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From Manfred’s Opening Talk 

ECFA E u r o p e a n  C o m m i t t e e  f o r  F u t u r e  Ac c e l e r a t o r s  

Why now ? 
Update of the European Strategy for Particle Physics adopted 
30 May 2013 in a special session of CERN Council at Brussels. 
Statement c: 
 

October 1, 2013 HL-LHC Workshop 4 

 c) The discovery of the Higgs boson is the start of a major programme of work 
to measure this particle’s properties with the highest possible precision for 
testing the validity of the Standard Model and to search for further new physics 
at the energy frontier. The LHC is in a unique position to pursue this programme. 
Europe’s top priority should be the exploitation of the full potential of the LHC, 
including the high-luminosity upgrade of the machine and detectors with a view 
to collecting ten times more data than in the initial design, by around 2030. This 
upgrade programme will also provide further exciting opportunities for the study 
of flavour physics and the quark-gluon plasma.  

What we have done during this workshop is flesh out 
this (very nicely worded) paragraph
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Exploitation of the Higgs

• Area of significant progress
• Experiments have revisited/validated earlier 

projections
• Experiments have coordinated assumptions

• Consistent presentation of results
• Range of projections largely agree

• ~2-8% on ratios of couplings with HL-LHC

“The discovery of the Higgs boson is the start of a major programme 
of work to measure this particle’s properties with the highest possible 

precision for testing the validity of the Standard Model” 

4.5 Spin-parity 17

Table 3: Precision on the measurements of k
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, kW , kZ, kg, kb, kt and k

t

. These values are obtained
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p
s = 14 TeV using an integrated dataset of 300 and 3000 fb�1. Numbers in brackets are

% uncertainties on couplings for [Scenario 2, Scenario 1] as described in the text. For the fit
including the possibility of Higgs boson decays to BSM particles d the 95% CL on the branching
fraction is given.
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Figure 14: Estimated precision on the measurements of ratios of Higgs boson couplings (plot
shows ratio of partial width. It will be replaced by a plot of ratio of couplings by the time
of the pre-approval. Uncertainties are 1/2). The projections assume

p
s = 14 TeV and an

integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right). The projections are obtained with the
two uncertainty scenarios described in the text.

where f (i),µn ( f̃ (i),µn) is the (conjugate) field strength tensor of a Z boson with polarization vector
ei and v the vacuum expectation value of the Higgs field. The spin-zero models 0+ and 0�
correspond to the terms with a1 and a3, respectively.

Four independent real numbers describe the process in Eq. (2), provided that the overall rate
is treated separately and one overall complex phase is not measurable. For a vector-boson
coupling, the four independent parameters can be represented by two fractions of the corre-
sponding cross-sections ( fa2 and fa3) and two phases (fa2 and fa3). In particular, the fraction of
CP-odd contribution is defined under the assumption a2 = 0 as

fa3 =
|a3|2s3

|a1|2s1 + |a3|2s3
,

where si is the effective cross section of the process corresponding to ai = 1, aj 6=i = 0. Given the
measured value of fa3, the coupling constants can be extracted in any parameterization. For
example, following Eq. (2) the couplings will be

|a3|
|a1| =

s
fa3

(1 � fa3)
⇥

r
s1

s3
,

where s1/s3 = 6.240 for a Higgs boson with a mass of 126 GeV.

A fit is performed on the parameter fa3, which is effectively a fraction of events (corrected for
reconstruction efficiency) corresponding to the 0� contribution in the (D0� ,Dbkg) distribution.

W.Murray STFC/Warwick 25
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ATLAS [3,6] [4,5] [5,11] [11,12] N/a [11,13] [20,22] [78,78] [17,18]

CMS [4,6] [4,7] [5,8] [6,9] [8,11] [6,9] [22,23] [40,42] [13,14]

3000fb
-1

ATLAS [2,5] [2,3] [2,7] [5,6] N/a [7,10] [6,9] [29,30] [6,7]

CMS [2,5] [2,3] [2,5] [3,5] [3,5] [2,4] [7,8] [12,12] [6,8]

Generally good agreement between the two 

estimates

HL-LHC offers roughly a factor 2-3 improvement in 

coupling ratio determinations.

Especially if theory errors can be reduced.
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3Thursday, October 3, 13



W.Murray STFC/Warwick 18

H →Zγ

Tests loop structure
Signal to background 
marginal
But a measurement is 
possible

 eeγ μμγ eeγ 
VBF

μμγ 
VBF

3000fb-1 1500 1700 21 23

ATL-PHYS-PUB-2013-014

Rare & Suppressed Higgs Processes

• HL-LHC luminosity 
allows study of 
important rare Higgs 
modes

• Several new studies 
from experiments 
presented

• ttH (H to ZZ)
• H to µµ

• 2nd generation 
couplings 

• H to Zγ
• compositeness

• t to cH
• FCNC

W.Murray STFC/Warwick 12

H →ZZ

High purity signal 
possible
Separate into all 5 
production modes
WH, ZH use lepton 
tags

 ttH ZH WH VBF ggH

3000fb-1 35 5.7 67 97 3800

Selected signal event rates

ttH, H→ZZ
Only possible HL-LHC

ATL-PHYS-PUB-2013-014 ATL-PHYS-PUB-2013-014

W.Murray STFC/Warwick 19

H→μμ

3000fb-1 at 14TeV offers new possibilities

 H→μμ 
Allows direct study of coupling to two different leptons
Test lepton flavour-violation carefully

ATL-PHYS-PUB-2013-014

W.Murray STFC/Warwick 33

t→cH sensitivity

t→cH can be O(10-3) in 2HDM-III models, 10x 
allowed t→cZ rate.
tt→WbHc is studied with H→γγ 
Look for γγj peak
Combine W→lν
and W→qq 

Sensitivity to Br of
       1.5x10-4

Other decay modes
only add.

Preliminary

ATL-PHYS-PUB-2013-012
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HL-LHC is also a Discovery Machine

• HL-LHC offers a unique multi-pronged opportunity to discover the BSM physics 
anticipated to stabilize the observed Higgs mass against quadratic divergences (or to rule out 
such “natural” explanations)

• Era of precision Higgs physics & tests of EWSB mechanism

• Uniquely capable of some critical measurements 

• Continue direct search for new particles (SUSY incl. extra Higgs, or other solutions to 
hierarchy problem)

• Access small cross-section x BR production and/or inefficient decays

• Luminosity sufficient to search for rare SM processes (enhanced in BSM)

• Might yield the clue we need to move the field forward (has in the past ...)

“... And to search for further new physics at the 
energy frontier.  The LHC is in a unique position to 

pursue this programme”
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Isabell Melzer-Pellmann           ECFA Workshop 1.-3.10.2012 

Supersymmetry –  
Cross sections @ 14 TeV 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Neutralino/chargino cross sections (here assuming Wino states) are very small  

!  need high luminosity!!! 
 

14 

Direct Searches for BSM Particles

• HL-LHC luminosity needed to discover 
certain BSM scenarios

• E.g. SUSY through direct production of 
charginos/neutralinos

5.5 Chargino-Neutralino Production 23

the same as for the 8 TeV analysis, except for the statistical uncertainty on the fake prediction,
which is scaled down by the square-root of the luminosity and cross section increase, as this
uncertainty is driven purely by the fakeable object count in the isolation sideband. For Sce-
nario B, the signal extrapolation is done in the same way, but the systematic uncertainty on
the rare SM background is reduced from 50% to 30%, as it can be assumed that the cross sec-
tions and kinematic properties of these processes will be measured and better understood. The
systematic uncertainty on the fake background is reduced from 50% to 40%.

Figure 19 shows the topology of the investigated simplified model and the 5s discovery region,
which is extended up to sbottom masses of 600–700 GeV and LSP masses up to 350 GeV.

5.5 Chargino-Neutralino Production

With higher luminosities, the searches for the electroweak SUSY particles may become increas-
ingly more important. Charginos and neutralinos can be produced in cascade decays of gluinos
and squarks or directly via electroweak interactions, and, in the case of heavy gluinos and
squarks, gauginos would be produced dominantly via electroweak interactions. Depending
on the mass spectrum, the charginos and neutralinos can have significant decay branching
fractions to leptons or on-shell vector bosons, yielding multilepton final states. Here the pro-
jections of the discovery reach for direct production of c̃

±
1 and c̃

0
2, which decay via W and Z

bosons into the LSP (c̃0
1) [37], are presented. This production becomes dominant if sleptons are

too massive and c̃

±
1 and c̃

0
2 are wino-like, which suppresses neutralino-pair production relative

to neutralino-chargino production.

The analysis is based on a three-lepton search, with electrons, muons, and at most one hadron-
ically decaying t lepton. In order to get an estimate for the sensitivity at 14 TeV two different
Scenarios (A and B) are considered, as discussed earlier. The results are shown in Fig. 20. The
chargino mass sensitivity can be increased to 500–600 GeV, while discovery potential for neu-
tralinos ranges from 150 to almost 300 GeV.
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Figure 20: The simplified model topology for direct c̃

±
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0
2 production (a), and the projected 5s

discovery projections for this model (b).
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Figure 8: 5 s discovery reach for the simplified model describing the direct production of
charginos and neutralinos, that decay to 100% via a W and Z boson for 3000 fb�1 (left), for
a mean of 140 pileup events with the upgraded Phase II detector (solid magenta line), and also
for zero pileup with the Phase I detector (black solid line). Results for 300 fb�1 with zero pileup
are displayed as dashed lines. A c0

2 ! Zc0
1 branching ratio of 100% may be not realistic. To

illustrate the migration of the discovery reach due to a smaller branching ratio, we show here
for illustration the result for a branching ratio of 50% as well (right).

Figure 9: Diagrams of c̃0
1c̃0

1 production via VBF process.

the major background in this search. The tt̄ production is also considered. The signal model314

considered is the pure Wino dark matter scenario with mc̃0
1
= 112, 200, and 500 GeV.315

The Phase II Conf4 option of the upgraded detector, with the extended tracker coverage up to316

|h| < 4, can benefit this search mainly in the following two ways:317

• The improved lepton acceptance reduces W and tt̄ backgrounds, major background318

sources in this search, through the lepton vetos.319

• The improved pileup mitigation (pileup charged hadron subtraction) in the forward320

region based on tracking is expected to improve the VBF jet tagging and ET/ resolu-321

tion, two main aspects in this search.322

For the first point, one can see the benefit from the lepton h distribution, which is shown in323

Fig. 10. A significant amount of leptons fall outside the current geometrical acceptance of |h| <324

2.5. The lepton efficiencies in the Delphes simulation, which are verified against the CMS full325

simulation [35], are shown as functions of h in Fig. 11. The lepton selection efficiency is crucial326

in order to achieve high efficiency for lepton vetoes to reduce W and tt̄ backgrounds. The effect327
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V V Scattering
• Verification of Higgs’s 

presumed role in canceling 
divergences in VBS will come 
by end of Run 3

• However, HL-LHC with access 
to highest pT events, becomes 
increasingly sensitive to 
anomalous gauge couplings

WW/WZ/ZZ scattering at the LHC

WW/WZ/ZZ scattering at LHC

WW/WZ/ZZ scattering at LHC is characterized by V V jj final state:

triple and quartic gauge vertices

V V

VV

q

q

q

q

f̄

f

f̄

f

H0
H0

Higgs exchange and Higgs
production via vector boson fusion

Sensitivity to QGC (only occur in few channels besides VBS)
! setting exclusion limits on aQGC

A. Vest June 7, 2013 HB2013 12

Isabell Melzer-Pellmann           ECFA Workshop 1.-3.10.2012 

Vector Boson Scattering –  
Result for WZ Channel 

WZ channel is sensitive to dimension-8 operator: 
 
 

! Larger cross section than ZZ, and one Z still fully reconstructible 

 

SM discovery expected with 185 fb-1 

BSM contribution at TeV Scale possible at 300 fb-1 

3000 fb-1 probes much larger range of quartic coupling! 

 
 
 

8 

Isabell Melzer-Pellmann           ECFA Workshop 1.-3.10.2012 

Vector Boson Scattering –  
Triboson Scattering 

Zγγ mass spectrum at high mass:  
!  sensitive to BSM triboson contributions through quartic gauge couplings 
!  Lepton-photon channel allows full reconstruction of the final state and the 

Zγγ invariant mass 
!  Sensitive to BSM operators:  
 

10 
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Flavor Physics

• Discovery of new physics 
through indirect effects 
• New particles in loops 

change observables from 
SM prediction

• Variety of measurements have 
been studied (some ongoing)
• Diverse program
• Complementarity of 

experiments
• Rare phenomena, need 

HL-LHC luminosity

“This upgrade programme will also provide further 
exciting possibilities for the study of flavour physics” 

General framework : physics topics 

3 

small subset of topics  

all topics have not been studied in every experiment 

Belle II-only topics not mentioned  

FCNC in top 

decays  

Bd,s⟶µ+µ- 

ϕ
s 
from 

Bs⟶J/ψΦ 

ϕ
s 
from 

B
s
⟶ΦΦ 

Bd⟶K*0 µ+µ-  CKM angle γ 

AΓ(D
0→KK) and 

AΓ(D
0→ππ)  

ATLAS/
CMS 

LHCb 

Belle II 
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E.g. Bs,d to µ+µ-

• Measure Bd and Bs

• NP effects can be different
• CMS and LHCb can make precise measurements 

or BRs with HL-LHC 

Heavy Flavours at HL-LHC 01 October 2013 8 

CMS 300 fb-1 CMS 3000 fb-1 

improved inner tracker system and 
removal of the endcap candidates 

Motivation 
•  Precision measurements of CP asymmetries and rare 

decays 

Dec 
•  Precise predictions from the SM and/or control 

measurements using data  
•  A game of coupling and scale : 

Heavy Flavours at HL-LHC 01 October 2013 2 
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Heavy Flavours at HL-LHC 01 October 2013 9 

But also : measurement of the Bs!µ+µ-  effective lifetime (clean 
test of NP) with ~2000 events !

&theory ~5 % 

Precision computed assuming the SM BR 

Expected precision on BR(Bd!µ+µ-)/BR(Bs!µ+µ-)  

2012 
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Heavy Ions

• Experiments plan major upgrades during LS2
• HL-HI-LHC defined as Runs 3+4

• >10 nb-1 Pb-Pb physics run, x10 stats of Run 2
• p-Pb “high lumi” run
• pp reference (5.5. TeV)
• Possibly light ions

• HL-HI-LHC  Physics Program
• Variety of measurements that study different aspects of the medium

• Jets, Heavy Flavour Probes, Quarkonium, Low-mass Dileptons
• All require high stats (and upgraded detectors) of HL-LHC

“... and the quark gluon plasma”

Heavy Ion Physics:"
the Little Bang in the laboratory!

!  Explore the deconfined phase of QCD matter 
!  High-energy nucleus-nucleus   "   large energy density 

(~15 GeV/fm3 at LHC) over a large volume (~ 5000 fm3 at LHC) 

K. Rajagopal and F. Wilczek, Handbook of QCD 

QCD Phase Diagram!

ECFA HL-LHC, Aix-les-Bains, 01.10.13                  Andrea Dainese | Heavy Ions! 3!
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Run 2 HL-LHC 

Low-mass di-leptons: performance!

!  ALICE: new inner tracker + dedicated run at 0.2 T (+3/nb)  
   " electron acceptance down to pT = 50 MeV/c 
 
 
 
 
 
 
 

 
             Precision of ~10% on the inverse slope "T 

ECFA HL-LHC, Aix-les-Bains, 01.10.13                  Andrea Dainese | Heavy Ions! 23!

Di-electron mass spectrum after bkg subtraction: 

ALICE, CERN-LHCC-2012-012 

Lint=3/nb 

 E.g. Measuring the Temperature

• Use thermally radiated photons 
measure temperature of 
medium
• Do not interact in the 

medium
• Reconstruct γ to e+e-  

• Slope of Mee spectrum 
inversely related to T

• Different Mee correspond 
to different times during 
the collision (evolution)

• Statistics obviously important

Text
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Detector Requirements

• The first detector requirement is easy to state
• Have one that is not dead

• Due to radiation damage, LHC detectors will not survive beyond ~500 fb-1

• Must replace inoperable elements
• Tracking detectors, endcap calorimeters (CMS)

• Must upgrade electronics to cope with increased rates (esp. trigger)

“Europe’s top priority should be the full exploitation of 
the full potential of the LHC, including the high-

luminosity upgrade of the machine and detectors ”
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Others - Particular 
Physics Needs

• Some physics processes make specific 
demands on the HL-LHC detectors
• E.g. important part of the HL-LHC physics 

program will be VBF produced physics 
(Higgs, VBS, EWKinos)

• Current VBF measurements rely on shower 
shapes in calorimeters to distinguish VBF 
jets from pile-up (beyond tracking 
coverage)
• Known to be insufficient with HL-LHC 

pile-up
• Can possibly be mitigated by extending 

tracking coverage and/or calorimeter 
improvements (e.g. precision timing)
• Needs more detailed study, R&D 

ECFA HL-LHC Workshop (1-3 October, Aix-les-Bains, France)Bryan Dahmes (University of Minnesota) 13

Forward Jets

Jets, pT > 30 GeV
(CMS FTR-13-014)

● Pileup jet mitigation
● Jet/Track matching, vertex association inside tracker 

acceptance
● Raise pT thresholds in regions 

with no tracker coverage
● At right, study jet distribution 

(pT > 30 GeV) for W+jets 
events, PU=140

● Clear indication of PU jet 
pollution outside of 
tracker acceptance

● Extending tracker coverage 
reduces jet contribution from PU

140 PU, |ηTRK|<2.5
Phase 1, Phase 2 (config 3)

140 PU, |ηTRK|<4.0
Phase 2 (config 4)

Phase 1
0 PU

With optimistic tracking 
performance, large impact on 
VBF EWkino backgrounds ... 

can invert this and set a target 
for design

Measurements of the 125 GeV boson 

•  Mass & width are hard to improve beyond Run 2 

•  Direct measurement of width limited by resolution 

•  Dominant spin/parity will probably be established as 0+ 

•  Investigate a CP-violating contribution 

•  At LHC, we can only measure σ×BR. Express a ratio µ to SM value. 

•  Ratios of partial widths can be made without further assumptions 

•  Interpretation as coupling measurements is model dependent 

Pippa Wells, CERN"June 2013" 15"
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Design Targets Based on Physics 
Aspirations? 

• Higgs self-coupling is an 
important parameter of SM

• Test through di-HIggs 
production

• Experiments are still working 
on projections of precision

• Critically dependent on 
detector many aspects of 
detector performance
• b-tagging, 

resolution, fake 
rates

• Small cross-section, large 
backgrounds

• Clearly needs full HL-LHC 
luminosity

• And detectors that 
maximize the 
experimental efficiency

(a) gg double-Higgs fusion: gg ! HH

H

H

H

g

g

Q

H

Hg

g

Q

(b) WW/ZZ double-Higgs fusion: qq! ! HHqq!

q

q!

q

q!

V "

V "

H
H

(c) Double Higgs-strahlung: qq̄! ! ZHH/WHH

q

q̄! V "

V

H

H

g

g

t̄

t
H
H

q

q̄
g

(d) Associated production with top-quarks: qq̄/gg ! tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.

where

t̂± = "
ŝ

2

!

1" 2
M2

H

ŝ
#
"

1"
4M2

H

ŝ

#

, (5)

with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F#, F! and G! approach constant values in the infinite top quark mass limit,

F# !
2

3
, F! ! "

2

3
, G! ! 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F#, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process

6

-
ghhh ⌘ 3�v =

3M2
H

v
M2

H = �v2

ECFA HL-LHC Workshop (1-3 October, Aix-les-Bains, France)Bryan Dahmes (University of Minnesota) 8

Additional Object Performance

● ATLAS Photon ID and 
isolation efficiency using 
current algorithms and 
PU=80

● Expected to apply to 
PU=140 after tuning

● ATLAS missing ET 
parametrization 

W.Murray STFC/Warwick 35

Higgs boson pair-production

Needs observation of Higgs pairs
Expected σ

HH
=40±3fb → 120K events

Finding one was tough with ~500K events

But it is not enough
Both the above diagrams (and more) contribute
Negative interference :(

Ongoing studies suggest some sensitivity
Low rate makes high demands on detectors & lumi
Theoretical studies suggest possible: 1309.6318

bbWW 30000

bbττ 9000

WWWW 6000

γγbb 320

γγγγ 1

Expected events

Instead of asking with what precision can observe di-
Higgs, easier (and maybe more useful) might be to set 

detector requirements to make N σ measurement
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Next Steps

• Perhaps the most important outcome of the ECFA workshop is the focus of 
activity it has provided
• Fostered interest in physics of HL-LHC, interplay with detector upgrades 

• Outcome of this is/will be new ideas
• Continued investigation should be encouraged

• Communication & collaboration between experiments established
• Valuable exchange of information (again ideas ...)
• Forums for such discourse should endure

• Immediate future (next weeks), some work in progress that did not quite make 
this workshop will be completed
• But how to continue this activity beyond this?
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Future Workshops	

• Experiments must build on established momentum and continue to drive such 
studies in order to inform their upgrade designs and future physics programs
• Another ECFA HL-LHC workshop in ~1 years time might again help focus 

this activity
• In the interim, topical mini-workshops could be arranged to sustain momentum 

and keep communication channels open
• These could be hosted by LPCC perhaps
• They could focus on important physics topics

• How to make sure LHC is able to observe di-Higgs production
• They could focus on important detector performance issues

• How to get achieve pileup mitigation for VBF produced physics
• Or other topics of interest to the community
• First such meeting early 2014? 
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Summary

• Many new studies on physics reach and performance goals prepared for 
this workshop 
• Precision Higgs physics (ATLAS/CMS)
• Direct searches for BSM particles (ATLAS/CMS)
• Searches for deviations from rare processes in the SM (ATLAS/CMS/LHCb)
• Heavy Ions (ATLAS/CMS/ALICE)

• This workshop has provided people, tools, and fora to establish HL-LHC 
physics goals and assess detector performance 
• At lot of progress, but key questions remain
• This work must continue, building on the established momentum
• Propose a follow-up workshop 1 year from now

• Interim period interspersed with topical mini-workshops 
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