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• We’ve seen the Higgs:

• how much more can we learn about its properties, about EW symmetry 
breaking?

• .... where is everyone else? hiding well, or beyond reach?

• We model SM dynamics in multi-TeV pp collisions rather well:

• how far can we go with our precision? can “precision” become a discovery tool?

• what’s the ultimate systematics we can hope to achieve and its impact on 
precision measurements (e.g. of the Higgs) or BSM searches (e.g. of elusive 
signatures)?

• We’ve seen experiments open new paths for themselves: 

• ATLAS/CMS compete with ALICE in HI, and LHCb joining in as well

• LHCb compete with ATLAS/CMS for W/Z production, PDF fits, top etc

• CMS and TOTEM work together to explore new roads (central diffraction, ....)

➡how much richer and broader can the physics programme become? which new 
surprises?
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Auger, ICRC2011

LHC & CRs
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LHCf, fwd neutron energy spectra, 
arXiv:1503.03505

LHCf, fwd photon energy spectra, 
arXiv:1104.5294



6T.Pierog, at ISVHECRI 2014, CERN,  August 18-22 2014

Tuning CR MCs with LHC data (mostly from the first few pb–1 ....)
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Uncertainty on〈Xmax〉reduced from ~50 g/cm2 to ~20 g/cm2 ( [proton – iron]~100 g/cm2 )
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Uncertainty on〈Xmax〉reduced from ~50 g/cm2 to ~20 g/cm2 ( [proton – iron]~100 g/cm2 )

⟨Xmax⟩ as measured by the 
Pierre Auger (left) and 
Telescope Array (right) 
Collaboration [2, 3]. The 
colored lines denote 
predictions of air shower 
simulation (note that different 
models are shown in the left 
and right panel, only Sibyll2.1 
is the same). The black line on 
the right panel is a straight-
line fit to the TA data.

Auger and Telescope Array WG, arXiv:1503.07540

Auger Telescope Array
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Glueballs
Run 1, evidence of sensitivity to f0(1710) →ρ0 ρ0 from 3nb–1 joint CMS/TOTEM

• f0(1710), 0++  glueball candidate
• No info on production rate in gg channel
• Conflicting knowledge (B factories, Zeus) on:

• mass 
• decay BRs to u/d vs strange mesons (crucial to assess consistency 

with glueball interpretation): ππ, ρρ, KK
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Glueballs
Run 1, evidence of sensitivity to f0(1710) →ρ0 ρ0 from 3nb–1 joint CMS/TOTEM

• f0(1710), 0++  glueball candidate
• No info on production rate in gg channel
• Conflicting knowledge (B factories, Zeus) on:

• mass 
• decay BRs to u/d vs strange mesons (crucial to assess consistency 

with glueball interpretation): ππ, ρρ, KK
Run2 projections:
0.05pb–1 for discovery, O(1pb–1) for BR measurements and first angular analysis, 
O(5pb–1) for partial wave analysis in full mass range (40 MeV bins)  
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see most other talks today and during the week ....
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For the record, my own pledge of loyalty: 

 ...... I shall remain faithful to the hope that SUSY will soon show up .... ”

“ Having found that :
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Anomalies / pending items from run 1, some examples

CMS-PAS-HIG-14-005 

LHCb, arXiv:1406.6482

•B → K∗μ+μ− anomaly 

For possible interpretation within a single BSM model 
see e.g. Crivellin, D’Ambrosio, Heeck, arXiv:1501.00993 (2HDM w. gauged Lμ–Lτ)

LHCb, arXiv:1308.1707 and 
3fb–1 update LHCb-CONF-2015-002

stat syst
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CMS/LHCb B(S)→μ+μ–

BR(B→μ+μ–)

BR(BS→μ+μ–)
2.3σ high w.r.t. SM
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Vub puzzle
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Vub puzzle

arXiv:1504.01568

Λb→pμν at LHCb

http://arxiv.org/abs/arXiv:1504.01568
http://arxiv.org/abs/arXiv:1504.01568
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Anomalies left over from run 1, examples at large Q

3.5σ local 2.6σ 2.9σ

ATLAS, arXiv:1506.00962

→2.4σ global, accounting 
for the whole range of mjj 
and for ZZ, WW, WZ modes

pp→X→VV’ →jet jet,  with V(’)=W,Z fully hadronic decays

| mj – mV | < 13 GeV

XV V’

NB: the excesses are strongly correlated: | mj – mV | < 13 GeV 
allows the same event to belong to more than one selection 
among WZ, WW and ZZ
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Anomalies left over from run 1, examples at large Q

Dileptons + jets + MET (SUSY searches)

CMS, http://arxiv.org/abs/1502.06031 ATLAS, http://arxiv.org/abs/1503.03290

Njets (pT>40 GeV) ≥2,   ETmiss > 150 GeV
or
Njets (pT>40 GeV) ≥3,   ETmiss > 100 GeV

low mass: mll  = (20–70) GeV
On-Z: mll  = (81–101) GeV

Njets (pT>35 GeV) ≥2,   ETmiss > 225 GeV
HT > 600 GeV

On-Z: mll  = (81–101) GeV
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CMS, http://arxiv.org/abs/1502.06031

⇒2.6 σ
... no signal on-peak

σ(350 GeV) ratio 13TeV/8TeV ~ 4.5
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CMS, http://arxiv.org/abs/1502.06031

⇒2.6 σ
... no signal on-peak

σ(350 GeV) ratio 13TeV/8TeV ~ 4.5

Already more than 10 TH interpretation papers on arXiv ....

⇒3.0 σ ⇒1.6 σ

ATLAS, http://arxiv.org/abs/1503.03290

... but no signal off-peak

σ(800 GeV) ratio 13TeV/8TeV ~ 8.5



a remark ....
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B.Allanach et al, arXiv:1504.02752

Assessing the consistency/significance of such anomalies in 
view of the multitude and diversity of existing constraints, is 
becoming more and more difficult!
⇒ relevance of “recasting” frameworks and tools, 

“simplified models” approaches, proper documentation 
and archival of exptl results, ....



How long before run 2 
extends the discovery 

reach of run 1?
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Rate comparison 8 vs 13 TeV: dijet production

fb

1 ev ⇒ 10 pb–1

100 ev ⇒ ~100 pb–1
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Remarks

•Large statistics of jets with ET in the multi-TeV range => 

• start measurements of large EW effects
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Dotdashes:  σ(jj) in the 
denominator replaced 
by σ(jj, no gg→gg)

ETmin (GeV)

σ(jj+W)/σ(jj)

σ(jj+WW)/σ(jj+W)

σ(jj+WWW)/σ(jj+WW)

pp @ 14 TeV

• Substantial increase of W production at large energy: over 10% of high-ET events have a W 
or Z in them!

• It would be interesting to go after these W and Zs, and verify their emission properties

W production in dijet events

σ(jj+W)/σ(jj)

with

ET,leading jet > ETmin
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Rate comparison 8 vs 13 TeV: t tbar production

fb

1 ev ⇒ 0.2 fb–1



23

Remarks

•After ~20 fb–1 top quark ET probed above 2-3 TeV => 

• Lorentz factor γ larger than 10:

• top jet ~ b jet at LEP !

• all top decay products within a cone with R<0.1 

• “hyper”-boosted regime for top tagging ...
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Rate comparison 8 vs 13 TeV: Drell-Yan production

fb

1 ev ⇒ 2fb–1
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the rule of thumb ....

• The more strongly coupled is a process, 

➡ the larger is the mass scale that was explored/
constrained during Run 1, 

➡ the larger is the cross section gain from 8→13 TeV,

➡ the sooner Run 2 will catch up and extend the 
search potential
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13 TeV luminosity required to match BSM 
sensitivity reached so far (20fb–1) at 8 TeV

See also http://collider-reach.web.cern.ch, by Salam and Weiler

Z’ → ee/μμ

W’ → WZ

axigluon → qq
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Discovery reach vs ∫L
Exclusion reach vs ∫L

ATLAS/CMS projections for early discovery in run 2: dijet resonances

ATL-PHYS-PUB-2015-004

CMS, PHYS14 exercise
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Remarks

•Large statistics of jets with ET in the multi-TeV range => 

• start measurements of large EW effects

•Further studies at high energy/luminosity should not just focus on 
pushing the high mass end, but also on exploring low-couplings at low 
mass 
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B.	
  Dobrescu,	
  F.	
  Yu	
  arXiv:1306.2629,	
  updated	
  (F.Yu)	
  with	
  new	
  ATLAS	
  arXiv:1407.1376	
  results
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ATLAS/CMS projections for discovery in run 2: SUSY
SUSY:   ATL-PHYS-PUB-2015-005
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Observation

•For what concerns the extension of the discovery reach at high mass, 
nothing in the future of the LHC programme will match the step 
forward from 20 fb–1 at 8 TeV to 100 fb–1 at 13 TeV



Higgs rates, 8 vs 13 TeV
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σ(8 TeV) σ(13 TeV) ratio

gg→H 19.3 43.9 2.3

VBF 1.58 3.75 2.4

WH 0.70 1.38 2.0

ZH 0.42 0.87 2.1

ttH 0.13 0.51 3.9

From Higgs Cross Section WG, @mH = 125 GeV

⇒ run 2 statistics ~10-20 times larger than run 1



run 1 H statistics in perspective
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ATLAS H studies: P. Onyisi, http://indico.cern.ch/event/360241/
CMS H studies: P. Musella, http://indico.cern.ch/event/360238/
ATLAS/CMS mH : N.Wardle, http://indico.cern.ch/event/360243/

Most recent updates of Higgs results at CERN PH LHC seminars:

mH = 125.09 ± 0.21(stat) ± 0.11(syst) GeV

μATLAS = 1.18 ± 0.10(stat) ± 0.07(expt) ± 0.08(theory) 

μCMS = 1.00 ± 0.09(stat) ± 0.07(expt) ± 0.08(theory) 

Mass:

Rate (μ=data/SM for σ · BR) :
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•Run 1 → Run 2 will mark the transition from statistics-
limited to systematics-dominated Higgs physics 

• of course not in all channels ..... for ttH production and H→bb decays the 
goal is still confirmation of the signal

• Higher stat will allow 

•more thorough studies of systematics, particularly theoretical modeling of 
signals and backgrounds in fiducial regions

• to fragment studies into more signal regions, with complementary 
systematics and sensitivity to signal properties

• Run 2 will prepare the ground for the work needed to fully exploit the 
ultimate HL-LHC luminosity in terms of Higgs physics, and will give us a 
much more clear picture of what the ultimate precision targets can be
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ATLAS, arXiv:1504.05833Example:

Total and Differential Higgs Cross 
Sections from H → γγ and H →ZZ∗ →4l

NB Most of the TH vs data 
discrepancy comes from final 
states with jets, which in 
other analyses (WW*) are 
left out ....

σ(pp→H) = 33.0 ± 5.3(stat) ± 1.6(syst) pb
= 33.0 ± 5.5(tot run 1) pb
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ATLAS, arXiv:1504.05833Example:

Total and Differential Higgs Cross 
Sections from H → γγ and H →ZZ∗ →4l

NB Most of the TH vs data 
discrepancy comes from final 
states with jets, which in 
other analyses (WW*) are 
left out ....

σ(pp→H) = 33.0 ± 5.3(stat) ± 1.6(syst) pb
= 33.0 ± 5.5(tot run 1) pb

σ(pp→H) = XX ± 2.3 pb
x 10 statistics ⇒

±2.3 pb
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38PH-LHC seminar, ATLAS H studies: P. Onyisi, http://indico.cern.ch/event/360241/

BSM Higgs searches
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parameters and dynamics (mtop , mW , sin2θW, PDFs, spectroscopy, .....)

• The gain in discovery reach at high mass, between 20 fb–1 at 8 TeV and 100 
fb–1 at 13 TeV, will likely have no equal for a long time to come

• In run 2 Higgs physics will step into the precision era. The success of this 
programme will benefit from through campaigns of bread and butter 
measurements of SM dynamics, needed to develop, improve and validate 
the theoretical tools required to push the precision and reliability of the 
interpretation of experimental data. 

• Regardless of the emergence of direct BSM discoveries, LHC 
measurements will address the fundamental questions of our field, and the 
answers obtained from data will greatly extend our understanding of 
nature
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