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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

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

1 analysed so far)

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

Latest big results of
2018: Observation of
Higgs coupling to third

generation quarks
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HL-LHC: Peak £ = 2 x 103%/cm?/s

level luminosity to

Nominal scenario: £ =5 x 103*/cm?/s
for 3000/fb; Pile-up <u> = 140

Ultimate Scenario: £ = 7.5 X 103* /cm?/s
for 4000/fb; Pile-up <u> = 200

=25% increase in integrated lum.



4 SWARMS OF PARTICLES AND HIGH RADIATION

* High luminosity & 200 soft pp interactions per crossing

* Increased combinatorial complexity, rate of fake tracks, spurious energy in calorimeters, increased data
volume to be read out in each event

* Detector elements and electronics are exposed to high radiation dose

* Requires new tracker, endcap calorimeters, forward muons, replacing readout systems
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Roughly reaching limits of current
* Goal of ATLAS and CMS detector upgrades techniques in several systems

x to achieve same performance at 200PU as in Run2 with ~40PU (or better)

x For precision measurements and observations of very rare processes, we need to at least maintain
current performance for all physics objects. Requires excellence in every corner

* associating particles with primary hard scatter collision with high efficiency

* increase detector acceptance

PATRIZIA AZZI - INFN P,

* Increased spatial granularity to resolve signals from individual particles

* Precise timing measurements to provide an additional dimension for discrimination
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ABSTRACT

This document presents the executive summary of the findings of the Workshop on "The physics of HL-LHC, and perspectives
on HE-LHC", which has run for over a year since its kick-off meeting on 30 October — 1 November 2017. We discuss here the
HL-LHC physics programme. As approved today, this covers (a) pp collisions at 14 TeV with an integrated luminosity of 3ab~'
each for ATLAS and CMS, and 50fb~" for LHCb, and (5) Pb—Pb and p—Pb collisions with integrated luminosities of 13nb~"!
and 50nb~!, respectively. In view of possible further upgrades of LHCb and of the ions programme, the WG reports assume
300fb~" of luminosity delivered to an Upgrade Il of LHCb, 1.2pb~" of integrated luminosity for p-Pb collisions, and the addition
of collisions with other nuclear species. A separate submission covers the HE-LHC results.

The activity has been carried out by five working groups (WGs): “Standard Model” (WG1), “Higgs” (WG2), “Beyond the Standard
Model” (WG3), “Flavour” (WG4) and “QCD matter at high density” (WG5). Their reports, extending this executive summary with
more results and details, are available on the CERN Document Server [1-5], and will appear on arXiv. The WG results include
both phenomenological studies and detailed simulations of the anticipated performance of the LHC detectors under HL-LHC
conditions. These latter studies implement the knowledge acquired during the preparation of the technical design reports for
the upgraded detectors, and reflect the experience gained by the experiments during the first two runs of the LHC.

The documents describing in full detail the HL-LHC studies performed by the experiments can be found in Ref. [6] (available in
early 2019) and in Ref. [7].

Three goals have been set for the Workshop: (i) to update and extend the projections for the precision and reach of the
HL-LHC measurements, and for their interpretation; (i) to highlight new opportunities for discovery of phenomena beyond the
Standard Model (BSM), in view of the latest theoretical developments and of recent data; (jii) to explore possible new directions
and/or extensions of the approved HL-LHC programme, particularly in the area of flavour, in the search for elusive BSM
phenomena, and in the study of QCD matter at high density. In addition to enriching and consolidating the physics plans for
HL-LHC, and highlighting the significant advances that the full HL-LHC programme will bring relative to today’s landscape, this
contribution to the European Strategy for Particle Physics Update process is intended to help put in perspective the physics
potential of future projects beyond HL-LHC.
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ABSTRACT

This document summarizes the physics potential of the High-Energy LHC (HE-LHC), under consideration as a possible future
project at CERN. The HE-LHC is a 27 TeV pp collider, to be installed in the LHC tunnel, relying on the 16 T magnet technology
being developed for the 100 TeV Future Circular Collider (FCC-hh). The HE-LHC is designed to deliver 10-15ab~'of integrated
luminosity to two general purpose detectors, during 20 years of operation. As for the LHC, the facility could host a dedicated
interaction point focused on flavour physics, delivering 3ab~" of integrated luminosity to an upgraded LHCb detector, and would
continue the programme of heavy ion collisions. The results presented here were obtained in the context of the Workshop on
“The physics of HL-LHC, and perspectives on HE-LHC”, which ran for over a year after its kick-off meeting on 30 October — 1
November 2017. These studies complemented those focused on the engineering and technological aspects of the project,
performed in the context of the FCC conceptual design report (CDR) for the HE-LHC, and documented elsewhere [1].

The activity has been carried out by five working groups (WGs): “Standard Model” (WG1), “Higgs” (WG2), “Beyond the
Standard Model” (WG3), “Flavour” (WG4) and “QCD matter at high density” (WG5). The reports from the WGs, extending this
executive summary with much more detail and many more results, are available on the CERN Document Server [2—-6], and will
appear on arXiv. The documents describing in full detail the HL-LHC and HE-LHC studies performed by the ATLAS and CMS
Collaborations can be found in Ref. [7] (available in early 2019).

References

1. M. Benedikt, J. Gutleber, and F. Zimmermann, (editors), Future Circular Collider Study. Volume 4: The High Energy LHC
(HE-LHC) Conceptual Design Report, CERN-ACC-2018-0059, CERN, Geneva, Dec, 2018. Submitted to Eur. Phys. J. ST.
http://cern.ch/go/S9Gq.

2. P.Azzi, S. Farry, P. Nason, A. Tricoli, and D. Zeppenfeld, (conveners), et al, Standard Model Physics at the HL-LHC and
HE-LHC, CERN-LPCC-2018-03, CERN, Geneva, 2018. https://cds.cern.ch/record/2650160.

3. M. Cepeda, S. Gori, P. J. liten, M. Kado, and F. Riva, (conveners), et al, Higgs Physics at the HL-LHC and HE-LHC,
CERN-LPCC-2018-04, CERN, Geneva, 2018. https://cds.cern.ch/record/2650162.

4. X. Cid-Vidal, M. D’Onofrio, P. J. Fox, R. Torre, and K. Ulmer, (conveners), et al, Beyond the Standard Model Physics at the
HL-LHC and HE-LHC, CERN-LPCC-2018-05, CERN, Geneva, 2018. https: //cds.cern.ch/record/2650173.

5. A. Cerri, V. V. Gligorov, S. Malvezzi, J. Martin Camalich, and J. Zupan, (conveners), et al, Flavour Physics at the HL-LHC
and HE-LHC, CERN-LPCC-2018-06, CERN, Geneva, 2018. https://cds.cern.ch/record/2650175.

6. Z. Citron, A. Dainese, J. F. Grosse-Oetringhaus, J. M. Jowett, Y.-J. Lee, U. Wiedemann, and M. A. Winn, (conveners), et al,
Future physics opportunities for high-density QCD at the LHC with heavy-ion and proton beams, CERN-LPCC-2018-07,
CERN, Geneva, 2018. arXiv:1812.06772 [hep-ph]. https://cds.cern.ch/record/2650176.

7. The ATLAS and CMS Collaborations, Report on the Physics at the HL-LHC and Perspectives for the HE-LHC,
CERN-LPCC-2019-01, CERN, Geneva, 2019. https://cds.cern.ch/record/2651134.

Flavor - CERN-LPCC-2018-06



https://cds.cern.ch/record/2650160/
https://arxiv.org/abs/1812.07831/
https://cds.cern.ch/record/2650162/
https://arxiv.org/abs/1812.07638/
https://arxiv.org/abs/1812.06772/
https://twiki.cern.ch/twiki/pub/LHCPhysics/HLHELHCWorkshop/report.pdf
https://twiki.cern.ch/twiki/pub/LHCPhysics/HLHELHCWorkshop/HEreport.pdf

(NFN  PATRIZIA AZZI - INFN PADOVA

6 HOW TO APPROACH SYSTEMATICS

* The large HL-LHC dataset will enable accurate measurements and
unprecedented sensitivity to very rare phenomena

* In several analyses systematic uncertainties will become a limiting
factor

* Several sources of systematics to consider:

Detector driven Data statistics Theory normalization
In control regions and modeling
Luminosity
Method uncertainties MC statistics

* Synergy of ATLAS and CMS in many physics projections and
complexity of the problem required development of a common set of
guidelines

* Focus on experimental systematics that are most important for the
projection studies we need (can't be comprehensivel)

* Jet Energy Scale/Resolution, MET, B-tagging, Tau-ID, and many
more...

* Evaluation of theory uncertainties improvement
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/ COMMON GUIDING PRINCIPLES FOR YR18

* Statistics-driven sources: data = /L, simulation = 0
* account for larger data sample statistics available
* to better understand full potential of HL-LHC
* Theory uncertainties typically halved
* applies to both normalization (x-sec) and modeling
* due to higher-order calculation and PDF improvements
* Uncertainties on methods kept as latest published results
* Trigger thresholds same or better(lower) than current

* assumption that pile-up effects are compensated by detector upgrades
improvement and algorithmic developments

* Intrinsic detector limitations stay ~constant

* usage of full simulation tools for detailed analysis of expected
performance, thanks to the large effort for TDRs preparation

* detector understanding and operational experience may compensate for
e.g. detector aging

* harmonized definition of « floor » values for experimantal systematics

* Luminosity uncertainty 1%



8 MORE DETAILS ON PROCEDURE

* Whenever feasible present results as
value * stat + syst exp * syst theory [+ syst lumi]
* Baseline scenario defined as:

* YR18(S2): based on synchronised estimates of ultimate
performance for experimental and theory uncertainties, and
applying guidelines as in previous slide
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Muons reco+ID(+1SO) 0.1%(0.5%)
Electrons reco+ID+ISO 0,5%
Taus reco+ID+ISO 5%(as in Run2)
B-jet tag 3?;2?0%(2)5\/6)\/ ~1%(2-6%)
c-jet tag ~2%
Light jets L/M/T WP 5/10/15%
JES abs/rel scale 0.1-0.29%(0.1-0.5%)
JEC Pile-Up 0-2%
JEC Flavor 0,75%
Integrated Luminosity 1%
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9 PDF UNCERTAINTIES

x exercise trying to quantify the precision of the PDF at the end of the HL-LHC running and
use them in the systematic estimate of the experimental extrapolations

* pseudo-data generated for various inputs: top Drell-Yan, iso photons, W+charm, W and Z in
the forward region, inclusive jets...

x Scenario A(C) corresponds to factor 2(5) reduction of uncertainties on exp. inputs.
x LHeC could provide improvement of a factor 5 on PDF uncertainties

x Tested effect on some SM and BSM processes. Justifies assumptions used for YR18 scenario

tt differential analysis Piet production © HLAHG =14 TeV
[—/—L>—>—@ [ 1 [ T T T T T~ T 1T I T T T T I T T T T I_
%‘ 10° e e Lumi error = 1.5 % é 13__ 1 25 - PDF4LHC1 5 _:
9 e R S T “H .
8 " 2 Q=100 GeV 1 4555 + HL-LHC (scen A) ]
= 10 : 1.150 =
5 ——— 2 | S6% + HL-LHC (scen C) -
'8 107 = PDFALHCISHHLALHC m, e g 1'1:_ _:
10-2 = Il - C pseudodata, F=0.2 8 105 E_ E
ke 3 i) - ]
c F o 1 .
3 s ¢ :
s “PDF4LHC15 0.95— .
0.8 EPDF4LHC15 + HLLHC tt = 3
: F=02 0.9 = =
0.7__ : I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I:
g i 0853600 2000 3000 - 4000 5000 6000
X M (GeV)
gg =>h =>bb @ HL-LHC Vs=14 TeV
g E 13F 1067171717771 LA L L AL R
= g B PDF4aLHC15 E
3 2 r Q=100 GeV =
° 1.2r @%ﬁ +HL-LHC (scen C) 3
PDFALHC15 R ) \:% +HL-LHC (scen A) _E
400 = PDFALHCI5+ HL-LHC I— 1.1 c 1.03 3
350 - HL-LHC pseudo-data, F = 0.1 _:
2 T 1 E
T -
i 3
0.9 =
i —PDF4LHC15 E
0.8F EPDF4LHC15 + HLLHC n §
- F=0.1 E
B R IR F B T - N R N R Y- L R R I I _E
’ ' ' ' ’ ' ' ' ' ’ 1 0_5 1 074 1 0_3 1 072 1 071 PR TN ST SO AN T TN T SN T ST SO T AN TN ST SO SN NN SO SO A S i
n X ’ 10 20 40 50

T,min 30
p ™" (GeV)



THE RIGGS SECTOR




(NFN  PATRIZIA AZZI - INFN PADOVA

11 HIGGS PHYSICS AT THE LHC

* We have come a long way since the Higgs discovery in 2012

* The available LHC Run1 (7,8 TeV~251tb-1) & Run2 (13 TeV ~1501b-1)

datasets have pushed Higgs physics from search mode to measurement
mode, probing the nature of the boson and its agreement with the SM

* All the main production and decay modes under scrutiny by ATLAS and
CMS




(NFN  PATRIZIA AZZI - INFN PADOVA

12 HL-LHC IS A HIGGS FACTORY

x At HL-LHC, we expect to produce ~170M Higgs Bosons, including ~120k of HH pair
produced events

* Over 1TMillion for each of the main production mechanisms, spread over many decay
modes
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3000 b Total Bveres 3000 b

o
Non-hadranic 100000000
10000000

HH ~100k
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10000000
100000
10000 1000000
7H tH
1000
B B 0 SRR pre—— H H ’,"H
100 f "Iﬁn"\
....... H A

10
bb nm  ppg cc og W WW ZZ 2y JNy

* Enables a broad program:
* Precision O(few%) measurements of couplings across broad kinematics
* Exploration of Higgs potential (hh production)
* Sensitivity to rare decays involving new physics

* extend BSM Higgs searches (extra scalars, BSM Higgs resonances, exotic
decays...)



(NFN  PATRIZIA AZZI - INFN PADOVA

13 WHERE WILL BE THE IMPACT OF THE HL-LHC ?

What do we need to know? Where will the HL-LHC impact?

* Precision Measurements: Couplings to ~5%, Cross
Sections, Differential Distributions, Width

 Rare decays

* Di-Higgs production = self coupling ESE et
by E. Petit

I"BSM group of EPPSU
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14 SM HIGGS PRECISION MEASUREMENTS

*x Old studies (before YR) comprehensive, BUT
* mostly based on extrapolations of Run1/early Run2 results

* plus specific analyses with parametrised full simulation.
* Not harmonized uncertainty assumptions
* Single experiment only!

Rates can be measured at the few %

Couplings can be measured
at the few % level

level (10-20% for rarer modes)

* Complete revamp of the SM Higgs projections, starting from Run2 results

and incorporating the current understanding of the future ATLAS&CMS
performance.

* Profit of the lesson learned in the Run1 combination

* All main decays x production modes incorporated into the study (yy, WW, ZZ,
TT, bb, py, Zy x ggF, VBF, WH, ZH, ttH)

* COMBINATION of the individual results of the ATLAS and CMS, for a definition
of the overall HL-LHC reach

* Theoretical systematics assumed fully correlated, experimental uncertainties
uncorrelated



15 COUPLINGS - RESULTS OF COMBINATION
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7 INEN

16

K-FRAMEWORK INTERPRETATION

wSee presentation by M. Cepeda

s =14 TeV, 3000 fb™' per experiment

Measurements become

systematically limited rather
quickly -> challenge

Total ATLAS and CMS
— Statistical HL-LHC Projection
— EXperimental
—— Theory Uncertainty [%]
2 9 4% Tot Stat Exp Th
= | 4% 1.8 08 1.0 13
—- 1.7 08 07 13
= 1.5 07 06 1.2
=_.. 25 09 08 21
= 34 09 1.1 31
— 37 13 13 32
= 1.9 09 08 15
E_' 43 38 10 17
—— 9.8 7.2 17 64
P T T T S S
0 0.02 004 006 008 0.1 0.12 0.14

Expected uncertainty



17 EFFECT OF UNCERTAINTY SCENARIOS
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13 DIFFERENTIAL CROSS SECTION

CMS Projection 3000 fb™' (13 TeV)
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< 107%¢ $ H—bb g Feooonnnnnos B
O - o ~ % HL-LHC No Sys
<] C LoH- 15 I HL-LHC Sys. + Stat.
10°L v - B HULHC Scaled Sys. +Stat. |
- 7 H-2zz HY '
10 3 aMC@NLO, NNLOPS 0 0.30 0.60 0.90 1.20 1.60 250
" oy, from CYRM-2017-002 1 | | ° | | Y
1 0_5 =1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 L1 1 1 L1 11 L1 1 1 | L1 1 1
g 1-5_ 3
S : L2 | o meeem
g i "3l 5 i
%’_ L S e T e o 0 SR ST 1}% } A % z |
o B e e
."C—'QU O'5__| L1 L11 L11 L11 L11 L11 L11 L11 L11 10 ATLAS Preliminary
as 0 15 30 45 80 120 200 350 600 *° — Projection from Run 2 data
N : e e
p™ (GeV) " s=14TeV, 3000 fb
T | Hoyy+H—>ZZ >4
.. — 9 HL-LHC No Sys
* Sensitive to kp/kc at low pt and k¢/ | B HL-LHC Sys. + Stat
BSM at hi g h ot I HL-LHC Scaled Sys. + Stat. _
o 1.2
* Expected precision of ~ 10% for Eogb_-—ﬁ
pt(H) > 350 GeV, statistically limited 0 1 2 =3
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19 MASS & WIDTH

wSee presentation by M. Cepeda

* Mass: most precise measurement using H->ZZ->4y, 2e2u events. Reach of
10-20 MeV precision plausible goal dependent on future improvements on
muon momentum measurements.

3000 fb' (13 TeV)

L rrrT | mrT I' | i : m | rrrT | L | L L < 3_5_| T | T TT | T 1T | T 1T | T 1T | T 1T | T T T T 1T 7 1T TT7JrTT J

. CMS Projection c - f Ldt = 3000 fb" {s=14 TeV .

15 — (\Ij 3'_ — No systematics ]
e w/ YR18 syst. uncert. (fai=o) ’,'_ - — Norm systematics

B — Norm+shape systematics i

- w/ Run 2 syst. uncert. (f =0) - 5

i i 2.5 7

-~ w/ Stat. uncert. only (f_=0) i - 115 ]

10} - - 2 -

A + =\ 4297 Me |

N 4 1 Me V 1.5/ -

5 \ ,' g | R, PRV WSS SRR A SR _:

L 0 ____QE’/cﬁL_____ - i

I . gy | 0.5 arLas =

______ W 88%CL T " Simulation ]

O | | | | | | 1 I\\ L ”’I L1 1 1 | L1 1 1 | O_l 1| | 111 | 111 | 111 | 1 2 2! 1 | 111 | 111 | 111 | 11 -I

1 2 3 4 5 6 7 0 02040608 1 12141618 2

'y (MeV) u

Width: Direct measurement will be challenging also with HL-LHC statistics.
Probe New Physics in the Higgs domain at large momenta

x 4L Onshell and Offshell: 20% precision at 68% CL combining CMS+ATLAS

* From couplings: 'y 5% precision at 95% CL, but model dependent (kV<1 and
Bunt=0)

* Diphoton interference study, only weaker constraints

(NFN  PATRIZIA AZZI - INFN PADOVA



20 HIGGS INVISIBLE WIDTH

CMS Phase-2 simuiation Preliminary 3000 fb™ (14 TeV)
..312000 T VBF H(125)
* Connection between Higgs & Dark g op t
Matter 10000 — P
B EWK W+jets— v

I QCD Wi+jets— Iv

* Run2 Limit ~20% @ 95%CL (in both experiments 8000

sensitivity dominated by the VBF channel) 5000

* From the global coupling fit Besv 4000
< 2.5% @ 95% CL if BBSI\/I > 0 (any

invisible or undetected states): 0

. 2%00 3000 3500 4000 4500 5(;00
* Prospects of direct searches @14TeV: M. (GeV)

3000 fb™ (14 TeV)
’\20_I|IIII|IIII|IIIIIIII|III
o - CMS Phase-2
s 18 — Simulation Preliminary

VH: ATLAS, 2013: <8% @ 95%CL

1{6F ™ Median exp. vs E':'”

- [ 68% exp.

14F [ ] 95% exp.

12 - a4 Median exp. smeared E?'ss

10

VBF: CMS, 2018: <3.8% @ 95%CL

* In the VBF case: full reoptimization
of the analysis at 200PU to study

how to handle the impact of PU in
MET

o N A OO @

1 | L1 1 1 | 11 1 1 | L1 1 1 | L1 1 1 | L1 1 1
150 200 250 300 350 400
Minimum threshold on ET*° (GeV)

95% CL upper limit on 6 x B(H— inv)/c

(NFN  PATRIZIA AZZI - INFN PADOVA



21 RARE DECAYS AND COUPLINGS

14 TeV, 200 PU

. 0.050 ———————————————— -
. :) = . . -
¥ pr: Probe Coupllng to 2nd <0045;_ CMS Phase-2 Simulation _;
generation —> prospects for cross 0.040 - barrebarrel category | [ How'w', Phass-2 E
section and coupling measurement 0035 - T
— 8% & 5% uncertainty@3000fb-! gggg: E
respectively oomoE E
0.015 \_ =
o ) 0.010 \ =
HL-LHC projection 3000 th™ 0.005 F . ]
- .55— \ E
[1global (95% 1) 0.000 e 4 e (lgo g 4
Ke [ direct search (95% cL) m,, [GeV]

B kinematic (95% CL)
I width (off-shell, 68% crL)
" *width (int., 95% cL)

83

_— e = = =y

Ml cxclusive (95% CL)

* Indirect constraints will
complement the direct searches
(eg from ditferential distributions,
off-shell couplings, or from the
global coupling fits)

1.4 x 10°

* The combined LHC
PR (ATLAS+CMS+LHCDb) reach for
10 10 10 10 10 10 10 10

projected coupling limit kappa_c could reach the 1% level

(NFN  PATRIZIA AZZI - INFN PADOVA



22 DI-HIGGS@HL-LHC

* 0~ 39.5 fb@14TeV — HL-LHC benchmark I$~See presentation
by E. Petit

* Access the H self-coupling A y
* Low cross section: destructive interference

* Expanding list of final states w. Run2 & extrapolated to HL-LHC

Statistical-only Statistical + Systematic

ATLAS CMS ATLAS CMS
HH — bbbb 1.4 1.2 0.61 0.95
HH — bbrr 2.5 1.6 2.1 1.4
HH — bbyy 2.1 1.8 2.0 1.8
HH — bbVV (llvy) - 0.59 - 0.56
HH — bbZ Z(4l) - 0.37 - 0.37
combined 3.5 2.8 3.0 2.6
Combined Combined
4.5 4.0

B ——_

*Combined significance of a single experiment ~3 standard deviations

;i *Combining the ATLAS and CMS results a significance of 4 standard
deviation can be achieved (including systematic uncertainties).

(NFN  PATRIZIA AZZI - INFN PADOVA
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24 PRECISION SM PHYSICS FOR THE HL-LHC

* Only moderate increase in energy ...but incredibly large statistics:

(NFN  PATRIZIA AZZI - INFN PADOVA

many bosons, many tops!

> 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!)

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

> Engagement of theory community to match experimental
precision



PATRIZIA AZZI - INFN PADOVA

INFN

25 VECTOR BOSON PROCESSES

FWEWE  WZ WV 77
CR0E5 305 i 445]

6% 6% 6.5% 10-40%
> 50 >50 >S50 > 506

WWW WWzZ WZZ
3/3v 402v 5¢v
11% 27%  36%
> 50 30c 300

Process

Final state
Precision \
Significance®

* Vector boson scattering

* Sensitive to anomalous EWK couplings and effects from new
physics at higher scales

* dim-8 EFT operators interpretation

* Distinct signature in the detector allows to mitigate effects
from large PU, large statistics allows a comprehensive study in
every channel

* 30 Evidence for longitudinal polarization component V| V| can
be achieved combining channels and experiments
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* W and top mass are key parameters of the SM
* Motivation for low PileUp run: 200 pb-1 of Low PU data (u~2) at 14 TeV
* 5-10 weeks of running —> ~3MeV (stat only)

EWK PRECISION MEASUREMENTS - W MASS

* Exp syst assumed to be at same level of Stat uncertainty

* PDF unc ~4MeV with ultimate PDF)

* Goal Am(W)~6MeV (extended coverage+combination+ultimate PDF)
* PDF syst can go down to ~2MeV with LHeC PDF set

m,, [GeV]

(NFN  PATRIZIA AZZI - INFN PADOVA

B T | T | T T T T | T T T T | T ]

L ATLAS 1 mW =80.370 = 0.019 GeV _

80.51 3 -

L = m,=172.84 + 0.70 GeV 4

T m,, = 125.09 + 0.24 GeV

80.45 — w== 68/95% CL of m,, and m, ]

80.41 " / -

80.35F -

803 =~ s 68/95% CL of Electroweak]

- Fit w/o m,, and m, 7]

- (Eur. Phys. J. C 74 (2014) 3046)
8025 ] | ] ] ] ] | ] ] ] | ] ] ] ] | ] ] ] ] | ]
165 170 175 180 185

m, [GeV]

A m,, [MeV]

20

n | | |
— ATLAS Simulation Preliminary

- Vs=14TeV, <qu>=2 Bl stat. © PDF 200 pb”
Stat. ® PDF 1 b

] PDF

—m,, from m; & p'T, | <4

CT10 CT14 MMHT2014 HL-LHC LHeC



2/ EWK PRECISION MEASUREMENTS - 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 allows new methods to become competitive

* different systematics effects

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

Method: tt lepton+jets  t-channel single top mgyy J/W (05
Amy,p, (GEV): 0.17 0.45 0.62 0.50 1.2

Standard 2> {+jets measurement Statistically dominated

Limited by theory uncertainty
and luminosity measurement

(NFN  PATRIZIA AZZI - INFN PADOVA
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Indirect determination of Mw and

sin2 68t T more precise then the
experimental measurement:
* This call for a precise direct
Measurement
« Stringent test of the self
consistency of the SM

m 0.25
L

<

0.2

0.15

0.1

0.05

-0.05

-0.1

-0.15

CMS Phase-2 Simulation Preliminary

EWK PRECISION MEASUREMENTS - SIN20y

I 1 I 1 1 1 1T 3
[0.0= IYWI <04 04 =< IYWI <0.8 0.8=< IYWI <1.2 12=< IYWI <1.6 1.6 < IYWI <20 20= IYWI <24 2.4 < IYWI <2.87]
- . 7 . -
- ] —
- & " . + B
L 5l hdl
— mf:- = 4{}0 -
- < - : ]
~ & o o
— & o8 .o o O .
— e O Q P £ ——
- 5 Ce ® ® -
- s > @ : -
ST Lt (e T .dr 0; B e I —
- |y Le-® o - ]
I + ro—e- ﬁ lo— p—
- —=— 8TeV, 19fb" M <24 Ea {F” .- -
- —e— 14 TeV, 3000 fb”, hl < 2.4 =
F —e— 14TeV, 3000 fb", i <2.8 .
i AN A AN I A B L1 L1 L1 L 1
70 90 110 70 90 110 70 90 110 70 90 110 70 90 110 70 90 110 70 90 110
M, (GeV)

* Statistical uncertainty of single experiment better than 5*10->

* Strong benetit from extended eta coverage of upgraded detectors

ATLAS /s = 8 TeV ATLAS /s = 14 TeV  ATLAS /s = 14 TeV
L[] 20 3000 3000
PDF set MMHT14 CT14 PDFALHC15; 110
sin® 0P [x107°] 23140 23153 23153
Stat. + 21 + 4 + 4
PDFs + 94 g » 9
Experimental Syst. £+ 9
Other Syst. + 13 - -
Total + 36 + 18 + 15

* with LHeC reduction of PDF syst of additional x5
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— 190 ] B B o
% | 68% and 95% prob. contours! ! O | 68% and 95% prob. contours | |
- s - =
(D | I H_L-LHC projections o_ 0.233 - [[_T] HL-LHC projections
—_ (1] Fitwio M, m c
— > Ve Ty D - [[T] Fitw/o M, sin®(6_,), m @
E ~ [T Full Fit (Current) 1 Fitwio M... sin? ee H &
[0 Full Fit (HL-LHC) - it wio My, Sin"(0)
i 0.2325 LI Full Fit (Current)
180 - - [[1] Full Fit (HL-LHC)
- 0.232 —
170 im:(ii;;.:s::(:)i‘:é;\j::::::::::- —— -] 0.2315 i; ___________________________________________________
- | M,=80379 = 0.007 Gev e o®ozssoooots 44 LT
RHEPT 0.231 -|[E it 1 wsosmesaooraey
1 1 1 | 1 1 1 1 | 1 E |E 1 E IE | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 E |E 1 E IE | 1 1 1 1
80.3 80.35 80.4 80.45 80.25 80.3 80.35 80.4
My [GeV] My [GeV:

* Careful studies and projections for the physics at the HL-LHC we have shown:

* we have designed amazing detectors that will be able to fully mitigate the
200PU conditions

* we can expand the knowledge of the SM with improved precision and the
observation of new processes that become accessible

* we can expand the search for BSM physics with tools that allow to probe
new and unusual processes

*We believe the extrapolations have been made on solid assumptions, and we
are ready to see even bigger improvement once the data comes!
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Precision physics at the HL-LHC"

e Studies of detector performance with fully simulated Monte Carlo samples in
HL-LHC conditions allow us to have an understanding of the expected future
performance of the detectors.

e These studies, performed extensively in 2017 for the ATLAS&CMS Technical
Design Reports, are critical to support our updated physics prospects (both
those based on projections of Run2 analysis and those directly using fast/
parameterized simulations of the HL-LHC performance)

1 llllll||~:||A|||||||||||’|1||||||||~/I|‘TI|J_ CMSPhase-2Simulauanreliminary 14 TeV

% C ATLAS Simulati = 3 | S R - D 1: ' I L L

a C \s=14 TeV, < u > =200 imulation ] QC, - Q 0.9E ATLAS Simulation E

i - Ik Inclined g 0.95: . . g O.8§— s =14 TeV _

2 [ = 12 osf - © 8 o7k ——9gH =YY =

5107 th |jaef3 il(])eé: y 1 & . —. 1 < 0.65 —  HH- yybb =

> E <p. < e - l | | A e - —

8 - P; % 0.851 Z-up - : = 3

s 2% 2 0.5£ E

= o) . B = =

'-”10-2 4 2 008 (PU ) =200 = 0'45 3

| | —mi<ts S oos B e Nomm E 0.3F 3

I I I —1.5<In|<2.9 S I = —e— MTD o, = 30ps . 0.2 = E

o — 2.9<|n|<3.8 0.04 — i = = P ]

i I I I | 0.02 - : » = 0.1 %ng;old Hggrade E

10—3 — 1 1 l 1 1 L 1 I 1 1 — I 11 1 1 I 11 1 1 I 1 L 11 I 1 — 1 I 1 1 1 : . : .—'_'_I E O: 1 1 1 I I 1 I I 1 1 1 I 1 1 T ' I 1 L 1 +
0.6 0.65 0.7 0.75 0.8 0.85 0.9 09 05 5.5 ; s 5 0 20 40 60 80 100 120

2017-10-30 Efficiency for hard-scatter jets Density (events / mm) Subleading Photon P Threshold [GeV]
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32 DETECTOR PERFORMANCE

* Maintain performance similar or better than Run 2

* Effective pileup mitigation & extended capabilities with new
algorithms

é., Tere AP PO U PO S O B é., 1 T [ ................ I ................. 1 ........... Fr >‘ CMS Phase_2 S,'mula"‘on Pfe”minafy 14 Tev
= [ CMS Pnase-2 Simulation = ¥ S [ CMS Pnase-2 Simulation o 4 o T T T o
BTAG ...................... i ‘g : t{, PU - 200. Jet pT S5 30Gev. AR N . g E E‘
i : —— o -]
D107 : : 4 g 510‘1 = : uq:) - " -
E f . P i E ; AP - pud O.g :__ - i __:
; NN /SR B B o o o — - :
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA = - -
................ w 0.851- =
g : : ' © - 2o ]
10’2 :__" .4\(0"‘ """"""""""""""""""" ) F A 10’2 """""""" ":::" { o .9 - i i i i 1
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QR Y 4 e — i i — ] 5 - 3
.............................................. J1.5<n <3.0 B -
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IR EER w & ” A = PU=200 no MTDA I N A LR ‘. m PU=200 no MTD--— vl " tt —a— No MTD M U O N
. a PU=200 with MTJ) . = PU=200 with MTD _(CU 0.06 - —o— MTD o, = 30ps
< 107 gl de e ey 107 =4 sy O - t
= 04 05 06 07 08 09 1 04 05 06 07 0.04 : : '
O b-jet efficiency b-jet efficiency 0.02 :
<DE Ve > —e S -
< o C_. X [ i X R T
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5 B . |
i‘) B ITk Incllned | ;' T T I T T T T I T T T T I T T T T T T T T I T T T T | T T T T I T T T i
& | o.=50mm JETS & 120[ATLAS Simulation \s=14 TeV, <u>=200]
S 107" g Pythia8 dijets = — ITk Inclined ’
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Systematics in "truth-based” projections

- Parametrized detector performance or delphes “reconstruction”

- more rarely full-simulation samples too

- allows re-optimization of selections and direct usage of parametrized
performance of upgraded detector

- Consider leading systematic uncertainties if dominant over stat.
- Applied shifting “reconstructed” quantities and assessing impact

> 107
. Non-tnwa} extrapo_latlon S B 137ev,361 1 #5%% Starcars Mos
to run-2 “inaccessible” 810 250 Gev, 75250 Gev =Z:..?1;;:‘S
. 4 B i - single to
regions/features - L
- detector capabilities 107 M&w
(timing, ...) 10 . . |
- kinematics o
(large h tracking, high pr....) > 2T v s oy vreoramier ORI ] Extend
(3 » L d ¢ * + -
@ _1.:.—.—-_! =
(DU e .
o b

300 400 500 600 700 800 900 1000 1100 1200
ET™ [GeV]

JHEPO1 (2018) 126



https://doi.org/10.1007/JHEP01(2018)126

Method/Modeling uncertainties

- EXxpected background often constrained in dedicated control regions

- Extrapolation from control to signal region:
- MC prediction — modeling uncertainty

- entirely data-driven methods — check assumptions often in MC

- In both cases expect:

- closure of method — harder to predict, keep same

- statistics in control region — ~sqrt(L)
- theory uncertainty critical — halved

Var 1 Control Signal
region . region
A (D)
---------- D=C*A/B =
Coqtro. . Control region
region | C
B :
5 Var 2

- Theorists' input crucial on a case by case

CMS H-yy

Uncertainty on overall p

35.9 o' (13 TeV)

1 I 1
Photon identification L ]
Photon energy scale and smearing [~ |
Per photon energy resolution estimate | ]

Jet energy scale and resolution [ ]
Integrated luminosity [ ]

Other experimental uncertainties |

Branching ratio

ggH QCD scale

ggH P, modelling

ggH jet multiplicity

Other processes QCD scale yield
Other processes QCD scale migrations

PDF and o yield

Underlying event and parton shower

0 0.05 0.1
1 I 1 1 1 1
L]
I Observed
D Expected
1 1 1 1 I 1 1 1 1
0 0.05 0.1
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Electrons/photons

flavor tagging

ATRIZIA AZZI - INFN PADOVA

See https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCCommonSystematics

SYSTEMATIC UNCERTAINTIES (1)

muon reco+ID (all WP)

muon reco+|D+isolation (all
WP)

electron reco=ID (incl.

photon reco+ID+incl. isolation)

tau reco+ID+isolation (all WP)

b-jets (all working points)

c-jets (all working points)
light jets (loose WP)

light jets (medium WP)
light jets (tight WP)
subjet b-tagging

Ariihla h tAan~

Recommendation

0.1%
0.5%

0.5%

~2% (?)

5% as in Run2

recommend 2.5% for analyses where tau efficiency
is one of the diominant uncertainties

~2%
5%
10%
15%

Qfor more details
11/1/18



36 SYSTEMATIC UNCERTAINTIES (l1I)

JES for Delphes  Total for recommendations see slides 1 and 2 of

[HY
[
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Ig!tuln Nazionale di Fisica N

based analysis

JES reduction
factors for Run2
projection - eta
independent
TOTAL
rel. scale
Pile up
Method and Sample
Jet Flavour
Time Stability

JER
MET

0.5%

abs. scale 0.5%

0.1-3%

0-2%

0.5-5%

1.5%

0.2%

propagate JEC
uncs.

N/A
N/A

N/A

N/A

N/A

N/A

N/A

N/A

JEC-CommonWithATLAS

TOTAL_DIJET_AntiKt4dEMTopo_: to be
applied only to light-jets or generic jets

TOTAL_BJES_AntiKt4EMTopo_: to be
applied only to b-jets

for eta dependent reduction factor see
slide 1 of JEC-CommonWithATLAS.
Below are eta independent reduction
factors

12
1/5

12

0%

12

0%

3-5% as a fcuntion of eta

propagate JEC uncs. (must)

propagate JER uncs. (recommended)

vary unclustered energy by 10%
(recommended)

Integrated luminosity uncertainty already dominant in some SM measurements
Dominant for HL-LHC SM analyses. Sub-leading only if at the ~1% level

LHC-wide integrated luminosity uncertainty target agreed upon

Luminosity: 1.0% precision (and no worse than 1.5%) to fully exploit HL-LHC potential
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* Requirements for Trigger and DAQ for CMS-ATLAS:

* L1 latency increase to ~10-12.5us (~2.5-3.2us today)

* Readout rate increase to 750-1000kHz (100 kHz today)

* Overall throughput to ~50 Tb/s (~2Tb/s today)

* Rate to permament storage to ~7.5-10kHz (~1kHz today)

Acceptance

| EATII.AS Simulation §
Vs =14 TeV <
E o
L Wolv §
. — HH-ttbb <
R |

Compressed SUSY
(A m (x2x0)= 40 GeV

~—

I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIH—

Target !
Threshold

No Upgrade
H 1 I 1 1 | I N [ [ (N —T—

P SR N N SR S W BT | :
0 20 40 60 10 120
Lepton P, Threshold [GeV]

-1

T T T T I T T T T l T T T I T T T 'l I
ATLAS Simulation Preliminary
[ 3/4 layers + BIBO [l 3/4 layers [l 3/3 layers

lllllllllllll

-0.5
2017-10-30 n

N T Arias Smamen
E Vs =14 Tev ]
0.8F ’ =
= —ggh = vy =
8;5_ — HH- yybb _§
0.5 E
0.4F =
0.3E =
0.2F | E
OJ?%E?LOM Hggrade _;
C PR S [N A TR AR AN TR TR S N SN | | . |

% 20 40 60 80 100 120

TRIGGER PERFORMANCE

Subleading Photon P, Threshold [GeV]

Improve: with
redundancy and
new features!

10° CMS Phase-2 Simulation Preliminary PU =50, 14 TeV
~  F 3
= C ; 7]
=, B - Phase | detector: ]
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BYY

BWW

B’C’E

COUPLINGS

3000 fb™

ATLAS and CMS [l stat. + Exp.

HL-LHC Projection + Theory
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- UNCERTAINTIES
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Time evolution
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e Measurements became systematically limited rather fast in almost all cases -> challenge
e Most Coupling modifier uncertainties projected to reach ~4-6% precision by the end of
Run 3, and 2-4% after 3000 fb-' at HL-LHC
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CMS Phase-2 Simulation Preliminary

3ab' (14 TeV)

+

IIIIIIl|

H
5 *:'

Stat + exp. syst. + ggH+VH theo. uncert.
Hadronic categories only

Leptonic categories only

Expectation x, =10

Expectation x, =-5

ttH+tH theo. uncert.

IIIIIII|

IYM <25

H-yy: p: >20 GeV, 'l <25
>=2 jets: p’.T > 25 GeV, Iyl < 4, at least one b jet

20-40% precision H
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DIFFERENTIAL CROSS SECTIONS

* Example: can be
used to constrain
the Higgs self
coupling in an
alternative way to
the traditional HH
analysis

I — S —

* Additional characterisation of the kinematics of the H

boson

* Rarer production modes (tth) x differential measurements
provide further insight
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* Complementary to QGC

* Study production of Z bosons
in association with 2 photons

* Contributions from BSM
(EFT) in tails
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TRI-BOSON PRODUCTION
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Sensitivities higher 30 in WWW,
WW/Z, and WZZ - in progress!



WW scattering at high energy

+ In the SM the Z and H exchange diagrams diverge but exactly cancel each other

* anomalous couplings, as hints from New Physics, would have dramatic effects

+ the total WW scattering/Higgs pair cross section diverge with m4ww,HH

Ho

A% \'A%
. .. e * a=b=| in the SM
° L 4
¢.~~ —a ghvaM ~~-’.’ =b 2h2v
e’ . & "SM e Ingeneral,ab#| and a*b
\A% \A% . Ho Hd
+
Vlv' ~§ l' ~~ ¢'
~ L 4 ~ L 4
AR g ~~I¢' ~~v"
I L]
= 70 + . HO E— o
| | : : (1-a?) B2/ Mw? + ...
N
¢¢ ~~~ '¢¢ ~~~ ¢¢ §~
~ . ~ o< S
+
w < EY/Mw?+ ... o« —a?E2/Mw?+
HO ) W 0
0 ~ .
. " A% Ho° ~~~ e H
] g . M 2) 2 2
. — -
_ . . LW B gb ha)hE Iijw
) Lot e _ —_— threshold terms
‘ . V- H et proportional to
v ’ -H HHH coupling
o« b EY/Mw2+ .. o —a2E2/Mw?+ ..

q q
f
v |4 f
\")'\ff
f
q q

Precision on a and b:
~30% at HL-LHC 14 TeV
~1% with FCC-hh 100 TeV
Precision on a:
~1% with ILC
~ 0.1% with FCC-ee



