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1 Introduction

The study of Zγ production in proton-proton (pp) collisions at TeV energies represents an

important test of the standard model (SM), which prohibits direct coupling between the

Z boson and the photon. Within the SM Zγ production is primarily due to radiation of

photons from initial-state quarks (ISR) or final-state leptons (FSR). However, new physics

phenomena at higher energies may be manifested as an effective self-coupling among neutral

gauge bosons, resulting in a deviation from their predicted zero values in the SM. Models of

anomalous triple gauge couplings (aTGC) have been introduced and discussed in refs. [1–3].

This paper presents a measurement of Zγ production in pp collisions at a center-of-mass

energy of 8 TeV, based on data collected with the CMS experiment in 2012, corresponding

to an integrated luminosity of 19.5 fb−1. For this analysis the decays of the Z boson into a

pair of muons (µ+µ−) or electrons (e+e−) are considered. The processes of ISR and FSR

contribute to `+`−γ (` = µ, e) production in the SM at leading order (LO), and these are

exemplified by the first two Feynman diagrams in figure 1. Photons can also be produced

by jet fragmentation, but these photons are not considered as signal in the present analysis

and are strongly suppressed by requiring that the photon is isolated. The production of

Zγ through triple gauge couplings is represented by the third diagram in figure 1.
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Figure 1. Leading-order Feynman diagrams for Zγ production in pp collisions. Left: initial-state

radiation. Center: final-state radiation. Right: diagram involving aTGCs that are forbidden in the

SM at tree level.

Both ATLAS and CMS Collaborations have presented measurements of the inclusive

Zγ cross section and searches for anomalous ZZγ and Zγγ couplings using data collected

at a center-of-mass energy of 7 TeV [4, 5]. The larger 2012 data sample and the increased

cross section at 8 TeV allow for the first measurement of the inclusive differential cross

section for Zγ production as a function of the photon transverse momentum pγT. Results

on the differential Zγ cross section for events with no accompanying central jets, referred

to as exclusive cross sections, are also presented, providing some insight into the effect

of additional jets on the distribution of pγT. The cross sections are measured for photons

with pγT > 15 GeV and restricted to a phase space defined by kinematic requirements on

the final-state particles that are motivated by the experimental acceptance. In addition,

the photon is required to be separated from the leptons by ∆R(`, γ) > 0.7 where ∆R =√
(∆φ)2 + (∆η)2, φ is the azimuthal angle and η the pseudorapidity. Furthermore, the

dilepton invariant mass is required to be above 50 GeV. With this selection the fraction of

FSR photons is reduced and photons originating from ISR or aTGCs are dominant.

2 The CMS detector and particle reconstruction

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal di-

ameter, providing a magnetic field of 3.8 T. Within this superconducting solenoid volume

are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorime-

ter (ECAL), and a brass and scintillator hadron calorimeter (HCAL), each composed of

a barrel and two endcap sections. Muons are measured in gas-ionization detectors em-

bedded in the steel flux-return yoke outside the solenoid. Extensive forward calorimetry

complements the coverage provided by the barrel and endcap detectors.

The silicon tracker measures charged particles within the pseudorapidity range |η| <
2.5. The ECAL provides coverage in pseudorapidity |η| < 1.479 in a barrel region (EB)

and 1.479 < |η| < 3.0 in two endcap regions (EE). A preshower detector consisting of two

planes of silicon sensors interleaved with a total of three radiation lengths of lead is located

in front of the EE regions. Muons are measured in the pseudorapidity range |η| < 2.4, with

detection planes made using three technologies: drift tubes, cathode strip chambers, and

resistive-plate chambers.
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The particle-flow (PF) algorithm [6–8] reconstructs and identifies each particle with an

optimized combination of all subdetector information and categorizes reconstructed objects

as photons, muons, electrons, charged hadrons, and neutral hadrons. The energy of photons

is obtained from a cluster of energy depositions in ECAL crystals. The photon direction

is determined by assuming it is associated to the main interaction vertex, defined as the

vertex that has the highest value for the sum of p2T of the associated tracks that is also

compatible with the beam interaction point. The energy of electrons is determined from

a combination of the track momentum at the main interaction vertex, the ECAL cluster

energy, and the energy sum of all bremsstrahlung photons attached to the track [9, 10].

The energy of muons is obtained from the corresponding track momentum measured in

the silicon tracker and the muon detection system. The energy of charged hadrons is

determined from a combination of the track momentum and the corresponding ECAL and

HCAL energies. Finally, the energy of neutral hadrons is obtained from the corresponding

ECAL and HCAL energies.

Jets used for the exclusive measurement presented in this paper are reconstructed from

PF objects, clustered by the anti-kT algorithm [11, 12] with a distance parameter of 0.5.

The measured jet momentum is the vectorial sum of all particle momenta in the jet and

is found from the simulation to be within 5–10% [13] of the initial jet momentum over

the whole pT range and detector acceptance. An offset correction is applied to take into

account the extra energy clustered in jets due to additional pp interactions within the same

bunch crossing (pileup) [14].

A more detailed description of the CMS detector, together with a definition of the

coordinate system used and the relevant kinematic variables, can be found in ref. [15].

3 Signal and background modeling

Simulation samples for the signal process, `+`−γ + n partons (n = 0, 1, 2) at matrix ele-

ment level are produced with the event generator sherpa 1.4 [16] for the muon and electron

channels separately. The cross sections are calculated at next-to-leading order (NLO) in

quantum chromodynamics (QCD) using mcfm 6.4 [17] and the CT10 [18] parton dis-

tribution functions (PDF). Additional PDF sets are provided by CT10 to represent the

uncertainties in the PDFs. These are used to estimate the PDF uncertainties in the cross

sections following the prescription in ref. [19]. The effect of using the CT10 PDF sets,

where the value of the strong coupling constant αs is varied in the fit, has been studied

and is considered as an additional uncertainty. The uncertainties from factorization, renor-

malization, and photon fragmentation scales are estimated by varying each of these scales

up and down by a factor of two. The uncertainty in the exclusive cross section calcula-

tion is obtained by following the recommendation in ref. [20] of adding in quadrature the

scale uncertainties of the `+`−γ NLO and the `+`−γ + 1 parton LO calculations. We also

compare the measurement with a next-to-next-to-leading-order (NNLO) calculation of the

inclusive cross section provided by ref. [21].

The major sources of background to the Zγ process are Drell-Yan (DY) + jets, WW,

WZ, ZZ, and tt production. These are simulated with the MadGraph 4 [22] matrix ele-
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ment generator, using the CTEQ6L PDF set [23], and interfaced with pythia 6.4.26 [24]

to describe parton showers, fragmentation, and initial and final state radiation of photons.

The cross sections for tt and diboson production are normalized to the NLO QCD calcu-

lation from mcfm. The DY+jets sample is normalized to the NNLO QCD calculation of

fewz [25]. It is used to describe the background of nonprompt and misidentified photons.

All events containing a prompt photon that passes the signal requirements are removed

from this sample. The QCD simulation, which is used for the background determination,

is produced using pythia. All samples are passed through a detailed simulation of the

CMS detector based on Geant4 [26] and reconstructed using the same algorithms as used

for data.

4 Event selection

The measurements presented in this paper rely on the reconstruction and identification of

isolated muons, electrons, and photons. The exclusive cross section measurement is also

dependent on the reconstruction of jets. Details of the identification and selection of muons

(electrons) can be found in ref. [27] (ref. [28]).

Leptons from Z boson decays are typically isolated, i.e., separated in ∆R from other

particles. A requirement on the lepton isolation is used to reject leptons produced in

decays of hadrons. The muon isolation is based on tracks from the main interaction vertex

as this is always identified as the source of the lepton pair. The isolation variable Itrk is

defined as the pT sum of all tracks except for the muon track originating from the main

interaction vertex within a cone of ∆R(µ, track) < 0.3. The value of Itrk is required to be

less than 10% of the muon pT. For electrons the isolation variable is the pT sum of neutral

hadrons, charged hadrons, and photon-like PF objects in a cone of ∆R < 0.3 around the

electron. Contributions of the electron to the isolation variables are suppressed using a veto

region. This isolation variable is required to be smaller than 10% (15%) of the electron

pT for electrons in the EB (EE). An event-by-event correction is applied, which keeps the

selection efficiency constant as a function of pileup interactions [29].

Quality selection criteria are applied to the reconstructed photons to suppress the

background from hadrons misidentified as photons. The ratio of the energy deposition in

the HCAL tower behind the ECAL cluster to the energy deposition in the ECAL has to

be below 5%. The background is further suppressed by a requirement on the shower shape

variable σηη [30], which measures the shower width along the η direction in a 5×5 matrix

of crystals centered on the crystal of highest energy in the cluster. The electromagnetic

shower produced by a photon is expected to have a small value of σηη. Therefore, a selection

of σηη < 0.011 (0.033) in the EB (EE) region is applied. To suppress electrons misidentified

as photons, photon candidates are rejected if measurements in the silicon pixel detector

are found and these measurements are consistent with an electron, which is incident on

the ECAL at the location of the photon cluster. The isolation variables based on PF

charged hadrons Ic, neutral hadrons In, and photon objects Iγ are calculated as the sum

of pT in a cone of ∆R < 0.3 around the photon. Contributions of the photon itself are

suppressed using a veto region. Again, the isolation values are corrected for the average
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energy deposition due to pileup. The isolation requirements used in the EB region are

In < 1.0 + 0.04pγT, Iγ < 0.7 + 0.005pγT, and Ic < 1.5. In the EE region In < 1.5 + 0.04pγT,

Iγ < 1.0 + 0.005pγT, and Ic < 1.2 are required.

Events are selected online using a dimuon or dielectron trigger with thresholds of

pT > 17 GeV for the leading and pT > 8 GeV for the subleading lepton. Candidate events

are required to have two same-flavor opposite-charge selected leptons and a selected photon.

Muons with |η| < 2.4 relative to the main interaction vertex are selected, while electrons

need to satisfy |ηSC| < 1.44 or 1.57 < |ηSC| < 2.5, where ηSC is determined by the cluster

position in the ECAL with respect to the center of the CMS detector. This excludes

the transition region between EB and EE. The pT of each lepton has to be greater than

20 GeV, and the dilepton mass M`` is required to be greater than 50 GeV. At least one

photon candidate with pγT > 15 GeV is required. The η range for photons is determined

by the coverage of the ECAL and the silicon tracker and is the same as for electrons. The

minimum distance between the photon and the leptons must be ∆R(`, γ) > 0.7. In the

very rare cases when a second photon is reconstructed, the photon with the higher pγT is

used for the differential cross section measurement.

A tag-and-probe method, similar to that presented in ref. [31], is used to measure the

lepton reconstruction efficiencies. The photon reconstruction efficiency is determined with

a modified tag-and-probe method that makes use of the Z boson mass peak in the Mµµγ

distribution for FSR photons. Scale factors are obtained from the measured efficiencies to

correct the simulation. In figure 2 the observed pγT distribution and the invariant mass of

the two leptons and the photon candidate M``γ are compared to the SM expectation. The

level of agreement is discussed in section 5.

5 Background estimation

The dominant background for this measurement is DY+jets containing nonprompt photons,

e.g., through π0 or η decays, or hadrons misidentified as photons. A template method

is used to estimate this background from data. This method relies on the power of an

observable to discriminate between signal photons and background. The signal yield is

obtained from a maximum-likelihood fit to the observed distribution of such an observable

using the known distributions (“templates”) for signal photons and background.

The cross sections are measured with two different template observables. One template

method uses the shower shape variable σηη. The separation between the two photons from

the decay of light particles such as π0, albeit small, leads to a larger σηη value than for

single photons. The shower width of strongly interacting particles that mimic a photon

signature also tends to be larger.

The other template observable is Iγ,nfp, which is the pT sum of all PF photon objects

in a cone of ∆R < 0.4 around the photon. The abbreviation “nfp” stands for “no footprint

of the photon” and indicates the removal of energy associated with the photon from the

isolation variable. This energy is removed by excluding all particles whose ECAL clusters

overlap with the photon cluster from the isolation variable. This makes Iγ,nfp, and hence the
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Figure 2. Left: pγT distribution after the full event selection compared to the SM prediction. Right:

the distribution of the invariant mass M``γ . The mass distribution has a peak at the Z boson mass,

which arises from FSR photons. Events with ISR photons appear in the large tail above the Z

boson mass where a large fraction of background is expected. The displayed uncertainties include

only the statistical uncertainties in data and simulated samples.

signal template, independent of pγT. Since the background particles are often produced in

cascade decays, Iγ,nfp for them is expected to be greater on average than for signal photons.

5.1 Extraction of signal and background templates

The signal templates for both template variables are taken from data. A sample of photons

with a background contamination of less than 1% is obtained from FSR Zγ events. About

23 thousand photon candidates close to one of the leptons, with 0.3 < ∆R(`, γ) < 0.8, are

selected. The minimum separation is chosen to reduce the influence of the lepton on the

template variables. The invariant dilepton mass is selected to be between 40 and 80 GeV.

One lepton is required to have a pT > 30 GeV while for the other lepton only pT > 10 GeV

is required. All photon quality requirements are applied except for σηη, which cannot be

used in the photon selection for the σηη template method. For the Iγ,nfp template method

the selection on Iγ is not applied since the two variables are strongly correlated.

Different templates are chosen for the EB and EE regions, as well as for the lower pγT
bins of the cross section measurement. Due to the limited number of photons a common

template is used for pγT > 35 GeV. The uncertainties in the signal templates are discussed

in section 5.2.
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For the background templates it is almost impossible to find a sample of nonprompt

or misidentified photons that is free of signal-like prompt photons. Therefore, we choose

a jet data sample where such background objects are enhanced. From this sample events

with two leading hadronic jets with pT > 30 GeV and no isolated muon or electron are

selected. Additionally, we require a photon candidate with a minimum separation from

the jets of ∆R(γ, jet) > 0.7. Kinematic distributions of the jets and the photon candidates

as well as the distributions of the photon selection variables in the jet data sample are

well described by the QCD simulation. This agreement allows us to establish a selection

of photon candidates for the background template using the QCD simulation and to apply

the same selection on the jet data sample. This selection is required to be dominated

by nonprompt and misidentified photon candidates whose template shape is in agreement

with the background template prediction from the DY+jets simulation. When defining the

selection for the σηη background template, the photon candidates in the QCD simulation

have to pass the full selection except for the requirements on σηη and Ic. Starting from this

preselection, the lower and upper boundaries on Ic are varied until a selection is found for

which the template shape agrees with that in the DY+jets simulation. Once the selection

is defined, it is applied to the jet data sample to obtain the σηη background template that

is used for the signal extraction.

The same method is used to find an Iγ,nfp background template. In this case, the

photon preselection in the QCD simulation does not include the requirements on σηη and

Iγ . Here the lower and upper boundaries on σηη are varied to find an appropriate selection

for a Iγ,nfp background template.

We use these methods to obtain background templates from the data for the various pγT
bins in the EB and EE regions. The two different, almost uncorrelated, template variables

are used for the cross section measurement and their results are compared. The methods

rely on the DY+jets simulation, which is used to find the optimal background template

selections. Hence, the agreement of the two methods provides an important consistency

check. The uncertainties in these methods are discussed in section 5.2.

5.2 Signal extraction

Using the templates obtained from the procedure described above the number of signal

events is extracted in twelve pγT bins, separately for the EB and EE. Examples of these

binned maximum-likelihood fits are shown in figure 3. For the σηη template method the σηη
requirement of the photon selection is applied after the fit. For the Iγ,nfp template method

the selection on Iγ cannot be applied on the binned data after the fit. Consequently,

the photon selection efficiencies are different for the two methods. Therefore, we should

not expect the same number of signal and background events before corrections for the

efficiencies are applied.

The following sources of uncertainties are considered for the signal extraction:

• The statistical uncertainty in the signal templates due to the limited number of FSR

photons available in data results in an uncertainty of 0.5–2% (EB) and 0.5–9% (EE)

in the extracted signal yield that increases from low to high pγT.
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Figure 3. Fits of the σηη templates (left) and the Iγ,nfp templates (right) to the data for 20 <

pγT < 25 GeV in the EB region. The extracted signal contributions are indicated by the green curves

and the background contributions by the red ones.

• The systematic uncertainty in the signal templates due to contamination of the FSR

sample and the usage of a common template for all bins with pγT > 35 GeV is estimated

using the simulation. The uncertainties are 0.5–3% (EB) and 0.5–12% (EE) in the

signal yield increasing from low to high pγT.

• The number of events available in the DY+jets simulation that are used to find the

appropriate selection for the background templates is low, especially in bins at high

pγT. The uncertainty in the extracted signal yield due to this limited sample size is

0.6–3% (EB) and 1.6–5% (EE) increasing from low to high pγT.

• The agreement of the QCD simulation and jet data sample is essential for the back-

ground template determination. We evaluate the uncertainty due to this imperfect

modeling by calculating the standard deviation of the difference between the signal

fraction obtained with template fits in data and simulation for a large number of

different background template selections each defined by certain lower and upper

boundaries on the template selection variable, Ic for the σηη templates and σηη for

the Iγ,nfp templates. For data the background templates are taken from the jet data

sample and for simulation from the QCD simulation sample. The uncertainty is

estimated to be 0.3–6% (EB) and 3–6% (EE) increasing from low to high pγT.

• The statistical uncertainty in the signal yield obtained from the template fit is very

similar for the two methods and amounts to 2–9% (EB) and 3–14% (EE) increasing

from low to high pγT.

Additionally, we have to consider the small fraction of irreducible background events from

tt, ZZ, ZW, and WW production. These background yields are estimated from the SM

simulation and subtracted from the pγT distribution of signal candidates. At low pγT this

contribution is negligible compared to the background from nonprompt or misidentified

photons. At higher pγT the fraction of irreducible background events is less than 4%, which

is small compared to the overall uncertainty of the measurement. Since these backgrounds

are very small their uncertainties have a negligible effect on the measurement.
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6 Cross section measurement

We measure the cross section for a phase space region that corresponds closely to that used

for the event selection. This phase space is defined by several kinematic requirements on

the final-state particles: the leptons from the Z boson decay need to satisfy pT > 20 GeV

and |η| < 2.5, and the dilepton mass has to be greater than 50 GeV. The photon is required

to have |η| < 2.5 and needs to be separated from both leptons by ∆R(`, γ) > 0.7. Finally,

a requirement is put on the photon isolation at the generator level Igen < 5 GeV to exclude

photons from jet fragmentation. The isolation variable uses a cone size of ∆R < 0.3 and

sums the transverse momentum of partons in the case of mcfm and of final-state particles

in the case of sherpa. It has been verified with sherpa that photons that do not pass the

Igen selection also fail to pass the photon selection at the detector level. The definition of

the phase space for the cross section measurements is summarized in table 1.

The procedure for extracting the differential cross section from the number of observed

signal events involves two steps. First, we extract the number of events produced in each

pγT bin within a phase space defined by the requirements in table 1 and the additional

experimental requirements on η and ηSC as described in section 4. The number of observed

signal events needs to be corrected for detector effects. These include efficiencies as well

as bin migrations due to resolution and energy calibration. Both effects are treated using

unfolding techniques. For the unfolding the method of D’Agostini [32], as implemented in

the RooUnfold [33] software package, is used. The response matrices are obtained from

the signal simulation. A different response matrix is required for the two template methods

because of the different photon selections. After the unfolding, compatible signal yields are

obtained with the two template methods. Bias and variance of the unfolding procedure are

estimated using pseudoexperiments. The uncertainties in the unfolding are 1% at low pγT
increasing up to 6% for the high-pγT bins. To estimate the effect of the uncertainties in the

photon energy scale and resolution, the unfolding of the data is repeated varying the photon

energy scale and resolution in the response matrix within one standard deviation. The

observed effect on the unfolded event yield is about 2.4% and is almost independent of pγT.

The second step is to extrapolate the unfolded event yield in each pγT bin to the desired

phase space taking into account the detector acceptance, which is calculated using mcfm

(NLO) and verified with sherpa. About 92% of the muon channel events and 87% of the

electron channel events are within the detector acceptance. These values are only slightly

pγT dependent.

6.1 The inclusive cross section

The cross sections are calculated from the unfolded number of signal events Ni and the

detector acceptance Ai in each pγT bin using the relation σi = Ni/(AiL) with an integrated

luminosity of L = 19.5 ± 0.5 fb−1 for the muon channel and L = 19.4 ± 0.5 fb−1 for the

electron channel. The cross section values obtained with the two template methods are

compatible within their uncertainties as shown in figure 4 (left). The correlation between

the template variables σηη and Iγ,nfp is less than 30%. The compatibility of the two

results is a good indication that the background estimation is correct. The correlation
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Cross section phase space

M`` > 50 GeV

∆R(`, γ) > 0.7

photon: |η| < 2.5, Igen < 5 GeV

leptons: |η| < 2.5, pT > 20 GeV

Table 1. Phase space definition of the Zγ cross section measurements.
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Figure 4. Left: ratio of the inclusive cross sections as obtained with the two template methods.

Right: measured differential cross sections for the muon and electron channels using a combination

of the two template methods compared to the NNLO [21], the mcfm (NLO) and the sherpa SM

predictions. The last bin is computed for the interval 120–500 GeV.

of 30% is also assumed for the uncertainties in the background subtractions with the two

template methods. All other uncertainties, i.e., in the dilepton (2%) and photon (2%)

efficiencies, the photon energy scale and resolution (2.4%), unfolding (1–6%), luminosity

(2.6%), and statistical uncertainties are assumed to be 100% correlated between the two

template methods. Since the two template methods show good agreement, the results are

combined using the best linear unbiased estimator (BLUE) method [34], which takes into

account the correlation of all uncertainties.

The combined results of the two template methods for the muon and the electron

channels are, as expected from lepton universality, fully compatible as presented in fig-

ure 4 (right). For pγT > 15 GeV inclusive cross sections of 2066 ± 23 (stat) ± 97 (syst) ±
54 (lumi) fb and 2087 ± 30 (stat) ± 104 (syst) ± 54 (lumi) fb are measured for the muon

and electron channels, respectively. The cross sections are combined using the BLUE

method [34], assuming that the systematic uncertainties between the two lepton channels

are highly correlated, since the signal yields are extracted using the same template shapes.

The combined cross sections for the two channels are given in table 2 and shown as the

differential cross section in figure 5. It is compared to the mcfm (NLO), the NNLO, and

the sherpa predictions. For pγT > 15 GeV the inclusive cross section is measured to be

σincl = 2063± 19 (stat)± 98 (syst)± 54 (lumi) fb.

This is in good agreement with the mcfm prediction of σmcfmincl = 2100 ± 120 fb and the
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Figure 5. Top: combined inclusive differential cross section for the two lepton channels compared

to the NNLO [21], the mcfm (NLO) and the sherpa SM predictions. The latter is normalized to

the NNLO cross section. The last bin is computed for the interval 120–500 GeV. Bottom: the ratios

of the data and the other predictions to the NNLO calculation showing the effect of the additional

partons on the inclusive cross section.

NNLO calculation [21] of σNNLO
incl = 2241 ± 22 (scale only) fb. However, the ratio plot in

figure 5 shows that at high pγT the measurement is better described by the NNLO calculation

and by sherpa than by mcfm. The sherpa calculation includes up to two partons in the

matrix element which leads to a significant enhancement at high pγT.

6.2 The exclusive cross section

To understand the effect of additional jets a measurement of the exclusive cross sec-

tion is performed for Zγ production without any accompanying jet with pT > 30 GeV

and |η| < 2.4.
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pγT (GeV) σincl (fb) σmcfmincl (fb) σNNLO
incl (fb)

15–20 908± 12± 39± 24 972± 57 1005.6± 2.6

20–25 489± 9± 21± 13 510± 27 540.1± 3.7

25–30 234± 7± 11± 6 245± 17 269.2± 3.6

30–35 132.8± 4.8± 7.0± 3.5 113.4± 6.8 131.6± 3.5

35–45 120.7± 4.0± 6.2± 3.1 103.2± 6.4 123.2± 3.6

45–55 71.8± 3.0± 4.6± 1.9 51.3± 2.5 60.6± 1.6

55–65 32.2± 2.3± 2.5± 0.8 29.6± 1.4 35.2± 1.0

65–75 19.1± 1.8± 1.7± 0.5 18.5± 1.0 21.89± 0.56

75–85 13.2± 1.5± 1.2± 0.3 12.10± 0.70 14.38± 0.38

85–95 9.6± 1.2± 1.2± 0.3 8.19± 0.41 9.98± 0.31

95–120 16.3± 1.3± 1.4± 0.4 11.47± 0.57 14.10± 0.44

>120 15.8± 1.0± 1.0± 0.4 12.59± 0.68 15.29± 0.51

Table 2. The combined inclusive cross sections for the muon and electron channels with statistical,

systematic, and integrated luminosity uncertainties, respectively. Scale and PDF uncertainties are

included in the systematics for the mcfm (NLO) cross section calculation. Only scale uncertainties

are considered for the NNLO calculation.

The high instantaneous luminosity in the 2012 run requires that special care must

be taken to reduce the contribution from jets produced in pileup interactions. About

50% of these jets can be rejected by requiring a maximal pT fraction of charged particles

in a jet originating from a pileup vertex. Further corrections are needed to account for

the remaining contribution from pileup jets and jet reconstruction inefficiencies. The jet

reconstruction efficiencies and jet misidentification rates for each pγT bin are taken from the

simulation where the jet misidentification rate considers all jets that cannot be matched to

a jet from the main interaction at generator level. These are used to calculate the number

of exclusive events from the measured number of inclusive events and the measured number

of events with zero reconstructed jets. The latter are determined with the same methods

used for the extraction of the inclusive signal yield. The uncertainties in the cross section

due to pileup and jet energy scale are evaluated to be 1% and 2.5% respectively.

The pγT distribution of exclusive events is unfolded and the cross sections are calculated.

The acceptance is taken from mcfm (NLO). As shown in figure 6 (left) the results of the

two template methods agree well and are combined using the BLUE method. With the

requirement of pγT > 15 GeV for the muon and the electron channels exclusive cross sections

of 1774±23 (stat)±115 (syst)±46 (lumi) fb and 1791±29 (stat)±122 (syst)±47 (lumi) fb are

measured, respectively. These and the differential cross sections presented in figure 6 (right)

are compatible. The combined cross sections for the two channels are shown in figure 7.

The difference at high pγT between the mcfm (NLO) calculation and sherpa with up

to two partons is smaller for the exclusive calculation. The measured cross section values

are in agreement with the two predictions. The combination of the two lepton channels
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Figure 6. Left: ratio of the exclusive cross sections as obtained with the two template methods.

Right: measured cross sections for the muon and electron channels using a combination of the two

template methods compared to the mcfm (NLO) and the sherpa SM predictions. The last bin is

computed for the interval 120–500 GeV.

compared to mcfm (NLO) is presented in table 3 and the differential cross section is shown

in figure 7. The ratio of the exclusive and inclusive cross sections is shown in figure 8. The

fraction of exclusive events decreases with increasing pγT and the fraction of events with

additional jets changes from 10% to 40%. Adding the exclusive cross sections in all bins

we obtain for pγT > 15 GeV

σexcl = 1770± 18 (stat)± 115 (syst)± 46 (lumi) fb.

This is compatible with the mcfm (NLO) prediction of σmcfmexcl = 1800± 120 fb.

7 Limits on aTGCs

The ZZγ or Zγγ aTGCs are formulated in the framework of an effective field theory consid-

ering dimension six and eight operators, that fulfill the requirements of Lorentz invariance

and local U(1) gauge symmetry. The resulting Lagrangian [35] has the form

LaTGC = LSM +
e

m2
Z

[
− [hγ1(∂σFσµ) + hZ1 (∂σZσµ)]ZβF

µβ

− [hγ3(∂σF
σρ) + hZ3 (∂σZ

σρ)]ZαF̃ρα

−
[
hγ2
m2

Z

[∂α∂β∂
ρFρµ] +

hZ2
m2

Z

[∂α∂β(∂ν∂
ν +m2

Z)Zµ]

]
ZαFµβ

+

[
hγ4

2m2
Z

[∂ν∂
ν∂σF ρα] +

hZ4
2m2

Z

[(∂ν∂
ν +m2

Z)∂σZρα]

]
ZσF̃ρα

]
(7.1)

with the electromagnetic tensor Fµν = ∂µFν − ∂νFµ and F̃µν = 1/2 εµνρσF
ρσ and similar

definitions for the Z boson field. There are eight coupling constants hVi , i = 1 . . . 4 and V =

Z, γ for ZZγ (Zγγ) couplings. The parameters hV1 and hV2 are CP-violating while hV3 and

hV4 are not. It was shown in refs. [36, 37] that there is no dimension six operator respecting

U(1)Y × SU(2)L invariance, but two dimension eight operators, including the Higgs field,
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Figure 7. Top: combined exclusive differential cross section for the two lepton channels compared

to the mcfm (NLO) and sherpa SM predictions. The whole sherpa sample (inclusive) is normal-

ized to the NNLO cross section. The last bin is computed for the interval 120–500 GeV. Bottom:

for the exclusive measurement the ratios to the mcfm (NLO) prediction are shown.

that could lead to an enhancement proportional to hV1 and hV3 . In this measurement we

follow the CMS convention of not using form factors [5].

For the Zγ process the existence of aTGCs would typically lead to an enhancement of

photons with high transverse momentum [1–3]. The observed pγT distribution is therefore

used to extract limits on ZZγ and Zγγ aTGCs.

The difference in the pγT distributions between the SM and aTGCs models is parame-

terized using the mcfm (NLO) prediction. The NNLO SM calculation is added to describe

a complete pγT distributions of an aTGC model. To obtain a pγT distribution that can
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pγT (GeV) σexcl (fb) σmcfmexcl (fb)

15–20 832± 12± 49± 22 873± 51

20–25 432± 9± 25± 11 450± 23

25–30 196± 6± 12± 5 211± 10

30–35 100.5± 5.3± 7.4± 2.6 89.5± 7.9

35–45 89.2± 3.7± 6.2± 2.3 77.2± 5.6

45–55 49.5± 2.8± 4.9± 1.3 39.0± 2.4

55–65 25.4± 2.0± 3.1± 0.7 22.4± 1.6

65–75 11.4± 1.5± 1.7± 0.3 13.83± 0.98

75–85 9.3± 1.3± 1.6± 0.2 8.85± 0.48

85–95 6.3± 1.2± 1.4± 0.2 5.83± 0.70

95–120 9.9± 1.0± 1.3± 0.3 7.83± 0.48

>120 8.6± 0.8± 1.1± 0.2 7.81± 0.58

Table 3. The combined exclusive cross sections for muon and electron channels with statistical,

systematic, and luminosity uncertainties respectively. Scale and PDF uncertainties are included in

the systematics for the mcfm (NLO) cross section calculation.
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Figure 8. Ratio of the exclusive to inclusive cross sections for Zγ production.

be compared to the data, each simulated event is weighted by the lepton and photon

efficiencies and the photon momentum is smeared according to the detector resolution.

The irreducible background from the simulation and the background of nonprompt and

misidentified photons, as obtained from the σηη template method, are added. In order

to obtain a smooth background description, the background is parameterized as a sum of
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Figure 9. Top: the pγT distribution compared to predictions using various values for the aTGCs

and the SM. The observed p-values show that data are fully compatible with the SM expectation

(red). Bottom: corresponding cumulated distributions.

two exponential functions with parameters obtained from a fit to the observed background

distribution. Figure 9 shows a direct comparison between the pγT distribution in data and

the expectations for various aTGC strengths. A theoretical uncertainty of 6–12% is deter-

mined from PDF and scale variations. Experimental systematic uncertainties are 2% in the

dilepton efficiency, 2% in the photon efficiency, 2.6% in the luminosity measurement, and

depending on pγT up to 8% uncertainty in the background of nonprompt and misidentified

photons obtained from the σηη template method.

An unbinned profile likelihood ratio based on the pγT distribution is used to find the

best fitting aTGC model and its 95% confidence level (CL) region. With the precision of

the current measurement it is not possible to distinguish between the CP-even and CP-odd

contributions. Therefore, only the CP-even parameters hV3 and hV4 are considered. The

two-dimensional limits on hV3 and hV4 are shown in figure 10. The combination of the

muon and electron channels takes into account that most of the systematic uncertainties

are correlated with the exception of those related to the lepton reconstruction efficiencies.

The one-dimensional 95% CL regions, when only one of the aTGCs is nonzero, are

−3.8× 10−3 < hZ3 < 3.7× 10−3

−3.1× 10−5 < hZ4 < 3.0× 10−5

−4.6× 10−3 < hγ3 < 4.6× 10−3

−3.6× 10−5 < hγ4 < 3.5× 10−5.
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Figure 10. Best fit of the combined muon and electron channels for models of anomalous ZZγ

(top) and Zγγ (bottom) couplings. No form factor is used. The light blue star indicates the

point of highest probability. The level of gray represents the exclusion probability and the black

line corresponds to the 95% CL limit. In addition, several expected contours from SM simulation

are shown.

8 Summary

A study of Zγ production in pp collisions at 8 TeV using data collected with the CMS

experiment in 2012, corresponding to an integrated luminosity of 19.5 fb−1 was presented.

Decays of the Z bosons into muons and electrons were used for the measurement of the

differential Zγ cross section as a function of pγT for a phase space defined by the kinematic

requirements on the final-state particles shown in table 1. In addition, the exclusive dif-
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ferential Zγ cross section for events with no accompanying central jets was presented. The

inclusive and exclusive cross sections for pγT > 15 GeV are measured to be:

σincl = 2063± 19 (stat)± 98 (syst)± 54 (lumi) fb,

σexcl = 1770± 18 (stat)± 115 (syst)± 46 (lumi) fb.

Both values are compatible with the SM expectations of σmcfmincl = 2100± 120 fb (σNNLO
incl =

2241 ± 22 fb) and σmcfmexcl = 1800 ± 120 fb, respectively. At high pγT the inclusive mea-

surement is well described by the NNLO calculation and also by the sherpa prediction

including up to two additional partons at matrix element level, while a clear excess is ob-

served with respect to the mcfm (NLO) calculation. This emphasizes the importance of

NNLO QCD corrections for this measurement. A similar excess is not observed for the

exclusive measurement.

Limits on the strengths of anomalous ZZγ and Zγγ couplings have been extracted.

The following one-dimensional limits at 95% CL have been obtained

−3.8× 10−3 < hZ3 < 3.7× 10−3

−3.1× 10−5 < hZ4 < 3.0× 10−5

−4.6× 10−3 < hγ3 < 4.6× 10−3

−3.6× 10−5 < hγ4 < 3.5× 10−5.

These limits are more stringent than previously published results on neutral aTGCs for the

charged lepton decays of the Z boson from LEP [38–41], Tevatron [42, 43] and the LHC

experiments [4, 5].
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E. Conte14, J.-C. Fontaine14, D. Gelé, U. Goerlach, C. Goetzmann, A.-C. Le Bihan,

K. Skovpen, P. Van Hove

Centre de Calcul de l’Institut National de Physique Nucleaire et de Physique

des Particules, CNRS/IN2P3, Villeurbanne, France

S. Gadrat
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T. Hebbeker, C. Heidemann, K. Hoepfner, D. Klingebiel, S. Knutzen, P. Kreuzer, M. Mer-

schmeyer, A. Meyer, P. Millet, M. Olschewski, K. Padeken, P. Papacz, H. Reithler,

S.A. Schmitz, L. Sonnenschein, D. Teyssier, S. Thüer, M. Weber
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G. Abbiendia, A.C. Benvenutia, D. Bonacorsia,b, S. Braibant-Giacomellia,b,

L. Brigliadoria,b, R. Campaninia,b, P. Capiluppia,b, A. Castroa,b, F.R. Cavalloa,

G. Codispotia,b, M. Cuffiania,b, G.M. Dallavallea, F. Fabbria, A. Fanfania,b, D. Fasanellaa,b,

P. Giacomellia, C. Grandia, L. Guiduccia,b, S. Marcellinia, G. Masettia, A. Montanaria,

F.L. Navarriaa,b, A. Perrottaa, F. Primaveraa,b, A.M. Rossia,b, T. Rovellia,b, G.P. Sirolia,b,

N. Tosia,b, R. Travaglinia,b
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G. Petrucciani, A. Pfeiffer, M. Pimiä, D. Piparo, M. Plagge, A. Racz, G. Rolandi34,
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