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Abstract Results of a search for new phenomena in events
with at least three photons are reported. Data from proton–
proton collisions at a centre-of-mass energy of 8 TeV, corre-
sponding to an integrated luminosity of 20.3 fb−1, were col-
lected with the ATLAS detector at the LHC. The observed
data are well described by the Standard Model. Limits at
the 95 % confidence level on new phenomena are presented
based on the rate of events in an inclusive signal region and
a restricted signal region targeting the rare decay Z → 3γ ,
as well as di-photon and tri-photon resonance searches. For
a Standard Model Higgs boson decaying to four photons via
a pair of intermediate pseudoscalar particles (a), limits are
found to be σ ×BR(h → aa)×BR(a → γ γ )2 < 10−3σSM

for 10 GeV < ma < 62 GeV. Limits are also presented for
Higgs boson-like scalars (H ) for mH > 125 GeV, and for a
Z ′ decaying to three photons via Z ′ → a + γ → 3γ . Addi-
tionally, the observed limit on the branching ratio of the Z
boson decay to three photons is found to be BR(Z → 3γ ) <

2.2 × 10−6, a result five times stronger than the previous
result from LEP.

1 Introduction

Many extensions of the Standard Model (SM) include phe-
nomena that can result in final states consisting of three or
more photons. Extensions of the SM scalar sector [1–5], for
example, often include pseudoscalar particles (a) with cou-
plings to the Higgs boson [6,7] (h) and branching ratios
into photons that would be visible at the LHC, in addi-
tion to scalars (H ) with masses different from the SM-like
Higgs boson of mh = 125 GeV that can also decay via
H → aa → 4γ . Other models feature additional vector
gauge bosons that can decay to a photon and a new pseu-
doscalar boson, a, with the subsequent decay of the a into
a pair of photons, resulting in a three-photon final state [8].
Moreover, in the SM, the Z boson can decay to three pho-
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tons via a loop of W± bosons or fermions. The decay is
heavily suppressed and the branching ratio is predicted to
be ∼5×10−10 [9]. The current most stringent bound on this
process comes from the L3 Collaboration, which placed a
limit of BR(Z → 3γ ) < 10−5 [10]. The ATLAS detector
has collected ∼109 Z boson events, and thus an observation
of this decay would indicate an enhancement of this decay
rate and could be evidence of phenomena not predicted by
the SM. Feynman diagrams for some of these beyond-the-
Standard Model (BSM) and rare SM scenarios are shown in
Fig. 1.

To ensure sensitivity to these and other possible rare SM
and BSM scenarios, an inclusive three-photon search is per-
formed using 20.3 fb−1 of LHC proton-proton collisions col-
lected by the ATLAS detector in 2012 at a centre-of-mass
energy of 8 TeV. Such a model-independent search is the
first of its kind, as are the interpretations for a Higgs boson
decaying to four photons via two intermediate pseudoscalar
a particles (for a Higgs boson of mh = 125 GeV and for
Higgs-like scalars of higher masses) and for three-photon
resonances corresponding to a new vector gauge boson.

The dominant backgrounds include the irreducible com-
ponent with three or more prompt photons, as well as the
reducible components consisting of combinations of photons
and electrons or hadronic jets misidentified as photons. The
contributions from events with jets which are misidentified
as photons are calculated from data-driven methods, while
simulation is used to estimate the contributions from the irre-
ducible background and the reducible background originat-
ing from electroweak processes that lead to electrons which
are misidentified as photons in the detector. Collision data is
used to derive corrections to the probability obtained from
simulation that electrons are misidentified as photons.

2 The ATLAS detector

The ATLAS experiment [11] at the LHC is a multi-purpose
particle detector with a forward-backward symmetric cylin-
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Fig. 1 Feynman diagrams for
possible beyond-the-Standard
Model (top) and rare Standard
Model (bottom) scenarios that
result in final states with at least
three photons
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drical geometry and a near 4π coverage in solid angle.1 It
consists of an inner tracking detector surrounded by a thin
superconducting solenoid providing a 2 T axial magnetic
field, electromagnetic (EM) and hadronic calorimeters, and
a muon spectrometer. The inner tracking detector covers the
pseudorapidity range |η| < 2.5. It consists of silicon pixel,
silicon micro-strip, and transition radiation tracking detec-
tors. Lead/liquid-argon (LAr) sampling calorimeters provide
EM energy measurements with high granularity. A hadronic
(iron/scintillator-tile) calorimeter covers the central pseudo-
rapidity range (|η| < 1.7). The end-cap and forward regions
are instrumented with LAr calorimeters for both EM and
hadronic energy measurements up to |η| = 4.9. The muon
spectrometer surrounds the calorimeters and is based on three
large air-core toroid superconducting magnets with eight
coils each. Its bending power ranges from 2.0 to 7.5 T m.
It includes a system of precision tracking chambers and fast
detectors for triggering. A three-level trigger system is used
to select events. The first-level trigger is implemented in hard-
ware and uses a subset of the detector information to reduce
the accepted rate to at most 75 kHz. This is followed by
two software-based trigger levels that together reduce the
accepted event rate to 400 Hz on average depending on the
data-taking conditions during 2012.

3 Event and object selection

This search utilises a three-photon trigger that places a min-
imum requirement on the photon momentum in the plane

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-axis
along the beam pipe. The x-axis points from the IP to the centre of the
LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, φ)

are used in the transverse plane, φ being the azimuthal angle around the
beam pipe. The pseudorapidity is defined in terms of the polar angle θ

as η = − ln tan(θ/2).

transverse to the beam axis (transverse momentum, or pT)
of 15 GeV, applied on three photon candidates in the EM
calorimeter. Each candidate is additionally required to sat-
isfy a set of loose photon identification criteria [12]. Stringent
detector and data quality criteria are applied offline. Events
are required to contain at least one interaction vertex, with
no additional vertex requirements.

Photon candidates must satisfy a pseudorapidity require-
ment of |η| < 2.37, excluding the transition region between
the barrel and end-cap of 1.37 < |η| < 1.52, and must
satisfy requirements on the shape of the energy deposit
in the calorimeter. A photon candidate is rejected if the
barycentre of its energy deposit is within a cone of 	R ≡√

(	η)2 + (	φ)2 < 0.15 around the barycentre of the
energy deposit of a higher pT photon candidate. Finally,
selected photon candidates are required to satisfy a more
stringent set of identification criteria, known as tight [12].
Photon isolation is defined by the amount of transverse
energy, E iso

T , deposited in the EM calorimeter within a cone of
size 	R around the photon candidate, excluding the energy
of the photon candidate itself. It is a powerful means of dis-
tinguishing between photons and hadronic jets misidentified
as photons, since the energy clusters deposited by photons
in the EM calorimeter tend to be narrower in the transverse
direction than those deposited by jets. Because minimum-
bias proton–proton interactions in the same or nearby bunch
crossings (pileup) can affect the calculated photon isolation
energy, a correction is applied based on an event-by-event
energy density pileup estimation. This search uses an isola-
tion cone of size 	R < 0.4, and a correction to the E iso

T value
of a photon candidate is made when another photon candi-
date passing the tight identification criteria is found within
an annulus of 0.15 < 	R < 0.4 around the photon candi-
date. The correction consists of subtracting the pT value of
the other photon candidate found within the annulus from the
E iso

T value of the photon candidate under consideration. The
final isolation criterion is E iso

T < 4 GeV.
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Events in the inclusive signal region are required to have at
least three tightly identified and isolated photon candidates,
where the two photon candidates with the highest transverse
momentum must have pT > 22 GeV while the third highest
must have pT > 17 GeV. The restricted signal region, target-
ing the rare decay Z → 3γ , is a subset of these events where
an additional criterion of 80 GeV < m3γ < 100 GeV is
placed on the invariant mass of the three-photon system. The
signal regions are supplemented by several control regions,
where at least one of the photon candidates fails the isolation
requirement.

4 Simulated event samples

Simulated event samples are used to estimate several SM
background processes in the search for excesses in the inclu-
sive signal regions, as well as to model signal predictions for
both the inclusive searches and the resonance searches for
the specific BSM scenarios considered here. The simulated
BSM signal samples are also used to define a fiducial region
for which the search criteria are largely model-independent.

4.1 Simulated backgrounds

The SM two-photon process is an irreducible background to
a three-photon search because a third photon may arise from
minimum-bias proton–proton interactions in the same bunch
crossing. The SM two-photon background is simulated with
Pythia 8 [13], and the three- and four-photon backgrounds
are simulated with MadGraph 5 [14], with Pythia 8 used
for fragmentation and hadronisation. The production of two,
three and four photons in the SM contains large contribu-
tions from higher-order Feynman diagrams. Thus, the two-,
three- and four-photon simulated event samples calculated
at leading order (LO) are multiplied by factors (“K -factors”)
determined from studies with generators that include next-to-
leading order (NLO) contributions, namely MCFM 6.8 [15]
and VBFNLO 2.7.0 [16–18], using the parton distribution
function (PDF) sets CTEQ6L1 [19] for the LO cross sec-
tions and CT10 [20] and MSTW8NL [21] for the NLO cross
sections. These K -factors are 1.9 ± 0.2 for the two-photon
process and 3.3 ± 0.5 for the three-photon process. The four-
photon process is not included in NLO generators, and since
the four-photon background is ∼10−3 of the total background
expectation in the inclusive signal region, the three-photon
K -factor is applied to the four-photon background sample.
The uncertainties for these K -factors are determined by mul-
tiplying the renormalisation and factorisation scales indepen-
dently by 2 and 0.5 and taking the largest deviations from the
nominal value of the K -factor.

The reducible backgrounds where electrons are misiden-
tified as photons originate from multiple sources. Processes

where a Z boson decays to an e+e− pair, accompanied by
a photon not from the matrix element, are modelled with
Powheg- Box 1.0 [22], using Pythia 8 for fragmentation
and hadronisation, and Z+γ production is modelled with
Sherpa 1.4.1 [23]. Backgrounds from processes involving
the leptonic decay of the W boson in association with pho-
tons and/or hadronic jets are simulated withAlpgen [24] and
Herwig [25,26]. Possible mis-measurement of the rate of
electrons misidentified as photons in simulation is addressed
by comparing to electrons misidentified as photons from
Z → e+e− events in data.

To obtain estimates of the rates at which true photons
populate the regions of kinematic phase space assumed to be
dominated by jets (used in the calculation of the systematic
uncertainty for the data-driven estimate of jet backgrounds),
a sample containing events with one hard-process quark or
gluon and one prompt photon is simulated using Pythia and
the CTEQ6L1 PDF set.

The PDF sets for the simulated event samples of back-
ground processes used for the final background estimate in
the inclusive search, for the MadGraph, Pythia and Alp-
gen + Herwig samples, are taken from CTEQ6L1, while
for the Powheg- Box and Sherpa samples the PDF sets are
taken from CT10.

4.2 Simulated signal processes

The Zγ γ γ effective vertex has been implemented with
FeynRules [27,28] and then used in a customised Mad-
Graph 5 model which is employed to simulate events,
using the CTEQ6L1 PDF set and Pythia 8 for fragmenta-
tion and hadronisation. Each of the two non-trivial, indepen-
dent, lowest-order effective Lagrangians for this process [29]
contains a dimensionful coupling constant, and the values
of these constants have been calculated [30] using the SM
expected Z → 3γ branching ratio of 5.41×10−10. These
SM values are used in the simulation. The BSM process of
a Higgs boson produced via gluon fusion and decaying to
four photons via a pair of intermediate a particles is sim-
ulated with Powheg- Box and Pythia 8 (using the CT10
NLO PDF set). The BSM process of a new vector gauge
boson decaying to three photons via Z ′ → a + γ → 3γ

is simulated with Pythia 8 (using the MSTW2008LO [21]
leading-order PDF set).

4.3 Minimum-bias interactions and the ATLAS detector
simulation

Minimum-bias proton–proton interactions in the same or
nearby bunch crossings (pileup) are modelled with Pythia
8, using the MSTW2008LO PDF set. These pileup events
are overlaid onto the hard-scattering process for all simulated
signal and background samples to reproduce the distribution
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of the average number of interactions per bunch crossing
observed over the course of data-taking in 2012.

All signal and background samples are processed with the
full ATLAS detector simulation [31] based on Geant 4 [32]
and reconstructed using the same software as that used for
collision data.

5 Background composition estimate

The backgrounds in the search for excesses in the inclusive
signal regions are estimated from a combination of simu-
lated samples (detailed in the previous section) and methods
employing collision data. The dominant backgrounds in the
inclusive signal region are the irreducible SM two-, three-
and four-photon processes, while for the Z → 3γ search
channel, backgrounds involving electrons misidentified as
photons are dominant.

5.1 Backgrounds estimated from simulation

The irreducible SM two-, three- and four-photon back-
grounds, as well as backgrounds from processes involving
electrons in the final state originating from Z decays and
those involving the leptonic decay of the W boson in asso-
ciation with photons and/or hadronic jets, are estimated via
simulation. The third photon for the SM two-photon back-
ground process typically arises from pileup interactions, but
can occasionally be a quark- or gluon-initiated jet radiated
from the incoming partons which is misidentified as a photon.
Possible double-counting with the 2γ + 1-jet final state (esti-
mated via a data-driven method described in the following
section) is avoided by omitting from consideration events in
the SM two-photon simulated sample where one of the three
photon candidates is a jet, using generator-level information.
Possible mis-measurement of the rate of electrons misiden-
tified as photons in simulation is addressed by comparing
Z → e+e− processes in simulation and in data. The per-
electron scale factor is the ratio of the misidentification rate
determined in data to that determined in simulated samples.
This scale factor is independent of pT and η for the ranges
considered here, and is found to be 1.03 ± 0.04.

5.2 Data-driven estimates of 2γ + 1-jet, 1γ + 2-jet,
and 3-jet backgrounds

A crucial aspect of the analysis is the data-driven estimate
of the backgrounds where hadronic jets are misidentified as
photons (hereafter called “jet fakes”), i.e., SM processes that
can produce 2γ + 1-jet, 1γ + 2-jet, and 3-jet events. Collision
data are used to derive efficiencies for photons passing the
isolation criterion (εγ ) and rates at which jets are misidenti-
fied as isolated photons ( fjet). These values of εγ and fjet are

then used in a likelihood matrix method (described below)
to estimate the jet backgrounds.

A sample of photon candidates consisting mainly of jet
fakes is defined in the following way. The standard tight and
loose photon identification categories are augmented with a
mediumdefinition [33], intermediate between tight and loose.
The medium photon is defined by relaxing some EM shower
shape requirements that provide high levels of rejection of
jet fakes. When the medium definition is combined with a
further requirement that the photon candidates fail tight (the
combination hereafter called non-tight), the result is a sample
of photon candidates that is primarily composed of jet fakes.
This method presupposes that the E iso

T distribution of thenon-
tight sample is composed primarily of jet fakes, and that the
subset of tight photons with higher values of E iso

T (the “tail”,
here for E iso

T > 7 GeV) is dominated by jet fakes. Under
these assumptions, the tail of the non-tight distribution is
scaled to match that of the tight distribution, thus providing
a determination of the contribution of jet fakes to the signal
region, i.e., the collection of photons that pass both the tight
and the isolation criteria. The scaled non-tight distribution is
then subtracted from the tight distribution. Photon isolation
efficiency, εγ , is then calculated as the ratio of the number
of isolated photons (those that satisfy E iso

T < 4 GeV) to the
total number of photons in the tight distribution after this
subtraction has been performed. The rate at which jet fakes
are identified as photons, fjet, is the ratio of the number of
isolated photons to the total number of photons in the non-
tight distribution.

The assumptions described above are validated using
simulated samples of events containing photons and jets,
described in Sect. 4. Any collection of photon candidates
consists of some combination of actual photons, which can
be defined as “true”, and other objects that are misidentified
as photons. The non-zero true photon contamination in the
set of non-tight photons, and the set of tight photons that fail
the isolation criterion, is taken from the simulated samples
and is used to derive a systematic uncertainty (described in
Sect. 6) on the jet background estimate procedure.

The procedure is performed separately for three kinematic
regions as follows. Photons are ordered by pT, highest to
lowest. Three regions in the pT–η plane are defined as (1) 15
GeV < pT < 40 GeV and |η| < 1.37, (2) pT > 40 GeV and
|η| < 1.37, and (3) 1.52 < |η| < 2.37. The separation into
lower and higher pT bins around 40 GeV is chosen because
this is the value at which εγ and fjet are changing rapidly,
and the three regions were chosen to maintain a large number
of events in each bin. The values of εγ and fjet are then
calculated for each of the three regions, and the results are
shown in Table 1.

The data-derived εγ and fjet values are applied to events
with three photon candidates to estimate the SM 2γ + 1-
jet, 1γ + 2-jet, and 3-jet backgrounds. This is done using a
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Table 1 Photon isolation efficiencies (εγ ) and rates of jets misidenti-
fied as photons ( fjet) from collision data for the three kinematic regions,
used for the jet background estimate. The isolation criterion is E iso

T <

4 GeV. The three regions were chosen to maintain a large number of
events in each bin. The first uncertainty is statistical while the second
is systematic

Kinematic region Fraction satisfying isolation criterion

Photons (εγ ) Jets misidentified as photons ( fjet)

1. 15 GeV < pT < 40 GeV, |η| < 1.37 0.939 ± 0.007 ± 0.009 0.424 ± 0.001 ± 0.013

2. pT > 40 GeV, |η| < 1.37 0.906 ± 0.006 ± 0.013 0.256 ± 0.002 ± 0.010

3. 1.52 < |η| < 2.37 0.933 ± 0.007 ± 0.009 0.431 ± 0.002 ± 0.013

likelihood-based version of a standard matrix method (here
called the “likelihood matrix method”). In standard matrix
methods [33], a matrix of efficiencies relates an observed
event that falls into a particular event category (based on some
discriminating variable or variables) to the true, unknown
final states to which the event has the possibility of corre-
sponding, and the matrix is inverted to determine probabili-
ties that a given observed event corresponds to one of these
true final states. When summed over a large number of events,
these per-event estimators average to the overall estimate of
the number of events in each true final state.

In the likelihood matrix method, by contrast (and with
respect to the present three-photon search), the expected yield
for each three-object final state consisting of jets plus photons
or all jets is the result of fitting a likelihood function to data.
For the event sample where all three photons, ordered from
highest to lowest pT, have satisfied the tight requirements,
events are placed into 160 orthogonal categories designated
by six criteria. These are defined first by the three regions
in the pT–η plane to which each photon candidate belongs.
These are the same three regions that are used to categorise
photons and to calculate εγ and fjet, described and labeled
previously as regions 1–3. The remaining three criteria by
which each event is categorized are three boolean variables,
one for each photon candidate, indicating whether it passed
or failed the isolation criterion. Since each of the three pho-
ton candidates either passes (P) or fails (F) isolation, there
are 23 = 8 possible isolation combinations for three photons:
PPP, PPF, PFP, FPP, PFF, FPF, FFP, and FFF. The three pho-
tons are ordered by pT, from highest to lowest, and, since
one of the three kinematic regions defined above depends
only upon η, there are twenty possible pT–η bin combina-
tions: 333, 332, 323, 322, 331, 313, 311, 321, 222, 223, 232,
233, 221, 211, 231, 213, 111, 113, 131, 133. This results in
8 × 20 = 160 categories, denoted PPP_333 for those events
where the three photon candidates all passed isolation and
had pT–η values placing them in the “3” kinematic region,
PPF_321 for those events where the leading and sublead-
ing photons passed isolation and the sub-subleading pho-
ton failed isolation, and the pT–η value combinations placed
them successively in the “3”, “2”, and “1” regions, etc.

Each of the 160 categories corresponds to a Poisson func-
tion where the observed number of events is the number of
events seen in data for that category and the expected number
of events is a sum of terms corresponding to each of the possi-
ble true (unknown) final states consisting of photons and jets
or only jets for a particular pT–η combination. Each term in
a given sum is multiplied by the appropriate values of εγ and
fjet. A likelihood is then constructed consisting of a product
of the 160 Poisson functions. The expectations for each true
final state are the maximum likelihood estimators that result
from fitting this likelihood function to the data. That is, the
true unknown expectations are allowed to float in the fit and
are constrained to be positive and, hence, physical. The esti-
mated number of events of a given final state in a particular
signal or control region – defined by whether the photons
passed or failed isolation – is determined by summing the
resulting expectations from the fit times the appropriate εγ

and fjet values.

6 Systematic uncertainties

6.1 Data-driven uncertainties

For the data-driven jet background estimate, systematic
uncertainties arise in the calculation of the rate of photons
passing the isolation criterion, εγ , and the rate of jets misiden-
tified as isolated photons (“jet fakes”), fjet. This calculation
relies upon the assumptions that both the tail (E iso

T > 7 GeV)
of the E iso

T distribution of tight photons and the entirety
of the E iso

T distribution of non-tight photons are primarily
composed of jet fakes. Tests on simulations of photons and
jets indicate that the true photon contamination in these jet-
dominated regions is between 5 and 15 %, depending on
the region. These values are used to calculate different val-
ues of εγ and fjet (where the number of photon candidates
in a given region is altered by the corresponding percent-
age) which are then used in the jet background estimate. The
deviations from the nominal signal region yield (assuming
no true photon contamination) are calculated separately for
the three final states of 2γ + 1 jet, 1γ + 2 jets, and 3 jets, and
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these values (4, 10 and 21 %, respectively) are taken as sys-
tematic uncertainties on the estimates of these backgrounds
in the signal region.

An additional uncertainty associated with the data-driven
methods employed arises from the choice of kinematic vari-
able used to categorise photons and then to calculate and
apply εγ and fjet. The baseline analysis uses three bins in
the pT–η plane, described in Sect. 5, and separate analyses
using either pT-dependence only or η-dependence only are
conducted as well. The largest deviation of the two different
methods from the nominal method is 13 %, which is taken
as a systematic uncertainty.

6.2 Simulation uncertainties

The uncertainty on the integrated luminosity for the data sam-
ple is 2.8 %, derived using the same methodology as that
detailed in Ref. [34].

The photon identification efficiency has been directly
measured in data using photons from Z → e+e−/μ+μ−
radiative decays [12]. The systematic uncertainties on the
signal region yield due to the uncertainty on this efficiency
measurement are found to range from <1 to 6 % for simu-
lated backgrounds, and from 3 to 7 % for simulated signal
processes, depending on the sample.

As mentioned in Sect. 3, the analysis supplements the
isolation prescription – E iso

T < 4 GeV, with a cone size of
	R < 0.4 – with an isolation energy correction that is applied
to photons with overlapping isolation cones. This procedure
improves sensitivity to lower-mass two-photon resonances
where the photon pairs are close together in 	R. To account
for possible over- or under-correction due to a photon being
near the edge of the isolation annulus, an additional system-
atic uncertainty is assessed. The pT values of all isolated pho-
tons in simulated samples are calibrated to yield agreement
with the values observed in data [35]. Since the calibration
factors for isolated photons deviate from one by typically
less than 5 %, a value of 5 % is a conservative estimate
of the uncertainty on photon pT. To assess the systematic
uncertainty on the isolation energy correction, the measured
value of the pT of the other tight photon in the isolation
cone is varied by 5 %, the correction procedure is applied,
and the effects are propagated to the final event selection in
the signal region. For example, using simulated samples of a
Higgs boson decaying to four photons via H → aa → 4γ ,
the systematic uncertainty due to this effect is smaller for
higher ratios of ma/mH (as large as 6 % when the pT is
varied by −5 and <1 % when the pT is varied by +5 %,
for mH = 900 GeV and ma = 440 GeV), and the uncer-
tainty is larger for smaller ratios of ma/mH (as large as 69 %
when the pT is varied by −5 and 12 % when the pT is var-
ied by +5 %, for mH = 900 GeV and ma = 50 GeV), as

the photons tend to overlap within the isolation cone more
frequently.

The uncertainties on the event yields due to systematic
uncertainties in the photon energy scale and resolution [35]
are found to range from <1 to 4 % for the simulated sig-
nal and background samples. The uncertainties on the event
yields due to systematic uncertainties in the scale factors used
to yield agreement between photon identification efficien-
cies calculated in data and simulated samples [35] are found
to range from <1 to 8 % for simulated backgrounds, and
from 1 to 4 % for simulated signal processes. The systematic
uncertainty on the scaling factor for electrons misidentified
as photons in simulated samples is taken to be the statisti-
cal uncertainty arising from the calculation, i.e., 4 %, since
this is as large as or larger than the systematic uncertain-
ties due to the photon energy scale and resolution, above.
The efficiency and uncertainties of the three-photon trig-
ger chain have been determined to be 98.5 ± 0.1 (stat.)
±0.2 % (syst.). The trigger efficiency is calculated using
single photons (with pT values corresponding to the val-
ues used for the analysis event selection) from Z boson
radiative decays and then, under the assumption that the
per-event performance of the photon trigger for one pho-
ton is uncorrelated to that for another photon in the same
event, multiplying these values to obtain the overall trigger
efficiency.

Uncertainties on calculated cross sections for simulated
background processes due to QCD renormalisation and fac-
torisation scales and due to the choice of PDF set and value of
αs used in simulation are addressed via the recommendations
of PDF4LHC [36]. The resulting combined uncertainties are
found to range from 7 to 16 %, depending on the simulated
background process. The total theoretical uncertainty on the
SM 3γ background process due to the uncertainty on the
LO to NLO correction, combined with the uncertainties due
to choice of PDF set and renormalisation and factorisation
scales, is found to be ∼30 %.

Uncertainties exist for the measured or calculated produc-
tion cross sections for SM particles for which BSM decays
are considered as signal scenarios and are accounted for.
For the BSM Higgs boson scenario of h → aa → 4γ

the gluon fusion production cross section for the SM Higgs
boson with mh = 125 GeV [37,38], σh,SM = 19.27 pb is
used, with an uncertainty of ±10.4 % due to choice of PDF
set and renormalisation and factorisation scales. For the rare
decay Z → 3γ , the measured pp → Z cross section of
(2.79 ± 0.02 ± 0.11) × 104 pb [39] is used. An additional
uncertainty of ±12.3 % – determined by varying the QCD
renormalisation and factorisation scales, PDF set, and value
of αs – is also assessed, to account for variations in the simu-
lation of the kinematics of the final-state photons and, hence,
the acceptance in the signal region.

These systematic uncertainties are summarized in Table 2.
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Table 2 Systematic uncertainties (%) on the expected event yields in
the signal region. The values given for data-driven backgrounds corre-
spond to the three jet backgrounds described in the text. For simulated
samples, when a range is given it corresponds to the smallest and largest
uncertainties for all simulated backgrounds or signals

Data-driven Background Signal

Photon contamination of control regions 4–21 –

Kinematic parametrization 13 –

Simulation

Photon ID 1–6 3–7

Photon isolation correction <1–4 <1–69

Photon energy scale and resolution <1–4 <1–4

Photon scale factors <1–8 1–4

Electron scale factors 4 4

Trigger 0.2 0.2

Luminosity 2.8 2.8

Cross section 7–16 4–12

7 Results and interpretations

This section presents results based on the number of events
in a broad inclusive region and a restricted region focusing
on the rare decay Z → 3γ , as well as results from the search
for resonances in the di-photon and tri-photon invariant mass
spectra.

7.1 Inclusive and Z → 3γ regions

The number of SM background events expected in the signal
region is 1370 ± 140 (combined statistical and systematic
uncertainties) and the observed number of events is 1290.
The observation is in agreement with the SM expectation.
Additionally, while the event selection is optimised for a
search for physics beyond the SM as opposed to a mea-
surement of the 3γ inclusive cross section, the results are
nevertheless compatible with the irreducible all-photon pro-
cess expectations from the SM. The expected and observed
yields in the signal region are presented in Table 3, and the
expected and observed yields in signal and control regions
where all three photons have passed the tight identification
criterion are shown in Fig. 2. In the figure, the red hatched
band, in the signal region bin, is the combination of statisti-
cal and systematic uncertainties on all background sources,
while the black hatched band, in the control regions, is the
combination of statistical uncertainties of the data-driven jet
background estimate and the expected yields from simulated
samples of SM background processes. For the inclusive sig-
nal region, this corresponds to a model-independent observed
(expected ±1σ ) upper limit, at the 95 % confidence level
(CL), on the number of signal events of 240 (273+83

−66), and

Table 3 Expected and observed event yields in the inclusive signal
region and for the signal region with a further requirement of 80 GeV
< m3γ < 100 GeV. Background expectations estimated via simulations
are marked sim., whereas data-driven calculations are denoted as D–
D. The uncertainties for each row are the combination of statistical and
systematic uncertainties for a given background process, and the overall
uncertainties in the second to last row are the combined uncertainties
for the total background expectations for each signal region

Process Inclusive
signal region

80 GeV < m3γ <

100 GeV

2γ (sim.) 330 ± 50 24 ± 8

3γ (sim.) 340 ± 110 30 ± 10

4γ (sim.) 1.3 ± 0.4 0.07 ± 0.02

2γ ,1j (D–D) 350 ± 60 65 ± 19

1γ ,2j (D–D) 110 ± 40 13 ± 10

3j (D–D) 43 ± 11 6.1 ± 2.0

Z → e+e− (sim.) 85 ± 22 43 ± 13

Z+γ (sim.) 89 ± 11 48 ± 6

W+γ +(0,1,2)j (sim.) 11.4 ± 1.5 2.7 ± 0.7

W+2γ +(0,1,2)j (sim.) 6.1 ± 0.5 0.68 ± 0.08

Total SM exp. 1370 ± 140 233 ± 28

Observed 1290 244

to the model-dependent upper limits on the inclusive fiducial
cross section in the aforementioned acceptance for the sig-
nal scenarios of the BSM Higgs boson and Higgs boson-like
decays and the Z ′ decays shown in Table 4, where hypothesis
testing and limit setting are calculated using the profile like-
lihood ratio as the test statistic for the CLs technique [40] in
the asymptotic approximation [41,42]. The fiducial efficien-
cies for each signal scenario are determined with respect to a
generator-level kinematic region with the same requirements
applied to three-photon events as those used for the analy-
sis signal region. This fiducial region is defined as the set of
events that contain three photons where (1) each photon sat-
isfies a pseudorapidity requirement of |η| < 2.37, excluding
the transition region between the barrel and end-cap of 1.37
< |η| < 1.52, (2) the three photons satisfy pT > 22, 22,
and 17 GeV, and (3) each photon satisfies E truth iso

T < 4 GeV,
where E truth iso

T is a generator-level definition of the photon
isolation criterion equivalent to that used for event selection
on reconstructed events. The fiducial efficiencies are simi-
lar for the considered signal scenarios for mass points where
the distributions of photon pT, for all photons, tend to peak
higher than pT > 50 GeV. This is because the overall photon
identification efficiency decreases for photons with pT < 50
GeV [12]. Since the pT distribution for at least one of the pho-
tons for signal scenarios with lower-mass resonances tends
to peak at lower values, the fiducial efficiencies are lower.

Using the same data-driven and simulation-based method-
ology restricted to the region 80 GeV < m3γ < 100 GeV
provides a test for the rare decay of the Z boson to three
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Fig. 2 Observed and expected yields in signal and control regions for
the full mass range (left) and the restricted range of 80 GeV < m3γ <

100 GeV (right), for events where all three photon candidates satisfy the
tight photon identification criteria. The bins along the horizontal axis
correspond to orthogonal subsets of events where each subset is cate-
gorised by whether the three photons – ordered from largest to smallest
values of pT– passed (“P”) or failed (“F”) the isolation criterion. The
leftmost bin is the signal region, composed of events satisfying PPP, and

the other bins are the different control regions, where at least one of the
photon candidates failed the isolation criterion. The red hatched band,
in the signal region bin, is the combination of statistical and system-
atic uncertainties, while the black hatched bands represent statistical
uncertainties. As a result of the data-driven jet background estimate,
the statistical uncertainty in each bin is partially correlated with the
uncertainty on the data in that bin

Table 4 Top row observed and
expected model-independent
upper limits on event yields for
new physics processes for the
inclusive signal region. Also
shown are the efficiencies for
the fiducial kinematic region
defined in the text for some
example mass points for the
signal scenarios explicitly
considered here, and the
corresponding observed and
expected (±1σ ) upper limits on
the fiducial cross section within
the acceptance. Total statistical
uncertainties are quoted for the
fiducial efficiencies, and the
uncertainties for the upper limits
correspond to the uncertainties
arising from the ±1σ upper
limits calculated via hypothesis
testing using the combination of
statistical and systematic
uncertainties

Expected background Observed Obs. (exp.) 95 % CL upper limit on Nsig

1370 ± 140 1290 240
(
273+83−66

)

Signal process Fiducial Obs. (exp.) upper limit, Obs. (exp.) upper limit,

efficiency σfid × A (fb) σoverall (fb)

h/H → aa → 4γ

mh/H (GeV) ma (GeV)

125 10 0.374 ± 0.005 32 (36+11
−9 ) 171 (222+50

−33)

125 62 0.490 ± 0.004 24 (27+8
−7) 118 (155+23

−15)

300 100 0.643 ± 0.003 18 (21+6
−5) 29 (35+9

−7)

600 100 0.688 ± 0.003 17 (20+6
−5) 27 (34+7

−7)

900 100 0.680 ± 0.003 17 (20+6
−5) 27 (33+7

−6)

Z ′ → a + γ → 3γ

mZ ′ (GeV) ma (GeV)

100 40 0.438 ± 0.009 27 (31+9
−7) 316 (387+98

−75)

200 100 0.611 ± 0.005 19 (22+7
−5) 53 (62+20

−16)

400 100 0.649 ± 0.004 18 (21+6
−5) 51 (63+14

−11)

600 100 0.667 ± 0.004 18 (20+6
−5) 39 (48+12

−9 )

1000 100 0.636 ± 0.004 19 (21+6
−5) 38 (46+11

−9 )

photons. The SM branching ratio for the process is predicted
to be ∼5×10−10 [9], but it has yet to be observed. Table 3
(right) and Fig. 2 (right) summarise the observed counts as
well as background expectations in this restricted region. The
data are consistent with the SM expectation: 244 events are

observed and 233 ± 28 events are expected, while the signal
expectation from simulation, for BR(Z → 3γ ) = 10−5 (cor-
responding to the previous limit from LEP [10]), is 418 ± 9
events. Using the same hypothesis-testing and limit-setting
procedure described above, but taking the signal expecta-
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tion from the simulated sample described in Sect. 4, the
observed (expected) limit, at the 95 % CL, on the branch-
ing ratio of the Z boson decay to three photons is found to be
BR(Z → 3γ ) < 2.2 (2.0) ×10−6, a result five times stronger
than the previous LEP limit of <10−5.

7.2 The 2γ and 3γ resonance searches

In addition to the tests based on the number of events in
the inclusive signal regions, searches are performed for res-
onances in the two-photon and three-photon invariant mass
(m2γ and m3γ ) distributions for events in the inclusive sig-
nal region. For these resonance searches, the background
contribution is estimated from a fit to the m2γ or m3γ side-
band regions, and thus does not rely upon simulated samples
for the background estimate. The sideband is modelled as
a fourth-order polynomial, and the size of the sideband is
mass-dependent, symmetric around the hypothesised reso-
nance mass, following a local-spectrum approach. The range
of the observed mass spectrum that is used for the sideband
fit is a local, truncated subset of the full spectrum. For the
m2γ (m3γ ) resonance search, the sideband is 20 (25) GeV
in each direction for m2γ (m3γ ) < 90 (230) GeV, where
the event counts change rapidly as a function of m2γ (m3γ ),
and rises to a sideband size of 80 (100) GeV in each direc-
tion for m2γ (m3γ ) > 195 (425) GeV, increasing roughly
linearly with mass as the spectrum becomes smoother. The
m2γ (m3γ ) resonance search begins at a mass hypothesis of
10 (100) GeV, and proceeds in steps of 0.5 GeV. The signal
component of the resonance search is a Gaussian function
with a fixed width that varies with particle mass, and the
widths are determined from simulated signal samples. Since
the simulated signal samples are generated with a narrow-
width approximation for both the pseudoscalar a and the Z ′
in all cases, the 2γ and 3γ mass resolutions for this search
are equivalent to Gaussian functions that account for detector
resolution, and are determined via fits to the simulated signal
samples. Hypothesis testing and limit setting are performed
using the profile likelihood ratio as the test statistic for the
CLs technique in the asymptotic approximation.

The resonance search is performed separately for the three
two-photon mass spectra defined by the three possible pho-
ton pairings for three photons in the inclusive signal region.
As mentioned previously, the photons are ordered by pT,
from highest to lowest, and so the three two-photon mass
spectra are denoted m12, m13 and m23, where the 1, 2, and 3
refer to the pT-ordered photons. The observed m2γ and m3γ

spectra in the inclusive signal region are shown in Fig. 3.
Also shown in Fig. 3, for visualisation purposes only, is the
background expectation per bin, determined from the side-
band fit to data as a part of the resonance search. The reso-
nance search is performed with a step size of 0.5 GeV and

so the final results shown in Figs. 4 and 5 demonstrate sen-
sitivity to resonances with widths appropriate to the BSM
models considered here. The widths of the bins in Fig. 3 do
not correspond to the mass resolution for the signal scenar-
ios in question. The background estimates and significances
shown in Fig. 3 provide a complementary comparison of the
local agreement between data and expectation. The lower
panels show the significance, in units of standard deviations
of a Gaussian function, of the observation in each bin, taking
into account the fractional uncertainty on the background as
a result of the sideband fit. The significances shown in the
lower panels in Fig. 3 are derived from the p value for the
background-only hypothesis for each bin, calculated using
a frequentist binomial parameter test [43–45]. For regions
beyond the sensitivity of the search, no background estimate
is shown.

For the H/h → aa → 4γ BSM signal scenario, the
photon pairing (among the three pT-ordered photons) that
most often corresponds to the photons arising from the decay
of the same a particle is (2, 3). As a result, the resonance
search in the m23 spectrum provides the best sensitivity to
this model. The widths of the Gaussian signal component
– corresponding to the detector resolution – are taken from
simulated samples of a Higgs boson decaying to four photons
via a pair of intermediate pseudoscalar a particles, and vary
from 0.6 GeV < σGauss < 3.2 GeV for 10 GeV < ma < 440
GeV, and are largely independent of mh/H .

No excess above background is detected, and upper limits,
for a SM-like Higgs boson of mh = 125 GeV (and assum-
ing kinematics associated only with gluon fusion SM Higgs
boson production), are calculated. Additionally, limits are
set for Higgs boson-like scalars with masses larger than 125
GeV. The results of these resonance searches are shown in
Fig. 4 for the SM-like Higgs boson of mh = 125 GeV (in
the top row) and, as an example of a higher scalar mass, for
mH = 600 GeV (in the bottom row). The resonance search
limits for higher values of mH are limited by the small num-
ber of events in the mass spectra at higher values of m2γ .
As shown in Fig. 4, the limits vary as a function of two-
photon invariant mass, but an overall upper bound on the
limits is determined to be σ ×BR(h → aa)×BR(a → γ γ )2

<1 × 10−3σSM, for 10 GeV < ma < 62 GeV for the SM-
like Higgs boson ofmh = 125 GeV and, for the higher scalar
mass case, σH × BR(H → aa)× BR(a → γ γ )2 < 0.02 pb
for lowerma values in the range 10 GeV < ma < 90 GeV and
< 0.001 pb for higher ma (up to 245 GeV for the resonance
search in the m23 spectrum for mH = 600 GeV shown in
Fig. 4). Additionally, using the expected signal yields from
simulated samples, inclusive limits are calculated for 300
GeV < mH < 900 GeV and for a range of ma < mH/2,
including values beyond the range of the mass spectra used
for the resonance search. These inclusive limits are shown in
Table 5.
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Fig. 3 Observed spectra of m12, m13, and m23, where the 1, 2, and 3
refer to three pT-ordered photons, as well as m3γ . For illustration pur-
poses only, also shown is the expected background per bin, determined
via unbinned sideband fits to the data as a part of the resonance search,
for a hypothesised resonance mass defined by the centre of the bin, as
well as the signal expectation for a few mass points for the BSM scenar-
ios considered here. The lower panels show the significance, in units of
standard deviations of a Gaussian function, of the observation in each
bin, taking into account the fractional uncertainty on the background

as a result of the sideband fit. This significance is derived from the p
value for the background-only hypothesis for each bin, calculated using
a frequentist binomial parameter test [43–45]. The signal distributions
used for the m2γ resonance searches have two components, a narrow
Gaussian core for correctly paired two-photon combinations and a wide
distribution for incorrectly paired combinations that is well described
by the polynomial used to simultaneously model the background shape
for the resonance search described in Sect. 7.2

Moreover, upper limits on the Z ′ production cross section
times the product of branching ratios, σZ ′ × BR(Z ′ → a +
γ ) × BR(a → γ γ ), are found to be in the range of 0.04 pb
to 0.3 pb, depending upon mZ ′ and ma . Upper limits, at the
95 % CL, on σZ ′ × BR(Z ′ → a + γ ) × BR(a → γ γ ) are
shown in Table 6, as a function of ma , using the expected
signal yields from simulated samples. Additionally, using
a narrow-width approximation to the Z ′ resonance width,
local excesses corresponding to Gaussian resonances due to
detector resolution are searched for in them3γ spectrum. The

Gaussian widths are determined via fits to the Z ′ simulated
signal samples, described in Sect. 4. For the range of mZ ′ for
which the resonance search is possible, the Z ′ width exhibits
a small dependence on ma . For each Z ′ mass point, three
different samples are simulated, with different values of ma .
The average of the three measured Z ′ widths for each of the
ma points simulated is taken as the width for a givenmZ ′ , and
these values are used for the three-photon resonance search,
interpolating formZ ′ points between those for which samples
are simulated. These values range from 1.5 GeV < σGauss <
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Fig. 4 Left local p values for the background-only hypothesis as
a result of a resonance search with respect to the BSM process
h/H → aa → 4γ , for mh = 125 GeV (top row) and mH = 600
GeV (bottom row), as a function of ma , determined via a search for
local excesses in the m23 spectrum. Right upper limits, at the 95 %
CL, on (σ/σSM) × BR(h → aa) × BR(a → γ γ )2 (top row) and

σH × BR(H → aa) × BR(a → γ γ )2 (bottom row). Also shown are
the ±1 and 2σ uncertainty bands resulting from the resonance search
hypothesis tests, taking into account the statistical and systematic uncer-
tainties from simulated signal samples which are used to determine sig-
nal efficiency and Gaussian resonance width due to detector resolution
for each mass hypothesis

Table 5 Expected and observed 95 % CL upper limits on σH ×
BR(H → aa)×BR(a → γ γ )2. The uncertainties for the expected lim-
its are the ±1σ uncertainties resulting from the hypothesis tests for each
mass point, taking into account statistical and systematic uncertainties

mH (GeV) ma (GeV)

σH × BR(H → aa) × BR(a → γ γ )2 (fb)

Observed (expected) 95 % CL upper limits

20 50 100 140

300 48
(
60+13

−10

)
33

(
40+9

−8

)
29

(
35+9

−7

)
28

(
34+8

−6

)

50 100 200 290

600 31
(
38+10

−7

)
27

(
34+7

−7

)
25

(
31+7

−6

)
25

(
31+7

−6

)

50 100 200 440

900 36
(
44+11

−8

)
27

(
33+7

−6

)
26

(
33+7

−6

)
26

(
32+7

−5

)

2.4 GeV for 100 GeV < mZ ′ < 500 GeV. The results, along
with the local p values for the background-only hypothesis,
are shown in Fig. 5. The smallest local p value is found to be
0.0003 (3.4σ local significance), at m3γ = 212 GeV which,
after adjusting for a trials factor [46], corresponds to a global
p value of 0.087 (1.4σ global significance).

8 Conclusion

A search for new phenomena in events with at least three pho-
tons has been performed using 20.3 fb−1 of LHC pp collision
data at

√
s = 8 TeV collected with the ATLAS detector at

CERN. The SM background expectation is in agreement with
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Table 6 Expected and observed 95 % CL upper limits on σZ ′ ×
BR(Z ′ → a + γ ) × BR(a → γ γ ). The uncertainties for the expected
limits are the ±1σ uncertainties resulting from the hypothesis tests for
each mass point, taking into account statistical and systematic uncer-
tainties

mZ ′ (GeV) ma (GeV)

σZ ′ × BR(Z ′ → a + γ ) × BR(a → γ γ ) (fb)

Observed (expected) 95 % CL upper limits

40 60 80

100 320
(
390+98

−70

)
150

(
170+50

−40

)
310

(
370+100

−80

)

50 100 150

200 78
(
90+28

−22

)
53

(
62+20

−16

)
51

(
58+19

−14

)

100 200 300

400 51
(
63+14

−10

)
44

(
55+12

−9

)
38

(
47+12

−10

)

100 250 400

600 39
(
48+12

−9

)
41

(
52+10

−8

)
41

(
52+11

−8

)

100 350 600

800 38
(
46+11

−9

)
35

(
43+9

−8

)
35

(
43+9

−9

)

100 450 800

1000 38
(
46+11

−9

)
54

(
64+17

−10

)
37

(
43+12

−8

)

the data, and is determined to be 1370 ± 140 events while
1290 events are observed. The model-independent observed
(expected) 95 % CL upper limit on the number of signal
events is found to be 240 (273+83

−66). Upper limits at the 95 %
CL are calculated on the fiducial cross section σfid for events
from non-SM processes for several signal scenarios. The
observed (expected) limit on the branching ratio of the Z

boson decay to three photons is found to be BR(Z → 3γ ) <

2.2 (2.0) ×10−6, a result five times stronger than the previous
result from LEP.

In addition, a search for local excesses in the two-photon
and three-photon invariant mass distributions is conducted.
For the two-photon mass spectra, no significant excesses are
detected, and the 95 % CL upper limit on (σ/σSM)×BR(h →
aa) × BR(a → γ γ )2 (assuming kinematics associated only
with gluon fusion SM Higgs boson production) is calculated
to vary from ∼3×10−4 to ∼4×10−4 for 10 GeV < ma <

62 GeV for a SM-like Higgs boson with a mass of mh =
125 GeV. Limits are set for Higgs boson-like scalars H
with masses up to mH = 900 GeV and are found to be
σH × BR(H → aa) × BR(a → γ γ )2 < 0.02–0.001 pb,
depending upon mH and ma . For the three-photon mass
spectrum, the resonance search is conducted in the con-
text of a Z ′ decaying to three photons. The smallest local
p value is found to be 0.0003 (3.4σ local significance),
at mZ ′ = 212 GeV which, after adjusting for a trials fac-
tor, corresponds to a global p value of 0.09 (1.4σ global
significance). Upper limits at the 95 % CL on the Z ′ pro-
duction cross section times the product of branching ratios,
σZ ′ × BR(Z ′ → a + γ ) × BR(a → γ γ ), are found to be in
the range of 0.04–0.3 pb, depending upon mZ ′ .

These model-independent results are the first of their kind,
as are the interpretations for a Higgs boson decaying to four
photons via two intermediate pseudoscalar a particles (for a
SM-like Higgs boson of mh = 125 GeV and for Higgs-like
scalars of higher masses) and for three-photon resonances
corresponding to a new vector gauge boson.
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Fig. 5 Left local p values for the background-only hypothesis as a
result of a resonance search with respect to the production of a new vec-
tor gauge boson Z ′ as a function ofmZ ′ , determined via a search for local
excesses in the m3γ spectrum, using a narrow-width approximation to
the Z ′ resonance width. The smallest local p value is found to be 0.0003
(3.4σ ) which corresponds to a global p value of 0.087 (1.4σ ). Right

upper limits, at the 95 % CL, on σZ ′ ×BR(Z ′ → a+γ )×BR(a → γ γ ).
Also shown are the ±1 and 2σ uncertainty bands resulting from the res-
onance search hypothesis tests, taking into account the statistical and
systematic uncertainties from simulated signal samples which are used
to determine signal efficiency and Gaussian resonance width due to
detector resolution for each mass hypothesis
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E. Rizvi76, S. H. Robertson87,k, A. Robichaud-Veronneau87, D. Robinson28, J. E. M. Robinson42, A. Robson53,
C. Roda124a,124b, S. Roe30, O. Røhne119, S. Rolli161, A. Romaniouk98, M. Romano20a,20b, S. M. Romano Saez34,
E. Romero Adam167, N. Rompotis138, M. Ronzani48, L. Roos80, E. Ros167, S. Rosati132a, K. Rosbach48, P. Rose137,
P. L. Rosendahl14, O. Rosenthal141, V. Rossetti146a,146b, E. Rossi104a,104b, L. P. Rossi50a, J. H. N. Rosten28, R. Rosten138,
M. Rotaru26b, I. Roth172, J. Rothberg138, D. Rousseau117, C. R. Royon136, A. Rozanov85, Y. Rozen152, X. Ruan145c,
F. Rubbo143, I. Rubinskiy42, V. I. Rud99, C. Rudolph44, M. S. Rudolph158, F. Rühr48, A. Ruiz-Martinez30, Z. Rurikova48,
N. A. Rusakovich65, A. Ruschke100, H. L. Russell138, J. P. Rutherfoord7, N. Ruthmann48, Y. F. Ryabov123, M. Rybar165,
G. Rybkin117, N. C. Ryder120, A. F. Saavedra150, G. Sabato107, S. Sacerdoti27, A. Saddique3, H. F-W. Sadrozinski137,
R. Sadykov65, F. Safai Tehrani132a, M. Sahinsoy58a, M. Saimpert136, T. Saito155, H. Sakamoto155, Y. Sakurai171,
G. Salamanna134a,134b, A. Salamon133a, J. E. Salazar Loyola32b, M. Saleem113, D. Salek107, P. H. Sales De Bruin138,
D. Salihagic101, A. Salnikov143, J. Salt167, D. Salvatore37a,37b, F. Salvatore149, A. Salvucci60a, A. Salzburger30,
D. Sammel48, D. Sampsonidis154, A. Sanchez104a,104b, J. Sánchez167, V. Sanchez Martinez167, H. Sandaker119,
R. L. Sandbach76, H. G. Sander83, M. P. Sanders100, M. Sandhoff175, C. Sandoval162, R. Sandstroem101, D. P. C. Sankey131,

123



210 Page 20 of 26 Eur. Phys. J. C (2016) 76 :210

M. Sannino50a,50b, A. Sansoni47, C. Santoni34, R. Santonico133a,133b, H. Santos126a, I. Santoyo Castillo149, K. Sapp125,
A. Sapronov65, J. G. Saraiva126a,126d, B. Sarrazin21, O. Sasaki66, Y. Sasaki155, K. Sato160, G. Sauvage5,*, E. Sauvan5,
G. Savage77, P. Savard158,d, C. Sawyer131, L. Sawyer79,n, J. Saxon31, C. Sbarra20a, A. Sbrizzi20a,20b, T. Scanlon78,
D. A. Scannicchio163, M. Scarcella150, V. Scarfone37a,37b, J. Schaarschmidt172, P. Schacht101, D. Schaefer30, R. Schaefer42,
J. Schaeffer83, S. Schaepe21, S. Schaetzel58b, U. Schäfer83, A. C. Schaffer117, D. Schaile100, R. D. Schamberger148,
V. Scharf58a, V. A. Schegelsky123, D. Scheirich129, M. Schernau163, C. Schiavi50a,50b, C. Schillo48, M. Schioppa37a,37b,
S. Schlenker30, K. Schmieden30, C. Schmitt83, S. Schmitt58b, S. Schmitt42, B. Schneider159a, Y. J. Schnellbach74,
U. Schnoor44, L. Schoeffel136, A. Schoening58b, B. D. Schoenrock90, E. Schopf21, A. L. S. Schorlemmer54, M. Schott83,
D. Schouten159a, J. Schovancova8, S. Schramm49, M. Schreyer174, C. Schroeder83, N. Schuh83, M. J. Schultens21,
H.-C. Schultz-Coulon58a, H. Schulz16, M. Schumacher48, B. A. Schumm137, Ph. Schune136, C. Schwanenberger84,
A. Schwartzman143, T. A. Schwarz89, Ph. Schwegler101, H. Schweiger84, Ph. Schwemling136, R. Schwienhorst90,
J. Schwindling136, T. Schwindt21, F. G. Sciacca17, E. Scifo117, G. Sciolla23, F. Scuri124a,124b, F. Scutti21, J. Searcy89,
G. Sedov42, E. Sedykh123, P. Seema21, S. C. Seidel105, A. Seiden137, F. Seifert128, J. M. Seixas24a, G. Sekhniaidze104a,
K. Sekhon89, S. J. Sekula40, D. M. Seliverstov123,*, N. Semprini-Cesari20a,20b, C. Serfon30, L. Serin117, L. Serkin164a,164b,
T. Serre85, M. Sessa134a,134b, R. Seuster159a, H. Severini113, T. Sfiligoj75, F. Sforza30, A. Sfyrla30, E. Shabalina54,
M. Shamim116, L. Y. Shan33a, R. Shang165, J. T. Shank22, M. Shapiro15, P. B. Shatalov97, K. Shaw164a,164b, S. M. Shaw84,
A. Shcherbakova146a,146b, C. Y. Shehu149, P. Sherwood78, L. Shi151,af, S. Shimizu67, C. O. Shimmin163, M. Shimojima102,
M. Shiyakova65, A. Shmeleva96, D. Shoaleh Saadi95, M. J. Shochet31, S. Shojaii91a,91b, S. Shrestha111, E. Shulga98,
M. A. Shupe7, S. Shushkevich42, P. Sicho127, P. E. Sidebo147, O. Sidiropoulou174, D. Sidorov114, A. Sidoti20a,20b,
F. Siegert44, Dj. Sijacki13, J. Silva126a,126d, Y. Silver153, S. B. Silverstein146a, V. Simak128, O. Simard5, Lj. Simic13,
S. Simion117, E. Simioni83, B. Simmons78, D. Simon34, P. Sinervo158, N. B. Sinev116, M. Sioli20a,20b, G. Siragusa174,
A. N. Sisakyan65,*, S. Yu. Sivoklokov99, J. Sjölin146a,146b, T. B. Sjursen14, M. B. Skinner72, H. P. Skottowe57,
P. Skubic113, M. Slater18, T. Slavicek128, M. Slawinska107, K. Sliwa161, V. Smakhtin172, B. H. Smart46, L. Smestad14,
S. Yu. Smirnov98, Y. Smirnov98, L. N. Smirnova99,ag, O. Smirnova81, M. N. K. Smith35, R. W. Smith35, M. Smizanska72,
K. Smolek128, A. A. Snesarev96, G. Snidero76, S. Snyder25, R. Sobie169,k, F. Socher44, A. Soffer153, D. A. Soh151,af,
G. Sokhrannyi75, C. A. Solans30, M. Solar128, J. Solc128, E. Yu. Soldatov98, U. Soldevila167, A. A. Solodkov130,
A. Soloshenko65, O. V. Solovyanov130, V. Solovyev123, P. Sommer48, H. Y. Song33b, N. Soni1, A. Sood15, A. Sopczak128,
B. Sopko128, V. Sopko128, V. Sorin12, D. Sosa58b, M. Sosebee8, C. L. Sotiropoulou124a,124b, R. Soualah164a,164c,
A. M. Soukharev109,c, D. South42, B. C. Sowden77, S. Spagnolo73a,73b, M. Spalla124a,124b, M. Spangenberg170,
F. Spanò77, W. R. Spearman57, D. Sperlich16, F. Spettel101, R. Spighi20a, G. Spigo30, L. A. Spiller88, M. Spousta129,
T. Spreitzer158, R. D. St. Denis53,*, A. Stabile91a, S. Staerz44, J. Stahlman122, R. Stamen58a, S. Stamm16, E. Stanecka39,
C. Stanescu134a, M. Stanescu-Bellu42, M. M. Stanitzki42, S. Stapnes119, E. A. Starchenko130, J. Stark55, P. Staroba127,
P. Starovoitov58a, R. Staszewski39, P. Steinberg25, B. Stelzer142, H. J. Stelzer30, O. Stelzer-Chilton159a, H. Stenzel52,
G. A. Stewart53, J. A. Stillings21, M. C. Stockton87, M. Stoebe87, G. Stoicea26b, P. Stolte54, S. Stonjek101, A. R. Stradling8,
A. Straessner44, M. E. Stramaglia17, J. Strandberg147, S. Strandberg146a,146b, A. Strandlie119, E. Strauss143, M. Strauss113,
P. Strizenec144b, R. Ströhmer174, D. M. Strom116, R. Stroynowski40, A. Strubig106, S. A. Stucci17, B. Stugu14,
N. A. Styles42, D. Su143, J. Su125, R. Subramaniam79, A. Succurro12, Y. Sugaya118, M. Suk128, V. V. Sulin96,
S. Sultansoy4c, T. Sumida68, S. Sun57, X. Sun33a, J. E. Sundermann48, K. Suruliz149, G. Susinno37a,37b, M. R. Sutton149,
S. Suzuki66, M. Svatos127, M. Swiatlowski143, I. Sykora144a, T. Sykora129, D. Ta48, C. Taccini134a,134b, K. Tackmann42,
J. Taenzer158, A. Taffard163, R. Tafirout159a, N. Taiblum153, H. Takai25, R. Takashima69, H. Takeda67, T. Takeshita140,
Y. Takubo66, M. Talby85, A. A. Talyshev109,c, J. Y. C. Tam174, K. G. Tan88, J. Tanaka155, R. Tanaka117, S. Tanaka66,
B. B. Tannenwald111, N. Tannoury21, S. Tapprogge83, S. Tarem152, F. Tarrade29, G. F. Tartarelli91a, P. Tas129,
M. Tasevsky127, T. Tashiro68, E. Tassi37a,37b, A. Tavares Delgado126a,126b, Y. Tayalati135d, F. E. Taylor94, G. N. Taylor88,
P. T. E. Taylor88, W. Taylor159b, F. A. Teischinger30, M. Teixeira Dias Castanheira76, P. Teixeira-Dias77, K. K. Temming48,
D. Temple142, H. Ten Kate30, P. K. Teng151, J. J. Teoh118, F. Tepel175, S. Terada66, K. Terashi155, J. Terron82, S. Terzo101,
M. Testa47, R. J. Teuscher158,k, T. Theveneaux-Pelzer34, J. P. Thomas18, J. Thomas-Wilsker77, E. N. Thompson35,
P. D. Thompson18, R. J. Thompson84, A. S. Thompson53, L. A. Thomsen176, E. Thomson122, M. Thomson28, R. P. Thun89,*,
M. J. Tibbetts15, R. E. Ticse Torres85, V. O. Tikhomirov96,ah, Yu. A. Tikhonov109,c, S. Timoshenko98, E. Tiouchichine85,
P. Tipton176, S. Tisserant85, K. Todome157, T. Todorov5,*, S. Todorova-Nova129, J. Tojo70, S. Tokár144a, K. Tokushuku66,
K. Tollefson90, E. Tolley57, L. Tomlinson84, M. Tomoto103, L. Tompkins143,ai, K. Toms105, E. Torrence116, H. Torres142,
E. Torró Pastor138, J. Toth85,aj, F. Touchard85, D. R. Tovey139, T. Trefzger174, L. Tremblet30, A. Tricoli30, I. M. Trigger159a,
S. Trincaz-Duvoid80, M. F. Tripiana12, W. Trischuk158, B. Trocmé55, C. Troncon91a, M. Trottier-McDonald15,
M. Trovatelli169, L. Truong164a,164c, M. Trzebinski39, A. Trzupek39, C. Tsarouchas30, J. C-L. Tseng120, P. V. Tsiareshka92,

123



Eur. Phys. J. C (2016) 76 :210 Page 21 of 26 210

D. Tsionou154, G. Tsipolitis10, N. Tsirintanis9, S. Tsiskaridze12, V. Tsiskaridze48, E. G. Tskhadadze51a, I. I. Tsukerman97,
V. Tsulaia15, S. Tsuno66, D. Tsybychev148, A. Tudorache26b, V. Tudorache26b, A. N. Tuna57, S. A. Tupputi20a,20b,
S. Turchikhin99,ag, D. Turecek128, R. Turra91a,91b, A. J. Turvey40, P. M. Tuts35, A. Tykhonov49, M. Tylmad146a,146b,
M. Tyndel131, I. Ueda155, R. Ueno29, M. Ughetto146a,146b, M. Ugland14, F. Ukegawa160, G. Unal30, A. Undrus25,
G. Unel163, F. C. Ungaro48, Y. Unno66, C. Unverdorben100, J. Urban144b, P. Urquijo88, P. Urrejola83, G. Usai8,
A. Usanova62, L. Vacavant85, V. Vacek128, B. Vachon87, C. Valderanis83, N. Valencic107, S. Valentinetti20a,20b, A. Valero167,
L. Valery12, S. Valkar129, E. Valladolid Gallego167, S. Vallecorsa49, J. A. Valls Ferrer167, W. Van Den Wollenberg107,
P. C. Van Der Deijl107, R. van der Geer107, H. van der Graaf107, N. van Eldik152, P. van Gemmeren6, J. Van Nieuwkoop142,
I. van Vulpen107, M. C. van Woerden30, M. Vanadia132a,132b, W. Vandelli30, R. Vanguri122, A. Vaniachine6, F. Vannucci80,
G. Vardanyan177, R. Vari132a, E. W. Varnes7, T. Varol40, D. Varouchas80, A. Vartapetian8, K. E. Varvell150, F. Vazeille34,
T. Vazquez Schroeder87, J. Veatch7, L. M. Veloce158, F. Veloso126a,126c, T. Velz21, S. Veneziano132a, A. Ventura73a,73b,
D. Ventura86, M. Venturi169, N. Venturi158, A. Venturini23, V. Vercesi121a, M. Verducci132a,132b, W. Verkerke107,
J. C. Vermeulen107, A. Vest44, M. C. Vetterli142,d, O. Viazlo81, I. Vichou165, T. Vickey139, O. E. Vickey Boeriu139,
G. H. A. Viehhauser120, S. Viel15, R. Vigne62, M. Villa20a,20b, M. Villaplana Perez91a,91b, E. Vilucchi47, M. G. Vincter29,
V. B. Vinogradov65, I. Vivarelli149, F. Vives Vaque3, S. Vlachos10, D. Vladoiu100, M. Vlasak128, M. Vogel32a,
P. Vokac128, G. Volpi124a,124b, M. Volpi88, H. von der Schmitt101, H. von Radziewski48, E. von Toerne21, V. Vorobel129,
K. Vorobev98, M. Vos167, R. Voss30, J. H. Vossebeld74, N. Vranjes13, M. Vranjes Milosavljevic13, V. Vrba127,
M. Vreeswijk107, R. Vuillermet30, I. Vukotic31, Z. Vykydal128, P. Wagner21, W. Wagner175, H. Wahlberg71, S. Wahrmund44,
J. Wakabayashi103, J. Walder72, R. Walker100, W. Walkowiak141, C. Wang151, F. Wang173, H. Wang15, H. Wang40, J. Wang42,
J. Wang150, K. Wang87, R. Wang6, S. M. Wang151, T. Wang21, T. Wang35, X. Wang176, C. Wanotayaroj116, A. Warburton87,
C. P. Ward28, D. R. Wardrope78, A. Washbrook46, C. Wasicki42, P. M. Watkins18, A. T. Watson18, I. J. Watson150,
M. F. Watson18, G. Watts138, S. Watts84, B. M. Waugh78, S. Webb84, M. S. Weber17, S. W. Weber174, J. S. Webster31,
A. R. Weidberg120, B. Weinert61, J. Weingarten54, C. Weiser48, H. Weits107, P. S. Wells30, T. Wenaus25, T. Wengler30,
S. Wenig30, N. Wermes21, M. Werner48, P. Werner30, M. Wessels58a, J. Wetter161, K. Whalen116, A. M. Wharton72,
A. White8, M. J. White1, R. White32b, S. White124a,124b, D. Whiteson163, F. J. Wickens131, W. Wiedenmann173,
M. Wielers131, P. Wienemann21, C. Wiglesworth36, L. A. M. Wiik-Fuchs21, A. Wildauer101, H. G. Wilkens30,
H. H. Williams122, S. Williams107, C. Willis90, S. Willocq86, A. Wilson89, J. A. Wilson18, I. Wingerter-Seez5,
F. Winklmeier116, B. T. Winter21, M. Wittgen143, J. Wittkowski100, S. J. Wollstadt83, M. W. Wolter39, H. Wolters126a,126c,
B. K. Wosiek39, J. Wotschack30, M. J. Woudstra84, K. W. Wozniak39, M. Wu55, M. Wu31, S. L. Wu173, X. Wu49, Y. Wu89,
T. R. Wyatt84, B. M. Wynne46, S. Xella36, D. Xu33a, L. Xu25, B. Yabsley150, S. Yacoob145a, R. Yakabe67, M. Yamada66,
D. Yamaguchi157, Y. Yamaguchi118, A. Yamamoto66, S. Yamamoto155, T. Yamanaka155, K. Yamauchi103, Y. Yamazaki67,
Z. Yan22, H. Yang33e, H. Yang173, Y. Yang151, W-M. Yao15, Y. Yasu66, E. Yatsenko5, K. H. Yau Wong21, J. Ye40, S. Ye25,
I. Yeletskikh65, A. L. Yen57, E. Yildirim42, K. Yorita171, R. Yoshida6, K. Yoshihara122, C. Young143, C. J. S. Young30,
S. Youssef22, D. R. Yu15, J. Yu8, J. M. Yu89, J. Yu114, L. Yuan67, S. P. Y. Yuen21, A. Yurkewicz108, I. Yusuff28,ak,
B. Zabinski39, R. Zaidan63, A. M. Zaitsev130,ab, J. Zalieckas14, A. Zaman148, S. Zambito57, L. Zanello132a,132b, D. Zanzi88,
C. Zeitnitz175, M. Zeman128, A. Zemla38a, Q. Zeng143, K. Zengel23, O. Zenin130, T. Ženiš144a, D. Zerwas117, D. Zhang89,
F. Zhang173, H. Zhang33c, J. Zhang6, L. Zhang48, R. Zhang33b, X. Zhang33d, Z. Zhang117, X. Zhao40, Y. Zhao33d,117,
Z. Zhao33b, A. Zhemchugov65, J. Zhong120, B. Zhou89, C. Zhou45, L. Zhou35, L. Zhou40, M. Zhou148, N. Zhou33f,
C. G. Zhu33d, H. Zhu33a, J. Zhu89, Y. Zhu33b, X. Zhuang33a, K. Zhukov96, A. Zibell174, D. Zieminska61, N. I. Zimine65,
C. Zimmermann83, S. Zimmermann48, Z. Zinonos54, M. Zinser83, M. Ziolkowski141, L. Živković13, G. Zobernig173,
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