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I-  Origin and Discovery 



•  Motivation and constraints 
•  Experimental constraints 
•  Main production & decay at LHC 
•  Discovery in the di-boson channels  

The H Quest 



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)   
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The Predictive Power of the SM 

* Similar results from ATLAS 

*

Very first 
observation  
at the TeVatron  
in 2008-2009 ! 
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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 



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

•  Below a critical temperature, the 
potential acquires a minimum  

    at a non-zero value   <vev>≠0 

⇒ 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 

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

•  Elementary fermions interact with the field  
    and acquire mass 

… There exists one physical H boson 
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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: Theoretical Constraints 

Λ = “cut-off” scale 

Theoretical constraints : 

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

‘‘Stability’’ of vaccuum:

€ 

MH
2 <  4π 2v 2

3ln(Λ /v)

€ 

MH
2 >  4mt

4

π 2v 2 ln(Λ /v)

Unitarity:

€ 

MH < 700 − 800 GeV /c 2

€ 

m2 =  m0
2  +  αλ Λ2

16π 2Quadratic divergencies: 

If H boson and Λ << Planck scale : then new physics at the TeV scale ? 
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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 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 ! 



The Landscape at EPS 2011 
A.D

.L.O
. PLB 565 (2003) 61  

LEP Legacy: 

•  A few events with very high weights assuming MH = 115 GeV 
•  Small « excess » compatible with a SM Higgs boson of MH = 115 GeV (ALEPH) … 

Sets LEP lower limit at MH > 114.5 GeV (95% CL) 
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The Landscape at EPS 2011 
M.E. Peskin, « Summary of Lepton-Photon 2011 », SLAC PUB 14612 

•  Not yet excluding LEP “fluctuation” at MH = 115 GeV 
•  No deviations > 1 σ  
•  Mass region 158  < mH < 173 GeV excluded [CDF+D0 FERMILAB-CONF-11-044-E]  

Note:  
•  CDF+D0 combination paper FERMILAB-CONF-11-044-E from August 2011  
     only shows the range 130 < MH < 200 GeV 
•  CDF+D0 combination paper FERMILAB-CONF-11-354-E is actually an updated version  
     with figures from May 2013 !!! [ i.e. after ATLAS + CMS first Hints at MH = 125 GeV) 



Conceived 30 years ago 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 10 

First beam 
at CERN 
in 1959 ! 
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ATLAS 

22m 
44m 

7 000 t 

CMS 

14m 
22m 

14 500 t 

Circumference : 26.7 km             Depth : 45m to 170m                 Tilt: 1.4% 

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



4T Solenoid 

ECAL 76k scintillating  
PbWO4 crystals 

HCAL Scintilator/brass 
interleaved 

Pixels & Tracker

MUON BARREL
Drift Tubes (DT) and 
Resistive Plate Chambers (RPC) 

MUON  
 ENDCAPS

Total weight         12500 t 
Overall diameter   15 m 
Overall length       21.6 m 

IRON YOKE 

YBO 
YB1-2 

CMS 

Cathode Strip Ch. (CSC) 
Resistive Plate Ch. (RPC) 
 

Muon  
End-Caps 

•  Pixels (100x150 µm2)
  ~  1 m2  66M channels
•  Silicon Microstrips
  ~ 210 m2  9.6M channels
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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) 

Detector Signatures 

ATLAS: 
Silicon Pixel & Tracking 

Superconducting solenoid 
Lar eletromagnetic calo. 

Tiles hadronic calo. 
Toroid – µ spectrometer

CMS: 
Silicon Pixel and Tracking 
PbWO4 crystal electromagnetic calo. 
Tiles hadronic calo. 
Superconducting solenoid 3.8 T 
Return yoke (µ ID) 
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Reconstruction 
Objective:  Identify and reconstruct the energy-momentum four-vector of particles  
                emerging from the primary (and main secondary) vertex 
Strategy: - Proceed sequentially: start with particles with lowest expected fake rates  
                  [event cleaning] 
              - Require a matching to primary vertex for charged particles  
                  [« Pile-Up » mitigation] 
              - Subtract PU contribution in E and Iso. measurements of neutrals 
 

Typically 
 

•  First reconstruct µ’s 

•  Then reconstruct e/γ  
     [with effect of PU subtracted] 
 
•  Follow with π± and and π0

 
•  Form jets; identify τ-jets and b-jets 
 
•  Built global event quantities  
    [missing ET or vectorial PT] 

The procedure is severely hampered by the amount of  
material in front of the ECAL for both ATLAS and CMS 
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Figure 3.3: Material budget in units of radiation length as a function of pseudorapidity � for the
different sub-detectors (left panel) and broken down into the functional contributions (right panel).

30% of the transverse momentum resolution while at lower momentum it is dominated by multiple
scattering. The transverse impact parameter resolution reaches 10 µm for high pT tracks, domi-
nated by the resolution of the first pixel hit, while at lower momentum it is degraded by multiple
scattering (similarly for the longitudinal impact parameter). Figure 3.5 shows the expected track
reconstruction efficiency of the CMS tracker for single muons and pions as a function of pseudo-
rapidity. For muons, the efficiency is about 99% over most of the acceptance. For |� |� 0 the effi-
ciency decreases slightly due to gaps between the ladders of the pixel detector at z� 0. At high �
the efficiency drop is mainly due to the reduced coverage by the pixel forward disks. For pions and
hadrons in general the efficiency is lower because of interactions with the material in the tracker.

– 31 –

Climbing Mountains: Reconstructing photons and electrons  

30-40 % of primary γ’s  
convert before reaching  
the ECAL 
 

Electrons radiate when  
traversing the tracker  
Si layers (showering) 
 

ATLAS and CMS use  
e’s and γ’s categories 
for the H analyses  

e.g. CMS 
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Y. Sirois  -  LLR Ecole Polytechnique  & CNRS 

Higgs Boson : Production Cross-Sections 

87% 

7.1% 

4.9% 

0.6% 

 [GeV] HM
80 100 200 300 400 1000

 H
+

X
) 

[p
b]

   
 

→
(p

p 
σ

-210

-110

1

10

210
= 8 TeVs

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

01
2

 H (NNLO+NNLL 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)

→
pp 

σ/σtot (MH = 125 GeV) 

ggH 

VBF 

VH 

ttH 

17 

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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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 (1) 

- 



< The H → γγ Channel (2) 

Determination of primary vertex: 

Photon energy resolution: 
~15 mm resolution from pointing 

Very different techniques … comparable performances 
M. Malberti; April 2013 



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) 

< 

21 

The H → ZZ* → 4l Channel (1) 



< The H → ZZ* → 4l Channel (2) 

Kinematics: 

•  Need to allow for off-shell Z bosons 
    e.g. mZ2 down to 12 GeV 

H → 4l ; Lepton PT spectrum 

•  Need high efficiency (overall acceptance ∝ ε4) and good lID down to  
    very low lepton PT … and better combine tracker and calorimetry at low PT 

22 



Large rates ( σ x β ~ 200 fb at 125 GeV) and low mass resolution 
 

Signature: 
 

Two opposite sign isolated high PT leptons  
and missing ET 
 
Analysis key: 
 

Backgrounds from control regions with data 
    Irreducible  qq/γγ → non-resonant WW* 
    Reducible: top, W+jets, di-boson, DY, … 
 
Discriminating variables: PTll, Mll MT, ΔΦll 
 

Small Mll & small opening angle ΔΦll  
(especially for on-shell W's) exploits  
the scalar H nature and V-A structure  
of EWK interaction 

⇔ 

e 
µ
ΔΦ 

ET
miss 

H#WW#l!l!: Separating Irreducible Background

12

W- W+H

e� e+�̄e �e

momentum direction

angular momentum direction

Preselection (0-jet)

ee/"e/e"/""

• Dominant irreducible background is non-resonant WW decay

• Conservation of spin angular momentum and the weak interaction on left 
(right) handed particles (anti-particles) leads to a correlation between the 
directions of the observable leptons 

• Expect small dilepton &' and invariant mass if standard model Higgs boson

< The H → WW* Channel 
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Only a small window survives !!! … some excess seen 



No one ever said it would be this hard …

© Coldplay 

Does Nature hides her most precious treasure in a most 
innaccessible corner ? 

We could have(1) discovered the Higgs boson before there 
was nowhere else to go ! 
  
(1)  At LEP, Tevatron, or early LHC 

Y. Sirois – IN2P3/CNRS - LLR Ecole Polytechnique -3 

Maybe there is actually nothing in the remaining corner and 
we have to abandon the idea of a theory valid (at least in 
principle) at all scales (below Planck scale) ? 
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       What followed now belongs to the  
   History of Science 

4 July 2012 
-2 

Each ~ 2500 citations so far 
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The H125 Boson 
(stand-alone results) 

 
Mass, width, spin-parity 

(Di-boson decay channels) 
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Mass Spectra: H → γγ  
CMS, Eur. Phys. J. C74 (2014) 10, 3076 ATLAS, arXiv:1408.7084v2; Submitted to PRD 

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 = ⇥meas./⇥SM mass ± statistics ± systematics

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

The measurements of the Higgs boson mass in the �� 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 �� 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 �� 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 �� 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 (�H) of the Higgs boson in the SM is �H ⇧ 4.2MeV for mH = 125GeV,
corresponding to a lifetime ⇤0

H = h̄/�H ⇧ 2⇥10�22s. This �H 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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mH = 125.16 ± 0.24 GeV 
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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 (spin 1 forbidden by Landau-yang theorem) 

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(⌃⇤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(⌃⇤CS) = 2 ⇥ E2 pz1 � E1 pz2

m⇥⇥

q
m2

⇥⇥ + p2
T⇥⇥

, (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 m⇥⇥ and pT⇥⇥ 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(⌃⇤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 |⇤| < 2.5, where the pseudorapidity ⇤ is defined
as ⇤ = � ln[tan(⌃/2)], with ⌃ 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 |⇤| < 3. The ECAL barrel extends to |⇤| < 1.479 while the ECAL endcaps cov-
ers the region 1.479 < |⇤| < 3.0 A lead/silicon-strip preshower detector is located in front of
the ECAL endcap in the region 1.653 < |⇤| < 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 |⇤| < 5.0. In the region
|⇤| < 1.74, the HCAL cells have widths of 0.087 in both pseudorapidity and azimuth (�). In the
(⇤, �) plane, and for |⇤| < 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 ⇧0 ⌅ ⇥⇥, W ⌅ e⌅, 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 ⇤⇤ and �1 shown in the H rest frame and three decay angles
⇤1, ⇤2, and � 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, ⇥⇥|m4�)⇥ Pmass

bkg (m4�), (4)

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

sig (m4�|mH), (5)

where Pkin is the probability distribution of angular and mass observables (⇥⇥, 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)µ⇥ f ⇤(2),µ⇥ + a3 f ⇤(1)µ⇥ f̃ ⇤(2),µ⇥

⇥
, (6)
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H boson: spin-parity 

H → γγ test 0+ and 2+ 
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Fig. 1. Distribution of |cos θ∗| for events in the signal region defined by 122 GeV <

mγ γ < 130 GeV. The data (dots) are overlaid with the projection of the signal
(blue/dark band) and background (yellow/light histogram) components obtained
from the inclusive fit of the data under the spin-0 hypothesis.

Fig. 2. Distributions of background-subtracted data in the signal region as a function
of |cos θ∗|. The expected distributions for (a) spin-0 and (b) spin-2 signals produced
by gluon fusion, normalised to the fitted number of signal events, are overlaid as
solid lines. The cyan/grey bands around the horizontal lines at zero show the sys-
tematic uncertainties on the background modelling before the fits, which include
the statistical uncertainties on the data sidebands.

The kinematic observables are the reconstructed masses of the
two Z boson candidates and the five production and decay an-
gles described in the following. The Z boson candidates are de-
noted hereafter as Z1 and Z2, where the index 1 refers to the
lepton pair with the invariant mass closer to the central value of
91.1876 GeV of the Z boson mass [31]. Their respective masses are
defined as m12 and m34. The full definition of the production and
decay angles as well as the description of their variation for dif-
ferent spin and parity values can be found in Ref. [20]. Here only
a brief summary is given: θ1 (θ2) is the angle between the neg-
atively charged final-state lepton in the Z1 (Z2) rest frame and
the direction of flight of the Z1 (Z2) boson in the four-lepton
rest frame. Φ is the angle between the decay planes defined by
the two lepton pairs coming from the Z decays in the four-lepton
rest frame. Φ1 is the angle between the decay plane of the lead-
ing lepton pair and a plane defined by the momentum of the Z1
in the four-lepton rest frame and the direction of the beam axis.
θ∗ is the production angle of the Z1 defined in the four-lepton rest
frame.

The lepton identification criteria and the analysis requirements
follow the inclusive event selection described in Ref. [18]. To in-
crease the sensitivity to the Higgs boson signal the final states are
classified depending on the flavours of the lepton pairs. The events
used to reconstruct the variables sensitive to the spin and parity
of the resonance are selected in the region of reconstructed four-
lepton invariant mass 115 GeV < m4ℓ < 130 GeV, defined as the
signal mass window.

After the analysis requirements 43 candidate events are se-
lected in data in the signal mass window, compared with an
expected background of about 16 events, dominated by the con-
tinuum Z Z∗ process, and about 18 signal events for a SM Higgs
boson with a mass of 125.5 GeV. The irreducible Z Z∗ background
is estimated from Monte Carlo simulation, normalised to NLO cal-
culations, while the reducible tt̄ , Zbb̄ and Z + jets backgrounds
are estimated from corresponding control regions in data, as de-
scribed in Ref. [18]. Fig. 3 shows the cos(θ1) and m34 distri-
butions for events passing the full selection in the signal mass
window.

In order to distinguish between pairs of spin and parity states,
the reconstructed observables described above, namely the five an-
gles and the two invariant masses, are combined using a multivari-
ate discriminant based on a boosted decision tree (BDT) [32]. The
BDT is trained on simulated signal events after full reconstruction
and event selection. Dedicated discriminants are defined for the
separation between the Standard Model J P = 0+ hypothesis and
each of the considered alternative models, J P = 0−,1+,1−,2+ . In
the case of the spin-2 hypothesis, the studies are performed as a
function of the qq̄ production fraction, fqq̄ .

The response of the BDT classifiers is evaluated separately
for each pair of signal hypotheses, including the expected back-
grounds from other SM processes. In addition, to improve the
overall sensitivity, the BDT responses are evaluated separately
for two m4ℓ regions with high and low signal-over-background
ratio (S/B): low (115–121 GeV and 127–130 GeV) and high
(121–127 GeV).

Systematic uncertainties on the shapes of the BDT output and
on the normalisations of the high and low S/B mass regions are
considered. These are due to uncertainties on the lepton identifi-
cation efficiencies, the lepton energy scale and its resolution. A sys-
tematic uncertainty of ±10% on the normalisation of the high and
low S/B mass regions is applied to take into account the experi-
mental uncertainty on the mass of the Higgs boson. The systematic
uncertainties on the overall background yields and on the inte-
grated luminosity are treated as described in Ref. [18]. Fig. 4 shows
the BDT discriminant distributions for the J P = 0+ versus J P = 0−
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culations, while the reducible tt̄ , Zbb̄ and Z + jets backgrounds
are estimated from corresponding control regions in data, as de-
scribed in Ref. [18]. Fig. 3 shows the cos(θ1) and m34 distri-
butions for events passing the full selection in the signal mass
window.

In order to distinguish between pairs of spin and parity states,
the reconstructed observables described above, namely the five an-
gles and the two invariant masses, are combined using a multivari-
ate discriminant based on a boosted decision tree (BDT) [32]. The
BDT is trained on simulated signal events after full reconstruction
and event selection. Dedicated discriminants are defined for the
separation between the Standard Model J P = 0+ hypothesis and
each of the considered alternative models, J P = 0−,1+,1−,2+ . In
the case of the spin-2 hypothesis, the studies are performed as a
function of the qq̄ production fraction, fqq̄ .

The response of the BDT classifiers is evaluated separately
for each pair of signal hypotheses, including the expected back-
grounds from other SM processes. In addition, to improve the
overall sensitivity, the BDT responses are evaluated separately
for two m4ℓ regions with high and low signal-over-background
ratio (S/B): low (115–121 GeV and 127–130 GeV) and high
(121–127 GeV).

Systematic uncertainties on the shapes of the BDT output and
on the normalisations of the high and low S/B mass regions are
considered. These are due to uncertainties on the lepton identifi-
cation efficiencies, the lepton energy scale and its resolution. A sys-
tematic uncertainty of ±10% on the normalisation of the high and
low S/B mass regions is applied to take into account the experi-
mental uncertainty on the mass of the Higgs boson. The systematic
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two Z boson candidates and the five production and decay an-
gles described in the following. The Z boson candidates are de-
noted hereafter as Z1 and Z2, where the index 1 refers to the
lepton pair with the invariant mass closer to the central value of
91.1876 GeV of the Z boson mass [31]. Their respective masses are
defined as m12 and m34. The full definition of the production and
decay angles as well as the description of their variation for dif-
ferent spin and parity values can be found in Ref. [20]. Here only
a brief summary is given: θ1 (θ2) is the angle between the neg-
atively charged final-state lepton in the Z1 (Z2) rest frame and
the direction of flight of the Z1 (Z2) boson in the four-lepton
rest frame. Φ is the angle between the decay planes defined by
the two lepton pairs coming from the Z decays in the four-lepton
rest frame. Φ1 is the angle between the decay plane of the lead-
ing lepton pair and a plane defined by the momentum of the Z1
in the four-lepton rest frame and the direction of the beam axis.
θ∗ is the production angle of the Z1 defined in the four-lepton rest
frame.

The lepton identification criteria and the analysis requirements
follow the inclusive event selection described in Ref. [18]. To in-
crease the sensitivity to the Higgs boson signal the final states are
classified depending on the flavours of the lepton pairs. The events
used to reconstruct the variables sensitive to the spin and parity
of the resonance are selected in the region of reconstructed four-
lepton invariant mass 115 GeV < m4ℓ < 130 GeV, defined as the
signal mass window.

After the analysis requirements 43 candidate events are se-
lected in data in the signal mass window, compared with an
expected background of about 16 events, dominated by the con-
tinuum Z Z∗ process, and about 18 signal events for a SM Higgs
boson with a mass of 125.5 GeV. The irreducible Z Z∗ background
is estimated from Monte Carlo simulation, normalised to NLO cal-
culations, while the reducible tt̄ , Zbb̄ and Z + jets backgrounds
are estimated from corresponding control regions in data, as de-
scribed in Ref. [18]. Fig. 3 shows the cos(θ1) and m34 distri-
butions for events passing the full selection in the signal mass
window.

In order to distinguish between pairs of spin and parity states,
the reconstructed observables described above, namely the five an-
gles and the two invariant masses, are combined using a multivari-
ate discriminant based on a boosted decision tree (BDT) [32]. The
BDT is trained on simulated signal events after full reconstruction
and event selection. Dedicated discriminants are defined for the
separation between the Standard Model J P = 0+ hypothesis and
each of the considered alternative models, J P = 0−,1+,1−,2+ . In
the case of the spin-2 hypothesis, the studies are performed as a
function of the qq̄ production fraction, fqq̄ .

The response of the BDT classifiers is evaluated separately
for each pair of signal hypotheses, including the expected back-
grounds from other SM processes. In addition, to improve the
overall sensitivity, the BDT responses are evaluated separately
for two m4ℓ regions with high and low signal-over-background
ratio (S/B): low (115–121 GeV and 127–130 GeV) and high
(121–127 GeV).

Systematic uncertainties on the shapes of the BDT output and
on the normalisations of the high and low S/B mass regions are
considered. These are due to uncertainties on the lepton identifi-
cation efficiencies, the lepton energy scale and its resolution. A sys-
tematic uncertainty of ±10% on the normalisation of the high and
low S/B mass regions is applied to take into account the experi-
mental uncertainty on the mass of the Higgs boson. The systematic
uncertainties on the overall background yields and on the inte-
grated luminosity are treated as described in Ref. [18]. Fig. 4 shows
the BDT discriminant distributions for the J P = 0+ versus J P = 0−
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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 = ⇥meas./⇥SM mass ± statistics ± systematics

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

The measurements of the Higgs boson mass in the �� 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 �� 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 �� 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 �� 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 (�H) of the Higgs boson in the SM is �H ⇧ 4.2MeV for mH = 125GeV,
corresponding to a lifetime ⇤0

H = h̄/�H ⇧ 2⇥10�22s. This �H 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)
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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. 

2
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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 → 4ℓ)

[σh × BR(h → ZZ → 4ℓ)]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 → 4ℓ, 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 



Constraints on Intrinsic Width  ΓΗ 

35 

ggMELA D
0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

0.
05

0

5

10

15

20 Data
 = 1)µ, SM

HΓ× = 10HΓAll contributions (
 = 1)µ, SM

HΓ = 
H

Γ ZZ (→gg+VV 
 ZZ→ qq

Z+X

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

>330 GeV4lm

 (GeV)4lm
300 400 500 600 700 800

Ev
en

ts 
/ b

in

0

2

4

6

8

10 Data
 = 1)µ, SM

HΓ× = 10HΓAll contributions (
 = 1)µ, SM

HΓ = 
H

Γ ZZ (→gg+VV 
 ZZ→ qq

Z+X

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

 > 0.65ggMELA D

 (MeV)HΓ
0 10 20 30 40 50 60

 ln
L

∆
-2

 
0

2

4

6

8

10

95% CL

68% CL

 ZZ→H 

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

 observedl4
 expectedl4

 observedon-shelll + 4ν2l2
 expectedon-shelll + 4ν2l2

Combined ZZ observed
Combined ZZ expected

                                  Observed                Expected 
ΓΗ = 1.8 +12.4

 MeV  ΓΗ < 22 MeV 95% CL    33 MeV 
-1.8 

Similar results from ATLAS in 
ATLAS-CONF-2014-042 (July 2014)   

CM
S Phys. Lett. B736 (2014) 64 



Direct Coupling to Fermions 
(stand-alone results) 



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 → ττ  at the LHC (1) 
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Channel Preselection cuts

τlepτlep

Exactly two isolated opposite-sign leptons

Events with τhad candidates are rejected

30 GeV < mvis
ττ < 100 (75) GeV for DF (SF) events

∆φℓℓ < 2.5

Emiss
T > 20 (40) GeV for DF (SF) events

Emiss,HPTO
T > 40GeV for SF events

pℓ1T + pℓ2T > 35 GeV

Events with a b-tagged jet with pT > 25 GeV are rejected

0.1 < xτ1 , xτ2 < 1

mcoll
ττ > mZ − 25 GeV

τlepτhad

Exactly one isolated lepton and one medium τhad candidate with opposite charges

mT < 70 GeV

Events with a b-tagged jet with pT > 30 GeV are rejected

τhadτhad

One isolated medium and one isolated tight opposite-sign τhad-candidate

Events with leptons are vetoed

Emiss
T > 20 GeV

Emiss
T points between the two visible taus in φ, or min[∆φ(τ, Emiss

T )] < π/4

0.8 < ∆R(τhad1 , τhad2) < 2.4

∆η(τhad1 , τhad2) < 1.5

Channel VBF category selection cuts

τlepτlep
At least two jets with pj1T > 40 GeV and pj2T > 30 GeV

∆η(j1, j2) > 2.2

τlepτhad

At least two jets with pj1T > 50 GeV and pj2T > 30 GeV

∆η(j1, j2) > 3.0

mvis
ττ > 40 GeV

τhadτhad

At least two jets with pj1T > 50 GeV and pj2T > 30 GeV

pj2T > 35 GeV for jets with |η| > 2.4

∆η(j1, j2) > 2.0

Channel Boosted category selection cuts

τlepτlep At least one jet with pT> 40 GeV

All
Failing the VBF selection

pHT > 100 GeV

Table 4. Summary of the event selection for the three analysis channels. The requirements used in
both the preselection and for the definition of the analysis categories are given. The labels (1) and
(2) refer to the leading (highest pT) and subleading final-state objects (leptons, τhad, jets). The
variables are defined in the text.

• The VBF category targets events with a Higgs boson produced via vector boson fusion

and is characterised by the presence of two high-pT jets with a large pseudorapidity

separation (see table 4). The ∆η(j1, j2) requirement is applied to the two highest-

pT jets in the event. In the τlepτhad channel, there is an additional requirement

that mvis
ττ > 40 GeV, to eliminate low-mass Z/γ∗ events. Although this category is

dominated by VBF events, it also includes smaller contributions from ggF and V H

production.

• The boosted category targets events with a boosted Higgs boson produced via ggF.
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boosted"
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"
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mjj > 700 GeV"
|#$jj| > 4.0"

"
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|#$jj| > 3.5"

low-pT
!h "

0-jet" 1-jet" 2-jet"

baseline"

baseline"
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baseline"
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!! > 

100 GeV"
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T

Figure 4. Event categories for the LL′ channels. The pττT variable is the transverse momentum of
the Higgs boson candidate. In the definition of the VBF-tagged categories, |∆ηjj| is the difference
in pseudorapidity between the two highest-pT jets, and mjj their invariant mass. In the µµ and
ee channels, events with two or more jets are not required to fulfil any additional VBF tagging
criteria. For the analysis of the 7TeV eτh and µτh data, the loose and tight VBF-tagged categories
are merged into a single VBF-tagged category. In the eτh channel, the Emiss

T is required to be larger
than 30GeV in the 1-jet category. Therefore, the high-pτhT category is not used and is accordingly
crossed out. The term “baseline” refers to the baseline selection described in section 4.

jet, and in the 0-jet category otherwise. The latter has low sensitivity to the presence of

a SM Higgs boson and is mainly used to constrain the Z → ττ background for the more

sensitive categories. The τhτh channel does not feature a 0-jet category because of the large

background from QCD multijet events.

The 1-jet and 2-jet categories are further split according to the transverse momentum

of the Higgs boson candidate, defined as

pττT = |p⃗TL + p⃗T
L′

+ E⃗miss
T |, (6.1)
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VBF and Boosted categories 
ATLAS CMS 

Jet Categories (VBF and Boosted) 

•  All leptonic and « hadronic » decay combinations considered τlτl , τlτh, τhτh 
•  Event categorisation to enhance sensitivity specific to ggH, VBF H, VH 
•  Z → ττ from Z → µµ with embedded (MC) τ leptons 
•  W/Z + jets, tt, and QCD backgrounds from fake rate methods 



Reconstruc5on(step(–(Decay(mode(finding(

!  Combina5on(of(charged9hadrons9and(ECAL9strips9(0.05(x(0.20,(clustering(
electrons(and(photons(with(p

T
(>(0.5(GeV,(enlarged(in(φ(direc5on(to(

account(for(the(bending(of(e+e+(pairs(produced(by(photon(conversions)((

!  Mass(window(cuts(to(ensure(consistency(with(ρ,(π,(a
1
(decays(

!  Hadronic(tau(decay(modes:(

!  Most(isolated(combina5on(selected((

9(

h±(

(+((

h±π
0(

0.3<mτ<1.3√(pT[GeV]/100)(GeV(

h±π
0
π
0(

0.4<mτ<1.2√((pT[GeV]/100)(GeV(

(

h±h±h±(

0.8<mτ<1.5(GeV(

Hadron Hadron+strip(s) 3 Hadrons 

h± h±π0 h±π0π0 h±h±h± 

τ Identification
e.g. CMS 

1)  Decay mode finding 
        Require a valide π, ρ, α

2)  Isolation with Δβ vertex 
       Σ PT < 2 GeV ;  cone of ΔR = 0.5 

3)  Electron rejection 
       Pflow e; Brem detection 

4)  Muon rejection 
       Compatibility with leading track 

CM
S D

P-2014-015, CM
S TAU

-14-001 

New MVA based τId  using lifetime info: 

MC 
Data 

Tag & Probe  
using  
Z → ττ 
events : 



τ Energy Scale
e.g. ATLAS 

ATLAS CONF-2013-044; CONF-2013-064; EPJ C75 (2015) 303 

•  Evaluate the correction factors needed to equalize data/MC τID efficiencies 
     for all τ ID working points as a function of η  
•   Treat 1-prong and 3-track τhad-vis candidates with pT > 20 GeV.  

1 prong 3 tracks 

All E scale factors well under control at all η‘s 

39 



Background Control mττ measurement

M. Bluj, EPS HEP 2013 

e.g. CMS e.g. CMS 

•  The τ decays have invisible ν components 

•  Use max. likelihood-based mττ computed 
per-event using four-momenta of visible 
decay products, Ex

miss, Ey
miss and the 

expected ET
miss resolution  

10-15% resolution on mττ at mH = 125 GeV 
Better Z to H separation 
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Figure 9. Distributions of the BDT discriminants for the data taken at
√
s = 8 TeV in the signal

regions of the VBF (left) and boosted (right) categories for the τlepτlep (top), τlepτhad (middle),
and τhadτhad (bottom) channels. The Higgs boson signal (mH = 125 GeV) is shown stacked with
a signal strength of µ = 1 (dashed line) and µ = 1.4 (solid line). The background predictions
are determined in the global fit (that gives µ = 1.4). The size of the statistical and systematic
normalisation uncertainties is indicated by the hashed band. The ratios of the data to the model
(background plus Higgs boson contributions with µ = 1.4) are shown in the lower panels. The
dashed red and the solid black lines represent the changes in the model when µ = 1.0 or µ = 0 are
assumed respectively.
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Figure 11. Event yields as a function of log10(S/B), where S (signal yield) and B (background
yield) are taken from the BDT output bin of each event, assuming a signal strength µ = 1.4.
Events in all categories are included. The predicted background is obtained from the global fit
(with µ = 1.4), and signal yields are shown for mH = 125 GeV at µ = 1 and µ = 1.4 (the best-fit
value). The background-only distribution (dashed line) is obtained from the global fit, with µ fixed
at zero.

served, are introduced. The two-dimensional 68% and 95% confidence level (CL) contours

in the plane of µττ
ggF and µττ

VBF+VH [84] are shown in figure 13 for mH = 125.36 GeV. The

best-fit values are

µττ
ggF = 2.0 ± 0.8(stat.) +1.2

−0.8(syst.) ± 0.3(theory syst.)

and

µττ
VBF+VH = 1.24 +0.49

−0.45(stat.)
+0.31
−0.29(syst.) ± 0.08(theory syst.),

in agreement with the predictions from the Standard Model. The two results are strongly

anti-correlated (correlation coefficient of −48%). The observed (expected) significances of

the µττ
ggF and µττ

VBF+VH signal strengths are 1.74σ (0.95σ) and 2.25σ (1.72σ) respectively.

A total cross section times branching ratio for H → ττ with mH = 125 GeV can also

be measured. The central value is obtained from the product of the measured µ and the

predicted cross section used to define it. The uncertainties are similarly obtained by scaling

the uncertainties on µ by the predicted cross section, noting that theoretical uncertainties

on the inclusive cross section cancel between µ and the predicted cross section and thus

are not included for the production processes under consideration. These include the
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Figure 11. Combined observed and predicted mττ distributions for the µτh, eτh, τhτh, and eµ
channels. The normalization of the predicted background distributions corresponds to the result of
the global fit. The signal distribution, on the other hand, is normalized to the SM prediction (µ = 1).
The distributions obtained in each category of each channel are weighted by the ratio between the
expected signal and signal-plus-background yields in the category, obtained in the central mττ

interval containing 68% of the signal events. The inset shows the corresponding difference between
the observed data and expected background distributions, together with the signal distribution for
a SM Higgs boson at mH = 125GeV. The distribution from SM Higgs boson events in the WW
decay channel does not significantly contribute to this plot.

The mvis or mττ distributions obtained for the 8TeV dataset in the ℓ+Lτh and ℓℓ+LL′

channels are shown in figure 13. Because of the small number of expected events in each

event category, different event categories are combined. The complete set of distributions

is presented in appendix A, and the event yields for the individual event categories are

given in table 6 in appendix B.

The following results include all decay channels considered. Figure 14 left shows the ob-

served 95% CL upper limit obtained using the modified frequentist construction CLs [90, 91]

together with the expected limit obtained for the background-only hypothesis for Higgs

boson mass hypotheses ranging from 90 to 145 GeV. The background-only hypothesis in-

cludes the expected contribution from H → WW decays for mH = 125GeV. The difference

between evaluating this contribution at mH = 125GeV or at the corresponding mH value

for mH ̸= 125GeV is less than 5%. An excess is visible in the observed limit with respect to

– 27 –

µ =1.43−37
+43 µ = 0.78−27

+27

Obs. 4.5 σ (Exp. 3.4 σ) Obs. 3.2 σ (Exp. 3.7 σ) 

Significance mainly  
coming from VBF  
channels  
(also boosted τhτh) 

H → ττ  at the LHC (2) 
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H → bb Analysis 
Focus on associated production:  

Z(νν)H Z(ee,µµ)H W(e/µ/τ)H 

•  Backgrounds:  W/Z + leptons or heavy flavours, tt, di-bosons 
•  Signal extraction: b-tagging, PT(V) categorisation , mbb with E scale corrections 

CMS – Multivariate regression ATLAS – Response corrections and 
             Likelihood fit 

Resolution σ ~ 11-12 GeV  (15-30% improvement from visible mass) !! 



H → bb Results – Associated Production 

ATLAS CMS 

Significance 1.4 σ (2.6 σ expected) 
  
µ =   0.51−0.37

+0.40

Significance 2.1 σ (2.5 σ expected) 
  
µ =   0.89−0.34

+0.47

For mH = 125 GeV:  

JHEP01 (2015) 069 
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H → bb Results Including VBF 

e.g. CMS PRD 92, 032008 (2015) 

VBF H → bb 

Signifiance: 

2.2 σ observed (0.8 expect.) 
µ = 2.8 ± 1.5 

Significance: 
Combining H → bb from 
VF, VBF, and ttH gives 
2.6 σ observed (2.7 expect.) 

A. Gilbert, EPS-HEP 2015 



Combined H → ττ  & H → bb 

µ
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    model
standard
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4σ
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ature Phys. 10 (2014) 

H → bb +  ττ CMS
Strength 0.83 ± 0.24
Significance 3.8σ (exp 4.4σ)

H → Fermions 

Indirect evidence for coupling to 
fermions from loops 

Access to direct couplings in decays at the 
LHC mainly for H → bb and H → ττ
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56 
LLR Meets CMS 

Thursday  
March 14th 9h30 

CERN Press Release – March 14th 10H30 – Rolf Heuer (CERN Director) 
« New results indicate that particle discovered at CERN is a Higgs boson » 



July 2012 

~ 3800 citations / experiment so far 

From the Discovery to the Nobel Prize 

"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" 

October 2013 



Signal Strength per Decay Modes 
(stand-alone results) 
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Fig. 35: SM Higgs branching ratios as a function of the Higgs-boson mass.
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Fig. 36: SM Higgs total width as a function of the Higgs-boson mass.
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≥ 5 σ observation in di-boson channels and ≥ 3 σ evidence in di-τ channel 

Combination Results on the H Boson 

ATLAS 

CMS 

•  Final « combination » results: ATLAS arXiv:1507.04548 (EPJ C) & CMS EPJ C75 (2015) 212 
•  All rates consistent with SM expectation (but slight excess in 4 main channels for ATLAS) 
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H → γγ signal strength – vs L and Time  

Luminosity Time 
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Adapted from P. Meridiani, May 2013 



H Couplings to Fermions and Bosons 

(κV ,κF ) = (1.09−0.07
+0.07,1.11−0.16

+0.16 ) (κV ,κF ) = (1.01−0.07
+0.07, 0.87−0.13

+0.14 )ATLAS: CMS: 

The                                is disfavoured at ~ 2 to 3 σ level by each experiment  (κV ,κF ) = (1.0,−1.0)

CM
S EPJ C75 (2015) 212 

ATLAS arXiv:1507.04548 (EPJ C)  
Assume SM contributions to the total width + 
Allow for common scaling for bosons (V) and fermions (F): 



The H Boson discovery is now firmly established 

ü  MH ~ 125 GeV  
ü  Couplings to fermions and to weak bosons (verified to ~10-20% 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 



Standard Model and the H Boson : a paradoxical triumph 

3 major problems with a H boson at 125 GeV 

•  A problem of flavour structure 

•  A problem of Hierarchy 

•  A problem of vacuum Stability 

… which now arise with unprecedented acuity 

The discovery of the H boson at a masse 125 GeV could  
be the detonator of a new revolution in physics 

More about this in my next lectures …  



New Challenges 

•  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. … 
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Summary (I) 

•  Discovery in July 2012 of the H boson by ATLAS and CMS experiments 
at LHC exploiting di-boson channels 

•  The mass of new H boson is measured at ~ 125 GeV 
•  The spin-parity of the H boson is consistent with a pure CP-even state 

(0++)  as expected from the Brout-Englert-Higgs EWK symmetry 
breaking mechanism 

•  The intrinsic width is consistent with the SM expectation 
•  Signal rate in all 5 main decays have been measured with 20-40% 

precision 
•  Couplings to fermions and bosons are measured at the 10-20% 

precision 

… and many questions remain unanswered * !!!  

* More questions and answers in next lectures 


