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The last missing piece …  

● Matter made up of quarks 
and leptons.

● Interactions mediated by 
gauge bosons introduced via 
local gauge symmetries.

●     particle masses break 
these symmetries!
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● Especially W & Z boson 
are very heavy. 

● How can              be 
realized & broken at 
the same time.

● Interactions mediated by 
gauge bosons introduced via 
local gauge symmetries.

●     particle masses break 
these symmetries!
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Giving mass to particles 

● Postulate new             doublet field    in 
electroweak (EWK) sector of the theory w/ 
potential that breaks             .

● Break              symmetry not in Lagrangian 
itself but in the energy ground state.

● Particle masses → coupling to vacuum.

3/25

Unique coupling structure:
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Unique coupling structure:

Giving mass to particles 

● Break              symmetry not in Lagrangian 
itself but in the energy ground state.

Till 2012 → mathematical trick to complete the 
SM. Since 4th July 2012 strong evidence that such 
a particle like a Higgs boson really exists.

3/25

● Postulate new             doublet field    in 
electroweak (EWK) sector of the theory w/ 
potential that breaks             .

● Particle masses → coupling to vacuum.
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The discovery (July 4th 2012)  

PLB 716 (2012) 1

● Discovery made on only 40% of the full LHC 
run-1 dataset.

● ATLAS and LHC with comparable sensitivity.

PLB 716 (2012) 30

● Is this a Higgs boson? (→ check properties)

4/25

● Is this the Higgs boson of the SM?

1000+ citations

1000+ citations

http://www.sciencedirect.com/science/article/pii/S037026931200857X
https://cds.cern.ch/record/1471016/files/plb.716.30.pdf
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Higgs properties 
for W

, Z
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r 
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JHEP 08 (2016) 045

PRL 114 (2015) 191803

● Scalar particle with high probability (CP-odd 
admixtures still possible).

●        known with rel. precision of              (to be 
compared with                                   from LEP).

● Particle has the coupling structure of a Higgs 
boson (within 10-20% precision).

5/25

http://dx.doi.org/10.1007/JHEP08(2016)045
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803


Institute of Experimental Particle Physics (IEKP)8  

Higgs properties 
for W

, Z

fo
r 

fe
rm

io
ns

JHEP 08 (2016) 045

PRL 114 (2015) 191803

● Scalar particle with high probability (CP-odd 
admixtures still possible).

● Particle has the coupling structure of a Higgs 
boson (within 10-20% precision).

5/25

Results of 3-4 years 
lasting rich harvest 
of run-1 data.

●        known with rel. precision of              (to be 
compared with                                   from LEP).

http://dx.doi.org/10.1007/JHEP08(2016)045
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803
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Higgs as input… 

C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016)

Gfitter: Results for the Global Electroweak Standard Model Fit

… in global electroweak fits:6/25

… particle lists of PDG Booklet (v 10/2016):

http://pdg.lbl.gov/
http://gfitter.desy.de/Standard_Model/
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LHC run-1 → run-2
Results for ICHEP 2016:

End of 2016:
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● For BSM Higgs: Golden age for 
classical searches at the energy 
frontier.

● For SM Higgs: see signal to BG gain 
in the table below

● By end of 2016:
                           + significant increase 
of parton luminosity depending on 
probed mass scale (      ).

7/25

http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html
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Higgs 2016: still there… 

ATLAS-CONF-2016-067

Significance:

Significance:

ATLAS-CONF-2016-079CMS-PAS-HIG-16-041

CMS-PAS-HIG-16-020

8/25

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-067/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-079/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-020/index.html


Institute of Experimental Particle Physics (IEKP)12  

                                              … and still with same properties 

CMS-PAS-HIG-16-020

CMS-PAS-HIG-16-041

       single channel, single experiment already 
compatible with run-1 ATLAS+CMS combined.

ATLAS-CONF-2016-067

9/25

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-020/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-067/
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Observation → measurement

(*) definitions of fiducial volumes in backup.

Fiducial cross sections:(*)

ATLAS-CONF-2016-081

CMS-PAS-HIG-16-041

10/25

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-081/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html
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Differential measurements

ATLAS-CONF-2016-067CMS-PAS-HIG-16-041

● Run-2 confirms that also differential distributions are well understood within experimental 
precision.

JHEP 09 (2014) 112

run-1
● Slight indications for harder spectrum in            in run-1.

11/25

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-067/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html
http://link.springer.com/article/10.1007/JHEP09(2014)112
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● Run-2 observations follow SM expectation.

(        above SM)

JHEP 09 (2014) 087

run-1
● Indications for slight excess 

seen in run-1 (both by 
ATLAS & CMS).

CMS-PAS-HIG-17-004

● Excess was most prominent 
in same-sign leptons.

12/25

http://dx.doi.org/10.1007/JHEP09(2014)087
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-004/index.html
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● SM-like Higgs boson with                    
                         established within 
experimental accuracy.

● Any extension of the SM should 
contain such a Higgs boson.

13/25
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Extensions of the Higgs sector

Additional      
singlet(s).

Additional       
doublet(s).

Additional       
triplet(s).

● All what is theoretically thinkable hosted/sorted by LHC 
HXSWG-3 (LHC HXSWG authoring CERN Higgs YR’s).

● Just one more 
Higgs boson.

● Mostly searched for 
in                      final 
states.

General class of Two 
Higgs Doublet (2HDM) 
models.

MSSM
NMSSM 

(singlet + doublet)

14/25

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG3
https://cds.cern.ch/record/2215893/files/LHCHXSWG-DRAFT-INT-2016-012.pdf


Institute of Experimental Particle Physics (IEKP)18  

Extensions of the Higgs sector

Additional       
singlet(s).

Additional       
doublet(s).

Additional       
triplet(s).

● All what is theoretically thinkable hosted/sorted by LHC 
HXSWG-3 (LHC HXSWG authoring CERN Higgs YR’s).

● Just one more 
Higgs boson.

● Mostly searched for 
in                      final 
states.

General class of Two 
Higgs Doublet (2HDM) 
models.

MSSM
NMSSM 

(singlet + doublet)
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Currently most 
intensively studied & 
most coherent set of 
searches. 

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG3
https://cds.cern.ch/record/2215893/files/LHCHXSWG-DRAFT-INT-2016-012.pdf
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Higgs Bosons in the MSSM

● As a 2 Higgs Doublet Model (2HDM) the MSSM predicts five Higgs bosons: 

● Strict mass requirements at tree level. Two 
free parameters:        ,                       .

(1) angle btw.      &      in isospace.

(1)

CP-even

CP-odd

15/25

Determines 
couplings @ LO.
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Higgs Bosons in the MSSM

● As a 2 Higgs Doublet Model (2HDM) the MSSM predicts five Higgs bosons: 

● Strict mass requirements at tree level. Two 
free parameters:        ,                       .

Large values of      
          of interest.

(1) angle btw.      &      in isospace.

(1)

CP-even

CP-odd

15/25

Determines 
couplings @ LO.
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The role of down-type fermions in the MSSM

For                  :                       (coupling to down-type fermions enhanced by         ).

Interesting production modes: Interesting decay channels:

LH
C

H
X

S
W

G
-3

16/25

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGMSSMNeutral
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Upshot of run-1:

CMS-PAS-HIG-16-007

Similar results from ATLAS (only not in single plot).

●                          excluded across 
whole          range.   

●                          excluded by non-
observation of “low mass”     .   

●                       most sensitive 
channel for high        high         .

● For low           vector boson 
channels gain importance. 

17/25

https://cds.cern.ch/record/2142432
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                Charged Higgs

● Expect signal in top sector…  

flavor 
democratic

heavy flavors 
preferred

additional b jets

… in decay (                  ): … in production (                 ):

● Covered channels:

ATLAS-CONF-2016-088 CMS-PAS-HIG-16-031

ATLAS-CONF-2016-089

CMS-PAS-HIG-16-027

18/25

(*) in non-MSSM interpretations

(*)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-088/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-031/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-089/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-027/index.html
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● Usually restrict to     (1-prong), use                        as discriminating variable. 

CMS-PAS-16-031
ATLAS-CONF-2016-088

Low & high mass search

High mass search only

19/25

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-031/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-088/
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                Exclusion

● Chapter of low mass region already closed by 
LHC run-1 results.

● Serious exploitation of high mass region only 
about to start now!

ATLAS-CONF-2016-088

CMS-PAS-HIG-16-031

20/25

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-088/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-031/index.html
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                Exclusion

● Chapter of low mass region already closed by 
LHC run-1 results.

● Serious exploitation of high mass region only 
about to start now!

ATLAS-CONF-2016-088

Intermediate mass region now accessible.

arXiv:1607.05291

CMS-PAS-HIG-16-031

21/25

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-088/
https://arxiv.org/abs/1607.05291
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-031/index.html
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Six decay modes:

CMS-HIG-PAS-16-037

BSM

● Introduce event categorization to increase 
sensitivity.

● Search for 2 isolated high  
     leptons (  ,   ,    ).

● Reduce obvious back-
grounds (e.g. use      ) & 
reconstruct discriminating 
variable related to       .

22/25

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-037/index.html
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Exclusion

CMS-HIG-PAS-16-037

ATLAS-CONF-2016-085

Parameter space  covered by Tevatron 
experiments before start of LHC.

● Run-1 probed already an enormous 
region in                . 

ru
n-

1

● Run-2 extended this further with only 
a fraction of data analyzed so far!

● With full run-2 sample expect to 
reach out to 2TeV.

23/25

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-037/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-085/
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Link between experiment & theory

● Both collaborations present their results also in form of 
maximally model independent limits on              or        
values.

CMS limits picked up and applied to 
different model using HiggsBounds.

Database of 1.25 mio    
             points for 31 
points in       (e.g. as 
HEPdata).

EPJ 75C (2015) 9, 421

JHEP 10 (2014) 160

24/25

http://HiggsBounds/
http://hepdata.cedar.ac.uk/view/ins1310838
https://arxiv.org/abs/1507.06706
http://dx.doi.org/10.1007/JHEP10(2014)160
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● Five years after Higgs discovery this new physics sector is better explored then we 
would ever have dreamed. 

● H established as SM-like Higgs boson with mass of 125 GeV (→ Higgs 
mechanism reality; → BSM models have to be compliant with this finding).

● Discussion here concentrated on MSSM (2HDM) as well motivated and currently 
most intensively studied SM extension.

● In this field LHC experiments have demonstrated enormous reach and beside SM 
Higgs program opened a new era of BSM Higgs searches.

● Extensions of the SM alternative to the MSSM (e.g. NMSSM, general 2HDM, … ) in 
process of being systematically sorted (in frame of LHC HXSWG).

● BSM Higgs searches have formed a major pillar of the LHC Higgs physics program 
so far and will gain more and more importance towards the end of run-2 an 
beyond.

Roger Wolf (KIT)
Frühjahrstagung der DPG, 30. März 2017
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Backup
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Wie kann eine Symmetrie zur gleichen Zeit 
erhalten und gebrochen sein?

Spontane Symmetrie-
brechung:

Führe Potential ein das den Grundzustand 
des Universums aus der Symmetrieachse 
der Bewegungsgleichungen zwingt.

(“hidden symmetry”)

→ Teilchenmasse als Kopplung an nicht 
verschwindenden Vakuumerwartungswert.
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Higgs boson couplings

● Six all tree level couplings.
● All loops resolved.
●                .
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JHEP 08 (2016) 045

Within measurement accuracy 
unique scaling as expected within 
the SM.

http://dx.doi.org/10.1007/JHEP08(2016)045


Institute of Experimental Particle Physics (IEKP)35  

LHC run-1→ run-2
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● Golden age for classical searches at 
the energy frontier.

● For SM Higgs the situation is mixed.

http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html
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Clear observation remains 
challenging.

● Extra    reduces non-
Higgs background.

● Event classification 
using BDT, signal 
extraction based on        
       .

ATLAS-CONF-2016-080

ATLAS-CONF-2016-091
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● Increase sensitivity by event 
classification by VBF topology,              
and         (→ up to 8 event categories).

● Signal and background model based on 
analytic functions. 

Most sensitive VBF category: 

● Second fermion generation in sight for LHC run-2.

● Another crucial test of the coupling structure of the 
new particle.

ATLAS-CONF-2016-041
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● Slight excess also observed 
in ATLAS run-1.

EPJ C 77 (2017) 70

Limit (95% CL):

● Not (yet) confirmed by run-2.

PLB 749 (2015) 337

Limit (95% CL):

(        above zero)

CMS-PAS-HIG-16-005

Limit (95% CL):

RUN-1

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-080/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-091/
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Why the Higgs boson still is not THE Higgs boson (1)

● SM does not contain gravity, which is of 
similar strength to other interactions latest 
at the Planck scale.

(1) 
Arguments taken from G. Weiglein (Higgs physics:where we are and what next? 01/2017)

What we have found and 
measured for       .

Different levels of fine tuning in the SM:

● SM → “low-energy limit” of (yet unknown) 
more complete theory.

● Question: is energy scale    at which new 
physics becomes observable accessible 
to us?

Relation to Higgs: why is       so small?

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-041/
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Exact cancellation of divergent behavior 
only if scalar exchange particle has coupling 
of type           .

Higgs sector in the light of (tree-level) unitarity

● Unitarity problem demonstrated for                                scattering:

Any additional contribution to this process should preserve this cancellation (leading 
to sum rules).

http://link.springer.com/article/10.1140/epjc/s10052-017-4624-0
http://dx.doi.org/10.1016/j.physletb.2015.07.053
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-005/index.html
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