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Highlights from the first LHC physics run

➢ Will show mainly ATLAS results
➢ CMS has similar results in most cases
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Data taking during LHC Run I

➢ pp collisions recorded at ATLAS
➢ 21.3 fb-1 @ 8 TeV 
➢ 5.08 fb-1 @ 7 TeV

➢ ~95%  physics quality data!

➢ In addition:
➢ 150 mb-1 of Pb-Pb collisions 

➢ @ 2.76 TeV
➢ 30 nb-1 of p-Pb collisions
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4th July 2012
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Higgs mass meassurement

➢ Measured in the H®gg and H®ZZ®4l decay channels
➢ Better mass precision
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Higgs signal strength
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Higgs signal strength

➢ CMS results
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Higgs spin combination

➢ Three channels combined:
➢ H®gg, H®ZZ, H®WW

➢ Combine Jp sensitive variables
➢ Combined in a likelihood fit

➢

➢ CLs of alternative Jp hypothesis 
assuming 0+ 

�
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SUSY searches up to now



15P. Conde Muíño                                LIP Seminar 6 March 2014

Exotics
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Heavy Ion Physics highlights in Run I

➢ Jet suppression in central Pb-Pb collisions:
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Heavy Ions highlights during Run I

➢ Central to periferal jet production 
ratio

➢ Jet suppression in g-jet 
events:

➢ Jet suppression increases 
with pT and y*!

➢ Same dependence in p!

p-Pb collisions @ 5.02 TeV
Pb-Pb collisions 
@ 2.76 TeV
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Physics at s=14 TeV

➢ Moving from 8 TeV to 14 TeV the cross 
sections of the following processes 
increase by

➢ Top quark production ~ a factor 4
➢ Low mass Higgs boson ~ factor 3
➢ Exotic heavy particles, like Z', up to a factor 

10
➢ Background processes, like W/Z boson 

production or jet cross sections increase 
more slowly

➢ The sensitivity improves considerably!
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LHC Upgrade Schedule
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Why do we need so much luminosity?
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The SM is incomplete

96% of the universe 
dominated by dark 
matter/energy
➢ What are they? Compositeness?➢ Neutrino masses?

?
➢ Why is the universe 

dominated by matter??

?

SUSY?

Extended Higgs 

sector?

Extra-
dimensions?

➢ Why is the Higgs 
mass so low? ?

Hidden 
sector?

Tecnicolor?

➢ Why is gravity so
weak? ?
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Some of the Upgrade Physics Topics

Standard Model

?SUSY

Quartic Gauge 
Boson Couplings

Exotics 
searches

Top quark 
physics

   Higgs

   Quark Gluon
      Plasma
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The stability of the Higgs mass

➢ Cancel out large terms:
➢ Stop → SUSY
➢ But... stop mass cannot be much larger than the top mass

➢ Avoid fine tunning!

➢ Given the observed mass of the Higgs boson, the stop mass should 
not be much larger than 1-1.5 TeV

➢ Accessible at the LHC?
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SUSY at high luminosity

➢ With 3000 fb-1 we increase the reach by
➢ ~200 GeV for the stop searches
➢ ~300 GeV for the chargino neutralino 

searches
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Vector-like quarks

➢ Vector-like quarks appear in certain 
models to cancel Higgs mass 
divergencies

➢ Little Higgs, extra-dimensions
➢ Left-handed and right-handed 

components transform in the 
same way under SU(2)

➢
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Higgs physics in the next 10 years

In the absence of direct evidence for new physics, the Higgs will be
➢ Fundamental to test the validity of the SM!
➢ Probe of new physics

With 10 times more data:
➢ Precise measurements of Higgs production/decay rates,  

couplings and mass.
➢ Search for rare/ new/ invisible decay modes.
➢ Measurements of tensor structure of Higgs couplings and 

possible CP violating contributions.
➢ Search for additional Higgs bosons beyond the Standard Model.
With 100 times more data
➢  Measurement of Higgs self-coupling becomes possible 



29P. Conde Muíño                                LIP Seminar 6 March 2014

Higgs physics in the next 10 years

In the absence of direct evidence for new physics, the Higgs will be
➢ Fundamental to test the validity of the SM!
➢ Probe of new physics

With 10 times more data:
➢ Precise measurements of Higgs production/decay rates,  

couplings and mass.
➢ Search for rare/ new/ invisible decay modes.
➢ Measurements of tensor structure of Higgs couplings and 

possible CP violating contributions.
➢ Search for additional Higgs bosons beyond the Standard Model.
With 100 times more data
➢  Measurement of Higgs self-coupling becomes possible 



30P. Conde Muíño                                LIP Seminar 6 March 2014

Higgs @ 14 TeV

➢ With more data
➢ Rare decays 
➢ Rare production mechanisms 

➢ Become accessible
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Higgs signal strength projections 

➢ Observe different production 
modes in each decay channel!

➢ Even for H®mm!
➢ Many channels will have 

uncertainties at the 10% level with 
3000 fb-1
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Higgs couplings projections

Snowmass 2013
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H®ZZ vertex tensor structure

CP-Even tree level 
component

CP-Odd contributions

CP-Even 
loop induced

➢ Generic Higgs coupling vertex to a vector boson

➢ CP-conserving tree level SM: 
➢ g1=1, g2=g3 = g4 = 0

➢ CP violation in the Higgs sector: 
➢ g4≠ 0, either g1 or g2, g3 ≠0

➢ Sensitivity to new vertex contributions
through angular distributions of the
Higgs decay products



34P. Conde Muíño                                LIP Seminar 6 March 2014

H®ZZ vertex tensor structure (II)

➢ 8D fit to distributions of kinematic variables
➢ Free parameters: real and imaginary part of g2, g4 relative to g1

Sensitive test 
of the tensor 
structure at 
the HL-LHC!
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High mass Higgs searches

➢ Many extensions of the SM predict more than one Higgs
➢ 2 Higgs Doublet Model

➢ Add one more complex doublet 
➢ Predicts 5 Higgs bosons:

➢ 2 CP-even (h, H) 
➢ 1 CP-odd (A), 
➢ 2 charged (H±)

➢ Parameterized in terms of                            and a = mixing angle CP 
even bosons

➢ Modified couplings to h (SM-like Higgs boson):
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High mass Higgs searches:A®Zh®llbb 

➢ 95% CL upper limits on  s´BR:
➢ Between 5-0.07 fb in the mass range between 200-900 GeV 
➢ with 3000 fb-1 of integrated luminosity

➢ 3-4 worse limits with only 300 fb-1 of accumulated luminosity
➢
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Higgs as a portal to dark matter

➢ WIMP: assumed to interact very weakly with visible matter, except 
for the Higgs boson

➢ Search for invisible Higgs decays
➢ Assume couplings to other known particles as in SM

➢ Interpreted in terms of dark matter particles coupling only to Higgs 
sector

➢ Exclusion limits dependent
➢ on WIMP spin
➢ WIMP mass < 2m

H
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Quartic Gauge Boson Couplings

➢ Non-abelian structure of the Electroweak interaction in the SM 
implies the existence of triple and quartic gauge boson couplings

➢
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Quartic Gauge Boson Couplings

➢ In the SM, triple and quartic gauge boson couplings constrained by 
the symmetries of the Lagrangian

➢ Very precise predictions:
➢ WWWW, ggWW, WWZZ exist
➢ ZZZZ not present as quartic gauge boson coupling, but mediated by the 

Higgs at tree level
➢ ggZZ: only at loop level

➢ WWWW:
➢ Related to the EW Symmetry Breaking mechanism:

➢ Longitudinal modes are Goldstone bosons

➢ Beyond the SM physics can modify the quartic gauge boson 
couplings

➢ Extra-dimensions
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AFP

➢ Tag and measure protons at ±210 m
➢ Radiation hard edgeless 3D Silicon 

detectors 
➢ 10 ps timing detectors

➢ Allow running in high pile up conditions 
➢ Associate protons with correct primary
➢  vertex

➢

➢ Forward proton tagging 
converts the LHC in a gg 
collider!
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Search for ggWW anomalous couplings
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Expected limits in QGBC

➢ Improve LEP sensitivity by more than 4 orders of magnitude with 
30/200 fb−1 at LHC, and of D0/CDF results by ∼2 orders of magnitude

➢ AFP improves the results obtained with central detector only by 2 
orders of magnitude

➢ Reaches the sensitivity needed for extra-dimensions models!!
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Vector boson scattering

➢ Divergence in WWWW scattering was the original motivation to 
introduce the Higgs mechanism

➢ Measure this process: closure test of the SM
➢ Sensitive also to new physics: additional Higgs bosons, other 

scalars, new heavy bosons, ...
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Same sign WW scattering

➢ Experimental signature
➢ Two leptons (same sign), large missing E

T
 

➢ Two forward/backward jets with m
jj
 > 1 TeV

➢ Sensitive to dimension 8 operators
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FCNC in top quark decays
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FCNC in top quark decays

➢ With 300 fb-1 ATLAS will 
improve the sensitivity to FCNC 
in top quark decays by ~ two 
orders of magnitude

➢ With 3000 fb-1 limits in the BR 
can reach ~10-5-5´10-5
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Heavy Ion Physics during the Upgrade

➢ Not only the pp physics will benefit from the Upgrade!

➢ Run II: 5-10 times higher stats!
➢ Pb-Pb ~1nb-1 @ √s

NN
 ~ 5.1 TeV 

➢ p-Pb (at increased luminosity?) 
➢ pp reference at Pb-Pb energy (5.1 

TeV)
➢ Extend current results to larger 

energies. Explore new observables

Run I:

➢ Run III, IV: experiments request
➢ >10 nb-1 Pb-Pb
➢ p-Pb high luminosity, pp reference 5.5 TeV,
➢ possibly light ions (e.g. Ar-Ar)
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Heavy Ion Physics @ high lumi

Focus on rare probes, study their coupling with QGP medium and their 
(medium-modified) hadronization process

➢ Jets: characterization of energy loss
➢ testing ground for the multi-particle 

aspects of QCD 
➢ probe of the medium density

➢ Heavy flavour: 
➢ mass dependence of energy loss

➢  Quarkonium dissociation pattern and 
regeneration 

➢ probe of deconfinement and medium 
temperature
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Summary and conclusions

➢ Very successful LHC Run I
➢ Higgs discovery
➢ But no new physics observed

➢ We know there is something more
➢ The SM is not the end of the story

➢ We will use the LHC to try to find 
the answer to many of the 
unknown questions

➢ Precision studies of the Higgs 
sector and SM predictions

➢ Searches for deviations from 
predictions

➢ Direct searches for SUSY or other 
new physics
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Backup
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Indirect limits on 2HDM

➢ Use Higgs rate measurements in different production and decay 
modes to set limits in the tan b, cos (b-a) plane

➢ Limits depends on the 2HDM type
➢ Considerable improvements in the limits after 3000 fb-1 of integrated 

luminosity 
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Selection conditions
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Diffractive physics with AFP

Central Exclusive production

Triple and quartic anomalous gauge boson couplings

➢ Exclusive production of WW via                             
photon exchange (σ

WW→WW
 well know)

➢ Diffractive mass computed from p energy loss
➢ Large mass tails sensitive to anomalous couplings

➢ Improvement of LEP sensitivity by more than 4 
orders of magnitude with 30-200 fb−1

➢ Higgs
➢ Good mass resolution from p energy loss (~2-3%)
➢ Tests JCP & improve b-Higgs coupling measurement

➢ Di-jets
➢ Test QCD calculations
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AFP background suppression and acceptance

➢ Very good mass resolution (few %)
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Vector-like quarks

➢ Vector-like quarks appear in certain 
models to cancel Higgs mass 
divergencies

➢ Little Higgs, extra-dimensions
➢ Left-handed and right-handed 

components transform in the  same way 
under SU(2)

➢ In some models, they interact mainly with 
third generation quarks

➢ Model independent search: 
➢ Scan over BR's in a 2D plane
➢ Assume sum BR = 1
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Vector-like quark searches

➢ Use sensitive variables to discriminate against SM backgrounds

➢ Example of the T®Zt+X channel
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Vector-like quark limits
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