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Disclaimer and Overview 

•  Personal selection of LHC results 

•  Impossible to do justice to the wealth of ATLAS 
and CMS results in 25 minutes 

•  Extensive program of precision measurements 
–  Higgs now part of this family of precision objects 

•  Searches for new phenomena 
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Similar results typically exist from ATLAS & CMS, I will usually only show representative results by one of the two experiments 



The LHC √s(pp): (main physics runs)  
•  7 TeV in 2010-11 
•  8 TeV in 2012 
•  13 TeV+ collisions scheduled in less than 2 months! 

•  First besam-splash events on Easter Sunday 
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√sNN=2.76 TeV Pb-Pb in 2011  
√sNN=5 TeV p-Pb in 2013  
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Luminosity 
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Data Quality & Trigger 
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Trigger novelties in Run I: 
•  Delayed streams 
•  Write out reduced 

event content (e.g. only 
jets) and increase rate 



•  Lepton/photon ID 
–  e/γ, µ, 𝜏  

•  Neutrinos =   
Missing ET 

•  q & g = jets 
–  b ,c ,light jets 
–  c-tagging 

•  Boosted top/W/Z/H 
•  New Physics 

objects 
–  LLP in ID, calo & 

MS 
–  Lepton-jets 
–  HIP, multi-

charged 
particles,…  

ATLAS & CMS - multipurpose 
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Jet-flavor tagging 

•  First Pixel detectors in 
hadron colliders 

•  Successful use of 
multivariate techniques 
–  Still head room (e.g. 

Deep Learning) 
•  Excellent MC 

description 
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ATLAS-CONF-2014-004 
ATL-PHYS-PUB-2015-001 

ATL-PHYS-PUB-2014-014 

•  First time inclusive b-tagging calibration 
using large tt sample 

•  First time c-tagging 
•  B-tagging in dense environments (high-pT 

top), e.g. MVb algorithm 
•  Challenge: very high-pT flavor-tagging  



Hadronic W & Z decays 
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2014 New J. Phys. 16 113013 [arXiv:1407.0800] PLB 738 (2014) 25-43 [arXiv:1404.7042] 

W→jj, anti-kT clustering algorithm with R=0.6  

Z→bb (important to study H→bb) 
 

•  Hadronic W, Z, H, top decays have 
dominant decay modes 

•  We can identify these decays 



Boosted jets 
•  Hadronic W, Z, H, top decays 

crucial for high-mass searches 
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CMS DP-2014/031  
 

�	  �	  

⇒

Grooming: recuperate the proper mass
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•  Use fat jet to capture all daughters
•  Grooming to remove pile-up
•  Substructure to reject BG
•  H→bb: use substructure and b-tagging 

ATLAS-CONF-2013-084    



Precision Cross Section Measurements 
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NLO pQCD agreement over ~12 orders of magnitude! 

12	  

CMS-PAS-SMP-12-012 



Other Extreme QCD tests 
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CMS-PAS-SMP-14-009 
CMS-PAS-SMP-13-007 

Eur. Phys. J. C (2015) 75:82 [arXiv:1409.8639] 

•  W/Z+7 or more jets
•  V+Jets out to a TeV
•  BG for many searches 



Ratios: W+jets/Z+jets & Z+jets/γ+jets 
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Eur.	  Phys.	  J.	  C	  (2014)	  74:	  3168	  [arXiv:1408.6510] 

•  Increased precision due to cancellation 
of many systematic effects 

•  Used to estimate background, see later  

CMS-‐PAS-‐SMP-‐14-‐005 

?



Z+b(b) & Z pT 
•  Z pT QCD ISR, pT 

distribution of partons in 
proton  

•  gluon PDF  
•  input for W mass → Run II 
•  Uncertainties < 1% below Z 

pT ~100 GeV 

•  Probe b content in proton 
•  Important BG for H→bb search 15	  

JHEP09(2014)145 [arXiv:1406.3660] J. High Energy Phys. 06 (2014) 120 [arXiv:1402.1521] 



Top Mass 

•  Dominant systematics: Flavor-
dependent JES 

•  Final Run 1 measurements still to 
come  

•  Run 2 data should give access to 
even better precision  
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CMS-PAS-TOP-14-015 https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/TOP/ 

World Combination 
173.34±0.76 GeV (0.4%)  



Remember Moriond 2012… 
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PRL 108, 111803 (2012) 

…how the Higgs discovery started



Today: Higgs Precision Measurements 
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Measuring Signal Strength 
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arXiv: 1412.8662 ATLAS-CONF-2015-007 



Signal Strength, grouped by decay 
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arXiv: 1412.8662 ATLAS-CONF-2015-007 

All consistent with SM!
Including production & decay kinematics



Higgs Mass 
Combination 

•  3 separate 
signal strength 
parameters 
–  gg → H → gg 
–  VBF H → gg 
–  H → 4l 
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arXiv:1503.07589 
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•  3 separate 
signal strength 
parameters 
–  gg → H → gg 
–  VBF H → gg 
–  H → 4l 

Higgs Mass 
Combination 

arXiv:1503.07589 

weight ~18% weight ~19% 

weight ~40% 
weight ~23% 
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•  VH, HH resonance search 
•  For high mass searches H→bb is best 

decay modes 
•  VLQ search BB→HbHb uses boosted 

Higgs tagging based on jet substructure 
(τ21), subjet b-tagging and jet mass 

 

Higgs Bosons as a Tool for discovery 

CMS PAS B2G-14-001 

HH

ATLAS-CONF-2014-005 

arXiv:1503.08089 

ZH



Exotics Higgs decays 
•  Exotic Higgs decays to Long-Lived 

Particles (decays in ID, calo, MS) 
dark photons or dark Z bosons 

•  Detectors were not designed for this 

PLB 743 (2015) 15-34 [arXiv:1501.04020] 

Calorimeter
(trigger)

Muon 
spectrometer

Narrow jets in HCal without tracks 

Simulated event
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JHEP11(2014)088 [1409.0746] 

Hidden Sector: Lepton-jets 

Falkowski–Ruderman– 
Volansky–Zupan 



Lepton-jets 
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Vector 
Portal 
Model 

JHEP11(2014)088 [1409.0746] 
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2 Big Open Questions  
Naturalness! Dark Matter!
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2 Grand Ideas 

Compositeness or extra dimensions

A new cut-off scale 

A new symmetry  
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Stop Searches 
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Stop Searches 
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Naturar SUSY: Stop 
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Stop Phenomenology 
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Boosted tops

charm Spin correlation

Also scharm 
search arXiv:
1501.01325 
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Vector Like Quarks (VLQ) 
Spectacular signatures: boosted b-jets, tops, W, Z, H bosons 

t, b 

t, b 
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VLQ Pair Production: TT 

Our goal: maximize 
sensitivity in full triangle

Benefit from decay modes with large BR for top, W, Z, H 



VLQ TT Search Strategy 

T→Zt

Ht+X (l+jets)
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VLQ TT Search Strategy 

T→Zt

Ht+X (l+jets)
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Same-sign leptons

(not a combination, just overlaying results)



VLQ TT Search Strategy 

T→Zt

Ht+X (l+jets)
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Same-sign leptons

Z(→ll)t+X

T→Zt



VLQ TT Search Strategy 

T→Zt

Ht+X (l+jets)
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Wb+X (l+jets)

T→Zt

Z(→ll)t+X

T→Zt

Same-sign leptons



MET+X Searches 
Mono-photon see 
ATLAS-CONF-2012-085 
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MET+X Searches 
Mono-photon see 
ATLAS-CONF-2012-085 
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MET+X
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Mono-jet 

Mono-γ 

Mono-top (qqb) 

Mono-top (lνb) 

Mono-b 
Mono-W 

Mono-jet: 1408.3583, ATLAS-CONF-2012-147 
Mono-γ: CMS PAS EXO-12-047, ATLAS-CONF-2014-051 
Mono-top: 1410.1149, 1410.5404 
Mono-HF: 1410.4031, CMS-PAS-B2G-14-004, CMS-PAS-B2G-13-044) 
Mono-W/Z (had): PRL 112 041802 (2014) 
Mono-Z (ll): PRD 90, 012004 (2014)    
 

Mono-Z (ll) tt+MET à la stop search 

cannot do justice here 
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Direct Detection (t-channel)        Collider Searches (s-channel) 

WIMP – Direct Detection vs Collider Searches 

[under certain assumptions]

Complementary sensitivity to direct detection 
experiments, but model dependent… 

CMS PAS EXO-12-047, PRL 112 041802 (2014) 

Mono-jet 

⇒
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WIMP Searches 

Complementary approach: 
Direct searches for mediators  

arXiv:1408.3583 



Dijets 
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1407.1376 
CMS PAS EXO-12-059 

mjj = 5.15 TeV

Large number of 
interpretations: 



Resonances 
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More Resonances in this Spectrum? 
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More Resonances in this Spectrum? 

?
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Dilepton Resonances 
PRD 90, 052005 (2014) 
see also PLB 720 (2013) 63
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2012 data → 2.9 TeV limit 

Fast increase in limits (1 TeV → 3 TeV) in short period of time 
Also, narrow resonances with 100 times smaller cross section than SSM excluded up to 1.4 TeV 

Development Over Years 

52	  

Tevatron limits (approx. 1 TeV) 
reached with 2010 data 

2011 data → 2.2 TeV limit 

PRD 90, 052005 (2014) 
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1 Introduction14

High-energy collisions at CERN’s Large Hadron Collider (LHC) provide new opportunities to search15

for physics beyond the Standard Model (SM) of strong and electroweak interactions. One extension16

common to many models is the existence of additional heavy gauge bosons, the charged ones commonly17

denoted W0. Such particles are most easily searched for in their decay to a charged lepton (either electron18

or muon) and a neutrino.19

This paper describes such a search performed using 8 TeV pp collision data collected with the ATLAS20

detector during 2012 corresponding to a total integrated luminosity of 20.3 fb�1. The data are used to21

extend current limits [1, 2, 3, 4, 5, 6]. Limits are evaluated in the context of the Sequential Standard22

Model (SSM), the extended gauge model of ref. [7] with the W0 coupling to WZ set to zero. In this23

model, the W0 has the same couplings to fermions as the SM W boson and a width that increases linearly24

with the W0 mass.25

A search is also performed for the charged partners, denoted W⇤, of the chiral boson excitations26

described in ref. [8] with theoretical motivation in ref. [9]. The anomalous (magnetic-moment type) cou-27

pling of the W⇤ leads to kinematic distributions significantly di↵erent from those of the W0 as demon-28

strated in the previous ATLAS search [6] for this resonance that was performed using 7 TeV pp collision29

data collected in 2011 corresponding to an integrated luminosity of 4.7 fb�1. The search region is ex-30

panded to higher masses and the limits are considerably improved in the region covered by the previous31

search. A lower mass limit is evaluated by fixing the W⇤ coupling strengths to give the same partial decay32

widths as the SSM W0 .33

The analysis presented here identifies event candidates in the electron and muon channels, sets sepa-34

rate limits for W0/W⇤ ! e⌫ and W0/W⇤ ! µ⌫, and then combines these assuming a common branching35

fraction for the two final states. The kinematic variable used to identify the W0/W⇤ is the transverse mass36

37

mT =

q
2pTEmiss

T (1 � cos'`⌫), (1)

where pT is the lepton transverse momentum, Emiss
T is the magnitude of the missing transverse momen-38

tum vector (missing ET), and '`⌫ is the angle between the pT and missing ET vectors. In the following,39

transverse refers to the plane perpendicular to the colliding beams, longitudinal means parallel to the40

beams, ✓ and ' are the polar and azimuthal angles with respect to the longitudinal direction, and pseudo-41

rapidity is defined as ⌘ = � ln(tan(✓/2)).42

Due to the mass region probed in this analysis, one must address the issue of a rapid rise in the uncer-43

tainty on the signal selection e�ciency at large masses. The uncertainty for the mass-dependent higher44

order QCD signal cross-section corrections at high mass is dominated by the parton distribution functions45

(PDFs) uncertainty and increases quickly for masses above about 2 TeV. Meanwhile, the uncertainty on46

the signal e�ciency can become large if the uncertainty in the signal region (defined later and which47

are restricted to high mT) is much larger than for the full phase space. At the highest masses probed48

by this analysis, a significant fraction of the signal production is far o↵-shell, with m`⌫ ⌧ mW0 , where49

mW0 is the pole mass of the W0 and the uncertainty on the signal selection e�ciency is reduced by con-50

sidering only signal events around the mass pole m`⌫ ⇠ mW0 . Furthermore, limits on total cross-section51

for highest masses show strong dependency on the choice of prior in the limit formalism described in52

section 6 due to high signal selection e�ciency uncertainty. In this paper, limits are set on the fiducial53

signal cross-section times branching fraction (�fidB), defined as the product of total cross-section multi-54

plied by the W0/W⇤ ! `⌫ branching fraction (�B) and the acceptance of events passing the requirement55

m`⌫ > 0.4 mW0/W⇤ at the generator level. The fiducial region m`⌫ > 0.4 mW0/W⇤ encloses the signal region56

for the highest W0 masses in such a way that the contribution in the signal region from events failing the57

requirement is marginal.58

The data are also used to set limits on the production of weakly interacting dark matter particles59

•  EW backgrounds from MC  
•  Multijet BG from data driven method  

Lepton+ETmiss Resonance Search 
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1408.2745, see also JHEP09(2014)037 

Large number of interpretations 
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tt Resonances (all-jets) 
PRL 111 (2013) 211804 

Type 2 Type 1 

JHEP 01(2013) 116 

Tag&probe in l+jets CR 

With b-tagging 

Dileptonic search here: CMS PAS B2G-12-007; and l+jets channel: CMS PAS B2G-12-006; ATLAS-CONF-2015-009  

Analysis 
without 
b-tagging 

Analysis 
with  
b-tagging 



VV → llJ / lνJ / JJ 
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Bulk RS graviton benchmark (k/MPL = 0.5)  

JHEP 08 (2014) 174 

VV only in III
lνV only in II & III

Use N-subjettiness for 
CA 0.8 jets to tag V-jets 

BG described by empirical fit 

Combination



Many more 
searches 

all empty-handed so far 
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO 
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G 
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS 
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults 
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults 
 



First signs of New Physics? 
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1407.3683 

WR and Heavy 
Neutrinos

More of these might be coming 
as we finish up Run I searches…

SS leptons + b-jets, to be submitted 
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Out to Catch Big Fish 



Run II Outlook 
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New territory within first 0.1-5 fb-1



LHC’s Run 2 – Epochal Event	  
•  Substantial energy increase for the world's highest 

energy collider 
•  Will not happen again for another 2+ decades.  

 

E=mc2	  8 TeV (Run 1) 13-14 TeV (Run 2)
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Summary & Conclusion 
•  Excellent detector and accelerator performance 

•  Detectors & triggers used in ways they were not designed for 

•  Wealth of data: many precision tests of W, Z, top 

•  We did our duty – Higgs boson found – but we did not show off… yet 

•  Naturalness arguments motivate new physics to show up in Run II 

•  Fingers crossed that nature will smile on us… 
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We might be this close!

Thank You! 
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Backup 
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W’→tb 
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JHEP 05 (2014) 108 

•  Discriminant: mtb or BDT 
•  Also present limits vs coupling 

1410.4103 

1408.0886 CMS PAS B2G-12-009 
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JHEP 08 (2014) 174 

WV→lνJ  
Use N-subjettiness for CA 0.8 jets to tag V-jets 

W+jets BG from V-mass sidebands



VV → JJ 
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Same V-jet tagger as on previous slide 

JHEP 08 (2014) 173 

BG described by empirical fit 



VLQ TT→HtHt (all-hadronic) 

•  ≥ 2 CA R=1.5 jets, pT > 150 GeV 
–  ≥ 1 top candidate : HTT-tag + ≥ 1 b-tagged subjet 
–  ≥ 1 Higgs candidate: 2 subjet b-tags & mbb > 60 GeV 
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CMS PAS B2G-14-002 

HTT = HEPTopTagger [1112.4441]

QCD BG estimated from data from sidebands of top- and Higgs-tag 



1408.5774 

Lepton Flavor Violation 
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(more than factor of 2 better than LEP) 
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Out to Catch Big Fish 



(Hitoshi Murayama) 
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•  Broad mandate, 
agnostic way of 
searching: signature-
based & model-
independent 

•  Use models as 
guidance where to 
look 

•  Try to cover all 
possible signatures 

•  Interpret results using 
benchmarks 

Signature-Driven Searches 

•  Uncovered signature
•  …•  Not yet though of ! 
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Many More Searches 
•  Lepton Flavor Violation 
•  Black Hole / TeV gravity / Jet extinction  
•  Heavy Neutrinos / See-saw / Vector-Like Leptons 
•  Many other resonance searches: bb, ττ, γγ, γjet, Wγ, 

Zγ,… 
•  Excited leptons 
•  Contact interactions: jj, ll,… 
•  Monopoles & multi-charged particples 
•  Generic multi-lepton and same-sign lepton searches 
•  … 
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