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ICHEP 2016 
•  A snapshot of the field  

     at a unique moment… 

•  Unprecedented media interest 
and public engaement 
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WHY?  DATA, AND LOTS OF IT! 
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ICHEP 2016 DATASET 
 

The unprecedented dataset led to a unique sense of excitement and 
expectation among experimentalists and theorists alike… 	
but remember, this is still only 1% of the final LHC dataset	



TODAY’S TALK 
A selective take on the highlights  – 
 
Trying to cover both DESY-centric and less familiar topics 
 

•  1. New physics observations from LHCb - 
•  CP violation in the baryon/charm sectors 
 

•  2. Top physics  
•  Cross sections and mass 
•  New ideas in top quark phenomenology  

•  Top-philic Z’, EFT at NLO 
•  BSM-sensitive top quark measurements 
•  Calibration of Monte-Carlo top mass 
 

•  3. The latest on future HEP facilities 
•  CEPC, ILC, FCC-ee… 

•  For interesting results on neutrino oscillations at 
T2K, see the presentation here. LINK 
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γγ	



CP VIOLATION 
MEAUSREMENTS FROM LHCb 
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CP VIOLATION IN Λb decays 0	

•  Initial discovery of CPV was in neutral K0 decays 
•  Recently it has been observed in B0  B+, and B0s  decays,  

 -> but  never observed in the decays of any baryon 

In the SM, decays of the Λb (bud)  baryons to hadrons predicted to CP 
asymmetries as large as 20% for certain three-body decay modes 	
 

LHCb measures the asymmetries w.r.t  of the 4-body decay 
•  Λb → pπ−π+π−	
The asymmetries are CP-odd, thus a non-zero result implies 
CP-violation.	
	
	



CP VIOLATION IN Λb decays 0	

•  Asymmetries as a function of the relative 
orientation between the decay planes 
formed by the pπ- and π+π- systems (Φ)  

 
•    3fb−1 of at 7, 8 TeV data analysed. 
 
•  CP violation at 3.3 sigma level	

•  LHCb-PAPER-2016-030 in preparation  
 
•  13 TeV results awaited with interest. 



CP VIOLATION IN CHARM DECAYS 

•  CP violation in charm sector expected to be 
very small in SM	

•  But can be enhanced by new physics	

 
 

•  Combining with a previous result (B→DµX decays), the most precise 
CP violation measurement in charm meson decay from a single 
experiment is obtained - 

 

Still consistent with no CPV -> no hint of new physics.	



TOP PHYSICS 
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TOP PHYSICS – THE STATE OF THE ART 
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•  The Standard Model extremely successful in predicting the cross 
sections of processes with top quarks: tt, t , tW, ttZ, ttW, ttγ… 

Experimental precision now ~ theory (NNLO+NNLL) precision: 
•  Deep probe of pQCD 
•  Extraction of fundamental parameters (Mt, σs, PDFs) 
•  Check for hints of new physics, constrain background for searches 
•  Huge stats allow new corners of the phase space to be explored… 
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CMS  (8 TeV)-1                                                              19.7 fbPreliminary

2D differential  σtt 
CMS-TOP-14-013	
Double-differential tt cross sections at 8 TeV	

•  first measurement of this type 
•  bin tt events in two variables e.g., Pttop – ytop , Mtt – ytt  
•  Mtt – ytt especially sensitive to PDFs 
•  2D distributions provide stronger PDFs constraints than 1D 

PDF Constraints	

Significant 
reduction of 
uncertainty at 
high-x	
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TOPS AND DARK MATTER 
 – novel collider phenomenology (JHEP 1606 (2016) 110 [1512.00471]) 

-> Slight deviation in combined ATLAS+CMS ttH signal strength:	

μ = σ/σSM  = 2.3 +0.7 
– 0.6  (driven by CMS same-sign dilepton channel)	

	

•  Attempt to explain excess with Top-philic Z’ model	
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Potentially interesting signature(s)…	
e.g. Boosted ttbar + resolved ttbar?	

	
	



TOPS AND DARK MATTER 
 – novel collider phenomenology (JHEP 1606 (2016) 110 [1512.00471]) 

•  Observables based on  tttt, Zh, DM relic density, Galactic γ excess, sensitive 
to Z’ model parameters	

•  Apply constraints and deduce best fit Z’ mass and Z’-top coupling 
 

14	Seems to deserve a dedicated LHC search	



TOPS AND DARK MATTER 
 – novel collider phenomenology (JHEP 1606 (2016) 110 [1512.00471]) 

•  Observables based on  tttt, Zh, DM relic density, Galactic γ excess, sensitive 
to Z’ model parameters	

•  Apply constraints and deduce best fit Z’ mass and Z’-top coupling 
 

Seems to deserve a dedicated LHC search Hint of deviation remains at 13 TeV	
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TT + Z/W AT 13 TEV 



CMS-TOP-16-016 – 	
Search for SM four top production  
•  Extremely rare SM process σtttt ~ 9 fb 
•  Sensitive to new physics 
•  Combining single- and dilepton channels 
•  Fit to multivariate discriminator in (b)jet categories 

tttt 

•  Obs. (exp.) limits 10 (11) x SM σtttt 	
•  Sensitivity limited by statistics	
•  Factor of 2 increase in sensitivity wrt 8 TeV	
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THE EFFECTIVE FIELD THEORY 
APPROACH - an agnostic approach to 
finding new physics in the top quark sector 

•  Precision top quark observables are sensitive to new physics.	

•  If new physics scale Λ is very large wrt to LHC scale new physics 
manifest as virtual effects only.	

•  In this case, an effective field theory is a sufficient description 

18	

Nothing new – 	
Recall the classic effective Fermi theory 
of Beta decay.	
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Nothing new – 	
Recall the classic effective Fermi theory 
of Beta decay.	



EFT PARADIGM IN THE TOP SECTOR 
- SMEFT  
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EFT PARADIGM IN THE TOP SECTOR 
  - SMEFT  
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LATEST PROGRESS – EFT @ NLO 
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LATEST PROGRESS – EFT @ NLO 
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TOP QUARK MASS CALIBRATION FOR MONTE-
CARLO EVENT GENERATORS (M.PREISSER) 

24 

Persistent question in determination of top mass: 
  “What do really measure when we measure Mt” 



TOP QUARK MASS CALIBRATION FOR MONTE-
CARLO EVENT GENERATORS (M.PREISSER) 
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•  Persistent question in top physics: 
  “What do really measure when we measure Mt?” 
 
 
 

TOP QUARK MASS 

OR 	

•  The top quark’s ultra short lifetime means 
standard measurements extract Mt from 
kinematic reconstruction of decay  

•  Not trivial to interpret this Mt as a fundamental 
parameter of the SM 



TOP QUARK MASS CALIBRATION FOR MONTE-
CARLO EVENT GENERATORS (M.PREISSER) 
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•  Persistent question in top physics: 
  “What do really measure when we measure Mt?” 
 
 
 

•  The top quark’s ultra short lifetime means 
standard measurements extract Mt from 
kinematic reconstruction of decay  

•  Not trivial to interpret this Mt as a fundamental 
parameter of the SM 

 

 
•  Need to convert Mt to a less model-dependent 

short-distance mass scheme, e.g. MSR,MS 



TOP QUARK MASS CALIBRATION FOR MONTE-
CARLO EVENT GENERATORS (M.PREISSER) 

27 



TOP QUARK MASS CALIBRATION FOR MONTE-
CARLO EVENT GENERATORS (M.PREISSER) 

28 For now just e+e- investigated…	
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FUTURE FACILITIES - ILC 
•  500 GeV linear e+e- collider primarily for 

extremely precise Higgs physics 

Nice synergy with 
XFEL at DESY	



FUTURE HEP FACILITIES 

30	
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FUTURE FACILITES 
•  CEPC-SPPC	

•  Ambitious Chinese project for an initial 240 GeV e+e- and subsequent 70 TeV 
pp colliders in the same 50k circular tunnel. 

•  Initially a Higgs,Z factory for precision, then an all-out discovery machine 
•  http://cepc.ihep.ac.cn/preCDR/volume.html 
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FUTURE FACILITES 
•  CEPC-SPPC	

•  Ambitious Chinese project for an initial 240 GeV e+e- and subsequent 70 TeV 
pp colliders in the same 50k circular tunnel. 

•  Initially a Higgs,Z factory for precision, then an all-out discovery machine 
•  http://cepc.ihep.ac.cn/preCDR/volume.html 
An aggressive timeline is envisaged…	
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FUTURE FACILITIES – FCC-ee 
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FUTURE FACILITIES – FCC-ee 



DIVERSITY + INCLUSION 
•  First ever ICHEP session on this topic 
•  Interesting, stimulation talks with a 

great variety of topics 
•  Staggering statistics on the 

underrepresentation of minorities in 
physics, especially from PhD level 
onwards… 

•  Many programs at national and 
experiment level to address this. 
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DIVERSITY + INCLUSION 
•  APS Bridge program 

underway to equalise the 
numbers of black and 
hispanic students at 
Bachelor and PhD levels 
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SUMMARY  
•  ICHEP 2016 was a unique gathering of the HEP community 

•  Excitement due to enormous dataset was palpable. 
•  Disappointment due to null result mitigated by the realisation that 

this enormous dataset set is still only ~1% 

•  Yet at least one (somewhat) surprising, beautiful result –  

•    CP violation in the baryon sector 

•  Null results stimulated the imaginations of phenomenologists 

•  Top-phillic Z’ 
•  EFT @ NLO 

•  Exciting plans for future colliders becoming more concrete 

•  CEPC-SppS, ILC, FCC 
  37

 



SEARCHES FOR SUPERSYMMETRY 

38 This plot says it all… 
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TOP QUARK PHYSICS 
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•  Total uncertainty 3.9 % 

•  Most precise 13 TeV 
    CMS measurement so far 

•  Inclusive ttbar cross section 



7&8TeV 

Incl. σtt measurements 

Total uncertainty = 3.7% 
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Incl. σtt measurements 

5.02TeV 
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Incl. σtt measurements 

5.02TeV 

TOP-16-015 
 First measurement at this energy! 

•  Reference for future measurement with heavy ions. 
•  Potential to constrain high-x gluon PDF 
•  Total uncertainty ~25% (statistics dominate) 
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Incl. σtt measurements 

5.02TeV 
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TOP-16-015 
 First measurement at this energy! 

•  Reference for future measurement with heavy ions. 
•  Potential to constrain high-x gluon PDF 
•  Total uncertainty ~25% (statistics dominate) 
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TOP-16-006 –  
e/µ +jets channel at 13 TeV 

•  Shape fit in 44 lepton charge (b) jet  
   multiplicity categories. 

•  In-situ constraints on systematics  
 
•  Total uncertainty ~ 3.9% 

•  Most precise 13 TeV 
    CMS measurement so far 
 
•  Largest uncertainties: 

•  W+jets bkg. modelling 
•  Luminosity 

•  Extraction of Mtop (pole)  
   mt = 172.3    GeV 

NEW 

−2..3 
+2.7 
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See talk from E. Bouvier 
on Mtop extraction 



measuring σtt differentially 

Top quark definitions 

Parton-level:  
 top quark after radiation but before decay 
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measuring σtt differentially 

l 
ν 

Top quark definitions 

Particle-level:  
top quark proxy reconstructed from decay 
products after hadronisation 46 



differential  σtt 
TOP-14-018, TOP-12-028, TOP-15-011  
(arXiv:1509.06076, arXiv:1505.04480 )  
 
•  Differential cross sections at 8 TeV  

•  Comparisons to NLO MC generators 
    and NNLO QCD predictions 
 
•  Miss-modelling of top Pt spectrum  
    observed in all decay channels. 
 

TOP-16-007  

•  Differential cross sections in the eµ 
channel at particle-level at 13 TeV 

•  Miss-modelling of top Pt spectrum re-
confirmed at particle-level 

•  Similar results at 13 TeV parton-level 
(TOP-16-008, TOP-16-011) 

NEW 
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differential  σtt 
TOP-14-018, TOP-12-028, TOP-15-011  
(arXiv:1509.06076, arXiv:1505.04480 )  

•  Differential cross sections at 8 TeV  

•  Comparisons to NLO MC generators 
    and NNLO QCD predictions 
 
•  Miss-modelling of top Pt spectrum  
    observed in all decay channels. 
 

TOP-16-007   
 
•  Differential cross sections in the eµ 

channel at particle-level at 13 TeV 

•  Miss-modelling of top Pt spectrum re-
confirmed at particle-level 

•  Similar results at 13 TeV parton-level 
(TOP-16-008, TOP-16-011) 

NEW 
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differential σtt (boosted) 

TOP-16-013  
Boosted & resolved reconstruction at 13 TeV 

•  top Pt measured from 0 -> 1.2 TeV 
    at parton and detector levels 
 
•  compared to MC generator predictions 

•  Pt  in data softer than MC prediction across 
    spectrum 

 
 

TOP-14-012 (arXiv:1605.00116) 
•    Parton and particle level at 8 TeV  

•  Pt >400 GeV 
•  Pt mis-modelling observed again 

 Boosted reconstruction 
 -> hadronic top decay reconstructed in one jet  
 -> jet substructure techniques used to tag tops  
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differential  σtt 
TOP-14-013 
Double-differential tt cross sections at 8 TeV 

•  first measurement of this type at the LHC 
•  bin tt events in two variables e.g., Pttop – ytop , Mtt – ytt  
•  Mtt – ytt especially sensitive to PDFs 
•  2D distributions provide stronger PDFs constraints than 1D 

NEW 
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differential  σtt 
TOP-14-013 
Double-differential tt cross sections at 8 TeV 

•  first measurement of this type at the LHC 
•  bin tt events in two variables e.g., Pttop – ytop , Mtt – ytt  
•  Mtt – ytt especially sensitive to PDFs 
•  2D distributions provide stronger PDFs constraints than 1D 

NEW 

PDF Constraints 

Significant 
reduction of 
uncertainty at 
high-x 
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TOP-15-006,TOP-15-011 
•  Measurement of tt+jets, tt+jj cross sections at 8TeV 
•  Jet multiplicity well modelled by most generators  
•  tt+jj cross section in agreement with prediction  
    (JHEP 07 (2014) 135) 

NEW 

TOP-16-010  
•  tt+bb, tt+jj at particle level 
    in visible region at 13TeV 
•  Probes QCD, constrains bkd for tt +Higgs 
•  Results consistent with POWHEG MC prediction 

NEW 
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Category ds/dN

jets

[pb] Stat. Exp. Theor. Total

t¯t ! ` + 4 jets 4.15 1.0% 6.2% 5.3% 8.6%

t¯t ! ` + 5 jets 1.88 1.3% 7.4% 7.0% 10.6%

t¯t ! ` + 6 jets 0.615 2.6% 8.7% 8.5% 12.7%

t¯t ! ` + 7 jets 0.156 5.9% 13.6% 11.7% 19.1%

t¯t ! ` + 8 jets 0.0352 13.4% 19.1% 19.3% 30.4%

t¯t ! ` + 9 jets 0.0116 16.7% 24.3% 33.3% 44.6%

t¯t ! ` + � 10 jets 0.00413 18.7% 27.9% 34.6% 48.3%

Phase Space sttbb [pb] stt jj [pb] sttbb /stt jj

Measurement
Visible 0.085 ± 0.012 ± 0.029 3.5 ± 0.1 ± 0.7 0.024 ± 0.003 ± 0.007
Full 3.9 ± 0.6 ± 1.3 176 ± 5 ± 33 0.022 ± 0.003 ± 0.006
Simulation (POWHEG)
Visible 0.070 ± 0.009 5.1 ± 0.5 0.014 ± 0.001
Full 3.2 ± 0.4 257 ± 26 0.012 ± 0.001
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TOP-16-016 –  
Search for SM four top production  
•  Extremely rare SM process σtttt ~ 9 fb 
•  Sensitive to new physics 
•  Combining single- and dilepton channels 
•  Fit to multivariate discriminator in (b)jet categories 

NEW tttt 

SM 

•  Obs. (exp.) limits 10 (11) x SM σtttt  
•  Sensitivity limited by statistics 
•  Factor of 2 increase in sensitivity 

wrt 8 TeV results 
 54 
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•  Extremely rare SM process σtttt ~ 9 fb 
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•  Combining single- and dilepton channels 
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NEW tttt 

•  Obs. (exp.) limits 10 (11) x SM σtttt  
•  Sensitivity limited by statistics 
•  Factor of 2 increase in sensitivity 

wrt 8 TeV results 
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CONCLUSIONS AND OUTLOOK 
Broad range of tt cross section measurements from CMS: 
 
•  Incl. tt  -  results consistent with SM 

•  Constraints on light stops, PDFs and mt 
 

•  1D differential - top Pt spectrum mis-modelled 
•  NNLO predictions describe the data better 

 
•   2D differential - deeper probe of modelling 

•  2D measurements constrain PDFs at high-x 
 
•   tt+jets,tt+bb - particle-level measurements 

•   tune MC prediction and constrain ttbb background for ttH 

•  tttt  - combined search in single and dilepton channels 
•  world’s tightest limit on SM tttt production 

 
 
 
 
 
 

 

56 



BACKUP 
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TOP QUARK PHYSICS 
Testing the Standard Model 
•  Unprecedented levels of precision in 

measurements of σtt and Mt 
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Full phase space, parton-level measurements 
•   Probe latest NNLO + NNLL pQCD  
•   Extraction of αs , Mtop 
•   Constrain PDFs 
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Absolute vs. Normalised measurements  
•  Absolute measurements reveal maximal information 
•  Normalised measurements allow more precise probes 

of distribution shapes  
– cancellations of th. and exp. uncertainties 

61 



DIFFERENTIAL MEASUREMENTS 
C

ro
ss

 s
ec

tio
n 

de
fin

iti
on

 

Fiducial phase space, particle-level measurements 
•  Reduce modelling uncertainty 
•  Probe parton shower and hadronisation models 
•  Constrain new physics 
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measuring tt differentially 

l 

ν

Top quark definitions 

Full phase space: 
 Covers all possible tt kinematics. 
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measuring tt differentially 

l 

ν

Top quark definitions 

Visible phase space:  
Kinematic region accessed by CMS detector 64 



TOP-13-004 
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TOP-16-015 



Incl. σtt measurements 
TOP-13-004 –  
tt cross sections in the eµ channel at 7 and 8 TeV 

•  Fit to Jet Pt in b and non-b jet categories 

•  Total uncertainty ~ 3.7% 
 
•  Extraction of Mtop (pole) = 173.8    GeV 

•  Limits on light stops 

−1.8 
+1.7 
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