
Experimental Summary Talk – LHCP 2016

• Attempt to summarize intense 5.5 days of LHCP in ~30 mins with 
selected highlights…

• Almost entirely a summary of Plenary sessions (already 42 talks !)

• Apologies to all of those whom I overlooked – all omissions and 
misunderstandings are the property of the speaker.

Many thanks to the organizers (especially the local ones !) for a 
wonderfully organized conference in a superb location !

K. Einsweiler, LBL



Overview: the Lull before the Storm…
• This conference has focused on Run 1 results (many interesting and 

beautiful results continue to emerge !) and 2015 13 TeV analyses.
• The boost in energy from 8 → 13 TeV has a tremendous impact on searches 

at high mass – 2-3 fb-1 was enough to obliterate most limits above 1 TeV
from Run 1. Suite of improved measurements at 13 TeV slowly emerging.

• The LHC has now reached “luminosity production” mode => initial luminosity 
reached 0.94 x 1034, record fill with 517 pb-1 and almost 2 fb-1 delivered, this 
week ! Expectation of ~2 fb-1/week in coming weeks (~5 fb-1 so far in 2016).

• Two major threads in LHC physics prominently on display at LHCP 2016:

“Precision Frontier”: extraordinary progress in precision of predictions for 
LHC physics (calculations, generators) combined with outstanding detector 
performance (simulation, reconstruction, physics) => powerful physics results 
verifying SM Lagrangian + limits on deviations (aTGC, aQGC, EFT).

“Search Frontier”: confront all available final states with a vast cornucopia of 
models, searching for cracks in SM armor, and any traces of new physics. 
Probe both high-mass and low-coupling axes => leave no stone unturned !
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LHC Status and Outlook
• Without outstanding performance of LHC, there would be little to discuss at 

this conference ! Detailed technical overview from Elias Metral:
• Based on performance to date, and plausible extrapolations, may exceed 

design luminosity by ~20% despite limitations of SPS beam dump (TIDVG) !
• Delivery of 25 fb-1 in 2016 seems within reach, and even more is possible…
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Elias Metral



LHC Status and Outlook
• Record performance achieved at start of conference (already obsolete):    

8.8x1033 peak lumi, 459 pb-1 integrated lumi, with stable beams…
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Elias Metral



Overview of Event Generators
• Having worked at hadron colliders since 1984 (SppS, Tevatron, SSC, LHC), 

long ago accepted that when we talk about comparing theory and 
experiment at a hadron collider, the Lund string model and all that has 
followed from it is the foundation on which we stand…

• Thanks to Torbjorn for the masterful tour from beginnings of the technology 
for parton shower generators through to todays “legs and loops” overview !
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Torbjorn Sjostrand



State of the Art: Precision SM Physics
• Extraordinary advances in QCD calculational technology since the LHC 

startup have brought us (just a few recent personal favorites !):
• Inclusive Higgs : N3LO+NLO finite-mt effects + EWK    1602.00695
• VBF Higgs : N3LO assuming no color exchange           1606.00840
• Inclusive W+W- : N3LL+NNLO + resummed jet-veto      1606.01034
• Differential W+W- : NNLO differential with off-shell        1605.02716
• Inclusive WZ : NNLO with off-shell decays/cuts            1604.08576
• Two-loop corrections to interference gg → ZZ              1605.01380

(key ingredient for off-shell H → ZZ analysis)
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(R. Boughezal)

Will bring Higgs 
and EWK 
physics to the 
next level !



State of the Art: Precision SM Physics
• Critical experimental ingredient is precision luminosity measurement !
• Very impressive survey of “state-of-the-art” => ATLAS/CMS ~ 2-2.5% 
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Witold Kozanecki



QCD Updates: Theory Progresses !
• Excellent overview of upcoming challenges in calculations. 
• First N3LO calculations indicate control of scales – need for N3LO PDFs ? 

Extending N3LO beyond 2 → 1 processes such as H or D-Y will take time !
• Critical to have control over kinematics (fiducial cross -sections, differential 

distributions) and to include EWK corrections (mixed QCD/EWK needed ?)
• The “precision revolution”:
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Gavin Salam



QCD Updates: Precision at 8 and 13 TeV
• Very precise inclusive photon analysis at 8 TeV from ATLAS (NLO+N3LL):
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Vitaliano Ciulli



QCD Updates: Precision at 8 and 13 TeV
• First jet cross-sections at 13 TeV from CMS:
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Vitaliano Ciulli



EWK Updates: Improved Diboson Calculations
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John Campbell



EWK Updates: Measurement of sin2θeff
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Matthias Schott

• Measurement at Tevatron is hard, at LHC is much harder ! Can LHC compete ?
• Lack of valence anti-quarks => difficult to define Collins-Soper angle, leads to 

substantial dilution of information at LHC (large η leptons have best information).
• Final Tevatron results approach power of LEP/SLD – Run 1 LHC can match this ?



EWK Updates: Measurement of W Mass
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Matthias Schott

• EWK fits are presently limited by W mass => should aim for ±5 MeV.
• Present Tevatron combination (from 2012) gives 80.387 ± 0.016 GeV

(1204.0042). World average gives ± 0.015 GeV. Using all available Tevatron
data, could optimistically reach ± 0.010 GeV.

• Many areas need development (LHC measurement is more difficult):
• Mastering impact of pile-up on hadronic recoil.
• Precision modeling of vector boson PT: measure PT(Z) precisely and use physics 

to transfer to PT(W) with uncertainties.
• PDF effects, particularly the different heavy-flavor dependence of W and Z 

production coupling to PT of W and Z and different behavior of W+ and W-.
• Polarization effects on both W and Z production.

• Requires a large associated measurement program to control systematic 
uncertainties. Several reported at this conference.

• CMS has performed a “W-like” measurement of mZ as a “proof-of-principle” 
exercise. Progress, but still some ways to go to compete with Tevatron !

• For further information: see talk of Nenad Vranjes in EWK parallel session…



EWK Updates: Measurement of W Mass
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Matthias Schott

• Recent progress through detailed measurements of Z polarization by both 
ATLAS and CMS (ATLAS 1606.00689) – not well-modelled !



EWK Updates: Diboson Measurements
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Lara Lloret Iglesias

• Huge number of measurements available at 7, 8, and even 13 TeV.
• Mostly QCD, but contain EWK vertices => look for anomalies ! Limits on aTGC

now similar to or better than LEP
• When NNLO calculations are available, agreement is generally good (many 

fiducial cross-section calculations are not yet there at NNLO).



EWK Updates: VBF, VBS, Multi-bosons
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Emily Nurse

Run 1 shows great progress !

Observation of VBF (EWK production 
of single W or Z). The Z channel will 
be “golden” mode for detailed study 
of VBF features.

Evidence for VBS (EWK scattering of 
VV pairs) in ssWW and Zγ. WZ and 
Wγ channels more challenging. Will 
develop substantially during Run 2

Tri-boson production with observation 
of Zγγ and evidence for Wγγ just 
beginning. Run 2 luminosity will be 
critical addition.



Higgs Updates: Theory Improvements
After years of investment, N3LO revolution has arrived – essential for precision 
Higgs physics (couplings !) to keep up with future experimental uncertainties !
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Frank Petriello

Precision ~ 6%



Higgs Updates: New Differential Results
Extend existing results in γγ and ZZ channels to very challenging WW channel 
=> more powerful checks of production dynamics - check latest MC modeling !

6/18/2016K. Einsweiler - Lawrence Berkeley Lab 18

Jonas Strandberg



Higgs Updates: ATLAS+CMS Couplings
• Monumental (71 pages) combined couplings paper is out (1606.02266) !
• Production signal strengths as expected (ttH somewhat high, but difficult !)
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Silvio Donato

Higgs Couplings assuming no 
BSM (left) or allowing BSM 
contributions (below)

BSM < 0.34 (0.39 exp) 95% CL



Higgs Updates: ATLAS+CMS Couplings
• Allowing additional BSM contributions in loop couplings (only κγ and κg are 

varied) gives results on lower left. Very consistent with SM…
• Collapse couplings into fermionic (κF = κt = κb = κτ = κµ) and bosonic 

(κV = κZ = κW), perform 2D fit to each mode separately = compatible with SM.
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Silvio Donato



Higgs Updates: Diphoton Resonances
• The ATLAS paper appeared on arXiv on Tues: 1606.03833. Below: 13 TeV.
• Spin-0 hypothesis analysis (left): ET1 > 0.4mγγ, ET2 > 0.3mγγ, m~750 GeV, 

significance: local 3.9σ, global 2.1σ
• Spin-2 hypothesis analysis (left): ET1 > 55 GeV, ET2 > 55 GeV, m~750 GeV, 

significance: local 3.8σ, global 2.1σ
• More data ( ~10 fb-1 ? have recorded ~5 fb-1 in 2016) expected for ICHEP.
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Junichi Tanaka



Higgs Updates: Diphoton Resonances
• The CMS paper appeared on arXiv on Tues: 1606.04093.
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Junichi Tanaka

• B=3.8T data sample (top) and B=0 sample 
(bottom): 
ET1 > 75 GeV, ET2 > 75 GeV, m~750 GeV.

• Combined 8 and 13 TeV significance: 
local 3.4σ, global 1.6σ.

• More data (up to ~10 fb-1 ?) expected for 
ICHEP update…



Top Updates: Theoretical Predictions 
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Alexander Mitov

• For NNLO, better understanding of “optimal scale” (there is one) and PDF 
sensitivity (significant => need highest-quality PDFs for precision predictions):



Top Updates: Top Production Results 
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Andrea Knue

• Many high-precision inclusive results. Good ATLAS/CMS agreement, and good 
agreement with NNLO predictions.

• Many unfolded differential measurements appearing (resolved and boosted) –
agreement with different generators not always great…



Top Updates: Top Properties Results 
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Javier Fernandez

• Very broad-based program to measure Top properties, including spin and 
polarization, charge asymmetry, plus looking for CP violation or FCNC decays.

• Multi-faceted effort to measure Top mass (directly or indirectly) in different final 
states => substantial advances in progress. No signs of anything BSM !



Heavy Flavor: Theory
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Martin Jung

• Summary of challenges in LHC Heavy Flavor physics:



Heavy Flavor: Bs Mixing Phase
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Matthew Needham

• ATLAS, CMS, and LHCb have all completed their Run 1 analyses:



Heavy Flavor: CP Violation in Bs Mixing
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Matthew Needham

• LHCb has updated their analysis for the full Run 1 statistics. Increased tension 
with D0 µµ, but no signs of significant CPV – good agreement with SM:



Heavy Flavor: Rare Decays

6/18/2016K. Einsweiler - Lawrence Berkeley Lab 29

Matthew Needham

• New results on angular analyses such as B → K*µµ, Bs → φµµ, B → K*ee
continue to show modest anomalies.

• Global fits required to look for patterns, assess whether New Physics is 
indicated. Typically see tensions at few sigma level – better hadronic modeling 
needed ?



SUSY: Theory
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Matthew Reece

• Status/meaning of present SUSY searches, “naturalness” and 125 GeV Higgs:

• Missed super-partners ? Compressed SUSY, Stealth SUSY, peculiar corner of 
pMSSM space, Split SUSY could be the reason… Still have many holes to fill in !



SUSY: Squarks and Gluinos
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Mark Hodgkinson

• Impressive overview of search variables and suite of analyses – conclusions:



SUSY: Lepton and Photon Final States
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Jan-Frederik Schulte

• Broad overview of searches with di/tri-leptons, taus, and photons – conclusions:



SUSY: Third Generation Searches
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Walter Hopkins

• Detailed overview of searches for stop (+ RPV) and sbottom – conclusions:



Exotics/Dark Matter: Theory

6/18/2016K. Einsweiler - Lawrence Berkeley Lab 34

Alex Pomarol

• Proceeded to give us guidance (and inspiration !) for new physics searches:



Exotics/Dark Matter: Theory
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Alex Pomarol

• Assume there is a new scale Λ ~ TeV => plausible template for new physics:



Exotics/Dark Matter: Diphoton Resonances
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Michele Redi

• Exploration of models/explanations for an X(750) decaying to diphotons:



Exotics/Dark Matter: Fermionic Final States
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Alexander Schmidt

• Covers tt resonances, tb resonances, vector-like quarks, dilepton and dijet
resonances, low-mass (low coupling) dijet resonances, etc…



Exotics/Dark Matter: Fermionic Final States
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Alexander Schmidt

• Covers tt resonances, tb resonances, vector-like quarks, dilepton and dijet
resonances, low-mass (low coupling) dijet resonances, etc…



Exotics/Dark Matter: Fermionic Final States

6/18/2016K. Einsweiler - Lawrence Berkeley Lab 39

Alexander Schmidt

• Covers tt resonances, tb resonances, vector-like quarks, dilepton and dijet
resonances, low-mass (low coupling) dijet resonances, etc…



Exotics/Dark Matter: Bosonic Final States
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Andreas Hinzmann

• Covers diboson (VV) resonances, diphoton resonances, VH resonances, HH 
resonances, low-mass (< 5 GeV) boson → µµ resonances (LHCb), etc…



Exotics/Dark Matter: DM Searches
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James Frost

• Use simplified models (DM mass, mediator mass, SM/DM couplings), search for 
WIMP DM  plus mediator(s) in X + MET and dijet channels.

• Includes MET + monojet, γ/W/Z/H, Q. Also look for mediator in dijet channels.



Exotics/Dark Matter: DM Searches
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James Frost

• Use simplified models (DM mass, mediator mass, SM/DM couplings), search for 
WIMP DM  plus mediator(s) in X + MET channels.

• Includes MET + monojet, γ/W/Z/H, Q. Also look for mediator in dijet channels.



Heavy Ion Updates: Theory
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Stefania Bufalino

• Why are Heavy Ion collisions so interesting ?

• Key areas: Soft Probes (global features, bulk properties), Small Systems (collective 
“multi-particle” effects observed in pp, pPb, and PbPb), and Hard Probes (production 
of “high PT” physics objects: photons, W/Z, jets, b/c quarkonia, heavy-flavor jets…)



Heavy Ion Updates: Hard Probes
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Martin Rybar

• Examine behavior of EWK (γ/W/Z) objects in PbPb collisions as a function of 
centrality => overlap between colliding nuclei => number of individual collisions.

• Naively, not expected to feel influence of QGP or whatever happens between 
initial “pre-equilibrium” phase and final “freeze out” when temperature → 0.
Confirmed for non-colored hard probes in detail…



Heavy Ion Updates: Hard Probes
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Martin Rybar

• Examine behavior of colored objects: quarkonia (upsilon states) and jets.
• For quarkonia, observe “melting” of bound state as qqbar potential is changed.
• For jets, observe “asymmetry” as high PT partons lose energy to medium, which 

is transported to large angles and lower energies relative to nominal jet axis. 



Upgrades at LHC: Overview
• Future LHC/HL-LHC Plan: LS2: ~100 fb-1, LS3: ~300 fb-1, 20xx: ~3000 fb-1
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Lumi-level @ 5x1034 => 250 fb-1/yr, @ 7.5x1034 => 300 fb-1/yr, HL-LHC is 12-15 year program !



Upgrades at LHC: Overview
Phase-1 Upgrade programs (ready for installation in LS2 => 2019):
• All four LHC experiments have embarked on very substantial phase-1 

upgrades, with only about 2.5 years to go before installation.
• The scope of ALICE+LHCb is similar to ATLAS+CMS, with a CORE value of 

around 200M in total => these are very substantial upgrades.
• For ALICE and LHCb, these upgrades provide major new capabilities to 

extend their ability to digest more data and make more precise 
measurements (note neither experiment operates at full LHC luminosity).

• For ATLAS and CMS, these upgrades are largely “anticipating” their larger 
phase-2 programs, enhancing the performance of the detectors for 
maximum physics up to LS3 (2024), while reducing phase-2 work in LS3.

• Run 3 will benefit from the injector upgrade (LIU), and this could allow β* 
luminosity leveling to double the integrated luminosity. Expect L ~ 2x1034.

Phase-2 Upgrade programs (ready for installation in LS3 => 2024):
• Major upgrades for ATLAS and CMS, with total tracker replacements, and 

combined total cost of around 500M.
• Designed to allow operation up to ultimate luminosity of HL-LHC of 7.5x1034

(µ = 200). Brings LHC to the limits of a 25ns machine, as at ultimate 
luminosity, beam lifetime limited by “burn-off” from pp inelastic cross-section.
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Upgrades at LHC: Comments
• Starting already during Run 2, all four LHC collaborations are running a “three 

ring circus” of Operations, Physics, and Upgrade.
This creates major conflicts for resources (people !):

• Intense pressure to produce rapid physics results keeps a large fraction of the 
community in “physics production” mode as luminosity pours in and analyses 
are constantly updated and improved.

• Operational challenges in a constantly upgraded operational configuration 
(more luminosity per unit time !) requiring high efficiency and reliability for the 
detectors. Detectors, and the people who know them, are constantly aging !

• Upgrades require substantial investments of both instrumentation and 
performance/physics expertise to design, optimize, construct, and commission. 
This clashes very substantially with previous two critical activities.

• Collaborations are constantly working to improve efficiency in all areas, but at 
some point we exceed our capacity !

• If we are truly committed to the phase-1 and phase-2 upgrades, we will need 
to significantly improve the way we produce physics. Otherwise we (at least 
for ATLAS and CMS with phase-1/2 !) will not succeed with our goals !

• Think more carefully about timescales and numbers of updates required for 
any given analysis during Run 2/3. Higher thresholds for “re-doing” analyses 
will not reduce our science output very much, but will free many people for 
operations and upgrade, and reduce the barriers between these activities !
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Summary of Summaries…
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• Run 2 at the LHC is finally up to speed, with potential for data to arrive at 
roughly 2 fb-1/week => 2015 data sample every ~10 days !

• Run 2 promises to deliver O(100) fb-1 by the end of 2018 => typically a 
factor 10 in statistical power over Run 1 for measurements (will not see 
this again until early 2030’s !!!), and even more for searches !

• Extraordinary progress in theoretical and experimental precision will 
bring a new round of stringent tests on the “precision frontier” by the end 
of Run 2.

• The arrival of 13 TeV data in large quantities should make 2016 the best 
year for the “search frontier” so far.

• New analyses for ICHEP should deliver clarity on the X(750) saga !
• No other significant anomalies visible at this conference (sigh…)

Can look forward to an even more exciting LHCP 2017 !!!
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