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What is SM Physics 
  SM is not theorem proving software or prediction of astronomical 

positions by classical Ptolemaic epicycles. 
  The SM is our current theory of fundamental interactions. 

  It is a renormalizable theory so in principle it can be true at all scales. 
  However 

  Exp It does not explain everything, e.g. Dark Matter  
  Theo at sufficiently high energy one hits Landau poles (coupling’s 

divergence) 
  Exp/Theo at the Planck scale something must happen in order to 

accommodate gravity 
  These are not necessarily all problems, and not all serious: e.g. 

gravity may come in before one hits the Landau pole. But 
something must happen Beyond the SM ! 
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What are SM Physicists up to 
  SM physics is the study of the theory of fundamental 

interactions starting from its known end: known particles, 
their interactions and their possible interplay with what we don't 
know yet. 

  SM is the triumph of thinking simple but to love SM is to not always 
agree with SM: it is usually right, but not always right 
 The aim of SM physicists is not to stare at beautiful data/MC 

agreement, but to find a robust indication of discrepancy in a coherent 
picture ! 

  exploration of the TeV scale is still in a preliminary stage and 
one should diversify strategies and motivations for the future 

WG SM 
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What is Precision 
No precision for precision's sake! It has to be precision for a 

discovery search 
  Discovery no luck till now, but still plausible that new physics wait 

for us just beyond the TeV scale (if we just miss it at LHC, which 
measurements are useful to better determine the scale ?) 

  Discovery/Precision the exploration of the  Higgs sector of the 
theory has just started, very basic properties are unknown or poorly 
known (width, couplings to 2nd generation, coupling to top) 

  Precision Some sectors of the theory are fairly known, determine 
where more accurate  knowledge is needed in order to 
confront with experiment 
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Precision: an example  
  In the absence of New Physics the LHC-boson makes the universe 

metastable at a scale of ≈ 1010-12 GeV  
  Quintessential Precision: we find ourselves in a just-so situation, the 

vacuum is at the verge or being stable or metastable.  
 A sub-percent change of  ≈ 1 GeV in either top or higgs mass 

is all it takes to tip the scales.  

  Ingredients of Precision discussion: 
1.  Precise calculations (2-loop/3-loop NNLO in this example) 
2.  Precise measurements (top and Higgs mass at subpercent) 
3.  Accurate interpretation of the measurements  
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Relation between top and Higgs masses 
and stability of the vacuum in our universe  
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Degrassi et al. ArXiv:1205.6497, arXiv:1307.3536 
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back to Precision discussion 
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How this celebrated plot will evolve with precision and what will we learn ? 



How will precision help with the  
BIG QUESTIONS ? 
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Timescale: present and future colliders 
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It is useful to discuss scenarios at different timescales: 
  The LHC era, including the High Luminosity extension (HL-LHC), 

as suggested by the ECFA 
  We should consider also the physics potential of an energy upgrade of LHC (HE-LHC)  

  Future colliders 
 A linear e+e- collider at centre-of-mass energy up to 500 GeV (ILC) 

  The physics potential of an increase to 1 TeV (ILC) and 3 TeV (CLIC) should also be 
considered 

 A circular e+e- collider at centre-of-mass energy up to 350 GeV (FCC-ee) 
 A circular pp collider at centre-of-mass energy of 100 TeV (FCC-pp) 



A Few Typical Topics for the WG 
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… taking as driving choice the Higgs Boson and EWSB  



Higgs properties and EWSB  
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  There are significant conceptual differences between ElectroWeak 
Symmetry Breaking and the Higgs-particle. 

  If BR(HX) differs from the SM value, we have two options open 
for investigation: 
  H is not the SM Higgs 
  there are BSM states contributing to the decay 

  In both cases the experimental result is not telling us that EWSB-
mechanism is different from what expected within the SM. We 
want to understand EWSB and use the Higgs as a probe to New 
Physics. 

  We explore for the first time the EW theory above the 
breaking scale ! 



A roadmap for Higgs boson territory  
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  An overall roadmap to Higgs properties measurements has 
emerged (LPCC Higgs Working Group), need to further assess 
priorities and required precision.  

  The crucial measurements appear to be: 
  mass and natural width 
  Spin and CP composition 
  Higgs couplings and rare decays 
  Higgs self-coupling 
  VV scattering (V=W or Z) 
  Measurements of top quark properties (very high Yukawa coupling) 
  Improve measurements for global EWK fits 

  These measurements are the central point of the physics 
programme of LHC upgrades and future colliders   



Higgs properties and precision 
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  The idea that electroweak symmetry is broken by a single 
complex doublet of scalar fields has no compelling 
foundation. At present the properties of the resonance 
agree with those of the SM Higgs boson to about 30% of 
accuracy. This does not yet test the hypothesis of a single 
Higgs doublet. 

  To discover a new structure in the Higgs sector we need to 
look for effects at ~ 5% level or better. 



Higgs: why precision is required 
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  Take the 2HDM as an example 

  If one takes CMS data it is clear that 
precision needs to be considerably 
improved to claim inconsistency 
with a single doublet  Courtesy of R. Contino 
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Higgs: why precision is required 
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  Deviation from SM couplings as expected in a few 
benchmark models 

  Composite Higgs  

  Top partner 

  SUSY (tanβ≥5) 
€ 

ΔgH

gH
≅  6% 1 TeV

f
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2

€ 

Δgh_gg

gh_gg
≅  3% 1 TeV

M
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2

€ 

Δgh_bb

gh_bb
≅  1.6% 1 TeV

mA

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2
€ 

f ≈  246 GeV [vev, "natural value"]
f ≈  O(1 TeV) [LEP bounds, assuming no new physics in loops]

€ 

M ≥  0.7 TeV

mA lower bounds depend 
strongly on tanβ	




Higgs Couplings and Properties:  HL-LHC  
Estimated precision on coupling modifiers. 
Projections assume 3000 fb−1  @ √s = 14 TeV  
with (Scenario 1) or without theoretical 
uncertainties.  

[no theory uncertainty, current theory uncertainty] for ATLAS and [Scenario2, Scenario1] for CMS. 

Projections at √s= 14 TeV with 300 fb−1 (LHC) and 3000 fb−1 (HL- LHC). 
Numbers in brackets are % uncertainties on couplings.   

Model assumptions made: no Higgs boson decay 
in addition to those expected in SM, and no 
particles other than SM ones are present in the 
ggH and Hγγ loops. 



Relative uncertainty on the expected precision for the 
determination of coupling scale factor ratios λXY  in a 
generic fit without assumptions, assuming a SM Higgs Boson 
with a mass of 125 GeV and LHC at 14 TeV, 3000 fb−1. The 
hashed areas indicate the increase of the estimated error due 
to current theory systematics uncertainties. 

Higgs Couplings and Properties:  HL-LHC  

Estimated precision on the measurements of ratios of Higgs 
boson couplings, at √s = 14 TeV with 300 fb−1 (LHC) and 
3000 fb−1 (HL-LHC). Numbers in brackets are % 
uncertainties on couplings for [no theory uncertainty, 
current uncertainty] for ATLAS and [Scenario2, Scenario1] 
for CMS 



Expected Higgs boson coupling accuracies at the ILC assuming 
different centre-of-mass energies and different integrated 
luminosities 

Higgs Couplings and Properties:  ILC 



Higgs Couplings and Properties:  TLEP (FCC-ee) 

Relative statistical uncertainty on 
the Higgs boson couplings for 
TLEP at centre-of-mass 350 GeV. 
•  The numbers between brackets 
indicates the uncertainties expected 
with two detectors instead of four. 
•  The last line gives the absolute 
uncertainty on the Higgs boson 
branching fraction to exotic particles 
(invisible or not). 



Next Step for Higgs properties studies: EFT 
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  Instead of an experimentally-driven basis of parameters use a 
basis of QFT operators more aligned with BSM theory (SM 
with embedding) 

  EFT allows accurate calculations to be performed 
 NLO effects, etc. 
 More sensitive interpretations 

  Multiple sectors affected 
  EWK precision data 
 Triple Gauge Couplings 
 Higgs sector 

  These are promising developments for interpretations ! 



Higgs boson natural width 
  At (HL-)LHC, an indirect determinations of 

the Higgs width can be obtained by using 
the interference of the Higgs boson signal   
H → γγ/ZZ/WW with the γγ/ZZ/
WW continuum (Dixon, Martin, Kauer and 
Passarino).  Preliminary studies with CMS 
@ 8 TeV and 20 fb-1 are very promising.  

   At e+e- colliders, an indirect measurement 
is possible combining the measurements of 
the Higgs boson production from 
“Higgsstrahlung" and Vector Boson Fusion 
processes. It is expected that an accuracy of 
a few % is possible at ILC and TLEP. 



Higgs boson spin/CP:  HL-LHC  
  Analyze decay angles of ZZ system  
  Express CP-odd(CP-even) structure as g4(g2) 
  Big sensitivity gains from HL-LHC 

Expected values excluded at 95% CL for the real and imaginary part of g4/g1 and g2/g1 
couplings, assuming the Standard Model. These values are obtained at √s = 14 TeV using 
an integrated dataset of 3000 fb−1 at HL-LHC. 

Expected 68% (dotted line) and 95% 
(full line) CL exclusion contours in the 
in the (Re(g2)/g1,Im(g2)/g1)  [left] and 
(Re(g4)/g1,Im(g4)/g1) [right] plane for 
a Standard Model signal, estimated 
with the 8D likelihood fit method. 



Higgs boson pair production:  HL-LHC  

  Needs observation of Higgs pairs  
  Expected SM σHH=40±3fb → 120K events 
  Finding one was tough with ~500K events 

  Both the above diagrams (and more) contribute: 
negative interference 

  Ongoing ATLAS and CMS studies suggest some 
sensitivity 

  Low rate makes high demands on trigger, detectors, 
lumi and analysis techniques 

  Several theoretical studies suggest possible: as an 
example, see: arXiV: 1309.6318 

Expected HH events  
at L=3000 fb-1 



Vector Boson Scattering 
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  If the LHC boson alone 
contributes to EWSB  VL VL 
scattering does not grow at high 
energies  

  New Physics means the LHC 
boson is not alone but NP non-
observed at 1 TeV tells us that the 
rest is heavy  
  the scattering could get strong for 

a range of energies, until the 
high-energy UV physics starts 
unitarizing. 

  many channels and considerable 
luminosity is required 

arXiv:1304.4599 

Invariant mass of the WW 
system in production with 
forward jets and pt

W> 350 GeV. 
•  Blue is WWjj cross section 
with SM and Higgs 125 GeV 
•  Red are various NP scenari 



The fermion with highest Yukawa coupling 
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  The top quark is a gift, which we must fully exploit. Its large Higgs-Yukawa couplings 
should tell us something about EWSB 

  There is also a lucky hierarchy of CKM elements: in the SM the top quark decays essentially 
100% to bW 
   detection of other top decays is an unambiguous sign of New Physics 
  Examples: FCNC top decays (tZq), top decays to Higgs (tcH), in both cases large 

statistics is required 

t → Zq < 0.07 % at the 95 % CL  



the top mass 
  Current experimental measurements are 

used as “pole mass” in fits and 
calculations. This interpretation has  
difficulties related to the fact top is a 
coloured object, cannot  be 
unambiguously linked to final particles. 

  However there are is an emerging 
picture that the interpretation is 
reasonable at the level of ≈ 1 GeV 
  Hadron machines: more data is required 

to strengthen the picture 
  Lepton machine: will not be affected by 

the issue  threshold scan 
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Possible evolution of EWK data 
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… it does not need to be centered to the SM, after predicting top and 
Higgs mass will we have predicting power for NP ?  



Join the SM WG ! 
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List of current contributions to the SM GdL 
(more details on the web site)  
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  Testing special relativity through decay of high energy 
particle (P. Cattaneo) 

  Precise measurement of hadronic cross section at low 
energy for αem(MZ) and (g-2)µ  (G. Venanzoni) 

  New Physics signals from measurable polarization 
asymmetries at LHC (G. Panizzo) 

  Thoughts about HE-LHC (G. Chiarelli) 
  Prospects for measurements of the HZZ vertex tensor 

structure in H → ZZ∗ → 4l decay channel (ATLAS 
Collaboration)  

  Projections for Top FCNC Searches in 3000 fb−1 at the 
LHC (CMS Collaboration) 



List of current contributions to the SM GdL 
(more details on the web site)  
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  Projections for measurements of Higgs boson cross 
sections, branching ratios and coupling parameters with 
the ATLAS detector at a HL-LHC (ATLAS Collaboration)  

  Projected Performance of an Upgraded CMS Detector at 
the LHC and HL-LHC: Contribution to the Snowmass 
Process (CMS Collaboration) 

  Vector Boson Scattering and Quartic Gauge Coupling 
Studies in WZ Production at 14 TeV (CMS Collaboration) 

  Projected improvement of the accuracy of top-quark 
mass measurements at the upgraded LHC (CMS 
Collaboration) 



Possible topics for discussion 
(previously mentioned or not) 
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For discussion today and in the future in the GdL .  

•  QCD, including improved pdf 
•  W and Z physics 
•  Forward physics 
•  more on top physics 
•  precision needs for Higgs 
measurements 
•  an effective Lagrangian (EFT) to 
describe the Higgs and BSM 
• VLVL scattering 

•  Going higher in energy (e.g. 
LHC_HE, FCC-pp) 
•   The role of e+e- colliders 
• improving EW precision 
measurements (theory and exp) 
•   How precision is going to help 
with the key questions ? 
•  Unconventional ideas ? 



Backup 
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Status of Higgs Couplings measurements 
(Moriond EW 2014) 
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Higgs Couplings measurements as 
summarized in arXiv:1403.7191 
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Effective New Physics scales (Λ*)  
[from arXiv:1403.7191] 
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Higgs Couplings and Properties:  HL-LHC  

Fit results for mass-scaled coupling ratios Yf/κγ=κf/κγ(mf/v) for fermions and YV/
κγ=κV/κγ(mV/v) for weak bosons as a function of the particle mass, assuming 300 fb-1 
and 3000 fb-1 at 14 TeV and a SM Higgs Boson with a mass of 125 GeV. For completeness, the 
uncertainty on the gluon-coupling ratio measurement κg/κγ, which can be used as an 
indirect measurement of the top-coupling through the gg to H process, is also shown next to 
the expected measurement for Yt/κγ which uses the direct ttH process. The uncertainty on 
the coupling ratio κ(Zγ)/κγ is not shown.  



Physics simulation for HL-LHC 
  Example from ATLAS 
   establish “smearing” functions using a full detector 

simulation, including the effects of event pile-up, from 
which corresponding resolutions, detection and 
reconstruction efficiencies, and the rejection of fakes are 
extracted. This is done assuming a center-of-mass energy 
of √s = 14 TeV, a sustained instantaneous luminosity of L 
= 5 × 1034 cm−2s−1 and 25 ns bunch spacing. Documented 
inATL-PHYS-PUB-2013-009 
 Physics objetcs studied in full simulation: jets, missing 

transverse energy, tagging efficiencies of b-jets, c-jets and 
light quarks, photons. 



The ET
miss resolution as a function of ∑ET 

obtained from different physics samples, 
and compared with the parametrisation. 
They are all consistent with the nominal 
value obtained from the parametrisation 
within the systematic uncertainties 

The parametrisations of b-jet (left) and light jet (right) tagging 
efficiencies, as function of p T for fixed values of |η|. The new 
parametrisations with the Phase-II tracker, ITK, are shown with 
µ= 80, 140 and 200.  

ATL-PHYS-PUB-2013-009 



TLEP (FCC-ee) main parameters 
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ILC main parameters 

40 



LHC main parameters 
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2010 2011 2012 



LHC-HL main parameters 
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25	  ns	   50	  ns	  

#	  Bunches	   2808	   1404	  

p/bunch	  [1011]	   2.0	  	  (1.01	  A)	   3.3	  (0.83	  	  A)	  

εL	  [eV.s]	   2.5	   2.5	  

σz	  [cm]	   7.5	   7.5	  

σδp/p	  [10-‐3]	   0.1	   0.1	  

γεx,y 	  [µm]	   2.5	   3.0	  

β*	  [cm]	  (baseline)	   15	   15	  

X-‐angle	  [µrad]	   590	  (12.5	  σ)	   590	  (11.4	  σ)	  

Loss	  factor	   0.30	   0.33	  

Peak	  lumi	  [1034]	   6.0	   7.4	  

Virtual	  lumi	  [1034]	   20.0	   22.7	  

Tleveling	  [h]	  @	  5E34	   7.8	   6.8	  

#Pile	  up	  @5E34	   123	   247	  

Baseline parameters of HL for 
reaching 250 -300 fb-1/year 

25 ns is the option  
However: 
50 ns should be kept as alive and 
possible because we DO NOT have 
enough experience on the actual limit 
(e-clouds, Ibeam) 

From Frederick Bordry talk at Aix-Les-Bains 
1st October 2013 



LHC-HE main parameters 
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44 From M. Michelangelo talk at “Frontier capabilities for hadron colliders 2013” 



TOP mass from alternative techniques 
  Standard methods: based on the invariant mass of decay products 

associated to the reconstructed top in a given channel (lepton+jets, 
dilepton, fully hadronic channels).  

  Given the issues related to the top mass interpretation, important to 
explore alternative techniques, e.g. 
  Measure the decay length (the boost) of B hadrons produced in top 

decays, the boost is related to the original top mass 
  Measure the endpoint of the lepton spectrum or other quantities in 

top decays 
  Select specific channels, for example top with Wl ν and BJ/ψ+X 

decays and measure the three-lepton invariant mass 
  Alternative methods have typically larger statistical uncertainties, 

however at LHC we have large ttbar samples. 
  Systematic uncertainties can be controlled with data, again large samples 

help. 



Standard vs alternative methods 
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Prospects for top mass at the LHC 
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Dependence of Top Mass observable on event kinematics  
  How does the measured mt relate to the 

fundamental mt parameter in the SM? 
  The relation contains (non)perturbative QCD 

corrections, expected to depend on event 
kinematics 

  Is this kinematic dependence properly modeled by 
MC?  12 kinematic variables checked 

  Good data/MC agreement rules out dramatic 
effects  



Dependence of Top Mass on Event 
Kinematics 
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With the current precision, no mis-modelling found as function of variables related 
to color reconnection, ISR/FSR,  b-quark kinematics. 

color recon. 

ISR/FSR 

b-quark kin. 

CMS-PAS-TOP-12-029 



  Precision Physics (EW fit) at ILC or TLEP needs precise knowledge of αem(MZ)  

  Its uncertainty affects the prediction for MW and sin2θl
eff 

   It is dominated by non perturbative hadronic effects (Δα(5)
had )  which can be 

related to measured  hadr. cross sections  (R(s)) at low energy (below 10 GeV)  

  δα(MZ)/α(MZ)~1.5x10-4  → 5x10-5 needed to match ILC/TLEP precision (a x3 
improvement)   

  Necessity of an experimental program of precise measurement of R(s) at low 
energies. With a dedicated approach based on Adler function  the dominant 
region is the one below 2.5 GeV.  

  Similar analysis for the hadronic contribution to the muon  g-2 (aµ
had).           

Very important the region below 2.5 GeV!  

The Electromagnetic Coupling αem(MZ) (and (g-2)µ ) 
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[GFITTER, LEP Reports] 

[F.Jegerlehner, NPPS. 181-182 (2008) 135-140; NPPS 162 (2006) 22-32] 

[T. Blum et al, arXiv:1311] 

[HLMNT J. Phys. G 38 (2011) 085003] 

[FJ, TESLA,ILC, TLEP Reports] 
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Error profiles  for Δα(5)
had(MZ) and aµ

had  

Direct 
integration of 
energy points for 
aµ

had	


Use of Adler 
function for           
Δα(5)

had(-s0)   

Region below 2.5 GeV 
Extremely important!!!	

- 80% of the total error on Δα(5)

had 
(using Adler function)	

-  95% of the tot error on aµ

had 

δR at 1% in √s < 10 GeV ⇒ 
improvement of ~3 in δα(MZ) 

δR at 1% in the region 1<√s < 
2.5 GeV (which is known with 
6% accuracy) ⇒ similar 
improvement on δα(MZ) 

Direct 
integration of 
energy points for 
Δα(5)

had(MZ)   

 e+e-→4π	
D. Babusci, et al “Proposal for taking 
data with the KLOE-2 detector at the 
DAΦΦNE collider upgraded in energy” 
arXiv:1007.5219 

DAFNE-2 

DAFNE-2 

Needs a dedicated 
experimental effort! 

[F.Jegerlehner, NPPS. 
181-182 (2008) 135-140; 
NPPS 162 (2006) 22-32] 



p-value of simple models ~ 5% (also SM) 

2012 20/fb 

Scan of CMSSM 

Buchmueller, JE et al: arXiv:1312.5250 



ΓZ constraint on (m0, m1/2) plane in CMSSM:	

Points within one, two, three TLEP σ of low-mass best-fit value	


Impact of FCC-ee Precision on Susy	


K. De Vries 
(MasterCode) 

ΓZ 



MW constraint on (m0, m1/2) plane in CMSSM:	

All points within one current σ of low-mass best-fit value	


Impact of FCC-ee Precision on Susy	


K. De Vries 
(MasterCode) 

MW 
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From the recommendations of the 
“European Strategy for particle physics” 
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The LHC will be the energy frontier machine for the foreseeable 
future, maintaining European leadership in the Field; the highest 
priority is to fully exploit the physics potential of the LHC, resources for 
completion of the initial programme have to be secured such that machine 
and experiments can operate optimally at their design performance. 
A subsequent major luminosity upgrade (SLHC), motivated by 
physics results and operation experience, will be enabled by 
focussed R&D; to this end, R&D for machine and detectors has to be 
vigorously pursued now and centrally organized towards a luminosity 
upgrade by around 2015. 



From the recommendations of the 
“European Strategy for particle physics” 
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European theoretical physics has played a crucial role  
in shaping and consolidating the Standard Model and  
in formulating possible scenarios for future discoveries.  
Strong theoretical research and close collaboration with  
experimentalists are essential to the advancement of particle  
physics and to take full advantage of experimental progress;  
the forthcoming LHC results will open new opportunities for  
theoretical developments, and create new needs for theoretical  
calculations, which should be widely supported 



From the Snowmass 2013 summary 
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The past successes of particle physics and its current central questions 
then call for a three-pronged program of research in collider 
experiments: 

1. We must study the Higgs boson itself in as much detail as 
possible, searching for signs of a larger Higgs sector and the 
effects of new heavy particles. 
2. We must search for the imprint of the Higgs boson and its 
possible partners on the couplings of the W and Z bosons 
and the top quark. 
3. We must search directly for new particles with TeV masses that can 
address important problems in fundamental physics. 


