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1 I n tr o d u c t io n

Since th e  observation  of a new p artic le  by th e  ATLA S [1] and  CMS [2] co llaborations 
in th e  search for th e  S tan d ard  M odel (SM) Higgs boson [3- 8], th e  m ass, spin, and  charge
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con jugation  tim es p arity  of th e  new p artic le  have been m easured by b o th  co llaborations [9­
11]. Its  m ass has been m easured to  be m H =  125.09 ±  0.24 GeV [9] by com bining ATLAS 
and  CM S m easurem ents. T he s tren g th s  of its couplings to  gauge bosons and  ferm ions have 
also been explored [12, 13]. In  all cases th e  resu lts are consisten t w ith  SM predictions. 
D ifferential cross-section m easurem ents have recently  been m ade by th e  ATLAS and CMS 
collaborations in th e  Z Z  ^  41 [14, 15] and  7 7  [16, 17] final s ta tes. T he resu lts of th e  
ATLAS co llaboration  have been com bined in ref. [18].

In  th is  paper, m easurem ents of fiducial and  differential cross sections for Higgs boson 
p rod u c tio n  in th e  H ^  W W ev p v  final s ta te  are presen ted . T hese m easurem ents use
20.3 fb -1  of p ro to n -p ro to n  collision d a ta  a t a centre-of-m ass energy of y fs  =  8 TeV recorded 
by th e  ATLAS experim ent a t th e  C E R N  L arge H adron  C ollider (LH C). T he presented  
m easurem ents charac terise  th e  gluon-fusion p rod u c tio n  m ode (ggF), which is th e  dom inan t 
signal co n trib u tio n  to  th e  H ^  W W e v p v  event sam ple. T he resu lts are com pared 
to  q u an tu m  chrom odynam ics (Q C D ) predic tions of th is  p roduc tion  m echanism . Small 
con tribu tions from  th e  vector-boson fusion (V B F), and  vector-boson associa ted  p roduction  
( V H ) m odes are su b trac ted  assum ing th e  SM expecta tion . C on tribu tions from  associated  
Higgs boson p rod u c tio n  via t t H  and  bbH are expected  to  be negligible afte r applying th e  
experim ental event-selection crite ria . To m inim ise th e  m odel dependencies of th e  correction 
for th e  d e tec to r acceptance, and  to  allow d irec t com parison w ith  theo re tica l predictions, 
all cross sections presen ted  in th is  p ap e r are fiducial cross sections corrected  for d e tec to r 
effects. Here, th e  cross sections are given in a fiducial region defined using particle-level 
ob jects  w here m ost of th e  event-selection requirem ents of th e  analysis are applied.

T he differential ggF Higgs boson p ro d u c tio n  cross sections are chosen to  p robe several 
different physical effects:

•  H igher-order p e rtu rb a tiv e  QCD  con tribu tions to  th e  ggF p rod u c tio n  are probed  by 
m easuring th e  num ber of je ts , Njet, and  transverse  m om entum , p T , of th e  h ighest-pT 
( “leading”) je t, p ÿ .

•  M ultip le soft-gluon em ission, as m odelled by resum m ation  calculations, and  non- 
p e r tu rb a tiv e  effects are  probed  by m easuring  th e  transverse  m om entum  of th e  recon­
stru c ted  Higgs boson, p H .

•  P a rto n  d is trib u tio n  functions (P D F s) are probed  by m easuring  th e  abso lu te  value of 
th e  rap id ity  of th e  reconstructed  d ilep ton  system , |y ^ |.

T he d ilep ton  rapidity , y u ,  is highly corre la ted  to  th e  rap id ity  of th e  reconstructed  Higgs 
boson, yH , which is known to  be sensitive to  P D F s. Since it is no t possible to  reconstruct 
yH experim entally  in th e  H  ̂  W W  * ̂  ev p v  final s ta te , th e  differential cross section is 
m easured as a function  of |y ^ |.  A n add itional im p o rtan t te s t of Q CD  predic tions is th e  
p rod u c tio n  cross section of th e  Higgs boson w ith o u t add itiona l je ts  (H  +  0-jet), w hich is 
also a significant source of u n ce rta in ty  in m easurem ents of th e  to ta l H  ^  W W  * p roduc tion  
ra te . L arge uncerta in ties  arise from  unresum m ed logarithm s in fixed-order pred ictions or 
from  uncerta in ties assigned to  resum m ed predic tions for th e  H  +  0-jet cross section. T he 
H  +  0-jet cross section, a 0 (p T Lresh), can be calcu lated  from  th e  p roduc t of th e  to ta l cross
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section, atot, and the jet-veto efficiency for H  +  0-jet events, e0(pîhresh), which is defined 
as the fraction of events with the leading jet below a given threshold, pîpresh:

In addition to the measurement of the Njet distribution, a measurement of the jet-veto 
efficiency for H +0-jet events, e0, is presented for three different values of pT“resh. All results 
are compared to a set of predictions from fixed-order calculations and Monte Carlo (MC) 
generators.

Differential cross-section measurements are performed for the first time in the 
H ^  W W *^ evßv final state. This analysis is an extension of the ggF coupling mea­
surement performed using the Run-1 dataset [19], and uses the same object definitions, 
background-estimation techniques, and strategies to evaluate the systematic uncertain­
ties. In contrast to the couplings measurement, in which the results were obtained using 
a likelihood-based approach to simultaneously fit several signal regions and background­
dominated control regions, the analysis presented here utilizes a simplified approach. First 
the dominant backgrounds are estimated using control regions in data, and then the pre­
dicted backgrounds are subtracted from the observed data in the signal region to obtain 
the signal yield. Another difference is that events with two leptons of the same flavour 
(ee/ßß) are not considered due to the large Drell-Yan (pp ^  Z / y* ^  ££) background. 
Using an iterative Bayesian method, the distributions are corrected for detector efficien­
cies and resolutions. Statistical and systematic uncertainties are propagated through these 
corrections, taking correlations among bins into account.

2 T h e  A T L A S  d e te c to r

The ATLAS detector [20] at the LHC covers nearly the entire solid angle around the colli­
sion point. It consists of an inner tracking detector surrounded by a thin superconducting 
solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorpo­
rating three large superconducting toroid magnets. The inner-detector system (ID) is 
immersed in a 2 T axial magnetic field and provides charged-particle tracking in the range
|nl < 2.5.1

Closest to the interaction point, the silicon-pixel detector forms the three innermost 
layers of the inner detector. The silicon-microstrip tracker surrounding it typically provides 
four additional two-dimensional measurement points per track. The silicon detectors are 
complemented by the transition-radiation tracker, which enables radially extended track 
reconstruction up to |n| =  2.0 and provides electron identification information based on the 
fraction of hits above a higher energy-deposit threshold indicating the presence of transition 
radiation.

1ATLAS uses a right-handed coordinate system w ith its origin a t the nominal interaction point (IP) in 
the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to  the centre 
of the LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, 0) are used in the transverse 
plane, 0 being the azim uthal angle around the z-axis. The pseudorapidity is defined in term s of the polar
angle 0 as y =  — ln ta n (0 /2 ). Angular separation is measured in units of A R  =  \J(A y)2 +  (A 0)2.

-  3 -

JH
E

P
08(2016)104

ac(p tThresh) =  eo(ptThresh) ■ a to t. (1.1)



T he ca lo rim eter system  covers th e  range |n| <  4.9. W ith in  th e  region |n| <  3.2, e lectro­
m agnetic  ca lo rim etry  is provided by a h igh-granu larity  lead /liq u id -arg o n  (LAr) sam pling 
calorim eter. T h e  hadronic ca lo rim eter consists of steel and  sc in tilla to r tiles in th e  cen­
tra l  region and  tw o co p p e r/L A r hadron ic endcap  calorim eters. T he solid-angle coverage is 
com pleted  w ith  forw ard co p p e r/L A r and  tu n g s te n /L A r calo rim eter m odules optim ised  for 
electrom agnetic  and  hadron ic m easurem ents respectively.

T he m uon spec trom eter (MS) covers th e  region |n| <  2.7 w ith  precise position  m ea­
surem ents from  th ree  layers of m onitored  d rift tu b es  (M D Ts). C ath o d e-strip  cham bers 
provide add itiona l h igh-granu larity  coverage in th e  forw ard (2 <  |n| <  2.7) region. T he 
m uon trigger system  covers th e  range |n| <  2.4 w ith  resistive-p la te  cham bers in th e  barrel 
and  th in -g ap  cham bers in th e  endcap  regions, b o th  of w hich also provide position  m easure­
m ents in th e  d irec tion  norm al to  th e  bending  plane, com plem entary  to  th e  precision hits 
from  th e  M D Ts.

A three-level trigger system  reduces th e  event ra te  to  ab o u t 400 Hz [21]. T he Level-1 
trigger is im plem ented in hardw are and  uses a subset of d e tec to r in form ation  to  reduce 
th e  event ra te  to  a design value of a t m ost 75 kHz. T he tw o subsequent trigger levels, 
collectively referred to  as th e  High-Level Trigger (HLT), are im plem ented in software.

3 S ig n a l a n d  b a c k g r o u n d  m o d e ls

Signal and  background processes are m odelled by M onte C arlo  sim ulation , using th e  sam e 
sam ples and  configurations as in ref. [19], which are sum m arized here. E vents rep resen t­
ing th e  ggF and  V B F H  ^  W W  * signal processes are produced  from  calcu lations a t 
nex t-to -lead ing  order (NLO) in th e  strong  coupling a s  as im plem ented in th e  P o w h e g  
M C genera to r [22- 25], in terfaced w ith  P y t h i a 8 [26] (version 8.165) for th e  p a r to n  shower, 
had ron isa tion , and  underly ing  event. T he CT10 [27] P D F  set is used and  th e  p aram eters  of 
th e  P y t h i a 8 g enera to r controlling  th e  m odelling of th e  p a rto n  shower and  th e  underly ing 
event are those corresponding  to  th e  AU2 set [28]. T he Higgs boson m ass set in th e  genera­
tio n  is 125.0 GeV, w hich is close to  th e  m easured value. T he P o w h e g  ggF m odel takes into 
account finite q u ark  m asses and  a runn ing-w id th  B reit-W igner d is trib u tio n  th a t  includes 
electrow eak corrections a t NLO [29]. To im prove th e  m odelling of th e  Higgs boson px  d is tri­
bu tion , a rew eighting scheme is applied  to  reproduce th e  p red ic tion  of th e  nex t-to -nex t-to - 
leading-order (N N LO) and  nex t-to -nex t-to -lead ing -logarithm  (NNLL) dynam ic-scale cal­
cu la tion  given by th e  H R e s  2.1 program  [30]. E vents w ith  >  2 je ts  are fu rth e r rew eighted 
to  reproduce th e  pH spec trum  p red ic ted  by th e  NLO P o w h e g  sim ulation  of Higgs bo ­
son p roduc tion  in association  w ith  tw o je ts  (H  +  2 je ts) [31]. In terference w ith  continuum  
W W  produc tion  [32, 33] has a negligible im pact on th is  analysis due to  th e  transverse-m ass 
selection crite ria  described in section 4 and  is no t included in th e  signal model.

T he inclusive cross sections a t y fs  =  8 TeV for a Higgs boson m ass of 125.0 GeV, 
calcu lated  a t N N L O +N N L L  in Q CD and NLO in th e  electrow eak couplings, are 19.3 pb  
and  1.58 pb for ggF and  V B F respectively  [34]. T he u n certa in ty  on th e  ggF cross section 
has approx im ate ly  equal con tribu tions from  QCD scale varia tions (7.5%) and P D F s (7.2%). 
For th e  V B F  p roduction , th e  u n ce rta in ty  on th e  cross section is 2.7%, m ainly  from  P D F
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varia tions. T he W H  and Z H  processes are m odelled w ith  P y t h i a 8 and  norm alised to  
cross sections of 0.70 pb and  0.42 pb  respectively, ca lcu lated  a t NNLO in QCD  and NLO 
in th e  electrow eak couplings [34]. T he u n ce rta in ty  is 2.5% on th e  W H  cross section and 
4.0% on th e  Z H  cross section.

For all of th e  background processes, w ith  th e  exception  of W  +  je ts  and  m ultije t events, 
M C sim ulation  is used to  m odel event k inem atics and  as an  in p u t to  th e  background norm al­
isation. T he W  +  je ts  and  m ultije t background m odels are derived from  d a ta  as described 
in section 5 . For th e  dom inan t W W  and to p -q u ark  backgrounds, th e  M C g enera to r is 
P ow H E g + P y t h i a 6 [35] (version 6.426), also w ith  CT10 for th e  in p u t P D F s. T he P erug ia  
2011 p a ram ete r set is used for P y t h i a 6 [36]. For th e  W W  background w ith  N jet >  2, to  
b e tte r  m odel th e  add itional partons, th e  S h e r p a  [37] p rogram  (version 1.4.3) w ith  th e  
C T10 P D F  set is used. T he Drell-Y an background, including Z / q * ^  t t , is sim ulated  
w ith  th e  ALPgEN [38] program  (version 2.14). I t  is in terfaced w ith  HERWig [39] (version 
6.520) w ith  p aram eters  set to  those of th e  ATLAS U nderly ing E vent Tune 2 [40] and  uses 
th e  C TEQ 6L1 [41] P D F  set. T he sam e configuration is applied for W q  events. E vents in 
th e  Z /q*  sam ple are rew eighted to  th e  M R ST m cal P D F  set [42]. For th e  W q  * and  Z /q  
backgrounds, th e  S h e r p a  program  is used, w ith  th e  sam e version num ber and  P D F  set as 
th e  W W  background w ith  >  2 je ts . A dditional d iboson backgrounds, from  W Z  and Z Z , 
are m odelled using P ow H E g + P y t h i a 8 .

For all M C sam ples, th e  ATLAS d e tec to r response is sim ulated  [43] using e ither 
G e a n t4  [44] or G e a n t4  com bined w ith  a param eterised  GEANT4-based ca lo rim eter sim ­
u la tion  [45]. M ultip le p ro to n -p ro to n  (pile-up) in teractions are m odelled by overlaying 
m inim um -bias in teractions generated  using P y t h i a 8 .

4  E v e n t  s e le c t io n

T his section describes th e  reconstruction-level definition of th e  signal region. T he definition 
of physics ob jects reconstructed  in th e  d e tec to r follows th a t  of ref. [19] exactly  and is 
sum m arised here. All ob jects are defined w ith  respect to  a p rim ary  in te rac tio n  vertex, 
w hich is required  to  have a t least th ree  associated  tracks w ith  p T >  400 MeV. If m ore 
th a n  one such vertex  is p resent, th e  one w ith  th e  largest value of XXPt ), w here th e  sum  is 
over all tracks associa ted  w ith  th a t  vertex, is selected as th e  p rim ary  vertex.

4.1 O b ject reco n stru ctio n  and id en tifica tion

E lec tron  cand ida tes are bu ilt from  clusters of energy depositions in th e  EM  calo rim eter w ith  
an  associated  w ell-reconstructed  track . T hey  are required  to  have E T >  10 GeV, w here 
th e  transverse  energy E T is defined as E s in (0 ) . E lectrons reconstructed  w ith  | n | <  2.47 
are used, excluding 1.37 <  | n | <  1.52, w hich corresponds to  th e  tran s itio n  region betw een 
th e  barre l and th e  endcap  calorim eters. A dditional identification  crite ria  are applied  to  
reject background, using th e  ca lo rim eter shower shape, th e  quality  of th e  m atch  betw een 
th e  track  and  th e  cluster, and  th e  am oun t of tran s itio n  rad ia tio n  em itted  in th e  ID [46­
48]. For electrons w ith  10 GeV <  E T <  25 GeV, a likelihood-based electron selection 
a t th e  “very t ig h t” o p era tin g  po in t is used for its im proved background rejection. For
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E t  >  25 GeV, a m ore efficient “m edium ” selection is used because background is less of a 
concern. T he efficiency of these requirem ents varies s trongly  as a function  of E t , s ta rtin g  
from  65-70%  for E t  <  25 GeV, ju m p in g  to  ab o u t 80% w ith  th e  change in identification  
crite ria  a t E t  =  25 GeV, and  th en  stead ily  increasing as a function  of E t  [47].

M uon cand idates are selected from  tracks reconstructed  in th e  ID m atched  to  tracks 
reconstructed  in th e  m uon spectrom eter. Tracks in b o th  detec to rs are required  to  have 
a m inim um  num ber of h its to  ensure robust reconstruction . M uons are required  to  have 
| n | <  2.5 and  pT >  10 GeV. T he reconstruction  efficiency is betw een 96% and 98%, and 
s tab le  as a function  of p T [49].

A dditional c rite ria  are applied  to  electrons and  m uons to  reduce backgrounds from  
n on-prom pt leptons and electrom agnetic  signatu res produced  by hadronic activity . L epton  
isolation  is defined using track-based  and  calorim eter-based  quan tities . All isolation 
variables used are norm alised relative to  th e  transverse  m om entum  of th e  lepton, and 
are optim ised  for th e  H ^  W W * ^  ev ^ v  analysis, resu lting  in s tric te r c rite ria  for b e tte r  
background re jection  a t lower px  and  looser c rite ria  for b e tte r  efficiency a t higher px. 
Similarly, requirem ents on th e  transverse  im p ac t-p a ram ete r significance d0/ ^ do and 
th e  longitud inal im pact p a ram ete r z 0 are m ade. T he efficiency of th e  iso lation and 
im p ac t-p a ram ete r requirem ents for electrons satisfying all of th e  identification crite ria  
requirem ents ranges from  68% for 10 GeV <  E t  <  15 GeV to  g rea te r th a n  90% for 
electrons w ith  E t  >  25 GeV. For m uons, th e  equivalent efficiencies are 60-96% .

Je ts  are reconstructed  from  topological c lusters of ca lo rim eter cells [50- 52] using th e  
an ti-k t algorithm  w ith  a rad ius p aram ete r of R  =  0.4 [53]. J e t  energies are  corrected  for th e  
effects of ca lo rim eter non-com pensation , signal losses due to  noise th resho ld  effects, energy 
lost in n o n-instrum en ted  regions, con tribu tions from  in-tim e and  out-of-tim e pile-up, and 
th e  position  of th e  p rim ary  in te rac tio n  vertex  [50, 54]. Subsequently, th e  je ts  are ca lib ra ted  
to  th e  hadronic energy scale [50, 55]. To reduce th e  chance of using a je t  p roduced  by a 
p ile-up in teraction , je ts  w ith  w ith  p T <  50 GeV and  |n| <  2.4 are required  to  have m ore 
th a n  50% of th e  scalar sum  of th e  p T of th e ir associa ted  tracks com e from  tracks associated  
w ith  th e  p rim ary  vertex. Je ts  used for defin ition  of th e  signal region are required  to  have 
p T >  25 GeV if | n | <  2.4 and  p T >  30 GeV if 2.4 <  | n | <  4.5.

Je ts  con tain ing  b-hadrons are identified using a m u ltivaria te  b-tagging algorithm  [56, 57] 
w hich com bines im p ac t-p a ram ete r inform ation  of tracks and  th e  reconstruction  of charm - 
and  b o tto m -h ad ro n  decays. T he working poin t, chosen to  m axim ise to p -q u ark  background 
rejection, has an  efficiency of 85% for b-jets and  a m is-tag  ra te  for light-flavour je ts  (ex­
cluding je ts  from  charm  quarks) of 10.3% in sim ulated  t t  events.

M issing transverse  m om entum  ( p p iss) is p roduced  in signal events by th e  tw o neutrinos 
from  th e  W  boson decays. It is reconstructed  as th e  negative vector sum  of th e  transverse 
m om enta of m uons, electrons, photons, je ts , and  tracks w ith  p T >  0.5 GeV associated  w ith  
th e  p rim ary  vertex  b u t unassocia ted  w ith  any of th e  previous objects.

4.2  S ignal reg ion  se lec tio n

E vents are selected from  those w ith  exactly  one electron and  one m uon w ith  opposite 
charge, a d ilep ton  invariant m ass m u  g rea te r th a n  10 GeV, and  pîpiss >  20 GeV. A t least
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one of th e  tw o leptons is required  to  have p T >  22 GeV and  th e  lep ton  w ith  h igher p T 
is referred to  as th e  leading lepton. T he o th e r ( “subleading” ) lep ton  is required  to  have 
p T >  15 GeV. All events are required  to  pass a t least one single-lepton or d ilep ton  trigger. 
T he Level-1 p T th resho lds for th e  single-lepton triggers are 18 GeV and 15 GeV for electrons 
and  m uons, respectively. T he HLT uses ob ject reconstruction  and  ca lib ra tions close to  
those  used offline, and  th e  electron and  m uon triggers b o th  have th resho lds a t 24 GeV 
and an  isolation requirem ent. To recover efficiency, a su p p o rtin g  trigger w ith  no isolation 
requirem ent b u t h igher pT thresholds, 60 GeV for electrons and  36 GeV for m uons, is used. 
T he d ilep ton  trigger requires an  electron  and  a m uon above a th resho ld  of 10 GeV and 
6 GeV, respectively, a t Level-1, and  12 GeV and  8 GeV in th e  HLT. T his increases the  
signal efficiency by including events w ith  a leading lep ton  below th e  th resho ld  im posed by 
th e  single-lepton triggers b u t still on th e  p la teau  of th e  d ilep ton  trigger efficiency. T he 
reconstructed  leptons are  required  to  m atch  those  firing th e  trigger. T he to ta l per-event 
trigger efficiencies for events w ith  N jet =  0 are 96% for events w ith  a leading electron  and 
84% for events w ith  a leading m uon. T he efficiency increases w ith  increasing je t  m ultiplicity, 
up  to  97% for events w ith  a leading electron and  89% for events w ith  a leading m uon.

T hree  non-overlapping signal regions are defined, d istinguished  by th e  num ber of 
reconstructed  je ts: Njet =  0, N jet =  1, or Njet >  2. T hese sep ara te  th e  d a ta  in to  signal 
regions w ith  different background com positions, w hich im proves th e  sensitiv ity  of th e  
analysis. T h e  d om inan t background processes are W W  produc tion  for N jet = 0 ,  to p -q u ark  
p rod u c tio n  for Njet >  2, and  a m ix tu re  of th e  tw o for Njet =  1. For je t  m ultip licities above 
two, th e  num ber of events decreases w ith  increasing num ber of je ts  b u t th e  background 
com position  rem ains dom inated  by to p -q u ark  production , so these events are all collected 
in th e  Njet >  2 signal region.

T he signal regions are based on th e  selection used for th e  ggF analysis of ref. [19], w ith  
m odifications to  im prove th e  signal-to-background ra tio , and  to  account for th e  tre a tm e n t 
of V B F and  V H  as backgrounds. T he form er includes th e  increase in th e  subleading lepton 
p T th resho ld  and  th e  exclusion of sam e-flavour events, to  reduce background from  W  +  je ts  
and  Drell-Y an events, respectively.

T he selection crite ria  are sum m arised in tab le  1. T he 6-jet veto  uses je ts  w ith  p T >  
20 GeV and  |njet| <  2.4, and rejects to p -q u ark  background in th e  Njet =  1 and  Njet >  2 
categories. B ackground from  Z /y*  ^  t t  and  m ultije t events is reduced in th e  Njet =  0 
ca tegory  w ith  a requirem ent on th e  transverse  m om entum  of th e  d ilep ton  system , pT  >  
30 GeV. In  th e  N jet =  1 category, th is  is accom plished in p a r t by requirem ents on th e  single­

lep ton  transverse  m ass mT, defined for each lep ton  as mT =  ^ 2 (p™sspT — pT  ' P™iss). At 

least one of th e  tw o leptons is required  to  have mT >  50 GeV. For Z /y  * ^  t t  background 
events in th e  Njet =  1 and  Njet >  2 categories, th e  pT of th e  t t  system  is larger, so the  
collinear approx im ation  is used to  ca lcu late  th e  t t  invarian t m ass m TT [58]. A requirem ent 
th a t  m TT a t m Z — 25 GeV suppresses m ost background from  Z /y  * ^  t t  . Selection th a t  
rejects Z /y*  ^  t t  events also rejects H  ^  t t  events, which are k inem atically  sim ilar. T he 
V B F  veto in th e  Njet >  2 signal region removes events in which th e  tw o leading je ts  have 
an  invarian t m ass m j j  >  600 GeV and  a rap id ity  separation  A y jj >  3.6, which rejects ab o u t 
40% of V B F  events b u t only 5% of ggF events.
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Category CD O N jet =  1 Njet > 2

Preselection

Two isolated leptons (t =  e, p) with opposite charge 
pTad > 22 GeV, pTblead > 15 GeV 

m u  > 10 GeV 
p!fi33 > 20 GeV

Background rejection - Nb-jet =  0 Nb-jet =  0
A ^(££ ,p !fi33) > 1.57 max(mT) > 50 GeV -
pT  > 30 GeV mTT < m Z — 25 GeV mTT < m Z — 25 GeV

VBF veto - - m jj < 600 GeV or A y jj  < 3.6
H ^  W W £ v £ v m u  < 55 GeV
topology A0££ < 1.8 

85 GeV < mT < 125 GeV

T ab le  1. Event selection criteria used to define the signal regions in the H  ̂  W W  * ̂  evp,v dif­
ferential cross section measurements. The preselection and signal-topology selection criteria are 
identical across all signal regions. The background rejection and VBF-veto selection depend on 
Njet, and a dash (‘- ’) indicates tha t no selection is applied. Definitions including the p T thresholds 
for jet counting are given in the text.

U pper bounds on m u  and  th e  az im uthal angle betw een th e  leptons A ÿ u  take 
advan tage of th e  unique k inem atics of th e  H  ^  W W  * decay to  d iscrim inate  betw een 
these signal events and  th e  con tinuum  W  W  background. T h e  spin-zero n a tu re  of th e  
Higgs boson, to g e th er w ith  th e  s tru c tu re  of th e  weak in terac tio n  in th e  W  boson decays, 
preferen tia lly  produces leptons po in ting  in to  th e  sam e hem isphere of th e  d e tec to r. T h e  
sm all d ilep ton  invarian t m ass is a consequence of th a t  and  th e  fact th a t  m H <  2m W, 
w hich forces one of th e  tw o W  bosons off-shell, resu lting  in lower lep ton  m om enta in th e  
centre-of-m ass fram e of th e  Higgs boson decay.

Signal events are peaked in th e  d is trib u tio n  of th e  transverse  m ass m T , defined as

m T =  ^ j (E T  +  P^ 188) 2 -  |P t  +  P miss|2, (4.1)

w here

E t  =  ^ / | P t !2 +  m ^ . (4.2)

F igu re  1 shows th e  mT d is trib u tio n  afte r app lica tion  of all o th er selection crite ria  in each 
of th e  signal regions. Selecting events w ith  85 GeV <  m T <  125 GeV increases th e  signal 
region p u rity  and  m inim ises th e  to ta l u n ce rta in ty  of th is  m easurem ent of th e  ggF  cross 
section. R em oving events w ith  m T >  m H also reduces th e  effect of in terference w ith  th e  
con tinuum  W W  process to  negligible levels com pared to  th e  observed event yield [32].

T he d is trib u tio n s  to  be m easured are built using th e  sam e leptons, je ts , and  pipiss th a t  
en ter th e  event selection. T he pT  of th e  Higgs boson (pH ) is reconstructed  as th e  vector 
sum  of th e  m issing transverse  m om entum  and  th e  p t  of th e  tw o leptons:

pH =  |pTad +  pTublead +  p miss |. (4.3)
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pH [ GeV]: [0-20], [20-60], [60-300]

|y « |: [0.0-0.6], [0.6-1.2], [1.2-2.5] 

pT1 [ GeV]: [0-30], [30-60], [60-300]

T ab le  2. Bin edges for the reconstructed and unfolded distributions.

T he rap id ity  of th e  d ilep ton  system  |y ^ | is reconstructed  from  th e  charged lep ton  four m o­
m enta. T he reconstructed  and  unfolded d is trib u tio n s  are b inned  using th e  bin  edges defined 
in tab le  2 . T he bin edges are determ ined  by balancing th e  expected  s ta tis tica l and  system ­
atic  uncerta in ties in each bin. T he resolution  of th e  variables is sm aller th a n  th e  bin  size and 
does no t affect th e  b inning choice. For each d is trib u tio n , th e  u p p er edge of th e  highest bin 
is chosen so th a t  less th a n  1% of th e  expected  event yield in th e  fiducial region is excluded.

5 B a c k g r o u n d  e s t im a t io n

Im p o rtan t background processes for th is  analysis are W W , ti ,  single top -quark , Z / y * ^  t t  , 
W  + je ts ,  and  diboson processes o th er th a n  W W , collectively referred to  as “O th er V V ” 
and  including W y *, W y , W Z , and  Z Z  events. T he background estim ation  techniques are 
described in deta il in ref. [19] and  briefly here. T he norm alisation  s tra teg y  is sum m arised 
in tab le  3 . As m uch as possible, backgrounds are es tim ated  using a control region (CR) 
enriched in th e  ta rg e t background and  o rthogonal to  th e  signal region (SR), because th e  
s ta tis tica l and  ex trap o la tio n  uncerta in ties are sm aller th a n  th e  typ ical uncerta in ties asso­
cia ted  w ith  explicit p red ic tion  of th e  yields in exclusive Njet categories. T he background 
estim ates done in th e  CRs are ex trap o la ted  to  th e  SR using ex trap o la tio n  factors taken  
from  sim ulation. T he control region definitions are sum m arised in tab le  4 , and  include th e  
lower subleading lep ton  p T th resho ld  of 10 GeV for all control regions except th e  one for 
W W . T his is done because th e  gain in s ta tis tica l precision of th e  resu lting  background 
estim ates is larger th a n  th e  increase of th e  system atic  uncerta in ties  on th e  ex trap o la tio n  
factors, p a rticu la rly  for th e  Z / y * ^  t t  and  V V  processes.

For all k inem atic  d istribu tions, except Njet, th e  shapes are derived from  d a ta  for th e  
W  +  je ts  and  m ultije t backgrounds, and  from  th e  M C -sim ulated  background sam ples for all 
o th e r processes. B ecause th e  signal regions are defined in te rm s of Njet, th e  Njet d is trib u tio n  
is determ ined  d irec tly  in each bin  by th e  sum  of th e  background predictions. T heoretical 
and  experim ental uncerta in ties are evaluated  for all M C -sim ulation-derived shapes and 
included in th e  analysis, as described in section 8 .

T he co n trib u tio n  to  th e  signal region from  th e  V BF and  V H  Higgs boson p roduction  
m odes, and  all con tribu tions from  H  ^  t t  decays, are  tre a ted  as a background assum ing 
th e  S tan d ard  M odel cross section, b ranching  ra tio , and  acceptance for m H =  125 GeV. 
T he co n trib u tio n  of H  ^  t t  events is negligible due to  th e  selection crite ria  re jecting  t t  
events. T he largest co n trib u tio n  from  all non-ggF Higgs boson processes is in th e  Njet >  2 
category, in which events from  VBF and  V H  co n trib u te  ab o u t half th e  num ber of events
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250
eV]

F ig u re  1. Observed distributions of m T with signal and background expectations after all other 
selection criteria have been applied for the Njet = 0  (top left), Njet =  1 (top right) and Njet > 2 
(bottom) signal regions. The background contributions are normalised as described in section 5. 
The SM Higgs boson signal prediction shown is summed over all production processes. The hatched 
band shows the sum in quadrature of statistical and systematic uncertainties of the sum of the 
backgrounds. The vertical dashed lines indicate the lower and upper selection boundaries on m T 
at 85 and 125 GeV.
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C hannel W W Top Z / y * ^  TT Z / y * ^  e e / ^ W  + je ts /m u lti je t O th er V V

Njet =  0 C R C R C R MC D a ta CR

Njet =  1 C R C R C R MC D a ta CR

Njet >  2 MC CR C R MC D a ta MC

T ab le  3. Summary of background-estimation procedures for the three signal regions. Each back­
ground is categorised according to whether it is normalised using a control region (CR), a fully 
data-derived estimate (Data), or the theoretical cross section and acceptance from simulation (MC).

CR Njet =  0 N jet =  1 Njet >  2

W W 55 <  m u  <  110 GeV 

A ifiu  <  2.6
psubtead >  15 GeV

m u  >  80 GeV 

|m TT — m Z | >  25 GeV 
psubiead >  15 GeV 

6-jet veto

max(mSS) >  50 GeV

Top quark No Njet requirem ent

A ^ u  <  2 .8

>  1 6-jet required m u  >  80 GeV 

6-jet veto

Top q u ark  aux. N o Njet requirem ent Njet =  2

>  1 6-jet required >  1 6-jet required -

O th er V V Sam e-sign leptons 

All SR cu ts

Sam e-sign leptons 

All SR cu ts

-

z / y * ^  t t m u  <  80 GeV m u  <  80 GeV m u  <  70 GeV

A ^ u  >  2 .8 m TT >  m Z — 25 GeV 

6-jet veto

A ^ u  >  2 .8

6-jet veto

T ab le  4. Event selection criteria used to  define the control regions. Every control region starts from 
the same basic charged lepton and pmiss selection as the signal regions except tha t the subleading 
lepton p T threshold is lowered to 10 GeV unless otherwise stated. Jet-multiplicity requirements 
also match the corresponding signal region, except where noted for some top-quark control regions. 
The “top quark aux.” lines describe auxiliary data control regions used to correct the normalisation 
found in the main control region. Dashes indicate tha t a particular control region is not defined. 
The definitions of mTT, m ^, and the jet counting p T thresholds are as for the signal regions.

th a t  ggF does, and  co n stitu te  ab o u t 3% of th e  to ta l background. T he Njet d is trib u tio n  
and  o th er shapes are tak en  from  sim ulation.

For th e  Njet =  0 and  Njet =  1 categories, th e  W W  background is norm alised using con­
tro l regions d istingu ished  from  th e  SR p rim arily  by m ^ , and  th e  shape is tak en  from  sim u­
la ted  events generated  using P o w h e g  + P y t h i a 6 as described in section 3 . For th e  Njet >  2 
category, W W  is norm alised using th e  NLO cross section calcu lated  w ith  M C FM  [59]. T he 
efficiency for th e  Njet >  2 requirem ent and  o th e r SR selections is tak en  from  M C sim ula-
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Figure 2. Observed distributions of (a) |y«| in the Njet = 0  W W  CR and (b) pH in the Njet =  1 
W W  CR, with signal and background expectations. Relevant background normalisation factors 
have been applied. The SM Higgs boson signal prediction shown is summed over all production 
processes. The hatched band in the upper panel and the shaded band in the lower panel show the 
sum in quadrature of statistical and systematic uncertainties of the prediction.

tion, for which the S h e r p a  generator is used. It is LO in QCD but has matrix elements 
implemented for WW + N  jets, for 0 < N  < 3. For all Nj e t categories, WW ^  ^v^v back­
ground events produced by double parton scattering are normalised using the predicted 
cross section times branching ratio of 0.44 ±  0.26 pb [19]. The acceptance is modelled at 
LO using events generated by P y t h i a 8. The |y^| distribution in the Nj e t = 0 WW CR and 
the pH distribution in the N jet = 1 WW CR are shown in figure 2.

The top-quark background normalisation is estimated using control regions for all 
N je t , and the shapes of the distributions other than N je t are taken from MC simulation. 
The tt and single-top (i.e. Wt) backgrounds are treated together and the normalisation 
factor determined from the CR yield is applied to their sum. In the Nj e t = 0 category, the 
normalisation is derived from an inclusive sample of events meeting all of the lepton and 
pm iss preselection criteria but with no requirements on the number of jets, in which the 
majority of events contain top quarks. The efficiency of the Nj e t = 0 signal region selection 
is modelled using MC simulation. To reduce the uncertainty on the efficiency of the jet veto, 
the fraction of b-tagged events which have no additional jets is measured in a data sample 
with at least one b-tagged jet and compared to the fraction predicted by simulation. The 
efficiency of the jet veto is corrected by the square of the ratio of the measured fraction 
over the predicted one to account for the presence of two jets in rt production. In the 
N jet = 1 category, the normalisation of the top-quark background is determined from a 
control region distinguished from the signal region by requiring that the jet is b-tagged. To 
reduce the effect of b-tagging systematic uncertainties, the extrapolation factor from the 
CR to the SR is corrected using an effective b-jet tagging scale factor derived from a control
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Figure 3. Observed distributions of (a) pT in the Njet =  1 top-quark CR and (b) pT in the Njet > 2 
top-quark CR, with signal and background expectations. Relevant background normalisation factors 
have been applied. The SM Higgs boson signal prediction shown is summed over all production 
processes. The hatched band in the upper panel and the shaded band in the lower panel show the 
sum in quadrature of statistical and systematic uncertainties of the prediction.

region with two jets, at least one of which is 6-tagged. In the Njet > 2 category, the number 
of top-quark events is sufficiently large that a CR with a 6-jet veto can be defined using 
m u  > 80 GeV. The pT distribution in the Njet =  1 top-quark CR and the pH distribution 
in the Njet > 2 top-quark CR are shown in figure 3.

The W +jets background contribution is estimated using a control sample of events 
in which one of the two lepton candidates satisfies the identification and isolation criteria 
used to define the signal sample (these lepton candidates are denoted “fully identified”), 
and the other ( “anti-identified”) lepton fails to meet the nominal selection criteria but 
satisfies a less restrictive one. Events in this sample are otherwise required to satisfy all of 
the signal-region selection criteria. The W + jets contamination in the SR is determined by 
scaling the number of events in the control sample by an extrapolation factor measured in a 
Z + jets data sample. The extrapolation factor is the ratio of the number of fully identified 
leptons to the number of anti-identified leptons, measured in bins of anti-identified lepton 
pT and n. To account for differences between the composition of jets associated with W- 
and Z-boson production, the extrapolation factors are measured in simulated W +  jets and 
Z + jets events. The ratio of the two extrapolation factors is applied as a multiplicative 
correction to the extrapolation factor measured in the Z +  jets data. The background 
due to multijet events is determined similarly to the W +jets background, using a control 
sample that has two anti-identified lepton candidates, but otherwise satisfies the SR 
selection criteria. The extrapolation factor is constructed from data events dominated by 
QCD-produced jet activity, and is applied to both anti-identified leptons.
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Figure 4. Observed distributions of (a) |y«| in the N j e t  = 0  same-sign (V V ) CR and (b) pH 
in the N j e t  > 2 Z / y * ^  t t  CR, with signal and background expectations. Relevant background 
normalisation factors have been applied. The SM Higgs boson signal prediction shown is summed 
over all production processes. The hatched band in the upper panel and the shaded band in the 
lower panel show the sum in quadrature of statistical and systematic uncertainties of the prediction.

The background from diboson processes other than W W , primarily from W y *, W y , 
and WZ events, is normalised in the Nj e t = 0 and N je t = 1 categories using a control region 
identical to the signal region except that the leptons are required to have the same sign. 
The number and properties of same-sign and opposite-sign dilepton events produced by 
W y ^  and W Z are almost identical. In the Nj e t > 2 analysis, this same-sign sample is too 
small to be used as a control region, and the background is estimated from the predicted 
inclusive cross sections and MC acceptance alone. For all Nj e t , the MC simulation is used 
to predict the shapes of the distributions to be unfolded. Figure 4(a) shows the distribution 
of |y^| in the Nj e t = 0 same-sign control region.

The Z / y * ^  t t  background normalisation is derived from control regions, and the 
shape is derived from MC, for all three signal regions. The small contributions from 
Z / y * ^  ee and Z / y * ^  ^ ,  including Z y , are estimated from MC simulation and the 
predicted cross sections, as described in section 3. Figure 4(b) shows the distribution of 
pH in the Z / y  * ^  t t  control region with N jet > 2.

Each control region is designed for the calculation of a normalisation factor (NF) for a 
particular target process, The NF is defined as (N — B ')/B , where N  is the number of data 
events observed in the control region, B  is the expected background yield in the CR for the 
target process based on the predicted cross section and acceptance from MC simulation, 
and B1 is the predicted yield from other processes in the control region. The CRs have 
a small contribution from the signal process, which is normalised to the SM expectation. 
The effect of this choice is negligible. The normalisation of each background associated 
with a CR is scaled by the corresponding NF. All NFs used are given in table 5, along
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C ontrol Regions W W Top z / y  * ^  t t O th er V V

Njet =  0 1.22 ±  0.03 1.08 ±  0.02 0.99 ±  0.02 0.92 ±  0.07

Njet =  1 1.05 ±  0.05 1.06 ±  0.02 1.06 ±  0.04 0.96 ±  0.12

Njet >  2 - 1.05 ±  0.03 1.00 ±  0.09 -

T ab le  5. Background normalisation factors (NFs) obtained from the control regions, for different 
background contributions and N jet categories. The uncertainty quoted is the statistical uncertainty; 
systematic uncertainties on the predicted yield, not shown, restore compatibility of the NF with 
unity but do not directly enter the analysis because they are replaced by extrapolation uncertainties. 
A dash (‘- ’) indicates tha t there is no control region corresponding to th a t background.

w ith  th e ir  s ta tis tica l uncerta in ties. T hese are included in th e  s ta tis tica l uncerta in ties  of
th e  final results. T he value of th e  Njet =  0 W W  N F  has been stud ied  in d e ta il [19]; its
dev ia tion  from  u n ity  is due to  th e  m odelling of th e  je t veto  and  h igher-order corrections 
on th e  p red ic tion  of th e  W W  cross section. A  newer calcu lation  of th e  inclusive W W  cross 
section, w ith  NN LO  precision in a S [60], moves th e  N F  closer to  unity, com pared  to  th e  
one shown here, as described in ref. [61].

6 R e c o n s tr u c te d  y ie ld s  a n d  d is tr ib u t io n s

T he num bers of expected  and  observed events satisfy ing all of th e  signal region selection 
crite ria  are shown in tab le  6 . T he num bers of expected  signal and  background events 
are also shown, w ith  all d a ta-d riv en  corrections and  no rm alisation  factors applied. In  each 
category, th e  b ackground-sub tracted  num ber of events, corresponding  to  th e  observed yield 
of signal events, is significantly different from  zero. Taking in to  account th e  to ta l s ta tis tica l 
and  system atic  uncerta in ties, these yields are  in agreem ent w ith  those rep o rted  in ref. [19] 
and  w ith  expecta tions from  SM  Higgs boson p ro d u c tio n  th ro u g h  gluon fusion.

T he four d is trib u tio n s  u nder study: Njet, pH (reconstruc ted  as pT (£tpmiss)), |y « |, and 
pH are shown in figure 5 . For p resen ta tio n  purposes, th e  reconstructed  d is trib u tio n s are 
com bined over th e  th ree  signal regions, w ith  th e  uncerta in ties com bined accounting for 
correlations. In  th e  pT1 d is trib u tio n , Njet =  0 events are all in th e  first bin, pT1 <  30 GeV, 
by construc tion  because of th e  defin ition  of th e  je t counting. T he com position  of th e  back­
ground is shown, to  illu s tra te  how it varies as a function  of th e  qu an titie s  being m easured. 
T he W W  background decreases as a function  of th e  num ber of je ts, and  th e  to p -q u ark  
background increases, as can also be seen in tab le  6 . For th e  p H and  pT1 d istribu tions, 
th e  W W  background decreases w ith  pT while th e  to p -q u ark  background increases. T he 
background com position  does no t vary  su b stan tia lly  as a function  of |y ^ |.

7 F id u c ia l  r e g io n  a n d  c o r r e c t io n  for d e t e c to r  e ffe c ts

E ach  of th e  reconstructed  d is trib u tio n s  is corrected  for d e tec to r effects and  resolution to  
ex tra c t th e  differential cross sections for th e  ggF Higgs boson signal. All differential cross 
sections are  shown in a fiducial region defined based on ob jects  a t partic le  level, to  reduce
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Figure 5. Observed distributions of (a) Njet, (b) pH , (c) \vu \, and (d) pT with signal and 
background expectations, combined over the Njet = 0 , = 1 , and > 2 signal-region categories. The 
background processes are normalised as described in section 5. The SM Higgs boson signal pre­
diction shown is summed over all production processes. In the pT distribution, Njet =  0 events are 
all in the first bin by construction because of the definition of the jet thresholds used to define 
the signal regions. The hatched band shows the sum in quadrature of statistical and systematic 
uncertainties of the sum of the backgrounds.
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Njet =  0 Njet =  1 Njet >  2

N on-ggF H 2.2 ±  0.2 ±  0.2 7.1 ±  0.3 ±  0.5 8.2 ±  0.3 ±  0.4

W W 686 ±  19 ±  43 153 ±  7 ±  13 44 ±  1 ±  11

O th er V V 88 ±  3 ±  12 44 ±  3 ±  11 21.6 ±  1.6 ±  3.3

Top 60.2 ±  1.5 ±  3.8 111.2 ±  2.7 ±  8.2 164 ±  2 ±  16

Z /  7 * 8.7 ±  2.3 ±  2.3 6.2 ±  1.3 ±  2.2 7.3 ±  1.5 ±  2.2

W  + je ts 90 ±  2 ±  21 33.5 ±  2.0 ±  7.6 16.9 ±  1.2 ±  3.9

M ultije t 1.3 ±  0.5 ±  0.5 0.7 ±  0.2 ±  0.3 0.9 ±  0.1 ±  0.4

T otal background 936 ±  21 ±  41 355 ±  9 ±  12 263 ±  6 ±  9

Observed 1107 414 301

Observed — background 171 ±  39 ±  41 59 ±  22 ±  12 38 ±  18 ±  9

ggF H 125.9 ±  0.4 ±  5.7 43.4 ±  0.2 ±  1.7 17.6 ±  0.2 ±  1.4

T ab le  6 . Predicted and observed event yields in the three signal regions. Predicted numbers are 
given with their statistical (first) and systematic (second) uncertainties evaluated as described in 
section 8. The “Non-ggF H ” row includes the contributions from VBF and V H  with H ^  W W * 
and from H  ^  t t . The total background in the third-from-last row is the sum of these and of all 
other backgrounds.

th e  m odel dependence of th e  results. T he p artic le  ob jects and th e  defin ition  of th e  fiducial 
region are described in section 7.1. In  section 7.2, th e  correction  p rocedure is discussed.

7.1 D efin itio n  o f  th e  fiducial reg ion

T he fiducial selection is designed to  rep licate  th e  analysis selection described in section 4 as 
closely as possible a t partic le  level, before th e  sim ulation of d e tec to r effects. In  th is  analysis, 
m easurem ents are perform ed in th ree  signal-region categories differing in th e  num ber of 
je ts  in th e  event. In  order to  present resu lts w ith  events from  all categories, th e  fiducial 
selection only applies a selection com m on to  all categories and  using th e  leptons and  m issing 
transverse  m om entum  in th e  final s ta te . T he crite ria  are sum m arised in tab le  7 .

T he fiducial selection is applied to  each particle-level lepton, defined as a final-sta te  
electron  or m uon. Here, electrons or m uons from  hadron  decays and  t  decays are rejected. 
T he lep ton  m om enta  are corrected  by adding  th e  m om enta of photons, no t o rig inating  
from  h adron  decays, w ith in  a cone of size A R  =  0.1 around  each lepton; these photons 
arise p redom inan tly  from  fina l-sta te -rad ia tion . Selected leptons are required  to  satisfy th e  
sam e kinem atic requirem ents as reconstructed  leptons. A selected event has exactly  two 
different-flavour leptons w ith  opposite  charge.

T he m issing transverse  m om entum  p p iss is defined as th e  vector sum  of all final-sta te  
n eu trinos excluding those produced  in th e  decays of hadrons and  t ’s.

Particle-level je ts  are reconstructed  using th e  a n t i - k  algorithm , im plem ented in th e  
Fa s t J e t  package [62], w ith  a rad ius p a ram ete r of R  =  0.4. For th e  clustering, all stab le  
partic les w ith  a m ean lifetim e g rea te r th a n  30 ps are used, except for electrons, photons,
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O b ject se lec tio n

E lectrons Pt  >  15 GeV, |n| <  1.37 or 1.52 <  |n| <  2.47

M uons p T >  15 GeV, |n| <  2.5

Je ts p T >  25 GeV if |n| <  2.4, p T >  30 GeV if 2.4 <  |n| <  4.5

E ven t se lec tio n

pTadW  >  22 GeV

Preselection m u  >  10 GeV

pipiss >  20 GeV

A fy u  <  1.8
Topology

m u  <  55 GeV

T ab le  7. Summary of the selection defining the fiducial region for the cross-section measurements. 
The momenta of the electrons and muons are corrected for radiative energy losses by adding the 
momenta of nearby photons, as described in the text.

m uons, and  neu trinos no t o rig inating  from  h adron  decays. Selected je ts  are required  to  
have p T >  25 GeV if |n| <  2.4 or p T >  30 GeV if 2.4 <  |n| <  4.5.

Selected events pass all p reselection  requirem ents in troduced  in section 4 and  th e  
H ^  W W e v p v  topology selection on and  m u .  T he m T th resho lds are no t ap ­
plied in th e  fiducial region since th e  shape of th e  m T d is trib u tio n  a t reconstruction  level 
differs significantly from  th e  shape of th e  d is trib u tio n  a t partic le  level. All selection re­
qu irem ents applied  are sum m arised in tab le  7. For a SM Higgs boson th e  acceptance of 
th e  fiducial region w ith  respect to  th e  full phase space of H ^  W W e v p v  is 11.3%.

7.2 C orrection  for d e tec to r  effects

To ex tra c t th e  differential cross sections, th e  m easured d istribu tions, shown in figure 5 , are 
corrected  for d e tec to r effects and  ex trap o la ted  to  th e  fiducial region. For th e  corrections, 
th e  reconstructed  d is trib u tio n s of th e  different je t-b in n ed  signal-region categories are not 
com bined, b u t instead  are sim ultaneously  corrected  for d e tec to r effects as a function  of th e  
variable u nder s tu d y  and  th e  num ber of je ts . T hus, th e  correlation  of th e  variable under 
s tu d y  w ith  Njet is correctly  tak en  in to  account. F ina l resu lts are presen ted  in teg ra ted  over 
all values of N jet for th e  p H , |y« | and  p T  variables.

In  th e  following, each bin  of th e  reconstructed  d is trib u tio n  is referred to  by th e  index j ,  
while each bin of th e  particle-level d is trib u tio n  is referred to  by th e  index i. T he correction  
itself is done as follows:

N part =   ̂ ^  M - ^   ̂ f  reco-only  ̂ ( j c o  _  , (7 .1)

3

w here N part is th e  num ber of particle-level events in a given bin  i of th e  particle-level 
d is trib u tio n  in th e  fiducial region. T h e  q u an tity  N jeco is th e  num ber of reconstructed  

events in a given bin  j  of th e  reconstructed  d is trib u tio n  in th e  signal region, and  N Jbkg
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is th e  num ber of background events in bin j  e s tim ated  as explained in section 5. T he 
correction  facto r f eco-only, th e  selection efficiency £i, and  th e  m igration  m a trix  M ij  are 
discussed below. To evaluate  th e  cross section in particle-level bin  i, it is also necessary to  
take  th e  in teg ra ted  lum inosity  and  th e  bin  w id th  in to  account.

T he m igration  m a trix  accounts for th e  d e tec to r resolution  and  is defined as th e  p rob ­
ab ility  to  observe an  event in bin j  w hen its particle-level value is located  in bin  i. T he 
m igration  m a trix  is bu ilt by re la ting  th e  variables a t reconstruction  and  partic le  level in 
sim ulated  ggF signal events th a t  m eet b o th  th e  signal-region and  fiducial-region selection 
crite ria . To p roperly  account for th e  m igration  of events betw een th e  different signal-region 
categories, th e  m igration  m a trix  accounts for th e  m igrations w ith in  one d is trib u tio n , as 
well as m igrations betw een different values of Njet. T he inverse of th e  m igration  m a trix  is 
determ ined  using an  ite ra tiv e  B ayesian unfolding p rocedure [63] w ith  tw o itera tions.

T he selection efficiency e i is defined as an  overall efficiency, com bining reconstruction , 
identification, isolation, trigger and  selection, including also th e  differences betw een th e  
fiducial and  th e  signal region selection. I t is derived from  M C sim ulation and  its values 
are in th e  range 0.14 to  0.43 for all variables. E vents in th e  fiducial region th a t  are not 
selected in th e  signal region are tak en  in to  account by e i .

E vents ou tside th e  fiducial region m ay be selected in a signal region owing to  m i­
gra tions. Such m igrations are accounted for via th e  correction  facto r f eco-only, w hich is 
derived from  M C sim ulation . R econstruc ted  H  ̂  W W  * events w here th e  W  boson decays 
in to  t v  and  th e  t  lep ton  decays lep tonically  are no t included in th e  fiducial region, b u t are 
accounted for also w ith  th e  sam e procedure. T he correction  facto r f eco-only is in th e  range 
0.84 to  0.92 for all variables.

8 S t a t is t ic a l  a n d  s y s te m a t ic  u n c e r ta in t ie s

Sources of u n ce rta in ty  in th e  differential cross sections can  be grouped  in to  five categories: 
s ta tis tica l uncerta in ties, experim ental system atic  uncertain ties, theo re tica l system atic  u n ­
certa in ties in th e  signal m odel, uncerta in ties arising from  th e  correction  procedure, and 
theo re tica l system atic  uncerta in ties in th e  background m odel. T hese uncerta in ties affect 
th e  analysis th ro u g h  th e  background norm alisation , th e  background shape, th e  m igration  
m atrix , th e  selection efficiency, and  th e  correction  factor.

T he effect of each system atic  u n certa in ty  is analysed by repeating  th e  full analysis 
for th e  varia tion  in th e  signal, background, or experim ental param eter. For experim ental 
u ncerta in ties, th e  m igration  m atrix , selection efficiency, correction  factor, and  background 
estim atio n  are varied sim ultaneously. For uncerta in ties th a t  only app ly  to  th e  background 
processes, th e  nom inal m igration  m atrix , selection efficiency, and  correction  facto r are used. 
T he to ta l u n ce rta in ty  in th e  resu lt from  any ind ividual source of u n ce rta in ty  is tak en  as th e  
difference betw een th e  shifted and  th e  nom inal resu lt afte r th e  correction of d e tec to r effects.

T he in p u t uncerta in ties are sum m arised in th is  section. T h eir effect on th e  m easured 
results, indiv idually  and  collectively, are given w ith  th e  resu lts in th e  tab les in section 10 . 
T he to ta l u n ce rta in ty  in each m easurem ent bin  is defined as th e  sum  in q u a d ra tu re  of all 
un ce rta in ty  com ponents.
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8.1 S ta tis tic a l u n certa in ties

T he s ta tis tica l uncerta in ties  in th e  differential cross sections are estim ated  using pseudo­
experim ents. T he con ten t of each bin  in th e  m easured d is trib u tio n  is fluc tua ted  according 
to  a Poisson d is trib u tio n . In  each pseudo-experim ent th e  background is su b trac ted  and  th e  
correction  for d e tec to r effects is perform ed. T hen , th e  root m ean square of th e  spread  of 
th e  result in each bin is tak en  as th e  estim ato r of th e  s ta tis tica l uncertain ty . Values for th e  
d a ta  s ta tis tica l u n ce rta in ty  are evaluated  using pseudo-experim ents; th e  d a ta  s ta tis tica l 
u ncerta in ties in th e  presen ted  m easurem ent range from  17% to  61%.

T he u n ce rta in ty  due to  th e  s ta tis tic s  of th e  background M C sam ples is evaluated  by 
flu c tu a tin g  th e  bin con ten ts of th e  background tem p la te  using a G aussian  d is trib u tio n  w ith  
a w id th  corresponding  to  th e  u n ce rta in ty  in th a t  bin. In  case of th e  signal MC sam ple, 
th e  bins of th e  m igration  m atrix , th e  selection efficiency, and  th e  correction  facto r are 
fluc tua ted  sim ultaneously. In  each pseudo-experim ent th e  correction  for d e tec to r effects is 
perform ed using th e  respective fluc tua ted  tem p la te . T he roo t m ean square of th e  spread 
of resu lts of th e  pseudo-experim ents is tak en  as th e  es tim ato r of th e  uncertain ty .

For resu lts in teg ra ted  over all values of Njet, and for norm alised results, each pseudo­
experim ent is in teg ra ted  or norm alised  and  th e  u n ce rta in ty  is re-evaluated  for th e  in teg ra ted  
(norm alised) bin  to  take in to  account all correlations arising from  bin  m igration .

T he s ta tis tica l uncerta in ties in th e  background norm alisations from  th e  d a ta  yields in 
th e  contro l regions are calcu lated  as th e  square roo t of th e  num ber of events observed.

8 .2  E x p er im en ta l sy ste m a tic  u n certa in ties

E xperim en ta l system atic  uncerta in ties  arise p rim arily  from  ob ject ca lib rations, such as th e  
je t  energy scale, and  affect th e  su b trac ted  background no rm alisation  and  shape as well as 
th e  m igration  m atrix , th e  selection efficiency, and  th e  correction  factor. T he varia tions used 
for th e  experim ental uncerta in ties are identical to  those  of ref. [19] and  are no t described 
here. T he effect of these varia tions have been reevaluated  in th e  con tex t of th is  analysis. 
T he dom inan t experim ental uncerta in ties are those  associated  w ith  th e  je t  energy scale 
(JE S) and  resolution (JE R ), th e  lep ton  identification efficiencies, and  th e  u n ce rta in ty  in 
th e  ex trap o la tio n  facto r used to  es tim ate  th e  W  + je t s  background. For each uncertain ty , 
th e  upw ard and  dow nw ard varia tions are perform ed separately. E ach varia tion  is applied 
sim ultaneously  to  th e  m igration  m atrix , th e  selection efficiency, th e  correction  factor, and 
th e  background su b trac tio n  so th a t  correlations are correctly  preserved. T he background- 
su b trac ted  yields are allowed to  assum e negative values u nder these variations.

8.3  S y stem a tic  u n certa in ties  in  th e  sign al m od el

T heoretica l uncerta in ties in th e  ggF signal m odel can  affect th e  m igration  m atrix , th e  
selection efficiency, and  th e  correction  factor. Sources of theo re tica l u n ce rta in ty  in th e  
signal accep tance are th e  choice of Q CD  renorm alisa tion  and  facto risa tion  scales, P D F , 
p a rto n  show er/underly ing  event (P S /U E ) m odel, and  m atrix -e lem ent generato r. I t was 
shown in ref. [19] th a t  th e  theo re tica l u n ce rta in ty  in th e  signal accep tance is dom inated  by 
th e  P S /U E  m odel. T his u n ce rta in ty  is evaluated  by co nstruc ting  th e  m igration  m a trix  and

-  20 -

JH
E

P
08(2016)104



th e  correction  factors w ith  P o w h e g  + H e rw ig  and  P o w h e g  + P y t h i a 8 and  applying b o th  
sets in th e  d e tec to r correction . T he resu lts w ith  each of th e  sim ulations are th en  com pared 
for each of th e  m easured d istribu tions. T he full difference betw een th e  d istrib u tio n s  is 
tak en  as an  uncertain ty , which is a t th e  level of a few percent.

In  ad d itio n  to  th e  u n ce rta in ty  in th e  signal acceptance, an  u n ce rta in ty  in th e  th eo re t­
ical p red ic tions of th e  exclusive ggF H  +  n -je t cross sections is assigned. T he uncerta in ties 
in th e  exclusive cross sections are evaluated  using th e  je t-v e to  efficiency m ethod  [64 , 65]. 
Here, uncerta in ties  due to  renorm alisation , facto risation , and  resum m ation  scale choices in 
th e  ana ly tica l ca lcu lations are tak en  in to  account. T he correlations of th e  uncerta in ties in 
th e  different H  +  n -je t cross sections are determ ined  using a covariance m a trix  as described 
in ref. [66]. To evaluate th e  effect th is  u n ce rta in ty  has on th e  m igration  m atrix , th e  selection 
efficiency, and  th e  correction  factor, th e  particle-level Njet d is trib u tio n  in th e  signal ggF MC 
sam ple is rew eighted to  account for th e  uncerta in ties in th e  exclusive H + n - je t  cross sections 
and  th e  correlations betw een them . T hen, th e  reconstructed  d is trib u tio n  of th e  rew eighted 
ggF signal MC sam ple is unfolded for each variable to  evaluate  th e  change arising  from  th e  
un ce rta in ty  in th e  exclusive ggF H  +  n -je t cross sections. T he co n trib u tio n  of th is  uncer­
ta in ty  to  th e  differential d is trib u tio n s  is a few percent for pH and  pH and  negligible for |y ^ |.

8.4  S y stem a tic  u n certa in ty  in  th e  correction  p roced u re

T he ggF signal sim ulation  is used to  build  th e  m igration  m a trix  and  can bias th e  result 
of th e  correction  procedure. T his bias is p a r tly  evaluated  w ith  th e  uncerta in ties in th e  
SM pred ic tion  of th e  signal determ ined  in section 8 .3 . To evaluate th is  bias independen tly  
of th e  SM pred ic tion  and  its uncertain ty , th e  sim ulated  ggF signal sam ple is rew eighted 
to  reproduce th e  am ount of d isagreem ent in shape betw een th e  reconstructed  sim ulated  
d is trib u tio n  and  th e  b ackground-sub trac ted  m easured d is trib u tio n . For th is rew eighting, 
only th e  nom inal d is trib u tio n s  are com pared; uncerta in ties are no t tak en  in to  account. T he 
rew eighted reconstructed  d is trib u tio n  is th en  corrected  for d e tec to r effects using th e  nom i­
nal m igration  m atrix . T he difference betw een th e  corrected  d is trib u tio n  and  th e  rew eighted 
sim ulated  particle-level d is trib u tio n  is tak en  as an  u n ce rta in ty  in th e  correction  procedure. 
T he resu lting  u n ce rta in ty  is sm aller th a n  5% in each m easurem ent bin.

8.5  S y stem a tic  u n certa in ties  in  th e  background m od el

System atic  uncerta in ties in th e  background m odel are evaluated  by com paring th e  back­
ground predictions as evaluated  u nder different conditions. For th e  d om inan t W W  and 
to p -q u ark  backgrounds, shape uncerta in ties in each m easured d is trib u tio n  are considered 
in ad d itio n  to  norm alisation  uncertain ties. For th e  backgrounds norm alised by a control 
region, th e  norm alisation  u n ce rta in ty  is derived by varying th e  ex trap o la tio n  factor, and 
for backgrounds es tim ated  d irec tly  from  th e  M C sim ulation, such as th e  W W  background 
in th e  Njet >  2 signal region, th e  system atic  u n ce rta in ty  is derived by varying th e  full event 
yield in th e  SR ra th e r  th a n  an  ex trap o la tio n  factor, and accounts for th e  u n ce rta in ty  in 
th e  cross section and  acceptance.

T he nom inal M C sam ple used to  m odel th e  W W  background yield for th e  Njet =  0 
and  = 1  categories is P o w h e g  + P y t h i a 6 . T he theo re tica l uncerta in ties  assessed are:
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•  Q CD scales, by independen tly  varying th e  values of th e  renorm alisa tion  scale ^ R 
and  th e  facto risa tion  scales ^ F , in aM C@ NLO calcu lations [67]. B o th  scales are 
independen tly  m ultip lied  by a fac to r of 2.0 or 0.5 relative to  th e  nom inal value ^ 0 =  
m w w , w here m w w  is th e  invariant m ass of th e  W W  system , while m ain ta in ing  th e  
co n stra in t 0.5 <  ^ r / ^ f  <  2.

•  P D F  uncertain ties, from  th e  envelope of th e  CT10 68% CL eigenvectors added  in 
q u ad ra tu re  w ith  th e  m axim al difference betw een th e  resu lts ob ta ined  w ith  CT10 and 
those ob ta ined  w ith  e ith er M ST W  [68] or N N P D F  [69].

•  T he choice of parton-show er and  underly ing-event m odels (P S /U E ), by com paring 
th e  nom inal P o w h e g  p red ic tion  in terfaced w ith  P y t h i a 6 and  H e rw ig .

•  T he choice of m atrix -e lem ent generato r, by com paring  th e  nom inal P o w h e g  to  
aM C@ NLO, b o th  in terfaced w ith  H e r w ig .

T he norm alisation  uncerta in ties are  sum m arised  in tab le  8 . These are all varied in a 
corre la ted  way for th e  Njet =  0 and  N jet =  1 signal regions. E ach source is also considered 
as a shape uncertain ty , except for th e  P D F  uncertain ty , w hich is m uch sm aller th a n  th e  
o thers. T he changes observed are typ ically  1-10%  for pH and  j , and  less th a n  1% for 
|y ^ |.  T he largest changes observed are from  th e  effect th e  P S /U E  varia tion  has on pH 
and  occur in sparsely po p u la ted  bins, 50% for Njet =  0 events w ith  pH >  60 GeV and 
30% for Njet =  1 events w ith  pH <  20 GeV. T he shape and  no rm alisation  are varied 
sim ultaneously  for th e  P S /U E  and  m atrix -e lem en t-generato r uncerta in ties. T he Q CD-scale 
uncerta in ties are tak en  from  th e  varia tion  exh ib iting  th e  largest difference from  nom inal, 
w hich is ^ R/ ^ 0 =  2.0 and  ^ F/ ^ 0 =  2.0 for b o th  th e  Njet =  0 and  Njet =  1 no rm alisation  
uncerta in ties. T he shape uncerta in ties are set sim ilarly, b u t th e  varia tion  w ith  th e  largest 
difference to  th e  nom inal is no t always th e  one driv ing th e  norm alisation  uncertain ty . T he 
resu lting  shape uncerta in ties are no t co rrelated  w ith  th e  no rm alisation  uncertain ties.

T he theo re tica l uncerta in ties in th e  W W  background yield for th e  Njet >  2 category  
are evaluated  sim ilarly. T he Q CD -scale u n ce rta in ty  is evaluated  by varying th e  renorm al­
isation  and  facto risa tion  scale ^ , w hich has th e  nom inal value of ^ 0 =  m w w , in th e  range 
0.5 <  ^ / ^ 0 <  2 in M a d G r a p h  [70], and  apply ing  th e  relative u n ce rta in ty  to  th e  nom inal 
S h e r p a  predic tion . T he choices of m atrix -e lem ent g enera to r and  p a rto n  shower are varied 
to g e th er by com paring  M a d G r a p h  + P y t h i a 6 to  S h e rp a .  U ncerta in ties in th e  pred ic ted  
shape are also accounted for, and  are betw een 1% and 15%. T he larger uncerta in ties 
in th e  Njet >  2 ca tegory  are due to  th e  use of a different M C g enera to r (m ulti-leg LO in 
QCD ) and  th e  absence of a CR. For th e  sam e reasons, th ey  are no t co rre la ted  w ith  the  
uncerta in ties in th e  Njet =  0 and  N jet =  1 categories.

Shape and  norm alisation  uncerta in ties in th e  to p -q u ark  background yield are  evaluated  
following th e  procedure applied  for th e  W W  background. T he norm alisation  uncerta in ties 
for each signal region are sum m arised  in tab le  9 . In  co n tra s t to  th e  W W  background, 
th e re  is a non-negligible P D F  shape uncertain ty , w hich is evaluated  by com paring  CT10, 
M ST W , and  N N P D F . For m ost u n ce rta in ty  sources, th e  changes observed due to  shape
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Njet =  0 Njet =  1 Njet >  2

QCD scales - 1.1 - 1 .7 +22

P D F + 0.6 + 0.6 + 9 .7

P S /U E -1 .3 -4 .5 —

G enerato r + 5 .2 +1.5 + 2 .7

T ab le  8 . Theoretical uncertainties (in %) in the W W  background normalisation estimate in each 
signal region. The relative sign between entries in a row indicates correlation or anti-correlation 
among the Njet =  0 and Njet =  1 signal regions, as a single variation is applied simultaneously to 
both of them. The Njet > 2 uncertainties are treated as uncorrelated.

N jet =  0 Njet =  1 Njet >  2

QCD scales - 1 .2 - 0 .6 - 0 .8

P D F + 0.4 + 2 .2 + 1 .0

P S /U E - 0 .6 + 2 .7 + 4.5

G enerato r -4 .1 -3 .5 - 1 .1

T ab le  9. Theoretical uncertainties (in %) in the top-quark background estimate in each signal 
region. The relative sign between entries in a row indicates correlation or anti-correlation among 
the signal regions.

varia tions of th e  to p -q u ark  background are typ ically  5% or sm aller. E xceptions are th e  
P S /U E  u n ce rta in ty  for Njet = 0  events w ith  pH >  60 GeV, which is ab o u t 12%, and  th e  
P D F  u n ce rta in ty  in th e  |y ^ | shape, w hich is up to  8%.

Very few M C -sim ulated  events from  th e  Z /y*  ^  t t  background pass th e  full SR and 
Z / y * ^  t t  C R  event selection, so th e  corresponding  theo re tica l uncerta in ties are calcu lated  
w ith  m odified and  reduced SR and  C R  selections, in order for th e  relevant com parisons to  
be m ade w ith  sufficient s ta tis tica l precision. No shape u n ce rta in ty  is assessed for th e  sam e 
reason, and  th e  effect of any such u n ce rta in ty  would be negligible due to  th e  sm all con tri­
bu tio n  from  th is  background. T he p f  d is trib u tio n  for N jet =  0 events is rew eighted using 
th e  ra tio  of d a ta  to  M C sim ulation  for Z / y * ^  p p  events produced w ith  th e  sam e M C gen­
e ra to r and  P S /U E  m odel, and  th e  u n certa in ty  in th e  rew eighting procedure is also included 
in th e  analysis. T he ex trap o la tio n  u n ce rta in ty  to  th e  W W  control region is also evaluated, 
because th e  co n trib u tio n  of Z /y  * ^  t t  to  th a t  C R  is no t negligible. As w ith  th e  o ther 
backgrounds, each varia tion  is applied  sim ultaneously  across all signal and control regions.

T he system atic  uncerta in ties in th e  con tribu tions from  W Z , W y, W y *, and  o th er sm all 
sources of background are unm odified from  ref. [19]. W ith in  th e  signal regions, for W y 
th e  corresponding  uncerta in ties are 9%, 53%, and  100% for N jet =  0, Njet =  1, and  N jet >  2, 
respectively. For W y* th ey  are 7%, 30%, and  26%. For th e  N jet <  1 signal regions, identical 
uncerta in ties app ly  in th e  SR and  in th e  sam e-sign V V  C R  for these processes. T his results 
in a s trong  cancellation  of th e  uncerta in ties in th e  p red ic ted  yields in th e  signal regions.
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T otal cro ss-sec tio n  p red iction s

LHC-XS [71] N N L O +N N L L

D ifferen tia l cro ss-sec tio n  p red iction s

Je tV H eto  [72- 74] N N L O +N N L L

ST [75] NNLO

B L P T W  [66] N N L O +N N L L

STW Z [76] N N L O + N N L L '

N 3L O +N N L L + L L _R  [77] n 3l o + n n l l + l l _ r

M on te  C arlo even t gen erators

P o w h e g  N N L O P S  [78, 79] N N L O >oj, N L O > ij

Sh e r p a  2.1.1 [37, 80- 83] H  +  0, 1, 2 je ts  @NLO

M G5_aMC@ NLO [67, 84, 85] H  +  0, 1, 2 je ts  @NLO

T ab le  10. Summary of the ggF predictions used in comparison with the measured fiducial cross 
sections. The right column states the accuracy of each prediction in QCD.

For th e  V B F H  ^  W W  * co n trib u tio n  to  th e  signal region, th e  cross-section u n ce rta in ­
ties in th e  QCD  scale (betw een +2.6%  and  -2 .8 % ) and P D F  (±0 .2% ) are included [34]. 
T hese have a negligible effect on th e  analysis, so add itional uncerta in ties in th e  V B F ac­
cep tance in th e  ggF phase space are not considered.

9 T h e o r y  p r e d ic t io n s

T he resu lts of th e  fiducial cross-section m easurem ents are com pared to  ana ly tica l p redic­
tions calcu lated  a t p a rto n  level and  to  pred ic tions by M C event generato rs a t partic le  
level. A n overview of th e  ggF pred ictions used is given in tab le  10. All p red ictions are for 
m H =  125.0 GeV and y fs  =  8 TeV, and  use th e  CT10 P D F  set unless s ta ted  otherw ise. 
T he values of th e  pred ic tions are shown to g e th er w ith  th e  resu lts of th e  m easurem ent in 
th e  following section.

T he defau lt p red ic tion  for th e  cross section of ggF Higgs boson p rod u c tio n  follows the  
recom m endation  of th e  LHC Higgs cross section working g roup (LH C-XS) as in troduced  
in section 3 . T he H  ̂  W W  * ̂  e v ß v  decay is included in th e  calcu lations and  M C, w ith  a 
b ranching  fraction  of 0.25%.

For th e  efficiency e 0 of th e  je t veto, a parton-level p red ic tion  is ca lcu lated  at 
N N L O + N N L L  accuracy  by Je tV H eto  [72- 74]. T he u n ce rta in ty  is tak en  as th e  m axi­
m um  effect of th e  scale varia tions on th e  calcu lation , or th e  m axim um  dev ia tion  of th e  
o th e r ca lcu lations of e 0 th a t  differ by higher-order term s. A n a lte rn a tiv e  pred ic tion  for 
e 0 is given by th e  STW Z calcu lation  [76]. T he ca lcu la tion  has NNLO accuracy and  is 
m atched  to  a resum m ation  a t NNLL th a t  accounts for th e  correct bou n d ary  conditions for 
th e  nex t-to -nex t-to -nex t-to -lead ing -logarithm  resum m ation  (N N L L '). T his ca lcu la tion  also 
pred ic ts th e  spec trum  of pT1. A no ther parton-level p red ic tion  of e 0 follows th e  S tew art-
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T ackm ann (ST) p rescrip tion  [75] u tilising th e  to ta l inclusive ggF cross section a t NNLO 
accuracy  in QCD and th e  inclusive H + 1-jet cross section a t NLO accuracy, ca lcu lated  w ith  
H NN LO [30 , 86 , 87]. Recently, a p red ic tion  for e 0 has becom e available a t N 3L O + N N L L  
accuracy  w ith  sm all-R  resum m ation  (LL_R) [77]. A parton-level pred ic tion  for th e  N jet 
d is trib u tio n  is given by th e  B L P T W  m ethod  [66], com bining th e  N N L O + N N L L -accurate  
inclusive and  th e  N L O + N L L -accurate  inclusive H  +  1-jet cross sections, including resum ­
m ation  in th e  covariance m atrix .

For com parisons to  d a ta , all parton-level pred ictions are corrected  to  partic le  level using 
th e  accep tance of th e  fiducial region and  n o n -p e rtu rb a tiv e  correction  factors to  account for 
th e  im pact of had ron isa tion  and  underly ing-event activity . T hese factors are  determ ined  
using P o w h e g  N N L O P S + P y th ia 8 [78, 79] w ith  th e  associated  uncerta in ties  from  th e  
renorm alisa tion  and  facto risa tion  scales as well as th e  P D F s. A n u n ce rta in ty  is assigned to  
th e  n o n -p e rtu rb a tiv e  correction  by com paring P y t h i a 8 w ith  H e rw ig .  T he uncerta in ties 
applied  are betw een 0.5% and  7%. All factors are given in H EPD A TA .

Particle-level p red ic tions for th e  m easured differential cross sections are provided by 
M C event generators. T he m ost precise pred ic tion  for inclusive ggF p rod u c tio n  is given 
by P o w h e g  N N L O P S , which is accu ra te  to  N NLO for th e  inclusive p ro d u c tio n  and  to  
NLO for th e  inclusive H  +  1-jet p roduction , com bining th e  M IN L O  [31] m ethod  w ith  an  
N NLO ca lcu la tion  of th e  Higgs boson rap id ity  using HN N LO. F urtherm ore , it includes 
finite quark  m asses [79]. T he sam ple is generated  using th e  C T10nnlo  P D F  set [88] and 
is in terfaced to  P y t h i a 8 for p a r to n  showering. T h e  uncerta in ties  include a 27-point 
QCD  scale varia tion  described in ref. [78], as well as a P D F  uncertain ty , ob ta ined  from 
varia tions of th e  CT10 P D F  set.

A no ther ggF M C pred ic tion  is generated  w ith  Sh e r p a  (v.2.1.1) [37, 80]. Here, th e  
inclusive Higgs boson, inclusive H  +  1-jet, and  inclusive H  +  2-jets p roduc tion  cross sections 
are ca lcu lated  a t NLO accuracy. T he H  +  2-jets m a trix  elem ents are generated  v ia an  
M C FM  interface w ith in  S h e r p a . T hese calcu lations are com bined using th e  M E P S @ N L O  
m ethod  [81, 82]. T he facto risation , renorm alisation , resum m ation , and  m erging scales are 
varied to  determ ine an  u n ce rta in ty  as described in ref. [83]. A dditionally , th e  varia tions of 
th e  C T10 P D F  set are included.

A sim ilar N LO -m erged H  +  (0, 1, 2)-jets sam ple is generated  w ith  M G5_aM C@ NLO 
(v.2.3.2.2) [67, 84] w here th e  different calcu lations are  com bined using th e  F x F x  
scheme [85]. M G5_aM C@ NLO is in terfaced to  P y t h i a 8 for p a rto n  showering. V ariations 
of th e  facto risation , renorm alisation , and  m erging scales, and  of th e  CT10 P D F  set, are 
evaluated  for each prediction . T he differences in th e  pred ictions are tak en  as uncertain ties.

10 R e s u lt s

T he cross section of ggF Higgs boson p rod u c tio n  in th e  fiducial region defined in tab le  7 is 
m easured to  be:

°ggF =  36.0 ±  7 .2 (sta t) ±  6.4(sys) ±  1.0(lum i) fb 

=  36.0 ±  9.7 fb
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Source A f i l F/CTfigF [%]
SR d a ta  s ta tis tica l 17

M C s ta tis tica l 3.0

C R  d a ta  s ta tis tica l 9.9

E xp. JE R 4.9

E xp. JE S 2.1

E xp. 6-tag 3.3

E xp. leptons 5.5

E xp. pipiss 2.2

E xp. o th er 4.2

T heory  (W W ) 14

T heory  (top) 7.1

T heory  (o th er backgrounds) 5.6

T heory  (signal) 2.5

D e tec to r corrections 0.4

T otal 27

T ab le  11. Relative uncertainties (in %) in the measured total fiducial cross section.

w here (s ta t)  includes all s ta tis tica l uncerta in ties from  th e  signal and control regions, and 
(sys) refers to  th e  sum  in q u ad ra tu re  of th e  experim ental and  theo re tica l system atic  uncer­
ta in ties. T he m ass of th e  Higgs boson is assum ed to  be m H =  125.0 GeV. T he fiducial cross 
section is ca lcu lated  from  th e  num ber of events a fte r th e  event selection and  d e tec to r cor­
rections, using an  in teg ra ted  lum inosity  of 20.3 fb - 1 w ith  an  associa ted  u n ce rta in ty  of 2.8%. 
T his is derived following th e  sam e m ethodology as in ref. [89]. M ore details of th e  sources 
of system atic  u n ce rta in ty  are  given in tab le  11. T he u n ce rta in ty  categories used in th is  and 
all tab les in th is  section are as follows. S ta tis tica l uncerta in ties  are  quo ted  separate ly  for 
th e  signal region d a ta , th e  control region d a ta , and  th e  M C sim ulated  events. E xperim en ta l 
uncerta in ties ( “E x p .”) are grouped  according to  th e  reconstructed  ob ject th ey  effect. T he 
“Exp. o th e r” category  includes uncerta in ties in th e  m odelling of pile-up events, electrons 
from  conversions, and  th e  m odelling of th e  p t  of Z  bosons w ith  N jet =  0. T heory  un ce rta in ­
ties are grouped  by process, w ith  th e  subdom inan t background uncerta in ties collected in th e  
“T heory  o th er backgrounds” line. T he “D etec to r co rrections” line gives th e  effect of th e  use 
of th e  ggF signal MC sam ple to  co n stru c t th e  m igration  m atrix , as described in section 8 .4 .

T he pred ic tion  of th e  fiducial cross section is given by th e  LHC-XS ca lcu la tion  as

LHC-XS: =  25.1-2.0(Q C D scales)-1 .9(PD F) fb =  25.1 ±  2.6 fb.

Reference [19] also rep o rts  ggF fiducial cross sections for events w ith  N jet =  0 and  N jet =  1, 
b u t w ith  m odified fiducial region selections, am ong which th e  m ost im p o rtan t one is a lower
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th resho ld  of 10 GeV on th e  subleading lep ton  p T . T he ra tio  of th e  observed to  pred ic ted  
SM cross sections in th a t  analysis is s ta tis tica lly  com patib le  w ith  th e  resu lts shown here.

T he dependence of th e  cross-section m easurem ent on m H is m ainly  due to  acceptance 
effects and  is app rox im ated  by a linear function, w hich is sufficient w ith in  th e  experim ental 
uncerta in ties in th e  Higgs boson m ass [9]. T he function  is determ ined  using ded ica ted  signal 
sam ples w ith  different values of m H and has a slope of -0 .2 0  fb /  GeV.

10.1 D ifferen tia l fiducial cross sectio n s

D ifferential fiducial cross sections are m easured in bins of th e  Njet, p H , | f e |  and  j  d is tri­
bu tions. For th e  p H , |y« | and  j  d is trib u tio n s , th e  cross sections are m easured in separate  
bins of Njet to  fully take  correlations in to  account betw een th e  different Njet categories and 
th e  variable itself. A fter d e tec to r corrections th e  d is trib u tio n s  are in teg ra ted  over N jet, and 
th e  uncerta in ties are com bined accounting  for correlations. T he m easured differential fidu­
cial cross sections as a function  of N jet, p H , |y ^ |, and  p^1 are  given in tab les 12- 15, to g eth er 
w ith  a sum m ary  of th e  associated  uncerta in ties. T he d om inan t system atic  uncertain ties 
are in th e  background m odel, in p a rticu la r th e  M onte-C arlo  m odelling of to p -q u ark  and 
W W  backgrounds, w hich are evaluated  as described in section 8 .5 . T he large background 
fraction  in th e  signal region am plifies th e  effect of even sm all (from  ab o u t 1% to  5%) resid­
ual ex trap o la tio n  uncerta in ties  a fte r no rm alisation  in a control region. T he uncerta in ties 
from  th e  experim ental in p u ts  are also non-negligible.

F igure 6 shows th e  m easured differential cross sections as a function  of Njet, p H , |f e | ,  
and  j . T he resu lts are com pared  to  particle-level pred ic tions from  P o w h e g  N N L O P S , 
S h e rp a ,  and M G5_aM C@ NLO for ggF Higgs boson production . T he pred ic tions are gen­
e ra ted  as described in section 9 and  norm alised to  th e  cross-section predic tions calcu lated  
according to  th e  p rescrip tion  from  th e  LH C-X S working group. In  add ition , th e  resu lts for 
th e  N jet d is trib u tio n  are com pared  to  th e  parton-level B L P T W  calculation, and  th e  results 
for th e  j  d is trib u tio n  are com pared  to  th e  parton-level STW Z calculation . T he ra tio s of 
th e  resu lts to  th e  pred ic tions are  given in th e  lower panel of each figure. T he m easured 
d is trib u tio n s  agree w ith  th e  pred ic tions w ith in  th e  uncerta in ties, except for |y ^ |, w here th e  
d a ta  have a m ore cen tra l m ean |y ^ | th a n  th e  predictions. T he s ta tis tica l and  system atic  
u ncerta in ties are  com parable for m ost bins.

10.2 N orm alised  d ifferen tia l fiducial cross section s

To reduce th e  im pact of system atic  uncerta in ties, norm alised differential cross sections 1 /c t■ 
( d a /d X j) are ca lcu lated  by dividing th e  differential cross section by th e  to ta l fiducial cross 
section evaluated  by in teg ra tin g  over all bins of variable X . T he norm alised differential 
cross sections as functions of Njet, p H , | f e | ,  and  pT1 are given in tab les 16- 19, along w ith  
details  of th e  associated  uncerta in ties. T he d is trib u tio n s are shown in figure 7 com pared  to  
particle-level p red ictions of ggF Higgs boson p roduc tion  by P o w h e g  N N L O P S , S h e rp a ,  
and  M G5_aM C@ NLO th a t  are generated  as described in section 9 . In  each figure, th e  ra tio  
of th e  resu lt to  th e  pred ictions is shown below th e  d is trib u tio n . T h e  reduced uncerta in ties 
resu lt in a m ore stringen t com parison of th e  m easured and  p red ic ted  d is trib u tio n s . T he
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Figure 6. Measured fiducial differential cross section as a function of (a) Njet, (b) p ^ , (c) |y«|, 
and (d) p T , overlaid with the signal predictions. The [0, 30] GeV bin of the pT distribution includes 
events with no reconstructed jets. The systematic uncertainty at each point is shown by a grey band 
labelled “sys. unc.” and includes the experimental and theoretical uncertainties. The uncertainty 
bar, labelled “data, tot. unc.” is the total uncertainty and includes all systematic and statistical 
uncertainties. The measured results are compared to various theoretical predictions.
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Njet 0 1 >  2

d a /d N je t [fb] 19.0 8.2 8.8

S ta tis tica l u n certa in ty 4.5 3.5 5.0

T otal u n certa in ty 6.8 4.0 5.9

P red ic ted  d a /d N jet [fb] (N N LO PS) 14.7 7.0 3.4

U ncerta in ty  in pred ic tion 1.8 0.9 0.6

SR d a ta  sta tis tica l 20% 38% 54%

MC sta tis tica l 4% 7% 9%

C R  d a ta  s ta tis tica l 12% 18% 14%

E xp. JE R 5% 4% 7%

E xp. JE S 1% 10% 6%

E xp. 6- tag 1% 4% 8%

E xp. leptons 6% 6% 6%

E xp. pipiss 2% 4% 4%

E xp. o th er 5% 4% 3%

T heory  (W W ) 24% 15% 5%

T heory  (top) 2% 4% 24%

T heory  (o th er backgrounds) 5% 6% 21%

T heory  (signal) 4% 6% 3%

D etec to r corrections < 1% 4% 5%

T otal u n certa in ty 36% 48% 67%

T ab le  12. Measured and predicted fiducial cross section in fb as a function of Njet. Predicted values 
are from PoWHEG NNLOPS+PYTHIA8, normalised to the LHC-XS working group recommended 
cross section, as described in section 9 . Total uncertainties in the measurement are given along 
with their relative composition in terms of source.

level of agreem ent is still good a lthough  th e  tren d  in |y ^ | is enhanced  and  a slight tren d  
tow ards h igher Njet and  p f1 appears in th e  d a ta .

10.3 J e t-v e to  efficiency

T he je t-v e to  efficiency e0 for th e  H + 0 - je t  events is defined a t p artic le  level as th e  fraction  of 
events in th e  fiducial region w ith  th e  leading particle-level je t  below a given th resho ld . This 
is m easured using th e  leading-jet pT d is trib u tio n , since th e  lowest-pT bin contains exactly  
th e  fraction  of events w ith  th e  leading je t  below th e  th resho ld  of e ith e r p f1 =  30 GeV or 
p f1 =  40 GeV. T he je t-v e to  efficiency for th e  je t  selection used in th e  analysis, 25 GeV 
for cen tra l je ts  (|n | <  2.4) and  30 GeV for forw ard je ts  (2.4 <  |n| <  4.5), corresponds to  
th e  Njet =  0 fraction  from  th e  norm alised differential cross section m easured as a function 
of N jet (see tab le  16) . R esults for th e  je t  selection in th is  analysis, and  th resho lds of
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Figure 7. Normalised fiducial differential cross section measurements as a function of (a) Njet, (b) 
P t  , (c) \vu  |, and (d) p T , overlaid with the signal predictions. The [0, 30] GeV bin of the pT distribu­
tion includes events with no reconstructed jets. The systematic uncertainty at each point is shown 
by a grey band labelled “sys. unc.” and includes the experimental and theoretical uncertainties. 
The uncertainty bar, labelled “data, tot. unc.” is the total uncertainty and includes all systematic 
and statistical uncertainties. The measured results are compared to various theoretical predictions.
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pH [ GeV] [0 , 20] [20 , 60] [60, 300]

d o / d p Ą  [fb/ GeV] 0.61 0.39 0.034

S ta tis tica l u n certa in ty 0.16 0.09 0.021

T otal u n certa in ty 0.29 0.15 0.027

P red ic ted  d a /d p H  [fb/ GeV] (N N LO PS) 0.48 0.25 0.022

U ncerta in ty  in pred ic tion 0.05 0.03 0.005

SR d a ta  sta tis tica l 22% 22% 60%

MC sta tis tica l 4% 4% 10%

C R  d a ta  s ta tis tica l 13% 5% 18%

Exp. JE R 7% 4% 16%

Exp. JE S 6% 10% 17%

Exp. 6-tag 2% 4% 8%

Exp. leptons 7% 6% 7%

Exp. p m ss 9% 8% 7%

Exp. o th er 7% 4% 4%

T heory  (W W ) 31% 17% 13%

T heory  (top) 4% 7% 25%

T heory  (o th er backgrounds) 6% 8% 14%

T heory  (signal) 14% 1% 6%

D etecto r corrections < 1% 3% 3%

T otal 47% 37% 77%

T ab le  13. Measured and predicted differential fiducial cross section in fb / GeV as a function of 
pH . Predicted values are from PoWHEG NNLOPS+PYTHIA8, normalised to the LHC-XS working 
group recommended cross section, as described in section 9 . Total uncertainties in the measurement 
are given along with their relative composition in terms of source.

30 GeV and 40 GeV, are given in tab le  20 and  com pared to  pred ic tions in figure 8 . T he 
predic tions are ca lcu lated  w ith  Je tV H eto , ST, STW Z, N 3L O +N N L L +L L _R , and  P o w h e g  
N N L O P S , as described in section 9 . T he resu lts are in agreem ent w ith  th e  predictions. 
T he predic tions are m ore precise th a n  th e  m easurem ents rep o rted  here, which are lim ited 
by th e ir  large s ta tis tica l uncertain ties.
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\yu \ [0 .0 , 0 .6] [0 .6 , 1.2] [1.2, 2.5]

d a /d |y ^ | [fb] 31 9.5 9.5

S ta tis tica l u n certa in ty 7.3 5.0 3.5

T otal u n certa in ty 10 6.5 5.2

P red ic ted  d a /d |y ^ | [fb] (N N LO PS) 15.9 13.0 5.9

U ncerta in ty  in pred ic tion 1.7 1.4 0.6

SR d a ta  s ta tis tica l 22% 52% 33%

MC sta tis tica l 3% 9% 6%

C R  d a ta  s ta tis tica l 9% 1% 16%

E xp. JE R 4% 10% 4%

E xp. JE S 5% 9% 6%

E xp. 6-tag 3% 4% 5%

E xp. leptons 4% 10% 9%

E xp. pipiss 3% 8% 4%

E xp. o th er 4% 8% 6%

T heory  (W W ) 15% 31% 20%

T heory  (top) 12% 14% 8%

T heory  (o th er backgrounds) 3% 7% 17%

T heory  (signal) 4% 6% 3%

D etec to r corrections < 1% < 1% 1%

Total 33% 69% 53%

T ab le  14. Measured and predicted differential fiducial cross section infb per unit rapidity as a 
function of |yu |. Predicted values are from P o w h eg  N N L O P S + P y th ia 8, normalised to  the LHC- 
XS working group recommended cross section, as described in section 9 . Total uncertainties in the 
measurement are given along with their relative composition in terms of source.
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pf1 [ GeV] [0, 30] [30, 60] [60, 300]

d a /d p f 1 [fb/ GeV] 0.69 0.26 0.034

S ta tis tica l u n certa in ty 0.16 0.10 0.021

T otal u n certa in ty 0.24 0.13 0.025

P red ic ted  d a /d p f 1 [fb/ GeV] (N N LO PS) 0.53 0.17 0.016

U ncerta in ty  in pred ic tion 0.06 0.02 0.004

SR d a ta  sta tis tica l 19% 40% 61%

MC sta tis tica l 3% 7% 10%

C R  d a ta  s ta tis tica l 12% 2% 18%

Exp. JE R 4% 6% 10%

Exp. JE S 2% 14% 15%

Exp. 6-tag 1% 8% 10%

Exp. leptons 6% 6% 8%

Exp. pipiss 2% 6% 4%

Exp. o th er 5% 5% 4%

T heory  (W W ) 23% 12% 14%

T heory  (top) 2% 13% 23%

T heory  (o th er backgrounds) 5% 13% 13%

T heory  (signal) 5% 4% 3%

D etec to r corrections < 1% < 1% < 1%

T otal 34% 51% 75%

T ab le  15. Measured and predicted differential fiducial cross section in fb / GeV as a function of 
pT . Predicted values are from PoWHEG NNLOPS+PYTHIA8, normalised to the LHC-XS working 
group recommended cross section, as described in section 9 . Total uncertainties in the measurement 
are given along with their relative composition in terms of source.
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N jet 0 1 >  2

1 / a  d a / d j 0.53 0.23 0.24

S ta tis tica l u n certa in ty 0.11 0.09 0.12

T otal u n certa in ty 0.14 0.10 0.14

P red ic ted  1 / a  d a /d N jet (N N LO PS) 0.59 0.28 0.13

U n certa in ty  in pred ic tion 0.04 0.02 0.02

SR d a ta  sta tis tica l 19% 34% 42%

M C sta tis tica l 4% 8% 17%

C R  d a ta  s ta tis tica l 9% 16% 14%

Exp. JE R < 1% 1% 2%

Exp. JE S 3% 7% 4%

Exp. 6-tag 3% 3% 5%

Exp. leptons 2% 2% 4%

Exp. p m ss 1% 4% 4%

Exp. o th er 2% 2% 3%

T heory  (W W ) 12% 15% 17%

T heory  (top) 7% 5% 18%

T heory  (o ther backgrounds) 6% 5% 16%

T heory  (signal) 1% 3% 5%

D etec to r corrections < 1% 4% 4%

T otal 26% 43% 57%

T ab le  16. Measured and predicted normalised differential fiducial cross section as a function of 
Njet. Predicted values are from PoWHEG NNLOPS+PYTHIA8, normalised to the LHC-XS working 
group recommended cross section, as described in section 9 . Total uncertainties in the measurement 
are given along with their relative composition in terms of source.
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pH [ GeV] [0 , 20] [20 , 60] [60, 300]

1/ct d a /d p H  [10-3  GeV-1 ] 17.0 11.0 0.96

S ta tis tica l u n certa in ty 3.5 2.0 0.50

T otal u n certa in ty 6.0 3.4 0.63

P red ic ted  1/ct d a /d p H  [10-3  GeV-1 ] (N N LO PS) 19.4 10.0 0.88

U n certa in ty  in pred ic tion 0.7 0.5 0.2

SR d a ta  sta tis tica l 20% 18% 48%

M C sta tis tica l 4% 3% 8%

C R  d a ta  s ta tis tica l 8% 7% 18%

E xp. JE R 2% 4% 11%

E xp. JE S 8% 9% 16%

E xp. 6-tag 4% 4% 6%

E xp. leptons 3% 2% 5%

E xp. pipiss 10% 8% 7%

E xp. o th er 4% 2% 4%

T heory  (W W ) 19% 15% 21%

T heory  (top) 9% 8% 17%

T heory  (o th er backgrounds) 7% 8% 12%

T heory  (signal) 10% 2% 10%

D etec to r corrections < 1% 3% 3%

T otal 37% 31% 65%

T ab le  17. Measured and predicted normalised differential fiducial cross section as a function of 
p H . Predicted values are from P o w h eg  N N L O P S + P y tm a 8, normalised to the LHC-XS working 
group recommended cross section, as described in section 9 . Total uncertainties in the measurement 
are given along with their relative composition in terms of source.
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| y W | [0 .0 , 0 .6] [0 .6 , 1 .2] [1.2, 2.5]

1/ a  d a / d |y ( ^ ) | 0.83 0.27 0.26

S ta tis tica l u n certa in ty 0.17 0.13 0.08

T otal u n certa in ty 0.22 0.15 0.11

P re d ic te d 1 /a  d a / d |y ( ^ ) |  (N N LO PS) 0.636 0.521 0.235

U n certa in ty  in pred ic tion 0.004 0.001 0.004

SR d a ta  s ta tis tica l 18% 48% 26%

M C sta tis tica l 3% 8% 5%

C R  d a ta  sta tis tica l 7% 6% 14%

E xp. JE R 2% 5% 2%

Exp. JE S 4% 9% 7%

Exp. 6-tag 3% 5% 5%

Exp. leptons 3% 5% 5%

Exp. pipiss 3% 7% 4%

Exp. o th er 3% 6% 5%

T heory  (W W ) 11% 21% 18%

T heory  (top) 10% 15% 9%

T heory  (o ther backgrounds) 5% 8% 17%

T heory  (signal) < 1% 2% 1%

D etec to r corrections < 1% < 1% < 1%

T otal 27% 60% 43%

T ab le  18. Measured and predicted normalised differential fiducial cross section as a function of 
|y«|. Predicted values are from PoWHEG NNLOPS+PYTHIA8, normalised to the LHC-XS working 
group recommended cross section, as described in section 9 . Total uncertainties in the measurement 
are given along with their relative composition in terms of source.
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pT1 [ GeV] [0, 30] [30, 60] [60, 300]

1 / a  da /d p T 1 [10-3  GeV-1 ] 19.0 7.0 0.91

S ta tis tica l u n certa in ty 3.7 2.7 0.51

T otal u n certa in ty 4.7 3.3 0.58

P red ic ted  1 / a  da /d p T 1 [10-3  GeV-1 ] (N N LO PS) 21.2 6.9 0.66

U n certa in ty  in pred ic tion 0.7 0.5 0.16

SR d a ta  sta tis tica l 17% 36% 49%

M C sta tis tica l 3% 6% 9%

C R  d a ta  s ta tis tica l 7% 8% 18%

E xp. JE R 2% 3% 5%

E xp. JE S 3% 13% 14%

E xp. 6-tag 3% 7% 9%

E xp. leptons 2% 3% 5%

E xp. pipiss 1% 6% 4%

E xp. o th er 2% 3% 5%

T heory  (W W ) 11% 17% 17%

T heory  (top) 7% 9% 18%

T heory  (o th er backgrounds) 5% 11% 11%

T heory  (signal) 2% 2% 5%

D etec to r corrections < 1% < 1% < 1%

T otal 24% 47% 63%

T ab le  19. Measured and predicted normalised differential cross section as a function of p T . 
Predicted values are from P o w h eg  N N L O P S + P y th ia8, normalised to  the LHC-XS working group 
recommended cross section, as described in section 9 . Total uncertainties in the measurement are 
given along with their relative composition in terms of source.
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J e t  p T th resho ld 25 GeV* 30 GeV 40 GeV

eo 0.53 0.57 0.64

S ta tis tica l u n certa in ty 0.11 0.11 0.12

T otal u n certa in ty 0.14 0.14 0.17

P red ic ted  eo (N N LO PS) 0.59 0.63 0.73

U n certa in ty  in pred ic tion 0.04 0.04 0.04

SR d a ta  s ta tis tica l 19% 17% 17%

M C sta tis tica l 4% 3% 3%

C R  d a ta  s ta tis tica l 9% 7% 8%

Exp. JE R 0% 2% 3%

Exp. JE S 3% 3% 5%

Exp. 6-tag 3% 3% 4%

Exp. leptons 2% 2% 2%

Exp. pipiss 1% 1% 1%

Exp. o th er 2% 2% 5%

T heory  (W W ) 12% 11% 12%

T heory  (top) 7% 7% 9%

T heory  (o ther backgrounds) 6% 5% 8%

T heory  (signal) 1% 2% 2%

D etecto r corrections < 1% < 1% < 1%

Total 26% 24% 27%

T ab le  20. Measured and predicted jet-veto efficiency e0 for different jet p T thresholds and the asso­
ciated statistical and systematic uncertainties. The asterisk for the 25 GeV column header indicates 
th a t the results are for a mixed pT threshold, which is raised from 25 GeV to 30 GeV for jets with 
2.4 < |n| < 4.5, corresponding to the selection used to define the signal regions for the analysis. Total 
uncertainties in the measurement are given along with their relative composition in terms of source.
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Figure 8. Measured jet-veto efficiency as a function of the jet p T threshold, compared to the 
signal predictions. The asterisk on the 25 GeV bin label indicates tha t the results are for a mixed 
p T threshold, which is raised from 25 GeV to 30 GeV for jets with 2.4 < |n| < 4.5, corresponding 
to the selection used to define the signal regions for the analysis. The total uncertainty includes all 
statistical, experimental, and theoretical uncertainties.

11 C o n c lu s io n

Measurements of total and differential fiducial cross sections in the gg^- H ^  W W *^ evgv 
final state of gluon-fusion Higgs boson production are presented. They are based on
20.3 fb-1 of proton-proton collision data produced at a centre-of-mass energy of yfs =  8 TeV 
at the LHC and recorded by the ATLAS experiment in 2012. The data are corrected for 
detector efficiencies and resolution using an iterative Bayesian method. Results are pre­
sented in a fiducial region requiring two opposite-charge leptons of different flavour and 
missing transverse momentum of more than 20 GeV. Additional selection requirements are 
applied on the dilepton system to select Higgs boson candidate events. The fiducial cross 
section of ggF Higgs boson production is measured to be:

°ggF =  36.0 ±  7.2(stat) ±  6.4(sys) ±  1.0(lumi) fb ( 1 1 .1)

for a Higgs boson of mass 125.0 GeV produced in the fiducial region described in table 7. 
The SM prediction is aggF =  25.1 ±  2.6 fb.

In addition, differential and normalised differential cross sections are measured in the 
fiducial region as functions of the number of jets, the Higgs boson transverse momentum, 
the rapidity of the dilepton system, and the transverse momentum of the leading jet. These 
measurements probe directly the Higgs boson production and decay kinematics, as well as 
the jet activity produced in association with the Higgs boson. Jet-veto efficiencies for H +0- 
jet events are also reported for three different thresholds for the transverse momentum of 
the leading jet; the jet-veto efficiency for a threshold of 30 GeV is (57±  14)%. All results are 
compared to a set of predictions from fixed-order calculations and Monte-Carlo generators 
and are in agreement with the predictions of the Standard Model.
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