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Additional gluino decays: theory guidance
SUSY spectrum required by naturalness 

Decays of gluinos involving 3rd generation squarks not addressed by

generic searches: dedicated searches in final states with b-jets

R. Barbieri

SEARCH	  FOR	  A	  HEAVY	  TOP	  PARTNER	  IN	  FINAL	  STATES	  WITH	  TWO	  LEPTONS	  
	  Federico	  Meloni	  (federico.meloni@cern.ch)	  Università	  degli	  Studi	  di	  Milano	  &	  INFN	  

Many	  BSM	  models	  introduce	  an	  heavy	  partner	  T	  of	  the	  top	  quark	  and	  	  
a	  new	  weakly	  interacFng	  parFcle	  A	   
•  Scalar	  top	  partner	  -‐	  Supersymmetry	  	  
•  Spin	  ½	  T	  -‐	  LiKle	  Higgs,	  UED,	  …	  
The	  new	  parFcles	  have	  a	  conserved	  	  
quantum	  number:	  T	  is	  produced	  in	  pairs,	  	  
and	  A	  is	  stable	  (Dark	  MaKer	  candidate)	  	  
	  
In	  this	  analysis	  we	  are	  looking	  for	  	  

	   	  	  (with	  l	  =	  e,µ)	  	  
•  In	  SUSY,	  T	  is	  the	  lightest	  scalar	  top	  	  	  	  and	  A	  is	  the	  lightest	  neutralino	  

In	  SUSY	  the	  scalar	  top	  cancels	  the	  Higgs	  radiaFve	  correcFons	  from	  the	  top	  	  
quark	  loop:	  SUSY	  is	  a	  natural	  soluDon	  to	  the	  hierarchy	  problem	  if,	  and	  only	  	  
if,	  there	  is	  a	  light	  scalar	  top.	  
•  More	  generally,	  in	  BSM	  models	  addressing	  the	  	  

naturalness	  feature	  a	  top	  partner	  T	  is	  expected	  	  
to	  be	  close	  to	  the	  EWSB	  scale.	  	  
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Table 2: E�ciency of the mT2 selection, calculated after all other SR cuts, for signal samples for di↵erent
values of the mass of the scalar top or of the spin-1/2 heavy top quark partner. The mass of the �̃0

1 or A0
is zero in all cases. No signal sample with m(T ) = 200 GeV has been simulated.

Top quark partner mass [ GeV] 200 300 400 500 600
t̃1 t̃1 production 0.02% 7.7% 22.0% 35.6% 43.0%
TT production - 5.3% 15.8% 27.3% 34.3%

A b-tagging algorithm exploiting both impact parameter and secondary vertex information [67] is
used to identify jets containing a b-hadron decay. The chosen operating point has a 60% e�ciency for
tagging b-jets in an MC sample of tt̄ events, with a mis-tag probability for light quarks and gluons of less
than 1%.

5 Event selection

This search uses proton-proton collisions recorded in 2011 at a center-of-mass energy of 7 TeV. After the
application of beam, detector and data quality requirements, the data set corresponds to a total integrated
luminosity of 4.7 fb�1, with an uncertainty of 3.9%, measured as described in Refs. [68, 69].

The data are selected with a three-level trigger system. Events are accepted if they pass either a single
electron trigger reaching a plateau e�ciency of about 97% for electrons with pT > 25 GeV, or a single
muon or a combined muon+jet trigger which reach a plateau e�ciency of about 75%(90%) in the barrel
(end-caps) for events including muons with pT > 20 GeV and jets with pT > 50 GeV. The combined
muon+jet trigger is used for the data taking periods with high instantaneous luminosity, because it is
based on looser cuts on muon identification than the single muon trigger available for those periods,
resulting in a higher plateau e�ciency.

Events are required to have a reconstructed primary vertex with five or more tracks consistent with
the beam spot position, and must pass the quality criteria [63] already mentioned in Section 4 to reject
noise and non-collision backgrounds

Two signal regions (SRs) are defined, one for di↵erent flavor (DF), and one for same flavor (SF)
leptons. For both SRs events are required to have exactly two opposite sign (OS) leptons (electrons or
muons) with an invariant mass larger than 20 GeV. At least one electron or muon must have a momentum
in the trigger e�ciency plateau region described above. If the event contains a third preselected electron
or muon, the event is rejected. At least two jets with pT > 25 GeV, and at least one of them with
pT > 50 GeV, are required. This requirement suppresses WW and Z/�?+jets backgrounds.

For the SF SR additional selections are imposed to suppress the Z/�?+jets, WZ and ZZ backgrounds
which present a significant population of events with large mT2: the invariant mass of the leptons must
be outside the [ 71 GeV, 111 GeV] range, and at least one of the jets must be tagged as a b-jet. After
these selections the background is dominated by tt̄.

Finally, for both SRs, signal candidate events are required to have a value of mT2 larger than 120 GeV.
This requirement suppresses the remaining tt̄ and WW backgrounds by several orders of magnitude and
was chosen to optimize the coverage of the analysis in the t̃1 � �̃0

1 and T � A0 planes.
Before the mT2 selection, tt̄ production is by far the largest background. The e�ciency of the mT2

selection for tt̄ events, calculated after all the other SR cuts, is 0.007%. The e�ciency of the mT2
selection for scalar top and spin-1/2 heavy top quark partner signal samples is reported in Table 2 for
several values of the top quark partner mass and for a massless �̃0

1 or A0. The e�ciency is minimum
when �m = m(t̃1) �m(�̃0

1) or m(T ) �m(A0) is close to the top quark mass, because the kinematics of the
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Event	  SelecDon	  	  
	  

Exactly	  two	  high-‐pT	  leptons	  (veto	  a	  third	  lepton)	  
	  

Two	  channels: 	  Different	  Flavour	  DF	  (eμ)	  
	  	  	  	  	  	  	  	  	  	   	  Same	  Flavour	  SF	  (ee	  ,	  μμ)	  

	  
•  ≥1	  jet	  with	  pT	  >	  50	  GeV	  	  	  -‐	  Reduces	  diboson	  and	  Z+jets	  	  	  
•  ≥2	  jets	  with	  pT	  >	  25	  GeV	  	  	  	  	  	  	  	  	  	  	  	  	  >90%	  signal	  efficiency	  
•  MT2	  >	  120	  GeV 	  	  	  	  	  	  	  -‐	  Kills	  top	  pairs,	  Wt	  and	  WW	  	  
SF	  candidates	  only	  
•  Veto	  71	  GeV	  <	  mll	  <	  111	  GeV	  
•  	  ≥1	  btagged	  jet 	  	  	  	  	  	  	  -‐	  Against	  Z+jets,	  largest	  	  

	   	   	  background	  in	  SF	  	  

Background	  esDmaDon	  
	  	  

Processes	  with	  fake	  or	  not	  isolated	  leptons	  	  
•  Small,	  includes	  double	  fakes	  (QCD)	  and	  fake-‐real	  lepton	  pairs	  (W+jets)	  
•  Data-‐driven	  esFmate	  using	  a	  matrix	  method	  (see	  below)	  
	  
Top	  pair	  and	  Z+jets	  
•  Dominant	  backgrounds	  
•  NormalizaFon	  from	  data	  in	  appropriate	  control	  regions	  (CR)	  
•  MC	  used	  to	  relate	  the	  CR	  measurement	  to	  the	  signal	  region	  (SR)	  expectaFon	  
	  
Diboson,	  Wt,	  ;W,	  ;Z	  	  
•  EsFmated	  from	  MC	  
	  

Conclusions	  
	  	  

We	  set	  95%	  CL	  limits	  using	  the	  CLs	  method.	  	  
Limits	  on	  σ	  x	  A	  x	  ε	  are	  provided	  in	  the	  results	  table.	  
These	  are	  model	  independent:	  a	  theoreFcian	  can	  validate	  his/her	  detector	  	  
response	  modeling	  against	  acceptance	  and	  compare	  signal	  yields	  with	  those	  	  
limits	  for	  any	  given	  model.	  

in Ref. [56].

8 Results

In Fig. 1 the distributions of Emiss
T and of the pT of the leading and subleading leptons are shown after

all selection criteria except that on mT2. Fig. 2 shows the distributions of the mT2 variable after the same
selections. In Fig. 3 the mT2 distribution is shown in linear scale for events with mT2 > 100 GeV. The
contributions from all SM backgrounds are shown together with their total statistical and systematics
uncertainties. For illustration, the distributions for two possible signal hypotheses are also shown. The
data agree with the SM background expectation within uncertainties.

Table 5 shows the expected number of events in the SR for each background source and the observed
number of events. No excess of events in data is observed, and limits at 95% Confidence Level (CL)
are derived on the visible cross section �vis = � ⇥ ✏ ⇥A where � is the total production cross section
for any non-SM signal, A is the acceptance defined by the fraction of events passing the geometric
and kinematic selections at particle level, and ✏ is the detector reconstruction, identification and trigger
e�ciency. Limits are set using a likelihood ratio method (CLs prescription), as described in Ref. [76].
The results are given in Table 5.

Table 5: Number of expected SM background events and number of observed events in data in both SRs.
The quoted errors are the total uncertainty on the expected rates. For Z/�?+jets and tt̄ the scale factors
(SF) from measurements in the CR which have been applied to the MC predictions are also reported. A
dash symbol indicates negligible background predictions. The expected yield for two signal models is
also reported. Observed and expected upper limits at 95% confidence level on �vis = � ⇥ ✏ ⇥A are also
shown.

SF DF
Z/�?+jets 1.2 ± 0.5 -
(Z/�?+jets scale factor) (1.27) -
tt̄ 0.23 ± 0.23 0.4 ± 0.3
(tt̄ scale factor) (1.21) (1.10)
tt̄W + tt̄Z 0.11 ± 0.07 0.19 ± 0.12
WW 0.01+0.02

�0.01 0.19 ± 0.18
WZ + ZZ 0.05 ± 0.05 0.03 ± 0.03
Wt 0.00+0.17

�0.00 0.10+0.18
�0.10

Fake leptons 0.00+0.14
�0.00 0.00+0.09

�0.00
Total SM 1.6 ± 0.6 0.9 ± 0.6
Signal, m(t̃1) = 300 GeV, m(�̃0

1)= 50 GeV 2.15 3.73
Signal, m(T) = 450 GeV, m(A0)= 100 GeV 3.10 5.78
Observed 1 2
95% CL limit on �obs

vis [fb] 0.86 1.08
95% CL limit on �exp

vis [fb] 0.89 0.79

The results obtained are used to derive limits on the mass of a pair-produced heavy top quark partner
decaying into a top quark and a weakly interacting particle with 100% branching ratio. The limits are
derived in the plane defined by the mass of the two particles for two scenarios: a model with a scalar top
t̃1 and a spin-1/2 neutralino �̃0

1, and a scenario with a spin-1/2 top quark partner T and a scalar boson A0.
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Data	  are	  found	  to	  be	  in	  agreement	  with	  
the	  SM	  expectaFons.	  
•  Limits	  on	  a	  spin	  ½	  top	  partner	  are	  significantly	  	  

extended:	  for	  m(Α)<100	  GeV,	  m(T)<483	  GeV	  	  
are	  excluded	  (expected:	  518	  GeV).	  	  

•  Limits	  on	  a	  scalar	  top	  decaying	  into	  a	  top	  	  
quark	  and	  	  	  	  	  	  are	  set:	  for	  massless	  	  	  	  	  ,	  	  
the	  observed	  exclusion	  is	  298	  -‐	  304	  GeV	  
(expected	  258	  –	  374	  GeV)	  

Top	  Background	  Es@ma@on	  
	  
Define	  a	  CR	  with	  all	  selecFon	  
cuts	  but	  85	  <	  MT2	  <	  100	  GeV	  	  
Good	  agreement	  between	  	  
observed	  and	  expected	  rates	  
Good	  expected	  top	  purity	  
	  
Data/MC	  scale	  factor	  is	  	  
•  1.21	  ±	  0.19	  for	  SF	  channels	  	  
•  1.10	  ±	  0.13	  for	  DF	  channels	  
The	  two	  channels	  are	  normalized	  independently	  

Table 3: Expected background composition and comparison of the predicted total SM event yield to the
observed number of events in the top quark control regions described in the text. The expected Z/�?+jets
rate in the DF channel is negligible. The quoted uncertainties include the systematic uncertainties de-
scribed in Section 7.

tt̄ CR tt̄ CR
Process DF SF
tt̄ 68 ± 11 39 ± 11
tt̄W + tt̄Z 0.37 ± 0.07 0.20 ± 0.05
Wt 2.7 ± 1.0 1.8 ± 0.6
Z/�?+jets - 3.5 ± 1.4
Fake leptons 0.4 ± 0.3 0.5 ± 1.6
Diboson 0.49 ± 0.14 0.10 ± 0.05
Total non-tt̄ 4.0 ± 1.5 6.1 ± 3.7
Total expected 72 ± 11 45 ± 12
Data 79 53

signal are then similar to those of tt̄ background event, and it increases with increasing �m. For equal
masses, the spin-1/2 top quark partner signals have a slightly lower e�ciency than scalar top signals,
because of polarization e↵ects in the decay.

6 Background estimation

The dominant SM background contributions to the SRs are top quark pair production and Z/�?+jets.
They are extracted by defining a control region (CR) populated mostly by the targeted background, and
using MC to extrapolate from the rate measured in the CR to the expected background yield in the SR:

N(SR) =
�

NData(CR) � Nothers(CR)
� NMC(SR)

NMC(CR)

where NData(CR) is the number of data events observed in the CR, NMC(CR) and NMC(SR) are the number
of events of the targeted background expected from MC in the CR and SR respectively, and the term
Nothers(CR) is the contribution from the other background sources in the CR which is estimated from MC
(except for the fake lepton background which is estimated using the data driven technique described
below). The ratio between number of MC events in the SR and number of MC events in the CR for a
given background source is referred to as transfer factor in the following.

The tt̄ CR is defined akin to the SR, except for mT2, which is required to be between 85 GeV and
100 GeV. The expected background composition of the tt̄ CR is reported in Table 3. The contamination
due to fake leptons is evaluated from data with the technique described below, while all the other pro-
cesses are obtained from the MC prediction. The tt̄ background is expected to account for 86% and 94%
of the SM rate in the SF and DF CRs, respectively. The number of observed events is in good agreement
with the expected event yields.

The systematic uncertainties on the modelling of the tt̄ background transfer factor due to the choice
of the MC generator are assessed by comparing the baseline sample simulated with mc@nlo with the
alternative samples described in Section 3.

The background from Z/�?+jets is only relevant for the SF selection in the case of the decay channels
Z ! ee or µµ. For Z ! ⌧⌧ decays, which would contribute both to the SF and the DF samples, the
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T	  =	  Ight	  is	  the	  standard	  electron	  and	  muon	  selecFon	  
L	  =	  baseline	  electrons	  or	  muons	  with	  relaxed	  idenDficaDon	  cuts	  
The	  probability	  f	  of	  a	  fake	  lepton	  to	  pass	  Ight	  is	  measured	  in	  two	  QCD	  	  
control	  samples:	  	  
•  1	  baseline	  lepton,	  1	  jet,	  Δφ(lep-‐pTmiss)	  <	  0.5,	  ETmiss	  <	  25	  GeV	  	  
•  A	  baseline	  not	  Ight	  same	  sign	  DF	  pair,	  no	  jets,	  ETmiss	  <	  25	  GeV	  as	  a	  funcFon	  	  

of	  lepton	  η	  and	  pT,	  ΣET,	  ΔR(lj)min	  
The	  probability	  r	  of	  a	  real	  lepton	  to	  pass	  Ight	  is	  measured	  in	  Z	  events	  with	  
a	  tag	  and	  probe	  technique.	  	  

Fake estimate – matrix method
(Widely used) matrix method: the number of events with real or fake leptons is obtained 
from the number of events with baseline (L) or tight (T) leptons inverting the matrix: 

20/06/2012 Search for a heavy top partner in two leptons – Open Presentation  

Fake background (1/3)

• Matrix method: number of real (R) and fake (F ) obtained from the number of observed
events with tight (T ) and loose (L) leptons
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• f1(2): “fake rate” ratio for loose
leptons for the (sub-)leading lepton

• f 1 and f2 parametrized by the lepton
⌘ and p
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and 4Rmin
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• Both r and f depend on the
definitions of T and L leptons:
� Loose electrons:

• MediumPP electrons
• No isolation cut

� Loose muon:
• No isolation cut

• Control sample for reconstruction
efficiency(r):
� 1 tight + 1 loose lepton
� 86 < m

ll

< 96 GeV
• Fake rate f taken as weighted average

from 2 control samples:
� Exactly 1 lepton at least loose

• At least 1 jet
• ��(l � Emiss

T

) < 0.5
• Emiss

T

< 25 GeV
� 2 leptons eµ same-sign, one

exclusively loose, N
jets

> 0

• Emiss

T

< 25 GeV
22 / 35

Tight is the standard electron and muon selection 
Baseline electrons: drop isolation, medium isEM instead of tight 
Baseline muons: drop isolation 
 
The probability f of a real baseline lepton to pass tight is measured in two QCD control  
samples  
!  1 baseline lepton, 1 jet, Δφ(lep-pT

Miss) < 0.5, ET
Miss < 25 GeV  

!  A baseline not tight same sign DF pair, no jets, ET
Miss < 25 GeV  

as a function of lepton η and pT, ΣET, ΔR(lj)min 
The probability r of a real baseline lepton to pass tight is measured in Z events with a 
tag and probe technique. 

Z+jets	  Background	  Es@ma@on	  
	  

Define	  a	  CR	  with	  all	  selecFon	  cuts	  but	  71	  <	  mll	  <	  111	  GeV	  	  
•  The	  transfer	  factor	  is	  computed	  before	  the	  b-‐tagging	  

requirement	  to	  improve	  MC	  staFsFcs	  
•  The	  transfer	  factor	  doesn’t	  depend	  on	  b-‐tagging	  

Fake	  lepton	  background	  
	  

TT→ AtAt→ Ablν Ablν
t1 χ1

0

max mT pT
1 , qT

1( ),mT pT
2, qT

2( )!
"

#
$<m W( )

χ1
0 χ1

0

Table 3: Expected background composition and comparison of the predicted total SM event yield to the
observed number of events in the top quark control regions described in the text. The expected Z/�?+jets
rate in the DF channel is negligible. The quoted uncertainties include the systematic uncertainties de-
scribed in Section 7.

tt̄ CR tt̄ CR
Process DF SF
tt̄ 68 ± 11 39 ± 11
tt̄W + tt̄Z 0.37 ± 0.07 0.20 ± 0.05
Wt 2.7 ± 1.0 1.8 ± 0.6
Z/�?+jets - 3.5 ± 1.4
Fake leptons 0.4 ± 0.3 0.5 ± 1.6
Diboson 0.49 ± 0.14 0.10 ± 0.05
Total non-tt̄ 4.0 ± 1.5 6.1 ± 3.7
Total expected 72 ± 11 45 ± 12
Data 79 53

signal are then similar to those of tt̄ background event, and it increases with increasing �m. For equal
masses, the spin-1/2 top quark partner signals have a slightly lower e�ciency than scalar top signals,
because of polarization e↵ects in the decay.

6 Background estimation

The dominant SM background contributions to the SRs are top quark pair production and Z/�?+jets.
They are extracted by defining a control region (CR) populated mostly by the targeted background, and
using MC to extrapolate from the rate measured in the CR to the expected background yield in the SR:

N(SR) =
�

NData(CR) � Nothers(CR)
� NMC(SR)

NMC(CR)

where NData(CR) is the number of data events observed in the CR, NMC(CR) and NMC(SR) are the number
of events of the targeted background expected from MC in the CR and SR respectively, and the term
Nothers(CR) is the contribution from the other background sources in the CR which is estimated from MC
(except for the fake lepton background which is estimated using the data driven technique described
below). The ratio between number of MC events in the SR and number of MC events in the CR for a
given background source is referred to as transfer factor in the following.

The tt̄ CR is defined akin to the SR, except for mT2, which is required to be between 85 GeV and
100 GeV. The expected background composition of the tt̄ CR is reported in Table 3. The contamination
due to fake leptons is evaluated from data with the technique described below, while all the other pro-
cesses are obtained from the MC prediction. The tt̄ background is expected to account for 86% and 94%
of the SM rate in the SF and DF CRs, respectively. The number of observed events is in good agreement
with the expected event yields.

The systematic uncertainties on the modelling of the tt̄ background transfer factor due to the choice
of the MC generator are assessed by comparing the baseline sample simulated with mc@nlo with the
alternative samples described in Section 3.

The background from Z/�?+jets is only relevant for the SF selection in the case of the decay channels
Z ! ee or µµ. For Z ! ⌧⌧ decays, which would contribute both to the SF and the DF samples, the
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mT l,ν( ) = 2pT l( ) pT ν( ) 1− cos ϕl −ϕν( )"# $% <m(W )
Stransverse	  mass:	  the	  lepton-‐neutrino	  transverse	  	  
mass	  obeys	  
on	  both	  sides:	  
	  
The	  direcFon	  of	  the	  two	  neutrinos	  is	  unknown,	  	  
but	  it’s	  possible	  to	  try	  all	  possibiliDes	  and	  take	  the	  	  
minimum.	  	  
	  
MT2	  <	  m(W)	  for	  top	  pairs,	  and	  also	  for	  Wt	  and	  WW.	  	  	  
Signal	  has	  two	  addiFonal	  (A	  or	  χ)	  parFcles	  contribute	  to	  	  
missing	  energy	  (ETmiss)	  leading	  to	  events	  with	  MT2	  >	  m(W)	  	  
•  BeKer	  if	  m(T)-‐m(A)	  is	  large	  (more	  momentum	  transferred	  to	  A)	  
	  
Main	  backgrounds	  before	  the	  MT2	  selecFon	  is	  by	  far	  top	  pairs.	  
Only	  0.007%	  of	  top	  pair	  events	  passing	  all	  other	  selecIons	  	  
survives	  the	  MT2	  cut	  	  
•  Surviving	  events	  are	  due	  to	  finite	  ETmiss	  detector	  resoluFon	  	  
•  Good	  signal	  efficiency	  (20-‐40%)	  for	  m(T)-‐m(A)	  >	  m(t)+200	  GeV	  	  

EXAMPLE	  OF	  
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