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• What we may have been 

missing?
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The LHC on the Run
• We are in a peculiar situation: like a sprinter 

suddenly realizing that he is running a marathon...
• We quickly ran the first 6 km and found ourself 

ahead of everybody else...
• ... and we realized that

although we are ahead,
we still have 36 more km
to go, and that we do not
quite know where to run...

• We were perfectly geared
for a sprint: all pumped-up
and ready for a victory

• But can we survive a marathon?..
3

Wednesday, December 14, 11



SiD Workshop, SLAC, December 14, 2011 Greg Landsberg, The Future of CMS BSM Searches

Where We Stand?
• We ripped through ~10-year long Tevatron program in less than 

a year and scooped the Tevatron out on the majority of 
searches, including searches for Higgs

• The first LHC 7 TeV paper was published just about a year ago:
– ATLAS Collaboration, “Search for New Particles in Two-Jet Final States 

in 7 TeV Proton-Proton Collisions with the ATLAS Detector at the LHC,” 
PRL 105 (2010) 161801 [submitted August 14, 2010] - 0.3 pb-1

• The first full 2010 statistics paper was submitted less than a 
year ago:
– CMS Collaboration, “Search for Microscopic Black Hole Signatures at 

the Large Hadron Collider”, PL B697 (2011) 434 [submitted December 
15, 2010] - 36 pb-1

• Each Collaboration has published about hundred 7 TeV papers 
in this one year - unprecedented success and performance!

• And yet, so far we mainly aimed for low-hanging fruit
• Unfortunately, nature does not always hang its fruits low...
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Where We Looked so Far?
• Strongly produced stuff
• Fourth generation particles
• TeV-scale EWK resonances
• mSUGRA-like SUSY
• GMSB SUSY
• Extra dimensions and strong gravity
• You heard about the Higgs...

• ... and we discovered nothing too exciting so far
• (Yet, we have had a good time and a few excitements on 

the way, including the latest Higgs excitement!)

• So, where are we and what have we learned?
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Dijet Bump Hunt
• Parameterize dijet mass spectrum with a smooth, 

4-parameter fit function:

and look for bumps
• In their absence, set limits
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Mq* > 2.49 TeV
MD > 3.52 TeV
MW’ > 1.51 TeVPhys. Lett. B704, 123 (2011)

energy E is defined as the scalar sum of the calorimeter
tower energies inside the jet. The jet momentum ~p is
the corresponding vector sum of the tower energies using
the tower directions. The E and ~p of a reconstructed jet are
corrected as a function of pT and ! for the nonlinearity
and inhomogeneity of the calorimeter response. The cor-
rection is between 43% and 15% for jets with corrected pT

between 0.1 and 1.0 TeV in the region j!j< 1:3. The jet
energy corrections were determined and validated using
simulations, test beam data, and collision data [12].

The dijet system is composed of the two jets with the
highest pT in an event (leading jets). We require that the
pseudorapidity separation of the two leading jets, !! ¼
!1 " !2, satisfies j!!j< 1:3, and that both jets be in the
region j!j< 2:5. These ! cuts maximize the search sensi-
tivity for isotropic decays of dijet resonances in the pres-
ence of QCD background. The dijet mass is given by

m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðE1 þ E2Þ2 " ð ~p1 þ ~p2Þ2

p
. We select events with

m> 220 GeV without any requirements on jet pT .
To remove possible instrumental and noncollision back-

grounds in the selected sample, the following selections are
made. Events are required to have a reconstructed primary
vertex within jzj< 24 cm. For jets, at least 1% of the jet
energy must be detected in the ECAL, at most 98% can be
measured in a single photodetection device of the HCAL
readout, and at most 90% can be measured in a single cell.
These criteria, which are fully efficient for dijets, remove
0.1% of the events passing the pseudorapidity constraints
and the dijet mass threshold.

Figure 1 presents the inclusive dijet mass distribution for
pp ! 2 leading jetsþ X, where X can be anything, in-
cluding additional jets. We plot the measured differential
cross section versus dijet mass in bins approximately equal
to the dijet mass resolution. The data are compared to a
QCD prediction from PYTHIA [13], which includes a full
GEANT simulation [14] of the CMS detector and the jet
energy corrections. The prediction uses a renormalization
scale " ¼ pT and CTEQ6L1 parton distribution functions
[15]. The PYTHIA prediction agrees with the data within the
jet energy scale uncertainty, which is the dominant system-
atic uncertainty. To test the smoothness of our measured
cross section as a function of dijet mass, we fit the data with
the parametrization

d#

dm
¼ P0ð1"m=

ffiffiffi
s

p ÞP1

ðm=
ffiffiffi
s

p ÞP2þP3 lnðm=
ffiffi
s

p Þ ; (1)

with four free parameters P0, P1, P2 and P3. This func-
tional form has been used by prior searches to describe
both data and QCD predictions [16,17]. In Fig. 1 we show
both the data and the fit, which has a $2 ¼ 32 for 31
degrees of freedom. In Fig. 2 we show the ratio between
the data and the fit. The data are well described by the
smooth parametrization.

We search for narrow resonances, for which the natural
resonance width is negligible compared to the CMS dijet

mass resolution. Figures 1 and 2 present the predicted dijet
mass distribution for string resonances and excited quarks
using the PYTHIA Monte Carlo and the CMS detector
simulation. The predicted mass distributions exhibit a
Gaussian core from jet energy resolution and a tail toward
lowmasses from QCD radiation. This can be seen in Fig. 3,
which shows examples of the predicted dijet mass distri-
bution of resonances from three different parton pairings:
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FIG. 1 (color online). Dijet mass spectrum (points) compared
to a smooth fit (solid) and to predictions [13] including detector
simulation of QCD (short-dashed), excited quark signals (dot-
dashed), and string resonance signals (long-dashed). The errors
are statistical only. The shaded band shows the effect of a 10%
systematic uncertainty in the jet energy scale (JES).
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FIG. 2 (color online). Ratio (points) between the dijet mass
data and the smooth fit, compared to the simulated ratios
for excited quark signals (dot-dashed) and string resonance
signals (long-dashed) in the CMS detector. The errors are
statistical only.
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Figure 6: �dijet distributions for QCD and for QCD with contact interactions with mass scale
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Dijet Angular Distribution
• Use dijet c.o.m. scattering angle, via

9

• Complementarity of the two 
approaches: ratio uses coarse 
angular bins but fine mass bins; 
χ uses much finer angular info, 
but coarse mass bins
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Figure 1: Normalized dijet angular distributions in several Mjj ranges, shifted vertically by the
additive amounts given in parentheses in the figure for clarity. The data points include statis-
tical and systematic uncertainties. The results are compared with the predictions of pQCD at
NLO (solid histogram) and with the predictions including a contact interaction term of com-
positeness scale L = 5 TeV (dashed histogram). The shaded band shows the effect on the
NLO pQCD predictions due to µr and µ f scale variations and PDF uncertainties, as well as the
uncertainties from the non-perturbative corrections added in quadrature.
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Dijet Angular Distribution
• Use dijet c.o.m. scattering angle, via

9

• Complementarity of the two 
approaches: ratio uses coarse 
angular bins but fine mass bins; 
χ uses much finer angular info, 
but coarse mass bins

7

dijet
χ

2 4 6 8 10 12 14 16

di
je

t
χ

/d
di

je
t

σ
 d

di
je

t
σ

1/

0.1

0.2

0.3

0.4

0.5

0.6

0.7

dijet
χ

2 4 6 8 10 12 14 16

di
je

t
χ

/d
di

je
t

σ
 d

di
je

t
σ

1/

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 > 2.2 TeVjjM (+0.5)

dijet
χ

2 4 6 8 10 12 14 16

di
je

t
χ

/d
di

je
t

σ
 d

di
je

t
σ

1/

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 < 2.2 TeVjjM1.8 < (+0.4)

dijet
χ

2 4 6 8 10 12 14 16

di
je

t
χ

/d
di

je
t

σ
 d

di
je

t
σ

1/

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 < 1.8 TeVjjM1.4 < (+0.3)

dijet
χ

2 4 6 8 10 12 14 16

di
je

t
χ

/d
di

je
t

σ
 d

di
je

t
σ

1/

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 < 1.4 TeVjjM1.1 < (+0.25)

dijet
χ

2 4 6 8 10 12 14 16

di
je

t
χ

/d
di

je
t

σ
 d

di
je

t
σ

1/

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 < 1.1 TeVjjM0.85 < (+0.2)

dijet
χ

2 4 6 8 10 12 14 16

di
je

t
χ

/d
di

je
t

σ
 d

di
je

t
σ

1/

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 < 0.85 TeVjjM0.65 < (+0.15)

dijet
χ

2 4 6 8 10 12 14 16

di
je

t
χ

/d
di

je
t

σ
 d

di
je

t
σ

1/

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 < 0.65 TeVjjM0.5 < (+0.1)

dijet
χ

2 4 6 8 10 12 14 16

di
je

t
χ

/d
di

je
t

σ
 d

di
je

t
σ

1/

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 < 0.5 TeVjjM0.35 < (+0.05)

dijet
χ

2 4 6 8 10 12 14 16

di
je

t
χ

/d
di

je
t

σ
 d

di
je

t
σ

1/

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 < 0.35 TeVjjM0.25 < 

CMS
 = 7 TeVs

-1L = 36 pb

Data
QCD prediction
Theory uncertainty

 = 5 TeVΛ

Figure 1: Normalized dijet angular distributions in several Mjj ranges, shifted vertically by the
additive amounts given in parentheses in the figure for clarity. The data points include statis-
tical and systematic uncertainties. The results are compared with the predictions of pQCD at
NLO (solid histogram) and with the predictions including a contact interaction term of com-
positeness scale L = 5 TeV (dashed histogram). The shaded band shows the effect on the
NLO pQCD predictions due to µr and µ f scale variations and PDF uncertainties, as well as the
uncertainties from the non-perturbative corrections added in quadrature.
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Leptoquarks
• Hypothetical bosons that carry properties of both leptons 

and quarks (color, baryon and lepton number)
– Can be either scalar or vector particles (focus on scalars)
– Often appear in GUT-inspired models to provide connection 

between three lepton and quark generations

• Decay into lq (νq) with the branching fraction β (1-β)
– Cross-generational couplings are restricted by the FCNC 

constraints; assume decay into one generation only
– In the simplest model, β is fixed to 1, 1/2, or 0; here we consider it 

a free parameter 0 < β < 1

• Consider leptoquarks of three generations independently
– Focus on the first two generations, LQ1 and LQ2 in this search

• Explore pair-production via gluon fusion, 
with subsequent decays into dileptons 
and jets

10

� In#hadron)hadron collisions,#scalar#LQs#are#
pair)produced#mainly#through#gluon)gluon#
fusion#and#quark)antiquark annihilation.#

� At#the#LHC,#gluon)gluon#fusion#is#the#dominant#production#mechanism,#and#
is#independent#of#the#LQ)l)q#coupling#(�)
� Single#LQ#production#becomes#comparable#at#LQ#masses#above#the#

reach#with#the#2010#data
� Results#from#low#energy#experiments#and#HERA#collider#restrict#��to#be#

small#(� ����EM �������
����������	������	��
�����	����
	������	����
� LQ#relative#width#�LQ/MLQ= �2/16� ���0.2%,#measurement#dominated#

by#detector#resolution

LQ#Production#at#the#LHC

December#9,#2010 5Paolo#Rumerio,#Maryland

Scalar LQs are 
characterized by

two free parameters
MLQ LQ mass

LQ8l8q coupling 
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200 to 500 GeV) has been obtained from the CTEQ6.6 error PDF set following the standard
prescription detailed in Ref. [30]. If the observed cross section upper limit is compared with
the lower boundary of the cross section uncertainty band, the lower limit on the LQ mass for
� = 1 becomes 370 GeV (expected 375 GeV). Fig. 2 (right) shows the minimum � for a 95% C.L.
exclusion of the LQ hypothesis as a function of LQ mass.

 [GeV]LQM
200 250 300 350 400 450 500

 [p
b]

σ×2
β

-210

-110

1

10

210

 [GeV]LQM
200 250 300 350 400 450 500

 [p
b]

σ×2
β

-210

-110

1

10

210
 eq→LQ 

=1)β, -1 exclusion (1 fb∅D
=1β with theory uncertainty, theoryσ×2β

Expected 95% C.L. upper limit
Observed 95% C.L. upper limit

CMS
-1Ldt=33.2 pb∫

 [GeV]LQM
200 250 300 350 400 450 500

β

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

 [GeV]LQM
200 250 300 350 400 450 500

β

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

 eq→LQ 
)-1 exclusion (1 fb∅D

Expected 95% C.L. limit
Observed 95% C.L. limit

CMS
-1Ldt=33.2 pb∫

Figure 2: On the left: the expected and observed upper limit at 95% C.L. on the LQ pair pro-
duction cross section times �2 as a function of the LQ mass. The systematic uncertainties re-
ported in Table 2 are included in the calculation. The shaded region is excluded by the current
DØ limit for � = 1. The ⇥theory curve and its band represent, respectively, the theoretical LQ
pair production cross section and the uncertainties due to the choice of PDF and renormal-
ization/factorization scales [13]. On the right: minimum � for a 95% C.L. exclusion of the LQ
hypothesis as a function of LQ mass. The observed (expected) exclusion curve is obtained using
the observed (expected) upper limit and the central value of the theoretical LQ pair production
cross section. The band around the observed exclusion curve is obtained by considering the ob-
served upper limit while taking into account the uncertainties on the theoretical cross section.
The shaded region is excluded by the current DØ limits, which combines results from searches
in the two electron, electron-neutrino, and two neutrino channels.

In conclusion, a search for pair production of first-generation scalar leptoquarks has been
presented. The number of collision events, passing a selection optimized for exclusion of the
LQ hypothesis, is in good agreement with the predictions for the SM background processes. A
Bayesian approach that includes the treatment of the systematic uncertainties as nuisance
parameters has been used to set an upper limit on the LQ cross section. By comparing this
upper limit to a theoretical calculation of the LQ pair production cross section, the existence of
first-generation scalar LQ with masses below 384 GeV for � = 1 has been excluded at 95%
C.L., with a corresponding cross section limit of 0.267 pb. The lower limits on the LQ mass set
for values of � larger than about 0.4 are the most restrictive direct limits to date. We wish to
thank Michael Krämer for providing the NLO LQ pair production cross sections at�

s = 7 TeV. We congratulate our colleagues in the CERN accelerator departments for the
excellent performance of the LHC machine. We thank the technical and administrative staff at
CERN and other CMS institutes, and acknowledge support from: FMSR (Austria); FNRS and
FWO (Belgium); CNPq, CAPES, FAPERJ, and FAPESP (Brazil); MES (Bulgaria); CERN; CAS,
MoST, and NSFC (China); COLCIENCIAS (Colombia); MSES (Croatia); RPF (Cyprus);
Academy of Sciences and NICPB (Estonia); Academy of Finland, ME, and HIP (Finland); CEA
and CNRS/IN2P3 (France); BMBF, DFG, and HGF (Germany); GSRT (Greece); OTKA and
NKTH (Hungary); DAE and DST (India); IPM (Iran); SFI (Ireland); INFN (Italy); NRF and
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LQ1 Limits
• ST > 340-660 GeV for MLQ1 = 200-500 GeV, 2-0 events observed, 

consistent with the expected background
• Significant extension of the Tevatron limits (MLQ1 > 299 GeV)
• Complementary eνjj analysis ongoing (improved β < 1 sensitivity)

11
MLQ1 > 384 (391 expected) GeV, β = 1

Phys. Rev. Lett 106 (2011) 201802
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the observed limit on cross section is 0.225 pb.
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Figure 2: (Left) The expected and observed 95% C.L. upper limit on the scalar leptoquark pair
production cross section multiplied by �2 as a function of the LQ mass, together with the NLO
theoretical cross section curve. The shaded band on the theoretical values includes CTEQ6.6
PDF uncertainties and the error on the leptoquark production cross section due to renormaliza-
tion and factorization scale variation by a factor of two. The shaded region is excluded by the
current DØ limits [11]. (Right) The minimum � for 95% C.L. exclusion of the leptoquark hy-
pothesis as a function of leptoquark mass. The observed limit and corresponding uncertainty
band is obtained by considering the observed upper limit and theoretical branching ratio and
its uncertainty in the left-hand figure. Note: The shaded area excluded by the DØ experiment
was determined with combined information from the decay channel with two muons and two
jets and the decay channel with one muon, missing transverse energy, and two jets.

In summary, a search for pair production of second-generation scalar leptoquarks decaying to
two muons and two jets has been performed using 7 TeV pp collision data corresponding to
an integrated luminosity of 34.0 pb�1. The number of observed candidate events agrees well
with the number of expected standard model background events. A Bayesian approach that
includes the treatment of systematic uncertainties as nuisance parameters is used to set limits
on the LQ cross section times �2 as a function of LQ mass. At 95% C.L., the pair production of
second-generation scalar leptoquarks with masses below 394 GeV is excluded for � = 1, where
� is the leptoquark branching fraction into a muon and a quark. This is the most stringent limit
to date on the existence of second-generation scalar leptoquarks.

We extend our thanks to Michael Krämer for providing the tools for calculation of the lepto-
quark theoretical cross section and PDF uncertainty. We wish to congratulate our colleagues
in the CERN accelerator departments for the excellent performance of the LHC machine. We
thank the technical and administrative staff at CERN and other CMS institutes, and acknowl-
edge support from: FMSR (Austria); FNRS and FWO (Belgium); CNPq, CAPES, FAPERJ,
and FAPESP (Brazil); MES (Bulgaria); CERN; CAS, MoST, and NSFC (China); COLCIEN-
CIAS (Colombia); MSES (Croatia); RPF (Cyprus); Academy of Sciences and NICPB (Estonia);
Academy of Finland, ME, and HIP (Finland); CEA and CNRS/IN2P3 (France); BMBF, DFG,
and HGF (Germany); GSRT (Greece); OTKA and NKTH (Hungary); DAE and DST (India);
IPM (Iran); SFI (Ireland); INFN (Italy); NRF and WCU (Korea); LAS (Lithuania); CINVES-
TAV, CONACYT, SEP, and UASLP-FAI (Mexico); PAEC (Pakistan); SCSR (Poland); FCT (Portu-

SiD Workshop, SLAC, December 14, 2011 Greg Landsberg, The Future of CMS BSM Searches

LQ2 Limits

12

arXiv:1012.4033, submitted to PRL

MLQ1 > 394 (394 expected) GeV, β = 1

• ST > 310-700 GeV for MLQ2 = 200-500 GeV, 5-0 events observed, 
consistent with the expected background

• Significant extension of the Tevatron limits (MLQ2 > 316 GeV)
• Complementary µνjj analysis ongoing (improved β < 1 sensitivity)

Phys. Rev. Lett 106 (2011) 201803
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8 7 Results

Table 4: Observed and expected 95% confidence level (CL) upper limits on the LQ pair-
production cross section times 2b(1 � b) as a function of the leptoquark mass.

MLQ 95% CL upper limit on 2b(1 � b)⇥ s [pb]
[GeV] Observed Expected

200 1.092 1.363
250 0.565 0.729
280 0.536 0.560
300 0.421 0.479
320 0.412 0.411
340 0.394 0.365
370 0.287 0.318
400 0.271 0.284
450 0.181 0.248
500 0.169 0.226
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Figure 2: (Left) The expected and observed upper limits at 95% CL on the LQ pair-production
cross section times 2b(1 � b) as functions of the first generation LQ mass. The shaded region
is excluded by the published D0 limit for b = 0.5 in the enjj channel only. (Right) Observed
exclusion limits at 95% CL on the first generation LQ hypothesis in the b versus LQ mass plane
using the central value of signal cross section, for the individual eejj and enjj channels, and their
combination. The combined expected limit is also shown. The shaded region is excluded by
the published D0 limits, which combine results of eejj, enjj, and nnjj decay modes.
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LQ1 Search in the evjj Channel
• Similar selections, except that ST is defined to include 

missing transverse energy:
– ST = ET(l1) + MET + ET(j1) + ET(j2)

• Optimize the minimum 
requirement on ST by 
maximizing discovery 
significance, defined as 
S/sqrt(S+B+σB2)

• ST cut varies from 
350 GeV to 670 GeV 
for the LQ1 mass 
between 200 and 
500 GeV

• Combine w/ eejj channel
13

Phys. Lett. B703 (2011) 246
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Searches for b’ and t’
• Just a couple of examples: b’(tW) and heavy, charge 

+2/3, vector-like quark with tree-level FCNC 
couplings

15
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Figure 2: The 95% confidence level (CL) upper limit on the cross section of the pp ! TTX
process, as a function of the T-quark mass. The branching fraction of T ! tZ is assumed to
be 100%. The solid line shows the observed limit. The dotted line corresponds to the expected
limit under a background-only hypothesis. The solid (hatched) area shows the ±1 (±2) stan-
dard deviation uncertainties on the expected limit. The dot-dash line shows the value of the
theoretical cross section [27] for the TT process.
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Recently, there has been renewed interest in the search for fourth-generation particles [1] that
could have escaped the stringent bounds set by precision measurements [2, 3]. Searches for
b0 ! tW [4, 5] and t0 ! bW, qW [6] decays have been performed at the Tevatron and LHC, set-
ting lower bounds on the masses of fourth-generation quarks b0 and t0. The decays b0 ! bZ and
t0 ! tZ are flavor-changing-neutral-current (FCNC) processes and, since they proceed through
loop diagrams, they are expected [7] to have branching fractions of O(10�5–10�4). Lower
bounds on the mass of a b0 decaying to bZ have been established [8]. If a vector-like quark
of charge 2/3 (denoted T) exists, however, as expected in several models of new physics [9–
11], it would have tree-level FCNC couplings that could result in a large branching fraction
for FCNC T decays. For example, for a vector-like T with a new Yukawa coupling [12, 13], the
decays T ! tZ and T ! tH could be dominant, where H is the Higgs boson. If the Higgs decay
channel is kinematically forbidden, the T ! tZ branching fraction could be close to 100%.

In this Letter, we report the results of a first search for pair-produced T quarks that decay to top
quarks and Z bosons, with the Compact Muon Solenoid (CMS) detector at the Large Hadron
Collider (LHC). The decay chain, pp ! TTX, with TT ! tZtZ ! bbW+W�ZZ, can generate a
very clean signature if at least one Z boson decays to `+`�, where ` is an electron or a muon,
and the decay of one of the W bosons yields an additional isolated charged lepton. A search
for singly-produced vector-like quark has been performed by the D0 collaboration [14].

The central feature of the CMS apparatus is a superconducting solenoid that provides an ax-
ial magnetic field of 3.8 T. Charged particle trajectories are measured within the field vol-
ume by pixel and silicon strip tracker. The calorimeter enclosing the tracker includes a lead
tungstate crystal electromagnetic calorimeters (ECAL), which is composed of a barrel part
and two endcaps, a lead and silicon preshower detector in front of the ECAL endcaps, and
a brass/scintillator hadron calorimeter (HCAL) that together provide an energy measurement
for electrons, photons, and hadronic jets. Muons are identified and measured in gas-ionization
detectors embedded in the steel return yoke outside the solenoid. The detector is nearly her-
metic, allowing accurate energy balance measurements in the plane transverse to the beam
direction. The direction of particles measured inside the CMS detector is described using the
azimuthal angle (f) and the pseudorapidity (h), which is defined as h ⌘ � ln[tan q/2], where
q is the polar angle relative to the counterclockwise proton beam direction, as measured from
the nominal interaction vertex. A more detailed description of the CMS detector can be found
elsewhere [15].

This study is based on a sample of pp collisions as
p

s = 7 TeV recorded in March-June 2011,
and corresponds to an integrated luminosity of (1.14± 0.05 fb�1). The CMS trigger system con-
sists of hardware and software triggers [16] that are used to select events for further analysis.
Events selected for this search are required to pass one of several dilepton triggers. The effi-
ciencies of the dilepton triggers are measured using an independent data sample collected with
a jet-based trigger and containing at least two fully reconstructed leptons, and found to be 99%
for two-electron, 89% for two-muon, and 97% for electron-muon triggers.

Muon candidates are required to have a transverse momentum pT > 15 GeV/c and be within
the fiducial range |h| < 2.4. The reconstructed muon track must be associated with signals in
the pixel and silicon strip detectors, as well as track segments in the muon system, and have a
high-quality global fit using the information of both the central tracker and the muon detector.
The muon reconstruction is described in detail in Ref. [17]. The muon candidate is also required
to be consistent with coming from the primary interaction vertex [18].

Electron candidates are reconstructed using clusters of energy deposits in the ECAL that are
matched to a track reconstructed in the tracker. A candidate is required to have pT > 20 GeV/c

CMS, arXiv:1109.4985
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Table 4: Expected signal yields for a 400 GeV/c2 b0, background contributions, and observed
events in data, with a different requirement on number of b-tagged jets.

same-sign dilepton trilepton
Number of b-tagged jets signal background data signal background data
� 0 30 6.6 9 9.3 0.43 2
� 1 (default) 22 4.4 5 6.7 0.16 1
� 2 8.0 2.0 2 2.1 0.05 0

]2 [GeV/cb'M
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σ1 

 = 7 TeVs  -1CMS 2011 Preliminary           1.14 fb

Figure 3: The exclusion limits at the 95% CL on the pp ! b0b0 production cross section. The
solid line represents the observed limits, while the dotted line represents the limits expected
with the available integrated luminosity, assuming the presence of standard model processes
alone. Comparing with the production cross sections, b0 mass less than 495 GeV/c2 is excluded
with an assumption of 100% b0 ! tW decay branching fraction.

quark produced in the cascade decay. A check has been carried out by modifying the required
number of b-tagged jets in the selection criteria. As summarized in Table 4, the observed data
yields with the requirements of at least zero, one, or two b-tagged jets follow the tendency of
estimated background yields, which is consistent with the postulate of top background domi-
nance.

For each b0 mass hypothesis, cross sections, selection efficiencies and associated uncertainties
are estimated (Table 1 and 2). From these, and from the estimated background yield and 11
observed events, upper limits on b0b0 cross sections at the 95% CL are derived using a Bayesian
method with a log-normal prior for integration over the nuisance parameters [48]. These limits
are plotted as the solid line in Figure 3, while the dotted line represents the limits expected
with the available integrated luminosity, assuming the presence of standard model processes
alone. By comparing to the production cross section for pp ! b0b0, a lower limit of 495 GeV/c2

is extracted for the mass of the b0 quark at the 95% CL.

In summary, a search for a heavy bottom-like quark produced in proton-proton collisions at
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Search for Dilepton Resonances
• Coherent ee and µ+µ- analyses

– Opposite-sign requirement ensures 
good momentum determination for 
dimuons; not needed for ee

• Muon momentum scale checked 
with cosmics

• DY is the dominant irreducible 
background
– Top background from eµ data

17
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Limits on the Z′ and GKK
• Doubles the Tevatron reach: GKK, k/MPl =0.1: 1050 (ee+γγ) & 921 

(µµ) GeV; Z′SSM: 1023 (ee) & 1030 GeV (µµ)

18

M(Z′SSM) > 1940 GeV
M(Z′ψ) > 1620 GeV

Max. significance:
Before LEE: 2.1σ
After LEE: 0.2σ
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• W* and QCD backgrounds estimated via template method
• MT > 1.0-1.1 TeV for M(W′) = 1.4-2.4 TeV; 1 eν event observed

• M(W′) > 2.27 TeV (eν+µν) - doubles the Tevatron limit of 1.12 
TeV [CDF, arXiv:1012.5145, 5.3 fb-1]!

19

W’(eν+µν) Search
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• W* and QCD backgrounds estimated via template method
• MT > 1.0-1.1 TeV for M(W′) = 1.4-2.4 TeV; 1 eν event observed

• M(W′) > 2.27 TeV (eν+µν) - doubles the Tevatron limit of 1.12 
TeV [CDF, arXiv:1012.5145, 5.3 fb-1]!
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W’(eν+µν) Search
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Search for a Heavy Neutrino
• Search for heavy 

right-handed neutrino
• Natural in LR-

symmetric model; 
exist in other SM 
extensions

• Say final state as for 
LQ searches: two OS 
leptons and two jets

• Resonance is 
expected in the 4-
body and 3-body 
invariant masses

20

Thursday, July 28, 2011 Alexander Gude (University of Minnesota) 3

Left-Right Symmetric Model
 Parity violation 

from breaking of 
left-right 
symmetry at some 
intermediate mass 
scale.

 Seesaw mechanism 
allows very light 
neutrinos to be a 
natural part of the 
theory.

Left-Right 
Symmetric Model
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Heavy Neutrino Production

Previous limits: D0 Collaboration set a limit on W
R
 mass of 739–786 

GeV, dependent on the masses of the various flavors of N. (Phys. Rev. Lett. 100 
(2008) 211803)Wednesday, December 14, 11
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Limits on Right-Handed W
• Set limits on electron and muon heavy neutrino

21
Thursday, July 28, 2011 Alexander Gude (University of Minnesota) 13
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Search for Monojets
• CMS published 2010 data search (36/pb)
• CMS also presented preliminary results with 2011 data (1.1/fb)
• Dominated by irreducible Z(νν)+jets background (determined from 

W(eν/µν)+jets)

23

CMS limits w/ 1.1 fb-1

@ 95% CL
n=2: MD > 3.7 TeV
n=6: MD > 2.3 TeV
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Figure 2: Missing transverse energy Emiss
T after all selection cuts for data, SM background, and

an example of ADD signal (MD=2 TeV/c2, d=2). The leading backgrounds are normalised using
a data-driven technique.
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Figure 3: Leading jet pT and Njet distribution for the W(µ+)+jets selection, with all cuts applied
except those on the variables plotted. The W(µ�)+jets sample look similar. The background is
normalised to the measured rate in data.
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Figure 6: Observed and expected lower limits on ADD versus theoretical cross sections and as
a function of MD. CLs limits with 1.1 fb�1 are shown for Emiss

T > 350 GeV, and for d = 2, 4, 6.

8 Conclusions

In summary, a search is performed for signatures from the ADD model in events collected
by the CMS experiment from pp collisions at

p
s = 7 TeV. A final state with an energetic

jet and a significant amount of missing transverse energy is analyzed, corresponding to an
integrated luminosity of 1.1 fb�1. The QCD multijet background is reduced by several orders
of magnitude to a negligible level using topological cuts. A measurement of the electroweak
background from Z(µµ)- and W(µn)-enriched data is used to derive a background estimate
for the Z(nn)+jets and W+jets remaining in the signal region. The data are found to be in
agreement with the expected contributions from SM processes. Limits at 95% CL on ADD
model parameters are derived, extending to MD > 3.7 TeV/c2 for d = 2 at LO, and constitute a
significant improvement of those set previously.

CMS PAS EXO-11-059
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Search for Monophotons
• First analysis of a kind at the LHC
• Similar techniques to the monojet analysis
• Irreducible background from Z(νν)+jets

24

4

Figure 2: The distribution of photon pT (left) and ET/ (right) for the candidate sample, estimated
background processes, and an ADD prediction with MD = 1 TeV and n = 2.

estimated from the MC of ADD and a correction factor r is applied to account for the difference
between the efficiency in the data and MC:

A ⇥ e = A ⇥ eMC ⇥ r

The product of A⇥ eMC in the ADD cross section calculation is determined from the MC, based
on the Pythia leading order (LO) sample with a pT cut of 80 GeV/c. The obtained values for
A ⇥ eMC are summarized in Table 3, where the error indicates the statistical uncertainty on the
estimation due to the finite size of the MC sample.

A ⇥ eMC n=2 n=3 n=4 n=5 n=6
MD=1TeV 0.189 ± 0.002 0.192 ± 0.002 0.193 ± 0.002 0.191 ± 0.002 0.193 ± 0.002
MD=2TeV 0.193 ±0.002 0.191 ± 0.002 0.194 ± 0.002 0.194 ± 0.002 0.200 ± 0.002
MD=3TeV - 0.194 ± 0.002 0.194 ± 0.002 0.192 ± 0.002 0.196 ± 0.002

Table 3: The calculated A ⇥ eMC values from a set of MC samples of ADD events. The MC
samples are generated with Pythia8 and Tune4C with a cut of pT > 80 GeV. These values vary
with MD and n.

Sources considered for systematic uncertainties in the acceptance calculation are the parton dis-
tribution function (PDF) [7] [8] [9] [10], photon vertex assignment uncertainty, and the energy
scale and resolution of photons [3], jets [11] [12], and ET/ [13]. A summary of the systematic
uncertainties on A ⇥ eMC is presented in Table 4.

The difference in the efficiencies between data and MC are accounted for by the correction pa-
rameter r. The calculated value for r is 0.93 ± 0.10 with contributions from the trigger, photon
reconstruction (used the same procedure as for electrons in this paper [14]), consistent cluster
timing, and the vetoes. A summary of those contributions along with the systematic uncertain-
ties is shown in Table 5 1.

1Though we use MC to estimate the SM Znn̄g background contribution in this ADD study, we did measure the
Z(nn̄)g cross section from data using the same r correction. Our measurement was 0.342± 0.062(stat.)+0.057

�0.058(syst.)±

CMS limits w/ 1.14 fb-1

95% CL
n=2: MD > 1.0 TeV
n=6: MD > 1.2 TeV
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Figure 4: Limits on MD as a function of n compared to the LEP [19] and Tevatron [17], [18]
results for g + ET/ searches.

Photon pT Expected Oberved A ⇥ e A ⇥ e
threshold [GeV] limit (fb) limit (fb) Znn̄g ADD (MD=1 TeV,n=2)

95 21.3+8.0
�6.4 31.3 0.127 ± 0.016 0.175 ±0.021

110 16.3+6.6
�4.8 30.1 0.082 ± 0.011 0.137 ±0.016

130 12.5+6.0
�3.9 20.0 0.047 ± 0.006 0.102 ±0.012

160 9.1+3.8
�3.5 9.1 0.022 ± 0.003 0.065 ±0.008

200 4.7+3.2
�0.8 6.8 0.0094 ± 0.0014 0.039 ±0.005

Table 8: The expected and observed cross section limits times A ⇥ e as a function of the photon
transverse momentum.
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The multijet and g + jet backgrounds to the reconstructed diphoton spectrum are estimated
by using the misidentification rate to extrapolate from two background-dominated reference
regions, both selected with the same diphoton trigger as the primary signal sample. One re-
gion includes events with only one isolated photon, but one or more non-isolated photons. The
other region includes events with no isolated photons, but two or more non-isolated photons.
The diphoton trigger is sufficiently inclusive that the regions are unaffected by the trigger se-
lection. By applying the prompt-photon misidentification rate to these two reference regions,
we predict the g + jet and multijet backgrounds in the signal region.

The SM diphoton background dominates the signal region. The expected number of back-
ground events due to this process is computed by rescaling the prediction from PYTHIA with
an NLO K factor that varies with Mgg. The NLO prediction is calculated with the DIPHOX+
GAMMA2MC [24, 25] generators, which take into account the fragmentation processes in which
the photons can come from the collinear fragmentations of hard partons. A separate analy-
sis by CMS has also demonstrated good agreement with the NLO prediction at low Mgg .
300 GeV [26]. The sub-leading-order gluon-fusion box diagram is included as a part of the
PYTHIA calculation because of its large contribution at the LHC energy, although its effects are
small at high Mgg. The K factor varies between 1.7 and 1.1 from low to high Mgg. A sys-
tematic uncertainty of 15% on the value of the K factor is determined by examining the PDF
uncertainties and variation of the renormalization and factorization scales.
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Figure 1: Observed event yields (points with error bars) and background expectations (filled
solid histograms) as a function of the diphoton invariant mass. Photons are required to be
isolated, with ET > 70 GeV and |h| < 1.44. The shaded band around the background estimation
corresponds to the systematic uncertainty. The last bin includes the sum of all contributions
for Mgg > 2.0 TeV. The simulated distributions for two, non-excluded signal hypotheses are
shown for comparison as dotted and dashed lines.

Figure 1 shows the invariant mass distribution of the selected events, together with the es-
timated distributions for each of the backgrounds. Table 1 presents the observed number of
events in the data and the predicted number of background events in different ranges in Mgg
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Virtual Graviton Effects at the LHC

Limits in the diphoton channel

• Clean signature, with a huge potential of a quick discovery in dimuon, 
dielectron, and diphoton channels

• CMS published γγ with 2010 data (36/pb) and 2011 data (2.2/fb)
• CMS preliminary 2011 µµ results with 1.1-1.2/fb

5


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
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

Figure 1: Dimuon invariant mass spectrum compared with the SM prediction and a simulated
ADD signal with LT = 2.6 TeV. The integrated luminosity is 1.18 fb�1. The error bars reflect
the statistical uncertainty.

Figure 2: Integrated data above a threshold Mµµ (left bin border) compared with the corre-
sponding integrated SM prediction for 1.18 fb�1. The error bars reflect the statistical uncer-
tainty.
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Figure 3: Observed 95% upper limits on Ms for different numbers of extra dimensions n with
(Left) and without (Right) ADD k-factor.

Table 3: Observed 95% upper limits in TeV with respect to GRW and HLZ conventions for full
model validity in

p
ŝ and truncation at Mµµ = Ms (HLZ) or Mµµ = LT (GRW).
LT [TeV] (GRW) Ms [TeV] (HLZ)

n = 2 n = 3 n = 4 n = 5 n = 6 n = 7
ADD k-factor: 1.0

Full 2.62 2.58 3.12 2.62 2.36 2.20 2.08
Truncated 2.56 2.58 3.10 2.56 2.27 2.09 1.95

ADD k-factor: 1.3
Full 2.70 2.72 3.22 2.70 2.44 2.28 2.16

Truncated 2.66 2.72 3.20 2.66 2.37 2.17 2.02

The observed 95% C.L limits on ADD models are found to significantly improve the previous
limits evaluated with 2010 data [5] and provide the best limits based on dilepton events to date.
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Table 2: The 95% CL lower limits on MS (in TeV) in the GRW, Hewett, and HLZ conventions for
two values of the ADD signal K factor. All limits are computed with a signal cross section trun-
cated to zero for

p
ŝ > MS. The limits are presented for both positive and negative interference

in the Hewett convention and for nED = 2–7 in the HLZ convention.

K factor GRW Hewett HLZ (nED)
pos. neg. 2 3 4 5 6 7

1.0 2.94 2.63 2.28 3.29 3.50 2.94 2.66 2.47 2.34
1.6 3.18 2.84 2.41 3.68 3.79 3.18 2.88 2.68 2.53
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Figure 3: The 95% CL exclusion region for the RS1 graviton model in the M1–k̃ plane. The
expected limits coincide very closely with the measured limits and so are not shown in the
figure. Also shown are bounds due to electroweak constraints [27] and naturalness (Lp >
10 TeV). Perturbativity requirements bound k̃ . 0.10.
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RS Gravitons at the LHC
• Same analyses can be reinterpreted as search for resonances 

decaying into pair of photons (e.g., GKK)
• Significantly exceeds the Tevatron limits with ~2/fb of LHC data
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CMS: ee+µµ @1.1/fb 
M > 1450-1780 GeV
for k/MPl = 0.05-0.10

CMS PAS EXO-11-038
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Figure 1: Lineshapes for the RS mass resonances for a variety of mass points with k̃ = 0.1.
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Figure 2: NLO K factors for the RS graviton signal, as a function of resonance mass, for k̃=0.01–
0.10. The increase in the K factor with k̃ is due to the increased SM coupling with k̃.

Because the signal shapes deviate from a true Gaussian, we define an effective measure of
the signal width seff as the half-width of the narrowest mass interval containing 68% of the
signal. A window is formed about the resonance mean of size ±5 seff. This window contains
approximately 96–97% of the signal acceptance, for all mass points considered in this analysis.
This choice of the window maximizes the signal acceptance and analysis sensitivity in the case
of small backgrounds.

7

For the RS scenario, the same limit-setting calculation is performed, but in a bounded window
in Mgg. The expected upper limits coincide within a few GeV of the measured upper limits.
Figure 3 shows the excluded regions in the M1–k̃ plane. Also shown are bounds due to preci-
sion electroweak measurements [27] and to naturalness arguments. Table 3 presents the 95%
CL lower limits on the graviton mass M1 for different values of k̃.

Table 3: The 95% CL lower limits on M1 for given values of the coupling parameter, k̃. For
k̃ < 0.03, masses above the presented limits are excluded by electroweak and naturalness con-
straints.

k̃ 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11
M1 [TeV] 0.86 1.13 1.27 1.39 1.50 1.59 1.67 1.74 1.80 1.84 1.88

In summary, we have performed a search for extra spatial dimensions leading to enhanced
resonant or non-resonant diphoton production in proton-proton collisions at a center-of-mass
energy of 7 TeV at the LHC. Using a data sample corresponding to an integrated luminosity of
2.2 fb�1 recorded by the CMS experiment, we observe no excess in diphoton production above
the rate predicted from SM background sources. Values of the effective Planck scale MS less
than 2.3–3.8 TeV are excluded at 95% CL for ADD models. We also exclude at 95% CL resonant
graviton production in the RS1 model with values of M1 less than 0.86–1.84 TeV depending on
the normalized coupling strength, k̃. We present limits on both the ADD and RS1 models of
extra dimensions in the diphoton final state that extend those observed at the Tevatron [12], as
well as those set previously by the CMS [5] and ATLAS [13] experiments.
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Table 2: The 95% CL lower limits on MS (in TeV) in the GRW, Hewett, and HLZ conventions for
two values of the ADD signal K factor. All limits are computed with a signal cross section trun-
cated to zero for

p
ŝ > MS. The limits are presented for both positive and negative interference

in the Hewett convention and for nED = 2–7 in the HLZ convention.

K factor GRW Hewett HLZ (nED)
pos. neg. 2 3 4 5 6 7

1.0 2.94 2.63 2.28 3.29 3.50 2.94 2.66 2.47 2.34
1.6 3.18 2.84 2.41 3.68 3.79 3.18 2.88 2.68 2.53
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Figure 3: The 95% CL exclusion region for the RS1 graviton model in the M1–k̃ plane. The
expected limits coincide very closely with the measured limits and so are not shown in the
figure. Also shown are bounds due to electroweak constraints [27] and naturalness (Lp >
10 TeV). Perturbativity requirements bound k̃ . 0.10.
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RS Gravitons at the LHC
• Same analyses can be reinterpreted as search for resonances 

decaying into pair of photons (e.g., GKK)
• Significantly exceeds the Tevatron limits with ~2/fb of LHC data
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Figure 2: NLO K factors for the RS graviton signal, as a function of resonance mass, for k̃=0.01–
0.10. The increase in the K factor with k̃ is due to the increased SM coupling with k̃.

Because the signal shapes deviate from a true Gaussian, we define an effective measure of
the signal width seff as the half-width of the narrowest mass interval containing 68% of the
signal. A window is formed about the resonance mean of size ±5 seff. This window contains
approximately 96–97% of the signal acceptance, for all mass points considered in this analysis.
This choice of the window maximizes the signal acceptance and analysis sensitivity in the case
of small backgrounds.
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The multijet and g + jet backgrounds to the reconstructed diphoton spectrum are estimated
by using the misidentification rate to extrapolate from two background-dominated reference
regions, both selected with the same diphoton trigger as the primary signal sample. One re-
gion includes events with only one isolated photon, but one or more non-isolated photons. The
other region includes events with no isolated photons, but two or more non-isolated photons.
The diphoton trigger is sufficiently inclusive that the regions are unaffected by the trigger se-
lection. By applying the prompt-photon misidentification rate to these two reference regions,
we predict the g + jet and multijet backgrounds in the signal region.

The SM diphoton background dominates the signal region. The expected number of back-
ground events due to this process is computed by rescaling the prediction from PYTHIA with
an NLO K factor that varies with Mgg. The NLO prediction is calculated with the DIPHOX+
GAMMA2MC [24, 25] generators, which take into account the fragmentation processes in which
the photons can come from the collinear fragmentations of hard partons. A separate analy-
sis by CMS has also demonstrated good agreement with the NLO prediction at low Mgg .
300 GeV [26]. The sub-leading-order gluon-fusion box diagram is included as a part of the
PYTHIA calculation because of its large contribution at the LHC energy, although its effects are
small at high Mgg. The K factor varies between 1.7 and 1.1 from low to high Mgg. A sys-
tematic uncertainty of 15% on the value of the K factor is determined by examining the PDF
uncertainties and variation of the renormalization and factorization scales.

 [GeV]γγM
200 400 600 800 1000 1200 1400 1600 1800 2000

Ev
en

ts
/2

0 
G

eV

-310

-210

-110

1

10

210

310 Observed
Diphoton
+jetγ

Dijet
Systematic Uncertainty

 = 1.75 TeV1 = 0.05, Mk~

 = 3 TeV
S

 = 6, M EDn

 at 7 TeV-12.2 fb
CMS

Figure 1: Observed event yields (points with error bars) and background expectations (filled
solid histograms) as a function of the diphoton invariant mass. Photons are required to be
isolated, with ET > 70 GeV and |h| < 1.44. The shaded band around the background estimation
corresponds to the systematic uncertainty. The last bin includes the sum of all contributions
for Mgg > 2.0 TeV. The simulated distributions for two, non-excluded signal hypotheses are
shown for comparison as dotted and dashed lines.

Figure 1 shows the invariant mass distribution of the selected events, together with the es-
timated distributions for each of the backgrounds. Table 1 presents the observed number of
events in the data and the predicted number of background events in different ranges in Mgg

7

For the RS scenario, the same limit-setting calculation is performed, but in a bounded window
in Mgg. The expected upper limits coincide within a few GeV of the measured upper limits.
Figure 3 shows the excluded regions in the M1–k̃ plane. Also shown are bounds due to preci-
sion electroweak measurements [27] and to naturalness arguments. Table 3 presents the 95%
CL lower limits on the graviton mass M1 for different values of k̃.

Table 3: The 95% CL lower limits on M1 for given values of the coupling parameter, k̃. For
k̃ < 0.03, masses above the presented limits are excluded by electroweak and naturalness con-
straints.

k̃ 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11
M1 [TeV] 0.86 1.13 1.27 1.39 1.50 1.59 1.67 1.74 1.80 1.84 1.88

In summary, we have performed a search for extra spatial dimensions leading to enhanced
resonant or non-resonant diphoton production in proton-proton collisions at a center-of-mass
energy of 7 TeV at the LHC. Using a data sample corresponding to an integrated luminosity of
2.2 fb�1 recorded by the CMS experiment, we observe no excess in diphoton production above
the rate predicted from SM background sources. Values of the effective Planck scale MS less
than 2.3–3.8 TeV are excluded at 95% CL for ADD models. We also exclude at 95% CL resonant
graviton production in the RS1 model with values of M1 less than 0.86–1.84 TeV depending on
the normalized coupling strength, k̃. We present limits on both the ADD and RS1 models of
extra dimensions in the diphoton final state that extend those observed at the Tevatron [12], as
well as those set previously by the CMS [5] and ATLAS [13] experiments.

We thank M.C. Kumar, P. Mathews, V. Ravindran, and A. Tripathi for the calculation of NLO
K factors used in this Letter. We wish to congratulate our colleagues in the CERN accelerator
departments for the excellent performance of the LHC machine. We thank the technical and
administrative staff at CERN and other CMS institutes, and acknowledge support from: FMSR
(Austria); FNRS and FWO (Belgium); CNPq, CAPES, FAPERJ, and FAPESP (Brazil); MES (Bul-
garia); CERN; CAS, MoST, and NSFC (China); COLCIENCIAS (Colombia); MSES (Croatia);
RPF (Cyprus); Academy of Sciences and NICPB (Estonia); Academy of Finland, MEC, and HIP
(Finland); CEA and CNRS/IN2P3 (France); BMBF, DFG, and HGF (Germany); GSRT (Greece);
OTKA and NKTH (Hungary); DAE and DST (India); IPM (Iran); SFI (Ireland); INFN (Italy);
NRF and WCU (Korea); LAS (Lithuania); CINVESTAV, CONACYT, SEP, and UASLP-FAI (Mex-
ico); MSI (New Zealand); PAEC (Pakistan); SCSR (Poland); FCT (Portugal); JINR (Armenia, Be-
larus, Georgia, Ukraine, Uzbekistan); MST, MAE and RFBR (Russia); MSTD (Serbia); MICINN
and CPAN (Spain); Swiss Funding Agencies (Switzerland); NSC (Taipei); TUBITAK and TAEK
(Turkey); STFC (United Kingdom); DOE and NSF (USA).

References

[1] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, “The Hierarchy Problem and New
Dimensions at a Millimeter”, Phys. Lett. B 429 (1998) 263, arXiv:hep-ph/9803315.
doi:10.1016/S0370-2693(98)00466-3.

[2] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, “Phenomenology, astrophysics and
cosmology of theories with submillimeter dimensions and TeV scale quantum gravity”,
Phys. Rev. D 59 (1999) 086004, arXiv:hep-ph/9807344.
doi:10.1103/PhysRevD.59.086004.

Wednesday, December 14, 11



Searches for Quantum 
Gravity at the LHC

Wednesday, December 14, 11



SiD Workshop, SLAC, December 14, 2011 Greg Landsberg, The Future of CMS BSM Searches

String Resonances at the LHC
• Highly-degenerate excitations of quarks & gluons, decaying into 

qq, gg, qg
• Look for “bumps” on top of steeply falling QCD spectrum
• Similar limits apply to quantum BH’s, decaying into pair of initial 

partons
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Figure 1: The number of events observed versus dijet mass for wide jets (solid circles), particle
flow AK7 jets (open boxes), and calorimeter AK7 jets (X symbols).

1000 1500 2000 2500 3000 3500 4000

/d
m

 (p
b/

G
eV

)
σd

-510

-410

-310

-210

-110

1

10
 / ndf 2χ  27.51 / 28

Prob   0.4907
p0        1.86e-05± 3.238e-05 
p1        0.5794± 7.181 
p2        0.4157± 5.847 
p3        0.08538± 0.08448 

 / ndf 2χ  27.51 / 28
Prob   0.4907
p0        1.86e-05± 3.238e-05 
p1        0.5794± 7.181 
p2        0.4157± 5.847 
p3        0.08538± 0.08448 

)-1CMS (1.0 fb

Fit

QCD Pythia + CMS Simulation

JES Uncertainty

Excited Quark

String Resonance

 = 7 TeVs 

| < 1.3ηΔ| < 2.5, |η|

Wide Jets

S (1.8 TeV)

S (2.6 TeV)
q* (1.5 TeV)

q* (2.3 TeV)

Dijet Mass (GeV)
1000 1500 2000 2500 3000 3500 4000Si

gn
ifi

ca
nc

e

-2
-1
0
1
2

Figure 2: Dijet mass spectrum from wide jets (points) compared to a smooth fit (solid) and to
predictions [18] including detector simulation of QCD (short-dashed), excited quark signals
(dot-dashed), and string resonance signals (long-dashed). The QCD prediction has been nor-
malized to the data (see text). The error bars are statistical only. The shaded band shows the
systematic uncertainty in the jet energy scale (JES). The bin-by-bin significance of the data-fit
difference (see text) is shown at bottom.
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conducted on random samples of events generated from our smooth background parameter-
ization. The use of wide jets instead of AK7 jets improves the expected upper limits on the
resonance cross section by roughly 20% for gg, 10% for qg, and 5% for qq resonances.
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Figure 5: The 95% CL upper limits on s ⇥ B ⇥ A for dijet resonances of type gluon-gluon (open
circles), quark-gluon (solid circles), and quark-quark (open boxes), compared to theoretical pre-
dictions for string resonances [3], E6 diquarks [5], excited quarks [6], axigluons [8], colorons [9],
new gauge bosons W0 and Z0 [10], and Randall-Sundrum gravitons [11].

Table 2: For each model we list the observed and expected upper values of the excluded mass
range at 95% CL. The lower value of the excluded mass range from this search is 1 TeV.

Model Excluded Mass (TeV)
Observed Expected

String Resonances 4.00 3.90
E6 Diquarks 3.52 3.28

Excited Quarks 2.49 2.68
Axigluons/Colorons 2.47 2.66

W’ Bosons 1.51 1.40

In Fig. 5 we compare the observed upper limits to the model predictions as a function of reso-
nance mass. The predictions are from lowest-order calculations [24] of the product s ⇥ B ⇥ A
using CTEQ6L1 parton distributions [19]. New particles are excluded at the 95% CL in mass re-
gions for which the theory curve lies above our upper limit for the appropriate pair of partons.
We also determine the expected lower limit on the mass of each new particle by comparing the
expected cross section limits to the model predictions. An example of the expected limits is
shown in Fig. 6 where for qg resonances we compare the expected limits and their uncertainty
bands to both observed limits and model predictions. Our search starts at a resonance mass

MS > 4.0 TeV

PLB 704 (2011) 123
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Black Holes in CMS
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Analysis with 2011 Data (1/fb]
• First dedicated collider search based on the 2010 data published 

earlier this year [Phys. Lett. B697 (2011) 434]; updated w/ 1.1/fb
• Use ST = ΣET, where the sum is over all the N objects in the event 

with ET > 50 GeV, including MET

• Established the empirical ST invariance of N with the data, using 
exclusive N = 2 and 3 multiplicities

• Assign shape uncertainty due to fit parameter variation and template 
function choice

30

3

which has been extensively studied for presence of new physics in dedicated analyses [22–24].
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Figure 1: Total transverse energy, ST, for events with a) N = 2, and b) N = 3 photons, electrons,
muons, or jets in the final state. Data are depicted as points with error bars; shaded band is the
data-driven background prediction (solid line) with its uncertainty. Non-QCD backgrounds
are shown as colored histograms. Also shown is black hole signal for three different parameter
sets, demonstrating small signal contamination.

We fit the ST distributions in data with N = 2 and N = 3 between 800 and 2500 GeV (where no
evidence for new physics has been observed in a dedicated analysis [22]) with the ansatz func-
tion P0(1+x)P1

xP2+P3 log(x) , which is shown with the solid line in Fig. 1. To check the systematic uncertainty
of the fit, we use two additional ansatz functions, P0

(P1+P2x+x2)P3
and P0

(P1+x)P2
, which are shown as

the upper and lower boundaries of the shaded curve in Fig. 1. The default choice of the ansatz
function is based on the best fit c2 to the ST distribution for N = 2. Additional systematic
uncertainty arises from a slight difference between the best fit shapes for N = 2 and N = 3.
Nevertheless, the fits for these two exclusive multiplicities are very consistent and agree with
each other within the uncertainties, demonstrating independence of the ST shape on the final
state multiplicity.

We then look at the inclusive samples with high multiplicity using the background shape from
the low multiplicity distributions, as shown in Fig. 2, normalized to the inclusive data in the
range of 1600 – 2000 GeV, where no signal contribution is expected. The data agree well with
the background shapes from the low-multiplicity samples and do not exhibit any evidence for
new physics. An event display of one of a black-hole candidate event (N = 10, ST = 1.1 TeV) is
shown in Fig. 3. The relatively high minimum requirement on jet transverse energy of 50 GeV
to be counted toward N and ST essentially eliminates jets from pile-up even at moderate ST
below the signal region, which is evident from the zoom on the vertex region in this figure,
which demonstrates that all 10 jets originate from the common, primary vertex.

Since no excess is observed above the predicted background, we proceed with setting limits on
black hole production. We assign systematic uncertainty on the background estimate varying
from 7% to 165% in the ST range used in this search. This uncertainty comes from the normal-
ization uncertainty (2% – 15%) added in quadrature to the uncertainties from using various fit
ansatz functions and the difference between the shapes obtained from the N = 2 and N = 3
samples. The integrated luminosity is measured in situ using forward calorimeters with 6% un-

4

 (GeV)TS
2000 2500 3000 3500 4000

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

410
 3≥N 

Data
Background
Uncertainty

 = 4.5 TeV, n = 6 min
BH = 1.5 TeV, MDM

 = 4.0 TeV, n = 4 min
BH = 2.0 TeV, MDM

 = 3.5 TeV, n = 2 min
BH = 2.5 TeV, MDM

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

a)

 (GeV)TS
2000 2500 3000 3500 4000

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

410
 4≥N 

Data
Background
Uncertainty

 = 4.5 TeV, n = 6 min
BH = 1.5 TeV, MDM

 = 4.0 TeV, n = 4 min
BH = 2.0 TeV, MDM

 = 3.5 TeV, n = 2 min
BH = 2.5 TeV, MDM

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

b)

 (GeV)TS
2000 2500 3000 3500 4000

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

410
 5≥N 

Data
Background
Uncertainty

 = 4.5 TeV, n = 6 min
BH = 1.5 TeV, MDM

 = 4.0 TeV, n = 4 min
BH = 2.0 TeV, MDM

 = 3.5 TeV, n = 2 min
BH = 2.5 TeV, MDM

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

c)

 (GeV)TS
2000 2500 3000 3500 4000

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

410
 6≥N 

Data
Background
Uncertainty

 = 4.5 TeV, n = 6 min
BH = 1.5 TeV, MDM

 = 4.0 TeV, n = 4 min
BH = 2.0 TeV, MDM

 = 3.5 TeV, n = 2 min
BH = 2.5 TeV, MDM

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

d)

 (GeV)TS
2000 2500 3000 3500 4000

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

410
 7≥N 

Data
Background
Uncertainty

 = 4.5 TeV, n = 6 min
BH = 1.5 TeV, MDM

 = 4.0 TeV, n = 4 min
BH = 2.0 TeV, MDM

 = 3.5 TeV, n = 2 min
BH = 2.5 TeV, MDM

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

e)

 (GeV)TS
2000 2500 3000 3500 4000

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

410
 8≥N 

Data
Background
Uncertainty

 = 4.5 TeV, n = 6 min
BH = 1.5 TeV, MDM

 = 4.0 TeV, n = 4 min
BH = 2.0 TeV, MDM

 = 3.5 TeV, n = 2 min
BH = 2.5 TeV, MDM

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

f)

Figure 2: Total transverse energy, ST, for events with: a) N � 3, b) N � 4, c) N � 5, d) N � 6,
e) N � 7, and f) N � 8 photons, electrons, muons, or jets in the final state. in the final state.
Data are depicted as points with error bars; shaded band is the background prediction (solid
line) with its uncertainty. Also shown are black hole signals for three different parameter sets.
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Analysis with 2011 Data (1/fb]
• First dedicated collider search based on the 2010 data published 

earlier this year [Phys. Lett. B697 (2011) 434]; updated w/ 1.1/fb
• Use ST = ΣET, where the sum is over all the N objects in the event 

with ET > 50 GeV, including MET

• Established the empirical ST invariance of N with the data, using 
exclusive N = 2 and 3 multiplicities

• Assign shape uncertainty due to fit parameter variation and template 
function choice

30
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which has been extensively studied for presence of new physics in dedicated analyses [22–24].
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Figure 1: Total transverse energy, ST, for events with a) N = 2, and b) N = 3 photons, electrons,
muons, or jets in the final state. Data are depicted as points with error bars; shaded band is the
data-driven background prediction (solid line) with its uncertainty. Non-QCD backgrounds
are shown as colored histograms. Also shown is black hole signal for three different parameter
sets, demonstrating small signal contamination.

We fit the ST distributions in data with N = 2 and N = 3 between 800 and 2500 GeV (where no
evidence for new physics has been observed in a dedicated analysis [22]) with the ansatz func-
tion P0(1+x)P1

xP2+P3 log(x) , which is shown with the solid line in Fig. 1. To check the systematic uncertainty
of the fit, we use two additional ansatz functions, P0

(P1+P2x+x2)P3
and P0

(P1+x)P2
, which are shown as

the upper and lower boundaries of the shaded curve in Fig. 1. The default choice of the ansatz
function is based on the best fit c2 to the ST distribution for N = 2. Additional systematic
uncertainty arises from a slight difference between the best fit shapes for N = 2 and N = 3.
Nevertheless, the fits for these two exclusive multiplicities are very consistent and agree with
each other within the uncertainties, demonstrating independence of the ST shape on the final
state multiplicity.

We then look at the inclusive samples with high multiplicity using the background shape from
the low multiplicity distributions, as shown in Fig. 2, normalized to the inclusive data in the
range of 1600 – 2000 GeV, where no signal contribution is expected. The data agree well with
the background shapes from the low-multiplicity samples and do not exhibit any evidence for
new physics. An event display of one of a black-hole candidate event (N = 10, ST = 1.1 TeV) is
shown in Fig. 3. The relatively high minimum requirement on jet transverse energy of 50 GeV
to be counted toward N and ST essentially eliminates jets from pile-up even at moderate ST
below the signal region, which is evident from the zoom on the vertex region in this figure,
which demonstrates that all 10 jets originate from the common, primary vertex.

Since no excess is observed above the predicted background, we proceed with setting limits on
black hole production. We assign systematic uncertainty on the background estimate varying
from 7% to 165% in the ST range used in this search. This uncertainty comes from the normal-
ization uncertainty (2% – 15%) added in quadrature to the uncertainties from using various fit
ansatz functions and the difference between the shapes obtained from the N = 2 and N = 3
samples. The integrated luminosity is measured in situ using forward calorimeters with 6% un-
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Figure 2: Total transverse energy, ST, for events with: a) N � 3, b) N � 4, c) N � 5, d) N � 6,
e) N � 7, and f) N � 8 photons, electrons, muons, or jets in the final state. in the final state.
Data are depicted as points with error bars; shaded band is the background prediction (solid
line) with its uncertainty. Also shown are black hole signals for three different parameter sets.
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Figure 2: Total transverse energy, ST, for events with: a) N � 3, b) N � 4, c) N � 5, d) N � 6,
e) N � 7, and f) N � 8 photons, electrons, muons, or jets in the final state. in the final state.
Data are depicted as points with error bars; shaded band is the background prediction (solid
line) with its uncertainty. Also shown are black hole signals for three different parameter sets.
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Spectra at Different Multiplicities
• Used the N=2 shape with its 

uncertainties, to fit higher 
multiplicities, where the signal 
is expected to be most 
prominent

• Given no excess, set limits on 
the minimum BH mass

• Despite lack of excess, see 
some truly spectacular events!
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Figure 2: Total transverse energy, ST, for events with: a) N � 3, b) N � 4, c) N � 5, d) N � 6,
e) N � 7, and f) N � 8 photons, electrons, muons, or jets in the final state. in the final state.
Data are depicted as points with error bars; shaded band is the background prediction (solid
line) with its uncertainty. Also shown are black hole signals for three different parameter sets.
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Figure 2: Total transverse energy, ST, for events with: a) N � 3, b) N � 4, c) N � 5, d) N � 6,
e) N � 7, and f) N � 8 photons, electrons, muons, or jets in the final state. in the final state.
Data are depicted as points with error bars; shaded band is the background prediction (solid
line) with its uncertainty. Also shown are black hole signals for three different parameter sets.

4

 (GeV)TS
2000 2500 3000 3500 4000

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

410
 3≥N 

Data
Background
Uncertainty

 = 4.5 TeV, n = 6 min
BH = 1.5 TeV, MDM

 = 4.0 TeV, n = 4 min
BH = 2.0 TeV, MDM

 = 3.5 TeV, n = 2 min
BH = 2.5 TeV, MDM

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

a)

 (GeV)TS
2000 2500 3000 3500 4000

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

410
 4≥N 

Data
Background
Uncertainty

 = 4.5 TeV, n = 6 min
BH = 1.5 TeV, MDM

 = 4.0 TeV, n = 4 min
BH = 2.0 TeV, MDM

 = 3.5 TeV, n = 2 min
BH = 2.5 TeV, MDM

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

b)

 (GeV)TS
2000 2500 3000 3500 4000

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

410
 5≥N 

Data
Background
Uncertainty

 = 4.5 TeV, n = 6 min
BH = 1.5 TeV, MDM

 = 4.0 TeV, n = 4 min
BH = 2.0 TeV, MDM

 = 3.5 TeV, n = 2 min
BH = 2.5 TeV, MDM

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

c)

 (GeV)TS
2000 2500 3000 3500 4000

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

410
 6≥N 

Data
Background
Uncertainty

 = 4.5 TeV, n = 6 min
BH = 1.5 TeV, MDM

 = 4.0 TeV, n = 4 min
BH = 2.0 TeV, MDM

 = 3.5 TeV, n = 2 min
BH = 2.5 TeV, MDM

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

d)

 (GeV)TS
2000 2500 3000 3500 4000

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

410
 7≥N 

Data
Background
Uncertainty

 = 4.5 TeV, n = 6 min
BH = 1.5 TeV, MDM

 = 4.0 TeV, n = 4 min
BH = 2.0 TeV, MDM

 = 3.5 TeV, n = 2 min
BH = 2.5 TeV, MDM

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

e)

 (GeV)TS
2000 2500 3000 3500 4000

Ev
en

ts
 / 

10
0 

G
eV

-110

1

10

210

310

410
 8≥N 

Data
Background
Uncertainty

 = 4.5 TeV, n = 6 min
BH = 1.5 TeV, MDM

 = 4.0 TeV, n = 4 min
BH = 2.0 TeV, MDM

 = 3.5 TeV, n = 2 min
BH = 2.5 TeV, MDM

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

f)

Figure 2: Total transverse energy, ST, for events with: a) N � 3, b) N � 4, c) N � 5, d) N � 6,
e) N � 7, and f) N � 8 photons, electrons, muons, or jets in the final state. in the final state.
Data are depicted as points with error bars; shaded band is the background prediction (solid
line) with its uncertainty. Also shown are black hole signals for three different parameter sets.

5

Figure 3: An event display of a N = 10 black hole candidate with ST = 1.1 TeV (Run 163332,
Event 196371106). Top: the transverse view of the event with 10 objects (jets) highlighted with
magenta cones. Bottom: the zoom on the vertex region in the view parallel to the beam-line.
All the jets clearly come from the same, primary vertex (red dot), despite a number of pile-up
vertices (blue dots). The nominal beam-spot position is shown with an orange dot.
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Figure 2: Total transverse energy, ST, for events with: a) N � 3, b) N � 4, c) N � 5, d) N � 6,
e) N � 7, and f) N � 8 photons, electrons, muons, or jets in the final state. in the final state.
Data are depicted as points with error bars; shaded band is the background prediction (solid
line) with its uncertainty. Also shown are black hole signals for three different parameter sets.
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Figure 2: Total transverse energy, ST, for events with: a) N � 3, b) N � 4, c) N � 5, d) N � 6,
e) N � 7, and f) N � 8 photons, electrons, muons, or jets in the final state. in the final state.
Data are depicted as points with error bars; shaded band is the background prediction (solid
line) with its uncertainty. Also shown are black hole signals for three different parameter sets.
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5

Figure 3: An event display of a N = 10 black hole candidate with ST = 1.1 TeV (Run 163332,
Event 196371106). Top: the transverse view of the event with 10 objects (jets) highlighted with
magenta cones. Bottom: the zoom on the vertex region in the view parallel to the beam-line.
All the jets clearly come from the same, primary vertex (red dot), despite a number of pile-up
vertices (blue dots). The nominal beam-spot position is shown with an orange dot.
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Event 196371106). Top: the transverse view of the event with 10 objects (jets) highlighted with
magenta cones. Bottom: the zoom on the vertex region in the view parallel to the beam-line.
All the jets clearly come from the same, primary vertex (red dot), despite a number of pile-up
vertices (blue dots). The nominal beam-spot position is shown with an orange dot.
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Semi-Classical Limits
• Not very useful at these relatively low masses, but give one 

an idea on the typical mass reach
• Important point is low sensitivity on the parameters of the 

production and decay model, such as remnant, rotation, etc.

32

10

 (TeV)DM
1.5 2 2.5 3 3.5

 (T
eV

)
 m

in
BH

Ex
cl

ud
ed

 M

4.2

4.4

4.6

4.8

5

BlackMax
Non-Rotating
Rotating

CMS Preliminary
-1 = 7 TeV, 1.09 fbs

n = 2

n = 4

n = 6
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String Balls Limits
• An attempt to see the sensitivity of our results to 

quantum effects is to interpret our limits in terms of 
string balls - quantum precursors of black holes

• First limits on string balls from a collider experiment
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SUSY @ 1/fb: The Grand Picture
• You’ve heard details already from other workshop 

speakers
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What Does this Mean
• We have excluded (in the context of CMSSM):

– Squarks with the masses < 1.1 TeV
– Gluinos with the masses < 850 GeV

• Does this mean that we ruled out “natural SUSY”?
– No, as naturalness has little to do with these particles
– The ones that must be light as stops, sbottoms, and 

perhaps gluinos, but not as light as 1 TeV
• Does this mean that we ruled out SUSY accessible 

at 7 TeV?
– No, as we only looked under the lamppost so far!
– Current analyses have low/vanishing efficiency for more 

complex signatures
– No optimized searches for third generation squark and 

sleptons yet
36
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Natural SUSY
• Two stops and left-

handed sbottom below 
500-700 GeV

• Two neutralinos and 
one chargino below 
200-350 GeV; the 
spectrum can be 
degenerate

• Not too heavy gluino: in 
the 900-1500 GeV 
range

37

H̃

t̃L
b̃L

t̃R

g̃

natural SUSY decoupled SUSY

W̃

B̃
L̃i, ẽi

b̃R

Q̃1,2, ũ1,2, d̃1,2

FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7

Papucci, Ruderman, Weiler, 
arXiv:1110.6926
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Away from the Lamppost
• What can be our guiding light, once

we move away from the lamppost of
“easy-SUSY”?

• Simplified models, focusing on the
event kinematics rather than on the
details of SUSY spectra, can light
the way

• In these models we ignore the structure of 
matrix elements and focus on the kinematics 
of the decays

• Hence, everything is fixed by a few 
masses and their splittings

• While simple, this 
approach allows us 
to see clearly the 
limitations of current
searches and design 
new ones

38

II. A DETAILED EXAMPLE OF A SIMPLIFIED MODEL

This section, adapted from [17], outlines the important elements that go into any simpli-
fied model analysis. As an illustrative example, it focuses on gluino production and decay
as a model for hadronic jets plus missing energy signals. We will discuss how limits can be
set in a multidimensional parameter space and how the limits from multiple topologies can
be combined. The procedure outlined here is a general one and can be applied to any of the
simplified models listed in this review.

1. E↵ective Lagrangian

Consider a direct three-body gluino decay into an electroweak gaugino and two light-
flavored quarks,

g̃ ! qq̄0�0.

This decay mode occurs in supersymmetric models where the squarks are significantly heav-
ier than the gluino; it proceeds through the dimension-six operator

Lint =
�2
i

M2
i

g̃q
i

q̄
i

�0 + h.c. , (1)

where i runs over the di↵erent quark flavors, �
i

is the Yukawa coupling for the quark-squark-
�0 vertex, and M

i

is the e↵ective scale of the interaction. The flavor structure of the final
state is determined by the mass spectrum of the corresponding squarks, with decays through
lighter mass squarks occurring more rapidly. In this example, only light-flavor decay modes
are considered (see §IVE for the analogous heavy-flavor discussion).

Direct three-body decays arise in models where the squarks are decoupled, such as in
split-supersymmetry [23], or where the soft masses of the squarks are at the TeV-scale, but
are still somewhat larger than the gluino mass. These decays dominate when

• �0 = eB and the right-handed squarks are lightest, or the fW is kinematically inacces-
sible

g̃
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�0m�0

3-body direct decay

+qq̄
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FIG. 1: Illustrations of the three gluino simplified models discussed in this section.

9

Alves et al. (LHC NP WG)
arXiv:1105.2838
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SSM Searches in CMS

39
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Examples of Simplified Models Use
• The current ATLAS/CMS searches, when reinterpreted in the light 

sbottom/stop scenario, only extend the Tevatron limits on stop/
sbottom slightly

• Curiously, b-tagged channels mostly are not as sensitive than 
non-b-tagged ones

• Provides an excellent tool to reoptimize the analyses targeting 
light stops and sbottom in a variety of cases

40

For comparison with the LHC limits, we have also shown in Fig. 3, the strongest limit

from the Tevatron, which comes from the D0 sbottom search with 5.2 fb�1. This search sets

limits on sbottom pair production, with the decay b̃ ! bÑ1. For the left-handed spectrum,

this limit applies directly to the sbottom, which decays b̃L ! bH̃0 for the mass range of

interest (the decay to top and chargino is squeezed out). For the right-handed stop, the

dominant decay is t̃R ! bH̃±, which means that the stop acts like a sbottom, from the point

of view of the Tevatron search7. We note that the Tevatron limit only applies for higgsinos

just above the LEP-2 limit, mH̃ < 110 GeV, and we see that the Tevatron has been surpassed

by the LHC in this parameter space.
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FIG. 3: The LHC limits on the left-handed stop/sbottom (left) and right-handed stop (right), with

a higgsino LSP. The axes correspond to the stop pole mass and the higgsino mass. We find that the

strongest limits on this scenario come from searches for jets plus missing energy. For comparison,

we show the D0 limit with 5.2 fb�1 (green), which only applies for mÑ1
<⇠ 110 GeV, and has been

surpassed by the LHC limits.

7 In order to apply the Tevatron sbottom limit to right-handed stops, we have assumed that the decay

products of the charged higgsino are soft enough not to e↵ect the selection, which applies when the mass

splitting between the charged and neutral higgsino is small

20

limit is recovered because g̃ ! t̃±i t⌥ opens up. The result, in our parameter space, is a gap in

same-sign coverage from mt̃i ⇠ mb̃l
⇡ 300 � 400 GeV. Our choice of µ changes the position

of this gap, but does not a↵ect the overall limit since the search for jets plus missing energy

covers this gap and sets the strongest limit in this regime.
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FIG. 10: The limits on the Higgsino LSP and bino LSP scenarios, represented in terms of the

gluino mass versus the degenerate stop pole masses. In the limit of large gluino mass, we find that

the strongest limit on direct stop/sbottom production, mt̃
>⇠ 300 GeV, comes from searches for jets

plus missing energy. With only a higgsino LSP, the strongest limit on the gluino, mg̃
>⇠ 650 GeV

comes from searches for jets plus missing energy, and an ATLAS search for a single lepton plus jets

and missing energy. When both the bino and higgsino are light, we find that the strongest limit,

mg̃
>⇠ 700 GeV comes from the CMS search for same-sign dileptons plus missing energy. To the left,

the dashed blue line indicates a region of parameter space, mt̃
<⇠ mg̃, that may also be excluded

by the CMS search for jets plus missing energy. However, the acceptance is highly sensitive to the

precise value of the missing energy cut in this regime, signaling that the we cannot make a robust

statement, given the precision of our simulation, in this part of parameter space.

A somewhat squashed spectrum. Next, we deform the bino LSP spectrum by squash-

ing the mass splitting between the gluinos and the higgsino/bino. Compressing the spectrum

29

Papucci, Ruderman, Weiler, arXiv:1110.6926
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Searches for Long-Lived Particles
• Naturally come in models with compressed and degenerate mass 

spectrum, including SUSY
• Several types of searches:

– Classical dE/dx and TOF search for charged, massive LLP
– Search for stopped LLPs decaying later asynchronous with the beam
– Search for non-pointing decay products in inclusive final states

• Capitalizes on excellent tracker dE/dx capabilities and the 
versatile muon system

42

PH2610 Greg Landsberg, Lecture 19

Using Both Tracker and Muons

14

Berkeley, 10/19/11-10/21/11 J. Temple 7

Detecting tracker+muon Direct HSCPs

 Require reconstructed muon 

matched to high-pT track

 Measure β from TOF:  

1/β=1+c(δ t)/L

 1/β > 1, σ(1/β) < 0.07

Track selection:
 Same as tracker only, but 

with loosened isolation cuts
 ΣpT(0<ΔR<0.3)<100 GeV/c

 ΣECAL(ΔR<0.3)/ pT
INNER < 0.6

Trigger: muon pT>30 GeV/c

L1 trigger checks BX, BX+1

Monday, November 14, 11

CMS PAS EXO-11-020

CMS PAS EXO-10-011
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CMS Analyses
• Two analyses paths: tracker only and tracker+muon
• Sensitive to different interaction/charge exchange mechanisms
• Background derived from low-pT data using lack of correlations 

between the dE/dx and pT distributions

43
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CMS Limits
• Gluino: M > 808-899 GeV (depending on the fraction of neutral in 

hadronization); 885 GeV in TOF analysis; 
• Stop: 515-620 GeV; 829 GeV in TOF analysis; stau limit: 293 GeV

44
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Search for Stopped LLPs
• Looking for out-of-time decays of hadronized gluinos/stops 

stopped in CMS HCAL
• Special trigger masking proton bunch crossings in CMS
• Sensitive to 10 orders of magnitude in lifetime; mass limits 

in the 350 (stop) - 600 (gluinos) LHC range
• Unique analysis at the LHC, using detector capabilities in 

an ultimate way

45
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Search for non-Pointing Photons
• Use converted photons to reconstruct 

conversion track pointing back to the 
detector center (use dXY as the 
discriminator)

• Use photons “faked” by jets to predict 
the shape of background and 
normalize it to the total at low dXY

46

CMS PAS EXO-11-004
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Toward Chargino-Neutralino Search
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Multilepton Searches
• Backgrounds mainly from MC; slight excess in 3 and 4 lepton bins

34

8 6 Results and their Interpretation

Channel ``+ Jet ``+ g tt̄ VV Total SM Data Signal
OS(``)e 0.33±0.08 0.42±0.42 1.5±0.8 3.3±1.3 6.0±1.7 10 76±19
OS(``)µ 0.42±0.10 0.17±0.17 2.2±1.1 4.3±1.7 7.5±2.1 14 106±21
OS(``)t 28.4±4.4 0.35±0.35 29±15 4.5±1.7 63±16 71 202±30
``0t 24.6±6.0 1.7±1.7 38±19 7.5±2.9 73±20 88 29±10

SS(``)`0 0.45±0.08 0.35±0.35 2.3±1.1 0.49±0.18 4.3±1.3 6 9.1±5.4
SS(``)t 3.9±1.5 0.48±0.48 1.7±0.9 3.4±1.3 9.9±2.3 21 4.0±4.0
`tt 96±18 NA 12.3±6.2 1.7±0.6 110±19 88 24.0±9.1

Â `(`/t)(`/t) 154±28 3.1±3.1 87±44 25.3±9.7 273±53 298 450±49
```` 0.0000±0.0006 <0.0002 <0.006 0.016±0.005 0.016±0.006 1 14.6±7.4
```t 0.00±0.07 <0.007 <0.07 0.14±0.04 0.23±0.11 0 14.8±7.7
``tt 0.34±0.33 <0.005 0.27±0.13 0.14±0.04 0.89±0.40 0 7.8±5.6

Â ``(`/t)(`/t) 0.34±0.34 0.00±0.00 0.27±0.13 0.29±0.08 1.14±0.42 1 37±12

Table 1: Summary of multilepton observations and expectations by lepton flavor for 2.1 fb�1 of
luminosity with MET > 50 GeV requirement. Events with Z candidates have been removed.

Z boson. Contributions from various processes including conversions are also shown. Note
the different contributions for electrons and muons. For electrons the third electron originates
from radiation from the final state electrons. Since muons hardly radiate and external conver-
sions rarely yield muons, the main contribution originates from internal pair conversion at the
matrix element level. We do not use Monte Carlo approach for this background because the
simulation of such asymmetric internal conversions at the matrix element level is difficult and
so is the path-tracing of the conversion pair through the detector that follows. This motivates
data-based measurements of the photon to e/µ conversion factors, measured assuming the
rate for the production of on-shell photons and virtual photons yielding asymmetric conver-
sions to be proportional to each other. We measure the conversion factors in a control region
devoid of new physics (low Emiss

T and low HT). The ratio of the number of `+`�`± on the Z
peak to the number of `+`�g on the Z peak defines the conversion factor, which is 0.35%± 0.1%
(1.1%± 0.2%) for muons (electrons). The uncertainties are statistical only. We assign systematic
uncertainties of 100% to these conversion factors from our underlying assumption of propor-
tionality between virtual and on-shell photons. The measured conversion factors are then used
to estimate the background in the signal regions from the observed number of `+`�g events in
the signal regions. The background contribution from these converted photons is small after
the final selection cuts, as will be shown in the next section.

6 Results and their Interpretation

Tables 1 and 2 show the expected and observed numbers of three- and four-lepton events after
the Emiss

T and HT requirements, respectively. The different SM background contributions and
the expected number of signal events for the TeV3 CMSSM point (m0 = 60, m1/2 = 230, tanb =
3, A0 = 0) are shown as well [11]. One observes that the SM background for the HT > 200
GeV is considerably smaller than for the Emiss

T > 50 GeV requirement, as expected already
from Fig. 1. Table 3 shows the same observations with additional control regions, namely the
non-signal regions with Emiss

T < 50 GeV and/or HT < 200 GeV combined with or without
a Z candidate in the event. Furthermore, the channels are classified according to the number
of t candidates (columns), which shows the larger background for events including hadronic
t decay candidates. The observed number of events in the channels we examine is largely
consistent with expectations. We show characteristics of 3` events which comprise the classic
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Searches for Lepton Jets
• Appear in models with light particles (e.g., dark matter ones) 

decaying with emission of multiple muons or electrons
• Often found in hidden valley models; could also arise from light 

axial Higgs decays
• First dedicated search at the LHC
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Figure 3. The 1D and 2D invariant mass distributions of muon pairs for events in each signal
region, compared with the expected background. (a): Events in the single dimuon topology R1

2.
(b): 10 events in the two-dimuon topology R2

22. (c): The single “quadmuon” event in topology R1
4.

(d): The invariant mass of all four muons for the same event. None of the events in the multi-
dimensional topologies fall into the corridor along the diagonal (shown as dashed lines), which would
indicate the presence of signal. The last plot is relevant for the special scenario with a cascade decay
a2 ! a1a1 with m(a2) < 2m(a1), leading to the o↵-shell production of a1.

masses to the horizontal and vertical axes of the 2D distribution. The template is validated
using a control region with three nearby muon candidates (R1

3), one of which is likely a
misidentified hadron, and adding a non-muon track to play the role of a second misidenti-
fied muon. Figure 2(c) compares the distribution of all “dimuons” in the 3µ+track control
sample (note two entries per event) compared to the prediction based on the full 2D tem-
plate fitted to data for overall normalization only. Figure 2(d) makes a similar comparison
but for the quadmuon invariant mass. Templates for higher order topologies are derived as
combinations of the above methods. In all cases, the full posterior density functions for fit
parameters including correlations were used in the final fit to account for the uncertainties
in the background templates.

3.4 E�ciencies and systematic uncertainties

The shape of the invariant mass distribution for possible signal events was studied by
comparing the properties of events with dimuons from !, �, J/ , and  0 resonances in
data with the simulation predictions and extrapolating between the resonance masses.
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Figure 4. (a): 95% CL upper limits on the rate of the signals of new physics with leptonic jets
for three topologies expressed as cross section times appropriate branching fractions to produce a
particular signature (including branching fraction for �dark ! µµ) times kinematic and geometrical
acceptance (muon momentum thresholds and ⌘ ranges), assuming an ideal detector. (b): Limits
for the Dark SUSY model [7] with the MSSM LSP decaying via �̃0

1 ! �̃dark�dark + �̃darkhdark(!
�dark�dark), with the �̃dark being the new LSP. (c) and (d): Limits on the model [8] where squark
is the MSSM LSP decaying into a quark and a light hidden sector fermion decaying to a lighter
hidden sector fermion with emission of either a dark photon (c) or a light dark-Higgs (d) decaying
to two dark photons.

n2 ! n1hdark(! �dark�dark). For each of the two sub-models the limits on the production
cross section are shown in figures 4 (c) and (d) for three di↵erent choices of branching
fractions B(�dark ! µµ). The dark sector masses are set to m(hdark) = 1.2, m(hdark) = 0.5,
m(n2) = 2, m(n1) = 0.5 GeV/c2. The cross section curves shown in figures 4(c-d) assume
universality of squark masses across three squark generations. The cross section is reduced
if squark masses are not universal. The limits presented are the most stringent to date for
models with dark SUSY sector from collider experiments.

5 Summary

A topology-based search for groups of collimated muons (muon jets) using a data sample
corresponding to an integrated luminosity of 35 pb�1 revealed no signal of new physics
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Figure 4. (a): 95% CL upper limits on the rate of the signals of new physics with leptonic jets
for three topologies expressed as cross section times appropriate branching fractions to produce a
particular signature (including branching fraction for �dark ! µµ) times kinematic and geometrical
acceptance (muon momentum thresholds and ⌘ ranges), assuming an ideal detector. (b): Limits
for the Dark SUSY model [7] with the MSSM LSP decaying via �̃0

1 ! �̃dark�dark + �̃darkhdark(!
�dark�dark), with the �̃dark being the new LSP. (c) and (d): Limits on the model [8] where squark
is the MSSM LSP decaying into a quark and a light hidden sector fermion decaying to a lighter
hidden sector fermion with emission of either a dark photon (c) or a light dark-Higgs (d) decaying
to two dark photons.

n2 ! n1hdark(! �dark�dark). For each of the two sub-models the limits on the production
cross section are shown in figures 4 (c) and (d) for three di↵erent choices of branching
fractions B(�dark ! µµ). The dark sector masses are set to m(hdark) = 1.2, m(hdark) = 0.5,
m(n2) = 2, m(n1) = 0.5 GeV/c2. The cross section curves shown in figures 4(c-d) assume
universality of squark masses across three squark generations. The cross section is reduced
if squark masses are not universal. The limits presented are the most stringent to date for
models with dark SUSY sector from collider experiments.

5 Summary

A topology-based search for groups of collimated muons (muon jets) using a data sample
corresponding to an integrated luminosity of 35 pb�1 revealed no signal of new physics
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Figure 4. (a): 95% CL upper limits on the rate of the signals of new physics with leptonic jets
for three topologies expressed as cross section times appropriate branching fractions to produce a
particular signature (including branching fraction for �dark ! µµ) times kinematic and geometrical
acceptance (muon momentum thresholds and ⌘ ranges), assuming an ideal detector. (b): Limits
for the Dark SUSY model [7] with the MSSM LSP decaying via �̃0

1 ! �̃dark�dark + �̃darkhdark(!
�dark�dark), with the �̃dark being the new LSP. (c) and (d): Limits on the model [8] where squark
is the MSSM LSP decaying into a quark and a light hidden sector fermion decaying to a lighter
hidden sector fermion with emission of either a dark photon (c) or a light dark-Higgs (d) decaying
to two dark photons.

n2 ! n1hdark(! �dark�dark). For each of the two sub-models the limits on the production
cross section are shown in figures 4 (c) and (d) for three di↵erent choices of branching
fractions B(�dark ! µµ). The dark sector masses are set to m(hdark) = 1.2, m(hdark) = 0.5,
m(n2) = 2, m(n1) = 0.5 GeV/c2. The cross section curves shown in figures 4(c-d) assume
universality of squark masses across three squark generations. The cross section is reduced
if squark masses are not universal. The limits presented are the most stringent to date for
models with dark SUSY sector from collider experiments.

5 Summary

A topology-based search for groups of collimated muons (muon jets) using a data sample
corresponding to an integrated luminosity of 35 pb�1 revealed no signal of new physics
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Figure 4. (a): 95% CL upper limits on the rate of the signals of new physics with leptonic jets
for three topologies expressed as cross section times appropriate branching fractions to produce a
particular signature (including branching fraction for �dark ! µµ) times kinematic and geometrical
acceptance (muon momentum thresholds and ⌘ ranges), assuming an ideal detector. (b): Limits
for the Dark SUSY model [7] with the MSSM LSP decaying via �̃0

1 ! �̃dark�dark + �̃darkhdark(!
�dark�dark), with the �̃dark being the new LSP. (c) and (d): Limits on the model [8] where squark
is the MSSM LSP decaying into a quark and a light hidden sector fermion decaying to a lighter
hidden sector fermion with emission of either a dark photon (c) or a light dark-Higgs (d) decaying
to two dark photons.

n2 ! n1hdark(! �dark�dark). For each of the two sub-models the limits on the production
cross section are shown in figures 4 (c) and (d) for three di↵erent choices of branching
fractions B(�dark ! µµ). The dark sector masses are set to m(hdark) = 1.2, m(hdark) = 0.5,
m(n2) = 2, m(n1) = 0.5 GeV/c2. The cross section curves shown in figures 4(c-d) assume
universality of squark masses across three squark generations. The cross section is reduced
if squark masses are not universal. The limits presented are the most stringent to date for
models with dark SUSY sector from collider experiments.

5 Summary

A topology-based search for groups of collimated muons (muon jets) using a data sample
corresponding to an integrated luminosity of 35 pb�1 revealed no signal of new physics
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Searches for tt-Resonances
• Simple RS model has many 

potential problems: FCNC, CP-
violation

–Those can be solved by 
putting fermions in the bulk

• Top quark is localized near the 
SM brane; light fermions are 
near the Planck brane

• KK gravitons mainly couples to 
the top quark, and thus the 
dominant decay mode is a pair 
of top quarks

• For graviton masses ~2-3 TeV, 
top quarks emerge highly 
boosted, which makes it 
challenging to reconstruct them

• Several challenges:
–for 3-jet top decays jets are 

often merged in a single “fat” 
jet

–b-tagging efficiency drops 
dramatically, as the opening 
angle between the tracks 
becomes small.

tt

49

31

TeV Resonances into Top pairs

Recent developments in models: the prominent role of top production

-light SM fermions live near Planck brane, heavy (top) near TeV brane

-decay of RS into top pairs (or Gauge bosons pairs, ZH, but no Drell-Yan)

TeV resonances ⇒ Highly boosted tops

The jets typically appear as ‘fat’ jets

 with internal structure

   ⇒ A major tool for New Physics searches
Top resonances, RS→top top decays etc.

leads to ‘boosted top’ ie the hadronic decay jets merge
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Figure 5: Top tagging mistag rate derived from dijet data (red circles) versus trijet data (blue
squares), following the ‘anti-tag and probe’ procedure, as explained in the text. The rate de-
rived from dijet data is applied to the “Type 1 + 1” analysis, whereas the rate derived from
trijet data is applied to the “Type 1 + 2” analysis. There is a small (< 5%) contribution from
continuum tt̄ production that is removed, using the expectation from Monte Carlo.

However, because the quark/gluon fractions can be different (a priori) for dijet events (as in the
“1+1” analysis) and trijet events (as in the “1+2” analysis), the mistag rate must be separately
derived for the “1+2” analysis.

The mistag rate for trijet events is determined from data by the following procedure:

1. We select trijet events with the leading three jets passing the thresholds 350, 200, and 30
GeV/c respectively. No requirements are made on the jet masses for the “Type 1 Top
Candidate” nor the W candidate, and no requirements are made on the invariant mass of
the “Type 2 Top Candidate”.

2. The “Type 1” top candidate is then used as a “probe jet”.

3. As in the “1+1” case, the top tagging rate of the probe jet is taken as the mistag rate for
the algorithm. Because no selection criteria are made on the masses of the “Type 2 Top
Candidate”, nor the “W candidate”, this is still dominated by QCD in the right kinematic
regime, and is therefore an appropriate control region from which to derive the mistag
rate.

4. The small contribution from continuum tt̄ is removed based on the Monte Carlo expec-
tation.

The mistag rate as a function of jet pT for trijet events is shown in the blue squares in Fig. 5.
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Figure 1: Expected efficiency of the top (left) and W (right) tagging algorithms as derived from
Ref. [27].

the algorithm attempts to split the subjets found by the primary decomposition. In the process,
soft and wide-angle particles (relative to the parent in the clustering) are ignored. At least three
subjets are required. The following variables, defined for each jet passing the algorithm, are
used to tag top jets:

• Jet Mass mjet - The mass of the four-vector sum of the constituents of the hard jet.
• Number of Subjets Nsubjets - The number of subjets found by the algorithm.
• Minimum Pairwise Mass mmin - The three highest pT subjets are taken pairwise, and

each pair’s invariant mass is calculated via mij =
q
(Ei + Ej)2 � (~pi + ~pj)2. mmin is

the mass of the pair with the lowest invariant mass (mmin = min[m12, m13, m23]). This
variable is not defined for jets with less than three subjets.

Jets that have mass close to the top mass, at least three subjets, and minimum pairwise mass
close to the W mass are tagged as top jets. Specifically:

140 < mjet < 250 GeV/c2 (2)
Nsubjets � 3 (3)

mmin > 50 GeV/c2 (4)

4.3.2 W tagging algorithm

The jet pruning algorithm also uses the Cambridge-Aachen R = 0.8 jets as inputs, described
in Section 4.2. In contrast to the top tagging algorithm, the jet pruning algorithm reclusters the
jet starting from the constituents, but again removes soft and wide-angle clusters. The same
parameters are chosen for the jet pruning algorithm as in the original theoretical papers [29, 30].
The following selection is also applied, which exploits the variables used in Ref. [44]:

• Number of Subjets Nsubjets - Require two subjets in the pruning algorithm.

• Pruned Jet Mass mjet - Require the total pruned jet mass to satisfy 60 GeV/c2 < mjet <
100 GeV/c2.

• Mass Drop - The subjet mass is used to sort the two subjets. By looking at the last
clustering iteration of the pruned jet, the mass drop of the hardest subjet (hereby re-
ferred to as 1), and is required to satisfy m1

mjet
= µ < 0.4. The mass drop requirement

CMS PAS EXO-11-006

Wednesday, December 14, 11



5.3 Mistagging Rate 11

 (GeV/c)
T

Jet p
400 500 600 700 800 900 1000 1100 1200

M
is

ta
g 

R
at

e

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08
Type 1+1
Type 1+2

 = 7 TeVs at -1CMS Preliminary, 886 pb

Figure 5: Top tagging mistag rate derived from dijet data (red circles) versus trijet data (blue
squares), following the ‘anti-tag and probe’ procedure, as explained in the text. The rate de-
rived from dijet data is applied to the “Type 1 + 1” analysis, whereas the rate derived from
trijet data is applied to the “Type 1 + 2” analysis. There is a small (< 5%) contribution from
continuum tt̄ production that is removed, using the expectation from Monte Carlo.

However, because the quark/gluon fractions can be different (a priori) for dijet events (as in the
“1+1” analysis) and trijet events (as in the “1+2” analysis), the mistag rate must be separately
derived for the “1+2” analysis.

The mistag rate for trijet events is determined from data by the following procedure:

1. We select trijet events with the leading three jets passing the thresholds 350, 200, and 30
GeV/c respectively. No requirements are made on the jet masses for the “Type 1 Top
Candidate” nor the W candidate, and no requirements are made on the invariant mass of
the “Type 2 Top Candidate”.

2. The “Type 1” top candidate is then used as a “probe jet”.

3. As in the “1+1” case, the top tagging rate of the probe jet is taken as the mistag rate for
the algorithm. Because no selection criteria are made on the masses of the “Type 2 Top
Candidate”, nor the “W candidate”, this is still dominated by QCD in the right kinematic
regime, and is therefore an appropriate control region from which to derive the mistag
rate.

4. The small contribution from continuum tt̄ is removed based on the Monte Carlo expec-
tation.

The mistag rate as a function of jet pT for trijet events is shown in the blue squares in Fig. 5.
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Figure 1: Expected efficiency of the top (left) and W (right) tagging algorithms as derived from
Ref. [27].

the algorithm attempts to split the subjets found by the primary decomposition. In the process,
soft and wide-angle particles (relative to the parent in the clustering) are ignored. At least three
subjets are required. The following variables, defined for each jet passing the algorithm, are
used to tag top jets:

• Jet Mass mjet - The mass of the four-vector sum of the constituents of the hard jet.
• Number of Subjets Nsubjets - The number of subjets found by the algorithm.
• Minimum Pairwise Mass mmin - The three highest pT subjets are taken pairwise, and

each pair’s invariant mass is calculated via mij =
q
(Ei + Ej)2 � (~pi + ~pj)2. mmin is

the mass of the pair with the lowest invariant mass (mmin = min[m12, m13, m23]). This
variable is not defined for jets with less than three subjets.

Jets that have mass close to the top mass, at least three subjets, and minimum pairwise mass
close to the W mass are tagged as top jets. Specifically:

140 < mjet < 250 GeV/c2 (2)
Nsubjets � 3 (3)

mmin > 50 GeV/c2 (4)

4.3.2 W tagging algorithm

The jet pruning algorithm also uses the Cambridge-Aachen R = 0.8 jets as inputs, described
in Section 4.2. In contrast to the top tagging algorithm, the jet pruning algorithm reclusters the
jet starting from the constituents, but again removes soft and wide-angle clusters. The same
parameters are chosen for the jet pruning algorithm as in the original theoretical papers [29, 30].
The following selection is also applied, which exploits the variables used in Ref. [44]:

• Number of Subjets Nsubjets - Require two subjets in the pruning algorithm.

• Pruned Jet Mass mjet - Require the total pruned jet mass to satisfy 60 GeV/c2 < mjet <
100 GeV/c2.

• Mass Drop - The subjet mass is used to sort the two subjets. By looking at the last
clustering iteration of the pruned jet, the mass drop of the hardest subjet (hereby re-
ferred to as 1), and is required to satisfy m1

mjet
= µ < 0.4. The mass drop requirement
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Figure 5: Top tagging mistag rate derived from dijet data (red circles) versus trijet data (blue
squares), following the ‘anti-tag and probe’ procedure, as explained in the text. The rate de-
rived from dijet data is applied to the “Type 1 + 1” analysis, whereas the rate derived from
trijet data is applied to the “Type 1 + 2” analysis. There is a small (< 5%) contribution from
continuum tt̄ production that is removed, using the expectation from Monte Carlo.

However, because the quark/gluon fractions can be different (a priori) for dijet events (as in the
“1+1” analysis) and trijet events (as in the “1+2” analysis), the mistag rate must be separately
derived for the “1+2” analysis.

The mistag rate for trijet events is determined from data by the following procedure:

1. We select trijet events with the leading three jets passing the thresholds 350, 200, and 30
GeV/c respectively. No requirements are made on the jet masses for the “Type 1 Top
Candidate” nor the W candidate, and no requirements are made on the invariant mass of
the “Type 2 Top Candidate”.

2. The “Type 1” top candidate is then used as a “probe jet”.

3. As in the “1+1” case, the top tagging rate of the probe jet is taken as the mistag rate for
the algorithm. Because no selection criteria are made on the masses of the “Type 2 Top
Candidate”, nor the “W candidate”, this is still dominated by QCD in the right kinematic
regime, and is therefore an appropriate control region from which to derive the mistag
rate.

4. The small contribution from continuum tt̄ is removed based on the Monte Carlo expec-
tation.

The mistag rate as a function of jet pT for trijet events is shown in the blue squares in Fig. 5.
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Figure 1: Expected efficiency of the top (left) and W (right) tagging algorithms as derived from
Ref. [27].

the algorithm attempts to split the subjets found by the primary decomposition. In the process,
soft and wide-angle particles (relative to the parent in the clustering) are ignored. At least three
subjets are required. The following variables, defined for each jet passing the algorithm, are
used to tag top jets:

• Jet Mass mjet - The mass of the four-vector sum of the constituents of the hard jet.
• Number of Subjets Nsubjets - The number of subjets found by the algorithm.
• Minimum Pairwise Mass mmin - The three highest pT subjets are taken pairwise, and

each pair’s invariant mass is calculated via mij =
q
(Ei + Ej)2 � (~pi + ~pj)2. mmin is

the mass of the pair with the lowest invariant mass (mmin = min[m12, m13, m23]). This
variable is not defined for jets with less than three subjets.

Jets that have mass close to the top mass, at least three subjets, and minimum pairwise mass
close to the W mass are tagged as top jets. Specifically:

140 < mjet < 250 GeV/c2 (2)
Nsubjets � 3 (3)

mmin > 50 GeV/c2 (4)

4.3.2 W tagging algorithm

The jet pruning algorithm also uses the Cambridge-Aachen R = 0.8 jets as inputs, described
in Section 4.2. In contrast to the top tagging algorithm, the jet pruning algorithm reclusters the
jet starting from the constituents, but again removes soft and wide-angle clusters. The same
parameters are chosen for the jet pruning algorithm as in the original theoretical papers [29, 30].
The following selection is also applied, which exploits the variables used in Ref. [44]:

• Number of Subjets Nsubjets - Require two subjets in the pruning algorithm.

• Pruned Jet Mass mjet - Require the total pruned jet mass to satisfy 60 GeV/c2 < mjet <
100 GeV/c2.

• Mass Drop - The subjet mass is used to sort the two subjets. By looking at the last
clustering iteration of the pruned jet, the mass drop of the hardest subjet (hereby re-
ferred to as 1), and is required to satisfy m1

mjet
= µ < 0.4. The mass drop requirement
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Figure 11: The 95% C.L. upper limit on a product of the production cross section of Z0 and a
branching fraction for its decay into tt̄ pair, as a function of assumed Z0 mass, for a combination
of “1+2” and “1+1” channels. The limits are evaluated using a Bayesian procedure, integrated
with Markov Chain MC. Three theoretical models are examined in shades of purple. From top
to bottom: a Kaluza-Klein gluon from Ref. [10], updated to 7 TeV via private communication
with the authors (Note: the KK gluon model has a width larger than that of the signal Monte
Carlo); a topcolor Z0 model from Ref. [25] with width 3%; and a topcolor Z0 model from Ref. [25]
with width 1.2%. (a) linear scale (b) log scale.
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Figure 8: Results of “type 1 + 1” high mass event selection and background estimates. The
yellow histogram is the QCD estimate from the data-driven technique described in the text,
and the red histogram is the estimate from tt̄ continuum production. A data-to-Monte-Carlo
scale factor of 0.86 ± 0.24 is also applied to the tt̄ Monte Carlo to account for differences in
the jet substructure algorithms in a semileptonic tt̄ control sample. The black points are the
data. The shaded gray boxes indicate the statistical and systematic uncertainty on the total
background estimate. The errors shown are not an accurate representation of the background
uncertainty in the counting experiment, as they do not take into account events moving in and
out of the signal window.
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Figure 5: Top tagging mistag rate derived from dijet data (red circles) versus trijet data (blue
squares), following the ‘anti-tag and probe’ procedure, as explained in the text. The rate de-
rived from dijet data is applied to the “Type 1 + 1” analysis, whereas the rate derived from
trijet data is applied to the “Type 1 + 2” analysis. There is a small (< 5%) contribution from
continuum tt̄ production that is removed, using the expectation from Monte Carlo.

However, because the quark/gluon fractions can be different (a priori) for dijet events (as in the
“1+1” analysis) and trijet events (as in the “1+2” analysis), the mistag rate must be separately
derived for the “1+2” analysis.

The mistag rate for trijet events is determined from data by the following procedure:

1. We select trijet events with the leading three jets passing the thresholds 350, 200, and 30
GeV/c respectively. No requirements are made on the jet masses for the “Type 1 Top
Candidate” nor the W candidate, and no requirements are made on the invariant mass of
the “Type 2 Top Candidate”.

2. The “Type 1” top candidate is then used as a “probe jet”.

3. As in the “1+1” case, the top tagging rate of the probe jet is taken as the mistag rate for
the algorithm. Because no selection criteria are made on the masses of the “Type 2 Top
Candidate”, nor the “W candidate”, this is still dominated by QCD in the right kinematic
regime, and is therefore an appropriate control region from which to derive the mistag
rate.

4. The small contribution from continuum tt̄ is removed based on the Monte Carlo expec-
tation.

The mistag rate as a function of jet pT for trijet events is shown in the blue squares in Fig. 5.
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Figure 1: Expected efficiency of the top (left) and W (right) tagging algorithms as derived from
Ref. [27].

the algorithm attempts to split the subjets found by the primary decomposition. In the process,
soft and wide-angle particles (relative to the parent in the clustering) are ignored. At least three
subjets are required. The following variables, defined for each jet passing the algorithm, are
used to tag top jets:

• Jet Mass mjet - The mass of the four-vector sum of the constituents of the hard jet.
• Number of Subjets Nsubjets - The number of subjets found by the algorithm.
• Minimum Pairwise Mass mmin - The three highest pT subjets are taken pairwise, and

each pair’s invariant mass is calculated via mij =
q
(Ei + Ej)2 � (~pi + ~pj)2. mmin is

the mass of the pair with the lowest invariant mass (mmin = min[m12, m13, m23]). This
variable is not defined for jets with less than three subjets.

Jets that have mass close to the top mass, at least three subjets, and minimum pairwise mass
close to the W mass are tagged as top jets. Specifically:

140 < mjet < 250 GeV/c2 (2)
Nsubjets � 3 (3)

mmin > 50 GeV/c2 (4)

4.3.2 W tagging algorithm

The jet pruning algorithm also uses the Cambridge-Aachen R = 0.8 jets as inputs, described
in Section 4.2. In contrast to the top tagging algorithm, the jet pruning algorithm reclusters the
jet starting from the constituents, but again removes soft and wide-angle clusters. The same
parameters are chosen for the jet pruning algorithm as in the original theoretical papers [29, 30].
The following selection is also applied, which exploits the variables used in Ref. [44]:

• Number of Subjets Nsubjets - Require two subjets in the pruning algorithm.

• Pruned Jet Mass mjet - Require the total pruned jet mass to satisfy 60 GeV/c2 < mjet <
100 GeV/c2.

• Mass Drop - The subjet mass is used to sort the two subjets. By looking at the last
clustering iteration of the pruned jet, the mass drop of the hardest subjet (hereby re-
ferred to as 1), and is required to satisfy m1

mjet
= µ < 0.4. The mass drop requirement
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Figure 11: The 95% C.L. upper limit on a product of the production cross section of Z0 and a
branching fraction for its decay into tt̄ pair, as a function of assumed Z0 mass, for a combination
of “1+2” and “1+1” channels. The limits are evaluated using a Bayesian procedure, integrated
with Markov Chain MC. Three theoretical models are examined in shades of purple. From top
to bottom: a Kaluza-Klein gluon from Ref. [10], updated to 7 TeV via private communication
with the authors (Note: the KK gluon model has a width larger than that of the signal Monte
Carlo); a topcolor Z0 model from Ref. [25] with width 3%; and a topcolor Z0 model from Ref. [25]
with width 1.2%. (a) linear scale (b) log scale.
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Figure 8: Results of “type 1 + 1” high mass event selection and background estimates. The
yellow histogram is the QCD estimate from the data-driven technique described in the text,
and the red histogram is the estimate from tt̄ continuum production. A data-to-Monte-Carlo
scale factor of 0.86 ± 0.24 is also applied to the tt̄ Monte Carlo to account for differences in
the jet substructure algorithms in a semileptonic tt̄ control sample. The black points are the
data. The shaded gray boxes indicate the statistical and systematic uncertainty on the total
background estimate. The errors shown are not an accurate representation of the background
uncertainty in the counting experiment, as they do not take into account events moving in and
out of the signal window.
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Other Searches
• Moving toward searches for resonances decaying 

into multijets
– 6 jets: published
– 4 jets: in progress (ATLAS published)
– 8 jets: in progress

• tt+X
• Boosted Z’s
• ...
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Conclusions
• The LHC had fantastically successful, albeit so far frustratingly empty 

2010-2011 runs
• We (nearly) closed several chapters in terms of accessibility at the 7 TeV 

machine:
– “Easy-SUSY” (aka mSUGRA inspired scenarios)
– Extra dimensions and low-scale quantum gravity in most of scenarios

• This required major revisiting of our searches program in the next two years:
– Go after more complex signatures and final states:

• Multijet resonances
• Various long-lived particles
• Boosted objects

– Focus on more natural SUSY scenarios:
• Dedicated searches for third-generation squark and sleptons
• Searches for RPV scenarios and other SUSY models with low MET

• Looking for chargino-neutralino production
– Pushing the Bd,s → µµ analysis to reach SM sensitivity

• All eyes are on the low-mass Higgs:
– Whether we see it or not would tell us a lot about possible new physics at low energies

• New physics maybe already hiding in our 5/fb data samples - we are now 
turning every stone to make sure we find it if it is there to be found (and do not 
find it if it is not there! :))
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Thank You!
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