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• Beyond any reasonable doubt, we have discovered a new particle

• A boson since it decays to bosons!

γγ

WW* →ℓνℓνZZ* → 4ℓ
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• Beyond any reasonable doubt, we have discovered a new particle

• A boson since it decays to bosons!

• Is it a Higgs boson?

• Scalar (JPC = 0++)

• Its vacuum expectation value is responsible for EW symmetry breaking
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“The outcome of the spin analysis has as much suspense as a 
football game between Brazil and Tonga” (theorist in 2012-3)
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Be prepared for the unexpected!

“The outcome of the spin analysis has as much suspense as a 
football game between Brazil and Tonga” (theorist in 2012-3)
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• Observation of H → γγ excludes spin-1 (Landau-Yang theorem)

• Compare SM 0+ hypothesis with alternatives (0-, 1±, 2+) via angular 
distributions / masses in γγ, ZZ* → 4ℓ, WW* → ℓνℓν final states

Choi, Muehlleitner, Zerwas

Scalar-type, T ensor-type

Choi,Miller,MMM,Zerwas
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• Observation of H → γγ excludes spin-1 (Landau-Yang theorem)

• Compare SM 0+ hypothesis with alternatives (0-, 1±, 2+) via angular 
distributions / masses in γγ, ZZ* → 4ℓ, WW* → ℓνℓν final states
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• Beyond any reasonable doubt, we have discovered a new particle

• A boson since it decays to bosons!

• Is it a Higgs boson?

• Scalar (JPC = 0++)

• Its vacuum expectation value is responsible for EW symmetry breaking

• First evidence: large decay rates to WW, ZZ and small to γγ (and Zγ)

cfr: f0(980) JPC=0++ and Γ(f0→γγ)=290 eV, but it’s not “a” Higgs

[Michelangelo Mangano]
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• Beyond any reasonable doubt, we have discovered a new particle

• A boson since it decays to bosons!

• Is it a Higgs boson?

• Scalar (JPC = 0++)

• Its vacuum expectation value is responsible for EW symmetry breaking

• First evidence: large decay rates into WW, ZZ and small into γγ (and Zγ)

• Is it the SM Higgs boson?

• Elementary particle, associated to the sole mechanism responsible for the 
masses of gauge bosons and fermions

• Couplings, width (lifetime), self-interactions (potential) as predicted by the SM
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Production mechanisms
Gluon-fusion Vector boson fusion (VBF)

Associated with W / Z
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Decay modes
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• Main channels (bosonic): H → γγ, H → ZZ* → 4ℓ, H → WW* → ℓνℓν

• Fermionic modes (associated production): (VBF) H → τ τ, (W/Z) H → bb

• Rare decays: H → Zγ, H → μμ

Associated with tt (or bb)

~0.5M ~40k

~20k/10k
~3k/5k

(events produced)
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SMσ/σBest fit 
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SMσ/σBest fit 
0 1 2 3 4

 0.99± = 2.76 µ       
ttH tagged

 0.38± = 0.89 µ       
VH tagged

 0.27± = 1.14 µ       
VBF tagged

 0.16± = 0.87 µ       
Untagged

 0.13± = 1.00 µ       
Combined CMS

Preliminary

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb
 = 125 GeVH m

Associated with tt (or bb)

The SM Higgs boson at the LHC

16

Production mechanisms

Gluon-fusion Vector boson fusion (VBF)

Associated with W / Z (VH)
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• SM: ΓH(125 GeV) ~ 4 MeV. Detector resolution ~ 1 GeV

• Need to look for other observables sensitive to width

Higgs width

19
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• SM: ΓH(125 GeV) ~ 4 MeV. Detector resolution ~ 1 GeV

• Need to look for other observables sensitive to width

• On-shell / off-shell gg → H → ZZ 

• Background from SM ZZ, 
dominated by qq production

• Suppressed by matrix element
based discriminants

1

The discovery of a new boson consistent with the standard model (SM) Higgs boson by the AT-
LAS and CMS Collaborations was recently reported [1–3]. The mass of the new boson (mH) was
measured to be near 125 GeV, and the spin-parity properties were further studied by both ex-
periments, favouring the scalar, JPC = 0++, hypothesis [4–7]. The measurements were found to
be consistent with a single narrow resonance, and an upper limit of 3.4 GeV at a 95% confidence
level (CL) on its decay width (GH) was reported by the CMS experiment in the four-lepton de-
cay channel [7]. A direct width measurement at the resonance peak is limited by experimental
resolution, and is only sensitive to values far larger than the expected width of around 4 MeV
for the SM Higgs boson [8, 9].

It was recently proposed [10] to constrain the Higgs boson width using its off-shell production
and decay to two Z bosons away from the resonance peak [11]. In the dominant gluon fu-
sion production mode the off-shell production cross section is known to be sizable. This arises
from an enhancement in the decay amplitude from the vicinity of the Z-boson pair produc-
tion threshold. A further enhancement comes, in gluon fusion production, from the top-quark
pair production threshold. The zero-width approximation is inadequate and the ratio of the
off-shell cross section above 2mZ to the on-shell signal is of the order of 8% [11, 12]. Further
developments to the measurement of the Higgs boson width were proposed in Refs. [13, 14].

The gluon fusion production cross section depends on GH through the Higgs boson propagator

dsgg!H!ZZ

dm2
ZZ

⇠
g2

ggHg2
HZZ

(m2
ZZ � m2

H)
2 + m2

HG2
H

, (1)

where gggH and gHZZ are the couplings of the Higgs boson to gluons and Z bosons, respectively.
Integrating either in a small region around mH, or above the mass threshold mZZ > 2mZ, where
(mZZ � mH) � GH, the cross sections are, respectively,

son-shell
gg!H!ZZ⇤ ⇠

g2
ggHg2

HZZ

mHGH
and soff-shell

gg!H⇤!ZZ ⇠
g2

ggHg2
HZZ

(2mZ)2 . (2)

From Eq. (2), it is clear that a measurement of the relative off-shell and on-shell production in
the H ! ZZ channel provides direct information on GH, as long as the coupling ratios remain
unchanged, i.e. the gluon fusion production is dominated by the top-quark loop and there are
no new particles contributing. In particular, the on-shell production cross section is unchanged
under a common scaling of the squared product of the couplings and of the total width GH,
while the off-shell production cross section increases linearly with this scaling factor.

The dominant contribution for the production of a pair of Z bosons comes from the quark-
initiated process, qq ! ZZ, the diagram for which is displayed in Fig. 1(left). The gluon-
induced diboson production involves the gg ! ZZ continuum background production from
the box diagrams, as illustrated in Fig. 1(center). An example of the signal production diagram
is shown in Fig. 1(right). The interference between the two gluon-induced contributions is
significant at high mZZ [15], and is taken into account in the analysis of the off-shell signal.

Vector boson fusion (VBF) production, which contributes at the level of about 7% to the on-
shell cross section, is expected to increase above 2mZ. The above formalism describing the
ratio of off-shell and on-shell cross sections is applicable to the VBF production mode. In this
analysis we constrain the fraction of VBF production using the properties of the events in the
on-shell region. The other main Higgs boson production mechanisms, ttH and VH (V=Z,W),
which contribute at the level of about 5% to the on-shell signal, are not expected to produce a
significant off-shell contribution as they are suppressed at high mass [8, 9]. They are therefore
neglected in the off-shell analysis.
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• SM: ΓH(125 GeV) ~ 4 MeV. Detector resolution ~ 1 GeV

• Need to look for other observables sensitive to width

• On-shell / off-shell gg → H → ZZ 

• Interference with with gg → ZZ,
assumes no new physics there

1
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be consistent with a single narrow resonance, and an upper limit of 3.4 GeV at a 95% confidence
level (CL) on its decay width (GH) was reported by the CMS experiment in the four-lepton de-
cay channel [7]. A direct width measurement at the resonance peak is limited by experimental
resolution, and is only sensitive to values far larger than the expected width of around 4 MeV
for the SM Higgs boson [8, 9].

It was recently proposed [10] to constrain the Higgs boson width using its off-shell production
and decay to two Z bosons away from the resonance peak [11]. In the dominant gluon fu-
sion production mode the off-shell production cross section is known to be sizable. This arises
from an enhancement in the decay amplitude from the vicinity of the Z-boson pair produc-
tion threshold. A further enhancement comes, in gluon fusion production, from the top-quark
pair production threshold. The zero-width approximation is inadequate and the ratio of the
off-shell cross section above 2mZ to the on-shell signal is of the order of 8% [11, 12]. Further
developments to the measurement of the Higgs boson width were proposed in Refs. [13, 14].

The gluon fusion production cross section depends on GH through the Higgs boson propagator
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where gggH and gHZZ are the couplings of the Higgs boson to gluons and Z bosons, respectively.
Integrating either in a small region around mH, or above the mass threshold mZZ > 2mZ, where
(mZZ � mH) � GH, the cross sections are, respectively,
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From Eq. (2), it is clear that a measurement of the relative off-shell and on-shell production in
the H ! ZZ channel provides direct information on GH, as long as the coupling ratios remain
unchanged, i.e. the gluon fusion production is dominated by the top-quark loop and there are
no new particles contributing. In particular, the on-shell production cross section is unchanged
under a common scaling of the squared product of the couplings and of the total width GH,
while the off-shell production cross section increases linearly with this scaling factor.

The dominant contribution for the production of a pair of Z bosons comes from the quark-
initiated process, qq ! ZZ, the diagram for which is displayed in Fig. 1(left). The gluon-
induced diboson production involves the gg ! ZZ continuum background production from
the box diagrams, as illustrated in Fig. 1(center). An example of the signal production diagram
is shown in Fig. 1(right). The interference between the two gluon-induced contributions is
significant at high mZZ [15], and is taken into account in the analysis of the off-shell signal.

Vector boson fusion (VBF) production, which contributes at the level of about 7% to the on-
shell cross section, is expected to increase above 2mZ. The above formalism describing the
ratio of off-shell and on-shell cross sections is applicable to the VBF production mode. In this
analysis we constrain the fraction of VBF production using the properties of the events in the
on-shell region. The other main Higgs boson production mechanisms, ttH and VH (V=Z,W),
which contribute at the level of about 5% to the on-shell signal, are not expected to produce a
significant off-shell contribution as they are suppressed at high mass [8, 9]. They are therefore
neglected in the off-shell analysis.
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Higgs decays to invisible particles
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parameter value
0 0.5 1 1.5 2 2.5
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Directly Constraining BR(h  invisible) 

ATLAS search in Z(ll)h, h  inv 

CMS search in Z(ll)h, Z(bb)h, VBF h  inv 

CMS: BR(inv) < 0.58   0.44   @    95%  C.L. 

ATLAS: BR(inv)  <  0.75   0.62   @  95%  C.L. 

Looking for h  missing energy: 

See also arXiv:1408.0011 
arXiv:1404.1344 (submitted to EPJC) 

Phys. Rev. Lett. 112, 201802 (2014) 

Look for H → missing energy
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Differential distributions
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Kinematics of Higgs production / decay corrected for detector effects
(validate theoretical calculations)
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Prospects

25

• All the measurements seem to indicate that this particle is consistent with the 
SM Higgs boson

• Couplings measured to ~30% precision

• Deviations in the most attractive scenarios of physics beyond the SM ≲ 10%
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Prospects
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• All the measurements seem to indicate that this particle is consistent with the 
SM Higgs boson

• Couplings measured to ~30% precision

• Deviations in the most attractive scenarios of physics beyond the SM ≲ 10%

• How to go beyond ?

• Better experimentalists (and theorists) ?

• More data (luminosity) ?

• More energy ?

• Collide different particles ?
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Higgs prospects: LHC / HL-LHC

• LHC is expected to operate for another ~15y and produce ~100x more data

27
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Higgs prospects: LHC / HL-LHC

• LHC is expected to operate for another ~15y and produce ~100x more data

• Naively would lead to 10x better coupling determinations but with higher 
luminosities comes higher pileup → challenging for the detectors

28

Signal!strength!

• Fit!parameter:!signal!strength!μ![σ/σSM]!

• Express!the!results!as!Δμ/μ!
• Experimental!uncertainDes!of!5%!reachable!for!the!main!channels!

10/21/14! 28!
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pp vs. e+e- colliders
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pp → Z → μμ + ~25 interactions

 Run : even t  4093 :   4556   Da t e  930527  T ime   22439                                  
 Ebeam 45 . 658  Ev i s   90 . 8  Emi ss    0 . 6  V t x  (   - 0 . 05 ,    0 . 08 ,    0 . 36 )               
 Bz=4 . 350   Th r us t =0 . 9999  Ap l an=0 . 0000  Ob l a t =0 . 0110  Sphe r =0 . 0003                  

C t r k (N=   2  Sump=  86 . 8 )  Eca l (N=   5  SumE=   1 . 6 )  Hca l (N=  4  SumE=   4 . 0 )  
Muon (N=   2 )  Sec  V t x (N=  0 )  Fde t (N=  0  SumE=   0 . 0 )  

Y

XZ

   200 .  cm.   

 Cen t r e  o f  sc r een  i s  (    0 . 0000 ,    0 . 0000 ,    0 . 0000 )         

50  GeV2010 5

e+e- → Z → μμ
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Future projects: lepton or photon colliders
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Further Programs 

Beyond LHC Programs 

ep  Collider γγ Collider 

Ultimate Higgs 
factory 

µµ Collider Further Programs 

Beyond LHC Programs 

ep  Collider γγ Collider 

Ultimate Higgs 
factory 

µµ Collider 

μμ collider

γγ collider

e+e- colliderse+e- colliders 
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Future projects: lepton or photon colliders
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Further Programs 
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Higgs at e+e- colliders
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Higgs'physics'at'CLIC'

Lucie'Linssen,'Ljubljana,'Nov'2012' 9'

Higgs(Strahlung:'e+e6!ZH'
• Measure'H'from'Z6recoil'mass'
• Model6independent'meas.:'mH,'σ'
• Measure'near'threshold:'√s�350'GeV'

WW$fusion:'e+e6!Hνeνe'
•  Precise'cross6secFon'measurements'
in'ττ,'μμ,'qq'decay'modes'
•  Profits'from'higher'√s''(�500'GeV)'

Radia<on$off$top(quarks:'e+e6!UH'
• Measure'top'Yukawa'coupling'
•  Needs'√s�500'GeV'

Double(Higgs$prod.:'e+e6!HHνeνe'
• Measure'tri6linear'self'coupling'
•  Needs'high'√s'(�1.5'TeV)'
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• Hadronic final states (bb, cc, gg)

• Mass measurement (40 MeV)

• Width

• ...
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e+e- collision at high energies
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combined'pT'and'Fming'cuts'

Lucie'Linssen,'Ljubljana,'Nov'2012' 40'

e+e� ! H+H� ! tbbt! 8 jets

1.2'TeV' 100'GeV'

1.2'TeV'background'in'
reconstrucFon'Fme'window'

100'GeV'background'
aÖer'Fght'cuts'

Background energy in the detector:

Not so clean anymore but manageable with fast detectors

timing cuts
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Future circular colliders (FCC, previously TLEP, VLHC)

34

• 80 - 100 km tunnel

• 4 interaction points

• e+e-: √s ~ 240 and 350 GeV

• Need top-up injection

• pp: √s up to 100 TeV

• 20T magnets

• Higgs factory and increased 
reach for new physics

• Detailed studies of physics 
case starting
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Higgs prospects at LHC and e+e- colliders
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Table 1-20. Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit assuming no non-SM
production or decay modes. The fit assumes generation universality (u ⌘ t = c, d ⌘ b = s, and ` ⌘ ⌧ = µ). The ranges
shown for LHC and HL-LHC represent the conservative and optimistic scenarios for systematic and theory uncertainties. ILC numbers
assume (e�, e+) polarizations of (�0.8, 0.3) at 250 and 500 GeV and (�0.8, 0.2) at 1000 GeV, plus a 0.5% theory uncertainty. CLIC numbers
assume polarizations of (�0.8, 0) for energies above 1 TeV. TLEP numbers assume unpolarized beams.

Facility LHC HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)p
s (GeV) 14,000 14,000 250/500 250/500 250/500/1000 250/500/1000 350/1400/3000 240/350

R Ldt (fb�1) 300/expt 3000/expt 250+500 1150+1600 250+500+1000 1150+1600+2500 500+1500+2000 10,000+2600
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W 4� 6% 2� 5% 0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%

Z 4� 6% 2� 4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%

` 6� 8% 2� 5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%

d = b 10� 13% 4� 7% 0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

u = t 14� 15% 7� 10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%
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pp colliders: Higgs self-coupling
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• Cross sections increase with √s

• Important for HH production

• Destructive interference 
between diagrams

• Need to explore many final 
states: bbγγ, bbττ, bbWW, ...
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Table 1-24. Expected per-experiment precision on the triple-Higgs boson coupling. ILC numbers include
bbbb and bbWW ⇤ final states and assume (e�, e+) polarizations of (�0.8, 0.3) at 500 GeV and (�0.8, 0.2) at
1000 GeV. ILC500-up is the luminosity upgrade at 500 GeV, not including any 1000 GeV running. ILC1000-
up is the luminosity upgrade with a total of 1600 fb�1 at 500 GeV and 2500 fb�1 at 1000 GeV. CLIC numbers
include only the bbbb final state and assume 80% electron beam polarization. HE-LHC and VLHC numbers
are from fast simulation [102] and include only the bb�� final state. ‡ILC luminosity upgrade assumes an
extended running period on top of the low luminosity program and cannot be directly compared to CLIC
numbers without accounting for the additional running period.

HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC1400 CLIC3000 HE-LHC VLHC
p
s (GeV) 14000 500 500 500/1000 500/1000 1400 3000 33,000 100,000R

Ldt (fb�1) 3000/expt 500 1600‡ 500+1000 1600+2500‡ 1500 +2000 3000 3000

� 50% 83% 46% 21% 13% 21% 10% 20% 8%

Table 1-25. Expected precision on the triple-Higgs boson coupling for combined facilties, assuming the
final states, polarizations, and integrated luminosities assumed above in Table 1-24. Here “ILC-up” refers to
ILC1000-up, and “CLIC” refers to CLIC3000 with the two numbers shown assuming unpolarized beams or
80% electron beam polarization, respectively. TLEP is in parantheses since it would not contribute to the
measurement of the self-coupling, but could be a step along the way to the higher-energy hadron colliders.

LHC HL-LHC

+ILC +ILC-up +(TLEP) +ILC-up +CLIC

+CLIC +HE-LHC +VLHC +HE-LHC +VLHC +HE-LHC +VLHC

21% 12.6% 15.2/9.8% 18.6% 7.9% 10.9% 6.8% 12.5/8.9% 7.2/6.2%

Community Planning Study: Snowmass 2013

Moriond QCD & High Energy InteractionsHideki Okawa
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Figure 6: Feynman diagrams for Higgs pair production.

vector boson scattering as long as there is a coupling of the new particles to the vector bosons.
The combination of vector boson scattering measurements, triboson production measure-

ments, and Higgs coupling measurements o↵ers a comprehensive program for exploring the
gauge-Higgs sector in detail. For example, measuring vector boson scattering precisely at high
mass scales provides sensitivity to new particles and interactions in the electroweak sector.

We summarize results from four studies quantifying the sensitivity to new physics in this
sector [16]. The specific studies are WZ VBS in the three-lepton channel, ZZ VBS in the four-
lepton channel, WW VBS in the same-sign dilepton channel, and Z�� production in the dilepton
plus diphoton channel.

Unlike previous studies that focused on anomalous couplings in a unitarized Higgsless the-
ory [17], these studies are presented in the framework of higher-dimension operators in an
e↵ective electroweak field theory [18]. Multiboson production is modified by certain general
dimension-6 and dimension-8 operators containing the Higgs and/or gauge boson fields. Several
representative operators have been chosen to study as benchmarks. Because higher-dimension
operators, as approximations of an underlying UV-safe theory, ultimately violate unitarity at
su�ciently high energy, care is taken in these studies to select only events in a kinematic range
within the unitarity bound,⇤UV . These new operators a↵ect only triboson production and vector
boson scattering (VBS), but they do not a↵ect other diboson production mechanisms.

The common experimental feature in the following studies of vector boson scattering is the
presence of high-pT jets in the forward-backward regions, similar to those found in Higgs pro-
duction via vector boson fusion. The absence of color exchange in the hard scattering process
leads to large rapidity intervals with no jets in the central part of the detector; however the rapid-
ity gap topology will be di�cult to exploit due to the high level of pileup at a high-luminosity
LHC.

5.1 Vector Boson Scattering

The selection for VBS studies requires leptons with pT > 25 GeV and, to reduce non-VBS
production, at least two high-pT (> 50 GeV) forward jets are required with an invariant mass
of the two highest pT jets required to be greater than 1 TeV. In each of the studies below, a
particular higher dimension operator is chosen for analysis, but in general each of the VBS
channels studied have sensitivity to each of these higher-dimension operators.

The scattering process ZZ ! ```` is sensitive to the dimension-6 operator

L�W =
c�W
⇤2 Tr(Wµ⌫Wµ⌫)�†�.
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λHHH

• Precision measurements of Higgs couplings

• Sensitivities to rare decays: H→μμ, Zγ

• Search for BSM decays (invisible, t→cH)

• Search for CP-violation in the Higgs-sector

• Search for additional Higgs bosons

• Higgs boson pair production & self-coupling

ΓH→Z∗Z∗→4f = 3 · ΓH→νeνeνµνµ
+ 3 · ΓH→ee+µµ+ + 9 · ΓH→νeνeµµ

+

+ 3 · ΓH→νeνeνeνe
+ 3 · ΓH→ee+ee+

+ 6 · ΓH→νeνeuu + 9 · ΓH→νeνedd
+ 6 · ΓH→uuee+ + 9 · ΓH→ddee+

+ 1 · ΓH→uucc + 3 · ΓH→ddss + 6 · ΓH→uuss + 2 · ΓH→uuuu

+ 3 · ΓH→dddd ,

ΓWW/ZZ−int. = 3 · ΓH→νee
+eνe − 3 · ΓH→νeνeµµ

+ − 3 · ΓH→νee
+µν̄µ

+ 2 · ΓH→uddu − 2 · ΓH→uuss − 2 · ΓH→udsc .

2.1.2 BR Results for Higgs masses
In this section we provide results for the BRs of the SM Higgs boson, using a particularly fine grid of
mass points close to MH = 126 GeV. The results are generated and presented in complete analogy to
the predictions in Refs. [13], including the error estimates for each BR. In the error estimates, we have
identified and removed inconsistencies in the calculation of the numbers presented in Refs. [13]. The
corresponding changes in the error estimate are at the level of one percent for mH > 135 GeV. For
mH > 500 GeV the changes increase for some decay modes, in particular for H → tt. The central
values of the BRs are not affected.

The fermionic decay modes are shown in Table A.1 to Table A.7. The bosonic decay modes
together with the total width are given in Table A.8 to Table A.14. The same information (including the
full uncertainty) is also presented graphically in Figure 2 for the low-mass region (left) and for the full
mass range (right).
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Fig. 2: Higgs branching ratios and their uncertainties for the low mass range (left) and for the full mass range
(right).

2.1.3 BR Correlations for Higgs masses close to 126 GeV
In this section, we focus on the error correlations for the different BRs. The reason for the correlations is
two-fold: Varying the input parameters within their error bands will induce shifts of the different partial
widths and the resulting BRs in a correlated way. Moreover, there is trivial correlation between the BRs
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The Standard Model (SM) of particle physics
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• Unifies special relativity, 
quantum mechanics and 
field theory

• Describes electroweak 
and strong interactions 
between all known 
particles

• BEH mechanism gives 
mass to W,Z bosons 
(+ fermions)

• Survived last decades of 
experimental verification

• Higgs boson was (?) the 
only missing piece
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100 years after the discovery of cosmic rays… 

The discovery of the 
Higgs boson completes 
the Standard Model 

It is a triumph for the 
imagination and rigour 
of the human mind 

It is a triumph for the 
greatest experimental 
undertaking ever:  

Frontier of accelerator 
& detector technologies 

Global data sharing, 
analysis & collaboration  

[Andreas Hoecker]


