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Abstract

We report the first measurement of the Zy — vv cross section for the photon trans-
verse momentum EJ > 130 GeV in pp collisions at v/s = 7 TeV. The study is done on
the data sample corresponding to an integrated luminosity of approximately 5 fb~1.
The measured cross section is 57 + 11(stat.) & 12(syst.) & 1(lumi. fb, which is in a
good agreement with the theoretical prediction of 59 & 3 fb at next-to-leading order
precision. We also set the most stringent limits on anomalous ZZvy and Zv triple
gauge couplings to date.
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The study of the production of a pair of bosons provides an important test of the electoweak
sector of the standard model (SM), as the production is sensitive to trilinear gauge boson self-
interaction couplings or TGCs, a consequence of the non-Abelian nature of the SU(2) x U(1)
symmetry. The values of these couplings are fully fixed in the SM, and thus, any measured
deviation from the SM prediction would be an indication of new physics. New symmetries,
or new particles would give rise to non-zero values of these couplings that would result to an
excess of the cross section over the SM prediction, especially for high energy bosons. Thus,
in most searches for anomalous TGCs the differential cross section of the photon transverse
energy is used as a sensitive observable.

In this article, we describe a study of the Z7 production that is sensitive to trilinear gauge
couplings (TGCs) Zyy and ZZ7y. As photons cannot couple to neutral particles at leading
order (LO), these trilinear gauge couplings are zero in the SM. The most general Lorentz- and
gauge-invariant ZVy vertex is described by four coupling parametes, Y, (i = 1...4) [1], where
V is either a Z boson or a photon. The first two couplings (i = 1, 2) are CP-violating, while the
latter two are CP-conserving. If one uses the differential cross section to interpret the results in
terms of i) then the sensitivity between CP-violating and CP-conserving couplings is similar.
Therefore, the results are usually interpreted in terms of CP-conserving couplings h3 and hy.
Any anomalous TGC results in a violation of the unitarity at sufficiently high energy, which
often fixed by assuming a form-factor energy dependence of these couplings. In this study we
do not make any assumption on the energy dependence, and provide a measurement of the
TGCs averaged for the energy range available at LHC.

In this study, we chose the Z boson decay to a pair of neutrinos. The senisitivity to anomalous
TGCs in Zy — vv7y process is expected to be much higher compared to Z boson decay modes
to charged leptons. One of the reasons is that no identification requirements are needed for the
final state particles except for significant imbalance of the transverse energy. The branching
fraction of Z boson decay to a pair of neutrinos is also three times larger than a decay to a
particular charged lepton pair, as we cannot distinguish between neutrino generations. Finally,
vv7y final state can be produced only through initial state radiation process, where a photon
is emitted by an initial state parton, or through the anomalous TGC vertex, while Z— (¢~
processes can have a photon produced by the final state charged lepton. An absence of final
state radiation processes further increases the sensitivity to anomalous TGCs in vv+y final state.

The search for anomalous Zyy and ZZvy was performed by Tevatron [2], [3], LEP experi-
ment [4], [5] and by CMS and ATLAS. Based on 36 pb~! of CMS (2010 data), limits on hg and
h} are 0.07 and 0.0005 while 7% and % are 0.06 and 0.0005 respectively [6]. The obtained sensi-
tivity to hJ and k] is 0.027 and 0.00021, and that for h¥ and k¥ is 0.026 and 0.00021, respectively
from ATLAS [7].

This search uses data collected with the Compact Muon Solenoid (CMS) detector described
in details elsewhere [8]. The momenta of charged particles are measured using a silicon pixel
and strip tracker that is immersed in a 3.8 T superconducting solenoid, and covers the pseu-
dorapidity range || < 2.5. The pseudorapidity is # = —In[tan(0/2)], where 6 is the polar
angle measured relative to the counterclockwise-beam direction. The tracker is surrounded
by a crystal electromagnetic calorimeter (ECAL) and a brass-scintillator hadron calorimeter
(HCAL). Both measure particle energy depositions and consist of a barrel assembly and two
endcaps that provide coverage in the range of 17| < 3.0. A steel/quartz-fiber Cherenkov for-
ward detector (HF) extends the calorimetric coverage to || < 5. Muons are measured in gas
detectors embedded in the steel return yoke outside of the solenoid. Data used in this analysis
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Figure 1: Feynman diagrams of the Zv production via initial state radiation from one of the
initial state partons (a) and via the triple gauge coupling ZZ~ (b) and Zy+y (c)

corresponds to an integrated luminosity of 5.0 fb~! for pp collisions at y/s = 7 TeV.

The signal is Zy — viy where neutrino escape undetected resulting in a transverse energy
imbalance. Hence, the final state is photon and missing tranverse energy balancing the photon.

The SM backgrounds for the Zvi7y signal are divided into two major categories: Collision and
non-collision photon candidates. Collisions photons are from SM interactions like electroweak
process W— v production where lepton fakes the photon, W+ and -y events where second
lepton or photon is lost. These above mentioned backgrounds are estimated from Monte Carlo.
The contribution from 7 + 7t multijet process, where a photon is lost and jet fakes a photon, has
been estimated from data.

The origination of Non-collision backgrounds from cosmic rays and beam effects which pro-
duce fake photon and missing transverse energy. Beam halo photon candidates are usually
produced by muons which originate upstream of the detector and travel in parallel to the beam
line. Those muons fake photon candidates if they interact with the electromagnetic calorime-
ter. The shower shape and timing are the discriminators to reject this background. Similarly,
the contribution of photon candidates from cosmic rays is negligible after implementing these
discriminantors to separate collision photons from cosmic ones. The contribution of beam halo
has been estimated from data. All these backgrounds estimation have been explained in detail
in later part of the paper.

Candidate events are selected from a data sample using a two-level trigger system, with Level-
1 (L1) seeding High Level Trigger (HLT).The single-photon triggers comprising this search are
not prescaled, and are fully efficient within the selected signal region of 77| < 1.44 [9] and p7. >
145 GeV. Photon candidates are restricted to be in the barrel region, where purity is highest. To
distinguish photon candidates from jets, we apply additional calorimetric selections. The ratio
of energy deposited in the HCAL to that in the ECAL within a cone AR = 0.15 is to be less than
0.05. Photon candidates should have a shower distribution in the ECAL consistent with that
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expected for a photon [9]

Isolation requirements on photon candidates impose upper limits on the energy deposited in
the detector around the axis defined by the EM cluster position and the primary vertex [9]. In
particular, the scalar sum of pr depositions in the ECAL with in a hollow cone of 0.06< AR <
0.40, excluding depositions within |7| = 0.04 of the cluster center, must be < 4.2 GeV + 0.006 x
pr(with pl in GeV units); the sum of scalar pr depositions in the HCAL within a hollow cone
of 0.15 < AR < 0.40 must be < 2.2 GeV + 0.0025 x pJ; and the scalar sum of tracks pr values
in a hollow cone of 0.04< AR < 0.40, excluding depositions that are closer to the cluster center
than || =0.015, must be <2.0 GeV + 0.001 x p7..

The vetoes are defined by the || cutoff are needed to maintain high efficiency for photons that
initiate EM showers within the tracker. The tracker isolation requirement is based on tracks
that originate from the primary vertex.

To ensure that photon candidates are isolated from charged particle track in events with mul-
tiple vertices due to high luminosity of the LHC, the tracker isolation requirement must be
satisfied by all reconstructed vertices othewise the event is being rejected.

The Er is defined by the magnitude of the vector sum of the transverse energies of all of the
reconstructed objects in the event, and is computed using a particle-flow algorithm [10]. The
candidate events are required to have Fr > 130 GeV.

From the moment of collisions all events are required to be deposited in the crystal that has the
largest signal within + 3 ns.This condition reduces instrumental background due to shower
induced by bremssrahlung from muons in the beam halo or in cosmic rays. Photon candidates
are removed if they are likely to be electrons, as inferred from characteristic patterns of hits in
the pixel detector, called “pixel seeds”, that are matched to the EM cluster [11]. Furthermore,
a veto was applied to events with muon candidates such as cosmic ray muons and the beam
halo muon because bremsstrahlung from these muon may reconstruct an event with prompt
photons balanced by missing transverse energy. Finally, events are vetoed if they contain sig-
nificant hadronic activity, defined by: (i) a track with pr > 20 GeV that is >0.04 away from
the photon candidate, or (ii) a jet that is reconstructed with pr > 40 GeV using the anti-kT [12]
particle-flow algorithm [10], within || < 3.0 and AR < 0.5 of the axis of the photon.

After applying all of the selection criteria, 73 candidate events are found.

Backgrounds that are uncorelated to the collisions are estimated from data based on transverse
profile of energy in the electromagnetic cluster and the the time-of-arrival of the signal in the
crystal with the largest energy deposition. The Templates for anomalous signals [13], cosmic-
ray muons and beam halo events are fitted to a candidate sample without timing requirement
which reveals that the only significant residual contribution to the in-time sample arises from
beam halo muons with an estimated 11.1 + 5.6 events.

Electrons misidentified as photons arise from W — ev events. The matching of electron show-
ers to pixel seeds has an efficiency of € = 0.9940 + 0.0025 as estimated with Monte-Carlo simu-
lated events (MC) and verified with Z— ee events in data. Background is estimated by scaling
a control sample of electron candidates yields an estimated contribution of 3.5 &= 1.5 events.

The contamination from jets misidentified as photons is estimated by using a control sample
of EM-enriched QCD events to calculate the ratio of events that pass the signal photon criteria
relative to those that pass looser photon criteria but fail an isolation requirement. Since the
EM-enriched sample also includes production of direct single photons, this additional contri-
bution to the ratio is estimated by fitting templates of energy-weighted shower widths from
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Figure 2: The photon pr distribution for the candidate sample compared with the estimated
contributions from SM background for 5 fb™*

A
200

MC-simulated <y jets events to an independent QCD data sample, and used to subtract the v
jets contribution. This corrected ratio is applied to a subset of the EM-enriched jet events that
passes loose photon identification and additional single-photon event selection criteria, pro-
viding a background contribution of 11.2 £ 2.8 jet events.

Backgrounds from W(Iv)y, y+jet, W(Iv)y FSR and diphoton events are estimated from MC
samples. The Wy — vy samples are generated with MADGRAPHS [14],and the cross sec-
tion is corrected to include next-to-leading order(LO)effects through a K-factor calculated with
MCEM [15]. y+jet, W(Iv)+ fsr and diphoton samples are obtained using the PYTHIA6.424 gen-
ertator [16] at leading order(LO) and CTEQ6L1 parton distribution functions(PDF). The con-
tribution of MC background is about 5%, where systematic uncertainties are calculated based
on acceptance times efficiency and the scale factor uncertainties which models the data-MC
difference in the efficiency. The combined expected MC background event is 4.4 &= 1.1.

The signal sample Zy — v7+y is obtained using the PYTHIA6.424 [16] and scaled up to reflect
NLO contribution given in the reference [1]. The uncertainty on Zy — vy is taken as the
the uncertainty on the scale factor efficiency, systematic uncertainties on the photon-vertex
assignment, pile-up modeling, the accuracy of the energy calibration and photons, jet and Er
resolution. The expected contribution from the Zy — vvy process is 45.3 £ 6.9 events. The
A X € is estimated to be 0.153 £ 0.020 based on the LO simulation and includes a correction
factor of Anro/ro = 0.76 £ 0.02 which is applied to correct the acceptance to the NLO MC
prediction based on the estimated k-factors.

The correction factor p = 0.90 & 0.11 takes into account the difference in efficiency between
data and MC for the trigger, photon identification, and the veto efficiency, with systematic
uncertainties. The systematic uncertainty on the measured integrated luminosity is 2.2% The
measured cross section for Z(vv)y is 57 £ 11(stat.) = 12(sys.) = 1(lumi.) fb which is in agree-
ment with the theoretical prediction at NLO of 59 & 3 fb.

Given the good agreement of both the measured cross sections and the photon pr distributions
with the corresponding SM predictions (Figure 2), we set limits on anomalous TGCs. Simulated
samples of Z+y signal for a grid of aTGCs values are produced using SHERPA Monte-Carlo. A
grid of h3 and hy values is used for the ZZ~ and Zv+y couplings. Assuming Poisson statistics
and log-normal distributions for the generated samples and background systematic uncertain-
ties, we calculate the likelihood of the observed photon pr spectrum in data given the sum
of the background and aTGCs p1. predictions for each point in the grid of aTGCs values. To
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extract limits we parametrize the expected yields as a quadratic function of the anomalous cou-
plings. We then form the probability of observing the number of events seen in data in a given
bin of the photon transverse momentum using a Poisson distribution with the mean given by
the expected signal plus a data driven background estimate and allowing for variations within
the systematic uncertainties. The confidence intervals are found using MINUIT, profiling the
likelihood with respect to all systematic variations [17]. The resultant one-dimensional 95%
confidence level (CL) limits are given in figure 3 and figure 4.

To set the limits on CLs criteria, the tool developed by Higgs PAG [18] has been implemented.
Furthermore, one-dimensional 95% CL limits on a given anomalous coupling, we set the other
aTGCs to their respective SM predictions. The results are summarized in Table 1.
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Coupling | h3 Lower limit 103 | h3 Upper Limit 10> | iy Lower limit 10~ | k4 Upper Limit 10>

Neutrino Channel

Zyy -3.2

3.2

-1.6

1.6

ZZy 31

3.1

-14

1.4

Table 1: One-dimensional limits on Zv anomalous trilinear gauge couplings using Higg’s Tool

for neutrino channels

in CMS

In conclusion, we find that the pJ. distribution of photons produced in Z boson in neutrino
decay channel in a data sample corresponding to an integrated luminosity of 5 fb~'. We place

95% CLs limits of |h3| < 3.2 x 1073 (hy = 0) and |hy| < 1.6 x 107>

on CP -conserving parameter

without no form factor scale. While limits for Z+y7y couplings are |h3| < 3.1 x 103 (hy = 0)and
|hy] < 1.4 x 107°. These are significantly tighter constraints on the BSM contributions than
those provided by leptonic channels [19].
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