to be 34.2 MeV at
the startup, compared to 29.5 MeV with an ideal alignment 5 .
1.3

Taus

τ reconstruction is tricky and relies ( not for the first data but soon after ) on multivariate techniques. ATLAS has followed two approaches: a calorimeter based and a track based algorithm.
Typical efficiencies are 30 % for a jet rejection of about 103 . With 100 pb−1 one expects clear
signals for Z and W in τ decays. These will eventually be used to set the transverse missing
energy scale to a few % 3 .
2

Z and W leptonic decays reconstruction

The W and Z production cross sections are proportional to the beam energy and ATLAS expects, at 14 TeV and for 50 pb−1 , 2.48 104 Z → e+ e− and 2.56 104 Z → µ+ µ− reconstructed
decays. Figure 2 shows the reconstructed Z mass in the three leptonic decay channels. These Z
decays are often called candles, because they will initially be used to shed light on our detector
understanding, via the tag and probe method: a tight identification is requested for one of the
leptons; the second lepton can then be used to measure the efficiency of any identification cut.

Figure 2: Reconstructed Z mass in leptonic decays
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With 100 pb−1 , such studies will allow to reach an accuracy of about 2 %.
Z decays will also be used to spot large scale inhomogeneities that the local calibration
would not have seen, differences in the energy scale of different detector pieces, and residual
misalignment. With 100 pb−1 , ATLAS expects to have enough reconstructed Z decays to check
the muon momentum resolution and the electron energy scale at the per cent level.
W leptonic decays are selected by the presence of an identified isolated lepton, of high
transverse momentum ( typically above 20 GeV ), and some missing energy due to the escaping
neutrino ( typically above 25 GeV ). Assuming NLO cross sections, with 10 pb−1 , CMS expects
about 28 103 W → eν and 64 103 W → µν events, the dominant background being QCD events.
Two variables can be used to fit the signal and background level: the lepton transverse momentum, and the lepton-neutrino transverse mass, shown in Figure 3. The major issue for such
analyses being the description of these distributions by the simulation, the CMS collaboration
has shown how one can measure them using data. For the background, this is done by reverting
the lepton isolation cut, to select a pure background control sample. For the signal, one uses
Z → l+ l− events: if one of the leptons passes the W → l+ ν selection cut, the second lepton
is “removed” from the event, thus creating fake missing energy. The transverse mass it then
reconstructed. The mass difference between the Z and the W, as well as the neutrino acceptance
are taken into account 5 . Figure 3 shows the distributions obtained with 10 pb−1 .

3

Early physics studies using Z and W

The reactions pp → W + X and pp → Z + X with subsequent W and Z leptonic decays will
be among the first to be measured at the LHC. They are theoretically well understood: the
calculation of the total cross-section at the NNLO has been done and the uncertainty due to the
missing higher orders in perturbation theory is estimated to be less than 1 %. Nevertheless, the
uncertainty related to the use of different PDF parameterizations is estimated to be about 6 % 4 .
The uncertainty on the signal acceptance is evaluated to be about 2.3 % 3,4 . The contribution
to this number from the PDF uncertainty has been estimated by varying the eigenvectors of the
same PDF parameterization (CTEQ6.5) and amounts to about 1 % 3 .
ATLAS has estimated that the Z and W cross sections could be measured with a precision of
3 to 5 % with an integrated luminosity of 50 pb−1 . To this number, one must add the uncertainty
on the luminosity, which is expected to be about 10 %. With 1 fb−1 , the measurement precision
should go down to 2.5 %, and the uncertainty on the luminosity be 5 %.
With 10 fb−1 , the precision on the W mass expected by CMS is δmW = 15(stat) ⊕
30(experimental) ⊕ 10(theoretical) = 35 MeV. A recent study has revisited the various possible improvements and set a challenging goal of about 7 MeV per decay channel 6 . But
the ATLAS collaboration has concentrated on the early measurements, with 15 pb−1 . In
the electron channel, the fit of the transverse momentum distribution yields a precision of
δmW = 120(statistical) ⊕ 117(systematical) MeV, where the systematics uncertainty is dominated by the electron energy scale. In the muon channel, the fit of the transverse mass gives
δmW = 57(statistical) ⊕ 231(systematical) MeV, where the dominant contribution comes from
the calibration of the recoil energy . PDF uncertainties contribution is 25 MeV, other theoretical
uncertainties are expected to be smaller.
W + and W − are not produced with the same rapidity distribution. The η distribution of
the ratio (W + − W − )/(W + + W − ) is sensitive to PDF’s. With 100 pb−1 , the measurement
precision will be comparable to the present CTEQ6 predictions, and the first constraints will
thus be set 5 .
4

Conclusion

The ATLAS and CMS collaboration are obviously eagerly waiting for data, and have used the
extra delay to make good progress on the realism of the detector simulation, the understanding
of the expected performance, calibration and alignment studies, and to revisit the physics goals
established over the years. Even with a reduced centre of mass energy of 10 TeV and about 200
pb−1 , the copious “candle” signals ( J/ψ, Z and W ) will allow us to shed light on the detector
understanding, and perform some interesting measurements.
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Multi-jet cross sections at NLO with BlackHat and Sherpa
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In this talk, we report on a recent next-to-leading order QCD calculation of the production of
a W boson in association with three jets at hadron colliders. The computation is performed
by combining two programs, BlackHat for the computation of the virtual one-loop matrix
elements and Sherpa for the real emission part. The addition of NLO corrections greatly
reduces the factorization and renormalization scale dependence of the theory prediction for
this process. This result demonstrates the applicability of unitarity-based methods for hadron
collider physics.

1

Introduction

The production of a vector boson in association with jets is an important process at the LHC.
Apart from its interest as a test of QCD, it contributes significantly to the background of many
Standard Model processes (tt̄ production, single top production, and Higgs decay to two vector
bosons) and new physics processes. Successful measurements of these processes require a reliable
theoretical description of the vector boson + jets processes.
Leading-order QCD predictions for processes with jets suffer from a large dependence on the
renormalization and factorization scales. This problem can be tamed by adding next-to-leading
order (NLO) corrections. Such corrections are composed of two parts. The real corrections to
an n-parton process arise when an additional parton is emitted, in an (n + 1)-parton process.
One-loop n-parton amplitudes generate the virtual part of the NLO correction.
BlackHat 1 is a numerical implementation in C++ of so-called on-shell methods for computing one-loop amplitudes. The starting point for a one-loop amplitude A with massless propagators is its general decomposition in terms of scalar integrals,
A=

X
i

ci4 I4i +

X
i

ci3 I3i +

X

ci2 I2i + R ,

(1)

i

where I2i , I3i , I4i are scalar bubble, triangle and box integrals. The ‘rational term’ R is a rational
function of spinor products and does not contain any logarithms. The objective of on-shell
methods is to determine the coefficients cin of the integrals and R without using Feynman
diagrams. We refer the reader to the literature 2 for more details on these methods.
In our numerical implementation, the coefficients of the integrals are determined using the
analytic approach of Forde 3 , which is related to other recent methods 4 . The rational term is

dσ / dET [ pb / GeV ]
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Figure 1: NLO Differential cross section dσ(W → eν+ ≥ n − jets)/dETnth−jet for n = 1, 2 compared with the
measured cross section. The upper panels contain the LO and NLO parton level predictions and the CDF data
points with their statistical and total uncertainties represented by the inner and outer error bars respectively.
The distributions normalized by the NLO prediction are shown in the lower panels. The scale uncertainty of the
different predictions is represented by the shaded grey (NLO) and orange (LO) bands. The dotted black line
represents our leading color approximation.

number of jets
1
2
3

CDF
53.5 ± 5.6
6.8 ± 1.1
0.84 ± 0.24

LC NLO
58.3+4.6
−4.6
+0.54
7.81−0.91
+0.044
0.908−0.142

NLO
57.8+4.4
−4.0
7.62+0.62
−0.86
—

Table 1: Comparison of the total cross sections in pb for W + n jets with ETnth-jet > 25 GeV from CDF to
NLO QCD. For 1 and 2 jets the cross sections with and without LC approximation are displayed to show the
quality of the approximation. For the three jets result, only the LC NLO result is currently available, but we
expect a similarly small deviation for the full NLO result. The experimental statistical, systematic and luminosity
uncertainties have been combined for the CDF results.

computed using on-shell recursion relations for one-loop amplitudes 7 . Numerical stability of the
implementation is achieved by using high-precision libraries 5 when (and only when) necessary.
This stability has been demonstrated elsewhere 6 .
Sherpa 8 is a C++ Monte Carlo event generator. It can compute the real part of the NLO
corrections in an automated way 9 using Catani and Seymour’s dipole subtraction method 10 .
In addition, the subtraction term integrated over the unresolved phase space is provided. The
results presented below have been integrated over the relevant phase space using Sherpa.
For the W + 3 jets virtual cross section we used a leading-color (LC) approximation for the
finite part of the virtual amplitude. This approximation amounts to neglecting the terms in the
ratio of the virtual terms to the tree cross section that are suppressed by factors of 1/NC2 (color
suppressed) or Nf /Nc (virtual quark loop). This approximation has been shown to be very good
in the following section for W + 1,2 jets 17 , so we expect it to be valid for W + 3 jets. A related,
but different, approximation that includes only a subset of partonic subprocesses has been used
in another computation 11 of W + 3 jets. The benefit of our approximation is that the number of
(color ordered) primitive amplitudes to evaluate is significantly reduced. We checked agreement
between the primitive amplitudes we used here and those found in a different calculation 12 .
2

W +3 jets at the Tevatron

We compare the NLO prediction for W + 1,2,3 jets with data from the CDF experiment 13 at
the Tevatron. For the analysis we have used the same cuts as in the CDF analysis with the
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Figure 2: The left panel shows the NLO Differential cross section dσ(W → eν+ ≥ 3 − jets)/dET3rd−jet compared
with the measured cross section. Its upper part shows the LO and NLO parton level predictions (within the
LC approximation for the virtual part) and the CDF data points with their statistical and total uncertainties
represented by the inner and outer error bars respectively. The normalized distributions are shown in the lower
part of the left panel. The scale uncertainties are represented by the shaded grey (NLO) and orange (LO) bands.
The right panel shows the scale dependence of the total cross section on the renormalization and factorization
scale µ, taken equal and varied between 1/4 and 4 times the mass of the W boson.

SISCone 14 jet algorithm instead of the JETCLU 15 cone algorithm used by CDF, as the latter
is not infrared
safe. We set an event-by-event renormalization and factorization scale according
q
2
to µ = mW + PT2 (W ).
In Figure 1 we present the transverse energy distribution of the n-th jet for W + 1,2 jets
jets production. The NLO result agrees with the previously available results from MCFM 16 .
The lower part of these plots shows the reduced scale dependence of the NLO prediction. The
dotted black line demonstrates the validity of our LC approximation across the whole ET range.
The plot in Figure 2 shows a good agreement between the NLO prediction (within our LC
approximation) for the ET distribution of the third jet and the experimental data. The second
plot of Figure 2 displays the improvement of the scale dependence of the cross section when
NLO corrections are added. More details on the setup of our analysis can be found elsewhere 17 .
3

W +3 jets at the LHC

We repeated the same analysis for the LHC with a center-of-mass energy of 14 TeV. For this
analysis, we chose cuts suggested by the ATLAS and CMS technical design reports: ETe > 20
GeV, |η e | < 2.5, 6 ET > 30 GeV, MTW > 20 GeV, and ETjet > 30 GeV. Here the ETi s are
transverse energies, E
6 T is the missing transverse energy, MTW the transverse mass of the eν
pair, and η the pseudorapidity. The ET -ordered jets are required to have a rapidity in the range
|η| < 3. We used SISCone 14 with R = 0.4. Figure 3 shows
q the distributions in the scalar

transverse energy sum HT and in the three-jet mass Mjjj =
at the LHC.

(kj1 + kj2 + kj3 )2 for W − + 3 jets
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Two-loop multi-gluon amplitudes in N=4 SYM from Wilson loops
P.J.HESLOP
Centre for Research in String Theory, Department of Physics,
Queen Mary University of London,
Mile End Road E1 4NS, UK
The Wilson loop/amplitude duality for N=4 SYM states that planar n-point MHV amplitudes
are equivalent to n-gon lightlike Wilson loops. This has been proved analytically for all
n at one loop. At two loops it has been shown numerically up to 6 points. We have
recently computed two-loop corrections to arbitrary n-gon lightlike Wilson loops in N=4
supersymmetric Yang-Mills theory, using efficient numerical methods. If the correspondence
with amplitudes continues to hold, we have thus computed all planar n-point two-loop MHV
amplitudes in the N=4 theory.
This talk is based on work done with Babis Anastasiou, Andi Brandhuber, Valya Khoze, Bill
Spence and Gabriele Travaglini [1, 2]

1

Gluon amplitudes in N =4 SYM

There has been a huge amount of theoretical work on scattering amplitudes in gauge theories
over the past few years. There are two main motivations for this, firstly and of ever-increasing
urgency is the need to subtract background standard-model processes from the results coming
out of the LHC in order to correctly isolate new physics. This requires ever simpler/faster
ways to compute the relevant amplitudes. The second motivation, of a more theoretical nature,
is that of obtaining a fuller understanding of quantum field theory by, for example, finding
relations/dualities between different theories and finding new hidden structures/symmetries in
quantum field theory, etc.
In this talk we discuss one of the most recent outcomes of recent studies in scattering
amplitudes, the remarkable amplitude/Wilson loop duality [1, 3, 4]. We will see that as well as
its clear theoretic interest, it has enormous potential practical interest. This duality between
two objects in N =4 super Yang-Mills - has the potential to provide huge simplifications in the
computation of scattering amplitudes in the theory. In this talk we give one example of such a
simplification by outlining the computation in [1,2] of planar MHV 1- and 2-loop gluon scattering
amplitudes for any number of scattered particles n by assuming the conjectured duality.
For the purposes of the Wilson loop/amplitude duality, we consider planar “Maximally
Helicity Violating (MHV)” amplitudes. In any supersymmetric theory supersymmetry Ward
identities dictate that amplitudes with no negative helicities, and those with just one negative
helicity vanish. Thus amplitudes with two negative helicities are dubbed “Maximally Helicity
Violating” or “MHV”.In N =4 SYM the planar all-loop n-point MHV amplitude can be factorised
as follows
An = Atree
n Mn ,

where the amplitude Mn is independent of the helicities of the particles and depends only on
the outgoing momenta pi , i = 1 . . . n.
We will focus on the amplitude Mn for the remainder of the talk. For now we mention that
a beautiful all-loop conjecture for the amplitudes Mn - the BDS conjecture - was developed
in [5, 6]. This conjecture is believed to hold at 4- and 5-points but as we will see was later found
to require modification starting with 6-points. The BDS conjecture has been instrumental to
the development of the Wilson loop/amplitude duality.
2

The Amplitude/Wilson loop duality

The Wilson loop/amplitude duality states that the planar MHV amplitude Mn defined in the
previous section is equivalent to the expectation value of a Wilson loop over a closed contour
defined as follows. Take the n out-going momenta pi of the scattering particles and lie them
“end-to-end” as four-vectors. This defines a light-like
polygonal contour. The contour is closed
P
simply by virtue of momentum conservation
pi = 0 (see figure 2).
p6

p2

p1

p1

p3

p5

‘=’
p2

p4
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Figure 1: The Wilson loop/ Amplitude duality

Recall that a Wilson loop W [C] over a hcontourC parametrised i
by xµ (τ ) is a gauge invariant
H
operator defined as W [C] := N1 Tr P exp ig C dτ Aµ (x(τ ))ẋµ (τ ) .
2.1

Evidence so far...

So what is the evidence for this conjectured duality between Wilson loops and amplitudes?
The first sign of the duality came at strong coupling. In [3] scattering amplitudes in strongly
coupled N =4 SYM were computed for the first time in string theory using the AdS/CFT
correspondence and found to be equivalent to the AdS/CFT description of Wilson loops over
the light-lie polygonal contour described above.
Inspired by this result, the Wilson loop was then calculated perturbatively at one-loop for
four- [4] and n-points [1] and then at two-loops at four- and then five-points [7, 8]. In all cases
agreement was found with the corresponding perturbative scattering amplitudes.
Next came an argument from symmetry as to why the duality should hod at 4- and 5-points.
The Wilson loop over a smooth contour is conformally invariant. For polygonal Wilson loops
this conformal invariance is broken at the cusps. In [8] the precise breaking of this symmetry was
understood and it was observed that the four-, five-point Wilson loop is completely determined
by this broken conformal invariance. Up to 4 undetermined constants at each loop order they
are determined to be precisely of the form given by the BDS conjecture.
Now this symmetry suggests a corresponding ‘dual conformal symmetry’ for the scattering
amplitude which in turn would completely determines the 4-,5-point amplitude to also be given
by the BDS conjecture.

So the matching between Wilson loop and amplitude at two loops and at four- and five-points
could be understood purely from the point of view of symmetry - dual conformal symmetry.
Beyond 5-points however there can non-zero conformally invariant “remainder functions”
which we denote RW (pi ), RA (pi ) respectively for the Wilson loop or the amplitude. These can
be added to the BDS-form without changing the dual conformal properties. The BDS conjecture
thus requires RA = RW = 0, the Wilson loop/amplitude duality requires RA = RW (but both
can be non-zero), whereas dual conformal invariance itself puts no restrictions on RA and RW
beyond the fact that they are dual conformally invariant functions of the momenta.
Remarkably it was shown in [9, 10] that the remainder functions are indeed non-zero a and
also that RA = RW . This is a highly non-trivial check of the duality.
3

Computing the Wilson loop

Having summarised our reasons for believing the duality, in this section we briefly review the
computation of the light-like polygonal Wilson loop at one and two loops. In particular we
wish to emphasise the relative simplicity of the calculation as compared with the amplitude
calculation.
3.1

1-loop n-point Wilson loop

A 1-loop Wilson loop is obtained by simply taking a gluon propagator and integrating the two
edges around the contour. In the case of a polygonal Wilson loop the integral naturally splits
into a sum of integrals in which the end-points of the propagator are integrated along two edges
of the polygon. In figure 2 such an integral is illustrated diagrammatically. There two edges

Figure 2: A one loop Wilson loop integral.

have been chosen, with momentum p and q. The corresponding integral using Feynman gauge
in D = 4 + 2ǫ dimensions is
Z 1
u

dτp dτq
2
2
[− P + (s − P )τp + (t − P 2 )τq + uτp τq ]1+ǫ
0
where s := (P + p)2 , t := (P + q)2 and u := −s − t + P 2 + Q2 . This is equal to the finite part of
a two-mass easy box function, and the sum of all diagrams is equal to the one-loop amplitude.
Note that there is only one type of integrand for all n and that the corresponding integral
is straightforward to evaluate analytically.
3.2

2-loop n-point Wilson loop

Even in the case of the two loop Wilson loop there are still only four new “master” integrals to
be computed for all n as illustrated in figure 3.2 .
a

Indeed this had been previously shown by considering a Wilson loop in the limit n → ∞ [11].

Figure 3: The four new integrals for the two loop Wilson loop

Using recently developed numerical techniques [12–14] we have computed these 4 master
integrals and are thus able to compute all n-sided polygonal light-like Wilson loops at two
loops [2].
Assuming the amplitude/Wilson loop duality we can therefore compute two-loop (ie NNLO)
planar MHV amplitudes for any number of points n.
We have explicitly computed these for 6,7,8 points for arbitrary momenta and have shown
that the Wilson loop passes some non-trivial tests of the amplitude (collinear limits and dual
conformal invariance.) For a special symmetric configuration we have also computed the Wilson
loop up to n = 30.
This situation should be compared with the direct amplitude computation. The integrands
making up the parity even part of the amplitude have been computed up to n = 7. At 7-points
there are 26 different types of integral. Furthermore each individual integral is much harder to
calculate than the Wilson loop integrals.
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HIGHER-ORDER QCD CORRECTIONS FOR VECTOR BOSON
PRODUCTION AT HADRON COLLIDERS
G. FERRERA
Dipartimento di Fisica, Università di Firenze & INFN Sez. di Firenze,
I-50019 Sesto Fiorentino, Florence, Italy
We consider higher-order QCD corrections for vector boson production at hadron colliders.
We present recent results on transverse-momentum resummation for Z production. Moreover
we show numerical results from a new fully exclusive next-to-next-to-leading order (NNLO)
calculation.

1

Introduction

The study of vector boson production in hadron collisions, the well know Drell-Yan (DY) process,
is nowadays extremely important. Owing to the large production rates and clean experimental signatures of W and Z productions, these processes are standard candles for calibration
purposes, they lead to precise determinations of vector boson masses and widths and provide
important information on parton distribution functions (pdf). It is therefore essential to have
accurate theoretical predictions for vector boson cross section and distributions. This requires
the computation of higher-order QCD radiative corrections for such processes.
In these proceedings we present two recent results on higher-order corrections for the DY
process: a study of transverse-momentum (qT ) resummation for Z production at the Tevatron 1
and a fully exclusive calculation 2 based on the NNLO subtraction formalism of Ref. 3 .
2

Transverse-momentum distribution: fixed-order and resummation

We consider the inclusive hard-scattering process
h1 (p1 ) + h2 (p2 ) → V (M, qT ) + X → l1 + l2 + X,

(1)

where h1 and h2 are the colliding hadrons with momenta p1 and p2 , V is a vector boson (which
decays in the lepton pairs l1 , l2 ) with invariant mass M and transverse-momentum qT and X is
an arbitrary and undetected final state.
According to the QCD factorization theorem the qT differential cross section dσ V /dqT2 can
be written as
Z 1
V
XZ 1
dσ V
2
2 dσ̂ab
2
2
(x
(x
(q
,
M,
s)
=
dx
dx
f
,
µ
)
f
,
µ
)
1
2 a/h1 1 F
T
b/h2 2 F
2 (qT , M, ŝ; αS , µR , µF )
dqT2
dq
0
0
T
a,b

where fa/h (x, µ2F ) are the parton densities of the colliding hadrons at the factorization scale µF ,
V /dq 2 are the perturbative QCD computable partonic cross sections, s (ŝ = x x s) is the
dσ̂ab
1 2
T
hadronic (partonic) centre-of-mass energy, and µR is the renormalization scale.

In the region where qT ∼ mV , mV being the mass of the vector boson (mV = mW , mZ ), the
QCD perturbative series is controlled by a small expansion parameter, αS (mV ), and fixed-order
calculations are theoretically justified. In this region, the QCD radiative corrections are known
up to next-to-leading order (NLO) 4 . From Fig. 1 we see that the NLO result 1 is in agreement
with the experimental data 5 over a wide region of transverse momenta (qT >
∼ 20 GeV).
In the small-qT region (qT ≪ mV ), the LO and NLO calculations do not describe the data.
This is not unexpected since in the small-qT region the convergence of the fixed-order perturbative expansion is spoiled by the presence of powers of large logarithmic terms, αSn lnm (m2V /qT2 ).
To obtain reliable predictions these terms have to be resummed to all orders.

Figure 1: The qT -spectrum of the Drell-Yan e+ e− pairs produced in pp̄ collisions at the Tevatron Run I. Theoretical
results are shown at LO and NLO including the following scale variations: mZ /2 ≤ µF , µR ≤ 2 mZ , with the
constraint 1/2 ≤ µF /µR ≤ 2.

The resummation is performed at the level of the partonic cross section, which is decomposed
V /dq 2 = dσ̂ V (res.) /dq 2 + dσ̂ V (fin.) /dq 2 . The term dσ̂ V (res.) contains all the logarithmically
as dσ̂ab
T
T
T
ab
ab
ab
enhanced contributions (at small qT ), which have to be resummed to all orders in αS , while the
V (fin.)
term dσ̂ab
is free of such contributions and can be evaluated at fixed order in perturbation
theory. Using the Bessel transformation between the conjugate variables qT and b, the resummed
V (res.)
can be expressed as
component dσ̂ab
Z ∞
V (res.)
dσ̂ab
M2
b
V
V
(q
,
M,
ŝ,
α
)
=
σ̂
(M
)
db J0 (bqT ) Wab
(b, M, ŝ, αS ) ,
(2)
T
S
LO
ŝ
2
dqT2
0
V is the Born partonic cross section and J (x) is the 0-order Bessel function. By taking
where σ̂LO
0
the N -moments of W with respect to the variable z = M 2 /ŝ at fixed M , the resummation
V
a
structure of Wab,
N can be organized in the exponential form
V
V
WN
(b, M, αS ) = HN
(αS ) × exp{GN (αS , L)} , with L = ln(Q2 b2 /b20 ), b0 = 2e−γE .

(3)

The scale Q ∼ M ∼ mV , that appears in the above formula is named resummation scale and
it parameterizes the arbitrariness in the resummation procedure. Variations of Q around mV
can be used to estimate the size of higher-order logarithmic contributions that are not explicitly
resummed in a given calculation.
V includes all the perturbative terms that behave as
The process dependent function HN
constants as qT → 0. It can thus be expanded in powers of αS = αS (µ2R ):
i
h
αS V (1)  αS 2 V (2)
V
HN + . . . .
(4)
(αS ) = 1 +
HN
HN
π
π
a

For the sake of simplicity, here we consider only the case of the diagonal terms in the flavour space. For the
general case and a detailed discussion of the resummation formalism see Ref. 6 .

The universal exponent GN contains all the terms that order-by-order in αS are logarithmically
divergent as b → ∞ (i.e. qT → 0). The logarithmic expansion of GN reads
(2)

GN (αS , L) = Lg (1) (αS L) + gN (αS L) +

αS (3)
g (αS L) + . . .
π N

(5)
(2)

where the term L g (1) collects the leading logarithmic (LL) contributions, the function gN
includes the next-to-leading leading logarithmic (NLL) contributions and so forth b .
Finally the finite component has to be evaluated starting from the usual fixed-order perturbative truncation of the partonic cross section and subtracting the expansion of the resummed part
V (fin.)
V (res.)
V /dq 2 ]
/dqT2 ]f.o. = [dσ̂ab
/dqT2 ]f.o. . This
at the same perturbative order: [dσ̂ab
T f.o. − [dσ̂ab
matching procedure between resummed and finite contributions guarantees to achieve uniform
theoretical accuracy over the entire range of transverse momenta.
(2)

V (1)

The inclusion of the functions g (1) , gN , HN in the resummed component and of the finite
component at LO (i.e. O(αS )) allows us to perform the resummation at NLL+LO accuracy.
(3)
V (2)
The inclusion of the functions gN and HN and of the finite component at NLO leads to a full
V (2)
NNLL+NLO accuracy. Since the coefficient HN has been computed only recently 2 , here we
limit ourselves to presenting results up to NLL+LO accuracy.
In Fig. 2 we compare our NLL+LO resummed spectrum 1 (with different values of the factorization, renormalization and resummation scale) with the Tevatron data. We find that the
scale uncertainty is about ±12 − 15% from the region of the peak up to the intermediate qT
region (qT ∼ 20 GeV), and it is dominated by the resummation-scale uncertainty. Taking into
account the scale uncertainty, we see that the resummed curve agrees reasonably well with the
experimental points. We expect a sensible reduction of the scale dependence once the complete
NNLL+NLO calculation is available.
We note that in Fig. 2 the theoretical results are obtained in a pure perturbative framework,
without introducing any models of non-perturbative contributions. These contributions can be
relevant in the qT region below the peak.

Figure 2: The qT -spectrum of the Drell-Yan e+ e− pairs produced in pp̄ collisions at the Tevatron Run I. Theoretical
results are shown at NLL+LO, including scale variations. Left side: mZ /2 ≤ µF , µR ≤ 2 mZ , with the constraint
1/2 ≤ µF /µR ≤ 2. Right side: mZ /4 ≤ Q ≤ mZ

b
To reduce the impact of unjustified higher-order contributions
in the ´large-qT region, the logarithmic variable
`
L in Eq. (3), which diverges for b → 0, is replaced by L̃ ≡ ln Q2 b2 /b20 + 1 . As a consequence
of this replacement,
R∞
integrating the qT distribution over qT we obtain the corresponding total cross section: 0 dqT2 (dσ̂/dqT2 )NLL+LO =
(tot)
σ̂NLO .

3

Fully exclusive NNLO Drell-Yan calculation

We now consider QCD radiative corrections at the fully exclusive level for the process in Eq. 1.
The purpose is to compute observables dσ̂ V , with arbitrary (though infrared safe) kinematical cuts on the final-state leptons and the associated jet activity. Provided the observable is
sufficiently inclusive over the small-qT region, it can reliably be computed at fixed order in
perturbation theory.
Following Ref. 3 , we observe that, at LO, the transverse momentum qT of V is exactly zero.
This means that if qT 6= 0 the (N)NLO contributions is given by the (N)LO contribution to
V +jets
V +jets
V
by using the
the final state V + jet(s): dσ̂(N
)N LO |qT 6=0 = dσ̂(N )LO . We compute dσ̂N LO
subtraction method at NLO and we treat the remaining NNLO singularities at qT = 0 by
the additional subtraction of a counter-term c constructed by exploiting the universality of the
logarithmically-enhanced contributions to the qT distribution (see Eq. 3)
h
i
V +jets
V
V
V
CT
=
H
⊗
dσ̂
+
dσ̂
−
dσ̂
dσ̂(N
,
(6)
LO
)N LO
(N )N LO
(N )LO
(N )LO
V
where H(N
)N LO is the process dependent coefficient function of Eq. 4.
We have encoded our NNLO computation in a parton level Monte Carlo event generator. The
calculation includes finite-width effects, the γ − Z interference, the leptonic decay of the vector
bosons and the corresponding spin correlations. Our numerical code is particularly suitable
for the computation of distributions in the form of bin histograms, as shown the illustrative
numerical results presented in Fig. 3.

Figure 3: Left side: transverse mass distribution for W production at the Tevatron. Right side: distributions in
pT min and pT max for the Z signal at the Tevatron.
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MEASUREMENT OF THE UNDERLYING EVENT AT TEVATRON

DEEPAK KAR, On behalf of the CDF Collaboration
IKTP, TU Dresden, Germany
CDF Run II data for the underlying event associated with Drell-Yan lepton pair production
are examined as a function of the lepton-pair transverse momentum. The data are compared
with a previous analysis on the behavior of the underlying event in high transverse momentum
jet production and also with several other QCD Monte-Carlo models. The goal is to provide
data that can be used to tune and improve the QCD Monte-Carlo models of the underlying
event, which is especially important now in view of the LHC startup.

1

Introduction: the Underlying Event

In order to find ‘new’ physics at a hadron-hadron collider it is essential to have Monte-Carlo
models that simulate accurately the ‘ordinary’ QCD hard-scattering events. To do this one must
not only have a good model of the hard scattering part of the process, but also of the underlying
event.
A typical 2-to-2 hard scattering event is a proton-antiproton collision at the hadron colliders
as shown in the Figure 1(a), all happening inside the radius of a proton. In addition to the two
hard scattered outgoing partons, which fragment into jets - there is initial and final state radiation (caused by bremsstrahlung and gluon emission), multiple parton interaction (additional
2-to-2 scattering within the same event), ‘beam beam remnants’ (particles that come from the
breakup of the proton and antiproton, from the partons not participating in the primary hard
scatter). We define the ‘underlying event’ 1 as everything except the hard scattered components,
which includes the ‘beam-beam remnants’ (or the BBR) plus the multiple parton interaction (or
the MPI). However, it is not possible on an event-by-event basis to be certain which particles
came from the underlying event and, which particles originated from the hard scattering. The
‘underlying event’ (i.e. BBR plus MPI) is an unavoidable background to most collider observables. For example, at the Tevatron both the inclusive jet cross section and the b-jet cross
section, as well as isolation cuts and the measurement of missing energy depend sensitively on
the underlying event. A good understanding of it will lead to more precise measurements at the
Tevatron and the LHC.
For Drell-Yan lepton pair production, we have the outgoing lepton anti-lepton pair in the
final state and there would be no colored final state radiation. Hence it provides a very clean
way to study the underlying event.

Figure 1: A typical 2-2 hard scattering process and dividing the central region
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Figure 2: Drell-Yan underlying event plots, charged particle multiplicity on the left and the charged pT sum on
the right

2
2.1

Comparing data with QCD Monte Carlo Models
The Underlying Event as a function of lepton pair pT

We looked at the charged particles in the range pT > 0.5 GeV /c and |η| < 1, at the region of
Z-boson, defined as 70 GeV /c2 < Mll < 110 GeV /c2 , in the ‘toward’, ‘away’ and ‘transverse’
regions, as defined in Fig. 1(b). The underlying event observables are found to be reasonably
flat with the increasing lepton pair transverse momentum in the transverse and toward regions,
but goes up in the away region to balance the lepton pairs. In Fig. 2(a) and Fig. 2(b), we looked
at the two observables corresponding to the underlying event, the number of charged particle
density and the charged transverse momentum sum density in the transverse region, compared
with pythia tunes A and AW 3 , herwig 4 without MPI and a previous CDF analysis on leading
jet underlying event results. We mostly observed very good agreements with pythia tune AW
Monte Carlo predictions (herwig produces much less activity), although the agreement between
theory and data is not perfect. We also compared them with leading jet underlying event results
and observed reasonably close agreement - which may indicate the universality of underlying
event modeling.
2.2

Correlation Studies

The rate of change of < pT > versus charged multiplicity is a measure of the amount of hard
versus soft processes contributing to collisions and it is sensitive to the modeling of the multiple
parton interactions 5 . This variable is one of the most sensitive to the combination of the physical
effects present in minimum-bias collisions and is also the most poorly reproduced variable by
the available Monte Carlo generators. If only the soft beam-beam remnants contributed to
min-bias collisions then < pT > would not depend on charged multiplicity. If one has two

Average Pair pT versus Charged Multiplicity
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Figure 3: Charged multiplicity against charged transverse momentum average correlation plots.

processes contributing, one soft (beam-beam remnants) and one hard (hard 2-to-2 parton-parton
scattering), then demanding large multiplicity would preferentially select the hard process and
lead to a high < pT >. However, we see that with only these two processes < pT > increases
much too rapidly as a function of multiplicity. Multiple-parton interactions provides another
mechanism for producing large multiplicities that are harder than the beam-beam remnants,
but not as hard as the primary 2-to-2 hard scattering.
Fig. 3(a) shows the data corrected to the particle level on the average pT of charged particles
versus the multiplicity for charged particles with pT > 0.5 GeV /c and |η| < 1 for Z-boson events
from this analysis. herwig (without MPI) predicts the < pT > to rise too rapidly as the
multiplicity increases. For herwig (without MPI) large multiplicities come from events with
a high pT Z-boson and hence a large pT ‘away-side’ jet. This can be seen clearly in Fig. 3(b)
which shows the average pT of the Z-boson versus the charged multiplicity. Without MPI the
only way of getting large multiplicity is with high pT (Z) events. For the models with MPI one
can get large multiplicity either from high pT (Z) events or from MPI and hence < pT (Z) > does
not rise as sharply with multiplicity in accord with the data. pythia tune AW describes the
Z-boson data fairly well. Fig. 3(c) shows the data corrected to the particle level on the average
pT of charged particles versus the multiplicity for charged particles with pT > 0.5 GeV /c and
|η| < 1 for Z-boson events in which pT (Z) < 10 GeV /c. Regardless of all the improvements
in the comprehension of low-pT production, the models are still unable to reproduce second
order quantities such as final state particle correlations. We see that < pT > still increases as
the multiplicity increases although not as fast. If we require pT (Z) < 10 GeV /c, then herwig
(without MPI) predicts that the < pT > decreases slightly as the multiplicity increases. This is
because without MPI and without the high pT ‘away-side’ jet which is suppressed by requiring
low pT (Z), large multiplicities come from events with a lot of initial-state radiation and the
particles coming from initial-state radiation are ‘soft’. pythia tune AW describes the behavior
of < pT > versus the multiplicity fairly well even when we select pT (Z) < 10 GeV /c. This
strongly suggests that MPI are playing an important role in both these processes.

3

Summary and Conclusions

We are making good progress in understanding and modeling the softer physics. CDF tunes
A and AW describe the data very well, although we still do not yet have a perfect fit to all
the features of the CDF underlying event and min-bias data. Future studies should focus on
tuning the energy dependence for the event activity in both minimum bias and the underlying
event, which at the moment seems to be one of the least understood aspects of all the models.
The underlying event is expected to be much more active in LHC and it is critical to have
sensible underlying event models containing our best physical knowledge and intuition, tuned
to all relevant available data.
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MINIMUM BIAS AND UNDERLYING EVENT STUDIES
AT ATLAS AND CMS
M. LEYTON
(on behalf of the ATLAS and CMS Collaborations)
Lawrence Berkeley National Laboratory, 1 Cyclotron Rd,
Berkeley CA 94720, USA
An overview of minimum bias and underlying event studies at the LHC with the ATLAS
and CMS detectors is presented. Current uncertainties in the modeling of soft pp inelastic
interactions at the LHC energy scale are discussed. Triggers used to select inelastic interactions
at ATLAS and CMS are described and compared. A summary of some of the ongoing minimum
bias and underlying event analyses by the ATLAS and CMS collaborations is given.

Minimum bias and underlying event properties have previously been studied over a wide
range of energies. In particular, results from experiments at CERN and Fermilab have been
used to tune the Pythia [1] and Phojet [2] Monte Carlo event generators. However, due
to uncertainties in the modeling of the energy dependence of soft inelastic interactions, these
generators give widely varying predictions when extrapolated to LHC energies [3].
1

LHC, ATLAS & CMS

The Large Hadron Collider (LHC) [4] at CERN will collide protons at a center-of-mass energy
√
of s = 14 TeV. An initial physics run at 10 TeV is expected to start in October 2009. Peak
luminosity for the 2009–2010 run will be L = 5 × 1031 cm−2 s−1 , or about 1.8 interactions per
bunch crossing. Total integrated luminosity during the first 100 days will be about 100 pb−1 .
ATLAS [5] and CMS [6] are 4π general-purpose detectors designed for high-luminosity studies
at the LHC. Tracking detectors for both ATLAS and CMS cover a pseudorapidity range of
|η| < 2.5. Both experiments have a multi-layer silicon tracker with pixels and strips. In addition,
ATLAS has a transition radiation straw tracker. The ATLAS and CMS tracking chambers are
immersed in a solenoidal magnetic field of 2 T and 4 T, respectively. Both detectors have
electromagnetic calorimetry covering |η| . 3.0 and hadronic calorimetry covering |η| . 5.
2

Minimum Bias

‘Minimum bias’ events are usually associated with the non-single-diffractive (NSD) inelastic
portion of the total cross section.a They are dominated by soft interactions, with low transverse
momentum (pT ) and low particle multiplicity. Studies with minimum bias events are possible
with very early data (1–10 pb−1 ), ideally during low-luminosity running, when the number of
pp collisions per bunch crossing is ≤ 1. At higher luminosities, minimum bias will be a major
The total cross section (σtot ) at the LHC can be written as a sum of elastic (σelas ) and inelastic (σinel )
components, with the inelastic part further sub-divided into single-diffractive (σsd ), double-diffractive (σdd ) and
non-diffractive (σnd ) components [3]. Central diffraction has been ignored.
a

background, with an average of 18 minimum bias interactions per bunch crossing at LHC design
luminosity [7]. It is therefore very important to have an accurate model of minimum bias for all
other high-pT physics measurements.
A list of some of the important observables in minimum bias events, along with corresponding
predictions by Pythia version 6.214 (ATLAS tune) and Phojet version 1.12, is given here [3]:
• total cross section, σtot : 102–119 mb (17% difference);
• average charged particle multiplicity, hnch i: 119–70 (30% difference);
• density of charged particles in the central region, dNch /dη|η=0 : 6.8–5.1 (30% difference);
• average transverse momentum, hpT i: 0.55–0.64 GeV/c (17% difference).
Measuring dNch /dη (see section 2.2) at different LHC collision energies will be especially crucial
for choosing between models since Pythia and Phojet predict drastically different behaviors
with different logarithmic dependencies [3]. The average pT in the central region is also important
since it is very sensitive to the tuning of Multiple Partonic Interactions (MPI) [8].
Because of the wide range in the predictions of these quantities, a first measurement to
within 10% can discriminate between the different models.
2.1

Minimum bias trigger

A minimum bias trigger is intended to select inelastic collisions with as little bias as possible.
Several types of minimum bias triggers have been implemented by ATLAS and CMS in order
to cover various phases of LHC running [7, 9].
A random trigger (with beam pickup) at Level-1 is ideal since it accepts all types of inelastic
events equally with zero bias. However, random triggering is very inefficient at low luminosities
(L < 1030 cm−2 s−1 ) since the probability of an interaction during a bunch crossing is < 1%.
At higher trigger levels, signals in the tracking detectors can be used to suppress empty bunch
crossings (noise events). This so-called track trigger selects events with a minimum number of
silicon hits or reconstructed tracks or both. These two trigger strategies are often combined into
a random-based track trigger [7].
CMS will also use their forward calorimeter (FCAL), located between 3.0 < |η| < 5.0, as a
minimum bias trigger by requiring a minimum number of towers with transverse energy (ET )
greater than some threshold. ATLAS will use the Minimum Bias Trigger Scintillators (MBTS),
located between 2.1 < |η| < 3.8, by requiring energy deposit above threshold in one or more
counters. Various scenarios and thresholds have been studied by both collaborations [7, 9].
A summary of the ATLAS and CMS minimum bias triggers discussed here is given in table 1.
Trigger efficiencies are shown for the various physics processes. All but one of the triggers are
highly efficient at selecting non-diffractive events. The diffractive events, however, have much
lower trigger efficiencies since these events typically have a lower track multiplicity than nondiffractive events, especially in the central tracking region. It is important to note that neither
ATLAS nor CMS have a pure NSD trigger. Model-dependent corrections are therefore needed
to compare measured distributions to past experiments [7].
2.2

Measuring the pseudorapidity density

One of the first physics results from ATLAS and CMS will be the measurement of the pseudorapidity density of charged particles, dNch /dη, in minimum bias events at the LHC. This analysis
has been prepared by both experiments using a full detector simulation [7, 10]. The ATLAS
version uses the MBTS trigger to define a minimum bias event sample. A selected subset of

Table 1: Efficiencies
of selected ATLAS and CMS minimum bias triggers for various physics processes simulated
√
at s = 14 TeV. An ET -threshold of 1 GeV has been used in the CMS FCAL trigger study.

Experiment
ATLAS

CMS

Trigger
Track (≥ 2 tracks)
MBTS (2 hits anywhere)
MBTS (1 hit on each side)
Track (≥ 1 track)
FCAL (1 tower on one side)
FCAL (1 tower on each side)

Non-diff.
100%
100%
99%
99%
81%
48%

Double-diff.
65%
83%
54%
69%
15%
1%

Single-diff.
57%
69%
45%
59%
15%
1%

Beam gas
40%
54%
40%

–
–
–

dNch/dη

fully reconstructed tracks are then counted and corrected back to MC generator level. Track
and vertex reconstruction inefficiencies are taken into account. The CMS version uses a random
trigger, thereby selecting inelastic events. Hits are counted in each layer of the pixel detector
and a conversion function is used to map these hits into tracks in pseudorapidity. Corrections
are applied for event selection and looping low-pT tracks. Neither the ATLAS nor the CMS
analysis corrects for bias imposed by the trigger.
Figure 1 shows the results of the two analyses, using events generated with Pythia at
√
s = 14 TeV. The generated dNch /dη distributions for the minimum bias (ATLAS) and inelastic
(CMS) event sample have been reconstructed. The inelastic sample used by CMS includes a
greater fraction of single and double-diffractive events which lower the average track multiplicity
in the central pseudorapidity region. A lower pT range is accessible by CMS (pT > 30 MeV/c,
compared to pT > 150 MeV/c for ATLAS) since no tracking or alignment is needed by the
hit-counting method.

5
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Figure 1: Results of simulated dNch /dη analyses for the ATLAS minimum bias (left) and the CMS inelastic (right)
event samples. Distributions have been integrated over pT > 150 MeV/c (left) and pT > 30 MeV/c (right).

The total estimated systematic uncertainty for both analyses is about 7%. The dominant
source of uncertainty in the ATLAS analysis comes from mis-alignment of the tracker, but this
is expected to decrease once the alignment from cosmic ray data is considered. The dominant
sources of systematic uncertainty at CMS come from vertex bias and the hit-to-track conversion
function.

3

Underlying Event

The Underlying Event (UE) is everything in the event except the hard scatter, including Initial
State Radiation (ISR), Final State Radiation (FSR) and hadronization and beam remnants.
From an experimental point of view, it is impossible to separate these two things; however,
topological properties of the event can be used to define a set of physics observables which are
sensitive to different aspects of the UE [11]. Studying the UE is important for understanding the
evolution of QCD with collision energy as well as understanding the systematic corrections on
many studies, from basic detector calibrations to physics analyses such as mass measurements.
Jet events are ideal for studying the UE. The approach by CDF is to look at observables
objects (leading
in η-φ regions transverse (between 60◦ and 120◦ in azimuth) to the high-pT P
jets) [12]. Important observables include particle density, energy density and
pT . The CDF
analyses have shown that the density of particles in the UE in jet events is about a factor of
two larger than in a typical minimum bias collision, a feature known as the ‘pedestal effect’ [11].
This tells us that the UE is not the same as minimum bias but that they are closely related.
As in the case of minimum bias, MC predictions at LHC energies are very uncertain, at the
level of several hundred percent. For example, the particle density of events with leading jet
pT > 10 GeV/c is predicted to be between 13 and 29, a difference of over 200%. Uncertainties for
underlying event predictions at the LHC come from the parton density functions, ISR/FSR gluon
radiation, color flow and the modeling of MPI. Because of the wide range in LHC predictions, we
can expect that 2009–2010 LHC data can already discriminate between models. Constraining
of models and tuning of generators can follow shortly thereafter.
Measuring the underlying event: Figure 2 shows the results of a simulated underlying event
study by CMS using 100 pb−1 of data [13]. Events were selected using a minimum bias trigger
and an additional trigger on the pT of the leading jet
P(20, 60 and 120 GeV/c). The plots show
the MC generated curves for track multiplicity and
pT per dηdφ region as a function of the
charged jet pT . The curve corresponding to the Pythia DWT tune has been reconstructed
by the analysis for pT > 0.5 GeV/c. With this much data, the reconstruction can resolve the
various Pythia tunes quite well. A summary of the parameters for each of the various Pythia
tunes considered in this study can be found in [11].

Figure 2: Results of a simulated CMS underlying event study. Corrected densities dNch /dηdφ (left) and
/dηdφ (right) for tracks with pT > 0.5 GeV/c, as a function of the leading charged jet pT , in the transverse
dpsum
T
region, for an integrated luminosity of 100 pb−1 .

4

Conclusion

√
The revised LHC program will include an initial physics run at s = 10 TeV, followed by running
at 14 TeV. This will allow measuring the energy dependence of Minimum Bias and Underlying
Event, which is important for model tuning and constraining. AlthoughR current models of
minimum bias and the underlying event diverge on LHC predictions, 1 < Ldt < 10 pb−1 of
data is sufficient to discriminate between these models. ATLAS and CMS are both ready to
study minimum bias and the underlying event at the LHC. Reconstructed distributions can be
accurately corrected back to MC level. These analyses are an important first step in finding a
model that describes the entire energy range up to the LHC.
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RECENT QUARKONIA RESULTS FROM THE PHENIX EXPERIMENT
ZAIDA CONESA DEL VALLE FOR THE PHENIX COLLABORATION
Laboratoire Leprince-Ringuet (École Polytechnique, CNRS-IN2P3), Palaiseau, France
The PHENIX collaboration efforts towards constraining and understanding quarkonia production mechanisms are outlined. J/ψ measurements and feed-down sources studies in p–
√
p collisions at sN N = 200 GeV, together with their possible implications on the hadroproduction mechanisms, are discussed. J/ψ photo-production in ultra-peripheral collisions
√
at sN N = 200 GeV is also examined. Finally, a glimpse of the first bottomonia results in
√
minimum bias Au–Au collisions at sN N = 200 GeV and their implications are presented.

1

Physics punchline

Lattice QCD (lQCD) calculations predict that QCD matter should exist in a Quark Gluon
Plasma (QGP) phase – a state of matter where quarks and gluons are no longer confined into
hadrons – under extreme conditions of temperature and energy density (T > 170 − 192 MeV) 1 .
The PHENIX experiment was designed to study QCD matter in ultra-relativistic heavy ion
collisions (HIC), where such conditions are presumably achieved. If this matter attains a high
enough temperature, lQCD predicts quarkonia bound states dissociation due to the medium color
charge screening, leading to a reduction, or suppression, of quarkonia production in favor of open
charm/beauty mesons 2 . The experimental challenge for such studies is to separate the QGPinduced effects, observed in heavy-ion collisions, from the influence of the production mechanisms
and usual cold-nuclear-matter effects, measured in p–p and d–Au collisions respectively.
SPS and RHIC experiments have observed an anomalous J/ψ suppression, proving the formation
of a hot and dense matter in HIC 3,4 . However, not all aspects of their production are well
understood. More precise data on the quarkonia states at SPS, RHIC and the LHC should
guide the theoretical interpretations.
Here we concentrate on the recent studies of quarkonia production mechanisms performed with
the PHENIX experiment at the RHIC collider and we also comment on the latest results on
bottomonia production in Au–Au collisions.

2

Quarkonia production

There exist several theoretical attempts to describe the production mechanisms of bottomonia
(Υ, Υ′ , Υ′′ ) and charmonia (J/ψ, ψ ′ ), but up to now none of them has been able to reproduce the
measured differential production cross sections (rapidity and transverse momentum dependence)
and polarization consistently 5 . Extensive studies of quarkonia properties at different energies
provide discriminating tools.

2.1

Charmonia constrains to the hadro-production mechanisms

√
PHENIX has measured J/ψ and ψ ′ production properties in p–p collisions at sN N = 200 GeV.
Fig. 1 presents the J/ψ differential production cross section 6,7 rapidity (y) and transverse momentum (pt ) dependence. The absolute values for both J/ψ and ψ ′ cross sections are compatible
with the COM and CEM models predictions, and in agreement with the STAR collaboration
results at the same center of mass energy 8 . The COM predictions for the J/ψ polarization (λ)
and pt dependence are challenged by the measurements 5 , whereas the recent CSM+s-channel
cut calculation 9 , appropriate at intermediate pt , reproduces well the pt trend and describes
satisfactorily λ at mid-rapidity (see Fig. 2 left), but can not predict neither J/ψ polarization at
forward-rapidities nor the absolute value of its cross section. Unfortunately, the current precision
on the J/ψ rapidity dependence does not allow to rule out any hypothesis.

Figure 1: J/ψ differential production cross section as a function of rapidity (left-plot) and transverse momentum
√
(right-plot) in p–p collisions 7 at sN N = 200 GeV compared to different theoretical calculations 9,10 .

J/ψ feed-down sources and their contributions as a function of pt also affect the theoretical
calculations. Fig. 2 right presents the PHENIX measurement of the ψ ′ feed-down to J/ψ, which
is evaluated 11 to be 8.6 ± 2.4%, approximately constant versus pt , and in agreement with lower
energy experiments results. The feed-down from χc decays 12 was estimated to be lower than
42% with 90% confidence level (C.L.), while the contribution from B decays 13 is 3.6+2.5
−2.3 %.

√
Figure 2: J/ψ polarization (left-plot) and ψ ′ feed-down to J/ψ (right-plot) in p–p collisions 11,16 at sN N =
200 GeV . The polarization is drawn as a function of y & pt and compared to the theoretical calculation of 9 .

Even though the complete interpretation of charmonia hadro-production processes is not clear
yet, these measurements give additional constraints on the theoretical picture and seem to prefer
the CSM+s-channel cut calculation.

2.2

J/ψ photo-production in ultra-peripheral Au–Au collisions

Thanks to the high photon flux generated by the ultra-relativistic moving ions, PHENIX has
performed the first measurement 14 ever of high-mass e+ e− and J/ψ photo-production in ultra√
peripheral Au–Au collisions at sN N = 200 GeV. They allow to test the photo-production
models (CSM at NLO describe well J/ψ HERA data 5 ) and the influence of the heavy-ion origin
of these interactions (the gluon PDFs and their nuclear modifications affect J/ψ production).
The invariant mass spectra is shown in Fig. 3 left. 28 e+ e− pairs and zero like-sign pairs
with mee > 2.0 GeV/c2 are reconstructed. The e+ e− differential production cross section at
mid-rapidity, 86 ± 23(stat) ± 16(syst) µb/GeV/c2 for mee ∈ [2.0,2.8] GeV/c2 , is in agreement
with the theoretical STARLIGHT 15 LO QED calculations (γγ → e+ e− ), suggesting the validity of this QED-interpretation on the strongly interacting regime probed by these HIC. The
J/ψ production cross section at mid-rapidity is 76 ± 31(stat) ± 15(syst) µb, and its transverse
momentum dependence indicates the contribution of both coherent (γ A → J/ψ) and incoherent (γ N → J/ψ) production in accordance with various predictions (see refs. in 14 ). Despite
the large uncertainties (Fig. 3 right), that so far preclude any detailed conclusion on the basic
ingredients of the models, this result is a proof of principle of these measurements feasibility in
HIC and supports their value for such studies.

√
Figure 3: J/ψ and e+ e− photo-production in ultra-peripheral Au–Au collisions 14 at sN N = 200 GeV . Invariant
mass spectra (left) and comparison of J/ψ photo-production cross section to theoretical calculations (right).

3

Outlook, the bottomonia family

The comparison of charmonia and bottomonia production patterns is important to understand
their production mechanisms and to interpret how they behave in a QGP. The Υ(1S) state
being heavier and more tightly bound than the J/ψ, it is expected to dissociate at higher
medium temperatures. Therefore, the relative patterns of the different quarkonia should provide
information on the medium temperature.
RHIC experiments have recently reached a high enough integrated luminosity to look at bottomonia. PHENIX has measured the Υ family production cross section both at mid and forward
rapidities 16 in accordance with what was discussed in Sec. 2.1. In addition, an excess in the
e+ e− invariant mass distribution, which we interpret as Υ production (see Fig. 4 left), has been
√
observed in minimum bias Au–Au collisions 17 at sN N = 200 GeV. Fig. 4 right presents the
probability distribution of the high-mass nuclear modification factor RAuAu , which corresponds
to the normalized ratio of the production in Au–Au and p–p collisions. A 90% C.L. upper-limit
has been estimated to be 0.64, revealing a suppression of the high mass counts. Separating
the continuum contribution and calculating the Υ cross section should shed light on whether

this suppression can be attributed to a suppression of the feed-down sources, of the background
contamination or of the Υ ground state.

√
Figure 4: Left: e+ e− invariant mass spectra in minimum bias Au–Au collisions at sN N = 200 GeV. Right:
RAuAu , nuclear modification factor probability distribution of high mass pairs, for me+ e− ∈ [8.5, 11.5] GeV/c2 .

4

Highlights

Quarkonia are hard and rare probes of the QCD matter produced in heavy-ion-collisions. On the
one hand, their hadro-production measurements in p-p collisions seem to favor CSM calculations
beyond LO, such as the CSM+s-channel cut model 9 . While J/ψ photo-production, observed
for the first time in ultra-peripheral Au-Au collisions, is a promising tool to study its photoproduction mechanisms. On the other hand, an excess has been observed in the e+ e− invariant
mass spectrum suggesting Υ production in both p-p and minimum bias Au-Au collisions, and
showing a suppression of e+ e− counts within the Υ mass region in Au-Au collisions. Further
studies are needed before we can firmly conclude the implications on the Υ(1S) yields and the
medium properties.
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Study of QGP with probes associated with photon at RHIC-PHENIX
Yoki Aramaki, for the PHENIX Collaboration
Center for Nuclear Study, Graduate School of Science, University of Tokyo,
7-3-1 Hongo, Bunkyo, Tokyo 113-0033, Japan
When heavy ions with high energy collide, a hot and dense matter is produced. As the matter
expands, the matter undergoes cross-over phase transition from partonic matter to hadronic
matter. Jets are created by high pT partons in the early phase of the collisions. Leptons and
photons can penetrate the matter without strong interaction. For that reason, jets, leptons
and photons are good probes to study the partonic matter in the early phase of the collisions.
We report about two probes associated with photon and their results for PHENIX.

1
1.1

High pT neutral pions
Measurement of the initial density in the matter

It has been observed in central Au+Au collisions at Relativistic Heavy Ion Collider (RHIC) that
the yield of neutral pion at high transverse momentum (p T > 5 GeV/c) is strongly suppressed
compared to the expectation from p + p collisions scaled by the number of binary collisions (Jet
quenching). This suppression is regarded due to the energy loss of hard scattered partons in
the medium, which results in a decrease of the yield at a given p T . Many theoretical models
have been proposed to understand the parton energy loss mechanism. GLV method1 as one of
the calculations predicts that the magnitude of energy loss is proportional to the square of the
path length. Therefore measuring the path length dependence of energy loss should improve our
knowledge on energy loss constrain the parton energy loss models.
1.2

Neutral pion production with respect to the reaction plane

To quantify the energy loss in the matter, we introduce the nuclear modification factor (R AA ).
RAA =

d2 N AA /dpT dη
,
TAA d2 σ N N /dpT dη

(1)

where N AA , σ N N and TAA are yields of neutral pion in Au+Au collisions, the cross section of
neutral pion (p + p) and the nuclear overlap function calculated by Glauber model, respectively.
The path length can be estimated by measuring the azimuthal angle from reaction plane and
the impact parameter (centrality). Therefore the R AA for each azimuthal angle (∆φi ) bin is
measured to obtain the path length dependence of π 0 production. The RAA (pT , ∆φ) is derived
by the following equations.
N (pT , ∆φi )
Σφi N (pT , ∆φi )
N (pT , ∆φi ) ∝ 1 + 2v2 cos(2∆φi )

RAA (pT , ∆φi ) = RAA (pT ) ×

(2)
(3)

The second harmonic term (v2 ) means the azimuthal anisotropy. The anisotropy v 2 at low pT
creates collective flow and the flow is background for measuring the R AA (pT , ∆φ). In order to
reduce the effect of collective flow, we measure the yields at higher p T . Figure 1 shows the
anisotropy v2 of neutral pion as a function of pT for each 20 % centrality class. These values
are non-zero for all centrality classes. Additionally, assumed linear and constant functions are
fitted to this data and the fit results are shown in Table 1. These results indicate that the
anisotropy v2 of neutral pion in most central and peripheral collisions tends to be constant,
while in mid-central collisions it tends to decrease.
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Figure 1: The anisotropy v2 of neutral pion as a function of pT for each 20 % centrality class. Red and blue lines
which are fitted to the data from 6 GeV/c show constant and linear fit function, respectively.

Centrality [%]
00–20
20–40
40–60

Constant (χ2 /NDF)
4.45/5
4.39/5
2.23/5

Linear (χ2 /NDF)
4.34/4
1.49/4
2.21/4

Table 1: Fit results with the two functions for three centrality classes.

1.3

Comparison of RAA (pT , ∆φ)

Recently theoretical models (ASW2 , HT3 and AMY4 ) which involve the space-time evolution of
the matter have been proposed to investigate parton energy loss mechanism5 . The left panel of
Fig. 2 shows these models succeed in reproducing the centrality dependence of R AA (pT ). The
central and right panels show the theoretical curves and the measured data at the same centrality
class, respectively. These models are still unable to reproduce the measured R AA (pT , ∆φ).

Figure 2: Left: RAA (pT ) at centrality 0-5 % (top) and 20-30 % (bottom) calculated in three models compared
with the data. Central: RAA (pT , ∆φ) at pT = 10 GeV/c (solid line) and pT = 15 GeV/c (dashed line) for three
models at centrality 20-30 %. Right: RAA (pT , ∆φ) at 5 < pT < 8 GeV/c at centrality 20 − 30%.

2
2.1

Low pT direct photon
Measurement of the initial temperature of the matter

Thermally equilibrated matter is expected to radiate thermal photons, whose kinematics (p T
or yield) is sensitive to the temperature of the matter. Thermal photons are predicted to be
dominant in direct photons for low p T (1 < pT < 3 GeV/c) in Au+Au collisions. On the other
hand, a huge background is also produced by decay photons at this p T region. Electron pairs via
virtual photon have been measured by the PHENIX experiment in order to improve the signal
to background and associated systematic errors8 .
2.2

Low mass e+ e− via internal conversion

In general, any source of real photons can emit virtual photons and the virtual photons can
convert to low mass e+ e− pairs. The relation of real photon production and e + e− pair production
can be derived by Knoll-Wada formula7 based on quantum electrodynamics (QED). Figure. 3
shows mass spectra of e+ e− pairs in p + p and Au+Au collisions for several p T ranges. These
mass spectra are compared to expected yields from a cocktail of the hadron decay calculation.
This cocktail calculation is based on meson production as measured by PHENIX. The p + p data
are consistent with the cocktail for low p T region, while they have a small excess for high p T
region. The Au+Au data are good agreement with the cocktail for M ee < 50 MeV/c2 and the
excess of the yields have much larger than p + p for all p T bins.
Red, blue and green lines show next-toleading-order perturbative quantum chromodynamics (NLO pQCD) calculations which include theoretical scales for µ = 0.5 p T , pT and
2 pT , respectively. The p + p data are consistent with the expectation from NLO pQCD
calculations, while the clear enhancement for
the Au+Au data is shown at pT < 3.5 GeV/c.
The direct photon invariant yield is extracted
from the fraction of the direct photon yield
and the inclusive photon yield. Figure. 4
shows the invariant cross section of photon
in p + p and as a function of pT in p + p
and the invariant yield for several centrality
Figure 3: Left: e+ e− pair invariant mass distributions in
classes in Au+Au collisions. The filled and
(a) p + p and (b) minimum bias Au+Au collisions, respectively. The pT ranges are shown in the legend. Solid open points are from virtual photon analysis
and dashed lines represent the expected values from the and from the Ref. 10,11 , respectively. The three
cocktail calculation and their systematic uncertainties, curves on the p+p data represent NLO pQCD
respectively.
calculations and the dashed lines show modified power-law fit to the p + p data, scaled
TAA . The black lines are exponential plus the T AA -scaled p + p fit. The NLO pQCD calculation is consistent with the p + p data within theoretical uncertainties for p T > 2 GeV/c. As
shown in Fig. 4, the p + p data can be well described by a modified power-law fit function
(App (1 + p2T /b)−n ). Furthermore, we fit an exponential plus the T AA -scaled modified power law
function (Ae−pT /T + TAA × Ap+p (1 + p2T /b)−n ) to the direct photon invariant yield in Au+Au
collisions. Here TAA is the nuclear overlap function and the free parameters are A and the inverse
slope T . This inverse slope T is closely related to the temperature in the matter. The obtained
T from the fit is 221 23 18 MeV for central Au+Au collisions. This value is beyond the
critical temperature (Tc ) expected from lattice QCD (Tc ≈170 MeV). The right panel of Fig. 4

shows the comparison of invariant cross section for Au+Au central collisions and the direct
photon spectra obtained by several hydrodynamical calculations9 . Hydrodynamical calculations
assume initial temperature ranging from T init = 300 MeV at thermalization time τ0 = 0.6 fm/c
to Tinit = 600 MeV at τ0 = 0.15 fm/c. These models can reproduce the central Au+Au collisions
(centrality 0 20%) data within a factor of two.

Figure 4: The left panel shows invariant cross section (p + p) and invariant yield (Au+Au) of direct photon as
a function of pT . The right panel shows invariant cross section for Au+Au collisions (centrality 0 − 20%) and
several calculations.

3

Summary

The probes associated with photon are a powerful tool to study the property of hot and dense
matter. For studying parton energy loss mechanism, path length dependence of the energy loss
for high pT hadrons is expected to strongly constrain the parton energy loss calculations. The
azimuthal anisotropy v2 of neutral pion is measured for three centrality classes and their values
at high pT are finite. Theoretical calculations succeed to reproduce the centrality dependence
of RAA (pT ), however azimuthal angle dependence of R AA can not still be reproduced. For
measuring the initial temperature of the matter, e + e− pairs through internal conversion are
measured at 1 < pT < 5 GeV/c. The enhancement is clearly observed in Au+Au minimum
bias events for 1 < pT < 5 GeV/c. The TAA -scaled p + p fit function is fitted to the direct
photon spectrum for the central Au+Au collisions. The obtained inverse slope from the fit is
T = 221 23(stat.) 18(sys.). This is beyond the temperature of a phase transition which
lattice QCD predicts.
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αS (MZ0 ) FROM JADE EVENT SHAPES
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Event shape
√ data from e e annihilation into hadrons collected by the JADE experiment
between s = 14 and 44 GeV are used to determine the strong coupling αS . QCD predictions complete to next-to-next-to-leading order (NLLO), alternatively combined with next-toleading-log-approximation (NLLA) are used. The stability of the NNLO and NNLO+NLLA
results with respect to variations of the renormalisation scale is improved compared to previous results obtained with next-to-leading-order (NLO) or NLO+NLLA predictions. The
energy dependence of αS agrees with the QCD prediction of asymptotic freedom and excludes
absence of running with 99% confidence level.

1

Introduction

The determination of the strong coupling αS in Quantumchromo Dynamics (QCD) is an important test of the theory 1,2,3 . The analysis of hadron production in e+ e− annihilation with
observables based on jet production and event shape definitions plays a major role, because in
the e+ e− environment there is no interference between intial and final state and one generally
has a clean experimental environment with small background rates and neglegible pileup. Recently the NNLO corrections for QCD predictions of event shape observable distributions 4,5 and
moments 6 were completed and used for a measurement of αS using data of the LEP experiment
ALEPH 7 . It is therefore of high interest to measure αS with JADE data and the same improved
QCD predictions 8 . We also include matching of existing NLLA QCD calculations with the new
NNLO calculations 9 .
The JADE experiment operated at the PETRA e+ e− collider at DESY from 1979 to 1986
√
at centre-of-mass (cms) energies s = 12 to 44 GeV. Significant data samples were recorded
√
at s = 14, 22, 34.6, 35, 38.3 and 43.8 GeV. The JADE detector is described in 10 . The JADE
experiment combines tracking of charged particles in a solenoidal magnetic field and electromagnetic calorimeters over a large solid angle. This allows to select hadronic final states with
high efficiency while demanding that the events are fully contained in the detector. The JADE
reconstruction, simulation and analysis software was ported to current computers 11 and is used
in our work.
At the JADE energies background processes relevant for hadron production are e+ e− →
+
τ τ − with subsequent hadronic τ decays and two-photon interactions with hadronic final states.
Initial state radiation (ISR) of photons from the beam particles also occurs with a significant
rate leading the production of hadronic final states at reduced cms energy. After application
of suitable event selection cuts based on 4-momentum balance and particle multiplicity the
background processes can be neglegted. Residual effects of ISR are corrected for.
We use the event shape observables thrust 1 − T , heavy jet mass MH , total and wide

broadening BT and BW , C-parameter C and y23 , the value of the distance definition yij =
2 min(Ei2 , Ej2 )(1 − cos θij )/s of the Durham jet algorithm where the event changes from a threeto a two-jet configuration 12,8 .
2

Data Analysis

The distributions of event shape observables are computed from all selected events, and from
samples of simulated events at several levels. The final state after termination of the parton
shower is called parton-level, the final state after hadronisation and decays of particles with lifetimes shorter than 300 ps is called hadron-level, and after passing the events through the JADE
detector simulation, recontruction and analysis procedures the result is called detector-level. We
use the programs PYTHIA, HERWIG and ARIADNE tuned by the OPAL collaboration for this
purpose, see 8 for details.
The contribution of e+ e− → bb̄ events is subtracted from the distributions using simulated events at detector-level. The results are multiplied by the ratio of simulated hadron- and
detector-level distributions to correct for experimental acceptance and resolution. In this way
we obtain distributions of event shape observables corrected to the hadron-level. A comparison of observed and corrected event shape distributions with predictions by the Monte Carlo
simulations shows satisfactory agreement.
Determination of αS
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The hadron-level distributions are compared with the QCD predictions corrected for hadronisation effects by a χ2 -method with αS as a free parameter and the full statistical covariance
matrix. The hadronisation corrections for the QCD predictions are found for cumulative theory predictions by dividing cumulative distributions at hadron- and parton-level. In order to
justify this procedure we compare simulated distributions at parton-level with the NNLO QCD
calculations for αS (MZ0 ) = 0.118 and find reasonable agreement as shown in figure 1 (left). The
program PYTHIA is used in the standard analysis and HERWIG and ARIADNE are used as
alternatives.
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Figure 1: (left) Ratio of QCD and MC prediction at parton-level for observables and cms energies as indicated
on the figures. The different line types show the ratios for different MC programs. (right) Data at hadron-level
for 1 − T with superimposed NNLO+NLLA fits at the six JADE energy points. The arrows correspond to the fit
ranges.

Only restricted regions of the distributions are used for the fits, i.e. those where the experimental and hadronisation corrections are stable and where the QCD predictions have LO
contributions and don’t have large logarithmically enhanced terms 8 . The resulting fit ranges
are the same for all energy points and are shown on figure 1 (right) for 1 − T .
The experimental uncertainties are found by repeating the analysis with varied selection
cuts and procedures. The uncertainties from the hadronisation corrections are determined by
comparing fit results obtained with PYTHIA, HERWIG or ARIADNE. The theoretical uncer√
tainties are found by changing the renormalisation scale parameter xµ = µ/ s from its standard
value xµ = 1 to xµ = 0.5 or 2.0.
Figure 1 (right) shows the NNLO+NLLA QCD predictions using the fit results for αS superimposed over the hadron-level data for 1 − T . The agreement between data and theory is
excellent for both NNLO and NNLO+NLLA fits. For example, the χ2 /d.o.f. values for 1−T with
NNLO fits range from 0.7 (14 GeV) to 2.5 (34.6 GeV). The root-mean-square (RMS) values of
αS results from NNLO+NLLA fits to the six observables are between 0.007 (22 GeV) and 0.003
(44 GeV), consistent with the theory uncertainties of the combined values (see below). This is
an important cross check made possible by having six different observables in the analysis.
We combine the results from the six observables at each energy point as in 13,2 and show the
results of the NNLO analysis in figure 2 together with the results of 7 . The result of combining
the combined values of αS after evolving to the reference scale MZ0 is shown as lines in the same
figure. The final result using this combination is for NNLO
αS (MZ0 ) = 0.1210 ± 0.0007(stat.) ± 0.0021(exp.) ± 0.0044(had.) ± 0.0036(theo.)
and for NNLO+NLLA
αS (MZ0 ) = 0.1172 ± 0.0006(stat.) ± 0.0020(exp.) ± 0.0035(had.) ± 0.0030(theo.) .
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Figure 2: (left) Combined values of αS from NNLO fits at the JADE energy points together with the results of 7 .
The lines show the evolution of αS based on the combined result. (right) Combined values of αS (MZ0 ) for each
analysis. The shaded bands and dashed lines show the combined values of αS (MZ0 ) with total uncertainties.

Our final result from NNLO+NLLA predictions has the smaller uncertainties of 4%. It is
consistent with previous determinations of αS (MZ0 ) using NNLO theory 7 and with with recent
averages of αS (MZ0 ) 1,2,3 . Repeating the combination of the combined NNLO+NLLA results at
each energy point without evolving to a common reference scale results in a χ2 probability of

10−2 assuming partially correlated hadronisation uncertainties and ignoring theory uncertainties.
We interpret this as strong evidence for the dependence of the strong coupling on cms energy
as predicted by QCD from JADE data alone.
Comparison with NLO and NLO+NLLA fits using the same data, hadronisation corrections
and fit ranges gives consistent results. The theory uncertainty of the NLO+NLLA analysis is
larger by about 60% compared with our NNLO or NNLO+NLLA results. The theory uncertainty
of the NLO analysis with fixed renormalisation scale xµ = 1 is larger by a factor of 2.6 compared
with the NNLO analysis. Figure 2 (right) shows a summary of the different analyses. The
smaller theory uncertainties of the NNLO or NNLO+NLLA analyses compared with NLO or
NLO+NLLA analyses follow from the weaker dependence of the NNLO calculations on the
renormalisation scale parameter xµ 8 .
4

Summary

We have shown a determination of the strong coupling constant αS (MZ0 ) with NNLO and
NNLO+NLLA QCD calculations using JADE data. The final result αS (MZ0 ) = 0.1172 ± 0.0051
has a competetive uncertainty of 4% and is consistent with other measurements. Our data
confirm the running of αS as predicted by QCD.
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Structure Functions, Spin and Diffraction
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HIGH Q2 CROSS SECTIONS, ELECTROWEAK MEASUREMENTS AND
PHYSICS BEYOND STANDARD MODEL AT HERA
R. PLAČAKYTĖ (on behalf of the H1 and ZEUS Collaborations)
DESY, Notkestr 85, 22607 Hamburg, Germany
HERA, the only e± p collider, operated in the years 1992-2007 at centre-of-mass energies of 300320 GeV in Hamburg, Germany. Deep inelastic neutral (ep → eX) and charged (ep → νX)
current scattering at HERA provides the possibility to study the structure of the proton,
the dynamics of strong interactions and test quantum chromodynamics (QCD) over a huge
kinematic range. Both, neutral and charged current interactions provide complementary information on the QCD and electroweak (EW) parts of the Standard Model (SM). In addition,
HERA data allow for indirect searches for new phenomena originating at large scales, however, no evidence for the new physics has been found. The full statistics of data collected at
HERA have been used for most of the measurements performed by H1 and ZEUS which are
presented in this document.

1

Introduction

After the upgrade of HERA in the year 2000, the specific luminosity has been increased by
a factor of about four and longitudinally polarised lepton beams have been provided to the
collider experiments (”HERA II” period). The average polarisation of the lepton (electron or
positron) beam Pe a achieved at HERA typically varied between 35% to 40%. Measurements of
deep inelastic scattering (DIS) with polarised leptons on protons allow the parton distribution
functions (PDFs) of the proton to be further constrained through polarisation asymmetries and
specific tests of the electroweak parts of the Standard Model to be performed 1 . For example, a
test of the V – A structure of charged current interactions can be performed by measuring the
polarisation dependence of the charged current cross section. This tests the origin of absence of
the right-handed weak currents.
The collected luminosity at HERA of high energy ep interactions (about 1 f b−1 by H1 and
ZEUS experiments together) gives access to rare processes with cross sections of the order
of 0.1 pb, providing a testing ground for the Standard Model complementary to e+ e− and
pp scattering. New phenomena at large scales (beyond the maximal available center of mass
energy) may be detected indirectly as deviations from the SM predictions. For example the
model independent general signature based analysis is based on a search differences between
data and SM expectations in various event topologies.
Most of results obtained by H1 and ZEUS collaborations at the high negative four-momentum
transfer squared Q2 as well as of searches for new physics have been combined in order to improve
precision and sensitivity. A part of these results are presented in this document.
a

The polarisation of the lepton beam Pe is defined as Pe = (NR − NL ) / (NR + NL ) where NR (NL ) is the
number of right (left) handed leptons in the beam.
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The deep inelastic neutral current (NC) scattering cross section is defined as:
e p
i
d2 N
2! "2 h
±
±
2 ±
C
=
∓
Y
x
F̃
−
y
Y
F̃
F̃
+ 2
−
3
L .
dxdQ2
xQ4
±

(1)

Here, Y± = 1±(1−y)2 is the helicity factor, F̃2± , F̃3± and F̃L± are generalised structure functions:
³
¢
¢
¡
F̃2± = F2 + k − ve ∓ Pe ae F2γZ + k 2 ve2 + a2e ± 2Pe ve ae F2Z
(2)
¢
¡
¡
¢
xF̃3± = F2 +k − ae ∓ Pe ve xF3γZ + k 2 2ve ae ± Pe (ve2 + a2e ) xF3Z .

Pure photon exchange is described by F2 , pure Z exchange by F2Z and xF3Z , and # $ interference
by F2γZ and xF3γZ . ve is the weak vector coupling and ae the weak axial-vector coupling of the
electron to the Z. The quantity k is defined via the Weinberg angle %w , the four-momentum
2
transfer squared Q2 and mass of the Z boson MZ : k = 4 sin2 θ 1 cos2 θ Q2Q
2 . As can be seen
+MZ
w
w
from Eq. 1, the polarised lepton beams modify the neutral current cross sections mostly via the
# $ interference and Z terms.
The charged current (CC) cross section is defined as:
µ
¶2
e± p
2
¢ G2F
¡
d2 CC
MW
e± p
= 1 ± Pe !&
˜CC
,
(3)
2
2
2
dxdQ
2
Q + MW
±

e p
is related to the quark densities in e± p
where the reduced charged current cross section σ̃CC
scattering via
+

e p
σ̃CC
= x[u + c] + (1 − y)2 x[d + s]

e+ :

(4)

−

e p
σ̃CC
= x[u + c] + (1 − y)2 x[d + s].

e− :
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From Eq. 3 can be seen that in the Standard Model the charged current cross section has a
linear dependence on Pe . Therefore the charged current cross section is zero for fully right (left)
handed electron (positron) beam providing a consistency test of the electroweak sector of the
Standard Model.
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Figure 1: The Q2 dependences of the neutral and
charged current cross sections dσ/dQ2 compared to
SM predictions determined from the HERAPDF 0.1
fit (left). The polarisation asymmetry A− as a function of Q2 (measured by ZEUS) compared to SM predictions evaluated using ZEUS-JETS PDFs (right).

Unpolarised neutral and charged current cross sections measured with the H1 and ZEUS detectors at HERA as function of Q2 are shown in Figure 1 (left). NC and CC cross sections
become about equal in magnitude at Q2 & 104 GeV2 . This follows from the propagator term
2
Q2 dependence which is different for NC and CC up to Q2 . MZ(W
) (see Eq. 1 and Eq. 3).
An access to electroweak effects is also enabled by measuring the charge dependent polarisation
asymmetry in neutral currents. The polarisation asymmetry measures a product of vector and
axial-vector couplings and thus is a direct measure of parity violation.
Neglecting the Z term
P
in Eq. 2 and taking into account that at leading order F2γZ = x 2eq vq (q + q), then to a good
approximation the polarisation asymmetry A± measures the structure function ratio:
A± =

2
PR − PL

± (P

R)

−
± (P ) +
R

± (P )
L
± (P )
L

≃ ∓kae

F2γZ
,
F2

which is proportional to ae vq combinations and thus directly measures the parity violation. In
Figure 1 (right) A+ measured by the ZEUS collaboration is presented.

3

HERA Charged Current e±p Scattering
120

σCC (pb)

The polarisation dependence of the
charged current cross sections measured
by the H1 and ZEUS collaborations is
presented in Figure 2. This found to be
consistent with the absence of right handed
charged currents as predicted by the SM.
Using the NC and CC cross sections a
combined electroweak and QCD analysis was performed by the H1 and ZEUS
collaborations in order to determine electroweak parameters 2 . In this fit a similar or even better precision was achieved
compared to fit performed by Tevatron
and LEP experiments.
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Figure 2: The dependence of the charged current cross section on the lepton beam polarisation Pe at HERA. The data
are compared to SM predictions based on HERAPDF 0.1
parametrisation.

Physics Beyond Standard Model

A search for excited states of leptons and quarks which are predicted by models assuming composite quarks and leptons has been performed at HERA 3,4,5 . Generally interactions between
excited and ordinary fermions may be mediated by gauge bosons and described by an effective
Lagrangian:
i
Y
λa
1 ∗ µν h τ a a
LGM =
F̄R σ gf Wµν + g ′ f ′ Bµν + gs fs Gaµν FL + h.c.,
(5)
2Λ
2
2
2
a ,B
a
where, σ µν is the covariant bilinear tensor, Wµν
µν and Gµν are the field-strength tensors
of the SU (2), U (1) and SU (3)C gauge fields, τ a , Y and λa are the Pauli matrices, the weak
hypercharge operator and the Gell-Mann matrices, respectively. The standard electroweak and
strong gauge couplings are denoted as g, g ′ and gs . The compositeness scale Λ reflects the range
of the new confinement force, coupling parameters f, f ′ and fs associate the three gauge groups.
In the recent analysis performed in the H1 collaboration using full HERA statistics the excited
lepton and quark decay channels (e.g. q ∗ → qγ, q ∗ → qZ, q ∗ → qW for quark) with subsequent
hadronic and leptonic decays of Z/W bosons were considered. No indication of a signal was
found. An upper limit on the coupling f /Λ as a function of the excited fermion mass was
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established and is presented in Figure 3 (the specific relations between couplings are noted in
corresponding figures). The results of searches for excited fermions at HERA are complementary
or have better sensitivity compare to similar measurements performed at LEP and Tevatron.
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Figure 3: Exclusion limits at 95% CL on the coupling f /Λ as a function of the mass of the excited fermion for
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by the shaded area is compared to the corresponding exclusion limits obtained at LEP and Tevatron.
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A generic analysis searching for deviations
between DIS data and SM expectation in all
high transverse momenta PT event topologies
has been recently published by H1 collaboration 6 . An advantage of such a generic analysis
is that it does not rely on any a priori definition of expected signature of a specific model,
i.e. is model independent. The search has
been performed for all event topologies involving isolated electrons, photons, muons, neutrinos and jets with transverse momenta above
H1
H1
20 GeV. In each case deviations from the SM
were searched for in the invariant mass and
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Events
sum of transverse momenta distributions usEvents
ing a dedicated algorithm. A good agreement Figure 4: The event yields for data and SM expectations
with the SM expectation was observed in the of 27 event classes analysed in the generic search for
analysis which demonstrates the very good un- new phenomena at HERA for e+ p (left) and e− p (right)
collisions.
derstanding of high PT phenomena achieved at
HERA. The event yields for analysed event classes comparing data and SM expectations are
presented in Figure 4 separately for e+ p and e− p collisions. Other HERA results like e.g. multilepton analysis can be found in the physics result web-sites of H1 and ZEUS collaborations.
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Selected Recent HERMES results on Parton Distribution and Fragmentation
Functions
K. Rith (on behalf of the HERMES collaboration)
Universität Erlangen-Nürnberg, Physikalisches Institut, Erwin-Rommel-Str. 1,
D-91058 Erlangen, Germany
In this contribution three aspects are addressed: a novel determination of the unpolarised
strange quark (plus anti-quark) distribution; the measurement of single-spin azimuthal asymmetries for pions and kaons in semi-inclusive deep-inelastic scattering from a transversely
polarised hydrogen target, that are related to the quark transversity distribution in conjunction with the spin-dependent Collins fragmentation function and to the Sivers distribution
function; and the measurement of azimuthal hadron asymmetries in unpolarised deep-inelastic
scattering related to the so-called Cahn effect and the Boer-Mulders distribution function.

1

Introduction

HERMES is one of the three experiments at the HERA electron-proton collider that took data
until mid 2007, when the accelerator complex was shut down. It used the high-current longitudinally polarised electron/positron beam of HERA with an energy of E = 27.6 GeV together
with polarised and unpolarised gas targets internal to the storage ring. Scattered electrons and
particles produced in the deep-inelastic lepton-nucleon interactions were detected and identified
by an open-geometry forward spectrometer 1 with large momentum and solid-angle acceptance.
The primary scientific goal of HERMES was the detailed investigation of the spin-structure of
the nucleon. From the precise measurement of the polarised deuteron structure function g1d the
contribution of quark spins, ∆Σ, to the spin of the nucleon was determined in NLO-QCD and
in the M¯S-scheme to be 2 : ∆Σ = 0.330 ± 0.025(stat) ± 0.030(sys). Precise informations about
the flavor-separated quark (anti-quark) helicity distribution functions have been obtained from
double-spin asymmetries for various identified hadrons in semi-inclusive polarized deep-inelastic
scattering 3 . But the physics reach of this experiment is well beyond this specific aspect of hadron
physics and the experiment can be considered as a facility to explore many details of hadron
structure, hadron production and hadronic interactions with electromagnetic probes at centreof-mass energies of around 7 GeV. In this contribution HERMES measurements are presented
that provide novel information on various parton distribution and fragmentation functions.
2

The strange quark distribution function

The experimental information about the distribution function (DF) s(x) (s̄(x)) of strange quarks
(antiquarks) as a function of the dimensionless Bjorken scaling variable x is surprisingly scarce.
Most of the experimental constraints are based on measurements of oppositely charged muon
pairs in deep-inelastic neutrino and antineutrino scattering. In absence of significant experi-
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Figure 1: HERMES results for the multiplicity of charged kaons in semi-inclusive DIS from a deuterium target
(left panel) and of the derived strange parton distribution xS(x) at Q20 = 2.5 GeV2 (right panel), as a function of
Bjorken x.

mental constraints, current global QCD fits of particle distribution functions (PDFs) assume
¯
s(x) (s̄(x)) to be related to the DFs of light antiquarks by s(x) = s̄(x) = r[ū(x) + d(x)]/2
with r ≈ 0.3 − 0.5 at some low factorisation scale. HERMES has recently performed the first
extraction of S(x) = s(x) + s̄(x) from the multiplicity of charged kaons in semi-inclusive deepinelastic scattering (SIDIS) from a deuteron target 4 . Because strange quarks carry no isospin,
the strange seas in the proton and the deuteron can be assumed to be identical. In the deuteron,
an isoscalar target, the fragmentation process in deep-inelastic scattering (DIS) can be described
by fragmentation functions (FFs) that have no isospin dependence. Aside from isospin symmetry between proton and neutron, the only symmetry assumed is charge-conjugation invariance
in fragmentation. In Leading Order the charged kaon multiplicities are then given by:
R

R

K (z)dz + S(x) D K (z)dz
Q(x) D1,Q
dN K (x)
1,S
=
.
dN DIS (x)
5Q(x) + 2S(x)

(1)

K (z) ≡ 4D K (z) + D K (z) and D K (z) ≡ 2D K (z),
¯
Here Q(x) ≡ u(x) + ū(x) + d(x) + d(x),
D1,Q
1,u
1,s
1,S
1,d
and z ≡ EK /ν with ν and EK the energies of the virtual photon and the detected kaon in the
target rest frame. The measured kaon multiplicity corrected to 4π is shown in the left panel
of Fig. 1 as a function of x. The data are not reproduced
(see dotted curve)
by fitting the
R K
R K
5
points using the CTEQ6L strange quark DFs and with D1,Q (z)dz and D1,S (z)dz as free
R 0.8 K
parameters. Instead 0.2
D1,Q (z)dz = 0.398 ± 0.010 was determined from the data at x > 0.15,
where S(x) is compatible with Rzero. This value was then used together with values of Q(x)
K (z)dz = 1.27 ± 0.13 from de Florian et al. 6 to obtain in
from CTEQ6L and the value D1,S
an iterative procedure the distribution xS(x) presented in the right panel of Fig. 1. Hereby the
multiplicities were evolved to a common Q20 = 2.5 GeV2 . The solid curve is a fit to the data.
The shape is incompatible with xS(x) from CTEQ6L as well as the assumption of an average
of an isoscalar nonstrange sea.

3

Transverse-momentum dependent distribution and fragmentation functions

A complete description of the partonic structure of the nucleon in leading twist requires three
DFs that survive
integration over intrinsic transverse
momenta. These are the unpolarized quark



2
2
DF q x, Q , the quark helicity DF ∆q x, Q , and the chiral-odd transversity DF δq x, Q2 7 .
In addition there are five other transverse-momentum dependent DFs that do not survive the
integration 8 . Experimentally these are essentially unexplored. Examples are the time-reversal
⊥ (x)), that describes the distribution of unpolarised quarks in a transversely
odd Sivers DF 9 , f1T
polarised nucleon and can be related to orbital angular momenta of quarks 10 , and the BoerMulders DF 11 , h⊥
1 (x), for transversely polarised quarks in an unpolarised nucleon.
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Figure 2: HERMES results for the ”Collins moments” (left panel) and the ”Sivers moments” (right panel) for
charged pions and kaons obtained with a transversely polarised hydrogen target.

3.1

Transversity, Collins and Sivers Effect

Measurements with transversely polarised targets allow to access transverse-momentum depen⊥ 12,13 , which is also odd under naive
dent DFs and FFs, like transversity, the Collins FF H1,q
time reversal, and the Sivers DF. In SIDIS they manifest themselves in single-spin asymmetries
in the distribution of hadrons in the azimuthal angles φ (φs ) around the virtual photon direction
between the lepton scattering plane and the hadron production plane (transverse component of
the target spin vector). The Collins (Sivers) mechanism will cause a sin(φ + φS ) (sin(φ − φS ))
⊥ (z) (f ⊥ (x) and D (z)).
moment proportional to a convolution of δq (x) and H1,q
1,q
1T,q
14
Preliminary HERMES results for the Collins and Sivers moments for charged pions and
kaons, obtained from data taken with a transversely polarised hydrogen target, are shown in
Fig. 2. The measured Collins asymmetries (left panel) are small but different from zero providing
⊥ (z). The large π − moment indicates that the
evidence for the existence of both δq (x) and H1,q
unfavored Collins FF has similar magnitude as the favored one, but opposite sign.
The π + and K + Sivers asymmetries (right panel) are significantly positive, providing the
first evidence for a T-odd PDF appearing in leptoproduction. Consequently one has to conclude
from this result that orbital angular momenta of quarks inside the nucleon are non-zero. At
present it is, however, not jet possible to quantitatively relate the magnitude of this asymmetry
to the fraction of nucleon spin which can be attributed to orbital angular momenta of quarks.
The positive kaon amplitudes appear to be larger than the pion amplitudes, which might point
to a large Sivers function for sea-quarks. These date were an important input for an extraction
of transversity, Collins FF and Sivers DF from world data 15,16 .
3.2

Cahn and Boer-Mulders effect

If the semi-inclusive unpolarised DIS cross section is unintegrated over the hadron momentum
component transverse to the virtual photon direction, Ph⊥ , an azimuthal dependence around
the virtual photon direction exists, which has a cosφ and a cos2φ component. Two mechanisms
are expected to give important contributions to this azimuthal dependence: the Cahn effect, a
pure kinematic effect, generated by the non-zero intrinsic transverse motion of quarks 17 and the
Boer-Mulders effect, which originates from a coupling between quark transverse momentum and
quark transverse spin.
To extract the cosφ and cos2φ modulations from the unpolarised HERMES hydrogen (H)
and deuterium (D) data taking into account radiative and detector smearing a multi-dimensional
unfolding procedure was used, in which the event sample is binned simultaneously in the relevant
kinematic variables x, z, Ph⊥ and y = ν/E. The preliminary cosφ moments from the H and D
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Figure 3: cosφ moments for positive (upper panel) and negative (lower panel) hadrons, extracted from hydrogen
(circles) and deuterium (squares) data, shown as projections versus the kinematic variables x, y, z and Ph⊥ .

data are shown in Fig. 3 as projections versus the four variables. Corresponding data exist
for the cos2φ moments. Both H and D data show similar behaviour. cosφ moments receive
⊥
contributions from both the product h⊥
1 H1 and the product f1 D1 . They are found to be sizable
and negative for positive hadrons, the signal for negative hadrons is significantly lower. The
⊥
cos2φ moments are proportional to h⊥
1 H1 . They are found to be slightly negative for positive
hadrons and slightly positive for negative hadrons in agreement with models which predict
opposite Boer-Mulders contributions for differently charged hadrons.
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Recent Spin Results from STAR
Andrew Gordon for the STAR Collaboration
Department of Physics, Brookhaven National Laboratory,
20 Pennsylvania Street, Upton, NY

In Run 8 at RHIC, STAR significantly enhanced its forward acceptance relative to previous
years with the commissioning of a new detector, the Forward Meson Spectrometer (FMS).
The large geometrical acceptance of the FMS allows us to extend the forward reach of the
data beyond inclusive pions accessed by modular calorimeters. The spin-1 ω is accessible to
the FMS through its decay channel ω → π 0 γ. Such events can help disentangle the dynamical
origins of observed large analyzing powers in the forward region, and can contribute to our
knowledge of the nuclear medium by comparisons of p+p to d+Au. Here we report on the
status of this analysis.

1

Introduction

The fundamental goal of the spin program at STAR is to determine how the proton acquires
spin from its constituent quarks and gluons. This program makes use of both longitudinally and
transversely polarized p+p collisions at Brookhaven National Laboratory’s Relativistic Heavy
Ion Collider (RHIC). The longitudinal data has allowed STAR to put strong constraints on the
contribution of the gluon spin, down to x-Bjorken ∼ 0.02.1,2
Run 8 at RHIC, which ran during the Fall and Winter of 2007/2008 and finished in the Spring
√
of 2008, included both d+Au collisions at sN N = 200 GeV, as well as transversely polarized
√
p↑ + p↑ collisions at s = 200 GeV. Important goals of Run 8 were to provide measurements of
the low-x gluon density in the nucleon, to search for the onset of gluon saturation effects through
intercomparisons of π 0 π 0 data between p+p and d+Au collisions, and to further characterize
the significant single spin asymmetries that have been observed in the forward region.3,4
Consistent with these goals, STAR commissioned a new detector for Run 8, the Forward
Meson Spectrometer (FMS).5 The FMS is a nearly hermetic array of 1264 lead-glass blocks
(“cells”) situated ∼ 700 cm downstream of the interaction point and spanning an area 200 × 200
cm2 perpendicular to the beam pipe. It covers the full azimuth in the range 2.5 < η < 4.0 and
provides a many-fold increase in the areal coverage of the forward region at STAR.5

STAR has previously reported on precision measurements 4 of the analyzing power (AN ) of
inclusive neutral pions in the forward region. These measurements used data taken in RHIC
runs 3, 5, and 6 with the Forward Pion Detector (FPD), a modular lead-glass array which
can be moved horizontally in the plane transverse to the beamline. These data were taken at
√
s = 200 GeV, where inclusive π 0 cross sections are consistent with expectations from pQCD.6
√
The measurements showed that the variation of AN with Feynman-x (XF = 2PL / s) was
qualitatively consistent with expectations from the Sivers effect,7 while the PT dependence was
not. Inclusive measurements of η asymmetries have also been reported.8
The Sivers effect identifies the origin of the observed spin asymmetries with orbital motion
of the quarks inside the polarized proton. This leads to a correlation between the proton spin
and the intrinsic transverse momentum of the struck quark in the hard scatter, which then
manifests itself as a Left/Right asymmetry in the resulting jet direction. By contrast, in the
Collins effect 9,10 the polarization of the struck quark is correlated to the polarization of the
proton, and the fragmentation of the polarized quark leads to Left/Right asymmetries within
the resulting jet. It remains to be determined the extent to which these two effects contribute
to the observed single spin asymmetries.5
Forward jet data can help separate the two contributions. Jet measurements that integrate
the full azimuth about the jet thrust axis could lead to Sivers-type asymmetries, while jet measurements that depend on the azimuth about the thrust axis could lead to Collins asymmetries.
The Run 8 FMS data were accumulated with a “high tower” trigger, in which a single lead-glass
detector was required to have energy above a threshold to trigger event acquisition. This tends
to bias the data towards jets for which a few electromagnetic particles account for the bulk of
the fragmentation, and PYTHIA11 studies have demonstrated that we expect most of the energy
in these jets to derive from only a few fragmentation products. Simulation studies also show
resonance peaks within the observed jet clusters.
The inclusive pions tend to originate from various resonances along the fragmentation decay
chain, and we have begun to study resonances heavier than neutral pions as a first step towards
understanding jet data. One source of neutral pions is the isoscaler, spin-1 ω through the decay
channel ω → π 0 γ (BR=8.9%12 ). For this resonance, AN measurements can provide crucial
information for the Collins effect. The Collins effect is consistent with string fragmentation
models in which a quark/anti-quark pair is produced with relative orbital angular momentum
at the point of string breaking.13,14 This leads to a Left/Right asymmetry for the production of
the spin 0 pions, and would lead to the opposite asymmetry for the spin 1 ω. Direct observation
of a negative AN might provide strong evidence for the Collins effect.
Finally, there are theoretical expectations that a dense hadronic medium produces a partial
restoration of chiral-symmetry. An observable impact of this would be shifts in the spectral
properties (e.g. mass and width) of the light vector mesons.15,16 An analysis of data from
PHENIX showed no shift in the ω mass relative to the π 0 , although the analysis only analyzed
central particles and was sensitive down to a minimum PT of 2.5 GeV.17 The d+Au data from
Run 8 can potentially allow us to extend this measurement to higher rapidities and lower PT .
Here we report on initial observations of an ω signal in the Run 8 p+p data in the FMS.
2

Data and Simulation

The FMS data are clustered, and each cluster is fit to a photon shower shape to determine
transverse position and energy. The conversion gains of each cell are determined from π 0 mass
peaks through an iterative procedure, and these gains have been shown to be stable over the run
at the level of a few percent. A full PYTHIA(6.222) + GEANT simulation has been developed,5
and a comparison of data and simulation is shown in Figure 1 for the invariant mass of all pairs
of clusters in an event, for minimum bias data. A pronounced π 0 mass peak is evident, and data

and simulation agree well over a large range.
Decays of the spin 1, 782 MeV ω are accessible to the FMS through the decay channel
ω → π 0 γ. For this decay, two of the photon clusters derive from the π 0 decay and one directly
from the ω. For each triple of clusters there are three possible pairs that can be associated with
the π 0 decay. We form the invariant mass of each, and the pair whose mass is closest to 0.135
GeV/c2 is associated with the π 0 decay. Simulations show that this procedure tags the photons
correctly upwards of 99% of the time.
To help reduce backgrounds we apply relatively high
thresholds in both energy and PT . We consider all
triples for which each cluster has energy above 6 GeV,
|P~T (triple)| > 2.5 GeV/c, and E(triple) > 30 GeV. We
also require that PT > 1.5 GeV/c for the cluster associated
with the ω decay photon. For the two clusters associated
with the ω decay pion, we require that their mass be within
0.1 of 0.135 GeV/c2 and that |P~T (π 0 )| > 1 GeV/c.
Figure 2 shows the mass of all cluster pairs associated
with the pion in each triple, and a π 0 peak is evident.
The mass of all triples is shown in Figure 3. An ω peak
of roughly 10 statistical standard deviations is evident. The
Figure 1: Mass of all pairs with E > 2
PYTHIA(6.222) + GEANT simulation is shown overlaid GeV for p+p data (blue), GEANT simuon the data. The simulation overpredicts the data at low lation (black, labeled “GSTAR”), and for
mass and underpredicts at high mass. Interestingly, we also GEANT+additional smearing (red). The
observe a discrepancy in the distribution (data not shown) additional smearing 0is ∼ 10 MeV, as deof the quantity ∆φ ≡ φ(π 0 ) − φ(γ), where φ(π 0 ) is the termined from the π peak in high-tower
associated mass distributions.
azimuth of the two clusters associated with the ω decay
pion and φ(γ) the azimuth of the decay photon. Both simulation and data show a single peak at
0, but the RMS for the simulation is significantly narrower than the data (0.616 ± 0.020 radians
for PYTHIA(6.222) + GEANT compared to 0.827 ± 0.003 for the data, a difference of ∼ 10
statistical standard deviations). To test that ∆φ is driving the discrepancy in the mass, we
weighted the simulation by the ratio of data and simulation ∆φ histograms. The resulting mass
distribution (shown in Figure 3) agrees well with the data.
To confirm that the ∆φ discrepancy is not caused by our
detector simulation, we removed the GEANT simulation and
5000
replaced it with simple geometrical acceptance cuts. We then
examined all PYTHIA photons, treating each as a separate, per4000
fectly measured electromagnetic cluster. This new ∆φ distribup+p Data
3000
tion has an RMS of 0.624±0.006, consistent with the full simulation. We also examined the PYTHIA parameters of “CDF Tune
2000
A,”18 but saw no significant change, while changing to PYTHIA
1000
version 6.420 produced an even narrower peak. We conclude
that the distribution of momentum components perpendicular
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
to the thrust axis (jT ) can be tuned in PYTHIA and requires
2
M(γγ) GeV/c
better tuning in the forward region.
Figure 2: Mass of the two clusters
To understand the backgrounds, we examine the PYTHIA
in each triple associated with the ω
0
0
event
record for each event in the ω mass region (0.68 <
decay π , without π mass cut.
M (triple) < 0.88 GeV/c2 ). The largest background in this region (∼ 55 ± 10%) are events where the three clusters derive from the decays of two neutral
pions. The next source (∼ 30 ± 10%) are events that contain both an η → γγ decay and a π 0
decay. There are also small contributions from fragmentation photons as well as other backgrounds. We note that π 0 decay photons tend to be near each other at the FMS, and the π 0 π 0

background can be reduced by
cuts on the smallest transverse
distance at the FMS between
the ω photon and any cluster
in the event that is not part of
the triple being analyzed.
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Conclusion

PYTHIA 6.222+GEANT (∆φ wt)
PYTHIA 6.222+GEANT (no wt)
p+p Data
Fit Curve Signal+Background
Fit Curve Background

1000

The FMS was newly commis800
sioned for Run 8. The detector
has been calibrated, and a rich
600
data set has begun to be analyzed. We have reported on an
400
analysis of three-cluster events
in the FMS, with a goal to ex200
tract measurements of asymmetries of the spin-1 ω, as
0
well as to compare its spectral
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
2
properties between p+p and
M(triple) GeV/c
d+Au data. The ω signal is
readily visible in the p+p data, Figure 3: Mass of all triples for data (black solid), PYTHIA + GEANT
(blue squares), and weighted PYTHIA + GEANT (red triangles, see
with a statistical significance of text). Simulation is normalized to data. A gaussian+cubic polynomial
roughly 10 σ. However, the fit is overlaid (magenta curve). The fit gaussian mean and width are
signal to noise level is currently µ = 0.784 ± 0.008 GeV/c2 and σ = 0.087 ± 0.009 GeV/c2 , and the fitted
insufficient to extract AN , and total area under the Gaussian is 1339 ± 135 events. The cubic background
future work will focus on at- shape is also shown (green curve).
tempts to reduce the background level.
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The polarized proton beams at the Relativistic Heavy Ion Collider at Brookhaven National
Laboratory provide a unique environment to observe hard scattering
between gluons and
p
(sN N ) =200 GeV and 62.4
quarks. The PHENIX experiment has recorded collisions at
GeV to yield data which are complementary to those measured by deep inelastic scattering
experiments. Polarized proton-proton collisions can directly probe the polarized gluon and
anti-quark distributions as the collisions couple the color charges of the participants. The
PHENIX detector is well suited to measure many final-state particles sensitive to the proton’s
spin structure. We will give a brief overview of the PHENIX Spin Program and we will report
results, status and outlook of the many probes accessible to the PHENIX experiment which
will be incorporated into future global analyses of world data on polarized hard scattering.

1

Polarized RHIC and PHENIX

The proton is a composite particle made of more fundamental subatomic entities called quarks
and gluons which generate the observed quantum mechanical spin 1/2 properties. spin 1/2, is
one of the most important cases to explain nuclear interacting matter and thus probes underlying
theoretical structures deeply. A surprising result was found in the late 1980’s by the European
Muon Collaboration (EMC) at CERN that the spin of the quarks contributed a very small
fraction to the proton’s spin. The original EMC publication? that triggered the spin crisis has
since resulted in a large theoretical and experimental effort to find the pieces to the proton’s spin
puzzle, mainly, what role gluons, sea quarks and orbital angular momentum (OAM) play. This
can be summarized in the helicity sum rule (Eq. ??) where ∆(u, d, s, G) are the probabilities
of finding a q, q̄ or gluon with spin parallel or anti-parallel to the spin of the nucleon and L
is the OAM of the parton. Questions which spin physics experiments such as PHENIX aim
to investigate, include the role played by the strong force mediators (gluons), the role of the

virtual quark, antiquark pairs originating from the gluons’ strong interaction field (sea quarks)
and lastly the role of angular momentum to the nucleon spin.
Sz =

1
1
= (∆u + ∆d + ∆s) + Lq + ∆G + LG
2
2

(1)

The RHIC spin program complements the work done in DIS by making use of stronglyinteracting polarized quark and gluon probes which are sensitive to the gluon polarization ∆G, a
major emphasis of RHIC-Spin? . The transverse spin structure of the proton is also being explored
with measurements sensitive to the sivers effect, transversity and the collins effect. Current
√
and future running at s = 500 GeV will focus at disentagling quark and anti quark spinflavor separation in W-Boson production thus measuring the flavor asymmetry of the polarized
antiquark sea.?
Polarizing protons is not a trivial task; maintaining proton polarization is a challenge due
to the proton’s large anomalous magnetic moment. The novel use of RHIC’s siberian snakes,
cancells out major depolarizing spin resonances in the beams and a stable spin direction can be
obtained perpendicular to the direction of the beam.?
The PHENIX detector located at the 8 o’clock position at RHIC has two central arms
with pseudorapidity acceptance of |η| < 0.35. These are equipped with fine-grained calorimetry
100 times finer than previous collider detectors, making particle identification excellent, the
granularity of the electromagnetic calorimeter (EMCal) is ∆η × ∆φ = 0.01 × 0.01. ? . Triggering
in the central arms allow us to select high pT γ, e± and π ± . The PHENIX muon arms cover
1.2 < η < 2.4, they surround the beams and include µ± identifiers, tracking stations and iron
sheets with detectors in the gaps in each sheet.
2

Searching for ∆G

Measurements sensitive to ∆G have been part of the main goals of the PHENIX spin program.
With the use of factorization, a differential cross section can be written as the convolution
of a parton density function (pdf) and a hard scattering process. Factorization along with
universality of pdf’s and fragmentation functions (FF, Dh ) allows for separation of long and
short distance contributions in the cross sections. These assumptions, allow predictions which
depend both in experimental measurements and theoretical calculations. Experimentally, what
can be measured are asymmetries: the ratio of the polarized to unpolarized cross sections (Eq.
2). Asymmetries give an elegant way of accessing parton information in a factorized framwork,
by counting observed particle yields in different helicity states of incident protons (++, −− vs
+−, −+) normalized by the polarization in each beam (PB,Y )

ALL =

ALL =
2.1

X

a,b,c=q,q̄,g

∆fa ⊗ ∆fb ⊗ ∆σ̂ ⊗ Dh/c

X

a,b,c=q,q̄,g
1 N ++

PB PY

N ++

fa ⊗ fb ⊗ σ̂ ⊗ Dh/c
− RN +−
,
+ RN +−

=

R=

σ++ − σ+−
,
σ++ + σ+−
L++
.
L+−

Latest ALL results

Masuring ALL in certain final states is a valuable tool to measure polarized gluon distribution
functions in the proton. The most accurately way to do so is to study those processes which
can be calculated in the framework of pQCD. PHENIX unpolarized π 0 ? (Fig. ??) and prompt
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γ production cross sections at mid rapidity have shown that the next to leading order (NLO)
perturbative calculations describe the data well at RHIC energies.
A variety of hadron, lepton and photon probes have been measured at PHENIX. π 0 asymmetries? (Fig. ??)
√
with measurements at s = 200 GeV, and 62.4 GeV (Fig. ??) have now been included for the
first time in a NLO global analysis. ? While π 0 ’s have significantly constrained ∆G in a limited
x range, large uncertainties remain and sign information of ∆G is still unknown. Measurements
of π ± are an independent probe which are sensitive to the sign, and magnitude of ∆G: quarkgluon (qg) scattering dominates mid-rapidity pion production at RHIC at transverse momenta
above 5 GeV/c. Preferential fragmentation of up quarks (u) to π + , and down quarks(d) to
π − , leads to the dominance of u-g, and d-g contributions. This dominance of u or d combined
with the different signs of their polarized distributions translates into asymmetry differences for
the different species π + , π 0 , and π − that depend on the sign of ∆G. For example, a positive
∆G could be indicated by an order of π asymmetries, i.e: ALL (π + ) > ALL (π 0 ) > ALL (π − ),

Figure 3: Left: π + ALL (PT ), Right: π − ALL (PT ).

√

s=200GeV.

Figure 4: (left)η ALL (PT ) at sqrts200GeV. (right) Direct γ ALL (pT ) at

√

s=200GeV

and viceversa for a negative contribution. Particle cluster asymmetries, as well as ALL of η
have been calculated. The recent preliminary extraction of η’s Dη , has allowed for ALL theory
comparisons. Dη shows a slight enhanced sensitivity to qg when compared to π 0 . Observation
of difference in asymmetries could help disentangle the contributions from the different quarks
and gluons.(Fig. ??) Rare channels measured at PHENIX include: ALL of µ± coming from J/ψ
production, e± ALL coming from heavy quarks, and prompt γ (Fig. ??.) Prompt γ are a clean
elegant probe dominated by qg compton and thus can give a better access to ∆G, however as
is the case for rare probes, these measurements require high luminosities, not yet achieved at
RHIC.
3

Transverse Spin Measurements

PHENIX has measured small single spin asymmetries (SSA) AN of π 0 and h± at small pT
for |η| < 0.35 and has helped constrain the magnitude of the gluon Sivers function[8]. In
contrast, measured AN at forward XF show large asymmetries in the the positive but not the
negative XF region. These interesting measurements may provide quantitative tests for theories
involving valence quark effects. Other measurements include the AN of J/Ψ which may also
be sensitive to g-Sivers via D Meson production as its produced from g-g fusion, neutron’s AN ,
di-hadron interference fragmentation function (IFF) asymmetries and kT asymmetries which
aim at probing orbital angular momentum[9]
4

Conclusions

PHENIX is well suited to the study of spin structure of the proton with a wide variety of probes.
A variety of new results aiming to disentangle spin partonic contributions are emerging. In the
next coming years, statistics needed to explore different channels for different gluon kinematics
and different mixtures of subprocesses will become available and allow a more accurate picture
of the spin of the proton.
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DIFFRACTION PHYSICS AND LUMINOSITY MEASUREMENT
AT ATLAS AND CMS
ANATOLI ASTVATSATOUROV
on behalf of the ATLAS and CMS collaborations
II. Physikalisches Institut, Universität Gießen,
Heinrich-Buff-Ring 16, D-35392 Gießen, Germany
The ATLAS and CMS experiments measure luminosity with forward detectors. The measuring
ability in forward region is crucial for soft QCD and diffractive physics as well. To expand
the kinematics of the measured processes to a very small polar angle region and to get a
possibility for central exclusive Higgs and dilepton processes measurements the near-to-beam
instrumentation is placed in-between the LHC magnets downstream the interaction points of
ATLAS and CMS.

1
1.1

Diffraction and Forward Physics
ATLAS and CMS Forward Detectors

ATLAS 1,2 and CMS 3,4 forward detectors cover the large polar plane or pseudorapidity region.
The pseudorapidity (η) is defined through the polar angle θ as: η = − ln tan(θ/2). The
pseudorapidity limit for the forward calorimeters FCAL and HF at ATLAS and CMS respectively
is |η| . 5. In addition ATLAS is equipped with LUCID 5 , ZDC 6 , ALFA 7 and CMS with
CASTOR 8 , ZDC 9 detectors which cover large pseudorapidity region well beyond the main
apparatus limit. For the upgrade the near-to-beam detectors which have been investigated by
FP-420 R&D project 10 are planned to be installed for both ATLAS and CMS in the high beam
dispersion region at the distance of 420 m downstream the interaction point (IP).
1.2

Diffraction at the LHC

Diffractive events have rapidity gap (RG) and small scattered proton energy loss fraction ξ,
defined as ξ = 1 − E ′ /Eo . The E0 and E ′ are the beam energy and the scattered proton
energy respectively. The RG is a pseudorapidity region free of particles between the beam axis
and the nearest reaction fragments. Elastic scattering (ES), single diffraction (SD) and central
exclusive processes (CEP) are characterized by small proton four-momentum transfer t as well.
The LHC diffractive physics program 11 is different for low luminosity (LL) and high luminosity
(HL). Forward calorimeters will be involved in RG and diffractive mass determination 12 . For
early LHC data at LL the RG events can be selected to study diffractive W-bosons 13 , di-jets
and vector mesons production processes. At LL it is possible to include the RG selection in
the “level 1” trigger. The RG at the LHC degrades in multiple interactions and one consider
here the RG survival probability 14 . At HL the RG will be destroyed by the pile-up events in
each bunch crossing (BC). The double/multi pomeron exchange, di-jets, W/Z and heavy quarks

production within the diffractive system will be studied as well as the diffractive CEP. These
hard diffractive processes which are characterized by high mass and high pT production will
provide the information of diffractive parton distribution functions (dPDF) at the LHC.
1.3

Central Exclusive Production (CEP)

In CEP processes p p → p X p the scattered protons remain intact and the produced central
system X may contain products of a single particle like a Higgs-boson or vector meson. CEP
allows direct access to quantum numbers of the central state X and has the direct relation of
the scattered protons energy loss to central mass MX with clean azimuthal correlation of both
scattered protons. At certain scenario it could be a clean Higgs discovery channel 15,16 . The
spectrometric ability to measure scattered proton momentum and energy is independent of the
decay channel. At CMS and ATLAS the FP-420 detectors are planned to measure CEP. The
FP-420 contains a Si-tracker as the beam-magnets spectrometer and two types of Cherenkov
light detectors as the time-of-flight (ToF) system to be installed near to the outgoing beams
inside the so called “Hamburg pipe” 10 . The Si-tracker should allow measurement of clear CEP
final state with a good central mass resolution of ∆M ∼ 2-5 GeV in a wide mass spectrum of
50 . M . 900 GeV. The mass resolution ∆M depends on the produced central mass M , on
the beam background and divergence, and on the beams interaction angle. The ToF system
of the FP-420 serves to reduce the pile-up background and increase signal-to-noise ratio for
the investigated CEP processes. The photon-induced elastic γ γ → ℓ+ ℓ− processes with the
tagged protons can provide additional luminosity calibration 17 . The Υ production cross-section
in γ p → Υ p → ℓ+ ℓ− p is sensitive to the proton dPDFs. LHC opens a possibility to measure
the U psilon at significantly higher centre-of-mass energies as before.
2

Luminosity measurement

The unavoidable beam losses and emittance blow-up effects at collisions permanently diminish
the luminosity over the physics run 18 . Hence it is very important to control the instantaneous
luminosity. The ATLAS and CMS collaborations intend to use rates counting methods with LUCID and HF respectively (see sec. 2.2 and 2.3) to determine the instantaneous relative luminosity
which needs to be calibrated with the absolute luminosity measurement. One of the methods to
determine the absolute luminosity is based on the measurement of the elastic scattered protons
rate at very small angles and total inelastic rate. This approach allows luminosity determination
via the optical theorem. Another method is the absolute luminosity determination from machine
parameters 19 which does not requires the measurement of physics processes.
2.1

Machine luminosity

The LHC machine is designed for the round Gaussian beams. Machine luminosity is defined as:
Np2 · nb · frev
.
(1)
L = Rθ ·
4π · σ ∗ 2
Here Np is the number of protons in one beam per bunch, nb the number of bunches, frev the
revolution frequency, σ ∗ = σx∗ = σy∗ the RMS of the transverse beam size at the IP and Rθ the
geometric luminosity reduction factor due to the beams crossing angle θ at the IP. The dedicated
crossing angle orbit bumps should separate the LHC beams to avoid parasitic collisions in the
common beam pipe around the IP. The crossing angle reduce the luminosity and the geometric
reduction factor Rθ is:


 1
θ · σz − 2
.
(2)
Rθ = 1 +
2σ ∗

The luminosity is also reduced if the beams are not colliding head-on and shifted to each other
with δx and δy. The van der Meer separation scan 20 used to optimize the overlap of the colliding
beams 21 could be applied to measure luminosity 19 with the remaining luminosity fraction:
" 

 #

L
δx 2
δy 2
.
(3)
= exp −
−
L0
2σx
2σy
As a function of separation the ratio of the eq. 3 could be measured for instance with the warm
directional strip line couplers (BPMSW) near the Q1 magnets and with the TAN monitors.
2.2

CMS luminosity with HF

The HF 22 forward calorimeters of the CMS apparatus will be used as the “always-on” bunchby-bunch instantaneous luminosity monitor which is independent from the main CMS DAQ.
The HF covers a large range in forward pseudorapidity 3 ≤ |η| ≤ 5 which is also essential for
diffraction and soft QCD studies. At the LL stage the “hits zero counting” method could be
used, measuring the fraction of empty BCs and assuming that the number of interactions follow
the Poisson statistics. The basic approach is that the mean number of interactions in one BC is
proportional to the luminosity in this BC. At the HL stage the empty BCs disappear and the
“zero counting” degrades because every BC contains interactions. The sum of average transverse
energy in HF towers measured bunch-by-bunch is used.
2.3

ATLAS luminosity with LUCID

ATLAS will measure luminosity with the LUCID 23,5 detector which consists of the gas filled
Cherenkov light tubes. LUCID is installed with one layer of 20 tubes surrounded the beam pipe
and pointed to the IP. LUCID tubes cover the pseudorapidity region of 5.6 < |η| < 5.9. For
the upgrade it is proposed to install 5 layers with 40 tubes per layer. LUCID is the relative
luminosity detector and it should be calibrated with ALFA 23,7 over the special runs. One
estimates the bunch luminosity Lbx by the mean number of inelastic p p interactions µbx in
one BC. One obtains the µbx counting the mean number of LUCID hits hNh/bx i and the mean
det i:
number of hits per detected p p interaction hNh/pp
µbx =

1
εh/pp

·

hNh/bx i

det i
hNh/pp

= σinel · Lbx .

(4)

Here εh/pp is the total efficiency to detect an inelastic p p interaction in LUCID and σinel is the
det i is procured in calibration. The simulation 24 shows noninelastic cross section. The hNh/pp
linear effects in hits counting which should be compensated over the measurement 25 . LUCID
detector has successfully recorded data over the short LHC running in September 2008.
2.4

ATLAS luminosity with ALFA

The LUCID detector will be calibrated with the ALFA 7 (Absolute Luminosity For ATLAS)
detectors which measure the absolute luminosity by the forward elastic rate. The ALFA detectors
will be installed at about 240 m from the ATLAS IP on both downstream sides in-between
the LHC magnets. They will be placed inside in the “roman pot” (RP) stations which are
implemented into the beam pipes. The RP system allows to move the sensitive detector volumes
inside the pipe in respect to the beam and to retract them outside the beam zone during injection
and by bad beam radiation conditions. There are four RP stations, two by two in each side of
IP. One RP station contains two active volume detectors, moving from above and from below
to the beam. The ALFA active volume consists of the scintillating fiber planes which will be
moved at the distance of 10 σ ∗ to 15 σ ∗ from the beam. The distance of the scintillating fiber

volumes from the beam assigns geometrical acceptance of the ALFA detector. Special high-β ∗
optics which has the potential to reach the Coulomb interference region will be applied during
the special LHC runs dedicated to the ALFA measurements. This optics is needed to focus the
scattered protons on the active scintillator planes of the ALFA detector. The expression for the
elastic spectrum is given as a a fit with four parameters L, σtot , B and ρ to the dN /dt versus
proton momentum
transfer t distribution:



dN

≈L·
dt


4πα2
|t|2
| {z }

Coulomb Scattering

−

α · ρ · σtot · e
|t|
|
{z

−B·|t|
2

}

Coulomb−N uclei Interf erence

+

2 · (1 + ρ2 ) · e−B·|t| 
σtot


16π
|
{z
}

(5)

N uclear Scattering

Here L is the luminosity, σtot is the total p p cross section, B is the nuclear slope and ρ-parameter
is the ratio of Re to Im parts of the nuclear scattering amplitude. The main background sources
to ES events in ALFA arise from the beam halo and from the SD processes at multiple proton
interactions. According to simulation the total ALFA acceptance for SD integrated over all t
and ξ values yields 40-45% 26 .
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DIFFRACTIVE W AND Z PRODUCTION AT TEVATRON
K. GOULIANOS
The Rockefeller University, 1230 York Avenue, New York, NY 10065-6399, USA

Preliminary results on diffractive W and Z production in proton-antiproton collisions at a
c.m.s. energy of 1.96 TeV are presented and discussed. Differential cross sections are measured from data collected with the CDF II detector at the Fermilab Tevatron collider using
a Roman pot spectrometer that detects leading antiprotons. The ratio of diffractive to total
W production rates (diffractive fraction) agrees with that measured by CDF in Run I using a rapidity gap diffractive signature. The W and Z diffractive fractions are equal within
the measurement uncertainties, which are dominated by a 20% statistical uncertainty in the
diffractive Z measurement. Prospects for extending the diffractive W and Z studies at the
Large Hadron Collider are discussed.

1

Introduction

The CDF collaboration has reported several results on soft and hard diffraction in p̄p collisions at
the Fermilab Tevatron collider using as diffractive signatures large rapidity gaps and/or a leading
antiproton (leading protons were not detected). Measured cross sections and certain novel
features observed in the data point to a QCD picture of diffraction, in which the exchange is a
color-singlet combination of gluons and/or quarks with vacuum quantum numbers, traditionally
referred to as the “Pomeron” 1 .
The most striking observation is a breakdown of QCD factorization in diffractive dijet, W ,
b-quark, and j/ψ production, expressed as a suppression by a factor of O(10) of the production
cross section relative to theoretical expectations. Of equal importance is the finding of a breakdown of Regge factorization in soft diffraction by a similar factor 1 . Combined, these two results
strongly support a hypothesis that the factorization breakdown is due to a saturation of the
probability of forming a rapidity gap by an exchange of a color-neutral construct of the underlying parton distribution function (PDF) of the proton. Renormalizing the “gap probability” to
unity over all ( , t) phase space, where is the forward momentum loss fraction of the leading
(anti)proton, corrects for the unphysical effect of overlapping diffractive rapidity gaps and leads

to an agreement between theory and experiment 1 . The gap probability renormalization model
is further supported by soft-diffraction CDF results on double-diffraction (central gap), multigap diffraction (double-gap to single-gap ratios are non-suppressed), energy dependence of the
D → constant as s → ∞, and a relationship between the
total single-diffractive cross section, tot
intercept and slope of the Pomeron trajectory 2 .
The O(10) suppression of diffractive dijet production at the Tevatron is based on the proton PDF extracted from diffractive deep inelastic scattering (DDIS) at the DESY ep Collider
HERA 1 . While no DDIS suppression is expected in certain models, e.g. 3 , the primary exchange
in DDIS is a q q̄ pair (Fig. 1, left), while production by a gluon is suppressed by a factor of α s .
The latter can be distinguished from quark production by an associated jet (Fig. 1, right) 6 . In
contrast to W/Z, diffractive dijets are mainly produced by a gg exchange. The dijet rates at the
Tevaytron are calculated using a gluon PDF extracted from DDIS. A more direct comparison
between diffraction at the Tevatron and at HERA can be made by measuring diffractive W
production at the Tevatron, which is dominated by a q q̄ exchange. In Run I, only the overall
diffractive W fraction was measured 6 . In Run II, CDF measures both the W and Z diffractive
fractions, and has developed a method that completely determines the W kinematics and can
be used to measure the xBj (x-Bjorken) dependence of the diffractive structure function (DSF).

Figure 1: Diffractive W/Z production diagrams.

Figure 1 shows schematic Feynman diagrams for diffractive W/Z production. In leading order,
the W/Z is produced by a quark in the Pomeron (left); production by a gluon is suppressed by
a factor of αs and can be distinguished from quark production by an associated jet 6 (right).
2

Detector

The CDF II detector is shown schematically in Fig. 2 4 . The components of the main detector 5
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Figure 2: The CDF II detector.

used in the diffractive program are the tracking system, the central (CCAL), plug (PCAL),
and forward (FCAL) calorimeters, and the Čerenkov luminosity counters (CLC). The diffractive
program benefited from dedicated triggers and a system of special forward detectors. The
following forward detectors were employed 4 :
• RPS (Roman Pot Spectrometer) - detects leading p̄’s at ∼ 0.03 < ξ ≡ 1 − p || < 0.09;
• MPCAL (MiniPlug Calorimeters) - measure ET and (θ, φ) at ∼ 3.5 < |η| < 5.5;
• BSC (Beam Shower Counters) - identify rapidity gaps at ∼ 5.5 < |η| < 7.5.

3

Diffractive W and Z Measurement

The data analysis is based on events with RPS tracking from a data sample of approximately
0.6 fb 1 . In addition to the W/Z selection requirements (see below), a hit in the RPS trigger
counters and a RPS reconstructed track with 0.03 < ξ < 0.1 and |t| < 1 are required. A novel
feature of the analysis is the determination of the full kinematics of the W → eν/µν decay,
which is made possible by obtaining the neutrino ETν from the missing ET , as usual, and ην
√
√
P
from the formula ξ RPS − ξ cal = (ET / s) exp[−ην ] , where ξ cal = i(towers) (ETi / s) exp[−ηi ].

The CDF W/Z selection requirements are
ETe,µ > 25 GeV, 40 < MTW < 120 GeV,
66 < M Z < 116 GeV, and vertex z-coordinate
zvtx < 60 cm. The W mass distribution
for events with ξ CAL < ξ RP S is shown in
Fig. 3 along with a Gaussian fit. The obtained
exp
value of MW
= 80.9 ± 0.7 GeV is in good
agreement with the world average W -mass of
PDG = 80.403±0.029 GeV 7 . Figure 4 shows
MW
the ξ CAL distributions of the W/Z events satisfying different selection requirements. In the
W case, the requirement of ξ RP > ξ CAL is very
effective in removing the overlap events in the
region of ξ CAL < 0.1.

Fig. 3. Extracted W mass and Gaussian fit.

Figure 4: The ξ CAL distribution for various W (left) and Z (right) event samples.

A mass cut of 50 < MW < 120 GeV has the same effect. In the Z case, the ξ CAL distribution of all
Z events is used and is normalized to the RP-track distribution in the region of −1 < log ξ CAL < −0.4
(0.1 < ξ CAL < 0.4) to obtain the ND background in the diffractive region of ξ CAL < 0.1.
Taking into account the RPS acceptance of ARPS ≈ 80 %, the trigger counter efficiency of ǫRPStrig ≈
75 %, the track reconstruction efficiency of ǫRPStrk ≈ 87 %, and then multiplying by 2 to include the
production by p̄p → X + W/Z + p and correcting the number of ND events for the effect of overlaps due
to multiple interactions by multiplying by a factor of f1−int ≈ 25 %, the diffractive fractions are obtained
as RW/Z = 2 · NSD /ARPS /ǫRPStrig /ǫRPStrk /(NND · f1−int ), which yiel the results:
RW (0.03 < ξ < 0.10, |t| < 0.1) = [0.97 ± 0.05 (stat) ± 0.11 (syst)]%,
RZ (0.03 < ξ < 0.10, |t| < 0.1) = [0.85 ± 0.20 (stat) ± 0.11 (syst)]%.

The RW value is consistent with the Run I result of:
RW (0.03 < ξ < 0.10, |t| < 0.1) = [0.97 ± 0.47] % (Run I),
obtained from the measured value of RW (ξ < 0.1) = [0.15 ± 0.51 (stat) ± 0.20 (syst)]% 6 multiplied by a
factor of 0.85 tto account for the reduced (ξ-t) range in Run II.
4

Prospects for the LHC

Diffractive W and Z production at the LHC can provide information in the following areas:
• energy dependence of the production cross sections;
• x-Bjorken dependence of the diffractive structure function in W production;
• exclusive Z production.
The energy dependence of the cross sections is crucial for understanding the nature of the unitarity
constrains that lead to the observed breakdown of factorization; the x-Bjorken distribution in W production, the measurement of which requires measuring the momentum of the leading diffracted proton in
Roman pot detectors, can be used to differentiate among various models of the Pomeron; and exclusive
Z production, which can be used to search for beyond the standard model theories of the Pomeron 8 .
5

Summary and Conclusion

Preliminary results on diffractive W and Z production obtained by the CDF II collaboration from protonantiproton collisions at a c.m.s. energy of 1.96 TeV have been presented. Differential cross sections
were measured from data triggered by a leading antiprotons detected in a Roman pot spectrometer
in association with a central high transverse momentum electron or positron. The obtained ratio of
diffractive to total W production rates (diffractive fraction) agrees with that measured by CDF in Run I
where diffraction was identified by a large rapidity gap signature. The W and Z diffractive fractions are
equal within a ∼20% measurement uncertainty dominated by the statistical uncertainty in the diffractive
Z measurement. A method of completely determining the diffractive W kinematics by taking advantage
of the momentum loss measurement of the leading antiproton using the RPS has been disussed. This
method can be used for measuring the x-Bjorken dependence of the diffractive structure function in
W production at the Large Hadron Collider over a x-Bjorken range. Comparison of the W and dijet xBjorken distributions is critical to understanding the partonic nature of the colorless diffractive exchange.
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DIFFRACTION AT H1 AND ZEUS
P. J. LAYCOCK
Department of High Energy Physics, Oliver Lodge Laboratory,
University of Liverpool, Liverpool, L69 7ZE, UK
The H1 and Zeus collaborations have measured the inclusive diffractive DIS cross section
ep → eXp and these measurements are in good agreement within a normalisation uncertainty.
Diffractive parton density functions (DPDFs) have been extracted from NLO QCD fits to
these data and the predictions of these DPDFs compare well with measurements of diffractive
dijets in DIS, proving the validity of the factorisation approximations used in their extraction.
The inclusive and dijet data are then used in a combined fit to constrain the diffractive
singlet and gluon with good precision over the full phase space. The predictions of DPDFs
are compared to diffractive dijets in photoproduction where the issue of survival probability
in a hadron-hadron environment can be studied. Finally, exclusive diffractive vector meson
production and deeply virtual Compton scattering have also been studied; the results compare
reasonably well with the expectations of QCD and in particular with GPD models.

1

Inclusive Diffraction at HERA

It has been shown by Collins 1 that the NC diffractive DIS process ep → eXp at HERA factorises;
a useful additional assumption is often made whereby the proton vertex dynamics factorise from
the vertex of the hard scatter - proton vertex factorisation. The kinematic variables used to
describe inclusive DIS are the virtuality of the exchanged boson Q2 , the Bjorken scaling variable
x and y the inelasticity. In addition, the kinematic variables xIP and β are useful in describing
the diffractive DIS interaction. xIP is the longitudinal fractional momentum of the proton carried
by the diffractive exchange and β is the longitudinal momentum fraction of the struck parton
with respect to the diffractive exchange; x = xIP β. The data are discussed in terms of a reduced
D(3)
diffractive cross-section, σr (β, Q2 , xIP ), which is related to the measured differential cross
section by:
4πα2em
y 2 D(3)
d3 σep→eXp
)σ
=
(1
−
y
+
(β, Q2 , xIP ).
(1)
dβdQ2 dxIP
βQ4
2 r
In the proton vertex factorisation scheme, the Q2 and β dependences of the reduced cross
section factorise from the xIP dependence. Measurements of the reduced diffractive cross section
from both H1 and Zeus are shown in Figure 1, where the new Zeus preliminary measurement
has been scaled by a factor of 0.87, a factor consistent with the normalisation uncertainties of
the two analyses. The measurements agree rather well.
1.1

Diffractive PDFs from Inclusive data

Using the approximation of proton vertex factorisation, the H1 2 and Zeus 3 collaborations have
extracted DPDFs using NLO QCD fits to the β and Q2 dependencies of the reduced cross
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Figure 1: The reduced diffractive cross section as measured by the H1 and Zeus collaborations.

section. H1 obtained two fits of approximately equal quality, Fit A and Fit B, differing only
in the number of terms used to parameterise the gluon. The two fits, while fully consistent at
low fractional momentum, yield very different results for the diffractive gluon at high fractional
momentum. This is due to quark-driven evolution dominating the logarithmic Q2 derivative of
the reduced cross section at high β, which in turn greatly reduces the sensitivity of this quantity
to the gluon.
1.2

Diffractive dijets and DPDFs

Diffractive dijets in DIS provide a sensitive experimental probe of the diffractive gluon, as the
Q2 +M 2
dominant production mechanism is boson-gluon fusion. The sensitive variable is zIP = Q2 +M12
2 ,
X
where M12 is the invariant mass of the dijet system and MX is the invariant mass of the total
hadronic final state X. Both H1 4 and Zeus 6 have measured the diffractive dijet cross section in
DIS. Both collaborations find that, at low zIP , where the inclusive data have sensitivity to the
diffractive gluon, the results of the predictions are very similar and agree well with the data.
This supports the use of the proton vertex factorisation approximation needed to make the NLO
QCD fits. At high zIP the data clearly prefer the prediction of Fit B.
Having shown the sensitivity of the diffractive dijets in DIS data, H1 have included their data
in a combined fit with the inclusive diffractive DIS data 4 . The resulting fit is indistinguishable
from Fit A and Fit B in its description of the inclusive data and produces a better description of
the diffractive dijet data, consistent with that of Fit B. The resulting DPDFs from this combined
fit, are shown in Figure 2. Both singlet and gluon are constrained with similarly good precision
across the whole kinematic range. A parametrisation of the DPDFs is publically available 5 .
1.3

Diffractive dijets in photoproduction

Despite the success of factorisation in diffractive DIS at the HERA experiments, there is a longstanding issue that the predictions obtained with HERA DPDFs grossly overshoot the diffractive

H1 2007 Jets DPDF
exp. uncertainty
exp. + theo. uncertainty
H1 2006 DPDF fit A

z⋅gluon(z)

z⋅singlet(z)

H1 2006 DPDF fit B

0.2

H1

0.15

gluon
2
µf2=25 GeV

0.6

H1

0.4

0.1

singlet
2
2
µf =25 GeV

0.05
0

0.8

0.2

0.4

0.6

0.2
0

0.8

0.2

0.4

0.6

0.8

H1

0.2
0.15

1
0.8

gluon
µf2=90 GeV2

0.6

0.1

0.2

0.4

0.6

H1

0.4

singlet
µf2=90 GeV2

0.05
0

z
z⋅gluon(z)

z⋅singlet(z)

z

0.2
0

0.8

0.2

z

0.4

0.6

0.8
z

Figure 2: The H1 DPDFs resulting from the combined fit to the inclusive and dijet diffractive DIS data.

dijet cross section at the Tevatron. At HERA, photoproduction events, where Q2 0, provides
an environment similar to a hadron-hadron collider. The variable xγ is the fraction of the
four momentum of the photon transferred to the hard interaction; the lower the value of xγ
the more hadron-like the photon. Both H1 7 and Zeus 8 have measured diffractive dijets in
photoproduction. The latest preliminary results from H1 9 show a suppression of the cross
section with respect to the predictions and this suppression is independent of xγ . There is also
a suggestion that this suppression is dependent on the ET of the jet. This would be consistent
with the Zeus analysis at higher ET where less suppression is observed. It should be noted in
addition that the current measurements have large experimental and theoretical uncertainties.

2

Exclusive vector meson production and DVCS

Exclusive vector meson production provides an ideal experimental testing ground for QCD, as the
experimental signature is clean and the theoretical calculations are often simplified. Measured
at H1 10 , the exclusive production of photons at high momentum transfer t at the proton vertex
allows comparison of the experimental results with BFKL calculations which do not suffer from
uncertainty on the final state vector meson wave function. The W dependence of the high-t
photon cross-section is shown in figure 3 (left); this is certainly one of the hardest diffractive
processes yet measured and is consistent with the BFKL predictions, although the precision of
the data is limited.
Deeply virtual Compton scattering is a process with sensitivity to the transverse correlations
of partons in the proton and thus has sensitivity to models of Generalised Parton Densities
(GPDs) 11 . Figure 3 (right) shows the Q2 dependence of (top) a dimensionless variable S related
to the amplitude for the process with the t-dependence removed; (bottom) the Q2 dependence
of a variable R related to the ratio of GPD to PDF. The data can discriminate between GPD
models and favour a full GPD model rather than one with only kinematical skewing.
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Figure 3: The W dependence of the high-t photon cross-section (left) and (right) the Q2 dependence of quantities
sensitive to GPD models (see text).

3

Conclusions

The H1 and Zeus collaborations have measured the inclusive diffractive DIS cross section ep →
eXp and these measurements are in good agreement within their normalisation uncertainties.
The DPDFs from NLO QCD fits to the inclusive data can successfully describe diffractive dijet
data in the DIS regime and including these dijet data in a further NLO QCD fit results in
DPDFs constrained with good precision across the whole kinematic range. Comparing the
predictions of DPDFs with diffractive dijets in photoproduction shows evidence of a suppression
of the cross section which is independent of xγ but which is consistent with an ET dependence.
Exclusive vector meson production has also been studied by both the H1 and Zeus collaborations.
H1 have measured exclusive high-t photon production, a process with one of the hardest W dependences ever measured. Measurements of DVCS have been shown to have enough sensitivity
to discriminate between models of GPDs.
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Recent results of the NA48/2 experiment
M. Raggi
Laboratori Nazionali di Frascati, Via E. Fermi 40, 00147
Frascati, Italy
NA48/2 collected the wolrd largest sample of K ± → π ± π 0 γ decays. Direct Emission (DE)
and Interference (INT) fractions with respect to the internal bremsstrahlung (IB) have been
measured in the range 0 < Tπ∗ < 80 MeV:
FracDE (0 < Tπ∗ < 80 MeV) = (3.32 ± 0.15sta ± 0.14sys ) × 10−2
FracINT (0 < Tπ∗ < 80 MeV) = −(2.35 ± 0.35sta ± 0.39sys ) × 10−2
∗
where Tπ is the kinetic energy of the charged pion in the kaon rest frame.
A sample of 7253 K ± → π ± e+ e− decay candidates has been collected by the NA48/2 experiment. The branching ratio in the full kinematic range was measured to be BR =
(3.11 ± 0.12) · 10−7 . For both decays CP violating asymmetry has been studied.

Introduction
The NA48/2 experiment at CERN SPS has collected the world largest amount of charged kaon
decays. During two runs in 2003 and 2004, about 18 · 109 events were recorded. The main goal
of NA48/2 was the search for direct CP violation in K ± decays into three pions1 . However,
given the high statistics achieved, many tests of Chiral Perturbation Theory (ChPT) were also
possible in rare Kaon decays. In the following sections, recent tests of ChPT performed by the
NA48/2 collaboration using K ± → π ± π 0 γ and K ± → π ± e+ e− decays will be presented.
1

Study of K ± → π ± π 0 γ decay

The total amplitude of the K ± → π ± π 0 γ decay is the sum of two terms: the inner bremsstrahlung
associated with the K ± → π ± π 0 decay with a photon emitted from the outgoing charged pion,
and the direct emission in which the photon is emitted at the weak vertex. Using the Low theorem the branching ratio of the IB component can be predicted from that of the K ± → π ± π 0
channel, using QED corrections 2,3 .
The DE term has been extensively studied in the framework of Chiral Perturbation Theory
(ChPT) 4,5,6 . Direct photon emission can occur through both electric and magnetic dipole
transitions. The electric dipole transition can interfere with the IB amplitude giving rise to
an interference term, which can have CP violating contributions. The magnetic part at order
O(p4 ) in ChPT is the sum of two anomalous amplitudes: one reducible, that can be calculated
using the Wess-Zumino-Witten functional, and one direct amplitude, whose size is not model
independent but is expected to be small. There is no definite prediction from ChPT for the
electric transition amplitude, which depends on undetermined constants.
The properties of the K ± → π ± π 0 γ decay can be conveniently described using the Tπ∗ , W
variables, where Tπ∗ is the kinetic energy of the charged pion in the kaon rest frame and W is a
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Figure 1: a) Kaon mass distribution for K ± → π ± π 0 γ candidates b) Contour plot in the DE INT plane.

Lorentz invariant variable given by 2,3 :
W2 =

(PK · Pγ )(Pπ · Pγ )
(mK mπ )2

(1)

PK , Pπ , Pγ are the 4 momenta of the kaon, the charged pion and the radiative gamma. Using
these variables, the differential rate for the K ± → π ± π 0 γ process can be written as 2,3,6 :
h
∂ 2 Γ±
∂ 2 Γ±
IB
1 + 2 cos(±φ + δ11 − δ02 )m2π m2K (|XE |)W 2 +
=
∂Tπ∗ ∂W
∂Tπ∗ ∂W
i

m4π m4K (|XE |2 + |XM |2 )W 4 ,

(2)

∂ 2 Γ±

IB
is the differential rate for the IB component, φ is the CP violating phase, δLI are
where ∂T ∗ ∂W
π
the strong π-π re-scattering phases for a final state of momentum L and isospin I, and XE , XM
are normalized electric and magnetic amplitudes respectively.
In the NA48/2 analysis the main background (BG) sources are K ± → π ± π 0 and K ± →
±
π π 0 π 0 . The first decay needs an accidental photon or an hadronic extra cluster to mimic the
signal final state, while the second a lost or two fused γ. The rejection of K ± → π ± π 0 relies on
the Tπ∗ <80 MeV cut. To suppress K ± → π ± π 0 π 0 BG the very good kaon mass resolution, (2.2
MeV) and the identification of fused gamma events by kinematical constraints have been used.
In fig. 1 the data kaon mass spectrum is compared with the sum of signal plus BG MC. To
correctly reconstruct the W value is very important to distinguish the radiative γ from the two
coming from the π 0 decay. Using a set of cuts a misidentification probability, computed using
MC simulation, lower than the permille for all the components has been achieved. At the end of
the selection ∼ 600K K ± → π ± π 0 γ candidates have been identified with a BG contamination
< 1% with respect to the DE component.
The extraction of DE and INT fractions relies on their different W distribution. An algorithm
based on extended maximum likelihood assigns weights to MC W distributions of the three
components to reproduce data. The fit has been performed in the region 0.2 < W < 0.9. The
following values for the DE and INT fractions have been obtained:

Frac(DE)T∗π <80
Frac(INT)T∗π <80

MeV

= (3.32 ± 0.15sta ± 0.14sys ) × 10−2

−2

MeV

= −(2.35 ± 0.35sta ± 0.39sys ) × 10

(3)
(4)

with a χ2 of the residuals with respect to zero of 14.3/13 d.o.f. This is the first measurement of
a non vanishing interference term in the K ± → π ± π 0 γ decay. The contour plot in Fig. 1 shows

the very high correlation (-0.93) of the two contributions. In order to compare the NA48/2
result with those from previous experiments, the ML fit has been redone setting the INT term
to zero. The χ2 of the residuals, 51/13 d.o.f., demonstrates that the data distribution cannot
be properly described without an INT term.
To investigate CP violation in K ± → π ± π 0 γ with maximum statistical accuracy, the whole
W spectrum has been considered. Candidates were separated depending on the reconstructed
kaon charge, leading to a sample with 695×103 K + and 386×103 K − . The simplest CP violation
observable, the difference in the decay rates of K + and K − , can be expressed in term of number
of events as:
(5)
AN = (N+ − RN− )/(N+ + RN− )
where N+ , N− are the number of K + , K − decays to π ± π 0 γ, and R is the ratio of the number of
K + to K − in the beam, computed from another channel for which no CP violation is expected.
The NA48/2 data has shown no CP violation asymmetry in the Dalitz plot for K ± → π ± π 0 π 0
decays at the level of 10−4 1 . The large number of K ± → π ± π 0 π 0 decays collected, allows the
measurement of R with an accuracy of δR/R ∼ 2 × 10−4 . The ratio R has been computed in
bins of kaon momentum and the asymmetry AN calculated to be:
AN = (0.0 ± 1.0sta ± 0.6sys ) × 10−3

(6)

From the above value a limit for the rate asymmetry of |AN | < 1.5 × 10−3 at 90% CL can
be deduced. Another interesting observable of CP violation can be obtained by fitting the
asymmetry distribution as function of the variable W . Using Equation 2, the following W
dependence of the asymmetry (AW ) is predicted:
eW 2
dAW
=
dW
1 + aW 2 + bW 4

(7)

The parameters a and b are related to the fractions of DE and INT, while e is left free in the
fit. Using the value of e obtained from the fit AW is computed to be: AW = (−0.6 ± 1.0) × 10−3
The value of both AN and AW are consistent with no charge asymmetry.
2

The K ± → π ± e+ e− decay rate and form factor

The flavour-changing neutral current process K ± → π ± e+ e− , induced at one-loop level in the
Standard Model and highly suppressed by the GIM mechanism, is of particular interest. The
decay is supposed to proceed through one photon exchange, resulting in a spectrum of the
z = (Mee /MK )2 kinematic variable sensitive to the form factor W(z). In ChPT several models
predicting the form factor characterizing the dilepton invariant mass spectrum, and thus the
decay rate, have been proposed 7,8 . The following parameterizations of the form factor W(z) are
considered in the analysis:
2 f (1 + δz)
1. Linear:
W (z) = GF MK
0
with free normalization and slope (f0 , δ).
2 f (a + b z) + W ππ (z)
2. Next-to-leading order ChPT:
W (z) = GF MK
0 +
+
with free parameters (a+ , b+ ), and an explicitly calculated pion loop term W ππ (z) 7 .
3. The Dubna8 version of ChPT involving meson form factors:
W (z) ≡ W (Ma , Mρ , z)
with resonance masses (Ma , Mρ ) treated as free parameters.
After Moriond conference we discovered the existence of a 4th model for the K ± → π ± e+ e−
form factor9 . The result of the fit to all the four models can be found in reference10 .
In NA48/2 analysis the K ± → π ± e+ e− rate is measured relatively to the abundant K ± →
±
0 . The final states of the signal and normalization channels contain identical sets of charged
π πD
particles. Thus particle identification efficiencies, representing a significant source of systematic
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Figure 2: a) Reconstructed π ± e+ e− invariant mass: data (dots) and MC simulation (filled area)
b) Computed dΓee /dz and fit results according to the three considered models.

uncertainties, cancel in the first order. At the end of the selection on whole 2003 2004 data
sample 7253 candidates K ± → π ± e+ e− are found in the signal region with 1.0% background
contamination (see Fig.2).
The result of fits to the distribution of rate vs z, using the three different parametrization
are shown in Fig.2. All the fits are of reasonable quality, however the linear form-factor model
leads to the smallest χ2 . Values of all form factor parameters can be found in reference10 .
Unfortunately the data sample is insufficient to distinguish between the models considered.
The branching ratio in the full kinematic range, which is computed as the average between
the two extremes corresponding to the models (1) and (3), and includes an uncertainty due to
extrapolation into the inaccessible region z < 0.08, is:
BRM I = (3.11 ± 0.04sta ± 0.05sys ± 0.08ext ± 0.07mod ) · 10−7 = (3.11 ± 0.12) · 10−7

(8)

Finally, a first measurement of the direct CP violating asymmetry of K + and K − decay rates in
the full kinematic range was obtained by performing BR measurements separately for K + and
± ) = (BR+ − BR− )/(BR+ + BR− ) =
K − and neglecting the correlated uncertainties: ∆(Kπee
(−2.2±1.5sta ±0.6sys )%. A conservative limit for the charge asymmetry of |∆(K ± → π ± e+ e− )| <
2.1 · 10−2 at 90% CL can be deduced. The result is consistent with no CP violation.
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LATTICE GAUGE THEORY FOR PHYSICS BEYOND THE STANDARD
MODEL
R. C. BROWER
Department of Physics, 590 Commonwealth Avenue, Boston University, Boston, MA 022135
New strongly coupled field theories responsible for electro-weak symmetry breaking may well
be discovered at LHC energy scales. Plans and some early attempts to explore the landscape of
non-perturbative gauge dynamics using Lattice Field Theory (LFT) is outlined in three broad
areas: (1) New strong dynamics generically referred to as “Technicolor” for electro-weak symmetry breaking based on the Goldstone mechanism for chiral fermions. (2) Supersymmetric
Yang Mills (SUSY) theories to stabilize the Higgs mass, which because supersymmetry must
be badly broken also requires methods to determine the vacuum structure and spectra in the
broken phase. (3) The challenge to determine a non-perturbative formulation of chiral gauge
theories, the lack of which calls into question the very existence of the Standard Model itself.

1

Introduction

It is generally acknowledged that the LHC era is likely to expose new non-perturbative physics
beyond the QCD sector of the standard model. Consequently physicists exploring candidate
scenarios for Beyond the Standard Model (BSM) have developed an overwhelming array of
possible models. To really understand the options and make a definite discrimination between
experimental signatures often will require non-perturbative investigations for which the lattice
regulator is often the only ab initio option. Thus lattice field theory is an important exploratory
tool of the theory landscape. A similar exploratory approach has proven very useful in lower
dimensions for condensed matter physics where the computational is much less demanding,
easily by factors of 103 to 106 . In the coming decade, as a consequence of the availability of cost
effective Petaflop/s platforms and equally important clever new algorithms based on a deeper
understanding of non-perturbative quantum field theory, this exploratory approach will also be
a practical reality for 4-d quantum field theories. This is not to say that BSM lattice studies will
be easy. But a sustained effort on a BSM lattice program can provide an important, perhaps
essential, complement to heuristic model building and experimental searches for new physics.
2

Lattice Strong Dynamics for Physics in the LHC era

After 25 years the application of lattice field theory to Quantum Chromodynamics is entering an
era of steadily increasing accuracy, approaching a few percent errors for a range of predictions.
This has required developing powerful algorithmic tools to deal directly with light up, down
and strange quarks in the vacuum and to represent valence quark wavefunctions using both
chiral and heavy quark expansions. Based on this success, one sees a path forward to explore
similar theories on the lattice. However, since there is much less experience and no experimental

guidance for BSM strongly coupled theories, the risks are greater. To mitigate this risk, initial
projects should be pursued in areas close to QCD itself.
Pure QCD: Indeed there are opportunities within QCD itself. The salient example is the
non-perturbative computation of hadronic matrix elements for weak transitions to sharpen the
experimental tests of the standard model in for example constraining the unitarity triangle.
Another intriguing application, which is receiving increased attention, is to determine the major
uncertainty 1 in direct observation of the neutralino, a leading candidate for dark matter in the
supersymmetric extension of the standard model. The low energy scattering of neutralinos in
detectors is dominated by the Higgs exchange coupled to the strange quark loop in the nucleon
or the strange sigma term,
ms hp|s̄s|pi
fT s =
.
(1)
mp
The present model estimates for this term result in as much as a factor of four uncertainty in the
cross-section. Improvements in dealing with “disconnected diagrams” (i.e. operators coupled to
non-valence quarks) on the lattice should reduce this uncertainty in the cross section by one to
two orders of magnitude.
Technicolor: A second, more ambitious area of BSM lattice research, is to investigate
the full dynamics of QCD-like extension to the Standard Model in the so called “technicolor”
class. While the fundamental idea of replacing the elementary Higgs with Goldstone mode or
technipion is physically very attractive serious constraints result from electro-weak precision data
when compared with a naive extrapolation from QCD to technicolor theories. However these
extrapolations ignore the appearance of new IR dynamics as one increases the technicolor flavor
content. Ultimately the Banks-Zaks 2 IR fixed point occurs prior to loosing asymptotic freedom.
This region is called the conformal window. Only lattice calculations can rigorously predict the
consequences for near conformal (or walking) technicolor theories. A nice lattice calculation by
Appelquist, Fleming and Neil 3 using Lüscher’s Schrödinger functional method strongly suggests
that for SU (3) Yang Mills theory with Nf degenerate fundamental techniquarks the conformal
window appears some where between Nf = 8 and Nf = 12 as illustrated in Fig. 1 below.
Many other lattice simulations are underway to determine the conformal window for a variety
of gauge and fermionic representation for Yang-Mills theory. For example the Lattice Strong
Dynamics (LSD) collaboration a is generating a set of Domain Wall lattices for Nf = 2, 4, 6
degenerate light flavor to be followed shortly by 243 × 48 lattices and in the next year by
323 × 64 lattices. Higher numbers of flavors will also be explored both below and into the
conformal window. The goal is to see the gradual approach to the conformal window and
to determine its impact on spectral properties and operators relevant to its use for building
technicolor models. The S-parameter which places a stringent constraints on extensions to the
standard model mechanism for electroweak symmetry breaking is a classic test of the viability
of the technicolor scenario for electro-weak symmetry breaking. The basic observable that must
be computed in the strong sector on the lattice is the low momentum part of the left-right
current-current correlation function,
µν
2
µ ν
Πµν
LR (q) = ig ΠLR (q ) + (q q terms) ≡

Z

d4 xe−iqx hJLµ (x)JRν (0)i .

(2)

The first priority is to establish a firm baseline calculation of S in QCD before its computation
on the technicolor lattices. A side benefit of calculating S in QCD first is that the same lattices
and propagators can also address the leading non-perturbative contribution of the standard
model to the muon g-2. We also note that determining the Euclidean q 2 dependence of the
vector-vector (VV) and axial-axial (AA) current-current correlators provides useful constraints
on the 5th dimensional warped geometry required in AdS/CFT model of LHC physics.
a

see webpage: http://www.yale.edu/LSD/.
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Figure 1: Comparison of running coupling for Nf = 8 and Nf = 12 on the right.Purple points are derived by
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Figure 2: The shaded ellipses are the phenomenologically allowed regions for S and T at 68% CL, and show a
strong correlation (87%) between S and T .The shaded vertical bands are phenomenological estimates of values
of S in technicolor with NTC = 3 and NTF = 2 at 68% CL The color of the shaded region indicates the reference
value for the Higgs mass.

Lattice SUSY: The minimal super symmetric model (MSSM) is built on a N = 1 SUSY
QCD sector. Fortunately as realized by Kaplan and Schmaltz 4 , N = 1 SUSY QCD with Domain
Wall fermions requires no fine tuning. Thus it is reasonable to begin to explore this theory with a
long range (and difficult) goal of extending these studies to supersymmetry breaking mechanisms
in the context of more realistic MSSM phenomenology. Early simulations by Fleming, Kogut and
Vranas exploited this and gains some qualitative insight. Recently six months of computation on
two BlueGene/L racks at Rensselaer’s CCNI supercomputing center has allowed a statistically
significant calculation of the gluino condensate and string tension over a wide range of lattice
parameters, setting the stage for continuum, chiral extrapolations 5 .
A much larger range of SUSY theories are beginning to be considered on the basis of elegant
lattice constructions 6,7 , one using an orbifolding of a supersymmetric matrix model and an
another based on a discretization of a twisted formulation of the supersymmetric theory. These
lead to surprising lattice geometries such as that illustrated in Fig. 3, where the fermionic
partners are scattered on the lattice in manner reminiscent of staggered fermions but with
no unphysical degrees of freedom 6 . Algorithmic methods for exploring supersymmetric field
theories are in their infancy, but initial attempts show promise.
Theoretical Developments On a more theoretical level, it is also important to realize that
the lattice regulator for quantum field theory provides a rigorous construction of a field theory

z3,ψ3 z3
χ

ξ1
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ξ2
ξ3

z1

z2,ψ2
λ

z1,ψ1

Figure 3: On the left is the lattice for supersymmetric Yang Mills in d = 2 with Q = 16 supercharges. On the
right is lattice for supersymmetric Yang Mills in d = 3 with Q = 8 supercharges. The zi are bosons, while the
other fields are one-component fermions

as illustrated above for SUSY theories. Another example is the demonstration of triviality for
the pure Higgs sector using lattice simulations. Perhaps the most critical unsolved problem is
the existence of non-perturbative chiral field theory. Ironically because we know that neutrinos
are left handed, a chiral formulation is essential even for the standard model. The apparent
difficulty of formulating such theories on the lattice may be a hint at deep physics issues. Are
mirror particles to the neutrinos required, perhaps at some large mass? Is the breaking of parity
inherent in chiral theories of a spontaneous origin? A non-perturbative formulation is crucial to
even framing these questions. Proposals by Lüscher 8 and Poppitz 9 and others are beginning to
give a clear strategy for settling these questions but substantial computational efforts is required
as well.
In conclusion in this short report I have given a very rough sketch of efforts to extending
lattice QCD methodology to potential strong dynamics beyond the standard model. Unfortunate
the few illustrations were biased toward those for which the author has direct involvement. There
is a rapidly growing community of lattice theorist exploring BMS theories with methods that
most certainly will out perform ones describe here. Obviously the direction of this research will
depend strongly on experimental results for the LHC as they forthcoming in the next decade.
Nonetheless there is a significant opportunity at present to rigorously check the heuristics for
non-perturbative physics used in model building. In time the application of lattice field theory
to BSM should become a partner in developing a theoretical understanding of TeV physics and
the interpretation of experimental signatures. In the daunting experimental environment of TeV
physics, this partnership may well be critical to definitive discoveries in the next decade.
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LIGHT HADRON SPECTRUM FROM LATTICE QCD
Z. FODOR
Bergische Universität Wuppertal, Gaussstr. 20, D-42119 Wuppertal, Germany.
Institute for Theoretical Physics, Eötvös University, Pazmany 1, H-1117 Budapest, Hungary.
Jülich Supercomputing Centre, FZ Jülich, D-52425 Jülich, Germany.
We present a full ab-initio calculation of the masses of the nucleon and other light hadrons,
using lattice calculations. In our 2+1 flavor analysis, pion masses down to 190 MeV are used
to extrapolate to the physical point with lattice sizes of approximately four times the inverse
pion mass. Three lattice spacings are used for a continuum extrapolation. All systematics are
controlled. Our results completely agree with experimental observations.

QCD is asymptotically free, at high energies the interaction gets weaker and weaker1,2 ,
enabling perturbative calculations based on a small coupling parameter (e.g. for at least ten to
a hundred times higher energies than the mass of the proton). Much less is known about the
other side: when the coupling gets large, and the physics becomes non-perturbative. The mass
generation of hadrons belongs to these non-perturbative phenomena. This presentation is based
on the detailed hadron spectrum study of the Budapest-Marseille-Wuppertal Collaboration3 .
Before we study the question in more detail it is illustrative to summarize the most important qualitative features of the hadron mass generation. In the early universe the temperature
(T) was very high. There was a smooth transition4 between a high T phase dominated by
quarks and gluons and a low T phase dominated by hadrons. In the high T phase the high
temperature was manifested by motion. The motion was diluted by the expansion of the early
universe. Nevertheless a small fraction of this motion remained with us confined in protons. As
a consequence the kinetic energy inside the proton is observed as the mass of the particle.
After this illustration let us discuss the systematic field theoretical approach.
To explore QCD in the non-perturbative regime, the most systematic technique is to discretize5
the QCD Lagrangian on a hypercubic space-time lattice with spacing a, to evaluate its Green’s
functions numerically and to extrapolate the resulting observables to the continuum (a → 0). A
convenient way to carry out this discretization is to place the fermionic variables on the sites of
the lattice, whereas the gauge fields are treated as 3 × 3 matrices connecting these sites. In this
sense, lattice QCD is a classical four-dimensional statistical physics system.
In order to be able to resolve the structure of the proton the lattice has to be fine enough.
Typically 0.1 fm is used for that purpose. The lattices have about 50 points in each directions.
Since at each lattice points we have dozens of variables the numerical treatment of such a system
is quite difficult, mathematically it corresponds to a one billion dimensional integral.
The first step is to generate vacuum configurations. For the classical theory the vacuum
is just a trivial configuration with vanishing field strengths. In the quantum theory, however,
the vacuum is fluctuating around this classical configuration. Typically a few hundred of those
configurations are enough to calculate various observables with a few percent accuracy.

aM

For many years calculations were performed using the quenched approximation, which assumes that the fermion determinant (obtained after integrating over the quark fields) is independent of the gauge field. Although this approach omits the most CPU-demanding part of
a full QCD calculation, a thorough determination of the quenched spectrum took almost 20
years. It was shown6 that the quenched theory agreed with the experimental spectrum to approximately 10 percent for typical hadron masses and demonstrated that systematic differences
were observed between quenched and two flavor QCD beyond that level of precision6,7 .
Including the effects of the light sea-quarks has dramatically improved the agreement between
experiment and QCD results. Several works appeared in the literature, which included these
sea-quark effects also in the light hadron spectrum. Efforts are being made to calculate (part of)
the QCD spectrum with 2+1 flavor staggered quarks8 , with non-perturbatively O(a)-improved
Wilson quarks9,10 with almost physically light quark masses (albeit in small volumes at one
single lattice spacing 11 ), with domain wall fermions12 or domain wall fermions on staggered
configurations13 . There are also two flavor calculations using unimproved, O(a)-improved14 and
twisted-mass Wilson fermions15 and overlap quarks16 .
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Figure 1: Effective masses aM =log[C(t/a)/C(t/a + 1)], where C(t/a) is the correlator at time t, for π, K, N , Ξ
and Ω at our lightest simulation point with Mπ ≈190 MeV (a ≈ 0.085 fm with physical strage quark mass). The
horizontal lines indicate the masses extracted form the correlators by using single mass correlated cosh/sinh fits.

However, all of these studies have neglected one or more of the ingredients required for a
full and controlled calculation. The five most important of those are:
a. The inclusion of the u, d and s quarks to the fermion determinant with an exact algorithm
and with an action, whose universality class is QCD. For the light-hadron spectrum, the effects
of the heavier c, b and t quarks are included in the coupling constant and light quark masses.
b. A complete determination of the masses of the light ground state mesons, octet and
decuplet baryons. Three of these are used to fix the masses of the isospin averaged light (mud )
and strange (ms ) quark masses and the overall scale in physical units.
c. Large volumes to guarantee small finite-size effects and at least one simulation at a
significantly larger volume to confirm the smallness of these effects. In large volumes, finitesize corrections to the spectrum are exponentially small17,18 . As a conservative rule of thumb
Mπ L>
∼4, with Mπ the pion mass and L the lattice size, guarantees that finite-volume errors in
the spectrum are around or below the percent level. Resonances require special care. Their
finite volume behavior is more involved 19,20 .
d. Controlled interpolations and extrapolations of the results to physical mud and ms (or
eventually simulating directly at these masses). While interpolations in ms , corresponding to
MK ≃495 MeV, are straightforward, the extrapolations for mud , corresponding to Mπ ≃135 MeV,

M [GeV]

are difficult. They need CPU-intensive calculations with Mπ reaching down to 200 MeV or less.
e. Controlled extrapolations to the continuum limit, requiring that the calculations be
performed at no less than three values of the lattice spacing, in order to guarantie that the
scaling region is reached.
The analysis presented in this paper includes all five ingredients listed above, thus providing
a calculation of the light hadron spectrum with fully controlled systematics.
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Figure 2: Pion mass dependence of the N and Ω for all three values of the lattice spacing. The scale in this
case is set by MΞ at the physical point. Triangles/dotted lines correspond to a≈0.125 fm, squares/dashed lines
to a≈0.085 fm and circles/solid lines to a≈0.065 fm. The curves are the corresponding fits. The crosses are the
continuum extrapolated values in the physical pion mass limit. The lattice-spacing dependence of the results is
barely significant statistically despite the factor of 3.7 separating the squares of the largest (a≈0.125 fm) and
smallest (a≈0.065 fm) lattice spacings.

We choose a tree-level, O(a2 )-improved Symanzik gauge action21 and work with tree-level,
clover-improved Wilson fermions, coupled to links which have undergone six levels of stout link
averaging22 . (The precise form of the action is presented in ref.23 .) We perform a series of 2+1
flavor simulations, that is we include degenerate u and d sea quarks and an additional s sea
quark. We fix ms to its approximate physical value. We vary mud in a range which extends
down to Mπ ≈190 MeV.
To set the overall physical scale, any dimensionful observable can be used. Since both the
Ω and Ξ are reasonable choices, we carry out two analyses, one with MΩ (Ω set) and one with
MΞ (Ξ set). We find that for all three lattice spacings both quantities give consistent results. e
determine the masses of the baryon octet (N , Σ, Λ, Ξ) and decuplet (∆, Σ∗ , Ξ∗ , Ω) and those
members of the light pseudoscalar (π, K) and vector meson (ρ, K ∗ ) octets which do not require
the calculation of disconnected propagators. Typical effective masses are shown in Figure 1.
Shifts in hadron masses due to the finite size of the lattice are systematic effects. There are
two different effects. The first type of volume dependence is related to virtual pion exchange.
The second type of volume dependence exists only for resonances. The coupling between the
resonance state and its decay products leads to a non-trivial level structure in finite volume.
The literature provides a conceptually satisfactory framework for these effects 19,20 . We took
both effects into account.
Our three flavor scaling study23 showed that hadron masses deviate from their continuum
values by less than approximately 1 percent for a lattice spacing upto a≈0.125 fm. Since the
statistical errors of the hadron masses calculated in this paper are similar in size, we do not
expect significant scaling violations here. This is confirmed by Figure 2.
As indicated, we performed two separate analyses, setting the scale with MΞ and MΩ . The
Ξ set is shown on Figure 3. With both scale setting procedures we find that the masses agree

with the hadron spectrum observed in nature24 .
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Figure 3: The light hadron spectrum of QCD. Horizontal lines and bands are the experimental values with their
decay widths. Our results are shown by filled circles. Vertical error bars represent our combined statistical and
systematic error estimates. The π, K and Ξ have no error bars, since they are used to set the light quark mass,
the strange quark mass and the overall scale, respectively.

Thus, our study strongly suggests that QCD is the theory of the strong interaction, also at
low energies, and furthermore that lattice studies have reached the stage where all systematic
errors can be fully controlled.
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CURRENT STATUS TOWARD THE PROTON MASS CALCULATION
IN LATTICE QCD
Yoshinobu Kuramashi
Graduate School of Pure and Applied Sciences and Center for Computational Sciences,
University of Tsukuba, Tsukuba, Ibaraki 305-8571, Japan
The proton mass calculation is still a tough challenge for lattice QCD. We discuss the current
status and difficulties based on the recent PACS-CS results for the hadron spectrum in 2+1
flavor QCD.

1

Introduction

The proton mass calculation has a profound meaning in lattice QCD: To distinguish the proton
mass from the neutron one we need to incorporate the isospin breaking effects with the different
up and down quark masses and the electromagnetic interactions. This is still out of reach for
current lattice QCD calculations. The accomplishment of the first principle calculation of the
proton mass inevitably means that other physical quantities should be calculated with similar
precision on the same configurations.
In this report we show the recent progress in lattice QCD based on the 2+1 flavor lattice
QCD results obtained by the PACS-CS Collaboration who are currently aiming at the physical
point simulation.1 We discuss the difficulties in lattice QCD from a view point of the systematic
errors. The toughest problem is the rapid increase of computational cost with the up-down (ud)
quark mass reduced toward the physical value. We explain why the direct simulation on the
physical point is required in order to avoid the problems in the chiral extrapolation method.
2

Difficulties in Lattice QCD Calculation

Most fundamental quantities in lattice QCD are Green functions in the path-integral formalism:
hO[U, q, q̄]i =

1
Z

Z

L

DU DqDq̄O[U, q, q̄]e−SQCD [U,q,q̄] ,

(1)

L
where SQCD
represents the QCD action defined on the discretized four-dimensional space time.
U is the so-called link variable which contains the gauge fields. q and q̄ denote the quark and the
anti-quark fields. Only the Monte Carlo method makes feasible the nonperturbative evaluation
of the above expression. With appropriate choices of the operator O we can extract various
physical quantities, e.g., the hadron spectrum.
There exists two types of errors in lattice QCD: One is the statistical one due to the Monte
Carlo√technique. The other is the systematic ones. The former is arbitrarily reduced according
to 1/ N with N the number of the independent configurations (Monte Carlo samples). The

troublesome is the latter. We have four major systematic errors: (i) finite volume effects, (ii)
finite lattice spacing effects, (iii) quench approximation and (iv) chiral extrapolation. It is rather
straightforward to diminish the first and the second errors with the use of larger and finer lattices.
For almost twenty years after the first lattice QCD calculation of the hadron masses in 1981,2
most of the large-scale simulations were carried out in the quenched approximation where the sea
quark effects are neglected. The primary reason is that the 2+1 flavor lattice QCD simulation
requires O(102 ) times as much computational cost as the quenched approximation. In late 90s
the CP-PACS collaboration performed a detailed investigation of the quenching effects.3 The
systematic study of the hadron spectrum in the quenched approximation with other systematic
errors under control reveals that the results deviate from the experimental values at a 10% level.
The comparison are depicted in Fig. 1, where the physical inputs are a set of mπ , mρ , mK (closed
triangles) or mπ , mρ , mφ (open triangles) to determine the averaged up-down quark mass, the
strange one and the lattice spacing a. The confirmation of the discrepancy between the quenched
results and the experimental values drove us to embark on the 2+1 flavor QCD simulations.
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Figure 1: Quenched light hadron spectrum compared with experiment.

Figure 2: Simulation cost as a function of mπ /mρ .
See text for details.

Now the remaining task is to remove the systematic error associated with the chiral extrapolation. Figure 2 illustrates the difficulty: The solid line represents the empirical cost estimate
for the 2+1 flavor lattice QCD simulation with the Hybrid Monte Carlo (HMC) algorithm
given by Ukawa in 2001.4 The cost seems to almost diverge as the mπ /mρ ratio approaches the
physical point. It was obvious that we definitely need not only the increase of the computational power but also the algorithmic improvements. Years later the difficulty is overcome by
the Domain-Decomposed Hybrid Monte Carlo (DDHMC) algorithm.5 Blue circles denote the
measured computational cost in our simulation armored with several other algorithmic improvements, which clearly shows that the direct simulation at the physical point is allowed with the
current computational resources.
Before physical point simulations, we should examine the logarithmic quark mass dependence
in the pseudoscalar meson sector predicted by the Chiral Perturbation Theory (ChPT). This
is a good testing ground to check whether or not the light quark simulations are properly
performed. In Fig. 3 we plot the ratio m2π /mud as a function of mud in lattice unit together with
the previous CP-PACS/JLQCD results for comparison. The curvature observed near the chiral
limit is explained by the SU(2) ChPT prediction:
m2π
2mud

½

µ

1 2mud B
2mud B
= B 1+
ln
16π 2 f 2
µ2

¶

¾

2mud B
+4
l3 ,
f2

(2)

where B, f, l3 are the low energy constants and µ is the renormalization scale. Figure 4 compares

our results for ¯l3 , which is defined by ¯l3 = −64π 2 l3 at µ = mπ , with currently available data given
by other groups.6,7 Black symbol denotes the phenomenological estimate.8 Red closed (open)
symbols are for the results obtained by the SU(3) (SU(2)) ChPT fit on 2+1 flavor dynamical
configurations. All the results for ¯l3 reside between 3.0 and 3.5, except for the MILC result
which is sizably smaller and marginally consistent with others within a large error.
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Why is the Physical Point Simulation Necessary?

Chiral extrapolation with the use of ChPT as a guiding principle is current most popular strategy
to estimate the results at the physical point. The simulation points are usually ranging from
200−300 MeV to 600−700 MeV for mπ . There are several problems in this procedure. Firstly, it
is numerically difficult to trace the logarithmic quark mass dependence of the physical quantities
predicted by ChPT. High precision measurements are required for the reliable extrapolation.
Secondly, it is not always possible to resort to the ChPT analyses. A typical example is SU(3)
Heavy Baryon ChPT which completely fails to describe the lattice results for the octet baryon
masses.9 Figure 5 shows the next-to-leading order (NLO) fit result for the nucleon mass. This
difficulty may be practically avoided by the use of the polynomial fit function instead of ChPT.
We apply a simple linear function of mH = mH
0 + αmud + βms to the lattice data obtained at
156 MeV ≤ mπ ≤ 410 MeV. In Fig. 6 we compare our results for the hadron spectrum with
the experimental values. Most of them are consistent within the error bars, though some cases
show 2 − 3% deviations at most. Note that we are left with the O((ΛQCD · a)2 ) finite lattice
spacing effects thanks to the nonperturbative O(a)-improvement employed in our formulation.a
This encouraging result, however, does not mean the polynomial extrapolation is a sufficient
solution. Since we know that mud = 0 is a singular point in ChPT, the convergence radius of
, which
the analytic expansion around the physical ud quark mass is just 0 < mud < 2mphysical
ud
roughly corresponds to 0 MeV < mπ < 190 MeV. Thirdly, it is impossible to make a proper
treatment of resonances, e.g. ρ meson, with the extrapolation method. The reason is quite
simple: Lattice QCD calculation shows that the pion mass quickly becomes heavier as the ud
quark mass increases so that the kinematical condition 2mπ < mρ is not satisfied anymore at
the unphysically large ud quark mass. It is theoretically difficult to predict the real world, where
the ρ → ππ decay is allowed, by the chiral extrapolation from the virtual world with the decay
forbidden. Fourthly, our final destination is to simulate the different up and down quark masses,
Similar hadron spectrum is obtained by the BMW Collaboration.10 It is likely that their continuum extrapolation using the simulations at three lattice spacings succeeds in removing the O(ΛQCD · a) errors which are the
leading finite lattice spacing effects in their formulation.
a

which is an essential ingredient for the proton mass calculation. The isospin breaking effects are
so tiny that the reliable evaluation would be difficult with the chiral extrapolation method.
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Conclusion and Future Plan

In the history of lattice QCD simulation the computational cost has been a big issue preventing
us from the direct simulation at the physical point. The chiral extrapolation method, which is
just a compromise due to the lack of computational power, has intrinsic problems to be avoided.
Thanks to the rapid increase of computational power and the algorithmic improvements in last
decade the PACS-CS Collaboration are now able to simulate the physical point directly on a (6
fm)3 . We are going to incorporate the up-down quark mass difference and the electromagnetic
interactions in the next step.
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Hadronic cross section measurements and contribution to (g − 2)µ with KLOE
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The KLOE experiment at the DAΦNE φ-factory has performed a new precise measurement
of the pion form factor using Initial State Radiation events. Results based on an integrated
luminosity of 240 pb−1 and extraction of the ππ contribution to aµ in the mass range 0.35 <
2
Mππ
< 0.95 GeV2 are presented. The new value of aππ
µ has smaller statistical and systematic
error and is consistent with the KLOE published value (confirming the current disagreement
between the Standard Model prediction for aµ and the measured value).

1

Introduction

The anomalous magnetic moment of the muon has been measured with an accuracy of 0.54
ppm. 1 The main source of uncertainty in the value predicted by the Standard Model is given
by the hadronic contribution, ahlo
µ , to the lowest order. This quantity can be evaluated via
a dispersion integral of the hadronic cross section measurements. The pion form factor Fπ
(proportional to the σππ cross section) accounts for ∼ 70% of the central value and for ∼ 60% of
2
the uncertainty in ahlo
µ . The KLOE experiment has already published a measurement of |Fπ |
−1
2,3
using Initial State Radiation (ISR) events, based on 140 pb data taken in 2001,
with a
fractional systematic error of 1.3%.
2

Measurement of σ(e+ e− → π + π − γ) at DAΦNE

√
DAΦNE is an e+ e− collider running at s ≃ mφ , the φ meson mass, which has provided an
integrated luminosity of about 2.5 fb−1 to the KLOE experiment. In addition, during the year
√
2006, about 230 pb−1 of data have been collected at s ≃ 1 GeV. The results shown in this
contribution are based on 240 pb−1 of data taken in 2002 (3.1 Million events). 4 A preliminary
spectrum based on the off peak data sample will be also given. 13
The KLOE detector consists of a drift chamber with excellent momentum resolution (σp /p ∼
◦
0.4% for tracks with polar
calorimeter with good
 angle larger than 45 ) and an electromagnetic

energy (σE /E ∼ 5.7%/ E (GeV)) and precise time (σt ∼ 54 ps/ E (GeV)⊕100 ps) resolution.
At DAΦNE, we measured the differential spectrum of the π + π − invariant mass, Mππ , from ISR
events, e+ e− → π + π − γ, and the total cross section σππ ≡ σe+ e− →π+ π− is obtained using the
following formula: 5
dσππγ
2
2
s
= σππ (Mππ
) H(Mππ
),
(1)
2
dMππ

where H is the radiator function, describing the photon emission at the initial state. This
formula neglects Final State Radiation (FSR) terms (which are however properly taken into
account in the analysis).
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Figure 1: Left: Fiducial volume for the small angle photon (narrow cones) and for the the pion tracks (wide
2
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cones). Right: Signal and background distributions in the MTrk -Mππ

In the small angle analysis, photons are emitted within a cone of θγ < 15◦ around the beam
line (narrow blue cones in Fig. 1 left). The two charged pion tracks have 50◦ < θπ < 130◦ . The
photon is not explicitly detected and its direction is reconstructed by closing the kinematics:
pγ ≃ pmiss = −(
pπ+ + pπ− ). The separation of pion and photon selection regions greatly
reduces the contamination from the resonant process e+ e− → φ → π + π − π 0 , in which the
π 0 mimics the missing momentum of the photon(s) and from the final state radiation process
e+ e− → π + π − γFSR . Since ISR-photons are mostly collinear with the beam line, a high statistics
for the ISR signal events remains. On the other hand, a highly energetic photon emitted at
small angle forces the pions also to be at small angles (and thus outside the selection cuts),
2 < 0.35 GeV2 . Residual contamination
resulting in a kinematical suppression of events with Mππ
from the processes φ → π + π − π 0 and e+ e− → µ+ µ− γ are rejected by cuts in the kinematical
variable trackmass, a see Fig. 1 right. A particle ID estimator, based on calorimeter information
and time-of-flight, is used to suppress the high rate of radiative Bhabhas.
3

Evaluation of |Fπ |2 and aππ
µ

The ππγ differential cross section is obtained from the observed spectrum, Nobs , after subtracting
2 ), and
the residual background events, Nbkg , and correcting for the selection efficiency, εsel (Mππ
the luminosity:
dσππγ
Nobs − Nbkg
1
,
(2)
=
2
2
2 ) L
dMππ
∆Mππ
εsel (Mππ
2 = 0.01 GeV2 . The residual background
where the observed events are selected in bins of ∆Mππ
content is found by fitting the MTrk spectrum of the selected data sample with a superposition of
Monte Carlo distributions describing the signal and background sources. The radiator function
H used to get σππ in Eq. 2 is taken from the PHOKHARA Monte Carlo generator, which calculates
the complete next-to-leading order ISR effects. 7 In addition, the cross section is corrected for
2
the vacuum polarisation (running of αem ), 6 and the shift between the measured value of Mππ
2
and the squared virtual photon mass Mγ ∗ for events with photons from final state radiation.
Again the PHOKHARA generator, which includes FSR effects in the pointlike-pions approximation,
a
Defined under the hypothesis that the final state consists of two charged particles with equal mass MTrk and
one photon.

is used to estimate the latter. 8
bare (shown in Fig. 4),
The cross section corrected for the above effects and inclusive of FSR, σππ
ππ
is used to determine aµ via a dispersion integral:
aππ
µ =

1
4π 3

 smax
smin

bare
ds σππ
(s) K(s) ,

(3)

where the lower and upper bounds of the spectrum measured in this analysis are smin = 0.35
GeV2 and smax = 0.95 GeV2 , and K(s) is the kernel function. 9 Tab. 1 left shows the list of
2
2
fractional systematic uncertainties of aππ
µ in the mass range 0.35 < Mππ < 0.95 GeV .
Reconstruction Filter
Background subtraction
Trackmass/Miss. Mass
π/e-ID
Tracking
Trigger
Unfolding
Acceptance (θmiss )
Acceptance (θπ )
Software Trigger (L3)
Luminosity
(0.1th ⊕ 0.3exp )%
√
s dependence of H
Total experimental systematics
Vacuum Polarization
FSR resummation
Rad. function H
Total theory systematics

negligible
0.3 %
0.2 %
negligible
0.3 %
0.1 %
negligible
0.2 %
negligible
0.1 %
0.3 %
0.2 %
0.6 %
0.1 %
0.3 %
0.5 %
0.6 %

10 0.35 < M 2 < 0.95 GeV2 – KLOE
aππ
µ × 10
ππ

KLOE05 3

384.4 ± 0.8stat ± 4.6sys

KLOE08 4
aππ
µ

×

387.2 ± 0.5stat ± 3.3sys
1010

0.630 < Mππ < 0.958 GeV

CMD-2 10

361.5 ± 5.1

SND 11

361.0 ± 3.4

KLOE08 4

356.7 ± 3.1

2
2
Table 1: Left: Systematic errors on the extraction of aππ
µ in the mass range 0.35 < Mππ < 0.95 GeV . Right:
ππ
Comparison among aµ values.

4

Results

The new KLOE analysis (KLOE08) presented here is compared with the previous published one
(KLOE05) based on the 2001 data sample, 3 and with the results from the VEPP-2M experiments, 11,10 in the mass range 0.630 < Mππ < 0.958GeV. Tab. 1 right shows the consistency
between the KLOE results, and with the CMD-2 and SND values. Fig. 4 shows the absolute
difference between the aππ
µ values for each energy bin obtained in this analysis and the energy
scan experiments. All the experiments are in agreement within errors.
5

Conclusions and outlook

We have measured the di-pion contribution to the muon anomaly, aππ
µ , in the interval 0.592 <
Mππ < 0.975 GeV, with negligible statistical error and with an experimental systematic uncertainty of 0.6%. Taking also into account the other 0.6% uncertainty due to the theoretical
calculations of the radiative corrections, we find:
−10
.
aππ
µ (0.592 < Mππ < 0.975 GeV) = (387.2 ± 3.3) × 10

This result represents an improvement of 30% on the systematic error with respect to our previous published value. The new result confirms the current disagreement between the Standard
Model prediction for aµ and the direct measured value of aµ .
Independent analyses are in progress to: (i) measure σππ using detected photons emitted at
large angle, which would improve the knowledge of the FSR interference effects (in particular
the f0 (980) contribution); (ii) measure the pion form factor directly from the ratio, bin-by-bin,
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Figure 2: Left: Differential cross section for e+ e− → π + π − , with | cos θγ | > cos(15◦ ). Right: Absolute difference
between the dispersion integral value in each energy bin evaluated by CMD-2, SND and KLOE, where for this
latter the statistical errors (light band) and summed statistical and systematic errors (dark band) are shown.

√
of π + π − γ to µ+ µ− γ spectra; 12 (iii) extract the pion form factor from data taken at s = 1
GeV, off the φ resonance, where π + π − π 0 background is negligible. 13 The preliminary |Fπ |2
result, superimposed on the published result, is shown in Fig. 5, where it is possible to see the
agreement between the two spectra.

Figure 3: Preliminary |Fπ |2 result obtained with off peak data superimposed to the published result.
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Forward Physics

THE TOTEM EXPERIMENT AT THE LHC
G. LATINO
(on behalf of the TOTEM Collaboration)
INFN Pisa & University of Siena, Department of Physics, Via Roma, 56 - 53100 Siena, Italy
The TOTEM experiment at the LHC is dedicated to the measurement of the total pp cross
section and to the study of elastic scattering and of diffractive dissociation processes. TOTEM
is here presented with a general overview on the main features of its experimental apparatus
and of its physics programme.

1

Introduction

In order to fulfil its physics programme the TOTEM experiment 1 has to cope with the challenge
of triggering and recording events in the very forward region with a good acceptance for particles
produced at very small angles with respect to the beam. The evaluation of the total cross section
with an error down to 1÷2 % will in particular require the simultaneous measurement of the
elastic scattering at low values for the squared four-momentum transfer (|t| ∼ (pθ) 2 ) as well as
of the inelastic interaction rate with losses reduced to few per-cents. This involves the detection
of scattered protons at a location very close to the beam, together with efficient forward particle
detection in inelastic events. A flexible trigger provided by its detectors will allow to take data
under all LHC running scenarios. The combination of the CMS 2 and TOTEM experiments,
representing the largest acceptance detector ever built at a hadron collider, will also allow the
study of a wide range of diffractive processes with an unprecedented coverage in rapidity. For this
purpose the TOTEM trigger and data acquisition (DAQ) systems are designed to be compatible
with the CMS ones, in order to allow common data taking periods foreseen at a later stage 3 . In
the following, after a general overview of the experimental apparatus, the main features of the
TOTEM physics programme will be described.
2

Detector Components

Located on both sides of the interaction point IP5 (the same as for CMS) the TOTEM experimental apparatus comprises “Roman Pots” (RPs) detectors and the T1 and T2 inelastic
telescopes (Fig. 1). The RPs, placed on the beam-pipe of the outgoing beam in two stations at
about 147 m and 220 m from IP5, are special movable beam-pipe insertions designed to detect
“leading” protons with a scattering angle down to few µrad. T1 and T2, embedded inside the
forward region of CMS, provide charged track reconstruction for 3.1 < |η| < 6.5 (η = −ln(tan θ2 ))
with a 2π coverage and with a very good efficiency. These detectors, providing trigger signals
with acceptance grater than 95% for all inelastic events, will allow the measurement of inelastic
rates with small losses and will be also used for the reconstruction of the event interaction ver-

Figure 1: Right: Roman Pots location along the LHC beam-line. Left: T1/T2 location in the forward region of
the CMS detector. All TOTEM detectors are located on both sides of IP5.

tex, so to reject background events 3 . The read-out of all TOTEM sub-detectors is based on the
digital VFAT chip 4 , specifically designed for TOTEM and characterized by trigger capabilities.
The RPs host silicon detectors which are moved very close to the beam when it is in stable
conditions. Each RP station is composed of two units in order to have a lever harm for local
track reconstruction and trigger selections by track angle. Each unit consists of three pots, two
vertical and one horizontal completing the acceptance for diffractively scattered protons. Each
pot contains a stack of 10 planes of silicon strip detectors (Fig. 2, left). Each plane has 512 strips
(pitch of 66 µm) allowing a single hit resolution of about 20 µm. As the detection of protons
elastically scattered at angles down to few µrads requires a detector active area as close to the
beam as ∼ 1 mm, a novel “edgeless planar silicon” detector technology has been developed for
TOTEM RPs in order to have an edge dead zone minimized to only about 50 µm 5 .
Each T1 telescope arm, covering the range 3.1 < |η| < 4.7 and located at ∼ 9 m from IP5, consists of five planes formed by six trapezoidal “Cathode Strip Chambers” (CSC) 1 (Fig. 2, centre).
These CSCs, with 10 mm thick gas gap and a gas mixture of Ar/CO 2 /CF4 (40%/50%/10%),
give three measurements of the charged particle coordinates with a spatial resolution of about
1 mm: anode wires (pitch of 3 mm), also giving level-1 trigger information, are parallel to the
trapezoid base; cathode strips (pitch of 5 mm) are rotated by ± 60 o with respect to the wires.

Figure 2: Left: silicon detectors hosted in one pot. Centre (right): one half-arm of the T1 (T2) telescope.

The T2 telescope, based on “Gas Electron Multiplier” (GEM) technology 6 , extends charged
track reconstruction to the range 5.3 < |η| < 6.5 1 . Ten aligned detectors planes, having an
almost semicircular shape, are combined to form one of the half-arms located at ∼ 13.5 m from
IP5 (Fig. 2, right). This novel gas detector technology is optimal for the T2 telescope thanks to
its good spatial resolution, excellent rate capability and good resistance to radiation. The T2
GEMs are characterized by a triple-GEM structure and a gas mixture of Ar/CO 2 (70%/30%) 1 .
The read-out board has two separate layers with different patterns: one with 256x2 concentric
circular strips (80 µm wide, pitch of 400 µm), allowing track radial coordinate reconstruction with
a resolution of about 100 µm; the other with a matrix of 24x65 pads (from 2x2 mm 2 to 7x7 mm2
in size) providing level-1 trigger information and track azimuthal coordinate reconstruction.

3

Physics Programme

10 3

dσ/dt [mb / GeV²]

σpp [mb]

The physics goals of the TOTEM experiment are the measurement of the total pp cross section
( tot ) with a precision down to 1÷2 %, the study of the nuclear elastic pp differential cross
section (dσel /dt) over a wide range of |t| (∼ 10−3 < |t| < 10 GeV 2 ) and the development of
a comprehensive physics programme on diffractive dissociation, partially in cooperation with
CMS. These studies will allow to distinguish among different models of soft proton interactions,
giving a deeper understanding of proton structure. Furthermore, the study of charged particle
flow in the forward region will give precious input to cosmic ray MonteCarlo simulations.
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Figure 3: Left: Fits from the COMPETE Coll. to available pp and pp̄ scattering and cosmic ray data. Right:
dσel /dt at LHC as predicted by different models; t-acceptance ranges for different machine optics are also shown.

Fig. 3 (left), summarizing the existing measurements on pp and pp̄ scattering, shows predictions for σtot from the COMPETE Collaboration based on fits according to different models 7 .
√
The best fit predicts σtot = 111.5 ± 1.2+4.1
−2.1 mb for the LHC energy ( s = 14 TeV). The large uncertainties on available high energy data give a big error (90÷130 mb), depending on the model
used for the extrapolation. TOTEM aims to measure σ tot with a precision down to 1÷2 %,
therefore allowing to discriminate among the different models. The measurement will be based
on the “luminosity independent method” which, combining the optical theorem with the total
rate, gives σtot and the machine luminosity (L) as functions of measurable rates:
σtot =

dNel /dt|t=0
16π
·
2
1 + ρ Nel + Ninel

L=

1 + ρ2 (Nel + Ninel )2
·
16π
dNel /dt|t=0

(1)

where Nel and Ninel are respectively the elastic and inelastic rate and ρ is the ratio of real to
imaginary part of the forward nuclear elastic scattering amplitude (given by theoretical predictions). Therefore, TOTEM will also provide an absolute measurement of L to be used for
calibration purposes. The uncertainty on the extrapolation of dN el /dt to t = 0 (optical point)
depends on the acceptance for protons scattered at small |t| values, hence at small angles. This
requires a small beam angular divergence at the IP, which can be achieved in special runs with
high β ∗ machine optics and typically low L. An approved optics with β ∗ = 1540 m (and L ∼
1028 cm−2 s−1 ) will give a σtot (L) measurement at the level of 1÷2 % (2%). Another approved
optics with β ∗ = 90 m (and L ∼ 1030 cm−2 s−1 ), achievable without modifying the standard
LHC injection optics, is expected to allow a preliminary σ tot (L) measurement at the level of
∼ 5% (7%) in the first period of the LHC running. The experimental systematic error for the
measurement with β ∗ = 90 m will be dominated by the evaluation of dN el /dt|t=0 , while with
β ∗ = 1540 m it will be dominated by the uncertainty on the corrections to trigger losses in Single

Diffraction events for masses below ∼ 10 GeV/c 2 4 . Given the high rates involved, the statistical
error on σtot will be negligible after few hours of data taking even at low L. The theoretical
uncertainty related to the estimate of the ρ parameter is expected to give a contribution on
the relative uncertainty of less than 1.2% (considering for instance the full error band on ρ
extrapolation as derived in ref 7 ).
√
Fig. 3 (right) shows the distributions of dσ el /dt at s = 14 TeV as predicted by different models in the whole |t|-range accessible by TOTEM according to the different LHC optics
settings 4 . Several regions are found at increasing |t|: for |t| < 6.5 × 10 −4 GeV2 (the Coulomb region) dσel /dt ∼ 1/|t|2 is dominated by photon exchange; for |t| up to ∼ 10 −3 GeV2 , the hadronic
and Coulomb scattering interfere; for 10−3 < |t| < 0.5 GeV2 there is the hadronic region, e.g.
described by “single-Pomeron exchange”, characterized by an approximately exponential fall
(dσel /dt ∼ e−B |t| ); the diffractive structure of the proton is then expected for 0.5 < |t| < 1
GeV2 ; for |t| > 1 GeV2 elastic collisions are described by pQCD, e.g. in terms of triple-gluon
exchange with dσel /dt ∼ |t|−8 . TOTEM will allow to discriminate among different models with
a precise measurement of dσel /dt over all the accessible t-region, where dσ el /dt spans for over 11
orders of magnitude. In the hadronic region, important for the extrapolation of dσ el /dt to t = 0,
a fit on B(|t|) is typically performed in the |t| min < |t| < 0.25 GeV2 range, |t|min depending on
the acceptance for protons scattered at small angles, hence on the beam optics.
Diffractive (due to colour singlet exchange) and non-diffractive (due to colour exchange)
inelastic interactions represent a big fraction (around 60 ÷ 70 %) of σ tot . Nevertheless many
details of these processes, with close ties to proton structure and low-energy QCD, are still poorly
understood. The majority of diffractive events exhibits intact (“leading”) protons characterized
by their t and fractional momentum loss ξ ≡ ∆p/p. TOTEM will be able to measure ξ-, t- and
mass-distributions with acceptances depending on the beam optics. It will also study the charged
particle flow in the forward region, providing a significant contribution to the understanding of
cosmic ray physics. The existing models give in fact predictions on energy flow, multiplicity and
other quantities related to cosmic ray air showers, with significant inconsistencies in the forward
region. Furthermore, the integration of TOTEM with the CMS detector will offer the possibility
of more detailed studies on inelastic events, including hard diffraction 3 .
4

Summary and Conclusions

The TOTEM experiment will be ready for data taking at the LHC start. Running under all
beam conditions, it will perform an important and exciting physics programme involving the
measurement of σtot and dσel /dt in pp interactions as well as studies on diffractive precesses
and on forward charged particle production. Special high β ∗ runs will be required in order to
measure σtot at the level of ∼ 5 % (early measurement with β ∗ = 90 m) and ∼ 1 ÷ 2 % (β ∗ =
1540 m). dσel /dt will be studied in the range ∼ 10−3 < |t| < 10 GeV 2 allowing to distinguish
among several theoretical predictions. A common physics programme with CMS on soft and
hard diffraction as well as on forward particle production studies is also foreseen in a later stage.
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JETS IN THE FORWARD REGION AT THE LHC a
M. Deak1 , F. Hautmann2 , H. Jung1 and K. Kutak1
Deutsches Elektronen Synchrotron, D-22603 Hamburg
2
Theoretical Physics, University of Oxford, Oxford OX1 3NP
1

We report on calculations of forward jet production at the Large Hadron Collider based on
QCD high-energy factorization. In particular we emphasize dynamical features of the ma√
trix elements controlling the resummation of logarithmically enhanced corrections in s/ET ,
where ET is the hardest jet transverse energy.

Experiments at the Large Hadron Collider (LHC) will explore the forward region in highenergy hadronic collisions both with general-purpose detectors and with dedicated instrumentation, including forward calorimeters and proton taggers. 1,2,3,4,5,6 The physics program in the
forward region involves a wide range of topics, from new particle discovery processes 3,7,8 to new
aspects of strong interaction physics 6,9 to heavy-ion collisions. 10,11 Owing to the large centerof-mass energy and the unprecedented experimental coverage at large rapidities, it becomes
possible for the first time to investigate forward-region physics with high-p⊥ probes.
The hadroproduction of a forward jet associated with hard final state X is pictured in Fig. 1.
The kinematics of the process is characterized by the large ratio of sub-energies s2 /s1 ≫ 1 and
highly asymmetric longitudinal momenta in the partonic initial state, qA · pB ≫ qB · pA . At
the LHC the use of forward calorimeters allows one to measure events where jet transverse
> 4 ÷ 6. 1,6,12 Working
momenta p⊥ > 20 GeV are produced several units of rapidity apart, ∆η ∼
at polar angles that are small but sufficiently far from the beam axis not to be affected by beam
remnants, one measures azimuthal plane correlations between high-p⊥ events widely separated
in rapidity. 6,13
The presence of multiple large-momentum scales implies that, as recognized in 14,15,16 , reliable
theoretical predictions for forward jets can only be obtained after summing logarithmic QCD
corrections at high energy to all orders in αs . Analogous observation applies to forward jets
associated to deeply inelastic scattering. 17,18 Indeed, measurements of forward jet cross sections
at Hera 19 have illustrated that either fixed-order next-to-leading calculations or standard shower
Monte Carlos, e.g. Pythia, are not able to describe forward jet ep data. 19,20,21 This motivates
efforts 21,22,23,24 to construct new, improved algorithms for Monte Carlo event generators capable
of describing jet production beyond the central rapidity region.
It is observed in 13 that in the LHC forward kinematics, realistic phenomenology of hadronic
jet final states requires taking account of both logarithms of the large rapidity interval (of
high-energy type) and logarithms of the hard transverse momentum (of collinear type). The
theoretical framework to resum consistently both kinds of logarithmic corrections in QCD calculations is based on high-energy factorization at fixed transverse momentum. 25 Ref. 13 performs
a
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Figure 1: Jet production in the forward rapidity region in hadron-hadron collisions.

a study of forward jets in this framework, presenting matrix elements for fully exclusive events
in both quark and gluon evolution channels.b
The high-energy factorized form 13,25,29 of the forward-jet cross section is represented in
Fig. 2a. Initial-state parton configurations contributing to forward production are asymmetric,
with the parton in the top subgraph being probed near the mass shell and large x, while the
parton in the bottom subgraph is off-shell and small-x. The jet cross section differential in the
final-state transverse momentum Qt and azimuthal angle ϕ is given schematically by 13,25,29
XZ
db
σ
dσ
∗
φa/A ⊗
=
(1)
2 dϕ ⊗ φg /B ,
dQ2t dϕ
dQ
t
a
where σ
b is the hard scattering cross section, calculable from a suitable off-shell continuation of
perturbative matrix elements, φa/A is the distribution of parton a in hadron A obtained from
near-collinear shower evolution, and φg∗ /B is the gluon unintegrated distribution in hadron B
obtained from non-collinear, transverse momentum dependent shower evolution.
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Figure 2: (a) Factorized structure of the cross section; (b) a typical contribution to the qg channel matrix element.

Work to develop methods for unintegrated shower evolution is currently underway by several
authors. A recent example is the proposal 30 , which aims at including NLO corrections to
QCD evolution in a shower Monte Carlo at unintegrated level. The approach is based on the
generalized ladder expansion of 31 . This expansion can be extended to the high-energy, multiscale region, 32 and used to sum high-energy logarithmic corrections to space-like jet evolution
Studies of subleading corrections to jet production in the high-energy limit are given in 26 , with a view to
applications to measurements of jet correlations. 27,28
b

to all orders in αs . The approach can be suitable to treat forward hard processes. Overviews of
theoretical issues on unintegrated distributions and related calculational programs can be found
in 33,34 .
The quantitative importance of finite-k⊥ corrections to showers embodied in Eq. (1) is primarily associated with effects of coherence of multiple gluon emission for small parton momentum fractions. 29 Potentially significant coherence effects involve both the short-distance factor
σ
b and the long-distance factor φ. An illustration is shown in Fig. 3, 13 giving results for the
short-distance matrix element in the quark channel a = q, corresponding to graphs such as that
in Fig. 2b. We separate contributions proportional to color factors CF2 and CF CA . The final
state transverse energy Qt is defined in terms of the momenta of the two hardest jets, working
in the laboratory frame. 13 We plot the cross section versus the ratio between kt , measuring the
transverse momentum carried away by additional jets accompanying the two leading jets, and
Qt . The leading-order process with two back-to-back jets corresponds to the region kt /Qt → 0.
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Figure 3: Off-shell continuation of the qg hard cross section:13 (left) CF2 term; (right) CF CA term.

Fig. 3 illustrates that the role of coherence from multi- gluon emission is to set the dynamical
cut-off at values of kt of order Qt . Non-negligible effects arise at high energy from the finite-kt
tail. These effects are not included in collinear-branching generators (and only partially in fixedorder perturbative calculations), and become more and more important as the jets are observed
at large rapidity separations. Monte Carlo implementations of Eq. (1) and the coherent matrix
elements are underway. 35
A qualitatively similar behavior to that in Fig. 3 is observed in gluonic channels. 13 We find
in this study that quantitative predictions for LHC forward jets require including both quark
and gluon contributions. Note also that since the forward kinematics selects asymmetric parton
momentum fractions, effects arising from the x → 1 endpoint behavior 36 may as well become
phenomenologically relevant at the fully unintegrated level.
One of the motivations for high-p⊥ forward physics at the LHC is the possibility to probe
high-density parton matter. 9,37,38 The theoretical framework described above implies partonic
distributions dependent on both longitudinal and transverse degrees of freedom, and is likely
most natural to discuss issues of parton saturation. Studies of forward jets in this context 39,40
are warranted.
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Investigation of Hadronic Interactions at Ultra-High Energies with the
Pierre Auger Observatory
R. Ulrich1 for the Pierre Auger Collaboration2
Karlsruhe Institute of Technology a (KIT)
Institut für Kernphysik, P.O. Box 3640, 76021 Karlsruhe, Germany
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Observatorio Pierre Auger, Av. San Martin Norte 304, Malargüe, Argentina

The aim of the Pierre Auger Observatory is the investigation of the nature of cosmic ray
particles at ultra-high energies. It can simultaneously observe the longitudinal air shower
development in the atmosphere as well as particle densities on the ground. While there are no
dedicated muon detectors, techniques have been developed to estimate the number of muons,
Nµ , produced by air showers. Both, the longitudinal development, in particular the depth
of the shower maximum, Xmax , and the muon content of air showers are highly sensitive
to hadronic interactions at ultra-high energies. Currently, none of the available hadronic
interaction models used for simulations of extensive air showers is able to consistently describe
the observations of Xmax and Nµ made by the Pierre Auger Observatory.

1

Introduction

At the Pierre Auger Observatory 1 extensive air showers induced by ultra-high energy cosmic ray
particles with energies of 1018 − 1020 eV are investigated. The aim of the experiment is to solve
the mysteries on the nature and the sources of these ultra-high energy cosmic ray particles. Since
individual cosmic ray primaries and also ultra-high energy secondaries in the startup of the air
shower cascade are interacting with our atmosphere at center-of-mass energies up to ∼ 450 TeV,
the Pierre Auger Observatory is also sensitive to the physics of hadronic interactions at centerof-mass energies far beyond the reach of the LHC. We demonstrate the current ability to test
existing hadronic interaction models at these energies.
The observatory consists of an array of 1600 water-Cherenkov particle detectors distributed
on a surface of 3000 km2 combined with 24 fluorescence telescopes overlooking the atmosphere
a
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Figure 1: Left panel: The total flux of cosmic ray particles 2,3 multiplied by the energy to the power of 2.5.
Right panel: Measurements of hXmax i compared to simulations 4 . The uncertainty bands for proton and iron are
indicating the spread caused by the hadronic interaction models QGSJet01 5 , QGSJetII 6 , Sibyll 7 and Epos 8 .

above the surface array in moonless nights. While the advantage of the surface array is a duty
cycle of close to 100 %, the fluorescence telescopes, which have a duty cycle of ∼13 %, provide
an almost calorimetric measurement of the energy of the air showers as well as the position of
the maximum energy deposition in the atmosphere, Xmax .
The Pierre Auger Observatory combines the strengths of the two detection techniques, and
can thus achieve an unpreceeded level of quality in data analysis. A good example is the
measurement of the total flux, which is founded on the purely geometric acceptance of the
surface array combined with the almost calorimetric energy reconstruction of the fluorescence
telescopes 2 . This makes it the first cosmic ray experiment that is able to reconstruct the cosmic
ray flux with an absolute minimum of systematic uncertainties induced by Monte Carlo. The
resulting total cosmic ray flux is displayed in Figure 1 (left), where it is shown together with the
results of other experiments. The spectrum in the energy region of the Pierre Auger Observatory
exhibits two important features. Around 1018.5 eV there happens a hardening of the spectrum,
and above ≈ 1019.6 eV a suppression is observed. The former is believed by most theorists to
be related to the transition from a galactic to an extragalactic origin of cosmic rays 9,10,11,12 .
The latter is compatible with the GZK cutoff 13,14 , which is caused by interactions of cosmic
ray particles with the extragalactic photon field, while it could also be related to the maximum
acceleration energy of the cosmic ray source(s).
On the other hand, for other analyses, as for example the reconstruction of the primary
mass composition of cosmic rays, the prediction of air shower Monte Carlo simulations are a
crucial ingredient 15 . The poorly constraint physics of hadronic interactions at the relevant
ultra-high energies and phase space regions are currently preventing an unambiguous, or even
self-consistent, analysis of the available data. At the same time it is demonstrated that air shower
observables are very sensitive to hadronic interaction physics 16 . Thus, by using astrophysical
constraints on the primary cosmic ray mass composition it is possible to study the features of
hadronic interactions at ultra-high energies occuring in the startup of extensive air showers. The
observables most sensitive to hadronic interaction physics are the depth of the shower maximum,
Xmax , and the number of muons on the observation level, Nµ .
2

The depth of the shower maximum

The depth of the shower maximum, Xmax , is one of the most important observables of the
telescope detectors. It is reconstructed by fitting a Gaisser-Hillas parameterization to the reconstructed energy deposit profiles 17 . With the Pierre Auger Observatory a resolution better
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Figure 2: Left panel: Measured muonic signal, Sµ , in water-Cherenkov tanks obtained after subtraction of the
electromagnetic signal component 19 . The lower markers are the predictions by QGSJetII for proton and the
upper markers for iron induced air showers. The energy of the simulated showers was shifted up by 30 %. Right
panel: Comparison of the muon reconstruction methods applied to Auger data. The muon number Nµ is defined
as the relative muon number compared to the predictions of QGSJetII, and the energy scale may be varied
within the systematic uncertainties, which are indicated as dashed vertical lines 19,20,21 .

than 20 g/cm2 for Xmax is achieved 18 . In Fig. 1 (right) the measured mean Xmax versus energy
is compared to predictions from air shower Monte Carlo simulations for different primary cosmic ray particles and hadronic interaction models. The main features of the data of the Pierre
Auger Observatory are a slight trend from heavier to lighter composition at low energies, while
above 1018.2 eV this trend is stopped, or maybe even reversed. The data can be described by all
hadronic interaction models with a medium or mixed mass composition with A ∼ 7.
3

The number of muons at the observation level

The Pierre Auger Observatory has no dedicated muon detectors. However, it is possible to
indirectly infer the number of muons in the water-Cherenkov tanks of the surface array with
several methods 19,20,21 . The principle of one technique, which combines the data of the telescopes
with that of the surface array, is the subtraction of the electromagnetic part of the air shower, as
it is measured by the telescopes, from the signal in the surface array to yield the muon signal. The
results of this method are shown in Fig. 2 (left). Even with the energy of the simulations scaled up
by 30 %, which is just within the systematic uncertainties quoted by the Auger Collaboration 18 ,
the data are lying beyond the iron predictions. Similar results are obtained with all the other
muon measurement methods on the data of the Pierre Auger Observatory, which are summarized
in Fig. 2 (right). The muon number larger than the predictions by iron primaries is by itself
a strong indication of a deficient hadronic interaction modeling. Furthermore, comparing the
results to the hXmax i data exhibits a striking incompatibility of the interpretations with the
existing interaction models.
All the results discussed here are based on comparisons to simulations performed with
QGSJetII. The choice of a different interaction model does not change the findings qualitatively. Even the Epos model, which predicts the largest muon numbers 22 , cannot fully account
for the discrepancies.
4

Summary

It is shown that the two observables of the Pierre Auger Observatory that are most sensitive
to hadronic interaction physics at ultra-high energies, Xmax and Nµ , do not give a consistent
picture when compared to air shower Monte Carlo simulations. While the hXmax i data is located

well in between the predictions for proton and iron, the Nµ data is located outside of this interval
and would favor a mass composition even heavier than iron.
This result clearly points out the deficiency of existing hadronic interaction models to describe cosmic ray data at ultra-high energies. The characteristics of hadronic interactions within
the air shower cascade must be different from what is currently assumed in all the models.
With improved constraints on the primary cosmic ray mass composition, observations of this
kind can be used to study the relevant properties of hadronic interaction physics at center-ofmass energies up to ∼ 450 TeV.
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Forward physics : from SPS to LHC, what can we learn from air showers ?
TANGUY PIEROG
Forschungszentrum Karlsruhe, Institut für Kernphysik,
Postfach 3640, 76021 Karlsruhe
Germany
Since recent RHIC data and the development of new theories for small x physics, a new
interest appeared for forward physics. At LHC, a correct description of multiple parton
interactions will be crucial to understand all the results. On the other hand, forward particle
production and multiple interactions are the key points of air shower development. That’s why
air shower measurements done by precise experiments like KASCADE can help to understand
high energy interactions, using hadronic models which are able to reproduce both accelerator
and air shower data. In the framework of the EPOS model, we will show what constraints
can be fixed by air shower experiment on particle production from SPS to LHC energies.

1

Introduction

In this paper, we discuss how the comparison of extensive air shower (EAS) simulations based on
EPOS, could provide new constraints for a model used in particle physics. EPOS is a hadronic
interaction model, which does very well compared to RHIC data 1 , and also other particle physic
experiments (especially SPS experiments at CERN). But used in the air shower simulation
program CORSIKA 2, some results where in contradiction with KASCADE data 3 , while it was
better for other cosmic ray experiments 4 .
Due to the constrains of particle physics, air shower simulations using EPOS present a larger
number of muons at ground 5 . On the other hand, the constrains given by cosmic ray experiments
can compensate the lack of accelerator data in some given kinematic regions (very forward) and
can be used to improve hadronic interaction models and in particular EPOS.
2

EPOS Model

One may consider the simple parton model to be the basis of high energy hadron-hadron interaction models, which can be seen as an exchange of a “parton ladder” between the two hadrons.
In EPOS, the term “parton ladder” is actually meant to contain two parts 6 : the hard one,
as discussed above, and a soft one, which is a purely phenomenological object, parameterized in
Regge pole fashion.
In additions to the parton ladder, there is another source of particle production: the two offshell remnants. We showed in ref. 7 that this “three object picture” can solve the “multi-strange
baryon problem” of conventional high energy models, see ref. 8 .
Hence EPOS is a consistent quantum mechanical multiple scattering approach based on
partons and strings 6 , where cross sections and the particle production are calculated consistently, taking into account energy conservation in both cases (unlike other models where energy

conservation is not considered for cross section calculations 9 ). Nuclear effects related to Cronin
transverse momentum broadening, parton saturation, and screening have been introduced into
EPOS 10 . Furthermore, high density effects leading to collective behavior in heavy ion collisions
are also taken into account 11 .
Energy momentum sharing and remnant treatment are the key points of the model concerning air shower simulations because they directly influence the multiplicity and the inelasticity
of the model. At very high energies or high densities, the so-called non-linear effects described
in 10 are particularly important for the extrapolation for EAS and it’s one of the parts which
has been changed in EPOS 1.99 in comparison with the previous version 1.61.
2.1

Cross section

2.5

σtot (mb)

d+Au / p+p /Ncoll

We learned from KASCADE data 3 , that the energy carried by hadrons in EPOS 1.61 simulations
is too low. It means than the showers are too old when they reach ground and it was due to a
problem in the calculation of the nuclear cross section and to a too large remnant break-up at
high energy (leading to a high inelasticity).
To improve the predictive power of the model, the effective treatment of non-linear effects
describe in 10 has been made consistent to describe both proton-proton, hadron-nucleus and
nucleus-nucleus data with a unique saturation scale which can be fixed thanks to proton-proton
cross section and Cronin effect in dAu collisions at RHIC as shown fig. 1. Details will be
published in a dedicated article.
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Figure 1: Ratio of the most central deuteron-gold collisions
over proton-proton normalized by the Glauber number of binary collisions for the pt distribution of charged particles
at 200 GeV for EPOS (line) and compared to data 12 (points)
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and SIBYLL 2.1 hadronic interaction models
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The EPOS 1.99 (full line) pion-carbon total cross section is shown Fig 2. It is now in
very good agreement with the data 13 while the other hadronic interaction models used for air
shower physics QGSJET01 14 (dashed-dotted line), QGSJET II 15 (dashed line) and SIBYLL 16
(dotted line) overestimate the pion-carbon cross-section for energies above 100 GeV. In fig 3,
the extrapolation to proton-air data up to the highest energies is shown in comparison with
measurement from cosmic ray experiments. The surface around the line for EPOS 1.99 represents
the uncertainty due to the definition of the inelastic cross section as measured by cosmic ray
experiments. The difference between the top and the bottom of the area is the part of the
cross-section where secondary particles are produced without changing the projectile (target
diffraction). So any cross section chosen in this band would give the same result in term of air
shower development. Cross section of other models include this target diffraction (top of the
band). In comparison with EPOS 1.61 (dashed-dotted line), the EPOS 1.99 cross section has
been notably reduced.
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Figure 3: Inelastic cross section of proton-air interactions. EPOS 1.99, QGSJET II, and EPOS 1.61
hadronic interaction models (lines) are compared to
data of air shower experiment (points).
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Inelasticity

As shown on fig. 4, the deficit of leading protons in EPOS 1.61 was very strong around xL = 0.75.
It has been corrected in EPOS 1.99. As a consequence, EPOS 1.99 has a reduced excitation
probability at high energy compared to EPOS 1.61, increasing the number of protons in the
forward direction and reducing the inelasticity. Used in air shower simulations, the effect of
the reduced cross section and inelasticity of the new EPOS version is clearly visible on the
maximum energy of hadrons at ground as shown fig. 5. The shower being younger at ground
with EPOS 1.99, the maximum energy is up to 60% higher than in the previous release 1.61.
The results are now close to QGSJET II results but with a different slope due to a different
elongation rate.
Together with a reduced number of muons at ground due to the reduced remnant break18
up , the results of EPOS 1.99 should be in a much better agreement with KASCADE data.
Analysis is currently done by the KASCADE-Grande collaboration.
2.3

Multiplicity

The air shower data indicated that EPOS 1.61 had a too large cross section and inelasticity.
It has been corrected by an improved treatment of the non-linear effects and of the remnants.
As a consequence, not only the results for cosmic ray experiments have been changed, but we
obtain new predictions for the LHC experiments. For instance, the multiplicity distributions of
charged particles for inelastic events (no cut in pseudorapidity) for proton-proton collision at
LHC as plotted on fig. 6 show that EPOS 1.99 (full) has a smaller maximum multiplicity than
EPOS 1.61 (dashed-dotted) but with a larger probability for events with a small multiplicity.
QGSJET II (dashed), which has a much larger number of parton ladder, predicts much larger
fluctuations.
3

Summary

EPOS is an interaction model constructed on a solid theoretical basis. It has been tested
very carefully against all existing hadronic data, also those usually not considered important
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Figure 5: Maximum hadron energy as a function of
the primary energy for proton induced showers using
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Figure 6: Multiplicity distributions of charged particles for inelastic events (no cut in pseudorapidity)
for proton-proton collisions at LHC for EPOS 1.99
(full), QGSJET II (dashed), and EPOS 1.61 (dasheddotted) hadronic interaction models.

for cosmic rays. In EAS simulations, EPOS provides more muons than other models, which
was found to be linked to an increased diquark production in both string ends and string
fragmentation. To solve the problems pointed out by the comparison with KASCADE data,
the treatment of screening effects in nuclear collisions has been improved in EPOS. The new
EPOS 1.99 has now a reduced cross section and inelasticity compared to the previous EPOS 1.61
which leads to deeper shower development in better agreement with air shower experiments.
As a consequence, we could notice a none-negligible change for the LHC predictions. EPOS
is a unique tool to test particle physics against both accelerator experiments and air shower
experiments.
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THE RHIC BEAM ENERGY SCAN - STAR’S PERSPECTIVE
HELEN CAINES - for the STAR Collaboration
Yale University, New Haven, CT, 06520, U.S.A
Abstract
The first decade of RHIC running has established the existence of a strongly coupled
Quark Gluon Plasma (sQGP), a new state of nuclear matter with partonic degrees of
freedom. Theory predicts how transitions to this sQGP depend on the baryon chemical
potential, µB , and temperature, T. At low µB and high T a cross-over transition occurs.
At high µB and low T the transition is of first order. Hence, at intermediate values,
a critical point should occur. Experimentally we can vary these initial conditions by
altering the beam energy. Thus a beam energy scan (BES) will allow us to explore
the QCD phase diagram close to the QGP-hadron gas boundary and locate such key
“landmarks” as the critical point. Establishing the existence of this critical point would
be a seminal step forwards for QCD physics. I discuss below the physics case for a
BES, and explain why RHIC and the STAR experiment are ideally designed for such
a program.
1

Questions that drive a BES, and the advantages of RHIC and STAR

The case for a Beam Energy Scan (BES) rests on four cornerstone questions. 1) Is
there a critical point in the QCD phase diagram of nuclear matter and what is its
location? 2) Is there evidence of a first order phase transition? 3) At what collision
energy does the transition to a sQGP no longer occur? 4) What novel and unexpected
physics awaits in the unexplored regions of the QCD phase space?
Before discussing in more detail the physics case for a BES, I will show why RHIC
and the STAR experiment are the ideal accelerator/detector combination for pursing
such a program. First, RHIC is a very versatile collider. This means that the detector acceptance is independent of collision energy, resulting in many of the systematic

√
uncertainties canceling, to first order, when data from different sN N are compared.
In addition, the number of particles per unit area at a fixed distance from the collision
√
zone is much lower in a collider setup than in a fixed target one for the same sN N , plus
the dependence of the occupancy on collision energy is also greatly reduced. Hence,
there are fewer problems related to charge sharing between hits, and track merging in
a collider experiment. All of the above points imply that we will have excellent control
of the systematics of the measurements.
The STAR experiment with its full azimuthal acceptance for |η| < 1 and extensive
particle identification abilities is uniquely positioned to carry out an energy scan program. With relatively short run periods, high statistics data can be taken that will
allow analysis of unprecedented detail over the energy range planned. Au-Au test runs
√
at sN N = 20 and 9 GeV were highly successful both for the RHIC accelerator and
STAR. With only a few thousand events taken over the course of a day STAR has been
able to report preliminary results 1,2 .
In this report I highlight a handful of measurements that are among the key results
needed to answer the questions posed above. There are, of course, other important
studies that can be performed during a BES at RHIC but they are too numerous to
cover in any detail here. Therefore I choose to focus below on a few analyses to give a
taste of the physics that will be revealed by a BES.
2

Evidence of a Critical Point

At the critical point extreme long wavelength fluctuations in the susceptibilities of
conserved quantities (such as baryon number, charge, and strangeness) are expected
to occur 3,4 . On an event-by-event basis we hope to observe these fluctuations as a
√
function of sN N , or µB /T by measuring the moments of such variables as the particle
ratios (e.g. K/π and p/π), net baryon number, net strangeness etc. One expects
to see a non-monotonic behavior around the critical point. However, the magnitude
of these oscillations is hard to predict. While several of these measurements have
been attempted previously at the SPS, STAR’s large acceptance allows us to measure
such variables with increased sensitivity in each event. Also the ability to make these
measurements in the same detector gives improved control of the systematics as a
function of collision energy.
3

Evidence of an First Order Phase Transition

The time to reach thermalization, τ0 , in RHIC collisions appears to be short, calcu√
lations estimate τ0 ∼1.2-0.7 fm/c for sN N = 5-39 GeV5 . Therefore hydrodynamical
models may appropriately be used to reveal information about the space-time evolution
of the medium. If the lower collision energies have trajectories that cross through a
1st -order phase transition, a significant softening of the equation of state is expected.
In peripheral events the overlap region of the colliding nuclei is ”almond” shaped.
Hydrodynamical models predict that the high pressure gradients resulting from this initial spatial anisotropy within the collision zone produce final state momentum anisotropies,
i.e. the medium flows. This generator of flow is self-quenching since the initial driving
spatial anisotropy vanishes. A fourier expansion of the angular distribution of the particles predicts that dN
dφ ∝ 1 + 2vn cos[2(φ − ΨRP )] where v1 is called directed flow and
v2 is elliptic flow. Directed flow is generated during the nuclear passage time, Tpass ,
and can therefore probe the onset of bulk collective dynamics as long as the passage

time, Tpass > τ0 . Tpass can be estimated as 2R/γ, which then varies from ∼5.6-0.35
fm/c for the energies we are considering (i.e. Tpass > τ0 ). The rapidity dependence
of the direct flow is of interest since it is predicted to ”wiggle” at mid-rapidity when
passing through a first order phase transition 6,7,8,9,10 .
4

Evidence of the ”Turn-off” of sQGP Signatures

At the lowest beam energies the energy density could drop below that required to produce a sQGP. In these cases we expect to see the disappearance of signatures currently
believed to indicate the creation of this new state of matter. One such measurement
is the scaling of elliptic flow with the number of constituent quarks. Elliptic flow, v2 ,
is the second harmonic of the fourier expansion of dN/dφ described above. As with
directed flow, the self quenching of this anisotropy causes v2 to be sensitive to the
early stages of the medium. The v2 of identified particles as a function of transverse
kinetic energy, mT -m0 , shows that baryons and mesons follow two different curves. At
intermediate values of mT -m0 a plateau is reached with baryon v2 > meson v2 . If
however, as shown in Fig. 1, one scales both the v2 and the transverse kinetic energy,
by the number of constituent quarks in the hadron, all particles now fall on a common
curve 11,12,13,14 . The essential degrees of freedom at the hadronization seem to be
quarks which have developed a collective elliptic flow during the partonic evolution of
the medium.

Figure 1: v2 per constituent quark as a
function of mT -m0 per constituent quark
√
for Au-Au at sN N = 200 GeV. Also
shown is an estimation of the statistical error for identified proton and π v2 for Au√
Au at sN N = 12.3 GeV. 5M events are
assumed and a centrality cut of 0-43.5%.
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Figure 2: The potential local parity violation in strong interactions signal in Au-Au
√
collisions at sN N = 200 GeV as a function of centrality. The shaded bands indicate the systematic uncertainties.

New Physics

An exciting recent result is the suggestion of local parity violation in strong interactions
in RHIC collisions, predicted to occur if the QCD vacuum has a non-trivial topological
structure - including instantons and sphalerons 15 . The theoretical motivation for

local parity violation in strong interactions in heavy ion collisions is based on several
combined effects. The large net charge of the system creates a very intense, localized
and short lived magnetic field in peripheral events, due to the large orbital angular
momentum perpendicular to the event plane. If a sQGP is formed, local strong parity
violating domains can be created leading to an asymmetry in the number of leftand right-handed quarks. The presence of the magnetic field means that there is
then a preference, on an event-by-event basis, in the emission direction of like-signed
±
particles along the B-field vector. The angular distribution of charged particles dN
dφ ∝
1 + 2a± sin[n(φ − ηR )] + ..., ignoring the vn terms described above, a± is the asymmetry
due to parity violation. Unfortunately this averages to zero over many events due to
the random distribution of the charged domains. A non-zero parity violation measure
can be obtained by instead measuring hcos(φα + φβ − 2ΨR )i ≈ (v1,α v2,β − aα aβ ). The
distribution of this measure as a function of centrality is shown in Fig. 2 16 . While
the results are consistent with such a parity violation signal it is important to note
that the measurement is parity-even and hence could also result from other effects.
Several possibilities, such as jets and resonances, have been investigated and to date
no background source has been shown capable of producing such a strong signal. Since
this signal is dependent on deconfinement, the BES can be used to see if this parity
√
violation measure disappears at the same sN N as the other sQGP signals. At higher
√
energies the survival and sN N dependence of the measurement can be compared to
predictions to further confirm this exciting potential parity violation signal.
6

Summary

In summary, there is great potential for important new physics results to emerge from
a beam energy scan at RHIC. We hope to pursue this with an broad initial scan in 2010
√
with collisions at sN N =5, 7.7, 11.5, 17.3, 27, and 39 GeV. The lower energies have
been selected to further map out the region where the SPS results have been obtained.
√
We hope to return with a finer scan at a later date around sN N energies identified
as “interesting” energies during the first scan.
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Recent Results from STAR: Correlations
J.C. Dunlop for the STAR Collaboration
Department of Physics, Brookhaven National Laboratory,
Upton, NY 11973 USA
The Relativistic Heavy Ion Collider at Brookhaven National Laboratory is undergoing a number of upgrades, both to increase luminosity deliverable by the machine and to the experiments
to enhance their capabilities to utilize this increased luminosity. First proof-of-principle measurements of luminosity-hungry correlation measurements, such as γ-hadron correlations and
full jet reconstruction, have been performed by the STAR experiment. The current status of
these measurements and prospects for future measurements over the next decade are reviewed.

1

Introduction

Over the past decade, the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory has produced major discoveries. 1,2,3,4 One of these is “jet quenching”, the suppression of
particle production at high pT in Au+Au collisions relative to expectations from the more elementary p+p collisions, presumed to be due to partonic energy loss in medium. The suppression
of back-to-back hadron pairs, 5 which have a correlation pattern in p+p collisions consistent with
di-jet production, provides a strong set of measurements with which to investigate the interaction of hard partons with the medium created at RHIC. The STAR experiment at RHIC is well
suited to such studies, as it has full azimuthal acceptance over a wide range in pseudorapidity.
While it is clear that the suppression seen in central Au+Au collisions requires that the
matter is dense, a more quantitative statement is lacking. A fundamental problem that arises
in some approaches is that the medium is too black: 6,7 the energy loss of partons is so large
that one rapidly enters into a region of diminishing returns, in which the density of the medium
can increase by large factors while the measurable suppression of the final state hadrons hardly
changes. This loss of information is not generally true in all calculational frameworks, and
depends on the geometry and expansion of the collision zone, along with the inherent fluctuations
from the distribution of energy loss of the partons. A recent detailed study under various
scenarios comes to the conclusion that the tomographic information about the collision zone
obtainable from single hadron suppression is extremely limited. 8 Therefore the challenge is to
come up with experimental probes that recover sensitivity to the properties of the medium.
Two such experimental probes have been of interest in recent years, and are expected to
benefit greatly from the upgrades both to the experiment and the machine. The first, γ-hadron
correlations, take advantage of the QCD Compton process to tag the kinematics of the partner
parton with a prompt photon that emerges unscathed from the medium. The second, full jet
reconstruction, attempts to use new techniques to track the dissipated energy and associate it
into jets in the challenging environment of heavy ion collisions.
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Figure 1: IAA , the ratio Au+Au/p+p of coincident yield of hadrons at ∆φ = π from a trigger photon with ET >8
GeV/c, as compared to theoretical calculations. Figure from11

.
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γ-hadron Correlations

Correlations between a prompt photon and a hadron have been termed a “golden probe” of
parton energy loss in the medium, and have been discussed for more than a decade. 9 This
golden probe is unfortunately also quite rare, so it is only in the past few years that luminosities
at RHIC have increased to the level at which measurements are possible. RHIC sits at a sweet
spot in terms of backgrounds, as the dominant source of coincident photons and hadrons for
photons at moderate pT >∼ 8 GeV/c is QCD Compton scattering between a quark and a gluon,
g + q → γ + q. Two other sources of photons at this pT , decay photons from π 0 and other
hadrons, and production of photons in fragmentation processes, are subdominant relative to
this Compton process. Since photons do not interact strongly with the medium, γ+hadron
correlations provide a clean method to tag the kinematics of the original hard scattering, and
so probe precisely the effects of the medium on the outgoing quark.
In central Au+Au collisions, single photons are not suppressed relative to expectations from
p+p collisions, while π 0 are suppressed by approximately a factor of 5, leading to a ratio of
direct photons to decay photons > 1:1 10 at pT of 8 GeV/c, rapidly rising with increasing pT .
This background is significant enough to need to be measured and subtracted, but not so large
that it swamps the signal. The pT range of interest is low enough that the photons from π 0
decay are separated in calorimeter elements such as the STAR Shower Maximum Detector,
allowing for statistical subtraction using a shower shape analysis. 11 The contribution from
fragmentation photons is expected to be small, approximately 10-20%, and can be estimated
from the correlation measurements themselves.
First results, shown at Quark Matter 2008 are shown in figure 1. While the results are,
within uncertainties, in accord with theoretical predictions, the size of the uncertainties do not
provide sufficient distinguishing power between different theoretical scenarios. Future luminosity
improvements in RHIC, made possible by stochastic cooling, will allow for a reduction of uncertainties by a factor of 5. More importantly, the additional luminosity will enable an increase in
the photon pT , which allows a decrease in zT , the ratio of the hadron pT to the photon pT , at
fixed hadron pT high enough to have low combinatorial background. The distinguishing power

Figure 2: Jet yield per event in Au+Au collisions using the LOHSC algorithm, as compared to the distribution in
p+p collisions scaled by the number of binary collisions. “MB-Trig” refers to events selected with a minimum-bias
trigger, while “HT-Trig” refers to events selected with a calorimetric High Tower trigger. Figure from12 .

between different models of parton energy loss is greatest at low zT . 8
3

Full Reconstruction of Jets in Heavy Ion Collisions

The reconstruction of jets in heavy ion collisions holds great promise for furthering the understanding of parton energy loss processes in medium. If the energy lost to the medium remains
sufficiently well collimated that it can be fully gathered back into a jet “cone”, the energy of
the parton can be fully reconstructed and kinematics tagged in an analogous way to γ-jet measurements, with a much larger cross-section. Beyond this, study of the energy flow within a jet,
and its modification within medium, can provide significant new information on the mechanisms
underlying energy loss.
Fully reconstructed jets have been used in STAR for a number of years in polarized p+p
√
collisions at s = 200 GeV. 13 Inclusive cross-sections extend to ET of ∼ 50 GeV, and are
in agreement with Next-to-Leading Order perturbative QCD calculations. Heavy ion collisions
provide significant additional challenges. First, in a reasonably sized jet area of resolution
parameter R=0.4, the energy of the underlying heavy ion event sums to approximately 45 GeV,
the same level as the jets of interest. Second, partonic energy loss is expected to broaden
the energy flow, making the gathering of energy from final-state particles into jets even more
complicated.
New algorithms 14 have been developed to deal with this situation, and have been recently
applied to central Au+Au events in STAR. 15,12 As shown in figure 2, with the sample investigated as of the time of this conference, jet spectra extend out ET of 40 GeV/c, and, within
significant uncertainties, agree with differential cross-sections measured in p+p collisions. This
result indicates that a significant fraction of the original energy of the parton remains collimated
enough to be recovered with a jet-finding algorithm.
In addition, triggering is an issue. STAR has an electromagnetic calorimeter, but not a

hadronic calorimeter, so only neutral energy is available for triggers that can sample the full
luminosity delivered. In addition, due to the energy of the underlying event, the simplest and
most selective trigger is a “High Tower” trigger, which selects on a large amount of energy
deposited in a small area, ∆η and ∆φ of 0.05. This introduces a bias towards jets that fragment
predominantly into a small number of energetic particles, a bias that can be strongly influenced
by the modification of the fragmentation process itself in heavy ion collisions. As shown in
figure 2, jets from triggered events extend much higher in ET than those from minimum bias
events, due to the larger sampled luminosity (approximately 0.5 nb−1 in this figure). However,
the spectrum for jets from triggered events appears to undershoot that from minimum bias
events, indicating significant biases for all measured ET . More advanced trigger algorithms
based on sums of neutral energy over larger ranges in η and φ are used in p+p collisions, and
are being investigated for future use in heavy ion collisions.
Jet reconstruction in heavy ion collisions is still in its infancy. Further studies were shown
subsequent to this conference at Quark Matter 2009, and much larger samples, with more
optimized triggers, will be available in the coming years with the upgrades to STAR and RHIC.
4

Outlook

RHIC is entering a new stage, termed “RHIC II”, in which luminosities will increase by more
than an order of magnitude over current performance. Due to the technological advance of
stochastic coooling, this is expected to come by 2013, sooner and at dramatically reduced cost
relative to expectations in the last Nuclear Physics Long Range Plan. I like to call this the
“fb−1 ” era, since in one RHIC year approximately 1 fb−1 of pp-equivalent luminosity (A2 L) can
be delivered with Au beams.
Commensurate with the luminosity increase, the STAR detector has upgraded its Data
Acquisition and has installed a Time of Flight barrel for precision particle identification. Plans
are to install a state of the art silicon tracker for heavy flavor identification, the Heavy Flavor
Tracker. With these upgrades, RHIC and STAR have a luminous future for investigations of
the uniquely strongly coupled matter created at RHIC energies.
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Centrality Dependence of ∆η − ∆φ Correlations in Heavy Ion Collisions
Edward Wenger, for the PHOBOS collaboration a
Massachusetts Institute of Technology
Cambridge, MA, USA
In these proceedings, a measurement of two-particle correlations with a high transverse mo√
mentum trigger particle (ptrig
> 2.5 GeV/c) is presented for Au+Au collisions at sN N =200
T
GeV over the uniquely broad longitudinal acceptance of the PHOBOS detector (−4 < ∆η <
2). As in p+p collisions, the near-side is characterized by a peak of correlated partners at
small angle relative to the trigger. However, in central Au+Au collisions an additional correlation extended in ∆η and known as the ‘ridge’ is found to reach at least |∆η| ≈ 4. The ridge
yield is largely independent of ∆η over the measured range, and it decreases towards more
peripheral collisions. For the chosen ptrig
cut of 2.5 GeV/c, the ridge yield is consistent with
T
zero for events with less than roughly 100 participating nucleons.

1

Introduction

Two-particle angular correlations are a powerful tool for elucidating the physics mechanisms
responsible for particle production. Even in environments where the full reconstruction of jets is
difficult (e.g. low energy p+p collisions 2 ), their azimuthally back-to-back signature is manifested
in the presence of near-side (∆φ ≈ 0) and away-side (∆φ ≈ π) peaks in the azimuthal correlation
of particles associated with the leading hadron.
In heavy ion collisions, correlation measurements with respect to the leading hadron have
provided a great deal of insight into the properties of the produced medium. In particular, the
disappearance of back-to-back high pT correlated pairs 3 is interpreted as evidence for an opaque
medium that induces large energy losses for partons traversing the interior.
By lowering the pT threshold for associated particles in the correlation function, one can
study where the energy is lost and how the medium responds to penetrating high pT probes.
In such studies at mid-rapidity, the STAR collaboration 4 has observed an enhancement of twoparticle angular correlations near ∆φ ≈ 0 (called the ‘ridge’) extending at least to |∆η| < 1.7.
To distinguish among the many possible theoretical interpretations of this phenomenon, the
PHOBOS experiment 1 has measured the correlated yield of charged hadrons with respect to a
high transverse momentum trigger particle (pT > 2.5 GeV/c) up to large relative pseudorapidity
(|∆η| ≈ 4).
2

Analysis

The PHOBOS detector 5 has two azimuthally opposed spectrometer arms, each covering 0.2 radians, which are used to select charged trigger tracks with pT > 2.5 GeV/c within an acceptance
a
The complete PHOBOS collaboration is listed in a recent submission to Physical Review Letters 1 , from which
the text of these proceedings is largely excerpted.

of 0 < η trig < 1.5. Associated particles that escape the beam pipe (pmin
≃ 35 → 7 MeV/c for
T
η = 0 → 3) are detected in a single layer of silicon comprising the octagon subdetector (|η| < 3).
d2 Nch
1
The construction of the per-trigger correlated yield of charged particles Ntrig
is
(d∆φ)(d∆η)
described in any given centrality class by the following expression:




s(∆φ, ∆η)
− a(∆η)[1 + 2V (∆η)cos(2∆φ)] .
B(∆η) ·
b(∆φ, ∆η)

(1)

The raw per-trigger distribution of same-event pairs s(∆φ, ∆η) is divided by the raw mixedevent background distribution b(∆φ, ∆η) to account for random coincidences and acceptance
effects. This ratio is calculated in 1 mm bins of vertex position along the beam and averaged
over the range −15 < z < 10 cm. B(∆η), which converts the flow-subtracted correlation into a
conditional yield, is constructed from the single-particle distribution (dN/dη) 6 by convolution
with the normalized η distribution of trigger particles.
Because elliptic flow is erased in the mixing of tracks and hits from different events, the
remaining hv2trig v2assoc i modulation carried by s(∆φ, ∆η) must also be subtracted. The flow
magnitudes are calculated from a parameterization based on published PHOBOS measurements
of v2 as a function of Npart , pT , and η 7 , assuming a factorized form.
The scale factor a(∆η) is introduced to account for the small difference in multiplicity
between signal and mixed-event distributions. Its value – within a few percent of unity in
all cases considered – is extracted separately in bins of centrality and ∆η, using the modified
implementation of the zero yield at minimum (ZYAM) method described in Alver et al 1 . The
subtraction of elliptic flow from the raw correlation is illustrated in Fig. 1.
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Figure 1: (color online) Ratio of signal to background for the 10% most central collisions at long-range (left) and
short-range (right). The estimated flow modulation (scaled by a(∆η)) and its uncertainty are represented by the
solid line and shaded band. The uncertainty on the ZYAM parameter is represented by the narrow band around
the dashed line.

3

Results

To understand the effects of the hot, dense medium on correlated particle production, the
PHOBOS Au+Au data is compared to p+p events simulated with PYTHIA version 6.325 8 .
The prominent features of the p+p correlation, shown in Fig. 2(a), are a jet-fragmentation peak
centered at ∆φ = ∆η = 0 and an away-side structure centered at ∆φ = π that is similarly
narrow in ∆φ but extended in ∆η, since the hard scattering can involve partons with very
different fractions of the proton momentum.

In central Au+Au collisions, particle production correlated with a high pT trigger is strongly
modified as shown in Fig. 2(b). Not only is the enhanced away-side yield much broader in ∆φ,
the near-side peak at ∆φ ≈ 0 now sits atop a pronounced ridge of correlated partners extending
continuously and undiminished all the way to ∆η = 4.
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Figure 2: (color online) Per-trigger correlated yield with ptrig
> 2.5 GeV/c as a function of ∆η and ∆φ for
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and sN N =200 GeV (a) PYTHIA p+p and (b) PHOBOS 0-30% central Au+Au collisions.

√

s

To examine the near-side structure more closely, the correlated yield is integrated over the
region |∆φ| < 1 and plotted as a function of ∆η in Fig. 3(a). For the most central 30% of Au+Au
collisions, there is a significant and relatively flat correlated yield of about 0.25 particles per unit
pseudorapidity far from the trigger.
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Figure 3: (color online) (a) Near-side yield integrated over |∆φ| < 1 for 0-30% Au+Au compared to PYTHIA
p+p (dashed line) as a function of ∆η. Black boxes represent the uncertainty from flow subtraction. The error
on the ZYAM procedure is shown as a gray band at zero. All systematic uncertainties are 90% confidence level.
(b) Average near-side (|∆φ| < 1) and away-side (∆φ > 1) yields as a function of Npart at both short-range
(|∆η| < 1) and long-range (−4 < ∆η < −2). The near-side yield at short-range has the full PYTHIA jet yield
subtracted from it. For clarity of presentation, the open points have been offset slightly and the away-side yields
scaled down by a factor of 2. Boxes correspond to the combined 90% systematic uncertainties on the v2 estimate
and ZYAM procedure.

The similarity of the short-range (|∆η| < 1) and long-range (−4 < ∆η < −2) yields in excess
of the p+p jet correlation suggests a decomposition of the near-side correlation into distinct jet
and ridge components. Such a separation is supported by previous STAR measurements of
the associated particle pT spectra, the centrality independence of the jet-like yield, and the
ridge-subtracted fragmentation function 4 .

In Fig. 3(b), the integrated ridge yield at long-range (filled circles) is compared to the shortrange yield (open circles) after subtraction of a jet component corresponding to the PYTHIA
yield. Already for this simple assumption, the ridge yield is shown to be the same within
experimental uncertainties at all ∆η. It decreases as one goes towards more peripheral collisions
and is consistent with zero in the most peripheral bin analyzed (40-50%). While the systematic
errors do not completely exclude a smooth disappearance of the ridge as one approaches p+p
collisions, these data suggest that with a 2.5 GeV/c trigger particle the ridge may already have
disappeared by Npart = 80 (about 45% central).
4

Summary

In these proceedings, the PHOBOS measurement of the ridge at small ∆φ has been presented
over a broad range of ∆η. The fact that in central collisions the ridge extends to at least four
units of pseudorapidity away from the trigger is a powerful constraint on theories that strive
to explain the nature of particle production in heavy ion collisions. In particular, causality
considerations require that the correlation be imprinted in the very earliest moments after the
collision 9 . Taken together with the other known properties of the ridge – its makeup is similar
to the bulk but not jet fragmentation 4 ; it is observed in inclusive correlations without a high
pT trigger 10 – the longitudinal extent of ridge correlation suggests an interpretation other than
medium-induced broadening of jet fragmentation 11 . More quantitative theoretical studies will
be required to determine which proposed mechanisms can consistently describe the broad extent
of the ridge and its dependence on collision geometry.
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DISSIPATION, COLLECTIVE FLOW AND MACH CONES AT RHIC
I. BOURAS, A. EL, O. FOCHLER, J. UPHOFF, Z. XU AND C. GREINER
Institut für Theoretische Physik, Goethe-Universität Frankfurt, Max-von-Laue-Str. 1,
D-60438 Frankfurt am Main, Germany
Fast thermalization and a strong buildup of elliptic flow of QCD matter as found at RHIC are
understood as the consequence of perturbative QCD (pQCD) interactions within the 3+1 dimensional parton cascade BAMPS. The main contributions stem from pQCD bremsstrahlung
2 ↔ 3 processes. By comparing to Au+Au data of the flow parameter v2 the shear viscosity
to entropy ratio η/s has been extracted dynamically and lies in the range of 0.08 and 0.2. Also
jet-quenching has been investigated consistently within a full dynamical picture of the heavy
ion collision. The results for gluonic jets indicate a slightly too large suppression, but are
encouraging to understand the two major phenomena, strong flow and jet-quenching, within
a unified microscopic treatment of kinetic processes. In addition, simulations on the temporal
propagation of dissipative shock waves lead to the observation that an η/s ratio larger than 0.2
prevents the development of well-defined shock waves on timescales typical for ultrarelativistic
heavy-ion collisions.

1

Overview

The large elliptic flow parameter v2 measured by the experiments at the Relativistic Heavy Ion
Collider (RHIC) 1 suggests that in the evolving QCD fireball a fast local equilibration of quarks
and gluons occurs at a very short time scale ≤ 1 fm/c, and that the locally thermalized state of
matter created, the quark gluon plasma (QGP), behaves as a nearly perfect fluid. In addition,
the phenomenon of jet–quenching has been another important discovery at RHIC 2 . So far, it
has not been possible to relate both phenomena by a common understanding of the underlying
microscopic processes.
In this talk, we demonstrate that perturbative QCD (pQCD) collisional and, more importantly, radiative interactions can explain a fast thermalization of the initially nonthermal gluon
system, the large collective effects of QGP created at RHIC and the smallness of the shear
viscosity to entropy ratio in a consistent manner by using a relativistic pQCD-based on-shell
parton cascade Boltzmann approach of multiparton scatterings (BAMPS) 3,4,5,6,7,8,9 . Also, due
to the inclusion of radiative processes, BAMPS can simultaneously account for the quenching
of high-momentum gluons 10 . In addition, the possible propagation of dissipative shock waves
in the QGP can be studied 11 .
2

Elliptic Flow and Shear Viscosity

BAMPS is a parton cascade, which solves the Boltzmann equation and is based on the stochastic
interpretation of the transition rate 3 , which ensures full detailed balance for multiple scatterings.
Gluon interactions included are elastic and screened Rutherford-like pQCD gg → gg scatterings
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Figure 1: (Color online) Left panel: Elliptic flow vs. the number of participating nucleons for Au+Au collisions
√
at sN N = 200 GeV. The points are STAR and PHOBOS data for charged hadrons within the rapidity |y| < 0.5
and |y| < 1, respectively, whereas the curves with symbols are results for gluons within |y| < 1, obtained from the
BAMPS calculations with αs = 0.3 and 0.6 and with two freezeout energy densities, ec = 0.6 and 1 GeVfm−3 .
Right panel: the shear viscosity to entropy density ratio η/s at the central region during the entire expansion.
η/s values are extracted from the simulations at impact parameter b = 4, 6.3, and 8.6 fm. The upper band shows
the results with αs = 0.3 and the lower band the results with αs = 0.6.

as well as pQCD inspired bremsstrahlung gg ↔ ggg of Gunion-Bertsch type 3,4,10 . In the default
simulations, the initial gluon distributions are taken in a Glauber geometry as an ensemble
of minijets with transverse momenta greater than 1.4 GeV 4 , produced via semihard nucleonnucleon collisions. The minijet initial conditions and the subsequent evolution using the present
prescription of BAMPS for two sets of the coupling αs = 0.3 and 0.6 give nice agreements
to the measured transverse energy per rapidity over all rapidities 8,9 . Other initial conditions
incorporating gluon saturation such like the color glass condensate are also possible 5,6 .
The elliptic flow v2 = h(p2x − p2y )/p2T i can be directly calculated from microscopic simulations
8,9 . The results are compared with the experimental data, assuming parton-hadron duality.
The left panel of Fig. 1 shows the elliptic flow v2 at midrapidity for various centralities (impact
parameters). Except for the central centrality region either the results with αs = 0.3 and ec = 0.6
GeVfm−3 (green curves with open triangles) or those with αs = 0.6 and ec = 1 GeVfm−3 (red
curves with open squares) agree perfectly with the experimental data 12 . Within the NavierStokes approximation the shear viscosity η is directly related to the so called transport rate
7 and can be calculated dynamically and locally in a full and microscopical simulation (see
the right panel of Fig. 1). Bremsstrahlung and its back reaction lower the shear viscosity to
entropy density ratio η/s significantly by a factor of 7, compared with the ratio when only elastic
collisions are considered. According to the extraction by means of the full simulation given in
Fig. 1, η/s is most probably lying between 0.2 for αs = 0.3 and 0.08 for αs = 0.6 5,7,8 . The
latter value matches the lower bound of η/s = 1/4π from the AdS/CFT conjecture. The shear
viscosity slightly increases up to 20% when calculating it by means of Grads momentum method
and using the 2nd order Israel-Stewart framework of dissipative relativistic hydrodynamics 13 .
3

Jet-Quenching and Dissipative Shock Waves

Jet-quenching is generally specified in terms of the nuclear modification factor RAA . We directly
compute RAA by taking the ratio of the final pT spectra to the initial mini-jet spectra. For this
a suitable weighting and reconstruction scheme of initial jet-like partons had to be developed 10 .
Figure 2 shows the result for the gluonic contribution to RAA , exhibiting a clear suppression of
gluons
high–pT gluon jets at a roughly constant level of RAA
≈ 0.053.

1
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Figure 2: (Color online) Gluonic RAA at midrapidity (y ǫ [−0.5, 0.5]) as extracted from simulations for central
Au+Au collisions at 200 AGeV. The shaded area indicates the statistical error. For direct comparison the result
from Wicks et al. for the gluonic contribution to RAA and experimental results from PHENIX for π 0 and STAR
for charged hadrons are shown.

The suppression of gluon jets is approximately a factor 3 ÷ 4 stronger than seen in experimental pion data 14 . An excessive quenching, however, was to be expected since at present the
simulation does not include quarks, which are bound to lose considerably less energy due to
their color factor and dominate the initially produced jets from pT ≈ 20 GeV. Indeed, comparing with state of the art results from Wicks et al. 15 for the gluonic contribution to RAA (seen
as the line in Fig. 2), which in their approach together with the quark contribution reproduces
the experimental data, one finds better agreement. The inclusion of light quarks will provide
important means of further verification and will be addressed in a future work.
In the context of jet-quenching, exciting jet-associated particle correlations 16 have been
observed, which indicates the formation of shock waves in form of Mach cones induced by
supersonic partons moving through the quark-gluon plasma. Shock waves can only form and
propagate if matter behaves like a fluid. At present it is not known whether the η/s value
deduced from v2 data is sufficiently small to allow for the formation of shock waves. A step
towards this problem is to consider the relativistic Riemann problem in viscous gluon matter 11 .
In Fig. 3 we show the solution of the Riemann problem for various η/s values as computed
with BAMPS. The results demonstrate the gradual transition from the ideal hydrodynamical
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Figure 3: (Color online) The pressure (left) and the velocity (right) profiles at time t = 3.2 fm/c. At t = 0, the
pressure is P0 = 5.43 GeVfm−3 for z < 0 and P4 = 0.33 GeVfm−3 for z > 0.

limit to free streaming of particles. A larger η/s value results in a finite transition layer where
the quantities change smoothly rather than discontinuously as in the case of a perfect fluid.
A nonzero viscosity smears the pressure and velocity profiles and impedes a clean separation
of the shock front from the rarefaction fan. A criterion for a clear separation, and thus the
observability of a shock wave, is the formation of a shock plateau, as in the ideal fluid case. The
formation of a shock plateau takes a certain amount of time. From Fig. 3 we infer that, for
η/s > 0.1, a shock plateau has not yet developed at t = 3.2 fm/c, whereas for η/s < 0.1, it has
already fully formed. Applying time scaling arguments, the formation of shock waves in gluon
matter with η/s > 0.2 probably takes longer than the lifetime of the QGP at RHIC 11 .
In summary, within the pQCD based parton cascade BAMPS early thermalization, the build
up of a large elliptic flow v2 , the smallness of the η/s ratio, and the quenching of gluonic jets in
Au+Au collisions at RHIC can be understood within one common setup. This is a committed
and large scale undertaking. Further analyses on jet quenching, on particle correlations, on
possible Mach cone like behaviour initiated by a jet, on quark degrees of freedom including
hadronization, on initial conditions and on the exploration and use of dissipative hydrodynamics
are underway to establish an even more global picture of heavy ion collisions.
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The QCD equation of state from improved staggered fermions
C. Schmidt (for hotQCD Collaboration)
Universität Bielefeld, Fakultät für Physik, Universitätsstr. 25,
D-33615 Bielefeld, Germany
We calculate the equation of state in 2+1 flavor QCD at finite temperature with physical
strange quark mass and almost physical light quark masses using lattices with temporal extent
Nτ = 8. Calculations have been performed with two different improved staggered fermion
actions, the asqtad and p4 actions. Overall, we find good agreement between results obtained
with these two O(a2 ) improved staggered fermion discretization schemes. A comparison with
earlier calculations on coarser lattices is performed to quantify systematic errors in current
studies of the equation of state. We also present results for observables that are sensitive
to deconfining and chiral aspects of the QCD transition on Nτ = 6 and 8 lattices. We find
that deconfinement and chiral symmetry restoration happen in the same narrow temperature
interval.

1

Introduction

A detailed and comprehensive understanding of the thermodynamics of quarks and gluons, e.g.
of the equation of state is most desirable and of particular importance for the phenomenology of
relativistic heavy ion collisions. In particular, the interpretation of recent results from RHIC on
jet quenching, hydrodynamic flow, and charmonium production 1 rely on an accurate determination of the energy density and pressure as well as an understanding of both the deconfinement
and chiral transitions. For vanishing chemical potential, which is appropriate for experiments
at RHIC and LHC, lattice calculations of the EoS 2,3,4,5 as well as the transition temperature 6
can be performed with an almost realistic quark mass spectrum. In addition, calculations at
different values of the lattice cutoff allow for a systematic analysis of discretization errors and
will soon lead to a controlled continuum extrapolation of the EoS with physical quark masses.
2

Improved actions and the calculational setup

Studies of the QCD equation of state are most advanced in lattice regularization schemes that
use staggered fermions. In this case, improved actions have been developed that reduce O(a2 )
discretization effects efficiently. Such a reduction is mandatory because a quantitative lattice
determination of the EoS requires rather coarse lattices as one has to take into account that
pressure and energy density are dimension 4 operators, which are difficult to calculate on fine
lattices. At tree level which is relevant for the high temperature phase both the asqtad and the
p4 actions were found to give rise to only small deviations from the asymptotic ideal gas limit
already on lattices with temporal extent Nτ = 6. At Nτ = 8 the differences from the continuum
Stefan-Boltzmann value are at the 1 % level 7 . At moderate values of the temperature nonperturbative effects contribute to the cutoff dependence. In particular in the hadronic phase at
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Figure 1: The trace anomaly, (ǫ − 3p)/T 4 on Nτ = 6 and 8 lattices. Results are obtained with the p4 and asqtad
actions. The right panel shows the low temperature part of the trace anomaly in detail. Here we show fits to the
data, as well as a comparrison with the resonance gas model (dashed and dash-doted lines).

low temperature, the breaking of flavor (taste) symmetry, inherent to staggered fermions away
from the continuum limit, leads to an O(a2 ) distortion of the pseudoscalar hadron spectrum
and may influence the thermodynamics in the confined phase. In order to judge the importance
of different effects that contribute to the cutoff dependence of thermodynamic observables, we
have performed calculations with both p4 and asqtad actions which deal with these systematic
effects in different ways. We extend previous lattice calculations on Nτ = 6 lattices (asqtad 3
and p4 4 ) to Nτ = 8 lattices 5 . In these studies the bare strange quark mass (ms ) was tuned
such that the zero temperature kaon mass acquired a constant value of 500 MeV (p4) and a
slightly larger value for asqtad (570 MeV). The light quark mass was hold at a fixed ratio to
the strange one of ml = 0.1ms leading to a Goldstone pion mass of about 220 MeV at T = 0.
The temperature scale was set by using the Sommer parameter r0 = 0.469(7) fm, 8 which is
determined from the shape of the heavy quark potential.
3

The trace anomaly, pressure and energy density

The basic thermodynamic quantity most convenient to calculate on the lattice is the trace
anomaly in units of the fourth power of the temperature Θµµ /T 4 . This is given by the derivative
of p/T 4 with respect to the temperature,
Θµµ (T )
ǫ − 3p
∂
(p/T 4 ) .
≡
=T
4
4
T
T
∂T

(1)

As the pressure is given by the logarithm of the partition function, p/T = V −1 ln Z, the calculation of the trace anomaly requires only the evaluation of rather simple expectation values.
In Fig. 1, we show results for Θµµ /T 4 obtained with both the asqtad and p4 actions. The new
Nτ = 8 results 5 have been obtained on lattices of size 323 × 8 and the additional zero temperature calculations, needed to carry out the necessary vacuum subtractions, have been performed
on 324 lattices. The Nτ = 6 results are taken from Ref. 3 (asqtad) and Ref. 4 (p4), respectively.
We find that the results with asqtad and p4 formulations are in good agreement. In particular, both actions yield consistent results in the low temperature range (see Fig 1 (right)), in
which Θµµ /T 4 rises rapidly, and at high temperature, T >
∼300 MeV. This is also the case for the
cutoff dependence in these two regimes. At intermediate temperatures, 200 MeV<
∼T <
∼300 MeV,
the two actions show differences and cutoff effects are more pronounced. In the transition region the cutoff effects can be well accounted for by a shift of the Nτ = 6 data towards lower
temperatures. This reflects the cutoff dependence of the transition temperature and may also
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Figure 2: Energy density and three times the pressure as obtained by p4 and asqtad actions on Nτ = 8 lattices
(left) and pressure divided by energy density (p/ǫ) and the square of the velocity of sound (c2s ) (right), calculated
on lattices with temporal extent Nτ = 6, 8. The Nτ = 6 results for the p4 action are taken from Ref. 3.

subsume residual cutoff dependencies of the zero temperature observables used to determine the
temperature scale in the transition region.
In Fig. 2 we show results for the energy density and three times the pressure. Using Eq. (1),
the pressure is obtained by integrating Θµµ /T 5 over the temperature. Crosses with error bars
indicate the systematic error on the pressure that arises from different integration schemes. The
energy density (ǫ) is then obtained by combining results for p/T 4 and (ǫ − 3p)/T 4 . Finally, we
show in in Fig. 2(right) p/ǫ as function of ǫ. From a spline fit to that data we also calculate the
square of the velocity of sound, c2s .
4

The QCD transition

The bulk thermodynamic observables p/T 4 , ǫ/T 4 discussed in the previous sections are sensitive to the change from hadronic to quark-gluon degrees of freedom that occur during the QCD
transition; they thus reflect the deconfining features of this transition. In a similar vein, the temperature dependence of quark number susceptibilities gives information on thermal fluctuations
of the degrees of freedom that carry a net number of light or strange quarks, i.e., χq ∼ hNq2 i,
with Nq denoting the net number of quarks carrying the charge q. Quark number susceptibilities
change rapidly in the transition region as the carriers of charge, strangeness or baryon number
are heavy hadrons at low temperatures but much lighter quarks at high temperatures.
Another important aspect of the QCD transition is the spontaneous breaking (restauration)
of the chiral symmetry. In Fig. 3(right) we show the quantity ∆l,s ,
∆l,s (T ) =

hψ̄ψil,T −
hψ̄ψil,0 −

ml
ms hψ̄ψis,T
ml
ms hψ̄ψis,0

,

(2)

which is defined in terms of light and strange quark chiral condensates evaluated at zero and nonzero temperature, respectively. This is an appropriate observable that takes care of the additive
renormalizations in the chiral condensate by subtracting a fraction, proportional to ml /ms , of
the strange quark condensate from the light quark condensate. To remove the multiplicative
renormalization factor we divide this difference at finite temperature by the corresponding zero
temperature difference, calculated at the same value of the lattice cutoff.
It is evident from Fig. 3, that ∆l,s (T ) varies rapidly in the same narrow temperature range
as the bulk thermodynamic observables and in particular the light quark number fluctuations as
shown in Fig. 3(left). Based on this agreement we conclude that the onset of liberation of light
quark and gluon degrees of freedom (deconfinement) and chiral symmetry restoration occur in
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Figure 3: The light quark number susceptibility, calculated on lattices with temporal extent Nτ = 6 and 8 (left)
and the subtracted chiral condensate normalized to the corresponding zero temperature value (right). The band
corresponds to a temperature interval 185 MeV ≤ T ≤ 195 MeV.

the same temperature range in QCD with almost physical values of the quark masses, i.e., in a
region of the QCD phase diagram where the transition is not a true phase transition but rather
a rapid crossover.
Furthermore, we note that the observed cutoff effects in the chiral condensate can to a large
extent be absorbed in a common shift of the temperature scale. A global shift of the temperature
scale used for the Nτ = 6 data sets by 5 MeV for the p4 and by 7 MeV for the asqtad action
makes the Nτ = 6 and 8 data sets coincide almost perfectly. This is similar in magnitude to
the cutoff dependence observed in (ǫ − 3p)/T 4 and again seems to reflect the cutoff dependence
of the transition temperature as well as residual cutoff dependencies of the zero temperature
observables used to determine the temperature scale.
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We present a wide study on the comparison of different shadowing models and their influence
on J/ψ production. We have taken into account the possibility of different partonic processes
for the cc̄-pair production. We notice that the effect of shadowing corrections on J/ψ production clearly depends on the partonic process considered. Our results are compared to the
available data on dAu collisions at RHIC energies. We try different break up cross section for
each of the studied shadowing models.

1

Introduction

The interest devoted to J/ψ production has not decreased for the last thirty years. It is motivated
by the search of the transition from hadronic matter to a deconfined state of QCD matter, the
so-called Quark-Gluon Plasma (QGP). The high density of gluons in the QGP is expected to
hinder the formation of quarkonium systems, by a process analogous to Debye screening of the
electromagnetic field in a plasma 1 .
The results on J/ψ production measured by the PHENIX experiment at the BNL Relativistic
Heavy Ion Collider (RHIC) show a significant suppression of the J/ψ yield in AuAu collisions at
√
sN N =200 GeV 2 . Nevertheless, PHENIX data on dAu collisions 3 have also pointed out that
Cold Nuclear Matter (CNM) effects play an essential role at these energies.
All this reveals that, in fact, the interpretation of the results obtained in nucleus-nucleus
collisions relies on a good understanding and a proper subtraction of the CNM effects, known
to impact the J/ψ production in proton(deuteron)-nucleus collisions, where the deconfinement
can not be reached.
It is our purpose here to develop an exhaustive study of these effects. This includes shadowing, i.e. the modification of the parton distribution of a nucleon in a nucleus, and final-state
nuclear absorption.
Moreover, we have recently noticed 4 that the impact of gluon shadowing on J/ψ production
does depend on the partonic process producing the cc̄ and then the J/ψ. Because of this, we have
included here two different production mechanism: g + g → cc̄ → J/ψ (+X), that corresponds
to the picture of the Colour Evaporation Model (CEM) at LO, and g + g → J/ψ + g, as in the
Color Singlet Model (CSM), but including the s-channel cut contributions.
In practice, we have proceeded as follows: we have developed a Glauber Monte-Carlo code
where we have interfaced the two different partonic processes for cc̄ with the CNM effects,
namely the shadowing and nuclear absorption, in order to get the J/ψ production cross sections
for pA and AA collisions. We have considered four different models for the shadowing effects.
We shall compare our results with the experimental measurements on dAu collisions presently
available at RHIC.

2

The Model

To describe the J/ψ production in nucleus collisions, our Monte-Carlo framework is based on the
probabilistic Glauber model, the nuclear density profiles being defined with the Woods-Saxon
parameterisation for any nucleus A > 2 and the Hulthen wavefunction for the deuteron. The
√
nucleon-nucleon inelastic cross section at sN N = 200 GeV is taken to σN N = 42 mb and the
average nucleon density to ρ0 = 0.17 nucleons/fm3 . For each event (for each AB collision) at a
random impact parameter b, the Glauber Monte-Carlo model allows us to determine the number
of nucleons in the path of each incoming nucleon, therefore allowing us to easily derive the
number Ncoll of nucleon-nucleon collisions and the total number Npart of nucleons participating
into the collision. In order to study the J/ψ production, we need to implement in our Monte
Carlo the following ingredients: the partonic process for the cc̄ production and the CNM effects.
2.1

Partonic process for the cc̄ production

Most of the studies of J/ψ production rely on the assumption that the cc̄ pair is produced by
the fusion of two gluons carrying some intrinsic transverse momentum kT . The partonic process
being a 2 → 1 scattering, the sum of the gluon intrinsic transverse momentum is transferred to
the cc̄ pair, thus to the J/ψ since the soft hadronisation process does not modify the kinematics. This corresponds to the picture of the Colour Evaporation Model (CEM) at LO. In such
approaches, the transverse momentum of the J/ψ entirely comes from the intrinsic transverse
momentum of the initial gluons.
However, such an effect is not sufficient to describe the PT spectrum of quarkonia produced
in hadron collisions 5 . Most of the transverse momentum should have an extrinsic origin, i.e. the
J/ψ’s PT would be balanced by the emission of a recoiling particle in the final state. The J/ψ
would then be produced by gluon fusion in a 2 → 2 process with emission of a hard final-state
gluon. This emission, which is anyhow mandatory to conserve C-parity, has a definite influence
on the kinematics of the J/ψ production. Indeed, for a given J/ψ momentum (thus for fixed y
and PT ), the processes discussed above, i.e. g + g → cc̄ → J/ψ (+X) and g + g → J/ψ + g, will
proceed on the average from gluons with different Bjorken-x. Therefore, they will be affected
by different shadowing corrections. From now on, we will refer to the former scenario as the
intrinsic scheme, and to the latter as the extrinsic scheme.
In the intrinsic scheme, the initial gluons carry a non-zero intrinsic transverse momentum,
which is transferred to the J/ψ . Note that, following 6 , we do not neglect the value of the J/ψ’s
PT in this simplified kinematics. In fact, in this scheme, we use the fits to the y and PT spectra
√
measured by PHENIX 7 in pp collisions at sN N = 200 GeV as inputs of the Monte-Carlo.
The measurement of the J/ψ momentum completely fixes the longitudinal momentum fraction
carried by the initial partons:
mT
x1,2 = √
exp ( y) ≡ x01,2 (y, PT ),
(1)
sN N
q

with the transverse mass mT = M 2 + PT2 , M being the J/ψ mass.
On the other hand, in the extrinsic scheme, information from the data alone – the y and PT
spectra – is not sufficient to determine x1 and x2 . Indeed, the presence of a final-state gluon
authorizes much more freedom to choose (x1 , x2 ) for a given set (y, PT ). The four-momentum
conservation explicitely results in a more complex expression of x2 as a function of (x1 , y, PT ):
√
x1 mT sN N e−y − M 2
.
(2)
x2 = √
√
sN N ( sN N x1 − mT ey )
Equivalently, a similar expression can be written for x1 as a function of (x2 , y, PT ). Even if the
kinematics determines the physical phase space, models are anyhow mandatory to compute the

proper weighting of each kinematically allowed (x1 , x2 ). This weight is simply the differential
cross section at the partonic level times the gluon Parton Distribution Functions (PDFs), i.e.
g(x1 , µf )g(x2 , µf ) dσgg→J/ψ+g /dy dPT dx1 dx2 . In the present implementation of our code, we
are able to use the partonic differential cross section computed from any theoretical approach.
For now, we use the one from 8 which takes into account the s-channel cut contributions 9 to the
basic Color Singlet Model (CSM) and satisfactorily describes the data down to very low PT .
2.2

Shadowing

To get the J/ψ yield in pA and AA collisions, a shadowing-correction factor has to be applied to
the J/ψ yield obtained from the simple superposition of the equivalent number of pp collisions.
This shadowing factor can be expressed in terms of the ratios RiA of the nuclear Parton Distribution Functions (nPDF) in a nucleon of a nucleus A to the PDF in the free nucleon. We will
consider three different shadowing models for comparation: EKS98 10 , EPS08 11 and nDSg 12 at
LO.
These models provide the nuclear ratios RiA at a given initial value of Q20 which is assumed
large enough for perturbative evolution to be applied: Q20 = 2.25 GeV2 for EKS98, Q20 =
1.69 GeV2 for EPS08 and Q20 = 0.4 GeV2 (0.26 GeV2 ) for nDSg and perform their evolution
through the DGLAP evolution equations to LO accuracy in the case of EKS98 and EPS08 and
to LO and NLO accuracy in the case of nDSg. The spatial dependence of the shadowing is not
given in the above models. However, it has been included in our approach, assuming that the
inhomogeneous shadowing is proportional to the local density 13 .
The nuclear ratios of the PDFs are then expressed by:
RiA (x, Q2 ) =

fiA (x, Q2 )
, fi = q, q̄, g .
Afinucleon(x, Q2 )

(3)

The numerical parameterisation of RiA (x, Q2 ) is given for all parton flavours. Here, we restrain
our study to gluons since, at high energy, J/ψ is essentially produced through gluon fusion 5 .
2.3

The nuclear absorption

The second CNM effect that we are going to take into account concerns the nuclear absorption.
In the framework of the probabilistic Glauber model, this effect refers to the probability for the
pre-resonant cc̄ pair to survive to the propagation through the nuclear medium and is usually
parametrised by introducing an effective absorption cross section σabs . It is our purpose here
to compare different absorptive σ within the two partonic cc̄ production mechanisms –intrinsic
and extrinsic– and for the three shadowing models cited above.
3

Results

In the following, we present our results for the J/ψ nuclear modification factor:
J/ψ

RAB =
J/ψ

J/ψ

dNAB

J/ψ

.

(4)

hNcoll idNpp

dNAB (dNpp ) is the J/ψ yield observed in AB (pp) collisions and hNcoll i is the average number
of nucleon-nucleon collisions occurring in one AB collision. In the absence of nuclear effects,
RAB should equal unity.
We will restrict ourselves to dAu collisions, since only CNM matter effects are at play here,
so they provide the best field for the study of the shadowing and the nuclear absorption.

We have used PHENIX measurements of RdAu 3 in order to compare the different shadowing
models. In Fig. 1, we have computed our results in the different shadowing frameworks for four
σabs for each of the shadowing models considered in both the intrinsic and extrinsic scheme.
We have also evalute the best fit for σabs , following the method used by PHENIX in 3 and 14 .
By using the data on RdAu versus rapidity, we have obtained the best χ2 for the EPS08 model,
computed in the extrinsic scheme for a σabs = 3.6 mb.

√
Figure 1: J/ψ nuclear modification factor in dAu collisions at sNN = 200 GeV versus y for the different shadowing models in the intrinsic (up) and extrinsic (down) scheme. For complementary figures see:
http://phenix-france.in2p3.fr/software/jin/index.html
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Q-PYTHIA — A MONTE CARLO IMPLEMENTATION FOR JET
QUENCHING

(1)

NÉSTOR ARMESTO(1) , LETICIA CUNQUEIRO(2) and CARLOS A. SALGADO(1)
IGFAE and Dep. Fı́sica de Partı́culas, Universidade de Santiago de Compostela (Galicia-Spain)
(2)
INFN, Laboratori Nazionali di Frascati (Italy)
RHIC experiments have established jet quenching as a fundamental tool in the study of hot
matter in heavy-ion collisions. The energy reached is enough for high-pT inclusive particle
studies and one- or two-particle correlations up to pT ≃ 10 − 20 GeV. The corresponding data
are successfully described by a formalism based on radiative energy losses. This formalism
needs, however, to be improved for more exclusive observables, in particular for the reconstructed jet properties. Jet reconstruction is a new branch in heavy-ion collisions with very
high expectations as a tool for the characterization of the medium properties. We present
here an implementation of the jet quenching phenomena based on a modification at the level
of the splitting functions in parton showers in standard, general purpose, Monte Carlos as
PYTHIA or HERWIG.

Jet physics is a recent subject in heavy-ion collisions. Indeed, RHIC (and partially also
the SPS) have shown in the last ten years how rich the physics studies at the largest possible
transverse momentum of the produced particles can be 1 . Most of those data correspond to
inclusive one- or two-particle measurements, where trigger bias effects appear. These effects can
be generically understood as a geometric bias in which only those particles close to the surface
of the produced medium can escape it. Reconstructed jets have long been regarded as ideal
tools to surmount this difficulty: in a perfect jet reconstruction no energy is ”lost” and the bias
associated to triggering in a steeply-falling pT spectrum disappears. The main difficulty in such
studies is to deal with the large multiplicity environment of a heavy-ion collision in which the
underlying event represents ∼ 100 GeV per unit area at RHIC — and ∼ 250 GeV is expected
at the LHC — i.e. figures similar to the total energy of the eventually reconstructed jets. This
difficult analyses benefitted, however, from tools initially developed to control de pileup in the
LHC proton-proton programme 2,3 which found a natural application in heavy-ion collisions.
In this way, reconstructed jets at RHIC were first presented at the Hard Probes conference in
2008 4,5 and, latter on and with important improvements, at Quark Matter 2009 and subsequent
conferences. Full control over different experimental biasses and procedures is under ongoing
studies by the experimental collaborations. These works represent the beginning of a completely
new avenue in the study of heavy-ion collisions.
On the theory side, the description of experimental data in terms of the so-called radiative
energy loss is very successful — see e.g. Ref. 6 for recent reports on the subject — although
some issues are still open, the most important one being the suppression of heavy quarks in
the hot medium. All phenomenological implementations rely, in one way or the other, on
the independent gluon emission approximation, first proposed in Ref. 7 precisely to deal with
the bias effects described above. This prescription is enough to describe inclusive one- or two-

particle production due to the fact that the medium-induced radiative spectrum is not divergent.
However, the way to describe more exclusive observables as jet structures or intra-jet correlations
is not known from first principles calculations. Several attempts exist to deal with this problem,
in most cases by Monte Carlo implementation 8,9,10,11,12,13 .
We present here a modification of the PYTHIA parton shower routine 14 to include the
final-state medium-modified parton shower evolution 12 . A similar modification in HERWIG 15
is under way 13 .
1

A medium-modified parton shower evolution

Gluon radiation, independent except for an ordering variable (virtuality, angle, etc...), leads to
an excellent description of jet evolution in the vacuum. The ordering is dictated by the presence
of divergencies in the splitting probabilities which are resummed in well-controlled approaches.
Monte Carlo generators such as PYTHIA or HERWIG encode this physics in parton shower
routines. So, gluon multiplication is the main building block of jet structure formation in the
vacuum.
Several different effects can affect the jet evolution in the presence of a medium, among
others:
1. Medium-induced gluon radiation — which modifies the splitting probability producing
broadening, softening of the spectrum and enhancement of the jet multiplicity.
2. Non-eikonal corrections to the splitting probability — collisional energy loss producing a
flow of energy (dominantly) from the fast partons to the medium.
3. Modification of the color structure of the jet evolution — exchanging color with the medium
would lead to a different color structure at the end of the parton shower, modifying the
hadronization stage.
4. Role of the ordering variable — the space-time picture of the jet is irrelevant in the vacuum
but not in the medium where an interplay between the extension of the medium and that
of the jet could be present.
A complete implementation of all these effects does not exist to date. In our implementations
we have introduced a medium-induced term in the splitting function — item 1. above —
and a formation time effect as an effective cut-off of the radiation — item number 4. above.
The implementation of extra mechanisms is under way.
12,13 ,

2

The modified splitting probability

The central assumption in our approach 16 is a factorization of the vacuum and medium contributions to the splitting probability P (z) as two independent and additive terms:
Ptot (z) = Pvac (z) → Ptot (z) = Pvac (z) + ∆P (z, t, q̂, L, E).

(1)

This additivity have been proved at the level of the one-gluon inclusive spectrum, where the total
contribution after computing the Feynmann diagrams of Fig. 1 can be factorized into a vacuum
plus a medium term. By matching with the vacuum case, the corresponding modification to the
splitting probability is written as
∆P (z, t, q̂, L, E) =

2 dI med
2πk⊥
2
αs dωdk⊥

(2)

Figure 1: The three contributions to the gluon radiation in the presence of a medium (represented by a shaded
box). The first two are included in the medium-induced gluon radiation term, while the third corresponds to the
usual vacuum splitting.

2 is given by the medium-induced gluon radiation used previously for RHIC
where dI med /dωdk⊥
6
phenomenology . This spectrum depends on two parameters, the medium length L and the
transport coefficient q̂. The latter of these quantities encodes all possible information about the
medium properties as temperature, density, etc. in a single parameter, with the interpretation
of the average transverse momentum squared that the gluon gets per mean free path in the
medium. This simple medium modification is implemented in the standard final-state showering
routine PYSHOW in PYTHIA 14 . The corresponding routine is publicly available at the site 17 .
As an attempt to relate virtuality ordering in the PYTHIA parton shower and space-time
2 and
development, we consider the formation time of the radiated gluons as tform = 2ω/k⊥
subtract this quantity, after each splitting, to the total length of the traversed medium. This
mixed approach allows us to implement space-time evolution and treat vacuum and medium
radiation on the same footing through the modified splitting probabilities (1).

3

Results

The first expected effect of including an additive term to the splitting probability is an increase
of the jet multiplicity. The typical medium radiation is also broadened in angle and softened in
radiated energy with respect to the vacuum case.
In Fig. 2 we show the default results at parton level, for two values of the transport coefficient q̂ = 5 and 50 GeV2 /fm. We observe a suppression of high-z (ξ = log(1/z)) particles and
a big enhancement of particles with low-intermediate z-values, as expected. We also observe a
suppression of high-pT particles and the corresponding enhancement of intermediate-pT particles. The pT -spectrum should be softer than vacuum at low transverse momentum since low-pT
particles should be kicked towards higher values of the transverse momentum. However we find
a clear enhancement of low-pT particles. Here, the lack of exchange of energy and momentum
with the medium plus energy conservation in PYTHIA, is making a large effect. Finally, we see
that the angular distribution broadens with increasing transport coefficient, as expected.
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Figure 2: Intrajet parton distributions in ξ (left), pT (middle) and θ (right) for a gluon of initial energy Ejet = 100
GeV in a medium of length L = 2 fm and for different transport coefficients q̂ = 0 (black), 5 (red) and 50 (blue
lines) GeV2 /fm. Figure from Ref. 12 .
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Nuclear Physics Institute, Academy of Sciences of the Czech Republic, 250 68 Řež, Czech Republic
The analysis of the preliminary RHIC data on π ± − Ξ∓ correlation function is carried out.The
Ξ∗ (1530) resonance is successfully described. The values of the fireball radius and of the
π ± − Ξ∓ scattering lengths are obtained.

Measurement of momentum correlations of the two low relative momentum particles produced in heavy ion collisions is an important method to study the spatio-temporal picture of
the emission source at the level of fm = 10−15 m. This type of analysis acquired the name of
femtoscopy and has been reviewed in e.g. 1 , 2 , 3 , 4 .
At the early stages the studies were focused on the production of identical pions, since then,
measurements have been performed for different systems of both identical and non-identical
hadrons, high-statistics data sets were accumulated in heavy ion experiments at AGS, SPS,
RHIC accelerators 5 -8 . Correlations are significantly affected by the Coulomb and/or strong final
state interactions (FSI) between outgoing particles. The non-identical particles correlations due
to FSI provide information not only about space-time characteristics of the emitting source,
but also about the average relative space-time separation between the emission points of the
two particle species in the pair rest frame 9 . Maybe the most exotic system studied recently by
STAR collaboration is π − Ξ 10,11 : the particles composing the pair have one order of magnitude difference in mass plus ∆B=1/∆S=2 gap in baryon/ strangeness quantum numbers. It is
challenging to study FSI of such exotic meson-baryon system and to extract information about
the π − Ξ S-wave scattering lengths. The other important reason to study π − Ξ correlations is
that multistrange baryons are expected to decouple earlier, than other particle species because
of their small hadronic cross-sections 12 , allowing one to extract the space-time interval between
the different stages of the fireball evolution.
Preliminary results for the πΞ system are available from STAR Collaboration 10,11 . The
following important observations were made:
a
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• Decomposition of the correlation function C(k) ≡ C(k, cos θ, ϕ) from 10% of the most
central Au+Au collisions into spherical harmonic, provided the first preliminary values of
R = (6.7 ± 1.0) fm and ∆out = (−5.6 ± 1.0) fm. The negative value of the shift parameter
∆out indicates that the average emission point of Ξ is positioned more to the outside of
the fireball than the average emission point of the pion.
• In addition to the Coulomb interaction seen in previous non-identical particle analysis the
π ± Ξ∓ correlations at small relative momenta provide sufficiently clear signal of the strong
FSI that reveals itself in a peak corresponding to the Ξ∗ (1530) resonance. The peak’s
centrality dependence shows a high sensitivity to the source size.
• Comparison with the FSI model confirms that theoretical calculations in the Coulomb
region are in a qualitative agreement with the data. In the strong Ξ∗ (1530)-region they
over-predict both the size and the shift coefficients.
Below we present the first results of our calculations of the π ± Ξ∓ FSI and make the comparison
with the experimental data.
The outgoing wave function (w.f.) of π ± Ξ∓ system Ψ(~k, ~r) enters as a building block into
the correlation function (CF):
C(~k) =

Z

d~rS(~r)|Ψ(~k, ~r)|2 ,

(1)

here ~k is a relative momentum of the pair, S(~r) is a source function, Ψ(~k, ~r) is the out-state w.f.
with the asymptotic form
−ikr

e
~
Ψ(~k, ~r) ≡ Ψ− (~k, ~r) ∼ eik~r + f ∗ (− cos θ)

r

(2)

We considered the Gaussian (in the pair rest frame) model for the source function:
S(~r) = (8π 3/2 R3 )−1 exp(−r 2 /4R2 ).

(3)

The problem of FSI in the π ± Ξ∓ system is highly intricate since one has to take into account
the following factors:
• The superposition of strong and Coulomb interactions
• The presence of Ξ∗ (1530) resonance
• The spin structure of the w.f. including spin-flip.
• The fact that the π ± Ξ∓ state is a superposition of I = 1/2 and I = 3/2 isospin states and
that π + Ξ− state is coupled to the π 0 Ξ0 and that the thresholds of the two channels are
non-degenerate.
• The contribution from small distances where the structure of the interaction is unknown.
The low energy region of πΞ interaction up to the Ξ∗ (1530) resonance is dominated by S- and P waves. Therefore the w.f. contains two phase shifts with I = 1/2, 3/2 for S-wave and four phase
shifts with I = 1/2, 3/2 and J = 1/2, 3/2 for P -wave (J = l ± 1/2 is the total momentum).
To reduce the number of parameters we have assumed that the dominant interaction in P wave occurs in a state with J = 3/2, I = 1/2 containing the Ξ∗ (1530) resonance. Since the
parameters of Ξ∗ (1530) are known from the experiment we are left with two S-wave phase shifts
which are expressed in terms of the two scattering lengths as and at with I = 1/2 and I = 3/2
correspondingly.
Leaving the technical details for the future full-size publication we present the resulting
expression for the w.f.

√

k2
2
2
2
2
~
|Ψ(k, ~r)| = |Y00 | | 4πΨCoul + ϕ0 T0 | + |χ0 R0 | +
k1
!


2
√
k2
4
∗
∗
(χ0 R0 )(χ1 R1 ) +
+ √ |Y00 ||Y10 |Re ( 4πΨCoul + ϕ0 T0 )(ϕ1 T1 ) +
k1
3




4
k2
2
k2
2
2
2
2
2
2
+ |Y10 | |ϕ1 T1 | + |χ1 R1 | + |Y11 | |ϕ1 T1 | + |χ1 R1 | .
3
k1
3
k1

(4)

Here ΨCoul is the Coulomb w.f., k1 and k2 are the c.m. momenta in π ± Ξ∓ and π 0 Ξ0 channels,
√


4π
l −iσl (k1 ) Fl (ρ1 ) + iGl (ρ1 )
(−i) e
ϕl (ρ1 ) =
ρ1
i

χl (ρ2 ) =

√

4π
(−)
(−i)l e−iσl (k1 ) hl (ρ2 ),
ρ2

(5)

(6)

with ρ1 = k1 r1 , ρ2 = k2 r2 . Next
T0 = c2 (k1 )k1 (M22 + ik2 )d−1 , R0 = −c(k1 )(k1 k2 )1/2 M12 d−1 ,
d = (M11 + ike1 )(M22 + ik2 ) − M12 M21 ,
−1
−1
−1
3M11 = 2a−1
s + at , 3M22 = as + 2at , 3M12 = 3M21 =

T1 = −

(7)

(8)
√ −1
2(at − a−1
s ),

1
Γ
Γ
1
, R1 = √
,
3 E − E0 − iΓ/2
3 2 E − E0 − iΓ/2

(9)

(10)

where c2 (k1 ) is the Gamow factor, ke1 is the Coulomb modified momentum, σl is the Coulomb
phase. Expression (5) describes the region r > ǫ ∼ 1 fm where the strong potential is assumed to
vanish. The contribution from r < ǫ is proportional to the time the system spends in the inner
region and is calculated according to the corresponding equation without any new parameters.
Fig. 1 presents the results of calculations and the experimental data from 10,11 . The solid
curve corresponds to the source size R = 7.0 fm, as = 0.1 fm, at = 0.08 fm. The dashed line was
obtained with the same values of the parameters but without the contribution from the inner
region. The dip-bump structure is due to the interference between the Breit-Wigner resonance
and the Coulomb w.f. at θ ≈ π.
In summary, we have for the first time successfully described the experimental data on the
±
π Ξ∓ CF, obtained the emission source radius and low energy parameters of the interaction.
1
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SYNCHROTRON-LIKE GLUON EMISSION IN THE QUARK-GLUON
PLASMA
B.G. ZAKHAROV
L.D. Landau Institute for Theoretical Physics, GSP-1, 117940,
Kosygina Str. 2, 117334 Moscow, Russia
A quasiclassical theory of the synchrotron-like gluon emission is discussed. We show that
the synchrotron emission may be important in the jet quenching if the plasma instabilities
generate a chromomagnetic field H ∼ m2D /g. Our gluon spectrum disagrees with that obtained
by Shuryak and Zahed within Schwinger’s proper time method.

1. In this talk, I discuss a quasiclassical approach to the synchrotron-like gluon emission in
the quark-gluon plasma (QGP) developed in my recent paper 1 . The synchrotron energy loss
may potentially be important in the jet quenching since the plasma instabilities can generate
chromomagnetic/electric fields in the QGP created in AA-collisions 2,3,4,5,6 . The non-Abelian
synchrotron radiation was previously addressed in the soft gluon limit by Shuryak and Zahed 7
within Schwinger’s proper time method. Our quasiclassical approach is very simple and applicable in the quantum regime. The gluon spectrum derived in our formalism disagrees with that
obtained in 7 . We give arguments that the spectrum of 7 is wrong.
2. One can show that in the quasiclassical regime (when the parton energies are much bigger
than their masses), similarly to the photon radiation in QED, the coherence length of the gluon
emission, Lc , is small compared to the minimal parton Larmor radius RL . It allows one to
calculate the radiation rate per unit length by considering a slab of chromomagnetic field of the
thickness L ≫ Lc , which is, however, small compared to the parton Larmor radii. In this case
the transverse momenta of the final partons are small compared to their longitudinal momenta
(we choose the z-axis along the initial parton momentum, which is perpendicular to the slab
with transverse chromomagnetic field, Ha ). One may consider the magnetic field with the only
nonzero color components in the Cartan subalgebra, i.e., for a = 3 and a = 8 for the SU (3) color
group. The interaction of the gluons with the external field is diagonalized by introducing the
fields with definite color isospin, QA , and color hypercharge, QB , (we denote the color charge by
the two-dimensional vector Q = (QA , QB )). There are two neutral gluons A = G3 and B = G8 ,
and six charged gluons X, Y, Z, X̄, Ȳ , Z̄, where in terms
√ of the usual gluon vector potential,
√
G, (the Lorentz
indices
are
omitted)
X
=
(G
+
iG
)/
2
(Q
=
(−1,
0)),
Y
=
(G
+
iG
)/
2
4
5
1
2
√
√
√
(Q = (−1/2, − 3/2)), Z = (G6 + iG7 )/ 2 (Q = (1/2, − 3/2)).
The S-matrix element of the q → gq ′ transition can be written as (we omit the color factors
and indices)
Z
hgq ′ |Ŝ|qi = −ig

dy ψ̄q′ (y)γ µ G∗µ (y)ψq (y) ,

(1)

where ψq,q′ are the wave functions of the initial quark and final quark, G is the wave function
of the emitted gluon. We write each quark wave function in the form ψi (y) = exp[−iEi (t −

√
z)]ûλ φi (z, ρ)/ 2Ei (hereafter the bold vectors denote the transverse vectors), where λ is the
quark helicity, ûλ is the Dirac spinor operator. The z-dependence of the transverse wave functions φi is governed by the two-dimensional Schrödinger equation
i

o
∂φi (z, ρ) n (p − gQn Gn )2 + m2q
+ gQn (G0n − G3n ) φi (z, ρ) ,
=
∂z
2Ei

(2)

where now G denotes the external vector potential (the superscripts are the Lorentz indexes
and n = A, B), Qn is the quark color charge. The wave function of the emitted gluon can be
represented in a similar way. We will assume that in the QGP for the parton masses one can
use the corresponding quasiparticle masses.
We take the external vector potential in the form G3n = [Hn × ρ]3 , Gn = 0, G0n = 0 (we
assume that chromoelectric field is absent, however, it can be included as well). The term
−gQn G3n in (2) can be viewed as a potential energy Ui = −Fi · ρ, where Fi is the corresponding
Lorentz force. The solution of (2) can be taken in the form


i
φi (z, ρ) = exp ipi (z)ρ −
2Ei

Z

z

dz

0

′

[p2i (z ′ ) +



m2q ]

(3)

.

Here pi (z) is the solution to the equation dpi /dz = Fi (z) . From (1), (3) one can obtain
3

′

hgq |Ŝ|qi = −ig(2π) δ(Eg + Eq′ − Eq )
(

× exp −i

Z

z

dz ′

0

"

Z

∞
−∞

dzV (z, {λ})δ(p g (z) + pq′ (z) − pq (z))

p2q′ (z ′ ) + m2q
p2g (z ′ ) + m2g
p2q (z ′ ) + m2q
−
−
2Eq
2Eg
2Eq′

#)

,

(4)

where V is the spin vertex factor, {λ} is the set of the parton helicities. The argument of
the transverse momentum δ-function does not depend on z (since Fq = Fg + Fq′ ), and can be
replaced by pg (∞) + pq′ (∞) − pq (∞). From (4) one can obtain for the gluon spectrum
Z

Z

1
dP
dpg (∞) dz1 dz2 g(z1 , z2 )
=
dx
(2π)2
( Z
" 2
#)
z2
p2q′ (z) + m2q
pq (z) + m2q
p2g (z) + m2g
,
× exp i
dz
−
−
2Eq
2Eg
2Eq′
z1
g(z1 , z2 ) =

(5)

X
Cαs
V ∗ (z2 , {λ})V (z1 , {λ}) = g1 q(z2 )q(z1 )/µ2 + g2 ,
8Eq2 x(1 − x) {λ}

(6)

where x is the longitudinal gluon fractional momentum, µ = Eq x(1 − x), q(z) = pg (z)(1 − x) −
pq′ (z)x, g1 = Cαs (1 − x + x2 /2)/x and g2 = Cαs m2q x3 /2µ2 (the two terms in (6) correspond
to the non-flip and spin-flip processes), C = |λaf i χ∗a /2|2 , where i, f are the color indexes of the
initial and final quarks, χa is the color wave function of the emitted gluon.
For a uniform external field we have q(z2 )q(z1 ) = q̄2 − f 2 τ 2 /4, where q̄ = q(z̄), z̄ =
(z1 + z2 )/2), τ = z2 − z1 , and f = dq/dz = Fg (1 − x) − Fq′ x. After replacing in (5) the
integration over pg (∞) by the integration over q̄ we obtain for the radiation rate per unit length
1
dP
=
dLdx
(2π)2

Z

Z

∞

"

g1
dq̄
dτ
µ2
−∞

f 2τ 2
q̄ −
4
2

!

+ g2

#

(

"

(ǫ2 + q̄2 )τ
f 2τ 3
exp −i
+
2µ
24µ

#)

(7)

with ǫ2 = m2q x2 + m2g (1 − x). With the help of τ integration by parts one can remove q̄2 from
the left square brackets in (7), and after integrating over q̄ one obtains
iµ
dP
=
dLdx
2π

Z

∞

−∞

dτ
τ

"

g1
µ2

f 2τ 2
ǫ +
2
2

!

− g2

#

(

"

ǫ2 τ
f 2τ 3
exp −i
+
2µ
24µ

#)

.

(8)

Here it is assumed that τ has a small negative imaginary part. One can easily show that in
(8) the integral around the lower semicircle near the pole at τ = 0 plays the role of the f = 0
subtraction term. The formula (8) can be written in terms of the Airy function
a ′
dP
= Ai (κ) + b
dLdx
κ

Z

∞

(9)

dyAi(y) ,

κ

where a = −2ǫ2 g1 /µ, b = µg2 − ǫ2 g1 /µ, κ = ǫ2 /(µ2 f 2 )1/3 .

3. For neutral gluons at mg = 0 our spectrum (8) agrees with prediction of the quasiclassical
operator approach 8 for the photon spectrum. For charged gluons (8) disagrees with the spectrum
obtained by Shuryak and Zahed 7 in the soft gluon limit within Schwinger’s proper time method.
In 7 (Eq. (20) of 7 ) the argument of the exponential contains (we use our notation) F2q′ x2g + F2g
instead of our f 2 . Also, in the pre-exponential factor instead of f 2 there appears F2q′ x2g . Due to
the absence of the interference term the spectrum of 7 is insensitive to the relation between the
signs of the color charges of the final partons. It is strange enough, since the difference in the
bending of the final parton trajectories (which is responsible for the synchrotron radiation) is
sensitive to the relation between the color charges of the final partons. Also, Eq. (20) of 7 in the
massless limit gives a vanishing spectrum for the q1 → gZ q3 transition for magnetic field in the
color state A (since in this case Fq′ = 0). This process except for the spin effects is analogous
to the synchrotron radiation in QED, and there is no physical reason why it should vanish. One
more objection to the result of 7 is that due to a non-symmetric form of the pre-exponential
factor in the case of g → gg process it should give the spectrum with incorrect permutation
properties. Thus, one sees that the formula obtained in 7 clearly leads to absurd predictions,
and cannot be correct.
4. In Fig. 1 we present the averaged over the color states gluon spectrum for the chromomagnetic
field in the color state A for different initial parton energies. The computations are performed
for αs = 0.3, and gHA /m2D = 0.05, 0.25 and 1, where mD is the Debye mass (we assume that
as for an isotropic weakly coupled plasma m2D = 2m2g ). For the quasiparticle masses we take
mq ≈ 0.3 and mg ≈ 0.4 GeV 9 . For the magnetic field in the color state B the spectrum is very
close to that shown in Fig. 1. The decrease of the spectra at x → 0 (and x → 1 for g → gg
process) which is well seen for the smallest value of the field is due to the Ter-Mikaelian mass
effect. This suppression decreases with increase of the chromomagnetic field.
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Figure 1: The spectrum for the q → gq process in the chromomagnetic field in the color state A for αs = 0.3,
gHA /m2D = 0.05 (a), 0.25 (b) and 1 (c), for the initial quark energies Eq = 20 GeV (solid line), Eq = 40 GeV
(dashed line), Eq = 80 GeV (dash-dotted line).

To estimate the synchrotron energy loss in the QGP produced in AA-collisions we take gH ≈

m2D . Approximately such a chromomagnetic field is necessary in the scenario with turbulent
magnetic fields 11 for agreement with the small viscosity of the QGP observed at RHIC. In
this case the ratio of the magnetic energy to the thermal parton energy is ∼ 0.3, and a higher
fraction of the magnetic energy looks unrealistic. For αs = 0.3 and L ∼ 2 − 4 fm we obtained
∆E/E ∼ 0.1 − 0.2 for quarks and ∆E/E ∼ 0.2 − 0.4 for gluons at E ∼ 10 − 20 GeV (for αs = 0.5
the results are about two times bigger). However, these estimates neglect any finite-size effects
10
which may be important if Lc >
∼ L . The dominating contribution to the energy loss comes from
the soft gluon emission where Lc ∼ 1 − 2 fm. In this situation the finite-size effects may suppress
the energy loss by a factor ∼ 0.5. The finite coherence length of the turbulent magnetic field,
Lm , can suppress the radiation as well. If for the unstable magnetic field modes the wave vector
2 11 (ξ ∼ 1 is the anisotropy parameter), this suppression should not be very strong
k2 <
∼ ξmD
since we have Lm /Lc ∼ 1. As a plausible estimate one can take the turbulent suppression factor
∼ 0.5. Even with these suppression factors the synchrotron loss turns out to be comparable with
the collisional energy loss 12,13 , which in turn is about 20-30% of the radiative energy loss. Thus
our analysis demonstrates that the synchrotron radiation can be important in jet quenching and
deserves further more accurate investigations. In particular, it would be interesting to treat the
synchrotron radiation and emission due to multiple rescatterings on even footing. This can be
done within the light-cone path integral formalism 14 .
5. In summary, we have developed a quasiclassical theory of the synchrotron-like gluon radiation.
Our calculations show that the parton energy loss due to the synchrotron radiation may be
important in the jet quenching if the QGP instabilities generate magnetic field H ∼ m2D /g. Our
gluon spectrum disagrees with that obtained by Shuryak and Zahed 7 . We give simple physical
arguments that the spectrum derived in 7 is incorrect.
Acknowledgments
I am grateful to the organizers for such an enjoyable and stimulating meeting and for financial
support of my participation.
References
1. B.G. Zakharov, JETP Lett. 88, 475 (2008) [arXiv:0809.0599].
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The Chiral Magnetic Effect:
Measuring event-by-event P- and CP-violation with heavy ion-collisions
Harmen J. Warringa
Institut für Theoretische Physik, Goethe Universität,
Max-von-Laue-Str. 1, 60438, Frankfurt am Main, Germany
Gluon field configurations with nonzero topological charge induce P- and CP-odd effects.
Such configurations are likely to be produced during heavy ion collisions. In this article, I
will argue that in the intense (electromagnetic) magnetic field produced in non-central heavy
ion collisions, topological charge creates an electromagnetic current in the direction of the
magnetic field. This is the Chiral Magnetic effect. It leads to separation of positive from
negative charge along the direction of the magnetic field. I will point out that this effect can
be investigated experimentally with a charge correlation study and will refer to interesting
data from the STAR collaboration.

1

Introduction

The goal of the study of heavy ion collisions is to understand the properties of nuclear matter
under extreme circumstances. The fundamental theory that describes the relevant dynamics
during such collisions is Quantum Chromodynamics (QCD). QCD contains really a lot of intriguing features. One of them is its connection to topology. Another highlight is quantum
mechanical symmetry breaking (also called anomaly). And the last example I want to mention
here is the existence of parity (P) and charge-parity (CP)-odd effects. In this article I will discuss these examples in more detail and show that they are intricately linked to each other. Since
heavy ion collisions probe QCD, these effects should somehow play a role during the collisions.
The question which then immediately pops up is: how big is this role and how can we observe
it. I will try to answer these two questions to some extent in this article.
2

Topology in QCD

The vacuum (i.e. state with lowest energy) of a non-Abelian field theory like QCD has nontrivial structure 1 . It turns out that there are an infinite number of different vacua that all can be
characterized by an integer winding number nW . This winding number is a topological invariant,
that means that a smooth deformation of the vacuum state while staying in the ground state
cannot change nW . One needs energy to change nW , therefore all vacua classified according
to their winding number are separated by a potential barrier. A gauge field configuration
with nonzero topological charge interpolates between theseR distinct vacua and hence probes the
a F̃ aµν , here F a is the gluon
potential. The topological charge Q is given by 2 Q = α8πs d4 x Fµν
µν
a its dual, with the complete antisymmetric tensor
field-strength tensor and F̃ aµν = 21 ǫµνρσ Fρσ
ǫ0123 = 1. In general Q is not quantized, but if the gluon field configuration starts from a vacuum

at t = −∞ and ends in a vacuum at t = ∞, one can show that Q is equal to the change in
winding number and hence an integer, i.e. Q = nW (t = ∞) − nW (t = ∞).
One possibility of interpolating between two different vacua is by quantum tunneling through
this potential barrier. The relevant configurations in this case are called instantons 2 , and the
tunneling rate (which is equal to the Euclidean topological susceptibility χE = hQ2 i/V ) is
proportional to exp(−2|Q|/αs ) 3 . At low energies and temperatures this rate is sizable, from
(180 MeV)4 . At very high energies where
the Witten-Veneziano relation it follows that χE
perturbation theory is valid, this rate becomes very small so that in that case instantons can
safely be neglected. The instantons are even more suppressed at high temperatures due to
screening 4 . But then also a new possibility appears which is traversing over the barrier in realtime. The relevant configurations are sphalerons (originally discussed for weak-interactions 5 , but
also existent in QCD 6 ), and the rate (real-time topological susceptibility) is at high temperatures
much less suppressed (since it does not invoke tunneling) and proportional to α5s T 4 with a large
prefactor 7 . This rate means that one could expect of order several transitions per fm−3 per fm/c
in the deconfined phase. In strongly coupled supersymmetric Yang-Mills theory the sphaleron
rate is sizable too, as was found by applying the AdS/CFT correspondence 8 . The discussed
rates are for thermalized isotropic systems. To obtain the rate of production of topological
charge in heavy ion collisions one should also take into account the collision geometry and the
fact that equilibrium might not have been achieved. This can change these estimates, especially
just after the collision when the quark gluon plasma has not yet been formed 9 .
3

Axial anomaly

Hadrons which are build out of quarks are the QCD states measured in the detectors. So in
order to find experimental evidence for topological charge it is necessary to understand how
topological charge deals with quarks. While in the limit of vanishing quark masses axial U(1) is
a symmetry of the QCD Lagrangian, it is broken by quantum effects. This quantum mechanical
symmetry breaking (or axial anomaly) gives rise to an exact identity. In the limit of zero quark
mass this identity reads for each flavor separately 10 ∆N5 ≡ ∆(NR − NL ) = −2Q where NR,L
denotes the number of quarks minus antiquarks with right/left-handed chirality. The quantity
∆N5 is the change in chirality in time. A particle with right-handed chirality has right-handed
helicity, while an anti-particle with right-handed chirality has left-handed helicity. Right (left)handed helicity means spin and momentum (anti)-parallel. The difference NR − NL can also be
read as the total number of quarks plus antiquarks with right-handed helicity minus the total
number of quarks plus antiquarks with left-handed helicity.
So topological charge induces chirality by the axial anomaly. Here we see the three intriguing
features mentioned in the introduction coming together. Let us dive a little deeper into the
relation between topological charge and P- and CP-violation.
One could add the so-called θ term (to be precise θQ) to the QCD action. Such term gives
rise to direct P- and CP-violation. Measurements of the electric dipole moment of the neutron
constrain |θ| to be smaller than of order 10−10 . Since θ couples to topological charge in the
action, at nonzero θ, P and CP are broken due to gluon fields with nonzero topological charge.
In the case that θ = 0 the probability to generate either a gluon configuration with positive or
negative topological charge is equal so that P and CP are unbroken.
Instantons and sphalerons are objects with a certain size and life-time (the size of the
sphaleron is limited by the magnetic screening length 1/αs T ). Therefore in the matter produced in heavy ion collisions many of such configurations will be generated at different points
in space and time with different values of topological charge. Since this is essentially a random
processes, in each event a net topological charge can be generated globally. Only if one averages
over many events one should find that hQi = 0 (if θ = 0). From the anomaly we then know how

Figure 1: The Chiral Magnetic effect. A gluon field with nonzero topological charge produces a difference between
the number of particles plus antiparticles with right- and left-handed helicity. In an external magnetic field the
spins (blue arrows) of these particles tend to align along the magnetic field and consequently the momenta (red
arrows) align as well. As a result an electromagnetic current is created in the direction of the magnetic field.

much chirality is induced. The chirality averaged over many collision events should vanish too.
But in an individual event a nonzero chirality can be generated globally. One speaks in this case
therefore of event-by-event P- and CP-violation.
4

The Chiral Magnetic Effect

Now that we have seen that topological charge induces chirality, let us see how one could
measure this nonzero chirality. When two heavy ions collide with nonzero impact parameter, a
(electromagnetic) magnetic field of enormous magnitude is created in the direction of angular
momentum of the collision (at 0.2 fm/c after the collision it is for moderate impact parameters
of order 103 ∼ 104 MeV2 corresponding to 1017 G 13 ). In a background magnetic field, the
quarks can gain energy by aligning their magnetic moments along the magnetic field. Positively
charged quarks/antiquarks with right-handed helicity have positive magnetic moment and will
tend to align their spin parallel to the magnetic field. Since right-handed helicity means that
spin and momentum are parallel, also the momentum will be pointing parallel to the magnetic
field. Negatively charged quarks/antiquarks with right-handed helicity have negative magnetic
moment, and for the same reasons tend to point their momentum anti-parallel to the magnetic
field. The particles and antiparticles with left-handed helicity will move in the opposite direction.
Therefore if a nonzero chirality is present in a background magnetic field, an electromagnetic
current will be induced in the direction of the magnetic field. This is the so-called Chiral
Magnetic effect 11 12 14 13 15 . We have illustrated this effect in Fig. 1.
For extremely large magnetic fields so that the quarks are fully polarized onePcan quickly
convince
oneself (use Fig. 1) that the total induced current is equal to J =
f |qf |N5 =
P
−2 f |qf |Q, where f denotes a sum over light flavors and qf is the charge of one particular flavor. For smaller magnetic fields, we have computed induced current in a more general
setting. For constant and homogeneous magnetic fields the size ofP
the current density is determined by the electromagnetic axial anomaly and equal to 15 j = f qf2 µ5 B/(2π 2 ), see also 16 .
Here µ5 denotes the chiral chemical potential, which is used to describe a system with nonzero
chirality. The chiral chemical potential can be expressed in terms of N5 by taking a derivative
of the thermodynamic potential with respect to µ5 , n5 = −∂Ω/∂µ5 . In this way we were able
to reproduce the large magnetic field result. For smaller magnetic fields and large temperatures
we obtained for the total current 15 (here µ denotes quark chemical potential)
J =−

X
3
Q
B
qf2 .
π 2 T 2 + µ2 /π 2
f

(1)

In heavy ion collisions this current leads to separation of charge along the direction of angular
momentum, which is perpendicular to the reaction plane. This leads to nontrivial correlations
between the azimuthal angles (the angle between the particle and the reaction plane) of charged
particles. To predict the behavior of these correlations one should compute from Eq. 1 how much
charge is separated, fold it with the rate of topological charge production and the time-dependent
magnetic field, and integrate over the reaction volume 13 14 .
An observable that measures these correlations was proposed by Voloshin 17 and preliminary
data of the STAR collaboration on these correlations have been presented on the Quark Matter
conference 18 . The very interesting data suggests that charge is separated perpendicular to the
reaction plane. In order to establish the observation of the Chiral Magnetic effect is important to
obtain accurate predictions on for example the impact parameter and beam energy dependence,
confront these predictions with experimental results and rule out other possible explanations.
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DATA PRESERVATION AND LONG TERM ANALYSIS IN HIGH ENERGY
PHYSICS
DAVID M. SOUTH
Technische Universität Dortmund, Experimentelle Physik V,
44221 Dortmund, Germany

High energy physics data is a long term investment and contains the potential for physics
results beyond the lifetime of a collaboration. Many existing experiments are concluding their
physics programs, and looking at ways to preserve their data heritage. Preservation of highenergy physics data and data analysis structures is a challenge, and past experience has shown
it can be difficult if adequate planning and resources are not provided. A study group has
been formed to provide guidelines for such data preservation efforts in the future. Key areas
to be investigated were identified at a workshop at DESY in January 2009, to be followed by
a workshop at SLAC in May 2009. More information can be found at http://dphep.org.

1

The Case for Preserving HEP Data

A generation of high energy physics (HEP) experiments are concluding their data taking and
winding up their physics programmes. These include H1 and ZEUS at the ep collider HERA
(data taking ended July 2007), BaBar at the e + e− collider at SLAC (ended April 2008) and
the Tevatron pp̄ experiments DØ and CDF, who are expected to stop data taking in 2011. The
experimental data from these experiments still has much to tell us from the ongoing analyses
that remain to be completed, but it may also contain things we do not yet know about.
In making the case for data presevation, several scenarios come to mind where this action
would be of benefit to the particle physics community: We may want to re-do previous measurements with increased precision. Reduced systematic errors may be possible via new and
improved theoretical calculations (MC models) or newly developed analysis techniques. We
may want to perform new measurements at energies and processes where no other data are
available (or will become available in the future). If new phenomena are found at the LHC or
some other future collider, it may be useful or even mandatory to go back, if possible, and verify
such results using older data. To give some specific examples of real data: The pp̄ collisions from

Tevatron will provide a contingency for LHC data, as well as a lower energy point. The e + e−
data from the BaBar and Belle collaborations may still provide future interest, for comparison
to the coming Super-B factory, in particular if data sets can be combined. And the ep collisions
recorded at HERA represent a unique data set, which is unlikely to be superseded anytime soon,
even considering such future projects as the LHeC.
In summary, it may be highly desirable for a collaboration to employ a program of data
preservation, safeguarding the data heritage of the experiment for continued and future use.
However, implementing such a program is particularly challenging, as discussed in the next
section.
2

The Challenge of Preserving HEP Data

High energy physics experiments have little or no tradition or clear model of long term preservation of their data in a meaningful and useful way. It is in fact likely that most older HEP
experiments have simply lost the data. The preservation of and supported long term access to
the data are generally not part of the planning, software design or budget of such experiments.
Additionally, the distribution of the data complicates the task, with potential headaches arising
from ageing hardware where the data themselves are stored, as well as from unmaintained and
outdated software, which tends to be under the control of the (defunct) experiments rather than
the associated HEP computing centres.
Why is this the case? One of the main assumptions concerning HEP experimental data
is often that the older data will always be superseded by that from the next experiment, but
this is not always the case. Another sometimes wrong assumption is that the physics potential
is exhausted at the end of the experimental program. A recent example contradicting such
assumptions is the re-analysis of the JADE experimental e + e− data, using refined theoretical
input and a better simulation, which has lead to a significant improvement in the determination
of the strong coupling, in an energy range that is still unique 1 . A picture of a simulated event in
the JADE detector made using the resurrected event display program, notably now in full colour,
is displayed in figure 1. The recovery and further analysis of the JADE data was however not a
planned endeavour, but rather a private and often arduous but adventurous initiative, pushed
by knowledgeable former members of the collaboration.
The general status of the LEP data, recorded as
recently as the year 2000, is already a concern, where
preservation efforts have run in a rather uncoordinated and incomplete fashion. The recovery of all of
the required information concerning the LEP data
may become impossible on a time scale of a few years
if no dedicated effort is allocated to the preservation
task. Past experiences like those described above indicate that the definition of the data should include
all the necessary ingredients to retrieve and understand it in order perform new analyses and that a
complete re-analysis is only possible when all the
ingredients can be accounted for. Furthemore, an Figure 1: A simulated event in the JADE detecearly preparation is needed and sufficient resources tor, generated using a refined Monte Carlo and reshould be provided in order to maintain the capa- constructed using revitalised software more than
ten years after the end of the experiment.
bility to re-investigate such older data samples.
Finally, there is the challenge of providing useful
open access of HEP data beyond the walls of the original collaboration. This is clearly a difficult
prospect, with many issues like control, correctness and reputation of the experiment, not to

Figure 2: An example of a data analysis model, from the H1 experiment at HERA. Similar schemes exist at the
other major HEP experiments, as presented at the First Data Preservation Workshop at DESY 2 .

mention a lack of portability and the typical state of the documentation within the collaboration.
The implications of such schemes must also be considered in any data preservation programme.
3

A Systematic Approach to Data Preservation in HEP

In order to address this issue in a systematic way, a Study Group on Data Preservation and Long
Term Analysis in HEP was formed at the end of 2008, with the aim to clarify the objectives and
the means of data persistency in HEP. The major experiments at colliders: H1, ZEUS, CDF,
D, BaBar, Belle, Cleo and BES-III and the associated computing centres at DESY (Germany),
Fermilab (USA), SLAC (USA), KEK (Japan) and IHEP (China) are all represented in the Study
Group. The first workshop of the Study Group took place at DESY in January 2009 some of
the key points from this first workshop are summarised below.
A comparison of the computing and data analysis models of the experiments in the Study
Group has been performed, including the applicability and adaptability to long term analysis.
Not surprisingly, the models are similar, reflecting the nature of colliding experiments: an example is given in figure 2, which shows the analysis model of the H1 experiment at HERA.
Experimental data are organised by events, with increasing abstraction levels from RAW detector level quantities to ntuple-like data for physics analysis, and are supported by large simulated
Monte Carlo samples. The software is also organised in a similar manner, with a more conservative part for reconstruction, reflecting the hardware complexity and a more dynamic part closer
to the analysis level. The prospective amount of data to be preserved for analysis varies between
0.5 and 10 Pb per experiment, not huge by today’s standards, but nonetheless significant. The
degree of preparation for long term data preservation is diverse among the experiments, but it
is obvious that no preparation was foreseen at an early stage of the any of the experimental
programmes and that any conservation initiative will be in parallel with the end of analysis at
the current experiments.
It is widely accepted that digital data is a fragile object, when considered in a long term
perspective. It is also well established that the storage technology should not pose problems

with respect to the amount of data in discussion, and that the main issue will in fact be the
communication between the experiments and the computing centres after the end of analyses
and/or the collaborations: exactly where roles have not been clearly defined in the past. The
current preservation model, where the data are simply saved on tapes, runs the risk that the data
may disappear into cupboards while the readout hardware may be lost or become impractical.
The conservation of tapes is not equivalent to data preservation. It appears mandatory to define
a clear protocol for data preservation, the items of which should be transparent enough to ensure
that the digital content of an experiment (data and software) is at least accessible.
The longevity of the analysis software is also an important issue. The most popular analysis
framework is ROOT 3 , which offers many possibilities to store and document HEP data and has
the advantage of a large user community and a long term commitment of support. One particular
example of software dependence is the use of inherited libraries (for example CERNLIB or
GEANT3) and of commercial software and/or packages that are no longer officially maintained,
but remain crucial to most of the running experiments. It would seem advantageous if such
vulnerabilities were to be removed from the software model of the experiments as a first step
towards long term stability of the analysis framework. Modern techniques of software emulation
like virtualisation may also offer promising features, and exploring such solutions should be a
part of the future investigations.
An increasing awareness of the funding agencies towards the preservation of the scientific data
is noticeable. In particular, the UE/FP7 funded project PARSE/Insight 4 recently conducted
a survey of the HEP community, showing that the vast majority of scientists strongly support
the preservation of HEP data. The next generation of publications database, INSPIRE, offers
an attractive option for extended data storage capabilities, which could be used immediately
to enhance public or private information ranging from scientific articles up to and potentially
including even analysis software and data.
4

Summary and Future Working Directions

HEP data is a long term investment and contains a true potential for physics results beyond the
collaborations lifetime. A study group has been formed to reflect on data preservation and long
term analysis in HEP, more details can be found at http://dphep.org. High energy physics
experiments can take some concrete action now and propose models for data preservation. The
whole process must be supervised by well defined structures and steered by clear specifications,
endorsed by the major laboratories and computing centres. Technological aspects play an important role, since one of the crucial factors may indeed be the evolution of the hardware. A
second workshop of the Study Group takes place at SLAC in May 2009, with the aim of producing a report containing a set of guidelines for further reference on data preservation and long
term analysis in HEP 5 .
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Like every year, a wealth of important experimental results on the test of QCD were presented at this
years Moriond QCD conference. They range from low energy e+ e− colliders, deep inelastic scattering,
heavy ion experiments to the high energy pp collider Tevatron. In this paper the major experimental
results are summarized.

1

Introduction

Over the past decades Quantum Chromodynamics1 has been established as the theory describing strong
interactions. All experimental results probing very different phenomena with ever increasing precision
at different experimental facilities are in good agreement with its predictions. On the theoretical side
significant progress has been made in the perturbative calculations, including more and more higherorder loop corrections such that more quantitative tests of the theory can be performed with present data.
These advances allow for both more quantitiative tests and for more precise predictions of important
signal and background processes at future colliders, in particular at the LHC.
Also in the non-perturbative areas new approaches have been developed and advances on the predictions were made. As an example the significant progress on lattice QCD calculations, as presented at
this conference,2 should be mentioned.
In the following the main experimental results are summarized. After a short discussion of flavour
physics at e+ e− colliders in Section 2, tests of perturbative QCD in ep and pp collisions are presented
in Section 3. Important measurements of electroweak parameters are summarized in Section 4, before
spin physics and heavy ion collisions are discussed in Sections 5 and 6. Finally the searches for Physics
Beyond the Standard Model and for the Standard Model Higgs boson are summarized in the last two sections of the paper. It should be mentioned that despite many interesting results on prospects for physics
at the LHC priority has been given to experimental results based on data from running experiments.

2

Flavour physics

The BaBar and Belle experiments at the PEP-II and KEK B-factories, togehter with CLEO-c and recent
K-decay experiments have collected large data sets allowing them to enter the precision regime for many
measurements. At the same time the CDF and DØ experiments at the Tevatron pp collider can produce
all flavours of B-hadrons and perform unprecedented studies in the B-physics sector.
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Figure 1: Confidence intervals on the (∆Γ − βs )-plane from the CDF collaboration (left) and (∆Γ − φs ) plane from the DØ
collaboration (right). For the definition of βs and φs , see text.

2.1

B physics results from Hadron Colliders

At the Tevatron precise measurements of lifetimes of B-baryons and B-mesons have been performed
and presented at this conference.3 Of interest are in particular the measurements for those B-baryons and
-mesons that cannot be produced at the e+ e− B-factories, like Bs0 Bc0 and Λb . The results reported show
an excellent agreement with theoretical predictions of the Heavy Quark Expansion theory,4 in particular
the expected lifetime hierarchy is well established.
The large data samples allow the Tevatron experiments as well to carry out first studies on CP
violation in Bs0 decays using the decay modes Bs0 → J/ψφ → µ+ µ− K + K − . The phase φs =
arg(−M12 /Γ12 ), where M12 and Γ12 are the off-digonal elements of the mass and decay matrices,
is predicted to be 0.04 in the Standard Model.5 Since new particles could appear in the mixing loop, a
precise measurement of φs provides sensitivity to new physics via loop effects. Experimentally φs is
accessible via a measurementment of βs which is the relative phase between the amplitudes of the direct
decay and decay after mixing.
The two collaborations have reconstructed 3200 (CDF) and 2000 (DØ) signal events in data corresponding to an integrated luminosity of 2.8 fb−1 and have extracted measurements of βs (φs ) and the
lifetime difference ∆Γ between the two Bs0 mass eigenstates.3 The corresponding confidence intervals are
shown in Fig. 1 together with the value expected in the Standard Model. Given the present experimental
observations of 1.8σ (CDF) and 1.7σ (DØ) deviations, the analysis of more data is eagerly awaited.
The large data set has also been used to search for rare B-meson decays.6 Important results are the
95% C.L. limit on the branching ratio of Bs0 → µ+ µ− of 5.8 · 10−8 (CDF, 2 fb−1 ) and 5.3 · 10−8
(DØ, 5 fb−1 ). Within the Standard Model this branching ratio is expected to have a value of (3.35 ±
0.32) · 10−9 . However, large enhancements are possible through loop corrections in models beyond the
Standard Model, e.g. in supersymmetry the branching ratio is proportional to tan6 β/m4A . Future limits
from the Tevatron will start to severely constrain the mSUGRA parameter space.
The largest potential in the search for this rare decay mode has the LHCb experiment at the LHC,7
where a 95% C.L. for the Standard Model value can be set with data corresponding to 2 fb−1 . With
10 fb−1 the 5σ discovery sensitivity can be reached.
2.2

Highlights from e+ e− accelerators

The e+ e− B factories KEK-B and PEP-II have meanwhile accumulated very large data sets corresponding to an integrated luminosity of 1.5 ab−1 . In addition, heavy quarkonium physics continues to be the
focus of the CLEO experiment at CESR. The study of hadronic transitions among heavy quarkonium
states constitutes an important tests of non-perturbative QCD. Major results on CP-violation, charmo-

nium and bottomonium spectroscopy as well as on seaches for new XYZ-like states were presented at
the conference and are briefly summarized in the following.
CP violation
The study of branching fractions and angular distributions of B meson decays to hadronic final states
without charm quarks plays an important role in the understanding of CP violation in the quark sector.
Updated results from the BaBar and Belle experiments were presented on the measurement of the CKM
angle α using Bd0 → ρρ and Bd0 → ππ decays.8 The combined result from the BaBar collaboration is
+6.0 0
) , which is in agreement with the published Belle result 9 of α = (91.7 ± 14.9)o .
α = (92.4−6.5
Whereas there is agreement on the measurement of direct CP violation in the Bd0 → K + π − decay,
with BaBar reporting ACP = −0.107±0.016+0.006
−0.004 and Belle reporting ACP = −0.094±0.018±0.008,
there is discrepancy on the direct CP result in the Bd0 → ππ channel.8
Charmonium decays
A first observations of the 3γ decay mode of the ortho-charmonium was reported by the CLEO
collaboration.11 In the analysis an excess of 24.2 events is observed above expected backgrounds, leading
to a measurement of the branching ratio of BR(J/Ψ → γγγ) = (1.2 ±0.3 ± 0.2) · 10−5 . This represents
the first observation of a 3γ decay mode outside of the ortho-positronium system.
Data taken by the CLEOc experiment at the charm threshold provide a unique opportunity to investigate non-perturbative QCD. Extensive studies of semileptonic and leptonic decays of D 0 , D+ and
Ds+ mesons have been performed. The measured form factors and decay constants agree well with new
lattice-QCD predictions. The corresponding experimental and theoretical errors are of comparable size.10
Charmonium(-like) X,Y,Z states
Following the exciting X(3872) discovery,12 many new charmonium-like states have been claimed over
the past years, some of them were discussed at this conference.
The Belle collaboration has confirmed their result on the observation of the Z(4430)+ state and has
shown evidence for additional charged states (Z1 (4050)+ and Z2 (4250)+ ) (see Fig. 2).13 An experimental confirmation of these states by other experiments would be desirable. The interpretation remains
unclear, the decay patterns are compatible with the hypothesis of tetraquark states.14
The CDF collaboration has reported evidence for the observation of a resonance in the J/Ψφ mass
spectrum, near threshold in B decays.15 The state is observed with a statistical significance of 3.8σ with a
mass of 4143 MeV/c2 and a width of 11.7 MeV/c2 (see Fig. 2). As discussed in Ref.14 , the proximity of
the signal to threshold gives some likelihood that the observation is linked to a final state enhancement
at threshold. However, the narrow width is unexpected and also here an experimental confirmation is
needed.

Figure 2: The Belle signals of the Z(4430)+ (left), Z1 (4050)+ and Z2 (4250)+ (middle) states. (Right): The J/Ψφ mass
spectrum, represented as ∆M , the difference between the mass of the µ+ µ− K + K − and the mass of the µ+ µ− .

All these observations look very interesting, but they need both experimental consolidation and a
better theoretical understanding. It appears that a whole new field of charamonium-like spectroscopy
has been established in the energy range of 4-5 GeV. The theoretical interpretation is difficult and challenges the understanding of QCD.14 The observed states are candidates for multiquark states (tetraquarks,
molecules), charmonium hybrid states, threshold enhancements or statistical fluctuations.
Bottomonium spectroscopy
First observations of transitions involving η mesons, via the decay Υ(2S) → Υ(1S)η have been reported
by the CLEO collaboration.11
The last three months of data taking of the BaBar experiment were devoted to e+ e− collisions at
centre-of-mass energies of the Υ(2S), Υ(3S) and to an energy scan above the Υ(4S). The large datasets
led to the discovery of the lowest energy spin singlet state of the bottomonium system ηb in Υ(3S)
→ ηb γ decays.16 The ηb mass was measured to be mηb = 9390.4 ± 3.1 MeV/c2 with a hyperfine splitting ∆Υ(1S)−ηb = 69.9 ± 3.1 MeV/c2 . In Fig. 3 the measured inclusive photon spectra are shown for
Υ(3S)(left) and Υ(2S)(right) decays after subtraction of the non-peaking background.16 Superimposed
are the expected signal shapes from the large χb (2P) → Υ(1S)γ contribution and from events which
undergo a radiative return to the Υ(1S).
These measurements were complemented by an inclusive hadronic cross-section measurement above
the Υ(4S) from 10.54 to 11.2 GeV. Based on these data parameters of the Υ(5S) and Υ(6S) were extracted
which indicate a smaller width than the PDG values.17 This is supported by a cross-section measurement
from the Belle Collaboration of e+ e− → Υ(nS)π + π − in the Υ(5S) region of 10.83 to 11.02 GeV.18
From the data collected on the Υ(5S) resonance the Belle collaboration has measured several Bs0
decay modes, among them the Bs0 → J/Ψη and Bs0 → φγ which have been seen for the first time.18 In
addition, an upper limit on the Bs0 → γγ decay mode could be set. As mentioned above, the Υ(5S) →
Υ(1S, 2S, 3S)ππ decays were measured for the first time and were found to have unexpectedly large
branching ratios.18

Figure 3: The BaBar inclusive photon spectrum after subtraction of the non-peaking background for the Υ(3S) (left) and Υ(2S)
(right) data. The ηb signal is shown together with the large χb (2P) background contribution and the radiative return events to the
Υ(1S). The inline plot in the left figure shows the inclusive photon spectrum after subtraction of all background components.

2.3

Light flavours

At the low energy front the KLOE experiment is collecting data at the φ-factory DAΦNE running on
and off the φ meson peak. At the conference measured properties on the pseudoscalar (η, η′ ) and scalar
(a0 ) mesons were presented. Among the most important results is the search for CP violating effects
in the decay η → π + π − e+ e− by measuring an asymmetry in the angle φ between the e+ e− and the

π + π − decay planes in the meson rest frame. Within the experimental uncertainty of ∼3% the measured
asymmetry is found to be compatible with zero.19
The KLOE experiment has presented a new precise measurement of the pion form factor using initial
state radiation events. This measurement is highly relevant for the determination of the Standard Model
prediction of the value of the anomalous magnetic moment of the muon (aµ ). In this prediction the main
source of uncertainty is linked to the hadronic contribution ahad
µ , which itself is dominated by the di-pion
−1
contribution. Based on data corresponding to 240 pb , the di-pion contribution to the muon anomaly,
ππ
−10 . This result represents
aππ
µ is measured to be aµ (0.592 < mππ < 0.975 GeV) = (387.2 ± 3.3) ·10
an improvement of 30% on the systematic error with respect to the previously published value.20
The NA48/2 experiment at the CERN SPS has collected the world largest amount of charged kaon
decays. During two runs in 2003 and 2004, about 18·109 events were recorded. The main goal of NA48/2
was the search for direct CP violation in K ± decays into three pions. However, given the high statistics
achieved, many tests of Chiral Perturbation Theory (ChPT) are also possible in rare Kaon decays.21
3

Test of QCD at ep and pp colliders

Deep inelastic scattering experiments have played a central role in the investigation of the proton structure. Precise measurements of the cross section of Deep Inelastic Scattering (DIS) were performed at
the HERA accelerator by the H1 and ZEUS collaborations. The results revealed that the Q2 dependence
of the proton structure can be well described by perturbative QCD and the parton distribution functions
(PDFs) could be well constrained.
Quantum Chromo Dynamics is omnipresent at hadron colliders and its understanding is important
for two reasons: (i) a test of the theory itself can be performed by comparing the theoretical predictions to
the measured cross sections for high-pT processes. (ii) Due to the large production cross sections, QCD
processes constitute a background in nearly all searches for new physics and hence reliable predictions
are necessary.
3.1

Structure functions from HERA

The large data sets collected by the H1 and ZEUS experiments were used to determine the parton distribution functions (PDF) in a combined analysis based on next-to-leading order QCD predictions.22 The
obtained structure function parametrizations, know as HERAPDF0.1, show an impressive precision. The
systematic errors can partially be reduced due to the combination of the two experiments and crosscalibration effects. The measured Q2 dependence in the data is well described, as shown in Fig. 4(left).
The extracted PDFs at a Q2 of 10 GeV2 are shown in Fig. 4(right).
√
By exploiting measurements at different centre-of mass energies ( s = 225, 252 and 318 GeV), the
HERA experiments were also able to separate the contributions from the longitudinal structure function
FL from F2 .22 The data support a non-zero FL and the agreement with model predictions is found to be
good.22
The H1 and ZEUS experiments have also made new measurements of beauty and charm cross sections and of their contributions to the structure function F2 . Again, the measurements are well described
by NLO QCD predictions.23
3.2

Measurements of the strong coupling constant αs

Jet production in ep scattering at HERA provides an imporant testing ground for QCD. The inclusive
and multi-jet production cross sections can be used for a precise determination of the strong coupling
constant αs .24 In the H1 analysis αs was extracted individually from inclusive jet production over a
wide range of Q2 and from 2-jet and 3-jet production at high Q2 . The combined result is found to be
αs (mZ ) = 0.1168 ± 0.0007 (exp.) +0.0046
−0.0030 (theo.) ± 0.0016 (PDF). These measurements allow to test
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Figure 4: (Left): Measurements of the reduced cross section σr from HERA and fixed target experiments.22 The HERAPDF0.1
fits are superimposed. (Right): The gluon, sea and u and d valence quark distributions as extracted from the HERAPDF0.1 fits.

the predicted running of αs over a large Q2 range (see Fig. 5). The ZEUS collaboration has determined
αs in photoproduction and found a consistent result: αs (mZ ) = 0.1223 ± 0.0022 (exp.) +0.0029
−0.0030 (theo.).
These measurements are competitive with those from e+ e− data and are in good agreement with the
world average.25,17
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αs determinations from HERA with the result from LEP and the world average.

In a re-analysis of data from the JADE collaboration the running of αs has also beed demonstrated in data from e+ e− collisions.26 The analysis is based on event shape data from e+ e− annihilations in the centre-of-mass energy range between 14 and 44 GeV. From a comparison of the data
to QCD predictions at next-to-next-to-leading order (NNLO) and at NNLO combined with a next-toleading-log approximation (NNLO + NLLA) the strong coupling constant has been extracted to be:
αs (mZ ) = 0.1172 ± 0.0021 (exp.) ± 0.0035 (had.) ± 0.0030(theo.). The achieved precision of 4% is
comparable to that achieved in DIS experiments, as reported above.
3.3

Test of QCD at Hadron Colliders

As mentioned above, important tests of QCD can be performed at hadron colliders by confronting the
experimental cross section measurements of high-pT processes with theoretical predictions. These predications use the proton structure functions as well as αs as basic input and rely on the factorization of the

hard scattering process which can be calculated in perturbative QCD. Several high-pT processes have
been measured at the Tevatron and the data have been confronted with theoretical prodictions. In the following the high-pT jet production, direct photon production, the associated production of vector bosons
with jets and tt production are discussed.
High-pT jet production
The differential jet production cross sections d2 σ/dpT dy as a function of the transverse momentum pT
of the jets for different rapidity bins ∆y as measured by the CDF collaboration is shown in Fig. 6(left).27
On the experimental side, these measurements suffer from large uncertainties on the jet energy scale.
Their impact is largely reduced if the opening angle ∆φ between the two leading jets is considered.
The corresponding measurements from the DØ collaboration are presented in Fig. 6(right), where the
normalized differential cross section 1/σjj · dσjj /d∆φjj as measured in data is compared to the LO and
NLO calculations. Both cross section measurements show very good agreement with NLO calculations
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and no deviations from the predictions of QCD are observed. The measurements are well described over
several orders of magnitude and over the full rapidity interval.
The CDF and DØ experiments have employed the di-jet invariant mass distribution to search for
resonances decaying into jets, as predicted by different models. For both experiments good agreement
is observed between the data and theory, and the results have been translated into improved limits in
different models,27 in particular compositeness scales Λ below 2.56 TeV are excluded at the 95% C.L.
γ + jet production at the Tevatron
Measurements of the inclusive cross section for the production of isolated prompt photons in association
with jets at the Tevatron and comparisons to perturbative QCD calculations have been presented.28 In
the high-pT region the measured cross sections from the CDF experiment agree well with the theoretical
predictions. However, in the pT region below 40 GeV the data show a different shape than the theoretical
predictions, in a similar manner as already observed in previous measurements.28 Deviations between
data and theory have also been seen by the DØ collaboration in different kinematical regions. First
measurements of the γ + b and γ + c cross sections have also been performed. Whereas good agreement

is observed in the case of b jets, the theoretical prediction is found to be below the data for the γ + c-jet
measurement.
W/Z + jet production at the Tevatron
Good agreement between perturbative QCD and data has also been reported for the associated production of vector bosons with jets.29 Next-to-leading order QCD predictions are found to offer the highest
predictive power for both the absolute rates as well as for the pT spectra of the jets. The NLO contributions are found to be sizeable and improve the agreement with data significantly. Good agreement with
data is found both for flavour-inclusive and for heavy flavour jets.
Since the associated production of vector bosons with jets constitutes an important background process for nearly all searches for new physics at hadron colliders, it is important to have reliable Monte
Carlo generators with predictive power available. An important part of the Tevatron studies therefore
constitues the comparison of the data to various Monte Carlo generators. Generators matching tree-level
matrix elements with parton showers are found to provide an adequate particle level prediction but have
significant scale uncertainties due to the tree-level nature of the underlying calculations.29
Top pair production
Updated results on the tt production cross section, based on data corresponding to integrated luminosities
of 1.0 fb−1 and 2.8 fb−1 have been presented by the DØ and CDF collaborations, respectively.30 The
measurements were performed in the various final states (di-leptons, lepton + jets and fully hadronic).
+1.0
pb (DØ) and σtt = 7.0 ± 0.6 pb (CDF) are in good agreement
The combined results of σtt = 8.2 −0.9
with the theoretical calculation based upon approximate NNLO or NLO plus soft gluon resummation
calculations.31,32,33,34 The theoretical uncertainties have been estimated to be at the level of 7-10%.
4
4.1

Measurements of Electroweak parameters
Precision measurements of mW and mt

One of the major goals of the Tevatron Run-II is to extract precise measurements of the W and the
top quark masses. These mass values are fundamental parameters of the Standard Model. Since mW ,
mt and the Higgs boson mass mH are interconnected via radiative corrections, a precise experimental
measurement of their values can be used to test the consistency of the theory. In the standard theory mW
is linked to the fine structure constant α, the Fermi constant GF , the weak mixing angle sin θW and the
radiative correction term ∆r via the relation
mW =



πα
√ em
2 GF

1/2

sin θW

1
√
.
1 − ∆r

In addition to photonic corrections, loops with top quarks and Higgs bosons contribute to the radiative
correction term. Whereas the value of ∆r depends quadratically on the top quark mass, the dependence
on the Higgs boson mass is only logarithmically. Since measurements of mW and mt are available, this
relation can be used to extract a prediction of the Higgs boson mass. Eventually, after the Higgs boson
will be discovered in the future, it may provide the ultimate test of the theory, via the direct confrontation
of the measured Higgs boson mass value with the theoretical prediction. Therefore, measurements of
mW and mt are also relevant at the LHC.
A precise measurement of the W mass at hadron colliders constitutes a formidable challenge. Due
to the presence of the neutrino in the leptonic decay modes, a direct mass reconstruction is not possible.
In general, the lepton pT -spectra or the transverse mass of the lepton and neutrino system are used to
extract mW . A precise measurement requires an excellent understanding of experimental (lepton energy

scale, lepton energy resolutions, response to the hadronic system,...) and theoretical issues (higher order
corrections, photon radiation, W transverse momentum distribution).
The DØ collaboration has presented an impressive result on the W mass measurement based on an
increased data set corresponding to an integrated luminosity of 1 fb−1 . The large sample of Z → ℓℓ
events was used to improve the understanding of the detector response and the lepton energy scale.
The analysis proceeds by comparing the distribution of the reconstructed transverse mass to templates
generated in Monte Carlo simulations.35 The distribution for the 499.830 W → eν events selected in
data and the corresponding best fit are shown in Fig. 8. From this study the W mass is measured to be
mW = 80.401 ± 0.023(stat) ± 0.037(syst) GeV/c2 . The systematic uncertainties are dominated by a
34 MeV/c2 uncertainty due to the electron energy scale, all other systematic uncertainties are found to be
smaller than 10 MeV/c2 . This represents the most precise single measurement of the W mass in a hadron
collider experiment and is well compatible with the world average of mW = 80.399 ± 0.025 GeV/c2
(see Fig. 8(right) for a compilation of results).
A similar precision has been reached in a CDF analysis based on data corresponding to an integrated
luminosity of 0.2 fb−1 yielding the result mW = 80.413 ± 0.034(stat) ± 0.034(syst) GeV/c2 .36
It should be noted that the Tevatron
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served events entering the mass determination. Finally, a significant reduction of the jet energy scale error is Figure 7: A compilation of results on the top-quark mass measurements of
the CDF and DØ collaborations and the resulting world average.
achieved by performing an in situ jet energy calibration in top events via W → qq decays.35
All decays modes (di-lepton, lepton + jet and fully hadronic) are used to extract the top-quark mass.
A compilation of all results is presented in Fig. 7. The most precise individual measurements are obtained
in the lepton-jet decay mode, based on the decay chain tt → W b W b → ℓνb jjb. The combination of
all results of the individual experiments leads to mt = 172.6 ± 0.9 (stat) ± 1.2 (syst) Gev/c2 (CDF)
and mt = 174.2 ± 0.9 (stat) ± 1.5 (syst) GeV/c2 (DØ). The present weighted average from the
Tevatron is found to be
*
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mt = 173.1 ± 1.3 GeV/c2 .
It should be noted that with this precision also the Run II goal on ∆mt has been surpassed by far. The
dominant errors at present are the energy scale of b jets and the Monte Carlo modelling. To make further
progress, probably the theoretical models need to be improved in the future. The achieved precision
is impressive, it will take some efforts at the LHC to eventually improve on this result. It is expected
that with data corresponding to an integrated luminosity of 10 fb−1 a precision in the order or below
∼1 GeV/c2 can be achieved.37
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Figure 8: (Left): The fitted distribution of the transverse mass mT in W → eν events in data of the DØ collaboration
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in the lower part of the plot. (Right): A compilation of results on the W mass measurements. The DØ result presented at
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4.2

Electroweak production of single top quarks

Shortly before the conference the first observation of electroweak single top production was reported by
the DØ and CDF collaborations based on 2.3 and 3.2 fb−1 of data collected at the Fermilab pp collider.
At the Tevatron top quarks are predominantly produced in pairs via the strong interaction, however, a
single top quark can also be produced via an electroweak W tb vertex, via an s- (tb̄) or a t-channel (tb̄q)
process. The cross section of single top production is smaller than the tt pair production cross section
and amount at NLO to σs+t = 2.86 pb, assuming a top mass of 175 GeV/c2 . In addition the final
state characteristic is more difficult to separate from the large background from the associated W +jet
production, such that the discovery required a large dataset and more sophisticated multivariate analyses
techniques.
Both experiments measure the single top quark production cross section from multivariate discriminant output variables.38 The distributions of the final discriminants in the two experiments are shown
in Fig. 9. Evidence for single top production is indicated by the excess of events at large values of the
discrinant output variable. Both experiments estimated the significance of the single top production from
a large number of pseudo-experiments to be 5.0σ. It is stated that the statistical and systematic uncertainties and their correlations have been considered in the calculations of the final signal significance.
+0.6
The production cross sections were measured to be (3.94 ± 0.88) pb (DØ) and (2.3 −0.5
) pb (CDF).
I would like to congratulate both collaborations to this discovery. At the same time I would like
to use the opportunity to remark that it is a bit unfortunate that the signal extraction relies so much on
complex multivariate techniques and I hope that with more data convincing signals can be demonstrated
in other output distributions.
Since the single top production cross section is proportional to the CKM matrix element |Vtb |2 , these
measurements were also used to determine this value. By restricting the measurement to the Standard
Model interval [0,1], CDF has measured |Vtb | = 0.91 ± 0.11 (stat + syst) ± 0.07 (theo). The 95% C.L.
lower limits on |Vtb | are found to be |Vtb | > 0.71 (CDF) and |Vtb | > 0.78 (DØ).38
4.3

Other top quark properties

Due to its large mass the top quark might play a special role and might serve as a window to new physics
related to electroweak symmetry breaking. It is striking that its Yukawa coupling λt , defined via the
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Figure 9: Distribution of the combined discriminant variables for the search for single top production in the DØ (left) and CDF
(right) experiments.

√
relation mt = λt v/ 2 is close to 1. Therefore, it is important to measure the properties of the top
quark, like its mass, spin, charge, lifetime, gauge couplings and decay properties. The experimental
determination of forward-backward asymmetries, differential cross sections and the helicity of the W
boson have been presented at this conference.39 All measurements carried out so far indicate that the
dynamics of top production and decay are in agreement with the expectations from the Standard Model.
However, all results are currently still limited by statistical uncertainties and will profit from the inclusion
of more data.
The data have also been used to set limits on contributions from new physics.40 For example, an
upper limit on the branching ratio of the flavour changing neutral current process BR(t → Zq) <3.7%
has been set at 95% C.L. The DØ collaboration has performed a search for a resonance X decaying to
a pair of top quarks. Since no excess above the expected background is seen, limits on the production
cross section times branching ratios have been set and interpreted in models beyond the Standard Model.
For example in top-colour-assisted technicolour models the existence of a leptophobic Z ′ boson with a
mass below 820 GeV/c2 is excluded at 95% C.L.40
4.4

Diboson and electroweak top production

Measurements of the production cross sections of several di-boson production cross sections have been
reported by both Tevatron experiments based on analyses using 1.0 - 3.6 fb−1 of data.41 The measured
cross sections for the Zγ, ZZ, W Z and W W processes as well as the constraints extracted for the triple
gauge couplings at the γZZ, γW W and ZW W vertices are in agreement with the Standard Model
predictions.41
5

Spin Physics

Since in the late 1980s the European Muon Collaboration at CERN found that the spin of the quarks contributes little to the proton spin, a large theoretical and experimental effort has been started to understand
the composition of the spin and the role of gluons and orbital angular momentum. Several experiments
presented new results at this conference.
5.1

Results from the HERMES experiment

Selected recent results on the parton distribution and fragmentation functions were presented by the
HERMES experiment.42

h
2 〈sin(φ-φS)〉UT

A novel determination of the distribution of the unpolarised strange quarks S(X) = s(x) + s̄(x) has
been performed from a measurement of the multiplicity of charged kaons in semi-inclusive deep inelastic
scattering (SIDIS) from a deuterium target. The derived strange parton distibution xS(x) is at variance
with the one implemented e.g. in the CTEQ6L parametrization. A comparison is shown in Fig. 10.
The HERMES experiment has also carried out investigations on transverse-momentum dependent
distribution and fragmentation functions. An example is the so called Sivers distribution function. It
describes the distribution of unpolarised quarks in a transversely polarised nucleon and can be related to
orbital angular momenta of quarks. This distribution function can experimentally be determined in semiinclusive deep inelastic scattering on transversely polarised targets. Asymmetries in the distribution of
hadrons in the azimuthal angles around the virtual photon direction between the lepton scattering plane
and the hadron production plane serve as observables.42 The HERMES data indicate significantly positive
Sivers asymmetries for positively charged pions and kaons (see Fig. 10). This can be interpreted as an
indication of non-zero orbital angular momenta of quarks inside the nucleon.
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5.2

Spin results from RHIC

The polarized proton beams at the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory provides a further experimental facility where the spin structure of the nucleon is investigated.
Measurements sensitive to ∆G have been part of the main goals of the spin program of the PHENIX
experiment.43 The basic observables are asymmetries, ALL = (σ++ − σ+− )/(σ++ + σ+− ), i.e. the
difference between the polarized and unpolarized cross sections, normalized to the total sum. The measurements of ALL in certain final states provide valuable information to extract the polarized gluon
distribution function. A variety of hadron, lepton and photon probes have been measured at PHENIX.
As an example the π 0 asymmetries are shown in Fig. 11(left) together with the constraints on ∆G (in a
limited range of Bjorken x) which have been determined form a global next-to-leading order analysis.43
It is expected that data collected over the forthcoming years will significantly improve the asymmetry
measurements for different particles, different gluon kinematics and different subprocesses and thereby
provide significant constraints on the gluon polarization.
The STAR experiment at RHIC has recently installed a Forward Meson Spectrometer which will
allow to extract asymmetries for the spin-1 ω meson.44
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6

Physics of Heavy Ion Collisions

Over the past decade experiments at the CERN SPS and in particular at the Relativistic Heavy Ion
Collider (RHIC) at Brookhaven National Laboratory have established a new state of matter, which is
strongly coupled, quenches jets and behaves like a nearly ideal fluid. Despite the enormous experimental
and theoretical work, it seems that many complementary measurements at RHIC and at the LHC are still
needed to obtain a deep understanding of the underlying phenomena and to prove the existence of the
quark gluon plasma, as predicted by QCD. The up-to-date experimental results from the experiments at
the RHIC collider are briefly summarized in the following.
6.1

Resuts on Jet Quenching

In pp collisions at RHIC back-to-back hadron pairs show a clear angular correlation pattern, consistent
with di-jet production. The suppression of this correlation in central heavy ion Au − Au collisions is one
of the most striking signatures for the existing of a new strongly coupled state of matter. This suppression
is presumed to be due to the strong interaction of the hard partons with the medium created at RHIC,
leading to strong energy loss via gluon radiation. This supppression was already seen in the early days
of the experimental programme at RHIC45 and extensive measurements and theoretical calculations have
been carried out since then.
The best way to study the underlying phenomena would be to employ jet reconstruction, a well
described recipe used in pp and pp collisions. Such studies are indeed being considered in the future (see
below), however, so far the measurements are restricted to particle correlations.
Medium effects are quantified via the so called nuclear modification factor RAA which is the ratio
of the yield observed in Au − Au divided by the yield in pp collisions, scaled by the number of binary
collisions in Au − Au. After initial measurements of hadron-hadron correlations, the experiments have
recently focussed as well on the measurement of γ-hadron correlations. Using photons as a “golden
probe” the trigger bias, inherent in the measurment of hadron-hadron correlations can be avoided. Since
the photon does not strongly interact with the medium it provides an unbiased and clean method to tag the
kinematics of the original hard scattering and thereby a measurement of the original parton energy in the
opposite transverse hemisphere. In Fig. 12(left) a recent result from the PHENIX experiment is shown,
the factor RAA is plotted as a function of pT for direct photons and π 0 s in central Au − Au collisions.46
Whereas for the non strongly interating photons a yield compatible to the extrapolation from pp collisions
is measured, a suppression factor of about five is seen for the π 0 s. A similar measurement has been

presented by the STAR collaboration.47 The results are presented in Fig. 12(right), where IAA , the ratio
of the coincident yield of hadrons at ∆φ = π from events triggered by a photon with pT >8 GeV/c
in Au − Au and pp collisions is shown as a function of the number of participating nucleons (which
is a measure for the centrality of the collision). Also in this case a strong suppression of hadrons in
the opposite hemisphere is seen. Although the suppression behaviour is well described by theoretical
calculations, the data do not provide sufficient discrimination power to distinguish between different
theoretical models.47
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Additional valuable information for the development and tuning of theoretical models has been
presented by the PHOBOS collaboration.48 A measurement of two-particle correlations with a high
transverse momentum particle (pT > 2.5 GeV/c) was performed over a broad longitudinal acceptance
(−4 < ∆η < 2). In pp collisions the near side is characterized by a peak of correlated partners at small
angle relative to the trigger. However, in central Au − Au collisions the correlation is extended over a
large pseudorapidity range up to |∆η| <4 (see Fig. 13, left). The fact that this so called ridge extends
over such a large range is important for the modelling and understanding of particle production in heavy
ion collisions, e.g. causality requires that the correlation be imprinted in the early moments after the
collision.48
The reconstruction of jets in heavy ion collisions holds great promise to get more insight in the parton energy loss process in the medium. If the energy lost remains sufficiently well collimated it can be
collected back into jet cones of larger sizes. In particular the study of the energy flow within the jet cones
will give valuable information about the radiation and energy loss patterns. First measurements based on
minimum bias and calorimetric triggers have been shown at this conference.47 Although jet reconstruction in heavy ion collisions is still in its infancy, it is expected that it will contribute significantly to a
better understanding of the media effects. Larger data sets and optimized trigger strategies are needed to
achieve this.
6.2

Quarkonia production

Since the early days of heavy ion collisions a strong interest is devoted to the study of J/ψ production and
possible suppression effects. The high density of gluons in the quark gluon plasma is expected to hinder
the formation of quarkonium systems by a process analoguous to Debye screening of the electromagnetic
field in a plasma.49

dN/dmee (counts)

√ The PHENIX experiment has measured a significant J/ψ suppression in Au + Au collisions at
SN N = 200 GeV, however, the interpretation of this effect is difficult, since PHENIX data of d + Au
collisions -where the deconfinement cannot be reached- indicate that at the energies studied also cold
nuclear matter effects play a role in the suppression.50 These effects have to be understood and the
Au − Au data have to be properly corrected. In order to further develop and to disciminate between
theoretical models experimental input from pp collisons is needed.
At this conference results on various differential J/ψ production cross-sections (rapidity and pT
dependence) as well as measurements on the J/ψ polarisation and the feed-down from ψ’ to J/ψ in pp
collisions have been presented by the PHENIX collaboration.51 In addition, the first measurement of high
mass e+ e− pairs and J/ψ production were performed in photoproduction in ultraperipheral Au − Au
collisions. The measured invariant mass spectrum is shown in Fig. 13(right). The experiments at RHIC
have recently reached enough integrated luminosity to also access the bottomonium mass region and
there are first indications of signals.51 Further studies and more data are needed to properly address
possible suppression scenarios in this mass region.
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Figure 13: (Left): The correlated yield (per trigger) with ptrig
> 2.5 GeV/c as a function of ∆η and ∆φ as measured
T
√
for central Au − Au collisions at sNN = 200 GeV in the PHOBOS experiment. (Right): The measured J/ψ and e+ e−
√
photoproduction in ultra-peripheral Au − Au collisions at sNN = 200 GeV by the PHENIX experiment.

6.3

Future plans: RHIC beam energy scan

One way to properly study the transition and the boundary region between a hadron gas to a strongly
coupled quark gluon plasma is to vary the experimental initial conditions at RHIC by altering the beam
energy.52 In such a beam energy scan several key questions could be addressed, among them the investigation of the existence of a critical point in the QCD phase diagram of nuclear matter. The STAR
experiment at RHIC hopes to pursue an initial scan in 2010 with collisions at various energies between
√
5 GeV < sN N < 39 GeV. Based on the analyses of these first data one hopes to identify interesting
regions where finer energy scans could be performed at a later stage.52
7
7.1

Search for Physics Beyond the Standard Model
The Search for Supersymmetry

Supersymmetry (SUSY) is one of the most frequently discussed extension of the Standard Model. It
provides a solution to the hierarchy problem and favours the unification of gauge couplings at a Grand
Unification scale. Due to their high energies, hadron colliders are well suited to search for the existence
of the required superpartners of the Standard Model particles. The squarks and gluinos, the partners of
the strongly interacting quarks and gluons, are produced with large cross sections in strong interaction
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processes. On the contrary, the supersymmetric partners of the gauge and Higgs bosons, the so called
charginos and neutralinos, appear either in electroweak production processes or in cascade decays of
heavier SUSY particles. The smaller production cross sections in this case require the exploitation of
final states with rather small backgrounds like three-lepton final states.
Searches for SUSY at the Tevatron have been performed in various supersymmetric scenarios.53
Many results are obtained within the framework of the Minimal Supersymmetric extension of the Standard Model (MSSM) 54 with R-parity conservation and under the assumption that the lightest neutralino
χ01 is the lightest supersymmetric particle (LSP).
The search for charginos and neutralinos has been performed by both Tevatron experiments by considering final states with missing transverse momentum and three leptons, of which at least two are
electrons and muons. Such final states result from the decay chain pp → χ± χ02 → ℓνχ01 ℓℓχ01 . No
evidence for supersymmetry has been found and limits on the production cross section times branching
ratio, σ · BR(3ℓ), have been set. The expected and observed limits as determined from DØ data corresponding to an integrated luminosity of 2.3 fb−1 are shown in Fig. 14(left) as a function of the chargino
mass. The limit is compared with the NLO cross section multiplied by branching fractions calculated
in the limit of heavy sleptons (large m0 scenario) and for slepton masses just above the mass of the χ02 ,
in which case the leptonic branching fraction for three-body decays is maximized (3ℓ-max scenario).
For the latter case an observed (expected) lower limit at the 95% C.L. on the chargino mass is set at
138 GeV/c2 (148 GeV/c2 ).53
The CDF collaboration has performed a search for gauge mediated supersymmetry breaking models
with χ01 → γ G̃ with short lifetimes in the γγETmiss final state. In data corresponding to 2.0 fb−1
one event was observed, which is consistent with the background expectaton of 0.62 ± 0.29 events.
Cross section limits have been translated into excluded regions in the χ01 lifetime versus mass plane (see
Fig. 14(right)) for lifetimes up to 2 ns. For τ (χ01 ) = 0 ns, the lightest neutralino can be excluded at 95%
C.L. up to 138 GeV/c2 .53
In addition, many other SUSY analyses, like searches for third generation squarks in mSUGRA
scenarios and various searches in R-parity violating models have been performed. Details on these
analyses are given in Ref. 53 . None of them has provided evidence for the existence of supersymmetric
particles and corresponding mass limits have been set.
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Figure 14: (Left): Upper limit at the 95% C.L. on σ · BR(3ℓ) as a function of the chargino mass, in comparison with the
expectation for two SUSY scenarios (see text). (Right): The predicted and observed exclusion region in the χ01 lifetime versus
mass region, compared to limits from LEP (ALEPH) 55 and from a CDF analysis searching for delayed photons 56 and to the
cosmologically favoured region.

The search for supersymmetry can be extended in a completely new energy domain at the LHC. Due
to the large centre-of-mass energy of 14 TeV, the mass range up to 1.5-2 TeV/c2 becomes accessible
already during the initial phase of the LHC physics program.57 It is generally believed that first traces of
SUSY will manifest themselves in the shape of inclusive spectra, like the ETmiss spectrum or the effective

mass spectrum in multijet + ETmiss final states. This will allow to establish the SUSY mass scale. Using
such techniques, it will be possible to probe SUSY on mass scales up to 1.5 (2) TeV/c2 with data
corresponding to an integrated luminosity of only 1 (10) fb−1 . The determination of the SUSY model
parameters is more difficult. The strategy here is to select particular decay chains and to use kinematic
distributions to determine as many mass combinations of SUSY masses as possible and to perform a
global fit to all relevant SUSY parameters.57,58,59,60
7.2

Alternative Scenarios
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The data samples accumulated at the Tevatron have also been used to search for other scenarios beyond
the Standard Model. Some models predict additional gauge bosons W ′ and Z ′ , that can be searched for
in their leptonic decays. Leptoquarks decaying into leptons and quarks have been searched for using
all three fermion generations. In the data samples analyzed so far at the Tevatron no evidence for the
existence of any of these particles has been found 61 and the limits on particle masses have been significantly increased, e.g. 95% C.L. lower mass limits for heavy vector bosons Z’ are set to be 1030 GeV/c2 .
More details are give within these proceedings.40,61,62 Due to the much higher centre-of-mass energy, a
significant extension of the explored mass range will become possible at the LHC.57
A search for excited states of leptons and quarks which are predicted in composite models was
performed at HERA.63 Using the full HERA data set the H1 collaboration has searched for the decay
channels q ∗ → qγ, q ∗ → qZ and q ∗ → qW with subsequent hadronic and leptonic decays of the W
and Z bosons. No indications of any signal was found and upper limits on the ratio of f /Λ, where f
are scaling factors of the Standard Model gauge couplings and Λ represents the compositeness scale,
have been set as a function of the mass of the excited fermions. The results which are found to be
complementary or better than those from similar analyses at LEP or at the Tevatron are presented in
Fig. 15.
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Figure 15: Exclusion limits at 95% C.L. on the ratio of coupling to compositeness scale, f /Λ, for excited electrons, neutrinos
and quarks as a function of the mass of the excited fermions (see Ref. 63 for details on the coupling definition). The regions
excluded by other experiments are indicated in the plots.
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Where is the Higgs Boson ?

The investigation of the origin of the electroweak symmetry breaking and, linked to this, the search for
the Higgs boson is one of the major motivation for the construction of the LHC. It has been demonstrated
in many studies over the past years 60,59,64 that a Standard Model Higgs boson, should it exist, will be
discovered at the LHC. It will be possible to cover the full mass range from the lower limit set by the LEP
experiments up to the theoretical bound in the order of 1 TeV/c2 . It has been demonstrated that several
channels are available over the full mass range. The low mass region above the LEP limit represents the
most difficult region for a Higgs boson discovery at the LHC. Recent studies have indicated that the Higgs
boson search in the H → bb decay mode via the associated ttH production is difficult and requires a very

precise knowledge of the background shape to achieve discovery significance.59,60,64 At this conference
a method to exploit jet substructure for highly boosted W H and ZH events was presented.65 In a particle
level study, a relatively high signal significance is obtained due to a better background rejection and an
improved dijet mass resolution. If these results can be confirmed using a full detector simulation, these
channels would nicely complement the H → γγ and H → τ τ decay modes in the difficult low mass
region. In addition, they would provide access to the b-quark Yukawa coupling and to the W W H and
ZZH couplings.
Impressive progress has been made in the Higgs boson search at the Tevatron. The two experiments,
CDF and DØ, have presented updated results based on a data corresponding to an integrated luminosity
of up to 4.2 fb−1 . At low mass, around 120 GeV/c2 , the relevant search channels exploit the associated
W H and ZH production modes with subsequent decays of the vector bosons to leptons and of the Higgs
boson into a bb pair. So far neither experiment has found evidence for the Higgs boson and 95% C.L.
lower limits on the production cross sections have been set as a function of the Higgs boson mass for
individual channels as well as for the combined Tevatron results.66 The observed cross-section limit for
a Higgs boson mass of 115 GeV/c2 is about 2.5 times higher than the Standard Model prediction.

95% CL Limit/SM
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Figure 16: Expected (median, for the background-only hypothesis) and observed 95% C.L. limits on the ratios to the Standard
Model cross section as a function of the Higgs boson mass for the combined CDF and DØ analyses.

In the Tevatron high mass region around 160 GeV/c2 the gluon fusion production mode gg → H
with the subsequent decay H → W W → ℓν ℓν mode can be exploited and has the highest significance. The results presented at this conference are based on an integrated luminosity ranging from 3.0 to
4.2 fb−1 . Also in the high mass region no excess above the expected background has been observed and
95% C.L. limits on the production cross sections have been set.67 For a Higgs boson mass of 160 GeV/c2
the expected cross-section limits are factors of 1.5 (CDF) and 1.8 (DØ) higher than the Standard Model
prediction.
The results from both collaborations have been combined using both a Bayesian and a frequentist
method.67 In Fig. 16 the obtained results are summarized and the observed and expected 95% C.L. crosssection limits are given as a function of the Higgs boson mass. The dotted line represents the median, the
green and yellow bands the one and two-sigma contours of the expected limits from a background-only
hypothesis. The solid black line respresents the limit set from the actual Tevatron data. The observed
limit shows a downward fluctuation in the mass region around 160 GeV/c2 and allows to exlude at a
95% C.L. limit a Standard Model Higgs boson in the mass region 160 < mH < 170 GeV/c2 . This

represents the first exclusion beyond the final limit of 114.4 GeV/c2 set by the LEP experiments.68
Both collaborations expect significant improvements to the analyses, based on increased data sets
and further analyses refinements.66,67 It is expected that with data corresponding to 10-12 fb−1 the full
mass range up to 180 GeV/c2 can be probed at the 95% C.L. or first evidence for the existence of a
Higgs boson can be obtained.
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Conclusions

Many experiments at various accelerators have contributed over the past years to precise tests of QCD
and to searches for New Physics. Many exciting results have been presented at this conference. Among
the highlights are certainly the new excluded mass region for the Standard Model Higgs boson, the
discovery the single top production and precise mass measurements of the W and the top quark mass at
the Tevatron. With the start of operation of the LHC in 2009/2010 a new era in particle physics will be
entered and hopefully ground-breaking discoveries will be made, such that the future Moriond meetings
will be even more exciting.
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MORIOND 2009, QCD AND HIGH ENERGY INTERACTIONS: THEORY
SUMMARY
GAVIN P. SALAM
LPTHE, UPMC Univ. Paris 6, CNRS UMR 7589, Paris, France
These proceedings provide a brief summary of the theoretical topics that were covered at
Moriond QCD 2009, including non-perturbative QCD, perturbative QCD at colliders, a small
component of physics beyond the standard model and heavy-ion collisions.

1

Introduction

Of the O (100) talks that were given at this year’s “Moriond QCD”, about one third were
theoretical.a As usual with the Moriond conference, the range of topics covered was rather
broad, and the logic that I will follow in discussing them will be to progress in the total energy
that is involved — that will take us from non-perturbative QCD, through perturbative QCD
and the data-theory interface at high-energy colliders, to topics beyond the standard model, and
finally to heavy-ion collisions.
2

Non (or barely) perturbative QCD

There are many reasons for investigating non-perturbative QCD. One good one is that it’s
responsible for most of the nucleon mass and correspondingly for most of the visible mass in the
universe. A more pragmatic reason is that flavour physics is usually done with hadrons, and our
understanding of their non-perturbative dynamics is one of the limiting factors in the extraction
of CKM matrix entries and new-physics constraints.
A powerful tool for handling non-perturbative QCD is to simulate it on the lattice. A
recurrent issue for lattice QCD is the reliable handling of systematic errors, for example the
dependence on the lattice spacing, the matching of lattice gauge theory to continuum QCD,
finite-volume effects, and the treatment of light quarks, and the discussion of these issues was a
common theme to the lattice talks at Moriond ’09.
Three light-quark treatments were discussed. Staggered fermions are the easiest to treat
from a computational point of view, but this comes at a price: while the predictions agree with
experimental results, it is not clear whether the staggered-fermion formulation is theoretically
equivalent to QCD. Wilson fermions and domain-wall fermions are both OK from this point of
view, but they are also more expensive computationally, especially the domain-wall fermions,
which are those with the cleanest chiral (mq → 0) limit.
Two thirds of those were in the afternoon, which means that at roughly 95% confidence level, we can rule out
the hypothesis that the organisers were equally likely to assign theory talks to morning and afternoon sessions.
In contrast with the Tevatron’s 95% exclusion limits on the standard-model Higgs boson with 160 < mH <
170 GeV/c,1 it is, however, unclear quite what we learn from this!
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Figure 1: Left: dependence of the Ω and nucleon masses on the pion mass and lattice spacing from the BMW
collaboration;2 middle: final results for the hadron mass spectrum from the BMW collaboration;2 right: results
for the spectrum from the PACS-CS collaboration based on a linear extrapolation from the region 156 MeV <
mπ < 410 MeV.3

Figure 1 (left) illustrates results from two talks about the hadron mass spectrum. The lefthand plot, presented by Fodor2 for the “BMW” collaboration,4 shows how the lattice calculation
of the Ω and nucleon (N) masses depends on the squared pion mass (horizontal axis), i.e. the
approach to the correct u and d-quark masses, and on the lattice spacing a (differently coloured
points), together with a fit that provides an extrapolation to the physical light-quark masses.4
The corresponding results for the hadron spectrum are shown in the middle plot (lines and bands
are experimental masses and widths, the points are the lattice result), with remarkable agreement
for all the hadrons. This was presented as the first lattice-calculation of the baryon mass to have
full control of uncertainties. Related results were presented by Kuramashi3 for the PACS-CS
collaboration (right-hand figure).5 He, however, argued that for a fully controlled calculation one
should carry out simulation directly with the physical light-quark masses (currently in progress).
This is to avoid the extrapolation that is required in the BMW results and whose validity was
the subject of debate during the conference. Though there does not yet seem to a be a universal
consensus within the lattice community as to whether the hadron spectrum is now reliably
calculated, it is to be expected that clarification on the remaining issues will be forthcoming
in the near future. Given the 35 years’ work on the subject, that is a major accomplishment,
both in fundamental terms, and because it helps provide confidence when using lattice results
for observables for which we don’t already know the answer.
The use of lattice calculation to obtain information that we don’t know was illustrated in two
other talks. Izubuchi,8 representing the RBC/UKQCD
collaboration, showed numerous results, including
hadronic matrix element computations, and determinations of the up- and down-quark mass difference, and emphasised the value of the continuum chiral behaviour that is characteristic of the
domain-wall fermions that were used.
Van de Water,9 for the Fermilab Lattice and
MILC collaborations (staggered fermions), discussed
results for B-mesons and their relation with the Figure 2: B → πℓν form-factor as a function
2
determination of CKM matrix elements. Fig. 2 of q , the invariant mass of the ℓν 6system, comparing experimental measurements and lattice
shows how data6 for the B → πℓν form factor from
calculations.7
BABAR and from the lattice calculation7 have the
same shape in the region of overlapping q 2 values, helping to provide confidence in the lattice
calculation and the extraction of Vub . The resulting value for Vub = (3.38 ± 0.36) × 10−3 , while
it has errors (11%) that are slightly larger than inclusive determinations (7–8%),10 is in better
agreement with unitarity triangle analyses Vub = (3.46 ± 0.16) × 10−3 .11
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Figure 3: Ratio of measured Z+jet cross sections17,18 to the NLO prediction19 including its scale uncertainty, left,
and compared to LO matrix-element plus parton-shower calculations,20 right (adapted from ref. 18 ).

With other observables it may currently be harder for lattice QCD to provide definitive
predictions. One context where this was discussed, by Penin,12 concerned the mass of the
recently discovered13 ηb , specifically the hyperfine mass splitting, measured to be Ehf s ≡
M (Υ(1S)) − M (ηb ) = 71.4 ± 2.7+2.3
−3.1 MeV. In the charmonium system, the experimental value
is well reproduced by a perturbative calculation,14 but this is not the case for the ηb , where the
15 is closer to the experprediction was Ehf s = 39 ± 11(th)+9
−8 (δαs ) MeV. The lattice prediction
imental result, however Penin argued that the lattice’s coarse spacing relative to the inverse
b-quark mass implies substantial additional corrections (∼ −20 MeV), which would bring it into
accord with the perturbative result. This leaves an interesting puzzle, perhaps to be resolved at
a future Moriond!
Another context where the question of the lattice’s predictive ability naturally arose was the
talk by Swanson16 about exotic hadronic states. An example that was particularly interesting
(though it is unclear if it truly exists) was the Z ± (4430), which decays to π ± ψ ′ and so would
call for either a tetraquark or a molecular interpretation. As progress in lattice calculations
continues, one can only look forward to the day when they will be able to shed light on the
existence and structures of the numerous X,Y,Z resonances that are currently being seen by the
experiments.
3

Perturbative QCD predictions

Perturbative QCD (pQCD) inevitably “happens” at HERA, the Tevatron and LHC. Backgrounds to possible new physics all involve a QCD component, and more often than not, possible
signals either involve QCD directly (e.g. because a new particle decays to quarks) or are affected,
e.g. by pQCD initial-state radiation.
3.1

NLO

A number of the pQCD results presented here related to next-to-leading order (NLO) calculations. The importance of NLO predictions was nicely illustrated by Nilsen (for the DØ
collaboration17,18 ) in his comparisons of data for the Z+jet cross-section to LO (matrix-element
+ parton-shower20 ) and NLO predictions,19 fig. 3. It is clear that it is only at NLO that one
has a reliable prediction. The usefulness of NLO predictions has led to the establishment of
the so-called Les Houches wish-list of important processes to calculate at NLO, and this guides
much of the current work on the subject.21
The NLO results reported here can be split into two categories: those that push traditional Feynman-diagram based methods to their limit (Jäger, Weinzierl), and those based on
“unitarity” (Melnikov, Maı̂tre) for the 1-loop part of the computation.

Jäger22 discussed pp → V V jj, via vector-boson fusion (VBF), which is an important background to Higgs production via VBF, and of interest also for studying WW scattering. She
showed that the NLO corrections23 are modest, and lead to small scale-dependence in the final
predictions, and illustrated how this might facilitate the identification of new physics signal in
the gauge sector. Weinzierl24 discussed pp̄ → tt̄j production,25 one of the last uncalculated 2 → 3
“Les Houches” processes, whose complexity stems from the significant number (450) of loop diagrams and the fact that they contain a mass scale, mt . One of the interests of tt̄j production
is that its LO contribution is the first order of tt̄ production that shows an asymmetry between
the t and t̄ directions (jets are preferentially emitted when the t goes in the direction opposite
to the p). Curiously this asymmetry is largely washed out by higher order corrections, an effect
that calls for a physical explanation.
The bottleneck in NLO calculations for a 2 → n process is the 2 + n-leg loop calculation,
whose complexity scales factorially with the number of legs in Feynman-diagrammatic methods.
Much recent work has been devoted to the use of “unitarity”, first introduced for QCD loop
calculations over 15 years ago,21 which, essentially, involves sewing together tree-level amplitudes
with specific kinematics in order to obtain the coefficients of the loop integral. Both Maı̂tre26 (for
the Blackhat collaboration) and Melnikov27 (for the Rocket collaboration) reviewed the amazing
progress that has taken place in recent years (see also ref. 21 ), significant innovations including,
among many others, the use of complex momenta,28 recursive building up of the number of legs,29
the determination of the full analytic structure of loop integrands based just on their numerical
evaluation at a finite set of kinematic points,30 and extraction of results in 4 + 2ǫ dimensions
from computations in integer D > 4 dimensions.31
The power of these methods was conveyed through the list of 1-loop amplitudes available in
the “Rocket” program: all 1-loop N -gluon scattering amplitudes,32 q q̄ + N -gluons, W q q̄ + N g,
W q q̄q q̄ + N g, tt̄ + N g and tt̄q q̄ + N g. In terms of phenomenological applications, it seems
that 2 → 4 and 2 → 5 processes are within realistic reach, at least in the large-Nc limit, and
significant work is now being devoted to the combination of the 2 → n 1-loop result with the
2 → n + 1 tree-level result (Blackhat uses Sherpa,33 Rocket uses MCFM19 ). Both groups showed
first results for pp → W + 3jets, one of the major 2 → 4 Les Houches processes (it’s a major
background to SUSY searches). The results were in the large-Nc limit (which should be good to
a few percent), and in the case of Rocket with just the W q q̄ggg subprocess and without fermion
loops (good to 20 − 30%). Some of them are reproduced in fig. 4, including a comparison to
data34 from the CDF collaboration.b
These developments represent a major step forward and the start of a new era in practical
NLO calculations for the LHC and one can almost certainly expect significant progress on the
remaining technical issues in the coming year or two.
3.2

Not NLO

Plain NLO calculations are not the only means available to us for obtaining predictions at
colliders and a number of varyingly related methods were presented at this year’s Moriond.
It can be useful to combine NLO predictions with a parton-shower Monte Carlo simulation.
White40 discussed this in the context of MC@NLO41,42 for pp → W t production. An issue that
arises at NLO is the appearance of the pp → W tb̄ process, which interferes with non-resonant
A vexing issue here is that the data have been obtained with the JetClu jet algorithm, which is severely IR
unsafe and causes even the LO perturbative prediction to be ill-defined.35 To obtain finite NLO predictions, the
Blackhat group instead used the SISCone jet algorithm.36 It would probably be worth supplementing this with a
calculation that uses an alternative such as anti-kt ,37 insofar as JetClu is probably intermediate in its behaviour
between anti-kt and SISCone, once one accounts for the all-orders perturbative and non-perturbative impact of
the IR unsafety of JetClu.
b
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tt̄ production. This is a non-trivial problem, and to have a solution that allows pp → W t to be
incorporated in MC@NLO is a very useful development
Part of the interest of parton showers is that they resum logarithmically enhanced terms to
all orders. The best resummation precision is, however, to be obtained with analytic calculations,
which were discussed by Ferrera43 for the pt distribution of a Z/γ ∗ system. A context for this
is that the pt distribution for the Higgs boson (which is calculated in a similar way), is an
important ingredient in Higgs searches, and it is valuable to be able validate the calculational
framework for predicting this, which is very similar in the Higgs and the Z cases.
Resummations may also be relevant in predicting the structure of multi-jet events. Normally
multi-jet predictions are based on tree-level calculations, but it was pointed out by Andersen44
that in the case of Higgs plus multijet production, it is technically difficult to obtain exact
predictions for multijet prediction. He thus discussed an interesting approach45 based on the
Fadin-Kuraev-Lipatov high-energy approximation,46 which compares well to exact tree-level calculations in the cases where they are known. This is an interesting complement to normal fixed
order methods, in part also because it provides a natural way of including virtual corrections.
The relevance of the high-energy approximation was also emphasised by Hautmann,47 because
of the expected relevance at LHC of configurations in which multiple emissions may have commensurate transverse momenta (by default not included in parton shower Monte Carlos).
Rather than trying to calculate all orders in some logarithmic approximation, one can also
try to obtain just one order further than NLO, i.e. NNLO. Work towards an efficient program for
fully exclusive NNLO prediction of pp → Z was presented by Ferrera.43 Theoretical developments
were discussed by Heslop48 on the calculation of two-loop diagrams (one of the ingredients of
NNLO predictions) for a theory related to QCD, N = 4 supersymmetric (SUSY) Yang-Mills
(YM) theory, specifically for maximal-helicity-violating (MHV) amplitudes. That large number
of acronyms is indicative of how distant this is from a general full QCD calculation. Yet the
progress made is impressive. In particular, Heslop discussed a conjecture that relates gluon loop
amplitudes to Wilson loops, and showed that if it holds, then one can calculate all planar twoloop MHV n-gluon scattering amplitudes in N = 4 SUSY-YM for any number of gluon legs n.49
This, for two-loop diagrams, is analogous to the type of progress that was being made 15 years
ago for one-loop diagrams50 and that recently has been playing a big role in NLO calculations,
as described in section 3.1.
In discussing perturbative predictions for high-energy colliders, it is important to remember
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that non-perturbative effects can often be as large as higher-orders of perturbation theory.
This is especially true when it comes to the underlying event and pileup at the LHC, and
the simulation of these effects was discussed by Pierog,51 in the context of the EPOS Monte
Carlo program for minimum-bias physics, including the question of how one can incorporate
constraints from cosmic-ray air showers in the modelling of minimum-bias collisions.
4

The Data–Theory interface

Work at the interface between data and theory is crucial if we are to make the best possible use
of both. The topics that fell under this heading were rather varied.
Stelzer53 discussed the Gfitter project52 for electroweak fits of the standard model (and
beyond). It can be seen as an alternative to a tool like against Zfitter,55 and has also been
validated against it. Stelzer quoted a central value for the Higgs mass of 83+30
−23 GeV, to be
+36
compared with that from the Tevatron’s electroweak fit of mH = 90−27 GeV (small details of
the fit are responsible for the difference in results). Including the latest results for the direct
+15.6
Higgs searches gives mH = 116−1.3
GeV, with the χ2 as a function of mH shown in fig. 5 (left).
Still on the subject of using data to constrain theory, Williams56 discussed a program called
HiggsBounds,57 which incorporates results of all experimental Higgs-boson searches into a single
package. The list of searches that are included in the program (too long to reproduce here)
makes for an impressive and valuable collation of information. It can be useful for testing new
models (and there is a convenient web interface), or even new standard-model cross sections,
and Williams illustrated how it had been used to show that a previous 95% exclusion limit on
the Higgs boson from the Tevatron disappeared once one used updated PDFs.
The question of PDFs is one that arises in many places, not surprisingly given how crucial
an input they are for Tevatron and LHC studies. A major issue in standard PDF fits is the
determination of the uncertainties. The two main groups, CTEQ and MSTW, both estimate
them using a δχ2 of order 50. However reasonable the final results, one can’t but help feeling a
little uncomfortable with this choice. A second issue is that standard fits use somewhat restricted
parametrisations, which may bias the final results. An approach that attempts to work around
these issues was presented by Del Debbio,58 for the NNPDF collaboration.59 One innovation is
that they carry out individual fits to a large number of Monte Carlo replica experiments so as
to obtain an ensemble of PDFs (i.e. a direct measure of uncertainties, without needing to choose
a δχ2 value). Additionally, they use neural networks to provide bias-free parametrisations of
the PDFs. Fig. 5 (right) shows results of fits for the up-quark distribution compared to MRST

Events / 8GeV / 30fb-1

results. There are two fits each, one using a full data set and the other a reduced “benchmark”
data set.54 Ideally, the original fit should be within the error band for the benchmark fit, and
the latter should have significantly larger errors in the region lacking data. This is the case for
NNPDF, but less so for MRST, perhaps a consequence of the in-built parametrisation, which
provides a constrained extrapolation into the region with limited data. At the moment the
NNPDF fit lacks heavy-quark effects and pp̄ data, which limits its usefulness, however work is
in progress to resolve these issues. Once this is done, it seems likely that the NNPDF approach
will become a serious competitor to the CTEQ and MSTW groups.
As well as using data to learn more about theory,
qq
(d)
140
one can also take the reverse approach and ask how
V+jets
S/ B = 4.5
theoretical insight can be exploited to better use data.
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This was illustrated in the talk by Rubin61 about a proV+Higgs
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posal for a new LHC search strategy for a light Higgs
boson that decays to bb̄.60 In an ATLAS study62 of the
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pp → HW , H → bb̄ and W → lν channel, it was found
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that the signal to background ratio was very low, as was
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the significance, with the signal only a tiny perturbation close to a peak in the background distribution. Ru20
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0
W and H both have high transverse momenta. Though
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only a small fraction of WH events are in this configuration, it turns out the fraction for the background Figure 6: Distribution of the mass for tagged,
events is smaller still. One challenge in then that the high-pt bb̄ jets with appropriate substructure,
H → bb̄ decay is quite collimated and the bb̄ may end in events also pass a leptonic and missingboson mass of
up in the same jet. However, using a QCD-motivated ET (W/Z) cut, for a Higgs
115 GeV.60
dedicated subjet ID strategy, this issue can be resolved
and, based on Monte Carlo study, one expects that with 30 fb−1 one could obtain a 4 − 5σ
significance for discovery of a 115 GeV Higgs boson at a 14 TeV LHC, cf. fig. 6.
The issue of very small signal to background ratios is one that is common to many of the
experimental analyses discussed at this year’s Moriond QCD. In nearly all the cases the analyses
used a neural network (NN), or some other multi-variate technique, to obtain a measure of how
much a given event is “signal-like” versus background-like, and then showed the distribution for
this measure as their main result.
In informal discussions during the conference, many people expressed discomfort at this
trend (myself included). It is natural of course to seek to use the best tools at hand in order
to maximise one’s chances of seeing a signal. However,
√ultimately, the aim is not merely to get
the largest possible value for some number such as S/ B, but, just as importantly, to convince
the reader/audience that one has actually seen (or excluded) a signal. From this point of view,
neural networks may actually be a hindrance, because they fail to communicate what it is about
a certain set of events that leads one to believe that they correspond to a signal. One can perhaps
mitigate this drawback, to some extent, by showing the correlation between the neural network
output and various physical distributions for background and signal. However, a suggestion for
a more general rule of thumb might be the following: if a NN improves the signal significance
by (say) 20% compared to a cut-based analysis, then one should also show the latter, because it
is likely to be just as convincing (if not more so). If, instead, the NN improves the significance
by a factor of two, then this suggests that there is some underlying physical characteristic of the
signal that could be used also to improve a traditional analysis, and one should figure that out.c
c
Another way of saying this is that one ought not to excessively favour silicon-based neural networks over their
carbon-based cousins.

5

Beyond the Standard Model

Two kinds of “New phenomena” were discussed at this year’s Moriond. Those that relate to
theories that we know well (QCD), but that may have yet-to-be discovered exotic behaviour, for
example in heavy-ion collisions, as discussed below; and those that relate to extensions of the
standard model.
One of the issues with the most popular extension of the standard model, supersymmetry
(SUSY), is that of how this extra symmetry between fermions and bosons gets broken. Various
schemes exist in the literature, such as gravity-mediated SUSY breaking, or gauge-mediated
SUSY breaking. Lalak63 pointed out that, contrary to standard assumptions, it is possible that
real-world SUSY breaking could be a mixture of these.
SUSY is far from being the only viable extension of the Standard Model. Kanemura64
discussed a specific model65 in which the dynamics of an extended Higgs sector and TeV-scale
right-handed neutrinos provide a framework for neutrino oscillation, dark matter, and baryon
asymmetry of the Universe. In particular tiny, physical, neutrino masses are generated at the
three loop level, a singlet scalar field is a candidate of dark matter, and a strong first-order phase
transition is realised for successful electroweak baryogenesis.
One of the most economical ideas for the explaining the electroweak scale involves the idea
that the Higgs is composite (a bit like pion), with its mass generated by non-perturbative
dynamics of a new QCD-like theory, technicolour, but whose coupling grows strong near 1 TeV
rather than near 1 GeV. Technicolour is often considered to be difficult to reconcile with precision
electroweak measurements, but as was discussed by Brower,66 this is based on calculations that
assume that technicolour is similar to QCD. If one instead supposes that technicolour is only
marginally similar to QCD (e.g. it has many more active flavours, with a small β-function
coefficient), then it might be a rather different theory. Would this too then be excluded? The
only way of being sure would be through lattice calculations. In this respect, the fact (cf.
section 2) that we are finally reaching an era of full control over the systematics of lattice
calculations means that we might also be to use them to reliably address questions like this
about technicolour.
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Heavy-Ion Collisions

The key question in the study of heavy-ion collisions (HIC) is that of whether we can understand
the “medium” that is produced in such a collision. Ways of addressing this question include
direct modelling/calculation of the medium, and the use of probes that traverse it to measure
its characteristics.
Direct calculation can be performed with lattice calculations at finite temperature (albeit
only for equilibrium, static media, i.e. an idealisation of what is to be found in true HICs).
Schmidt67 described a lattice calculation68 of the equation of state for the medium. One interesting result was for the Taylor expansion of the pressure as a function of the ratio of quark
chemical potential µuds to temperature T ,
X u,d,s  µu i  µd j  µs k
1
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(1)
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µ
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µ
)
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u d
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ijk

The fourth-order Taylor coefficient, cu4 is shown as a function of temperature in fig. 7, and
one sees a clear peak near 200 MeV. This, together with the behaviour of the other expansion
coefficients, hints at the existence of a critical point at that temperature — something that the
experiments may look for explicitly in their data.
Greiner70 discussed a microscopic approach to the quark-gluon plasma, the “Boltzmann Approach of MultiParton Scatterings” (BAMPS), a transport algorithm that solves the Boltzmann

Figure 7: Left: the fourth-order coefficient of the Taylor expansion of the equation of state in lattice simulations
of finite temperature QCD,67,68 with structure at T ≃ 200 MeV that is suggestive of a critical point. Right: the
angular distribution of particles in that are produced from the showering of a 100 GeV gluon in the vacuum, and
in a medium with transport coefficient q̂ = 5, 50 GeV2 /fm, as simulated with Q-Pythia.69

equations for on-shell partons with perturbative QCD interactions, essentially including a 2 → 2
scattering term and a 2 → 3 term, the latter being important for thermalisation. This gives
a very good description of the elliptic flow, v2 (a non-trivial achievement),71 but significantly
oversuppresses high-pt particle production, giving RAA ≃ 0.05 as opposed to the experimental
value of RAA ≃ 0.2. So, while a microscopic description can provide much insight, it seems that
it remains a challenge to describe the entire body of data.
A complementary approach to the calculation of medium properties is to investigate the
influence of the medium on probes that traverse it, so as to obtain a measure of its properties
(albeit a somewhat indirect one).
One classic probe is the J/ψ, on the grounds that in a hot medium it would “melt” and so
its production would be suppressed. Ferreiro72 pointed out that to make sense of AA data, it
is important73 to understand not only the high-temperature effects, but also phenomena such
as nuclear shadowing that occur even in cold nuclear matter. Another “early-time” probe was
discussed by Kerbikov,74 specifically πΞ correlations, of interest because models predict an early
decoupling of multi-strange hadrons like the Ξ.
A probe that has seen very extensive study in recent years is a hard parton that traverses
the medium. The main indicator that has been discussed so far is the amount of energy lost
during this traversal, which has been modelled in terms of medium-enhanced radiative energy
loss, as well as collisional energy loss.
Zakharov75 discussed an additional source of energy loss. He argued that certain models
of the quark-gluon plasma, such as “anomalous viscosity”76 imply the presence of chromomagnetic fields that are sufficient to induce substantial synchrotron radiation from a gluon that
goes through them.77 He estimated that synchrotron energy loss should be of similar magnitude
to collisional energy loss, and each of them about 25% of radiative energy loss.
The fact that many mechanisms may contribute to parton energy loss motivates more exclusive studies, which look not just at leading particle spectra, but the properties of particle
and energy flow in the vicinity of a leading particle. To help interpret such studies, it is essential to have more exclusive modelling tools, such as “medium-aware” Monte Carlo generators. Salgado78 discussed a modification of Pythia,79 Q-Pythia,69 that incorporates an additional
medium-induced gluon emission term in the parton shower. Fig. 7 (right) shows the angular
distribution of particles emitted from a 100 GeV gluon, both in the vacuum and in a medium,
and illustrates the significant differences that are to be seen, both in multiplicity and in typical
angle. This kind of tool promises to be very useful, both in testing the underlying modelling,

and in designing experimental analyses to further probe the mechanism of jet quenching.
The final talk of the conference, by Warringa,80 discussed the effects of topological charge
change in heavy-ion collisions.81 He argued for the following chain of events: 1) there are topological charge fluctuations in the hot medium (like instantons); 2) that topological charge fluctuations induce fluctuations in chirality, e.g. more right-handed quarks and antiquarks (i.e. with
the spin aligned along the direction of motion) than left-handed ones; 3) that if there is a (QED)
magnetic field in the medium, this will orient the spins of the uL , d¯L , uR , d¯R quarks parallel (and
the others anti-parallel) to the direction of the magnetic field; 4) that together with a fluctuation
in chirality, (say more R), this will lead to uR d¯R (positive charge) moving in the direction of
the field, and ūR dR (negative charge) moving in the opposite direction; 5) that in a non-central
AA collision there is a (QED) magnetic field, perpendicular to the reaction plane, generated as
the two charged nuclei go past each other, and therefore that this orients net charge flow along
a direction perpendicular to the reaction plane; 6) that this can be seen in AA collisions, by
±,∓
plotting a variable hcos(φ±
− 2ΨRP )i (where ΨRP is the angle of the reaction plane)
i + φj
as a function of centrality. Remarkably, a preliminary STAR measurement82 shows that this
quantity becomes significantly different from zero (in the direction expected) for the least central collisions, precisely those that are expected to have the strongest magnetic field. Given how
long the theoretical community has been discussing topological charge in SU(N) theories, this
is a very interesting development. One can only look forward to further cross-checks, and one
interesting one would for example be the experimental verification of appropriate scaling with
nuclear charge Z for constant A.
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