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1. Introduction

The production of events containing photons with large trans-
verse momentum and having large missing transverse momentum
at the CERN LHC is sensitive to physics beyond the standard model
(SM). In this Letter we investigate three possible extensions of the
SM: a model incorporating pair production of dark matter (DM)
particles, and two models with extra spatial dimensions, as de-
scribed below.

At the LHC, DM particles (x ) [1] can be produced in the process
qq — ¥ x X, where the photon is radiated by one of the incom-
ing quarks. With a photon in the final state, we gain sensitivity
to the production of invisible particles. The SM-DM interaction is
assumed to be mediated by a virtual particle (“mediator”) with
a mass M much heavier than the fermionic DM particle mass
(My). Various processes are contracted into an effective field the-
ory (EFT) [2-5], assuming M much larger than the momentum
transfer scale Q (i.e. M > Q) and a contact interaction scale A
given by A~2 = g,gqM~2, where g, and gq are the mediator
couplings to x and to quarks, respectively. Using this formalism,
results from searches at the LHC can be related to limits for direct
searches sensitive to y -nucleon scattering [5].

The ADD model [6,7] of large extra dimensions is postulated
to have n extra compactified spatial dimensions at a character-
istic scale R that reflects an effective Planck scale Mp through
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M2, ~ My R", where Mp, is the Planck scale. If Mp is of the same
order as the electroweak scale (Mgw ~ 102 GeV), the large value
of Mp| can be interpreted as being a consequence of large-volume
(~R") suppression from extra dimensional space. This model pre-
dicts a sizable cross section for the process qq — yG, where G
is a graviton that escapes detection, and motivates the search for
events with a single y and missing transverse momentum.

In both the ADD and branon models, the SM particles are con-
strained to live on a 3 4+ 1 dimensional 3-brane surface. In the
branon family of models [8-11], it is assumed that the brane fluc-
tuates in the extra dimensions, in contrast to the ADD model,
where the brane is rigid. In this alternative scheme, the brane ten-
sion scale f is expected to be much smaller than other relevant
scales such as Mp. The particles associated with such fluctuations
are scalar particles called branons. Branons are stable and mas-
sive scalar particles of mass Mp, and are natural candidates for
dark matter [12]. They can be pair-produced in association with
SM particles at the LHC, giving rise to y 4 missing transverse mo-
mentum final states [13]. If N extra dimensions are considered,
then N branons are expected and their production cross section
scales with N. In the following, only the N =1 case is considered.

The primary background to the y + missing transverse mo-
mentum signal is the irreducible SM background from Zy —
vvy production. Other backgrounds include Wy — ¢vy (where
£ is an undetected charged lepton), W — ev (where the elec-
tron is misidentified as a photon), y + jet, QCD multijet (with
a jet misidentified as a photon), Zy — ¢£y, and diphoton events,
as well as backgrounds from beam halo.
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2. The CMS detector

The CMS experiment uses a right-handed coordinate system,
with the origin at the nominal interaction point, the x axis point-
ing to the center of the LHC, the y axis pointing up (perpendicular
to the LHC plane), and the z axis along the anticlockwise-beam
direction. The azimuthal angle ¢ is measured from the x-axis in
the x-y plane and the polar angle 6 is measured from the z-axis.
Pseudorapidity is defined as n = —In[tan(6/2)].

The central feature of the CMS apparatus is a superconduct-
ing solenoid of 6 m internal diameter, providing a magnetic field
of 3.8 T. Within the superconducting solenoid volume are a sili-
con pixel and strip tracker, a lead tungstate crystal electromagnetic
calorimeter (ECAL), and a brass and scintillator hadron calorimeter
(HCAL), each composed of a barrel (|n| < 1.479) and two end-
cap (1.479 < |n| < 3.0) sections. Electrons are found by associ-
ating clusters of ECAL energy with adjacent tracker hits. Muons
are detected in the pseudorapidity range |n| < 2.4, using gas-
ionization detectors embedded in the steel flux-return yoke out-
side the solenoid, and reconstructed from tracks in these detectors
combined with those from the silicon tracker. Extensive forward
calorimetry (3.15 < || < 4.9) complements the coverage provided
by the barrel and endcap detectors. The energy resolution for pho-
tons with transverse momentum >60 GeV varies between 1.1% and
2.6% over the solid angle of the ECAL barrel, and from 2.2% to
5.0% in the endcaps [14]. The timing measurement of the ECAL
has a resolution better than 200 ps for energy deposits larger than
10 GeV [14]. In the n-¢ plane, and for |n| < 1.48, the HCAL cells
map onto 5x5 arrays of ECAL crystals to form calorimeter tow-
ers projecting radially outward from the nominal interaction point.
A more detailed description of the CMS detector, together with a
definition of the coordinate system used and the relevant kine-
matic variables, can be found in Ref. [15].

3. Event selection

In the following, it is convenient to refer to the missing trans-

verse momentum vector, 1, defined as the projection on the plane
perpendicular to the beams of the negative vector sum of the mo-
menta of all reconstructed particles in an event. Its magnitude is
referred to as Fr.

Events are selected from a data sample corresponding to an
integrated luminosity of 19.6 fb~! collected in proton-proton col-
lisions at /s =8 TeV with the CMS experiment at the LHC. Trig-
gers requiring at least one electromagnetic cluster or a cluster
along with large Ft are used. For the selected signal region of
transverse energy E%/ > 145 GeV, pseudorapidity |n”| < 1.44, and
Fr > 140 GeV, these triggers are ~96% efficient for E%’ in the
145-160 GeV range, and fully efficient for E¥ > 160 GeV. Events
are required to have at least one primary vertex reconstructed
within a longitudinal distance of |z| < 24 cm of the center of the
detector and at a distance <2 cm from the z-axis. The primary
vertex is chosen to be the vertex with the highest sum in p% of its
associated tracks, where pr is the transverse momentum.

Candidate electromagnetic (EM) showers are restricted to the
barrel region of the ECAL, where their purity is highest [16]. Pho-
ton candidates [17] are selected by requiring the ratio of the en-
ergy deposited in the closest HCAL tower to the energy of the EM
showers in the ECAL to be less than 0.05 and the spatial distri-
bution of energy in the EM shower to be consistent with that
expected for a photon. In order to reject hadronic activity, pho-
ton candidates are required to be isolated, using the sum of the
transverse energy of additional particles within a cone of AR < 0.3

centered on the shower axis, where AR = /(An)2 + (A¢)Z, recon-
structed using a particle-flow algorithm [18,19]. In this isolation

cone, the sum of the transverse energy (in GeV) of additional pho-
tons is required to be less than (O.7+0.005E¥ ), of neutral hadrons
is required to be less than (1.0 + 0.04E¥ ), and of charged hadrons
is required to be less than 1.5. The charged hadron contribution
includes that calculated from the other interaction vertices in the
event (pileup), arising from the uncertainty in assigning the photon
candidate to a particular vertex. The effect of pileup on the isola-
tion variables is mitigated using the scheme presented in Ref. [20].

The ECAL crystal containing the highest energy within the clus-
ter of the photon candidate is required to have a time of deposition
within £3 ns of particles arriving from the collision. This selection
suppresses contributions from noncollision backgrounds. To reduce
contamination from beam halo, the crystals (excluding those as-
sociated with the photon candidate) are examined for evidence of
the passage of a minimum-ionizing particle roughly parallel to the
beam axis (beam halo tag). If sufficient energy is found along such
a trajectory, the event is rejected. Highly ionizing particles travers-
ing the sensitive volume of the readout photodiodes can give rise
to spurious signals within the EM shower [21]. These EM show-
ers are eliminated by requiring consistency among the timings of
energy depositions in all crystals within the shower. Photon candi-
dates are rejected 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 candidate EM showers [22].

Jets are reconstructed with the anti-kr algorithm [23] using a
radius parameter of R = 0.5. Jets that are identified as arising from
pileup are rejected [24]. In order to reduce QCD multijet back-
grounds, events are rejected if there is more than one jet with
pr > 30 GeV at AR > 0.5 relative to the photon. Events with iso-
lated leptons (electron or muon) with pt > 10 GeV, |n| < 2.4 (2.5)
for muons (electrons) and AR > 0.5 relative to the photon, are
also rejected to suppress Wy — £vy and Zy — ££y backgrounds.
Lepton isolation is computed using the sum of transverse energies
of tracks, ECAL, and HCAL depositions within a surrounding cone
of AR < 0.3. For electron isolation, each contributing component
of transverse energy (tracker, ECAL, and HCAL) is required to be
less than 20% of the electron pr, while for muons only the tracker
component is considered and is required to be less than 10% of the
muon pr.

The candidate events are reqﬂuired to have Fr > 140 GeV.

A topological requirement of A¢(Ft,y) > 2 rad is applied to sup-
press the contribution from the y + jet background.

A major source of background comes from events with mis-
measured Fr due to finite detector resolution, mainly associated
with jets. In order to reduce the contribution from events with
mismeasured Et, for each event a x? function is constructed and
minimized:
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where the summation is over the reconstructed particles, i.e., the
photon and the jets. In the above equation, (p{*°); are the trans-
verse momenta, and the (op,);, the expected momentum reso-
lutions of the reconstructed particles. The (pt); are the free pa-
rameters allowed to vary in order to minimize the function. The
resolution paramstrizatioNn associated with the Fr is obtained from
Ref. [25]. Lastly, f, and £, can be expressed as:

Foy=E5+ D (050 — By

i=objects

== > (Bxyi (2)

i=objects



104 CMS Collaboration / Physics Letters B 755 (2016) 102-124

In events with no genuine Fr, the mismeasured quantities will
be more readily re-distributed back into the particle momenta,
which will result in a low x? value. On the other hand, in events
with genuine Ft from undetected particles, minimization of the y?2
function will be more difficult and generally will result in larger 2
values. To reduce the contribution of events with mismeasured }fT,
the probability value obtained from the x? minimization is re-

quired to be smaller than 107® and f; =/FZ + F2, in which the
original reconstructed particle momenta are replaced with those
obtained with the x2 minimization, is required to be greater than
120 GeV. These requirements are optimized using the significance
estimator S/+/S + B and remove 80% (35%) of y + jet (QCD multi-
jet) events, while keeping 99.5% of signal events.

After applying all selection criteria, 630 candidate events re-
main in the sample.

4. Background determination

Backgrounds from Zy — vy, Wy — vy, y + jet, Zy — Ly,
and diphoton production are estimated from simulated samples
processed through the full GEANT4-based simulation of the CMS
detector [26,27], trigger emulation, and the same event reconstruc-
tion programs as used for data. The Zy — vvy and Wy — fvy
samples are generated with MADGRAPH 5v1.3.30 [28], and the
cross section is corrected to include next-to-leading-order (NLO)
effects through an E¥ dependent correction factor calculated with
MCFM 6.1 [29]. The central values of the NLO cross section and the
prediction for the photon E7 spectrum are calculated following the
prescriptions of the PDFALHC Working Group [30-32]. This pre-
scription is also used to calculate the systematic uncertainties due
to the parton distribution functions (PDF), and the strong coupling
os and its dependence on the factorization scale and renormal-
ization scale. The systematic uncertainties in the NLO cross sec-
tions are found to be in the range 8% to 48% and 16% to 82% for
Zy — vvy and Wy — Cfvy, respectively, over the E%’ spectrum
from 145 GeV to 1000 GeV. The strong correlation in the uncer-
tainties of the two channels is propagated to the final result. The
Zy — Ly sample is obtained using the MADGRAPH 5v1.3.30 gen-
erator [28]. The ¥ + jet and diphoton samples are obtained using
the PYTHIA 6.426 generator [33] at leading order (LO), with the
CTEQ6L1 [34] PDE. The y + jet cross section is corrected to in-
clude NLO effects.

The backgrounds estimated from simulations are scaled by a
factor F to correct for observed differences in efficiency between
data and simulation. This overall data/simulation correction factor
receives contributions from four sources as follows: the photon
reconstruction efficiency ratio, estimated to be 0.97 &+ 0.02 using
Z — ee decays; the ratio of probabilities for satisfying a crystal
timing requirement, estimated to be 0.99 4+ 0.03 from a sample
of electron data; the lepton veto efficiency ratio, estimated to be
0.99£0.02 using W — ev decays; and the jet veto efficiency ratio,
estimated to be 0.99 4 0.05 using W — ev decays, and confirmed
using Zy — eey data samples. The total correction factor obtained
by combining these contributions is F = 0.94 + 0.06.

The total uncertainty in the backgrounds estimated through
simulation includes contributions from the theoretical cross sec-
tion, data-simulation factor F, pileup modeling, and the accuracy
of energy calibration and resolution for photons [14], jets [35],
and f1 [36]. The estimated contribution from the Zy — vy and
Wy — £vy processes to the background are, respectively, 345+43
and 103 £ 21 events, where the dominant uncertainty is from the
theoretical cross section calculations. To gain confidence in the es-
timates from simulation, control regions, which are dominated by

these backgrounds and have negligible contributions from a signal,
are defined in the data. As a crosscheck, the total contribution from
Zy — vvy is estimated in data using a sample of Zy — puuy
candidates, where the muons from the decay of the Z boson are
considered as invisible particles hence contributing to Ft [37]. The
normalization is corrected both for the ratio of the branching frac-
tions of Zy — vvy and Zy — uuy, and for differences in the
acceptance and selection efficiencies. This crosscheck provides an
estimate of 341 £ 50 events, where the uncertainty is dominated
by the size of the sample. A control region dominated by the Wy
process is also studied by using the signal selection but invert-
ing the lepton veto i.e., the final state is required to contain a
reconstructed charged lepton. After this selection, 104 events are
observed and 126 £ 23 are expected.

Electrons misidentified as photons arise mainly from highly off-
shell W boson (W* — ev) events. These backgrounds are inclu-
sively estimated from data. The efficiency, €ix, of matching elec-
tron showers in the calorimeter to pixel seeds is estimated using
a tag-and-probe technique [38] on Z — ee events in data, veri-
fied with simulated events. The efficiency is found to be €pix =
0.984 4+ 0.002 for electrons with Et > 100 GeV. A control sample
of W* — ev events is also obtained from data through use of all
the standard candidate selections, with the exception of the pixel
seed, which is inverted. The number of events in this sample is
scaled by the value of (1 — €pix)/€pix resulting in an inclusive esti-
mate of 60 & 6 W* — ev events in the signal region.

The contamination from jets misidentified as photons is esti-
mated in data using a control sample with ft < 30 GeV, domi-
nated by QCD events. This sample is used to measure the ratio
of the number of objects that pass photon identification criteria
to the number that fail at least one of the isolation requirements.
The control sample also contains objects from QCD direct photon
production that must be removed from the numerator of the ratio.
This contribution is estimated by fitting the shower shape distribu-
tion with template distributions. For true photons, a template for
the shower width is formed using simulated ¥ + jets events. For
jets misidentified as photons, the template is formed using a sepa-
rate control sample, where the objects are required to fail charged
hadron isolation. This corrected ratio is used to scale a set of data
events that pass the denominator selection of the fake ratio and
all other candidate requirements, providing an inclusive estimate
for all backgrounds in which jets are misidentified as photons of
45 £+ 14 events.

Noncollision backgrounds are estimated from data by examin-
ing the shower width of the EM cluster and the time-of-arrival
of the signal in the crystal containing the largest deposition of
energy. Templates for anomalous signals, cosmic ray muons, and
beam halo events are obtained by inverting the shower shape and
beam halo tag requirements, and are fitted to the timing distri-
bution of the candidate sample. The only nonnegligible residual
contribution to the candidate sample is found to arise from the
beam halo, with an estimated 25 + 6 events.

5. Results

Table 1 shows the estimated number of events and associated
uncertainty from each background process along with the total
number of events observed in the data, for the entire data set,
which corresponds to 19.6 fb~!. The number of events observed in
data agrees with the expectation from SM background. The photon
ET and ;ZT distributions for the selected candidates and estimated
backgrounds are shown in Fig. 1. The spectra expected from the
ADD model for Mp =2 TeV and n =3 are also shown for compar-
ison. Limits are set for the DM, ADD, and branon models using the
E’T/ spectrum.
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Table 1

Summary of estimated backgrounds and observed total num-
ber of candidates. Backgrounds listed as “Others” include the
small contributions from W — puv, W— v, Zy — 2y, yvy,
and y + jet. Uncertainties include both statistical and sys-
tematic contributions, and the total systematic uncertainty
includes the effect of correlations in the individual estimates.

Process Estimate
Z(—> vi)+y 345+43
W(— v) +y 103+21
electron — y MisID 6016
jet— y MisID 45+ 14
Beam halo 25+6
Others 36+3
Total background 614+63
Data 630
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Fig. 1. The photon Et and }f]- distributions for the candidate sample, compared with
estimated contributions from SM backgrounds, and the predictions from the ADD
model for Mp =2 TeV and n = 3. The horizontal bar on each data point indicates
the width of the bin. The background uncertainty includes statistical and systematic
components. The bottom panel shows the ratio of data and SM background predic-
tions.

The product of the acceptance and the efficiency (Ae€) is esti-
mated by calculating Aeyc from the simulation, and multiplying it
by the F to account for the difference in efficiency between simu-

19.6 fb' (8 TeV)
T
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Fig. 2. Upper limits at 95% confidence level (CL) on the product of cross section and
acceptance as a function of the E¥ threshold (>145 GeV) for the photon and }fT
final state.

Table 2

Observed (expected) 95% CL and 90% CL upper limits on o' A as a function of the cut
on the EY for the photon and ,ElT final state. The tT threshold is fixed at 140 GeV.
In addition to 95% CL upper limits, 90% limits are also shown to allow direct com-
parison with results from astrophysics DM searches.

E%/ threshold [GeV] o A [fb] (95% CL) o A [fb] (90% CL)

145 14 (13) 12 (11)
160 11 (10) 9.3 (8.8)
190 54 (6.4) 44 (5.4)
250 29 (32) 24 (2.7)
400 0.87 (1.0) 0.71 (0.83)
700 0.22 (0.32) 0.16 (0.25)

lation and data. The ADD, DM, and branon simulated samples are
processed through the full GEANT4-based simulation of the CMS
detector [26,27], trigger emulation, and the same event reconstruc-
tion programs as used for data. For DM production, the simulated
samples are produced using MADGRAPH 5v1.3.12 [39], and requir-
ing E¥ > 130 GeV and |5Y| < 1.5. The estimated value of Aeyc for
M, in the range 1-1000 GeV varies over the range 41.6-44.4% for
vector and 41.4-44.1% for axial-vector couplings, respectively. The
E%’ spectra for ADD simulated events are generated using PYTHIA
8.153 [40], requiring E%’ > 130 GeV. The Aepc for the ADD model
varies over the range 33.4-37.4% in the parameter space spanned
by n =3-6 and Mp = 1-3 TeV. The spectra for simulated bra-
non events are generated using MADGRAPH 5v1.5.5 [39], requiring
E’T/ > 130 GeV. The value of Aeyc for branon production varies
over the range 41.3-48.9% in the parameter space spanned by the
range of branon masses Mg = 100-3500 GeV and brane tensions
f =100-1000 GeV. The systematic uncertainty in A€y from the
modeling of pileup, the energy calibration, and the resolution for
photons, jets, and Fr is 42.1%. The systematic uncertainty from
the scale factor is 6.4%, resulting in a total systematic uncertainty
in Aeyc of 6.7%. The systematic uncertainty in the measured in-
tegrated luminosity is +2.6% [41]. Theoretical uncertainties in the
acceptance of the signal processes, based on the choice of PDF and
scale, are found to be of order 1%, and thus have a negligible effect
on the observed limits.

Upper limits on the signal cross section are calculated using the
CLs method [42,43]. In the fit to the observed spectra, systematic
uncertainties are represented by nuisance parameters with log-
normal prior probability density functions. The changes in shape
of the expected spectra that result from varying the photon energy
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Table 3

Dark matter production cross sections as a function of the DM mass, assuming a vector interaction: theoretical DM production cross sections, where the generated photon
transverse momentum is greater than 130 GeV and the contact interaction scale A is 10 TeV; observed (expected) 90% CL upper limits on the DM production cross section o;
90% CL lower limits on the contact interaction scale A; and 90% CL upper limits on the y-nucleon cross section.

Mass [GeV] Otheo [fb] o [fb] A [GeV] Oy —nucleon [cmZ]
1 25x107% 7.8 (10.6) 750 (694) 8.2 x 10740 (1.1 x 10739)
10 25x 1074 8.0 (10.5) 745 (696) 2.6 x 1073 (3.5 x 10739)
100 24x107* 8.0 (11.2) 742 (684) 3.2x 10739 (4.4 x 10739)
200 22x107% 7.6 (9.9) 729 (684) 3.4 x 1073 (4.4 x 10739)
300 1.8 x 1074 6.9 (9.4) 714 (660) 3.7x 10739 (5.1 x 10739)
500 1.0x 10~ 5.2 (7.8) 666 (602) 4.9 x 1073 (7.4 x 10739)
1000 1.5 x 1073 49(72) 422 (382) 3.1 x 10738 (4.6 x 10738)

Table 4

Dark matter production cross sections as a function of the DM mass, assuming an axial-vector interaction: theoretical DM production cross sections, where the generated
photon transverse momentum is greater than 130 GeV and the contact interaction scale A is 10 TeV; observed (expected) 90% CL upper limits on the DM production cross
section o; 90% CL lower limits on the contact interaction scale A; and 90% CL upper limits on the x-nucleon cross section.

Mass [GEV] Otheo [fb] o [fb] A [GEV] O x —nucleon [szl
1 2.4x107% 7.9 (10.5) 746 (694) 3.1 x 10741 (4.1 x 10741)
10 25x107% 79 (11.0) 748 (688) 9.6 x 1074 (1.3 x 10740)
100 22x107% 8.2 (10.7) 718 (671) 1.3 x 10740 (1.7 x 10749)
200 1.6 x 1074 6.7 (9.5) 702 (643) 1.5 x 10740 (2.0 x 10740)
300 1.1x10™% 5.8 (8.5) 663 (604) 1.8 x 10740 (2.6 x 10740)
500 49x107° 55 (8.1) 544 (495) 4.0 x 10740 (5.9 x 10740)
1000 42x10°6 5.3 (7.7) 298 (272) 4.5 %1073 (6.5 x 10739)

scale and the theoretical differential cross section within their re-
spective uncertainties are treated using a morphing technique [44].
The signal region studied in this analysis is defined with the re-
quirement E’T/ > 145 GeV. The observed and expected upper limits
on the product of cross section and acceptance (o A), plotted as a
function of the E¥ threshold (>145 GeV), are shown in Fig. 2 and
listed in Table 2. Results shown can be generally applied to any
new physics that leads to the photon and Fr final state.

Tables 3 and 4 summarize the 90% CL upper limits on the
production cross sections of the DM particles x x, as a function
of My. In general, the effective operator could be a mixture of
vector and axial terms; for explicitness, the limiting cases of pure
vector and pure axial vector operators have been chosen, corre-
sponding to spin-independent and spin-dependent interactions, re-
spectively. Following the procedures of Refs. [2] and [5], the upper
limits on the DM production cross sections are converted into cor-
responding lower limits on the contact interaction scale A, which
are then translated into upper limits on the x-nucleon scattering
cross sections, calculated within the EFT framework. These results,
as a function of M,, are listed in Tables 3 and 4 and also dis-
played in Fig. 3. Superimposed are the results published by other
experiments [46-56].

The validity of the EFT framework at the energy scale probed
by the LHC has been recently explored in detail [2,3,5,65-67].
These studies show that the condition M > Q may not always
be satisfied because of the high momentum transfer scale at the
LHC energies. Therefore, to interpret the data in a meaningful way
where the EFT does not hold, following [3] we consider a sim-
plified model predicting DM production via an s-channel vector
mediator. For this simplified model, the simulated samples are pro-
duced using MADGRAPH 5v1.5.12 [39], and requiring E%’ > 130 GeV
and |nY| < 1.5. Limits on the SM-DM interaction mediator mass
divided by coupling, for this model, are shown in Fig. 4. The mass
of the mediator is varied for two fixed values of the mass of the
DM particle: 50 GeV and 500 GeV, and the width of the media-
tor is varied from M/8m to M/3 [3]. The contours for fixed values
of ./gx&q are also shown for comparison. For My = 500 GeV the
results for a mediator with a mass =5 TeV are similar to those ob-
tained from the EFT approach as listed in Table 3, while the limits
are weaker for M <100 GeV. The limits are stronger than those of

the EFT approach in the range of M from ~100 GeV to ~4 TeV, be-
cause of the resonance production enhancement in the cross sec-
tion. In other words, the limits derived within the EFT framework
are conservative in this region. For illustration purposes, similar
distributions for My =50 GeV are also shown in Fig. 4.

Upper limits at 95% CL are also placed on the production cross
section of the ADD and branon models, and translated into exclu-
sions on the parameter space of the models. For the ADD model
we follow the convention of Ref. [69] and only consider § < MzD
when calculating the cross sections. The limits on Mp for sev-
eral values of n, the number of extra dimensions, are summa-
rized in Table 5. These limits, along with existing ADD limits from
the Tevatron [58,59] and LEP [60-63], are shown in Fig. 5 as a
function of Mp. All these results are based on LO cross sections.
Our results extend significantly the experimental limits on the
ADD model in the single-photon channel [64,70], and set limits
of Mp > 2.12-1.97 TeV for n = 3-6, at 95% CL. These results are
comparable with the recent ATLAS limits [57].

Limits on f for branons are summarized in Table 6. For mass-
less branons, the brane tension f is found to be greater than
410 GeV at 95% CL. These limits along with the existing limits
from LEP [68] and the Tevatron [13], are shown in Fig. 6. Branon
masses Mp < 3.5 TeV are excluded at 95% CL for low brane tension
(20 GeV). These bounds are the most stringent published to date.
These limits complement astrophysical constraints already set on
the branon parameters [12].

6. Summary

Proton-proton collision events containing a photon and missing
transverse momentum have been investigated to search for new
phenomena. In the /s = 8 TeV data set corresponding to 19.6 fb~!
of integrated luminosity, no deviations from the standard model
predictions are observed. Bounds are placed on models predict-
ing monophoton events; specifically, 95% confidence level upper
limits for the cross section times acceptance for the selected final
state are set and vary from 14.0 fb for E¥ > 145 GeV to 0.22 fb
for E%’ > 700 GeV. Constraints are set on x production and trans-
lated into upper limits on vector and axial-vector contributions to
the x-nucleon scattering cross section, assuming the validity of the
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Fig. 3. The 90% CL upper limits on the x-nucleon cross section as a function of
the DM particle mass My for spin-independent couplings (top) and spin-dependent
couplings (bottom). Results from the current search are shown as “CMS Monopho-
ton, 8 TeV”. Shown are the limits from CMS using monojet [37] and monolep-
ton [45] signatures (where & is the interference parameter addressing potentially
different couplings to up- and down-type quarks and values of & = +1 maximize
the effects of interference). Also shown are the limits from several published direct
detection experiments [46-55]. The solid and hatched contours show the 68% and
95% CL contours respectively for a possible signal from CDMS [56]. Limits similar to
those from the current search are obtained by ATLAS [57].

EFT framework. For M, = 10 GeV, the y-nucleon cross section is
constrained to be less than 2.6 x 10732 cm? (9.6 x 10~#! cm?) for
a spin-independent (spin-dependent) interaction at 90% confidence
level. In addition the most stringent limits to date are obtained on
the effective Planck scale in the ADD model with large spatial extra
dimensions and on the brane tension scale in the branon model.
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Table 6
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