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STATUS OF LHC 

✴ Run 2 proton physics run just ended marking 
the conclusion of an extremely successful 
data taking period. 

✴ Over 150 fb-1 of 13TeV pp collisions recorded 
for analysis (36fb-1/80fb-1 analysed so far) 

✴ Enormous success of the LHC program in the 
amount and quality of measurements 
performed way beyond expectations 

✴ Standard Model working impeccably, but we 
know many questions still anaswered

!2

Observation of ttH Production
• Combining Run1 & Run2 

• Some theory & background uncertainties are correlated
• Experimental uncertainties are largely uncorrelated

Narain,  Oct 2018 17

Phys. Rev. Lett. 120, 231801 –
Published 4 June 2018

Significance:  5.2" Observered
(4.2 " expected)

Best fit value of signal strength modifier 
for (upper section) the five individual decay 
channels considered, 
(middle section) the combined result for 
7+8 TeV alone and for 13TeV alone, and 
(lower section) the overall combined result. 

Latest big results of 
2018: Observation of 

Higgs coupling to third 
generation quarks            

H->bb ttH

	Il Run 2 di LHC conclude un periodo 
estremamente proficuo di presa dati 
sperimentale


Più di 150 fb-1 di collisioni pp a 
13TeV 

LHC ha dimostrato di essere un 
progetto di successo, pienamente 
operativo con prestazioni oltre le 
aspettative


LHC e CMS - Stato dell’arte
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STATUS OF LHC 
➤Run 2 proton physics run just ended 
marking the conclusion of an extremely 
successful data taking period.


➤Heavy ion running is in progress. A long 
shutdown awaits from December until 
2021. 


➤Latest big results of 2018? Observation of 
Higgs coupling to third generation quarks

�2

End of Protons Physics Run II
• The last proton beams of LHC Run 2 were dumped Wednesday Oct 24 at 6 AM CET, 

marking the end of a very successful data taking period. 

• In the coming weeks, the LHC will be accelerating and colliding heavy ions
• In December LHC will be shut down until 2021.
Narain,  Oct 2018 5

ttH Production at CMS
• Tree level measurement of top quark Yukawa couplings
• Using Higgs decays to  b-bar, t+t-, gg, WW* and ZZ*          

(various quark and multi-lepton channels)
• Hadronic t decays, th, are used

• A total of 88 different event topologies, consisting of leptons, 
photons and jets, are combined to get the result

• Use of Deep Neural Nets is pervasive 

• Main systematic uncertainties are
• Experimental:  lepton-id & b jet efficiencies; th and jet energy scales
• Theory on background calculations: modelling uncertainties in tt

production in association with a W or Z or a pair of b or c jets
• Theory on signal calculations: effect of higher order corrections on 

ttH cross sections and uncertainty in proton PDFs
• The gg and ZZ* states limited by statistics; Hà bb and 

Hàleptons by systematics

Narain,  Oct 2018 16

Observation of ttH Production
• Combining Run1 & Run2 

• Some theory & background uncertainties are correlated
• Experimental uncertainties are largely uncorrelated

Narain,  Oct 2018 17

Phys. Rev. Lett. 120, 231801 –
Published 4 June 2018

Significance:  5.2" Observered
(4.2 " expected)

Best fit value of signal strength modifier 
for (upper section) the five individual decay 
channels considered, 
(middle section) the combined result for 
7+8 TeV alone and for 13TeV alone, and 
(lower section) the overall combined result. 

Enormous success of 
the LHC program in the 
amount and quality of 

measurements 
performed way beyond 

expectations

E’ ragionevole pensare di poter spingere la macchina oltre 
le prestazioni di disegno, evitando un upgrade sostanziale 
ma estendendone sensibilmente il potenziale di scoperta. 

Discuterò qui la fase di alta luminostà di LHC (HL-LHC)



LHC e CMS - Stato dell’arte

assume that the 125GeVHiggs boson is the lighter scalar h, an assumption that is compatible with the current
experimental constraints for at least a significant portion of the m tanA C� parameter space. The ττfinal state
provides themost sensitive direct search for additionalHiggs bosons predicted by theMSSM for intermediate
and high values of tanβ, because of its enhanced coupling to τʼs. The signal hypothesis considered in this analysis
consists of additionalHiggs boson in themass range from90 to 3200 GeV. The results for the hMSSM scenario
are presented infigure 4 (right). As one can see, a significant improvement is expectedwhenmoving from300 to
3000 fb−1. The sensitivity reaches up to pseudoscalarHiggs bosonmasses of 2 TeV for values of tanC =26,
significantly increasing the region of the exclusion, or possible discovery at theHL-LHC.

5. Standardmodelmeasurements

The SMmeasurements play an important role in theCMSphysics program. Figure 5 shows the summary of the
cross sectionmeasurements at CMS. All thesemeasurements can be improved at theHL-LHC.More data will
allow to go to higher energies of individual objects, explore differential and double differential cross sections.
Precision of individualmeasurements will be increased. In this article wewant to concentrate on two aspects of
the SMprogram at theHL-LHC; precisemeasurements of the global parameters like top quarkmass orweak
mixing angle, and exploring SMprocesses with very low cross sections that shouldmostly profit from increased
luminosity of the dataset.

The top quark is the heaviest known elementary particle. Itsmass (mt) is a fundamental parameter of the SM,
affecting not only predictions in quantum chromodynamics, but also having fundamental implications for the
electroweak sector. The top quark contributes significantly to the quarticHiggs coupling and affects constraints
on the stability of the electroweak vacuum [28, 29], as well as onmodels with cosmological implications [30, 31].
The topmass ismeasured using differentmethods that are summarized in [32]. Thefinalmass is obtained as a
combination of individualmeasurements. The less precise to-datemethod in this combination is the so called
‘J/Ψ’method. This techniquemakes use of a partial reconstruction of top quarks in leptonicfinal states
containing J NN: l from the b quark fragmentation. The top quarkmass is determined through its
correlationwith themass of the J/Ψ+l system,where l is either amuon or an electron produced in the leptonic
decay of the accompanyingWboson, as shown infigure 6 (left). The presence of three leptons in thefinal state,
two ofwhich originate from the J/Ψmeson decay, provides a nearly background-free sample of events with low
dependence on systematic uncertainties linked to initial- and final-state radiation, jet reconstruction or b
tagging techniques, required by othermethods. Themain problemof themeasurement is that it is statistically
limited because of the very small branching fraction of the decay channel of interest. This should change at the
HL-LHC. As one can see infigure 6 (right), with increased data statistics thismethod becomesmore andmore
precise and at 3000 fb−1 becomes second dominant in the combination. The uncertainty in the top quarkmass
measurement at theHL-LHC is expected to fall below 200MeV.

Figure 5. Summary of the cross sectionmeasurements at CMS.
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Risultati da Run1 and Run-2 (fino al 2018) 
 
1 premio Nobel (scoperta dell’Higgs)


Nuove risonanze e stati legati


Osservazione di accoppiamenti rari


QGP in small system


…tensioni e sospetti…(LFUV )


More than 1000 publication from 2008!

ሻ࢙ሺ࡮ ՜ ࣆࣆ

� ܤ ՜ ݈݈ is very rare in the SM: FCNC and helicity 

suppressed:

� New result presented by LHCb this week based one 

the full Run 1 + Run 2 dataset

627 March 2021 Marco Pieri UCSD - Summary/vision talk Moriond EW 2021

Status last week:
ATLAS, CMS, LHCb combination 

LHCb: Full Run 1 + Run 2 data

727 March 2021 Marco Pieri UCSD - Summary/vision talk Moriond EW 2021

Also the effective lifetime has been measured: 

F. Archilli



High Luminosity - Motivazioni 

Il Modello Standard sembra funzionare impeccabilmente: 

nessuna evidenza diretta di nuova fisica 

Alcune domande rimangono aperte:

Asimmetria materia/antimateria

Cose “oscure” (materia e energia)

Gerarchia (consistenza dello SM alla scala di Planck)

…


Inoltre, diverse considerazioni portano a ritenere la scala del TeV come frontiera per l’osservazione di nuovi fenomeni


L’esplorazione del settore EW è quindi decisamente avanzata ed LHC è la macchina più potente a disposizione oggi. 


Il Run-3 e il futuro aggiornamento di “alta luminosità” sarà possibile approfondire l’esplorazione ed estendere 
lo spazio delle fasi soprattutto attraverso le reazioni maggiormente sensibili a contributi di nuova fisica, 
necessariamente rare
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PRECISION SM PHYSICS FOR THE HL-LHC
✴ Only moderate increase in energy …but incredibly large statistics: 

many bosons, many tops! 

!24

➤ Renewed recognition of importance of Standard model 
measurements for their contribution to EWPO fits


➤ Engagement of theory community to match experimental 
precision

➤ Need to improve our 
understanding of systematic 
uncertainties and their interplay


➤ Improve techniques for 
uncertainty mitigation


➤ High precision differential 
measurements


➤ Era of ‘dark’ corners of phase 
space (BSM sensitivity in the 
tails!)



High Luminosity - Motivazioni 

Pensare di arrivare ad una 
luminosità integrata di 

3 ab-1@14 TeV 

permetterebbe quindi di 
approfondire la struttura delle 
interazioni fondamentali 
attraverso:


Lo studio dettagliato del 
bosone di Higgs e la 
caratterizzazione del suo 
potenziale (sensibile a NP) 

La misura di processi (EW) rari 
(sensibile a NP) 

La ricerca diretta di nuovi 
fenomeni alla scala del TeV

channels: γγ[13],WW [14] andZZ [15].Measurements are also presented of the ττdecay channel [16] andfirst
evidence of theHiggs boson decay to a pair ofmuons [17]was reported.High precisionmeasurements of the
Higgs boson cross section and couplings become one of themain goals at theHL-LHC. To estimate the expected
precision of suchmeasurements, projection of CMSpublic results is performed. Details of the analysis can be
found in [18]. The projection is done for two luminosities, 300 and 3000 fb−1, where thefirst value corresponds
to the total LHC luminosity before theHL-LHC start or to 1 year of theHL-LHCoperation. Two scenarios for
the systematics are considered: ‘Run 2’ represents current systematics, whereas ‘YR18’ is theHL-LHC scenario
as described in section 3. For comparison the ‘statistical uncertainty only’ is shown separately.

The expected±1σ uncertainties in the per-decay-mode signal strength parameters, equivalent of the ratio of
themeasured to expected cross sections, are summarized infigure 1 for various luminosities and uncertainties
scenarios. The colored bars represent statistical uncertainty only, or combination of statistical and systematic
uncertainties for two scenarios, S1(‘Run2’) and S2(‘YR18’). At 300 fb−1 the statistical uncertainty plays an
important role, although all S2 uncertainties already start to dominate, e.g. already at 300 fb−1 current systematic
uncertainties become a limiting factor of the precision of themeasurements. At 3000 fb−1 formost channels the
statistical uncertainty becomes negligible and improving systematics fromS1 to S2 becomes amust. Similar
conclusions can be drawn based on per-production-mode uncertainties shown infigure 2 (left). Here the
statistical uncertainty vary between various productionmodes, but overall improvements in systematics should
significantly reduce total uncertainties at theHL-LHC.

The cross section of theHiggs productionwith subsequent decay into certain final state can be factorized
using coupling parameters, in this way one canmeasure coupling ofHiggs boson to different particles or even to
itself. Figure 2 (right) demonstrates uncertainties of various couplingmodifier parameters formeasurements at
3000 fb−1. As for other plots, one can see that except a very rare decay tomuons, statistical uncertainties are not
playing a significant role at theHL-LHC, ‘Higgs factory’ is expected to produce a dataset that willmakemost of
theHiggsmeasurements dependent only on systematic uncertainties.

An existence ofHiggs boson self-interactions, whose properties are directly determined by the structure of
the Brout-Englert-Higgs [19–21] scalar potential is an important part of the SMpredictions. The study of the
production ofHiggs boson pairs (HH)would therefore be a crucial test of the SM since it gives experimental
access to theHiggs boson self-coupling (λHHH) and thus to the structure of the BEHpotential itself. TheHH
production has an extremely low cross section even via gluon fusion, the dominantHHproductionmechanism
in pp collisions. Because of the smallness of the cross section and the presence of backgrounds, searches forHH
production based on the current Run 2 dataset do not have sufficient sensitivity; large integrated luminosities are
required for the experimental study of this very rare process. TheHL-LHCwill provide a unique opportunity to
studyHHproduction as predicted in the SMand identify possible deviations induced byBSMphysics in the
signal cross section or properties.

Figure 1.The total expected±1σuncertainty in S1 (withRun 2 systematic uncertainties) and S2 (withYR18 systematic uncertainties)
in the per-decay-mode signal strength parameters for 300 fb−1 (left) and 3000 fb−1(right). The statistical-only component of the
uncertainty is also shown. Reproducedwith permission from [18].
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DIFFERENTIAL CROSS SECTION!18

3−10

2−10

1−10

1]  -1
 G

eV
×

 [p
b 

H T
dp

)H T
(p
σd

HL-LHC No Sys
HL-LHC Sys. + Stat.
HL-LHC Scaled Sys. + Stat.

ATLAS Preliminary
Projection from Run 2 data

-1=14TeV, 3000 fbs
 4l→ ZZ → + H γ γ →H 

0 10 20 30 45 60 80 120 200 350 1000
 [GeV]H

T
p

0.9
1

1.1

R
at

io

(a)

15

20

25

30

 [p
b]

|H
d|

y
|)H

(|y
σd

HL-LHC No Sys
HL-LHC Sys. + Stat.
HL-LHC Scaled Sys. + Stat.

ATLAS Preliminary
Projection from Run 2 data

-1=14 TeV, 3000 fbs
 4l→ ZZ → + H γ γ →H 

0 0.30 0.60 0.90 1.20 1.60 2.50
Hy

0.95
1

1.05

R
at

io

(b)

10

 [p
b]

Je
t

dN
)

Je
t

(N
σd

HL-LHC No Sys
HL-LHC Sys. + Stat.
HL-LHC Scaled Sys. + Stat.

ATLAS Preliminary
Projection from Run 2 data

-1=14 TeV, 3000 fbs
 4l→ ZZ → + H γ γ →H 

0 1 2  3≥
JetN

0.8
1

1.2

R
at

io

(c)

1−10

1

]-1
 G

eV
×

 [p
b 

j1 t
dp

)j1 t
(p
σd

HL-LHC No Sys
HL-LHC Sys. + Stat.
HL-LHC Scaled Sys. + Stat.

ATLAS Preliminary
Projection from Run 2 data

-1=14 TeV, 3000 fbs
 4l→ ZZ → + H γ γ → H 

0 30 55 75 120 350
 [GeV]j1

T
p

0.9
1

1.1

R
at

io

(d)

Fig. 16: Differential cross sections measured by ATLAS in the full phase space, extrapolated to the full
HL-LHC luminosity for the combination of the H ! �� and H ! ZZ⇤

! 4` decay channels for (a)
Higgs boson transverse momentum pT

H, (b) Higgs boson rapidity |yH |, (c) number of jets Njets with
pT > 30 GeV, and (d) the transverse momentum of the leading pj1

H . For each point both the statistical
(error bar) and total (shaded area) uncertainties are shown. Two scenarios are shown: one with the current
Run2 systematic uncertainty (S1) and one with scaled systematic uncertainties (S2).

In order to isolate the production of the Higgs boson in association with top quarks, the selection
requires all events to have at least one b�tagged jet. Such events are separated into two orthogonal
categories based on the decay products of the top quark, a hadronic category and a leptonic category. In
the hadronic category, events must contain at least 3 jets, clustered using the anti-kT algorithm with a
cone size of 0.4, separated by �R > 0.4 with respect to both photon candidates. The jets are required
to have pT > 25 GeV and |⌘| < 4. In the leptonic category, only 2 jets are required, however, in
addition, the events must contain at least one isolated muon or electron. The muons or electrons must
satisfy pT > 20 GeV and |⌘| < 2.4, excluding the region 1.44 < |⌘�

| < 1.57 for electrons. The muons
must satisfy an isolation requirement that the sum of all reconstructed particles pT , inside a cone of
radius �R = 0.4, excluding the muon itself, is less than 0.25 times the transverse momentum of the
muon. In addition, for electrons, the invariant mass of pairs formed from the electron and either selected
photon, me� , is required to be greater than 95 GeV to reduce contamination from Z ! e+e� decays.
Events passing the leptonic category selection are excluded from the hadronic selection to maintain
orthogonality of the two categories. For the signal extraction, boosted decision tree (BDT) classifiers
are trained independently in each channel, which distinguish between signal-like and background-like
events, using input variables related to the kinematics of the events, such as the lepton and jet momenta
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Fig. 16: Differential cross sections measured by ATLAS in the full phase space, extrapolated to the full
HL-LHC luminosity for the combination of the H ! �� and H ! ZZ⇤

! 4` decay channels for (a)
Higgs boson transverse momentum pT

H, (b) Higgs boson rapidity |yH |, (c) number of jets Njets with
pT > 30 GeV, and (d) the transverse momentum of the leading pj1

H . For each point both the statistical
(error bar) and total (shaded area) uncertainties are shown. Two scenarios are shown: one with the current
Run2 systematic uncertainty (S1) and one with scaled systematic uncertainties (S2).

In order to isolate the production of the Higgs boson in association with top quarks, the selection
requires all events to have at least one b�tagged jet. Such events are separated into two orthogonal
categories based on the decay products of the top quark, a hadronic category and a leptonic category. In
the hadronic category, events must contain at least 3 jets, clustered using the anti-kT algorithm with a
cone size of 0.4, separated by �R > 0.4 with respect to both photon candidates. The jets are required
to have pT > 25 GeV and |⌘| < 4. In the leptonic category, only 2 jets are required, however, in
addition, the events must contain at least one isolated muon or electron. The muons or electrons must
satisfy pT > 20 GeV and |⌘| < 2.4, excluding the region 1.44 < |⌘�

| < 1.57 for electrons. The muons
must satisfy an isolation requirement that the sum of all reconstructed particles pT , inside a cone of
radius �R = 0.4, excluding the muon itself, is less than 0.25 times the transverse momentum of the
muon. In addition, for electrons, the invariant mass of pairs formed from the electron and either selected
photon, me� , is required to be greater than 95 GeV to reduce contamination from Z ! e+e� decays.
Events passing the leptonic category selection are excluded from the hadronic selection to maintain
orthogonality of the two categories. For the signal extraction, boosted decision tree (BDT) classifiers
are trained independently in each channel, which distinguish between signal-like and background-like
events, using input variables related to the kinematics of the events, such as the lepton and jet momenta

48

Observable

 (p
b/

G
eV

)
H Tp

Δ/
σ

Δ

5−10

4−10

3−10

2−10

1−10

1

10

 > 600) / 250H
T

(pσΔ

 > 200) / 120H
T

(pσΔ

 > 600) / 250H
T

(pσΔ

Combination

 bb→H 

γγ →H 

 ZZ→H 

aMC@NLO, NNLOPS

Projection CMS  (13 TeV)-13000 fb

 from CYRM-2017-002SMσ

w/ Run 2 syst. uncert. (S1)

 (GeV)H
T

p

Ra
tio

 to
 p

re
di

ct
io

n

0.5

1

1.5

0 15 30 45 80 120 200 350 600 ∞

Observable

 (p
b/

G
eV

)
H Tp

Δ/
σ

Δ

5−10

4−10

3−10

2−10

1−10

1

10

 > 600) / 250H
T

(pσΔ

 > 200) / 120H
T

(pσΔ

 > 600) / 250H
T

(pσΔ

Combination

 bb→H 

γγ →H 

 ZZ→H 

aMC@NLO, NNLOPS

Projection CMS  (13 TeV)-13000 fb

 from CYRM-2017-002SMσ

w/ YR18 syst. uncert. (S2)

 (GeV)H
T

p

Ra
tio

 to
 p

re
di

ct
io

n

0.5

1

1.5

0 15 30 45 80 120 200 350 600 ∞

Fig. 15: Projected differential cross section for pT
H at an integrated luminosity of 3000 fb�1 [157], under

S1 (upper, with Run 2 systematic uncertainties [159]) and S2 (lower, with YR18 systematic uncertain-
ties).

where the reduced systematic uncertainties in S2 yield a reduction in the total uncertainty of up to 25%
compared to S1.

Figure 16 shows the ATLAS projections to 3000 fb�1 of the differential measurements of pT
H, the

Higgs rapidity |yH |, the jet multiplicity Njets of jets with pT > 30 GeV and the transverse momentum
of the leading jet accompanying the Higgs boson pj1

H , as obtained by combining the measurement in the
H ! �� and H ! ZZ⇤

! 4` channels, in scenarios S1 and S2. The relative uncertainties affecting the
pT

H measurement are given in Tables 28 and 29. The ATLAS combined pT
H measurement extrapolation

exhibits relative uncertainties ranging from about 5% in the lower pT
H bins to about 9% in the highest

pT
H bin in scenario S1, reducing to uncertainties ranging from ⇠ 4% to ⇠ 8% in scenario S2.

Due to a different choice of pT
H binning by ATLAS and CMS, and the lack of a more sophisticated

study of the correlation of systematic uncertainties, it was chosen not to combine the projected spectra
presented above. Instead, the projections from CMS are scaled to an integrated luminosity of 6000 fb�1,
providing a proxy estimate of the overall sensitivity of an eventual combination of measurements by
the two experiments. Figure 17 shows the CMS projection at 6000 fb�1, with the same systematic
scaling as for the projection at 3000 fb�1. As expected at very high integrated luminosity, the systematic
uncertainties dominate the statistical ones.

2.4.2 Measurement of pT (H) spectrum in ttH production mode17

This section describes the strategy for measuring the differential pT cross section for Higgs boson pro-
duction in association with at least one top quark, and decaying to photons (ttH + tH, H ! g g ), at the
High-Luminosity LHC with the CMS Phase-2 detector. The H ! g g decay mode provides a final state
in which the decay of the Higgs boson can be fully reconstructed, and a direct measurement of the pT

differential cross-section can be made.
17 Contacts: N. Wardle, J. Langford
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✴ Sensitive to kb/kc at low pt and kt/
BSM at high pt 

✴ Expected precision of ~ 10% for 
pT(H) > 350 GeV, statistically limited

couplings
differential x-sec

3rd generation coupling

Higgs Physics: towards the self-coupling 

Making progress towards testing the 
shape of the Higgs potential through the 
Higgs self-coupling (l3)

Sensitivity to SM coupling will require HL-LHC 
but much progress can be made in coming 
years (see below)

ATLAS-CONF-2019-049
16

kl : [-3.3,8.5] obs., [-2.5,8.2] exp.

A. Calandri, 
R. Owen

Higgs self-coupling

+ …
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W MASS
➤W and top mass are key 

parameters of the SM 

➤Goal Δm(W)~5MeV

➤Motivation for low PileUp 

run: 200 pb-1 of Low PU data 
(μ~2) at 14 TeV and 27 TeV 

➤Combining central and 
forward pseudorapidity ranges 
reduces the PDF uncertainty 

�23

Josh McFayden    |   HL/HE-LHC WS  |  18/10/2018 

! W-mass is a key parameter of the standard  
model, and we need to invest effort in its  
measurement with the objective of reaching  
ΔmW ~ 5 MeV 

! i.e. below the precision of the indirect determination

! Uncertainty breakdown for ATLAS 7 TeV measurement:

�2

Motivation and recap

 [GeV] tm
165 170 175 180 185

 [G
eV

]
W

m

80.25

80.3

80.35

80.4

80.45

80.5 ATLAS  0.019 GeV± = 80.370 Wm
 0.70 GeV± = 172.84 tm
 0.24 GeV± = 125.09 Hm

t and mW68/95% CL of m

68/95% CL of Electroweak
t and mW Fit w/o m

 (Eur. Phys. J. C 74 (2014) 3046)

➤Total uncertainty around ~11MeV 

➤5-10 weeks of running —> ~3MeV (stat 

only) 

➤Extended coverage+combination ~7MeV

➤HL-LHC PDF set reduces uncertainty to 

~5 MeV 
➤LHeC PDF set could reduces to ~2MeV

ATL-PHYS-
PUB-2018-026
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TOP MASS
➤The methods that can be employed for the top mass 
reconstruction are characterized by different 
experimental and theoretical issues and uncertainties. 


➤High statistics implies also new methods becoming 
competitive 


➤Theoretical advances in the contribution to the 
uncertainties have a major role in the ability to reach 
the ultimate precision at a hadron collider 

�24

From  cross-section 
• Limited by theory uncertainty 
and luminosity measurement 

J/ψ and secondary vertex 
• Statistically dominated 

Single top  
Standard àℓ+jets measurement 

• Expect Δmtop/mtop ~ 0.17 GeVΛQCD
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HE-LHC 
increase in centre-of-mass energy  

to 27 TeV 

Assumptions: performance taken from 
HL-LHC detectors.  
Will be able to deal with the ~500PU

direct production of 
heavier object 

increased production 
cross section for many 
processes

HL-LHC  
large accumulated statistics 

new trigger strategies 

Assumptions: performance of HL-LHC 
detectors immune to 200PU. Equal or 

superior to Run 2

helps processes with small 
production cross section

helps with low energy 
or unusual signatures 

large statistics for analysis 
optimization and better 
control regions

NP = new physics



Oggi 
(2022-2024)

Domani 
(2027-2040)

High Luminosity - Piani
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Radiation envionment

Radiation environment at HL-LHC will become increasingly hostile

Inner layers of pixel detectors at few cm in radius will need to stand 

fluences in excess of 10
16

 MeV neutron equivalent

Even outer layers “far away” from interaction point will see 

>10
14

 MeV neutron equivalent 

similar or more than innermost strip tracker layers at 20 cm for today's 

trackers after 10 years of LHC running

...was the 

end-of-life 

dose here 

in phase-0

This fluence...

Con alta luminosità la frequenza di 
collisione pp aumenta, aumenta il 
Pile-Up (fino a 400 collisioni per x-
bunch)


Gli strati più interni saranno esposti 
a fluenze molto elevate, fino a 1016 1 

1 MeV neutroni-equivalenti/s*cm2


Anche gli strati esterni in avanti 
saranno esposti fino a 1016  1 MeV 
neutroni-equivalenti/s*cm2


Il sistema di ricostruzione delle 
traiettorie (il tracker) è più interno, 
sarà quindi maggiormente 
esposto 

Pile up 

L.Rossi - LHC future @ Open symposium EUSPP-Granada May 2019 12

5 events
400 

events

Pushing at the maximum the parameters of HL-LHC we would start
the fill at L = 15x1034 with 400 events/crossing.

High Luminosity - Un mondo ostile�
�

�

LHC HL-LHC

Le condizioni ambientali vincolano le prestazioni 
richieste al detector  



CMS HL-LHC Upgrade Program

Tracker 
https://cds.cern.ch/record/2272264
� Si-Strip and Pixels increased granularity
� Design for tracking in L1-Trigger
� Extended coverage to Ș ؄ 3.8

L1-Trigger/HLT/DAQ
https://cds.cern.ch/record/2283192
https://cds.cern.ch/record/2283193
� Tracks in L1-Trigger at 40 MHz 
� PFlow-like selection 750 kHz 

output 
� HLT output 7.5 kHz

Calorimeter Endcap
https://cds.cern.ch/record/2293646
� 3D showers and precise timing
� Si, Scint+SiPM in Pb/W-SS

Barrel Calorimeters 
https://cds.cern.ch/record/2283187
� ECAL crystal granularity readout at 40 MHz 

with precise timing for e/Ȗ at 30 GeV
� ECAL and HCAL new Back-End boards 

Beam Radiation Instr. and 
Luminosity, and Common 
Systems and Infrastructure
https://cds.cern.ch/record/2
020886

MIP Timing Detector 
https://cds.cern.ch/record/2296612
Precision timing with:

� Barrel layer: Crystals + SiPMs
� Endcap layer: Low Gain Avalanche Diodes

Muon systems
https://cds.cern.ch/record/2283189
� DT & CSC new FE/BE readout 
� RPC back-end electronics
� New GEM/RPC 1.6 < Ș < 2.4
� Extended coverage  to Ș ؄ 3

Technical proposal CERN-LHCC-2015-010 https://cds.cern.ch/record/2020886
Scope Document CERN-LHCC-2015-019    https://cds.cern.ch/record/2055167/files/LHCC-G-165.pdf

High Luminosity - Un mondo ostile e quindi un nuovo CMS
200-400 collisioni: danno 
da radiazione e controllo 
del combinatorio:


Nuovo tracker,  timing 
layer 3D->4D, calorimetro 
endcap, muoni in avanti, 
nuovo DAQ


Goal:


+alta precisione ed 
efficienza nella 
ricostruzione degli 
“oggetti fisici”

+controllo del pile-up, 
anche con alta precisione 
nella misura temporale dei 
segnali

+maggiore accettanza

+alta granularità



High Luminosity - Un nuovo modello di raccolta, distribuzione e analisi dati

I big data sostanzialmente nascono con LHC


Le struttura operativa di WLCG garantisce la raccolta, conservazione, 
distribuzione ed analisi tra 50-70 PB di dati per anno prodotti da LHC


Il potenziale di misura durante HL-LHC sarà dunque limitato da quanto 
efficacemente le risorse di calcolo potranno essere sfruttate 

R&D intenso lato computing e software:


+“brute force” non è più un approccio vincente


+cambio di paradigma sostanziale, dal GRID al CLOUD


+provisioning dinamico, architetture eterogenee e intelligenza nella gestione 
delle risorse


+nuove strutture di linguaggio per l’analisi


(Vedi contributo di Daniele di ieri)



FIS ING
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High Luminosity - Il ruolo di Perugia



+Attività analisi ~300 1/fb e HL-LHC 

+Computing model per HL-LHC 

+Attività costruzione Tracker di CMS Phase-2 per HL-LHC: 
+Sensori e danno da radiazione 
+Costruzione tracker: moduli PS e 2S e simulazioni termiche 
+Attività di sviluppo del powering (cabling e QA)

Nota: nessun dettaglio tecnico sulle attività mostrate verrà 
discusso per essere veloce, veloce, velocissimo.



QCD 

Studio dell’interazione protone-
protone. Dall’underlying event 
alle multiparton interactions 
(anche in dinamica dura) 


NP Search 
EW Vector Boson Scattering


Effective Field Theory and 
Unitarity in Vector Boson 
Scattering


Heavy neutrinos

Ricostruzione del segnale:

Realizzazione del workflow di misura di efficienza di ricostruzione delle tracce 

Sviluppo di algoritmi innovativi per il tracking Phase-2 di CMS

High Luminosity - Analisi



Stato Open Charm: 
Prima misura di sezione d’urto di produzione  
di open charm in CMS.  
(collaborazione PG - MI - DESY) 
 

 
Estensione in collaborazione con DESY:  
Analizzare tutti i dati del Run2 per misura doppio 
differenziale e applicazione alla misura del 
contributo da scattering partonico triplo

High Luminosity - Analisi



VBS in same sign WW con tau adronico 
VBS in ZVJJ semileptonico 

Primo tentativo di inclusione del  
Working group  

PG – LIP nel gruppo generale VBS 
PD-Paris-PG 

Tecniche di ML per la separazione segnale vs fake 
objects e segnale SM vs EFT  
(studio di operatori dimensione 6 e  
dimensione 8) 

Benchmark per analysis facility e RDF model 
(attività similfellow)

𝜏h

High Luminosity - Analisi



Ricerca di Neutrini pesanti 

Ricerca di neutrini di Majorana in 
modelli compositi (segnatura con 2 
leptoni e 2 quark) 

Full Run-2 - nessuna evidenza ;) 

Analisi in finalizzazione -  target PLB 
(2022)

High Luminosity - Analisi



R&D verso Run 3 e oltre (HL-LHC) 

Avviata l’attività di sviluppo di un modello di Analysis Facility per il “post-grid”  
- Abilita/facilita l’uso di NanoAOD (essenziale per HL-LHC) 

- Spinta all’uso di strumenti standard (sostenibilità) 

- Ottimizzare il throughput nel processing dei dati in fase di analisi

High Luminosity - Sviluppo analysis facility per il post-grid

Interfaccia ad alto livello dichiarativa per l’analisi dati - primo esercizio di porting di un’analisi completa 
(VBS in same sign WW)



High Luminosity - Sviluppo e costruzione del tracker di CMS di HL

Il tracciatore di Fase2 di CMS sarà composto da 2 diverse tipologie di moduli (sempre 
basati su rivelatori a stato solido)

• Moduli 2S: composti da 2 sensori a microstrip di silicio

• Moduli PS: composti da un sensore a micro strip di silicio e un sensore a pixel di silicio


I due sensori sono accopiati e letti da una elettronica comune in modo da poter 
effettuare una selezione sulla curvatura (energia) della particella



Perugia model 
+surface and bulk (new) damage modelling 
+n and p-type bulk 
+fluence up to 2.2*1016 eq. neutrons

▪ Sviluppo del modello e applicazione a 
LGAD e 3D

Simulazione del danno da radiazione: Standard vs Low Gain 
Avalanche Diodes 

IV

CV

GAIN

Process Quality Control - Perugia è uno dei centri per la  qualità del processo di fabbricazione 
su tutti i batches dei sensori previsti per il tracciatore di Fase-2. Setup di Perugia efficiente e 
veloce per qualificare il processo 

High Luminosity - Sviluppo e costruzione del tracker di CMS di HL Sensori



Perugia partecipa alla costruzione sia di moduli 2S che PS

Alta precisione meccanica necessaria

Shift minori di 50um e rotazioni minori di 400urad richieste!


Attualmente la procedura di costruzione è in fase di ottimizzazione

Primi rivelatori finali da fine del 2021 

Connessione del 
sensore con 
l’elettronica di lettura

High Luminosity - Sviluppo e costruzione del tracker di CMS di HL Moduli



High Luminosity - CMS/MUonE test beam
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Prototipi di cavi (2 tipologie su 3 la terza tipologia è ancora in fase di produzione)


• Test eseguiti: resistenza e isolamento su cavi CCA (da PP0 a modulo) e da PP1 a PP0 
(solo resistenza).

• Eseguiti test termici su cavi CCA

• In fase di definizione i test meccanici e di resistenza alle radiazioni

High Luminosity - Sviluppo e costruzione del tracker di CMS di HL
Power System



High Luminosity - Sviluppo e costruzione del tracker di CMS di HL

Simulazioni Termiche

Outer Tracker 
studio approfondito della 
dispersione termica, 
studio e ottimizzazione 
del disegno e valutazione 
delle prestazioni. Analisi 
del thermal runaway


Inner Tracker 
ottimizzazione del 
disegno meccanico in 
funzione del controllo del 
thermal runaway



Relazioni nel Piano Triennale, azioni collaborative ed altro…

Ambito di ricerca già attivato: 3

TITOLO: Fisica Sperimentale delle Interazioni Fondamentali


Ambito di ricerca già attivato: 4

TITOLO: Fisica teorica delle Interazioni fondamentali


Ambito di ricerca nuovo: 3

TITOLO: Data Science e infrastrutture per Big Data




Relazioni nel Piano Triennale, azioni collaborative ed altro…

Ambito di ricerca già attivato: 3

TITOLO: Fisica Sperimentale delle Interazioni Fondamentali


Ambito di ricerca già attivato: 4

TITOLO: Fisica teorica delle Interazioni fondamentali


Ambito di ricerca nuovo: 3

TITOLO: Data Science e infrastrutture per Big Data


Ambiti di collocazione canonici 

+disegno e sviluppo di rivelatori di particelle

+sviluppo dei sistemi di controllo e gestione dei rivelatori (operations) 

+analisi dei dati prodotti ad LHC (e HL-LHC)

+interpretazione con i modelli fisici (proton structure, EFT e modelli compositi)

Importanti (storiche e non) collaborazioni in UNIPG 

+Ingegneria (meccanica e elettronica)

+Informatica

Esplorazione con alcune 
competenze nel territorio (realtà 
importanti di produzione 
elettronica e system test) per un 
nuovo modello di gestione dei 
processi di costruzione in HEP di 
larga scala. 

L’idea è quella di disaccoppiare 
disegno e sviluppo da produzione 

Forse utile per l’azione UNIPG/
PNRR in corso di proposta di un 
distretto innovativo



Relazioni nel Piano Triennale, azioni collaborative ed altro…

Ambito di ricerca già attivato: 3

TITOLO: Fisica Sperimentale delle Interazioni Fondamentali


Ambito di ricerca già attivato: 4

TITOLO: Fisica teorica delle Interazioni fondamentali


Ambito di ricerca nuovo: 3

TITOLO: Data Science e infrastrutture per Big Data


Sviluppo dei modelli propri di accesso e 
analisi dati per LHC e HL-LHC 

Tentativo di costruire un ambito 
disciplinare congiunto Dipartimento/
INFN di “data science” (con Daniele 
Spiga) - altamente trasversale

Interessante convergenza verso l’azione 
collaborativa “digitale, industria e 
spazio”, in particolare per gli aspetti di:

1) WP 4_1 - Data Science

2) WP 4_4 - Scienza dell’informazione 

e HPC



Relazioni nel Piano Triennale, azioni collaborative ed altro…

Ambito di ricerca già attivato: 3

TITOLO: Fisica Sperimentale delle Interazioni Fondamentali


Ambito di ricerca già attivato: 4

TITOLO: Fisica teorica delle Interazioni fondamentali


Ambito di ricerca nuovo: 3

TITOLO: Data Science e infrastrutture per Big Data


Sviluppo dei modelli propri di accesso e 
analisi dati per LHC e HL-LHC 

Tentativo di costruire un ambito 
disciplinare congiunto Dipartimento/
INFN di “data science” (con Daniele 
Spiga)

Interessante convergenza verso l’azione 
collaborativa “digitale, industria e 
spazio”, in particolare per gli aspetti di:

1) WP 4_1 - Data Science

2) WP 4_4 -Scienza dell’informazione 

e HPC

1) sforzo per intercettare le necessità 
locali legate al calcolo attraverso 
una ricognizione puntuale


2) strutturare un’azione progettuale che 
possa agganciare le opportunità 
locali, nazionali ed europee


3) integrare il C_LAB di calcolo

4) convergere in una struttura 

congiunta UNIPG/INFN/CNR


Tecnicamente, a partire dai paradigmi 
innovativi di gestione delle risorse per i 
big data sviluppati in ambito HEP, 
adattandole senza snaturarle alle 
esigenze locali (ne parleremo più in 
dettaglio in consulta della ricerca)

PNRR - esplorazione della possibilità di partecipare al 
futuro CN di calcolo (probabilmente INFN/CINECA driven)



Futuro Remoto, post 2040

Nuova infrastruttura che 
possa estendere 
sensibilmente la frontiera 
dell’energia (100 TeV) e 
caratterizzazione 
elettrodebole di 
precisione (5-700 GeV)


Modalità multipla di 
funzionamento hh, ee e 
eh


