
Albert De Roeck
CERN, Geneva, Switzerland
Antwerp University Belgium

UC-Davis California USA

Albert De Roeck
CERN, Geneva, Switzerland
Antwerp University Belgium

UC-Davis California USA

The Higgs BosonThe Higgs Boson

---- Experiment Experiment ----

UC-Davis California USA

NTU, Singapore

1st September  2016

UC-Davis California USA

NTU, Singapore

1st September  2016



L

Outline

• Introduction

• The run-1 Legacy   

•Summary of results 

•Combination of ATLAS &

CMS data CMS data 

• New results from the 13    

TeV CMS data  

• Searches for BSM Higgses

• Summary/Outlook

New ATLAS results in a 
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Observation of a Higgs Particle at the LHC, after about 40 years 

of experimental searches to find it     

2012: A Milestone in Particle Physics

The Higgs particle was the last missing particle in the Standard Model
and possibly our portal to physics Beyond the Standard Model

proton proton

2013



The Theorist and Experimentalists 

The party in 2012!
A. Pomarol ICHEP2012

Not everybody at the party
eg higgsless models…

But careful about resurrections, Higgs imposters…



A Higgs @ 125 GeV!

125.0 +/- 0.3 GeV0.2

Stockholm Nobel Symposium
May 2013

“We do not understand why the mass of the Higgs is 125 GeV
It most likely tells us something on what is Beyond the Standard Model”

Guido Altarelli

1941-2015



Higgs Production & Decay

Processes
�Gluon fusion
�Vector Boson Fusion
�W/Z associated prod.
�Top associated prod 
�B-quark associated prod? 

Numbers taken from the 
LHC Higgs Cross Section WG

See yellow reports:
YR1: Inclusive cross sections
YR2: Differential cross sections
YR3: Properties (to appear)
YR4: Deciphering the nature of the

Higgs sector    



Observation of a Higgs Particle at the LHC, after 

about 40 years of experimental searches to find it     

2012: A Milestone in Particle Physics

2013

2015: Higgs Boson
well established.

All accessible 
channels studied



Elsevier 

PHYSICS LETTERS B 

Most cited LHC paper so far... 

Special Physics Letters B edition 
with the ATLAS and CMS papers 
on the Higgs Discovery Also…

Almost than 5000 times 
cited…



• More detailed analyses of the 125 GeV particle, in particular the 

search for direct decays into fermions, ttH channel,...

• More precise measurements of the “signal strength σ/σ “ and

CMS Higgs Analyses
�In summer 2012 we called it a “Higgs-like” particle

�In spring 2013 (with 3x more data) we called it a Higgs particle

Spin/parity 0+ favored, couplings roughly as in SM for Bosons
What happened Next?

• More precise measurements of the “signal strength σ/σSM“ and

of the mass of the particle, and the spin. 

• Searches for Higgs like particles at higher masses

• Searches for exotic, non-SM decays (none found so far) 

• Searches for di-Higgs events (in BSM scenarios, none found so far)

• More detailed analyses of the properties (mass, spin, couplings:)

• Differential distributions + fiducial volume cross sections

• First data combination of ATLAS and CMS in 2015/16



Results Summary @ 125 GeV

Channel

ATLAS 

Lumi

[fb-1]

CMS 

Lumi

[fb-1]

Specialty

σσσσ

Obs. 

(exp.)

Mass 

[GeV]

Signal 

strength

µµµµ

JP = 0+

H����γγγγγγγγ 4.8+20.7 5.1+19.6

mass,

discovery,

couplings

5.2 (4.6)
126. 

1.17±0.27 ✔

5.7 (5.3)
124.7 1.14+ 0.26-

0.23
✔

H����ZZ����4l 4.6+20.7 5.1+19.7

mass,

discovery,

couplings

8.1 (6.0)
124.7

1.44 ± 0.4 ✔✔✔✔

125.6 0.93 +0.29-
✔

Individual Run-I Legacy papers

���� Overall consistency with SM H boson expectations

couplings 6.8 (6.7)
125.6 0.93 +0.29-

0.25
✔

H����WW����2l2νννν 4.6+20.7 4.9+19.4

cross 

section,

couplings

6.1 (5.8)
Compatible

with 125GeV 
1.09 +023-0.21 ✔

4.3 (5.8)

125.5+3.6–

3.8

(µµµµ = 1)

0.72 +0.20-

0.18
✔

H����bb 4.5+20.3 5.1+18.9
couplings 

to fermions

1.4 (2.6)
-- 0.52 +0.40- 0.27 --

2.1 (2.1)
Compatible

with 125GeV 
1.0 ± 0.5 --

H����ττττττττ 20.3 4.9+19.4
couplings

to fermions

4.5 (3.4)
Compatible

with 125GeV
1.43 +0.43–0.37 --

3.2 (3.7) 122 ±7 GeV 0.78 ± 0.27 --



The Decay Higgs to Fermions

H-> bb
Associated production 
channels: ZH and WH

H-> tau tau
Inclusive and with jets
All tau decay modes used

H→bb

CMS @ 125 GeV
H→ττ 3.2σ (obs) 3.7σ (exp) 

→ µ = 0.78+0.27
-0.27

H→bb 2.1σ (obs) 2.1σ (exp) 
→ µ = 1.0 ± 0.5

A (mild) excess seen in 
both channels
Poor mass resolution

H→ττ H→bb

arXiv1401.5041
arXiv1310.3687



Higgs → Fermions Combination 

arXiv:1401.6527  and
Nature Physics 10 (2014)

�The combined H(ττ) and H(bb) result establishes a strong evidence for 

coupling of the Higgs boson to down-type third generation fermions
�Indirect and direct results on ttH coupling also evident for a coupling to 

up-type fermions



Higgs → Fermions Combination 

http://www.altmetric.com/details.php?citation_id=2456622

Altametric considers citations in blogs and social media.
The paper is actually the highest ranked Nature Physics paper (2014)
It's actually the highest scoring article in this journal that we've seen so far.
It's in the top 5% of all articles (2,789,380) ever tracked by Altmetric



Spin/Parity Studies 

Combined study of H→ZZ and H→WW

CMS-PAS-HIG-14-014

�Tested using all diboson channels
�Hypotheses comparison O+/other states

Similar results 
from ATLAS

All “exotic” scenarios excluded scenarios excluded with 99.9% CL 

Also CP studies of J=0 state → Results consistent with SM 

O+ hypothesis is
always favoured 
in the comparison

from ATLAS



�Study Higgs → ZZ in the 4 charged lepton and 2 charged lepton + 2ν decay
�Compare the off-shell and on-shell production 

�Use a kinematic discriminant and mT distributions to reduce ZZ continuum  

The Total Width of the Higgs

Limit on the 
width form 
ZZ is 22 MeV

= 5.4 �ΓSM



Total Width Study Including WW

arXiv:1604.02329
Recent update

Combined with the ZZ channel this leads to a total width limit of 
13 MeV (26 MeV) for the ggF (VBF) process



Higgs Combined analysisHiggs Combined analysis



Mass of the Higgs

�The first combined result from 

CMS and ATLAS
�Combine the H->ZZ and H->γγ
channels (most precise channels)
�Mass precision ~ 0.2%

arXiv:1503.07589



CMS+ATLAS Mass Paper

First common paper CMS+ATLAS!!



Coupling Measurements

�Overall combinations from 

ATLAS and from CMS

Combination of ATLAS & CMS
arXiv:1606.02266

ATLAS arXiv:1507.04548

CMS  arXiv:1412.8662



Combined Fit of  ATLAS & CMS Data 

Overview of the decay channels included in the analysis

Values for a common mass MH of 125.09 GeV



Combined Fit Results

Results for cross section x BR Results normalized to σ(gg->H->ZZ)



Ratios of Higgs Coupling Modifiers 

Coupling Modifiers

Ratios

Hatched area: indicates 
we assume these 
parameters to be positive



Production/Decay Signal Strength  

Signal strength



Global Signal Strenght µ

Results for ATLAS & CMS and for the combined data set



BSM Searches 

Search for effects in loops
in 2-photon decays and ggF

Allow for BBSM>0

Assuming BBSM=0 

Data shows no deviation of SM!



Results as Function of Particle Mass 



Testing u/d fermion/ lepton couplings

Up- and down-type fermion coupling ratios Lepton and quark coupling ratios



Fermion and Vector Boson Coupling 

Modifiers 
Results for the individual channels and the overall combination



Results for the individual channels and the overall combination

Zooming in on the interesting region…

Fermion and Vector Boson Coupling 

Modifiers 



Higgs: ATLAS+CMS Combination

Vector Boson Fusion production 
mechanism and H-> tau tau decays
established with 5σ significance in
combination 

The Run-1 Higgs Legacy!

arXiv:1606.02266 

Signal strength/SM:



We know already a lot on this Brand New Higgs Particle!!

Brief Higgs Summary from Run-1

SM-like behaviour for most properties, but continue to look for anomalies,
i.e. unexpected decay modes or couplings, multi-Higgs production…

Mass =  CMS+ATLAS 
125.09 ±0.21(stat)

±0.11(syst) GeV

Width 
< 24 MeV
(95%CL)

Couplings are 
within ~20% of
the SM values

Spin =
0+(+) preferred
over 0-,1,2



13 TeV Results13 TeV Results



Run-II: From 8 TeV to 13 TeV

ICHEP dataset



13 TeV Higgs Results: Higgs ->γγ

2016 data 
Observed 5.6σ
Expected 6.2σ
µ= 0.91

Fid. cross sec.



13 TeV Higgs Results: H-> ZZ

2016 data 
Observed 6.2σ
Expected 6.5σ
µ= 0.99

35Fid. cross sec.



The Hunt for ttH @ 13 TeV

We saw a small an unexpected excess in run-I in the multi-lepton channel
Is this real? Is it in fact ttH or something else (we do not constrain the Higgs) 

The ttH cross section 
increases with a 
factor ~4 @ 13 TeV

No significant 
excess in the 
new data.
But more data 
will referee

2015 data 



The Hunt for the ttH Channel 

Measurements with the 13 TeV data in 2015

No upward fluctuation as in 8 TeV. So far ttH not clearly established yet



CMS-PAS-HIG-16-022

Search for associated
production of Higgs
bosons and top 

The Hunt for the ttH Channel 

Update with 2016 data!
12.9 fb-1 of data 

BDT classifier
outputs

bosons and top 
quarks in multilepton
final states 



BSM Higgs SearchesBSM Higgs Searches



Searches for BSM Higgs

• MSSM neutral Higgs searches

• Charged Higgses (single, double:)

• Associated production

• Double Higgs production

• 2HDM searches

• FCNC tests

• Unusual decays (LFV, others:)

• No significant signal reported so far.



Invisible Higgs Decay Channel 
Search for invisible Higgs decays using

Z+H � 2 leptons + missing ET

VBF H � 2 jets + missing ET

Possible decay in Dark Matter particles 
(if M<MH/2): Higgs Portal Models

Combined result from the three channels
BR(H→invisible)<58%(44% exp) at 95% CL.

for a Higgs with a mass of 125 GeVfor a Higgs with a mass of 125 GeV

arXiv1404.1344



Invisible Channels Combination 
Combination of all channels including also the
mono-jet channel gives for a 125 GeV Higgs a limit 
of 24% (23% expected) at 95% CL

Profile 
likelihood 
scan

CMS-HIG-16-016CMS-HIG-16-016
Dark Matter interpretation 



Search for LFV Decays: H →µτ

arXiv:1502.07400



Search for LFV Decays: H →µτ

Mild excess giving a 2.4σ effect…    To be watched!!!

Background-only 
p-value of 0.010 (2.4 σ)
- Best fit 



Other Channels/New Data 

CMS-PAS-HIG-16-005arXiv:1607.03561

H -> eτ 8TeV H -> eµ 8TeV H -> µτ 13TeV

�All measurements are in agreement with expectation
�13 TeV (2.3 fb-1) H-> µτ channel is less sensitive than 8 TeV (20 fb-1) one

=> Jury still out. Full 2016  data set will be the referee  



High Mass Searches

CMS-PAS-HIG-16-025 CMS-PAS-HIG-16-033 CMS-PAS-HIG-16-023        

H->bb

H->ZZ (4 lepton)

H->WW (full leptonic)

Not al channels analysed yet, but no signal so far



MSSM Neutral Higgs →→→→→→→→ ττ

Update of the published MSSM results with new 
tau finder. Reanalysis of the 2011/12 data.
MVA hadronic tau analysis, b-quark categories and 
hadronic tau pT categories…

HIG-14-029

Huge gain ~70%!
i.e. like 3x the lumi



MSSM Neutral Higgs →→→→→→→→ ττ

�Study of the Neutral   

Higgs h/H/A to tau tau
�Include channels with 

associated  b-quark 
production
�No excess found so far

–> exclusions (95% CL)

mh
max scenario;

mh
mod+  and mh

mod+ 

scenarios
with modified
stop mixing

Light stop scenario



MSSM Higgs Boson in ττ@ 13 TeV

HIG-16-006

13 TeV data 
analysis

No signal yet



Run-1 High Mass BSM Higgs Searches

Constraints on 2HDM models 

Type-II 

HIG-16-007

Data includes from Run-1:
�Indirect constraints from couplings from the Higgs

Type-I 

95% CL

95% CL



Run-1 High Mass BSM Higgs Searches

Constraints on 2HDM models 
Type-I Type-II 

Data includes from Run-1:
�Indirect constraints from couplings from the Higgs
�Constraints from direct searches: A/H-> ττ, A/H->µµ,, AH->bb, charged

Higgs, H->hh, A->ZH, H->WW/ZZ high mass search channels 



Run-1 High Mass BSM Higgs Searches

Constraints on MSSM model 

MSSM Mh(mod+) hMSSM



Charged Higgs Search

Both low and high mass, using full hadronic final states 

�Limits now down 

to 0.16% for the
low mass (95%CL)

�Cross section limits

0.38-0.026 pb
at high mass

CMS-PAS-HIG-14-020



Heavy Charged Higgs Search

Final states with two leptons or
one lepton plus hadronic decaying tau

CMS-PAS-HIG-13-026

No excess observed



Charged Higgs to WZ Channel

CMS-PAS-HIG-16-027

High mass search with leptonic W,Z decays
-> 3 leptons + 2 or more jets 



Search for Charged Higgs

CMS-PAS-HIG-16-030 H+→cb in lepton+jets channel using top

quark pair events



Search for non-Resonant Di-Higgs 
CMS-PAS-HIG-16-026

4b channel

CMS-PAS-HIG-16-0322b2γ channel

95% CL on the cross section

2b2τ channel CMS-PAS-HIG-16-028

No di-Higgs signal yet



Search Resonant Di-Higgs Production

CMS-PAS-HIG-16-032

bbγγ channel

bbττ channel CMS-PAS-HIG-16-029

bbVV channel

CMS-PAS-HIG-16-024

No di-Higgs 
signal yet



• In 2012 we discovered a new particle around 125 GeV. The 

data analysis in the last 3 years has shown that this particle 

has the properties of a Higgs Boson related to  the EW-

symmetry breaking.

• The mass is ~125 GeV with a precision of order ~0.2%. 

• The legacy data of run-1, including a combined fit of 

ATLAS+CMS has been released. The particle has properties 

Summary

ATLAS+CMS has been released. The particle has properties 

of a SM Higgs within present precision.

• This new particle could be the key to our ‘contact’ with the 
new physics side. Detailed study is imperative.

• No (clear) sign yet of other Higgses or exotic decays…

• Run-II data will bring a new level of precision (~ 5-10%) 
and access to new channels. And hopefully surprises…

It may just take ONE deviation to show us the way:



Backup Backup Backup Backup 



The Future: Studying the Higgs!   

Higher Energy in 2015!
LHC lumi upgrade !  
Experiment upgrades!!  
(Other/new machines?)

Many questions are still unanswered:
�What explain a Higgs  mass ~ 125 GeV? 
�What explains the particle mass pattern?
�Connection with Dark Matter? 
�Where is the antimatter in the Universe?
��

(Other/new machines?)


