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The challenges 
ahead

The (not so small) print:  
focus on the CMS experiment, for “practical” reasons….
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Protons
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Beam crossings : 20-40 Million / sec 
p p - Collisions   : ~1 Billion / sec 
Events to tape   :  ~1000 / sec 
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60 THE THEORY OF QCD
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Fig. 3.9. A schematic diagram for the production of final state particles c and
d in a hard collision of hadrons h1 and h2

The basic cross section formula for the collision of hadrons h1 and h2 to produce
particles c and d is given by

dσ(h1h2 → cd) =
∫ 1

0
dx1dx2

∑

a,b

fa/h1(x1, µ
2
F )fb/h2(x2, µ

2
F )dσ̂(ab→cd)(Q2, µ2

F ) .

(3.72)
Here the fa/h1 and fb/h2 are the same p.d.f.s as arose in DIS, where the indices
refer to partons a, b ∈ {q, q̄, g} in the interacting hadrons h1 and h2. Here there is
a technical proviso that we are careful to use the same factorization scheme in the
description of both processes. They are evaluated at the factorization scale µF ,
which is typically O(Q) — a hard scale characteristic of the scattering process.
The use of the same p.d.f.s is possible because the presence of an incoming hadron
does not cause the target hadron to modify its internal structure. This is the real
significance of the factorization theorem and helps to make pQCD a predictive
theory. In the matrix element for the hard subprocess the parton momenta are
given by pµ

a = x1p
µ
h1

and pµ
b = x1p

µ
h2

. In general, we do not expect x1 = x2 so that
the hard subprocess will be boosted with β = (x1 − x2)/(x1 + x2) with respect
to the h1h2 laboratory frame, resulting in the outgoing particles being thrown to
one side or the other. The sum is over all partonic subprocesses which contribute
to the production of c and d. For example, the production of a pair of heavy
quarks receives contributions from qq̄ → QQ and gg → QQ, whilst prompt
photon production receives contributions from qg → qγ and qq̄ → gγ. These
two-to-two scatterings give the leading, O(α2

s ) and O(αsαem), contributions to
the hard subprocess cross section. Beyond the leading order it is necessary to
consider two-to-three, etc. processes, which gives rise to a perturbative expan-
sion σ̂ = CLOαn

s + CNLOαn+1
s + CNNLOαn+2

s + · · ·. A complication arises with
the higher order corrections as they contain singularities when two incoming or
outgoing partons become collinear. It is the factorization of these singularities,
order by order, into the p.d.f.s and fragmentation functions which gives them
their calculable µ2

F dependencies. This, logarithmically enhanced, near collinear

x1 ph1

x2 ph2 �
ŝ =

�
x1 x2 s



MPI
Sep 18 G. Dissertori

The basics…

�5

60 THE THEORY OF QCD

a

b

h1

h2

c

d

fa/h1

ŝ
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Hard Scattering = processes with large momentum transfer (Q2) 

Represents only a tiny fraction of the total inelastic pp cross section (~ 70-80 mb) 

      eg. σ(pp → W+X) ~ 150 nb ~ 2・10-6 σtot(pp)
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Couplings to vector bosons measured at the  
~20% level 
Observation of coupling to tau leptons 
Observation of coupling to b- and top quarks  

Searches for new Physics 
SUSY particles probed (and not found) up to ~2 TeV 
Heavy Vector Bosons excluded up to 3-4 TeV 
and many (!) other limits…. 

Closed-in on some very rare 
processes 

eg. Bs→µµ  (at 10-9 level) 

Some anomalies in the flavour 
sector? coupled to LFV?
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The current precision, due to low statistics or systematics (see next), is not 
sufficient to probe most possible (Higgs) scenarios alternative to the SM:  
will the SM withstand more accurate tests? 

The Higgs mechanism has only been tested on a fraction of the SM particles, 
due to low statistics or systematics: do the other particles (e.g. muon, charm, 
etc) interact with the Higgs as predicted by the SM?  

Example: currently expected that more than 300 fb–1 are required to establish H→µµ at 5σ

What gives mass to the Higgs?  
Obvious question, with a trivial answer in the SM: the Higgs gives mass to itself!  
But we have to “measure it and see” !

Are there more Higgs bosons?  
Most theories beyond the SM have more Higgs bosons 

What protects the Higgs mass from “exploding”??  
Is there new physics, and where?

Are the current flavour anomalies our first glimpse of such new physics?
�10

inspired by talk by M. Mangano
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Already now, we are often hitting the  
systematics wall; some examples:

overall ATLAS-CMS Higgs combination

Higgs to tau tau: 

?



MPI
Oct 18 G. Dissertori

How to fight this wall:

�16



MPI
Oct 18 G. Dissertori

How to fight this wall:
Hunt for the very rare 

the obvious, statistics limited by definition

�16



MPI
Oct 18 G. Dissertori

How to fight this wall:
Hunt for the very rare 

the obvious, statistics limited by definition

Attack new/difficult/extreme regions of phase space

�16



MPI
Oct 18 G. Dissertori

How to fight this wall:
Hunt for the very rare 

the obvious, statistics limited by definition

Attack new/difficult/extreme regions of phase space

More statistics allows for more “calibration/tuning/
cross checks/constraints”, thus reduce systematics

�16



MPI
Oct 18 G. Dissertori

How to fight this wall:
Hunt for the very rare 

the obvious, statistics limited by definition

Attack new/difficult/extreme regions of phase space

More statistics allows for more “calibration/tuning/
cross checks/constraints”, thus reduce systematics

Provide (even) better theoretical predictions

�16



MPI
Oct 18 G. Dissertori

How to fight this wall:
Hunt for the very rare 

the obvious, statistics limited by definition

Attack new/difficult/extreme regions of phase space

More statistics allows for more “calibration/tuning/
cross checks/constraints”, thus reduce systematics

Provide (even) better theoretical predictions

What is needed is not necessarily precision in terms 
of small uncert., we need sensitivity

�16



MPI
Oct 18 G. Dissertori

How to fight this wall:
Hunt for the very rare 

the obvious, statistics limited by definition

Attack new/difficult/extreme regions of phase space

More statistics allows for more “calibration/tuning/
cross checks/constraints”, thus reduce systematics

Provide (even) better theoretical predictions

What is needed is not necessarily precision in terms 
of small uncert., we need sensitivity

And of course:  
make sure you have an excellent detector!

�16
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The Plan 

so far, recorded only ~5% of total expected data set !

Notice, this is the Nominal Scenario: 
L = 5.0x10 e34 cm-1s-1 up to 3000 fb-1 (140 PU) 
The Ultimate Scenario forsees: 
L = 7.5x10 e34 cm-1s-1 up to 4000 fb-1 (200 PU)

https://project-hl-lhc-industry.web.cern.ch/sites/project-hl-lhc-industry.web.cern.ch/files/images/Schedule_HL.png
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Higgs boson 
Push the couplings measurements to the  
few-% level 
Study Higgs production at large transv. mom. 
A key deliverable: Higgs self-coupling!  

Searches for New Physics 
SUSY:  
explore difficult parameter regions, 
go for “weak production” modes 
Exotica: push the limits, probe small prod. rates  

Use (rare) flavour processes to  
look for the new   

eg. anomalous top couplings, FCNC 
Bd→µµ at the 5σ level, δ(Bdµµ/Bsµµ) ~ 20% 
closing-in on (excluding or confirming) the  
recent flavour anomalies?

�20

HL-LHC Physics Objectives in a nutshell
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Di-Higgs production: a key process 
Probe the Higgs potential! 
Cross section very small: ~33 fb-1  
 (~1000 smaller than single Higgs prod !) 
Current projections: 

• ~30% precision on signal yield (assuming SM) 
• expect to exclude zero self-coupling at 95% C.L. 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Di-Higgs production: a key process 
Probe the Higgs potential! 
Cross section very small: ~33 fb-1  
 (~1000 smaller than single Higgs prod !) 
Current projections: 

• ~30% precision on signal yield (assuming SM) 
• expect to exclude zero self-coupling at 95% C.L. 

Rare (or new) Higgs decays 
Higgs to two muons (at ~15% level) 
Higgs to Zγ (at ~10% level) 
(VBF) Higgs to “invisible”

�22

Rare processes: examples
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Searches: the new frontiers
Leave no stone unturned 

important focus on electro-weak 
particles (eg Winos, Higgsinos, Binos) 

• could be part of the Dark Matter story 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Searches: the new frontiers
Leave no stone unturned 

important focus on electro-weak 
particles (eg Winos, Higgsinos, Binos) 

• could be part of the Dark Matter story 

SUSY: difficult parameter regions 
example: 

300 to 3000 fb-1 ⇒  
difference between  
‘a little excess’ and ‘discovery’ 

Heavy Vector Bosons 
decays to leptons: reach up to ~6 TeV 
decays to top quarks: up to ~4 TeV  
(limits today: 2 TeV)

ATL-PHYS-PUB-2016-022 
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The experimental challenges 
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Use a global event description (“particle flow”) : 

Optimal combination of information from all subdetectors

�25

In multi-jet events, only 10% of the energy goes to neutral (stable) hadrons 
(~60% charged, ~30% neutral electromagnetic) 
Use a global event description : 

Optimal combination of information from all subdetectors 

Returns a list of reconstructed particles (e,mu,photons,charged and neutral hadrons) 

Used as building blocks for jets, taus, missing transverse energy, isolation and PU particle ID
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Luminosities of 
L ~ 5 - 7.5 x 1034 cm-2s-1

Number of simultaneous proton-proton collisions per bunch crossing: 

L x total cross section x bunch separation time  

~ ( 5 - 7.5) 1034 cm-2s-1  x  100 mb x 25 ns  ~ 

125 - 190 !      

Each of these: 
~ 6 charged particles per unit rapidity,  
over range of +- 5 units in rapidity: 
O(10000) particles per collision !!
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The Trigger Challenge (1)

�28

Finite Bandwidth !

LHC:

~100 kHz 
3.6 µs latency

~1000 Hz

HL-LHC:

~750 kHz 
12.5 µs latency

~7500 Hz

L1 Trigger

HLT



MPI
Sep 18 G. Dissertori

The Trigger Challenge (2)

�29

CMS

µ

jet

ν

IDET ECAL HCAL MuDET
e
γ

	

pr
ot

on
 b

ea
m

s

	

τ

e.g. 
“Interesting” muons 

from, eg. 
W, Z, Higgs decays 

are isolated



MPI
Sep 18 G. Dissertori

The Trigger Challenge (2)

�29

CMS

µ

jet

ν

IDET ECAL HCAL MuDET
e
γ

	

pr
ot

on
 b

ea
m

s

	

τ

Example: Muon rate

~power law

Also: Trigger rate highly non-linear 
         with pile-up!

e.g. 
“Interesting” muons 

from, eg. 
W, Z, Higgs decays 

are isolated



MPI
Sep 18 G. Dissertori

The Trigger Challenge (2)

�29

CMS

µ

jet

ν

IDET ECAL HCAL MuDET
e
γ

	

pr
ot

on
 b

ea
m

s

	

τ

Example: Muon rate

~power law

Also: Trigger rate highly non-linear 
         with pile-up!

e.g. 
“Interesting” muons 

from, eg. 
W, Z, Higgs decays 

are isolated



MPI
Sep 18 G. Dissertori

The Trigger Challenge (2)

�29

CMS

µ

jet

ν

IDET ECAL HCAL MuDET
e
γ

	

pr
ot

on
 b

ea
m

s

	

τ

Example: Muon rate

~power law

Also: Trigger rate highly non-linear 
         with pile-up!

e.g. 
“Interesting” muons 

from, eg. 
W, Z, Higgs decays 

are isolated



MPI
Oct 18 G. Dissertori

So : Detector requirements
High granularity,  
fast readout,  
radiation hardness

�30



MPI
Oct 18 G. Dissertori

So : Detector requirements
High granularity,  
fast readout,  
radiation hardness

minimize pile-up  
particles in same  
detector element

�30



MPI
Oct 18 G. Dissertori

So : Detector requirements
High granularity,  
fast readout,  
radiation hardness

minimize pile-up  
particles in same  
detector element

precise and efficient 
tracking and vertex 
reconstruction

�30



MPI
Oct 18 G. Dissertori

So : Detector requirements
High granularity,  
fast readout,  
radiation hardness

minimize pile-up  
particles in same  
detector element

precise and efficient 
tracking and vertex 
reconstruction

add timing information

�30



MPI
Oct 18 G. Dissertori

So : Detector requirements
High granularity,  
fast readout,  
radiation hardness

minimize pile-up  
particles in same  
detector element

precise and efficient 
tracking and vertex 
reconstruction

add timing information

fast response time for 
electronics, enough 
latency (for adding 
tracking information)  
and large throughput 
rate for triggers

�30



MPI
Oct 18 G. Dissertori

So : Detector requirements
High granularity,  
fast readout,  
radiation hardness

minimize pile-up  
particles in same  
detector element

precise and efficient 
tracking and vertex 
reconstruction

add timing information

fast response time for 
electronics, enough 
latency (for adding 
tracking information)  
and large throughput 
rate for triggers

�30



MPI
Sep 18 G. Dissertori

In a nutshell….

�31



MPI
Sep 18 G. Dissertori

In a nutshell….

�31

Upgrades of very large scope: 
complexity and size similar to original 

construction! 



MPI
Sep 18 G. Dissertori

In a nutshell….
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“CMS likes to do bold projects….”  (J. Butler) 
Obviously, just the same is true for the ATLAS upgrades…

Upgrades of very large scope: 
complexity and size similar to original 

construction! 
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A new Tracker, with Trigger

�32

Most ambitious 
Tracker project 
ever. 

Higher granularity 
(>2 billion pixels and strips!)  
less material, large 
angular coverage.

Will maintain and even improve the excellent tracking performance of CMS

Design also driven by  
req. to trigger on tracks!

Up to 15k stubs 
at 40 MHz; 
5 µsec to find 
tracks; down to 
pT~2GeV,  
|η|<2.4
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A new forward calorimeter
Entirely new endcap 
calorimeter!  
High granularity silicon detector 
with tungsten/brass absorber 
(plastic scintillator and brass 
absorber in back part) 

�33

a “first” for a  
hadron collider exp.!

600 m2 Si 
6M channels
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Timing information
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distributed over ~ 5cm, or:  ~ 150 - 200 ps ! Dedicated timing detectors 
proposed in the barrel 
and the endcap. 

Aim: resolution of ~30 ps

For example: 
enhancement by  

~20 % (!) 
in signal yield of  

HH (bbγγ) 
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the computing challenge!
Just scaling what we have  

doesn’t work!

https://cds.cern.ch/record/2298968/plots

Community is working on this intensively 
HSF Community White Paper 

WLCG Strategy Document

https://arxiv.org/abs/1712.06982
http://WLCG%20Strategy%20document


MPI
Sep 18 G. Dissertori

And not to be forgotten:

�35

the computing challenge!
Just scaling what we have  

doesn’t work!

https://cds.cern.ch/record/2298968/plots

Intensive R&D and follow industry developments 
(both hardware and software) 

particularly “hot topic” 
Machine learning (deep learning) 

applications in all areas  
(simulation, reconstruction, monitoring, analysis…)

Community is working on this intensively 
HSF Community White Paper 

WLCG Strategy Document

https://arxiv.org/abs/1712.06982
http://WLCG%20Strategy%20document
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Concluding… 

�36



MPI
Oct 18 G. Dissertori

In summary, the scenarios are:
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In summary, the scenarios are:
The “no-matter-what-the-LHC-finds” scenario: 

push to a corner the tests of SM properties of the Higgs boson  
measure rare Higgs decays (e.g. H→µµ and H→Zγ couplings)  
measure the Higgs self-coupling  
explore up-side-down the SM dynamics at the GeV→TeV scale, from flavour 
physics in B decays, to TeV-scale scattering of W bosons 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measure rare Higgs decays (e.g. H→µµ and H→Zγ couplings)  
measure the Higgs self-coupling  
explore up-side-down the SM dynamics at the GeV→TeV scale, from flavour 
physics in B decays, to TeV-scale scattering of W bosons 
 

The“LHC-makes-a-discovery” scenario: 
what is it exactly that was discovered? given current LHC constraints, 300fb–1 won’t 
be enough to explore new physics to be found during Run 2 or beyond ....  

• If SUSY, how do we know? where are the partners of leptons, gauge bosons, 
quarks, Higgs, etc? what else is there? 

• If mising energy: is it really the Dark Matter particle? 
• If Z’: what is it? How does it couple? 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The“LHC-makes-a-discovery” scenario: 
what is it exactly that was discovered? given current LHC constraints, 300fb–1 won’t 
be enough to explore new physics to be found during Run 2 or beyond ....  

• If SUSY, how do we know? where are the partners of leptons, gauge bosons, 
quarks, Higgs, etc? what else is there? 

• If mising energy: is it really the Dark Matter particle? 
• If Z’: what is it? How does it couple? 

 

The “still-don’t-know-what’s-next” scenario  
LHC is the only guaranteed machine we have. If nothing else is approved within the 
next 10-15 years, we must rely on HL-LHC and possible further evolutions of the 
LHC complex to guarantee the future of our exploration

�37

from: M. Mangano



MPI
Oct 18 G. Dissertori

Conclusions

�38



MPI
Oct 18 G. Dissertori

Conclusions
Exploration of a new territory has just begun and, 
for the first time, without solid theoretical guidance 
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Extensive physics program identified for the HL-LHC, in order 

to probe our new “gold-mine”, the Higgs  
(aka the electroweak symmetry breaking sector) 

and to explore new territories beyond the Standard Model 
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for the first time, without solid theoretical guidance 

Extensive physics program identified for the HL-LHC, in order 

to probe our new “gold-mine”, the Higgs  
(aka the electroweak symmetry breaking sector) 

and to explore new territories beyond the Standard Model 

New Physics might show up as a coherent set of (subtle) deviations 
from the SM predictions, in several places 

precision physics time has come… 

huge room (and need!) for  

• new and clever ideas 
• new methods  (eg. Machine Learning tools) 
• new paradigms, ….
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Exploration of a new territory has just begun and, 
for the first time, without solid theoretical guidance 

Extensive physics program identified for the HL-LHC, in order 

to probe our new “gold-mine”, the Higgs  
(aka the electroweak symmetry breaking sector) 

and to explore new territories beyond the Standard Model 

New Physics might show up as a coherent set of (subtle) deviations 
from the SM predictions, in several places 

precision physics time has come… 

huge room (and need!) for  

• new and clever ideas 
• new methods  (eg. Machine Learning tools) 
• new paradigms, ….

The detector upgrades address the challenges posed by the LHC 
machine conditions and the requirements from physics
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Thank you for your  
attention! 
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