Physics at Future Colliders

o Lecture 1 (Thursday 28 July, 10:20)
+ An historical perspective (1964-2014): The need for precision and energy
+ A strategy for the future: Towards the precision and energy frontier
¢ The short-term perspectives (2020-2035): The HL-LHC

o Lecture 2 (Friday 29 July, 9:15)

+ The quest for precision (2030-2050): Linear or Circular ?

o Lecture 3 (Friday 29 July, 10:20)
¢ The energy frontier (2045-2080): Leptons or Hadrons ?
+ Thinking out of the box: Muon collider
+ Towards the next European Strategy update (2019-2020)
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Lecture 1

An historical perspective (1964-2014):

The need for precision and energy
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1964-1974: The rise of the standard model

a Very little was known experimentally

(Kronin, Finch: 1964)

(Gargamelle: 1973)

o Mostly theoretical advances

¢ 1964: Spontaneous symmetry breaking mechanism (Brout-Englert, Higgs)
¢ 1967: Unification of electroweak interactions (Glashow, Weinberg, Salam)

e With m, =0, m,, =m; cos6,, and a Higgs boson

+ 1g97yo0: Prediction of the c quark (Glashow, llliopoulos, Maiani)

CP

CP=+

P

+ Discovery of neutral currents v e = v e

/

+ Discovery of CP violation in the K°, = mw decays

+ 1971: Elucidate quantum structure of electroweak interactions (t'Hooft, Veltman)

+ 1973: Six quarks needed for CP violation (Kobayashi, Maskawa)

*

e Predicts and computes quantum corrections

1974: Complete formulation of the standard model ! (llliopoulos)
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1974-1984: The rise of centre-of-mass energy

a Collisions at large 1/s: A-priori obvious way to discover heavier particles

Year Discovery Experiment \/s (GeV) Observation
1 c quark e*e”ring (SLAC) 3.1 o(ete” —J/¥)
974 (Mm~1.5 GeV) Fixed target (BNL) 8 JIVWo ™

T lepton R ete” = T+T-
1975 (m=1.777 GeV) TG, e e*u” events
b quark : -
1977 (M=4,.5 GeV) Fixed target (FNAL) 25 Y—=pr
gluon P ete” — qqg
I (m=o0) e'e”ring (DESY) 30 Three-jet events
W,z - . W — v
1983 (m - 80, 91.GeV) pp ring (CERN) 900 7 — |+

+ Standard model particle spectrum is filling up quickly

+ Quantum structure not tested: requires precision measurements

e Three families, but top quark and neutrino tau missing

e Higgs boson missing but m,, ~ m, cos@,, : smoking gun for the Higgs mechanism
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1987-2011: The rise of precision (1)

o 1987/1989: Start of SLC (linear e*e™ collider) and LEP (e*e™ collider ring)
¢ Much larger luminosity at LEP, much faster commissioning

+ 1989@LEP: Only three species of light, active, neutrinos - v, Vi andv,

e ete” — Z — hadrons at LEP1, measurement of the line shape  Discovery confirmed
in 1996 with W — v,

é Vs ~ 91 GeV F
¢ After 5years at LEPa: per-mil precision OE | ALEPH 3V
N, =2.984 + 0.008 . DELPHI
(Note the 20 deficit) . L3 /4V\ *
I, =2495.2 + 2.3 MeV ol OPAL * -\

|} average measurements, |/
error bars increased |/
by factor 10
B . ‘:;.."-’Ij-
10 i A

O = 0.1190 + 0.0025 //

0 PR N T TN TR (NN TR SR S NN N TN SN NN SN SN

86 88 90 92 94
E_ [GeV]

m, =91187.5 + 2.1 MeV
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1987-2011: The rise of precision (2)

o What's the use of such a precision anyway ?
¢ 1994: Prediction of the top quark mass

e Remember quantum corrections from t'Hooft and Veltman work (1971) ?

Tree level f

o Example: T, = T',x (12+Ap)

2
am o
Ap=——%—-—Log
T m, 4x

2
ny

—2+...

n,

+ Similarly, m?,, = m?, cos26,,*" (1+Ap)
(sin20,,*f from, e.g., asymmetries)

Predict m, and m,, from precision Z measurements -

80.5

March 2012
T

[small correction]

80'3-

-

]

LHC excluded |
LEP2 and Tevatron
LEP1 and SLD
68% CL

Patrick Janot

Physics at Future Colliders
28-29 July 2016



1987-2011: The rise of precision (3)

o 1995-2011: Testing the quantum structure of the standard model
¢ 1995: Discovery of the top quark at the Tevatron (D0, CDF)

¢ 1995-2011: Measurement of m,,, (Tevatron)
e m,,,(Obs.)=173.2+0.9 GeV

® mtop(Pred.) =178.0 % 4.3 GeV [LEP/SLD/m,,, for m, =150 GeV]
I IT ITII

¢ 1997-2011: Measurement of m,, (LEP2, Tevatron)
e m,,(Obs.) = 80385 + 15 MeV
e m(Pred.) =80363 +20 MeV [LEP/SLD/m,,,]

Quarks

+ 1999: Nobel Prize for t'Hooft and Veltman

+ Standard Model almost complete
e Only the Higgs boson is missing, but ...
e Prediction from Higgs mechanism

Leptons

= m?,, = m?, cos>0,, (1+Ap)
Verified !

Bosons
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1987-2011: The rise of precision (4)

a 1989-2011: Looking for the Higgs boson’s imprint
¢ 1999-2011: The Higgs boson is cornered by all precision measurements
e Remember (for example)
= m?,, = m?; cos*0,, (1+Ap)

2 2
am (04 m March 2012 My = 152 GeV
Ap =— tz——Log I;+- 6 : ——
T m, 4x m,, o
AOLhad =
5] — 0.02750+0.00033
-+ 0.02749+0.00010
¢ mgz my,, and my are known with precision 4 =+ incl. low Q° data
e The standard model has nowheretogo!
X 3-
<
2 ]
114 GeV <m, <152 GeV

[LEP/SLD/my,/m,p] 1

3t 9% CL {LEP LHC

95 0 excluded i excluded

' ' T
Direct searches @ LEP Fit to precision measurements 40 100 200
Just 10 GeV below the target ...
g m,, [GeV]
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2012-14: The SM becomes the standard theory

o 2012-2014: The Higgs boson era

+ 2012: Discovery of the standard model Higgs boson at the LHC (ATLAS, CMS)
® my,=125.4*0.5 GeV (ATLAS), 125.0 £ 0.3 GeV (CMS)
e Mass, couplings, spin, width in agreement with Standard Theory predictions

¢ 2010-2013: No new physics found at the LHC Runa at the TeV scale

¢ 2014: Nobel Prize to Englert and Higgs T IT TIII
CMS F 7TeV L 5 1 fb F 8TeV L= 197fb
> [T I T T T I I | I T T
o 35 . Data —
Q) C ] /)
™ - ] z+x . RV, Wﬂ
s °OF Oz E M
€ f 2y .22 - g 4.8 MeV
Lﬁ 255_ \:| mH=1 26 GeV_E O d 2
201~ = o
C ] )]
15 - )] 0
C ] O
10 = 4
1] 2 WT o
i ]
o Y E:
80 100 120 140 160 180
m,, (GeV)
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And now, what ?

o The standard model has become the Standard Theory
+ It explains/describes all observations and measurements from high-energy colliders
e Itisalso able, in principle, to predict all measurements at future colliders
= As well as the fate of the Universe ...

200 Instability
> , %
S 150 | %/s%"‘“ z
R eV s
s | > t
2 100 t Stability =
£ ’ =
2
) , =.
= 50t &
0 » I S T N’
0 50 100 150 200

Higgs mass M), in GeV
+ Onthe theory side, no new physics is needed beyond this Standard Theory

o Isittheend?
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It is not the end!

a Thereis something beyond the standard theory
+ Many experimental proofs, e.g.,
e Cosmological dark matter (DM)
e Baryon asymmetry of the Universe (BAU)
e Non-zero, but very small, neutrino masses
+ A mathematical hint : the small Higgs boson mass.

Pt Whee L %%f

o Often heard: New physics must be “around the corner”
+ Problem: there is no corner (so far) ... and not much of theoretical guidance

+ Isnew physics at larger masses ? Or at smaller couplings ? Or both ?
e Only way to find out: go look, following the historical approach:
= Direct searches for new heavy particles
Need colliders with larger energies

= Searches for the imprint of new physics on W, Z, top, and Higgs properties
Need colliders /| measurements with unprecedented accuracy

Patrick Janot Physics at Future Colliders
28-29 July 2016

11



Precision vs Energy (1)

a The standard theory is complete ? Obviously three pieces missing !

Three Generations Three Generations

of Matter (Fermions) spin % of Matter (Fermions) spin ¥
| ] 1 | } mn
masz - 24 mey 127 Gev 173.2 Gev maszs - 2.4 Mev 1.27 Gev 173.2Gev
cherge < 134 u # c % t charge— |34 u » c % t
name - up chamm top names - up charm op

A8 Mev 104 Mey 4.20ev 45 mev
.a,sd 3% En b £ -ud 34 N b
S 5 S
down o down

Quarks

o'
(o
pzilindi<Tra]

Strange bottom
= 126 Gev o] ~oe = 126 Gev
Q. 0 3
Ve Y V¢ "H "Ve N1 Y N2 V¢ N3 4 ‘H
1) 7]
L @ A &
g £ > o -
- 0511 Mev 106.7 Mev 1.277 Gev L-Lq' spin 0 - 0.511 Mev 105.7 Mev 1.777 Gev '-L- spin 0
E |2 1 1 S 5 |1 1 = €
rfe |PpFt| o e IFpft| 2
- electron muon |y @ - alecron mucn sy @

¢ Threeright-handed neutrinos ?
e Extremely small couplings, nearly impossible to find, but could explain it all !
= Small m, (see-saw), DM (light N,), and B.A.U. (leptogenesis)
+ Need very-high-precision experiments to unveil
e Could cause a slight reduction (increase) of the Z (H) invisible decay width
e Could open exotic Z and Higgs decays: Z,H — v; N,
» Possibly measurable / detectable in precision e*e™ colliders
= Almost certainly out of reach for hadron colliders (small couplings)
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Precision vs Energy (2)

a Others lean towards higher-energy replicas of the standard theory

e

24 MeV Il 1.3GeV | 170 GaV 0

T

48 MaV | 104 MV 426GsV ﬂ
=

B
Symmetry

BN
L0
Funny
Higgses

+ Direct searches at larger energies may be the key — but how much larger ?

e Rare decays and precise measurements may also unveil these extension’s imprints
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Lecture 1 (cont’d)

A Strategy for the future:

Towards the precision and energy frontiers

Patrick Janot
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Short-term perspectives (2020-2035)

a In May 2013, European Strategy said (very similar statements from US)
+ Exploit the full potential of the LHC until ~2035 as the highest priority
e Get 75-100 fb* at 13-14 TeV by 2018-2019 (LHC Run2: running)
e Get ~300fb™? at 14 TeV by 2022-2023 (LHC Run3: approved)
e Upgrade machine and detectors to get 3 ab*at 14 TeV by 2035 (HL-LHC: approved)
= A first step towards both energy and precision frontier

_______
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Long-term perspectives (2045-2080)

a In May 2013, European Strategy said (very similar statements from US)
+ Perform R&D and design studies for high-energy frontier machines at CERN
e HE-LHC, a programme for an energy increase to 33 TeV in the LHC tunnel
e FCC, a 100-km circular ring with a pp collider long-term project at v/s = 100 TeV

e CLIC, an e*e” collider project with 1/s from 0.3 to 3 TeV
Similar circular projects

(50 or 70km) in China

Clic e o
SCHWEIZ / \‘,\.“\\‘ PP coII|5|ons at \/s 50 or 7oT V
A DR e e R e
Nk ——/\ ) : : anhuanédao"
;' : "“:'u X it G A ; L ”nsm
/ i ~
HE-LHC (27 km)
pp collisions at 33 TeV)
FRANKREICH
/ 4
/ Genf -
CLIC (5okm) ~
ete~at 3TeV ”
l
‘ I
W ,/ FCC (200 km)
\\ 7 e [Future Circular Colliders]
T 7 % Ultimate goal: FCC-hh (100 TeV)
b\ i [Access to highest energies]

10 Kiomeser |

Patrick Janot
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Mid-term perspectives (2030-2045)

a In May 2013, European Strategy said (very similar statements from US)
s Acknowledge the strong physics case of e*e™ colliders with intermediate /s
e Participate in ILC if Japan government moves forward with the project
e Inthe context of the FCC, perform accelerator R&D and design studies
= For a high-luminosity, high-energy, circular e*e~ collider as potential first step

FCC (200 km)
ey : » First step: FCC-ee (88-370GeV)
Akitap) AKita » < loMorioka | [Use the tunnel ultimately aimed at FCC-hh]

Iwate

ILC (3 km) |

e‘e : 250-500 GeV

. Miyagi
Yamagata o
A Segdqn X,
§ Yamagata
Niigata A i
; 3 Fukushima
. (o]
.b:l'igat
=17 Ful&lshima
: ATSRE ! X # Tochigi
go ! Utsungmiya
Gunma . Mito (
" Maebashi (. Ibaraki & : d
Négano j Sailaqm R N \-‘J \ ’ S £ ‘\
W ."Saita‘mapﬂ:?lfyo : E ~ .
i [e S Tolyo i chiba Note: CLIC can also run at /s ~ 380 GeV in ~2035-2040
Yamanashi O\ . 4
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Can /[ should we do everything ? (1)

o The cost (10's B$) and challenges of these projects are paramount
¢ A choice will have to be made at one point, but it would be too early to make it now
e The LHC, indeed, is still in its early infancy

2009 LHC startup, Vs 900 GeV

2010

2011 Vs=7+8 TeV, L~6x10%cm™s™, bunch spacing 50ns Run 1

2012 ~25 fb"

2013

sot4 LSt Go to design energy, nominal luminosity - Phase 0

2015

2016 Vs=13~14 TeV, L~1x10%cm*s", bunch spacing 25ns < You are here
2017 ~75-100 fb"

2018 LS2 Injector + LHC Phase | upgrade to ultimate design luminosity Run 2
2019

2020 Vs=14 TeV, L~2x10*cm?s™, bunch spacing 25ns

2021 ~350 fb" Run3
2022 LS3 HL-LHC Phase Il upgrade: Interaction Region, crab cavities?

2023

2555? I Vs=14 TeV, L~5x10*cm?s™, luminosity levelling

¢ The 14 TeV Run2is just starting: new data might bring a whole new light on the process
e Next check point after LHC Runz for the next European strategy update in 2019-20

Patrick Janot Physics at Future Colliders 18
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Can /[ should we do everything ? (2)

o Hand-waving anticipation: With the 14 TeV LHC Run2 data, we may
+ Find a new heavy particle (or new heavy particles)

e The (HL-) LHC will study this (these) particles to some extent

e If m<3TeV, CLIC become interesting (if copiously produced in e*e™ or yy collisions)

e Larger energies might be needed to find & study the whole new spectrum (FCC-hh)

e Anet*e” Zfactory (FCC-ee) will be unique to study the underlying quantum structure

= Note: m, and m,,, were predicted without the need of additional new physics
New physics will probably be very difficult to find anyway

+ Find no new particle, but finds a hint for non-standard Higgs properties
e The (HL-) LHC will improve the precision on these measurements to some extent
e et*e” factories for Higgs (ILC, FCC-ee) and Z (FCC-ee) become very interesting machines
e Push the energy frontier to its limits (CLIC, FCC-hh)

+ Find no new particle, standard Higgs properties
e Push precision measurements to their limits (FCC-ee)
e Possibly push energy frontier to its limits (CLIC, FCC-hh)

o Let's now try to quantify the respective merits of all options.

Patrick Janot Physics at Future Colliders
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Lecture 1 (cont’d)

The short-term perspectives (2020-2035)
The (HL)-LHC: Physics prospects

Patrick Janot Physics at Future Colliders
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Expected integrated luminosity at HL-LHC

a The High Lumi upgrade of the LHC is an ambitious project

+ Target is to deliver ~10 times more luminosity (3 ab*) than the first 20 LHC years

¢ LHC IntL (fbA-1)  mHL-LHC IntL (fbA-1) 3000 fbT
3500 l
3000 - U4 By implementing HL-LHC
|
2500 8 |
2000 - .l A factor~2to3
1900 300 fb" "
1000 100 fb-1 - . ote? ¢ =) !3y continuous performan.ce .
30 fb-" l H ooe? ¢ improvement and consolidation
500 1 l PRLE A
ote®
0600 e® . ,
2010 2015 2020 2025 2030 2035 )

+ Project timeline driven by radiation damage to machine components

e Expected end of lifetime around 2023

¢ Theresults of the LHC Run2 in 2018 might argue for even more luminosity
e But what do we do if there is no hint for new physics by then ?

Patrick Janot
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Expected pile-up interactions at HL-LHC (2)

o Two very distinct stages of operation, indeed

LHC
Run 1 | | Run 2 | ' Run3
50 ns s I cers PR L RIAY W
Injector upgrade _ 5t07 xI 2 5 ns
g gy 25NS | o8 colimation 25 NS s HL-LHC luminosity
1T dip.) regions installation

7 TeV 8 TeV button collimators

R2E project P
Civll Eng. P1-P5

2016

e

5x1033 cm™3s® 1 —
<PU> ~ 2 X nomin um\'m::mm mlm
5 .Xm.m nominal luminosity _________——4 m“{n'm }-""’?f - : — unmde mm 2 5'7)(1034 Cm'zs'l
<PU> ~ 200

[+ W0 beam pipes phase
luminosity 1 L
" il 1x103% cm2s2 2x103% cm2s2
EXd <PU> ~ 25 [EXE f <PU> ~ 50 EEII f —
LS3: 2024-2025 —

LS1:2013-2014 — LS2: 2019-20 —
Data: 2015-2018 Data: 2021-2023 Data: 2026 - ?

LHC Run 2 (and, to a lesser extent, Run 3)

L 4
e Conditions similar to those of LHC Run 1 for “in-time"” pile-up
» Increase of “out-of-time” pile-up from the 50 — 25 ns bunch separation
¢ HL-LHC

e Tremendous increase of “in-time"” and “out-of-time” pile-up — and of radiation

Physics at Future Colliders 22
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Expected pile-up interactions

Why do we care ?
with o, 2, 20 and 200 in-time PU events (p;*' = 1 GeV

d
o AsimulatedH —ZZ — ee

> = EERAETESERECTES
o o w—r———— —

o
b ¢ 5
oyt

I
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Expecte!

o  Why do we cal

¢ Asimulated

-ty fony v -

e

PP

Patrick Janot

CMS real event with 78 reconstructed vertices

LHC (2)

(Pt =1 GeV)

i
g
B

]
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Expected pile-up interactions at HL-LHC (3)

o Why do we care ? (cont’'d)
+ Heavy new particles like to decay to Z, W, H, top, dark-matter particles
e Which in turn give characteristic signatures
= Isolated leptons (e, u, T) and photons
= Missing transverse energy (neutrinos, DM, ...)
= High-p; b-quark jets

+ If nothingis done, intense pile-up degrades
e The reconstruction of charged particle tracks
= CPU, Fakes, Efficiency, b tagging
e The separation of calorimetric clusters
» Particle flow reconstruction performance
e The effectiveness of isolation cuts
= Lepton selection
e The missing transverse energy resolution
= Dominated by pile-up + all the above

e The trigger capabilities — a killer !

+ Vigorous detector/trigger/software/algorithmic upgrades required at HL-LHC

Patrick Janot Physics at Future Colliders
28-29 July 2016



Phase 2 CMS upgrades-

Muon System
« New DT/CSC BE/FE electronics
« GEM/RPC coverage in 1.5<|n|<2.4 =4 - ECAL: lower temperature

* Muon-tagging in 2.4<|n|<3.0

*

Tracker

« Radiation tolerant, high
granularity, low material
budget ‘

 Coverage up to In|=3.8 §k

» Track-trigger at L1

Barrel Calorimeter
« New BE/FE electronics

« HCAL.: partially new scintillator

| Wb i
Endcap Calorimeter

« High-granularity calorimeter
| - Radiation-tolerant scintillator
3D capability and timing

Trigger and DAQ
Track-trigger at L1
L1 rate ~ 750kHz

HLT output ~ 7.5kHz

Patrick Janot
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Phase 1 and 2 ATLAS upgrades

ATLAS Phase 1 upgrades (2019- 2020)

Fast Track Trlgger (FTK) New Muon Small Wheel (NSW)

2017: operation

High Granular L1
calorimeter trigger

2016: commissioning
‘ \ i ; h//
\ i

-
-
-
-
-

Trigger/DAQ = | AFP Fwd detector
L1: 100KHz y — ; 2016: single arm
HLT: 1KHz — g S0 ‘- 2017: both arms
LI
Main target:

ATLAS phase 2 Upgrades for HL-LHC (2024-2026)

* Better trigger capabilities (efficiency, fake rejection)
* Maintain same acceptance/p; thresholds at higher pileup

ITK- Inner tracker

Calorimeters:
| FE,BE electronics LAr/Tilecal
pixels+strips
In1<2.7° |n|< 4.0%

FCAL w/ better granularity*

Inner barrel layer
Electronics

HLT/EF: 10 KHz

LO (calo+muon): 1 MHz
L1 (calo+muon+ITK): 400 KHz

Patrick Janot

Physics at Future Colliders

28-29 July 2016

27



Phase 1 LHCb upgrades

a Increased t”gger rate VELO Silicon Tracker Outer Tracker MUON
. Si strips Si strips straw tubes ;
+ With 50,000 CPU Replace al Replace all Replace RIO almost compatible
+ Offline-quality reco EcaL HCAL Lo M
SPIVPS M3

Magnet RICH2Z w1
E

a Lighter VELO

o Twice better IP resolution

71 ARicH
/A TT

a More granular tracker
+ And radiation tolerant

Q Improved RICH Optlcs Bl Central Fiber Option | I‘F:I'll?s
Twice smaller pion misID i Ll Reduce PMT gain
* P Replace HFD, R/O New design and R/O :

Replace R/O

a New time-of-flight measurement: TORCH
+ Improved identification capabilities

o Calorimeter and muon upgrades
¢ Tostand 5o fb?

Patrick Janot Physics at Future Colliders
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Physics prospects with HL-LHC (1)

a Preliminary remarks

L 4

4

4

L 4

The HL-LHC project has just been formally approved
The final design choices for the upgraded detectors have just been made
As a consequence, a full simulation of the upgraded detectors is not yet available
e Eventreconstruction will need significant developments
» Future performance for physics studies can only be inferred

The projections presented in the coming slides
e Are often based on either parametric or fast simulations (or even extrapolations)
e Rely on a number of assumptions (may be realistic ... or not)
= On the effect of pile-up on detector and reconstruction performance
= On the statistical improvement of systematic uncertainties
= On the improvement of theory calculations
e Use simplified physics models, for simplified conclusions
e But give a reasonably optimistic idea of the HL-LHC physics prospects

A lot of work remains to be done (BY YOU) from detector R&D to physics analyses

Patrick Janot Physics at Future Colliders
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Physics prospects with HL-LHC (2)

a Physics programme at the (HL-)LHC in a nutshell
+ Electroweak physics
e Measure top (and W?) masses, rare top decays

e Measure triple and quartic gauge couplings

G. Hamel de Monchenault

e Study vector boson scattering
+ Higgs physics

e Measure Higgs couplings to other particles, rare Higgs decays

e Measure Higgs self-coupling

e Measure Higgs mass, width, CP, ... G. Hamel de Monchenault

+ Search for new heavy physics
e Supersymmetry
e Extra-dimensions (new resonances, black holes)

e Quark substructure (compositeness)

G. Brooijmans

e Fourth generation

e New gauge bosons

+ Flavour physics T. Gershon

e Indirect sensitivity to very heavy new physics (10 — 105 TeV)
+ Only afew highlights are given here. Details in Gautier’s, Gustaaf's, and Tim'’s lectures.

Patrick Janot Physics at Future Colliders
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Physics prospects with HL-LHC (3)

a Physics programme at the LHC in a nutshell (cont’d)

+ The energy increase from Runi1 (7/8 TeV) to Run2 (13/14 TeV) is very exciting

100 ————

9

Based on partonic luminosities

DY

ratios of LHC parton luminosities: / g [ romsTemmocona .
8TeV/7TeVand 14 TeV /7 TeV usy | | | : %G G
quarks/Gluinos | 2L i Ry 4 ;ﬁ gg
2 /|
o I 6F i i) A 5
— | : : e
© S |
>, > '
B =
= = 4
S £
- 2
- n
)
+ More energy buys a lot, both for precision and new physics reach
e Cross sections multiplied by 3, 5, 10, 200 at m = 0.1, 0.35, 1 and 3 TeV
e Mass reach for new physics roughly doubled
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Precision Higgs physics (1)

o Reminder: production and decays
¢ Wantto test if the Higgs particle couples as predicted by the Standard Model

A 7 = mu = 125 GeV
W
Decay BR [%] Unc. [%]
my = 125 GeV Vs =7 TeV bb 57.7 3.3
. Cross Unc. T 6.32 5.7
Process Diagram section [fb] (%)
cc 2.91 2.2
gluon-gluon P

fusion } 18520 12 1[0 0.022 6.0
vec:or'boson : 1578 3 WWwW 21.5 4.3

usion :
: g9 8.57 10.2
Ve o, Bt . 2z 2.64 4.3
Zy 0.15 9.0
ttH e 130 15 MH [MeV] 4.07 4.0

* uncertainties need improvements for future precision measurements
Patrick Janot Physics at Future Colliders
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Precision Higgs physics (2)

a Higgs couplings after Runa o HL-LHC (3 ab?)
+ 1400 Higgs events after selection + 170 M Higgs produced in each experiment
+ Measured couplings so far: e ~1/2 million events after selection
e Z, W, top, b, T,gandy ¢ HL-LHC will be the first Higgs factory
ATLAS and CMS Preliminary e With access to rare decays
LHC Run 1 H Z
- , - -
V4 -.—KV <1 :
. — __,_B_I?gSM=O 100000000 u Total Events
Wi . 20 ® Non-hadronic
— § 10000000
Ky ! .
— 1000000
Kq ———
— § 100000
Ky . j
— § 10000
Kg —
- 1000
K, ———t—
N : 100
BRBSM‘ [ IV T N T T N 10
0 02040608 1 1214 16 18 2 bb w ww o cc gy w WW Z Zy Juy
Parameter value

+ Typical precision: 15 to 50% |:> + Typical precision: 2 to 10%
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Precision Higgs physics (3)

a Higgs couplings projections (cont’d)

Coupling LHC Runa LHC (300 fb?) LHC (2 ab?) HL-LHC
Kw 15% 4-6% 3-5% 2-5%
K, 20% 4-6% 3-5% 2-4%
K 50% 14-15% 10-12% 7-10%
K 40% 10-13% 6-10% 4-7%
K, 25% 6-8% 4-6% 2-5%

¢ HL-LHC will bring a factor 1.5 to 2 on top of 300 fb* (and 20- 50% on top of1 ab 1)

+ Becomes sensitive to, e.g.,

e Limited by systematic uncertainties

H—up

Events / 0.5 GeV

e Expect 35K signal events with 3 ab™

» S/B ~ 0.3% — 100 significance

10'°

: . ——
ATLAS Prel|m|nary (Slmulat|on)
Is =14 TeV

9 —z
107 ['Lat = 3000 b s

s -tf—>vaqu
10 — WW- pvuv

- 99— H- uy, mH=125 GeV

107
10°
10°

e Coupling measured to ~10% 10¢ |1|" (L
. 3 30 S
’ 20-30% Wlth 300 fb-l 10 E 500?0 111 120 130 140 15
20 0 1 o0 o0 1y L I i
107780 100 120 140 160 180 . 200
m,, [GeV]
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Precision Higgs physics (4)

a Is the precision good enough to make a “discovery” ?
+ Example of expected deviations if new physics scale is at 1 TeV

Ry Rp K~
Singlet Mixing ~ 6% ~ 6% ~ 6% g T
o O .
2HDM ~1% ~10% | ~1% | s | ARG, e
Decoupling MSSM | ~ —0.0013% ~ 1.6% <15% | = “eea.
Composite ~ —3% ~—B8-9% | ~-9% a
Top Partner ~ —2% ~ —2% ~ —3%
0.1
Typically, expect deviations: 015 e
L
L)
AK/K < ~5 % [ A? .
(with A inTeV) 0806 005 004 003 002

e Need 1% precision on couplings for a 5o discovery if A =1 TeV
= And much better for heavier new physics
¢ HL-LHC might be good enough for some new physics models
e IF the new physics scale is well below 1 TeV
= The air is getting thin ...

A< 2TeV

-0.01 0

Composite Higgs models

-
0.01

AKX, /K,
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Precision Higgs physics (5)

o Higgs self coupling 2 o o
+ Measurable through double Higgs production % Tno
g 1 e, é
IhrH = 3 My*/V © A e T :
g — - H 107 E E
— 4 Q Y 10 2 ;— _;
17 -10 -5 0 5 10
g ) o M/ kEMH
e Negative interference reduces the sensitivity to g,
h ATL-PHYS-PUB-2014-019 LHCC P- 008 (CMS TP) \/s—14 TeV PU=140
: > ATleSéimulétioﬁ Preiiminéry 12 ECMS Simulation | " toyaata | ]
¢ Two channels studied so far 8 25 friTevs000m! | 8 sol- CMS Simulation o lovdaa ]
i [ ™ H(bb)H tiH w S ¢ R HH->bbyy .
o bbTT and bbe % 20 mm bB(H_(f)Yy§YY) - ttX(YY) 1% c Resonantbkg -
S Z(bb)H(yy) mpboyy 1 - OHT | T - Non-resonant bkg]
e Only gooo +300 events Others é “ :
+ Expected significance < 20 zZ ]
200 0T ) B
e Precisionong,,, > 50% - i
10—
: T
(] P! LA —
% 100 150 200 250 100 105 110 115 120 125 130 135 140 145 150
: . M,, [GeV/c?]
+ s this precision enough ? m... [GeV "
e Not really: new physics models do not predict deviations larger than 20%
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Precision Higgs physics (6)

a Invisible Higgs decays

:3._}11]“ CMS A p—
q > > q o VEFm,z i3 ey
vV e /E=8TeV, L= 19510 B = 100%
& [ v s
- _H VBF H(inv)
-;E -Ii.I'I'_I]"\'l:I]-l-'FIl.'i"l'
\% t
q—> > q s
L
> LA L L L B B L B
$10° ATLAS ® Daa =
o [F Vs=8TeV,[Ldt=2031" BN 2z cevviineln = y
N - ZH - ¢¢ +inv. Bl vz cveeineln) . 10
2 102 - B v cicp. i Wt Zo =
o E = - — ee, 3
IOF e e ey ] 150 200 250 300 350 400 450 500
______ + Jets, multijet, semilep. 1o mﬁ.ﬁ
10 'E_ --------------- ZH — ¢¢ +inv., BR(H - inv.) = 1 ET [G-E‘W
1 B g Expected 95% CL upper limit
- 2j ffffffffffffffffffffffffff BRinv (95% CL)
o 25
S S el N N uni 40-50%
L E" R R R R R R R R B R R R IR R AR R AR R R R R RRRRE
s 0.5F . .
s B . . . . . . LHC 300 fb 20-30%
100 150 200 250 300 350 400  45C
miss
Er [GeV] HL-LHC 10-15%
+ Improves DM search at low mass
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Top quark mass (1)

o The top quark mass today

CMS Preliminary, 19.7 fb- 1 (s = 8 TeV)l+jets

o Standard method: final state with one Iepton E 12000? ..... - A =‘:v:jf{g”_
L +Jéts |
e Kinematic fit with mass constraints L o000k I wrons I single top .
&) L Ij tt unmatched e Data -
9o B ]
T 8000 [ —
= N ]
£ . ’
>4 jets 8000 -
2 b jets 4000 .
1 lepton 2000 i
MET B
g L ot L]
= L ¢‘ n..w ¢ + + :
il
0 osb J -
100 500 300 400
mit [GeV]
DO I+jets — @ — 174.98 £+ 0.76 (0.58 + 0.49)
May 2014
CMS all jets [ ——— { 172.08 + 0.90 (0.36+ 0.83)
July 2014
CMS l+jets [ . — 172.04 £ 0.77 (0.19+0.75) | | ATLAS 2015: 173.0 +0.9
March 2014
World combination [ - i 173.34 £ 0.76 (0.36 + 0.67)
March 2014
Patrick Janot Physics at Future Colliders 38

28-29 July 2016



Top quark mass (2)

o The top quark mass at HL-LHC

+ There is still much more to come: systematic uncertainties are statistics limited
e And there are more methods out there to try

== Std. meth. == Endpoints

4CMS preliminary projection _ = a Projected uncertainties
p— TeV ] .
> ‘;resem 301" oh 3000 1" + Reduction by a factor 2
8 3.5 13TeV e 14TeV 3 e After the first data of LHC Run2
—_— . = One year
> 3 _ e Then after the LHC Run3
% . = Five more years
+ 2.5 — e Then after3ab™
8 ] = Ten more years
c 2 N
> ]
24 5 4 o Ultimate reach: ~200 MeV (exp.)
E“ . + Theory uncertainties ~ 500 MeV
— 1 - e What is the quantity that is
© . q y
s : measured ? MC top mass ?
|2 0.5 —: + Must answer this very question
] e Otherwise 3 ab*won’t do much
0 better than 0.3 or1 ab™
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Supersymmetry (1)

a Search for third generation squarks (stop)
+ Original motivation: make a small Higgs boson mass “natural”

+ Toserve its purpose, the lighter stop should not be much heavier than 1 TeV

e Search for light stop production, e.qg.,

-0
]

-()
]

t
i/4~ X
7“%*&
t

- ATLAS Simulation Preliminary [,

L1111l

L Vs=14 TeV, 3000 " <u>=140 Biv
.W+jets —

— (m,,m ) = (800,100)

10°

T IIIIIII|

10?

Number of events / 50 GeV

T T IIIIIII
(- IlIIlII

10

T lllllll

0 100 200 300 400 500 600 700 800 900 1000

EM [GeV]

= Final state similar to top pair production, with larger missing energy
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m_

Supersymmetry (2)

a Search for third generation squark (cont’d)

. [GeV]

¢ Today: Projections with 300 and 3000 fb™
iﬂ production,ﬂ—) t %T /?1—> Wb %? /T1—> c 5(? Status: Moriond 2014

FrrrJrrrrrpr e T T T T T T T T T A '—;1 000 L LA S N B I— J L T T — 1 1 T T 1 T 1
100 - ATLAS Preliminary  L,=20-211"\s=8TeV L, =47 10" Vs=7 TeV_7] % = A TLAS éimulaﬁon Preliminary 3
N E Em oL tx oL CONF-2013-024 oL [1208.1447] E 9 900 =N =300 fb”' (<u>=60) 56 discovery =
- CEILiot 1L CONF-2013-037 1L [1208.2590] 7 o - \s=14TeV **300 fb" (<>=60) 95% CL exclusion =
350 — EmoaL Lot X » 2L [1403.4853] 2L [1209.4186] ] 9 800 — = 3000 fb" (<u>=1 40) 5c discover —]
- EE2LtoWbE o alpesassy : 7 = - 23000 fb™! (<p1>=140) 95% CL excrusion 3
sool OL mono-jet/c-tag,t> CZ, oL mono-etictag CONF-2013-068 - = 700F EATLAS 8 TeV (1-lepton): 95% CL obs. limit
- CDF 26107 [1203.4171) ] - CJATLAS 8 TeV (0-lepton): 95% CL obs. limit 3
[ = Observed limits ==== Expected limits ] 600F- L7 A
o50[_ Alllimits at 95% CL ] - /’/ s -
C S . = . . I
- ] 500E-0 and 1-lepton combipéd ~ _,.uatsesss, L=
200~ = - T et *., CR-
C n 400 - e ‘." - “ —
150F- = 300F- v =
100[~ - 200 : -
50l 3 100 - : 2
7 0 e PR BT T - TR | l: -

T N 200 400 600 800 1000 1200 1400
200 300 400 500 600 700 M, [GeV]
stop

m; [GeV]
+ Mass reach extended by a factor 2 with LHC at 14 TeV (300 fb'): covers the 1 TeV region

e Further 20% extension with HL-LHC
¢ If no excess is seen with 300 fb*
e The HL-LHC discovery potential vanishes entirely
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Supersymmetry (3)

a Search for other squarks and gluinos
¢ Can be heavier than the lighter stop — already excluded upto1 TeVin Run1

q -G production, § — q z‘j (Herwig++), m_= 4.5 TeV
s I LA L N L LA LN B PR NN NS BN
3 2500 [~ f\TLAS Simulation Preliminary %=1 - ¢ 50 Discovery: up to 2.4 TeV
p EeZ>< C L dt = 300, 3000 fb™", Vs = 14 TeV . T E H
: i 300010 : : xclusion: up to 2.9 TeV
a i' ) 2000 C 0-lepton combined ‘ qq, mg — 45 TCV ] p
- I I P ]
- ~ i 1500 :— : ::EZ222?:&:;1};4‘0:' Exclusio N —:
N \n]u - o 1
P q 1000 [ -
C 0 b} B o
C ] g-g production, g — qq i‘
N . -~ L B L L L BN B LN L
q S0 - iscove 18 20l ATLAS Simulation Preiminary .- ]
Runl . 1 g N J.Ldt=300,30001b", Js=14Tev : .
e)(clusloq'lI Lol : . B I  O-lepton combined Pt 1
500 1000 1500 2000 2500 3000 3500 400 200" 75 < Tav o5 - g g ]
m; [GeV] - . - 1
1500 [ — o o005 5 ; -
1000 f— _:
Discovery: up to 3.1 TeV - _
Exclusion: up to 3.5 TeV -
q 0 500 1000 15|00I - 200 0
m; [GeV]
+ Mass reach extended by a factor 2 to 3 with LHC at 14 TeV (300 fb2)
e Further extended by 20% with HL-LHC
+ Discovery potential of HL-LHC vanishes if no excess is seen with 300 fb
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Events / Bin

New gauge bosons: W', Z'

o Look for heavy di-lepton resonance: Z' — e*e”, p*u’, or W' — e*v,, u*v,

¢ Z'and W' masses up to 2-3 TeV excluded at LHC Run1

g*e channel
W LI\ T T T

’ CMS Projection, 14 TeV
10E| [rrrrrrrryprrrrprorrt L |

CMS projection (s = 14TeV

10° "ATLAS Préliminary . 2 2 'E T I > u PSR B

8 ATl(-éi;;Tilér:;nary IZ/v'—>II CH: e ooy 000" 1 7 eooo[-W'— e, 5a discovery threshold
10 p v T —s— discovery 1000fb” T (2
107 ILdt=3000 fo L N\ N discovery 100010, EB-EBonly § e 5800
e N g —e— discovery 3000t 1 &
05 IO N\ N\ discovery 3000™, EBEBonly | E 5409
10 1 =
104 i 7 5400[
103 10-4=E ?:
10 - ] 5200
10 10° — Zseu (LO) El

= 7,0 SN 50001

1 [ —Z,(0 i
10-1 10-6 IT.ZH.)(ILC.)). TR a 48001= sqsumedW'muslqdepom’qmslma\omclonﬁy |

0.06 0.1 0203 1 2 3 4567 1000 2000 3000 4000 5000 6000 7000 0 500 1000 1500 2000 2500 3000

my [TeV] miz) eVl Luminosity / fb
+ Massreach extended by a factor 2 with LHC at 14 TeV (300 fb?)
e Further extended by 20% with HL-LHC
+ Discovery potential of HL-LHC vanishes if no excess is seen with 300 fb
e (Not visible in the graphs above)
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[GeV]

m_o

1

o*Br (pb)

... and many others ...

L ] n L
o Allwith a similar pattern
(0100 o o o — =
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Conclusions of the first lecture (1)

o The LHC Run 1 brought the last experimental proof of the Standard Theory
¢ The Standard Theory of Particle Physics was already complete 40 years ago !

e New physics with a scale below 1 TeV has become quite unlikely
= Standard theory tested at quantum level: new physics will be hard to find

o With the 8 = 14 TeV increase, the LHC Run 2 and Run 3 promise to be thrilling

+ The mass reach for new physics will increase by a factor 2

e Stop: 1.2 TeV; Squarks/Gluinos: 2.5 /3 TeV; Z': 6 TeV; etc.

+ The measurement precision will improve by a factor ~4-5

e Top mass: 300-400 MeV; Higgs couplings: 2-10%; etc.

¢ The lighter particle of the new physics spectrum may even be discovered

e Beware statistical fluctuations !
= Among 1000 different searches in ATLAS and CMS, at least one is bound to

give a >30 effect every year (e.g., X,., = yy ?). Keep calm and take more data.

o The HL-LHC will allow the first studies of any discovered new particle
+ Butitis unlikely to allow the exploration of the heavier part of the spectrum

e Only 20% mass reach increase from the tenfold increase of the luminosity
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Conclusions of the first lecture (2)

o If no hint of a new particle is found in the LHC Run2 or 3 (even via a modest excess)
¢ The HL-LHC is unlikely to make any discovery in 15 years of running

o The HL-LHC will allow precision measurements to improve
+ By afactorupto 2 (1.5) with respect to LHC 300 fb* (1000 fb)

e The ultimate precision is unlikely to unveil new physics effects
» Because deviations from BSM physics are not expected to be large enough

o Whether a new particle is discovered at the LHC Run2 or not

+ Very significantly more energy will be eventually needed

e Either to explore the heavier part of the spectrum
e Orto extend the search for new physics towards significantly higher masses

+ Very significantly more precision will be eventually needed

e To extend the search for new physics towards significantly smaller couplings
e To see indirect effects of heavy new physics in precision measurements
= And understand the underlying physics quantum structure

See 2"d& 3" |ectures for the pertaining perspectives
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Conclusions of the first lecture (3)

a You are going to be running the LHC until 2035
+ With significant upgrades to the machine and the detectors for the HL-LHC
e In extreme running conditions (with an average of 140-200 PU collisions)

o It will be necessary to re-assess the strategy in depth in 2018/19
¢ Inview of the results of the LHC Run2
e Will 300 fb'*be enough ? Or 1000 fb*?
e Will the physics prospects compelling enough to justify the need of 3 ab*?
= with a luminosity increment of 10% / year, until 2030-2035

n - - - a7 Fabiola Gianotti, 23 June 2016
a “The HL-LHC project is not controversial DG prosentation o CERN personnel

TODAY, WHAT DO YOU THINK?
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