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Outline

•The three key messages from the LHC:

•on the Higgs

•on BSM

•on the SM

•What’s next for the LHC?

•The road ahead: opportunities at a Future Circular 
Collider
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Message 1: the Higgs is there
D.Gillberg (ATLAS) at 
“Higgs Hunting” 2016

ATLAS+CMS, JHEP 1608 (2016) 045 Run 1, global μ = 1.09 ± 0.11 

http://arxiv.org/pdf/1606.02266.pdf


Highlights of 2015-16 Higgs measurements
ATLAS summary: B. Mansoulié, CERN seminar Oct 11, http://indico.cern.ch/event/555813/

ttH

too much ….

VH(bb)

too little ….

HIG-16-033

just about right …



Challenges for the Higgs programme

• How far can we push the precision on Higgs properties?

• How do we best exploit the Higgs as a probe of BSM phenomena?

5



Message 2: no conclusive signal of physics beyond the SM



remarks

• Which BSM?
• known BSM: dark matter, new sources of CPV and origin of BAU, neutrino 

masses
• we know something must be there, the search must continue

• theoretically justified BSM: origin of EWSB, solutions to the hierarchy 
problem

• the fact nothing has been found as yet doesn’t eliminate the issues, if 
anything it makes them more puzzling and worthy of attention

• possible surprises …

• BSM probes:
• direct search of new particles
• indirect sensitivity through the measurement of Higgs properties, 

gauge boson couplings, the flavour sector (hvy flavour decays), etc.etc.

• Sensitivity to new physics from precision (small departures from SM 
behaviour, e.g. in the Higgs couplings), from large statistics (rare or 
forbidden decays), from reach in energy (explore large-Q2). Precision, large 
statistics and energy reach are the key ingredients of the LHC programme
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750 GeV, Summer 2016

=> the resonant signal is not confirmed. But …
… little we know about the TeV scale!!



remarks

• Which BSM?
• known BSM: dark matter, new sources of CPV and origin of BAU, neutrino 

masses
• we know something must be there, the search must continue

• theoretically justified BSM: origin of EWSB, solutions to the hierarchy 
problem

• the fact nothing has been found as yet doesn’t eliminate the issues, if 
anything it makes them more puzzling and worthy of attention

• possible surprises …

• BSM probes:
• direct search of new particles
• indirect sensitivity through the measurement of Higgs properties, 

gauge boson couplings, the flavour sector (hvy flavour decays), etc.etc.
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Flavour anomalies left over from run 1, some examples

•B → K∗μ+μ− anomaly 

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

LHCb, arXiv:1406.6482
stat syst
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R(D(*)) = BR(B0 →D(*)τν) ∕ BR(B0 →D(*)μν) 

Flavour anomalies left over from run 1, some examples
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0.030 ± 0.003

ATLAS, EPJ C76 (2016) 513
LHCb & CMS, Nature 522, 68–72 (2015)

0.14+0.08
–0.06      BR(B0 →μμ)R = ————— =

      BR(Bs0 →μμ)

CMS+LHCb 

SM



Challenges for the BSM programme

• Why don’t we see new physics??

• Is the mass scale beyond the LHC reach ?

• Is the mass scale within LHC’s reach, but final states are elusive to 
the direct search ?

• => Maximally exploit sensitivity to new physics from precision (small 
departures from SM behaviour, e.g. in the Higgs couplings), from large 
statistics (rare or forbidden decays), from reach in energy (explore 
large-Q2). Precision, large statistics and energy reach are the key ingredients 
of the LHC programme
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Message 3: The theoretical description of SM high-Q2 

processes at the LHC is very good ....





Impact of Z pT spectrum on PDF fits



Challenges for the SM programme
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Challenges:
• how much can the precision of SM predictions be improved?
• how far can we go in relying on TH modeling to improve the 

sensitivity to new physics?



Long-term LHC plan

The 30fb–1 so far are just 1% of the final statistics

==>> the LHC physics programme has barely started! <<==



Precision Higgs physics at HL-LHC



Future evolution of Higgs statistics

include estimates of analysis cuts and efficiencies

July ‘16

End ‘18

End ‘23

~ 2035



Projections for H couplings to 2nd generation

Projections from CMS-HIG-13-007

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13007TWiki
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-003/index.html


Projected precision on H couplings
ATL-PHYS-PUB-2014-016

(μ=σxBR)

solid areas: no TH systematics 
shaded areas: with TH systematics 

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-016/
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Current projections of future results are mostly extrapolations of today’s 
analyses. Focus so far has been on exploring impact of higher luminosity and 
aging of detectors, to plan relevant upgrades and maintain or improve 
detector performance over the full LHC lifetime. 

There is still plenty of room to design new analyses, exploiting in new ways 
the future huge statistics. Current projections should thus be seen as being 
likely rather conservative…. 

Updates on the Higgs precision reach at HL-LHC were presented at the 2016 HL-LHC 
Workshop, Aix les Bains, Oct 4-7 2016:
(see V.Martin and M.Marono talks at
https://indico.cern.ch/event/524795/timetable/  )
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• δstat ~ 5 δexp => ~25xL ~300fb–1 to equalize exp&stat uncert’y
• O(ab–1) will provide an accurate, purely exptl determination of pT(H) in the theoretically 

delicate region 0-50 GeV, and strongly reduce/suppress th’l modeling systematics affecting 
other measurements (e.g. WW*)

• More in general, a global programme of higher-order calculations, data validation, MC 
improvements, PDF determinations, etc, will push further the TH precision…. 

Example



• Higher statistics shifts the balance between systematic and statistical 
uncertainties. It can be exploited to define different signal regions, with 
better S/B, better systematics, pushing the potential for better 
measurements beyond the “systematics wall” of low-stat 
measurements.

• We often talk about “precise” Higgs measurements. What we actually 
aim at, is “sensitive” tests of the Higgs properties, where sensitive 
refers to the ability to reveal BSM behaviours. 

• Sensitivity may not require extreme precision

• Going after “sensitivity”, rather than just precision, opens itself new 
opportunities … 
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furthermore ….



Higgs as a BSM probe: precision vs dynamic reach

L = LSM +
1
⇤2

X

k

Ok + · · ·

O = | hf |L|ii |2 = OSM

⇥
1 + O(µ2/⇤2) + · · ·

⇤

For H decays, or inclusive production, μ~O(v,mH)

�O ⇠
⇣ v

⇤

⌘2
⇠ 6%

✓
TeV
⇤

◆2

⇒ precision probes large Λ

e.g. δO=1% ⇒ Λ ~ 2.5 TeV

For H production off-shell or with large momentum transfer Q, μ~O(Q)

⇒ kinematic reach probes large Λ even 

if precision is low

e.g. δOQ =15% at Q=1 TeV ⇒ Λ~2.5 TeV

�OQ ⇠
✓

Q

⇤

◆2



Examples

δBR(H→WW*)

W

H

Q=m(WH)W*

H

Q=pT(H)
W

W

or

δBR(H→gg)

H

Q=pT(H)
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�OQ ⇠
✓

Q

⇤

◆2

�O ⇠
⇣ v

⇤

⌘2

For a high-Q observable OQ to achieve the same Λ sensitivity of a 
“precision” observable O, it is sufficient, for a given Q, to reach an 
accuracy 

�OQ ⇠ �O

✓
Q

v

◆2

vs

Or, for a given accuracy δOQ, it’s enough to have statistics on OQ 

at a scale

Q ⇠ v

✓
�OQ

�O

◆1/2

E.g. for δO~10–2 (goal of precision BR measurements at HL-LHC): 

– δOQ~10–1 ⇒ Q ~ 3 v ~ 750 GeV 

– δOQ~10–2 ⇒ Q ~ v ~ 250 GeV 



Probing large Q: 
Higgs production at large pT

HL-LHC

all rates LO



Examples: gg-> H at 
large pT

(See also 
Azatov and Paul arXiv:1309.5273v3)

top squarks in the loop

Grojean, Salvioni, Schlaffer, Weiler arXiv:1312.3317Banfi Martin Sanz, arXiv:1308.4771 

top partners T 
in the loop

LHC14

10% sensitivity at pT(H)~1TeV is compatible with 3ab–1 rates in previous page

http://arxiv.org/abs/1309.5273v3


• For high-Q observables, e.g. differential distributions vs Q, anomalies 
amount to changes, w.r.t. SM, in the shape of the distributions. 

• Shapes are free from ultimate and possibly unbeatable experimental 
systematics, such as the luminosity determination

• Shapes are also independent of the impact of BSM on BR’s, which 
could compensate the impact on rates for inclusive production

• Shapes are typically less susceptible to theoretical systematics: one can 
often rely on a direct experimental determination of the SM reference 
behaviour, and can benefit from validation of the theoretical SM 
modeling through data/MC comparisons in control samples.
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 VH prodution at large m(VH)

H0

W±T

WL~∂H±

See e.g.
Biekötter, Knochel, Krämer, Liu, Riva, 
arXiv:1406.7320 

LD=6 =
ig

2
cW

⇤2

�
H†�aDµH

�
D⌫V a

µ⌫

�

�SM
⇠

✓
1 + cW

ŝ

⇤2

◆2

In presence of a higher-dim op such as:

Mimasu, Sanz, Williams, arXiv:1512.02572v



Ex: Probes of dim-6 op’s with high-mass DY
M.Farina et al, arXiv:1609.08157



The need for, and the power, 
of novel ingenuity



Example: stop searches

The challenge: gain sensitivity to all small gaps of parameter space, achieve a complete a 
conclusive coverage of the accessible phase space.
Probing each corner of this phase space is almost like a small-experiment in itself!!
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Larger statistics, giving access to more secluded kinematical regions, allow to exploit 
new powerful analysis tools, and gain sensitivity to otherwise elusive signatures

Example: search for low-mass resonances V→2 jets

V
q

q
_

q

q
_

search impossible at masses below 
few hundred GeV, due to large gg→gg 

bg’s and trigger thresholds 

V

At large pT

 
• S/B improves (qg initial state dominates 

both S and B)
• use boosted techniques to differentiate 

V→qq vs QCD dijets
• εtrig ~ 100%



Example: search for low-mass dijet resonances



http://cern.ch/fcc http://cepc.ihep.ac.cn

Site 
• Preliminary selected: Qinhuangdao (秦皇岛） 
• Strong support by the local government 

 

Yifang 

CepC, 50 km

SppC, 70 km
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Beyond the LHC



Key issue

• Is the mass scale beyond the LHC reach ? 

• Is the mass scale within LHC’s reach, but final states are elusive to the 
direct search ?

Why don’t we see the new physics ?

These two scenarios are a priori equally likely, but they impact in 
different ways the future of HEP, and thus the assessment of the physics 
potential of possible future facilities

Readiness to address both scenarios is the best hedge for the field:
• precision
• sensitivity (to elusive signatures)
• extended energy/mass reach



Remark  

the discussion of the future in HEP must start from the 

understanding that there is no experiment/facility, proposed 

or conceivable, in the lab or in space, accelerator or non-

accelerator driven, which can guarantee discoveries beyond 

the SM, and answers to the big questions of the field
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(1) the guaranteed deliverables: 
• knowledge that will be acquired independently of possible 

discoveries (the value of “measurements”)

(2) the exploration potential: 
• target broad and well justified BSM scenarios .... but guarantee 

sensitivity to more exotic options
• exploit both direct (large Q2) and indirect (precision) probes

(3) the potential to provide conclusive yes/no answers to relevant, 
broad questions. E.g.

• is DM a thermal WIMP?
• did baryogenesis take place during the EW phase transition?
• is there a TeV-scale solution to the hierarchy problem?
• ...

Today, the study of the physics potential of a future facility can at 
best document its performance, e.g. according to criteria such as:

41
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Focus on high-E pp colliders

• Guaranteed deliverables:
• precision study of Higgs and top quark properties, and 

exploration of EWSB phenomena
• NB: outcome will be enhanced by synergy with results of an e+e– 

collider

• Exploration potential:
• mass reach enhanced by factor ~ E / 14 TeV (will be 5–7 at 

100 TeV, depending on integrated luminosity)
• statistics enhanced by several orders of magnitude for BSM 

phenomena brought to light by the LHC

• Possible Yes/No answers:
• ~100 TeV needed to fully address questions tied to the TeV 

scale (e.g. WIMPs, EW Baryogenesis, TeV-scale naturalness)
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• The weight of each item in the previous list depends on
• the evolution of theoretical thinking, model building
• the outcome of the LHC
• the outcome of the full experimental landscape

• flavour physics: at LHC, K & B factories, leptonic 
sector, g–2, EDMs, neutrinos

• DM: direct and indirect searches, cosmological 
studies (eg. is DM strongly selfinteracting?)

• Searches for axions, ALPs, dark photons, ...
• ....

• Future developments in any of the points above will 
allow to sharpen and focus the assessment of the role of 
future pp colliders
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Example: possible E evolution of scenarios with the 
discovery of a new particle at the LHC
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Possible questions/options
• If mX ~ 6 TeV in the gg channel, rate grows x 200 @28 TeV:

• Do we wait 40 yrs to go to pp@100TeV, or fast-track 28 TeV 
in the LHC tunnel?

• Do we need 100 TeV, or 50 is enough (σ100/σ14~4·104 , σ50/
σ14~4·103 ) ?

• .... and the answers may depend on whether we expect 
partners of X at masses ≳ 2mX  (⇒ 28 TeV would be insufficient ....)

• If mX ~ 0.5 TeV in the qqbar channel, rate grows x10 @100 TeV:
• Do we go to 100 TeV, or push by x10 ∫L at LHC?
• Do we build CLIC?

• etc.etc.

Our studies today focus on exploring possible scenarios, assessing the physics 
potential, defining benchmarks for the accelerator and detector design and 
performance, in order to better inform the discussions that will take place 

when the time for decisions comes... 
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FCC-hh parameters and lum goals



• FCC-ee: 

• “First Look at the Physics Case of TLEP”, JHEP 1401 (2014) 164 

• “High-precision αs measurements from LHC to FCC-ee”, arXiv:1512.05194 

• FCC-eh: no document as yet, see however

• “A Large Hadron Electron Collider at CERN: Report on the Physics and Design Concepts for Machine 
and Detector”, J.Phys. G39 (2012) 075001 

• FCC-hh: “Physics at 100 TeV”, Report, 5 chapters:

• SM processes, arXiv:1607.01831

• Higgs and EWSB studies,  arXiv:1606.09408 

• BSM phenomena, arXiv:1606.00947

• Heavy Ions at the FCC, arXiv:1605.01389 

• Physics opportunities with the FCC injectors, https://twiki.cern.ch/twiki/bin/view/LHCPhysics/
FutureHadroncollider

• CEPC/SPPC: Physics and Detectors pre-CDR completed, see:

• http://cepc.ihep.ac.cn/preCDR/volume.html

See also:

• Physics Briefing Book to the European Strategy Group (ESG 2013)

• Planning the Future of U.S. Particle Physics (Snowmass 2013): Chapter 3: Energy Frontier, arXiv:1401.6081

• N. Arkani-Hamed, T. Han, M. Mangano, and L.-T. Wang, Physics Opportunities of a 100 TeV pp Collider, 
arXiv:1511.06495

Reference literature
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~700 pages

http://inspirehep.net/record/1251418
http://inspirehep.net/record/1118165
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/FutureHadroncollider
http://cepc.ihep.ac.cn/preCDR/volume.html
http://europeanstrategygroup.web.cern.ch/europeanstrategygroup/Briefing_book.pdf
http://inspirehep.net/record/1278569
http://arXiv.org/abs/arXiv:1401.6081


Examples of the physics potential of the 
100 TeV collider



SM Higgs at 100 TeV

• Huge production rates imply:

• can afford reducing statistics, with tighter kinematical 
cuts that reduce backgrounds and systematics

• can explore new dynamical regimes, where new tests 
of the SM and EWSB can be done
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N100 = σ100 TeV × 20 ab–1

N8 = σ8 TeV × 20 fb–1

N14 = σ14 TeV × 3 ab–1



• Hierarchy of production channels changes at large pT(H):
• σ(ttH) > σ(gg→H) above 800 GeV

• σ(VBF) > σ(gg→H) above 1800 GeV

H at large pT
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• Statistics in potentially visible final states out to several TeV

H at large pT
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• At LHC, S/B in the H→γγ channel is O( few % )
• At FCC, for pT(H)>300 GeV, S/B~1
• Very clean probe of Higgs production up to large pT(H).

• What’s the sensitivity required to probe relevant BSM 
deviations from SM spectrum? 

• Exptl mass resolution at large pt(H)?

gg→H→γγ at large pT
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• Statistics sufficient for a per-mille level measurement of 

B(H→γγ)/B(H→4l )
• exptl systematics??

• Use precise B(H→4l ) from FCC-ee to achieve per-mille 

precision on B(H→γγ)

gg→H→4 lept’s at large pT
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• Bg level greatly sensitive to bb mass resolution. Can be improved using jet 
substructure studies? => more work required

• Sensitivity to higher-dim ops in the VVH coupling ⇔ B(H→VV*)?

• Systematics on slope of MHV ? (For EFT constraints don’t need absolute rate)

WH→Wbb at large MWH
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V*
V

H

Q=m(VH)



Higgs selfcouplings

The Higgs sector is defined in the SM by two parameters, μ and λ:

VSM (H) = �µ2 |H|2 + � |H|4

@VSM (H)
@H

|H=v = 0 and m2
H =

@2VSM (H)
@H@H⇤ |H=v )

µ = mH

� =
m2

H

2v2

These relations uniquely determine the strength of Higgs 
selfcouplings in terms of mH

Testing these relations is therefore an important test of the SM 
nature of the Higgs mechanism

) 6� =
3m2

H

v2
) 6� v =

3m2
H

v
g3H g4H~O(mtop) ~O(1)

v

V(H)



T>TC T≳TC T=TC T<TC

C
Strong 1st order phase transition ⇒〈ΦC > TC

In the SM this requires mH ≲ 80 GeV ⇒ new physics, coupling to the Higgs and effective at 

scales O(TeV), must modify the Higgs potential to make this possible
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The nature of the EW phase transition



Higgs pair production, H self-coupling

Only HH→bbγγ
More channels being studied

Possible reach for [3ab–1 x 2expts] ~ 30% ?

HL-LHC

==> <5% @ FCC-hh 
(details in the Report)



⇒ Appearance of first “no-lose” arguments for classes of 

compelling scenarios of new physics 

D.Curtin @ 
FCC week
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t

t
H

t

t
Z

vs

- Identical production dynamics: 

o correlated QCD corrections, correlated scale dependence 
o correlated αS systematics 

- mZ~mH ⇒ almost identical kinematic boundaries: 

o correlated PDF systematics 
o correlated mtop systematics

To the extent that the qqbar → tt Z/H contributions are subdominant:

+

For a given ytop, we expect σ(ttH)/σ(ttZ) to be 
predicted with great precision

t

t

H

t

t

Z
t

t

Z

+

+
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arXiv:1507.08169Top Yukawa coupling from σ(ttH)/σ(ttZ)

http://arxiv.org/abs/arXiv:1507.08169


60

⇒ huge rates, exploit 

boosted topologies

Events/20ab–1 , with tt→𝓵ν+jets

 arXiv:1507.08169

- δyt (stat + syst TH) ~ 1% 

- great potential to reduce to similar 
levels δexp syst 
- consider other decay modes, e.g. 2l2nu

Top fat C/A jet(s) with R = 1.2, |y| < 2.5, 
and pT,j > 200 GeV



• (sub)-% precision in ratios of BRs to WW, ZZ, γγ, γZ

• ~% level for ytop from ttH and for H->μμ

• ≲5% precision for SM H selfcoupling λ

Summary of Higgs precision reach at FCC-hh
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Dark Matter

• DM could be explained by BSM models that would leave no 
signature at any future collider (e.g. axions). 

• More in general, no experiment can guarantee an answer to the 
question ”what is DM?”

• Scenarios in which DM is a WIMP are however compelling and 
theoretically justified

• We would like to understand whether a future collider can 
answer more specific questions, such as:

• do WIMPS contribute to DM?

• can WIMPS, detectable in direct and indirect (DM annihilation) 
experiments, be discovered at future colliders?

• what are the opportunities w.r.t. new DM scenarios (e.g. 
interacting DM, asymmetric DM, ....)? 
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Towards no-lose arguments for some Dark Matter scenarios: 

disappearing tracks L.Wang @ FCC week
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New gauge bosons discovery reach

Example: W’ with SM-like couplings

At L=O(ab–1),  Lum x 10 ⇒ ~ M + 7 TeV

NB For SM-like Z’ , σZ‘ BRlept ~ 0.1 x σW‘ BRlept , ⇒ rescale lum by ~ 10
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100 evts/10ab–1

Discovery reach for pair production of strongly-
interacting particles



Top quark production

σtot(100 TeV) ~ 35 x σtot(14 TeV)  

σ(nb) δscale(nb)

• ⇒ about 1012 top quarks produced in 20 ab–1

• rare and forbidden top decays

• 1012 fully inclusive W decays, triggerable by “the other W” 
• rare and forbidden W decays
• 3 1011 W→charm decays
• 1011 W→tau decays (*)

• 1012 fully charge-tagged b hadrons

(*) NB: From LEP2 BR(W->τ) / BR(W->e/μ) ~ 1.066 ± 0.025  => ~ 2.5 σ off ….



Inclusive top quark production

Ex: integrated rates as a function 
of t-tbar invariant mass for 
centrally (inclusive) produced tops

Ex: gg initial state content for central 
(vs inclusive) t-tbar pairs, vs M(tt)

Statistics out to over 30 TeV with 10ab–1

Inclusive rate ~ 10 times larger at highest mass

In central production, dominated by gg up to ~ 15 
TeV. Still 20% gg at the kinematic edge of ~ 30 TeV

For inclusive prodution, >90% gg!
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Auerbach, Chekanov, Proudfoot, Kotwal, arXiv:1412.5951

Sensitivity to ttbar resonances

http://inspirehep.net/author/profile/Auerbach%2C%20B.?recid=1334967&ln=en
http://inspirehep.net/author/profile/Chekanov%2C%20S.?recid=1334967&ln=en
http://inspirehep.net/author/profile/Kotwal%2C%20A.V.?recid=1334967&ln=en
http://arxiv.org/abs/arXiv:1412.5951


Final remarks

• The study of the SM will not be complete until we exhaust the 
exploration of phenomena at the TeV scale: many aspects are still 
obscure, many questions are still open. The full LHC programme, and a 
following FCC-like facility, will be required to complete this 
exploration

• The BSM-search programme at the LHC is more than a 1-experiment/
1-measurement deal. It features hundreds of stand-alone individual 
measurements of separate probes, it’s the most complete and reaching 
enterprise available today and in the near future to explore in depth 
physics at the TeV scale with an immense discovery potential and still 
ample room for progress

• The BSM-search progamme relies on a complex and multidimensional 
programme of SM and QCD dynamics measurements, that will grow 
in parallel with the increase in luminosity and with the progress in the 
searches
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Final remarks

• As a possible complement to the mature ILC and CLIC projects, plans 
are underway to define the possible continuation of this programme 
after the LHC, with the same goals of thoroughness, precision and 
breadth that inspired the LEP/LHC era 

• Skepticism towards the ability to continue improving the theoretical 
precision and experimental systematics should not curtail the 
ambition to produce ever better Higgs measurements in the far 
future of hadron colliders, and probe its properties to (sub)percent 
precision at HL-LHC (FCC-hh): there are plenty of opportunities for 
new tackles that will emerge as we move along …. 

• The physics case of a 100 TeV collider is very clear as a long-term goal 
for the field, simply because no other proposed or foreseeable 
project can have direct sensitivity to such large mass scales.

• Nevertheless, the precise route followed to get there must take 
account of the fuller picture, to emerge from the LHC as well as 
other current and future experiments in areas ranging from flavour 
physics to dark matter searches.
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