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1. Introduction

Supersymmetry (SUSY) is a generic framework which can be realized in a huge diversity
of final states. In this vastness, we seek guidance of phenomenologically well-motivated SUSY
scenarios when designing the SUSY searches at the LHC. A scenario we thoroughly investigate
nowadays is SUSY with natural EWSB, where the fine tuning in the loop corrections to Higgs
mass are minimal. Naturalness requires particles that couple to Higgs to be light, in order to avoid
fine funing. This constrains Higgsinos, which contribute at leading order, to be &'(100GeV); stops,
which contribute via one-loop corrections (and sbottoms which are related to stops) to be below a
TeV, and gluinos, which contribute via two-loop corrections to be below a few TeV. There are no
constraints on the rest of the sparticle spectrum.

The Compact Muon Solenoid (CMS) Experiment at the LHC [2] looks for Natural SUSY with
a rich variety of searches, some of which look for stops in specific final states, and others look for
colored sparticles in inclusive final states. In the following, I briefly describe two inclusive searches
that probe pair production of colored sparticles in final states with jets b-tagged jets and missing
transverse energy (EX* ) performed using 8 TeV LHC proton-proton collisions.

2. jets, b-jets, E;”“ with variables H7 and o7

The first search [3] was performed using 11.7 fb~! of data, and utilizes the kinematic variable
ar, which provides discrimination between events with genuine E** from invisible particles, and
misreconstructed E?m from detector inefficiencies. For a dijet system, oy = E%z /My where E%z is
the transverse energy of the less energetic jet, and My is the transverse mass of the dijet system.
When there are more than two jets in an event, o7 can be generalized by constructing a pseudo-
dijet system, which was done here by choosing the combination that minimizes AH7 between the
two pseudojets (where Hr is the hadronic transverse energy). For a perfectly measured dijet event
having back-to-back jets with Ejl = E%Z and no EJ'S | o = 0.5. If an inbalance is caused in the
back-to-back system due to a jet mismeasurement, o is less than 0.5. In the case the dijet system is
not back-to-back and recoils against genuine EZ™* | o should be greater than 0.5. Figure 1 shows
the behavior of ¢ for data, for multijet backgrounds with misreconstructed EXS*, for multijet
backgrounds with genuine E77*S and for a reference signal model, and confirms the behavior of 0.

Data used in this analysis were collected using triggers that require both Hy and o7 to be
above certain thresholds. The baseline selection requires events to have at least two jets that have
pr > 50GeV and |n| < 3 and pass the jet identification criteria. First two jets are required to
have pr > 100 GeV. Events are vetoed if non-identified jets with pr > 50GeV and |n| < 3 are
present. To reduce SM backgrounds with genuine E*™* | events having isolated electrons, muons
and taus are vetoed. Events with isolated photons are also vetoed to ensure all-jet final states.
Finally a7 > 0.55 is required to select signal-like events. The analysis looks for a signal excess in
a binned 3D space defined by jet multiplicity, b-jet multiplicity and Hy. Jet multiplicity is binned as
nj=2-—3,> 3 in order to discriminate among Gg, g and gg final states whereas b-jet multiplicity
is binned as n, = 0,1,2,3,> 3 to provide sensitivity to 3rd generation. Hr is divided in 8 bins to
probe different models spanning a large sparticle mass splitting range.
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Figure 1: The oy distribution for events containing either two or three reconstructed jets. The reference
signal model (labelled D2) is the direct pair-production of bottom squarks, which results in a final state
containing two b-quarks and two LSPs.

The selected sample is still contaminated by SM backgrounds that need to be estimated. Non-
multijet backgrounds #7 + jets, W(— [v,Tv) + jets and Z(— vV) + jets are estimated using control
samples u + jets, pu + jets and y+ jets which have negligible multijet background and signal
contamination. Expected background in the signal sample is obtained by multiplying the observed
data in the control sample with a bin-dependent transfer function derived using Monte Carlo (MC)
simulation. Multijet backgrounds are estimated by exploiting the Hy-dependence of the ratio of
number of events with o > 0.55 over number of events with oz < 0.55 as a function of Hy, which
can be expressed as Ae*7 . This analytical form was validated in a multijet-enriched data control
region.

For a given category satisfying jet and b-jet multiplicities, a likelihood model of the obser-
vations in multiple data samples was used in order to obtain a consistent prediction of SM back-
grounds and for the presence of a variety of the signal models. The likelihood analysis showed
that data was consistent with the SM. Figure 2 depicts this consistency for the n; > 4 and n;, = 1
selection for the signal and control samples.
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Figure 2: Comparison of the observed yields and SM expectations given by the simultaneous fit in bins of
Hr for the signal samples when requiring n; > 4 and nj, = 1 (left) and n; > 4 and nj, = 3 (right). The example
signal model shown comprise pair-produced 400 GeV stops decaying to top plus a 0 GeV neutralino LSP.

In the absence of a signal, limits are set using simplified model spectra (SMSs) [5], which
consist of a set of particles and sequence of their productions and decays. 95% confidence level
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upper limit on the product of cross section times branching ratio is derived as a function of sparticle
masses. Figure 3 shows the exclusion limits on the gluino-LSP plane where pair produced gluinos
decay fully to two b quarks plus LSP or two top quarks plus an LSP, on the sbottom-LSP plane
where pair produced sbottoms decay fully to & plus LSP, and on the stop-LSP plane where pair-
produced stops decay fully to top plus LSP. This search was able to probe gluinos, sbottoms and
stops with masses up to 1.2 TeV, 650 GeV and 500 GeV and cross section times branching ratios
down to 10 b, 20 fb and 100 fb respectively.
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Figure 3: 95% CL exclusion upper limit on the cross section times branching ratio versus model spectrum
for pair-produced gluinos decaying to two b quarks and a neutralino LSP (top left) or two top quarks and a
neutralino LSP (top right), pair-produced bottom squarks decaying to a b quark and a neutralino LSP (bottom
left), and pair-produced top squarks decaying to a top quark and a neutralino LSP (bottom right). The black
and red contours show the boundaries where the observed and expected exclusion cross section matches the
NLO+NLL cross section computed for the SUSY model, along with the =10 experimental uncertainties.

3. jets, b-jets, E]’i”“ with variables H7 and Ag,,;,

The second inclusive search [4] directly probes SUSY with 3rd generation and investigates
hadronic final states with at least one b-tagged jet and large E'S using 19.4fb~! of data. This
search uses the minimum normalized azimuthal angle Aqum between the E?"” vector and one of
the three highest pr jets defined as Ay, = A@;/Opg,; as a discriminator between SUSY signal
with genuine £ and background processes with fake EX*** . The normalization factor Ong,i is the
resolution of jet i defined as Gy, = arcsin(or /E}*) where o7, the uncertainty on the component
of the EJ'S vector perpendicular to jet i is calculated from the resolutions of all remaining jets &,

oy, = 0.1pr, and angles oy between jets k and the direction opposite jet i as G%l_ =Y (0p, ksin o).
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The principle SM backgrounds in this final state arise from the production of events with a top
quark-antiquark (7f) pair, a single top quark, W or Z bosons in association with jets (W /Z + jets)
and multijets produced through strong interaction in which a b-tagged jet is present. Data were
collected using triggers with requirements on thresholds of Hy and missing hadronic transverse
momentum H¥S5. Events were required to have at least one good primary vertex, at least 3 jets
with pr > 50GeV, |n| < 2.4 where first and second jet py > 70 GeV, at least one b—tagged jet,
Hr > 400 GeV and E'S* > 125 GeV. Events having isolated electrons with pr > 10GeV, |n| <
2.5; isolated muons with pr > 10GeV, |n| < 2.4 and isolated charged tracks with py > 15GeV,
In| < 2.4 were vetoed. Signal sample is defined by the requirement of A@pin > 4.0.

The selected events are divided into mutually exclusive bins in Hy, Ef*S and b-jet multiplicity,
to look for a signal excess. Figure 4 shows the distributions in the signal region for b-jet multiplicity
Np—jers E?”'“ and Hr for data, SM MC and two signal benchmarks, where Hy and E;”“ distributions
are shown for Nj,_ ., = 3. SM MC distributions agree well with observed data, however a mostly
data-driven method similar to that employed by the o search was used for a more reliable estima-
tion of the background contamination in the signal sample. A control sample for top and W + jets
backgrounds was obtained by reverting the isolated lepton veto in the signal selection and requir-
ing leptons, a control sample for QCD multijet events was obtained by reverting the A@,, cut, and
a control sample for Z(— vVv) + jets was obtained from Z(— ee/uu) + jets events. All control
samples were binned like the signal sample and expected background events in each bin of the
signal sample was estimated by multiplying the observed yield in the control sample relevant for
that background with bin-by-bin scale factors estimated from the MC.
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Figure 4: Data and Monte Carlo distributions of Nj,_ ., (left), E?”'” (middle) and Hr (right) for the signal
sample. The lower panes show the ratio of the measured to the simulated events. The simulated results are
intended for guidance and are not used in the analysis. Results for the T1bbbb scenario with (mg, mZ?)=(6OO
GeV, 500 GeV) and (1225 GeV, 150 GeV) are shown as unstacked distributions. The uncertainties are
statistical only. The normalization of the simulated curves is based on the absolute cross sections.

The expressions relating signal and control samples, the observed quantities and the parame-
ters were all put together in a likelihood, which is a product of Poisson probabilities, one for each
bin, and the constraint PDFs for the nuissance parameters, and the likelihood was minimized to
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obtain parameter values. Data were found to be consistent with the SM. Figure 5 shows the ob-
served number of events in the 14 bins with the highest signal sensitivity in comparison with the
SM background predictions found by performing a fit by setting SUSY signal strengths to zero.
We see that the zero signal expectation agrees very well with the data.
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Figure 5: Observed numbers of events for the 14 bins with highest signal sensitivity in the analysis, in
comparison with the SM background predictions (with total uncertainties) found in the fit with SUSY signal
strength fixed to zero. The labels HT1, HT2, MET?2, etc., refer to the bins of Hr and E?“” .

The impact of this absence was evaluated on simplified models with gluino pair production
with gluinos decaying to various final states, and on phenomenological MSSM (pMSSM), a 19-
dimensional parameterization of MSSM at the SUSY scale. Figure 6 shows the 95% exclusion
upper limit on the cross section times BR on the gluino-LSP mass plane among with the exclu-
sion boundaries as well as the impact of this analysis on gluino and light sbottom mass probability
distributions for pMSSM. In SMSs, which are defined as pure initial and final states, gluinos go-
ing to bs and LSP can be probed up to masses 1.2 TeV and down to cross section times BRs of
¢0(1073) fb~!. In a generic model like pMSSM, this search is able to make an impact on gluino
and sbottom mass distributions, and exclude the full phase space with gluinos up to mass 500 GeV
and sbottoms up to mass 300 GeV.

4. Conclusion

CMS has been looking for natural SUSY with inclusive searches in final states with multiple
jets, high missing transverse energy and b-tagged jets, using kinematic variables such as hadronic
transverse momentum Hy, o and A(ﬁmm. With up to 19.5 fb~! of 8 TeV pp data, no excess over the
Standard Model has been observed. Impact of this absence has been studied on simplified models
and phenomenological MSSM, and it was shown that current searches have probed gluinos with
masses up to 1.2 TeV, sbottoms with masses up to 650 GeV and stops with masses up to 500 GeV.

References

[1] S. Dimopoulos and G. F. Giudice, “Naturalness constraints in supersymmetric theories with
nonuniversal soft terms,” Phys. Lett. B 357 (1995) 573 [hep-ph/9507282]; R. Barbieri and



Inclusive searches for Natural SUSY with CMS Sezen Sekmen for the CMS Collaboration

CMS, L=19.4fb", \s=8TeV CMS,L=19.4fb% (s=8TeV
<~ 1200 — 5 <~ 800
% pp - 99, g — bb;ﬁ NLO+NLL exclusion z pp - gd, g - If;ﬁ NLO+NLL exclusion
e _1000| =Observed 10, ©  700( =observedx 10,,,,, 4,
Eﬁx zi:Expected® 10,00 imen éfx zi:Expected* 10, cimen =

600}

500F 4

=107

I
L
5
95% CL upper limit on cross section (pb)

I
95% CL upper limit on cross section (pb)

’HmH‘\H‘\H‘\"!‘T_lora :Hm‘H\H‘\‘H\HH’_IOJ
Z?OO 600 800 1000 1200 1400 1?00 600 800 1000 1200 1400
mg (GeV) mg (GeV)
pMSSM, CMS preliminary pMSSM, CMS preliminary
p(6|D) prior p(8|D) prior

—— D(6ID) CMS HT + MET + b-jets, 8 TeV, 19.4 fb™* —— p(6ID) CMS HT + MET + b-jets, 8 TeV, 19.4 fb™
2 2
£ £
c c
(7} (7}
° °
= =
3 3
[ [
o o
o o
8 a

T e Lo b b e Ly :\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

[ 500 1000 1500 2000 2500 3000 ] 500 1000 1500 2000 2500 3000
g mass [GeV] 51 mass [GeV]

Figure 6: 95% CL exclusion upper limit on the cross section times branching ratio versus model spectrum
for pair-produced gluinos decaying to two b quarks and a neutralino LSP (top left) and two top quarks and
a neutralino LSP (top right). The black and red contours show the boundaries where the observed and ex-
pected exclusion cross sections match the NLO+NLL cross section computed for the SUSY model, along
with the £10 experimental uncertainties. Marginalized 1D posterior probability distributions for gluino
mass (bottom left) and lighter sbottom mass (bottom right) in pMSSM. Filled blue histograms show the dis-
tributions after some preCMS constraints (described in [6]), and red histograms show the distributions after
including the Hr, E?’“, b-jets, A(ﬁmm analysis, where the solid, dashed and dotted lines show likelihoods
calculated using the central values of estimated signal counts s and values with uncertainties s — 0.5s and
s+ 0.5s respectively.

D. Pappadopulo, “S-particles at their naturalness limits,” JHEP 0910 (2009) 061 [arXiv:0906.4546
[hep-ph]]; M. Papucci, J. T. Ruderman and A. Weiler, “Natural SUSY Endures,” JHEP 1209 (2012)
035 [arXiv:1110.6926 [hep-ph]].

[2] S. Chatrchyan et al. [CMS Collaboration], “The CMS experiment at the CERN LHC,” JINST 3
(2008) S08004.

[3] S. Chatrchyan et al. [CMS Collaboration], “Search for supersymmetry in hadronic final states with
missing transverse energy using the variables o and b-quark multiplicity in pp collisions at 1/s = 8
TeV,” Eur. Phys. J. C 73 (2013) 2568 [arXiv:1303.2985 [hep-ex]].

[4] S. Chatrchyan et al. [CMS Collaboration], “Search for gluino mediated bottom- and top-squark
production in multijet final states in pp collisions at 8 TeV,” Phys. Lett. B 725 (2013) 243
[arXiv:1305.2390 [hep-ex]].



Inclusive searches for Natural SUSY with CMS Sezen Sekmen for the CMS Collaboration

[5] D. Alves et al. [LHC New Physics Working Group Collaboration], J. Phys. G 39 (2012) 105005
[arXiv:1105.2838 [hep-ph]], and references therein.

[6] CMS Collaboration, “Phenomenological MSSM interpretation of the CMS 2011 5fb~! results", CMS
PAS SUS-12-030.



