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Pure spin 2 excluded 
at > 99.9%!
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High pT Higgs and Vector Boson 
•  By requiring that the Higgs and Vector Boson have a high 

transverse momentum, we lose a factor of ~20 in cross section  
•  However, much of this would have failed other analysis cuts anyway 
•  Background cross sections fall by a bigger factor (typically t-channel not s-

channel)  
•  W/Z and H are all central 

•  Better b-tagging, better jet resolution 
•  W/Z and H decay products collimated 

•  Simpler topology, fewer combinatorials 
•  Difficult for tops to fake this 

•  Z è neutrinos becomes visible  
•  High missing ET 

•  JMB, Davison, Rubin, Salam, Phys. Rev. Lett. 100, 242001 (2008) 

11 Oct 2010 18 Edinburgh, J.Butterworth 

H b 

W 

l 

υ	


mH 
“mono”-Jet 



Sub-jet analysis 
1.  Start with Higgs candidate jet (highest  pT jet in acceptance) with mass m) 
2.  Undo last stage of clustering (reduce radius to R12) 

J è J1, J2 

3.  If max(m1,m2) < 2m/3 
Call this a “mass drop”. This fixes the optimal radius for reconstructing the  Higgs decay. Keep the 

jet J and call it the Higgs candidate. 
Else, go back to 2 

4.  Require Y12 > 0.09 
Dimensionless rejection of asymmetric QCD splitting 
Else reject the event  

5.  Require J1, J2 to each contain a b-tag 
Else reject the event 
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Sub-jet analysis 
6.  Define Rfilt = min(0.3, Rbb/2) 

Make use event-by-event of the known Higgs decay radius 
Angular ordering means this is the characteristic radius of QCD radiation 

from Higgs products 
Stuff outside of this is likely to be underlying event and pileup. 

7.  Recluster, with Cambridge/Aachen, R = Rfilt 

8.  Take the 3 hardest subjets and combine to be the Higgs 
b, anti-b and leading order final state gluon radiation 

9.  Plot the mass 
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Improved subjet analysis 
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Improved subjet analysis 
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Analysis Overview 
•  Consider three cases 

•  HZ, Z è ee, µµ	

•  HZ,  Z è νν  
•  HW, Wè e/µ + ν	


•  Three non-overlapping selections 
•  l + missing ET + jet  (“Leptonic W case”) 
•  l+ l- + jet                   (“Leptonic Z case”) 
•  Missing ET + jet       (“Z è neutrinos case”) 

•  Common cuts 
•  pT Higgs candidate > 200 GeV, pT VB candidate > 200 GeV 
•  |η| < 2.5 (Higgs candidate and leptons) 
•  pT > 30 GeV, |η| < 2.5  (leptons) 
•  No extra b jet (pT >30 GeV, |η| < 2.5 ) or lepton passing these cuts. 
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 Individual Channels 
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 Combined particle-level result 
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•  Note excellent Z peak for 
calibration!

•  5.9 σ; potentially very 
competitive!

•  bb branching information 
critical for extracting 
Higgs properties!

•  “Measuring the Higgs 
sector” Lafaye, Plehn, 
Rauch, D.Zerwas, 
Duhrssen, arXiv:
0904.3866 [hep-ph] !

•  Studies with full simulation 
supported this.!
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 Fully simulated detector 
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•  Included trigger, real ATLAS b-tagging algorithm, detailed 
tracking & calorimeter 

•  Also include Wt background omitted from initial study. 
•  Also included study of Wbb ME vs Wg->Wbb 
•  Slight degradation w.r.t particle level, but still very promising   
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Higgs and top together  
•  Combine techniques for 

top and Higgs tagging to 
improve sensitivity to 
Higgs in ttH channel 

•  Plehn, Salam, 
Spannowsky arXiv:
0910.5472 [hep-ph]  

•  Also use Higgs 
techniques in new 
physics events 

•  Kribs, Martin, Roy, 
Spannowsky arXiv:
0912.4731 [hep-ph]  
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S B S/B S/
√

B
mH = 115 GeV 120 380 1/3.2 6.2

120 GeV 100 380 1/3.8 5.1
130 GeV 51 330 1/6.5 2.8

This result shows that we can extract the tt̄H signal
with high significance. On the other hand, similar to the
original Atlas and CMS analyses it suffers from low S/B,
the impact of the poorly understood tt̄+jets background
with its different kinematic topologies, its large theory
uncertainty and potentially large next-to-leading order
corrections, and the missing underlying event.

To improve the signal-to-background ratio S/B and
remove the impact of the tt̄+jets background (at the ex-
pense of the final significance) we can apply a third b
tag. Targeting the second tt̄+jets topology we remove
the Higgs and top constituents from the event and cluster
the remaining particles into jets using the C/A algorithm
with R = 0.6, considering all jets with pT > 30 GeV.
Amongst these jets we require one b tag with η < 2.5
and a distance ∆Rb,j > 0.4 to the Higgs and top sub-
jets, assuming 60% efficiency and 2% purity. The last
row of Table I confirms that requiring three bottom tags
leaves the continuum tt̄bb̄ production as the only relevant
background.

In Fig. 3 we show the signal from the three leading (by
modified Jade distance) mrec

bb entries of double-b-tagged
combinations; our Higgs tagger returns a sharp mass
peak. The bigger tail towards small mrec

bb we can reduce
by only including the two leading jet combinations.
This does not change the significance but sculpts the
background more. Assuming that at this stage we
will know the Higgs mass, we estimate the background
from a clean right and a reasonably clean left side bin
combined with a next-to-leading order prediction. The
result of the triple b-tag analysis is then (again assuming
100 fb−1):

S B S/B S/
√

B
mH = 115 GeV 57 118 1/2.1 5.2 (5.7)

120 GeV 48 115 1/2.4 4.5 (5.1)
130 GeV 29 103 1/3.6 2.9 (3.0)

The numbers in parentheses are without underlying
event. While removing the highly uncertain tt̄+jets back-
ground has indeed lowered the final significance, the
background of the three b-tag analysis is completely dom-
inated by the well-behaved tt̄bb̄ continuum production.

Further improvements — One of the problems in this
analysis is that higher-order QCD effects harm its reach.
Turning this argument around, we can use the additional
QCD activity in the signal and continuum tt̄bb̄ back-
ground to improve our search. Before starting with the
fat-jet analysis we can for example analyze the four lead-
ing jets with a radius R = 0.6 and pT < 40 GeV and
require a set of jet-jet and jet-lepton separation crite-
ria [32]: we reject any event for which one of the three
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0

FIG. 3: Reconstructed bottom-pair mass mrec

bb for signal
(mH = 120 GeV) and backgrounds without (upper) and in-
cluding (lower) underlying event. The distributions shown
include three b tags.

conditions holds

cos θ∗j2j1
< −0.4 and ∆kT j3! ε [70, 160] GeV

cos θ∗j3! > 0.4 and ∆Rj2j3 > 2.5

∆Rj! > 3.5 for any of the four leading jets. (5)

θ∗P1P2
is the angle between %p1 in the center-of-mass frame

of P1+P2 and the center of mass direction (%p1+%p2) in the
lab frame. It is not symmetric in its arguments; if the two
particles are back to back and |%p1| > |%p2| it approaches
cos θ∗ = 1, whereas for |%p1| < |%p2| it becomes −1 [32].
The kT distance between two particles is (∆kT j!)

2 =
min(p2

T,j , p
2
T,!)∆R2

j!. At this stage and with our limited
means of detector simulation this QCD pre-selection at
least shows that there are handles to further improve
S/B from 1/2.4 to roughly 1/2 (for mH = 120 GeV)
with hardly any change to the final significance.

In addition, we can envisage improving the analysis in
several ways in the context of a full experimental study,
including data to help constrain the simulations:
(1) Replace the mrec

bb side bins by a likelihood analysis of
the well-defined alternative of either tt̄H signal or tt̄bb̄
continuum background after three b tags. This increases
the final number of events, our most severe limitation.
(2) Provided the events can be triggered/tagged, include
two hadronic or two leptonic top decays. This more than
triples the available rate and includes a combinatorical
advantage of requiring one of two tops to be boosted.
(3) Without cutting on missing energy as part of the
acceptance cuts use its measurement within errors to as-
sign the correct jet to the leptonic top and become less
dependent on the third b tag.

Outlook — In this paper we have presented a new
strategy to extract the Higgs production process tt̄H with
the decay H → bb̄ at the LHC. After long debates this



Jets at the highest scales 
•  Highest transverse 

momentum jets; at 
the TeV scale 

•  arXiv:1009.5908 (EPJC),arXiv:
1112.6297 (PRD) 

•  arXiv:1106.0208 (PRL) 



Jets at the highest scales 
•  Highest transverse 

momentum jets; at 
the TeV scale 

•  arXiv:1009.5908 (EPJC),arXiv:
1112.6297 (PRD) 

•  arXiv:1106.0208 (PRL) 

•  General agreement 
with NLO QCD  
calculations (after 
soft corrections) 

33 

Significant spread in “NLO” 
predictions. ME/PS matching? 
MC tune (UE)? PDFs?!



Jets as a probe of the proton 
•  Use 2.76 TeV CM 

data to measure 
cross sections. 

•  Ratios;  
•  in xT, many theory 

uncertainties 
~cancel (same x, 
different Q2) 

34 

arXiv:1304.4739!



Jets as a probe of the proton 
•  Use 2.76 TeV CM 

data to measure 
cross sections. 

•  Ratios;  
•  in xT, many theory 

uncertainties 
~cancel (same x, 
different Q2) 

•  In pT, jet energy 
scale ~cancels 
(dominant 
experimental 
uncertainty) 

35 

arXiv:1304.4739!



Jets as a probe of the proton 

•  Illustrative fit to HERA 
and ATLAS data 

•  Valence quarks 
heavily constrained 
by HERA 

•  High x gluon and sea 
quarks modified by 
addition of ATLAS 
data 

24/2/2014 36 
ATLAS-CONF-2012-128!



Vector bosons and (b) jets 

arXiv:1304.7098!
arxiv:1302:2929!
 



Jet properties 
•  Final stage of jet structure is “soft” non-perturbative 

QCD.  
•  Formation of hadrons from gluons, 100 MeV energy scales (ΛQCD) 

•  Vast phase space between quark-gluon scatter 
(100’s GeV, few TeV) and ΛQCD 

•  Most of jet substructure can be analysed 
perturbatively 

•  EWSB scale (~100 GeV) lies in this region 
•  Jets may contain objects with EW-scale mass (W,Z,H,t,?) 

24/2/2014 Jon Butterworth, UCL 38 



1/9/2013 Jon Butterworth, UCL 39 



1/9/2013 Jon Butterworth, UCL 40 

MANY MORE SINCE 

MANY MORE SINCE 



Jet “grooming” and subjets 

arXiv:1203.4606!



Jet grooming and subjets 
•  kT scale, N-subjettiness 

arXiv:1203.4606!



Substructure in searches (boosted 
top, boosted W) 
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Shower deconstruction  
(Soper & Spannowsky)  and  ATLAS-CONF-2014-003  
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Shower deconstruction  
(Soper & Spannowsky) and ATLAS-CONF-2014-003  
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Shower deconstruction  
(Soper & Spannowsky) and ATLAS-CONF-2014-003  
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(Soper & Spannowsky) and ATLAS-CONF-2014-003  
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Shower deconstruction  
(Soper & Spannowsky) and ATLAS-CONF-2014-003  
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Shower deconstruction  
(Soper & Spannowsky) and ATLAS-CONF-2014-003  



Substructure in searches 
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•  Jet shapes, Q-jets, jet charge, jet pull, jet 
superstructure… 

•  Moving on from the “two goals” (tagging & 
grooming) to finding still more information; 
identifying jet properties in context, learning 
more about the short-distance physics. 

… also 
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•  Gone from wacky new idea to obviously 
essential item in the toolkit (~5 years) 

•  Studies with data show:  
•  modelling is adequate but can be improved in some 

cases 
•  Grooming is robust against pile up and important for 

controlling it in all jet measurements 

•  Not seen full potential yet in Higgs searches (cf 
14 TeV) 

Subjets and measuring boosted objects 

24/2/2014 Jon Butterworth, UCL 55 



•  Already widely used in searches (mainly 
boosted tops, but results on H, W/Z coming) 

•  Calibration work on of novel observables is 
intense & interesting 

•  Theoretical work on developing (analytic?) 
understanding 

•  Active ATLAS subgroup, open workshop @CERN 
25th March (Lily Asquith, Emily Thomson,   ) 

•  Boost meetings 2009 Stanford 2010 Oxford 2011 Princeton 
2012 Valencia 2013 Arizona 2014 UCL 

Subjets and measuring boosted objects 
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The 
beginning of 
physics 
above the 
Electroweak 
Symmetry 
Breaking 
scale!
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