


Particle Physics before the LHC

® Our understanding of particle physics was standing
oh two big assumptions:

® The Higgs mechanism

® EW-scale SUSY to stabilize the Higgs VEV

® Experimental physics was active on two fronts:

® Indirect search of new physics via precision
measurements at ¢"¢” colliders

® Direct search for new physics at hadron colliders
with few notable exceptions, among which

® Search for EW SUSY ot LEP

® W mass measurement ot Tevatron
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The initial mission

® LHC was built as the ultimate discovery machine and its

initial mission reflected that 1 kHz
100 kHz 1 MB/evt
: : . I
® Find the Higgs boson or exclude the entire allowed @ — - —
mass range A4 40 MHz \ﬂ.\gge‘ Offline
\

® Find SUSY at the EW scale (or any other SUSY 1ns 1 us 1 ms 1s
alternative, e.g.. extra dimensions)

Tier-2 sites
(about 160)

® The main strength was supposed to be the large dataset

Tier-1 sites

>100 Gb/s links

® Which came with computing challenges, addressed by
the HLT paradigm and the LHC Computing Grid

® The price to pay was the harsh environment

® High particle multiplicity ot collision

® Pileup

® Most of these challenges are now “business as usual’
thanks to unforeseen progress we made




® We discovered the Higgs boson

® Earlier than anticipated, with
1/2 the energy and way less

doto

® gluon searches kill any model in
which the gluino is accessible at

t+he LHC

® if gluon decouples, ma jority of
the parameter space is in any

case excluded

(*) With R-parity conservation, etc. etc.

We excluded most of EW-scale
Natural SUSY parameter space (*)

19.7 6" (8 TeV) + 5.1 fb™" (7 TeV)
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Prec
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ing exploitation of Run3

hys

subtraction schemes
precision p

e.g.. Jet tagging

ince ~ 2015, these improvements have
accurate event reconstruction, enabling

® Advanced event processing, e.g.. pileup
the exploitation of LHC data for

produced several experimental milestones
® Improved reconstruction algorithms,
been boosted by the use of Deep
Learning algorithms

t+he follow
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9> ® The result of this process is a much more



Rise in Preciszion: Better Data

F. Gianotti’s talk at ICHEP 2022

Evolution of the performance for several objects in CMS from 2012 to 2022

® Tau energy scale

® Luminosity uncertainty
Photon energy scale contribution in Hgg
® Jet Energy Scale (low pt)
® Jet Energy Scale (high pt)
® bTag efficiency @1% mistag
® Tau tagging efficiency @0.5% mistag
2 ® Jet energy resolution @30 GeV, PU=25

0.8
2012 2014 2016 2018 2020



https://agenda.infn.it/event/28874/contributions/171915/attachments/95072/130540/ICHEP-Higgs-2022-Fabiola.pdf
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® Experiments designed to take only
“interesting events” up to some budget

B! © Since Run1, experiments worked to break
this paradigm

take more data than what can be
processed promptly. Store them on
tape. Process them when CPU
available (e.g.. during shutdowns)

® With scouting / turbo stream /
Trigger-level analysis: exploit the
trigger reconstruction to do analysis,
as opposed to use it just to accept/
reject the event

® With parking / delayed reconstruction:

PARKING

¥ few 1000 events/second

delayed availability for analysis

NORMAL

e 1000 events/second

normal availability for analysis

-=... SCOUTING

Trigger

Particle simulation

Gauss

Moore

reduced data format

normal availability for analysis
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Re-reconstruction .’

10 000 events/second (or more)
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Rise in Preciszion: More Data

® A detector built to look for resonances decaying to muons at 0(100) GeV
and above can how be used in a completely different regime
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https://arxiv.org/abs/2305.04904
http://www.apple.com/uk
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L1-Trigger Selection Requirements
Any muon L1 algorithm
2u, p,. > 4 GeV, OS, AR<1.2
2u, p. > 4.5 GeV, OS, AR<1.2
2u, p. > 15/7 GeV
2u, p. > 4.5 GeV, Inl<2, OS, m(2u)>7 GeV
2u, p. > 4.5 GeV, Inl<2, OS, 7<m(2u)<18 GeV

Online Reconstructed
Opposite Sign Dimuon Events
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137 fb™ (standard triggers) and 96.6 fb™' (scouting triggers) (13 TeV)

LHCDb (90% CL) [arXiv:1910.06926]
Electroweak fit constraints (95% CL) [JHEP 02 (2015) 157]
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https://arxiv.org/abs/1912.04776
https://arxiv.org/abs/1910.06926

® Pushing precision already
(10% for most of the
couplings

Exploiting ~5% of the total
(expected) HL-LHC dataset

Extended sensitivity beyond
expectations

We can probe the 2nd
generation with H — uu and
H — cc via novel deep-
learning based c- jet
taggers

arXiv:2207.00043
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https://arxiv.org/abs/2207.00043

Towards Preciszion HH Phyrsics

—e— QObserved limit (95% CL)
ATLAS Expected limit (95% CL)
Vs =13 TeV, 126—140 fb! (MHH = 0 hypothesis)

[ Expected limit £10

SM =32,
OggF +ver(HH) =32.8 To [ Expected limit +20

Made incredible progress on HH since

____________________________ | o Obs.  Exp. |
the first round of analyses nsee | (O o
Multilepton f— } 17 11

Added boosted topologies, thanks to oibb- { - .
novel taggers (e.g.. Hbb) oo w50
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At the end of Run2, we reached the -
precision that HL-LHC studies
predicted for 1000 fb™1 statistics

arXiv:2406.09971 T A


https://arxiv.org/abs/2406.09971

Mecasurement of the H mass

my, = 125.11 £0.11 GeV
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https://arxiv.org/abs/2308.04775
https://cds.cern.ch/record/2910806

Mecasurement of the top mass

® Extensive program to measure the top mass

® Multiple techniques probing various final states (with and without leptons), processes (cross section
vs kinematic variables) and topologies (resolved vs boosted top decays)

f ® Recent Run 1 ATLAS+CMS combination provided most precise determination m, = 172.52 £ 0.33 GeV

F i
\

e i 7 :’ | \\ )
et //,( “‘ | \
R 3 .

S ® In Run 2, the use of modern statistical methods (e.g.. systematic profiling as in Higgs discovery) allowed to
&g reach similar precision on individual measurement m, = 171.77 + 0.37 GeV

> L ATLAS+CMS o lemTeTe CMS Preliminary, 19.7 fb ", |s = 8 TeV, l+jets
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Jhp 8 TeV 173.50 = 3.14 (= 3.00= 0.94) 2000
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all-jets 172.60 + 0.45 (= 0.26 + 0.36) © :
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Measurements from 2022 PDG
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® Assuming validity of the SM up to
Planck scale, mH and mt are key inputs ;
to determine the nature of the Higgs  _ .- i
vgcuu m % . metastability !
® Current best-fit at the boundary I —~
between stable and metastable i
J U mP In PreCiSiOn heeded for a - 1§;spolertl2:sMh[G;\i8' - M, = 125 GeV ‘
conclusive statement R B 71 2 030w
g 006r N\ (M) = 0.1184 + 0.0007
® The RGE evolution affected by g
knowledge of ag § omf
.é% 0.00 f
® With improvement on mH and mt, one 002
has to measure a4 accordingly 004k

102 10* 10° 10% 10' 10'? 10 10'® 10' 10%
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https://cerncourier.com/a/the-higgs-and-the-fate-of-the-universe/

distribution ay(M,) = 0.1183 £ 0.0009

® Discussion ongoing on the NNNLO nature of the measurement
® Regardless, unquestionable jump in precision

arXiv:2309.12986
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Preciszion Measurement of Q,

® CMS analyses jet production ot 276, 7, 8. and 13 TeV CMS-SMP-24-007
‘ dota in a combined fit CMSpreiminary

= = 3 .
0.0014 21-4; 0<ly|<0.5 1F ocyicos = ocly|<05 ik
4 SR . 3 12 F F 1§
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1.2F 1 - + + =
1ok - —wwm#{
CMS |  (27647+8+13TeV) 0-8F 76 Tev E =+ 7Tev E3 E
S | - 06F E ES ES E
% 0.115)- — PDG 2024, a5(mz) =0.118 - o R
: . 2 T i T ]
i PDG 2024 Unc: +0.0009 i 2 141 5¢)y1<2.0 + 1.5¢Jy|<2.0 + 1.5¢<|y|<2.0 F 1.5¢|y|<2.0 =
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e BN © Status of the EW fit in 2023
@S58  © Driven by EWPO of ¢~ colliders

® Hadron colliders contribute mostly with

mH, mW., and mt

® and with a lot of confusion

EW Precision at Hadron Collider

80360.0£16.0

LEP- 80376.0+33.0 .
DO 80383.0+23.0 ¢
LHCb 80354.0-:32.0 ¢
CDF- 80433.519.4 - T
ATLAS (new) - o
' o

New (standard) -

New (conservative) -

80409.3+7.9

80409.3+18.0

Without CDF 80363.0413.0 ‘

® Tension on mt Tevotron vs LHC
80275 80300 80325 80350 80375 80400 80425 80450 80475

® Tension on mW CDF vs the rest of the My (MeV)
planet
A A % i ﬁ% and 95% probability cjntours E—% ) 88:"% and 95% probability contours
5 Fit without M,,,, m | ard m D i Fit without M,,,, sin®(6.), m_, and I
© A lot hQPPENEd since then O, L [T_T] Fit without M,, and m| “c I Fit without M, sin%(@,,,), and
= é‘ Full Fit @ i Fit without M,, and sin(6,) H
W - R 5 Q m.'. ATLAS+CMS Combina.ricn (See QbOVE) Spermenal megsuEments 0-233__ El)J(:;I)eF:itmental measurements
B O Precise oS by ATLAS (see above) " AN
A ) 0.232 | 9
® New W mass and width by ATLAS : N
® Precision step up on mW ot LHC by CMS oo BE s || || iR .
80.3 80.4 80. | 802 803 804
® A/, by CMS pass LEP precision Muw [GeV

® CMS W BRs measurements improve over _
LEP 17 arXiv:2204.04204



https://arxiv.org/abs/2204.04204

W mass and width by ATWA

® ATLAS exploited low-pileup 2011 data to measure the W mass and width

® Use both muon and electron decays

® exploit both p; and M; distribution

U, m|<0.8, g=—1

U, ml<0.8, g=+1
u, 0.8<mn|<1.4, q=—1
u, 0.8<m|<1.4, g=+1
u, 1.4<n|<2.0, q=—1
u, 1.4<mn|<2.0, q=+1
u, 2.0<n|<2.4, q=—1
u, 2.0<n|<2.4, q=+1

e, m|<0.6, g=—1

e, m|<0.6, g=+1
e, 0.6<m|<1.2, g=—1
e, 0.6<n|<1.2, g=+1
e, 1.8<m|<2.4, g=—1
e, 1.8<|<2.4, g=+1

Combination

I I
ATLAS

| | I I

Vs=7TeV, 4.6/4.1fb™", e-/u-channel, single- and multi-fits

—— p$, total unc.

my e
80434 4!

—_— 80302 *%
— 80370 *&

— 80342 %48

—_— 80376 22

L . 804787

: 80328 *123

80360 *123

—_— 80342 *42

— 80291 4
—_— 80310 *
2 80379 *%3

—_— 80378 '3

—_— 80351 *50

B e

80200

80400

80600
m,, [MeV]

arXiv:2403.15085

Overview of ', measurements

DELPHI
Eur. Phys. J. C 47 (2006) 309
T, =2404 = 173 MeV

ATLAS

OPAL
Eur. Phys. J. C 47 (2006) 309
r,, = 1996 + 140 MeV

Eur. Phys. J. C 47 (2006) 309
T, =2180 + 142 MeV

ALEPH
Eur. Phys. J. C 47 (2006) 309
r,, =2140 = 108 MeV

Combination
Phys. Rep. 532 (2013) 119
T, =2195 + 83 MeV

CDF [Jstat. unc.

Phys. Rev. Lett. 100 (2008) 071801
r,, =2032 + 72 MeV

DO
Phys. Rev. Lett. 103 (2009) 231802 :
Ty =2028 £ 72 MeV @ Measurement

7 SM Prediction

(557 TeV, 4.6 fb

| [

______________________________________________

T, [MeV]

|
1500

M,, = 80366.5 + 15.9

2300

2200

2100

|
ATLAS

Vs=7TeV,4.6fb"

A Best fit p =-0.30
¥ SM prediction

95% CL

x (80355, 2088)

I

|
80320

|
80340

|
80360

|
80380

!
80400

m,, [MeV]

MeV Ty, =2202 47 MeV

300F ATLAS
- Vs=7TeV,4.6fb
e -channel, post-fit

250
200
150
100

50

Events / GeV
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| | | I | | | I
-~ Data
W oev,
;W
Backgrounds

T T T ]
-¥- Post-fit ratio
—4— Pre-fit ratio —
7/, Stat ® Syst __
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https://arxiv.org/abs/2403.15085

CMS-PAS-CMP-23-002

CMS just released the most
precise My, determination

ot LHC

® Exploited 1/2 of 2016
dotaset

® Only used muons and
pr Vs 1 distribution
(robustness vs pileup)

Second alternative
measurement with relaxed
theory assumptions gave
consistent result

Result in agreement with
other LHC measurements
and SM prediction

CMS W Mayss in the cra of pileup

108 168fb1 13TeV ..
L et 22 T _ CMS Preliminary
8 b CMS Postflt 4 Data E T T T H | ' I
E 65 mi - W5 o v mwy in MeV I
5 °f == Nonprompt 3 | EP combination | 80376 + 33 1 ; _
o 5) W ZY* > WU { phys. Rep. 532 (2013) 119 !
o WEs oty 1 DO 803 23 Fo—(
4 ] — 80375 + _
W Rare | PRL 108 (2012) 151804 .
3 .
| CDF | 804335+ 9.4 | —— —
2 1 Science 376 (2022) 6589 !
1 | LHCDb | 80354432  p———— -
JHEP 01 (2022) 036 !
0 llllll
S e ———————— ATLAS | 80366.5 + 15.9 e _
B 1_002-_ — mw+9.9MeV Pred. unc 1 arxiv:2403.15085, subm. to EPJC |
o L e { ] CMS
& } i , | 80360.2 + 9.9 Ho— o —
3 1.000 [t gebeps ; nul TTJW?:H**. St This Work | —= EW flt
80.998; f }E | || | |
S I T T T T 80300 80350 80400 80450
30 35 40 45 50 55 MeV
p¥ (GeV) mw (MeV)
CMS Preliminary
N _
> 190 |— 68% and 95% confidence level by [T it
() | [ cMS, CMS-PAS-SMP-23-002
Q) [I-T1 CMS, Eur. Phys. J. C 83 (2023) 963
~— [ 68%, 95%, 99% credibility regions
E"" — [ de Blas et al.,
B Phys. Rev. Lett. 129 (2022) 27
180 —
170 —
160 [— | | | L ‘
80.25 80.3 80.35 80.4 80.45 )
m,, (GeV) "
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https://cds.cern.ch/record/2910372

} CMS W Mass in the era of pilev
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Ultra-Precise Particle Measurement Narrows Explore content v

‘ -
q Pathway to ‘New Physics’ —
A long-awaited calculation of the W boson’s mass agrees with theory,

contradicting a previous anomaly that had raised the possibility of new physics
beyond the Standard Model

NEWS | 17 September 2024

‘The standard model is not dead”:
ultra-precise particle measurement
thrills physicists

CERN’s calculation of the W boson’s mass agrees with theory, contradicting a previous
anomaly that had raised the possibility of new physics.

BY ELIZABETH GIBNEY & NATURE MAGAZINE

By Elizabeth Gibney

N2

New results from the CMS experiment put W
boson mass mystery to rest

STARTS WITH A BANG — MAY 15, 2024

New LHC results refute Fermilab's “hole” in the
Standard Model

With new W-boson, top quark, and Higgs boson measurements, the LHC contradicts earlier Fermilab results. The
Standard Model still holds.
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https://www.scientificamerican.com/article/ultra-precise-particle-measurement-narrows-pathway-to-new-physics/#:~:text=CMS's%20result%20was%20was%2010,standard%20model's%20death,%20said%20Bendavid.
https://phys.org/news/2024-09-results-cms-boson-mass-mystery.html
https://www.nature.com/articles/d41586-024-03042-9
https://bigthink.com/starts-with-a-bang/lhc-refute-fermilab-hole-standard-model/

CMS experiment at CERN weighs in
on the W boson mass

The CMS experiment at CERN is the latest to  |The eagerly awaited result is the most precise measurement of the W mass made at
weigh in on the mass of the W boson he LHC so far, and is in line with the prediction from the Standard Model of particle

physics

The result is the most precise measurement of the W mass
made so far at the LHC, and is in line with the prediction from
the Standard Model of particle physics and with all previous B o coeo e M
measurements, except the measurement from the CDF 557119493 / 306

experiment at the former proton—-antiproton Tevatron collider at

Fermilab.

In 2023, the ATLAS collaboration, which provided its first W
boson mass measurement in 2017, released an improved
measurement based on a reanalysis of proton—proton collision
data from the first run of the LHC. This improved result, 80366.5
MeV with an uncertainty of 15.9 MeV, lined up with all previous
measurements except the CDF measurement, which remains
the most precise to date, with a precision of 0.01%.
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https://home.cern/science/experiments/cms
https://home.cern/science/physics/w-boson-sunshine-and-stardust
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-23-002/index.html
https://home.cern/science/physics/standard-model
https://www.fnal.gov/pub/tevatron/tevatron-accelerator.html
https://home.cern/science/experiments/atlas
https://home.cern/news/press-release/physics/improved-atlas-result-weighs-w-boson
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-24/
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tension

® Recently released a full-Run2 sin” 6,
measurement using Ay in pp — £ events

® More precise than LEP combination on
equivalent quantity

® Precision comparable to LEP A/; and SLD
ALR determination

® Sits in between the two, in perfect
agreement with SM prediction

® adds to understanding of a long—standing

® Extracted value of sin” 6,

sin” @, = 0.23157 £ 0.00010 (stat) +0.00015 (syst.)

+0.00009 (theory) = 0.00027 (PDF)
23

CMS Preliminary

1 I Ll I 1
_ee
o Fit (CT182)
| —e— Data

.

o

i A _

LEP AX, | ; | | 0.23099 + 0.00053
LEP P, 0.23159 + 0.00041
LEP Ax 0.23221 + 0.00029
LEP Aps = = 0.23220 = 0.00081
LEP Q5 = . | 02324 +0.0012
SLDA], 0.23098 + 0.00026

CDF 1.96 TeV = ' 0.23221 + 0.00046

D0 1.96 TeV 0.23095 + 0.00040
ATLAS 7TeV = ' 0.2308 =+ 0.0012
LHCb 7+8 TeV = ' 0.23142 + 0.00106

CMS 8TeV = . 0.23101 = 0.00053

CMS 13TeV 0.23157 = 0.00031
0.229 . 0.231 0.232 0.233 0.234
sin”6’

arXiv:2408.07622 @



https://arxiv.org/abs/2408.07622

The Weak Mixing Angle

® Last Summer, LHCb released their precise EOI0 T
measurement of Az - D e 0228 e
L —  sin?0%=0.235 - )
- —  Fit result - —
® This is then translate to a very oosf ¥ D — I _}_ -
competitive measurement of sin“0 | — -
P el 0.04 | __{_1—__ _

. | }
sin” @, = 0.23152 £ 0.00044 (stat) =+ 0.00005 N R :
+0.00005 (syst.) = 0.00022 (theory) b= :
® The interesti ng aspect is +he c omple’rely 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2|A5?;|

different error breakdown

Du
M

® Large statistical error (LHCb has less u, 4
data, due to beam separation) AuscaewnEr

CMS 13 TeV prelimmary
CMS-PAS-SMP-22-010

® Much smaller theory systematic LEC) 13 TeV preiineey L
uncertainty (e.g., from PDFs), thanks Eieioveak i Halla )T
to ‘I'he cliffer'en'l' phose SPOCE Electroweal\:-l-'it(‘J.d;BlasetaI.)
o PRD 106 (2022) 033003
(measurement in a fwd detector) | | | @
0228 0.23 0232
https://cds.cern.ch/record/2905291 g4 -~y AN

Detemminations

Indirect



https://cds.cern.ch/record/2905291

W hadronic BRs

® Improved over LEP measurement of W — g’ branching ratios

® Used /7 events exploiting exclusive ¢ — Xuv tagging CMS-PAS-SMP-24-009

2 2 2
RY = Voal + 1 Ves |+ [V | — 0.498 + 0.005(stat) = 0.019(sys)

] 9) 2 g) g) 2 7
‘Vud‘ +‘Vus + Vub +‘Vcd‘ +‘Vcs‘ +‘Vcb‘

From R) and previous indirect determination of the denominator (from W
leptonic BR) we can test CKM unitarity on second row |V + |V |* + | V., |* = 0.970 £ 0.041

W — jj before c tag W — jj after c tag

x10° 138 fb' (13 TeV) x10° 138 fb! (13 TeV)

[ CMS [Jticq [ Single top cq - CMS [ticq I Single top cq

— T [ Jtiug I V+jets and other — L. [CJttuq [ V+jets and other
— Preliminary [ ti dileptonic Syst. Unc. - Preliminary [ it dileptonic [ Same sign data
L Syst. Unc. + Data

0.51 £ 0.06

—
N B

—

+ Data

Events /2.0 GeV

Events /4.0 GeV

o
o

III[IIIIIII|III|III|III|III

0.48 +0.05

0.49 +0.04

514=
Q12
o
=
Dops
0.6
0

(o

045 05 055 06 0 ‘
B(W—cq)/B(W—qQq')



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-009

LHCb is the precision step up in the
determination of y

® Used to be the UT angle known with
worst precision

g © Now it is determined with o few
20 degrees error

f \ This has remarkable consequences on
B the determination of the CKM matrix

©® Tree-level measurement, so robust

vs. New physics contributions. It sets
the SM baseline to BSM analyses
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https://arxiv.org/abs/2110.02350

132 +0.20
358 £0.12

2o ey

o] =0.
7] =0.3

® Thanks to this improvement
step up. the tree-level analysis
has now a precision comparable
to the full pre-LHCb analysis

® One can establish the CKM

parameters from tree-level
quantities

® Further measurements (e.g.. CP
violation in mixing) bounds New
Physics amplitude in [AF| =2
processes

IS |

what it tells us about the Sm

. = — T
1 1.2: UTfit
- summeyr22
i 1._ tree-onjly
0.5 i
B 0.8:— B
of - 19, 0.158 =0.26
i 0.6f—
_ : = 0.362 +0.27
-0.5 0-4'_
-15 0.2:—
0:()'.2' ~0 02 04 06 08 1 '1.|3
P
— 20
: o_' : UTf‘t
C UTf,‘t m"’ C 1
B ———— =% 15:— CBS VS ¢Bs summer23
NP fit 10 NP fit
5 x
X S
: o
._5_ :
-10F
F Ceq VS GBg | -15F
! C
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reciszion Flavor Phursicrs

® CP Violation measurements in mixing

reached astonishing precision

® Remarkably, contributions with

three experiments are on equal
precision level

® reached ~10 mad precison

® Evidence of CP Violation

©® Some tension in the values of Al

28

Al [ps™!]

0.12
CMS Preliminary
0.11 68% CL contours
[CKMfitter] B? - J/yK* K~ channels only
WHEPQ7(2020)177]
%44 SM no penguins
0.09
CMS 116.2 fb~ 1
M9 LHCb 9 fb~1
[PRL132(20241051802]
0.07
0.06
ATLAS 99.7 fb~!
0.051 [EPJC81(2021)342)
0-04 00 —1s0 -100 —50 0 50 100 150

VK™ [mrad]



CMS-PAS-BPH-23-004

96.5 b (13 TeV)
IIIIIIIIIIIII

® CM managed to compensate the ——
0.5 CM + A
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lack of a PID system with cutting- o |
edge deep learning |
o . o- gt N
® 5.6% tagging power (x4 better | ¢

+han before) : Validated _
05 measuring Amd -

| | 11 1 | I
0.1 0.2 0.3 0.4 0.5

® Exploit both same-side and ct (om)
opposite-side triggers

A, (ct)

| l/ I | | | |

© First evidence of CP violotion in 55 charge
Bs oscillations, thanks to novel ‘
Al-powered b flavor tagger v i
(using DeepSets) e s

opposite side

OS muon
OS electron

® Further improvements expected
in Run 3 with Parking 05 jet chores

29



https://cds.cern.ch/record/2894821?ln=en

What to cxpecct for the future

Large Hadron Collider (LHC) HL-LHC
-m-——m_—m—— __Run4...
7TeV  8TeV — 3 TeV = 13.6 TeV = 14 TeV—

2011 | 2012 PSSR 2015 | 2010 | 2017 | 2010 [ESBSNNBORONNEIRN 2022 | 2020 | 2026 | 2025 (el 020 |2

HL: High-Luminosity
LS: Long Shutdown

® First phase of LHC program to be completed soon
® ATLAS and CMS aimed ot 2300 fb-' (Run2+Run3) by the end of 2025, Should get there this year

® Working on upgrading the detector for the High-Luminosity phase

® The target is 3000 fb! by 2041 The future is NOW

® Meanwhile, we are pushing the detectors beyond their limits. The CMS example

® Recording up to 63 simultaneous collisions/event (2.5x CMS desigh, 45% of HL-LHC)

® Collecting dota @7 kHz (70% of HL-LHC, 7x Run2 normal operations)
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® To increase the amount of recorded data, we will have to deal with the large pile\t}p‘
(140 simultaneous collisions, to be compared to the design tolerance of ~20)

® But we learned how to do that (CMS and ATLAS take data ot pileup ~ 62)

® And we will be equipped with better detectors
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lecw Experimental Tools

- ~./ g Q Lorger thU'Ql" coveroge (e 9. improved muon coverage new and upgraded forward
O for frgcker de\nces) and luminosity detectors

trigger and DAQ
increased readout rates

® Extended information (e.g..
particle-flow reconstruction)
in the forward region

® Tracking capability in the
hardware-based trigger

Y5 ©® Higher granularity
€ ® Pileup suprression

® Better particle
reconstruction inside jets

s=n Y © Tlmlng readouf ITk — the new all-Si tracker

new High-Granularity

© Pl'EUP suppression Timing Detector (HGTD)

® Time of fllgh"’ ‘
&)
32 v)’



lecw Experimental Tools

| © Larger angular coverage (e.g.,

Y W

fOr '“"QCker' dEVlCES) Trigger/HLT/DAQ Barrel ECAL/HCAL
: : * Track information in L1-Trigger * Replace FE/BE electronics
Q Exfepded lnforma‘l'lon (e°9-'. e L1-Trigger: 12.5 us latency — output 750 kHz * Lower ECAL operating temp. (8 °C)
particle-flow reconstruction) * HLT output 7.5 kHz

in the forward region

Muon Systems

* Replace DT & CSC FE/BE
Electronics

* Complete Muon coverage

in region 1.5<n<2.4

\
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g FE AN
p v 1 N \ £
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® Track Trigger

® Tracking capability in the
hardware-based trigger

/ “" - i New Endcap Calorimeters
® Higher granularity Ay
* 3D capable

® Pileup suprression

® Better particle
reconstruction inside je‘l's NElp tacker New Precision Timing Detector

* Rad. tolerant — high granularity — significant less material

v ¥ i 4 w

Ny o * 40 MHz selective readout (pr>2 GeV) in Outer Tracker for " Samek ShysE +.SIPM
Y X4 @ T|m|n9 r‘equU'l' L1 -Tri * Endcap: Low Gain Avalanche
S -Trigger Diodes

=  ' ﬁ«’\’:&f ' & ) . * Extended coverage to n=4
soyt  © Pileup suppression

@ Time Of fllgh"’ ‘
)
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® Today. ATLAS and CMS work on two
iIndependent fronts to look for new physics

® DIRECT SEARCHES for new physics: assume

some new physics model and search for it as
o hypothesis test

® Use data driven models of the
background. e.g.. template fits in bump
hunting

® INDIRECT BOUNDS FROM MEASUREMENTS:
measure absolute and differential cross
sections of specific Standard Model
processes and compare that to the theory

® Big emphasis to constraining systematic
uncertainties, in particular from theory,
to reach high precision

34
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Theory will build the bridge between these two
fronts

® EFT analyses are searches in which the
model is specified higher-order operators in
motrix-element approach

® EFT is o precision measurement of some
differential cross section

® There is little difference in searching for a
deviation of the dota from the SM precision on a
tail and certain models of new physics

® large extra dimensions

® broad resonances

® On HL-LHC time scale, the two fronts will
mostly merge

® Recasting studies from one scenario to

ahother will be essential
arXiv:1010.2506
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The Role of Deep learning

® Deep Neural Network are fantastic in processing
raw data and building discriminating quantities

® Used to be the job of clever PhD students in - = o

experiments | XK F sunset | by

— o : dog [P Pyog
In an EFT program development, DNNs could be - IB\E .
the ideal tool to define new quantities X to §
maximise sighal visibility in a differential x-sec 4 E
measurement
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The HUUHC physics leqgacy

5 L 2; ’ Higgs self-interactions
79l ‘ ® Assuming no other hadron collider before 2070 (if any), H & /:gg
AR % the LHC has unique access to key aspects of Standard YH ><

Model physics H Ho O

Higgs Potential
A

Allowed
alternative

® Rare Higgs decays, loop mediated. could be sensitive to
high-mass new particles via virtual effects

models

Current Uncertainty on

Higgs Potential Shape

. 4 - Our
® HH production and the shape of the Higgs potential N l
“How much
Higgs boson”is
® Probing scenarios of new physics modifying the 3 =
Couphngs 3'100 UL L B L B L BN BN B AL B o
= B ATLAS |1 g &
- . . 3 - \s=13TeV, 140 fb" i —
® The Yukawa coupling of the top. probed in multiple " 80 obs B | 8 &
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® Higgs production (+tH) and decay (H — 1Y) - *BestFt ||
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® Multitop production -4
1 =
® Vector Boson scattering via VBF events 15 20 25 30 35 40 ‘RN
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kgwwa{ © The LHC will deliver precise coupling
b2 aR measurements before a Higgs factory

HUUWHC iz a Higgs Factory

® Most within o few % Ch. | HL-LHC | +240GeV | +240+365GeV | +FCC-hh
== . e Kw 0.99 0.88 0.41 0.19
4 ©® The Higgs factory will improve by a factor — 099 0.20 017 016
x2-3 on couplings to W, Z, g and mostly i oo - oo -
3rd generation quark h ' ' ' '
; K, 1.60 1.3 1.3 0.31
s ® The Higgs factory will not produce enough | ™ o2 109 109 l
S8l H to improve LHC determinations for any | % - 150 130 096
rare decay K, 3.20 3.10 3.10 0.96
Ko 2.50 1.00 0.64 0.48
® These are mostly loop-medioted. and Ky 4.40 4.00 3.90 0.43
they are valuable indirect probes on : 1.60 0.94 0.66 0.46
new physics Inv. 19 0.22 0.19 0.024

9= ® Bock in the days, when NP is small, we used
i tolook for it in processes with small SM
amplitudes



https://indico.cern.ch/event/1086716/contributions/5052311/attachments/2543040/4378693/DeFilippis_Higgs@FCC-ee_v2.pdf

HU-LHC impact on flavor

BBIR © \iith HL-LHC. the UT analysis will reach <1% precision thanks to LHC precision step.

& up. setting a milestone for the SM and providing strong bounds for BSM model building

M /’_ ® Further push by CMS? Long-term implications of new strategy still under assessment

NOW
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End of Run 3
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/ / ® The LHC started as a discovery machine

® Higgs discovery

® SUSY (and SUSY alternatives) search

DN © With improved detector understanding and novel algorithms, LHC precision era started

® Improved over LEP/Tevatron on many fronts

® Big push from novel Deep Learning techniques

w
-

\‘\é ® Reach enhanced by novel data taking paradigms (scouting & parking)
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V2 © With HL-LHC, new detector capabilities will further improve precision

o

® On many fronts, LHC experiments will remain unchallenged until the next big high-energy
collider

® Legogy on fundamental questions (Higgs potential, vacuum stability, etc)) @,
10 2



