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1 Introduction

T he discovery of a Higgs boson w ith  a m ass of 125 GeV/c2 [1, 2] m otivates th e  search 
for exotic s ta tes  involving th e  newly discovered partic le . T he m echanism  th a t  stabilizes 
th e  m ass of th e  Higgs partic le  is no t en tirely  clear and  could be explained by little  Higgs 
m odels [3 , 4], m odels w ith  ex tra  dim ensions [5 , 6], and  com posite Higgs m odels [5- 7]. These 
theories p red ic t th e  existence of heavy vector-like quarks th a t  m ay decay into top  quarks 
and  Higgs bosons. T his artic le  presents a search for exotic resonances decaying into Higgs 
bosons and  top  quarks. A m odel of vector-like T  quarks w ith  charge 2 /3  e, w hich are 
p roduced  in pairs by th e  strong  in teraction , is used as a benchm ark  for th is  analysis.
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T he left-handed  and  righ t-handed  com ponents of vector-like quarks tran sfo rm  in th e  
sam e way u nder th e  s tan d a rd  m odel (SM) sym m etry  group SU (3)c x SU (2) l x U (1)y . T his 
allows direct m ass term s in th e  L agrang ian  of th e  form  th a t  do no t v io late gauge
invariance. As a consequence, vector-like quarks do not acquire th e ir  m ass via Yukawa 
couplings, in co n tras t to  th e  o th er quark  families. A fo u rth  generation  of chiral ferm ions, 
rep licating  one of th e  th ree  generations of th e  SM w ith  identical qu an tu m  num bers, is 
disfavoured by electrow eak fits w ith in  th e  fram ew ork of th e  SM [8]. T his is because of 
th e  large m odifications to  th e  Higgs p roduc tion  cross sections and  b ranching  fractions, 
if a single SM-like Higgs doub let is assum ed. Vector-like heavy quarks are no t sim ilarly 
constra ined  by th e  m easurem ents of th e  Higgs boson p roperties  [9].

Vector-like T  quarks can decay into th ree  different final s ta tes: tH , tZ , and  bW  [9]. T he 
assum ption  of decays w ith  100% branching  fraction  (B) has been used in various searches 
by th e  ATLAS and CM S collaborations [10- 13]. O th er searches th a t  do not m ake specific 
assum ptions on th e  b ranching  fractions have also been perform ed [14]. In  th e  present 
analysis th e  event selection is optim ized to  be sensitive to  exclusive T  quark  decays to  tH . 
In  add ition , th e  resu lts are quoted  as a function  of th e  branch ing  fractions to  th e  th ree  
decay m odes: tH , tZ , and  bW .

W hile searches for T  quarks have been perform ed in leptonic final s ta tes  [10- 14], th is 
artic le  presen ts th e  first analysis th a t  exploits th e  all-hadronic final s ta te  in th e  search 
for vector-like quarks. In  th e  SM th e  Higgs boson decays p redom inan tly  into b quark  
pairs w ith  a b ranching  fraction  of 58% for a m ass of 125 GeV/c2, while th e  top  quark  
decays alm ost exclusively into a b o tto m  quark  and  a W  boson, which in tu rn  decays 
hadronically  67.6% of th e  tim e. T he m ain  final s ta te  is therefore th e  all-hadronic final 
s ta te  T  ^  tH  ^  (b j j ) (b b ) ,  w here j  denotes th e  light-flavour je ts  of th e  W  boson decay 
and  b denotes th e  b-flavour je ts  from  th e  top  quark  or Higgs boson decays. For sufficiently 
large T  quark  m ass values, th e  decay p ro d u c ts  can be highly L orentz-boosted , leading to  
final s ta tes  w ith  overlapping and  m erged je ts . In  th e  extrem e case, all top  quark  decay 
p ro d u c ts  are m erged into a single je t. A sim ilar topology m ay arise for th e  Higgs boson 
decaying into b quarks. A re la ted  analysis concept has been proposed in ref. [15]. In  
recent years, th e  m ethodology of je t su b s tru c tu re  analysis has proved to  be very powerful 
in resolving such boosted  topologies [16- 19]. For exam ple, th e  analysis of high-m ass Z ’ 
resonances decaying into top  quark  pairs becam e feasible in th e  all-hadronic final s ta te  
as a resu lt of th e  app lica tion  of je t su b s tru c tu re  m ethods [20- 22]. A sim ilar s tra teg y  is 
followed in th is analysis by applying algorithm s for th e  identification of boosted  to p  quarks 
(t tagging) and  boosted  Higgs bosons (H tagging) in com bination  w ith  algorithm s for the  
iden tification  of b quark  je ts  (b tagging). In  p articu la r, th e  app lica tion  of b tagg ing  in 
su b je ts  has enhanced th e  identification  of boosted  bb  final s ta tes , for instance H ^  bb 
decays. T his is th e  first analysis to  apply  an  algorithm  for tagging  boosted  Higgs bosons 
th a t  is based on a com bination  of je t su b s tru c tu re  in form ation  and  b tagging.

2 The CMS detector

T he cen tra l featu re  of th e  CM S a p p a ra tu s  is a superconducting  solenoid of 6 m in terna l 
d iam eter. W ith in  th e  superconducting  solenoid volum e are a silicon pixel and  strip  tracker,
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a lead tu n g s ta te  crysta l elec trom agnetic calo rim eter (EC A L), and  a brass and  sc in tilla to r 
h ad ron  calorim eter (H CA L), each com posed of a barre l and  two endcap sections. M uons 
are m easured in gas-ionization  detec to rs em bedded in th e  steel flux -re tu rn  yoke outside th e  
solenoid. Extensive forw ard calo rim etry  com plem ents th e  coverage provided by th e  barrel 
and  endcap detectors.

T he energy resolution  for pho tons w ith  E x ~ 6 0 G e V  varies betw een 1.1 and 
2.6% over th e  solid angle of th e  EC A L barrel, and  from  2.2 to  5% in th e  end- 
caps. T he HCA L, w hen com bined w ith  th e  EC A L, m easures je ts  w ith  a resolution 
A E / E  w 100% / ^ E  [GeV] ® 5% [23].

In  th e  region |n| <  1.74, th e  H CA L cells have w id ths of 0.087 in n and  0.087 in 
az im uth  (0). In  th e  n -0  plane, and  for |n| <  1.48, th e  HCAL cells m ap on to  5 x 5 EC A L 
crysta l arrays to  form  calorim eter tow ers p ro jec ting  rad ia lly  outw ards from  close to  th e  
nom inal in terac tio n  point. A t larger values of |n |, th e  size of th e  towers increases and  th e  
m atch ing  EC A L arrays contain  fewer crystals. W ith in  each tower, th e  energy deposits in 
EC A L and  H CA L cells are sum m ed to  define th e  calorim eter tow er energies, subsequently  
used to  provide th e  energies and  directions of hadron ic je ts .

T he silicon track er m easures charged partic les w ith in  th e  pseudorap id ity  range |n| <  
2.5. I t  consists of 1440 silicon pixel and  15 148 silicon strip  de tec to r m odules and  is located  
in th e  3.8 T  field of th e  superconducting  solenoid. For noniso lated  partic les of 1 <  P t  <  
10 GeV/c and  |n| <  1.4, th e  track  resolutions are typ ically  1.5% in p t  and  25-90 (45-150) ^m  
in th e  transverse  (longitudinal) im pact p a ram ete r [24].

A m ore detailed  descrip tion  of th e  CM S detec to r, to g e th er w ith  a definition of th e  
coord ina te  system  used and  th e  relevant k inem atic  variables, can be found in ref. [25].

3 Event samples

T he d a ta  used for th is  analysis were collected by th e  CM S experim ent using pp collisions 
provided by th e  C E R N  LHC w ith  a centre-of-m ass energy of 8T eV , and  correspond to  
an  in teg ra ted  lum inosity  of 19 .7 fb - 1 . E vents are selected online by a trigger algorithm  
th a t  requires H t , th e  scalar sum  of th e  transverse  m om enta of reconstructed  je ts  in th e  
detec to r, to  be g rea te r th a n  750 GeV/c. T he online H t  is calcu lated  from  calorim eter je ts  
w ith  p t  >  40 GeV/c. C alo rim eter je ts  are reconstructed  from  th e  energy deposits in th e  
calo rim eter tow ers, clustered by th e  a n ti-k r  algorithm  [26, 27] w ith  a size p aram ete r of 0.5.

S im ulated  sam ples are used to  determ ine signal selection efficiencies as well as th e  
background co n trib u tio n  from  t t  plus je ts , t t H , and  hadronically  decaying W /Z  plus b je t 
p roduction . T he background from  Q C D  m ultije t p roduc tion  is derived from  d ata .

E vents from  T  quark  decays are generated  for m ass hypotheses betw een 500 and 
1000 GeV/c2 in steps of 100GeV/c2. T he inclusive cross sections for th e  signal sam ples 
and  t t  sam ples are calcu lated  a t nex t-to -nex t-to -lead ing  order (NNLO) for th e  reaction  
gg ^  t t  +  X . T he fixed order calcu lations are supplem ented  w ith  soft-gluon resum m ation  
w ith  nex t-to -nex t-to -lead ing  logarithm ic accuracy  [28]. T he t t  cross sections are com- 
p u ted  based on th e  T o p + +  v2.0 im p lem entation  using th e  M STW 2008nnlo68cl p a rto n  
d is trib u tio n  functions (P D F ) and  th e  5.9.0 version of L H A P D F  [28, 29]. T he evaluated
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t t  cross section is 2 52 .9pb, assum ing a top  quark  m ass of 172.5 GeV/c2. T he theo re tical 
pa ir-p roduction  cross sections for th e  signal sam ples are listed in tab le  1.

T he m ass of th e  Higgs boson in th e  signal sam ples is set to  120 GeV/c2, as th e  sam ples 
were produced  before th e  discovery of th e  Higgs boson. T he b ranching  fractions of the  
Higgs boson decays are corrected  to  th e  expected  values for a Higgs boson w ith  a m ass of 
1 25GeV/c2 using th e  recom m endations from  ref. [30]. T he difference betw een th e  ac tu a l 
m ass of th e  Higgs boson (125 GeV/c2) and  th e  sim ulated  m ass (120 GeV/c2) has no im pact 
on th e  analysis results.

T he t t  background sam ple is generated  w ith  p o w h e g  v1.0 [31- 33] in terfaced to  
p y t h i a  6.426 [34] to  sim ulate th e  p a rto n  shower and  hadron isa tion . All o th er background 
sam ples and  th e  signal sam ples are sim ulated  w ith  M a d G r a p h  5.1 [35], in terfaced w ith  
p y t h i a  6.426. T he C TE Q 6L1 [36] P D F  set is used w ith  M a d G r a p h ,  while th e  p o w h e g  
sam ples have been produced  w ith  C T E Q 6M . For p y th i a ,  th e  Z2* tu n e  is used to  sim ulate 
th e  underly ing  event [37].

S im ulated  Q C D  m ultije t sam ples are used to  validate  th e  estim ation  of th is  background 
from  d a ta . T hese sam ples are sim ulated  w ith  M a d G r a p h  in th e  sam e way as th e  o ther 
background sam ples described above.

4 Event reconstruction

Tracks are reconstructed  using an  ite ra tiv e  track ing  procedure [24]. T he p rim ary  vertices 
are reconstructed  w ith  a determ in istic  annealing  m ethod  [38] from  all tracks in th e  event 
th a t  are com patib le  w ith  th e  location of th e  p ro to n -p ro to n  in terac tio n  region. T he vertex  
w ith  th e  highest Ş^(pTack)2 is defined as th e  p rim ary  in te rac tio n  vertex , whose position  is 
determ ined  from  an  adap tive  vertex  fit [39].

T he particle-flow  event algorithm  [40, 41] reconstructs  and  identifies each individ- 
ual partic le  w ith  an  optim ized com bination  of inform ation  from  th e  various elem ents of 
th e  CM S detecto r. T he energy of photons is d irectly  ob ta ined  from  th e  E C A L m easure- 
m ent, corrected  for zero-suppression effects. T he energy of electrons is determ ined  from  a 
com bination  of th e  electron m om entum  a t th e  p rim ary  in te rac tio n  vertex  as determ ined  
by th e  tracker, th e  energy of th e  corresponding E C A L cluster, and  th e  energy sum  of 
all b rem sstrah lung  pho tons spatia lly  com patib le  w ith  orig inating  from  th e  electron track . 
T he energy of m uons is ob ta ined  from  th e  cu rvatu re  of th e  corresponding track . T he en- 
ergy of charged hadrons is determ ined  from  a com bination  of th e ir  m om entum  m easured 
in th e  track er and  th e  m atch ing  EC A L and  HCAL energy deposits, corrected  for zero- 
suppression effects and  for th e  response function  of th e  calorim eters to  hadronic showers. 
Finally, th e  energy of n eu tra l hadrons is ob ta ined  from  th e  corresponding corrected  EC A L 
and  HCA L energy.

For each event, hadron ic  je ts  are clustered  from  these reconstructed  partic les w ith  th e  
infrared and  collinear-safe an ti-k t a lgorithm  or w ith  th e  C am bridge-A achen algorithm  (CA 
je ts) [42]. T he je t  m om entum  is defined to  be th e  vector sum  of all partic le  m om enta in 
th is  je t, and  is found in th e  sim ulation  to  be w ith in  5% to  10% of th e  tru e  m om entum  over 
th e  whole p r  spec trum  and  de tec to r acceptance. J e t  energy corrections are  derived from
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th e  sim ulation, and  are confirm ed w ith  in situ  m easurem ents using th e  energy balance of 
dijet and  p h o to n + je t events [43]. T he je t energy resolution am ounts typ ically  to  15% at 
10GeV, 8% a t 100 GeV, and  4% a t 1 TeV, to  be com pared to  ab o u t 40%, 12%, and  5% 
ob ta ined  w hen th e  calorim eters are  used alone for je t clustering.

T he je ts  con tain  n eu tra l partic les from  add itiona l collisions w ith in  th e  sam e beam  
crossing (pileup). T h e  co n tribu tion  from  these add itional partic les is su b trac ted  based 
on th e  average expecta tion  of th e  energy deposited  from  pileup in th e  je t  area, using th e  
m ethods described in ref. [44].

For th e  identification of b je ts , th e  com bined secondary vertex  (CSV) algorithm  is used 
and  th e  m edium  o perating  poin t (CSVM ) is applied [45]. W ith  th is  o p era tin g  poin t th e  b 
tagg ing  efficiency is 70% and  th e  light flavour je t m isidentification ra te  is 1% in t t  events. 
T his algorithm  uses in form ation  from  reconstructed  tracks and secondary vertices th a t  are 
d isplaced from  th e  p rim ary  in te rac tio n  vertex. T he inform ation  is com bined into a single 
d iscrim inating  variable. T he sam e b tagging  algorithm  is used in boosted  topologies and 
th e  corresponding efficiencies and m isidentification ra te s  are te s ted  in th e  relevant sam ples. 
M ore details on b tagg ing  in boosted  topologies are given in section 6 .

5 A nalysis strategy

E vent selection crite ria  th a t  m ake use of novel je t  su b stru c tu re  m ethods are applied  to  
reduce th e  large background con tribu tions from  Q CD  m ultije t and  t t  events in th e  analysis. 
T he je t  su b s tru c tu re  m ethods are described in deta il in section 6 and  th e  event selection 
c rite ria  are sum m arized in section 7.

Two variables are used to  d istingu ish  signal from  background events a fte r th e  event 
selection. T hese variables are H t  and  th e  invarian t m ass of two b-tagged  sub je ts  
in Higgs boson cand ida te  je ts . H igh H t  values characterize events w ith  large hadronic 
ac tiv ity  as in th e  case of signal events.

T he shape and  norm aliza tion  of th e  H t  and  d istrib u tio n s of Q CD  m ultije t events 
in th is  analysis are derived using d a ta  in signal-depleted  sideband  regions. T he sideband 
regions are defined by inverting  th e  je t  su b s tru c tu re  criteria. C losure tes ts  are perform ed 
w ith  sim ulated  Q CD  events to  verify th a t  th e  m ethod  pred ic ts th e  ra te s  and  shapes of H t  
and  myb accurately. T he background d e term in a tio n  is discussed in deta il in section 8 .

T he H t  and  variables are com bined in to  a single d iscrim inato r th a t  enhances th e  
sensitiv ity  of th e  analysis. T his com bination  is perform ed using a likelihood ra tio  m ethod , 
w hich is described in section 10.

Two event categories are  used in th e  s ta tis tica l in te rp re ta tio n  of th e  results: a cate- 
gory w ith  a single Higgs boson can d id a te  and  a ca tegory  w ith  a t least two Higgs boson 
cand ida tes. These are denoted  as single and  m ultip le  H tag  categories. T hey  are chosen 
as such to  be s ta tis tica lly  independen t and  are com bined in se ttin g  th e  final lim it. For th e  
m ultip le  H ta g  category, th e  Higgs boson cand ida te  w ith  th e  h ighest transverse  m om entum  
is used in th e  likelihood definition. T he procedure of th e  lim it se ttin g  is discussed in detail 
in section 10.
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PT t quark (GeV/c) pT Higgs boson (GeV/c)

F ig u re  1. The distribution of the angular distance A R b j  between the three top quark decay 
products as a function of the top quark p T for simulated T quark events with a T quark mass of 
1000 GeV/c2 (left). Distribution of the angular distance A R bg of the two generated b quarks from 
Higgs boson decays versus the Higgs boson p T, for the same event sample (right).

6 Jet substructure m ethods

B ecause of th e  large m ass of th e  T  quarks, th e  top  quarks and  Higgs bosons from  T  quark  
decays would have significant L orentz boosts. D au g h te r partic les of these top  quarks are 
therefore no t well separated . In  m any cases all of th e  top  quark  decay p ro d u c ts  are clustered  
into a single, large je t  by th e  event reconstruction  algorithm s. T he approx im ate  spread of 
a hadronic to p  quark  decay can be determ ined  on sim ulated  events from  th e  A R  distances 
betw een th e  quarks produced  during  its decay. T he four-m om enta of th e  two quarks w ith  
th e  sm allest A R  distance, A R (q ı, q2), are vectorially  sum m ed and  th e  A R  d istance betw een 
th e  vector sum  and th e  th ird  quark , A R (q ı+ 2 , q3), is evaluated . T he m axim um  distance 
betw een A R (q ı, q2) and  A R (q ı+ 2 , q3) ind icates th e  app rox im ate  size A R b j  needed to  
cluster th e  en tire  top  quark  decay w ith in  one single CA  je t. For th e  boosted  decays of a 
Higgs boson in H ^  bb events, th e  corresponding q u an tity  can be defined as th e  angu lar 
d istance A R çç =  V (A n )2 +  (A 0 )2 betw een th e  two generated  b quarks. F igure 1 shows 
th e  d istrib u tio n s of these qu an titie s  p lo tted  as a function  of th e  transverse  m om entum  of 
th e  top  quark  and  of th e  Higgs boson, generated  from  th e  decay of a T  quark  w ith  a m ass 
of 1000 GeV/c2. T his shows th a t,  for large transverse  m om enta, and  hence for large T  quark  
m ass values, th e  decay p ro d u c ts  from  Higgs bosons and  top  quarks are generally  collim ated 
and  are difficult to  sep a ra te  using s tan d a rd  je t  reconstruction  algorithm s.

T he approach  adop ted  by th is  analysis is to  apply  th e  CA  algorithm  using a large 
size p a ram e te r R  =  1.5, in order to  c luster th e  decay p ro d u c ts  from  top  quarks and  Higgs 
bosons in to  single large CA  je ts , using an  im p lem entation  based on F a s t J e t  3.0 [27]. 
To identify  these so called “top  je ts ” and  “Higgs je ts ” , th e  analysis uses dedicated  je t 
su b s tru c tu re  tools, in p a rticu la r a t  tagg ing  algorithm  and  a H tagg ing  algorithm  th a t  
relies on b tagg ing  of ind ividual sub je ts . A m ore detailed  descrip tion  of these algorithm s 
is provided in th e  following sections.
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6.1 Subjet b tagging and H tagging

I t  is no t possible to  identify  b je ts  in boosted  to p  quark  decays using th e  s tan d a rd  CMS 
b tagg ing  algorithm s, since these are based on separated , non-overlapping je ts . For dense 
environm ents w here s tan d a rd  je t  reconstruction  algorithm s are not su itab le, two dedicated  
b tagging  concepts have been investigated:

•  tagg ing  of CA  je ts , reconstructed  using a d istance p a ram ete r of 0.8 (CA8 je ts) or 1.5 
(CA15 je ts ). T he 0.8 and  th e  1.5 je t  size p aram eters  are used because th ey  have been 
found to  provide op tim al perform ance for large and for in te rm ed ia te  boost ranges, 
respectively, as discussed in th e  following sections.

•  tagg ing  of su b je ts  th a t  are reconstructed  w ith in  CA  je ts .

T he su b je ts  of CA15 je ts  are reconstructed  using th e  “filtering a lg o rith m ” [16], sp litting  
je ts  into su b je ts  based on an  angu lar d istance of R  =  0.3. O nly th e  th ree  highest p r  sub je ts  
are re ta ined . T his filtering algorithm  has been found to  provide th e  best m ass resolution 
for CA15 je ts  com pared to  th e  je t p run ing  [46] and  trim m ing  [47] algorithm s. T he pruning, 
trim m ing , and  filtering algorithm s are often referred to  as je t groom ing algorithm s and  th e ir 
m ain  purpose is to  remove soft and  w ide-angle rad ia tio n  as well as pileup con tribu tions. 
S ub je ts of CA8 je ts  are  reconstructed  using th e  p run ing  algorithm , w hich is found to  give 
th e  best perform ance for th e  reduced je t  size.

For th e  app lica tion  of b tagging  to  CA je ts , tracks in a w ide region around  th e  je t 
axis are considered. T he association  region corresponds to  th e  size of th e  CA  je t. For th e  
app lica tion  of b tagg ing  to  sub je ts, tracks in a region of A R  <  0.3 around  th e  su b je t axis 
are used by th e  b tagging  algorithm . T his is th e  cone size em ployed by th e  s tan d a rd  CM S b 
tagg ing  algorithm s, and has also been found to  give good perform ance for su b je t b tagging.

T he advan tage of su b je t b tagg ing  is th a t  it allows two su b je ts  w ith in  a single CA  je t 
to  be identified as b je ts . T his is th e  m ain  com ponent of th e  H tagg ing  algorithm  th a t  
d istinguishes betw een boosted  Higgs bosons decaying to  bb  and  boosted  top  quarks.

6.1.1 A lgorithm  perform ance

F igure 2 shows th e  perform ance of su b je t b tagg ing  com pared to  CA15 je t b tagg ing  for 
events w ith  boosted  top  quarks th a t  orig inate  from  T  quark  decays. T he choice of th e  
c lustering  algorithm  and  th e  cone size is driven by th e  t  tagg ing  algorithm , described in 
section 6 .2 . T he b tagging  efficiency is p lo tted  versus th e  m isidentification  p robab ility  for 
inclusive Q CD  je ts . Two different regions of transverse  je t m om entum  are shown. I t can 
be seen th a t  su b je t b tagg ing  ou tperform s th e  CA15 je t  b tagging.

For th e  identification of boosted  Higgs bosons, two su b je ts  m ust be b tagged  and  th e ir 
invarian t m ass m ust be g rea te r th a n  60 GeV/c2. B oth  CA8 je ts  and  CA15 je ts  are consid
ered. T he perform ance of th e  H tagg ing  algorithm  is shown in figure 3 for two different 
regions of transverse  je t m om entum . T he tagging  efficiency is shown versus th e  m isiden- 
tification  p robab ility  for inclusive Q CD  je ts . F igure 4 shows th e  perform ance ob tained  
w hen evaluating  th e  m isidentification p robab ility  from  t t  events. T he perform ance of th e  
s tan d a rd  b tagg ing  algorithm  based on AK5 je ts  is also shown. A CA15 je t  is considered
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b tagging effic iency (t quark) b tagging effic iency (t quark)

F ig u re  2. Performance of the CSV b tagging algorithm in simulated events with CA15 jets and with 
subjets within the same CA15 jet. The misidentification probability for inclusive QCD jets is shown 
versus the b tagging efficiency for boosted top quarks originating from T quark decays, for CA15 jet 
transverse momentum ranges of (left) 200 < p T < 400 GeV/c and (right) 800 < p T < 1000 GeV/c.

as satisfy ing th e  H tagg ing  requirem ent if two AK5 je ts  satisfy th e  b tagg ing  requirem ent 
and  have a A R  distance <1.1  from  th e  CA15 je t. O verall, su b je t b tagging  is found to  
provide b e tte r  perform ance th a n  b tagging  based  on AK5 je ts . T h e  choice of th e  op tim al 
C A  je t  size p aram ete r R  depends on th e  p t  region considered. A size of R  =  1.5 is found 
to  be optim al for m ost signal m ass hypotheses and  is chosen for th e  analysis.

6.1.2 Scale factors

T he sub je t b tagg ing  efficiency has been m easured in d a ta  using a sam ple of sem ileptonic t t  
events. Scale factors have been derived to  correct th e  efficiency p red ic ted  by sim ulation to  
th a t  m easured in d a ta . T he “flavor-tag consistency” (F T C ) m ethod  [45] has been used to  
m easure these scale factors. T he F T C  m ethod  requires consistency betw een th e  num ber of 
b -tagged  je ts  in d a ta  and  sim ulation  for boosted  top  quark  events. A m axim um  likelihood 
fit is perform ed in w hich th e  b tagging  efficiency scale fac to r SFb and  th e  t t  cross section 
are free p aram eters . U sually  th e  light flavour m isidentification  scale facto r SFiight is fixed 
to  a value ob ta ined  independently , b u t in th is  case th e  sim ultaneous fit of SFiight , SFb, 
and  th e  t t  cross section has been perform ed for th e  first tim e. T his m ethod  relies on 
sim ulation  for th e  flavour of th e  sub je ts . A system atic  u n ce rta in ty  of 2% in th e  sub je t 
flavour com position is tak en  into account.

T he F T C  m ethod  is applied to  th ree  different p t  regions of th e  CA15 je t: 150 <  p t  <  
350 GeV/c, p t  >  350 GeV/c, and  p t  >  450 GeV/c. No significant dev iation  of th e  scale 
factors for th e  th ree  different sam ples is observed. B o th  th e  scale factors SFb and  SFiight 
are found to  be in agreem ent w ith  th e  scale factors m easured for s tan d a rd  b tagg ing  of 
AK5 je ts  in th e  non-boosted  regime.

T he efficiency of th e  invarian t m ass selection requirem ent for th e  two b-tagged sub je ts  
of th e  Higgs boson can d id a te  is validated  w ith  a sam ple of sem ileptonic t t  events. Since no
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Tagging effic iency (H ^ b b )  Tagging effic iency (H ^ b b )

F ig u re  3. Performance of different H tagging algorithms in simulated signal events, with a signal 
mass hypothesis of 1000GeV/c2. The misidentification probability for inclusive QCD jets is shown 
versus the tagging efficiency for boosted Higgs boson decays, for jet transverse momentum ranges 
of (left) 150 < p T < 300 GeV/c and (right) 300 < p T < 500 GeV/c. Different b tagging options are 
compared: standard b tagging of AK5 jets, subjet b tagging of CA15 and CA8 jets, and b tagging 
of CA15 jets and CA8 jets. For the case of subjet b tagging, two subjets are required to pass the 
b tagging criteria. Similarly, two AK5 jets are required to pass the b tagging criteria for standard 
b tagging.

sam ple of Higgs bosons decaying into b quark  pairs can be ob ta ined  in d a ta , th e  validation  
procedure is based on th e  selection of a pure sam ple of W  bosons.

T he selection of sem ileptonic t t  events requires a m uon and  a b-tagged AK5 je t. In 
add ition , one CA15 je t  is required  to  be selected by th e  t  tagg ing  algorithm  (see section 6.2) . 
T he t-tagged  je t  m ust have exactly  one b-tagged sub je t. T he two sub je ts  th a t  are not b- 
tagged  are used to  calcu late  th e  invariant m ass of a W  boson cand ida te . T he d is trib u tio n  
of th e  W  boson can d id a te  m ass is shown in figure 5 . T he shape of th e  W  boson cand ida te  
m ass d is trib u tio n  is th e  sam e in d a ta  and  sim ulation  and  no add itiona l scale factors or 
system atic  uncerta in ties are assigned.

6.2 t tagging

T he H E P T ü p T a g g e r  a lgorithm , described in ref. [19], is applied  based on th e  im plem en- 
ta tio n  in Fa s t J e t  3.0 [27]. T he algorithm  uses CA15 je ts  as inpu t. T his choice of je t  size 
is su itab le  for th e  region of phase space w ith  in te rm ed ia te  boosts (w ith  a je t  p t  slightly 
above 2 0 0 GeV/c). W hen  th e  T  quark  m ass is below 1TeV /c2, a considerable fraction  of 
th e  decay p ro d u c ts  p o p u la te  th e  in term ed ia te  boost range. Such resolved events could in 
principle be reconstructed  w ith  s tan d a rd  m ethods using AK5 je ts . T he H E P T o p T a g g e r  
provides a seamless tran s itio n  betw een th e  non-boosted  and  boosted  dom ains.

For each je t, th e  H E P T o p T a g g e r  analyses th e  su b s tru c tu re  by stepping  backw ard 
th ro u g h  th e  clustering  h isto ry  of th e  je t in an  ite ra tiv e  procedure un til th e  conditions for 
sp littin g  are no longer fulfilled and  th e  su b je ts  are  no t split any fu rth er. T he filtering algo-
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F ig u re  4. Performance of different H tagging algorithms in simulated signal events, with a signal 
mass hypothesis of 1000GeV/c2. The misidentification probability for the t t  background is shown 
versus the tagging efficiency for boosted Higgs boson decays, for jet transverse momentum ranges 
of (left) 150 < p T < 300 GeV/c and (right) 300 < p T < 500 GeV/c. Different b tagging options are 
compared: standard b tagging of AK5 jets, subjet b tagging of CA15 and CA8 jets, and b tagging 
of CA15 jets and CA8 jets. For the case of subjet b tagging, two subjets are required to pass the 
b tagging criteria. Similarly, two AK5 jets are required to pass the b tagging criteria for standard 
b tagging.

19.7 fb -1 (8 TeV)

F ig u re  5. Distribution of the invariant id-subjet mass of a hadronically decaying W boson obtained 
from a semi-leptonic t t  sample. The lower panel shows the ratio of data and simulation. The hatched 
area indicates the uncertainty in the signal and background cross sections.
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F ig u re  6. Two-dimensional distributions of m 23/m 123 versus arctan(m 13/m 12) for H E P T o pTag
g er  jets in simulated t t  events (left) and in simulated background events (right). The simulated 
background consists of boson+jets, di-boson, single top quark, t t  all-hadronic, and t t  leptonic. The 
area enclosed by the thick solid lines denotes the region selected by the H E P T o pTa g g er .
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rith m  is applied  to  each com bination  of th ree  su b je ts  th a t  are  found. T he filtering algorithm  
reclusters th e  co n stitu en ts  w ith  a variable d istance p aram ete r Rfiit =  m in(0.3, A R j /2 ) ,  
w here i and  j  are  th e  closest su b je ts  in A R  in th e  su b je t tr ip le t. T he five reclustered  sub
je ts  w ith  th e  largest p t  are re ta ined  and  th e  sum  yields th e  invariant m ass of th e  top  quark  
cand ida te . T he configuration th a t  has an  invarian t m ass closest to  th e  to p  quark  m ass 
is chosen. T he co nstituen ts  of th e  five leading reclustered  sub je ts  are fu rth e r reclustered  
using th e  exclusive CA  algorithm , w hich forces th e  je t  to  have exactly  th ree  final sub je ts. 
T he H E P T o p T a g g e r  uses these th ree  final su b je ts  and  selects top  quark  je ts  based on th e  
pairw ise and  three-w ay su b je t masses. Selections are applied  in th e  tw o-dim ensional plane 
defined by th e  ra tio  m 23/ m i 23 and  th e  arc tan g en t of m i3/ m i 2 . H ere m 23 is th e  pairw ise 
m ass of th e  second and  th ird  leading sub je ts . T he variables m i 2 , m i3 , and  m i23 are defined 
in a sim ilar fashion. T he d is trib u tio n  of events in th is  p lane is shown for sim ulated  t t  events 
in figure 6 (left) and  for a m ix tu re  of background (b o so n + je ts , di-boson, single top  quark , 
t t  all-hadronic, and  t t  leptonic) events in figure 6 (righ t). A region w ith  a well enhanced 
s tru c tu re  is only present for t t  events. T he region is h ighlighted by th e  th ick  black lines in 
figure 6 . T his s tru c tu re  can be used to  suppress backgrounds th a t  do no t con tain  boosted  
to p  quarks by re jecting  events th a t  lie ou tside of th is  region. A dditionally , a selection on 
th e  to p  can d id a te  m ass, 140 <  m i23 <  250 GeV/c2, is applied. A no ther po p u la ted  region 
shows up below and  to  th e  left of th e  selected region because of unm erged top  decays. This 
co n trib u tio n  d isappears for boosted  top  quarks above p t  >  300 GeV/c.

6.2.1 A lgorithm  perform ance

T he selection crite ria  used in th e  algorithm  are varied itera tively  and  th e  efficiency and 
m istag  ra te  are calcu lated  for each ite ra tio n . T he m inim um  m istag  ra te  for a given signal 
efficiency is shown in figure 7 . T he H E P T o p T a g g e r  curve is determ ined  by fixing th e  
m i 23 selection (140 <  m i23 <  250 GeV/c2) and  varying th e  w id th  of th e  region selected
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F ig u re  7. Mistag rate versus t tagging efficiency for the H E P T o pTagger  and the combination 
of the H E P T o pTagger  with subjet b tagging, for CA15 jets matched to generated partons with 
p T > 200 GeV/c. The mistag rate is obtained from simulated QCD multijet events, while the 
efficiency is determined using simulated t t  events.

by th e  algorithm . T he o th er curve is ob ta ined  by applying sim ultaneously  th e  H E P T o p 
T a g g e r  and  th e  su b je t b tagg ing  crite ria  and varying th e ir requirem ents. D etails of these 
selection crite ria  are given in ref. [48]. T hree  w orking po in ts are defined as ind icated  by 
m arkers in th e  figure. T he w orking po in t used in th is  analysis is W P 2, w hich is defined 
by th e  s tan d a rd  H E P T o p T a g g e r  c rite ria  in ad d itio n  to  a b-tagged su b je t identified w ith  
th e  CSVM  b tagging  algorithm . T he o th er w orking poin ts (W P1 and  W P 0) use relaxed 
H E P T o p T a g g e r  c rite ria  and  relaxed b tagging, and  are used to  validate  th e  scale factor 
m easurem ents which are described in th e  following section.

6.2.2 Scale factors

A sem ileptonic t t  sam ple is used to  s tu d y  boosted  hadron ic top  quark  decays in d a ta . 
T his sam ple is th en  used to  m easure d a ta  to  sim ulation  scale factors for th e  t  tagging  
efficiency using W P 2. T his procedure was in troduced  in ref. [20]. T he t t  sam ple is defined 
by requiring  one m uon and  a t least one b-tagged AK5 je t. A dditionally , a top  quark  
can d id a te  CA15 je t  is required , w ith  high transverse  m om entum  p t  >  200 GeV/c and  w ith  
a t least one b-tagged su b je t. T his sem ileptonic selection is very pure and background 
con tribu tions are negligible. T he efficiency of th e  H E P T o p T a g g e r  is determ ined  as the  
fraction  of top  quark  can d id a te  CA15 je ts  th a t  pass all of th e  tagging  requirem ents. These 
m easurem ents yield scale factors ranging  from  0.85 to  1.15 depending  on th e  p t  and  th e  n 
of th e  je t.

7 Event selection

T he H t  variable used in th e  analysis is calcu lated  from  th e  transverse  m om enta of all 
su b je ts  w ith in  th e  reconstructed  CA15 je ts  w ith  p t  >  150 GeV/c. T his definition is m ore
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T  quark  m ass p roduc tion  expected selection
(GeV/c2) cross section (pb) events efficiency

500 0.59 283.0 2.5%

600 0.174 152.0 4.4%

700 0.059 69.3 6.0%

800 0.021 30.3 7.2%

900 0.0083 12.1 7.3%

1000 0.0034 4.9 7.2%

T ab le  1. Cross section, expected numbers of selected events, and the selection efficiencies for 
several signal samples with different values of the T quark mass for an integrated luminosity of 
19.7 fb-1 . The signal samples assume B(T ^  tH) =  100%. The efficiencies are calculated relative 
to an inclusive sample with no requirements on top quark or Higgs boson decay modes, and without 
any selection criteria applied.

accu ra te  th a n  th a t  used in th e  trigger because particle-flow  reconstruction  is exploited. 
A th resho ld  of H t  >  720 GeV/c is applied  in th e  offline analysis as th e  trigger is alm ost 
fully efficient above th is  value. T he sim ulation is corrected  to  m atch  th e  d a ta  by w eighting 
events based on th e  ra tio  betw een th e  trigger efficiency calcu lated  in d a ta  and  in sim ulation. 
T he system atic  u n ce rta in ty  in troduced  by th is p rocedure is discussed in section 9 .

T he full event selection requires th e  following crite ria  to  be fulfilled:

•  A t least one CA15 je t  m ust be t-tagged  by th e  H E P T o p T a g g e r  algorithm  and  m ust 
con tain  a t least one b-tagged su b je t (identified by th e  CSV b tagg ing  algorithm  a t 
th e  m edium  o p era tin g  po in t). T he t-tagged  je ts  m ust have p t  >  200 GeV/c.

•  A t least one CA15 je t  m ust have p t  >  150 GeV/c and  m ust be H -tagged (a t least two 
sub je ts  identified by th e  CSV M  b tagging  a lgorithm ). T he invarian t m ass of th e  two 
b-tagged su b je ts  has to  be larger th a n  60 GeV/c2. T his je t  m ust no t be identical to  
th e  to p -q u ark  cand ida te  je t.

As m entioned in section 5 , th e  event selection is split fu rth e r into two categories: single 
and  m ultip le H tags.

T he num ber of reconstructed  CA15 je ts  p red ic ted  by sim ulation w ith  p t  >  150 GeV/c 
is shown in th e  left p lo t of figure 8 , while th e  righ t p lo t shows th e  num ber of je ts  passing 
th e  t  tagg ing  criteria . In  th e  following figures th e  hatched  regions ind icate  th e  s ta tis tica l 
un ce rta in ty  in th e  sim ulated  background. T he signal hypotheses are represen ted  by th e  
solid and  dashed lines.

T he im pact of su b je t b tagg ing  is visible in figure 9 . T h e  left p lo t shows th e  num ber 
of t-tagged  CA15 je ts  w ith  a su b je t b tag , while th e  righ t p lo t shows th e  num ber of 
H -tagged je ts  for events th a t  have a t least one t-tag g ed  CA15 je t  w ith  a su b je t b tag . 
T hese figures d em o n stra te  th e  strong  reduction  of Q CD  m ultije t background by th e  je t 
su b s tru c tu re  criteria.
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F ig u re  8. Left: multiplicity of CA15 jets with pT > 150 GeV/c. Events with at least two of 
these jets are selected. Right: multiplicity of CA15 jets with p T > 200 GeV/c, tha t are selected 
by the H E P T o pTagger  algorithm. The solid histograms represent the simulated background 
processes (tt and QCD multijet). The hatched error bands show the statistical uncertainty of the 
simulated events.

19.7 fb '1 (8 TeV)

o>
LU

107 rCM S
. : Simulation 

106

105

104

103

102

10

1

10'1

1 1 1 1 1 - 
QCD (MC) 1

(/)
ent 106

tt _
Ev

------  TT^tHtH (500 GeV/c2) : 105

....... TT^tHtH (700 GeV/c2) |
104

...... . TT^tHtH (1000 GeV/c2) _!

103

102

10

1

10'1

CM S
Simulation

19.7 fb '1 (8 TeV)
I

QCD (MC)

I tt
■ TT t̂HtH (500 GeV/c2)

■ TT t̂HtH (700 GeV/c2)

■ TT t̂HtH (1000 GeV/c2)

0 1 2 3 4 5 6 7 8 9

M u lt ip l ic ity  o f t  ta g s  w ith  b  ta g

1 > 2 

M u lt ip lic ity  o f  H ta g s

F ig u re  9. Left: multiplicity of CA15 jets with p T > 200 GeV/c tha t are tagged by the H E P T o p
Tagger  and contain a b-tagged subjet, after requiring at least one jet per event to be selected by 
the H E P T o pTagger  algorithm. Right: multiplicity of CA15 jets with p T > 150 GeV/c satisfying 
the H tagging criteria. Events with three or more H tags are included in the bin with two H tags. 
The solid histograms represent the simulated background processes (tt and QCD multijet). The 
hatched error bands show the statistical uncertainty of the simulated events.

0

0

T he num ber of selected events for each signal sam ple of th e  benchm ark  m odel and  the  
selection efficiencies, derived from  sim ulated  events, are given in tab le  1.

8 Background estim ation

T he t t  background is evaluated  from  sim ulated  events, corrected  for differences betw een 
d a ta  and  sim ulation  in b tagg ing  and  trigger efficiencies described above. T he uncertain -
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ties in th e  norm aliza tion  and  shape of t t  events are discussed in section 9 . B ackground 
con tribu tions from  t tH  and  hadronically  decaying W /Z  plus heavy flavour processes are 
found to  be below 1% and  are neglected.

T he Q C D  m ultije t background is estim ated  in d a ta  using a tw o-dim ensional sideband 
ex trap o la tio n . In  th is  m ethod , two uncorre la ted  crite ria  in th e  event selection are inverted 
to  o b ta in  sideband regions th a t  are  enriched in Q C D  m ultije t events and  depleted  in signal 
events. Inverting  each criterion  individually, as well as b o th  a t th e  sam e tim e, resu lts in 
th ree  exclusive sideband regions, deno ted  A, B and  C:

•  S ideband region B is ob ta ined  by inverting th e  selection crite ria  of th e  H E P T o p - 
T a g g e r  algorithm . T he top  q u ark  m ass w indow as well as all requirem ents on th e  
pairw ise su b je t m ass in th e  H E P T o p T a g g e r  are inverted . E vents ou tside of th e  
selected region shown in figure 6 (section 6) are used to  define th e  inverted  H E P 
T o p T a g g e r  control region, while th e  events th a t  are  inside define th e  signal region. 
D etails of these selection crite ria  of th e  H E P T o p T a g g e r  are given in section 6 
and  [48].

•  S ideband region C is ob ta ined  by inverting  th e  H tagging  algorithm . O nly events 
w ith  zero H tags are selected and  th e  requirem ent on th e  pairw ise su b je t m ass is 
removed.

•  S ideband region A is ob ta ined  by inverting b o th  th e  H tagg ing  and  th e  t  tagging  
algorithm s as described above.

•  E vents in th e  signal region D have all tagg ing  requirem ents applied.

T he t t  con tam ination  in th e  sideband  regions am ounts to  a m axim um  of 8% in region 
C. T his is accounted for by su b trac tin g  th e  t t  co n trib u tio n  p red ic ted  by th e  sim ulation  in 
each of th e  sideband  regions. B ackgrounds due to  t tH  and  hadronically  decaying W /Z  plus 
heavy flavour processes are found to  have a negligible co n tribu tion  in th e  sideband  regions. 
A signal in jection te s t has been perform ed to  evaluate th e  im pact of a h ypo thetical signal 
on th e  background m odel. I t has been found th a t  th e  signal con tam ination  in th e  sideband 
regions leads to  a sm all effect of less th a n  1.4% for m x  =  700 GeV/c2 on th e  m easured 
Q C D  m ultije t event ra te , and  therefore th e  possible signal con tam ination  in th e  sideband 
regions is neglected in th e  analysis.

T he Q C D  m ultije t yield in th e  signal region is calcu lated  as

R C
R d  =  R b  r C  , (8.1)

r a

w here R a  denotes th e  ra te  of events in sideband A. T he t t  con tam ination  in th e  sideband 
regions is su b trac ted . T he event ra tes  in th e  th ree  sideband regions and  th e  signal region 
are provided in tab le  2 . T he resu lting  predictions of th e  Q C D  m ultije t backgrounds are 
given in tab le  3 for th e  two event categories.

T he closure of th is m ethod  is verified w ith  sim ulated  Q C D  m ultije t events. As th e  
m ethod  assum es th e  selection crite ria  defining th e  sideband regions to  be uncorrelated , th e
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single H tag  category m ulti H tag  category

region A region B region B

d a ta 1152640 d a ta 8384 d a ta 1157

d a ta  — t t 1146464 d a ta  — t t 8089 d a ta  — t t 1123

region C region D region D

d a ta 140911

d a ta  — t t 129972 predic tion 917 ±  11 predic tion 127 ±  4

T ab le  2. Event rates in the signal and sideband regions obtained from the two-dimensional sideband 
extrapolation in data for the two H tag categories. The t t  contamination is subtracted from the 
nominal yield in the sideband regions. The prediction of the QCD multijet event rate in the signal 
region D is given along with statistical uncertainties tha t arise from the limited size of event samples 
in the sideband regions. The sideband regions A and C are common to both H tag multiplicity 
categories.

single H tag  category m ulti H tag  category

Q CD  (pred icted  from  d ata) 917 ±  11 127 ±  4

t t  (from  sim ulation) 486 ±  8 55 ±  3

to ta l background 1403 ±  14 182 ±  5

d a ta 1355 205

T ab le  3. Predicted background contributions in the signal region for the two event categories with 
one and with multiple H tags. Statistical uncertainties in the background estimates are also shown.

following condition  m ust be fulfilled:

İ A = R D  • (8-2)

A ccording to  sim ulation , th e  ra tio s are R a / R b  =  185±5  (1417±97) and  R c / R d  =  185±  17 
(1203 ±  250) for th e  single (m ulti) H  tag  event category. T he quoted  uncerta in ties are 
s ta tis tica l. I t  can be seen th a t  th e  ra tios agree w ith in  th e  s ta tis tica l uncerta in ties. T he 
largest uncerta in ties occur in th e  R c / R d  ra tio  and  are ab o u t 10 (20)% for th e  single (m ulti) 
H  ta g  category.

In  ad d itio n  to  th e  event yields, th e  shapes of th e  H t and  m bb d istrib u tio n s for the  
Q CD  m ultije t processes are also derived from  th e  sideband regions. For b o th  th e  H t  and 
m bb variables th e  sideband  region B (inverted  t  tagger) is used. T he expected  con tribu tion  
from  t t  events is su b trac ted  from  th e  sideband.

C losure is also verified for th e  shape of H t  and  mbb d istrib u tio n s in th e  signal and 
sideband  regions. F igure 10 shows a com parison of th e  H t  and  mbb shapes in th e  sideband 
and  signal regions for th e  single and  th e  m ultip le H ta g  event categories. T h e  d istribu tions 
agree w ith in  s ta tis tica l uncertain ties.

T he m ethod  has also been validated  in d a ta . T he shapes of th e  sim ulated  H t  and 
mbb d istrib u tio n s in th e  signal region agree well w ith  th e  p red ic ted  d istrib u tio n s in d a ta .
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T he abso lu te  ra te  of events shows a d isagreem ent betw een sim ulation and  th e  data-derived  
ra te  of a fac to r of two. T his d isagreem ent is tak en  into account w hen assigning system atic  
u ncerta in ties in th e  background, as explained in section 9 .

9 System atic uncertainties

As th e  analysis relies on sim ulation  for th e  t t  background pred ic tion , a careful evaluation 
of uncerta in ties affecting b o th  th e  norm aliza tion  and  shape of th e  t t  background events is 
needed. T his is also required  for th e  sim ulated  signal events.

T he Q CD  m ultije t background is ob ta ined  from  d a ta . T he ra te  and  shape of th e  t t  
background have an  effect on th e  m easurem ent of th e  Q CD  m ultije t background because 
th e  t t  con tam ination  in th e  sideband region is su b trac ted  from  d ata .

T he detailed  list of system atic  uncerta in ties  is given below. M ost of these uncerta in ties 
have an  im pact on b o th  th e  shapes and  norm aliza tion  of th e  sensitive variables H t  and 
mbb, while th e  u n ce rta in ty  in th e  in teg ra ted  lum inosity  only affects th e  norm alization . T he 
uncerta in ties are  sum m arized in tab le  4 .
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•  b tagging  scale fac to r uncertain ties: based on th e  m easurem ents described in sec
tion  6.1 and  ref. [49], scale factors w ith  th e ir corresponding uncerta in ties  are applied 
to  sim ulated  sam ples. T he scale fac to r uncerta in ties for th e  b tagging  efficiency de- 
pend  on p r  and  n. T he typ ical size of these uncerta in ties is betw een 1 and  2% while 
th e  m istag  ra te  u n ce rta in ty  is around  15%. T he b tagging  scale facto r uncerta in ties 
affect b o th  th e  norm alization  and  shape of th e  t t  background and  signal events. De- 
pending  on th e  sam ple and  signal m ass point, th e  im pact of th e  b tagg ing  scale factor 
u n ce rta in ty  on th e  expected  num ber of selected signal and  t t  events is 5 to  8% while 
th e  im pact of th e  m istag  scale facto r u n ce rta in ty  is 0.3 to  4%.

•  H E P T o p T a g g e r  scale fac to r uncerta in ty : th e  efficiency of th e  H E P T o p T a g g e r  
has been m easured and  com pared to  sim ulation to  derive scale factors as described 
in section 6 .2 . T he uncerta in ties in these scale facto r m easurem ents are betw een 3 
and  6%, and  are param eterized  as a function  of p r . T hese uncerta in ties affect b o th  
th e  norm alization  and shape of th e  t t  background and  signal events. T he im pact on 
th e  expected  num ber of signal and  t t  events is 0.4 to  2.3%.

•  Je t energy corrections: dedicated  energy corrections for CA15 je ts  are no t available. 
Therefore, th e  energy corrections for je ts  reconstructed  w ith  th e  a n ti-k r  algorithm  
w ith  size p aram ete r R  =  0.7 (AK7) [26] have been used [43]. I t  has been verified 
th a t  these corrections are valid by com paring th e  reconstructed  je ts  in sim ulation  to  
th e  corresponding g enera to r level je ts  w here exactly  th e  sam e clustering  and  groom - 
ing algorithm s have been applied. T he ra tio  betw een reconstructed  and  generated  
m om entum  for these je ts  is found to  be consistent w ith  unity, w ith  varia tions th a t  
are less th a n  4%. T he im pact of th e  u n ce rta in ty  on th e  je t  energy scale of filtered 
CA15 je ts  is evaluated  by varying th e  je t  four-m om entum  up and  down by th e  je t 
energy scale uncerta in ties  of AK7 je ts , w ith  an  add itional 4% system atic  uncertain ty . 
T he u n ce rta in ty  in th e  su b je t energy scale is assum ed to  be sim ilar to  th e  energy 
scale u n ce rta in ty  of AK5 je ts . T he im pact on th e  expected  num ber of selected t t  and 
signal events is less th a n  0.5% for CA15 je ts  and  less th a n  5% for sub je ts.

•  P D F  uncertain ties: sim ulated  t t  events are w eighted according to  th e  uncerta in ties 
param eterized  by th e  C T E Q 6 eigenvectors [36]. T he shifts p roduced by th e  ind ividual 
eigenvectors are added  in q u ad ra tu re  in each bin  of th e  H t  and  mbb d istribu tions. 
T he resu lting  u n ce rta in ty  in th e  num ber of expected  t t  events ranges from  2.4 to  8%.

•  Scale uncertain ties: th e  im pact of th e  renorm alization  and  facto rization  scale uncer
ta in ties  on th e  t t  sim ulation  has been stud ied  using t t  event sam ples generated  w ith  
two different values of these scales (m oving th em  sim ultaneously  up or down by a 
facto r of two relative to  th e  nom inal value). I t has been verified th a t  th is  u n certa in ty  
has no im pact on th e  shapes of H t  and  mbb d is trib u tio n s  w ith in  th e  s ta tis tica l un- 
certain ties of th e  sim ulated  sam ples. T he resu lting  im pact on th e  selected num ber of 
t t  events is 34%.
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•  Q C D  m ultije t background norm alization : th e  norm alization  and  shape of Q CD  m ul
tije t events do no t show any discrepancy betw een th e  p red ic ted  and observed shapes 
in th e  signal region based on th e  closure te s t w ith  sim ulated  events, as discussed in 
section 8 . T he com parison of th e  sim ulated  sidebands w ith  d a ta  shows a very good 
agreem ent of th e  shapes as well, b u t th e  norm alization  is no t in agreem ent. Therefore 
a system atic  u n ce rta in ty  in th e  norm alization  of Q CD  m ultije t events is tak en  into 
account. T his u n ce rta in ty  is derived from  th e  s ta tis tica l precision of th e  closure tes t, 
which is lim ited by th e  finite size of sim ulated  event sam ples. T he u n ce rta in ty  in th e  
single H tag  category  is 10% while th e  u n ce rta in ty  is 20% in th e  m ulti H ta g  ca te 
gory. T he only system atic  u n ce rta in ty  in th e  shape of th e  Q CD  m ultije t background 
arises from  th e  su b trac tio n  of t t  events. T he effect of th e  t t  scale u n ce rta in ty  on th e  
estim ation  of th e  Q C D  m ultije t background is less th a n  1%. U ncerta in ties in th e  
t t  sim ulation  and  th e  corresponding p ropagated  uncerta in ties in th e  Q CD  m ultije t 
p red ic tion  are tre a ted  as correlated , b u t th ey  have opposite  effects.

•  Trigger reweighting: a scale facto r S F trig is applied to  correct for th e  different be- 
haviour betw een d a ta  and  sim ulation  in th e  region in w hich th e  trigger is no t fully 
efficient. A system atic  u n certa in ty  in th e  scale facto r is ob ta ined  by varying S F trig by 
±0 .5 (1  — S F trig). T his u n ce rta in ty  does no t affect th e  p la teau  region of th e  trigger, 
w here S F trig =  1. T his u n ce rta in ty  is tak en  into account b o th  as a shape and  as a 
ra te  uncertain ty . I t only affects th e  lo w -H r range. T he trigger efficiency is m easured 
in a tt-en rich ed  d a ta  sam ple. For 720 <  H t  <  780 GeV/c th e  efficiency is 75%, w ith  a 
S F trig of 80%. For 780 <  H t  <  840 GeV/c th e  trigger efficiency is 93%, w ith  a S F trig 
of 94%. For H t  >  840 GeV/c th e  trigger has an  efficiency always g rea te r th a n  99% 
and a S F trig consisten t w ith  one. T he overall im pact of th is  u n ce rta in ty  on th e  event 
yield is 3.5%.

•  L um inosity: an  u n ce rta in ty  in th e  in teg ra ted  lum inosity  of 2.6% is tak en  into ac
count [50].

•  Cross section of th e  t t  background: an  u n ce rta in ty  of 13% is assigned to  th e  t t  cross 
section. T his u n certa in ty  is ob ta ined  w ith  th e  technique used in th e  differential t t  
cross section m easurem ent [51] for large invarian t m ass values of th e  t t  system .

10 R esults

F igure 11 shows th e  com parison betw een d a ta  and  th e  expected  background con tribu tions 
for th e  single and  m ultip le H ta g  event categories afte r all event selection crite ria  are 
applied. In  th e  m ultip le H tag  category  only th e  Higgs boson cand ida te  w ith  th e  highest 
transverse  m om entum  is used. T he Q CD  m ultije t background has been derived from  d a ta  
as discussed in section 8 . Signal sam ples a t th ree  different m ass poin ts are also shown. In  
these p lo ts only signal sam ples in w hich all T  quarks decay into a top  quark  and  a Higgs 
boson are shown.
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uncertainty tt QCD multijet signal 

500 GeV/c2

signal 

700 GeV/c2

signal 

1000 GeV/c2

b tagging:

heavy flavour + 9 .2 /—7.5 — + 6 .0 /—6.8 + 7 .1 /—6.5 + 7 .8 /—8.0

light flavour + 4 .2 /—3.2 — + 1 .2 /—0.7 + 0 .9 /—0.6 + 0 .8 /—1.0

H E P T o pTagger + 0 .9 /—0.4 — + 1 .6 /—1.7 + 1 .7 /—1.8 + 1 .8 /—2.3

jet energy corrections + 5 .0 /—4.1 — + 3 .7 /—2.8 + 0 .7 /—0.7 + 0 .1 /—0.4

scale uncertainties ±34 — — — —

PDF + 8 .0 /—4.4 — — — —

trigger scale factors + 3 .6 /—4.0 — + 2 .3 /—2.3 + 0 .7 /—0.7 + 0 .0 6 /—0.08

luminosity ±2.6 — ±2.6 ±2.6 ±2.6

t t  cross section ±13 — — — —

background estimate:

single H tag — ±10 — — —

multi H tag — ±20 — — —

T able  4. Systematic uncertainties and their effect on signal and background processes, expressed 
in percent. The uncertainties are described in detail in section 9. This table shows uncertainties in 
the normalization only.

B ased on th e  expected  d istrib u tio n s for th e  background and  signal m odels for H t  and 
m bb, a d iscrim inating  q u an tity  L is calcu lated  for each event, w here

l = ■ “ ( 1 + ™  «  ) ■  ( 1 0 1 ) 

T he P  variables represen t th e  p robab ility  densities for th e  signal or background hypotheses. 
T he Pback values are ob ta ined  from  th e  sum  of th e  sim ulated  t t  and  Q CD  m ultije t back
ground d istrib u tio n s because o th er background con tribu tions are found to  be negligible, as 
discussed in section 8 . For th e  signal hypothesis, th e  P sig values are ob ta ined  from  sim u
la ted  H t  and  d istrib u tio n s for each signal m ass po int. A binned likelihood m ethod  
is used w here th e  values for th e  P  variables are tak en  from  histogram s. T he d is trib u tio n  
of th is  variable is shown in figure 12 for d a ta  com pared to  th e  background pred ic tion  and 
signal hypotheses, for b o th  th e  single and  m ultip le  H ta g  categories. As th e  signal m odel 
is included in th e  d iscrim inator, each signal m ass hypothesis has its own definition of L. 
T he m ass po in ts 500, 700, and 1000 GeV/c2 are shown in these figures. T he spikes in these 
d is trib u tio n s are due to  th e  likelihood definition, th a t  is ob ta ined  by tak in g  values from 
binned  d istribu tions.

No signal-like excess is observed in d a ta . Bayesian u p p er lim its [52] on th e  T  quark  
p rod u c tio n  cross section are ob ta ined  w ith  th e  T h e ta  fram ew ork [53]. T h e  nuisance param - 
eters are assigned to  th e  sources of system atic  uncerta in ties rep o rted  in section 9 , w hich 
are tak en  in to  account as global norm alization  uncerta in ties and  as shape uncerta in ties 
w here applicable. T he shape uncerta in ties are  tak en  into account by in te rp o la tin g  betw een
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F ig u re  11. The H t (left) and Higgs boson candidate mass (right) distributions for the single H tag 
category (top) and the multiple H tag category (bottom). The QCD multijet background is derived 
from data. The t t  background is taken from simulation. The hypothetical signal is shown for three 
different mass points: 500, 700, and 1000GeV/c2. The hatched error bands show the quadratic sum 
of all systematic and statistical uncertainties in the background. In the ratio plot, the statistical 
uncertainty in the background is depicted by the inner central band, while the outer band shows 
the quadratic sum of all systematic and statistical uncertainties.

5

0 0

0 0

th e  nom inal and  ± 1  a  tem p la tes  of th e  likelihood d istribu tions. F igure 13 shows th e  ob- 
served and  expected  lim its on th e  T  pair p rod u c tio n  cross section, for th e  hypothesis of 
an  exclusive branching  fraction  B (T  ^  tH ) =  100% using th e  com bination  of b o th  th e  
single and  m ultip le H tag  event categories. T  quarks exclusively decaying into tH  and  w ith  
m ass values below 745 GeV/c2 are excluded a t 95% confidence level (CL), w ith  an  expected 
exclusion lim it of 773 GeV/c2. D ue to  th e  lower background con tam ination , th e  m ultip le  H 
ta g  event category  provides th e  largest co n tribu tion  to  th e  achieved sensitivity.

In  evaluating  lim its, th e  o th er decay m odes of th e  T  quark  m ust be considered. For 
m ixed b ranching  fractions th e re  are six d is tin c t final s tates: tH tH , tH tZ , tH b W , bW bW ,
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F ig u re  12. Discriminating variable L constructed from both H t and m bb for the single (top) and 
the multiple (bottom) H tag categories. The three signal hypotheses with 500, 700, and 1000 GeV/c2 
are shown on the left, middle, and right, respectively. The QCD multijet background is derived 
from data. The t t  background is derived from simulation. The hatched error bands show the 
quadratic sum of all systematic and statistical uncertainties in the background. In the ratio plot, 
the statistical uncertainty in the background is depicted by the inner central band, while the outer 
band shows the quadratic sum of all systematic and statistical uncertainties.

bW tZ , tZ tZ . T hree  of these final s ta tes  con tain  a t least one tH  decay. T his m eans th a t  th e  
single H ta g  category  of th is  analysis is sensitive also to  non-exclusive b ranching  fractions. 
F urtherm ore , we also expect som e sensitiv ity  to  tZ  decays because th e  m ass of th e  Z boson 
differs from  th e  m ass of th e  Higgs boson by only 35 GeV/c2 and  because it decays into b 
quark  pairs w ith  a b ranching  fraction  of 15.6%. A selection efficiency of 4.5% is found for 
th e  tH tZ  final s ta te , 3% for tH bW , and  2% for tZ tZ  for a T  quark  m ass of 800 GeV/c2. 
T hese efficiencies are calcu lated  in th e  sam e way as those for tH tH  in tab le  1.

A ded icated  op tim iza tion  is no t perform ed for th e  non-exclusive decay m odes. Never- 
theless, exclusion lim its are calcu lated  for all branching  fractions from  a scan of all allowed 
values. S im ulated  signal sam ples have been produced  for each set of b ranching  fractions 
used in th e  scan.

O bserved and  expected  lower lim its on th e  m ass of th e  T  quark  for different branching  
fractions are listed in tab le  5 and  shown in figure 14. Table 5 shows only those branching  
fractions for which ac tu a l m ass lim its exist (w here th e  th eo ry  curve crosses th e  lim it curve). 
A good sensitiv ity  is achieved for T  ^  tH  branching  fractions down to  80%. T he observed 
and  expected  lim its on th e  p roduc tion  cross section for different b ranching  fractions are 
given in tab le  6 and  shown in figure 15.
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F ig u re  13. Observed (solid line) and expected (dotted line) Bayesian upper limits on the T quark 
production cross section determined from the variable L for the combination of the single and 
multiple H tag categories, for the hypothesis of an exclusive branching fraction B(T ^  tH) =  100%. 
The green (inner) and yellow (outer) bands show the 1 a  (2 a) uncertainty ranges, respectively. The 
dashed line shows the prediction of the theory as discussed in section 3 .

bW tZ tH observed lim it expected lim it e x p e c ted ± 1 a ex p e c ted ± 2 a

0.0 0.2 0.8 698 732 [596,795] [<500,851]

0.0 0.15 0.85 715 734 [633,798] [<500,857]

0.0 0.1 0.9 725 751 [639,806] [<500,862]

0.0 0.05 0.95 739 763 [655,827] [538,873]

0.0 0.0 1.0 745 773 [664,832] [557,875]

0.05 0.1 0.85 716 732 [619,798] [<500,856]

0.05 0.05 0.9 724 749 [633,812] [503,858]

0.05 0.0 0.95 731 757 [650,817] [534,865]

0.1 0.05 0.85 708 730 [595,795] [<500,849]

0.1 0.0 0.9 720 737 [599,799] [<500,859]

T ab le  5. Observed and expected lower limits on the mass of the T quark (in GeV/c2) for a range 
of T quark branching fraction hypotheses listed in the first three columns. Only combinations for 
which an observed limit is found are reported. When the limit lies below the scanned mass region 
between 500 and 1000 GeV/c2 a value of < 500 is indicated.

11 Summary

A search for heavy resonances decaying to  top  quarks and  Higgs bosons has been perform ed 
using p ro to n -p ro to n  collisions recorded w ith  th e  CM S detec to r a t ^/s  =  8 TeV, correspond
ing to  an  in teg ra ted  lum inosity  of 1 9 .7 fb - 1 . T he benchm ark  m odel considered is a heavy 
vector-like T  quark  th a t  decays into bW , tZ , and  tH  in all-hadronic final sta tes. T he anal-

19.7 fb'1 (8 TeV)
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T(bW)
19.7 fb '1 (8 TeV)

T(bW)
19.7 fb '1 (8 TeV)

m
CD<

F ig u re  14. Branching fraction triangle with observed upper limits (left) and expected limits (right) 
for the T quark mass. Every point in the triangle corresponds to a particular set of branching 
fraction values subject to the constraint tha t all three add up to one. The branching fraction for 
each mode decreases from one at the corner labelled with the specific decay mode to zero at the 
opposite side of the triangle.

bW tZ tH 500 600 700 800 900 1000

0.432 0.132 0.046 0.036 0.029 0.026

0 0 1 0 244+0'1090 _0.079 0 105+0053° .105_0.035 0.046+0.0210.046_0.014 0 026+0.011 0.026_0.008 0 0 20+0.008 0.020_0.006 0 015+0.0070.015_0.004

0.576 0.157 0.059 0.046 0.036 0.029

0 0.2 0.8 0 299+°.124 ° .299_0.i00 0 118+0.063 0 1 8 _0.036 0 054+0.0250.054_0.014 0 032+0.014 0.032_0.010 0.023+0.0110.023_0.006 0 0 1 8+0.008 ° .° 18_0.005

0.866 0.191 0.076 0.057 0.043 0.036

0 0.4 0.6 0.389_0.122 0 1 43+0074 0 43_0.043 0 0 67+0.027° .° 6 /_0.019 0.041+0.0190.041_0.012 0.030+0.0140.030_0.009 0 023+0.010 0.023_0.007
0.656 0.155 0.061 0.049 0.038 0.033

0.2 0 0.8 0 340+0174 ° .34°_0.110 0. 1 CO -J I +
 

o 
o 

00 co 
to 0 061 +0.027 0.061_0.018 0 035+0.015 0.035_0.010 0.026+0.0110.026_0.008 0 0 20+0.009 0.020_0.006

0.934 0.206 0.081 0.060 0.049 0.039

0.2 0.2 0.6 0.459_0.150 0 165+0.080 0.165_0.052 0.076+0.0330.076_0.022 0 045+0.0190.045_0.014 0.033+0.0140.033_0.010 0 025+0.011 0.025_0.007

T ab le  6. Branching fractions (first three columns) and the observed and expected upper limits on 
the cross section for different mass values of the T quark. The expected limits are quoted with their 
corresponding uncertainties while the observed limits are quoted without uncertainties. The cross 
section limits are given in units of pb, while the T quark mass values are given in units of GeV/c2.

ysis m akes use of je t  su b stru c tu re  techniques including algorithm s for th e  identification  of 
boosted  top  quarks, boosted  Higgs bosons, and  su b je t b tagging. R esults are presented  
for exclusive T  quark  decay m odes as well as for non-exclusive b ranching  fractions. If th e  
heavy T  quark  has a b ranching  fraction  of 100% for T  ^  tH , th e  observed (expected) 
exclusion lim it on th e  m ass of th e  T  quark  is 745 (773) GeV/c2 a t 95% confidence level. 
T his lim it is sim ilar to  th a t  ob ta ined  from  leptonic final s ta tes  [14]. These resu lts are the  
first to  exploit th e  all-hadronic final s ta te  in th e  search for vector-like quarks and  th ey  
facilita te  th e  com bination  w ith  o th er analyses to  im prove th e  m ass reach.
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T(bW)
19.7 fb '1 (8 TeV) 19.7 fb '1 (8 TeV) 19.7 fb '1 (8 TeV)

T(bW)
19.7 fb '1 (8 TeV) 19.7 fb'1 (8 TeV) 19.7 fb '1 (8 TeV)

F ig u re  15. Branching fraction triangle with observed (top) and expected (bottom) limits on the 
T quark pair production cross section for three different T quark mass hypotheses: 500 (left), 700 
(middle), and 1000GeV/c2 (right). Every point in the triangle corresponds to a particular set of 
branching fraction values subject to the constraint that all three add up to one. The branching 
fraction for each mode decreases from one at the corner labelled with the specific decay mode to 
zero at the opposite side of the triangle.
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