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LHC Run 1
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Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

l+4γγ CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 

• Historical achievements at LHC Run 1: 
• Discovery of a Higgs boson
• Direct observation of 𝛾𝛾, ZZ, W+W-, 𝜏+𝜏-

• Confirmation of Spin/CP properties
• Precise measurement of its mass

• Yet still missing items: 
• Observation of the largest decay mode (bb)
• Direct observation of Top Yukawa coupling
• Rare decays from new physics? 
• Higgs self-coupling (challenging at LHC)

JHEP 08 (2016) 045
PRL 114 (2015) 191803

https://link.springer.com/article/10.1007/JHEP08(2016)045
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803
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LHC Run 2
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• Delivered more than 100 fb-1 in Run 2 already. Successful 
operation of LHC & ATLAS/CMS. 

• Peak luminosity = 2.14×1034 cm-2s-1 in 2018 (twice the 
design luminosity), more challenging with pileup

• Results presented here are with 2015+2016 datasets               
(√s = 13 TeV, 36 fb-1).
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2018

(as of May 17)
10.4 fb-1 2.14×1034

2017 50.2 fb-1 2.09×1034

2016 38.5 fb-1 1.38×1034

2015 4.2 fb-1 0.50×1034
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Higgs Production@LHC
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• Notable increase in the cross section (×2.3 for ggF, 
×3.9 for ttH, ×3.3 for HH) from √s=8→13 TeV. 

• Run 2 is the dawn of precision measurements for 
the Higgs boson & discovery phase of the ttH.
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• 𝜸𝜸, ZZ(→4𝓵): Discovery channels. Small 
branching ratios (BRs), but good mass resolution 
& clean signatures. 

• W+W-(→l+vl-v): Large BR, good sensitivity to 
ggF & VBF, but poor mass resolution due to two 
neutrinos.

• bb: Has the largest BR, but suffers from large 
BG. The last major channel to be observed.  

• 𝞽+𝞽-: Reasonable mass resolution, good sensitivity 
to ggF & VBF prod. Best sensitivity to Higgs-
fermion coupling. 

• gg: Can only be measured at ILC.

• cc: Can only be measured at ILC.

• Z𝜸, μ+μ-: Very low BRs. Progressing toward the 
observation of μ+μ-. Z𝛾 should be visible at HL-
LHC. 

Z𝜸
0.2%
𝜸𝜸

0.2%

ZZ
2.7%

cc
2.9%
ττ

6.3%
gg

8.6%

WW
21.6%

bb
57.5%

Higgs Decays
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Higgs-boson Couplings

• Higgs boson was discovered by the “Golden” boson-decay channels: 𝛾𝛾, ZZ*(→4ℓ) 
at LHC Run 1. LHC Run 2 is the dawn of the Higgs precision measurements. 

• The two channels are combined to measure the cross section & mass, as well 
as the signal strengths of various production modes. 
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Figure 1. Four-lepton invariant mass distribution of the selected events before the m4ℓ requirement,
corrected for final-state radiation (FSR). The error bars on the data points indicate the statistical
uncertainty. The SM Higgs boson signal prediction is obtained from the samples discussed in
section 3. The backgrounds are determined following the description in section 6. The uncertainty
in the prediction is shown by the hatched band, calculated as described in section 9.

highest expected signal rate after reconstruction and event selection is selected, in the

order: 4µ, 2e2µ, 2µ2e and 4e. In order to improve the four-lepton mass reconstruction,

the reconstructed final-state radiation (FSR) photons in Z boson decays are accounted for

using the same strategy as in the Run-1 data analysis [112]. The invariant mass distribution

of the four leptons of the selected events is shown in figure 1. Only events with a four-lepton

invariant mass in the range 115–130GeV are used in the extraction of the signal.

The selected events are divided into bins of the variables of interest. The bin boundaries

are chosen such that each bin has an expected signal significance greater than 2σ (where the

significance is calculated from the number of signal events S and the number of background

events B as S/
√
S +B) and that there are minimal migrations between bins, which reduces

the model dependence of the correction for the detector response.

5 Fiducial phase space

The fiducial cross sections are defined at particle level using the selection requirements

outlined in table 1, which are chosen to closely match those in the detector-level analysis

in order to minimize model-dependent acceptance extrapolations.

– 7 –

ZZ*(→4𝓵) 
Channel

https://arxiv.org/abs/1802.04146
http://dx.doi.org/10.1007/JHEP11(2017)047
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• Higgs production cross section 
matches well with the N3LO 
prediction within the uncertainty in 
Run 2.

• VBF cross section is slightly above the 
SM prediction. 
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Higgs Diff. Cross Sections

• Kinematic distributions (Higgs pT, y, number of jets & jet pT) are important 
probes to check the validity of the perturbative QCD and to understand/
improve the Monte Carlo generators. 

• Higgs pT & pT of jets are also sensitive to physics beyond the Standard 
Model & are important to measure them precisely. 
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JHEP(2017) 2017:115

Impact of new physics on Higgs pT
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Higgs Boson Mass
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  Total      Stat.   Syst.

Combined  0.21) GeV± 0.19 ± 0.28 ( ±124.98 

γγ→H  0.36) GeV± 0.21 ± 0.42 ( ±125.11 

l4→ZZ*→H  0.05) GeV± 0.37 ± 0.37 ( ±124.88 

LHC Run 1  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

CMS Run-2 Measurement

• Similar precision (~0.2%) as the Run-1 (ATLAS+CMS) measurement with the                
ATLAS-only Run-2 𝜸𝜸+4𝓵 combined or CMS-only 4𝓵.

• 𝛾𝛾 & ZZ*(→4ℓ) channels are currently compatible in precision. 

• ZZ*(→4𝓵) channel is still dominated by the statistical uncertainties. 

• 𝜸𝜸 channel needs to cope with the systematic uncertainties (electromagnetic 
calorimeter response & materials from the inner detectors) to further reduce the uncertainties. 
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H→WW(*)→𝓵𝞶𝓵𝞶
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• Large signal statistics available but challenging to cope with the large BG. Access to all 
the production modes.  

• ATLAS analyzed the e𝜈𝜇𝜈 channel, whereas CMS considered both the different/same 
lepton flavor channels as well as multilepton channels for WH & ZH production modes. 

• Signal strengths compatible with the SM. 

• Both ATLAS & CMS observe H→WW(*) with > 5𝞂: 9.1𝜎 (6.3𝜎)  for the observed after 
combining all (ggF+VBF) channels in CMS (ATLAS). 

ATLAS-CONF-2018-004 CMS-PAS-HIG-16-042

https://cds.cern.ch/record/2308392
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-042/index.html
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H(bb) Evidence
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• H(→bb) has the largest branching fraction (58%), but is difficult to observe due 
to the large BG. 

• WH, ZH production modes have the highest sensitivity. 

• Considered mbb & various kinematic distributions as inputs to multivariate analyses 
(boosted decision tree; BDT).
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• Dedicated b-jet calibration to improve mbb resolution. 

• Grouped into various categories by the numbers of 
leptons (& jets for ATLAS) & W/Z pT.

JHEP 12 (2017) 024

https://doi.org/10.1007/JHEP12(2017)024
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H(bb) Evidence

12

• Evidence of H(bb) by both experiments! 

• ATLAS: 3.6𝜎 (4.0𝜎) [Run 1+2] for observed (expected)

• CMS: 3.8𝜎 (3.8𝜎) [Run 1+2] for observed (expected)

• Consistent results with the cut-based analysis in ATLAS (performed as a cross-check).
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ttH Measurements
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• The ttH production allows us to directly measure             
the H-top Yukawa coupling. 

• The following channels are considered in ATLAS & CMS: 

• ttH(→bb): with 1, 2 leptons (also all had. for CMS)

• ttH→multilepton+X: 2 same-sign, 3, 4 leptons w/ or w/o τhad.

• ttH(→𝞬𝞬): several categories with 0/1-lepton & jets/b-jets.
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The behavior of the global fit is studied by performing a
number of checks including evaluating how much each NP
is pulled from its nominal value, how much its uncertainty
decreases from the nominal uncertainty and which corre-
lations develop between initially uncorrelated systematic
uncertainties. The stability of the results was tested by

performing fits for each channel independently and in
combination.
The impact of each systematic uncertainty on the final

result is assessed by performing the fit with the parameter
fixed to its fitted value varied up or down by its fitted
uncertainty, with all the other parameters allowed to vary

(a) (b)

(c) (d)
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Prefit Bkgd.
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FIG. 11. The distribution of the discriminating variables observed in data (points with bars indicating the statistical errors)
and expected (histograms) in the (a) 2lSS, (b) 3l, (c) 4l (Z-enriched) and (d) 4l (Z-depleted) signal regions. The background
contributions after the global fit are shown as filled histograms. The total background before the fit is shown as a dashed blue
histogram. The Higgs boson signal (mH ¼ 125 GeV), scaled according to the results of the fit, is shown as a filled red histogram
superimposed on the fitted backgrounds. The size of the combined statistical and systematic uncertainty in the sum of the signal and
fitted background is indicated by the blue hatched band. The ratio of the data to the sum of the signal and fitted background is shown in
the lower panel.

M. AABOUD et al. PHYS. REV. D 97, 072003 (2018)

072003-22

ttH mutilepton

PRD 97 (2018) 072003

https://doi.org/10.1103/PhysRevD.97.072016
http://arxiv.org/abs/1803.05485
https://arxiv.org/abs/1802.04146
https://doi.org/10.1103/PhysRevD.97.072003
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ttH Observation

14

2− 0 2 4 6 8 10

=125 GeV
H

 for m
Htt

µBest-fit 

H combinedtt

VV→H, Htt

bb→H, Htt

γγ→H, Htt

ττ→H, Htt

0.6−

+0.61.5    , 0.4−

+0.4                             0.4−

+0.5                                         (                 )         

0.6−

+0.60.8    , 0.3−

+0.3                             0.5−

+0.5                                         (                 )         

0.6−

+0.70.6    , 0.6−

+0.7                             0.2−

+0.2                                         (                 )         

1.0−

+1.21.5    , 0.8−

+0.9                             0.6−

+0.8                                         (                 )         

0.3−

+0.31.2    , 0.2−

+0.2                             0.2−

+0.3                                         (                 )         

 ( tot. ) ( stat. , syst. )

total stat.

ATLAS -1=13 TeV, 36.1 fbs

Htt
µ

1− 0 1 2 3 4 5 6 7

Combined

13 TeV

7+8 TeV

)bH(btt

)-τ+τH(tt

)γγH(tt

H(ZZ*)tt

H(WW*)tt

 (13 TeV)-1 (8 TeV) + 35.9 fb-1 (7 TeV) + 19.7 fb-15.1 fb

CMS Observed
 syst)⊕ (stat σ1±

 (syst)σ1±
 syst)⊕ (stat σ2±

• Both ATLAS & CMS see evidence of ttH production with Run 2 data.                         
With Run 1+2 combination by CMS, the production is fully observed: 

• ATLAS Run 2 : 4.2𝜎 observed (3.8𝜎 expected)

• CMS Run 1+2 : 5.2𝜎 observed (4.2𝜎 expected). 

• Signal strength of 𝜇ttH=2 is now excluded at 95% CL by both ATLAS and CMS. 

1.26+0.31-0.26

arXiv:1804.02610PRD 97 (2018) 072003

the validity of this assumption was verified using
pseudoexperiments.
As described in Sec. VII, a large number of systematic

uncertainties, whose effects are accounted for using NPs,
affect the final results. In total, 315 NPs are considered,
most having experimental origin. The experimental

uncertainties are fully correlated across categories, with
the exception of those related to the quark or gluon jet
composition and some uncertainties associated with the
fake and nonprompt lepton background determinations,
which are specific to the different categories, as detailed in
Sec. VI. As the residual prompt (mainly tt̄W and VV)
background contribution is subtracted from the control
regions to extract the fake and nonprompt leptons, the
associated nuisance parameters are taken as fully correlated
with the theoretical cross-section systematic uncertainties.
The same treatment is used for the uncertainty associated to
the measurement of the background from charge misassign-
ment, which is also subtracted from the control regions.
The fit uses templates constructed from the predicted

yields for the signal and the various backgrounds in the bins
of the input distribution in each region. The systematic
uncertainties are encoded in templates of variations relative
to the nominal template for each upward or downward (!σ)
variation. A smoothing procedure is applied to remove large
local fluctuations in the templates for some background
processes in certain regions. Systematic uncertainties that
have a negligible impact on the final results are removed to
improve the speed of the fit: a normalization or a shape
uncertainty is not applied if the associated variation is below
1% in all bins; this reduces the number of nuisance
parameters to 230. Most of the neglected nuisance param-
eters are those related to flavor tagging.

TABLE XII. Summary of the effects of the most important
groups of systematic uncertainties on μ. Due to rounding effects
and small correlations between the different sources of uncer-
tainty, the total systematic uncertainty is different from the sum in
quadrature of the individual sources.

Uncertainty source Δμ
tt̄H modeling (cross section) þ0.20 −0.09
Jet energy scale and resolution þ0.18 −0.15
Nonprompt light-lepton estimates þ0.15 −0.13
Jet flavor tagging and τhad identification þ0.11 −0.09
tt̄W modeling þ0.10 −0.09
tt̄Z modeling þ0.08 −0.07
Other background modeling þ0.08 −0.07
Luminosity þ0.08 −0.06
tt̄H modeling (acceptance) þ0.08 −0.04
Fake τhad estimates þ0.07 −0.07
Other experimental uncertainties þ0.05 −0.04
Simulation sample size þ0.04 −0.04
Charge misassignment þ0.01 −0.01
Total systematic uncertainty þ0.39 −0.30

Postfit

Prefit Bkgd.

Nonprompt

FIG. 10. Comparison of prediction to data after the fit in the eight signal and four control regions. The background contributions after
the global fit are shown as filled histograms. The total background before the fit is shown as a dashed blue histogram. The Higgs boson
signal (mH ¼ 125 GeV), scaled according to the results of the fit, is shown as a filled red histogram superimposed on the fitted
backgrounds. The size of the combined statistical and systematic uncertainty in the sum of the signal and fitted background is indicated
by the blue hatched band. The ratio of the data to the sum of the signal and fitted background is shown in the lower panel. The yields in
each region are shown in Table X.
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• With Run 1 & 2017 data (for γγ & ZZ(*)→4𝓵) 
added, ATLAS also observes the ttH 
production: 

• 6.3𝜎 observed (5.1𝜎 expected) 

• Signal strength/cross section consistent with the 
Standard Model prediction. 
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Figure 2: Weighted diphoton invariant mass spectrum in the tt̄H-sensitive BDT bins observed in 79.8 fb�1 of
13 TeV data. Events are weighted by ln(1 + S90/B90), where S90 (B90) for each BDT bin is the expected tt̄H signal
(background) in the smallest m�� window containing 90% of the expected signal. The error bars represent 68%
confidence intervals of the weighted sums. The solid red curve shows the fitted signal-plus-background model with
the Higgs boson mass constrained to 125.09 ± 0.24 GeV. The non-resonant and total background components
of the fit are shown with the dotted blue curve and dashed green curve. Both the signal-plus-background and
background-only curves shown here are obtained from the weighted sum of the individual curves in each BDT bin.

background and background-only curves shown here are obtained from the weighted sum of the individual
curves in each BDT bin. The expected and observed event yields are presented in Table 1 and shown in
Figure 3. In Figure 3, a tt̄H signal strength µ = �/�SM of 1.4 is assumed. The total number of fitted
tt̄H signal events in the mass range 105 GeV < m�� < 160 GeV is 36+12

�11. For 13 TeV data corresponding
to an integrated luminosity of 79.8 fb�1, the expected significance of the tt̄H signal in the H ! ��
channel is 3.7 standard deviations. The significance of the observed tt̄H signal is 4.1 standard deviations.
The expected significance in the Had (Lep) region is 2.7 (2.5) standard deviations, while the observed
significance in the Had (Lep) region is 3.8 (1.9) standard deviations.

3 H ! ZZ⇤ ! 4`

In the H ! Z Z⇤ ! 4` analysis, using the same data as in the H ! �� analysis, events with at least
four isolated leptons (four electrons, four muons, or two electrons and two muons) corresponding to two
same-flavour opposite-charge pairs are selected. To search for tt̄H events, at least one jet is required,
with pT > 30 GeV and containing a b-hadron identified using a b-tagging algorithm with an e�ciency
of 70%. The event selection is described in more detail in Ref. [5]. The current analysis improves the
expected tt̄H significance by defining two signal regions, and by applying a BDT in one of them. A ‘Had’
region enriched in hadronic top-quark decays is formed by requiring at least three additional jets and zero

5

SM
ttHσ/ttHσ

1− 0 1 2 3 4

Total Stat. Syst. SMATLAS

-1 = 13 TeV, 36.1 - 79.8 fbs

             Total       Stat.    Syst.

Combined   )
0.19

0.21
  ± 0.18 , ±   ( 0.26

0.28  ±  1.32 

H (ZZ)tt < 1.77 at 68% CL

)γγH (tt   )0.17
0.23  ±  , 0.38

0.42  ±   ( 0.42
0.48  ±  1.39 

H (multilepton)tt   )0.27
0.30  ±  , 0.29

0.30  ±   ( 0.40
0.42  ±  1.56 

)bH (btt  0.53 )±  , 0.28
0.29  ±   ( 0.60

0.61  ±  0.79 

Figure 5: Combined tt̄H production cross section, as well as cross sections measured in the individual analyses,
divided by the SM prediction. The �� and Z Z⇤ ! 4` analyses use 13 TeV data corresponding to an integrated
luminosity of 79.8 fb�1, and the multilepton and bb̄ analyses use data corresponding to an integrated luminosity
of 36.1 fb�1. The black lines show the total uncertainties, and the bands indicate the statistical and systematic
uncertainties. The red vertical line indicates the SM cross-section prediction [37], and the grey band represents the
PDF+↵S uncertainties and the uncertainties due to missing higher-order corrections.
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Figure 6: Measured tt̄H cross sections in pp collisions at centre-of-mass energies of 8 TeV and 13 TeV. Both the
total and statistical-only uncertainties are shown. The measurements are compared with the SM prediction [37]. The
band around the prediction represents the PDF+↵S uncertainties and the uncertainties due to missing higher-order
corrections.
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• ΓH <~3 ΓHSM still allows for sizable contributions from BSM decays.  

• Searches for rare Higgs decays is a probe for new physics, i.e. in 
enhancement of expected decays or in new decay modes (invisible, LFV, new 
bosons, etc.).  

• Rare decays searched at the LHC:

• Loop diagram: H→Zγ

• 1st generation couplings: H→ργ, H→ee

• 2nd generation couplings: H→ϕγ, H→J/ψ γ, H→𝛶γ, H→cc, H→μμ

• LFV: H→eτ,μτ,eμ; (t→qH)

• New particles: H→invisible, H→aa (a: new (pseudo)scalar), 
H→ZZd,ZdZd→4ℓ (Zd: new vector boson), H→fd2fd2→lepton-jets+X (fd2: hidden 
fermion)

Will mention in the 

next slides
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• BR(H→𝜇+𝜇-)=2.2×10-4 from SM. Best sensitivity to the 2nd generation Yukawa couplings. 

• BDT is considered with various muon & jet kinematic variables uncorrelated to m𝜇𝜇. The 
events are categorized based on the BDT scores & m𝜇𝜇 resolution (i.e. muon directions).

• BR(H→𝜇+𝜇-)/BRSM(H→𝜇+𝜇-) < 2.8 obs (2.9 exp) for ATLAS & 2.64 obs (1.89 exp) for CMS 
@95% CL with Run 1+Run 2 combined dataset. 

• Best fit signal strength: -0.1±1.4 (ATLAS), 0.9+1.0-0.9 (CMS). Uncertainty is statistically dominated.

PRL 119 (2017) 051802

the ggF and VBF processes were generated with POWHEG-

BOX v2 [19] at next-to-leading order (NLO) in quantum
chromodynamics (QCD) using the CT10 [20] parton
distribution function (PDF) set and PYTHIA8 [21] for parton
showering and hadronization. PYTHIA8 was also used to
model H → μμ events produced in association with a W
or Z boson (VH). The hadronization and underlying-
event parameters were set according to the AZNLO tune
based on the Z boson pT distribution measurement in
7 TeV pp collisions [22]. The simulated Higgs boson pT
spectrum for the ggF process is tuned to match the HRES

prediction [23,24].
The signal samples are normalized to the predicted cross

sections times branching ratio. The production cross
sections of the Higgs boson at

ffiffiffi
s

p
¼ 13 TeV are reported

in Refs. [11,25,26]. The cross section for the ggF process is
calculated at next-to-next-to-next-to-leading-order QCD
[27] and NLO electroweak accuracies [28,29]. Both the
VBF and VH cross sections are computed with next-to-
next-to-leading-order QCD [30] and NLO electroweak
precision [31–33]. The branching ratio for the H → μμ
decay is calculated using HDECAY [34] at NLO in QCD.
Drell-Yan background events were generated with

MADGRAPH5 [35] with the NNPDF23LO [36] PDF set
interfaced to PYTHIA8. The tt̄ and single-top quark samples
were generatedwith POWHEG-BOX v2 using the CT10 PDF set
interfaced to PYTHIA6 [37] for parton showering and hadro-
nization. The diboson processes (WW, WZ, and ZZ) were
generated with SHERPA v2.1 [38] with the CT10 PDF set.
All simulated samples were processed through the full

ATLAS detector simulation [39] based on GEANT4 [40].
The effects arising from multiple pp collisions in the same
or neighboring bunch crossings (pileup) were included in
the MC simulation. Events are reweighted such that the
distribution of the average number of interactions per bunch
crossing matches that observed in data. Simulated events
are corrected to reflect the muon momentum scale and
resolution and the muon trigger and identification efficien-
cies measured in data.
Events are required to contain at least one reconstructed

pp collision vertex candidate with at least two associated
ID tracks, each with pT > 0.4 GeV. The vertex with the
largest sum of p2

T of tracks is considered to be the primary
vertex. Dimuon events are selected by requiring two
opposite-charge muons. Muons are reconstructed by com-
bining tracks in the ID with tracks in the MS. Candidate
muons are required to satisfy the “medium” criteria defined
in Ref. [41] and required to have pT > 15 GeV and
jηj < 2.5. Muons are matched to the primary vertex by
requiring the longitudinal impact parameter z0 to satisfy
jz0 sinðθÞj < 0.5 mm, where θ is the polar angle of the
track. The significance of the transverse impact parameter
d0 calculated with respect to the measured beam line
position is required to satisfy jd0j=σðd0Þ < 3, where
σðd0Þ is the uncertainty in d0. Furthermore, the “loose”

isolation criteria described in Ref. [41] are applied to
suppress muons from b-hadron decays. Jets are recon-
structed using the anti-kt algorithm [42] with a radius
parameter of R ¼ 0.4. Candidate jets must have jηj < 4.5,
and the jet pT must be larger than 25 (30) GeV for jηj < 2.5
(2.5 < jηj < 4.5). To suppress pileup contributions, an
additional requirement using the track and vertex informa-
tion inside a jet [43] is imposed on jets with jηj < 2.4 and
pT < 60 GeV. Top quark production is the second largest
background with neutrinos and b hadrons in the final states.
Jets containing b hadrons with jηj < 2.5 are identified as
b-tagged jets using a multivariate b-tagging algorithm that
provides a 60% efficiency and a rejection factor of more
than 1000 for light-flavor jets [44]. Neutrinos escape from
the detector and lead to missing transverse momentum
Emiss
T . The Emiss

T is defined as the magnitude of the negative
vectorial sum of the transverse momenta of the selected and
calibrated physics objects (including muons and jets) and
the ID tracks not associated with any physics object (soft
term) [45]. To reduce the top quark contribution, events are
required to have Emiss

T < 80 GeV and no b-tagged jets.
To ensure a high trigger efficiency, the leading muon

must have pT > 27 GeV. These criteria form the prese-
lection, and events passing the preselection with
110 GeV < mμμ < 160 GeV constitute the inclusive signal
region. The signal efficiency is 57% (59%) for the ggF
(VBF) process. The mμμ distributions for data and MC
events in the inclusive signal region are shown in Fig. 1.
The VBF categories are only considered for events

containing at least two jets. To optimize the selections,
several kinematic variables that are sensitive to the
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FIG. 1. Observed and simulated mμμ distributions in the
inclusive signal region. The expected signals are scaled by a
factor of 100. The total background prediction is normalized to
the observed data yield, while the relative fractions between the
different processes are fixed to the SM predictions. The error
band only reflects the statistical and experimental uncertainties in
the MC background prediction, while the theoretical uncertainties
are not included.

PRL 119, 051802 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

4 AUGUST 2017

051802-2

https://doi.org/10.1103/PhysRevLett.119.051802


H. Okawa 宇宙史研究センター構成員会議・成果報告会, June 4, 2018

Z(𝓵+𝓵-)H(cc)

18

-jet rejectionb

3 4 5 6 7 8 10 20 30

L
ig

h
t-

je
t 
re

je
ct

io
n

10

210

310

410

-j
e

t 
e

ff
ic

ie
n

cy
c

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5
ATLAS  Simulation 

t = 13 TeV, ts  efficiency 41%c

 efficiency 30%c

 efficiency 20%c

41% efficiency WP

obs_x_Chan_hi_2t2pj_2L

60 80 100 120 140 160 180 200

E
ve

n
ts

 /
 (

 1
0
 )

0

20

40

60

80

100

120

140

160

180

200

220

E
ve

n
ts

 /
 1

0
 G

e
V

1

10

210

310

410 ATLAS
-1 = 13 TeV, 36.1 fbs

 150 GeV≥ Z

T
p-tags, c2 

Data
Pre-fit
Fit Result
Z + jets
tt
ZZ
ZW

)bZH(b
SM)×) (100cZH(c

 [GeV]
cc

m

60 80 100 120 140 160 180 200D
a
ta

/B
kg

d
. 
  
 

0.6
0.8
1.0
1.2
1.4

• BR(H→cc)=2.9% from SM. Charm coupling was previously searched with J/ψ γ channel in 
Run 1. 

• An approach to search for the coupling with c-tagging has been newly considered by 
ATLAS in Run 2. 

• σZH×BR(H→cc) < 2.7 (3.9) [pb]; 110 (150) times the SM expectation for obs. (exp.)@95% CL.  

arXiv:1802.04329

https://arxiv.org/abs/1802.04329


H. Okawa 宇宙史研究センター構成員会議・成果報告会, June 4, 2018

Invisible Higgs Decay

19

 [GeV]miss
TE

Ev
en

ts
 / 

10
 G

eV

2−10

1−10

1

10

210

310

410

 [GeV]miss
TE

Ev
en

ts
 / 

bk
g

0.6
0.8

1
1.2
1.4

100 200 300 1000

Data
ZZ
WZ

Z+jets
Non-resonant-ll
Others
Stat. + Syst.

inv)=0.3→ZH(ll+inv) with B(H
 = 500, 100 GeV)x0.27
χ

, m
med

DM(m

ATLAS
-1=13 TeV,  36.1 fbs

µµ ee+
q0

q

�̄

q̃0

W⌥, Z

q̃

W±, Z

H

�

g

g

t

t t

H

t

(a)
q0

q

q̃0

W⌥, Z

q̃

W±, Z

H

(b)

q

�̄

q̄

W/Z
W/Z

�

(c)
g

g

t̄
t

t
t̄

H

(d)

g

g

�̄

t

t t

t

g

�

Combined VBF-tag Z(ll)H-tag V(qq')H-tag ggH-tag

SM
σ

 in
v.

)/
→

 x
 B

(H
 

σ
95

%
 C

L 
up

pe
r l

im
it 

on
 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Observed

Median expected

68% expected

95% expected

 (13 TeV)-135.9 fb

CMS Preliminary

• Invisible decays of the Higgs boson are expected from various BSM models, especially in 
relation to the dark matter.  Searches are pursued with a Higgs recoiling against visible particles. 

• For all the channels, the expected sensitivity has surpassed that of Run 1. 

• CMS Combination provides BR(H→inv) < 24% [obs], 18% [exp]@95% CL. 

PLB 776 (2017) 318 CMS-PAS-HIG-17-023

BR(H→inv) < 67% obs. 
(39% exp.)@95%CL. 

https://doi.org/10.1016/j.physletb.2017.11.049
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-023/index.html
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• Visible improvement in sensitivity for ggH & ttH.  

• Precision from first 36 fb-1 from a single experiment matches Run 1 ATLAS+CMS for 
various couplings. 

Parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4
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Figure 3: Cross sections for ggF, VBF, VH, and ttH normalized to the SM predictions and measured with the
assumption of SM branching fractions. The black error bars and pink and yellow boxes show the total, systematic,
and statistical uncertainties in the measurements, respectively. The blue bands indicate the theoretical uncertainties
in the predictions.
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Figure 4: Correlation matrix for the measured values of the production cross sections shown in Table 5.
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• Simplified template cross sections (STXS) aimed to balance experimental precision 
& theory uncertainties. Less model independent than Run 1 approach. 

• Very simple fiducial regions for each production mode & common between 
ATLAS, CMS, and theory. 
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• Di-Higgs production searches are 
pursued at the LHC, mostly in the 
context of new resonance searches. 

• Best constraint on σHH/σHHSM (<13) 
at 95% CL from HH→4b (arXiv:1804.06174).
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• Best constraint on self-coupling from HH→bb𝜸𝜸 channel: -8.82 < κλ < 15.04 at 95% CL. 
CMS-PAS-HIG-17-008

https://arxiv.org/abs/1804.06174
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-008/index.html
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• Discovery of a Higgs boson is a dawn of a new era, where a totally rich 
program has opened up to be investigated and to be understood.

• Many achievements in Run 2 beyond the Higgs discovery:

• More details & improved precision in cross section & coupling measurements

• Single-experiment observation of H→𝜏+𝜏-.

• Evidence of H→bb

• Observation of ttH production 

• Uncertainty on the signal strength of H→μ+μ- is reaching 100% 

• More stringent constraints on various BSM phenomena. 

• More to come with the full Run 2 data to be taken until the end of this year. 

• Run 3 & HL-LHC will provide various measurements of the Higgs boson w/ 
even higher precision & sensitivity to various rare processes (both SM & 
BSM). 



backup



H. Okawa ALCW 2018, May 28—June 2, 2018

H→𝜸𝜸 & 4𝓵 Differential

25

 [p
b/

G
eV

]
TH p

/d
σd

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2

 4l→ ZZ* →H 
Combined

γγ →H 
HRes + XH

LO) + XH3NNLOPS (@N
RadISH + XH
XH = VBF+WH+ZH+ttH+bbH

ATLAS Preliminary
γγ → ZZ, H →H 

-113 TeV, 36.1 fb

 [GeV]
T
Hp

0 10 20 30 45 60 80 120 200 350

Th
eo

ry
/D

at
a

0.4
0.6
0.8

1
1.2
1.4
1.6

 [p
b]

H y
/d

σd

10

20

30

40

50

60
 4l→ ZZ* →H 

Combined
γγ →H 

LO) + XH3NNLOPS (@N
SCETlib + MCFM8 + XH
XH = VBF+WH+ZH+ttH+bbH

ATLAS Preliminary
γγ → ZZ, H →H 

-113 TeV, 36.1 fb

Hy
0 0.3 0.6 0.9 1.2 1.6 2.5

Th
eo

ry
/D

at
a

0.4
0.6
0.8

1
1.2
1.4
1.6



H. Okawa ALCW 2018, May 28—June 2, 2018

H→𝜸𝜸 & 4𝓵 Differential

26

 [p
b/

G
eV

]
j1 Tp

/d
σd

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

 4l→ ZZ* →H 
Combined

γγ →H 
LO) + XH3NNLOPS (@N

SCETlib (STWZ) + XH
XH = VBF+WH+ZH+ttH+bbH

ATLAS Preliminary
γγ → ZZ, H →H 

-113 TeV, 36.1 fb

 [GeV]j1
T
p

0 30 55 75 120 350

Th
eo

ry
/D

at
a

0.4
0.6
0.8

1
1.2
1.4
1.6

 [p
b]

σ

10

20

30

40

50

60

70  4l→ ZZ* →H 
Combined

γγ →H 
JVE + XH

LO) + XH3NNLOPS (@N
LO) + XH3MG5 (@N

STWZ + XH
XH = VBF+WH+ZH+ttH+bbH

ATLAS Preliminary
γγ → ZZ, H →H 

-113 TeV, 36.1 fb

jetsN
0 1 2 1≥ 2≥ 3≥

Th
eo

ry
/D

at
a

0.4
0.6
0.8

1
1.2
1.4
1.6



H. Okawa 宇宙史研究センター構成員会議・成果報告会, June 4, 2018

Combination

27

BRinv. = 0 BRinv. > 0, kV < 1
Uncertainty Uncertainty

Parameter Best fit Stat. Syst. Parameter Best fit Stat. Syst.

kZ
0.99 +0.11

�0.11
+0.09
�0.09

+0.06
�0.06 kZ

0.89 +0.09
�0.08

+0.07
�0.07

+0.05
�0.04

(+0.11
�0.11) (+0.09

�0.09) (+0.06
�0.06) (+0.00

�0.11) (+0.00
�0.09) (+0.00

�0.06)

kW
1.12 +0.13

�0.19
+0.10
�0.18

+0.08
�0.07 kW

1.00 +0.00
�0.05

+0.00
�0.04

+0.00
�0.02

(+0.12
�0.12) (+0.09

�0.09) (+0.07
�0.07) (+0.00

�0.12) (+0.00
�0.09) (+0.00

�0.07)

kt
1.09 +0.14

�0.14
+0.08
�0.08

+0.12
�0.12 kt

1.12 +0.17
�0.16

+0.09
�0.09

+0.14
�0.13

(+0.14
�0.15) (+0.08

�0.09) (+0.12
�0.12) (+0.18

�0.15) (+0.13
�0.09) (+0.12

�0.12)

kt
1.01 +0.17

�0.18
+0.11
�0.15

+0.12
�0.09 kt

0.91 +0.13
�0.13

+0.08
�0.08

+0.11
�0.10

(+0.16
�0.15) (+0.11

�0.11) (+0.11
�0.11) (+0.14

�0.15) (+0.09
�0.11) (+0.11

�0.11)

kb
1.10 +0.27

�0.33
+0.19
�0.30

+0.19
�0.14 kb

0.91 +0.19
�0.16

+0.12
�0.11

+0.14
�0.11

(+0.25
�0.23) (+0.19

�0.17) (+0.17
�0.15) (+0.18

�0.23) (+0.13
�0.17) (+0.13

�0.15)

kg
1.14 +0.15

�0.13
+0.10
�0.09

+0.11
�0.09 kg

1.17 +0.18
�0.14

+0.11
�0.10

+0.14
�0.11

(+0.14
�0.12) (+0.10

�0.09) (+0.10
�0.09) (+0.17

�0.12) (+0.13
�0.09) (+0.10

�0.09)

kg
1.07 +0.15

�0.18
+0.10
�0.17

+0.11
�0.07 kg

0.96 +0.09
�0.08

+0.06
�0.06

+0.07
�0.05

(+0.12
�0.12) (+0.10

�0.10) (+0.07
�0.07) (+0.08

�0.12) (+0.07
�0.09) (+0.05

�0.07)

BRinv.
0.04 +0.09

+0.00
+0.03
�0.03

+0.08
�0.00

(+0.08
+0.00) (+0.04

�0.00) (+0.07
�0.00)

BRundet.
0.00 +0.09

+0.00
+0.08
�0.00

+0.03
�0.00

(+0.20
+0.00) (+0.17

�0.00) (+0.11
�0.00)

 
Run 2 (CMS)

Parameter ATLAS+CMS ATLAS+CMS ATLAS CMS

Measured Expected uncertainty Measured Measured

kZ 1.00 0.98 1.03

[�1.05,�0.86][ [�1.00,�0.88][ [�1.07,�0.83][ [�1.11,�0.83][
[0.90, 1.11] [0.90, 1.10] [0.84, 1.12] [0.87, 1.19]

kW 0.91

+0.10

�0.12

+0.10

�0.11

0.91

+0.12

�0.15

0.92

+0.14

�0.17

kt 0.87

+0.15

�0.15

+0.15

�0.18

0.98

+0.21

�0.20

0.77

+0.20

�0.18

|kt| 0.90

+0.14

�0.16

+0.15

�0.14

0.99

+0.20

�0.20

0.83

+0.20

�0.21

kb 0.67 0.64 0.71

[�0.73,�0.47][ [�1.24,�0.76][ [�0.89,�0.33][ [�0.91,�0.40][
[0.40, 0.89] [0.74, 1.24] [0.30, 0.94] [0.35, 1.04]

|kµ| 0.2

+1.2 +0.9

0.0

+1.4

0.5

+1.4

Run 1 (ATLAS+CMS)

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html
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Run 2 (CMS)

Run 1 (ATLAS+CMS) Production process ATLAS+CMS ATLAS CMS

µggF

1.03

+0.16

�0.14

1.26

+0.23

�0.20

0.84

+0.18

�0.16⇣
+0.16

�0.14

⌘ ⇣
+0.21

�0.18

⌘ ⇣
+0.20

�0.17

⌘

µ
VBF

1.18

+0.25

�0.23

1.21

+0.33

�0.30

1.14

+0.37

�0.34⇣
+0.24

�0.23

⌘ ⇣
+0.32

�0.29

⌘ ⇣
+0.36

�0.34

⌘

µWH 0.89

+0.40

�0.38

1.25

+0.56

�0.52

0.46

+0.57

�0.53⇣
+0.41

�0.39

⌘ ⇣
+0.56

�0.53

⌘ ⇣
+0.60

�0.57

⌘

µZH 0.79

+0.38

�0.36

0.30

+0.51

�0.45

1.35

+0.58

�0.54⇣
+0.39

�0.36

⌘ ⇣
+0.55

�0.51

⌘ ⇣
+0.55

�0.51

⌘

µttH 2.3

+0.7

�0.6

1.9

+0.8

�0.7

2.9

+1.0

�0.9⇣
+0.5

�0.5

⌘ ⇣
+0.7

�0.7

⌘ ⇣
+0.9

�0.8

⌘

Production process

ggH VBF WH ZH ttH

Best fit Uncertainty Best fit Uncertainty Best fit Uncertainty Best fit Uncertainty Best fit Uncertainty
value Stat. Syst. value Stat. Syst. value Stat. Syst. value Stat. Syst. value Stat. Syst.

1.23 +0.14
�0.13

+0.08
�0.08

+0.12
�0.10 0.73 +0.30

�0.27
+0.24
�0.23

+0.17
�0.15 2.18 +0.58

�0.55
+0.46
�0.45

+0.34
�0.32 0.87 +0.44

�0.42
+0.39
�0.38

+0.20
�0.18 1.18 +0.31

�0.27
+0.16
�0.16

+0.26
�0.21

(+0.11
�0.11) (

+0.07
�0.07) (

+0.09
�0.08) (+0.29

�0.27) (
+0.24
�0.23) (

+0.16
�0.15) (+0.53

�0.51) (
+0.43
�0.42) (

+0.30
�0.29) (+0.42

�0.40) (
+0.38
�0.37) (

+0.19
�0.17) (+0.28

�0.25) (
+0.16
�0.16) (

+0.23
�0.20)

Decay mode

H ! bb H ! tt H ! WW H ! ZZ H ! gg

Best fit Uncertainty Best fit Uncertainty Best fit Uncertainty Best fit Uncertainty Best fit Uncertainty
value Stat. Syst. value Stat. Syst. value Stat. Syst. value Stat. Syst. value Stat. Syst.

1.12 +0.29
�0.28

+0.19
�0.19

+0.22
�0.20 1.02 +0.26

�0.24
+0.15
�0.15

+0.21
�0.19 1.28 +0.17

�0.16
+0.09
�0.09

+0.14
�0.13 1.06 +0.19

�0.17
+0.16
�0.15

+0.10
�0.08 1.20 +0.17

�0.14
+0.12
�0.11

+0.12
�0.09

(+0.28
�0.27) (

+0.19
�0.18) (

+0.21
�0.20) (+0.24

�0.23) (
+0.15
�0.14) (

+0.19
�0.17) (+0.14

�0.13) (
+0.09
�0.09) (

+0.11
�0.10) (+0.18

�0.16) (
+0.15
�0.14) (

+0.10
�0.08) (+0.14

�0.12) (
+0.10
�0.10) (

+0.09
�0.07)

Decay channel ATLAS+CMS ATLAS CMS

µgg 1.14 +0.19
�0.18 1.14 +0.27

�0.25 1.11 +0.25
�0.23⇣

+0.18
�0.17

⌘ ⇣
+0.26
�0.24

⌘ ⇣
+0.23
�0.21

⌘

µZZ 1.29 +0.26
�0.23 1.52 +0.40

�0.34 1.04 +0.32
�0.26⇣

+0.23
�0.20

⌘ ⇣
+0.32
�0.27

⌘ ⇣
+0.30
�0.25

⌘

µWW 1.09 +0.18
�0.16 1.22 +0.23

�0.21 0.90 +0.23
�0.21⇣

+0.16
�0.15

⌘ ⇣
+0.21
�0.20

⌘ ⇣
+0.23
�0.20

⌘

µtt 1.11 +0.24
�0.22 1.41 +0.40

�0.36 0.88 +0.30
�0.28⇣

+0.24
�0.22

⌘ ⇣
+0.37
�0.33

⌘ ⇣
+0.31
�0.29

⌘

µbb 0.70 +0.29
�0.27 0.62 +0.37

�0.37 0.81 +0.45
�0.43⇣

+0.29
�0.28

⌘ ⇣
+0.39
�0.37

⌘ ⇣
+0.45
�0.43

⌘

µµµ 0.1 +2.5
�2.5 �0.6 +3.6

�3.6 0.9 +3.6
�3.5⇣

+2.4
�2.3

⌘ ⇣
+3.6
�3.6

⌘ ⇣
+3.3
�3.2

⌘

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html
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• The decay width of the Higgs boson is 4.1 MeV. Unable to directly measure at the 
LHC due to detector resolution (ΓH < 1.10 GeV@95% CL [CMS]). To be measured at LC.  

• However, Higgs off-shell production is sensitive to the Higgs total width & it can be 
constrained at the LHC using H*→ZZ→4ℓ,ℓℓ𝜈𝜈 & H*→WW→ℓ𝜈ℓ𝜈.   

• Run 1: ΓH < 22.7 (33.0) MeV [ATLAS], 13 (26) MeV [CMS]@95% CL for obs (exp). 

• Constraints will improve with statistics. 
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• Visible excess of 3.6𝜎 (global 2.2𝜎) at 240 & 700 GeV. Mainly 4e for 240 GeV. 

• 700 GeV is not expected from the 2HDM. 

• 700 GeV excess not observed in ℓℓ𝜈𝜈, ℓℓqq (deficit in the latter..)

• Need improvement on the ZZ BG estimation for 4ℓとℓℓ𝜈𝜈 (currently fully relying on MC w/
NNLO QCD & NLO EW precision).
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• Exclusions from heavy Higgs searches are summarized in the mA-tanβ plane for hMSSM.

• Significant improvement in Run-2. 
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• Direct productions of DM are 
searched in “ETmiss + ISR (jet,𝛾, W/Z, 
etc.)” final states. 

• “Monojet” channel (ISR=jet) has the 
highest sensitivity for generic cases.

• Assuming the simplified model 
above, the dijet resonance searches 
can also be interpreted for DM 
models.
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• Higgs-strahlung from initial-state partons is suppressed by the Yukawa coupling. 
• Mono-H searches are direct probes for the DM interactions.


