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Higgs & 
naturalness? 
 
Higgs and vacuum 
stability? 



The Higgs game started >50 years ago 
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…though for a long time only theorists were allowed to play it: 

Ellis et al, twelve years after the BEH papers: 
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Higgs boson production 

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWGCrossSectionsFigures/Escan_h125.pdf 
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Higgs boson decay 

https://twiki.cern.ch/twiki/pub/LHCPhysics/
LHCHXSWGCrossSectionsFigures/Higgs_BR_LM.eps 
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bb 57.7% 
WW 21.5% 
gg   8.6% 
ττ   6.3% 
cc   2.9% 
ΖΖ   2.6% 
γγ   0.23% 
Zγ   0.15% 
µµ   0.022% 

mH=125 GeV 
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Overview of Higgs boson channels 
 
 
 
 
 
 
 
 

Mode Sensitivity Mass res. S/B (incl) rate comments 
ZZ*→4l very pure; mH; SpinCP 
γγ   mH; via loop 
WW→lνlν high rate 
ττ mainly VBF (sensitivity) 
bb mainly VH (trigger,QCD) 
ZZ*→llqq/llνν high-mass (mainly) 
WW→lνqq high-mass (mainly) 
µµ rare 
Ζγ 

Searches 
for SM-like 
Higgs 
bosons, 
assuming 
SM 

Eur. Phys. J. C 74 (2014) 3076 

http://cms-results.web.cern.ch/cms-results/
public-results/publications/HIG-13-001/
index.html 
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Run 1: 
  Higgs  
 summary 

2010 
<µ>=2 

2011 
<µ>=7 

2012 
<µ>=20 
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Only some highlights; 
there are about 150—200 
LHC publication on the Higgs sector; 
plus a few hundred CONF/PAS 2015 : <µ>=14 (25 ns) 

           <µ>=20 (50 ns) 
2030s: <µ>=200 
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Higgs boson discovery 

PDG 
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Higgs boson properties 
•  A typical Higgs boson property measurement is the result of 

combining dozens of analysis 
•  Not all analyses used everywhere: e.g. mH – only γγ, 4l 
•  Combined with the property as parameter-of-interest 

(maximum) input used for  
property measurements 
Bold X: used in  
   ATLAS+CMS combination 

  

Decay/Production tag GGF VBF VH ttH 
H→γγ X X X X 
H→ZZ X X X X 

H→WW X X X X 
H→ττ X X X X 
H→bb X X X 
H→inv X X 
H→µµ X X 
H→Zγ X X 
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Signal significance 

ATLAS-CONF-2015-044  
CMS-PAS-HIG-15-002 

•  Already measured well beyond 5σ: 
•  ggF 
•  γγ, ZZ, WW 

 
 
 
 
 
 
 
 
 

•  NB: We always measure production times decay 
•  Need assumptions to separate both (e.g. SM production/decay) 
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Mass measurement 

The tension between two experiments 
is evaluated to be 2.1σ in H→γγ 
channel, 1.3σ in H→ZZ→4ℓ channel, 
and within 1σ (0.8σ) in the full 
combination 

The tension between two channels is evaluated 
to be 2.0σ in ATLAS experiment, 1.6σσ in 
CMS experiment, and within 1σσ (0.2σσ) in the 
full combination 

Took almost 20 
years to falsify 
Prof. Homer 
 
mH=775 GeV, 
published 1998 
in FOX Rev. 
Lett. 

Phys. Rev. Lett. 114 (2015) 191803 

Precision: per mille-level (0.2%) 
 
Compatible with SM & MSSM 
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Signal strength 

ATLAS-CONF-2015-044  
CMS-PAS-HIG-15-002 

http://cms-results.web.cern.ch/cms-results/
public-results/preliminary-results/HIG-15-002/
index.html 

µ = 1.09 ±0.11  
   = 1.09 ±0.07(stat) ±0.04(expt) ±0.03(thbgd) ±0.07(thsig) 

Global 

Decay 
Production 

Mostly σ(gg→H) 

µij = ( σi BRj )obs / ( σi BRj )SM 
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Coupling strength 
•  Coupling strength modifier κ: 

Ratio to SM expectation 
•  κi

2 = σi / σi
SM 

•  κf
2 = Γf / Γf

SM 

•  Loops 
1.  Resolved (κt, κb, ..) 
2.  Effective (κg, ..) 

 

•  Total width 
1.  Assume: No BSM contribution 
2.  Allow BSM decays 

 

q

g

g

H

ATLAS-CONF-2015-044  
CMS-PAS-HIG-15-002 
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Coupling strength 
•  Coupling strength modifier κ: 

Ratio to SM expectation 
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Coupling strength 
•  Coupling strength modifier κ: 

Ratio to SM expectation 
•  κi

2 = σi / σi
SM 

•  κf
2 = Γf / Γf

SM 

•  Loops 
1.  Resolved (κt, κb, ..) 
2.  Effective (κg, ..) 

 

•  Total width 
1.  Assume: No BSM contribution 
2.  Allow BSM decays 

 

q

g

g

H

λdu =  0.91±0.12 
 
|λlq|=  1.06±0.15 

http://cms-results.web.cern.ch/cms-results/
public-results/preliminary-results/HIG-15-002/
index.html 

test e.g. 
 

    MSSM 
 
    2HDM 

ATLAS-CONF-2015-044  
CMS-PAS-HIG-15-002 

assumption: κi > 0 

Somebody might wonder why the lambda_lq is 
absolute value... The answer is that the scan is 
symmetric and we cannot tell a negative from 
positive 
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Tensor coupling structure 

§  Hypotheses to explain the 125-GeV boson:  
§  Spin 0: SM 0+;    0-;    (anom.) 0+;    mixtures 
§  Spin 2: Multidimensional space of models 
§  Rest: Strongly disfavored (from th and/or exp) 

§  Data agree with SM. Most tested Spin-2 hypotheses 
     excluded, but Spin 2 and CP-odd admixtures  
     still allowed 

Phys. Rev. D 92 (2015) 012004 

arXiv:1602.04516 

Optimal Observables, H→ττ –  
10x better than previous constraints 

Hypothesis test SM vs Spin 2 models 
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Differential cross sections 

PLB 753 (2016) 69-85 

•  Differential distributions in H events: test for BSM interactions.  
•  dσ / dpT

H:   BSM in (ggF production) loops 
•  dσ / dNjets:   QCD calculations 
•  dσ / dΔφjj:   CP properties 

•  No significant deviation from SM expectation 

EPJC 76 (2016) 13 

dσ / dpT
H 

dσ / dpT
H 

dσ / dNjets 

dσ / dΔφjj 

q

g

g

H



Run 1: 
  (Barely) significant      
 anomalies 
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NB: With hundreds of measurements in the Higgs sector, a 
few 2σ or even 3σ “effects” are expected. Nonetheless they 
deserve special attention during Run 2. 
 
Selection criteria:  
>2σ, plus consistency of ATLAS/CMS results 
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ttH  
•  Signal strength in ttH about 2σ from the SM 

 
 

•  Mostly driven by CMS same-sign µµ 
•  ATLAS: insignificant excess (1σ) 

•  Run 2 will tell if it is a fluctuation… 
•  ttH rate at 13 TeV: 4x higher 

JHEP 09 (2014) 087 

JHEP 09 (2014) 
087 

PLB 749 (2015) 
519-541 
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WH resonance  

arXiv:1601.06431 

•  WH resonance search 
•  eν bb channel 
•  Three excess events  

at mWH=1.8 -1.9TeV,  
2.9σ (global: 1.9σ) 

•  No excess observed in  
the µ channel. 

•  Νo excess observed 
by ATLAS 

•  early access at 13 TeV 
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HH→bbγγ 

PRL 114, 081802 (2015) 

•  Resonant search 
•  3σ tension with SM (global: 2.1σ): 

•  5 events around 300 GeV 
with <1 expected 

•  No corresponding CMS run 1 result 
•  Not observed in other HH searches 
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LFV H→τµ 

see talk by H. Weits today for 
details on the ATLAS result 

JHEP11(2015)211 

•  CMS: 2.4σ excess, best-fit:                                                  [µτe,µτh] 
•  ATLAS: 1σ,                                                  (0.77±0.62)%      [µτh] 
•  LHCb sees hints of LFV in B decays (B→Kll) 

So far not very significant, but could be explained by the same mechanism 

BR of 1% suggests NP around 
or even below 1 TeV 
Problem: H->emu is highly 
constrainted by tau decays 

PLB 749 (2015) 337 
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LVF H→τµ: update 

see talk by H. Weits today for 
details on the ATLAS result 

•  CMS: 2.4σ excess, best-fit:                                                  [µτe,µτh] 
•  ATLAS: 1σ,                                                  (0.77±0.62)%      [µτh] 
•  LHCb sees hints of LFV in B decays (B→Kll) 

So far not very significant, but could be explained by the same mechanism 
•  BR(1%) would suggest BSM physics at ≈1 TeV 

•  But difficult to reconcile with  
absence of H→eµ observation 

 
•  ATLAS update: 

•  eτ, µτl spot-on with SM expection 
•  eτ:  B(H→eτ)<0.69% (95% CL) 
•  µτl: B(H→µτ)<1.9%   (95% CL) 

 
 

 
 

BR of 1% suggests NP around 
or even below 1 TeV 
Problem: H->emu is highly 
constrainted by tau decays 

meτ [GeV] Results to be released shortly 



Run 2: 
  13 TeV results 
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•  H→4l 
•  H→γγ (+MET) 
•  VH 
•  ttH 
•  HH 
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H → 4l 
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•  Statistics-limited 
•  CMS significance: 2.5σ (exp: 3.4σ) 

•  Searches for X → ZZ: 
•  llll , llqq , llνν: agree with SM 

ATLAS-CONF-2015-059 

CMS-PAS-HIG-15-004 

ATLAS-CONF-2016-016 

llqq 

4l 

4l 
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H → γγ and combination with 4l 
•  CMS significance: 1.7σ (exp: 2.7σ) 
•  ATLAS: Combined total cross 

section measurement 
•  Agrees with SM expectation 

  

CMS-PAS-HIG-15-005 

ATLAS-CONF-2015-069 
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H(→γγ) + MET search 
•  H + MET: DM search 

•  results agree with SM 
  

ATLAS-CONF-2016-011 
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VH resonances 
•  Remember: CMS: a few excess  

events in run-1 (eνbb), 1.85 TeV 
•  2015 sensitivity similar or  

better than for run 1 
•  Run 2 result 

•  consistent with SM: 
    no significant excess 

ATLAS-CONF-2015-074 
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ttH 
•  2015 data equivalent to 50% of run 1 [factor 4 increase in cross section] 

•  Run 1 combination: 2σ tension with SM 
•  Run 2: CMS results for γγ, bb, leptons 

•  Good agreement with SM, deficit in bb 

CMS-PAS-HIG-15-008 
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HH→bbγγ 
•  3σ effect in run 1: ATLAS bbγγ (300 GeV) 
•  2015: Neither CMS nor ATLAS observe any excess 
•  ATLAS run 1 result: would translate to two expected  

events at ≈300 GeV for the 2015 dataset [under certain assumptions] 

•  The current result excludes more than 3 events at 95% C.L. 

arXiv:1603.06896 

ATLAS-CONF-2016-004 

CMS-PAS-HIG-16-011 

ATLAS-CONF-2016-017 

• New results for bbττ, bbWW and bbbb agree 
with SM  



Prospects: 
  LHC &  
 beyond 
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"Data! Data! Data!"  
he cried impatiently.  
"I can't make bricks without clay." 
 
Sherlock Holmes, in: Arthur Conan Doyle,  
The Adventure of the Copper Beeches 
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LHC schedule 

•  150 fb-1:  by 2018  Run 2 
•  300 fb-1:  by 2023  Run 3 
•  3000 fb-1:  by 2037  High-lumi LHC (HL-LHC) 
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LHC Run 2 
•  More than 10x the parton luminosity of Run 1 [150 fb-1 at 13 TeV] 

 
•  Until end of 2018 at latest, 

•  All 3σ-ish excesses will either disappear,  
be revealed as systematic effects or have led to new discoveries 

•  precision in Higgs coupling measurements will enter the 
 really interesting regime: hints or constraints of  
 SUSY, composite Higgs, singlet Higgs, twin Higgs 
•  Projections exist only for 300 fb-1 

•  In addition to current flagships, these will start getting more attention: 
•  ttH production                          cross section increase: factor 4 
•  HH production 
•  µµ decays 
•  Zγ* decays 

not measured yet,  
limits getting closer to SM cross section 
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LHC by 2023 and 2037: couplings 
•  Precision per experiment, 300 fb-1: 

•  ≈5%  : bosons (today: 20-30%) 
•  ≈10%: fermions (τ,b,t; today 30%) 

 

•  Substantial improvement with 3000 fb-1 
•  Uncertainties will be almost halved 

 

•  5-20% are needed to probe composite  
  Higgs, MSSM, additional H singlet 

ATL-PHYS-PUB-2014-016 

CMS-NOTE-2013-002 CMS-NOTE-2013-002 

Scenario 1: Systematics as in Run 1 
Scenario 2: TH uncertainties halved; other systematics ~√lumi 
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LHC by 2037: self-coupling 

HH cross section vs λ/λSM   

HH→bbγγ 

ATL-PHYS-PUB-2014-019 

3000 fb-1: 
CMS: relative unc. on HH    
cross section: 60% 
ATLAS: exp. significance    
for HH production: 1.3σ 
 
8-10 signal events 
=> potential for self-        
coupling measurement low 
(λ/λSM in [-1;9] at 95% CL, 
 SM expectation) 

ECFA CMS Results 

SM: Negative 
interference between HH 
production with and 
without HHH vertex 
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Higgs searches beyond the LHC 
•  couplings in atomic physics [novel idea] 

•  LHC cannot probe coupling to 1st-generation fermions  
•  Higgs boson: attractive force between nuclei and electrons 

•  Potential proportional to yqye (q=u,d) 
•  Leads to a shift in transition energies 

•  Can be measured with high precision O(10-15) 
•  theoretical uncertainties are larger, but partially cancel when comparing isotopes 

 
•  Precision measurement of the Higgs sector, 

in particular: total width; self-coupling; other couplings 
•  ILC (Japan) [√s=0.5-1 TeV, 50-70km tunnel] 
•  CEPC (China): Higgs factory  

[√s=240-250 GeV, 30km length] 
•  CLIC, FCC, muon collider, ... ? 

arXiv:1601.05087 



Consistency of the EW theory 
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Full EW 2-loop
Z-partial widths at 1-loop•  Global EW fit (Gfitter collaboration) 

after Higgs boson discovery & mH measured 
•  χ2 / dof = 17.8 / 14   (p value: 0.21) 

[ for mH=300 GeV, would be p=3x10-5 ] 
 

•  For the first time: self-consistent EW sector 
•  No direct observation of BSM physics 
•  No (indirect) indication of BSM physics  

in measurements 
 

•  Time to forget about the Higgs boson and 
move on to something more interesting? 

Eur. Phys. J. C 74, 3046 (2014) 
Data: LEP, SLC, Tevatron, LHC 
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Why the Higgs sector is still awesome 
•  Important open questions related to the  

Higgs sector 
•  Naturalness: mH ~ µ2 + cΛ2. 
•  If it is real: low fine-tuning requires ΤeV- 

scale BSM physics (for 1%: Λ<10 TeV) 
 

•  Vacuum stability 
•  X 

•  Dark matter 
•  H could be the only SM particle coupling to DM  
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The equation gives mH=775 
GeV – in a 1998 episode 
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•  Open questions related to the Higgs sector 
•  Naturalness: mH

2 ~ µ2 + cΛ2. 
•  If it is real: low fine-tuning requires ΤeV- 

scale BSM physics (for 1%: Λ<10 TeV) 
 

•  Vacuum stability 
• Nature of EW vacuum tied to mtop and mH 

 
•  Dark matter, dark sector 

• H could be the only SM particle coupling to DM  

•  Indirect probe for BSM physics 
•  BSM models: typical effect on couplings O(5%) 

•  MSSM, composite Higgs, twin-Higgs, add. singlet 
•  Just about to enter this region of precision! 



Backup slides 
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Kappa framework 
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σ x BR (SM) 
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Width measurement 
§ Direct: ATLAS: H→γγ: Width limit: 5.0 GeV; H→ZZ: 2.6 GeV 
§             CMS:     H→γγ: Width limit: 2.4 GeV; H→ZZ: 3.4 GeV 
§ Indirect: Coupling fits and Higgs-to-invisible searches  
§ Indirect: From comparison of on- and off-shell H→4l signal strength   

ATLAS-CONF-2014-042 

CMS: Γ(H) < 22 (33) MeV 
  5.4 (8.0) times SM expectation 

arXiv:1405.3455 

Phys. Rev. D. 90, 052004 
arXiv:1312.5353 
arXiv:1407.0558 

ATLAS: 
  5-8 (7-12) times SM expectation 
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H→γγ 
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Cross section 
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Couplings projection: assumptions 

CMS Scenario 1: Systematic uncertainties as in Run 1 
CMS Scenario 2: Theory uncertainties halved;  

     other systematics scale with √lumi 


