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Outline	  

!   ATLAS	  and	  CMS	  jet	  inputs	  
!   Jets	  and	  Jet	  Substructure:	  moBvaBon	  and	  
algorithms	  

!   Recent	  performance	  results:	  
• W	  boson	  tagging	  
• Top	  tagging	  

!   Other	  recent	  highlights	  
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ATLAS	  and	  CMS	  Jet	  Inputs	  

! LAr	  electromagneBc	  and	  high	  
resoluBon	  Ble	  hadronic	  calorimeter	  

!   Inputs	  to	  Jet	  ReconstrucBon	  
!   3D	  topological	  clusters:	  seed	  cell	  with	  Ecell	  

>	  4σ	  	  and	  neighbours	  Ecell>2σ	  
!   Noise	  suppression	  and	  calibraBon	  
	  

!   Fast	  and	  extremely	  high	  resoluBon	  
ECAL	  with	  high	  (transverse)	  granularity	  	  

!   Reduced	  material	  in	  front	  of	  ECAL	  and	  
strong	  magneBc	  field	  

!   ParBcle	  flow	  ReconstrucBon:	  	  
!   Link	  HCAL+ECAL	  clusters	  and	  tracks	  
!   If	  Ecal	  ~	  ptrack	  fit	  track	  and	  calo	  energy	  
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ATLAS%and%CMS1

Tracking detector within 2T magnetic 
field 
 
Excellent hadronic calorimeter 
resolution 
 
Fine longitudinal segmentation 
•  3 to 7 layers 

Long integration time: 
•  ~20 bunch crossings  

HCAL 
ECAL 

Tracker 

Tracking and calorimeters inside strong 3.8 T 
superconducting magnet 
•  Reduced inactive material in front of 

calorimeters 
•  Greater separation between particle showers  
•  Low pT charged particles not reaching 

calorimeter and increased out-of-cone 
High transverse granularity and high 
resolution crystal ECAL  
Fast integration time (~2 bunch crossings) 
•  no out-of-time pileup 
No longitudinal segmentation in ECAL/HCAL 

ATLAS	  

CMS	  
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Jet	  Substructure:	  MoBvaBon	  

!   At	  LHC	  √s	  ⨠	  MEW	  =>	  high	  pT	  	  boosted	  objects	  
!   Also	  choose	  high-‐pT	  region	  to	  reduce	  QCD	  backgrounds	  
!   Decay	  products	  merge	  into	  single	  fat	  jet	  
!   Need	  to	  look	  at	  substructure	  for	  tagging	  
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E.g.,	  Search	  for	  	  	  	  	  resonances	   ATLAS-‐CONF-‐2013-‐052	  tt
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Jet	  Substructure:	  MoBvaBon	  

!   At	  LHC	  √s	  ⨠	  MEW	  =>	  high	  pT	  	  boosted	  objects	  
!   Also	  choose	  high-‐pT	  region	  to	  reduce	  QCD	  backgrounds	  
!   Decay	  products	  merge	  into	  single	  fat	  jet	  
!   Need	  to	  look	  at	  substructure	  for	  tagging	  	  
	  

!   Also	  high-‐pileup	  condiBons	  	  
!   Substructure	  grooming	  can	  

	  remove	  sod	  contribuBons	  	  
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Jets	  Substructure:	  Algorithms	  
!   IdenBfy	  hard	  consBtuents	  via	  spli4ng,	  decomposi6on	  
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For	  example	  (explored	  in	  ATLAS	  results	  here)	  
!   BDRS	  aka	  Mass-‐drop	  Filtering:	  

!   Cambridge-‐Aachen	  (CA)	  R=1.2	  Fat	  jet	  
!   Split	  with	  μ12	  <	  2/3,	  √yf	  >	  0.3 

!   BDRS-‐A:	  	  
!   CA	  R=1.2	  	  
!   Split	  √yf	  >	  0.2	  	  
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Jets	  Substructure:	  Algorithms	  
! Improve	  resoluBon	  and	  pileup	  resistance	  via	  trimming,	  filtering,	  

pruning	  
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For	  example	  
!   BDRS	  	  Filtered	  with	  	  	  
Rsubjet	  =	  min(0.3,R12/2)	  	  

•  BDRS-‐A	  Filtered	  with	  	  
Rsubjet	  =	  0.3	  

E.g.	  (explored	  in	  CMS	  results	  here)	  	  
Pruned	  CA	  R=0.8	  jets	  
!   	  zcut=	  0.1	  	  ;	  dcut	  =	  0.5	  *	  morig/pTorig	  



Wahid	  Bhimji	  

Jet	  Substructure:	  some	  variables	  
Also	  make	  use	  of	  substructure	  variables,	  for	  example	  
!   Mass	  drop	  μ12	  ,	  Momentum	  FracBon	  √yf	  
	  
!   N-‐subjenness:	  

!   Sum	  over	  jet	  consBtuents	  (k)	  
!   Small	  if	  jet	  consistent	  with	  N	  subjets	  hypothesis	  
!   τ2/τ1	  used	  to	  discriminate	  2-‐body	  decays	  from	  W	  bosons	  	  
	  

!   Also	  Qjet	  volaBlity	  (νQJets),	  jet	  width,	  jet	  charge,	  planar	  
flow,	  correlaBon	  funcBons	  
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• N-subjettiness [11] The jet shape variable “N-subjettiness” describes to what degree the sub-
structure of a given jet resembles N or fewer subjets. The parameter ⌧N is used to describe the
substructure and is defined as

⌧N =

P
k pT,k(min{�R1,k,�R2,k, ...,RN,k})�P

k pT(R0)�
(6)

where the sum runs over the constituents of the jet, pT,k is the momentum of constituent k, �RA,k
is the azimuth-rapidity distance between subjet axis A and particle k and R0 is the characteristic
jet radius. The constant � is an angular weighting component, set to 1 for this study. While the ⌧N
variables on their own are not particularly powerful at discriminating the number of hard subjets,
the ratios ⌧N/⌧N�1 are powerful discriminants of jets containing N hard subjets. In this note, ⌧2/⌧1
is used to highlight the two-body structure of a jet coming from W decays.

• Q-jets mass volatility [24] For a jet clustered with a given recombination jet clustering algorithm,
the Q-jets technique reclusters the jet many times with a degree of randomness. Following this,
any jet observable, such as the mass, will have a distribution for a given jet. At a given step in
clustering, the probability that a pair is clustered is proportional to

!i j(↵) = exp

8>><
>>:�↵
�R2

i j � �R2
min

�R2
min

9>>=
>>; , (7)

where the rigidity ↵ 2 R controls the level of randomness. A value of ↵ = 0.1 was optimised in
Ref. [10] and adopted in this study. The high mass in W jets tends to persist during the re-clustering
while the mass of QCD jets fluctuates. A sensitive observable to this trend is the coe�cient of
variation of the mass distribution for a single jet, called the volatility:

⌫QJets =

p
hm2i � hmi2
hmi . (8)

Jet Grooming Algorithms for use in W-tagging:

Five di↵erent definitions of jets, corresponding to di↵erent combinations of clustering and grooming, are
considered in the studies presented here. These are described illustratively in Figure 1 and listed below
with a brief description of why they are selected for comparison in this note.

• Trimmed [1, 2]: anti-kt, R = 1.0 trimmed jets with fcut > 5% and Rsubjet = 0.3. Subjets are
reconstructed with the anti-kt algorithm with a parameter Rsubjet, and removed if they carry less
than fcut of the jet pT . Trimming has been studied in depth in ATLAS [2] and was found to be
e↵ective at uncovering hard substructure and stable with respect to varying pileup conditions.

• BDRS [6]: C/A, R = 1.2 jets, split with µ12 <
2
3 and pyf > 0.3 and filtered with Rsubjet =

min(0.3,R12/2). Here µ12 is the ‘mass-drop’ and yf is the momentum balance. The BDRS jet
tagging method decomposes C/A jets back through clustering steps to search for hard structure
within the large-R jet. The jet J at a given stage of the cluster history is decomposed into two
subjets: j1 and j2. If there is a significant mass drop, µ12 < µmax = 2/3, and the momentum is
balanced (pyf > 0.3), then the parent jet is presumed to represent some hard structure and the
procedure ends by returning this jet. If the cuts fail then the highest mass subjet is taken as the new
parent jet and the procedure continues. The filtering step consists in removing the radiation not
belonging to the last three subjets in the clustering process. In this way the BDRS method works
its way back through the clustering steps of the C/A jet until it reaches the hard structure. As with
trimmed jets, this configuration of jets has been studied in depth in ATLAS [2] and was found to
be performant.

3
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!   Evaluate	  various	  algorithms	  in	  pT	  
ranges	  
!   Signal	  Monte-‐Carlo:	  Kaluza-‐Klein	  
Graviton	  -‐>	  WW	  -‐>	  lνqq	  

!   Background:	  W+jets	  (Sherpa)	  
!   Main	  discriminant	  is	  jet	  mass	  (look	  
for	  W	  peak):	  	  

•  Define	  window	  with	  68%	  signal	  
!   Also	  look	  at	  wide	  range	  of	  
substructure	  variables	  and	  find	  
opBmum	  variable	  +	  alogorithm	  
combinaBons.	  

W	  boson	  tagging	  ATLAS	  

Jets	  and	  Substructure	  at	  the	  LHC	   11	  
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!   Measured	  performance	  of	  each	  
opBmal	  combinaBon	  
!   Algorithms	  perform	  similarly	  
parBcularly	  when	  ‘groomer	  +	  tagger’	  
performance	  are	  taken	  together	  (i.e.	  
within	  mass	  window)	  

!   Data/MC	  comparison	  using	  W	  
bosons	  from	  semileptonic	  x-‐bar	  
sample	  	  	  
!   High-‐purity	  (~98%)	  selecBon	  using	  
HepTopTagger	  

!   Good	  agreement	  for	  relevant	  
variables	  

	  
	  	  

W	  boson	  tagging	  ATLAS	  
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W	  boson	  tagging	  CMS	  

!   Use	  CA	  R=0.8	  w/pruning	  
!   Performance	  for	  Signal	  X-‐>WLWL,	  
Background:	  W	  +	  jets	  (MadGraph
+Pythia6)	  

	  
!   Variety	  of	  variables:	  

!   And	  for	  N-‐subjeBness	  evaluate	  an	  
alternaBve	  with	  one	  step	  
opBmizaBon	  of	  exclusive	  kT	  axes	  	  

13	  
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W	  boson	  tagging	  CMS	  

! OpBmised	  τ2/τ1	  is	  best	  performing	  
variable	  	  

!   Also	  look	  at	  a	  MVA	  
!   Offers	  lixle	  further	  improvement	  

!   Data/MC	  Comparison	  in	  both	  W
+jets	  and	  a	  semileptonic	  	  x-‐bar	  
!   Decent	  agreement	  

!   Form	  scale-‐factor	  for	  cut	  on	  τ2/τ1	  
(<	  0.5)	  from	  data/MC	  efficiency	  	  in	  
x-‐bar	  sample	  (0.905	  ±	  0.08	  (stat)	  )	  
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Top	  Tagging	  CMS	  

!   Evaluate	  alternaBves	  
including	  CMSTopTagger	  
!   Two-‐stage	  decomposiBon	  of	  
CA	  R=0.8	  jets	  

!   Add	  subjet	  b-‐tag	  and	  τ3/τ2	  to	  
form	  Combined	  tagger	  	  
!   Best	  for	  pT	  >	  400	  GeV/c	  	  
!   Low	  pT	  top	  not	  contained	  in	  
R=0.8	  jet	  -‐	  use	  HEPTopTagger	  

!   η	  dependant	  scale-‐factors	  
from	  data	  /	  MC	  efficiencies	  	  

16	  Jets	  and	  Substructure	  at	  the	  LHC	  
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Top	  Tagging	  ATLAS	  
!   Previous	  studies	  evaluate	  range	  

of	  taggers	  e.g.	  ATLAS-‐CONF-‐2013-‐084	  
!   Focus	  here	  on	  ATLAS-‐CONF-‐2014-‐003	  

on	  Shower	  Deconstruc6on:	  
!   Input	  collecBon	  of	  CA	  R=0.2	  

subjets	  within	  Akt	  R=1.0	  jet.	  	  
Four-‐momenta	  {p}N	  =	  {p1,..,	  pN}	  

!   Different	  series	  of	  parton	  
branchings	  that	  could	  build	  this	  
gives	  shower	  histories	  {p,cj}N	  that	  
are	  assigned	  to	  categories	  cij	  	  

!   Assign	  splinng	  probabiliBes.	  
Form	  likelihood	  raBo:	  
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Table 1: List of shower deconstruction input parameters with their nominal values. For the initial shower
scale, the pT and m are those of the large-R jet.

Parameter Nominal value
Subjet R parameter 0.2

Number of leading subjets to consider 9
Large-R jet R parameter 1

Minimum subjet pT 20 GeV
W mass 80.4 GeV

W mass window ± 12 GeV
Initial shower scale Q2 = p2

T + m2

Top quark mass 172.3 GeV
Top quark mass window ± 40 GeV

combining all of these propagators, shower histories are constructed [3, 4].
The shower histories are used to construct a likelihood ratio �SD({p}N) using the subjet four-vectors

as inputs,

�SD({p}N) =
P({p}N |S)
P({p}N |B)

=

P
histories P({p, c j}N |S)
P

histories P({p, c j}N |B)
(1)

where P({p}N |S) is the probability of obtaining {p}N given the signal hypothesis, and P({p}N |B) is the
probability for obtaining {p}N from background jets arising from background processes. P({p}N |B) and
P({p}N |S) are calculated as the sum of the probabilities for each shower history. The total probabil-
ity depends on the number of shower histories considered, which is usually larger for the background
hypothesis than for the signal hypothesis.

The signal and background have di↵erent colour structures and subjet kinematics because the sig-
nal contains a massive electroweak-scale resonance decay with associated radiation, and the background
comes only from splittings of energetic partons. These di↵erences are reflected in the decay matrix
element, splitting functions and the Sudakov factors, resulting in di↵erent values for P({p}N |S) and
P({p}N |B) when testing the same input. Thus, based on the kinematics of the subjets, the large-R jet
looks either more like a top jet or more like a QCD jet.

It is only possible to define �SD when the subjets are kinematically compatible with a hadronic top
quark decay. This leads to the following requirements: the jet has at least three subjets; two or more
subjets must have a mass close to the W boson mass; and at least one more subjet can be added to
obtain a total mass close to the top mass. Events failing these requirements have undefined �SD and
are labelled as �SD(fail) in the subsequent sections and plots. Events satisfying these requirements are
labelled as �SD(pass). The mass windows and other parameters used in this study are listed in Table 1.
The computation time needed for the calculation of �SD grows exponentially with the subjet multiplicity,
thus the input is restricted to the nine leading subjets of the leading large-R jet.

Figure 1 illustrates the SD algorithm for a simulated anti-kt [9] large-R jet from Z0!tt decay for
mZ0 = 1.75 TeV. It has six Cambridge-Aachen (C/A) [10, 11] subjets, selected and reconstructed as
described in Section 4.3, from which more than 1500 (35000) possible shower histories for the signal
(background) hypothesis can be created. The three shower histories with the largest signal probabilities
are shown. Two features of SD are shown here. First, multiple interpretations of the substructure of a
jet are used. Here, two di↵erent combinations of subjets can be built with masses close to the W boson
mass. Second, all the input subjets are used by the algorithm; they are assigned to the top decay and
parton emissions from its decay products, to parton emission from the top or to initial-state radiation.

2
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One (of >1500) (signal) shower 
histories:  
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ATLAS	  Shower	  DeconstrucBon	  
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!   Performance	  measured	  
using	  same	  samples	  as	  
ATLAS-‐CONF-‐2013-‐084	  
!   Improved	  performance	  over	  
range	  of	  efficiency	  

!   Not	  including	  systemaBcs	  
	  

!   Data	  /	  MC	  comparison	  	  
!   SaBsfactory	  agreement	  and	  
stable	  with	  pileup	  	  
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Outline	  

!   ATLAS	  and	  CMS	  jet	  inputs	  
!   Jets	  and	  Jet	  Substructure:	  moBvaBon	  and	  
algorithms	  

!   Recent	  performance	  results:	  
• W	  boson	  tagging	  
• Top	  tagging	  

!   Other	  recent	  highlights	  
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Some	  other	  recent	  highlights	  
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| < 2η|!   Quark-‐gluon	  tagging
CMS-‐JME-‐13-‐002	  
ATLAS	  arXiv:1405.6583	  	  
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Some	  other	  recent	  highlights	  
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!   Quark-‐gluon	  tagging
CMS-‐JME-‐13-‐002	  
ATLAS	  arXiv:1405.6583	  	  

!   b-‐tagging	  in	  boosted	  jets	  
CMS-‐PAS-‐BTV-‐13-‐001	  

!   Jet	  pull	  performance	  
ATLAS-‐CONF-‐2014-‐048	  	  

!   Pile-‐up	  jet	  id/subtracBon
CMS-‐PAS-‐JME-‐13-‐005	  
ATLAS	  High	  Mu	  
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Some	  other	  recent	  highlights	  
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!   Quark-‐gluon	  tagging
CMS-‐JME-‐13-‐002	  
ATLAS	  arXiv:1405.6583	  	  

!   b-‐tagging	  in	  boosted	  jets	  
CMS-‐PAS-‐BTV-‐13-‐001	  

!   Jet	  pull	  performance	  
ATLAS-‐CONF-‐2014-‐048	  	  

!   Pile-‐up	  jet	  id/subtracBon
CMS-‐PAS-‐JME-‐13-‐005	  
ATLAS	  High	  Mu	  

!   Physics	  –	  e.g.Cross-‐secBon	  of	  
high	  pT	  vector	  bosons:
ATLAS	  CERN-‐PH-‐EP-‐2014-‐123	  	  
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Figure 5: The jet mass distributions for low-pileup (Nvtx < 5) and high-pileup

(Nvtx > 10) conditions in MC (PYTHIA 8.153 for background plus HERWIG 6.520
for signal) and data, where Nvtx is defined as the number of reconstructed collision

vertices in an event. The cases without grooming, after applying pruning, trimming

and area subtraction are shown. Here, Nvtx is defined as the number of reconstructed

primary vertices in the event. The uncertainties are statistical only.

8. Conclusion

This paper presents a measurement of the production cross-section of a hadronically

decaying boosted W or Z boson with transverse momentum pT > 320 GeV and

pseudorapidity |η| < 1.9 in pp collisions at a centre-of-mass energy of 7 TeV with the
ATLAS detector at the LHC. The measurement is performed by reconstructing boosted

W and Z bosons in single jets. The reconstructed jet mass is used to identify the W and

Z bosons and a jet substructure method based on energy cluster information in the jet

centre-of-mass frame is used to suppress the large multi-jet background. The measured

cross-section is:

σW+Z = 8.5± 0.8 (stat.)± 1.5 (syst.) pb.

The measured value is found to be in agreement with the theoretical prediction for the

same kinematic range of σW+Z = 5.1±0.5 pb, obtained from the NLO QCD calculation,

within 2 σ. The total uncertainty in the measured cross-section is of the same order of

magnitude as the uncertainties in measurements performed with leptonic decay channels

for a similar kinematic region [2, 3, 4].
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Some	  other	  recent	  highlights	  
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And	  Boost2014	  next	  week!	  

!   Quark-‐gluon	  tagging
CMS-‐JME-‐13-‐002	  
ATLAS	  arXiv:1405.6583	  	  

!   b-‐tagging	  in	  boosted	  jets	  
CMS-‐PAS-‐BTV-‐13-‐001	  

!   Jet	  pull	  performance	  
ATLAS-‐CONF-‐2014-‐048	  	  

!   Pile-‐up	  jet	  id/subtracBon
CMS-‐PAS-‐JME-‐13-‐005	  
ATLAS	  High	  Mu	  

!   Physics	  –	  e.g.Cross-‐secBon	  of	  
high	  pT	  vector	  bosons:
ATLAS	  CERN-‐PH-‐EP-‐2014-‐123	  	  
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!   Jet	  substructure	  offers	  powerful	  techniques,	  	  
essenBal	  for	  analyses	  at	  LHC	  Run	  2	  and	  beyond	  
!   Tagging	  to	  unveil	  composiBon	  of	  boosted	  objects,	  grooming	  
for	  resoluBon	  and	  pileup	  resistance	  

!   Considerable	  recent	  acBvity	  in	  validaBng	  and	  
opBmising	  these	  techniques	  at	  the	  LHC	  
!   Building	  opBmum	  taggers	  with	  scale-‐factors	  

!   Now	  need	  to	  finalise	  methods	  for	  scale-‐factors	  
and	  uncertainBes	  –	  ready	  to	  use	  for	  Run	  2	  physics!	  	  

Conclusions	  

Jets	  and	  Substructure	  at	  the	  LHC	   24	  
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Extra	  Slides	  
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!   ILC	  exploring	  fine	  granularity	  
parBcle	  flow	  calorimetry	  –	  
hardware	  and	  sodware	  

!   At	  CLIC	  energies	  expect	  to	  see	  
merged	  jets	  

And	  Beyond	  

Jets	  and	  Substructure	  at	  the	  LHC	   26	  

From J.S.Marshall CHEF2013 
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Physics	  MoBvaBon-‐	  Boosted	  bosons	  
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Jet	  Algorithms	  at	  LHC	  
! Partons	  in	  ATLAS/CMS	  produce	  

dispersed	  hadrons	  -‐	  clustered	  
together	  by	  jet	  algorithm	  

!   	  Standard	  LHC	  choice	  uses	  distance	  
parameter	  dij:	  

	  
	  

!  n=-‐1	  An6-‐kT	  used	  extensively	  at	  LHC,	  
regular	  shaped	  jets,	  robust	  to	  pileup	  

!  n=1	  kT	  algorithm	  	  
!  n=0	  Cambridge-‐Aachen	  (CA)	  –	  only	  angular	  

info	  

!   Can	  undo	  clustering	  to	  reveal	  
hard	  structure	  

	  
	  

28	  

Cacciari,	  Salam,	  Soyez	  JHEP	  0804	  (2008)	  063	  

Jets	  and	  Substructure	  at	  the	  LHC	  
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Boson	  Tagging	  
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Jet	  Substructure	  –	  some	  variables	  
!   Mass	  drop	  μ12	  ,	  Momentum	  FracBon	  √yf	  
	  
!   N-‐subjenness:	  

!   Small	  if	  jet	  has	  N	  subjets	  
!   τ2/τ1	  used	  to	  discriminate	  2-‐body	  decays	  from	  W	  bosons	  	  
	  

! Qjet	  volaBlity	  
! Recluster	  with	  a	  weight	  ωij(α)	  	  
!   Measured	  a	  volaBlity	  νQJets	  	  

!   Also	  jet	  width,	  jet	  charge,	  planar	  flow,	  correlaBon	  
funcBons	  
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• N-subjettiness [11] The jet shape variable “N-subjettiness” describes to what degree the sub-
structure of a given jet resembles N or fewer subjets. The parameter ⌧N is used to describe the
substructure and is defined as

⌧N =

P
k pT,k(min{�R1,k,�R2,k, ...,RN,k})�P

k pT(R0)�
(6)

where the sum runs over the constituents of the jet, pT,k is the momentum of constituent k, �RA,k
is the azimuth-rapidity distance between subjet axis A and particle k and R0 is the characteristic
jet radius. The constant � is an angular weighting component, set to 1 for this study. While the ⌧N
variables on their own are not particularly powerful at discriminating the number of hard subjets,
the ratios ⌧N/⌧N�1 are powerful discriminants of jets containing N hard subjets. In this note, ⌧2/⌧1
is used to highlight the two-body structure of a jet coming from W decays.

• Q-jets mass volatility [24] For a jet clustered with a given recombination jet clustering algorithm,
the Q-jets technique reclusters the jet many times with a degree of randomness. Following this,
any jet observable, such as the mass, will have a distribution for a given jet. At a given step in
clustering, the probability that a pair is clustered is proportional to

!i j(↵) = exp

8>><
>>:�↵
�R2

i j � �R2
min

�R2
min

9>>=
>>; , (7)

where the rigidity ↵ 2 R controls the level of randomness. A value of ↵ = 0.1 was optimised in
Ref. [10] and adopted in this study. The high mass in W jets tends to persist during the re-clustering
while the mass of QCD jets fluctuates. A sensitive observable to this trend is the coe�cient of
variation of the mass distribution for a single jet, called the volatility:

⌫QJets =

p
hm2i � hmi2
hmi . (8)

Jet Grooming Algorithms for use in W-tagging:

Five di↵erent definitions of jets, corresponding to di↵erent combinations of clustering and grooming, are
considered in the studies presented here. These are described illustratively in Figure 1 and listed below
with a brief description of why they are selected for comparison in this note.

• Trimmed [1, 2]: anti-kt, R = 1.0 trimmed jets with fcut > 5% and Rsubjet = 0.3. Subjets are
reconstructed with the anti-kt algorithm with a parameter Rsubjet, and removed if they carry less
than fcut of the jet pT . Trimming has been studied in depth in ATLAS [2] and was found to be
e↵ective at uncovering hard substructure and stable with respect to varying pileup conditions.

• BDRS [6]: C/A, R = 1.2 jets, split with µ12 <
2
3 and pyf > 0.3 and filtered with Rsubjet =

min(0.3,R12/2). Here µ12 is the ‘mass-drop’ and yf is the momentum balance. The BDRS jet
tagging method decomposes C/A jets back through clustering steps to search for hard structure
within the large-R jet. The jet J at a given stage of the cluster history is decomposed into two
subjets: j1 and j2. If there is a significant mass drop, µ12 < µmax = 2/3, and the momentum is
balanced (pyf > 0.3), then the parent jet is presumed to represent some hard structure and the
procedure ends by returning this jet. If the cuts fail then the highest mass subjet is taken as the new
parent jet and the procedure continues. The filtering step consists in removing the radiation not
belonging to the last three subjets in the clustering process. In this way the BDRS method works
its way back through the clustering steps of the C/A jet until it reaches the hard structure. As with
trimmed jets, this configuration of jets has been studied in depth in ATLAS [2] and was found to
be performant.
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!   CA	  R=1.5	  Jets	  with	  	  
HEPTopTagger	  (pT	  >	  200	  GeV)	  	  

!   Increases	  purity	  from	  86%	  X	  ̄	  
and	  single-‐top-‐quark	  
processes	  before	  tagging	  to	  
98%	  in	  candidate	  mass	  
window	  140	  <	  mt	  <	  200	  GeV	  	  

Performance:	  top	  mass	  
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ATLAS-CONF-2013-084 
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Reconstructed	  x-‐bar	  mass	  
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ATLAS-‐CONF-‐2013-‐052	  
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Reconstructed	  x-‐bar	  mass	  

Jets	  and	  Substructure	  at	  the	  LHC	   35	  



Wahid	  Bhimji	  

Performance	  of	  mulBple	  
techniques	  inc.	  CMS	  Top	  Tagger:	  
!   Based	  on	  Kaplan	  et.	  al	  

Phys.	  Rev.	  LeX.	  101	  (2008)	  142001	  

!   Input	  CA	  R=0.8	  jets	  
!   Primary	  decomposiBon:	  find	  2	  

well	  separated	  subclusters	  
with	  significant	  pT	  fracBon	  

!   If	  succeeds	  then	  do	  secondary	  
decomposiBon	  	  

!   Form	  mjet,	  Nsubjets	  ,	  mmin	  (min	  
pairwise	  mass)	  

!   Top	  tagged	  if	  	  mjet	  ~	  mtop	  
Nsubjets>2,mmin~mW	  

Top	  Tagging	  CMS	  	  
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James Dolen Boston Jet Workshop,  Jan 22, 2013 51

Example: CMS Top Tagger decomposition

Example CMS Top Tagger primary decomposition

Decluster

ΔR(A,B) > 
adjacency 
criterion

Cluster B
Cluster A

B is too soft. 
Remove it.

⇒ continue

Cluster B
Cluster A

Cluster A
Cluster B

Decluster 
againCluster A

Cluster B

A and B pass 
adjacency and  

momentum
 fraction criteria

Primary 
decomposition 

succeeds

Primary decomposition

Cluster A
Cluster B

Secondary decomposition

À

À`

B`

B̀`

À

À`

B

Individually 
decluster A 

and B

A  ̀and A`̀  pass
criteria

B  ̀and B`̀  are 
too close

3 final subjets

CMS PAS JME-13-007 
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CMS	  Boosted	  Top	  Event	  
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ATLAS:	  JHEP09	  (2013)	  076	  
Jet	  energy	  scale	  calibraBon	  	  
•  Correct	  calorimeter	  response	  to	  
true	  jet	  energy	  as	  done	  for	  small-‐R	  
jets	  on	  ATLAS	  Eur.	  Phys.	  J.	  C	  73	  (2013)	  2304	  

•  Derived	  from	  PYTHIA	  MC,	  no	  pileup	  
correcBon	  	  

Jet	  mass	  calibraBon	  	  
•  	  Mass	  response:	  mean	  of	  a	  Gaussian	  
to	  core	  of	  reco	  jet	  mass/	  true	  mass	  
(mreco/mtrue)	  	  

	  

Large-‐R	  Jet	  CalibraBon	  
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fit to the core of the distribution of the reconstructed jet mass divided by the corresponding

generator-level jet mass.
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Figure 7. Mass response (m
reco

/m
true

) (a) before and (b) after mass calibration for ungroomed
anti-kt, R = 1.0 jets. The dotted lines shown in (b) represent a ±3% envelope on the precision
of the final jet mass scale calibration. In each case, the jet energy itself has been calibrated by
applying the JES correction.

Figure 7 shows the jet mass response (m
reco

/m
true

) for several values of jet energy

as a function of ⌘ for anti-k
t

, R = 1.0 jets, before and after calibration to the true jet

mass and without jet grooming. In each case, the jet energy itself has been calibrated by

applying the JES correction. One can see from this figure that even very high-energy jets

near the central part of the detector can have a mean mass scale (or JMS) di↵ering by up

to 20% from the particle level true jet mass. In particular, the reconstructed mass is, on

average, greater than that of the particle-level jet due in part to noise and pile-up in the

detectors. Furthermore, the finite resolution of the detector has a di↵erential impact on

the mass response as a function of ⌘. Following the jet mass calibration, performed also as

a function of ⌘, a uniform mass response can be restored within 3% across the full energy

and ⌘ range.

3.3.2 Jet mass scale validation in inclusive jet events using track-jets

In order to validate the jet mass measurement made by the calorimeter, calorimeter-jets

are compared to track-jets. Track-jets have a di↵erent set of systematic uncertainties and

allow a reliable determination of the relative systematic uncertainties associated with the

calorimeter-based measurement. Performance studies [84] have shown that there is excel-

lent agreement between the measured positions of clusters and tracks in data, indicating

no systematic misalignment between the calorimeter and the inner detector.

The use of track-jets reduces or eliminates the impact of additional pp collisions by

requiring the jet inputs (tracks) to come from the hard-scattering vertex. The inner detector
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Figure 7 shows the jet mass response (m
reco

/m
true

) for several values of jet energy

as a function of ⌘ for anti-k
t

, R = 1.0 jets, before and after calibration to the true jet

mass and without jet grooming. In each case, the jet energy itself has been calibrated by

applying the JES correction. One can see from this figure that even very high-energy jets

near the central part of the detector can have a mean mass scale (or JMS) di↵ering by up

to 20% from the particle level true jet mass. In particular, the reconstructed mass is, on

average, greater than that of the particle-level jet due in part to noise and pile-up in the

detectors. Furthermore, the finite resolution of the detector has a di↵erential impact on

the mass response as a function of ⌘. Following the jet mass calibration, performed also as

a function of ⌘, a uniform mass response can be restored within 3% across the full energy

and ⌘ range.

3.3.2 Jet mass scale validation in inclusive jet events using track-jets

In order to validate the jet mass measurement made by the calorimeter, calorimeter-jets

are compared to track-jets. Track-jets have a di↵erent set of systematic uncertainties and

allow a reliable determination of the relative systematic uncertainties associated with the

calorimeter-based measurement. Performance studies [84] have shown that there is excel-

lent agreement between the measured positions of clusters and tracks in data, indicating

no systematic misalignment between the calorimeter and the inner detector.

The use of track-jets reduces or eliminates the impact of additional pp collisions by

requiring the jet inputs (tracks) to come from the hard-scattering vertex. The inner detector
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Quark-‐gluon	  tagging	  –	  more	  info	  
CMS-‐JME-‐13-‐002	  
!   Likelihood	  based	  on:	  

!   Width	  of	  minor	  axis	  of	  jet	  ellipse	  
!   FragmentaBon	  
!   Total	  MulBplicity	  

!   Validated	  with	  Z+jets,	  dijets	  
!   SystemaBcs	  from	  2-‐parameter	  
smearing	  	  	  

!   Also	  ATLAS	  arXiv:1405.6583	  	  
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Some	  other	  recent	  highlights	  
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!   Quark-‐gluon	  tagging
CMS-‐JME-‐13-‐002	  
ATLAS	  arXiv:1405.6583	  	  

!   b-‐tagging	  in	  boosted	  jets	  
CMS-‐PAS-‐BTV-‐13-‐001	  
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Some	  other	  recent	  highlights	  
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!   Quark-‐gluon	  tagging
CMS-‐JME-‐13-‐002	  
ATLAS	  arXiv:1405.6583	  	  

!   b-‐tagging	  in	  boosted	  jets	  
CMS-‐PAS-‐BTV-‐13-‐001	  

!   Jet	  pull	  performance	  
ATLAS-‐CONF-‐2014-‐048	  	  
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Figure 1: A schematic diagram depicting the construction of the jet pull angle between jets J1 and J2.

3 Object and Event Selection

ATLAS is a multipurpose particle detector at the LHC comprising four main subsystems: an inner track-
ing detector (ID), electromagnetic and hadronic calorimeters, and a muon spectrometer. It has an ap-
proximately cylindrical geometry with close to 4⇡ solid angle coverage, and tracking in the ID extending
to pseudorapidity |⌘| < 2.5. For an in-depth description of the detector, see Ref. [7].

In order to investigate detector performance aspects of the jet pull angle, several jet definitions are
employed. Reconstructed jets are clustered with the anti-kt algorithm [8] with radius parameter 0.4 from
topological calorimeter clusters [9], treated as massless. Clusters are calibrated using the local cluster
weighting (LCW) algorithm [10], and jets are calibrated to account for a reconstruction bias as well as to
mitigate the contribution from pileup [11]. To investigate jet pull angle properties in simulation without
the distortions arising from detector resolution, truth jets are formed from the four-vectors of Monte
Carlo (MC) stable particles2 (excluding µ and ⌫) as inputs to the anti-kt R = 0.4 clustering algorithm.

The jet pull vector is a weighted sum over jet constituents. Studies in this note exploit di↵erent sets
of jet constituents: for reconstructed jets, the nominal constituents are the calorimeter clusters used in the
jet construction (calorimeter pull). Truth jets correspondingly use all MC stable particles (all particles
pull). Alternatively, the tracks assigned to a jet can be used as constituents in the pull vector calculation
(track pull). These tracks3 are required to have pT � 500 MeV, |⌘| < 2.5, and a �2 per degree of
freedom (resulting from the track fit) less than 3.0. Additional quality criteria are applied to select tracks
originating from the collision vertex [12]. Tracks are associated to jets using ghost-association [13]: an
assignment of tracks to jets by adding to the jet clustering process ghost versions of tracks that have the
same direction but infinitesimally low pT. The corresponding constituents in truth jets are the charged
stable particles clustered within the jet (charged particles pull), which excludes muons. In the case of
reconstructed jets the jet axis is always determined using the calorimeter, and for truth jets the jet axis is
always determined using all stable particles.

Events with tt̄! WbWb̄ ! µ⌫µbqq0b̄ provide a clean topology for measuring the detector perfor-
mance of the jet pull angle. With a muon, missing momentum (from the neutrino) and two b-quark jets,
this process can be isolated with high purity. Furthermore, the constituent orientations are di↵erent for
W boson daughter jets compared to b-jets and since the pull is a weighted sum over constituent topol-
ogy, the jet pull angle distributions are di↵erent. The di↵erences in these distributions will be useful for
understanding how the shape is distorted by the detector response.

2Particles are considered stable if c⌧ > 10 mm.
3The track momentum 3-vector is measured in the ATLAS tracker and each track is assigned the mass of the pion.
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