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Figure 1: Diagrams contributing to W boson pair production via photon exchange, with (a) triple WWy and
(b) quartic WW yy couplings.

1. Theoretical framework

We study the exclusive W boson pair production through photon exchange in proton-antiproton
collisions. The cross section for this process is very small in the standard model of particle physics
(SM), 0,5 ppww ~ 3tb. However it is sensitive to beyond standard model effects, especially
anomalous quartic gauge boson couplings (AQGCs) [1]. The two leading-order diagrams con-
tributing to this process are shown on Figure 1. In this analysis, we only study AQGCs, while the
triple gauge boson couplings (TGCs) are assumed to be at their SM values.

The parameterization of the AQGC:s is based on Ref. [2] and only the lowest dimension oper-
ators that have the correct Lorentz invariant structure and fulfill SU (2)¢ custodial symmetry [3] are
considered. Such operators involving two W bosons and two photons final state are of dimension

SIX:
2 W
L8 = S PR W W
c_ —fac up oy — —ayp+

where FHV is the electromagnetic field strength tensor and W is the W= boson field. agV and avCV
are the usual notation for the parametrized quartic coupling constants, where a non-zero aBV could
be due to an exchange of a heavy neutral scalar, while heavy charged fermions would contribute
to both aBV and ag. The new scale A is introduced so that the Lagrangian density has the correct
dimension of four and is interpreted as the typical mass scale of new physics.

The pp — ppW W™ cross section via photon exchange rises quickly at high energies when
the anomalous coupling parameters are non-zero and manifests itself in particular with the produc-
tion of boosted W boson pairs. In the SM, the yy — WW cross section is constant in the high-energy
limit due to the cancellation between the relevant diagrams. When the new quartic terms are added,
the cancellation does not hold and the cross section will grow to violate unitarity at high energies.
This increase of the cross section can be regularized with a form factor that reduces the values
of a(‘;v and a}’:v at high energy while not modifying them at lower energies. Following a standard
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approach, we introduce the following form factor [4]:

w al’
a’ — L , (1.2)
b (LM AL )

where M,y is the invariant mass of the two photons and Acuoft is chosen to be either 0.5 or 1 TeV,
following the prescription of, e.g., Ref. [4]. In the following, we provide limits on anomalous
couplings with and without form factors.

The best 95% C.L. published limits on these anomalous parameters at the time of the commu-
nication came from the OPAL Collaboration from measurement of WWy, ¢gyy, and vvyy produc-
tion [5] at the CERN LEP Collider:

—0.020GeV 2 < alf /A? < 0.020GeV >
—0.052GeV 2 < al /A? < 0.037GeV 2.
(1.3)

These constraints were recently superseded by a new result from the CMS Collaboration at the
LHC Collider [6]:

lay /A?| < 0.00015GeV 2 (al /A* = 0, Acuroft = S00GeV)
la /A% < 0.0005GeV 2 (af /A* =0, Acyiott = S500GeV).
(1.4)

2. Data and Monte-Carlo samples

The full Run II set of data recorded by the DO detector is considered in this analysis [7],
representing 9.7fb~! of pp collisions at \/s = 1.96TeV delivered by the Tevatron between 2002
and 2011, after the relevant data quality requirements are invoked. The innermost part of the DO
detector is composed of a central tracking system with a silicon microstrip tracker (SMT) and a
central fiber tracker inside a 2 T solenoidal magnet. The tracking system is surrounded by a central
preshower detector and a liquid-argon/uranium calorimeter with electromagnetic, fine, and coarse
hadronic sections. The central calorimeter (CC) covers pseudorapidity |n,| < 1.1 [8]. Two end
calorimeters (EC) extend the coverage to 1.4 < |n,| < 4.2. Energy sampling in the region between
the ECs and CC is improved by the addition of scintillating tiles. A muon spectrometer, with pseu-
dorapidity coverage of |ny| < 2, resides outside the calorimetry and is comprised of drift tubes,
scintillation counters, and toroidal magnets. Trigger decisions are based on information from the
tracking detectors, calorimeters, and muon spectrometer. Details on the reconstruction and identi-
fication criteria for electrons, jets, and missing transverse energy, £r, can be found elsewhere [9].
In this paper we call both electrons and positrons “electrons,” with the charge of the particle deter-
mined from the curvature of the associated tracks in the central tracking system.

The bulk of the analysis presented here is common with the DO search for the Higgs boson in
the H — WTW~ — £Tv{~V channel that is described in detail elsewhere [9]. We are looking for
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the final state with a pair of W bosons decaying to two opposite sign electrons and two neutrinos,
leading to two high-momentum electrons and missing transverse energy. The pp — WTW ™ cross
section has been measured in the H — W+ W™ analysis; however, there are a few specificities to
our seach for AQGCs. Only the et ve™ V final state has been considered, and the search has been
optimized, of course, for the AQGC signal instead of the Higgs boson signal.

The background where, like the signal, the proton and the antiproton are intact in the final
state, originates from photon exchange and double pomeron exchange (DPE) processes [10]. Both
these backgrounds and the AQGC signals are modeled using the FPMC [11] generator, followed
by a detailed GEANT3-based [12] simulation of the DO detector. Diffractive and photon exchange

+

backgrounds to this search are exclusive ete™ and 777~ production through z-channel photon

exchange (Drell-Yan) and inclusive WTW ™, e*e™, and 717~ production through DPE.

Since the outgoing intact proton and antiproton are not detected in this measurement, we also
need to consider non-diffractive backgrounds. These backgrounds are Z/y*+jets, tf and diboson
(WHW~, W*Z, and ZZ) production, and processes in which jets are misidentified as electrons:
W+jets and multijet production. The simulated samples used to model them are identical to those
described in Ref. [9]. All of these backgrounds, except multijet production, are modeled using
the PYTHIA [13] or ALPGEN [14] generator, with PYTHIA providing showering and hadronization
in the latter case, using the CTEQG6L1 [15] parton distribution functions (PDFs). The multijet
background is determined from the data by inverting some electron selection criteria, as described
in Ref. [9].

The signal cross section is very small in the SM, being o (pp — ppW W) =3 fb. After event
selection, we are left with 0.1 expected event in our data sample. However, we can expect a very
large enhancement (by up to two orders of magnitude) in the presence of anomalous couplings.

3. Analysis techniques

We define two stages in our event selection. The first stage, called the preselection, requires
two opposite-sign electrons, with a transverse momentum larger than 10 GeV (15 GeV for the
leading electron). The electrons must be reconstructed in the CC (|np| < 1.1) or in the EC (1.5 <
Inp| < 2.5), with at least one electron required to be in the CC. The invariant mass of the two
electrons must be higher than 15 GeV. At last, there must be no reconstructed jet in the event with
a transverse momentum higher than 20 GeV.

The distribution of the leading electron pr is shown on Figure 2 after the preselection. The
background simulation models the data very well, and after the preselection non-diffractive Z/y*
production is the dominant background. In the presence of AQGCs, we expect a boosted W boson

pair from the signal. Similar effects are expected from a non-zero a(v)v or ag/.

The next step is to reject the dominant Z/y* background. Following the same strategy as in the
H—W*™W~ — (T v/{~V analysis, a Boosted Decision Tree (BDT) is used. A tight cut on the output
of this BDT allows to reject most of the Z/y* background, but also of the multijet background, and
of the photon exchange and DPE backgrounds. At the same time, this cut on the BDT output has a
very high efficiency on our signal.



Search for anomalous quartic YyWW couplings - DO Emilien Chapon, on behalf of the DO collaboration

3 T oo orm' | pad 2w T IBa
o ee + E; (a) OZ+jets 3 @ 105k €€ + Er (b) OZ+jets
= 10 ODiboson ] c 3 EDiboson
] mW+jets ) 10° mW+jets
C 404 OMultijet ] = OMultijet
S 10 B w v
> tt, E 10? mtt,
w 103 ODiff. bkg. O Diff. bkg.
NBKkg. syst. 3 3 NBkg. syst.
102 - 10 i
E 2
10 p . __ 10
1 ? e o -é 10
10" . 1
1020 L N 1071
0 100 200 300 400 500 -1 -0.8-0.6-0.4-0.2 0 0.20.4 0.6 0.8 1
p$1 [GeV] DY-BDT

Figure 2: (a) Leading electron pr at the preselection level and (b) output of the BDT used to reject the
Z/v* background at the preselection level. The hatched bands show the total systematic uncertainty on the
background prediction. The signal distributions are those expected for ag/ /A2 =5x10"*GeV~2 and no
form factor.

Preselection Final selection

Data 572700 946
Total background 576576 £ 11532 983 + 108
Signal 12.2 11.6
Z]y" — ee 566800 291
Z/y =11 4726 22

tr 15 8
W4jets 623 370
Diboson 517 287
Multijet 2716 54
Diff. bkg. (y exch. and DPE) 1180 0.2

Table 1: Observed and expected numbers of events after the preselection and the final selection for data,
signal (aOW /A? =5x107*GeV 2 and no form factor), and the different backgrounds considered in the
analysis.

A final BDT is trained to separate the AQGC signal from all the other backgrounds. The
same BDT is used in the study of both parameters a(v)v and ag/, which feature similar kinematic
characteristics.

Systematic uncertainties are estimated for the signal and for each background process. They
can affect only the normalization or both the normalization and the shape of the final discriminant.
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Figure 3: (a) Transverse mass of the £r and the two electrons after the final selection and (b) output of the
final BDT discriminant after the final selection. The hatched bands show the total systematic uncertainty on
the background prediction. The signal distributions are those expected for agV /A?> =5x10"*GeV 2 and no
form factor.

Cutoff Expected upper limit [GeV~2] Observed upper limit [GeV 2]
No form factor 0.00043 0.00043
Acutott = 1 TeV 0.00092 0.00089
Acutott = 0.5 TeV 0.0025 0.0025

Table 2: Expected and observed 95% C.L upper limits on |ag/ /A?|, assuming aVCV is zero and for different
assumptions about the form factor.

4. Results

The data are found to be in good agreement with the background-only prediction, and upper
limits are set on the anomalous parameters aOW and aVCV. The 95% C.L. allowed ranges for the
anomalous parameter a;] (ay) can be found in Table 2 (3), assuming ay’ (a;) ) is zero. The limits
are quoted both without a form factor and for a form factor with Acyore = 1 or 0.5 TeV (as advised,
e.g., in Ref. [4]). The two-parameter limits are shown in Fig. 4 for different assumptions about the
signal, namely if no form factor is used and if a form factor is used with A¢yeorf = 1 or 0.5 TeV. The
two-parameter 68% C.L. (95% C.L.) limits define the range of values of the anomalous coupling
parameters for which the theoretical cross section is lower than the upper 68% C.L. (95% C.L.)
limit on the signal cross section, obtained in the single parameter limits.

5. Conclusion

We have presented a way to probe the electroweak sector of the SM using dielectron plus miss-
ing transverse energy final states, with new constraints on anomalous WW yy quartic gauge boson
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Figure 4: Two-parameter 68% and 95% C.L limits with different assumptions about the signal: (a) no form
factor, or a form factor with (b) Acyosf = 1 or (¢) 0.5 TeV.

Cutoff Expected upper limit [GeV~2]  Observed upper limit [GeV 2]
No form factor 0.0016 0.0015
Acuoff = 1 TeV 0.0033 0.0033
Acuoff =0.5TeV 0.0090 0.0092

Table 3: Expected and observed 95% C.L upper limits on ‘avcv /A?|, assuming a(v)v is zero and for different
assumptions about the form factor.

couplings. When a form factor with Acyoer = 0.5 TeV is used, the observed upper limits at 95%
C.L. on the anomalous parameters are |af /A% < 0.0025 GeV~2 and |a}¥ /A%| < 0.0092 GeV 2.
These are more stringent than the best published limits at the time of the conference and represent
the only limits on AQGC from a Tevatron experiment.
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