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Studies of events produced in proton-proton collisions containing a photon and one or

more jets in the final state provide a direct probe of quantum chromodynamics (QCD) [1–5].

The production cross sections, examined for various angular configurations, are sensitive

to contributions from the QCD hard-scattering subprocesses and to parton distribution

functions (PDFs) of the proton [6, 7]. Measurements of these cross sections serve to con-

strain PDF models and provide information for improving phenomenological Monte Carlo

models, as well as testing the applicability of fixed-order perturbative calculations over a

wide range of kinematic regions. Photon+jets (direct photon) events are a major source of

background to standard model measurements, most notably for the study of a light, neu-

tral Higgs boson in the decay channel H → γγ [8], as well as beyond-the-standard-model

searches for signatures of extra dimensions [9] and excited quarks [10], among others. Pho-

ton+jets events can also be used to calibrate jet energies [11], and to model the missing

transverse energy distributions attributed to the presence of noninteracting particles [12].

This Letter presents a measurement of the triple-differential cross section for pho-

ton+jets production using a data set collected by the Compact Muon Solenoid (CMS)

detector at the Large Hadron Collider (LHC) from pp collisions at
√
s = 7 TeV. The data

correspond to an integrated luminosity of 2.14 fb−1. This measurement spans a trans-

verse momentum range of 40 < pγT < 300 GeV and pjetT > 30 GeV for photons and jets,

respectively. It is performed in four regions of pseudorapidity for the photon (|ηγ | < 0.9,

0.9 ≤ |ηγ | < 1.44, 1.56 ≤ |ηγ | < 2.1 and 2.1 ≤ |ηγ | < 2.5) and two regions of pseudorapidity

for the leading-transverse-momentum jet (|ηjet| < 1.5 and 1.5 ≤ |ηjet| < 2.5). The dom-

inant mechanisms for direct production of photons with large transverse momentum are

the Compton-like gluon scattering process gq → γq and the quark-antiquark annihilation

process, qq→ γg [13]. The main background for these processes comes from the decay of

neutral hadrons, such as π0 and η mesons, into nearly collinear pairs of photons. The ex-

pected background contribution from W+jets and diphoton production is negligible. This

measurement spans an x and Q2 region of 0.002 . x . 0.4 and 1600 ≤ Q2 ≤ 9× 104 GeV2,

and extends the kinematic regions of photon pT covered by earlier measurements [14–24].

Measurements of the differential cross sections and ratios of the differential cross sections

for different angular configurations are compared to theoretical predictions.

The CMS detector is a general-purpose, hermetic detector providing large solid an-

gle coverage for electromagnetic and hadronic showers, charged particle tracks, and muons.

The CMS experiment uses a right-handed coordinate system, with the origin at the nominal

interaction point, with the x axis pointing to the center of the LHC ring, the y axis pointing

up (perpendicular to the plane of the LHC ring), and the z axis along the counterclockwise-

beam direction. The polar angle θ is measured from the positive z axis and the azimuthal

angle φ in the x-y plane. The pseudorapidity is defined by η = − ln[tan(θ/2)]. A full de-

scription of the CMS detector can be found in ref. [25]. The subdetectors most relevant to

this analysis are the electromagnetic calorimeter (ECAL), the hadron calorimeter (HCAL),

and the silicon tracker. These detectors are located within a 3.8 T superconducting solenoid

of 6 m internal diameter. The ECAL is a homogeneous calorimeter composed of approxi-

mately 76 000 lead tungstate crystals with segmentation ∆η×∆φ = 0.0174×0.0174 (where

φ is measured in radians), corresponding to a physical area of 22 × 22 mm2 at the front
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face of a crystal in the central barrel region (|η| < 1.5) and 28.62 × 28.62 mm2 in two

endcap regions (1.5 < |η| < 3.0). The HCAL is a brass/scintillator sampling calorimeter

with segmentation of ∆η × ∆φ = 0.087 × 0.087 in the central region (|η| < 1.74) and

∆η × ∆φ = 0.09 × 0.174 to 0.35 × 0.174 for forward pseudorapidity (1.74 < |η| < 3.0).

The silicon tracking system, located between the LHC beam pipe and the ECAL, consists

of pixel and strip detector elements covering the pseudorapidity range |η| < 2.5. In the

forward region a preshower detector, consisting of two planes of silicon sensors interleaved

with 3 radiation lengths of lead, is located in front of the ECAL, covering the region

1.65 < |η| < 2.6.

Events selected for this analysis are recorded using a two-level trigger system. A

level-1 trigger requires a cluster of energy deposited in the ECAL with transverse energy

ET > 20 GeV. The CMS high-level trigger (HLT) applies a more sophisticated energy

clustering algorithm to events passing the level-1 threshold and further requires ET trigger

thresholds from 30 to 135 GeV. These thresholds are raised with increased instantaneous

luminosity to prevent saturation of the readout. In addition to these trigger requirements,

an offline requirement is imposed to ensure that events have at least one well reconstructed

primary vertex within 24 cm in z of the nominal center of the detector.

Photons deposit most of their energy through electromagnetic showers in the ECAL.

They are reconstructed by clustering energy deposits in neighboring crystals according to

criteria that are optimized for different regions of pseudorapidity. Each clustering algorithm

begins from a seed crystal with large transverse energy. In the barrel region, clusters are

formed by summing energies across 5 (35) crystals in the η (φ) direction. Clusters in the

endcap are formed by combining contiguous 5 × 5 arrays of crystals and including the

corresponding energy in the preshower detector. The full details of these algorithms can

be found in ref. [26]. We apply the same selection criteria used in the measurement of the

inclusive photon cross section [27] and provide a summary here. A photon reaching the

ECAL without undergoing conversion to an e+e− pair deposits most of its energy in a 3×3

crystal matrix. Only a very small fraction of the energy from the resulting shower leaks

into the HCAL, hence the ratio of the energy of the photon candidate in the HCAL to the

energy in the ECAL, H/E, within a cone of radius R =
√

(∆η)2 + (∆φ)2 = 0.15 around

the seed crystal can be used to separate photon showers from electromagnetic components

of hadron-initiated showers. For this analysis, a requirement of H/E < 5% is applied to

the photon candidates. To reject electrons, we require that there be no hits in the first two

inner layers of the silicon pixel detector that are consistent with an electron track matching

the location and energy of the photon candidate in the calorimeter (pixel detector veto).

To further improve the purity of the photon candidate sample, an additional requirement

is applied based on the second moment of the electromagnetic shower in η, calculated using

a 5× 5 matrix of crystals around the highest energy crystal in the cluster,

σ2ηη =

∑
(ηi − η̄)2wi∑

wi
, (1)

where the sum runs over all elements of the 5 × 5 matrix, and ηi = 0.0174η̂i, with η̂i
denoting the η index of the ith crystal; the individual weights wi are given by wi =
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max (0, 4.7 + ln(Ei/E5×5)) and Ei is the energy of the ith crystal; η̄ =
∑
ηiwi/

∑
wi is

the energy-weighted average pseudorapidity. The requirement σηη < 0.01 (0.028) in the

barrel (endcaps) further suppresses background from neutral mesons (π0, η, etc.) that

may satisfy the isolation requirements described below as a result of fluctuations in the

fragmentation of partons. The combined H/E and shower shape requirements along with

the pixel detector veto comprise the photon identification criteria. If multiple photons are

reconstructed within the fiducial range of this analysis, only the photon with highest pγT,

leading photon, is considered.

Jets are reconstructed using the anti-kT [28] clustering algorithm with distance pa-

rameter of 0.5. Inputs for the jet clustering are defined by the particle-flow [29] algorithm,

which is a full-event reconstruction technique that aims to reconstruct and identify all

stable particles produced in an event through the combination of information from all sub-

detectors. Jets with pT > 30 GeV are selected for this analysis, and are required to pass

data quality requirements designed to remove spurious jets resulting from noise [30]. Ineffi-

ciencies due to these criteria are negligible. Since energetic photons are also reconstructed

as jets by the anti-kT algorithm, any jet that overlaps with the leading photon within a

cone of R < 0.5 is removed from consideration.

Even after the photon identification criteria are applied, a significant background re-

mains, mostly from neutral mesons that decay to photons that overlap in the ECAL.

Templates constructed from signal and background distributions are fitted to data to de-

termine the purity of the selected photon sample. The method exploits the distribution of

energy in the vicinity of the photon using the variable Isoγ = IsoTRK + IsoECAL + IsoHCAL,

where IsoTRK is the sum of the pT of tracks consistent with the reconstructed vertex in a

hollow cone, 0.04 < R < 0.40, centered around the candidate photon momentum vector ex-

tending from the primary vertex to the ECAL cluster. Similarly, IsoECAL is the transverse

energy deposited in the ECAL in 0.06 < R < 0.40, and IsoHCAL is the transverse energy

deposited in the HCAL in 0.15 < R < 0.40. For the IsoTRK (IsoECAL) distributions, we do

not include energy in a rectangular strip of ∆η×∆φ = 0.015 (0.040)×0.040 to exclude en-

ergy associated with the photon in case of conversion [31]. The method takes advantage of

differences in the Isoγ distributions between signal and background. The main contribution

to Isoγ for genuine photons comes from the underlying event and multiple pp interactions

in the same bunch crossing (pile-up collisions). The average number of pile-up collisions

for data used in this analysis is ∼6. In contrast, Isoγ for misidentified photons includes

additional contributions of energy from jet fragmentation. Hence, the Isoγ distribution for

the background tends to be broader than for signal.

The signal template is modeled using Monte Carlo (MC) events generated with pythia

6.424 [32] and parameterized by the convolution of an exponential function with a Gaussian,

S(x) = CS eαx ⊗Gaussian(x, µ, σ), (2)

where x = Isoγ , (µ, σ) = ~p and α describe the peak and tail of the signal template,

respectively, and CS normalizes the distribution to unit area. The background tem-

plate is obtained from data using a background-enriched sample collected from a side-

band region, obtained by inverting the shower shape selection requirement and requiring
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Figure 1. Example of a fit to the Isoγ distribution using signal and background templates.

σηη > 0.011 (0.030) in the barrel (endcap) regions. The background distribution is param-

eterized using an inverse ARGUS function [33],

B(x) =

{
CB
[
1− ez(x−q1)

]
· [1− q2(x− q1)]q3 ; x ≥ q1

0 ; x < q1,
(3)

where x = Isoγ , z describes the shape of the background template in the signal-dominated

region, q1 (q2, q3) describe the starting point of the background template (or its shape in

the background-dominated region), and CB normalizes the distribution to unit area.

The signal purity is determined by fitting the signal and background template func-

tional forms to data, NS · IsoγS +NB · IsoγB, and minimizing an extended χ2 defined as

χ2 =

n∑
i=1

(
Ni − (NSSi(~p, α) +NBBi(z, ~q))

σNi

)2

+

(
(z − zcentral)

σz

)2

, (4)

where NS and NB are the numbers of signal and background events, n is the number of bins

in the templates, Ni the observed number of events for the ith bin with uncertainty σNi ,

Si and Bi are the per-bin integrals of the corresponding signal and background templates,

and zcentral (σz) is the value (uncertainty) of the parameter z determined by the fitting

of the background template. The parameters can be categorized into those that most

directly model the signal-dominated (µ, σ, z, and q1) and background-dominated (α, q2,

and q3) regions. The parameter that describes the peak in the signal template is allowed

to vary in the fit to correct for differences between data and MC in the region of low

isolation energy. This procedure is validated with data using a photon sample collected

from Z → µ+µ−γ events. The parameter that describes the tail of the signal template

in the high isolation energy region is shifted by 5% to account for differences observed

between data and MC simulation, and to estimate the uncertainty from the contributions

of nonprompt photons, which originate from jet fragmentation. In the low Isoγ region,
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Figure 2. Examples of signal purity as a function of pγT for (a) photons in the barrel and (b)

photons in the endcap. In each figure the open (filled) circles correspond to the events with leading

jet located in the barrel (endcap). The error bars represent the total statistical and systematic

uncertainty in the purity measurement.

the background distribution is constrained by the sideband data, allowing the parameter

z to vary based on the value zcentral with an uncertainty σz. An example of the resulting

templates is shown in figure 1. The purity is determined independently in bins of γ and

jet pseudorapidity and as a function of pγT.

The signal purity is defined as the ratio of prompt photons to the total number of

selected photons. This is shown as a function of pγT in figure 2 for two ranges of ηγ ; it

increases with the transverse momentum of the photons. The variation of the measured

photon purity across kinematic regions is consistent with expectations for signal and back-

ground, which correspond to different admixtures of initial partonic states. The main

contribution to the systematic uncertainty in the photon signal purity is due to the mod-

eling the shape of the background template, which is dominated by statistical uncertainty

in the sideband samples. This uncertainty is evaluated by performing pseudo-experiments

based on simulated QCD samples to examine variations in the measurement of the purity

due to statistical fluctuations in the template models. The upper limit of pγT < 300 GeV

in this analysis is determined by the availability of data that allows us to independently

model background templates for each bin in the triple differential cross section. We also

consider a contribution to the systematic uncertainty related to the modeling of the signal

template. The systematic uncertainty is evaluated independently for each bin and increases

with decreasing photon transverse momentum from 1% to 30%.

The selection efficiency for photons can be factorized into four terms, which are mea-

sured independently: εtotal = εtrigger · εRECO · εID · εPMV. The first factor, εtrigger, is the

trigger selection efficiency, and is measured in data using electrons from the decay of Z

bosons following a ‘tag-and-probe’ method [34]. The tag electron is required to match an

object reconstructed as an HLT electron, while the probe requirement is relaxed to pass

the offline photon selection requirements and a photon HLT path. This efficiency factor is

found to be consistent with 100% within its systematic uncertainty. The reconstruction ef-
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Figure 3. Total efficiency for photon selection as a function of photon transverse momentum (pγT)

in four different photon pseudorapidity (ηγ) ranges. The error bars include both statistical and

systematic uncertainties and are dominated by the latter. For clarity, points corresponding to the

second and third ηγ bins are shifted to the right by 5 and 10 GeV, respectively.

ficiency, εRECO, is measured using simulated events in a photon+jets sample generated with

pythia. The same sample is used to determine εID, the efficiency of the photon identifica-

tion criteria apart from the pixel detector veto. The systematic uncertainty in the photon

identification efficiency is determined from the differences between MC simulation and data

by applying the nominal photon selection criteria to electrons in a Z-boson-enriched data

sample. The photon pixel veto efficiency, εPMV, is estimated from data by employing the

tag-and-probe technique with final-state-radiation photons in Z → µ+µ−γ events and is

independent of pT. The total photon efficiency as a function of photon transverse momen-

tum in the four photon pseudorapidity ranges is shown in figure 3. The variation of total

efficiency values in the photon pseudorapidity regions is mainly caused by the pixel veto

efficiency contribution.

Figures 4 and 5 show the measurement of the triple-differential cross section

d3σ/(dpγT dηγ dηjet) for |ηjet| < 1.5 and 1.5 < |ηjet| < 2.5. The measurements are cor-

rected for detector acceptance, efficiency and resolution by unfolding the spectra using an

iterative method [35]. The cross section is calculated using

d3σ

dpγTdηγdηjet
=

1

∆pγT ·∆ηγ ·∆ηjet
Nγ

signal · U
L · ε

, (5)

where Nγ
signal is the number of photon candidates corrected for purity in bins of ∆pγT,∆η

γ ,

and ∆ηjet with integrated luminosity L; U and ε are the unfolding and efficiency corrections,

respectively.

The systematic uncertainty due to the unfolding procedure is estimated by varying

the parameterization of signal model and photon energy resolution according to differences

between the data and MC distributions. The effect of uncertainties in the photon en-

ergy scale varies from 1.1%–1.5% (2.2%–3%) for measurements with photons in the barrel

(endcap),while those due to the jet energy scale are negligible. The contributions to the
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Figure 4. Differential cross sections for |ηjet| < 1.5. The measured cross sections (markers)

in four different ranges of ηγ are compared with the sherpa tree-level MC (solid line) and the

NLO perturbative QCD calculation from jetphox (dashed line). The cross sections for the most

central photons are scaled by factors of 20 to 8000 for better visibility. Error bars are statistical

uncertainties and the shaded bands correspond to the total experimental uncertainties.

systematic uncertainty in the differential cross section from the determination of photon

reconstruction efficiency, unfolding, photon energy scale and the photon purity determina-

tion are given in table 1. The table also shows the total systematic uncertainty obtained by

adding all the contributions in quadrature. At low pγT the systematic uncertainty is dom-

inated by the purity determination. This is also the region where the uncertainty is the

highest. At high pγT the most significant contribution usually comes from the determination

of the reconstruction efficiency.

The measured cross sections are compared to theoretical predictions based on pertur-

bative QCD using the leading order (LO) MC event generator sherpa (v1.3.1) [36] and

the full next-to-leading order (NLO) calculation implemented in jetphox (v1.2.2) [37].

The SHERPA MC program incorporates higher-order tree level matrix elements (ME) and

parton shower (PS) modeling using the ME-PS matching algorithm described in ref. [38].

A similar technique is also applied to processes involving prompt photons [39], combining

the photon and QCD parton multiplicity tree-level matrix elements with a QCD+QED

parton shower using the formalism given in ref. [38], thus treating photons and jets on

an equal footing [39]. This treatment also includes contributions from the photon frag-

mentation component, permitting a direct comparison with experimental measurements.

The predictions from sherpa agree well with earlier photon measurements from the Teva-

tron [21]. The photon+jets final states are generated with up to three additional jets

using sherpa and the CTEQ6 [40] parton distribution functions (PDFs). Calculations
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Figure 5. Differential cross sections for 1.5 < |ηjet| < 2.5. The measured cross sections (markers)

in four different ranges of ηγ are compared with the sherpa tree-level MC (solid line) and the

NLO perturbative QCD calculation from jetphox (dashed line). The cross sections for the most

central photons are scaled by factors of 20 to 8000 for better visibility. Error bars are statistical

uncertainties and the shaded bands are the total experimental uncertainties.

are performed using default choices for renormalization (µR) and factorization (µF ) scales

equal to pγT. The jetphox calculation at NLO in perturbative QCD includes a model

of fragmentation functions of partons to photons [41] and uses the CT10 [42] NLO PDFs

with µR = µF = µf = pγT/2, where µf defines the fragmentation scale. To model the

effect of experimental selection requirements for these processes, the energy around the

photon within the R < 0.4 cone is required to be less than 5 GeV. The effect due to the

choice of theory scales is obtained by independently varying µR, µF , µf by the factors 0.5

and 2.0. The uncertainty in the predictions due to the choice of PDF is determined from

the 40 (52) component error sets of CTEQ6M (CT10) and evaluated using the master

equations as given by the ‘modified tolerance method’ recommended in ref. [43]. The ef-

fects of contributions from the parton-to-hadron fragmentation and the underlying event

are examined by comparing cross sections determined using our default tune in pythia

at hadron level with and without multiple parton interactions (MPI) and hadronization

processes included. We find these contributions to produce small fluctuations around the

parton-level cross section with little dependence on kinematic variables and conclude that

an uncertainty of 1% added to the jetphox predictions in each (ηγ , ηjet) region covers

their effects. Figure 6 shows the ratios of the measured triple-differential cross section

to theoretical predictions. The determination of the photon signal purity contributes the

main systematic uncertainty affecting this measurement. The central values of the cross

section, the statistical uncertainty, and the total systematic uncertainty are summarized

in tables 2 and 3. The predictions from sherpa and jetphox are consistent with data,
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|ηγ | < 1.44

pγT (GeV) efficiency (%) unfolding (%) photon energy (%) purity (%) total (%)

40–45 2.5 2.1 1.1 4.9–9.3 6.0–10.0

45–50 1.2 2.5 1.2 4.9–17 5.6–17

50–60 4.5 2.6 1.4 4.2–13 6.8–14

60–70 4.5 2.4 1.5 3.7–11 6.5–13

70–85 4.5 1.2 1.5 4.6–5.7 6.7–7.5

85–100 4.5 1.4 1.5 2.2–3.1 5.4–5.8

100–145 4.5 1.4 1.5 1.8–2.5 5.2–5.6

145–300 4.5 1.2 1.5 1.4–2.6 5.1–5.5

1.57 < |ηγ | < 2.5

pγT (GeV) efficiency (%) unfolding (%) photon energy (%) purity (%) total (%)

40–45 3.0 2.1 2.2 6.9–9.9 8.1–11

45–50 3.5 2.5 2.4 8.6–38 9.9–38

50–60 5.0 2.6 2.7 7.2–25 9.5–25

60–70 5.0 2.4 3.0 7.0–12 9.4–14

70–85 5.0 1.2–5.0 3.0 10–13 12–15

85–100 5.0 1.4–5.0 3.0 2.8–4.6 6.6–8.6

100–145 5.0 1.4–4.0 3.0 2.8–6.3 6.6–8.7

145–300 5.0 1.2–2.1 3.0 2.9–5.1 6.8–7.9

Table 1. Contributions to the relative systematic uncertainty (in percent) in the cross section

measurement from efficiency, unfolding, photon energy scale, and purity calculations. The total

systematic uncertainty is obtained by adding all the contributions in quadrature, a 2.2% uncertainty

due to the integrated luminosity measurement is not included. The numbers in the table represent

the ranges of uncertainties obtained in different ηγ and ηjet bins.

except for cases of photons measured in the largest η and pT regions.

Figure 7 shows the ratios of cross sections with different angular orientations between

the photon and the leading jet. An earlier study performed by the D0 experiment at

the Tevatron [21] restricted the photon to |ηγ | < 1.0, while allowing the jet to be either

in the central (|ηjet| < 0.8) or forward (1.5 < |ηjet| < 2.5) region. In this study, we

consider |ηγ | < 0.9 and |ηjet| < 1.5 or 1.5 < |ηjet| < 2.5. The advantage of measuring the

ratios of cross sections is that uncertainties in the integrated luminosity and reconstruction

efficiencies largely cancel.

In conclusion, events with at least one photon and one jet have been studied with a data

sample corresponding to an integrated luminosity of 2.14 fb−1 collected in proton-proton

collisions at
√
s = 7 TeV. The cross section is measured as a function of the transverse

momentum of the photon for various configurations of the leading photon and the lead-

ing jet. These measurements are used to determine eight ratios of the triple-differential

cross section d3σ/(dpγT dηγ dηjet). They provide measures of the relative cross sections for

photon+jets production in different pseudorapidity regions and, thus, over a wide range

– 10 –



J
H
E
P
0
6
(
2
0
1
4
)
0
0
9

40 50 60 70 210 210×2

R
at

io
 o

f c
ro

ss
 s

ec
tio

ns
: D

at
a/

T
he

or
y

0.4

0.6

0.8

1

1.2

1.4

1.6 | < 0.9
γη0 < |

| < 1.5jetη0 < |

CMS
-1L = 2.14fb

 = 7 TeVs

40 50 60 70 210 210×2

0.4

0.6

0.8

1

1.2

1.4

1.6 | < 0.9
γη0 < |

| < 2.5jetη1.5 < |

ratio of data to JETPHOX

JETPHOX scale uncertainty

CT10 PDF uncertainty

ratio of SHERPA to JETPHOX

40 50 60 70 210 210×2

0.4

0.6

0.8

1

1.2

1.4

1.6
| < 1.44

γη0.9 < |

| < 1.5jetη0 < |

40 50 60 70 210 210×2

0.4

0.6

0.8

1

1.2

1.4

1.6
| < 1.44

γη0.9 < |

| < 2.5jetη1.5 < |

40 50 60 70 210 210×2

0.4

0.6

0.8

1

1.2

1.4

1.6
| < 2.1

γη1.57 < |

| < 1.5jetη0 < |

40 50 60 70 210 210×2

0.4

0.6

0.8

1

1.2

1.4

1.6
| < 2.1

γη1.57 < |

| < 2.5jetη1.5 < |

40 50 60 70 210 210×2

0.4

0.6

0.8

1

1.2

1.4

1.6
| < 2.5

γη2.1 < |

| < 1.5jetη0 < |

 (GeV)
T

γp
40 50 60 70 210 210×2

0.4

0.6

0.8

1

1.2

1.4

1.6
| < 2.5

γη2.1 < |

| < 2.5jetη1.5 < |

Figure 6. The ratios of the measured triple-differential cross sections to the NLO QCD predic-

tion using jetphox with the CT10 PDF set and scales µR,F,f = 1
2p
γ
T. The vertical lines on the

points show the statistical and systematic uncertainties added in quadrature. The two dotted lines

represent the effect of varying the theoretical scales as described in the text. The shaded bands

correspond to the CT10 PDF uncertainty. The dash-dotted lines show the ratios of the sherpa

predictions to jetphox.
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|ηγ | < 0.9 and |ηjet| < 1.5

pγT Cross section (pb/GeV) Ratio

(GeV) DATA jetphox sherpa D/J D/S

40–45 27.9±1.0±1.8 24.9 24.5 1.12±0.08 1.14±0.08

45–50 20.1±1.0±1.2 18.3 16.0 1.10±0.09 1.26±0.10

50–60 10.70±0.40±0.77 10.8 9.41 0.99±0.08 1.14±0.09

60–70 5.22±0.16±0.36 5.53 4.71 0.94±0.07 1.11±0.08

70–85 2.62±0.09±0.21 2.61 2.26 1.00±0.09 1.16±0.10

85–100 1.14±0.01±0.07 1.14 1.04 1.00±0.06 1.09±0.06

100–145 0.358±0.003±0.020 0.344 0.303 1.04±0.06 1.18±0.07

145–300 0.0320±0.0002±0.0018 0.0302 0.0290 1.06±0.06 1.10±0.06

|ηγ | < 0.9 and 1.5 < |ηjet| < 2.5

pγT Cross section (pb/GeV) Ratio

(GeV) DATA jetphox sherpa D/J D/S

40–45 11.2±1.0±1.1 12.2 11.6 0.92±0.12 0.97±0.13

45–50 8.59±0.82±1.05 8.52 7.94 1.01±0.16 1.08±0.17

50–60 4.76±0.36±0.44 5.02 4.36 0.95±0.11 1.09±0.13

60–70 2.19±0.14±0.21 2.29 2.17 0.96±0.11 1.01±0.11

70–85 0.998±0.061±0.075 1.04 1.02 0.96±0.09 0.97±0.09

85–100 0.454±0.009±0.028 0.429 0.455 1.06±0.07 1.00±0.06

100–145 0.134±0.002±0.008 0.126 0.116 1.06±0.07 1.15±0.07

145–300 0.0095±0.0001±0.0006 0.0091 0.0104 1.04±0.06 0.91±0.06

0.9 < |ηγ | < 1.44 and |ηjet| < 1.5

pγT Cross section (pb/GeV) Ratio

(GeV) DATA jetphox sherpa D/J D/S

40–45 22.4±1.4±1.9 22.8 21.3 0.98±0.10 1.05±0.11

45–50 19.6±1.0±1.3 16.4 14.4 1.19±0.10 1.36±0.11

50–60 9.32±0.50±0.77 9.82 8.32 0.95±0.09 1.12±0.11

60–70 4.57±0.20±0.58 4.99 4.32 0.92±0.12 1.06±0.14

70–85 2.32±0.10±0.16 2.33 1.99 1.00±0.08 1.17±0.10

85–100 1.06±0.01±0.06 1.03 1.01 1.03±0.06 1.05±0.06

100–145 0.331±0.004±0.019 0.322 0.285 1.03±0.06 1.16±0.07

145–300 0.0283±0.0003±0.0016 0.0298 0.0291 0.95±0.05 0.97±0.06

0.9 < |ηγ | < 1.44 and 1.5 < |ηjet| < 2.5

pγT Cross section (pb/GeV) Ratio

(GeV) DATA jetphox sherpa D/J D/S

40–45 17.3±1.3±1.8 14.1 12.2 1.22±0.16 1.42±0.18

45–50 8.1±1.5±1.4 9.62 8.23 0.84±0.21 0.98±0.25

50–60 4.54±0.61±0.66 5.77 5.05 0.79±0.16 0.90±0.18

60–70 2.83±0.18±0.23 2.82 2.27 1.00±0.10 1.25±0.13

70–85 1.18±0.09±0.09 1.33 1.15 0.89±0.10 1.03±0.11

85–100 0.563±0.013±0.035 0.541 0.503 1.04±0.07 1.12±0.07

100–145 0.167±0.003±0.010 0.161 0.151 1.04±0.06 1.11±0.07

145–300 0.0121±0.0002±0.0007 0.0115 0.0127 1.05±0.06 0.96±0.06

Table 2. The triple-differential cross sections d3σ/(dpγT dηγ dηjet) for photons located in the central

region with statistical and systematic uncertainties, compared to predictions from jetphox and

sherpa. A 2.2% luminosity uncertainty is included in the systematic uncertainty [44]. The final

two columns show the ratio of CMS data to jetphox (D/J) and sherpa (D/S), respectively.
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1.57 < |ηγ | < 2.1 and |ηjet| < 1.5

pγT Cross section (pb/GeV) Ratio

(GeV) DATA jetphox sherpa D/J D/S

40–45 21.2±2.0±1.9 19.8 18.1 1.07±0.14 1.17±0.15

45–50 14.6±1.4±2.0 14.0 12.1 1.04±0.18 1.21±0.20

50–60 9.82±0.67±0.96 8.38 6.89 1.17±0.14 1.43±0.17

60–70 4.23±0.26±0.41 4.10 3.51 1.03±0.12 1.20±0.14

70–85 2.04±0.11±0.24 2.02 1.77 1.01±0.13 1.15±0.15

85–100 0.928±0.019±0.065 0.868 0.842 1.07±0.08 1.10±0.08

100–145 0.276±0.005±0.019 0.267 0.239 1.04±0.07 1.16±0.08

145–300 0.0221±0.0003±0.0017 0.0236 0.0223 0.94±0.07 0.99±0.08

1.57 < |ηγ | < 2.1 and 1.5 < |ηjet| < 2.5

pγT Cross section (pb/GeV) Ratio

(GeV) DATA jetphox sherpa D/J D/S

40–45 22.3±1.4±1.9 15.8 14.0 1.41±0.15 1.60±0.17

45–50 9.1±1.4±1.1 10.9 9.66 0.83±0.17 0.94±0.19

50–60 6.92±0.68±0.86 6.65 5.39 1.04±0.17 1.28±0.20

60–70 3.13±0.21±0.43 3.15 2.92 0.99±0.15 1.07±0.16

70–85 1.63±0.11±0.25 1.50 1.26 1.09±0.18 1.29±0.22

85–100 0.694±0.017±0.059 0.643 0.596 1.08±0.10 1.16±0.10

100–145 0.202±0.004±0.016 0.183 0.162 1.10±0.09 1.25±0.10

145–300 0.0129±0.0002±0.0009 0.0135 0.0113 0.96±0.07 1.14±0.08

2.1 < |ηγ | < 2.5 and |ηjet| < 1.5

pγT Cross section (pb/GeV) Ratio

(GeV) DATA jetphox sherpa D/J D/S

40–45 14.5±3.4±1.6 17.1 14.5 0.85±0.22 1.00±0.26

45–50 13.6±2.0±1.4 12.0 9.77 1.13±0.20 1.39±0.25

50–60 4.72±0.76±1.2 7.17 5.71 0.66±0.20 0.83±0.25

60–85 1.78±0.16±0.25 2.42 2.05 0.74±0.12 0.87±0.14

85–100 0.607±0.031±0.048 0.713 0.641 0.85±0.08 0.95±0.09

100–145 0.174±0.008±0.016 0.206 0.174 0.84±0.09 1.00±0.10

145–300 0.0082±0.0004±0.0007 0.0145 0.0129 0.56±0.05 0.63±0.06

2.1 < |ηγ | < 2.5 and 1.5 < |ηjet| < 2.5

pγT Cross section (pb/GeV) Ratio

(GeV) DATA jetphox sherpa D/J D/S

40–45 13.2±4.2±1.4 16.2 14.4 0.81±0.27 0.92±0.31

45–50 9.9±4.0±3.7 11.4 9.51 0.87±0.48 1.04±0.57

50–60 5.6±1.0±1.0 6.75 5.36 0.83±0.22 1.04±0.27

60–85 1.87±0.18±0.23 2.29 1.88 0.82±0.13 0.99±0.16

85–100 0.607±0.029±0.054 0.628 0.593 0.97±0.10 1.02±0.10

100–145 0.148±0.006±0.012 0.160 0.161 0.92±0.08 0.92±0.08

145–300 0.0060±0.0003±0.0005 0.0094 0.0088 0.64±0.06 0.68±0.06

Table 3. The triple-differential cross sections d3σ/(dpγTdη
γdηjet) for photons located in forward

region with statistical and systematic uncertainties, compared to predictions from jetphox and

sherpa. A 2.2% luminosity uncertainty is included in the systematic uncertainty. The final two

columns show the ratio of CMS data to jetphox (D/J) and sherpa (D/S), respectively.
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Figure 7. Ratios of the triple-differential cross sections for the various jet orientations with respect

to the photon. The error bars on the theoretical predictions correspond to statistical, scale and

PDF uncetainties.

of parton momentum fraction. Comparisons of the data to theoretical predictions from

sherpa and jetphox are also presented. Although predictions from sherpa are observed

to be lower than those from jetphox, the measured cross sections are found to be consis-

tent with both MC predictions within systematic uncertainties over most of the measured

kinematic regions. The NLO predictions in QCD and tree-level predictions of sherpa

both fail to describe the data for photons in the highest η and pT regions within expected

variances of either theoretical scale or parton distribution functions.
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[39] S. Höche, S. Schumann and F. Siegert, Hard photon production and matrix-element

parton-shower merging, Phys. Rev. D 81 (2010) 034026 [arXiv:0912.3501] [INSPIRE].

[40] J. Pumplin et al., New generation of parton distributions with uncertainties from global QCD

analysis, JHEP 07 (2002) 012 [hep-ph/0201195] [INSPIRE].

[41] L. Bourhis, M. Fontannaz and J.P. Guillet, Quarks and gluon fragmentation functions into

photons, Eur. Phys. J. C 2 (1998) 529 [hep-ph/9704447] [INSPIRE].

[42] H.-L. Lai et al., New parton distributions for collider physics, Phys. Rev. D 82 (2010) 074024

[arXiv:1007.2241] [INSPIRE].

[43] D. Bourilkov, R.C. Group and M.R. Whalley, LHAPDF: PDF use from the Tevatron to the

LHC, hep-ph/0605240 [INSPIRE].

[44] CMS Collaboration, Absolute calibration of the luminosity measurement at CMS: winter

2012 update, CMS-PAS-SMP-12-008 (2012).

– 17 –

http://cds.cern.ch/record/1324545
http://dx.doi.org/10.1103/PhysRevLett.106.082001
http://arxiv.org/abs/1012.0799
http://inspirehep.net/search?p=find+EPRINT+arXiv:1012.0799
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://arxiv.org/abs/0802.1189
http://inspirehep.net/search?p=find+EPRINT+arXiv:0802.1189
http://cds.cern.ch/record/1194487
http://cds.cern.ch/record/1280682
http://cds.cern.ch/record/1373389
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0603175
http://dx.doi.org/10.1016/0370-2693(90)91293-K
http://dx.doi.org/10.1016/0370-2693(90)91293-K
http://inspirehep.net/search?p=find+J+Phys.Lett.,B241,278
http://cds.cern.ch/record/1194482
http://dx.doi.org/10.1016/0168-9002(95)00274-X
http://dx.doi.org/10.1016/0168-9002(95)00274-X
http://inspirehep.net/search?p=find+J+Nucl.Instrum.Meth.,A362,487
http://dx.doi.org/10.1088/1126-6708/2009/02/007
http://arxiv.org/abs/0811.4622
http://inspirehep.net/search?p=find+EPRINT+arXiv:0811.4622
http://dx.doi.org/10.1088/1126-6708/2002/05/028
http://arxiv.org/abs/hep-ph/0204023
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0204023
http://dx.doi.org/10.1088/1126-6708/2009/05/053
http://arxiv.org/abs/0903.1219
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.1219
http://dx.doi.org/10.1103/PhysRevD.81.034026
http://arxiv.org/abs/0912.3501
http://inspirehep.net/search?p=find+EPRINT+arXiv:0912.3501
http://dx.doi.org/10.1088/1126-6708/2002/07/012
http://arxiv.org/abs/hep-ph/0201195
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0201195
http://dx.doi.org/10.1007/s100520050158
http://arxiv.org/abs/hep-ph/9704447
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9704447
http://dx.doi.org/10.1103/PhysRevD.82.074024
http://arxiv.org/abs/1007.2241
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.2241
http://arxiv.org/abs/hep-ph/0605240
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0605240
http://cds.cern.ch/record/1434360


J
H
E
P
0
6
(
2
0
1
4
)
0
0
9

The CMS collaboration

Yerevan Physics Institute, Yerevan, Armenia

S. Chatrchyan, V. Khachatryan, A.M. Sirunyan, A. Tumasyan

Institut für Hochenergiephysik der OeAW, Wien, Austria

W. Adam, T. Bergauer, M. Dragicevic, J. Erö, C. Fabjan1, M. Friedl, R. Frühwirth1,
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H. Rohringer, R. Schöfbeck, J. Strauss, A. Taurok, W. Treberer-Treberspurg, W. Wal-

tenberger, C.-E. Wulz1

National Centre for Particle and High Energy Physics, Minsk, Belarus

V. Mossolov, N. Shumeiko, J. Suarez Gonzalez

Universiteit Antwerpen, Antwerpen, Belgium

S. Alderweireldt, M. Bansal, S. Bansal, T. Cornelis, E.A. De Wolf, X. Janssen, A. Knutsson,

S. Luyckx, L. Mucibello, S. Ochesanu, B. Roland, R. Rougny, Z. Staykova, H. Van

Haevermaet, P. Van Mechelen, N. Van Remortel, A. Van Spilbeeck

Vrije Universiteit Brussel, Brussel, Belgium

F. Blekman, S. Blyweert, J. D’Hondt, A. Kalogeropoulos, J. Keaveney, M. Maes, A. Ol-

brechts, S. Tavernier, W. Van Doninck, P. Van Mulders, G.P. Van Onsem, I. Villella
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Université de Mons, Mons, Belgium

N. Beliy, T. Caebergs, E. Daubie, G.H. Hammad

Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazil

G.A. Alves, M. Correa Martins Junior, T. Martins, M.E. Pol, M.H.G. Souza

Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
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sité de Haute Alsace Mulhouse, CNRS/IN2P3, Strasbourg, France

J.-L. Agram16, J. Andrea, D. Bloch, J.-M. Brom, E.C. Chabert, C. Collard, E. Conte16,
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Université de Lyon, Université Claude Bernard Lyon 1, CNRS-IN2P3, Institut
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T. Hebbeker, C. Heidemann, K. Hoepfner, D. Klingebiel, S. Knutzen, P. Kreuzer,

M. Merschmeyer, A. Meyer, M. Olschewski, K. Padeken, P. Papacz, H. Pieta, H. Reithler,

S.A. Schmitz, L. Sonnenschein, J. Steggemann, D. Teyssier, S. Thüer, M. Weber
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National Scientific Center, Kharkov Institute of Physics and Technology,

Kharkov, Ukraine

L. Levchuk, P. Sorokin

University of Bristol, Bristol, United Kingdom

J.J. Brooke, E. Clement, D. Cussans, H. Flacher, R. Frazier, J. Goldstein, M. Grimes,

G.P. Heath, H.F. Heath, L. Kreczko, Z. Meng, S. Metson, D.M. Newbold38, K. Nirunpong,

A. Poll, S. Senkin, V.J. Smith, T. Williams

Rutherford Appleton Laboratory, Didcot, United Kingdom

K.W. Bell, A. Belyaev53, C. Brew, R.M. Brown, D.J.A. Cockerill, J.A. Coughlan,

K. Harder, S. Harper, E. Olaiya, D. Petyt, B.C. Radburn-Smith, C.H. Shepherd-

Themistocleous, I.R. Tomalin, W.J. Womersley

Imperial College, London, United Kingdom

R. Bainbridge, O. Buchmuller, D. Burton, D. Colling, N. Cripps, M. Cutajar, P. Dauncey,

G. Davies, M. Della Negra, W. Ferguson, J. Fulcher, D. Futyan, A. Gilbert, A. Guneratne

Bryer, G. Hall, Z. Hatherell, J. Hays, G. Iles, M. Jarvis, G. Karapostoli, M. Kenzie,

R. Lane, R. Lucas38, L. Lyons, A.-M. Magnan, J. Marrouche, B. Mathias, R. Nandi,

J. Nash, A. Nikitenko40, J. Pela, M. Pesaresi, K. Petridis, M. Pioppi54, D.M. Raymond,

S. Rogerson, A. Rose, C. Seez, P. Sharp†, A. Sparrow, A. Tapper, M. Vazquez Acosta,

T. Virdee, S. Wakefield, N. Wardle, T. Whyntie

– 28 –



J
H
E
P
0
6
(
2
0
1
4
)
0
0
9

Brunel University, Uxbridge, United Kingdom

M. Chadwick, J.E. Cole, P.R. Hobson, A. Khan, P. Kyberd, D. Leggat, D. Leslie,

W. Martin, I.D. Reid, P. Symonds, L. Teodorescu, M. Turner

Baylor University, Waco, U.S.A.

J. Dittmann, K. Hatakeyama, A. Kasmi, H. Liu, T. Scarborough

The University of Alabama, Tuscaloosa, U.S.A.

O. Charaf, S.I. Cooper, C. Henderson, P. Rumerio

Boston University, Boston, U.S.A.

A. Avetisyan, T. Bose, C. Fantasia, A. Heister, P. Lawson, D. Lazic, J. Rohlf, D. Sperka,

J. St. John, L. Sulak

Brown University, Providence, U.S.A.

J. Alimena, S. Bhattacharya, G. Christopher, D. Cutts, Z. Demiragli, A. Ferapontov,

A. Garabedian, U. Heintz, S. Jabeen, G. Kukartsev, E. Laird, G. Landsberg, M. Luk,

M. Narain, M. Segala, T. Sinthuprasith, T. Speer

University of California, Davis, Davis, U.S.A.

R. Breedon, G. Breto, M. Calderon De La Barca Sanchez, S. Chauhan, M. Chertok,

J. Conway, R. Conway, P.T. Cox, R. Erbacher, M. Gardner, R. Houtz, W. Ko, A. Kopecky,

R. Lander, T. Miceli, D. Pellett, J. Pilot, F. Ricci-Tam, B. Rutherford, M. Searle,

S. Shalhout, J. Smith, M. Squires, M. Tripathi, S. Wilbur, R. Yohay

University of California, Los Angeles, U.S.A.

V. Andreev, D. Cline, R. Cousins, S. Erhan, P. Everaerts, C. Farrell, M. Felcini, J. Hauser,

M. Ignatenko, C. Jarvis, G. Rakness, P. Schlein†, E. Takasugi, P. Traczyk, V. Valuev,

M. Weber

University of California, Riverside, Riverside, U.S.A.

J. Babb, R. Clare, J. Ellison, J.W. Gary, G. Hanson, J. Heilman, P. Jandir,

H. Liu, O.R. Long, A. Luthra, H. Nguyen, S. Paramesvaran, A. Shrinivas, J. Sturdy,

S. Sumowidagdo, R. Wilken, S. Wimpenny

University of California, San Diego, La Jolla, U.S.A.

W. Andrews, J.G. Branson, G.B. Cerati, S. Cittolin, D. Evans, A. Holzner, R. Kelley,

M. Lebourgeois, J. Letts, I. Macneill, S. Padhi, C. Palmer, G. Petrucciani, M. Pieri,

M. Sani, V. Sharma, S. Simon, E. Sudano, M. Tadel, Y. Tu, A. Vartak, S. Wasserbaech55,

F. Würthwein, A. Yagil, J. Yoo

University of California, Santa Barbara, Santa Barbara, U.S.A.

D. Barge, C. Campagnari, M. D’Alfonso, T. Danielson, K. Flowers, P. Geffert, C. George,

F. Golf, J. Incandela, C. Justus, D. Kovalskyi, V. Krutelyov, S. Lowette, R. Magaña

Villalba, N. Mccoll, V. Pavlunin, J. Richman, R. Rossin, D. Stuart, W. To, C. West

– 29 –



J
H
E
P
0
6
(
2
0
1
4
)
0
0
9

California Institute of Technology, Pasadena, U.S.A.

A. Apresyan, A. Bornheim, J. Bunn, Y. Chen, E. Di Marco, J. Duarte, D. Kcira, Y. Ma,

A. Mott, H.B. Newman, C. Rogan, M. Spiropulu, V. Timciuc, J. Veverka, R. Wilkinson,

S. Xie, R.Y. Zhu

Carnegie Mellon University, Pittsburgh, U.S.A.

V. Azzolini, A. Calamba, R. Carroll, T. Ferguson, Y. Iiyama, D.W. Jang, Y.F. Liu,

M. Paulini, J. Russ, H. Vogel, I. Vorobiev

University of Colorado at Boulder, Boulder, U.S.A.

J.P. Cumalat, B.R. Drell, W.T. Ford, A. Gaz, E. Luiggi Lopez, U. Nauenberg, J.G. Smith,

K. Stenson, K.A. Ulmer, S.R. Wagner

Cornell University, Ithaca, U.S.A.

J. Alexander, A. Chatterjee, N. Eggert, L.K. Gibbons, W. Hopkins, A. Khukhunaishvili,

B. Kreis, N. Mirman, G. Nicolas Kaufman, J.R. Patterson, A. Ryd, E. Salvati, W. Sun,

W.D. Teo, J. Thom, J. Thompson, J. Tucker, Y. Weng, L. Winstrom, P. Wittich

Fairfield University, Fairfield, U.S.A.

D. Winn

Fermi National Accelerator Laboratory, Batavia, U.S.A.

S. Abdullin, M. Albrow, J. Anderson, G. Apollinari, L.A.T. Bauerdick, A. Beretvas,

J. Berryhill, P.C. Bhat, K. Burkett, J.N. Butler, V. Chetluru, H.W.K. Cheung, F. Chle-

bana, S. Cihangir, V.D. Elvira, I. Fisk, J. Freeman, Y. Gao, E. Gottschalk, L. Gray,

D. Green, O. Gutsche, D. Hare, R.M. Harris, J. Hirschauer, B. Hooberman, S. Jindariani,

M. Johnson, U. Joshi, K. Kaadze, B. Klima, S. Kunori, S. Kwan, J. Linacre, D. Lin-

coln, R. Lipton, J. Lykken, K. Maeshima, J.M. Marraffino, V.I. Martinez Outschoorn,

S. Maruyama, D. Mason, P. McBride, K. Mishra, S. Mrenna, Y. Musienko56, C. Newman-

Holmes, V. O’Dell, O. Prokofyev, N. Ratnikova, E. Sexton-Kennedy, S. Sharma,

W.J. Spalding, L. Spiegel, L. Taylor, S. Tkaczyk, N.V. Tran, L. Uplegger, E.W. Vaandering,

R. Vidal, J. Whitmore, W. Wu, F. Yang, J.C. Yun

University of Florida, Gainesville, U.S.A.

D. Acosta, P. Avery, D. Bourilkov, M. Chen, T. Cheng, S. Das, M. De Gruttola, G.P. Di

Giovanni, D. Dobur, A. Drozdetskiy, R.D. Field, M. Fisher, Y. Fu, I.K. Furic, J. Hugon,

B. Kim, J. Konigsberg, A. Korytov, A. Kropivnitskaya, T. Kypreos, J.F. Low, K. Matchev,

P. Milenovic57, G. Mitselmakher, L. Muniz, R. Remington, A. Rinkevicius, N. Skhirtladze,

M. Snowball, J. Yelton, M. Zakaria

Florida International University, Miami, U.S.A.

V. Gaultney, S. Hewamanage, S. Linn, P. Markowitz, G. Martinez, J.L. Rodriguez

Florida State University, Tallahassee, U.S.A.

T. Adams, A. Askew, J. Bochenek, J. Chen, B. Diamond, S.V. Gleyzer, J. Haas,

S. Hagopian, V. Hagopian, K.F. Johnson, H. Prosper, V. Veeraraghavan, M. Weinberg

– 30 –



J
H
E
P
0
6
(
2
0
1
4
)
0
0
9

Florida Institute of Technology, Melbourne, U.S.A.

M.M. Baarmand, B. Dorney, M. Hohlmann, H. Kalakhety, F. Yumiceva

University of Illinois at Chicago (UIC), Chicago, U.S.A.

M.R. Adams, L. Apanasevich, V.E. Bazterra, R.R. Betts, I. Bucinskaite, J. Callner,

R. Cavanaugh, O. Evdokimov, L. Gauthier, C.E. Gerber, D.J. Hofman, S. Khalatyan,

P. Kurt, F. Lacroix, D.H. Moon, C. O’Brien, C. Silkworth, D. Strom, P. Turner, N. Varelas

The University of Iowa, Iowa City, U.S.A.

U. Akgun, E.A. Albayrak51, B. Bilki58, W. Clarida, K. Dilsiz, F. Duru, S. Griffiths, J.-

P. Merlo, H. Mermerkaya59, A. Mestvirishvili, A. Moeller, J. Nachtman, C.R. Newsom,

H. Ogul, Y. Onel, F. Ozok51, S. Sen, P. Tan, E. Tiras, J. Wetzel, T. Yetkin60, K. Yi

Johns Hopkins University, Baltimore, U.S.A.

B.A. Barnett, B. Blumenfeld, S. Bolognesi, G. Giurgiu, A.V. Gritsan, G. Hu, P. Maksi-

movic, C. Martin, M. Swartz, A. Whitbeck

The University of Kansas, Lawrence, U.S.A.

P. Baringer, A. Bean, G. Benelli, R.P. Kenny III, M. Murray, D. Noonan, S. Sanders,

R. Stringer, J.S. Wood

Kansas State University, Manhattan, U.S.A.

A.F. Barfuss, I. Chakaberia, A. Ivanov, S. Khalil, M. Makouski, Y. Maravin, S. Shrestha,

I. Svintradze

Lawrence Livermore National Laboratory, Livermore, U.S.A.

J. Gronberg, D. Lange, F. Rebassoo, D. Wright

University of Maryland, College Park, U.S.A.

A. Baden, B. Calvert, S.C. Eno, J.A. Gomez, N.J. Hadley, R.G. Kellogg, T. Kolberg, Y. Lu,

M. Marionneau, A.C. Mignerey, K. Pedro, A. Peterman, A. Skuja, J. Temple, M.B. Tonjes,

S.C. Tonwar

Massachusetts Institute of Technology, Cambridge, U.S.A.

A. Apyan, G. Bauer, W. Busza, I.A. Cali, M. Chan, L. Di Matteo, V. Dutta, G. Gomez

Ceballos, M. Goncharov, D. Gulhan, Y. Kim, M. Klute, Y.S. Lai, A. Levin, P.D. Luckey,

T. Ma, S. Nahn, C. Paus, D. Ralph, C. Roland, G. Roland, G.S.F. Stephans, F. Stöckli,
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