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The Big Questions when the LHC was 
“born” (ca. 1984), from the Lausanne report ... 

Mass

Flavor

Gravity

EWSB

“

”
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Nearly 30 years later, we have significant 
progress on at least one of these (maybe two)

• We have discovered a new particle 
that certainly appears to have 
something to with the origin of mass, 
and 

• It seems to have spin 0

• It seems to be positive parity

• It seems to couple to the EW 
gauge bosons as expected from 
EWSB due to the Higgs 
mechanism

• It seems to couple to fermions 
proportional to their mass

• The new particle looks very much like 
the Higgs boson of the SM 
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But what, if anything, is stabilizing the Higgs 
mass at 125 GeV (aka the Hierarchy problem)?

• If we have discovered 
Nature’s first fundamental 
scalar field, then

• in QFT, scalar fields get loop 
corrections that diverge 
quadratically, so

• Either there is some new 
(LHC accessible) physics 
which “naturally” solves this 
problem

• δm2H ∝ Λ2cutoff

• Or the universe is fine 
tuned, i.e. it is a coincidence

• (Or QFT is wrong)
�m2

H + (��m2
H) = 0

m2
H = m2

H
tree

+ �m2
H

top
+ �m2

H
W,Z

+ �m2
H

self ⇡ O(125) GeV

Natural SUSY needs to 
show up soon (or maybe 

it’s been missed)

4



This is not a new problem

• So this argument, while still valid, is older than the LHC itself

• The “solution” via supersymmetry just as old

• Some alternative solutions (e.g. ED) developed in intervening years, but there 
are no evidence for these either (yet)

“

”

Is there anything new since the Higgs Discovery? 
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Here’s one thing - now know all the 
parameters of the SM

• Now that we know the Higgs mass, we 
can calculate the Higgs potential 

• And people have done this (recently to 
NNLO)

• Point lies along critical line 
between stable/metastable phases

• The vacuum (in the SM) is 
apparently a false minimum
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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To me, however, the fate of the universe is 
not the point here

• Firstly, the universe will likely die in other ways
• See above 

• The point (for me) is that apparent criticality is 
interesting in physics 

• Because its investigation (often) leads to 
new physics

• Supersymmetry or other BSM ... 
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Figure 7: Left: The probability that electroweak vacuum decay happened in our past light-cone,
taking into account the expansion of the universe. Right: The life-time of the electroweak
vacuum, with two di↵erent assumptions for future cosmology: universes dominated by the cos-
mological constant (⇤CDM) or by dark matter (CDM).

Note that ��(⇤I) is negative in the SM.
Figure 6 shows the SM phase diagram in terms of the parameters �(MPl) and m(MPl). The

sign of each one of these parameters corresponds to di↵erent phases of the theory, such that
�(MPl) = m(MPl) = 0 is a tri-critical point.

The region denoted by ‘hhi ⇡ MPl’ corresponds to the case in which eq. (74) is not satisfied
and there is no SM-like vacuum, while the Higgs field slides to large values. In the region of
practical interest, the upper limit on m is rather far from its actual physical value m = Mh,
although it is much stronger than MPl, the ultimate ultraviolet cuto↵ of the SM. A much more
stringent bound on m can be derived from anthropic considerations [126] and the corresponding
band in parameter space is shown in fig. 6. We find it remarkable that the simple request of the
existence of a non-trivial Higgs vacuum, without any reference to naturalness considerations,
gives a bound on the Higgs bilinear parameter m. Unfortunately, for the physical value of �,
the actual numerical value of the upper bound is not of great practical importance.

6.3 Lifetime of the SM vacuum

The measured values of Mh and Mt indicate that the SM Higgs vacuum is not the true vacuum
of the theory and that our universe is potentially unstable. The rate of quantum tunnelling out
of the EW vacuum is given by the probability d}/dV dt of nucleating a bubble of true vacuum
within a space volume dV and time interval dt [127–129]

d} = dt dV ⇤4
B e�S(⇤B) . (75)
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But LHC is still an early hominid
LHC roadmap to achieve full potential 

Pippa Wells, CERN"June 2013" 4"

…

Run 1

Injector + LHC Phase I upgrade to ultimate design luminosity2018 LS2

2019

 √s=14 TeV, L~2x1034cm-2s-1, bunch spacing 25ns2020

~75-100 fb-1

2015

2016

2012 ~25 fb-1

2013

2014

2017

LS1

~3000 fb-1

2021 ~350 fb-1

HL-LHC Phase II upgrade: Interaction Region, crab cavities?2022 LS3

2023

 √s=14 TeV, L~5x1034cm-2s-1, luminosity levelling2030?

Go to design energy, nominal luminosity - Phase 0

 √s=13~14 TeV, L~1x1034cm-2s-1, bunch spacing 25ns

2009 LHC startup, √s 900 GeV
2010

 √s=7+8 TeV, L~6x1033cm-2s-1, bunch spacing 50ns2011

2x 
increase 

in E

100x 
increase 
in int. L 

Fully 
evolved 

LHC 
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Two Distinct Stages of Operation

Markus Klute

LHC Upgrade Stages

21

LHC
Reach 1034cm-2s-1 by LS2, 
double by LS3 and integrate 
300fb-1 by 2022
<PU> = 50

HL-LHC
Lumi-level 5x 1034cm-2s-1 
and integrate 3000fb-1after 
L3 
<PU> = 140 
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What are the experimental challenges that 
this means for ATLAS + CMS?

• The large factor in 
integrated luminosity comes 
at the price of high 
instantaneous luminosity

• Higher trigger rates

• Higher particle densities

• More rapid radiation 
damage

• Larger data volumes

• A large increase in the 
number of overlapping 
collisions (“pileup”)

• More confusing 
events

Detector upgrades 

•  In a nutshell – detector upgrades are planned so as to maintain or 
improve on the present performance as the instantaneous luminosity 
increases 

•  A particular challenge is to refine the hardware (level-1) and software 
(high level) triggers to maintain sensitivity with many interactions per 
bunch crossing – “pileup” 

•  Offline algorithms also need to be developed to maintain 
performance with pileup 

•  Focus here on upgrades which  
change the performance. In 
addition, there is a continuous 
huge effort in consolidation,  
eg. new cooling systems,  
improved electronics and  
power supplies, shielding  
additions... 

•  Phase 0/I upgrades are better 
defined than Phase II  

Pippa Wells, CERN"June 2013" 5"

CMS event with 78 pileup

Which vertex is the correct one?
10



Triggering becomes more challenging

• At a hadron collider, triggering 
capabilities can make or break the 
success of the physics program

• At a minimum, want to record 
as many leptonic decays of 
W,Z,H as possible

• Maintain relatively low 
thresholds

• Challenge is with the highest 
pileup, it appears that for 
some triggers

• No threshold, no matter how 
high, that provides adequate 
rate reduction

• Need game-changing strategy

July 1, 2013 

Track Trigger 

J. Olsen – Snowmass Energy Frontier Workshop 24 

Simulation checked with data at high-PU 

Enables track matching of muons and 
electrons (0 rejection) and application 
of isolation at Level 1 

Reducing pT threshold at constant rate 

Combined with forward tracking, 
could provide forward b-tagging at L1  

11



Three Phases of Upgrades to Experiments
• Phase 0

• Installation Underway

• Repairs & Completions

• ATLAS IBL (new pixel layer)

• Phase I

• Mature designs

• CMS TDRs (pixels, HCAL, L1)

• ATLAS TDRs (NSW, FTK)

• Phase II

• Plans being finalized

• ATLAS LOI (2013)

• CMS Technical Proposal (2014)

July 1, 2013 

LS1 Muon Upgrade 
 Upgrade plans 

 CSC and RPC: ME4/2 (1.25<|η|<1.8) 
 CSC: ME1/1 (2.1<|η|<2.4)  

 new digital boards and trigger cards 

 DT: new trigger readout boards and optical links 

 Improved trigger rate and efficiency 

J. Olsen – Snowmass Energy Frontier Workshop 14 

ME 4/2 

Target Rate 5 kHz 

ATLAS 
Phase 0

CMS 
Phase 0

12



CMS (pre)Phase I pixels 

•  Additional layer (! 4 barrels, 3 disks).  

•  Install smaller radius beam pipe in 
LS1, and plan to install new pixels in 
extended 2016-2017 shutdown  

•  Improved read out chip to prevent 
data loss 

•  CO2 cooling and re-routed services ! 
less total material than present pixel 

Pippa Wells, CERN"June 2013" 7"

16 Chapter 2. Expected Performance & Physics Capabilities

used non-template pixel positions and errors for the simulation studies of both detectors. Note
that this causes the pixel hit position resolutions in this simulation study to be slightly worse
for the current detector than what is currently achievable with the 2011/2012 data. Details for
the configuration of the track reconstruction used is given in Section 2.1.2.

2.1.1 Pixel Detector Geometry

Figure 2.1 shows a conceptual layout for the Phase 1 upgrade pixel detector. The current 3-layer
barrel (BPIX), 2-disk endcap (FPIX) system is replaced with a 4-layer barrel, 3-disk endcap
system for four hit coverage. Moreover the addition of the fourth barrel layer at a radius of
16 cm provides a safety margin in case the first silicon strip layer of the Tracker Inner Barrel
(TIB) degrades more rapidly than expected, but its main role is in providing redundancy in
pattern recognition and reducing fake rates with high pile-up.

Current

Upgrade
4 barrel layers

3 barrel layers

Figure 2.1: Left: Conceptual layout comparing the different layers and disks in the current and
upgrade pixel detectors. Right: Transverse-oblique view comparing the pixel barrel layers in
the two detectors.

Since the extra pixel layer could easily increase the material of the pixel detector, the upgrade
detector, support, and services are redesigned to be lighter than the present system, using an
ultra-lightweight support with CO2 cooling, and by relocating much of the passive material,
like the electronic boards and connections, out of the tracking volume.

Table 2.2 shows a comparison of the total material mass in the simulation of the present pixel
detector and of the Phase 1 upgrade pixel detector. Since significant mass reduction was
achieved by moving material further out in z from the interaction point, the masses are given
for a limited range in h that covers most of the tracking region.

Also shown in Table 2.2 is the mass of the carbon fiber tube that sits outside of the pixel de-
tector and is needed by the Tracker Inner Barrel (TIB) and for bakeout of the beampipe. By
convention, the material for this tube is usually included as part of the pixel system “material
budget”; this tube is expected to remain unchanged for the Phase 1 upgrade.

Another comparison of the “material budget” for the current and Phase 1 pixel detectors was
done using the standard CMS procedure of simulating neutrinos in the detector and summing
the radiation length and nuclear interaction length along a straight line at fixed values of h
originating from the origin. Figure 2.2 shows a comparison of the radiation length and nuclear
interaction length of the present and upgrade pixel detectors as a function of h. The green
histogram are for the current pixel detector while the Phase 1 upgrade detector is given by the

b-tagging"

Upgrade"

…
2030? ~3000 fb-1

Phase 0

Phase I

Phase II

2021 ~350 fb-1

2022 LS3

2023

2016

2017 ~75-100 fb-1

2018 LS2

2019

2020

~25 fb-1

2013
LS1

2014

2015

2009

2010

2011

2012

Run 1

Upgrades to Tracking Detectors Crucial

• Charged particle tracking 
detectors have to be replaced 
(inoperable by HL-LHC)

• Finer granularity

• All silicon

• Smaller pixels

• Shorter strips

• Radiation hard devices

• Improved front-end chips

• Low mass (c-fiber) 
mechanics & (CO2) 
cooling

• Expanded angular 
coverage

b-jet efficiency
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Figure 6.10: Performance of b-tagging in tt̄ events, for a range of pile-up levels for the proposed Phase-II
Tracker layout in comparison with ID+IBL (left). On the right, the number of reconstructed primary vertex
candidates as a function of the number of pile-up interactions.

6.2.1 Alternative layouts

A few alternative layouts are considered, which modify the pixel part of the inner tracker. These
are the conical layout, which smoothes the transition between barrel and end-cap with a cone
shaped structure at the end of the barrel; the 5-layer pixel layout, which simply adds an extra pixel
barrel; and the alpine layout, with a novel arrangement of sensors on structures. These layouts are
considered as options requiring more detailed studies and development work.

Conical layout

The conical layout [47] is based on a bent integrated stave, with a flat middle section and bent ends.
This concept reduces the material in the forward region, because the end of stave cards are moved
to higher h . The crossing angle for particles incident on the stave is closer to perpendicular in the
conical region, further reducing the material traversed by a track.

One possible layout is shown in Figure 6.11. The outer barrel layers are at the same radius
as the default layout, but they are shortened, taking advantage of the fact that the modified conical
section covers the gap. As a result, the barrel pixel silicon area is reduced from the default 5.1 m2

to 4.6 m2. The resulting material budgets are depicted in Figure 6.12 and shows some reduction at
| h | > 1.5.

Other layouts with conical structures use a larger radius of the outermost pixel layer without
introducing a significant gap to the disks, and the end cap outer radius can be reduced to match the
barrel, which has additional advantages for mechanical assembly and integration.

Five pixel layers

The impact of modifying the layout by adding a fifth pixel layer. This allows, e.g., a more robust
pattern recognition seeded in the pixel detector alone, and a better two-particle separation in high
pT - jets.

A possible layout is shown in Figure 6.13. It assumes shorter outer pixel barrel layers relative
to the baseline layout [48] to reduce costs. The strip stub barrel is removed, since the extra pixel

– 67 –

ATLAS Phase II 
•  Radiation damage & occupancy of 

present tracker ! full replacement 

•  New L0(500kHz)/L1 trigger scheme, 
with RoI based L1 track trigger 

•  Phase I calo/muon upgrades are 
Phase II compatible. Additional 
readout electronics upgrade. 

•  Forward calorimeter options 

•  Computing & software upgrades 

Pippa Wells, CERN"June 2013" 11"

b-tagging: ITk with 140 pileup better 
than ATLAS+IBL with no pileup"

…
2030? ~3000 fb-1

Phase 0

Phase I

Phase II

2021 ~350 fb-1

2022 LS3

2023

2016

2017 ~75-100 fb-1

2018 LS2

2019

2020

~25 fb-1

2013
LS1

2014

2015

2009

2010

2011

2012

Run 1

Baseline LoI 
ITk tracker 
design: all 
silicon with 
reduced 
granularity"

CMS (pre)Phase I pixels 

•  Additional layer (! 4 barrels, 3 disks).  

•  Install smaller radius beam pipe in 
LS1, and plan to install new pixels in 
extended 2016-2017 shutdown  

•  Improved read out chip to prevent 
data loss 

•  CO2 cooling and re-routed services ! 
less total material than present pixel 

Pippa Wells, CERN"June 2013" 7"

16 Chapter 2. Expected Performance & Physics Capabilities

used non-template pixel positions and errors for the simulation studies of both detectors. Note
that this causes the pixel hit position resolutions in this simulation study to be slightly worse
for the current detector than what is currently achievable with the 2011/2012 data. Details for
the configuration of the track reconstruction used is given in Section 2.1.2.

2.1.1 Pixel Detector Geometry

Figure 2.1 shows a conceptual layout for the Phase 1 upgrade pixel detector. The current 3-layer
barrel (BPIX), 2-disk endcap (FPIX) system is replaced with a 4-layer barrel, 3-disk endcap
system for four hit coverage. Moreover the addition of the fourth barrel layer at a radius of
16 cm provides a safety margin in case the first silicon strip layer of the Tracker Inner Barrel
(TIB) degrades more rapidly than expected, but its main role is in providing redundancy in
pattern recognition and reducing fake rates with high pile-up.

Figure 2.1: Left: Conceptual layout comparing the different layers and disks in the current and
upgrade pixel detectors. Right: Transverse-oblique view comparing the pixel barrel layers in
the two detectors.

Since the extra pixel layer could easily increase the material of the pixel detector, the upgrade
detector, support, and services are redesigned to be lighter than the present system, using an
ultra-lightweight support with CO2 cooling, and by relocating much of the passive material,
like the electronic boards and connections, out of the tracking volume.

Table 2.2 shows a comparison of the total material mass in the simulation of the present pixel
detector and of the Phase 1 upgrade pixel detector. Since significant mass reduction was
achieved by moving material further out in z from the interaction point, the masses are given
for a limited range in h that covers most of the tracking region.

Also shown in Table 2.2 is the mass of the carbon fiber tube that sits outside of the pixel de-
tector and is needed by the Tracker Inner Barrel (TIB) and for bakeout of the beampipe. By
convention, the material for this tube is usually included as part of the pixel system “material
budget”; this tube is expected to remain unchanged for the Phase 1 upgrade.

Another comparison of the “material budget” for the current and Phase 1 pixel detectors was
done using the standard CMS procedure of simulating neutrinos in the detector and summing
the radiation length and nuclear interaction length along a straight line at fixed values of h
originating from the origin. Figure 2.2 shows a comparison of the radiation length and nuclear
interaction length of the present and upgrade pixel detectors as a function of h. The green
histogram are for the current pixel detector while the Phase 1 upgrade detector is given by the

b-tagging"

Upgrade"

…
2030? ~3000 fb-1

Phase 0

Phase I

Phase II

2021 ~350 fb-1

2022 LS3

2023

2016

2017 ~75-100 fb-1

2018 LS2

2019

2020

~25 fb-1

2013
LS1

2014

2015

2009

2010

2011

2012

Run 1

CMS 
Phase 1

ATLAS 
Phase 2
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Upgrades to Calorimeters & Muon Systems 
also planned

• Calorimeters

• Add longitudinal segmentation 
(CMS HCAL Phase 1)

• New photodetectors -SiPMs 
(CMS Phase 1)

• Endcap/Forward detector 
replacements (Phase 2)

• Muons

• Fast track segment finding at L1 
(ATLAS NSW Phase 1)

• Higher pT resolution

• Possibilities of extending 
pseudorapidity coverage

• Options to add redundancy

July 1, 2013 

HCAL Upgrade 

 Features 
 New photodetectors (SiPMs) 

 Longitudinal segmentation 

 Enhanced performance 
 MET resolution 

 Particle flow reconstruction 

 Pile-up mitigation 

 Background rejection 

J. Olsen – Snowmass Energy Frontier Workshop 17 

Supercluster Size (50 PU) 
CMS Full Simulation CMS Full Simulation 

Current 
(25, 50ns) 

Upgrade 

Depth segmentation: exploit shower shape 

3 barrel layers 
4-5 endcap layers 

Colors indicate longitudinal segmentation 

HF upgrade end of 2015, HB/HE in LS2 

ATLAS Collaboration

New Small Wheel
Technical Design Report

In the framework of

ATLAS Phase I Upgrade
A

B

C

A

B

C

EM

EI

EM

EI

(a)

(b)

May 2013

CERN-LHCC-2013-xxxFigure 2.6: ⌘ distribution of Level-1 muon signal (pT > 10GeV) (L1_MU11) with the distribution of
the subset with matched muon candidate (within �R < 0.2) to an offline well reconstructed
muon (combined inner detector and muon spectrometer track with pT > 3GeV), and offline
reconstructed muons with pT > 10GeV.

• Measure the second coordinate with a resolution of 1–2mm to facilitate good linking between308

the MS and the ID track for the combined muon reconstruction..309

The background environment in which the NSW will be operating will cause the rejection of310

many hits as spurious, as they might have been caused by �-rays, neutron or other background311

particles. Furthermore in the life-time of the detector, detection planes may fail to operate properly,312

with very limited opportunities for repairing them. Hence a multi-plane detector is required.313

Any new detector that might be installed in the place of the current Small Wheel should be314

operational for the full life time of ATLAS (and be able to integrate 3000 fb�1). Assuming al least315

10 years of operation and the above expected hit rate per second, approximately 10

12 hits/cm2 are316

expected in total in the hottest region of the detector.317

2.3 Trigger selection318

Performance studies using collision data have shown the presence of unexpectedly high rates of319

fake triggers in the end-cap region. Figure 2.6 shows the ⌘ distribution of candidates selected by320

the ATLAS Level-1 trigger as muons with at least 10GeV. The distribution of those candidates321

that indeed have an offline reconstructed muon track is also shown, together with the muons322

reconstructed with pT > 10GeV. More than 90% of the muon trigger rate is from the end-caps323

(|⌘| > 1.3), and most of the triggered objects are not reconstructible offline.324

Trigger simulations show that selecting muons with pT > 20GeVat Level-1 (L1_MU20) one325

would get a trigger rate at
p
s=14 TeV and at an instantaneous luminosity of 3⇥ 10

34cm�2s�1 of326

approximately 60 kHz, to be compared to the total available Level-1 rate of 100 kHz.327

In order to estimate the effect of a trigger using the NSW a study has been performed applying328

offline cuts to the current SW to reduce the trigger rate. Table 2.1 shows the relative rate of329

L1_MU20 triggers in the |⌘| > 1.3 region after successive offline cuts to select high quality muon330

tracks. The various successive cuts applied are: i) the presence of Small Wheel track segments331

20

ATLAS (pre)Phase I muon system 

•  Phase 0: Improved coverage 

with staged chambers in 

barrel/endcap transition  

•  Phase I: New Small Wheel 

with fast track segment 

finding for L1 trigger input 

to reduce endcap fakes & 

precise tracking to maintain 

pT resolution with high 

occupancy. 

Pippa Wells, CERN"June 2013" 9"
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wheels"
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NSW with micromegas & 
small-strip thin gap chambers"…
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2018 LS2
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14



Upgraded detectors will aid in Triggering

• All upgrades are being designed 
with goal of providing additional 
information to trigger system 

• Possibility of tracking 
information at L1

• significant reduction in 
rates if tracks can be 
linked to electrons/muons

• Increased of granularity of 
towers available at L1

• Possibility of precision timing 
in calorimeters

• Could mitigate effects of 
pileup (spread in time as 
well as space)

Calorimeter&Electronics&Upgrade&
•  LAr&radLhard&frontLend&electronics&upgrade&to&full&digi:za:on&of&

every&cell&with&16Lbit&dynamic&range&at&40&MHz&
–  Effec:vely&removes&any&LAr&constraints&on&trigger&system,&but&requires&140&

Tbps&op:cal&path&to&backLend&electronics&in&nonLradia:on&environment&

•  Allows&highly&granular&pa?ern&extrac:on&in&L0/L1&triggers&

•  TileCal&radLhard&frontLend&upgrade&also&provides&full&digi:za:on&
–  Allows&full&jet&feature&extrac:on&in&Regions&of&Interest&defined&by&L0&

J.&Nielsen&(UCSC)& Snowmass&Energy&Fron:er&LL&2013/07/01& 12&

⌘

�
0.1 ⇥ 0.1 0.025 ⇥ 0.1 0.025 ⇥ 0.025

Current L0Calo

L1Calo

L1#Calo#Current# L0#Calo#Upgrade# L1#Calo#Upgrade#
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Difficult forward region critical for HL-LHC 
Physics Program 

• At hadron colliders, increased forward 
coverage often yields diminishing returns in 
terms of signal acceptance

• Heavy (signal) particles tend to 
produced centrally

• Backgrounds (e.g. pileup) increasingly 
difficult as approach beamline

• However, for HL-LHC, VBF is a crucial 
production mode for the particles (e.g. 
Higgs) we want to study

• Need to be able to “tag” VBF jets

July 1, 2013 

Forward Tracking 

 Addition of up to 9 disks 
extending > 2.5m from IP 
 Tracking coverage to || = 4.0 

 Pixel-only beyond || = 3.2 

 Potential impact: 
 Enables -track matching, 

isolation, and  extended /e/ 
coverage 

 Improved particle flow: 

 Pile-up mitigation 

 Improved jet energy resolution 

 Enhanced VBF jet tagging 

 Forward b-tagging 

J. Olsen – Snowmass Energy Frontier Workshop 23 

Work in progress, 
feasibility under study 

Longitudinal position 
resolution of ~few mm 

or better out to || = 4 

Muons with: 
pT = 1 GeV 
pT = 10 GeV 
pT = 100 GeV 

July 1, 2013 

Forward Tracking 

 Addition of up to 9 disks 
extending > 2.5m from IP 
 Tracking coverage to || = 4.0 

 Pixel-only beyond || = 3.2 

 Potential impact: 
 Enables -track matching, 

isolation, and  extended /e/ 
coverage 

 Improved particle flow: 

 Pile-up mitigation 

 Improved jet energy resolution 

 Enhanced VBF jet tagging 

 Forward b-tagging 

J. Olsen – Snowmass Energy Frontier Workshop 23 

Work in progress, 
feasibility under study 

Longitudinal position 
resolution of ~few mm 

or better out to || = 4 

Muons with: 
pT = 1 GeV 
pT = 10 GeV 
pT = 100 GeV 

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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CMS Phase 2 
option being 

studied -  extra 
pixel disks in far 
forward region

July 1, 2013 

Forward Tracking 

 Addition of up to 9 disks 
extending > 2.5m from IP 
 Tracking coverage to || = 4.0 

 Pixel-only beyond || = 3.2 

 Potential impact: 
 Enables -track matching, 

isolation, and  extended /e/ 
coverage 

 Improved particle flow: 

 Pile-up mitigation 

 Improved jet energy resolution 

 Enhanced VBF jet tagging 

 Forward b-tagging 

J. Olsen – Snowmass Energy Frontier Workshop 23 

Work in progress, 
feasibility under study 

Longitudinal position 
resolution of ~few mm 

or better out to || = 4 

Muons with: 
pT = 1 GeV 
pT = 10 GeV 
pT = 100 GeV 
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What Physics will an evolved LHC do?

• Projections complicated by fact that 
(Phase II) upgraded experiments are 
not fully specified yet

• Even where geometry is decided, 
reconstruction may not be ...

• Also, for systematic limited 
measurements must make 
assumptions about their evolution 

• Experiments have taken two 
approaches (so far)

• Parametric simulations of detector 
performance (ATLAS)

• Educated scaling of existing 
measurements (CMS)

Available on the CMS information server CMS NOTE-13-002

2013/07/29

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

CMS Collaboration

Abstract

The physics reach of the CMS detector achievable with 300(0) fb�1 of proton-proton
collisions recorded at

p
s = 14 TeV is presented. Ultimate precision on measure-

ments of Higgs boson properties, top quark physics, and electroweak processes are
discussed, as well as the discovery potential for new particles beyond the standard
model. In addition, the potential for future heavy ion physics is presented. This doc-
ument has been submitted as a white paper to the Snowmass process, an exercise
initiated by the American Physical Society’s Division of Particles and Fields to assess
the long-term physics aspirations of the US high energy physics community.
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ATLAS NOTE
ATL-PHYS-PUB-2013-007

July 26, 2013

Physics at a High-Luminosity LHC with ATLAS

The ATLAS Collaboration

Abstract

The physics accessible at the high-luminosity phase of the LHC extends well beyond
that of the earlier LHC program. Selected topics, spanning from Higgs boson studies to
new particle searches and rare top quark decays, are presented in this document. They
illustrate the substantially enhanced physics reach with an increased integrated luminosity
of 3000 fb�1, and motivate the planned upgrades of the LHC machine and ATLAS detector.

Submitted as input to the Snowmass Community Planning Study

c� Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Studies of Future Physics Prospects 
!  Studies have been performed for √s=14 TeV for integrated 

luminosities of 300 fb-1 (LHC) and 3000 fb-1 (HL-LHC) 
!  Many were done a year ago for European Strategy study 
!  Many new studies done newly for this Snowmass meeting 

!  Studies should be considered conservative  
!  Analyses were based on parametric simulation (ATLAS) or 

extrapolated from Run-1 (CMS) for a given set of cuts 
! Much less elaborate than current Run-1 analyses 
! Better results can be obtained when cuts are reoptimized 

!  Gain by making cuts harder to reject more background 

!  Various treatments of systematic uncertainties studied to 
provide range of predictions 
! See talk by M. Klute 

19!
CMS and ATLAS white papers:!
arXiv:1307.7135 and 1307.7292!

Latest projections, just 
released last week

17



The first order of business - find the NP
• For reasons old and new, we must try to find new physics that we hope will appear 

when the LHC turns back on

• Several possible scenarios of how this program might evolve:

• New physics appears early in Run 2

• HL-LHC will study the BSM physics

• BSM not discovered after 300 fb-1 but ~3σ hints in direct searches or precision SM 
measurements (e.g. Higgs couplings)

• HL-LHC needs to finish the job and 

• Nothing but Higgs after 300 fb-1

• HL-LHC continues direct NP search, accessing smaller cross-section processes

• HL-LHC to push Higgs precision to hopefully reveal discrepancy with SM

• HL-LHC enables search for rare decays in SM (enhanced in BSM scenarios) 

Whitepaper focused on 3000 fb-1 projections of this program 
18
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Figure 13: Discovery reach and 95% CL limits in a simplified squark–gluino model with a massless
neutralino. The color scale shows the

p
s = 14 TeV NLO cross-section. The solid (dashed) lines show

the 5� discovery reach (95% CL exclusion limit) with 300 fb�1 and with 3000 fb�1, respectively.

The statistical analysis is performed by a likelihood fit of templates of these distributions, using
background plus varying amounts of signal, to the simulated data. The HT and mtt̄ distribu-
tions and the resulting limits as a function of the gKK pole mass for the dilepton and lepton+jets
channel are shown in Fig. 14 and Fig. 15, respectively.

The 95% CL expected limits in the absence of signal, using statistical errors only, are shown
in Table 6. The increase of a factor of ten in integrated luminosity, from 300 to 3000 fb�1 raises
the sensitivity to high-mass tt̄ resonances by up to 2.4 TeV.

model 300 fb�1 1000 fb�1 3000 fb�1

gKK 4.3 (4.0) 5.6 (4.9) 6.7 (5.6)
Z0topcolor 3.3 (1.8) 4.5 (2.6) 5.5 (3.2)

Table 6: Summary of the expected limits for gKK ! tt̄ and Z0topcolor ! tt̄ searches in the lepton+jets
(dilepton) channel for pp collisions at

p
s = 14 TeV. All limits are quoted in TeV.

7.2 Searches for Dilepton Resonances

For studies of the sensitivity to a Z0 boson [20], the dielectron and dimuon channels are con-
sidered separately since their momentum resolutions scale di↵erently with pT and the detector
acceptances are di↵erent. The background is dominated by the SM Drell-Yan production, while
tt̄ and diboson backgrounds are substantially smaller. Therefore, only the Drell-Yan background
is considered in this study. There is an additional background from non-prompt electrons due

18

Searches for Squarks & Gluinos

• Discovery of strongly produced SUSY 
particles (squarks/gluinos) should 
come quickly if Naturalness is to hold

• Mass limits already > 1 TeV

• Discovery reach improves up to 
~2.5 TeV with 300 fb-1

• Increases to ~3 TeV with HL-LHC

• (More than) covers the interesting 
range for Natural SUSY

• Caveat to this, there are loopholes ...

• Diluted/compressed spectra, 3rd 
generation, stealth, RPV SUSY, 
etc.   

SUSY particles and processes 
!  Top squarks  

!  Produced directly or in 
gluino decays  
!  if gluino mass low enough 

!  Decay via top quarks or 
via charginos to final 
states of W’s and b’s 

!  Gluinos 
!  Decay via jets + ET

miss 

!  Meta-stable case 

!  Charginos and 
neutralions 
!  Trilepton signature 

24!

19



Search for Low Mass Stops

• Stop mass can’t be too far from mt 
in order for cancellation to work

• Natural SUSY requires “low” 
mass stops

• Already with 300 fb-1, discovery 
sensitivity for direct production 
mode up to ~900 GeV

• More than covers* Natural 
SUSY range 

5.3 Stop-Pair Production 21

fine-tuning. One possible production mechanism is the decay of (light) gluinos to stops and
sbottoms, if they are lighter than the gluinos and the gluinos are within the LHC reach with
13–14 TeV. These models are studied in the previous Secs. 5.1–5.2. Here, we study the model
where the stops are the lightest squarks and are directly produced in pairs. The extrapolation
is based on the result obtained from a search in final states with a muon or electron [34]. This
analysis has a discovery reach for stop masses of 300–500 GeV and a maximum neutralino mass
of 75 GeV for a center-of-mass energy of 8 TeV and an integrated luminosity of 20 fb�1.

The projections to higher energy and luminosity are based on the 8 TeV Monte Carlo simulated
samples produced with the MADGRAPH 5 [43] simulation program. For Scenario A, the signal
and background yields, as well as the uncertainty on the background, are scaled by the ratios
Rsig and Rbkg, respectively (Eq. (3)). The cross sections for direct stop production are enhanced
for 14 TeV by a factor of ⇠ 4–20 for stop masses of 200–1000 GeV. The main background consists
of tt events, which are scaled by the cross section ratio. The ratio of the cross sections for the
second highest background, W+jets, is smaller than tt, leading to a conservative background
estimation. The signal extrapolation is done in the same way for the less conservative Scenario
B, but the uncertainty on the background is reduced by 1/

p
Rbkg, as it is assumed that the

uncertainty is largely driven by the statistical precision from the control samples, which will
improve with more data. Nevertheless, a fixed lower limit on the relative uncertainty of at least
10% is kept.
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Figure 18: The simplified model topology direct stop production, where the stops decay to a
top quark and an LSP each (left), and the projected 5s discovery reaches for this model (right).

The results are summarized in Fig. 18. A discovery reach for stop masses of 750–950 GeV, and
LSP masses of 300–450 GeV, is expected. More stringent selection requirements could suppress
the background further, leading to an improvement of the signal-to-background ratio and dis-
covery potential. Also, when searching for stop signals at higher masses, many top quarks from
stop decays are highly boosted, but the use of the boosted top taggers are not yet explored to
gain extra sensitivity.
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Figure 18: The simplified model topology direct stop production, where the stops decay to a
top quark and an LSP each (left), and the projected 5s discovery reaches for this model (right).

The results are summarized in Fig. 18. A discovery reach for stop masses of 750–950 GeV, and
LSP masses of 300–450 GeV, is expected. More stringent selection requirements could suppress
the background further, leading to an improvement of the signal-to-background ratio and dis-
covery potential. Also, when searching for stop signals at higher masses, many top quarks from
stop decays are highly boosted, but the use of the boosted top taggers are not yet explored to
gain extra sensitivity.

Brock/Peskin Snowmass 2013 36
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Unnatural Supersymmetry

• The universe could be 
supersymmetric

• But could have 
nothing to do with the 
solving the hierarchy 
problem

• Maybe sparticles 
not accessible to 
LHC

• EW fine tuning is a 
feature of our world

• Or could be “split” 
SUSY, wherein 
squarks are heavy, but 
gauginos are light

Retains many of the other 
motivations for SUSY 

21



Electroweak Production of SUSY

• In this case, one may need to search for 
SUSY through direct production of 
charginos/neutralinos

• Cascades via squarks not accessible

• Much lower cross-section

• HL-LHC luminosities necessary

assumptions and analysis strategies.

6.1 Direct Production of Weak Gauginos

Weak gauginos can be produced in decays of squarks and gluinos or directly in weak production.
For weak gaugino masses of several hundred GeV, as expected from naturalness arguments [19],
the weak production cross section is rather small, ranging from 10�2 to 10 pb, and a dataset
corresponding to high integrated luminosity is necessary to achieve sensitivity to high-mass
weak gaugino production. Results with the 2012 data exclude charginos masses of 300 to
600 GeV for small LSP masses, depending on whether sleptons are present in the decay chain.
For LSP masses greater than 100 GeV there are currently no constraints from the LHC if the
sleptons are heavy .

The weak gauginos can decay via �̃0
2 ! Z�̃0

1 or �̃±1 ! W±�̃0
1, and both of these decays

lead to a final state with three leptons and large missing transverse momentum. SM back-
ground for this final state is dominated by the irreducible WZ process, even with a high missing
transverse momentum requirement of 150 GeV. Boosted decision trees can be trained to use
kinematic variables, such as the leptons0 transverse momenta, the pT of the Z-boson candidate,
the summed ET in the event, and the transverse mass mT of the lepton from the W and the
missing transverse momentum.

The expected sensitivity for the search is calculated using a simplified model in which the
�̃0

2 and �̃±1 are nearly degenerate in mass. With a ten-fold increase in integrated luminosity
from 300 to 3000 fb�1, the discovery reach extends to chargino masses above 800 GeV, to be
compared with the reach of 350 GeV from the smaller dataset. The extended discovery reach
and comparison are shown in Fig. 10.
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channel [32], performed in pp collisions at a center-of-mass energy of
p

s = 8 TeV and corre-
sponding to an integrated luminosity of 19.4 fb�1.

The numbers of signal and background events are scaled from the 8 TeV analysis based on
Eq. (3). As the background is dominated by tt production, it is scaled up based on the tt cross
section ratio between 14 TeV and 8 TeV, which is about a factor of 3.9. For Scenario A, the same
relative systematic uncertainties as for the 8 TeV analysis are kept, which is a conservative as-
sumption. Nevertheless, the dominant uncertainty of the analysis is the statistical uncertainty
from the control regions used for the background estimation, which is reduced by 1/

p
Rbkg.

Thus, even a more aggressive treatment of the systematic uncertainties would not lead to a
sizable improvement on the sensitivity.
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Figure 16: (a) The simplified model topology for gluino production, where the gluinos decay
to two top quarks and an LSP each, and (b) the projected 5s discovery reaches for this model.

The expected significance is calculated using the profile likelihood method and the signal

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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Long-lived Gluinos

• Or can search for strongly 
produced gluinos that would be 
long-lived

• Decay via squarks 
suppressed
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Figure 8: NNLO prediction for the Higgs mass Mh in High-Scale Supersymmetry (blue, lower) and
Split Supersymmetry (red, upper) for tan� = {1, 2, 4, 50}. The thickness of the lower boundary at
tan� = 1 and of the upper boundary at tan� = 50 shows the uncertainty due to the present 1�
error on ↵s (black band) and on the top mass (larger colored band).

by tuning �⇤ or, in other words, by accurate variations of Mh and Mt. The existence of

the false vacuum depends critically on the exact values of the SM parameters and requires

dialing Mh and Mt by one part in 106. However, the exact value of the needed top mass has a

theoretical uncertainty, reduced down to ±0.5GeV thanks to our higher-order computation.

Note from fig. 7 that the field value where the false vacuum is positioned is larger than what

was reported in [6,18]. The corrections in eq. (52) [3,5] are mostly responsible for the larger

field values found in our analysis.

4.4 Supersymmetry

Our higher order computation of the relation between the Higgs mass and the Higgs quartic

coupling � has implications for any model that can predict �. If supersymmetry is present

at some scale m̃, then in the minimal model one finds the tree-level relation

�(m̃) =
1

8

⇥

g2(m̃) + g02(m̃)
⇤

cos2 2� . (70)
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Abstract

We present the first complete next-to-next-to-leading order analysis
of the Standard Model Higgs potential. We computed the two-loop
QCD and Yukawa corrections to the relation between the Higgs
quartic coupling (�) and the Higgs mass (Mh), reducing the theo-
retical uncertainty in the determination of the critical value of Mh

for vacuum stability to 1 GeV. While � at the Planck scale is re-
markably close to zero, absolute stability of the Higgs potential is
excluded at 98% C.L. for Mh < 126GeV. Possible consequences of
the near vanishing of � at the Planck scale, including speculations
about the role of the Higgs field during inflation, are discussed.
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28 6 Discovery Potential: Exotic New Particles

These assumptions allow us to rescale the results of [53] to both higher center of mass energy
and integrated luminosity with little difficulty. The results of this exercise are presented in
terms of cross section reach defined as the cross section for which an observed signal is expected
with a significance of at least 5 standard deviations (5s). Figures 24 and 25 show the expected
reach as a function of HSCP mass for hadron-like HSCP (stops and gluinos) and for lepton-like
staus (direct and inclusive production), respectively.
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Figure 24: Minimum cross sections for an expected signal significance of 5 standard deviations.
The signal models considered are the pair production of gluinos (left) and of stops (right).

The results show that the additional integrated luminosity will allow us to be sensitive to long-
lived particles produced with a cross sections at least one order of magnitude lower than what
has been excluded by [53]. It should be noted that the models considered in this search are
simple benchmarks and the search for long-lived particles even in the already excluded mass
range must be continued. This is because the exclusion results rely entirely on theoretical cross
section predictions made in the context of a given model (e.g., Split SUSY, GMSB), while the
analysis itself is signature-based and mostly decoupled from any given theoretical model. For
example, it is known from past studies [54] that the sensitivity to lepton-like HSCPs in Uni-
versal Extra Dimension (UED) models is significantly less due to their lower production cross
sections. The cross section limits should therefore be pushed as low as possible regardless of
the excluded mass range as interpreted in the context of a few popular benchmark models.

6.4 Search for Heavy Vector-like Charge 2/3 Quarks

Vector-like quarks differ from SM quarks in their electroweak couplings. Whereas SM quarks
have a V-A coupling to the W boson, i.e. their left and right-handed states couple differently to
the W boson, vector-like quarks have only vector coupling to the W boson. One can thus write
a mass term for them that does not violate gauge invariance without the need for a Yukawa
coupling to the Higgs boson. Vector-like quarks are predicted, for example, by Little Higgs
models [55, 56]. They can cancel the diverging contributions of top quark loops to the Higgs
boson mass offering an alternative solution to the hierarchy problem.

We search for a vector-like T quark with charge +2/3, which is pair produced together with its

However, Higgs data suggest more of a “mini” 
split with cτ << radius of detector

If the split is large, sensitivity from heavy 
stable particle searches to > 2 TeV
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New Heavy Particles

• Of course, CMS & ATLAS will take advantage of the jump in energy and 
luminosity to look for new heavy particles on the energy frontier

• E.g. dilepton resonances (Z’, RS gravition, etc)

• CMS projects discovery sensitivity to ~5.5 TeV with HL-LHC
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Figure 15: Left: The reconstructed resonance mass spectrum for the gKK ! tt̄ search in the lepton+jets
channel with 3000 fb�1 for pp collisions at

p
s = 14 TeV. The highest-mass bin includes the overflow.

Right: The 95% CL limit on the cross section times branching ratio. Also shown is the theoretical
expectation for the gKK cross section, for a ratio of the coupling to quarks to gs of -0.2, where gs =p

4⇡↵s.
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Figure 16: Left: The reconstructed dielectron mass spectrum for the Z0 search with 3000 fb�1 of pp
collisions at

p
s = 14 TeV. The highest-mass bin includes the overflow. Right: The 95% CL upper limit

on the cross section times branching ratio. Also shown is the theoretical expectation for the Z0S S M cross
section.

are quark-singlet (QS) models, two-Higgs doublet (2HDM) and flavor-conserving two-Higgs
doublet (FC 2HDM) models, the minimal supersymmetric model (MSSM), SUSY models with
R-parity violation (/R), the topcolor assisted technicolor model (TC2) [27], and models with
warped extra dimensions (RC) [28]. FCNC decay are sought through t ! q� and t ! qZ
channels where q is either an up or a charm quark. Table 8 shows the Standard Model and
BSM decay rates in the various channels. The best current direct search limits are 3.2% for t !
�q [29] and 0.21% for t ! Zq [30]. A model-independent approach to top quark FCNC decays
using an e↵ective Lagrangian [31, 32, 33] is used here to evaluate the sensitivity of ATLAS in
the HL-LHC era. Even if the LHC does not measure the top quark FCNC branching ratios, it
can test some of these models or constrain their parameter space, and improve significantly the
current experimental limits on the FCNC branching ratios.

Top quark FCNC decays are sought in top quark pair production in which one top (or anti-
top) decays to the SM Wb final state, while the other undergoes a FCNC decay to Zq or �q.

20
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Figure 21: The minimum cross section times branching ratio for discovery as function of dielec-
tron (left) and dimuon (right) mass for various luminosity scenarios. For the dielectron search,
various luminosity and detector scenarios are considered, where the “EB-EB only” lines repre-
sent the reduced acceptance scenario in which electrons are reconstructed in the ECAL barrel
only.

required that the number of signal events in a mass window gives a p-value, calculated using
Poisson statistics, less than than 3 ⇥ 10�7, with a minimum of 5 events required. The mass
window is defined such that it contains 95% of the signal peak after resolution effects. This
strategy leads to conservative estimates at high luminosity for Z0 production at low mass due
to large background levels, but preserves discovery sensitivity at high mass where background
is minimal.

The discovery reach in the electron and muon channels is shown in Fig. 21. In both cases, the
leading order cross section times branching ratio for various Z0 models is also shown. In the
electron channel, a 5.1 TeV Z0

SSM in the sequential standard model (SSM) can be discovered
with 300 fb�1 of 14 TeV data. A 5 TeV Z0

h

can be discovered with with 1000 fb�1 of 14 TeV
data. In the muon channel, Z0

y

with a mass of 5 TeV can be discovered with approximately 900
fb�1. These results are in good agreement with estimates of discovery potential prior to LHC
operations [46].

6.2 Searches for Monoleptons+MET

In searches for new physics involving a high pT lepton (` = e, µ) and missing energy, two dif-
ferent models are considered for extrapolation to HL-LHC: the SSM W0 [48] and a dark matter
effective theory [49, 50]. In the SSM, the W0 boson is considered to be a heavy analog of the
SM W boson and thus can decay into a lepton and a neutrino, the latter giving rise to miss-
ing transverse energy as the observable detector signature. The branching fraction is expected
to be 8% for each leptonic channel. In the dark matter model, a pair of dark matter particles
(c) are produced in association with a lepton and a neutrino deriving from an intermediate
standard model W. Depending on the couplings (vector or axial-vector type), a scenario with
constructive (x = �1) or destructive (x = +1) interference would be possible. Both signatures
result in an excess of events in the transverse mass (MT) spectrum.

The estimate of discovery reach is based on the 8 TeV search performed by CMS [51]. The signal
acceptance at 14 TeV is assumed to be the same as at 8 TeV, which for W0 masses ranging from
0.5 TeV to 2.5 TeV was found to be around 70% with a variation of ±5% in both channels,
including 90% geometrical acceptance. The primary source of background is the off-peak, high

24



Measurements of Higgs Boson’s Properties 

• Much of what is known about 
the properties (mass, spin, 
parity) of the Higgs is based 
on high resolution H to ZZ 
decays

• Very few events collected 
in Run 1

• Obviously, much larger 
datasets of Run 2 and HL-
LHC will greatly improve the 
precision of these 
measurements

• 50 MeV precision 
achievable with 3000 fb-1
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Precision Higgs Physics

• Want to test if Higgs particle couples as expected in the Standard Model 

Markus Klute

Higgs Precision Measurements

5

Process Diagram
Cross 

section [fb]
Unc. 
[%]

gluon-gluon 
fusion 19520 15

vector boson 
fusion 1578 3

WH 697 4

ZH 394 5

ttH 130 15

mH = 125 GeV

Decay BR [%] Unc. [%]

bb 57.7 3.3

ττ 6.32 5.7

cc 2.91 12.2

μμ 0.022 6.0

WW 21.5 4.3

gg 8.57 10.2

ZZ 2.64 4.3

γγ 0.23 5.0

Zγ 0.15 9.0

ΓH [MeV] 4.07 4.0

mH = 125 GeV

* uncertainties need improvements for future precision measurements
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Projected precision on the “signal strength”

• The simplest thing you can do is to measure the 
cross-section x BR to a given decay and compare it 
with that expected from the SM

• We call this the signal strength: 

4.4 Coupling-Modifier Fit 15
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Figure 11: Estimated precision on the measurements of the signal strength for a SM-like Higgs
boson. 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.

4.4 Coupling-Modifier Fit

The event yield for any (production)⇥(decay) mode is related to the production cross section
and the partial and total Higgs boson decay widths via the narrow-width approximation:

(

s · BR
)

(x ! H ! ff ) =
sx · Gff

Gtot
, (1)

where sx is the production cross section through the initial state x, Gff is the partial decay width
into the final state ff , and Gtot is the total width of the Higgs boson. In particular, sggH, Ggg,
and G

gg

are generated by quantum loops and are directly sensitive to the presence of new
physics. The possibility of Higgs boson decays to BSM particles, with a partial width GBSM, is
accommodated by keeping Gtot as a dependent parameter so that Gtot = Â Gii + GBSM, where the
Gii stand for the partial width of decay to all SM particles. The partial widths are proportional
to the square of the effective Higgs boson couplings to the corresponding particles. To test
for possible deviations in the data from the rates expected in the different channels for the SM
Higgs boson, factors ki corresponding to the coupling modifiers are introduced and fit to the
data [28].

Figure 12 and Table 3 show the uncertainties obtained on ki for an integrated dataset of 300 fb�1

and 3000 fb�1. The expected precision ranges from 5–15% for 300 fb�1 and 2–10% for a dataset
of 3000 fb�1. The measurements will be limited by systematic uncertainties on the cross sec-
tion, which is included in the fit for the signal strength. The statistical uncertainties on ki are
below one percent. To illustrate the importance of theoretical uncertainties a fit was performed
without considering theoretical systematics. The results are shown in Fig. 13.

The likelihood scan versus BRBSM = GBSM/Gtot yields a 95% CL of the invisible BR of 18 (11)
% for Scenario 1 and 14 (7) % for Scenario 2 for 300 (3000) fb�1. This scan assumes that the
coupling to the W and Z boson are equal to or smaller than the SM values.

Ideally, the measurement of couplings should be extended to first- and second-generation
fermions. Previous studies have shown that the Higgs decay to a pair of muons can be ob-
served in gluon-gluon fusion and via vector-boson fusion production [29–31]. The dimuon
events can be observed as a narrow resonance over a falling background distribution. The
shape of the background can be parametrized and fitted together with a signal model. Assum-
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Figure 4: Summary of Higgs analysis sensitivities wth 300 fb�1and 3000 fb�1at
p

s = 14 TeV for a SM
Higgs boson with a mass of 125 GeV. Left: Uncertainty on the signal strength. For the H ! ⌧⌧ channels
the thin brown bars show the expected precision reached from extrapolating all tau-tau channels studied
in the current 7 TeV and 8 TeV analysis to 300 fb�1, instead of using the dedicated studies at 300 fb�1

and 3000 fb�1 that are based only in the VBF H ! ⌧⌧ channels. Right: Uncertainty on ratios of partial
decay width fitted to all channels. The hashed areas indicate the increase of the estimated error due to
current theory systematic uncertainties.

uncertainties included. The right-hand figure compares the 300 fb�1 and 3000 fb�1 results with
no theory uncertainties included.

4.1.1 Sensitivity to the Higgs self-coupling

An important feature of the Standard Model Higgs boson is its self-coupling. The tri-linear self-
coupling �HHH can be measured through an interference e↵ect in Higgs boson pair production.
At hadron colliders, the dominant production mechanism is gluon-gluon fusion. At

p
s = 14

TeV, the production cross section of a pair of 125 GeV Higgs bosons is estimated at NLO to be2

34+18%
�15%(QCD scale)±3%(PDFs) fb. Figure 6 shows the three contributing diagrams in which the

2The cross section is calculated using the HPAIR package [14]. Theoretical uncertainties are provided by Michael Spira in
private communication.
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Couplings

• We look for deviations from the 
SM by adding coupling modifying 
parameters, κ

• Each explores different physics

•  κg, κγ, κZγ:  loop-effects

•  κW, κZ:  vector-bosons

•  κt, κb:  up/down-type quarks

•  κτ, κμ:  charged leptons

• Assume no BSM decay modes

• κ2H = ΣκiΓj /ΓSMH 

• alternatively a free 
parameter 

• Then assume κW, κZ  < 1 to allow 
absolute coupling measurement

(� ·BR)(ii ! H ! ff) =
�ii · �ff

�H

Markus Klute

Higgs Boson Coupling Modifier Fits

9

Effective theory approach.
Fit deviation from the SM 
expectation. 

(� ·BR)(gg ! H ! ��)

= 2
g�SM (gg ! H) ·

2
�

2
H

BRSM (H ! ��)
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Projected precision on Higgs couplings

• Using this framework, CMS and ATLAS have projected their sensitivity to each of 
these couplings to the end of the HL-LHC run (3000 fb-1) 

16 4 Higgs Boson Properties

ing the current performance of the CMS detector, we confirm these studies and estimate that in
both production modes at HL-LHC, an excess with a significance of approximately 5s can be
observed, allowing a measurement of the hµµ coupling with a precision of better than 10%.
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Expected uncertainties on
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expected uncertainty
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τκ

 = 14 TeV Scenario 1s at  -1300 fb
 = 14 TeV Scenario 2s at  -1300 fb
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Figure 12: Estimated precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. The pro-
jections 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.
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Expected uncertainties on
Higgs boson signal strength
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 ZZ→H 

 bb→H 
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 = 14 TeV No Theory Unc.s at  -13000 fb
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Higgs boson couplings
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Zκ
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bκ

tκ
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Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

p
s = 14 TeV, an integrated dataset of 3000 fb�1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as

A(H ! ZZ) = v�1
⇣

a1m2
Ze

⇤
1e

⇤
2 + a2 f ⇤(1)

µn

f ⇤(2),µn

+ a3 f ⇤(1)
µn

f̃ ⇤(2),µn

⌘
. (2)

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.
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Table 3: Precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. These values are ob-
tained at

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

are % uncertainties on couplings for [scenario2,scenario1] 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.

L (fb�1) k

g

kW kZ kg kb kt k

t

kZg

BRinv
300 [5, 7] [4, 6] [4, 6] [6, 8] [10, 13] [14, 15] [6, 8] [41, 41] [14, 18]
3000 [2, 5] [2, 5] [2, 4] [3, 5] [4, 7] [7, 10] [2, 5] [10, 12] [7, 11]

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.
Projections of the expected �2 lnL values from the fits assuming 300 fb�1 and 3000 fb�1 are
shown in Fig. 14. A 68% (95%) CL limit on the contribution of fa3 can be achieved at the level
of 0.07 (0.13) with 300 fb�1 and 0.02 (0.04) with 3000 fb�1. The analysis is limited by statistical
uncertainties up to a high luminosity, but all sources of systematic uncertainties are preserved
in the projections.

5 Discovery Potential: Supersymmetry
After the observation of a Higgs boson at the LHC, the question about the large quantum
corrections to its mass are more pressing than ever. A natural solution to this hierarchy problem
would be the cancellation of these corrections from new particles predicted by supersymmetry
(SUSY), which have the same quantum numbers as their SM partners apart from spin. No
evidence for supersymmetric particles has been found with the data taken at the LHC withp

s = 8 TeV, but the energy upgrade to 14 TeV together with higher luminosities will open the
possibility to access a new interesting mass window in the next years.

Extrapolations of several searches for SUSY by CMS [32–37] are performed by scaling the lu-
minosity and taking into account the change of cross section with higher energy accordingly.
The projections are made based on 8 TeV Monte Carlo samples and without optimizing the
selections for searches at higher energies and higher luminosities. In “Scenario A” the signal
and background yields, and the uncertainty on the background, are scaled by the ratio of the

2-10% precision on couplings with HL-LHC 

4.1 Extrapolation Strategy 13

parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

BSMBR
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68% CL
95% CL

-1 19.6 fb≤ = 8 TeV, L s  -1 5.1 fb≤ = 7 TeV, L s

CMS Preliminary

 1 ]≤ Vκ[ 

68% CL
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Figure 10: The best fit of the Higgs boson coupling parameters are shown, with the correspond-
ing 68% and 95% CL intervals, and the overall p-value (pSM) of the SM Higgs hypothesis is
given. The result of the fit when extending the model to allow for BSM decays, while restricting
the effective coupling to vector bosons to not exceed unity (kV  1.0), is also shown.

4.1 Extrapolation Strategy

In order to study the precision of future measurements, a number of assumptions are made. In
this summary only measurements that have been made public by CMS as measurements ap-
plied to the 7 and 8 TeV data are used. The results are extrapolated to larger datasets of 300 and
3000 fb�1 and a center-of-mass energy of 14 TeV by scaling signal and background event yields
accordingly. As stated in the introduction, the underlying assumption of the extrapolations is
that future CMS upgrades will provide the same level of detector and trigger performances
achieved with the current detector in the 2012 data taking period. The extrapolations do not
take into consideration those channels that were not utilized in the currently available dataset,
and there is no attempt to optimize the measurement in order to minimize the uncertainties
on Higgs coupling measurements. Extrapolations are presented under two uncertainty scenar-
ios. In Scenario 1, all systematic uncertainties are left unchanged. In Scenario 2, the theoretical
uncertainties are scaled by a factor of 1/2, while other systematic uncertainties are scaled by
the square root of the integrated luminosity. The comparison of the two uncertainty scenarios
indicates a range of possible future measurements. The extrapolation without theoretical un-
certainties is also presented, to illustrate the importance of reducing those uncertainties in the
future. Similar extrapolations have been discussed in [3].

4.2 Search channels

Higgs cross sections and coupling measurements are obtained by combining information from
many Higgs production and decay channels. Table 1 lists the main features of these channels,
namely the exclusive final state and the approximate instrumental mass resolution. The simul-
taneous analysis of the data selected by all individual analyses accounts for all statistical and
systematic uncertainties and their correlations.

Current 
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Arbitrary precision is not the goal ... 
discovery is

• Is the precision achievable by the 
HL-LHC good enough to make a 
discovery?

• Depends on what the new 
physics is!

• Some models induce larger 
deviations from SM than 
others

• Many models being 
investigated in this light

• For some BSM scenarios

• HL-LHC is good enough

• If Nature is not cooperative, 
greater precision needed To exclude x% at 95% CL: need x/2% measurement.

To discover x% at 5�: need x/5% measurement.

Work needed to push theory uncertainties below 1%.

MSSM (2nd doublet, constrained potential; c ⇠ 1 is loops; tan� > few (=5 in last row)):

�ghV V

ghV V
' �2c2cot2 �

M4
Z

M4
A

�ghtt,cc
ghtt,cc

' �2c cot2 �
M2

Z

M2
A

�ghbb,⌧⌧
ghbb,⌧⌧

' 2c
M2

Z

M2
A

2% ! MA ⇠ 130 GeV MA ⇠ 180 GeV MA ⇠ 920 GeV

Composite Higgs (Minimal model; composite resonances at gTC · f < 4⇡f):

ghV V

SM
=

q
1� v2/f2 ghff

SM
=

⇢ p
1� v2/f2 (MCHM4)

(1� 2v2/f2)
p

1� v2/f2 (MCHM5)

2% ! f ⇠ 1200 GeV f ⇠ 1200 GeV / 2800 GeV

Mres < 15 TeV Mres < 15 TeV / 35 TeV

Top-partners (for quadratic divergence cancellation; assume no mixing):

�ghgg,��,Z�

ghgg,��,Z�
' (loop factor)⇥

✓
m2

t

m2
T

◆

2% ! mT ⇠ 850 GeV (gg) mT ⇠ 450 GeV (��) [scalar pair]

mT ⇠ 1200 GeV (gg) mT ⇠ 640 GeV (��) [fermion]

Heather Logan (Carleton U.) Higgs Colloquium panel Snowmass 2013

2

8

FIG. 9: �gb/g
SM
b as a function of tan�. The colour code

is the following: Red means several Higgs bosons can be dis-
covered at the LHC - all the other points correspond to a
single Higgs boson discovery at the LHC. Dark blue points
are excluded by the �(b ! s�) constraint. Light blue, yellow
and green correspond to at least one third generation squark
has a mass less than 1.0 TeV, all third generation squarks are
heavier than 1.0 TeV but at least one top squark is lighter
than 1.5 TeV and both top squarks heavier than 1.5 TeV,
respectively.

FIG. 10: �g⌧/g
SM
⌧ as a function of tan�. The colour code

is the following: Red means several Higgs bosons can be dis-
covered at the LHC - all the other points correspond to a
single Higgs boson discovery at the LHC. Dark blue points
are excluded by the �(b ! s�) constraint. Light blue, yellow
and green correspond to at least one third generation squark
has a mass less than 1.0 TeV, all third generation squarks are
heavier than 1.0 TeV but at least one top squark is lighter
than 1.5 TeV and both top squarks heavier than 1.5 TeV,
respectively.

ble within the supersymmetric framework. The last row
in Table I reports anticipated 1� LHC sensitivities at
14TeV with 3 ab�1 of accumulated luminosity [5].
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How much of this is due to theoretical 
uncertainties?

• To test the importance of theoretical uncertainties we show the effect of removing them

• Theoretical uncertainties dominated by QCD scale and PDF uncertainties.

• Uncertainty on BRs become relevant at few % precision

16 4 Higgs Boson Properties

ing the current performance of the CMS detector, we confirm these studies and estimate that in
both production modes at HL-LHC, an excess with a significance of approximately 5s can be
observed, allowing a measurement of the hµµ coupling with a precision of better than 10%.
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Figure 12: Estimated precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. The pro-
jections 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.
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Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

p
s = 14 TeV, an integrated dataset of 3000 fb�1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as

A(H ! ZZ) = v�1
⇣

a1m2
Ze

⇤
1e

⇤
2 + a2 f ⇤(1)

µn

f ⇤(2),µn

+ a3 f ⇤(1)
µn

f̃ ⇤(2),µn

⌘
. (2)

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.

Markus Klute

Theoretical Uncertainties
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To test the importance of theoretical uncertainties we show the effect of removing 
them. 

Theoretical uncertainties dominated by QCD scale and PDF uncertainties. Uncertainty 
on BR become relevant at few % precision.

Δ theory / 2, 
rest � 1/√L

Δ theory = 0, 
rest unchanged

Markus Klute
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To test the importance of theoretical uncertainties we show the effect of removing 
them. 

Theoretical uncertainties dominated by QCD scale and PDF uncertainties. Uncertainty 
on BR become relevant at few % precision.

Δ theory / 2, 
rest � 1/√L

Δ theory = 0, 
rest unchanged

Motivation for theoretical colleagues!
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Can mitigate this somewhat with ratios

• Using appropriate ratios can eliminate some 
theoretical uncertainties

• production cross-section

• branching ratios

• Also some experimental ones

• luminosity

300 fb�1 3000 fb�1

w/theory uncert. wo/theory uncert. w/theory uncert. wo/theory uncert.
�Z/�g 0.52 0.48 0.28 0.22
�t/�g 0.52 0.49 0.23 0.15
�⌧/�µ 0.67 0.66 0.25 0.23
�⌧/�µ (extrap) 0.59 0.58
�µ/�Z 0.45 0.45 0.14 0.14
�⌧/�Z 0.42 0.40 0.21 0.18
�⌧/�Z (extrap) 0.28 0.26
�W/�Z 0.25 0.25 0.23 0.23
��/�Z 0.11 0.11 0.029 0.029
�g • �Z/�H 0.16 0.093 0.13 0.047

Table 3: Relative uncertainty on the ratio of partial widths for the combination of Higgs analysis and
coupling properties fits at 14 TeV, 300 fb�1 and 3000 fb�1, assuming a SM Higgs Boson with a mass of
125 GeV.

Coupling With theory systematics Without theory systematics
300 fb�1

V +5.9%
�5.4%

+3.0%
�3.0%

F +10.6%
�9.9%

+9.1%
�8.6%

3000 fb�1

V +4.6%
�4.3%

+1.9%
�1.9%

F +6.1%
�5.7%

+3.6%
�3.6%

Table 4: Results for V and F in a minimal coupling fit at 14 TeV, 300 fb�1 and 3000 fb�1.
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Figure 5: 68% and 95% confidence level (CL) likelihood contours for V and F in a minimal coupling
fit at 14 TeV. Left: impact of the theory uncertainties for an assumed integrated luminosity of 300 fb�1.
Right: results without theory uncertainties for 300 fb�1 and 3000 fb�1.

vector boson scattering as long as there is a coupling of the new particles to the vector bosons.
The combination of vector boson scattering measurements, triboson production measure-
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Figure 4: Summary of Higgs analysis sensitivities wth 300 fb�1and 3000 fb�1at
p

s = 14 TeV for a SM
Higgs boson with a mass of 125 GeV. Left: Uncertainty on the signal strength. For the H ! ⌧⌧ channels
the thin brown bars show the expected precision reached from extrapolating all tau-tau channels studied
in the current 7 TeV and 8 TeV analysis to 300 fb�1, instead of using the dedicated studies at 300 fb�1

and 3000 fb�1 that are based only in the VBF H ! ⌧⌧ channels. Right: Uncertainty on ratios of partial
decay width fitted to all channels. The hashed areas indicate the increase of the estimated error due to
current theory systematic uncertainties.

uncertainties included. The right-hand figure compares the 300 fb�1 and 3000 fb�1 results with
no theory uncertainties included.

4.1.1 Sensitivity to the Higgs self-coupling

An important feature of the Standard Model Higgs boson is its self-coupling. The tri-linear self-
coupling �HHH can be measured through an interference e↵ect in Higgs boson pair production.
At hadron colliders, the dominant production mechanism is gluon-gluon fusion. At

p
s = 14

TeV, the production cross section of a pair of 125 GeV Higgs bosons is estimated at NLO to be2

34+18%
�15%(QCD scale)±3%(PDFs) fb. Figure 6 shows the three contributing diagrams in which the

2The cross section is calculated using the HPAIR package [14]. Theoretical uncertainties are provided by Michael Spira in
private communication.

8

But sizeable uncertainties remain for some modes
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Higgs Self-Coupling
• If the observed Higgs particle is really 

the quanta of a field with non-zero 
expectation value responsible for 
EWSB

• Mass of the particle must be 
related to λSM of the potential

• LHS is being measured directly by 
H to ZZ to 4l etc.

• RHS can be accessed by studying 
rate of di-Higgs production

• Contributing diagram involving 
Higgs self coupling, gHHH

• Negative interference with other 
diagrams Preliminary expectation of ~30% precision, 

studies ongoing (bbττ,bbγγ,bbWW modes)

(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

V = µ2�†�

+
1

2
�(�†�)2
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Rare Decays of the Higgs

• With HL-HLC, rare Higgs decays become 
accessible

• H to µµ, small coupling due to mµ

• BR ~2 x 10-4

• 5σ observation expected

• Will allow study of ratio of 2nd to 3rd 
generation lepton couplings (probe of 
flavor structure)

• H to Zγ 

• ttH, H to γγ

• Important mode for top Yukawa, NP

• High S/B

improvement in the measurement of the ratio of partial widths into second- and third-generation
fermions.

The projected uncertainties on the signal-strength measurements and the ratios of partial
widths are summarized in Fig. 4 for the channels that have been studied to date. The same
uncertainties are given in tabular form in Tables 1 and 2. The partial-width ratio uncertainties
are given as well in Table 3.
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Figure 3: Distribution of the µ+µ� invariant mass of the signal and background processes generated forp
s=14 TeV and L = 3000 fb�1.

The ratios of partial widths shown in the right-hand panel of Fig. 4 correspond to coupling
scale-factors according to �X/�Y = 2X/

2
Y , where i is the coupling scale-factor for the Higgs

coupling1 to i = g, �,W,Z, t, µ, ⌧, and the Standard Model value is  = 1 [12, 13]. The results of
a minimal fit, where only two independent scale factors are used, V for vector bosons and F for
fermions, is shown in Table 4. Significant improvement in the precision between 300 and 3000
fb�1 is seen. The column including the theory uncertainty assumes no improvement over today’s
values, certainly a pessimistic assessment. Fig. 5 shows the two-dimensional contours in V and
F . The left-hand figure compares the projected results for 300 fb�1 with, and without, theory

1In the case of gluons and photons, these are e↵ective couplings that include all loop e↵ects into a single value
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The ratios of partial widths shown in the right-hand panel of Fig. 4 correspond to coupling
scale-factors according to �X/�Y = 2X/

2
Y , where i is the coupling scale-factor for the Higgs

coupling1 to i = g, �,W,Z, t, µ, ⌧, and the Standard Model value is  = 1 [12, 13]. The results of
a minimal fit, where only two independent scale factors are used, V for vector bosons and F for
fermions, is shown in Table 4. Significant improvement in the precision between 300 and 3000
fb�1 is seen. The column including the theory uncertainty assumes no improvement over today’s
values, certainly a pessimistic assessment. Fig. 5 shows the two-dimensional contours in V and
F . The left-hand figure compares the projected results for 300 fb�1 with, and without, theory

1In the case of gluons and photons, these are e↵ective couplings that include all loop e↵ects into a single value
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Invisible Decays of the Higgs

• As discussed, detection of any 
deviation in expected Higgs BR 
would be interesting

• Even more interesting if these 
deviations come at expense of 
some Higgs decaying to 
undetected particles

• Direct indication of BSM 
physics

• Many BSM scenarios predict 
“Invisible” particles  

• SUSY LSP

• Dark Matter candidates

• Might be able to extract DM-
nucleon cross-section

Current limit is BR < 65% (ATLAS)

1 Introduction

Some extensions to the Standard Model (SM) allow a Higgs boson [1–3] to decay to stable or long-

lived particles that interact with the Higgs boson, but have only weak interactions with other elementary

particles. Results obtained so far in the search for the SM Higgs boson do not exclude the possibility of a

sizable branching ratio to invisible particles for the SM Higgs boson candidate at mH ∼ 125 GeV [4, 5].
Combined LEP results [6] have excluded an invisibly decaying Higgs boson for mH < 114.4 GeV under
the assumption that such a Higgs boson is produced in association with a Z boson at the rate expected

for a SM Higgs boson and that it decays predominantly to invisible particles. A further Higgs-like boson

decaying predominantly to invisible particles is not excluded for mH > 115 GeV. This note presents a
search for decays to invisible particles for a narrow scalar boson produced in association with a Z boson

with the same cross section as the SM Higgs boson and having a mass between 115 and 300 GeV. The

results are also interpreted in terms of the 125 GeV Higgs boson candidate, where the ZH production

cross section is taken to be that predicted for a SM Higgs boson.

2 Signal Model and Analysis Overview

The signal process searched for is the associated production of ZH. The Higgs boson is assumed to

decay to invisible particles as shown in the Feynman diagram in Figure 1. The Z boson decaying into

electrons or muons is considered for this analysis. The SM ZH cross section formH = 125 GeV is 316 fb

at
√
s = 7 TeV and 394 fb at

√
s = 8 TeV [7, 8]. It is calculated at NLO [9] and at NNLO [10] in QCD,

and NLO EW radiative corrections [11] are applied. Including the requirement that the Z boson decays

to e, µ, or τ reduces these cross sections to 31.9 fb and 39.8 fb respectively. A very small SM contribution
to the ZH → ""+ inv. final state arises when the Higgs boson decays to four neutrinos via two Z bosons.
The predicted cross section of this process for mH = 125 GeV is 3.4×10−2 fb at

√
s = 7 TeV and

4.2×10−2 fb at
√
s = 8 TeV. The present search is not sensitive to this particular process although it is

part of the signal, but instead searches for enhancements of the invisible decay fraction due to physics

beyond the Standard Model (BSM).
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Figure 1: Leading Feynman diagram of the associated ZH production. In this search the Z boson must

decay to charged leptons and the Higgs boson must decay to invisible particles which are generically

represented by χ.

The POWHEG [12] interfaced with HERWIG++ [13] Monte Carlo (MC) generator is used to simu-

late the signal. In the simulation the associatively produced Z boson is forced to decay to e, µ, or τ. The
invisible decay of the Higgs boson is simulated by forcing the Higgs boson to decay to two Z bosons,

which are then forced to decay to neutrinos. For most distributions shown in this note the signal simu-

lation is normalized assuming the SM ZH production rate and a 100% branching fraction of the Higgs

boson to invisible particles. Signal samples are generated at Higgs boson masses of 115, 120, 125, 130,

150, 200, and 300 GeV.
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Figure 10: 1 - Confidence level (CL) (a) and profile likelihood (b) scanned against BR(H → invisible)
for the SM Higgs boson with 125 GeV mass. The dashed line shows the expected values, whereas the

solid line indicates the observed values. The red solid lines indicate the 68% and 95% CL for (a).

on the cross section times invisible branching fraction of a possible additional Higgs-like boson over the

mass range 115 GeV < mH < 300 GeV. No excess is observed over the mass range.
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14 4 Higgs Boson Properties

Table 1: Summary of the information on the analyses used as input in this combination, includ-
ing decay mode, production channel (tag), final states, analysis categories, mass resolution, and
documentation.

H decay prod. tag exclusive final states cat. res. ref.

gg

untagged gg (4 diphoton classes) 4 1-2%

[6]VBF-tag gg + (jj)VBF 2 <1.5%
VH-tag gg + (e, µ, MET) 3 <1.5%
ttH-tag gg (lep. and had. top decay) 2 <1.5% [22]

ZZ ! 4` Njet < 2 4e, 4µ, 2e2µ

3 1-2% [7]
Njet � 2 3

WW ! `n`n

0/1-jets (DF or SF dileptons) ⇥ (0 or 1 jets) 4 20% [8]
VBF-tag `n`n + (jj)VBF (DF or SF dileptons) 2 20% [23]
WH-tag 3`3n (same-sign SF and otherwise) 2 [24]

tt

0/1-jet (eth, µth, eµ, µµ)⇥ (low or high pt

T) 16
15% [10]1-jet thth 1

VBF-tag (eth, µth, eµ, µµ, thth) + (jj)VBF 5
ZH-tag (ee, µµ)⇥ (thth, eth, µth, eµ) 8 [25]WH-tag thµµ, theµ, ethth, µthth 4

bb
VH-tag (nn, ee, µµ, en, µn with 2 b-jets)⇥x 13 10% [26]

ttH-tag (` with 4, 5 or �6 jets) ⇥ (3 or �4 b-tags); 6 [27](` with 6 jets with 2 b-tags); (`` with 2 or �3 b-jets) 3
Zg inclusive (ee, µµ)⇥ (g) 2
invisible ZH-tag (ee, µµ)⇥ (MET) 2 [20]

4.3 Signal Strength

The signal strength modifier µ = s/sSM, obtained in the combination of all search channels,
provides a first compatibility test. Figure 11 and Table 2 show the µ uncertainties obtained
in different sub-combinations of search channels, organized by decay mode for an integrated
dataset of 300 fb�1 and 3000 fb�1. We predict a precision 6–14% for 300 fb�1 and 4–8% for a
dataset of 3000 fb�1. Studies show that future measurements of the signal strength will be lim-
ited by theoretical uncertainty of the signal cross section, which is included in the fit. Figure 13
(left) shows the uncertainty on the signal strength omitting the uncertainties from QCD scale
and PDFs for signal and background.

Table 2: Precision on the measurements of the signal strength for a SM-like Higgs boson. These
values are obtained at

p
s = 14 TeV using an integrated dataset of 300 and 3000 fb�1. Numbers

in brackets are % uncertainties on the measurements estimated under [Scenario2, Scenario1],
as described in the text. For the direct search for invisible Higgs decays the 95% CL on the
branching fraction is given.

L (fb�1) H ! gg H ! WW H ! ZZ H ! bb H ! tt H ! Zg H ! inv.
300 [6, 12] [6, 11] [7, 11] [11, 14] [8, 14] [62, 62] [17, 28]

3000 [4, 8] [4, 7] [4, 7] [5, 7] [5, 8] [20, 24] [6, 17]

The direct search for invisible Higgs decays in events produced in association with a Z boson
yields a 95% confidence level upper limit on the branching fraction of 28 (17)% for Scenario 1
and 17 (6.4)% for Scenario 2 for 300 (3000) fb�1.
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Vector Boson Scattering (VBS)

• Must experimentally 
verify Higgs’s 
presumed role in 
canceling divergences 
in V V scattering 
processes

• Measure 
differential cross-
sections

• Look for 
deviations coming 
from extended 
EWSB sector 

• HL-LHC needed for 
such measurements 

shown in Fig. 7 tests the hypothesis of the new L�W operator against the null (SM) hypothe-
sis. The discovery significance for various values of the coe�cient c�W

⇤2 is also shown in Fig. 7.
The 5� discovery reach increases by more than a factor of two when the integrated luminosity
changes from 300 fb�1 to 3000 fb�1.
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Figure 7: Left: The reconstructed 4-lepton invariant mass distribution in ZZ ! ```` events. Right: The
signal significance as a function of c�W

⇤2 (right).

Another potential vector boson scattering channel is the WZ final state. For this channel, the
dimension-8 operator

LT,1 =
fT1

⇤4 Tr[Ŵ↵⌫Ŵµ�] ⇥ Tr[Ŵµ�Ŵ↵⌫]

is chosen for study. The WZ final state benefits from a larger cross section than the ZZ channel.
The invariant mass can still be reconstructed in the fully leptonic channel by solving for the
neutrino longitudinal momentum pZ under a W mass constraint. If all leptons have the same
flavor, the lepton pair with invariant mass closest to mZ is taken to be the Z. The sensitivity of
this analysis to new physics is included in the summary of results in Table 5.

A third possible channel to investigate vector boson scattering is the same-sign W±W± final
state, and the dimension-8 operator

LS ,0 =
fS 0

⇤4 [(Dµ�)†D⌫�)] ⇥ [(Dµ�)†D⌫�)].

is used. Two selected leptons must have the same charge, and the invariant mass of the two
highest-pT jets must be at least 1 TeV. The primary backgrounds are Standard Model WZ pro-
duction, in which one of the leptons from the Z-decay is not identified, and a small component
of non-VBS W±W± production (‘SM ssWW QCD’). Misidentified-leptons, photon-conversions
in W� events, and charge-flip contributions, collectively termed ‘mis-ID’ backgrounds, were
accounted for by scaling the WZ background by a conservative factor of ⇡2, taken from a study
of same-sign WW production in the current ATLAS data. The statistical analysis is performed
by constructing templates of the mll j j distribution for di↵erent values of fS 0/⇤4. The distribution
of mll j j and the signal significance as a function of fS 0/⇤4 are shown in Fig. 8.

12

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
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Other Rare SM Processes

• The large HL-LHC dataset also allows 
searches for other rare processes 
(besides Higgs)

• E.g. flavor changing neutral currents 
in top decays

• t to qγ

• t to qZ

• t to qg

• Heavily suppressed in SM, BR ~10-14

• Significantly enhanced in SUSY, other 
BSM (up to ~10-4)

• CMS/ATLAS project sensitivity to 
~10-5

Figure 18: The present 95% CL observed limits on the BR(t ! �q) vs. BR(t ! Zq) plane are shown as
full lines for the LEP, ZEUS, H1, D0, CDF, ATLAS and CMS collaborations. The expected sensitivity at
ATLAS is also represented by the dashed lines. For an integrated luminosity of L = 3000 fb�1 the limits
range from 1.3 ⇥ 10�5 to 2.5 ⇥ 10�5 (4.1 ⇥ 10�5 to 7.2 ⇥ 10�5) for the t ! �q (t ! Zq) decay. Limits at
L = 300 fb�1 are also shown.

cay modes can be improved by a factor of two to three. Furthermore, the rare decay mode of
the Higgs boson H ! µµ only becomes accessible with 3000 fb�1. When results from both
experiments are combined, first evidence for the Higgs self-coupling may be within reach, rep-
resenting a fundamental test of the Standard Model. In searches for new particles, the mass
reach can be increased by up to 50% with the high-luminosity dataset.

The luminosity upgrade would become even more interesting if new phenomena are seen
during the 300 fb�1 phase of the LHC, as the ten-fold increase in luminosity would give access
to measurements of the new physics.

To reach these goals a detector performance similar to that of the present one is needed,
however under much harsher pileup and radiation conditions than today. The ATLAS Collab-
oration is committed to preparing detector upgrades that will realize the potential of HL-LHC
operations with the goal of an integrated luminosity of 3000 fb�1.
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Is HL-LHC the evolutionary end of the line?

• Possibility for HE-LHC 
being examined

• Same tunnel

• Magnets 
upgraded to 20 T

• Ecm = 33 TeV

High Energy LHC: HE-LHC 

52!

Re-equip existing LHC tunnel with high field 
magnets!

Circumference 26.7 km 

Maximum dipole field 20 T 

Injection energy from SC-
SPS 

1.3 TeV 

Maximum c.o.m. energy 33 TeV 

Peak luminosity 5 x 1034 cm-2s-1 

Conceptual layout of 
20 T dipole magnet!
(Nb3Sn and HTS)!
Intense R&D 
required!

53!
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Pre-Feasibility Study for an 80-km 
tunnel at CERN!
John Osborne and Caroline Waaijer, 
CERN, ARUP & GADZ!

Geneva!

LHC!

80 to 100 km Very High Energy LHC VHE-
LHC!

100 km!

New 100 km tunnel with Ecm = 100 TeV also being studied (more revolution than evolution though)
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Conclusions

• There is much left to do at the LHC

• Upgrades to the LHC accelerator will open up a new regime in energy (x2) and luminosity (x100)

• Substantial upgrades to ATLAS & CMS needed to exploit this opportunity

• Broad discovery physics program

• Continue direct search for SUSY or other solutions to the hierarchy problem

• Enter era of precision Higgs physics

• Search for rare SM processes

“

”
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Additional Material
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European, US, and Global Planning

European Strategy for Particle Physics 

•  Update formally adopted by CERN council at the European 
Commission in Brussels on 30 May 2013 

•  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. 

Pippa Wells, CERN"June 2013" 3"

DPF 
Snowmass 
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in US

DOE P5 
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Heavy Ions also part of LHC future program

• As this is a DPF (and not DNP) meeting, I have mainly spoken about pp operation

• However, continuation of the HI program is also foreseen in the HL-LHC era

• Goal collect ~10 nb-1 PbPb collisions at Ecm = 5.5 TeV by ~2025

• Significant increase in precision (60x larger dataset)9.2 Plans for heavy-ion physics in the HL-LHC era 37
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Figure 29: The ratio of 3-jet to 2-jet events (R32) as a function of the average pT of the two
leading jets for pT > 100 GeV/c in the 10% most-central collisions expected in the 2015 PbPb
Run.

are the g+jet and Z+jet energy balance. Comparing Z+jet and g+jet observables to inclusive jets
will allow to start separating quark jets from gluon jets. The collected number of g+jet events
will be sufficient to study the jet quenching as a function of the reaction plane.

The suppression of quarkonium states, such as the Y family members, is another interesting sig-
nal of the QCD phase transition occurring in heavy-ion collisions. The dependence of this sup-
pression on the collision centrality is especially interesting, where the measurement is severely
limited by the number of peripheral collisions. A large statistics dataset would allow CMS to
precisely map out the centrality dependence as well as conduct a more differential, reaction-
plane dependent study.

The list of physics studies that can be performed with a 10 nb�1 data sample will include:

• Detailed measurements of multijet correlations, shedding light on gluon versus quark
jet quenching;

• Differential studies of photon+jet correlations as a function of photon pT, event cen-
trality or the reaction plane orientation;

• Detailed measurements of Z+jet correlations, with up to 3000 and 600 Z bosons hav-
ing transverse momentum above 50 and 100 GeV/c, respectively;

• Differential measurement, such as azimuthal correlations for the rarest probes (y(2S));
• Multiobject correlations;
• Jet quenching studies up to the TeV scale;
• Precision measurements of the quarkonium suppression pattern.

The physics channels listed above are probably the most interesting topics in heavy-ion physics
at the LHC today and in the future, and the CMS apparatus is especially well suited to study
those, thanks to the excellent and flexible trigger, to the extended and precise muon system,
to the high-coverage calorimetry, to the photon isolation, vertexing, and precise jet energy
measurement capabilities. The high luminosity era of the LHC will mark the beginning of
high-precision studies of the parton energy loss mechanism and the dynamics of the medium
created in heavy-ion collisions.
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How realistic are assumptions?

• There is historical precedent at hadron colliders to be optimistic about 
these ...

Comment on Hadron Collider Projections 

!  I personally think that assuming √L scaling of 
systematic uncertainties is reasonable  
!  Having large statistics allows to select the “best events” 
!  Data can be used to constrain systematics in situ 

19 
MeV 

1.1 
GeV 

16!
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