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EXOTICA	  IN	  CMS
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Non trivial pressure on MC production 
due to way too many tiny signal samples



b’ ⇒ tW, (3l, 2l) + b-jet
q’, b’/t’ degenerate, Vtb=1

b’ ⇒ tW, l+jets
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8	  TEV	  SEARCHES	  AT	  ICHEP
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SUNDRUM	  @	  ICHEP
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RESONANCES
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• Comprehensive list of 
signatures
– dileptons(e,mu,tau), lepton

+MET
– 2-jet, 2--b-jet, ttbar, 3-jet, 4-jet
– di-bosons (W/Z)
‣ 3l+MET
‣ 2l+2j
‣ fatjet+MET,  fatjet+l+MET
‣ jet substructure for W/Z tag

– 2-photon

• Variety of models tested
– Flavors of extra dimensions
– SSM, GUT
– strings, axigluons, colorons
– technicolor
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COMPOSITENESS	  AND	  CONTACT	  INTERACTION
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• Excited quarks and leptons

• Both leptonic and hadronic states
– lepton + photon (l* -> l + gamma)
– 2-jet (q* -> q glu)
– boosted Z spectrum in q* -> q Z

• Contact interaction 
– di-jet angular analysis
– re-interpretation of  di-lepton
– re-interpretation of  W’

C.I. Λ , Χ analysis, Λ+ LL/RR

C.I. Λ , Χ analysis, Λ- LL/RR

C.I., dimuon, destructve LLIM

C.I., dimuon, constructive LLIM

C.I., single lepton (HnCM)

0 3 6 9 12 15



Shahram Rahatlou, Roma Sapienza & INFN

BLACK	  HOLES
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• Significant increase in signal cross section at 8 TeV
– no signal yet unfortunately
– Limits already competitive with full 2011 data 

• Model independent limit useful for model building
– ST: sum of all pT of reconstructed objects of interest
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LEPTOQUARKS	  (AND	  MORE)
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• Lepton and jets used usually for leptoquark 
searches
– now also first 3rd generation searches at LHC

• Same final state sensitive also to RPV SUSY 
as discussed also yesterday

• Also used for heavy neutrino searches

• Flavor violation studies as at Hera not 
considered yet

Introduc6on'

•  Leptoquark'(LQ)'is'a'hypothe6cal'par6cle'that'carries'both'
color'charge'and'lepton'numbers,'and'interacts'with'both'

quark'and'lepton'

–  Due'to'the'experimental'constraints'on'flavor;changing'

processes,'the'leptoquark'is'tradi6onally'classified'into'3'

families,'each'couple'to'the'same'quark/lepton'family'

–  Many'theories'predicts'the'existence'of'LQ,'e.g.,'Grand;unified'

theories'

•  Dominant'process'at'the'LHC'is'LQ'pair'produc6on'

–  Third'genera6on'searches'are'challenging'(large'backgrounds)'
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Figure 1: Feynman diagrams for leptoquark production.

1.2 Left-Right Symmetry

Left-Right Symmetric Models (LRSMs) of the weak interaction address two important topics: the
nonzero masses of the three known left-handed neutrinos [11] and baryogenesis. LRSMs conserve parity
at high energies by introducing three new heavy right-handed Majorana neutrinos Ne, Nµ and N⇥ . The
smallest gauge group that implements an LRSM is SU(2)L⇥ SU(2)R⇥U(1)B�L. At low energies, the
left-right symmetry is broken and parity is violated. The Majorana nature of the new heavy neutrinos
explains the masses of the three left-handed neutrinos through the see-saw mechanism [12]. The lepton
number L could be violated in processes that involve the Majorana neutrinos. This opens a window to the
very attractive theoretical scenario for baryogenesis via leptogenesis, where baryon and lepton numbers
B and L are violated but B�L is conserved.

In addition to the Majorana neutrinos, most general LRSMs also introduce the new intermediate
vector bosons WR and Z⌅, Higgs bosons, and a left-right mixing parameter. The most restrictive lower
limit on the mass of the WR boson comes from the KL �KS mass difference which requires mWR >
1.6 TeV. This lower limit is subject to large corrections from higher-order QCD effects. Heavy right-
handed Majorana neutrinos with masses of about a few hundred GeV would be consistent with the data
from supernova SN1987A. Such heavy neutrinos would allow for a WR boson at the TeV mass scale.
This scenario would also be consistent with LEP data on the invisible width of the Z boson. Present
experimental data on neutral currents imply a lower limit on the mass of a Z⌅ boson of approximately
400 GeV. Recent direct searches [13] for the WR boson at DØ give a lower mass limit of 739 GeV and
768 GeV, assuming the WR boson could decay to both lepton pairs and quark pairs, or only to quark pairs,
respectively. However, heavy Majorana neutrinos decaying to a lepton and a pair of quarks (detected as
jets) were not searched for in those analyses.

The new intermediate vector bosons WR and Z⌅ would be produced at the LHC via the Drell-Yan
(DY) process like Standard Model W and Z bosons. Their decays would be a source of new Majorana
neutrinos. The Feynman diagram for WR boson production and its subsequent decay to a Majorana
neutrino is shown in Fig. 2. This note describes an analysis of WR boson production and its decays
WR ⇤ eNe and WR ⇤ µNµ , followed by the decays Ne ⇤ eq⌅q̄ and Nµ ⇤ µq⌅q̄, which can be detected in
final states with (at least) two leptons and two jets.

2

EXOTICS – SEARCH FOR LEPTOQUARK PAIRS AND MAJORANA NEUTRINOS FROM RIGHT- . . .
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NEUTRINOS
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Majorana Neutrino
with same sign dilpton
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4TH	  GENERATION	  AND	  TTBAR
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• Rich program for 4th generation
– leptons
– lepton+jets
– all hadronic

• More challenging modes like top
+gamma not yet done

• ttbar resonances across the spectrum
– boosted top technique at high mass
– lepton + jets 

• More exotic top partners understudy
– some discussed yesterday

• Rich program now handed to dedicated 
analysis group for further extension
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DARK	  MATTER
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PRODUCTION OF DARK MATTER AT CMS

• Search%for%evidence%of%pair[produc=on%of%Dark%MaAer%par=cles%(χ)

• Dark%MaAer%produc=on%gives%missing%transverse%energy%(MET)

• Photons%(or%jets%from%a%gluon)%can%be%radiated%from%quarks,%giving%monophoton%
(or%monojet)%plus%MET
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z � ⇥⇥)+ j and (W � ⌅inv⇥)+ j final states. In the latter case the charged lepton ⌅ is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |�(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |�(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |�(j1)| < 2, and events
are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV or
�⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |�(j1)| < 2, and
events are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV
or �⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |�(e)| < 2.47
and pT (e) > 20 GeV and for muons as |�(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|�(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is �⇤(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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Figure 1: The photon pT distribution for the candidate sample, compared with estimated con-
tributions from SM backgrounds and a prediction from ADD for MD = 1 TeV and n = 3.

The efficiency associated with the product A ⇥ eMC for the signal cross section for both models
is determined from MC samples. For the model of DM, the MC samples are produced using
a software package from Ref. [3], requiring pg

T > 125 GeV and |hg| < 1.5. The estimated value
of A ⇥ eMC for Mc in the range 1–100 GeV is between 30.5–31.0% for vector and 29.2–31.4%
for axial-vector couplings, respectively. The spectra for ADD MC events are generated using
PYTHIA 8.145 [21], requiring pg

T > 130 GeV, and scaled to NLO using a K-factor from Ref. [22].
The factor A ⇥ eMC for ADD is in the range of 26.5–28.5% in the parameter space spanned by
n = 3–6 and MD = 1–3 TeV.

Systematic uncertainties that contribute to the A⇥ eMC calculation are from the choice of PDF [18,
23, 24]; the selection of the primary vertex for the photon, modeling of pile-up, and the energy
calibration and resolution for photons [8]; jets [25]; and ET/ [26]. The total systematic uncertainty
on A ⇥ eMC is +4.8% and �4.9%.

As mentioned above, A ⇥ eMC is multiplied by a scale factor (SF) to account for the difference
in efficiency between data and MC. The calculated SF of 0.90 ± 0.11 combines contributions
from the trigger, photon reconstruction, consistency of cluster timing, and vetoes. The photon
HLT is determined to be essentially 100% efficient for our selection criteria in data and in MC,
but is assigned a 2% uncertainty due to small L1 trigger inefficiencies. Since the photon identi-
fication requirements have similar efficiencies for photons and electrons, the electron efficiency
of 0.96 ± 0.02, as measured in Z ! ee decays is used as the SF. Corrections for photon recon-
struction are described in Ref. [20]. The photon clusters in MC always have consistent timing
among individual crystals, and the SF in data is found to be 0.983 ± 0.009 based on a sample
of electron events. The track and jet-veto efficiency is studied in samples of W ! en data and
MC, and confirmed with Zg ! eeg data. Since the efficiencies measured in these samples
agree within their uncertainties, the SF is set to unity and assigned a systematic uncertainty of
±0.10. The SF for the cosmic-ray muon veto is determined to be 0.95 ± 0.01 by comparing its
efficiency in MC and data in a sample of Z ! ee events.

Upper limits are placed on the DM production cross sections, as a function of Mc, assuming
vector and axial-vector operators, summarized in Table 2a. These are converted into the cor-
responding lower limits on the cutoff scale L, also listed in Table 2a. The L values are then
translated into upper limits on the c-nucleon cross sections, calculated within the effective the-
ory framework. These are displayed in Fig. 2 as a function of Mc [2]. The 90% CL limits are
presented in Table 2a. Superposed are the results from selected other experiments. Previously
inaccessible c masses below ⇡3.5 GeV are excluded for a c-nucleon cross section greater than

DARK MATTER SPIN-INDEPENDENT LIMITS

‣ Best%limits%for%low%mass%DM,%below%3.5%GeV,%a%region%as%yet%unexplored%
by%direct%detecDon%experiments
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DARK MATTER SPIN-DEPENDENT LIMITS

‣ Limits%represent%the%most%stringent%constraints%by%several%orders%of%
magnitude%over%enDre%1=1000%GeV%mass%range
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PHENOMENOLOGY

• Pair[produc=on%of%χ%can%be%characterised%by%a%contact%interac=on%with%operators%%

• Cross%sec=on%depends%on%the%mass%(mχ)%and%the%scale%Λ%(for%couplings%gχ, gq)
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LONG-‐LIVED	  PARTICLES
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• Most exotic part of exotica
– requires dedicated reconstruction, trigger, 

and detailed detector level understanding 
unlike other searches

• Heavy stable charge particles
– slow muon-like objects
‣ dE/dx, TOF, proper reco

– now also multiple charge

• Stopped gluino
– dedicated data taking conditions and 

understanding of beam conditions

• Fractionally charged particles
– dE/dx in tracker

• Displaced leptons and vertices

• Displaced photons
– first analysis using time measurement in 

ECAL
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LET	  THERE	  BE	  PHOTONS
• Relatively few searches using photons

– diphoton ADD and RS graviton
‣ still only 2/fb

– displaced photon with MET and jets
– di-photon+jet+met in SUSY

• Not too many exotic signature include photons
– Child of a minor god? Interesting scenarios during RPV parallel

• Experimental challenges
– backgrounds can be tough
‣ genuine di-photons dominate at high mass

– Triggers also a concern
‣ Single Photon thresholds up from 75 GeV (low!) to 135 GeV in 2011
‣ now a new (cleaned) path with pt > 70 GeV

– Fighting ECAL spikes
‣ time requirements make it more complicated for long-lived studies

14
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EXPERIMENTAL	  CHALLENGES
• Trigger thresholds

– Standard dijet search starts at 1 TeV
– dijet stream a nice addition to probe low mass region
– Single photon trigger now at 70 GeV with some more isolation
‣ cross trigger in 2011 to keep 90 GeV + 3 jets

➡ Are we sure there is no low pt photon signature of interest?

• Weird reconstruction
– fractionally charged: understanding impact of detector geometry
– displaced photons need to redo photons from un-cleaned clusters

• Long-lived searches
– time measurement in ECAL
‣ later calibration and certification compared to energy

➡ no other analyses using it hence less urgent

‣ useful also for monopole search

15
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OUR	  BIG	  ENEMY:	  PILE-‐UP

• Not a problem yet for most of searches due 
to high pT objects
– relative isolation much less affected
– average increase in event energy density not 

big compared to high pt objects from hard 
scattering

– primary vertex of hard scattering not critical 
and identified > 80% if needed

16
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FRACTIONALLY	  CHARGED	  PARTICLES

• low dE/dx tracks with many hits

• backgrounds estimated from data

• take into account geometrical 
effects when tracks intersect 
several sensor layers near the 
edge
– correlation between dE/dx and 

number of hits

17
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DISPLACED	  PHOTON	  (GMSB	  SCENARIO)

18

28 7 Conclusion
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Figure 26: A comparison of the observed 95% CL cross section upper limits as a function of the
c̃0

1 mass for ct = 1 mm (left), and the c̃0
1 lifetime for Mc̃0

1
= 139 GeV (right) using CLs (top)

and our Bayesian method (bottom).
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4 3 Reconstruction and Event Selection
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Figure 2: The Energy distribution in the ECAL crystals for a non-pointing (left) and pointing
(right) photon

This variable is computed using the geometrical properties of the energy deposit in the ECAL,99

and can be described using the following covariance matrix:100

COVhf =

✓
Shh Shf

Sfh Sff

◆
(1)

with,101

Sµn =
N

Â
i=1

wi (µi � hµi) (ni � hni) (2)

where N is number of crystals in the cluster, µi and ni are the h, f indices respectively for i-th102

crystal of the cluster, and hµi = Âi wi ·µi
Âi wi

. The logarithmic weight wi, defined as:103

wi = max


4.2 + log
✓

Ei
ECLUSTER

◆
; 0
�

(3)

The covariance matrix can be diagonalised in order to find the major and minor axes of the104

ellipse from the energy deposit. So105

COVhf =

✓
SMajor 0

0 SMinor

◆
(4)

with106

S Major
Minor

=
Sff + Shh ±

q�
Sff � Shh

�2
+ 4S2

fh

2
(5)

3.2 Pile-up107

In order to account for pile-up (PU) we re-weight our MC following the recommended re-108

weighting schemes outlined in [13, 14]. The distribution of the number of vertices after re-109

weighting can be seen in Figure 3 (left). Also, in Figure 3 (right) we see that the Smajor distri-110
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Figure 6: The observed 95% CL cross section upper limits as a function of the c̃0
1 mass for

ct = 250 mm (left), and the c̃0
1 proper decay length for Mc̃0

1
= 140 GeV/c2 (right) for SPS8.
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1.

7 Summary
The CMS experiment has performed a search for long-lived particles produced in association
with jets using 4.86 ± 0.11 fb�1 of proton-proton collision data at the centre-of-mass energy of 7
TeV. The missing transverse energy and timing information from the ECAL is used to search for
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LOW	  MASS	  DI-‐JET	  SEARCH

19

• Novel trigger, DAQ, and 
analysis strategy for dijet mass 
< 1 TeV 
– Low threshold jet-trigger 
‣ rate ~ KHz

– Store only HT jets
‣ bandwidth under control

• "data scouting" in regions 
otherwise inaccessible due to 
trigger constraints

• what we will achieve with data 
parking in 2012
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LQ3	  AND	  SBOTTOM

• Signature: 2 bjets + MET

• Sensitive to both LQ3 and 
sbottom decays in SMS

• Use razor variables well 
established in SUSY searches

21
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Figure 9: The expected and observed 95% CL cross section upper limits for the b̃ pair produc-
tion SMS model. The black solid contour shows the 95% CL exclusion limits on the NLO+NLL
cross section. The black dotted contours represent the theory uncertainties due to scale varia-
tion and the parton distribution functions. The corresponding expected limits are shown with
the green solid contour. The dashed green contours represent the uncertainties on the SM back-
ground estimates, as reported in Table 5.

Figure 9. The exclusion curve flattens around mb̃=300-350 GeV, which is due to the loss of428

efficiency when the mass difference between b̃ and c̃0
1 gets smaller, resulting in softer b-jets.429

However, as the b̃ mass decreases, the signal cross section grows rapidly, and reaches a point430

where there are enough events with energetic initial state radiation that can boost the b-jets431

into the signal region acceptance. At that point the limit becomes less sensitive to the mass432

difference between b̃ and c̃0
1, as can be seen around b̃ mass 250 GeV.433

7.1 Conclusion434

We perform a search for third-generation scalar leptoquarks and scalar bottom quarks in the all-435

hadronic channel with a signature of large
�
ET and b-tagged jets, using 4.7 fb�1 of data collected436

by the CMS detector at the LHC in pp collisions at
p

s = 7 TeV. The background estimates are437

derived using data-driven methods. The number of observed events passing a selection opti-438

mized for exclusion of the LQ3 hypothesis is in good agreement with the predictions for the439

SM backgrounds. The CLs approach that includes the treatment of systematic uncertainties as440

nuisance parameters has been used to set an upper limit on the LQ3 pair production cross sec-441

tion, excluding a scalar LQ3 with masses below 450 GeV. We additionally interpret the results442

of this analysis as a search for direct pair production of b̃ squarks in the context of simplified443

model spectra. We set 95% confidence level upper limits in the b̃ � c̃0
1 mass plane such that444

for neutralino masses up to 50 GeV scalar bottom masses up to 410 GeV are excluded. These445

results represent the most stringent limits on LQ3 and b̃ masses to date.446

16 7 Results

GeV), assuming Br(LQ ! bnt) = 1. We also present the 95% CL limit on Br(LQ ! bnt) as a418

function of LQ mass as shown on the right side of Figure 8.419

MLQ [GeV] -2s -1s Median Expected Limit [pb] +1s +2s Observed Limit [pb]
200 2.01 3.33 4.51 6.18 8.44 4.25
250 0.638 1.10 1.42 1.97 2.64 1.31
270 0.436 0.751 0.966 1.35 1.80 0.903
330 0.177 0.236 0.325 0.460 0.616 0.359
350 0.125 0.165 0.225 0.317 0.424 0.248
450 0.0474 0.0662 0.0915 0.130 0.173 0.101
550 0.0369 0.0486 0.0660 0.0936 0.125 0.0730

Table 11: Expected and observed 95% CL upper limits for different LQ3 masses.

 (GeV)LQM
200 250 300 350 400 450 500 550

Cr
os

s 
se

ct
io

n 
(p

b)

-210

-110

1

10

σExpected 1 
σExpected 2 

Observed limit
Theory

)-1D0 exclusion (5 fb

-1 L dt = 4.7 fb∫=7 TeV  sCMS 

LQ Mass (GeV)
200 250 300 350 400 450

β
1 

- 

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

)-1D0 exclusion (5.2 fb

)-1CMS 95% CL Limit (observed, 4.7 fb

)-1CMS 95% CL Limit (expected, 4.7 fb

-1 L dt = 4.7 fb∫=7 TeV  sCMS 

Figure 8: (Left) the expected and observed upper limit at 95% CL on the LQ3 pair production
cross section as a function of the LQ3 mass. The systematic uncertainties reported in Table 5 are
included in the calculation. The shaded region is excluded by the current D0 limit [12] in the
same channel. The theory curve and its band represent, respectively, the theoretical LQ3 pair
production cross section and the uncertainties due to the choice of parton distribution functions
and renormalization/factorization scales [39]. (Right) minimum b for a 95% CL exclusion of
the LQ3 hypothesis as a function of LQ3 mass. The observed (expected) exclusion curve is
obtained using the observed (expected) upper limit and the central value of the theoretical
LQ3 pair production cross section. The band around the observed exclusion curve is obtained
by considering the observed upper limit while taking into account the uncertainties on the
theoretical cross section. The shaded region is excluded by the current D0 limits in the same
chanel.

The experimental results of the analyses are interpreted in the context of the simplified super-420

symmetry model spectra (SMS) [41–43]. In SMS, a limited set of hypothetical particles and421

decay chains are introduced to produce a given topological signature, such as the
�
ET plus b jets422

final state considered in this analysis. We consider a SMS scenario where all supersymmetric423

paricles are set to have a very large mass, except for the b̃ and c̃0
1. The pairs of b̃s produced424

from strong interaction are kinematically only allowed to decay into a b quark and a c̃0
1.425

Comparing the limits on cross section from Table 11 with the NLO+NLL order [44] calculation426

of b̃ production cross section, we map out the region of excluded phase space, as shown in427

Preliminary
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TYPE	  III	  SEESAW

• Multilepton analysis with constraint 
on sum of lepton charges
– pt > 18, 15, 10 GeV for leptons
– MET < 30 GeV
– HT > 100 GeV

22

1

1 Introduction1

Experiments on neutrino oscillations [1–3] demonstrate that neutrinos have mass. This is the2

first unambiguous evidence for physics which is not foreseen by the standard model of particle3

physics (SM). However the origin of this mass is still unknown. A possible accommodation of4

this result is provided by the seesaw mechanism, wherein a small Majorana mass can be gen-5

erated for each of the known neutrinos by introducing massive fermionic states with Yukawa6

couplings to leptons and to the Higgs field. Seesaw models called Type I [4, 5], Type II [6–10]7

or Type III [11] introduce S states that involve, respectively, fermionic singlets, scalar triplets,8

or fermionic weak-isospin triplets. The neutrino masses are reduced relative to masses of the9

S states by factors of v/MS, where v is the vacuum expectation value of the Higgs field and10

MS is the mass of the S state. For MS sufficiently large (order of 1014 GeV), small neutrino11

masses are generated even for Yukawa couplings of ⇡1. On the other hand, if MS is moderate,12

either smaller Yukawa couplings or extended seesaw mechanism, like the Inverse Seesaw [12],13

are required in order to obtain the small neutrino mass while keeping the S mass close to a14

few hundreds of GeV. At the LHC, Type II and III S states can be produced through gauge15

interactions so the size of Yukawa couplings does not affect the cross section. The possibility16

of discovering a Type III fermion at a center-of-mass energy of
p

s = 14 TeV is discussed in17

Refs. [13–15]. Recently, a complete evaluation of the signal expected at
p

s = 7 TeV has been18

made available as computer code for simulating such final states [16].19

Given the electric charge of the lepton triplet S+, S0 and S�, the most promising signal for20

finding a S state with a mass of the order of a few hundreds of GeV is its production by quark-21

antiquark annihilation qq̄0 ! S0S+, followed by the decay S0 ! `⌥W± and S+ ! W+n.22

As there are twice as many u- than d-valence quarks in the proton, the production of S+ S0
23

via virtual W+ bosons in the s-channel (Fig. 1) has the highest cross section of all S charge24

combinations. Also, the decay S+ ! `+Z0 can contribute significantly, especially since its25

relative yield grows with MS. Selecting W± ! `±n decays (where ` is an electron or muon),26

the final state offers a very clean signature of three charged, isolated leptons.27

u

d̄

W+
⌃0

⌃+

`⌥

W±

`+/`�

⌫`/⌫̄`

W+

⌫

`+

⌫`

Figure 1: Dominant contribution to three charged leptons final states from the pair production
of S in the Type III seesaw model (the cross section for the charged conjugate intermediary W�

is expected to be smaller).

The total width of the S states and their decay branching ratios to SM leptons depend on the28

mixing-matrix element for the heavy and light leptons Va, where a labels the couplings to each29

of the e, µ and t generation of leptons. In this model, constraints on the mixing parameters and30

their products are reported in Refs. [16, 17].31

8 7 Results

The observed limits are computed following a Bayesian and a CLs approach [26]. In the for-
mer, a flat prior is taken for the seesaw fermionic triplet mass, and, in both calculations, the
uncertainties on the efficiencies for detection of signal, on the integrated luminosity, and on the
expected SM background are parameterized in terms of Gaussian functions, called ’nuisance’
parameters. The RooStats software [34], and the package developed to combine results from
searches for the Higgs boson [35], are used to evaluate the limits. The two sets of results are
shown in Figs. 3, 4, 5, and they indicate general agreement between the two methods. The
expected and observed limits obtained with the Bayesian method are given in Table 5.

Figure 3: The expected and observed exclusion limits at 95% confidence on s⇥BR as a function
of the S mass. The light and dark shaded areas represent respectively the 1 standard deviation
(s) and 2 standard deviation (s) limits on the expected results (dashed line) obtained from MC
pseudo-experiments. These uncertainties reflect the combined statistical and systematic SM
contributions, assuming for the signal be = bµ = bt = 1/3.

The extracted limits are obtained using the leading-order (LO) cross section for the Type III
seesaw signal. To estimate the NLO cross section and the normalization K-factor, we use Ref.
[36].

As mentioned above, although the predicted seesaw-triplet cross sections do not depend on
the mixing value itself, nevertheless, for very small values of the ba the triplet lifetime is suffi-
ciently long to provide displaced decay vertices, measurable in the CMS detector. In this case,
the analysis requires a very different approach, since the leptons can originate from different
displaced vertices in an environment with high pile-up. The limits reported here are therefore
valid only for mixing values larger than ⇡ 10�6.

6 6 Systematic uncertainties

negligible and its contribution is included in the estimate from non-prompt leptons.

The SM contributions to the background expectations in each of the six categories of lepton
channels are shown in Table 1.

Table 1: Summary of the number of SM background events expected in each analysis channel,
after final selection cuts. V represents Z or W bosons, Vg is the contribution from external pho-
ton conversions, misidentified jets column includes backgrounds with non-prompt leptons, g⇤

shows background values from internal photon conversions, where a virtual photon converts
to a muon pair. The contribution of g⇤ ! e(e) is removed by the additional three lepton mass
veto. Only statistical uncertainties are given.

VV VVV Vg Misidentified jets g⇤ ! µ(µ)
µ�e+e+ 0.28±0.07 0.09±0.01 - 0.38±0.38 -
µ�e+µ+ 3.7±0.27 0.19±0.01 - 3.1±1.2 -
µ�µ+µ+ 4.6±0.3 0.11±0.01 - 5.7±1.9 0.69± 0.20
e�µ+µ+ 0.26±0.07 0.09±0.01 - 0.76±0.54 -
e�e+µ+ 4.6±0.3 0.21±0.02 - 3.0±1.2 0.38± 0.11
e�e+e+ 2.35±0.21 0.06±0.01 1.4±1.0 1.07±0.62 -

6 Systematic uncertainties

Systematic uncertainties can be divided into those related to the extraction of the signal and
those relevant to the sources of background. The first group includes efficiencies of trigger set-
tings, reconstruction of produced objects, and lepton identification. The trigger efficiency for
signal, in the kinematic region defined by the analysis, is very high, because it is based on three
combinations of dilepton triggers. Each of the dilepton triggers is found to be 92% ÷ 100%
efficient. We estimate an overall efficiency of (99 ± 1)%. Uncertainties on lepton selection
efficiencies are determined using a the tag-and-probe method [31], both in data and in sim-
ulations, and the differences between the two are taken as the systematic uncertainties on the
efficiencies. For the different event categories considered in this analysis, we use the uncertain-
ties given in Ref. [27]. They were obtained from a full GEANT 4 simulation. As mentioned in
Section 3, full GEANT 4 simulations of signal were restricted to several discrete masses MS (in
fact, the largest available value for these full simulations is 140 GeV). The efficiency is therefore
extrapolated using fast detector simulation to the higher mass points.

The difference between the efficiency evaluated with the Full and the Fast simulation at 140
GeV is taken as additional contribution to the overall uncertainty. Statistical uncertainties in the
extrapolation are also taken into account. The overall uncertainty on the integrated luminosity
is 2.2% [32]. The values of uncertainties attributed to the expected signal are reported in Table 2.

The uncertainties on background are estimated through simulation or using control samples
in data. For the dominant irreducible background WZ production we use the measured cross
section that has an overall uncertainty of 16% [27], and normalize the other irreducible back-
grounds to LO Monte Carlo cross sections, for which the uncertainties are dominated by next-
to-leading order (NLO) K-factor corrections [33]. For very small backgrounds as WWW, we
assume a normalization uncertainty of 50%. The systematic uncertainty from the determina-
tion of the luminosity is correlated between signal and the Monte Carlo backgrounds.

Uncertainties on the yield from data-driven background estimates were discussed in Section 5.
All statistical uncertainties are summarized in Table 1, and the systematic contributions in
Table 3.

10 7 Results

Figure 5: The expected and observed exclusion limits at 95% confidence on s⇥BR as a function
of the S mass. The light and dark shaded areas represent respectively the 1 standard deviation
(s) and 2 standard deviation (s) limits on the expected results (dashed line) obtained from MC
pseudo-experiments. These uncertainties reflect the combined statistical and systematic SM
contributions, assuming for the signal be = 1, bµ = bt = 0.



• New Higgs bosons predicted in 
NMSSM and Dark SUSY

• Two low-mass dimuon pairs

• Main background from bb-bar
– each pair isolation from other tracks 

(sum pt < 3 GeV)
– vertices within 0.1 cm in Z

• pt dependent mass resolution 
from J/psi

h ! aa+X ! 4µ+X

Shahram Rahatlou, Roma Sapienza & INFN

EXOTIC	  HIGGS	  BOSONS
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WHAT	  WE	  HAVE	  NOT	  DONE	  YET
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• Quirks
– D0 in 2010

• Diquarks
– some results from dijets
– Several analyses sensitive to model but not interpreted yet

• Unparticles (with jet+MET in 36/pb)
– Aim to have new results soon

• Long-lived particles
– displaced jets and gluinos under study but progress slow
– monopoles (result from ATLAS recently): high ionization and can use ECAL 

time measurement

• Re-interpretation of existing searches
– Several decays discussed during parallel sessions could be constrained already
– MC samples needed and effort to re-interpret
‣ recently done for LQ searches
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EXOTICA	  IN	  2013
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SuperSymmetry 
(i.e. mostly MET based) 

Exotica 

Standard Model 

Higgs

• Rich Exotic program covering multitude of final states of interest to SUSY 
and Higgs
– Probing connections to Higgs, SUSY, Top, Dark Matter
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FOOD	  FOR	  THOUGHT
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• Many searches already saturating with ICHEP data
– x3 more data helps smoothing out spectrum

but not opening too many new doors in 
flagship searches (with large S/B)

• Almost all final states up to 3 or 4 particles
– including di-bosons with leptons and jets, 

even boosted topologies
– can we do more with photons?

• Exponential increase in luminosity led to race 
for higher mass limits
– Have we explored sufficiently excluded masses 

in benchmark models?

• Should we look into  couplings in addition 
to just mass limits if no signal found?

• More advanced analysis technique instead of bread&butter cut & count

• Concerted effort to for maximal interpretation of existing searches for natural SUSY
– Many searches driven by one (max 2) models

• How to improve communication of vast program to theorists?

• Signatures we have ignored?


