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Schedule for today

Higgs properties & 
implications

Searches in specific 
extensions of the SM Higgs 
sector

Generic searches

1

3

2

● No more questions...

Bud Spencer 31. Okt. 1929 – 27. Jun. 2016

https://de.wikipedia.org/wiki/Bud_Spencer
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The discovery…  

4th July 2012

PLB 716 (2012) 30

https://cds.cern.ch/record/1471016/files/plb.716.30.pdf
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                                     … and beyond
“untagged”

Decay / Prod

Part of discovery After LHC run-1 Not covered

(CMS   )
(ATLAS)

Significance:

(CMS   )
(ATLAS)

Significance:
Significance:

(CMS   )
(ATLAS)

(CMS   )
(ATLAS)

Significance:

(CMS   )
(ATLAS)

Significance:

Impressive consolidation of 
discovery. Major LHC run-
1 result!

44 (peer reviewed) 
publications since 
discovery 
announcement
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https://cds.cern.ch/record/1471016/files/plb.716.30.pdf
http://dx.doi.org/10.1103/PhysRevD.89.092007
http://dx.doi.org/10.1007/JHEP01(2014)096
http://dx.doi.org/10.1007/JHEP05(2014)104
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.012003
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Spin & CP?

Single particle?

Decay width?

Coupling 
structure?

Mass?

X(125) → H(125)

● A known suspect (within 10-30% accuracy):

● Spin-1 and 2 excluded. 

● CP-odd admixture of up 
to 50% still possible. 

● CP-even. 

● Non-trivial coupling 
structure of a SM-like 
Higgs boson.

● No sign for deviations 
so far!

● checked mass
● checked couplings

●                      under 
SM assumptions.

●                   one of 
the best known 
parameters in SM.

?
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Directives for 2016++

“up for 2016++”

Cross sections:
Pseudo-Observables/

● fiducial
● simplified
● differential

CP-measurement
● Hope for 
● Clear prospects. 
● Still experimentally 

very challenging. 

“endurance required (>2018)”

Expected deviations in models:

Heidi Rzehak (2013)

Find another 

Higgs boson

“expect lasting result ~2018/19”

“on call fo
r 2

016++”

Extensions of the 
Higgs sector:
● additional singlet(s)
● additional doublet(s)
● additional triplet(s)
● … 

EPJC 76 (2016) 13

Higgs self-coupling

● LHC project for 3/at.
● Studies for upgrade 

proposals.

“beyond scope”

● Explore what we have: ● Out for the unknown:

Precision on couplings
● EFT approaches
●      

https://ilcagenda.linearcollider.org/conferenceOtherViews.py?confId=5840&view=standard
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-016/index.html
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Why it is not THE Higgs boson (of the SM) (1)

● Gravity is not included in the SM.

● Dark matter is not included in the SM.

● The SM suffers from the hierarchy problem.

● Neutrino masses are not included in the SM.

● There are known deviations in                   
from the SM expectation (       unresolved).

● There must be physics beyond 
the SM!

● At what scale does it set in?

● (How) Does it influence the 
Higgs sector?

arX
iv:hep

-ph
/ 0

003170

(1) Arguments stolen from S. Heinemeyer (HH Higgs workshop 2014)

What we have found and 
measured for       .

Different levels of fine 
tuning in the SM.

http://arxiv.org/abs/hep-ph/0003170
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Space left for new physics in the Higgs sector

● Couplings are determined within   
                  accuracy. 

arXiv:1606.02266 (submitted to JHEP)

● Allows for contributions from 
additional Higgs bosons with 
couplings at this order. 

● These can be searched for e.g. as 
simple additional             singlets. 

http://arxiv.org/abs/1606.02266
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High mass Higgs boson search in         and 

● Search in mass range of                                      .

● Combination of several channels in         and       (→ 55 channels/categories).

Merged jet event categories 
in         :

JH
E

P
 1

0
 (

20
15

) 
14

4

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-13-031/index.html
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 Additional SM-like Higgs boson?

● Additional Higgs boson with same production cross section and       as expected for 
the SM (for given mass value).

JHEP 10 (2015) 144

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-13-031/index.html
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EWK singlet admixtures?

Unitarity bound for:

Additional heavy 
Higgs (   ) that 
mixes with           . 

● Unitarity constraint: 

→ couplings of    re-
duced by coupling to      
   . 

● Allow additional       for 
non-SM    decays:

Boundary for main 
assumption of analysis:           
                  (based on CMS    
limit on                                      
from couplings)

JHEP 10 (2015) 144

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-13-031/index.html
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● Search in mass range of                                    .

High mass Higgs boson search in       

● Combination of four sub-categories.

● Analysis strategy same as for SM Higgs search.

P
LB
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http://dx.doi.org/10.1016/j.physletb.2015.09.062
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Space left for new physics in the Higgs sector

● Exotic decays of the observed Higgs boson.

● Estimate the space still left by the 
coupling measurement by adding     
             as a free parameter to the 
coupling estimate.

● Give maximal freedom to the fit: 
let all        float freely. Constrain    
            (→ which is a choice well 
motivated by theory).

arXiv:1606.02266 (submitted to JHEP)

●                         still possible!

http://arxiv.org/abs/1606.02266
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                              LFV Higgs couplings

● SM forbids LFV couplings at tree level. 

●                       analysis w/ two specialties: 

● Three couplings kinematically possible:         
          ,            ,            .          

● LVF in Higgs sector. Limits in literature:

●           is harder (→ less       in the decay).

●       are more collinear. Use of collinear 
approximation for         .

P
LB
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49

 (
20

1
5)

 3
37

●                                         .

●                                     .

●                                     .

http://dx.doi.org/10.1016/j.physletb.2015.07.053
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                              LFV Higgs couplings

excess
1.57% @ 95% CL

Distribution shown in previous 
slide.

Strongest limits 
on the market!

PLB 749 (2015) 337

http://dx.doi.org/10.1016/j.physletb.2015.07.053
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                Direct searches for                        

EPJC 74 (2014) 2980

http://dx.doi.org/10.1140/epjc/s10052-014-2980-6
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58% (obs)

44% (exp)

Direct searches for                        

s-channel

EPJC 74 (2014) 2980

http://dx.doi.org/10.1140/epjc/s10052-014-2980-6
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q q

                

58% (obs)

44% (exp)

Direct searches for                       

s-channel

t-channel

EPJC 74 (2014) 2980

http://dx.doi.org/10.1140/epjc/s10052-014-2980-6
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                Direct searches for                       

q q

s-channel

t-channel
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SUSY particles as DM candidates

● Extension of SM by a last remaining, non-trivial, symmetry operation (boson ↔ 
fermion), SUSY, can cure many shortcomings of SM:

● E.g. lightest SUSY particle (LSP) perfect candidate for    .

● Problem: SUSY itself is broken!
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Extended Higgs sectors

● The MSSM, like any other Two Higgs Doublet Model (THDM) predicts five Higgs 
bosons: 

● Strict mass requirements at tree level:

two free parameters:       , 

(angle btw.      &      in isospace)



Institute of Experimental Particle Physics (IEKP)22  

The role of down-type fermions

Interesting production modes:

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

Interesting decay channels:

(“       ”)(“       ”)

L
H

C
H

X
S

W
G

-3

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGMSSMNeutral
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               decay channel

● Two well isolated                  
                      .

●                        , but high 
mass resolution.

● Robust & simple event 
selection:

● Distinguish           and        
               event category.

● Dominant background:    
(in           category) and     
             .
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               decay channel

    visible only in     
category since couplings 
to    are not enhanced.

Table on cf 23 @ work:

Example for                          ,

● Simulated with Pythia-6.

● Mass spectra corrected 
to FeynHiggs.

● Fit Breit-Wigner functions 
+ convoluted Gaussians.

PLB 752 (2016) 221

simulated signal samples

http://arxiv.org/abs/1508.01437
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               decay channel

● Largest coupling (cf slide 23).

● Main challenge: background 
from QCD multi-jet prod.:

● High rate:

● Difficult to model

strict          requirements during 
online selection.

model BG purely from control 
sample in data.

● Restrict search to 
associated production:

(“       ”)(1)

(2)

(1)
usually one   -quark not within detector 

    acceptance. 

(2) 
   not included in this search. 
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               decay channel

● Largest coupling (cf slide 23).

● Main challenge: background 
from QCD multi-jet prod.:

● High rate:

● Difficult to model

strict          requirements during 
online selection.

model BG purely from control 
sample in data.

● Restrict search to 
associated production:

(“       ”)(1)

(2)

(1)
usually one   -quark not within detector 

    acceptance. 

(2) 
   not included in this search. 

●                   .

Signal region:

● Tightest          
requirement.

●                        
             .

●              events.

Control region:

●                  .

● Apply efficiency 
scale factors for   
                on not  
           jet.

●                events.
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2d signal extraction:
● Inv. mass of two leading              jets (      ).

● Condensed                 variable (      ):

: secondary vertex mass; :      leading               jet.

● Signal:

5 background templates

Background model:

combine 
indistinguishable 

templates

apply         efficiency

               decay channel
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● Fit to data (signal model for                        , corresp. to        significance)(3).

●                                                      for         (  -only) fit. Dominated by triple  
signatures (           )(4).

(3)
in              limit (see backup)

(4)
             means              quarks in jet

JH
E

P
 1

1 
(2

0
15

) 
71

               decay channel

http://arxiv.org/abs/1506.08329
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               decay channel

Six decay modes:

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

● Reduce obvious backgrounds (e.g. 
use      ) & reconstruct       .

● Inputs: visible leptons, x-, y-component of      .
● Free parameters:    ,     , (       ) per   .
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● In              events 
replace    by sim    ).

● Norm from               .

● From simulation.
● Normalization from 

sideband.

● Normalization & 
shape from data.

● From simulation
● Corrected for           

or                miss-Id.

● From simulation
● Normalization from 

sidebands.

JHEP 05 (2014) 104

               decay channel

http://dx.doi.org/10.1007/JHEP05(2014)104
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b-tag category: No b-tag category:

JHEP 10 (2014) 160

● Search for additional peak(s) in        distribution.

               decay channel

http://dx.doi.org/10.1007/JHEP10(2014)160
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Charged Higgs in the MSSM

● Expect signal in top sector. 

heavy flavors 
preferred

flavor 
democratic

additional 
b jets

● Concentrate on hadronic decay of W → 
well defined use of        for signal extrac-
tion.

● Most sensitive decay channel:     .
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CMS-HIG-PAS-16-007

CMS-HIG-PAS-16-006

http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html
https://cds.cern.ch/record/2142432
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-006/index.html
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More searches!!!

PLB 749 (2015) 337

Lepton flavor violation in the Higgs sector

Generic                 searches:

PLB 748 (2015) 221

CMS-PAS-HIG-14-030

S
ub

m
. 

to
 P

LB

CMS-PAS-HIG-15-001

http://dx.doi.org/10.1016/j.physletb.2015.07.053
http://dx.doi.org/10.1016/j.physletb.2015.07.010
https://cds.cern.ch/record/2002557/files/HIG-14-030-pas.pdf
http://arxiv.org/abs/1506.00424
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig15001TWiki
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Concluding remarks

● Discovered Higgs boson leaves still enough space for new physics beyond the 
SM. No reasons why Higgs sector should follow SM.

● Newly opened Higgs sector is a prime terrain to look out for new physics.

● New physics could show up in:

● Deviations of coupling structure of observed Higgs from SM prediction.

● Unexpected decays of the observed Higgs (→ link to DM searches).

● Non-trivial extensions of the Higgs sector (→ link to DM & to CP violation).

● Not discussed here: searches for new physics in 
form of resonant decays into the observed Higgs.

● BSM Higgs searches are the prime target for the 
LHC run-2.
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Backup

Schön war's...

● Freitag 08/07: Fragestunde in SR 8-2.

● Donnerstag 14/07: Seminar kl. HS-B.

● Donnerstag 21/07: Kaffee & Eis (tba).
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Closing in … 

What we have found and 
measured for       .

Different levels of fine 
tuning in the SM.
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The SM in the stress field 
of vacuum stability.
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