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Abstract

A search is presented for dark matter pair production in association with a W or Z boson
in pp collisions corresponding to 20.3 fb~! of integrated luminosity at /s = 8 TeV using
data recorded with the ATLAS detector at the Large Hadron Collider. Events with large
missing transverse momentum and a jet with mass consistent with a W or Z boson decay are
analyzed. The data are consistent with the Standard Model expectations, and limits are set
on the mass scale in effective field theories which describe the interaction of dark matter and
Standard Model particles.
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Although the presence of dark matter in the universe is well established, little is known of its particle
nature or its non-gravitational interactions. A suite of experiments is searching for a weakly interact-
ing massive particle (WIMP), denoted as y, and for interactions between y and Standard Model (SM)
particles [1, 2, 3,4, 5, 6, 7].

One critical component of this program is the search for pair-production of WIMPs at particle col-
liders, specifically pp — xj at the Large Hadron Collider (LHC) via some unknown intermediate state.
These searches have greatest sensitivity at low m, where direct detection experiments are less powerful.
At the LHC, the final state WIMPs are invisible to the detectors, but the events can be detected if there is
associated initial-state radiation of a SM particle [8]; see an example in Fig. 1.

The LHC collaborations have reported limits on the cross section of pp — yi + X where X is a
hadronic jet [9, 10] or a photon [11, 12]. Other LHC data have been reinterpreted to constrain models
where X is a leptonically decaying W [13] or Z boson [14, 15]. In each case, limits are reported in terms
of the mass scale M. of the unknown interaction expressed in an effective field theory as a four-point
contact interaction [16, 17, 18, 19, 20, 21, 22, 23, 24]. In the models considered until now, the strongest
limits come from mono-jet analyses, due to the large rate of gluon or quark initial-state radiation relative
to photon, W- or Z-boson radiation. The operators studied in these mono-jet and mono-photon searches
assume equal couplings of the dark matter particles to up-type and down-type quarks (C(u) = C(d)). For
W-boson radiation there is interference between the diagrams in which the W boson is radiated from the
u or the d-quark. In the case of equal coupling the interference is destructive and gives a small W-boson
emission rate. If, however, the up-type and down-type couplings have opposite signs (C(u) = —C(d)),
the relative rates of gluon, photon, Z- or W-boson emission can change dramatically [13], such that
mono-W-boson production is the dominant process.
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Figure 1: Pair production of WIMPs () in proton-proton collisions at the LHC via an unknown inter-
mediate state, with initial-state radiation of a W boson.

In this note, a search is reported for the production of W or Z bosons decaying hadronically (to gg’
or qg, respectively) and reconstructed as a single massive jet in association with large missing transverse
momentum from the undetected yy particles. This search, the first of its kind, is sensitive to WIMP pair
production, as well as other dark-matter-related models, such as invisible Higgs-boson decays (Wh or Zh
production with 2 — xj).

The ATLAS detector [25] at the LHC covers the pseudorapidity 'range of || < 4.9 and the full az-
imuthal angle ¢. It consists of an inner tracking detector surrounded by a thin superconducting solenoid,

'ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the
detector and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upward. Polar coordinates (7, ¢) are used in the transverse (x, y)-plane, ¢ being the azimuthal angle around the beam pipe. The
pseudorapidity is defined in terms of the polar angle 8 as n = — Intan(6/2).



electromagnetic and hadronic calorimeters, and an external muon spectrometer incorporating large su-
perconducting toroidal magnets. A three-level trigger system is used to select interesting events for
recording and subsequent offline analysis. Only data for which beams were stable and all subsystems
described above were operational are used. Applying these requirements to pp collision data, taken at
a center-of-mass energy of /s = 8 TeV with stable beam conditions during the 2012 LHC run, results
in a data sample with a time-integrated luminosity of 20.3 fb~!, determined with an uncertainty of 2.8%
following the same methodology as that detailed in [26].

Jet candidates are reconstructed using the Cambridge-Aachen algorithm [27] with a radius parameter
of 1.2 to capture the hadronic products of both quarks from W- or Z-boson decay and are referred to
as large-radius jets. The internal structure of the large-radius jet is probed in terms of the momentum

balance of the two leading sub-jets, as v = min(pr1, pr2)AR/mije; [28,29] where AR = | [A¢T, + Ani ,

and mijeq is the mass of the jet. In addition, jet candidates are also reconstructed using the anti-; clustering
algorithm [30] with a radius parameter of 0.4, referred to as narrow jets. The inputs to both algorithms
are clusters of energy deposits in calorimeter cells seeded by those with energies signicantly above the
measured noise and calibrated at the hadronic scale [31]. Jet momenta are calculated by performing
a four-vector sum over these cell energy clusters, treating each topological cluster [31] as an (E, p)
four-vector with zero mass. The direction of 7 is given by the line joining the vertex with the energy
cluster. Missing transverse momentum, ErT"iSS, is measured using all clusters of energy deposits in the
calorimeter up to || of 4.5. Electrons, muons, jets and ET™* are reconstructed as in Refs. [32, 33, 34, 35]
respectively. Reconstruction of hadronic W decays with large-radius jets is validated in a control region
with one muon, one large-radius jet (pr > 250 GeV, |n| < 1.2), two additonal narrow jets (pt > 40 GeV,
[n] < 4.5) separated from the leading large-radius jet, at least one b-tag and ErT]rliSS > 250 GeV, which is
dominated by #7 events (Fig. 2).

Candidate signal events must be accepted by an inclusive ErT’rliSS trigger which is found to be more than
99% efficient for events with EX** > 150 GeV. Events with significant detector noise and non-collision
backgrounds are rejected as done in Ref. [9]. In addition, events are required to have at least one large-
radius jet with pr > 250 GeV, || < 1.2, mass between 50 and 120 GeV and +/y > 0.4. Two signal
regions are defined by two thresholds in E%‘iss, at 350 and 500 GeV. To supress the 77 background, events
are rejected if they contain more than one narrow jet with pr > 40 GeV, |n| < 4.5 and a separation from
the leading large-radius jet of AR > 0.9, or if any narrow jet has A¢(E¥‘iss, jet) < 0.4. Finally, to suppress
contributions from W — {v production, events are rejected if they have any electron candidates with
pr > 10 GeV and 5| < 2.47, photon candidates with pr > 10 GeV and |n| < 2.37 or muon candidates
with pt > 10 GeV and || < 2.5.

The dominant source of background events is Z — vv production in association with jets from initial-
state radiation. A secondary contribution comes from production of jets in association with W bosons
with leptonic decays or hadronic 7 lepton decay or Z bosons with charged lepton decays in which the
charged leptons fail identification requirements. These three backgrounds are estimated by extrapolation
from a data control region in which the selection is identical to signal region except that the muon veto has
been inverted (Fig. 2). In this muon control region, the W- and Z-boson contributions are measured by
subtracting other sources of background, which are estimated using simulated samples. The extrapolation
from the muon control region of the contribution in the muon-veto signal region is calculated using
transfer factors as a function of mje. The transfer factors are measured in simulated samples of W-
and Z-boson production in association with jets which are generated with SHERPA1.4.1 [36] with the
CT10 [37] parton-distribution function (PDF) set. The Z-boson contribution is validated using data in a
second control region with two muons and E‘T]fliss > 350 GeV, and the W-boson contribution is validated
in a low-E"™* control region with the same selection as signal region but 250 < E7" < 350 GeV.

Other sources of background are diboson production, top-quark pair production and single top pro-
duction, which are estimated using simulated events. The MC@NLO generator [38] using the CT10



> 1 80 L T T T T T T T T T T T T T T I T T T T I T T T T I T . T T T I T T T T ]
3 N Data top CR: ET"*° > 250 Ge\
=) = ; A .
T ok o W(elwn)+jet j Ldt=203fb" (s=8TeV]
[ -0, singl E
ook ,. tt, single top ATLAS Preliminary E
2 n 7/, uncertainty 7 ]
100 / -
80F -
mjet [GeV]
> 400 rrr 1| rrrr|rrr o[ 1o
3 i CR: E™* > 350 GeV —o—Data
S 350 T 1 W(e/u/t)+jet
Ay i Ldt=20.3fo" Vs=8TeV B Z(e/p/7)+jet
£ 300E ATLAS Preliminary =t5 I;)single top
= )
Lﬁ 050 I0oson

7///, uncertainty
200¢F .

I/ A
150§ //'

100
50

%O 60 70 80 90 100 110 120
M [GeV]

Figure 2: Data and predicted background in the control regions with one muon, one large-radius jet,
two additional narrow jets and at least one b-tag and ET"*® > 250 GeV (top) or one muon and ET"™ >
350 GeV (bottom). Uncertainties include statistical and systematic sources.



PDF with the AUET2 [39] tune, interfaced to HERWIG6.520 [40] and JIMMY4.31 [41] for the sim-
ulation of underlying events, is used for the productions of #f and single-top processes, both s-channel
and Wt production. The single-top t-channel process is generated with ACERMC3.8 [42] interfaced
to PYTHIAS.1 [43], using the CTEQ6L1 [44] PDF with the AUET2B [39] tune. The diboson (ZZ,
WZ and WW) samples are produced using the HERWIG6.520 generator with the CTEQ6L1 PDF and
AUET?2 [39] tune.

Background contributions from multi-jet production in which large E%liss is due to mismeasured jet
energies are estimated by extrapolating from a sample of events with two jets and found to be negligi-
ble [9].

Samples of simulated pp — Wyjy and pp — Zyj are generated using MADGRAPHS [45], with
showering and hadronization modeled by PYTHIAS.1 using AU2 [39] tune and CT10 PDF, including b-
quarks in the initial state. Effective field theory operators (following the definitions of Ref. [20]) C1, D1,
D5 and D9 are treated as representative of the full set of operators, where the D5 events are generated
for both constructive (C(u) = —C(d)) and destructive (C(u#) = C(d)) interference cases. In each case,
m,, = 1,50, 100, 200, 400, 700, 1000 and 1300 GeV are used.

The dominant sources of systematic uncertainty are due to the limited number of events in the control
region, theoretical uncertainties in the simulated samples used for extrapolation, and uncertainties in the
large-radius jet calibration and resolution [28]. Additional minor uncertainties are due to levels of initial-
state and final-state radiation, parton distribution functions, lepton efficiency and momentum resolution.

The data and total predicted background in the two signal regions are shown in Table 1 and Fig. 3.
The data agree well with the background estimate for both E&“iss thresholds. Exclusion limits at 90%
confidence level (CL) are set on the dark matter signals using the predicted shape of the mje, distribution
and the CLs method [46], calculated with toy simulated experiments in which the systematic uncertainties
have been integrated out. Fig. 4 shows the exlusion regions in the M, vs m, plane for various operators.

Table 1: Data and estimated background yields in the two signal regions. Uncertainties include statistical
and systematic contributions.

Process E?iss > 350 GeV EIT’rliss > 500 GeV
Z = vy 40032 54i§0

W (*v,Z — (*(F 210799 22*%
WW,WZ,2Z 574! 9.1*

17, single t 39+0 3.7
Total 710*33 89*7,

Data 705 89

Limits on the dark matter—nucleon scattering cross sections are reported using the method of Ref. [20]
in Fig. 5 for both the spin-independent interaction model (C1, D1, D5) and the spin-dependent interac-
tion model (D9). See Ref. [20] for discussion of the regions of validity of the effective field theory,
which becomes a poor approximation if the mass of the intermediate particle M is below p%v . The results
are compared with measurements from XENON100 [1], CDMS [2], CoGeNT [3], PICASSO [4], SIM-
PLE [5], IceCube [6] and COUPP [7]. This search for dark matter pair production in association with
a W or Z boson extends the limits on the dark matter—nucleon scattering cross section in the low mass
region m, < 10 GeV where these direct detection experiments have less sensitivity. The new limits from
this analysis are also compared to the limits set by ATLAS in the 7 TeV monojet analysis [9]. For the
spin independent case the limits are improved by about three orders of magnitude for the case where the
up-type and down-type couplings have opposite sign. For the other cases the limits are more similar.

In addition, limits are calculated on dark-matter Wy ¥ or Zy ¥ production within two fiducial regions
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Figure 3: Data and predicted background in the signal region E‘TIliss > 350 GeV and E.’;‘jss > 500 GeV.
Combined single W/Z boson signal distributions of D5 destructive and D5 constructive case with dark

matter mass of 1 GeV and M, = 1 TeV are drawn as well. Uncertainties include statistical and systematic
contributions.
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Figure 4: Summary of observed limits on the effective theory mass scale M, at 90% CL for various
operators from combined single W/Z boson signals. M. values below these lines are excluded.

defined at parton level: p%v oZ > 250 GeV, |n"°| < 1.2, two quarks with y > 0.4, p’f > 350 or
500 GeV. The upper limit on cross section times reconstruction efficiency is 3 b (1.5 fb) at 95% C.L. for
p’f > 350 (500 GeV). The reconstruction efficiency for these events is 50+ 1%, with modest dependence
on the dark-matter production model.

In conclusion, this paper reports the first LHC limits on dark-matter production in events with a
hadronically decaying W or Z boson and large missing transverse momentum. In the case of constructive
intereference between up-type and down-type contributions, the results set the strongest limits on the
mass scale of M, of the unknown mediating interaction.
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Figure 6: Fraction of W bosons in combined single W/Z-boson signal samples at different dark matter
masses.
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Figure 10: 90% CL M. limits for D1 and C1 operators from combined mono-W-boson and mono-Z-
boson signals from SR E‘TIliss > 500 GeV.
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Figure 11: Reconstructed jet mass in Z(u) control region with Efrniss > 350 GeV and low—Efrmiss control
region with ErT’rliss € [250,350] GeV.
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