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experimental particle physics
In the 2020 & 30s




LHC luminosity v. time
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High-luminosity LHC

Rebuilding ~1.2km of LHC
(the most complicated bit!)

“CRAB" CAVITIES
8 superconducting “crab”
cavities for each of the ATLAS
and CMS experiments to tilt the
beams before collisions.

But also touches very many
other systems around the
machine

LHC TUNNEL

BENDING MAGNETS
2 pairs of shorter and more

Pore s maeiomenn . *  New IR-quads Nb,;Sn

CIVIL ENGINEERING
2 new caverns and two new 300-metre
service galleries, two new large shafts;
10 new technical buildings on surface in P1 and P5
(ATLAS and CMS)

collimators.

(inner triplets)

* New 11 T Nb;Sn (short)
dipoles

FOCUSING MAGNETS

12 more powerful quadrupole magnets
for each of the ATLAS and CMS
expenments, designed to increase the
concentration of the beams before

* Other NbTi magnets in
the IR

 Collimation upgrade

* Cryogenics upgrade

COLLIRATORE e (Crab Cavities
15 to 20 new colliimators and 60 replacement

collimators to reinforce machine protection. ° CO I d powe ri n g

CRYOGENICS

2 new large 1.9 K helium refrigerators
for HL-LHC near ATLAS and CMS

* Machine protection

SUPERCONDUCTING LINKS

Electnical transmission lines based on a
high-temperature superconductor to carry
current to the magnets from the new service

galleries to the LHC tunnel,



huge experimental advances

d Z £ \’; :, m\ ¢ ; : % A% 4” R#% ,/\’ . _
e — KU even SRR netituite of Hilgh Energy Prysics Clilaes Acadamy of Sci R I T A I
p=140 Run 2: JINST 14 P04013 Real 1ime Analysis

for u =200 , EXPERIMENT

Comput. Phys. Commun. 208 35-42

40 To/s
30 MHz non-empty pp ! R-’-A

1-2 Tb/s REAL-TIME ALIGNMENT &
0.5-1.5 MHz CALIBRATION

FULL RECONSTRUCTION (HLT2)

pr— 26% FULL OFFLINE PROCESSING
80 Gb/s
68% TURBO &
real-time analysis
A
BEEN % CALIB OFFLINE PROCESSING
____________ -

» RTA s integral part of DAQ chain in upgrade data processing.
— Offline reconstruction in HLT2 a la Run 2.
= TURBO model for exclusive selections.

— High-level physics objects directly from the HLT = small fraction of raw event size.
11th September 2019 139th LHCC Meeting - OPEN Session 13




Belle Il: 40-50x increase relative to Belle

SuperKEKB luminosity projection
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SuperKEKB - pushing luminosity and p*

double ring e*e” collider as B-factory at 7(e”) & 4(e*) GeV; design luminosity ~8 x 103> cmst; 3
crossing angle collision scheme (crab waist w/o sextupoles); beam lifetime ~5 minutes; top-up injection; e* rate up to ~ 2.5
1012 /s ; under commissioning

, ~ 0.3 mm; nano-beam — large

Strategy of beta squeezing for Phase 2 and Phase 3
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Y. Funakoshi, Y. Ohnishi, K. Oide

FCC Status
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Nova + T2K running; DUNE & Hyper-K starting ~2027

July 2017

£y
N

Groundbreaking for LBNF/DUNE

Autumn 2018

ProtoDUNE detectors online at CERN

2019

Begin main cavem excavation in
South Dakota

2022

Begin installing the first DUNE
detector

2026

Fermilab’s high-energy neutrino beam
to South Dakota operational with two
DUNE detectors online

HYPER-K

Spring 2020 Final design review of the system

Autumn 2020 Start the design of the system based on the design review
Autumn 2021 Start bidding procedure

Autumn 2022 Start mass production

Autumn 2023 Start final system test

Autumn 2024 Complete mass production

Autumn 2025 Complete system test and get ready for install

TABLE XXII. Timeline to complete the production for the installation.



muon g-2: Fermilab running for the next few years; also J-PARC

au(SM)=(11659182.3+0.1+3 4+2.6)x10-10 | ap(exp)=(11659209.1+5.4+3.3)x10-10
Aau = au(exp) — au(SM) = (26.8 £7.6) x 10-10
Proton beam (3 GeV)

Kinetic energy Momentum

Surface muon (3.4 MeV, 27 MeV/c)
Thermal muon (25 meV, 2.3 keV/c)

- .
s
- r
9 (i
- {
oy N A

y Reaccelerated muon
| (212 MeV, 300 MeV/c)

MLF muon experimental .
facility H-line

Thermal muonium
production, Muon linac

lonization laser 3D spiral injection

N ———

Muon storage

magnet 3T)  positron tracking
detector

Fermilab: has already surpassed J-PARC: independent systematics,

BNL data (1st results to come moving from R&D to construction
soon?)




direct detection dark matter experiments

Global Argon Dark Matter Collaboration XENON10 ~ XENON100  XENONIT XENONNT DARWIN

DEAP-3600
(running)

DarkSide-50
(running)

» ~300 tonnes

miniCLEAN

ArDM

DarkSide-20k ARGO _ _ _ _ _
Slide credit: Y. Wang oo ot ~109cmz  ~1045cm2  ~1047cm2  ~10%8cmz  ~10-9cm?
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many ongoing & medium and small experiments

» NA64
» Compass

» HPS
» SeaQuest

» KATRIN

® ¢ o
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LHC physics




The core physics topics at the LHC (colour-coded by directly-probed energy scales)

Standard-model
physics top-quark physics Higgs physics
(QCD & electroweak)

100 MeV -4 TeV 170 GeV - O(TeV) 125 GeV - 500 GeV

direct new-particle flavour physics

heavy-ion physi
searches (bottom & some charm) eavy-ion plysics

100 GeV - 8 TeV 100 MeV - 500 GeV
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The core physics topics at the LHC (colour-coded by directly-probed energy scales)

Standard-model
physics top-quark physics Higgs physics
(QCD & electroweak)

100 MeV -4 TeV 170 GeV - O(TeV) 125 GeV - 500 GeV

direct new-particle
searches

100 GeV -8 TeV
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The core physics topics at the LHC (colour-coded by directly-probed energy scales)

Standard-model
physics top-quark physics Higgs physics

(QCD & electroweak)

100 MeV -4 TeV 170 GeV - O(TeV) 125 GeV - 500 GeV

s

Key physics goals (my view)
direct new-particle 1. Establish the structure of the Higgs sector of the SM

searches ~ 2. Search for signs of physics beyond the SM, direct (incl. dark
}  matter candidates, SUSY, etc.) and indirect -.

100 GeV - 8 TeV t 3. Measure SM parameters, proton structure (PDFs), establish
' theory-data comparison methods, etc. i

_psma

Gavin P. Salam Amplitudes 2020 (Zoom@Brown) 16



direct new-particle searches

Long motivated by electroweak

direct new-particle hierarchy problem, WIMP miracle
searches

The essence of energy-frontier

100 GeV - 8 TeV exploration

17



LHC direct search prospects (e.g. SUSY, Z,, etc.)
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Zeopy limit [TeV]

Sequential SM Z' exclusion reach
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Zeopy limit [TeV]
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electroweak SUSY partners: projections : .
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extreme lower end: A" searches at LHCh

T A [GGV]



extreme lower end: A" searches at LHCh

300 fh~! D*0

LHCD Jup

for £2 ~ 10-8, roughly x20
Increase in mass reach!




extreme lower end: A" searches at LHCh
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704 event classes, 10° bins

LHC searches are broad-band

LHC experiments
explore vast array of
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Calculations used in 1807.07447

Physics process Generator 5 accuracy Parton shower  Cross-section PDF set Tune
normalization
W (— {v) + jets SHERPA 2.1.1 0,1,2j@NLO + 3,4j@LLO  SHErpa 2.1.1 NNLO NLO CTI10 SHERPA default
Z (— 7€7) + jets SHERPA 2.1.1 0,1,2j@NLO + 3,4j@LLO  SHERrpA 2.1.1 NNLO NLO CT10 SHERPA default
Z W (— qq) + jets SHERPA 2.1.1 1,2,3,4j@LLO SHERPA 2.1.1 NNLO NLO CT10 SHERPA default
ZIW+y SHERPA 2.1.1 0,1,2,3j@L.O SHERPA 2.1.1 NLO NLO CT10 SHERPA default
ZIW+yy SHERPA 2.1.1 0,1,2,3j@L.O SHERPA 2.1.1 NLO NLO CT10 SHERPA default
Y + jets SHERPA 2.1.1 0,1,2,3,4j@L.O SHERPA 2.1.1 data NLO CT10 SHERPA default
Yy + jets SHERPA 2.1.1 0,1,2j@LO SHERPA 2.1.1 data NLO CTI10 SHERPA default
YYYy + jets MG5_aMC@NLO 2.3.3 0,1j@LO PyTHIA 8.212 LO NNPDF23L.O Al4
tt PowHEG-Box v2 NLO PytHia 6.428 NNLO+NNLL NLO CTI10 Perugia 2012
tit+ W MG5_aMC@NLO 2.2.2 0,1,2j@L.O PyTHiA 8.186 NLO NNPDF2.3L.O Al4
tt+ 7 MG5_aMC@NLO 2.2.2 0,1j@LO PyTHIA 8.186 NLO NNPDF2.3LLO Al4
tt+WWwW MG5_aMC@NLO 2.2.2 LO PyTHiA 8.186 NLO NNPDF2.3L.O Al4
tt+y MG5 aMC@NLO 2.2.2 L.LO PyTHIA 8.186 L.O NNPDF2.31.O Al4
tt + bb SHERPA 2.2.0 NLO SHERPA 2.2.0 NLO NLO CT10f4  Suerpa default
Single-top (t-channel) PowHEG-Box v1 NLO PyTHIA 6.428 app. NNLO NLO CT1014 Perugia 2012
Single-top (s- and W¢-channel) PowHEG-Box v2 NLO PyTHIA 6.428 app. NNLO NLO CTI10 Perugia 2012
t/ MG5_aMC@NLO 2.2.2 LO PyTHIA 8.186 LO NNPDF2.3L.O Al4
3-top MG5_aMC@NLO 2.2.2 LO PyTHIA 8.186 LO NNPDF2.3L.O Al4
4-top MG5_aMC@NLO 2.2.2 LO PyTHiA 8.186 NLO NNPDF2.3L.O Al4
Ww SHERPA 2.1.1 0j@NLO + 1,2,3j@L.O SHERPA 2.1.1 NLO NLO CT10 SHERPA default
WZ SHERPA 2.1.1 0j@NLO + 1,2,3j@LO SHERPA 2.1.1 NLO NLO CT10 SHERPA default
Z7 SHERPA 2.1.1 0,1j@NLO + 2,3j@L.O SHERPA 2.1.1 NLO NLO CT10 SHERPA default
Multijets PyTHIA 8.186 LO PyTHIA 8.186 data NNPDF2.3L.O Al4
Higgs (ggF/VBF) PowHEG-Box v2 NLO PyTHiA 8.186 NNLO NLO CT10 AZNLO
Higgs (ttH) MG5_aMC@NLO 2.2.2 NLO Herwig++ NNLO NLO CT10 UEEE5
Higgs (W /ZH) PyTHIA 8.186 LO PyTHIA 8.186 NNLO NNPDF2.3LO Al4



Calculations used in 1807.07447 (/

| Generator

A
/)
N

Physics process

W (— {v) + jets

Z (> 7)) + jets
Z /W (> qq) + jets
ZIW+y
ZIW+yy

v + jets

vy + jets

YYY +]Jets

tt

tt+ W

tt+ 7

tt+ WW

tt+y

tt + bb

Single-top (t-channel)
Single-top (s- and Wt-channel)
tZ

3-top

4-top

wWw

|4

4

Multijets

Higgs (ggF/VBF)
Higgs (ttH)

Higgs (W/ZH)

SHERPA 2.1.1
SHERPA 2.1.1
SHERPA 2.1.1
SHERPA 2.1.1
SHERPA 2.1.1
SHERPA 2.1.1
SHERPA 2.1.1
MG5_aMC@NLO 2.3.3
PowHEG-Box v2
MGS5_aMC@NLO 2.2.2
MG5_aMC@NLO 2.2.2
MG5_aMC@NLO 2.2.2
MGS5_aMC@NLO 2.2.2
SHERPA 2.2.0
PowHEG-Box vl

PowHEG-Box v2

MG5_aMC@NLO 2.2.2
MG5_aMC@NLO 2.2.2
MGS5_aMC@NLO 2.2.2
SHERPA 2.1.1

SHERPA 2.1.1

SHERPA 2.1.1

PyTHiA 8.186
PowHEG-Box v2
MGS5_aMC@NLO 2.2.2
PyTHiA 8.186

5

C dCcuracy

" 0.1.2j@NLO + 3.4i@LO

0,1,2j@NLO + 3,4j@LO0
1,2,3,4j@LO
0,1,2,3j@LO
0,1,2,3j@LO
0,1,2,3,4j@L0
0,1,2j@LO
0,1j@LO
NLO
0,1,2j@LO
0,1j@LO
LO
LO
NLO
NLO
NLO
LO
LO
LO
0j@NLO + 1,2,3j@LO
0j@NLO + 1,2,3j@LO
0,1j@NLO + 2,3j@LO
LO
NLO
NLO
LO

="

SHERPA 2.1.1
SHERPA 2.1.1
SHERPA 2.1.1
SHERPA 2.1.1
SHERPA 2.1.1
SHERPA 2.1.1
SHERPA 2.1.1
PyTHIA 8.212
PyTHIA 6.428
PyTtHiA 8.186
PyTHiA 8.186
PyTtHiA 8.186
PyTHiA 8.186
SHERPA 2.2.0
PyTHIA 6.428
PyTHIA 6.428
PyTHiA 8.186
PyTHiA 8.186
PyTtHiA 8.186
SHERPA 2.1.1
SHERPA 2.1.1
SHERPA 2.1.1
PyTHiA 8.186
PyTHIA 8.186
Herwig++
PyTHiA 8.186

Parton shower Cross-section
normalization

=

NNLO
NNLO
NNLO
NLO
NLO
data
data
LO
NNLO+NNLL
NLO
NLO
NLO
LO
NLO
app. NNLO
app. NNLO
LO
LO
NLO
NLO
NLO
NLO
data
NNLO
NNLO
NNLO

PDF set

NLO CT10
NLO CTI10
NLO CT10
NLO CT10
NLO CTI10
NLO CT10
NNPDF23LO
NLO CTI10
NNPDF2.3L.O
NNPDF2.3LO
NNPDF2.3LO
NNPDF2.3L.O
NLO CT1014
NLO CT1014
NLO CT10
NNPDF2.3L.O
NNPDF2.3LO
NNPDF2.3LO
NLO CT10
NLO CT10
NLO CT10
NNPDF2.3L.O
NLO CT10
NLO CTI10
NNPDF2.3LO

Tune ‘

SHERPA default
SHERPA default
SHERPA default
SHERPA default
SHERPA default
SHERPA default
SHERPA default
Al4
Perugia 2012
Al4
Al4
Al4
Al4
SHERPA default
Perugia 2012
Perugia 2012
Al4
Al4
Al4
SHERPA default
SHERPA default
SHERPA default
Al4
AZNLO
UEEES
Al4
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KK

Amplitudes are most critical here

schematic view of key
components of QCD

predictions and Monte

Carlo event simulation

pattern of particles In
MC can be directly
compared to pattern In
experiment
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Calculations used in 1807.07447

Physics process Generator ME accuracy Parton shower  Cross-section PDF set Tune
normalization

W (— €v) + jets SHERPA 2.1.1 0,1,2j@NLO + 3,4j@LLO  SHERrPA 2.1.1 NNLO NLO CT10 SHERPA default
Z (— 7€7) + jets SHERPA 2.1.1 0,1,2j@NLO + 3,4j@LLO  SHERrpA 2.1.1 NNLO NLO CT10 SHERPA default
Z W (— qq) + jets SHERPA 2.1.1 1,2,3,4j@LLO SHERPA 2.1.1 NNLO NLO CT10 SHERPA default
ZIW+y SHERPA 2.1.1 0,1,2,3j@L.O SHERPA 2.1.1 NLO NLO CT10 SHERPA default
ZIW+yy SHERPA 2.1.1 0,1,2,3j@L.O SHERPA 2.1.1 NLO NLO CT10 SHERPA default
Y + jets SHERPA 2.1.1 0,1,2,3,4j@L.O SHERPA 2.1.1 data NLO CT10 SHERPA default
Yy + jets SHERPA 2.1.1 0,1,2j@LO SHERPA 2.1.1 data NLO CTI10 SHERPA default
YYYy + jets MGS5_aMC@NLO 2.3.3 0,1j@LO PyTHiA 8.212 LO NNPDF23L.O Al4

tt PowHEG-Box v2 NLO PytHiA 6.428 NNLO+NNLL NLO CTI10 Perugia 2012
tt+ W MGS_aMC@NLO 2.2.2 0,1,2j@L.O PyTHIA 8.186 NLO NNPDF2.3LO Al4

tt+ 7 MG5_aMC@NLO 2.2.2 0,1j@LO PyTHIA 8.186 NLO NNPDF2.3LO Al4

theory (hadron-level + detector sim) compared to data




Calculations used in 1807.07447

Physics process Generator ME accuracy Parton shower  Cross-section PDF set Tune
| N “normalization

W (— €v) + jets SHERPA 2.1.1 :O,l,Zj@NLO +3,4j@LO f Suerea 2.1.1 NNLO NLO CT10 SHERPA default
Z (— 7€7) + jets SHERPA 2.1.1 £0,1,2j@NLO + 3,4j@LO § Suerpa 2.1.1 NNLO NLO CT10 SHERPA default
Z W (= qq)+ jets SHERPA 2.1.1 v 1,2,3,4j@L.O 4 SHERPA 2.1.1 § NNLO NLO CT10 SHERPA default
ZIW+y SHERPA 2.1.1 0,1,2,3j@L.O j | SHERPA 2.1.1 NLO NLO CT10 SHERPA default
ZIW+yy SHERPA 2.1.1 0,1,2,3j@L.O SHERPA 2.1.1 NLO NLO CT10 SHERPA default
Y + jets SHERPA 2.1.1 0,1,2,3,4j@L.O . SHERPA 2.1.1 data NLO CT10 SHERPA default
Yy + jets SHERPA 2.1.1 0,1,2j@L.O § Snerpa 2.1.1 § data § NLOCTIO SHERPA default
Yyy + jets MG5_aMC@NLO 2.3.3 § 0,1j@LO $PyTHiA 8.212 § NNPDF23LO Al4

tf PowHEG-Box v2 , NLO §PyTHIA 6.428 ¥ NNLO+NNLL§ NLOCTIO  Perugia 2012
i+ W MG5_aMC@NLO 2.2.2 § 0,1,2j@LO § PyTHiA 8.186 § NNPDF2.3LO Al4

tt+ 7 MGS5_aMC@NLO 2.2.2 % 0,1j@LO $ NNPDF2.3LO Al4

~_

The sets of
amplitudes
being used at
the hard scale

theory (hadron-level + detector sim) compared to data




Calculations used in 1807.07447

Physics process Generator ME accuracy Parton shower  Cross-section PDF set Tune
| N “normalization

W (— £v) + jets SHerPA 2.1.1 10,1,2j@NLO +3,4j@LOY £ Suerpa 2.1.1§§ NNLO § NLOCTIO  Suerpa default
Z (— 7€7) + jets SHERPA 2.1.1 £0,1,2j@NLO + 3,4j@LO} § 45 NNLO § NLOCTIO SHERPA default
Z W (= qq) + jets SHERPA 2.1.1 '; 1,2,3,4j@L.O '; i f,? 1 NNLO § NLOCTIO0 SHERPA default
ZIW+y SHERPA 2.1.1 0,1,2,3j@LO j (‘ ; NLO ; NLO CT10 SHERPA default
ZIW+yy SHERPA 2.1.1 0,1,2,3j@L.O ': ¢ NLOCTIO SHERPA default
Y + jets SHERPA 2.1.1 i , 0,1,2,3,4j@L.O ' . SHERPA 2.1.1 §: V | . NLOCTIO SHERPA default
Yy + jets SHERPA 2.1.1 0,1,2j@LO A § Snerea 2.1.1 it ‘ ¥ NLOCTIO SHERPA default
YyYy + jets MG5_aMC@NLO 2.3.3 § 0,1j@LO ¢ $PvTHIA 82121 F LO § NNPDF23LO Al4

i PowneG-Box v2 | NLO I EPyrHiA 6.428 5 NNLO+NNLL § NLOCTIO  Perugia 2012
(7 + W MG5_aMC@NLO 2.2.2 § 0,1,2j@LO it ! NNPDF2.3LO Al4

tt+ 7 MG5_aMC@NLO 2.2.2 § 0,1j@LO iy it § NNPDF2.3LO Al4

.

the pan .
shower The sets of

(from hard amplitudes
scale down to being used at
GeV scale) the hard scale

theory (hadron-level + detector sim) compared to data




Calculations used in 1807.07447

Physics process Generator

= AL —

W (— €v) + jets { Suerpea 2.1.1
Z (= {707) +jets ¥ SHERPA 2.1.1
Z W (— qqg) + jets SHERPA 2.1.1
ZIW+y # SHERPA 2.1.1

ZIW+yy ¥ SHERrRPA 2.1.1

y +Jets § SHERPA 2.1.1

Yy +jets SHERPA 2.1.1

Yyy + jets '

tt h

tt+ W ! MG5_aMC@NLO 2.2.2§ ¢
it + 7 ¥ MG5_aMC@NLO 2.2.241

e

The matching
between
amplitudes and
parton shower

$10.1,2j@NLO + 34j@LO
§£0.1,2j@NLO + 3 4j@LO

0,1j@LO

ME accuracy

1,2,3,4j@L0O
0,1,2,3j@LO
0,1,2,3j@LO
0,1,2,3,4j@LO
0,1,2j@LO
0,1j@LO
NLO
0,1,2j@LO

.

the pan
shower
(from hard

scale down to

GeV scale)

Tune

The sets of
amplitudes
being used at
the hard scale

theory (hadron-level + detector sim) compared to data

Parton shower  Cross-section PDF set
“normalization

Suerpa 2.1.1 4§  NNLO § NLOCTIO
Suerpa 2.1.14§F  NNLO § NLOCTI0
Suerpa 2.1.15§ NNLO § NLOCTIO
Suerpa 2.1.13§  NLO NLO CT10
SHErPA 2.1.1 | § § NLOCTIO
SHERPA 2.1.1 § § § NLOCTIO
SHERPA 2.1.1 § £ { NLOCTI0
Pytaia 82125F LO  § NNPDF23LO
Pyrtia 6.428 5§ NNLO+NNLL § NLO CT10

§ NNPDF2.3LO
$ NNPDF2.3LO

SHERPA default
SHERPA default
SHERPA default
SHERPA default
SHERPA default
SHERPA default
SHERPA default

Al4

Perugia 2012
Al4
Al4




Calculations used in 1807.07447

Physics process Generator

= AL —

W (— €v) + jets SHERPA 2.1.1
Z (= {707) +jets j SHERPA 2.1.1
Z W (> qq) + jets i SHERPA 2.1.1

ZIW+y SHERPA 2.1.1

ZIW+yy ¥ SHERrRPA 2.1.1

Y + jets § SHERPA 2.1.1

Yy + jets § SHERPA 2.1.1

YyYy + jets |

1t 5

tt+ W ! MG5_aMC@NLO 2.2.2§ ¢
tt+ 7 ¥ MG5_aMC@NLO 2.2.2' /4

e

The matching
between
amplitudes and
parton shower

110,12@NLO +

.

the parton
shower
(from hard

scale down to
GeV scale)

The sets of
amplitudes
being used at
the hard scale

theory (hadron-level + detector sim) compared to data

ME accuracy Parton shower  Cross-section PDF set Tune
N “normalization |

, 3,4j@LOM Suerpa 2.1.14§  NNLO  J§ NLOCTIO  Surrpa default
¥ '0,1,2j @NLO + 3,4j@LOR | SHERPA 2.1.1 1t NNLO NLO CT10 SHERPA default f,
3 1,2,3,4j@LO Suerpa 2.1.1 5§ ! NLO CTI10 SHERPA default §
0,1,2,3j@LO SHERPA 2.1.1 ; ; NLO CTI10 SHERPA default |
0,1,2,3j@LO Suerpa 2.1.1 £ § §f NLOCTIO  SuErea default §
0,1,2,3,4j@L.O SHERPA 2.1.1 §: ’ | . NLO CT10 Suerpa default ¥
0,1,2j@LO Suerpa 2.1.1 32 48 NLOCTI0O  Suerea default §
0,1j@LO PytHia 8212 LO " NNPDF23LO Al4 2
NLO PytHia 6.428 £ § NNLO+NNLL §f NLO CT10  Perugia2012 §

0,1,2j@LO Pythia 8.186f%  NLO  §ENNPDF2.3LO Al4 ]
0,1j@LO §INNPDF2.3LO Al4 X

_~ - __ P~

non-perturbative
physics:

proton structure
(PDFs) and
hadronisation
models etc.



stages of an amplitude

alternative: numerical route

= - - J
o a5 o oo o
A —

hundreds of phase-

space points known
(can be used with
interpolation, etc.)

known In principle
analytically (but no
explicit numbers)

—

can be called as a
normal C++ function,
but slow/unstable

one phase-space point
Known
(maybe not physical)

Each stage brings important value.
For broad experimental use at the LHC,

¢ canbecalledasa

£ normal C++ function,
' public code, fast,  }
} problem-free $

—

we need to get to the last one (+ parton-shower matching etc.)
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The amplitudes alone are not enough,
but need to be supplemented with

stages of an amplitude

.......................................................................................... 1) subtractionlslicing schemes

alternative: numerif  2) parton distribution functions (to same order)

known in prin: 3) splitting functions (to same order)

analytically (by : : :
explicit numb§ 4) merging/matching with parton showers

! (to get hadron-level predictions)

L amp gl as T o T 4 e T o L e’
> ) 4 5

LR SRS Ryt X SENX

—

§ canbecalledasa
§ normal C++ function,
 public code, fast, }
} problem-free $

hundreds of phase-

space points known
(can be used with
Interpolation, etc.)

can be called as a
— normal C++ function, —

but slow/unstable

S

Each stage brings important value.
For broad experimental use at the LHC,

we need to get to the last one (+ parton-shower matching etc.)




Why do you need parton showers etc.?

For infrared and collinear safe observables, you can
ignore most of the physics between hard scale Q and Aqcp

QQ—I—m

A Am
o = Za?(ﬂ)/d%dmz On,ij(T15 22, 1) fisp(@1s 1) f/p(@2; 1) + O( )

n,%,]
perturbative amplitudes + proton structure non-perturbative
expansion at subtraction / (PDFs) (higher-twist)
hard scale u~Q slicing effects

The physics at intermediate and low scales is higher-order or higher twist in “proper”
observables, i.e. numerically subdominant.

But detector eftfects can have up to O(1) impact, and to understand those effects you
need full hadron-level description of collider events (i.e. not infrared-collinear safe).



This is where we measure SM
Standard-model parameters (e.g. top-quark mass), learn

physics about basic non-perturbative inputs
(parton distribution functions — PDFs)
and test many of our methods

(QCD & electroweak)

[it’s also one of many places where we
validate the SM and look for deviations]

100 MeV -4 TeV

SM measurements
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Ratio to data
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NNPDF3.0 (NNLO)
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arXiv:1805.05916
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» “unfolded” measurement, i.e. as if
experiments could directly measure the
electrons and muons from Z decay.

» The observable is infrared and collinear
safe (i.e. finite in perturbation theory)

» < 1% uncertainties in the data

» ~2% uncertainty on theory, thanks to
past 5-years’ advances in fixed-order
predictions (Z+jet @ NNLO) and
resummation (N3LL)

> agreement is very good

Key demonstration that
LHC data & theory can

successfully achieve high
precision
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First full 2— 3 NNLO calculation: for pp—yyy + X

= oo/ P LSS TEY » Chawdhry, Czakon, Mitov &
= — 10— o Poncelet, arXiv:1911.00479
: —— NLO —— ATLAS

E 10

&~ :

s =
T

O

—

.

ratio to NNLO(Hy/4)

50 100 150 200 250 300

Gavin P. Salam Amplitudes 2020 (Zoom@Brown)



Drell-Yan at N3LO (Duhr, Dulat & Mistlberger, 2001.07717)

-
-
e
S °
090 LHC13TeV
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Gavin P. Salam Amplitudes 2020 (Zoom@Brown)



Higgs physics

Higgs physics

125 GeV - 500 GeV
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the Standard Model is not complete

mass = =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c? =125 GeV/c?
charce - 2/3 2/3 2/3 0
spin - 1/2 1/2 1/2 0 &
I up charm top ggggﬁ
=4 8 MeV/c? =05 MeV/c? =4 18 GeV/c?
7))
¥ -1/3 -1/3 -1/3
g 112 112 112
8« ~ down strange bottom
0.511 MeV/c* 105.7 MeV/c? 1.777 GeV/c? 91.2 GeV/c* —~
-1 -1 -1 0
112 N 112 : 7))
=
electron muon Z boson O
| 0y
n <2.2eVic? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c* 8
g 0 0 0 w
= 12 12 O
o | -
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o neutrino neutrino neutrino G

particles

Gavin P. Salam Amplitudes 2020 (Zoom@Brown)
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particles particles + interactions

https://www.pigsels.com/en/public-domain-photo-fqrez https://commons.wikimedia.org/wiki/File:LEGO_Expert_Builder 948 Go-Kart.jpg, CC-BY-SA-4.0
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+ g V(@)

This equation neatly sums up our

current understanding of fundamental
particles and forces.

Some Interactions extensively tested

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Many parts of the gauge
sector have been tested
to high accuracy (e.g.

QED)
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+ D2 -V (@)

This equation neatly sums up our
current understanding of fundamental
particles and forces.

Higgs sector

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

until 7 years ago none of these
terms had ever been directly
observed.
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e

Why do Yukawa couplings matter? \ Ty

i )Z'( %()%’5?5'!-"\,(_

(1) Because, within SM conjecture, they re what give masses to all quarks

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Up quarks (mass ~ 2.2 MeV) are lighter than proton
down quarks (mass ~ 4.7 MeV) mass = 938.3MeV

proton (up+up+down): 2.2 + 2.2 + 4.7 + ... = 938.3 MeV O
neutron (up+down+down): 2.2 + 4.7 + 4.7 + ... = 939.6 MeV

neutron
mass = 939. 6MeV

00
7

Gavin Salam 41

So protons are lighter than neutrons,
— protons are stable.
Which gives us the hydrogen atom,
& chemistry and biology as we know it



major news of past 2 years: ATLAS & CMS see events with top-quarks & Higgs simultaneously

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

H — yy across all events

In events with top quarks

) weights / GeV

- R > & =
- ¢ Data ATLAS - 2 39 ¢ Data ATLAS -
00 ... Backgrouna s 1 - L Continuum Background Vs =13 TeV, 79.8 fb™ _
— —— Signal + Background s=13TeV,36.110 " — 3 30 - o =
500— — Signal In(1+S/B) weighted sum — - ---- Total Background m, = 125.09 GeV -
S _ [ 25:_ —— Signal + Background All categories _:
400 :_ _: '5) E In(1+S/B) weighted sum E
- ] O 20 —
B | = ~ -
300 — S 4=F E
B _ :E, 15: I\ 9 .
100/ : L S B -
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m,, [GGV] myy [Gev]

enhanced fraction of Higgs bosons in events with top quarks
— direct observation of Higgs interaction with tops
(consistent with SM to c. £20%)
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metric for success going forwards [one possible view|

» Long term (= new colliders):
can we observe Higgs self coupling?
[.e. get an experimental window on the Higgs potential, which underpins the rest of

the SM

» Medium term:
evolve today’s c. 10-20% constraints on Higgs sector towards accuracy
(we wouldn’t consider QED established if it had only been tested to 10%)

» Bonuses:
maximise our sensitivity to new physics at colliders and smaller experiments,
(what form it takes and whether it’s even accessible is in Nature’s hands, not ours)

Gavin Salam
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metric for success going forwards

» Long term (= new colliders):
can we observe Higgs self coupling?

[.e. get an experimental window on the Higgs potential, which underpins the rest of
the SM
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> Medlum term
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, M
. .

X

)

0 O’

¥  cvolve today’s c. 10-20% constraints on Higgs sector towards accuracy
(We Wouldn t con51der QED estabhshed 1f it had only been tested to 10%)

e / ¢ O - / ) o 5 h-\‘b
Yy 7 & > "'1/' , (—., < : -. e . -Q f.‘ " )+ _"_ _’ ,..’J. . / n® - g JNE “ < 5 ,, .\‘o"\ ‘\-‘x :

maximise our sensitivity to new physics at colliders and smaller experiments,
(what form it takes and whether it’s even accessible is in Nature’s hands, not ours)

Gavin Salam
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e.g. CMS 1804.02610 on ttH (~80 fb-")

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Uncertainty
Parameter  Best fit Stat Expt  Thbgd  Thsig

_ 1 26—|—O.31 +0.16 +0.17 +0.14 +0.15
HaH -20_0.26 —0.16 —0.15 —0.13 —0.07

» overall on ttH, theory systematics are about the same as statistical and experimental
systematics

> statistical error has potential to go down by X 6 at the HL-LHC (factor ~40 in data)
» useless if theory doesn’t keep up.

» both signals and backgrounds matter



Some Run 2 milestones:

Andre David

@ZPW

LHC — FROM 5 SIGMA TO DIFFERENTIAL IN 360 WEEKS

* Observation of H—tt, H—bb, and ttH.
* Reaching SM-level limits on H— .

_ [ ] [ ] S‘ 10 .:. | 1 ] ] l I 1 l. ] 'I L | 1 1 I ' | 1 1 l ' | 1 1 I ] L 1 1 l ] ' | 1
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ATLAS and CMS —*— Observed g = - : = gg—H default MC + XH
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ceeeExp forSMH | el _ 6o agF VBF WH ZH ttH . D :
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b | = H - 1 . —; 3 .
10_12' H— bb 7o % _
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e -

ZPW 2020 - SMEFT Run 2
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EFT (expressive formulation of constraints) or not?

> First observe a given channel, e.g. H — bb

» Once you’ve observed it, if it agrees roughly (+=20%) with SM, then consider going
to EFT

> if you’ve not observed it, e.g. charm Yukawa, Higgs self coupling, then use of EFT is
more debatable

establish then use (lack of) any deviations to

SM first (constraln) characterlse new phy5|cs
" | [ dimension-6  dimension-¢

,? Ci  Ad=6 Ci  Ad=S8

BSM eftects SM particles



What mass reach do we gain from indirect probes (EFT-style)?

» We have ~ X 20 increase in luminosity from today to end of HL-LHC
» Statistical precision can go up by X4/20 ~ 4.5

» For dimension-6 operator X dimension-4 operator, probing a scale A for new

physics, effects go as 1/A?

» Increase in A to which we’re sensitive will be X1/4.5 ~ 2.1

This is better improvement than direct searches at the high end of LHC mass
reach, comparable for low end.

Gavin P. Salam Amplitudes 2020 (Zoom@Brown)
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Gavin P. Salam

top-quark physics Higgs physics

170 GeV - O(TeV) 125 GeV - 500 GeV

these two sectors are
intimately connected with each
other

Amplitudes 2020 (Zoom@Brown)
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Future prospects for Higgs self-coupling:

e . l‘ A T T T Ly
— - . - ’
: m«j: JKA my , wu: mm 14 -' “‘ “‘ 1 W. 6KA w , sw.m 'I
12t width: S1 and S2 scenarios : [N width: S1 and S2 scenarios '/ )
i HL-LHC single Higgs, inclusive 12 i \‘\ 1 | = HL-LHCsingle Higgs, differential J
10} ~—— HL-LHC single Higgs, differential : Lo HL-LHC double Higgs, differential | / :
- \ / 10+ \ HL-LHC combination .
! _ \ .
° «. 8 1 |
5 - \ -
6} ek Y ]
I . \ .
af af :
EI - 2f 2F )
0 0 I 1 ]
8

vryonidou -1-5. — .-1lo. — .-5. — 0 —— .5 — .10. —— .1-5 .-4. 2 "

@ ZPW ST ol
. ‘Z: ‘ﬂ: Di Vita et al. arXiv:1704.01953 and HH white paper

Degeneracy with Yukawa and contact ggH operators worsens HHH sensitivity

Gavin P. Salam
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Contributions to ttH and HV processes can be
seen as induced by a Yukawa potential, giving a
Sommerfeld enhancement at the threshold.

)
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Davide Pagani

@ ZPW

complementary to
direct searches for HH



First experimental projections

CMS Phase-2 Simulation Preliminary

3ab' (14 TeV)
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Differential information 1s used.
Including a free parameter for the
global rescaling, bounds are not
dramatically changed!

CMS PAS FTR-18-020

direct searches for HH

only the start of
studying its potential



P2

Kite integral (self-energies...) QCD with top quarks EW form factor

ttb + X processes H form factor at 3 loops

[terated integrals of elliptic type are crucial for high precision calculations in the
Higgs and top sectors !

Gavin P. Salam Amplitudes 2020 (Zoom@Brown)

Lorenzo Tancredi

@ ZPW
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top-quark physics

170 GeV - O(TeV)

op mass
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A plot shown many times
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Gavin P. Salam Amplitudes 2020 (Zoom@Brown)
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reconstructed top mass

178

0.4 -
8 TeV PS only —
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— 03+ PS+HAD-+MPI (full) — _
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~ ] ‘\‘
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hadron-level effects

» ultimately, it is hadrons that get
measured

» for utmost precision (s 1 GeV) we need
some handle on non-perturbative effects

» long-standing discussion about pole mass
v. MSbar mass (and associated non-
perturbative effects = renormalons)

» but this is only one part of the story

plot from Ferraro Ravasio, Jezo, Nason, Oleart
1801.03944 + 1906.09166
see also work by Hoang et al
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https://arxiv.org/abs/1801.03944
https://arxiv.org/abs/1906.09166

- Diagrams up to leading Nf one gluon correction

Nason,

 Ferrario-Ravasio W

& Oleart

 1810.10931 b

- ] revolution in

treatment of
non-perturbative
effects

ultimate impact

likely well
beyond top
physics


https://arxiv.org/abs/1810.10931

Prospects

| Nason,

- Ferrario-Ravasio

' & Oleart
1810.10931

» With some work, the renormalon approach can help to search
for top mass observables that are free from linear renormalons.

» One may discuss calibration of jets on a theoretically sound
ground.

» The fact that top CM leptonic distributions are free from
linear renormalon may be exploited further.

Kawabata,Shimizu,Sumino, Yokoya,2013,2014 have proposed a
method to measure physical parameters in the decay of a massive
object involving a light lepton using only the lepton spectrum, and
have proposed to apply it for the measurement of the top mass.

NB: jets are sensitive
also to underlying
event / MPI, for which
we don’t have
comparable theory

Leptonic observables
may be the only
theoretically clean
route?

[modulo cuts to

select tt events]


https://arxiv.org/abs/1810.10931

Standard-model
physics top-quark physics Higgs physics

(QCD & electroweak)

100 MeV -4 TeV 170 GeV - O(TeV) 125 GeV - 500 GeV

M using full event
Information

how much information is hidden among
the hundreds of particles produced in a
collisions? 58

100 GeV - 8 TeV
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35.9 b (13 TeV)
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Convolutional neural networks and jet images

> Project a jet onto a fixed n X n pixel image in rapidity-azimuth, where
each pixel intensity corresponds to the momentum of particles in that

cell.

» Can be used as input for classification methods used in computer
vision, such as deep convolutional neural networks.

Convolved
Convolutions Feature Layers

powerful

but black box

Max-Pooling

.
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Repeat

[Cogan, Kagan, Strauss, Schwartzman JHEP 1502 (2015) 118]
[de Oliveira, Kagan, Mackey, Nachman, Schwartzman JHEP 1607 (2016) 069]

Frédéric Dreyer 11/42



using full event information for H/etc. boson tagging

Dreyer 2020
(work in

progress)

QCD rejection with
just jet mass
(SD/mMDT)

1.e. 2008 tools &
their 2013/14
descendants

-
=
afud
O
2
()
O
-
-
O
-
(®))
=
O
©
o)

10000

1000

100

10

1 Pythia 8.223 simulati

Lund+LSTM
EdgeConv using Lund kinematics
ParticleNet [GQ19]

signal efficiency

QCD rejection with use
of full jet

substructure
(2019 tools)

100x better

First started to be exploited
by Thaler & Van Tilburg with
“N-subjettiness” (2010/11)



general purpose Monte Carlo event generators:
THE BIG 3

Herwig 7 Pythia 8 Sherpa 2

they do an amazing job of simulation vast swathes of data:
collider physics would be unrecognisable without them
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What is a parton shower? At its simplest. ..

iteration of 2—3 (or 1—2) splitting kernel

n—O 1—1

64



What questions can we ask about parton showers (P3)?

» in what sense is the distribution of final n-particle states be
correctly described, for arbitrary n?

» can a (iterated 2—3) parton shower reproduce known logarithmic
resummations, & to what accuracy?

With appropriate classification of phasespace (Lund diagrams),
and analysis of asymptotic limits of parton showers, it becomes
possible to answer these questions and design new showers with
well-defined logarithmic accuracy (NLL)

Dasgupta, Dreyer, Hamilton, Monni & GPS 1805.09327, idem + Soyez 2002.11114

Gavin P. Salam Amplitudes 2020 (Zoom@Brown)
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https://arxiv.org/abs/1805.09327
https://arxiv.org/abs/2002.11114

standard

new “PanScales” parton showers, designed

s':‘:;::s specifically to achieve NLL accuracy
Dipole PanLocaI PanLocal PanGlobal PanGlobal
(Py8/D|re vl) (.3 dip (B=5,ant.) (B=0) (B=23)
N if 28 i— - .*..__...,....+..__...,....*..__...,....*.._ “PanScales” family
Brinot ™ 4 Fnee ¢ TN ¢ Tne ¢ T ® 1  reproduces squared matrix
Bw M- w4 pOK ¢ 19K ¢ +OK ¢ +OK ® |  element for arbitrary n, in
FC1fs, —o® 1 4 | ¢ + ¢ - ¢ - ¢ - limit where each & every
FCi - I ® + ® T ¢ + ¢ - pair of particles is well
max[uB 2] P = 172 I# 1 T + T + T + T * - separated in logarithm of
Thrust f 1 T * T * T * T ¢ - angle, energy or transverse
max[uf =] Bue=1 4 7 T + T + T + T + - momentum
sliceygis 4 1 T + T + T+ + T+ + -
NSUPet (kalg) k& 4 0 &+ & + & & | -
-0.05 0.00 0.05 000 005 000 005 000 -0.05 0.0

Relative deviation from NLL for a.—0

first time comprehensive accuracy tests achieved for parton showers — sets baseline for future work
& demonstrates that it is possible to achieve NLL accuracy from simple iterated 2—3 splitting



Conclusions



conclusions

» LHC has already far surpassed what was originally envisaged in terms of its potential
for accurate measurements (e.g. Z production with < 1% accuracy)

» relative to current results, 20 — 80 X more stats on its way,

i.e. potential for 4 — 9 X higher accuracy

» with perturbation theory as our only rigorous tool, progress in calculating
amplitudes is essential to successful physics exploitation of this wealth of data

» amplitudes (and associated perturbative IRC safe cross sections) are not the only
issue — parton showering, matching/merging, hadronisation all become increasingly
important as one pushes the boundaries of accuracy and information-extraction in

LHC events.

Gavin P. Salam Amplitudes 2020 (Zoom@Brown)
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BACKUP



likely progress in PDFs
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Uncertanties in PDF luminosities @ {s=14 TeV
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up to X 2 reduction in
uncertainty on partonic
luminosities (e.g. # of
quark-antiquark
collisions)

relative to today’s PDFs



