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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

�3

• 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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Run 2 
(√s = 13 TeV) Deliv. Lumi. Peak Lumi.

[cm-2s-1]
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

Also see talk by T. Kono
for the LHC Summary 
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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 LC.

• cc: Can only be measured at LC.

• 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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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. PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs

  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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Higgs-fermion Coupling: H→𝞽+𝞽 
-
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• The first observation of Higgs-fermion coupling in LHC Run 1 with ATLAS+CMS 
combined.

• Measured in 4 channels (𝝉h𝝉h, 𝜇𝝉h, e𝝉h, e𝜇). Categories sensitive to ggF & VBF modes.

• Utilizes a dedicated mass reconstruction algorithm & a multivariate technique to 
discriminate signals and backgrounds. 

• Observation by CMS alone: 5.9𝜎 (5.9𝜎) w/ Run 1+2 for the observed (expected). 

SM
σ/σ = µBest fit 

0 1 2 3

0-jet
 -0.89
 +0.89=0.84µ

Boosted
 -0.40
 +0.47=1.17µ

VBF
 -0.35
 +0.34=1.11µ

Combined
 -0.26
 +0.27=1.09µ

CMS
 (13 TeV)-135.9 fb

 (GeV)ττm
0 50 100 150 200 250 300

S/
(S

+B
) w

ei
gh

te
d 

ev
en

ts
 / 

G
eV

200

400

600

800

1000

1200

1400

1600

1800

Observed

=1.09)µ (ττ→H

ττ→Z

W+jets

QCD multijet

Others

Bkg. unc.

 (13 TeV)-135.9 fb

CMS

hτhτ0-jet: 

hτhτVBF: 
µ, ehτ, e

h
τµ, hτhτBoosted: 

 (GeV)ττm
0 50 100 150 200 250 300

10−

0

10

20

30

40 Obs. - bkg.

ττ→H

Bkg. unc.

PLB 779 (2018) 283

(S/(S+B))
10

log
3− 2.5− 2− 1.5− 1− 0.5− 0

Ev
en

ts

1−10

1

10

210

310

410

510

610

710

Observed hτhτ

h
τµ

hτe

µe =1.09)µ (ττ→H

Bkg. unc.

 (13 TeV)-135.9 fb

CMS

(S/(S+B))
10

log
1.5− 1− 0.5−

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

(Obs. - bkg.)/bkg.
)/bkg.ττ→(H

Bkg. unc./bkg.

http://dx.doi.org/10.1016/j.physletb.2018.02.004


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

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
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• 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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Inclusive H(bb) Search
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• Inclusive search has been performed by CMS for highly Lorentz-boosted Higgs decaying 
to bb. 

• Large radius jets (R=0.8) with double b-tagging are used to select Higgs. Z(→bb) events 
are also considered to test the analysis.

• Z(→bb) is observed with 5.1𝜎, whereas significance of H(→bb) is still 1.5𝜎 (0.7𝜎 expected). 
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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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ttH Observation
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• 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:1804.02610 PRD 97 (2018) 072003

Also talk by S. Paganis
for the ttH measurements & prospects 

http://arxiv.org/abs/1804.02610
https://doi.org/10.1103/PhysRevD.97.072003
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Higgs Decay Width
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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 < 13 (26) MeV [CMS], 22.7 (33.0) MeV [ATLAS] @95% CL for obs (exp). 

• Constraints will improve with statistics. 
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model-dependent
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Higgs Rare Decays
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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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H(𝞵+𝞵-)
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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-) < 2.64 obs (1.89 exp) for CMS & 2.8 obs (2.9 exp) for ATLAS 
@95% CL with Run 1+Run 2 combined dataset. 

• Best fit signal strength: 0.9+1.0-0.9 (CMS), -0.1±1.4 (ATLAS). Uncertainty is statistically dominated.
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141

^

PRL 119 (2017) 051802

CMS-PAS-HIG-17-019

https://doi.org/10.1103/PhysRevLett.119.051802
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-019/index.html
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Z(𝓵+𝓵-)H(cc)
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• 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
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Invisible Higgs Decay
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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

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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Combination
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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. 
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Combination - STXS
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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
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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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Summary
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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 going below 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). Talk by S. Paganis

for the Higgs prospects 
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2 Phenomenology of anomalous H boson interactions

We assume that the H boson couples to two gauge bosons VV, such as ZZ, Zg, gg, WW, or
gg, which in turn couple to quarks or leptons [19–34]. Three general tensor structures that are
allowed by Lorentz symmetry are tested. Each term includes a form factor Fi(q2

1, q2
2), where

q1 and q2 are the four-momenta of the two difermion states, such as e+e� and µ+µ� in the
H ! e+e�µ+µ� decay. The H boson coupling to fermions is assumed not to be mediated
through a new heavy state V0, generating the so-called contact terms [35, 36]. We therefore
study the process H ! VV ! 4f and the equivalent processes in production, rather than
H ! VV0 ! 4f or equivalent processes. Nonetheless, those contact terms are equivalent to the
anomalous HVV couplings already tested using the fL1 and f Zg

L1 parameters [13]. It is assumed
that all lepton and quark couplings to vector bosons follow the SM predictions. Relaxing this re-
quirement would be equivalent to allowing the contact terms to vary with flavor, which would
result in too many unconstrained parameters to be tested with the present amount of data.
Only the lowest order operators, or lowest order terms in the (q2

j /L2) form-factor expansion,
are tested, where L is the energy scale of new physics.

Anomalous interactions of a spin-zero H boson with two spin-one gauge bosons VV, such as
ZZ, Zg, gg, WW, and gg, are parameterized with a scattering amplitude that includes three
tensor structures with expansion of coefficients up to (q2/L2):

A(HVV) ⇠
"

aVV
1 +

kVV
1 q2

1 + kVV
2 q2

2�
LVV

1
�2

#
m2

V1e⇤V1e⇤V2 + aVV
2 f ⇤(1)µn f ⇤(2),µn + aVV

3 f ⇤(1)µn f̃ ⇤(2),µn, (1)

where qi, eVi, and mV1 are the four-momentum, polarization vector, and pole mass of a gauge
boson, f (i)µn = e

µ
Viq

n
i � en

Viq
µ
i , and f̃ (i)µn = 1

2 eµnrs f (i),rs [13, 33].

In Eq. (1), the only leading tree-level contributions are aZZ
1 6= 0 and aWW

1 6= 0, and we assume
custodial symmetry, so that aZZ

1 = aWW
1 . The rest of the couplings are considered anomalous

contributions. Tiny anomalous terms arise in the SM due to loop effects, and new, beyond stan-
dard model (BSM) contributions could make them larger. The SM values of those couplings
are not yet accessible experimentally. Considerations of gauge invariance and symmetry be-
tween two identical bosons require kZZ

1 = kZZ
2 = � exp(ifZZ

L1), kgg
1,2 = k

gg
1,2 = kZg

1 = 0, and
kZg

2 = � exp(ifZg
L1), where fVV

L1 is the phase of the corresponding coupling. The aZg
2,3 and agg

2,3
terms were tested in the Run 1 analysis [13], but have tighter constraints from on-shell pho-
ton measurements in H ! Zg and gg. We therefore do not repeat those measurements. The
HWW couplings appear in VBF and WH production. We relate those couplings to the HZZ
measurements assuming aWW

i = aZZ
i and drop the ZZ labels in what follows. Four anomalous

couplings are left to be tested: a2, a3, k2/L2
1, and kZg

2 /
⇣

LZg
1

⌘2
. The generic notation ai refers to

all four of these couplings, as well as the SM coupling a1.

Equation (1) describes both the H ! VV decay and the production of the H boson via either
VBF or VH. All three of these processes are considered, which are illustrated in Fig. 1. While q2

i
in the H ! VV process does not exceed (100 GeV)2 due to the kinematic bound, in associated
production no such bound exists. In the present analysis it is assumed that the q2

i range is not
restricted within the allowed phase space.

The effective fractional cross sections fai and phases fai are defined as follows:

fai = |ai|2si

.
Â |aj|2sj, and fai = arg (ai/a1) . (2)
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10 5 Results and discussion

Table 3: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (in square
brackets) intervals on anomalous coupling parameters obtained from the combined Run 1 and
Run 2 data analysis.

Parameter Observed Expected
fa3 cos(fa3) 0.00+0.26

�0.09 [�0.38, 0.46] 0.000+0.010
�0.010 [�0.25, 0.25]

fa2 cos(fa2) 0.01+0.12
�0.02 [�0.04, 0.43] 0.000+0.009

�0.008 [�0.06, 0.19]
fL1 cos(fL1) 0.02+0.08

�0.06 [�0.49, 0.18] 0.000+0.003
�0.002 [�0.60, 0.12]

f Zg
L1 cos(fZg

L1) 0.26+0.30
�0.35 [�0.40, 0.79] 0.000+0.019

�0.022 [�0.37, 0.71]

Run 1 analysis [13], as is evident from the narrow minima at fai = 0 in the expectations in Fig. 3.
This effect comes from utilizing production information, because the cross section in VBF and
VH production increases quickly with fai due to larger q2 values contributing in Eq. (1) [33].
The best fitted µV values, which give the ratio of the signal strength in VBF and VH to the SM
expectation, are less than 1 in all four analyses: 0.76+1.10

�0.76 at fa3 = 0, 0.01+0.89
�0.01 at fa2 = 0, 0.20+0.94

�0.20

at fL1 = 0, and 0.24+0.84
�0.24 at f Zg

L1 = 0. This overall behavior is consistent with a downward
statistical fluctuation in the small number of VBF and VH events, while the values obtained
for the different analyses vary because of the differences in categorization. Because fewer VBF
and VH events are observed than expected, the narrow minima of �2 ln(L) at fai = 0, which
come from the production information in these events, are observed to be less pronounced than
expected. The minimum is most pronounced in the fa3 analysis in Fig. 3 (a) due to the largest
observed µV value.

The improvement in the 95% CL constraints with respect to Run 1 is mostly due to the increase
in the number of events with H ! 4` decay information by about a factor of four. Another
factor of four increase in the data sample size is expected by the end of 2018, under similar
running conditions. At that time, the inclusion of production information is expected to result
in improvements to the 95% CL constraints in line with the improvements already seen in the
68% CL constraints.

Other features in Fig. 3 can be explained by examining the kinematic distributions in Fig. 2.
The Ddec

0� distribution in Fig. 2 (e) favors a mixture of the fa3 = 0 and fa3 = 1 models, resulting
in the best fit value of fa3 = 0.30 ± 0.21 in Run 2. The Ddec

CP distribution in Fig. 2 (h) has a
small forward-backward asymmetry which gives preference to the fa3 cos(fa3) = +0.30 value
as opposed to �0.30. The narrow local minimum at fa3 = 0 corresponds to the distribution
of events in the tagged categories in Fig. 2 (f), (g), which favors the SM hypothesis. The Run 1
result [13] favors the SM strongly, and therefore combining the two data sets results in a global
minimum at fa3 = 0.

Certain values of anomalous couplings, such as fa2 cos(fa2) ⇠ �0.5 and fL1 cos(fL1) ⇠ +0.5,
lead to strong interference effects between the SM and anomalous amplitudes in Eq. (1). There-
fore, kinematic distributions of such models are easily distinguished from SM distributions,
and they are excluded at high CL in Fig. 3. Such anomalous models are shown in Fig. 2 (b), (c).
The fa3 = 1 and f Zg

L1 = 1 models are shown in other cases in Fig. 2, as the most distinct from SM,
except for (h), where maximal forward-backward asymmetry in DCP is shown for fa3 = 0.5. In
all cases, the observed distributions in Fig. 2 are consistent with the SM expectations.

SM BSM CP-even BSM CP-odd

VBF VH

• No sign of anomalous couplings so 
far. 

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-011/index.html
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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
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