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Introduction
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• A	  new	  particle	  has	  been	  observed	  at	  the	  LHC.	  
• Measuring	  its	  properties	  is	  necessary	  to	  realize	  which	  kind	  of	  particle	  it	  is:	  

• Mass	  
• Spin/CP	  
• Coupling	  
• Width	  

• The	  theoretical	  SM	  Higgs	  boson	  width	  is	  4.2	  MeV,	  several	  orders	  of	  magnitude	  smaller	  than	  the	  LHC	  
experimental	  resolution	  (~GeV).	  

• Current	  ATLAS	  direct	  width	  measurements	  found	  an	  upper	  limit	  of:	  Γ𝐻	  <	  2.7	  GeV	  @	  95%	  CL.	  
• A	  direct	  measurement	  with	  a	  MeV	  precision	  is	  only	  feasible	  in	  future	  lepton	  colliders.
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On/off-‐shell	  distributions
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The dominant processes contributing to the high-mass signal region in the ZZ ! 4`, ZZ ! 2`2⌫ and
WW ! e⌫ µ⌫ final states are: the gg! H⇤ ! VV o↵-shell signal, the gg! VV continuum background,
the interference between them, VV production in association with two jets through VBF and VH-like
production modes pp! VV + 2 j (s-, t- and u-channel) and the qq̄! VV background. The LO Feynman
diagrams for the gg ! H⇤ ! VV signal, the continuum gg ! VV background and the dominant
irreducible qq̄! VV background are depicted in Fig. 1. The WW ! e⌫ µ⌫ channel also receives sizeable
background contributions from tt̄ and single-top production. In the following a Higgs boson mass of
mH = 125.5 GeV, close to the ATLAS-measured Higgs boson mass value of 125.36 GeV [11], is assumed
for the o↵-shell signal processes. This small di↵erence has a negligible impact on the predicted o↵-shell
production yields.

Figure 2 illustrates the size and kinematic properties of the gluon-induced signal and background pro-
cesses by showing the four-lepton invariant mass (m4`) distribution for the gg ! (H⇤ !)ZZ ! 2e2µ
processes after applying the event selections in the ZZ ! 4` channel (see Sect. 3) on generator-level
quantities. The process gg ! (H⇤ !)ZZ ! 2e2µ is shown for the SM µo↵-shell = 1 case and for an
increased o↵-shell signal with µo↵-shell = 10. For low masses mZZ < 2mZ the o↵-shell signal is negligible,
while it becomes comparable to the continuum gg! ZZ background for masses above the 2mt threshold.
The interference between the gg ! H⇤ ! ZZ signal and the gg ! ZZ background is negative over
the whole mass range. A very similar relation between the gg ! H⇤ ! VV signal and the gg ! VV
background is also seen for the gg! (H⇤ !)ZZ ! 2`2⌫ and gg! (H⇤ !)WW ! e⌫ µ⌫ processes.
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Figure 2: (a) Di↵erential cross-sections as a function of the four-lepton invariant mass m4` in the range of
100 GeV < m4` < 1000 GeV for the gg ! (H⇤ !)ZZ ! 2e2µ channel at the parton level, for the gg ! H⇤ ! ZZ
signal (red solid line), gg! ZZ continuum background (thick brown dotted line), gg! (H⇤ !)ZZ with SM Higgs
coupling (magenta long-dashed line, including signal plus background plus interference) and gg ! (H⇤ !)ZZ
with µo↵-shell = 10 (blue long-dashed line). (b) Di↵erential cross-section as a function of m4` in the range of
130 GeV < m4` < 1000 GeV for the gg ! H⇤ ! ZZ ! 2e2µ signal (solid red line) and its interference with the
gg! ZZ ! 2e2µ continuum background (black dashed line).
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• There	  is	  a	  novel	  method	  that	  uses	  the	  off-‐shell	  information	  to	  set	  an	  indirect	  limit	  on	  the	  width.	  
• ~20%	  of	  the	  on-‐shell	  contribution	  is	  present	  in	  the	  off-‐shell	  region.



Off-‐shell	  couplings	  and	  width	  constraint

• Differential	  cross-‐section:	  

• On/off-‐shell	  total	  cross-‐sections:	  	  

• Assuming	  on-‐	  and	  off-‐shell	  couplings	  are	  the	  same:
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Analysis	  processes

	   •	  The	  dominant	  processes	  contributing	  to	  the	  high-‐mass	  (220-‐1000	  GeV)	  𝑔𝑔	  →	  𝑉𝑉	  signal	  region	  are:	  	  	  	  	  

	   •	  𝑔𝑔→𝐻*→𝑉𝑉	  signal.	  	  	  	  	   	  

	   •	  𝑔𝑔	  →	  𝑉𝑉	  	  background	  continuum.	  	  	  	  	   	  

	   •	  qq	  →	  𝑉𝑉	  	  background.	  	  	  	   	  

	   •	  Interference	  between	  signal/bkg.cont.	  	  	  	  	   	  

	   •	  VBF	  and	  VH-‐like	  production.	  	  	  	  	   	  

	   •	  𝑡𝑡	  and	  single	  top	  	  (	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  	  	   	  
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Signal	  +	  background	  corrections
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• 𝑔𝑔→𝐻*→𝑉𝑉	  (signal)	  and	  𝑔𝑔→𝑉𝑉	  (background)	  are	  calculated	  at	  LO.	  
• NNLO	  QCD+EW	  corrections	  are	  included	  as	  a	  NNLO/LO	  K-‐factor	  for	  𝑔𝑔→𝐻*→𝑉𝑉	  (signal).	  
• Unknown	  K-‐factor	  for	  𝑔𝑔→𝑉𝑉	  (background).	  
• Results	  are	  presented	  as	  a	  function	  of	  the	  unknown	  K-‐factor	  of	  the	  background.	  

• qq→𝑉𝑉	  has	  NNLO/LO	  QCD+EW	  corrections.

The detector simulation for most generated Monte Carlo (MC) event samples is performed using Geant4 [26,
27]. Some background MC samples in the WW ! e⌫ µ⌫ analysis for processes with large cross-sections
are simulated with the fast detector simulation package Atlfast-II [27].

2.1. Simulation of gg ! (H⇤ !)VV

To generate the gg ! H⇤ ! VV and gg ! VV processes, including the interference, the LO MC gener-
ators gg2VV [7,28] and MCFM [9,10] together with PYTHIA8 [29] and SHERPA+OpenLoops [30–33]
are used. The QCD renormalisation and factorisation scales are set to mVV/2 [9]. The CT10 next-to-
next-to-leading-order (NNLO) PDF set [34] is used, as the LO gg ! VV process is part of the NNLO
calculation for pp! VV . The default parton showering and hadronisation option for the events processed
with the full detector simulation is PYTHIA8 with the “power shower” parton shower option [29].

For the gg ! H⇤ ! VV signal, a NNLO/LO K-factor2 including the next-to-leading-order (NLO) elec-
troweak corrections, KH⇤(mVV ) = �NNLO

gg!H⇤!VV/�
LO
gg!H⇤!VV , is applied. The K-factor and associated un-

certainties are calculated in Ref. [25] as a function of the Higgs boson virtuality mVV for mH ⇠125.5 GeV,
using the MSTW2008 PDF set [35]. Additional corrections are used to re-weight the predictions to the
CT10 NNLO PDF set used in the simulation.

For the gg! VV background and the interference with the gg! H⇤ ! VV signal, no higher-order QCD
calculations are available. However, these corrections are studied for the WW final state in Ref. [36] in
the soft-collinear approximation, which is considered suitable for high-mass Higgs boson production. In
this approximation, the signal K-factor is found to provide a reliable estimate for the higher-order QCD
corrections to the signal-background interference term.

The K-factor for the gg! VV background process, K(gg! VV), remains unknown. Therefore, the res-
ults in this note are given as a function of the unknown K-factor ratio between the gg! VV background
and the gg! H⇤ ! VV signal, defined as

RB
H⇤ =

K(gg! VV)
K(gg! H⇤ ! VV)

=
KB(mVV )
KH⇤
gg (mVV )

, (4)

where KB(mVV ) is the unknown mass-dependent K-factor for the gg ! VV background, and KH⇤
gg (mVV )

is the gluon-initiated K-factor [25] for the signal3 as motivated by the soft-collinear approximation in
Ref. [36]. Because the K-factor KH⇤

gg (mVV ) changes by less than 10% as a function of mVV in the relevant
region of phase space, no mass dependence on RB

H⇤ is assumed. The range 0.5–2 is chosen for the variation
of the K-factor ratio RB

H⇤ in order to include the full correction from the signal K-factor KH⇤
gg (mVV ) ⇠ 2 in

the variation range. With respect to the LO gg ! VV process, this corresponds to an absolute variation
in the approximate range 1–4. Using the K-factors discussed above, the cross-section for the gg !

2 The shorter gg ! X notation is used also in the context of higher-order QCD calculations where qg and qq initial states
contribute to the full pp! X process.

3 Numerically, KH⇤
gg (mVV ) di↵ers from KH⇤ (mVV ) by ⇠ 2% as the higher-order QCD contribution from qg and qq production

is small. However, KH⇤
gg (mZZ) has substantially larger uncertainties than KH⇤ (mZZ). Therefore KH⇤ (mZZ) is substituted here,

ignoring the 2% shift in central value, but taking the di↵erence in the systematic uncertainty into account.
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(H⇤ !)VV process with any o↵-shell Higgs boson signal strength µo↵-shell can be parameterised as:

�gg!(H⇤!)VV (µo↵-shell) = KH⇤(mVV ) · µo↵-shell · �SM
gg!H⇤!VV (5)

+

q
KH⇤
gg (mVV ) · KB(mVV ) · µo↵-shell · �SM

gg!VV, Interference

+ KB(mVV ) · �gg!VV, cont .

More details are given in Appendix A.1.

In addition, higher-order QCD corrections to the transverse momentum4 pT and the rapidity y of the VV
system are studied using SHERPA+OpenLoops, which includes matrix-element calculations for the first
hard jet emission. A significant di↵erence in the pT of the VV system is observed when comparing the
pure LO generators and SHERPA+OpenLoops, while the di↵erence in the rapidity y of the VV system
is small. This di↵erence in the pT of the VV system can modify the kinematic observables used in the
analyses, leading to variations in both the kinematic shapes and acceptance which are not covered by
the mVV dependent systematic uncertainties derived in Ref. [25]. To account for these e↵ects, the LO
generators are re-weighted to SHERPA+OpenLoops in the pT of the VV system. Due to the di↵erent jet
emission mechanisms in the signal and the background processes, di↵erent re-weighting functions are
derived for the gg ! H⇤ ! VV signal, the gg ! VV background, and the total gg ! (H⇤) ! VV ,
respectively. The impact of the re-weighting on the acceptance is below 1% for the signal and at the
level of 4–6% for the background. In the ZZ ! 4` channel, the re-weighting procedure is only used to
account for the acceptance e↵ects, as the matrix-element-based discriminant is insensitive to the pT of the
ZZ system. For the ZZ ! 2`2⌫ channel, the re-weighting is used in both the transverse mass shape and
acceptance as the mT depends on the pT of the ZZ system. For the WW ! e⌫ µ⌫ channel, the re-weighting
a↵ects only the acceptance.

2.2. Simulation of electroweak VV production through VBF and VH-like processes

The electroweak5 pp! VV + 2 j processes contain both VBF-like events and VH-like events, which are
simulated using MadGraph5 [37] and cross-checked using PHANTOM [38]. The QCD renormalisation
and factorisation scales are set to mW following the recommendation in Ref. [39] and the CTEQ6L1 PDF
set [40] is used. PYTHIA6 [41] is used for parton showering and hadronisation.

The high-mass range selected by this analysis includes Higgs boson signal events arising from:

• the o↵-shell VBF H ! VV process, which scales with 4V,o↵-shell and is independent of �H ,

• VBF-like VV processes with a t-channel Higgs boson exchange, which scale with 4V,o↵-shell and are
independent of �H ,

• WH and ZH processes with an on-shell Higgs boson, with decays Z ! 2` or W ! `⌫ and H !
2`2 j or H ! `⌫2 j, which scale with 4V,on-shell/�H ,

4 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector,
and the z-axis along the beam line. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the beam line.
Observables labelled “transverse” are projected into the x–y plane. The pseudorapidity is defined in terms of the polar angle
✓ as ⌘ = � ln tan(✓/2).

5 Electroweak means in this context that QCD diagrams that enter through the QCD NNLO corrections to pp ! VV are not
included.

6

Signal	  strength	  parametrization

7

• Cross-‐section	  for	  gg→H*→VV	  process	  with	  any	  off-‐shell	  Higgs	  boson	  signal	  strength	  µoff-‐shell	  
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The	  ATLAS	  detector
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Analysis	  details	  and	  results
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• 4	  Final	  states	  (2e2μ,	  2μ2e,	  4e,	  4μ)	  
• Main	  background	  from	  
• Selection:	  

• Opposite	  sign,	  same	  klavor	  
• 	  	  
• 	  	  	  	  	  	  	  	  (leading	  dilepton	  pair)	  
• 	  	  
• 	  	  

• Shape	  based	  analysis	  using	  Matrix	  element	  discriminant:	  

• 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  are	  the	  probability	  density	  function	  for	  
gg-‐>H-‐>ZZ	  	  	  	  	  	  	  	  	  	  	  (signal),	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (signal+background
+interference)	  and	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  respectively.
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Analysis	  details	  and	  results

• Final	  states	  (2e2ν,	  2μ2ν)	  
• The	  full	  kinematic	  reconstruction	  is	  not	  possible,	  
transverse	  mass	  (mT)	  is	  employed:	  

• Selection:	  
• 	  	  
• b-‐jet	  veto	  
• 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  to	  suppress	  DY	  
• Optimized	  kinematic	  selection	  

• Background:	  diboson,	  top	  quark	  and	  W/Z+jets

H ! ZZ ! 2l2⌫
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Analysis	  details	  and	  results
H ! WW ! l⌫l⌫
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• 	  	    
where:	  

• To	  isolate	  off-‐shell	  Higgs	  

• Selection:	  
• 	  	  
• b-‐jet	  veto	  
• 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  to	  suppress	  	  WW	  

• Background:	  W+jets,	  top	  and	  WW	  
• W+jets	  and	  multi-‐jets	  are	  estimated	  with	  data	  driven	  
method.
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• The	  results	  are	  presented	  as	  a	  combination	  of	  the	  three	  channels:	  4𝑙,	  2𝑙2𝜈	  and	  𝑙𝜈𝑙𝜈.	  
• To	  obtain	  an	  upper	  limit	  of	  𝜇𝑜𝑓𝑓,	  	  a	  binned	  and	  unbinned	  maximum-‐likelihood	  kit	  are	  performed	  to	  
the	  4𝑙	  and	  2𝑙2𝜈,	  𝑙𝜈𝑙𝜈	  channels,	  respectively.	  	  

• All	  95%	  conkidence	  level	  (CL)	  upper	  limits	  are	  derived	  using	  the	  CLs	  method.

Off-‐shell	  signal	  strength	  upper	  limit
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• Main	  systematics	  come	  from	  theoretical	  uncertainties:	  
• Uncertainty	  from	  missing	  order	  of	  QCD	  and	  EW	  to	  the	  off-‐shell	  signal.	  
• Interference	  uncertainty	  accounts	  for	  30%	  approximately.	  
• QCD	  scale	  and	  PDF	  uncertainties	  applied.	  

• Experimental	  systematic	  uncertainties	  at	  few	  percent	  level.	  
• The	  upper	  limits	  are	  evaluated	  using	  the	  CLs	  method,	  assuming	  RH*B=1.

Systematic	  uncertainties

Systematic uncertainty 95% CL lim. (CLs) on µ
o↵�shell

Interference gg ! (H⇤ !)V V 7.2

QCD scale K

H⇤
(mV V ) (correlated component) 7.1

PDF qq̄ ! V V and gg ! (H⇤ !)V V 6.7

QCD scale qq̄ ! V V 6.7

Luminosity 6.6

Drell–Yan background 6.6

QCD scale K

H⇤

gg (mV V ) (uncorrelated component) 6.5

Remaining systematic uncertainties 6.5

All systematic uncertainties 8.1

No systematic uncertainties 6.5
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• To	  obtain	  an	  upper	  limit	  on	  Γ𝐻⁄Γ𝐻𝑆𝑀	  ,	  	  a	  binned	  and	  unbinned	  maximum-‐likelihood	  kit	  are	  performed	  
to	  the	  4𝑙	  and	  2𝑙2𝜈,	  𝑙𝜈𝑙𝜈	  channels,	  respectively.	  	  

• All	  95%	  conkidence	  level	  (CL)	  upper	  limits	  are	  derived	  using	  the	  CLs	  method.

Total	  width	  upper	  limit

Observed Median expected Assumption

RB
H⇤ 0.5 1.0 2.0 0.5 1.0 2.0

�H/�SM

H 4.5 5.5 7.5 6.5 8.0 11.2 i,on-shell = i,o↵-shell

Rgg = 2

g,o↵-shell/
2

g,on-shell 4.7 6.0 8.6 7.1 9.0 13.4 V,on-shell = V,o↵-shell, �H/�SM

H =1

VV)→H*→K(gg
VV)→K(gg = H*

BR
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-1Ldt = 20.3 fb∫ = 8 TeV: s
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• The	  off-‐shell	  𝐻→𝑍𝑍	  events	  are	  used	  to	  constrain	  the	  off-‐shell	  Higgs	  couplings	  and	  
the	  total	  width.	  

• The	  total	  width	  of	  the	  Higgs	  is	  constrained	  to	  be	  ~23	  MeV	  that	  is	  better	  than	  the	  
direct	  measurement	  by	  a	  factor	  of	  100.	  

• K-‐factor	  for	  𝑔𝑔→𝑉𝑉	  background	  	  (NNLO/LO)	  is	  expected	  from	  the	  theory	  
community	  in	  order	  to	  improve	  results.	  

• These	  results	  are	  shown	  using	  the	  assumption	  that	  on-‐shell	  and	  off-‐shell	  couplings	  
are	  the	  same.	  
• The	  VBF	  production	  channel	  can	  solve	  this	  issue,	  but	  it	  has	  20	  times	  lower	  cross	  
section	  compared	  to	  ggF.	  

• This	  could	  be	  achieved	  at	  the	  end	  of	  the	  next	  LHC	  run.

Outlook
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The	  D	  Collaboration
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The	  ATLAS	  detector



21

• The	  results	  are	  presented	  as	  a	  combination	  of	  the	  three	  channels:	  4𝑙,	  2𝑙2𝜈	  and	  𝑙𝜈𝑙𝜈.	  
• To	  obtain	  an	  upper	  limit	  of	  𝜇𝑜𝑓𝑓,	  	  a	  binned	  and	  unbinned	  maximum-‐likelihood	  kit	  are	  performed	  to	  
the	  4𝑙	  and	  2𝑙2𝜈,	  𝑙𝜈𝑙𝜈	  channels,	  respectively.	  	  

• All	  95%	  conkidence	  level	  (CL)	  upper	  limits	  are	  derived	  using	  the	  CLs	  method.

Off-‐shell	  signal	  strength	  upper	  limit

Observed Median expected Assumption
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H⇤ 0.5 1.0 2.0 0.5 1.0 2.0

µ
o↵-shell
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VV)→K(gg = H*
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• To	  obtain	  an	  upper	  limit	  on	  Γ𝐻⁄Γ𝐻𝑆𝑀	  ,	  	  a	  binned	  and	  unbinned	  maximum-‐likelihood	  kit	  are	  performed	  
to	  the	  4𝑙	  and	  2𝑙2𝜈,	  𝑙𝜈𝑙𝜈	  channels,	  respectively.	  	  

• All	  95%	  conkidence	  level	  (CL)	  upper	  limits	  are	  derived	  using	  the	  CLs	  method.	  
• Assuming	  Γ𝐻⁄Γ𝐻𝑆𝑀=1	  and	  𝑘𝑉=𝑘𝑉,on=𝑘𝑉,off	  	  associated	  with	  the	  VBF	  production,	  the	  ggF	   
𝑅𝑔𝑔=𝑘𝑔,𝑜𝑓𝑓2/𝑘𝑔,𝑜𝑛2	  is	  presented.

Total	  width	  upper	  limit

Observed Median expected Assumption

RB
H⇤ 0.5 1.0 2.0 0.5 1.0 2.0

�H/�SM

H 4.5 5.5 7.5 6.5 8.0 11.2 i,on-shell = i,o↵-shell

Rgg = 2

g,o↵-shell/
2

g,on-shell 4.7 6.0 8.6 7.1 9.0 13.4 V,on-shell = V,o↵-shell, �H/�SM

H =1

VV)→H*→K(gg
VV)→K(gg = H*

BR
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-1Ldt = 20.3 fb∫ = 8 TeV: s
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