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1964 - 2011 

The Quest 

Discovery and measurements of the H boson  
with ATLAS and CMS experiments at the LHC 



The Elegance of the SM 

The existence of identical fermions + marriage of relativity and QM ⇒ 
  

•  The “underlying reality” is made of quantum fields 
•  There are interactions (gauge bosons) as a consequence of  
     gauge symmetries 
•  All “particles” must be massless. 
•  All ordinary particles must have spin 0, ½, or 1 
 
      Notes:  
      Particles with spin 2 (graviton) appear in relation to quantum fluctuations of space-time 
      Particles of spin 3/2 (gravitino) appear if adding new quantum dimensions (supersymmetry)  

The standard model (SM) finds 
 

•  Its roots in the unification of electricity  
     and magnetism in 19th century 
•  Its body in the marriage of relativity and 
     quantum mechanics in the 20th century 
•  Its shape from symmetry principles 
    (gauge symmetries)   



Chronicle of a Death Foretold 

External structure 
BEH Mechanism, Higgs boson 

Generic Theory 

•  There must exist additional structure to explain the origin of mass,   
      i.e. to preserve gauge symmetries at the fundamental level 
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•  Additional structure is needed to preserve unitarity 
    One cannot save the theory by injecting measured observables i.e to allow for  
     renormalization as for electrodynamics 

SM limited to E < ~ 1 TeV in absence of regularisation  

e.g. the H boson allows for exact unitarization 

H boson or equivalent or new physics at the TeV scale ? 

Fermions 

Gauge Symmetries 
SU(3)xSU(2)xU(1) 

Gauge Bosons 



•  Below a critical temperature, the 
potential acquires a minimum  

    at a non-zero value   <vev>≠0 

Fields of right- and left-handed  
chiralities get mixed: 

… Elementary fermions interact with the field  
    and acquire mass 

•  One postulates the existence of a scalar 
field which pervades the Universe 

Spontaneous breaking  
of EWK symmetry 

→ Gauge symmetries are preserved at fundamental level 
→ The propagation in the physics vacuum breaks the symmetry 

… The Z et W± bosons acquire mass 
      (absorb golstone bosons as longitudinal components) 

The BEH Mechanism and the H boson 

… There exists one physical H boson 



The Long and Winding Road* 
Spontaneous symmetry breaking ("BEH") mechanism - 1964 

*The Beatles, 1970 

Electroweak Theory ("GSW")  1967 

Discovery of neutral currents 
(Gargamelle @ CERN) 1973 

1975 

Renormalisability ‘t Hooft 1971 ← GIM Mechanism 
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A discussion is given of the production, decay and observability of the scalar Higgs 
boson H expected in gauge theories of the weak and electromagnetic interactions such as 
the Weinberg-Salam model. After reviewing previous experimental limits on the mass of 
the Higgs boson, we give a speculative cosmological argument for a small mass. If its mass 
is similar to that of the pion, the Higgs boson may be visible in the reactions n-p + Hn or 
yp --t Hp near threshold. If its mass is < 300 MeV, the Higgs boson may be present in the 
decays of kaons with a branching ratio 0(10-T), or in the decays of one of the new par- 
ticles: 3.7 + 3.1 + H with a branching ratio 0(10e4). If its mass is <4 GeV, the Higgs 
boson may be visible in the reaction pp --f H + X, H --f n+p-. If the Higgs boson has a mass 
<2m , the decays H -+ e+e- and H + y-r dominate, and the lifetime is 0(6 X 10m4 to 
2 X ib-12) seconds. As thresholds for heavier particles (pions, strange particles, new par- 
ticles) are crossed, decays into them become dominant, and the lifetime decreases rapidly 
to O(lO-*o) set for a Higgs boson of mass 10 CeV. Decay branching ratios in principle 
enable the quark masses to be determined. 

1. Introduction 

Many people now believe that weak and electromagnetic interactions may be de- 
scribed by a unified, renormalizable, spontaneously broken gauge theory [l]. This 
view has not been discouraged by the advent of neutral currents, or the existence of 
the new narrow resonances [2]. These latter may well be a manifestation of some 
form of “charm”, a new hadronic degree of freedom [3] favoured by constructors 
of weak and electromagnetic interaction models. A comprehensive discussion of the 
phenomenology of conventional charm has been given by Gaillard, Lee and Rosner [4] 
At the time of writing, the discovery of charm has not been confirmed, but gauge 
theorists are not yet discouraged. 

Other particles have been suggested by gauge theorists, including heavy leptons [5], 
Higgs bosons [6] and intermediate vector bosons. Experimental searches for heavy 
leptons M+ coupled to muon neutrinos have ruled out [7] masses below 8 GeV. From 
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334 J. Ellis et al. 1 Higgs boson 

We should perhaps finish with an apology and a caution. We apologize to ex- 
perimentalists for having no idea what is the mass of the Higgs boson, unlike the 
case with charm [3,4] and for not being sure of its couplings to other particles, except 
that they are probably all very small. For these reasons we do not want to encourage 
big experimental searches for the Higgs boson, but we do feel that people performing 
experiments vulnerable to the Higgs boson should know how it may turn up. 

We would like to thank B.W. Lee, J. Prentki, B. and F. Schrempp, G. Segrd and 
B. Zumino for valuable remarks, comments and suggestions. 

Note added in proof 

Since writing our paper we have learnt of some more considerations [SS-571 about 
the mass of the Higgs boson. Also, we have been encouraged [58] to calculate its pro- 
duction in neutrino collisions. We also make here some further remarks about the model 
dependence of our previous results. 

In two papers [55,56], Sato and Sato have given astrophysical arguments against very 
light Higgs bosons. They argue that present understanding of the cosmic background 
radiation excludes 0.1 eV < mH < 100 eV [55], and that stellar evolution would be 
drastically affected if mH < 0.1 X m, [56]. 

Most recently, Linde and Weinberg have derived [57] an approximate lower 
bound on mH from an analysis of Coleman and Weinberg [59]. These authors 
pointed out that a simple Higgs potential 

V,(H) = p2@ + AH4 , (2 < 0, x > 0) , (A.1) 

acquires radiative corrections in perturbation theory. The one-loop graphs of fig. 20 
yield 

V,(H) = p2H2 t BH4 In (H2/M2) , (A-2) 

where M is a mass parameter chosen to absorb all H4 terms, and 

&_L 
64n2 v4 

[3 C rnt - 4 Frn:] 
v=w,z 

(A.31 

where v2 = l/fiGF as before ! . Then by requiring that the value H = v be a global 

* The potential is actually gauge dependent, the original calculations of Coleman and Weinberg 
[59] being performed in the Landau gauge so that no ghost loops appear in fig. 20. However, 
the conclusions of physical interest are gauge independent to all orders in perturbation theory 
[60]. There is also a H&s contribution to (A.3) which is negligible for the comparatively light 
Higgs bosons we are interested in. 

294 J. Ellis et al. / Higgs boson 

Another possible way of producing Higgs bosons is by bremsstrahlung in processes 
involving massive particles such as an intermediate vector boson. Production by 
bremsstrahlung along with one of the new narrow resonances (e.g., e+e- --f 3.1 + H) 
does not seem to be large. However, one of the best ways of looking for the Higgs 
boson if it has a mass GO0 MeV may be in decays of the 3.7 resonance: then we 
can estimate 

r(3.7 j 3.1 + H), 0(10_4) 
r(3.7 --f all) (1.3) 

The branching ratio is relatively large because competing decay modes are suppressed 
by the Zweig [22] mechanism. The Higgs boson may also show up in K decays if it 
has a mass <300 MeV: 

r(K+ * rr+ + H) 

T’(K+ + all) 
= 0(10-q, (1.4) 

which is not far bplow limits from present K decay data [23]. On the other hand, the 
Higgs boson seems unlikely to turn up in the decays of other particles: for example 
we find 

r(q + 7r "  t  H) 
r(7j -+ all) 

= O(lO-8) 

Higgs Boson Moss (MeV ) 

New particle threshold 

Fig. 1. Branching ratios of the Higgs boson for different values ot its mass. The curves are cal- 
culated from the decay rates of sect. 4. 
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The Long and Winding Road* 
Spontaneous symmetry breaking ("BEH") mechanism - 1964 

*The Beatles, 1970 

Electroweak Theory ("GSW")  1967 
Renormalisability ‘t Hooft 1971 

Particle physics measurements  
at colliders described by the 
standard model SU(3)C x SU(2)L x U(1) 

Discovery of neutral currents 
(Gargamelle @ CERN) 1973 

Découverte du Quark Top 
(CDF and D0 @ Tevatron 1995) 

1975 

← GIM Mechanism 

Discovery of Z & W bosons  
(UA1 and UA2 @ CERN) 1983 

← 1984 Lausanne 

Precision measurements @ LEP & SLAC 
← 1990 Aachen 



HIggs@Warsaw 2010 10 

First meetings of the LHC proto-collaborations in 1989 … 

C. Rubbia - Large Hadron Collider Workshop, Aachen 1990 

!!! 



SM:  1 SU(2) doublet of Higgs fields ⇒ 1 physical boson (CP-even)  
        MH is a free parameter          MH

2 = 2 λ v2 ;  v ~ 246 GeV 

H boson: Theory Constraints 

Λ = “cut-off” scale 

Theory constraints : 

‘‘Triviality’’ (self-coupling of the H boson) : 
  

‘‘Stability’’ of vaccuum:	



! 

MH
2 <  4" 2v 2

3ln(# /v)

! 

MH
2 >  4mt

4

" 2v 2 ln(# /v)

Unitarity:	



! 

MH < 700 " 800 GeV /c 2

! 

m2 =  m0
2  +  "# $2

16% 2Quadratic divergencies: 

If H boson and Λ << Planck scale : then new physics at the TeV scale ? 
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The Landscape at EPS 2011 
W, Z meas. sensitive to Mtop MH  via radiative corrections:  

http://project-gfitter.web.cern.ch/project-gfitter/Standard_Model/2011_07_21_index.html  

Best fit: MH = 96 +31
  GeV 

                                       
-24   

MH < 169 GeV (95% CL) 
Direct: 

Indirect: 

MH > 114.5 GeV (95% CL)   LEP 

MH ∉  158 – 173 GeV (95% CL) Tevatron 

The H boson is preferably light …  
if it exists ! 



La Découverte 

La découverte du boson H au LHC 

2011-2012 

The Discovery 



Conceived as an exploration machine with a large bandwidth 

The Large Hadron Collider 

• High luminosity:  
   search for the H boson 
• High energy:  
  WL-WL scattering at TeV scale  
   ⇒  √spp ~ 14 TeV 

It all starts with a small hydrogen bottle ! Premier 
faisceau  
de proton  
au CERN  
en 1959 ! 

Proton (or Ion) 
injection 25 

First beam 
at CERN 
in 1959 ! 
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Une machine d’exploration avec un large bande passante 

Le Large Hadron Collider 

• Haute luminosité:  
   recherche du boson de Higgs 
• Haute énergie:  
   diffusion WL-WL à l’échelle  
   du TeV ⇒  √spp ~ 14 TeV 

• Aimants dipolaires: 8.3 Tesla 
• Bobinage niobium-titane refroidis  
  à l’hélium superfluide (1.9 °K) 

• Cavités radio-fréquence à 400 MHz 
• Collisions à 40 MHz – 25 ns/croisement 



LHC 

Montagnes 
du   
JURA 

CERN 

Genève 

Mont-Salève 

Meyrin 

Prévessin 

SPS 



ATLAS 

22m 
44m 

7 000 t 

CMS 

14m 
22m 

14 500 t 

Circonférence : 26.7 km             Profondeur : 45m à 170m            Inclinaison: 1.4% 

vp / c =   0.999999991 à √s = 14 TeV Croisements aux 25 ns    Ø 10 µm x 15 cm 



1 m 2 m 3 m 4 m 5 m 6 m 7 m 0 m 

2T 

4T 

Superconducting
Solenoid

Hadron
Calorimeter

Electromagnetic
Calorimeter

Silicon
Tracker

Iron return yoke interspersed 
with Muon chambers 

Key: 

Photon 

Electron Charged Hadron (e.g. Pion) Muon 

Neutral Hadron (e.g. Neutron) 

Signatures 

ATLAS: 
Pixel & trajectomètre Silicium 

Solenoïd supra. 
Calorimètre e.m. Lar 

Calorimètre had. Tuiles 
Toroïd – spectromètre µ	



CMS: 
Pixel & trajectomètre Silicium 
Calorimètre Cristaux PbWO4 
Calorimètre had. Tuiles 
Solénoïd supra. 
Retour de fer (µ) 



ATLAS – 2006 



Les détecteurs du LHC 
 
~ 18 ans de conception,  
    R&D, et construction  
 
Achèvement de la  
construction en ~ 2007 

Des contributions  
françaises majeures ! 
(CEA et CNRS) 

L’ Europe prend 
le leadership en 
physique des  
particules 

Collisions pour la physique  
à partir de mars 2010 

CMS - 2007 
29 



γ	



γ	





Narrow peak over falling ~ monotonic background  
Very high mass resolution but S/B < 1  
in gg-fusion production mode 
 

Low rates ( σ x β ~ 48.6 fb at 125 GeV);    
!

Signature:!
Two isolated photons 
!

Analysis key:!
Photon E measurement (ECAL) 
Photon angles  
 (ECAL and primary vertex) 
Photon ID and Isolation  
!

Discriminating variables:!
Mγγ, PTγ	


Event categorization 
  (Optimize sensitivity to different 
   Mγγ resolution, or different 
   production modes) 

γ	



γ	



Candidate    H → γγ  

< The H → γγ Channel 

- 





The “golden” channel – Narrow peak over a locally flat continuum 
Very high mass resolution and S/B >> 1 
Very low rates (σ x β ~ 0.8 fb at 125 GeV)  
 

Signature:!
Four isolated leptons from 
Common primary vertex 
!
Analysis key:!
•  Precision on lepton (E,P) 
    & highest possible εl 
    down to lowest PT 
•  Maintain the reducible 
    background well below  
    the ZZ* continuum 
!
Discriminating variables:!
M4l 
Kinematic Discriminant (e.g. MZ1, MZ2, 5 angles from decay chain) 

< The H → ZZ* → 4l Channel 

5 
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Décembre 2011 

Moriond 2012 Similar results from ATLAS 

114.4 – 127.0 GeV/c2 
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No one ever said it would be so hard (1) … 

Does Nature hides a  
most precious treasure  
in least accessible place ? 

Y. Sirois – IN2P3/CNRS - LLR Ecole Polytechnique -3 (1)  The Scientist - Coldplay 



       What followed now belongs to the  
   History of Science 

4 July 2012 
-2 

2 x 3500 citations so far 
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Les Mesures 

The discovery of the H boson at the LHC 

The Measurements 
2012 - 2014 



Y. Sirois  -  LLR Ecole Polytechnique  & CNRS 

Higgs Boson : Production Cross-Sections 
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At the LHC 



4 production modes × 5 decay modes (γγ, ZZ, WW, ττ, bb) 
 

~ 100 exclusive final states (production, decay, event categories)    
    are contributing for MH ~ 125 GeV ! 

ΔM/M ~ 1-2%      High resolution 
 
H → γγ 	

                  Rare, S/B < 1 	


H → ZZ* → 4l       Very rare, S/B >> 1  
 
ΔM/M ~ 10-20%  Medium resolution 
 
H → bb 	

                  Abundant, S/B << 1 
H → ττ                    Abundant, S/B < 1 
 
ΔM/M > 30%       Low resolution 
 
H → WW*→ 2l2ν Very abundant, S/B < 1   
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Fig. 35: SM Higgs branching ratios as a function of the Higgs-boson mass.
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Higgs Boson : Decay Channels 
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Results consistent, and compatible with a single narrow resonance	



mH
γγ = 125.98 ± 0.42(stat) ± 0.28(syst) GeV  

µ = 1.17 ± 0.24  (@ 125.4 GeV) 

mH
γγ = 124.70 ± 0.31(stat) ± 0.15(syst) GeV  

µ  = 1.14+0.26 
-0.23 

Γ <  5.0 GeV  (95% CL)	

 Γ <  2.4 GeV  (95% CL)	





Mass Spectra: H → ZZ* → 4l  
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Results consistent, and compatible with a single narrow resonance	





The Higgs Boson at the LHC

Table 2: Signal strengths and mass measurements from the high resolution di-boson channels at the LHC.

Expt. Decay Signal Strength Measured Mass (GeV) Reference
Channel µ = σmeas./σSM mass ± statistics ± systematics

ATLAS H→ γγ 1.29+0.30
−0.30 125.98±0.42(stat)±0.28(syst) [28]

H→ZZ*→ 4� 1.66+0.45
−0.38 124.51±0.52(stat)±0.06(syst) [28]

Combined — 125.36±0.41 [28]
CMS H→ γγ 1.14+0.26

−0.23 124.7±0.31(stat)±0.15(syst) [27]
H→ZZ*→ 4� 0.93+0.29

−0.25 125.6±0.4(stat)±0.2(syst) [30]
Combined — 125.03±0.30 [31]

of 6.8σ , for a SM Higgs boson expectation of 6.7σ , at the mass measured in the 4� channel in
stand-alone. ATLAS observes [29] a signal with a local significance exceeding 8σ , for a SM Higgs
boson expectation of 6.2σ , at the mass obtained by combining the 4� and 2γ channels.

The measurements of the Higgs boson mass in the γγ and 4� channels and for their combi-
nation are listed in Table 2, and shown in Fig. 8. These final run 1 measurements profit from the
most accurate knowledge of the detector performance achieved so far, using the full datasets from
proton proton collisions at the LHC in 2011 and 2012. The mass measured in the γγ channel is
obtained in both experiments via a simultaneous fit of all event categories. The mass measured in
the 4� channel is obtained by ATLAS using a "2D" fit combining the reconstructed mass and a BDT
discriminant trained on signal and ZZ∗ background events from Monte Carlo simulation. The mass
measured in the 4� channel by CMS uses a "3D" fit combining the reconstructed mass, a kinematic
discriminant based on matrix elements tuned to distinguish signal from ZZ∗ background, and the
uncertainty in the four-lepton mass estimated from detector information on a per-event basis. This
is found relevant for CMS because this uncertainty varies considerably over the small number of
selected signal events. In both experiments, while in the γγ channel the measurement is dominated
by the systematic effects, the opposite occurs in the 4� channel who suffers from low statistics. The
new data taking campaign at the LHC starting in 2015 will be important to decrease the uncertainty
in this measurement. A final mass value is obtained by combining the γγ and 4� results. ATLAS
obtains [28] a mass of mH = 125.36± 0.37(stat)± 0.18(syst)GeV (i.e. 125.36± 0.41). CMS ob-
tains [31] a mass of mH = 125.03+0.26

−0.27(stat) +0.13
−0.25(syst)GeV (i.e. 125.03± 0.30). The results are

found to be consistent between channels within each experiment, and remarkably similar between
the experiments for the final mass values. One notices the per-mil level of accuracy achieved in
this measurement.

5.2 The Higgs boson intrinsic width

The intrinsic width (ΓH) of the Higgs boson in the SM is ΓH � 4.2MeV for mH = 125GeV,
corresponding to a lifetime τ0

H = h̄/ΓH � 2×10−22
s. This ΓH is too small for a direct observation

at the peak where the resolution is completely dominated by detector resolution, while at the same
time too large to allow for the observation of displaced vertices via its lifetime. At best, the exper-
iment can verify that the lineshape at the resonance is consistent with a single narrow resonance.

14

Precision Mass Measurements 

mH = 125.16 ± 0.24 GeV 
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ΓΗ Measuring at the LHC 
•  Expect ΓH ~ 4.2 MeV in SM for a H at mH ~ 125 GeV 

•  No direct access to ΓH at LHC ⇔ Indirect constraints “via the propagator” ! 

ΓH « mH    ΓH « ΔmH
meas 

The Higgs Boson at the LHC

Table 2: Signal strengths and mass measurements from the high resolution di-boson channels at the LHC.

Expt. Decay Signal Strength Measured Mass (GeV) Reference
Channel µ = σmeas./σSM mass ± statistics ± systematics

ATLAS H→ γγ 1.29+0.30
−0.30 125.98±0.42(stat)±0.28(syst) [28]

H→ZZ*→ 4� 1.66+0.45
−0.38 124.51±0.52(stat)±0.06(syst) [28]

Combined — 125.36±0.41 [28]
CMS H→ γγ 1.14+0.26

−0.23 124.7±0.31(stat)±0.15(syst) [27]
H→ZZ*→ 4� 0.93+0.29

−0.25 125.6±0.4(stat)±0.2(syst) [30]
Combined — 125.03±0.30 [31]

of 6.8σ , for a SM Higgs boson expectation of 6.7σ , at the mass measured in the 4� channel in
stand-alone. ATLAS observes [29] a signal with a local significance exceeding 8σ , for a SM Higgs
boson expectation of 6.2σ , at the mass obtained by combining the 4� and 2γ channels.

The measurements of the Higgs boson mass in the γγ and 4� channels and for their combi-
nation are listed in Table 2, and shown in Fig. 8. These final run 1 measurements profit from the
most accurate knowledge of the detector performance achieved so far, using the full datasets from
proton proton collisions at the LHC in 2011 and 2012. The mass measured in the γγ channel is
obtained in both experiments via a simultaneous fit of all event categories. The mass measured in
the 4� channel is obtained by ATLAS using a "2D" fit combining the reconstructed mass and a BDT
discriminant trained on signal and ZZ∗ background events from Monte Carlo simulation. The mass
measured in the 4� channel by CMS uses a "3D" fit combining the reconstructed mass, a kinematic
discriminant based on matrix elements tuned to distinguish signal from ZZ∗ background, and the
uncertainty in the four-lepton mass estimated from detector information on a per-event basis. This
is found relevant for CMS because this uncertainty varies considerably over the small number of
selected signal events. In both experiments, while in the γγ channel the measurement is dominated
by the systematic effects, the opposite occurs in the 4� channel who suffers from low statistics. The
new data taking campaign at the LHC starting in 2015 will be important to decrease the uncertainty
in this measurement. A final mass value is obtained by combining the γγ and 4� results. ATLAS
obtains [28] a mass of mH = 125.36± 0.37(stat)± 0.18(syst)GeV (i.e. 125.36± 0.41). CMS ob-
tains [31] a mass of mH = 125.03+0.26

−0.27(stat) +0.13
−0.25(syst)GeV (i.e. 125.03± 0.30). The results are

found to be consistent between channels within each experiment, and remarkably similar between
the experiments for the final mass values. One notices the per-mil level of accuracy achieved in
this measurement.

5.2 The Higgs boson intrinsic width

The intrinsic width (ΓH) of the Higgs boson in the SM is ΓH � 4.2MeV for mH = 125GeV,
corresponding to a lifetime τ0

H = h̄/ΓH � 2×10−22
s. This ΓH is too small for a direct observation

at the peak where the resolution is completely dominated by detector resolution, while at the same
time too large to allow for the observation of displaced vertices via its lifetime. At best, the exper-
iment can verify that the lineshape at the resonance is consistent with a single narrow resonance.
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Figure 2. The NNLO ZZ (black) and WW (red) invariant mass distributions in gg → V V for
µH = 125GeV.

mass distribution is shown in figure 2. It confirms that, above the peak, the distribution

is decreasing until the effects of the V V threshold become effective with a visible increase

followed by a plateau, by another jump at the tt̄-threshold, beyond which the signal distri-

bution decreases almost linearly (on a logarithmic scale). For gg → H → γγ the effect is

drastically reduced and confined to the region Mγγ between 157GeV and 168GeV, where

the distribution is already five orders of magnitude below the peak.

What is the net effect on the total cross-section? We show it for ZZ in table 1 where the

contribution above the ZZ -threshold amounts to 7.6%. We have checked that the effect

does not depend on the propagator function, complex-pole propagator or Breit-Wigner

distribution. The size of the effect is related to the shape of the distribution function. The

complex-mass scheme can be translated into a more familiar language by introducing the

Bar-scheme [54]. Performing the well-known transformation

M
2
H = µ2

H + γ2H , µH ΓH = MH γH . (2.10)

– 5 –

Exploit relative intensity of the signal on- and off-peak: 

F. Koala, K. Melkinov 
N. Kauer, G. Passarino 
J.M. Campbell, R.K. Ellis, C. Williams       

Principle: 
•  Use finite-width propagator scheme 
•  Profit from sizeable contribution of  
     H* → ZZ at M4l > 2 x MZ 
     enhancement of O(10) % 
•  Account for interference between  
     gg → ZZ and gg → H* → ZZ 
     + alteration of coupling to top quark 

Observation: 
Consider off- (H*) and on-shell (H) prod. 
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FIG. 1: Representative Feynman diagram topologies contributing to gg → ZZ → e+e−µ+µ−. Additional particles can run in
the Higgs production loops (a) (Sec. III A), (b) the Higgs vertices can be modified by higher dimensional operator contributions
(Sec. III B), or additional s-channel resonances can show up with mφ > mh (Sec. IV).

mechanism) and decoupling of the Higgs width param-
eter for large invariant ZZ masses to formulate a con-
straint on the Higgs width:

µon
ZZ ≡

σh × BR(h → ZZ → 4")

[σh × BR(h → ZZ → 4")]SM
∼
κ2
ggh κ

2
hZZ

Γh/ΓSM
h

, (2a)

µoff
ZZ ≡

dσh

[dσh]SM
∼ κ2

ggh(ŝ)κ
2
hZZ(ŝ) , (2b)

where
√
ŝ is the partonic level center of mass energy and

κX ≡ (gX + g̃X)/gX , where gX is the coupling in the
SM and g̃ parametrizes BSM effects. Here, For sim-
plicity, here we only consider gluon fusion, the domi-
nant production mechanism. “Off-shell” typically means
mZZ

>∼ 330 GeV due to a maximized ratio of Higgs-
induced vs. continuum gg → ZZ production as a conse-
quence of the top threshold.
If we have Γh > ΓSM

h & 4 MeV, yet still a SM value
for the pp → h → ZZ signal strength µon

ZZ , we need
to have κ2

ggh κ
2
hZZ > 1. If we consider an extrapola-

tion of the on-shell region to the off-shell region based
on the SM Feynman graph templates depicted in Fig. 1,
we can understand a constraint on σh as a constraint
on Γh as a consistency check : In a well-defined QFT
framework such as the SM, a particle width is a con-
sequence of the interactions and degrees of freedom as
specified in the Lagrangian density. E.g. by extending
the SM with dynamics that induce an invisible partial
Higgs decay width, there is no additional information in
the off-shell measurement when combined with the on-
shell signal strength. It is important to note that if we
observe an excess in σh in the future, then this will not
be a manifestation of Γh > ΓSM

h . Instead we will neces-
sarily have to understand this as a observation of physics
beyond the SM, which might but does not need to be in
relation to the Higgs boson.
A quantitatively correct estimate of important inter-

ference effects that shape σh have been provided in
Refs. [13–15] (see also [16] for a related discussion of
pp → h → γγ). These interference effects are an imme-
diate consequence of a well-behaved electroweak sector
in the sub-TeV range in terms of renormalizability and,
hence, unitarity [17, 18]. While they remain calculable in
electroweak leading order Monte Carlo programs [13, 14],

they are not theoretically well-defined, unless we assume
a specific BSM scenario or invoke EFT methods.
Both ATLAS and CMS have performed the outlined

measurement with the 8 TeV data set in the mean-
time [19, 20]. The importance of high invariant mass
measurements in this particular channel in a wider con-
text has been discussed in Refs. [17, 21–23]
In the particular case of pp → ZZ → 4", we can clas-

sify models according to their effect in the on-shell and
off-shell phase space regions. We can identify four re-
gions depending on the measured value of µoff

ZZ , which
can provide a strong hint for new physics in the above
scenarios (ii)-(iv):

1. µoff
ZZ = 1 and [κ2

gghκ
2
hZZ ]

on = 1 ,

2. µoff
ZZ = 1 and [κ2

gghκ
2
hZZ ]

on '= 1 ,

3. µoff
ZZ '= 1 and [κ2

gghκ
2
hZZ ]

on = 1 ,

4. µoff
ZZ '= 1 and [κ2

gghκ
2
hZZ ]

on '= 1 .

(3)

We can write a generalized version of Eq. (2b) that also
reflects (non-)resonant BSM effects by writing general
amplitude

M(gg → ZZ) =

[

[ghZZgggh](ŝ, t̂) + [g̃hZZ g̃ggh](ŝ, t̂)

+
∑

i

[g̃ggXi
g̃XiZZ ](ŝ, t̂)

]

+
{

gggZZ(ŝ, t̂) + g̃ggZZ(ŝ, t̂)
}

, (4)

from which we may compute dσ(gg) ∼ |M|2 by folding
with parton distribution functions and the phase space
weight. For q̄q-induced ZZ production we can formulate
a similar amplitude

M(q̄q → ZZ) = gq̄qZZ (ŝ, t̂)

+ g̃q̄qZZ(ŝ, t̂) +
∑

i

[̃gq̄qXi
g̃XiZZ ](ŝ, t̂) , (5)

which can impact the Z boson pair phenomenology on
top of the gg-induced channels. Hence, for the differential
off-shell cross section we find dσ & dσ(gg) + dσ(q̄q).

Αccess ⇒ ΓH / ΓH
SM 

C. Englert, Y. Soreq, M. Spannowsky 
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Similar results from ATLAS in 
ATLAS-CONF-2014-042 (July 2014)   
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S Phys. Lett. B736 (2014) 64 



Measuring SCP at the LHC 

H → ZZ* → 4l 
Test 0+ against spin 0-, 1± and 2± states 
e.g. use kinematic discriminants exploiting  
       production and/or decay angles 

•  The spin-parity of the Higgs boson candidate (assuming pure JP state) 
can be tested in di-boson decay channels or via associated production 

H → WW* → 2l 2ν   	


Test 0+ against 0- or 2+ 

e.g. exploit the prod. dependent  
  2D distributions in mT and Mll 

H → γγ 
Test 0+ against 2+ states 
e.g. exploit the prod. dependent scattering 
      angle in the Collins-Sopper frame 

H → b anti-b 
Test 0+ against 0- or 2+ 

e.g. exploit the prod. dependent shape of invariant mass (Mbb) spectra 
            in VH associated production (V = Z/W) 

2 2 The CMS detector

nance is produced in one of two ways, gluon-fusion (gg) or quark-antiquark annihilation (qq̄).

We present hypothesis tests between the 0
+

and the 2
+
m varying the the amount of 2

+
m produc-

tion from qq̄. For the 0
+

SM resonance all production modes have been considered; gluon-

fusion, vector-boson-fusion, W and Z boson associated production and top-antitop associated

production.

As the 2
+
m is just one of many spin-2 models we have attempted to make the analysis as model

independent as possible. As a means of discriminating the two hypotheses we use the scat-

tering angle in the Collins-Sopper frame, cos(θ∗
CS
) [17], which is defined as the angle, in the

diphoton rest frame, between the collinear diphotons and the line which bisects one incoming

beam with the negative of the other beam,

cos(θ∗
CS
) = 2 × E2 pz1 − E1 pz2

mγγ

�
m2

γγ + p2

Tγγ

, (1)

where E1 and E2 are the energies of the leading and trailing photon, pz1 and pz2 are the z-

component momenta of the leading and trailing photon and mγγ and pTγγ are the invariant

mass and transerve momenta of the diphoton system.

In its rest frame the photons from the decay of a spin-0 boson are isotropic. Hence prior to ac-

ceptance cuts, the distribution of cos(θ∗
CS
) under the 0

+
hypothesis is uniformly flat. In general

this is not the case for spin-2 decays.

2 The CMS detector
A detailed description of the CMS detector can be found elsewhere [18]. The central feature

is a superconducting solenoid, 13 m in length and 6 m in diameter, which provides an ax-

ial magnetic field of 3.8 T. The bore of the solenoid is instrumented with particle detection

systems. The steel return yoke outside the solenoid is instrumented with gas detectors used

to identify muons. Charged particle trajectories are measured by the silicon pixel and strip

tracker, with full azimuthal coverage within |η| < 2.5, where the pseudorapidity η is defined

as η = − ln[tan(θ/2)], with θ being the polar angle of the trajectory of the particle with respect

to the counterclockwise beam direction. A lead-tungstate crystal electromagnetic calorimeter

(ECAL) and a brass/scintillator hadron calorimeter (HCAL) surround the tracking volume and

cover the region |η| < 3. The ECAL barrel extends to |η| < 1.479 while the ECAL endcaps cov-

ers the region 1.479 < |η| < 3.0 A lead/silicon-strip preshower detector is located in front of

the ECAL endcap in the region 1.653 < |η| < 2.6. The preshower detector includes two planes

of silicon sensors measuring the x and y coordinates of the impinging particles. A steel/quartz-

fibre Čerenkov forward calorimeter extends the calorimetric coverage to |η| < 5.0. In the region

|η| < 1.74, the HCAL cells have widths of 0.087 in both pseudorapidity and azimuth (φ). In the

(η, φ) plane, and for |η| < 1.48, the HCAL cells map on to 5 × 5 ECAL crystal arrays to form

calorimeter towers projecting radially outwards from points slightly offset from the nominal

interaction point. In the endcap, the ECAL arrays matching the HCAL cells contain fewer crys-

tals. Calibration of the ECAL uses π0 → γγ, W → eν, and Z → e+e− decays. Deterioration of

transparency of the ECAL crystals due to irradiation during the LHC running periods and their

subsequent recovery is monitored continuously and corrected for using light injected from a

laser and LED system [19].

20 10 Kinematic discriminants

mZ2, fully describe the kinematic configuration of a four-lepton system in its center-of-mass
frame, up to an arbitrary rotation around the beam axis. These observables provide significant
discriminating power between signal and background, as well as between alternative signal
models. A matrix element likelihood approach is used to construct kinematic discriminants
related to the decay observables [20, 32].

Figure 8: Illustration of the production and decay of a particle H, gg(qq) → H → ZZ → 4�,
with the two production angles θ∗ and Φ1 shown in the H rest frame and three decay angles
θ1, θ2, and Φ shown in the Z1, Z2, and H rest frames, respectively.

In addition to the four-lepton center-of-mass frame observables, the four-lepton transverse mo-
mentum and pseudorapidity are needed to completely define the system in the lab frame. The
transverse momentum of the four-lepton system is used in the analysis as an independent ob-
servable because it is sensitive to the production mechanism of the Higgs boson, but it is not
used in the spin-parity analysis. The four-lepton rapidity is not used because the discrimina-
tion power of this observable for events within the experimental acceptance is limited.

Kinematic discriminants are defined based on the event probabilities depending on the back-
ground (Pbkg) or signal spin-parity (JP) hypotheses under consideration (PJP ):

Pbkg = Pkin
bkg(mZ1, mZ2, �Ω|m4�)× Pmass

bkg (m4�), (4)

PJP = Pkin
JP (mZ1, mZ2, �Ω|m4�)× Pmass

sig (m4�|mH), (5)

where Pkin is the probability distribution of angular and mass observables (�Ω, mZ1, mZ2) com-
puted from the LO matrix element squared, and Pmass is the probability distribution of m4� and
is calculated using the parameterization described in Section 12.1. Matrix elements for signal
are calculated with the assumption that mH = m4�. The probability distributions for spin-
zero resonances are independent of an assumed production mechanism. Only the dominant
qq → ZZ background is considered in the probability parameterization.

For the alternative signal hypotheses, nine models have been tested, following the notations
from Refs. [42, 43]. The most general decay amplitude for a spin-zero boson decaying to two
vector bosons can be defined as:

A(H → ZZ) = v−1
�

a1m2
Z�∗1�∗2 + a2 f ∗(1)µν f ∗(2),µν + a3 f ∗(1)µν f̃ ∗(2),µν

�
, (6)

ATLAS, CMS 

ATLAS, CMS 

ATLAS, CMS 

D0 

ATLAS PLB726 (2013) 120-144.  
CMS PRD110 (2012) 081803 arXiv:1312.5353 & 1129, PAS-HIG-13-016 

D0 Conf. Note 6404, 6387 
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Other exotic states tested in  
CMS PAS HIG-14-018  (PRD) 
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H boson: spin-parity (2) 

All spin-1 hypotheses  
excluded at > 99.9% CL 
 

All spin-2 hypotheses  
excluded at > 95% CL 

Testing 0+ against various exotic S = 0±, 1±, and 2± models 

All 0-,1±,2+ hypotheses 
excluded at > 97.8% 

The pseudoscalar (0-)  
hypothesis is excluded  
at > 99.9% CL (CLS 0.05%)    
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Signature:!
 

H → bb   ggH, H → bb is saturated by QCD 
             background ⇒ focus on WH and ZH  
             prod. with b-tagged jets and ≥ 1 lepton  
H → ττ     Exploit production and τ lepton  
              decay dependent categorisation 

< The H → Fermions 

Analysis key:!
 

Mass discrimination  
against background  
from Z/W + heavy 
flavours 

Large rates ( βH → bb ~ 58%) and medium mass resolution 

First evidence in the H → bb channel from Tevatron in 2012: 
     
    CDF + D0  10 fb-1  

WH → lν bb 
ZH → ll bb 
ZH → νν bb 

Excess with more than 3σ 
significance at ~ 135 GeV 

CD
F+

D
0, PR

L 109 (2012) 071804 



H → Fermions 
H → ττ Combined H → ττ  & H → bb 

H → ττ	

 ATLAS(1)	

 CMS	


Strength	

 1.4+0.5

-0.4	

 0.78 ± 0.27	


Significance	

 4.1σ (exp 3.2σ)	

 3.2σ (exp 3.7σ)	



See also:   H → bb  CMS PRD 89 (2014), ATLAS-CONF-2013-079     (1) H → ττ   ATLAS-CONF-2013-108 
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ature Phys. 10 (2014) 

JH
EP 05 (2014) 104 

H → bb +  ττ	

 CMS	


Strength	

 0.83 ± 0.24	


Significance	

 3.8σ (exp 4.4σ)	





Signal Rates / H Decay modes 

ATLAS, arXiv:1408.7084 

ATLAS, arXiv:1408.5191 

ATLAS-CONF-2014-060 

ATLAS, arXiv:1409.6212 

ATLAS-CONF-2014-061 

CMS, EPJ C74 (2014) 74:3076  

CMS, PRD 89 (2014) 092007 

CMS, JHEP01 (2014) 096 

CMS, JHEP05 (2014) 104 

CMS, PRD 89 (2014) 012003 

References: 

µsignal strength 
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µ = 1.00 + 0.50

- 0.50

Signal strength measured per decay channel
(best fit values with 68% CL uncertainties)

≥ 5 σ observation in di-boson channels 
≥ 3 σ evidence in di-tau channel 



Note: ATLAS preliminary combination here does not included latest Η → γγ results 

The ratio                           is ~ independent of decay µVBF+VH /µggH+ttH

µVBF /µggH+ttH =1.4± 0.3(stat.)!0.4
+0.6 (syst.)ATLAS: 

CMS: 

µVH /µggH+ttH

µVBF,VH /µggH ,t tH =1.25!0.45
+0.63

µVBF evidence established at ~4σ level 

Signal Rates / H Production modes 
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Setting H Coupling Constraints 

•  The production × decay are always sensitive at LO to a linear combination 
    of products of two couplings ⇔ model assumptions required to disentangle 

e.g. Prescription from HXSWG in arXiv:1209.0040   

! i
2 =

" i

" i
SM

! !"i =
! i !"i

"H

! j
2 =

! j

! j
SM

Consider a narrow width approximation 

Introduce SM modifiers for production                 and decay 

And  

•  Define benchmark scenarios: 

!H
2 =

!
j

2! "SM
j

"H
SM

!WZ =
"W

"Z

( λWZ = 1 in SM ) 

- Assume either only SM particles in the loops,  
  or  
  “new physics” in width or loops (allowing or not invisible decay) 

- Test custodial symmetry :    

- Test bosonic & fermionic couplings: consider                    & !V (=!W =!Z ) ! f (=! l =!q )

15 



Y. Sirois – IN2P3/CNRS - LLR Ecole Polytechnique 

H Couplings to Fermions and Bosons 

16 
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(!V ,!F ) = (1.15!0.08
+0.08, 0.99!0.15

+0.17 ) (!V ,!F ) = (1.01!0.07
+0.07, 0.89!0.13

+0.14 )ATLAS: CMS: 

The                               is disfavoured at 2σ level by ATLAS, and 3σ level by CMS (!V ,!F ) = (1.0,!1.0)



Coupling Constraints 

parameter value
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Coupling constraints from a combination channels
(best fit values with 68% CL uncertainties)

Custodial 
Symmetry 

Coupling to 
bosons ( ∝ MV

2
 ) 

and fermions ( ∝ Mf ) 

Heavy quarks 
in the prod. loop 

W boson and 
top quark in the loop 

Flavour 
Symmetry (3rd fam.) 

Lepton-quark 
Structure (3rd fam.) 

ATLAS (M
ay 2014) , CM

S (July 2014) 

Preliminary 

All combination of couplings found consistent with SM H expectation 
at a precision from ~15% (λWZ, κV) to 20-30% (κF, λdu) 



Les Séquelles 

The discovery of the H boson at the LHC 

The Aftermath 



•  SM-like H at ~125 GeV is compatible with global EWK data at 1.3σ (p = 0.18) 
•  Indirect constraints now superior to some precise direct W, Z measurements 

Indirect (EWK fit):         MW = 80.359 ± 0.011  
Direct (World average):  MW = 80.385 ± 0.015  

Couplings to fermions and to weak bosons  
(verified to ~10-30% precision) 

The Landscape (1) 
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The Landscape (2) 

CMS Exotica Physics Group Summary – ICHEP2014 95% CL Exclusion limits in TeV  

CMS Preliminary 
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

ICHEP 2014

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit

The Landscape (3) 

Gluino  
production 

Squark 

Stop 

Sbottom 

EWK  
Gauginos 

Slepton 

Rp-violating SUSY 



The H Boson discovery is now firmly established 

ü  MH ~ 125 GeV  
ü  Couplings to fermions and to weak bosons (verified to ~10-30% precision)  
     consistent with the minimal scalar sector required for the BEH mechanism 
ü   Custodial symmetry verified (~ 15% precision) and the existence of a boson 
     with non-universal family couplings established (ττ evidence + no µµ signal) 

•  Culmination of a reductionism strategy evolving from the question of the 
structure of matter to that of the very origin of interactions (local gauge 
symmetries) and matter (interactions with Higgs field) 

•  We understand the origin of mass (i.e. scalar field, BEH mechanism) 
for particles in a quantum field theory with local (i.e. point like) gauge  
interactions 

A truly astonishing achievement ! 

•  Ignoring gravitation, we have for the first time in the history of science a 
theory which is at least in principle complete, consistent, and coherent 
at all scales … (up to the Planck scale ?) 

… but it is not over 



•  The H boson is not a gauge boson  
      (its mass is not protected by symmetries of the theory) 
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Natural  
verified with high precision; stable  
with respect to quantum corrections;  
highly symmetric  
(gauge and flavour symmetries) 

Ad hoc  
but necessary (other mass terms forbidden by  
EWK gauge symmetries); unstable with respect  
to quantum corrections; possibly at the origin of 
flavour structure and all other problems of the SM 

•  The complexity of the Standard Model is encoded a scalar sector 

•  Scalar fields “qualitatively” changes the nature of the vacuum 

Cosmological problem:   
     Quantum fluctuations at Planck scale involves Planckian energies (space-time distorted) 
     → contribute to a vacuum energy density disagreeing with our universe by 10120 orders 
     → the principle of locality (a pillar of quantum field theory) breaks down at Planck scale ! 
Hierarchy problem:         
     Fine tuning by 1030 orders needed to cancel the scalar field coupling to quantum  
     fluctuations of space-time at the Planck scale 

The Scalar Sector & the Malicious H Boson (1) 



We live in a very particular corner  
of parameter space ! 

G. Isodori et al.  

The Higgs boson mass at ~ 125 GeV is very special !!! Extrapolation to very large 
scales seems possible but no indication provided for the scale for SUSY breaking   

M
to

p 
[G

eV
] 

MHiggs [GeV] 

Assuming SM up to Planck scale, the fate of the Universe 
depends on the precise values of Mtop and MHiggs ! 

m
H
 ~ 126 GeV is compatible with the SM and also 

with the SUSY extensions of the SM

m
H
 ~126 GeV is what you expect from a direct interpretation

of EW precision tests: no fancy conspiracy with new physics 

to fake a light Higgs while the real one is heavy 

(in fact no “conspirators” have been spotted: no new physics)

Strumia

A malicious choice!
m

H
 = 125.6 ± 0.4 GeV

The Higgs epochal discovery

The Scalar Sector & the Malicious H Boson (2) 



The Scalar Sector & the Malicious H Boson (3) 

Most the “problems” with the SM remains, and new questions are raised ! 
The (many) “Exotic” models tested up to the ~ TeV scale, do not address many of the problems 

Arbitrariness of the Higgs potential after EWSB 
(arbitrary Higgs boson mass, of the self-coupling and sign of µ …) 
 

  Q? Can we avoid the arbitrariness ? By the gauge sector ? By the geometry ? 
  Q? Is the Higgs boson sufficient for an exact unitarization of the theory (WLWL scattering) ? 

Origin of the flavour structure of the theory 
(3 families of fermions, flavour mixing, matter-antimatter asymmetry in the Universe …) 
 

  Q? Is the scalar sector at the origin of fermion families (H → µµ, H → ττ) 

Origin of the specific gauge symmetry / set of conserved charges  
(cancelation of triangle anomalies, gauge unification ? etc.) 
 

Q? Is the scalar sector talking to neutrinos (νL↔νR) ? 

Hierarchy between EWK and the Planck scale ( and GUT scale ? ) 
(metastability of the EWK vacuum, problem of quantum gravity etc.) 
 

Q? Can the scalar sector destabilize the vacuum ? (mtop, mH) 
Q? Can we avoid the problem of Hierarchy with respect to Planck scale ?  
Q? Scalar fields play a vital role in cosmology (inflation and reheating): could the H field 
     (BEH mechanism) be a key ingredient of cosmology 
Q? Could the scalar sector be a portal to Dark Matter ?  Address baryogenesis ? 



Conclusions 
The discovery of the H boson at the LHC 

•  The discovery of the H boson by ATLAS and CMS experiments at the LHC 
     closes one chapter of a fantastic collective adventure … and opens up  
     new avenues for the future… 

•  The boson discovered has properties so far consistent with the ”H" 
scalar boson expected from the BEH mechanism (i.e. the minimal  

    scalar sector incorporated in the SM) 
 
•  The precision reachable at the LHC or HL-LHC is possibly sufficient  
     for the observation of deviations caused by possible extra structure  
     or an extended scalar sector  ( talks this afternoon !)  
     
•  The capacity to establish additional new physics heavily depends 
     on the progress in experimental and theory modeling of SM processes 
     in the years to come (including extensive usage of V+jets, VV, and 
     VVV production 



CMS LHC/HL-LHC Specific Goals 
The discovery of the H boson at the LHC 

•  Complete precision measurements of the Higgs boson 
 
•  Observe Di-Higgs production and access the self-coupling 
 
•  Measure trilinear and quartic couplings of weak bosons 
 
•  Measure rare decays and search for forbidden H decays  
 
•  Search for an extended scalar sector 
 
•  Search for extra-structure, supersymmetric matter, Exotica, … 
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In addition to all the great SM precision measurements with Z, W  
and the top quarks, HI Physics, flavour physics etc. … 



October 2013 

F. Englert P. Higgs 

"For the theoretical discovery of a mechanism  
that contributes to our understanding of the 
origin of mass of subatomic particles, and which 
recently was confirmed through the discovery of 
the predicted fundamental particle, by the ATLAS 
and CMS experiments  
at CERN’s Large Hadron Collider" 


