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CERN & LHC
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• CERN (European Organization for Nuclear Research) is located at Geneva, 
Switzerland.

• Large Hadron Collider (LHC) is one of its “flagship” projects with the circumference 
of 27 km, providing p-p, p-Pb & Pb-Pb collisions at the energy frontier                
(√s=13 TeV for p-p, √sNN=2.76, 5.02 TeV for Pb-Pb, p-Pb) & have 4 major experiments.

• Reached a new record of 1.75 times the design luminosity in 2017. 
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ATLAS Experiment

3

Month in Year
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 = 8 TeVs2012 pp  
 = 13 TeVs2015 pp  
 = 13 TeVs2016 pp  
 = 13 TeVs2017 pp  

initial 2017 calibration

• ATLAS is one of the two generic purpose detectors at the LHC, being able to 
measure variety of phenomena (QCD, electroweak, b-physics, top-quark, new 
physics searches, heavy ion) with a wide dynamic range (MeV→TeV). 

• ATLAS has already recorded ~23 fb-1 of data this year. Likely to collect another ~25 
fb-1 by the end of this year, but it will depend on the LHC status.
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• ATLAS is one of the two generic purpose detectors at the LHC, being able to 
measure variety of phenomena (QCD, electroweak, b-physics, top-quark, new 
physics searches, heavy ion) with a wide dynamic range (MeV→TeV). 

• ATLAS has already recorded ~23 fb-1 of data this year. Likely to collect another ~25 
fb-1 by the end of this year, but it will depend on the LHC status.

∫
L dt
[fb−1] Reference

WZjj EWK 20.3 PRD 93, 092004 (2016)
W±W±jj EWK 20.3 arXiv: 1611.02428 [hep-ex]

Wγγ 20.3 PRL 115, 031802 (2015)
Zγγ 20.3 PRD 93, 112002 (2016)

Zjj EWK 20.3 JHEP 04, 031 (2014)

Wjj EWK 4.7 arXiv:1703.04362 [hep-ex]mjj > 500GeV
20.2 arXiv:1703.04362 [hep-ex]mjj > 1TeV

t̄tγ 4.6 PRD 91, 072007 (2015)

t̄tZ 20.3 JHEP 11, 172 (2015)
3.2 EPJC 77 (2017) 40

t̄tW 20.3 JHEP 11, 172 (2015)
3.2 EPJC 77 (2017) 40

Zγ 4.6 PRD 87, 112003 (2013)
arXiv:1407.1618 [hep-ph]

20.3 PRD 93, 112002 (2016)
arXiv:1407.1618 [hep-ph]

Wγ 4.6 PRD 87, 112003 (2013)
arXiv:1407.1618 [hep-ph]

ts−chan 20.3 PLB 756, 228-246 (2016)

ZZ
4.6 JHEP 03, 128 (2013)

20.3 JHEP 01, 099 (2017)
3.2 PRL 116, 101801 (2016)

WZ
4.6 EPJC 72, 2173 (2012)

20.3 PRD 93, 092004 (2016)
3.2 PLB 762 (2016) 1

Wt
2.0 PLB 716, 142-159 (2012)

20.3 JHEP 01, 064 (2016)
3.2 arXiv:1612.07231 [hep-ex]

γγ 4.9 JHEP 01, 086 (2013)

WW
4.6 PRD 87, 112001 (2013)

20.3 PLB 763, 114 (2016)
3.2 arXiv: 1702.04519 [hep-ex]

tt−chan
4.6 PRD 90, 112006 (2014)

20.3 arXiv:1702.02859 [hep-ex]
3.2 arXiv:1609.03920 [hep-ex]

t̄t
4.6 EPJC 74: 3109 (2014)

20.2 EPJC 74: 3109 (2014)
3.2 PLB 761 (2016) 136

Z
4.6 JHEP 02 (2017) 117

20.2 JHEP 02 (2017) 117
3.2 JHEP 02 (2017) 117

W 4.6 arXiv:1612.03016 [hep-ex]
0.081 PLB 759 (2016) 601

γ
4.6 PRD 89, 052004 (2014)pT > 100 GeV

20.2 JHEP 06 (2016) 005pT > 25 GeV
3.2 arXiv: 1701.06882 [hep-ex]pT > 125 GeV

Dijets R=0.4 4.5 JHEP 05, 059 (2014)0.3 < mjj < 5 TeV
Jets R=0.4 4.5 JHEP 02, 153 (2015)0.1 < pT < 2 TeV

pp
8×10−8 Nucl. Phys. B, 486-548 (2014)

50×10−8 PLB 761 (2016) 158

σ [pb]
10−4 10−3 10−2 10−1 1 101 102 103 104 105 106 1011

data/theory
0.5 1 1.5 2 2.5

Theory

LHC pp
√
s = 7 TeV

Data
stat
stat ⊕ syst

LHC pp
√
s = 8 TeV

Data
stat
stat ⊕ syst

LHC pp
√
s = 13 TeV

Data
stat
stat ⊕ syst

Standard Model Production Cross Section Measurements Status: March 2017
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• ATLAS is one of the two generic purpose detectors at the LHC, being able to 
measure variety of phenomena (QCD, electroweak, b-physics, top-quark, new 
physics searches, heavy ion) with a wide dynamic range (MeV→TeV). 

• ATLAS has already recorded ~23 fb-1 of data this year. Likely to collect another ~25 
fb-1 by the end of this year, but it will depend on the LHC status.

• Due to the increase in luminosity, the pileup is continuously going up from 2015-2017 
(one of the major challenges at the LHC).  
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Beyond Higgs Discovery
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What we have observed
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Run 1 LHC
CMS and ATLAS

• In 2012, ATLAS & CMS experiments have discovered a Higgs boson. 

• Consistent with the Standard Model so far. 

• However, we have only observed a small fraction of the overall Higgs potential.  

• Is the discovered Higgs boson really consistent with the Standard Model? 
(Any anomalous coupling or decay? Heavy Higgs bosons? Is it elementary of 
composite?) 

• Is there anything between the electroweak (EW) & Planck scales?
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Figure 5. Regions of absolute stability, meta-stability and instability of the SM vacuum in the
Mt–Mh plane. Right : zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

Type of error Estimate of the error Impact on Mh

Mt Experimental uncertainty in Mt ±1.4GeV

↵s Experimental uncertainty in ↵s ±0.5GeV

Experiment Total combined in quadrature ±1.5GeV

� Scale variation in � ±0.7GeV

yt O(⇤QCD) correction to Mt ±0.6GeV

yt QCD threshold at 4 loops ±0.3GeV

RGE EW at 3 loops + QCD at 4 loops ±0.2GeV

Theory Total combined in quadrature ±1.0GeV

Table 1. Dominant sources of experimental and theoretical errors in the computation of the SM
stability bound on the Higgs mass, eq. (1.2).

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of

the SM potential. By taking into account all uncertainties, we find that the stability region

is disfavored by present data by 2�. For Mh < 126GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).

The dominant uncertainties in the evaluation of the minimum Mh value ensuring abso-

lute vacuum stability within the SM are summarized in table 1. The dominant uncertainty

is experimental and comes mostly from the measurement of Mt. Although experiments at

the LHC are expected to improve the determination of Mt, the error on the top mass will

remain as the largest source of uncertainty. If no new physics other than the Higgs boson

is discovered at the LHC, the peculiarity of having found that the SM parameters lie at

the critical border between stability and metastability regions provides a valid motivation

for improved top quark mass measurements, possibly at a linear collider.

The dominant theoretical uncertainty, while reduced by about a factor of 3 with the

present work, is still related to threshold corrections to the Higgs coupling � at the weak

– 16 –

Stability of the vacuum & 
top/Higgs masses

Yukawa 
Coupling



Measurements in the
Electroweak & Higgs Sectors



H. Okawa TGSW 2017, September 26, 2017

Masses in EW Sector

• W boson mass depends on the 3 SM parameters (𝛼,G𝜇,mZ) as well 
as the higher order corrections, mainly from the top quark & Higgs 
masses (𝛥r)。

• 𝛥r could contain contributions from new heavy particles.
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1 Introduction

The Standard Model (SM) of particle physics describes the electroweak interactions as being mediated by
the W boson, the Z boson, and the photon, in a gauge theory based on the SU(2)L ⇥U(1)Y symmetry [1–
3]. The theory incorporates the observed masses of the W and Z bosons through a symmetry-breaking
mechanism. In the SM, this mechanism relies on the interaction of the gauge bosons with a scalar doublet
field and implies the existence of an additional physical state known as the Higgs boson [4–7]. The
existence of the W and Z bosons was first established at the CERN SPS in 1983 [8–11], and the LHC
collaborations ATLAS and CMS reported the discovery of the Higgs boson in 2012 [12, 13].

At lowest order in the electroweak theory, the W-boson mass, mW , can be expressed solely as a function of
the Z-boson mass, mZ , the fine-structure constant, ↵, and the Fermi constant, Gµ. Higher-order corrections
introduce an additional dependence of the W-boson mass on the gauge couplings and the masses of the
heavy particles of the SM. The mass of the W boson can be expressed in terms of the other SM parameters
as follows:

m2
W

0
BBBB@1 �

m2
W

m2
Z

1
CCCCA =

⇡↵p
2Gµ

(1 + �r),

where �r incorporates the e↵ect of higher-order corrections [14, 15]. In the SM, �r is particularly sens-
itive to the top-quark and Higgs-boson masses; in extended theories, �r receives contributions from ad-
ditional particles and interactions. These e↵ects can be probed by comparing the measured and predicted
values of mW . In the context of global fits to the SM parameters, constraints on physics beyond the SM
are currently limited by the W-boson mass measurement precision [16]. Improving the precision of the
measurement of mW is therefore of high importance for testing the overall consistency of the SM.

Previous measurements of the mass of the W boson were performed at the CERN SPS proton–antiproton
(pp̄) collider with the UA1 and UA2 experiments [17, 18] at centre-of-mass energies of

p
s = 546 GeV

and
p

s = 630 GeV, at the Tevatron pp̄ collider with the CDF and D0 detectors at
p

s = 1.8 TeV [19–21]
and
p

s = 1.96 TeV [22–24], and at the LEP electron–positron collider by the ALEPH, DELPHI, L3,
and OPAL collaborations at

p
s = 161–209 GeV [25–28]. The current Particle Data Group world average

value of mW = 80385 ± 15 MeV [29] is dominated by the CDF and D0 measurements performed atp
s = 1.96 TeV. Given the precisely measured values of ↵, Gµ and mZ , and taking recent top-quark and

Higgs-boson mass measurements, the SM prediction of mW is mW = 80358 ± 8 MeV in Ref. [16] and
mW = 80362 ± 8 MeV in Ref. [30]. The SM prediction uncertainty of 8 MeV represents a target for the
precision of future measurements of mW .

At hadron colliders, the W-boson mass can be determined in Drell–Yan production [31] from W ! `⌫
decays, where ` is an electron or muon. The mass of the W boson is extracted from the Jacobian edges
of the final-state kinematic distributions, measured in the plane perpendicular to the beam direction.
Sensitive observables include the transverse momenta of the charged lepton and neutrino and the W-
boson transverse mass.

The ATLAS and CMS experiments benefit from large signal and calibration samples. The numbers
of selected W- and Z-boson events, collected in a sample corresponding to approximately 4.6 fb�1 of
integrated luminosity at a centre-of-mass energy of 7 TeV, are of the order of 107 for the W ! `⌫, and of
the order of 106 for the Z ! `` processes. The available data sample is therefore larger by an order of
magnitude compared to the corresponding samples used for the CDF and D0 measurements. Given the
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Fig. 18: Left: Feynman graphs of radiative corrections contributing to the W boson mass. The upper (lower) graph
introduces a quadratic (logarithmic) top-quark (Higgs-boson) mass dependence. The right panel shows 68% and
95% confidence level contours obtained from scans of fits with fixed variable pairs mW versus mt . The narrower
blue and larger grey allowed regions are the results of the fit including and excluding the mH measurement, re-
spectively [80]. The horizontal bands indicate the 1s regions of the mW and mt measurements (world averages).

predictability. The fit has thus turned into a powerful test of the SM.

Figure 18 shows the Feynman graphs of radiative corrections contributing to the W boson mass. They in-
troduce a quadratic top-quark and logarithmic Higgs-boson mass dependence of the correction parameter
Dr occurring in the relation

m2
W =

m2
Z

2

0

@1+

s

1�
p

8pa(1+Dr)
GFm2

Z

1

A , (5)

owing to electroweak unification. Similarly, the effective weak mixing angle, sin2
q

`
eff, for lepton flavour

` depends on mW and mZ and, via radiative corrections and by replacing mW , on the top-quark and Higgs-
boson masses. The current predictions of the observables that most benefit from the known Higgs mass,
split into the various uncertainty terms, are [80]

MW = 80.3584±0.0046mt ±0.0030
dtheomt ±0.0026MZ ±0.0018Dahad

±0.0020
aS ±0.0001MH ±0.0040

dtheoMW GeV ,

= 80.358±0.008tot GeV , (6)

and

sin2
q

`
eff = 0.231488±0.000024mt ±0.000016

dtheomt ±0.000015MZ ±0.000035Dahad

±0.000010
aS ±0.000001MH ±0.000047

dtheo sin2
q

f
eff

,

= 0.23149±0.00007tot . (7)

Their total uncertainties of 8 MeV and 7 · 10�5, respectively, undercut the world average experimental
errors of 15 MeV and 16 ·10�5 [4, 81] .

technicolor, the strong interactions themselves trigger electroweak symmetry breaking without the need of a Higgs boson.
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Fig. 2 Contours at 68 and 95 % CL obtained from scans of MW ver-
sus mt (top) and MW versus sin2θℓ

eff (bottom), for the fit including MH
(blue) and excluding MH (grey), as compared to the direct measure-
ments (vertical and horizontal green bands and ellipses). The theoretical
uncertainty of 0.5 GeV is added to the direct top-mass measurement. In
both figures, the corresponding direct measurements are excluded from
the fit. In the case of sin2θℓ

eff , all partial and full Z width measurements
are excluded as well (except in case of the orange prediction), besides
the asymmetry measurements

sin2θℓ
eff and MW . The coloured ellipses indicate: green for

the direct measurements; grey for the electroweak fit with-
out using MW , sin2θ

f
eff , MH and the Z width measurements;

orange for the fit without using MW , sin2θ
f

eff and MH ; blue
for the fit without MW , sin2θ

f
eff and the Z width measure-

ments. For both figures the observed agreement demonstrates
the consistency of the SM.

Figure 3 shows CL profiles for the observable pair sin2θℓ
eff

and MW , but with the theoretical uncertainty on the top mass
varied between 0 and 1.5 GeV, in steps of 0.5 GeV. Assuming
a value of δtheomt = 1.5 GeV, the uncertainty becomes dom-
inant. It underlines that a better assessment of the theoretical
mt uncertainty is of relevance for the fit.

2.4 Oblique parameters

If the new physics scale is significantly higher than the elec-
troweak scale, new physics effects from virtual particles in
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Fig. 3 Contours at 95 % CL obtained from scans of MW versus
sin2θℓ

eff , with the top-mass theoretical uncertainty varied between 0
and 1.5 GeV in steps of 0.5 GeV, as compared to the direct measure-
ments (vertical and horizontal green bands). The corresponding direct
measurements are excluded from the fit

loops are expected to contribute predominantly through vac-
uum polarisation corrections to the electroweak precision
observables. These terms are traditionally denoted oblique
corrections and are conveniently parametrised by the three
self-energy parameters S, T, U [50,51]. These are defined to
vanish in the SM and are closely related to the ϵ1,2,3 param-
eters [52,53].

The S and T parameters absorb possible new physics con-
tributions to the neutral and to the difference between neutral
and charged weak currents, respectively. The U parameter
is only sensitive to changes in the mass and width of the
W boson. It is very small in most new physics models and
therefore often set to zero.

Constraints on the S, T, U parameters can be derived from
the global electroweak fit by calculating the difference of
the oblique corrections as determined from the experimental
data and the corrections obtained from an SM reference point
(with fixed reference values of mt and MH ). With this def-
inition significantly non-zero S, T, U parameters represent
an unambiguous indication of new physics.

For the studies presented here we use the SM reference as
MH,ref = 125 GeV and mt,ref = 173 GeV. We find

S =0.05 ± 0.11, T =0.09 ± 0.13, U =0.01 ± 0.11,

(4)

with correlation coefficients of +0.90 between S and T ,
−0.59 (−0.83) between S and U (T and U ). Fixing U = 0
one obtains S|U=0 = 0.06±0.09 and T |U=0 = 0.10±0.07,
with a correlation coefficient of +0.91. The constraints on S
and T for a fixed value of U = 0 are shown in Fig. 4. The
propagation of the current experimental uncertainties in MH
and mt upon the SM prediction is illustrated by the small
black area at about S = T = 0.

123

The GFitter Group, EPJC  (2014) 74:3046 A.Hoecker,         
arXiv:1611.07864

𝛼: fine structure constant,
G𝜇: Fermi constant, 
mZ: Z boson mass, 
𝛥r: higher order corrections

• Currently, uncertainties on the W mass are dominantly limiting the SM validity checks. 
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W Mass Measurement
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• Simultaneous fit on the lepton pT & transverse mass mT templates. Reaching the 
Tevatron sensitivity. 

• Dominant sources of systematic uncertainties are from the lepton reconstruction,  
W recoil, parton distribution function (PDF) & parton shower. 

• There is space for improvement in both the experimental & theoretical uncertainties. 

• Adding the √s=8 & 13 TeV data would help, but the pileup is challenging. 

(± 7 [stat] ± 11[exp. syst.] ± 14 [mod. syst.])

First LHC measurement of the W mass!
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Top Mass Measurement

• Results from ATLAS & CMS are consistent, 
but systematically lower than the Tevatron(?)

• ATLAS: 172.84 ± 0.70 GeV

• CMS: 172.44 ± 0.48 GeV

• Tevatron: 174.34 ± 0.64 GeV
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stat
total uncertainty total  stat

 syst)± total (stat ± topm        Ref.s
ATLAS, l+jets (*) 7 TeV  [1] 1.35)± 1.55 (0.75 ±172.31 
ATLAS, dilepton (*) 7 TeV  [2] 1.50)± 1.63 (0.64 ±173.09 
CMS, l+jets 7 TeV  [3] 0.97)± 1.06 (0.43 ±173.49 
CMS, dilepton 7 TeV  [4] 1.46)± 1.52 (0.43 ±172.50 
CMS, all jets 7 TeV  [5] 1.23)± 1.41 (0.69 ±173.49 
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• The precision will reach 0.3-0.4 GeV at the future LHC. Sufficient for the Standard 
Model test. Higher precision would not hurt for the vacuum stability checks. 

R3/2=mjjb/mjj ~ mt/mW

m𝓵breco [GeV]
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Beyond Higgs Discovery

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

• The two channels were combined to measure the cross section & mass, as 
well as the signal strengths of various production modes. 
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Beyond Higgs Discovery

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

• The two channels were combined to measure the cross section & mass, as 
well as the signal strengths of various production modes. 
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Higgs Cross Sections

• Higgs production cross section 
matches very well (within 2.5%) 
with the N3LO prediction. 

• There is ~2𝜎 excess in the VBF 
mode, but CMS observes the 
opposite. 
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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 is also sensitive to physics beyond the Standard Model & is 
important to measure it precisely. 
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DIFFERENTIAL CROSS SECTIONS 

Model independent way to probe BSM couplings 
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Higgs Mass

15

 [GeV]Hm
124 124.5 125 125.5 126 126.5

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 

𝛾𝛾:  125.4 ± ~0.15 [Stat.] ± ~0.2-0.3 [Syst.] 
(very preliminary)

CMS Run-2 Measurement

ZZ*→4ℓ:  125.26 ± 0.20 [Stat.] ± 0.08 [Syst.]

• Similar precision (~0.2%) with the ATLAS-only Run-2 data as the Run-1 (ATLAS+CMS) 
measurement.

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

• ZZ*(→4𝓵) channel is 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(bb) Observation

16

• H(→bb) has the largest branching fraction (58%), but was difficult to observe due 
to the large BG. 

• WH, ZH production mode has the highest sensitivity. 

• Considered mbb & various kinematic distributions as inputs to multivariate analyses 
(boosted decision tree; BDT).
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H(bb) Observation
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• First observation of H(bb)! (3.5𝜎 [obs], 3.0𝜎 [exp]) Later confirmed by CMS (3.3𝜎 [obs], 2.8𝜎 [exp]).

• Consistent results with the cut-based analysis (performed as a cross-check). 

• Currently looking into ttH & other production modes. Gluon fusion mode was initially 
considered to be challenging/impossible, but may be doable with a new technique: 
boosted Higgs tagging using large-R jets.
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Figure 6: Event yields as a function of log(S/B) for data, background and a Higgs boson signal with mH = 125 GeV.
Final-discriminant bins in all regions are combined into bins of log(S/B), with the fitted signal being S and the fitted
background B. The Higgs boson signal contribution is shown after rescaling the SM cross-section according to the
value of the signal strength parameter extracted from data (µ = 1.20). The pull (residual divided by its uncertainty)
of the data with respect to the background-only prediction is also shown with statistical uncertainties only. The full
line indicates the pull of the prediction for signal (µ = 1.20) and background with respect to the background-only
prediction.

9.2 Results of the dijet-mass analysis

The distributions of mbb in the dijet-mass analysis are shown in Figure 7 for the 2-jet category and the most
sensitive analysis regions with pV

T > 200 GeV for the 0-, 1- and 2-lepton channels separately. The mbb
distribution for all channels and regions summed, weighted by their respective value of the ratio of fitted
Higgs boson signal and background yields, and after subtraction of all backgrounds except for the (W/Z)Z
diboson processes, is shown in Figure 8. The data and the sum of expected signal and backgrounds are
found to be in good agreement.

For all channels combined the fitted value of the signal strength parameter is

µ = 1.30+0.28
�0.27(stat.)+0.37

�0.29(syst.),

in good agreement with the result of the multivariate analysis. The observed excess has a significance of
3.5 standard deviations, in comparison to an expectation of 2.8 standard deviations. Good agreement is
also found in the values of signal strength parameters in the individual channels for the dijet-mass analysis
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Heavy Higgs Searches
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• If the Higgs sector is extended by 
another doublet (Two Higgs Doublet 
Model; 2HDM), the decay modes depend 
on the heavy Higgs mass & tan 𝛽.

• Neutral Heavy Higgs (H/A) searches: 

• High tan 𝛽: 𝜏+𝜏-

• Low tan 𝛽: ZZ,Zh,WW (mH/A < ~2mt)                　
　　　　　tt (mH/A > ~2mt)

• Charged Higgs (H±) searches (dominated by 
tb, 𝜏±𝜈)

• If the Higgs sector is extended by a triplet, there could also be doubly-charged 
Higgs (H±±).

• If the Higgs is composite, there could be diboson resonances in the TeV region?

• It is crucial to perform diverse searches assuming various scenarios.

ZZ

𝝉+𝝉-

Zh
WW tt
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h/H/A→𝞽+𝞽 
-

20

  
_

w/ b-jetsw/o b-jet• Particularly important for high tan β scenarios. 

• Search for 𝜏𝜏 resonances, at least with one 
hadronic 𝜏 (𝜏lep𝜏had, 𝜏had𝜏had) b-tagged, b-veto 
categories. 

• 𝜏had𝜏had is more sensitive in the high mass region. 

• Categorized into b-veto & b-tag regions to 
search for gluon fusion & bb-associated 
processes respectively. 

H/Aàττ

Kruger2016, 7 December Higgs Results from ATLAS - Lydia Roos (LPNHE Paris) 22 

•  Search for H/Aàττ in MSSM 
•  H/A to τ and b couplings ~tanβ
•  production via gg fusion and b-associated modes 

(dominates at large tanβ) 
•  Analysis: 

•  Require at least one hadronic τ decay 
•  τhad-τhad: split in b-tagged and b-veto categories 

àprobe production modes 
•  τhad-τlep:  b-tagged and b-veto categories (lepton 

trigger) + high ET
miss category (ET

miss trigger). 
•  search mass range: 200-1200 GeV 
•  Final discriminant: 

ATLAS-CONF-2016-085 

with 

•  95% CL limits on σ x BR(A/Hàττ):
•   ggF: 2.0 pb at mH/A=200GeV to 0.013 at 1.2TeV 
•  b-associated production: 2.1 pb to 0.014 pb 

•  In MSSM benchmark scenarios: 
•  mh

mod+:   tanβ<9 (mA=200 GeV) and tanβ<50 (mA=1.2 TeV)  
•  hMSSM: tanβ<9 (mA=200 GeV) and tanβ<42 (mA=1.2 TeV) 
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-050/
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X(→ZZ)

21

• 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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A(→Zh)
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• Important for low tanβ & 
mA<2mt cases. 

• Similar strategies as the 
Vh(→bb) measurement.

• Visible excess ~440 GeV 
(3.6𝜎 local, 2.4𝜎 global).

• In both gluon fusion & 
bbA production modes. 

• If it is form 2HDM, there 
might also be tt 
resonances. 

• Though, challenging 
due to the negative 
interference. 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-056/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-055/
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Excesses Gone?
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• Two famous excesses in 𝛾𝛾 (750 GeV) & 
diboson resonance (~2 TeV) searches seem 
to have been from statistical fluctuations. 

• There is still a 3𝜎 excess in spin-2 𝛾𝛾 
searches, but the local significance is rather 
small. 
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Dark Matter@LHC
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Dark matter from cascade decays from 
Supersymmetric particles

Dark matter directly produced via mediators

Dark matter could be produced through cascade 
decays from new particles (e.g. supersymmetric 

partners) or directly via mediator. 
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Dark Matter

Naturalness

Gauge coupling  
unification

I.Vivarelli - Searches for SUSY - Lepton-Photon 2017

11

EW-scale  
SUSY

from arXiv:hep-ph/9709356

R-parity conservation

EW-scale supersymmetry

Thanks to N. Craig for the idea

I. Vivarelli

spin 1/2

spin 1

spin 2 spin 3/2

Standard Model SUSY Particles

spin 0

• EW-scale Supersymmetry (SUSY) is motivated by three outstanding points (though 
naturalness is becoming less compelling now due to the lack of low mass SUSY 
particles).

• Supersymmetry predicts existence of a new set of partner particles (“sparticles”) to 
the Standard Model ones. 
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• Gluino pairs could be one of the most-largely 
produced sparticles for a specific mass. 

• 0-lepton channel has the best reach & coverage in the 
sparticle mass plane. 

• Jet multiplicity depends on the number of cascade 
decays & boson decays. b-jets exist in many cases.

• mgluino ~ 2 TeV is excluded in generic phase space; 
but much reduced in compressed scenarios.
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Figure 3: NLO+NLL production cross sections for the case of equal degenerate squark and gluino masses as a
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s = 33 TeV.
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I.Vivarelli - Searches for SUSY - Lepton-Photon 2017

Stop pair production

18

• Gluino pair production not observed → stop pair production?


• cross section nearly two orders of magnitude lower.


• Large top quark mass makes stop decay topology complex: 


• If no SUSY particle other than the stop and the neutralino LSP takes 
part in the process then the decay is                         with 100% BR.t̃ ! t(⇤)�̃0

1
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• Top squarks (or “stop’s”) could have relatively low masses (& possibly reachable by 
the LHC) due to naturalness. 

• Its decay pattern depends on the mass difference between the lightest 
supersymmetric particles (LSP’s) and stop’s.

• mstop ~ 950 GeV is excluded for large phase space. Nature seems to be “fine-
tuned” at some level. 
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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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Summary
• Properties of the discovered Higgs boson is consistent with the 

Standard Model so far. 

• However, for new particle searches, there are a few excesses here and there, 
and they should be investigated further with more data. 

• We will continue the precision measurements & searches with more data, and 
will also introduce various improvements and new methodologies to improve 
sensitivities to new phenomena.

30

20th New Higgs Working Group Meeting, Aug. 18-19, 2017Hideki Okawa

LHC & HL-LHC

46

http://hilumilhc.web.cern.ch/about/hl-lhc-project

We are here

• We have collected ~40 fb-1 of data in 2016. Expect to collect ~150 fb-1 by the end of 2018. 

• The LHC program is expected to provide 300 fb-1 by the end of Run-3, and then 3000 fb-1 
(ultimately 4000 fb-1 w/ 7.5×1034 cm-2s-1) at the HL-LHC. 

• The HL-LHC will provide precision measurements of the Higgs boson processes. 

13 TeV

‹μPU›~20 ‹μPU›~25 ‹μPU›~140-200



Backup
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• Notable increase in the cross section (×2.3 for ggH, 
×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.

 [TeV] s
6 7 8 9 10 11 12 13 14 15

 H
+X

) [
pb

]  
  

→
(p

p 
σ

2−10

1−10

1

10

210 M(H)= 125 GeV

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
6

 H (N3LO QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→pp 
 ZH (NNLO QCD + NLO EW)

→pp 

 ttH (NLO QCD + NLO EW)

→pp 

 bbH (NNLO QCD in 5FS, NLO QCD in 4FS)

→pp 

 tH (NLO QCD, t-ch + s-ch)

→pp 

LHC Higgs Cross Section Working Group

t/b

g

g

H

W/Z

W/Z

q̄0

q

q̄0

q

H

W/Z

q

q̄

W/Z

H

g

g

t̄/b̄

t/b

H

b

g

W

H

t



Hideki Okawa TGSW 2017, September 26, 2017

Higgs Decays

34

 [GeV]HM
120 121 122 123 124 125 126 127 128 129 130

Br
an

ch
in

g 
R

at
io

-410

-310

-210

-110

1

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
6

bb

ττ

µµ

cc

gg

γγ

ZZ

WW

γZ

LHC Higgs Cross Section Working Group

• 𝜸𝜸, ZZ(→4l): Discovery channels. 
Small branching ratios (BRs), but 
good mass resolution & clean 
signatures. 

• WW(→lvlv): Large BR, good 
sensitivity, 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.  

• 𝞽𝞽: Good sensitivity with the VBF 
prod. Observation of Higgs-fermion 
coupling. 

• Z𝛾, μμ: Very low BRs. Need to wait 
until the HL-LHC for μμ. Z𝛾 is 
challenging even for the HL-LHC. 

Standard Model Higgs boson decays


Wouter Verkerke, NIKHEF


The natural width of the Higgs boson is expected to be very small (<< resolution)


SM BR theory uncertainties 

2-5% for most important decays


mH=125.09 GeV !

See “Handbook of LHC Higgs Cross Sections: 3. Higgs Properties” !
(arXiv:1307.1347) for further details on Higgs phenomenology !

11




Hideki Okawa TGSW 2017, September 26, 2017

Higgs Coupling

35

16 4 Higgs Boson Properties

fusion and via vector-boson fusion production [30–32]. The dimuon events can be observed as
a narrow resonance over a falling background distribution. The shape of the background can
be parametrized and fitted together with a signal model. Assuming the current performance of
the CMS detector, we confirm these studies and estimate a measurement of the hµµ coupling
with a precision of 8%, statistically limited in 3000 fb�1.
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Figure 12: Estimated precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. The pro-
jections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right).

The projections are obtained with the two uncertainty scenarios described in the text.
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Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

p
s = 14 TeV, an integrated dataset of 3000 fb�1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as

A(H ! ZZ) = v�1
⇣

a1m2
Ze

⇤
1e

⇤
2 + a2 f ⇤(1)

µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn

⌘
. (2)

µ/µ∆
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(comb.)

(incl.)
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(comb.)

(VBF-like)

(comb.)

ATLAS Simulation Preliminary
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

µµ→H

ττ→H

 ZZ→H

 WW→H

γ Z→H

γγ→H

µµ→H

ττ→H

 ZZ→H

 WW→H

γ Z→H

γγ→H

1.5→

Scenario 1:            
same systematics 

as Run 1

hashed: w/ 
current 

theory unc.

Same systematics 
as Run 1, but w/o 

theory unc.

• Signal strength of main 
channels (H→γγ, H→ZZ, H→WW, 
H→ττ, H→bb) could be measured 
within ~5% (~10%) without 
(with) theory uncertainties. 

• Similar precision between 
ATLAS/CMS

10 Energy Frontier

likely to be in this situation, in which the picture of the Higgs boson may be very di↵erent from that in the
SM but, since the other particles in the sector are heavy, it is di�cult to conclude this except by precision
measurement.

Typical sizes of Higgs boson coupling modifications are shown in Table 3-1. More details of these estimates
are given in [23].

Model V b �

Singlet Mixing ⇠ 6% ⇠ 6% ⇠ 6%

2HDM ⇠ 1% ⇠ 10% ⇠ 1%

Decoupling MSSM ⇠ �0.0013% ⇠ 1.6% < 1.5%

Composite ⇠ �3% ⇠ �(3� 9)% ⇠ �9%

Top Partner ⇠ �2% ⇠ �2% ⇠ +1%

Table 3-1. Generic size of Higgs coupling modifications from the Standard Model values in classes of new
physics models: mixing of the Higgs boson with a singlet boson, the two-Higgs doublet model, the Minimal
Supersymmetric Standard Model, models with a composite Higgs boson, and models with a heavy vectorlike
top quark partner. For these estimates, all new particles are taken to have M ⇠ 1 TeV and mixing angles
are constrained to satisfy precision electroweak fits.

Tests of the values of the Higgs couplings relative to the SM must take account of the theoretical uncertainty
in the comparison to the SM predictions. A potentially observable quantity is the partial decay width
�(h ! AĀ), related to A by

2
A = �(h ! AĀ)/(SM) . (3.10)

Currently, the SM predictions for the values of some Higgs partial widths have large uncertainties. The
uncertainty in the partial width �(h ! bb̄), which accounts for more than half of the SM Higgs total width,
is quoted as 6% [25]. A concerted program is required to bring the uncertainties in the SM predictions below
1%. This requires complete evaluation of the 2-loop electroweak corrections to the partial widths. It also
requires improvement of the uncertainty in the crucial input parameters ↵s, mb, and mc. Lattice gauge
theory promises to reduce the errors on all three quantities to the required levels [26]. Further methods for
improvement in our knowledge of ↵s are discussed in Section 3.6.

There are only a few cases in which the partial widths �(h ! AĀ) can be measured directly. More often,
the Higgs decay partial widths are measured from the rates of reactions that involve the Higgs boson in an
intermediate state. An example is the rate of �� production through gg fusion at the LHC. The rate of this
process is proportional to the Higgs boson production cross sections times the branching ratio of the Higgs
boson to ��,

�(gg ! h) ·BR(h ! ��) ⇠ �(h ! gg)�(h ! ��)

�T (h)
, (3.11)

where �T (h) is the total Higgs boson width. In terms of the A quantities, the measured rates are proportional
to

�(AĀ ! h)BR(h ! BB̄)/(SM) =
2
A

2
BP

C 2
CBRSM (h ! CC̄)

. (3.12)

The SM prediction for the total width of the Higgs boson is 4 MeV, a value too small to be measured directly
except at a muon collider where the Higgs boson can be produced as a resonance. At all other cases of hadron
and lepton colliders, the total width must be determined by a fit to the collection of measured rates. Such
fits entail some model-dependence to control the size of modes of Higgs decay that are not directly observed.

Community Planning Study: Snowmass 2013

Snowmass, Energy Frontier Report, 2013

• H→μμ: 7.0σ significance w/ 3000 fb-1 
w/ ATLAS. Probe coupling 
dependence on lepton-flavor. 

• H→inv.: BR < 10% w/ 3000 fb-1 
using the Z(ll)H channel only. With a 
reduced systematics, the VBF will 
provide a tighter constraint (CMS-DP 

-2016-064). 

https://cds.cern.ch/record/2221747
https://cds.cern.ch/record/2221747
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• HL-LHC provides sizable statistics of pair-produced 
Higgs boson events. 

• Constraints on the Higgs self-coupling can be extracted 
from non-resonant HH production. 

• bb𝛾𝛾: -0.8 < 𝜆HHH/𝜆SM < 7.7 (95%CL, no syst.)           
bbbb: 0.2 < 𝜆HHH/𝜆SM < 7.0 (95%CL, no syst.),  　      　　
          -3.5 < 𝜆HHH/𝜆SM < 11 (95%CL, Run-2 syst.)                
bb𝜏𝜏:  -4 < 𝜆HHH/𝜆SM < 12 (95%CL, no syst.)

• These are all cut-and-count studies. Sensitivities 
should improve with shape information. 

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-019/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-046/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-023/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-024/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-001/
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Note that for the fermionic channels, the discussion is qualitatively the same in our

adopted 2HDM than for the hMSSM with the di↵erence that the sensitivity is slightly

higher at intermediate tan� values in the former case. Indeed, in the hMSSM, the branch-

ing fractions in these fermionic channel are slightly suppressed by some bosonic modes such

as H ! hh,WW,ZZ and A ! hZ that still survive.
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Figure 15. Projections for the HL–LHC with
p
s = 14 TeV (upper plot) and at

p
s = 100 TeV

(lower plot) with 3000 fb�1 data for the 2� sensitivity in the hMSSM [tan�,MA] plane when ATLAS
and CMS searches for the A/H/H± states in their fermionic and bosonic decays are combined.

– 49 –
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MA (GeV)

• Large phase space of the MA-tan𝛽 
plane up to MA~1 TeV will be covered 
by the various channels under 
consideration 

• A/H→𝜏𝜏, tt are dominant in the high 
mass region.
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