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Experiments enjoying a large data sample of Runs 1 and 2



LHC Luminosity by year



Pile-up during Run 2

• ATLAS and CMS coping with large 
pile-up 

• calorimeter pile-up correction 
robust and reliable 

• track reconstruction distinguishes 
vertices 

• LHC operating conditions in 2017 so 
far most demanding (8b4e scheme) 

• more favourable running (and 
computing) conditions since

Simone.Gennai@cern.ch

Summary pp Run2
64/fb collected in 2018 (preliminary offline value) 

~94% of the delivered luminosity 

Record for CMS! 

~58/fb recorded with Roman Pots inserted and  
Precision Proton Spectrometer detectors operating 

In total 150/fb collected in Run2 
overall data-taking efficiency ~92%
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Some selected Physics Results



ATLAS



Top mass using soft muon tag
ATLAS

18

Measurement of the Top Quark Mass Using Soft Muon Tag

•  is the invariant mass between lepton 
from W decay and soft muon from 
semileptonic b-hadron decay

mlμ • Binned-template profile likelihood fit is 
performed to extract parent top quark mass 

ATLAS-CONF-2019-046

• Significantly reduced 
uncertainty on Jet Energy 
Scale (JES)

• Analysis technique 
complementary to the standard 
measurements 

• b-quark fragmentation function 
parametrized using LEP e+e- data 

mlμ
➡ 0.45% uncertainty 
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•  is the invariant mass between lepton 
from W decay and soft muon from 
semileptonic b-hadron decay

mlμ • Binned-template profile likelihood fit is 
performed to extract parent top quark mass 

ATLAS-CONF-2019-046

• Significantly reduced 
uncertainty on Jet Energy 
Scale (JES)

• Analysis technique 
complementary to the standard 
measurements 

• b-quark fragmentation function 
parametrized using LEP e+e- data 

mlμ
➡ 0.45% uncertainty 

reduce uncertainty 
from hadronic 
energy scale



Measurement of  in the eµ-channelttγ

19

Measurement of the  Process in the  Channelttγ eμ
• Several contributions to the  channelttγ

Top radiation ISR

Radiative top decay

➡ Top radiation provides access to top-photon 
coupling, might be modified by BSM physics

• Inclusive and differential cross section 
measurements in fiducial phase space

ATLAS-CONF-2019-042

ATLAS



Observation of Vector Boson Scattering in ZZjj

                         18K. Jakobs, SPC Meeting, CERN, 23rd September 2019                                     

•  Higgs boson regularizes the weak boson scattering cross section at high energies 
!

!
!
!
!

!
•  ZZjj analysis exploits decays to four charged leptons (ℓℓℓℓ ) and (ℓℓνν) νν) 

•  Multivariate analysis to separate EW signal from backgrounds (e.g. QCD ZZ) 
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Observed (expected) 
significance for EW 
production: 5.5σ (4.3σ)!
σfid(EW) = 0.82 ± 0.21 fb !
SM pred.= 0.61 ± 0.03 fb !N
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Figure 1: Typical diagrams for the EW (first row) and QCD (second row) production of Z Z j j.

2 ATLAS detector70

The ATLAS experiment [11, 12] at the LHC is a multi-purpose particle detector with a forward-backward71

symmetric cylindrical geometry and a near 4⇡ coverage in solid angle.1 It consists of an inner tracking72

detector (ID) surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field,73

electromagnetic and hadron calorimeters, and a muon spectrometer. The inner tracking detector covers74

the pseudorapidity range |⌘ | < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation75

tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy76

measurements with high granularity. A hadron (steel/scintillator-tile) calorimeter covers the central77

pseudorapidity range (|⌘ | < 1.7). The end-cap and forward regions are instrumented with LAr calorimeters78

for both EM and hadronic energy measurements up to |⌘ | = 4.9. The muon spectrometer (MS) surrounds79

the calorimeters and is based on three large air-core toroidal superconducting magnets with eight coils each.80

The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector. The muon81

spectrometer includes a system of precision tracking chambers and fast detectors for triggering. A two-level82

trigger system [13] is used to select events for o�ine analysis. The first-level trigger is implemented in83

hardware and uses a subset of the detector information. This is followed by the software-based high-level84

trigger, reducing the event rate to about 1 kHz.85

3 Data and simulation86

The data sets for this analysis were recorded using single and multi-lepton triggers. The transverse87

momentum (pT) thresholds of these triggers vary from 8 to 26 GeV, depending on the lepton flavour and88

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of �R ⌘

p
(�⌘)2 + (��)2.

June 29, 2019 – 20:25 4

ATLAS observed vector- 
boson scattering at:

•  6.9σ in WW channel

•  5.3σ in WZ channel !

à All VVjj channels have 
now been observed!

Observation of Vector Boson Scattering in ZZjj 

ATLAS-CONF-2019-033 

ATLAS
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!
!
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!
•  ZZjj analysis exploits decays to four charged leptons (ℓℓℓℓ ) and (ℓℓνν) νν) 

•  Multivariate analysis to separate EW signal from backgrounds (e.g. QCD ZZ) 
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Figure 1: Typical diagrams for the EW (first row) and QCD (second row) production of Z Z j j.
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trigger system [13] is used to select events for o�ine analysis. The first-level trigger is implemented in83

hardware and uses a subset of the detector information. This is followed by the software-based high-level84

trigger, reducing the event rate to about 1 kHz.85
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momentum (pT) thresholds of these triggers vary from 8 to 26 GeV, depending on the lepton flavour and88

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
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ATLAS observed vector- 
boson scattering at:

•  6.9σ in WW channel

•  5.3σ in WZ channel !

à All VVjj channels have 
now been observed!

Observation of Vector Boson Scattering in ZZjj 

ATLAS-CONF-2019-033 

Higgs required to 
regularise cross section

Significance for EW 
production 5.5σ 

 σfid(EW) = 0.82 ± 0.21 fb
σpred = 0.61 ± 0.03 fb



CMS



Higgs Precision Measurements 
H ! WW
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Machine Learning Techniques
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Evidence for Top Pair Production in PbPb collisions
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LHCb



Search for  decaysA′ → μ+μ−

• Based on coupling to dark 
sector ~ε 

• Using 2016-2018 data: 5.5 fb-1

LHCb
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Multiplicity Dependence of Χc1(3872) Production
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Χc1(3872) consistent with 
a weakly bound molecule

LHCb



Observation of CP-violation in charm mesons with LHCb

Count  and  decays into  and  

if CP conserved:  
- the numbers of  and  in each final state should be equal  
  and  -  asymmetry is zero 

to reduce uncertainties: measure the difference between the  -  
asymmetries in the two final states. If CP conserved: .

D0 D̄0 π+π− K+K−

D0 D̄0

D0 D̄0

D0 D̄0

ΔACP = 0

+ NA31 
   NA48

ΔACP = (−15.4 ± 2.9) × 10−4

LHCb

consistent with (uncertain) theory expectations



ALICE



Direct Measurement of Dead Cone Effect

• Dead cone effect: suppression of small angle 
emission  

• Identified by iterative de-clustering

ALICE

mpuccio@cern.ch - ALICE Report - 20/11/19

Direct measurement of the dead cone effect

12

➡ Dead cone effect: basic property of gluon 
radiation process induced by angular 
momentum conservation


Strategy to uncover it:

• Identify radiators via iterative declustering 

• Study angle of splittings for charm and inclusive 

(light-flavour) jets

• Dead cone: small angle splittings suppressed

Suppression of emissions from a 
radiator (quark) within 

θ <
mq

Eq

Phys. Rev. D 99, 074027
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Bottomonia Production in pPb collisions

mpuccio@cern.ch - ALICE Report - 20/11/19

Bottomonia production in p-Pb collisions

14

arXiv:1910.14405

Significant suppression of the Y(1S) and Y(2S) production in p-Pb with respect to pp

RpPb = 1
⟨Ncoll⟩

dN/dpT |pPb

dN/dpT |pp
< 1

• Forward rapidity (small x): suppression 
in agreement with nuclear shadowing

• Backward rapidity (large x): suppression 
instead of enhancement from “anti-shadowing"

ALICE



HL-LHC Upgrades



LHC Long Shutdown 2 activities



LHC Injector Upgrade



HL-LHC Civil Engineering



Preparation of Nb3Sn magnets



LS2	
Coordination

2015-2020

LHCC	Feb’2020

S1	-	LMBHB002	

Summer	2019

S2	-	LMBHA001	
8	November	2019

S1	successfully	qualified S2	@	SM18,	cooldown,	to	be	tested	wk8-9

S3	failed	the	test,	back	to	workshops	Bldg.180/SMI2

S3	-	LMBHA002	
11	November	2019

S4	ready	for	test	in	SM18,	wk10-11

S4	-	LMBHB003	

11	November	2019



Experiments



New Small Wheel

• Good progress overall with sTGC and 
MM production 

• Full sector test (originally planned in 
November 2019) 

• Production remains on the critical 
path with schedule unchanged 

• new uncertainty with halt of delivery 
of electronics from China (Corona-
virus)

ATLAS



Calorimeters and Muons
ATLAS

5

LS2 Activities - Calorimeters & Muons  

• Tile calorimeter  
➡ Cooling connector replacement done 
➡ Maintenance of electronics well advanced (completed 

on A-side, nearly done on C-side) 
➡ Crack and MBTS scintillators installed on both sides

• Muon spectrometer  
➡ Fixing RPC of gas leaks (242 leaks repaired,    

~40% of work done) 
➡ Upgrade of gas system to mitigate risks of 

producing new leaks -  racks under production 
(available by end of November)  

➡ Installation of BIS7/8 chambers in Q1/Q2 of 2020: 
preparation of the chambers in BB5 well advanced

• Liquide Argon calorimeter (LAr) 
➡ Consolidation work on power supplies and cooling 

system proceeding as planned



CMS Pixel Detector
CMS
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Hadronic Calorimeter: Installation of SiPM completed!

CMS



Muon system: Drift Tubes and Resistive Plate Chambers
CMS



Cathode Strip Chambers
CMS



LHCb Phase I upgrades
LHCb

Operations Spectroscopy CP violation Heavy ions Upgrade

LHCb upgrade I

LHCb-TDR-12

Émilie Maurice (LAL, LLR) LHCb status report 16/26
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upstream Tracker

- SALT chip v3.8 
- Flex Cable 
- Production of Hybrids

12 C-frames 
complex assembly

LHCb



LHCb upgrade progressing well

• All old detectors and obsolete 
equipment removed  

• All new cooling systems installed  

• All optical fibers in place  

• New computing center containers in 
place 

Very intense activity at LHCb site!

• All old detectors and obsolete equipments removed
• All new cooling systems installed
• All optical fibers in place
• New computing center in place
• Watch our weekly videos! 

https://www.youtube.com/watch?v=CKLu1xewv7I

23/09/2019 CERN Scientific Policy Committee G. Passaleva 30

Removing the old VELO

New computing farm containers

Removing outer 
tracker stations

~19k optical fibers, 99.8% OK!

New cooling transfer lines

Installation 
of new 
RICH1
First 
upgrade 
detector in 
place!
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ALICE LS2 Upgrade

Mohamad Tarhini, LHCC meeting, Sep-2019

 17LS2 ALICE upgrade goal

Time Projection Chamber

GEM readout chambers

Forward Interaction Trigger

To replace the V0 and T0 detector

Muon Forward Tracker

Inner Tracking System

Both based on Monolithic
Active Pixel Sensors

Operation at high interaction rates (50 kHz for Pb-Pb collisions, Run 2 was 8kHz) and continuous (i.e. untriggered) read-out for core detectors

+ improved readout for calorimeters, TOF, TRD, Muon arm, ZDC
+ new Central trigger Processor
+ new DAQ and Online-Offline System (O2)

ALICE



TPC Upgrade

mpuccio@cern.ch - ALICE Report - 20/11/19

TPC Upgrade

29

TPC extracted 
from ALICE

4th Mar ‘19

Move TPC to 
clean-room

5th Apr ‘19

All GEMs are 
installed

12th Sept ‘19

Install FEC and 
test, TPC ready

28th Feb ‘20

✓All 72 wire chambers were replaced by GEM based readout chambers

✓HV system and readout electronics installed

✓First HV tests of field cage and GEM chambers in air successful

• TPC surface commissioning with gas, LV, HV and cooling as from next week

• TPC being filled with Neon at this moment

ALICE



…only some impressions

• Excellent progress on TPC 
installation 

• CRUs for TPC have been 
ordered from qualified vendor; 
negotiations for funding continue 

• ITS and MFT proceeding well 

• Containers for Online/Offline 
Readout system (O2) in place

Mohamad Tarhini, LHCC meeting, Sep-2019
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• GEM	installation	on	the	A-side	completed	successfully	

• C-side	installation	to	be	completed	soon

TPC upgrade

7 Mar

Remove Services and FEE (outside cleanroom)

11 Apr

Uninstall MWPC ROC

5 Jul  (A) 
13 Sep (C) 

Install GEM ROC

TPC in cleanroom. 
Cleaning & irradiation tests

Install new FEC + test

1 Oct (A) 
22 Oct (C)

Survey, sealing, overpressure test

31 Oct (A) 
4 Dec (C)

Pre-commissioning with cosmic, Laser, pulser, Xray

18 Feb 2020

Ready for transportation to SX2

25 Apr (A) 
5 Aug (C)

14 Jun (A) 
28 Aug (C)

13 May (A) 
16 Aug (C) 

FC HV infrastructure modification

•Chamber	uninstallation	on	both	sides	completed	
successfully

GEM installation on A-side 
complete

Mohamad Tarhini, LHCC meeting, Sep-2019

ITS Upgrade: Construction Installation and Commissioning Timeline

Detector	Construction	and	Assembly	
• Module	production	(ITS.13):	completed!	

• Stave	production	(ITS.14):	95%	done																					
!	continues	till	Sep	19	

• Electronics	production	(ITS.18):	done!																			

Commissioning	on	ground	with	final	
services	ongoing		(operation	24/7)

May	‘19

Sep	‘19

June	‘20

Feb	‘21

Jun	‘19

Oct	‘19 OB	Stave	Assembly	End	(ITS.15):	>75%	done

ITS.13

ITS.18

ITS.14

ITS.15

ITS.28

 20

Assembly	and	Commissioning

ITS production and assembly 
proceeding wellA Large Ion Collider Experiment 

O2 System�
•  barrel tracking ~ fully ported to GPU 

–  TPC, ITS, TRD, TOF 
–  finalising matching different detectors 

FA | ALICE RRB | 23 September 2019 29	

•  2.2 MW computer centre  
–  being installed at P2 

��

•  hardware being prototyped 
–  Event Processing Nodes 
–  network 

•  tender in December 

Containers for O2 system

ALICE



Past Operation and (revised) Schedule

• LS2 extended by 2 months

• Injectors and Fixed Target start in 2020


• Run 3 extended by 1 year; LS3 begin in 2025
Revised Schedule



European Strategy of Particle Physics Update



Users at CERN

Non-member states

Associated member states

Member states



May.2020 
Council to approve 

Strategy Update  

����	���	����
	�������������	��
��������	���

����
���	�����
�����������	
�	���

Sept 27,2018 
Council launches the 

Strategy Update process & 
establish the PPG and ESG 

June 14,2018 
Council decision on 

venues and dates  

March.2018 
Call for nominations of 
PPG & ESG members March.2020 

Strategy Update 
submitted to Council 

Jan 20-24,2020 
Strategy Update 
Drafting Session 
Bad Honnef, DE 

Sept.2019 
Physics Briefing 

Book available 

May 13-16,2019 
Open Symposium 

Granada, ES 

Jan.2018 
Call for proposals 

for venues for Open 
Symposium and 

Strategy Drafting 
Session 

2017 2018 2019 2020 

Dec 18.2018 
Closing submission 

community input 

Physics results appearing 
after May 2019 will be taken 
into account in the process 

European)Par+cle)Physics)Strategy)Update'

Febr.2018 
Call for scientific input 

! ))
! ))
! ))

! ))

! ))

ü

ü
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next step



Longterm options for large facilities



Global context

These are technical schedules 
compiled by Ursula Bassler

Large Facilities world-wide 
Techn ica l dr iven scenar i i fo r 
longterm provision of infrastructures 
(assuming funding to be available 
everywhere).

from U Bassler



ESPPU Briefing Book
• Theoretical overview  

• Electroweak Physics  

• Strong Interactions 

• Flavour Physics 

• Neutrino Physics  

• Cosmic Messengers  

• Beyond the Standard 
Model 

• Dark Matter and Dark 
Sectors 

• Accelerator Science and 
Technology  

• Instrumentation and 
Computing

CERN-ESU-00430 September 2019

Physics Briefing Book
Input for the European Strategy for Particle Physics Update 2020

Electroweak Physics: Richard Keith Ellis 1, Beate Heinemann 2,3 (Conveners)

Jorge de Blas 4,5, Maria Cepeda 6, Christophe Grojean 2,7, Fabio Maltoni 8,9, Aleandro Nisati 10,

Elisabeth Petit 11, Riccardo Rattazzi 12, Wouter Verkerke 13 (Contributors)

Strong Interactions: Jorgen D’Hondt 14, Krzysztof Redlich 15 (Conveners)

Anton Andronic 16, Ferenc Siklér 17 (Scientific Secretaries)

Nestor Armesto 18, Daniël Boer 19, David d’Enterria 20, Tetyana Galatyuk 21, Thomas Gehrmann 22,

Klaus Kirch 23, Uta Klein 24, Jean-Philippe Lansberg 25, Gavin P. Salam 26, Gunar Schnell 27,

Johanna Stachel 28, Tanguy Pierog 29, Hartmut Wittig 30, Urs Wiedemann 20(Contributors)

Flavour Physics: Belen Gavela 31, Antonio Zoccoli 32 (Conveners)

Sandra Malvezzi 33, Ana Teixeira 34, Jure Zupan 35 (Scientific Secretaries)

Daniel Aloni 36, Augusto Ceccucci 20, Avital Dery 36, Michael Dine 37, Svetlana Fajfer 38, Stefania Gori 37,

Gudrun Hiller 39, Gino Isidori 22, Yoshikata Kuno 40, Alberto Lusiani 41, Yosef Nir 36,

Marie-Helene Schune 42, Marco Sozzi 43, Stephan Paul 44, Carlos Pena 31
(Contributors)

Neutrino Physics & Cosmic Messengers: Stan Bentvelsen 45, Marco Zito 46,47 (Conveners)

Albert De Roeck 20, Thomas Schwetz 29 (Scientific Secretaries)

Bonnie Fleming 48, Francis Halzen 49, Andreas Haungs 29, Marek Kowalski 2, Susanne Mertens 44,

Mauro Mezzetto 5, Silvia Pascoli 50, Bangalore Sathyaprakash 51, Nicola Serra 22 (Contributors)

Beyond the Standard Model: Gian F. Giudice 20, Paris Sphicas 20,52 (Conveners)

Juan Alcaraz Maestre 6, Caterina Doglioni 53, Gaia Lanfranchi 20,54, Monica D’Onofrio 24,

Matthew McCullough 20, Gilad Perez 36, Philipp Roloff 20, Veronica Sanz 55, Andreas Weiler 44,

Andrea Wulzer 4,12,20 (Contributors)

Dark Matter and Dark Sector: Shoji Asai 56, Marcela Carena 57 (Conveners)

Babette Döbrich 20, Caterina Doglioni 53, Joerg Jaeckel 28, Gordan Krnjaic 57, Jocelyn Monroe 58,

Konstantinos Petridis 59, Christoph Weniger 60 (Scientific Secretaries/Contributors)

Accelerator Science and Technology: Caterina Biscari 61, Leonid Rivkin 62 (Conveners)

Philip Burrows 26, Frank Zimmermann 20 (Scientific Secretaries)

Michael Benedikt 20, Pierluigi Campana 54, Edda Gschwendtner 20, Erk Jensen 20, Mike Lamont 20,

Wim Leemans 2, Lucio Rossi 20, Daniel Schulte 20, Mike Seidel 62, Vladimir Shiltsev 63,

Steinar Stapnes 20, Akira Yamamoto 20,64 (Contributors)

Instrumentation and Computing: Xinchou Lou 65, Brigitte Vachon 66 (Conveners)

Roger Jones 67, Emilia Leogrande 20 (Scientific Secretaries)

Ian Bird 20, Simone Campana 20, Ariella Cattai 20, Didier Contardo 68, Cinzia Da Via 69, Francesco Forti 70,

Maria Girone 20, Matthias Kasemann 2, Lucie Linssen 20, Felix Sefkow 2, Graeme Stewart 20(Contributors)

Editors: Halina Abramowicz 71, Roger Forty 20, and the Conveners
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Some elements of the Briefing Book

3.1. INTRODUCTION

27

Fig. 3.2: Left: Relative precision on Higgs coupling modifiers, k , determined by ATLAS and

CMS with the LHC data at present, and as expected for HL-LHC with the constraint kV  1.

Also shown are the constraints on invisible and undetected decay branching ratios, BRinvand

BRunt. Right: Expected uncertainty on Higgs coupling parameters at HL-LHC, showing sepa-

rately the statistical, experimental and theoretical uncertainties. Here, it was assumed that the

branching ratios (BR’s) to untagged and invisible decays are zero.

rived. Consequently, at an e+ e� collider, the Higgs total width (GH) can be determined from

G(H ! ZZ⇤ )/BR(H ! ZZ⇤ ) thus removing the ambiguity on the Higgs width that afflicts all

measurements at hadronic machines. Longitudinal polarisation is expected at the linear ma-

chines e+ e� machines, e.g. |P(e� )| = 0.8, |P(e+)| = 0.3 is projected to be achievable for the

ILC. As shown in Table 3.2, with the appropriate polarisation this can enhance the Higgs boson

production cross section. In addition, because the importance of different subprocesses can be

tuned by changing the polarisation, it plays an important role in effective operator fits. Thus,

the presence of polarisation can sharpen these analyses, and help to compensate for the lower

luminosities at linear machines.

3.1.3 Electroweak Precision Observables

Loop corrections to electroweak precision observables (EWPO) provide a powerful test of the

consistency of the SM. The relation between e.g. the Fermi constant (GF), Weinberg angle

(sin2 qW), and the masses of the Z, W and H bosons (mZ, mW , mH) and the top quark (mtop) is

precisely predicted in the SM. Inconsistencies between these would indicate contributions from

new physics. In the following we concentrate on oblique observables, discussed in Section 3.1.

These contributions are currently constrained primarily by the Z pole measurements made

at the LEP experiments and SLD [25], measurements of WW production at LEP-2 [26], mea-

surements of W -boson and top quark masses at the Tevatron [27, 28] and LHC [29, 30] exper-

iments, and mH measurements at the LHC [31, 32]. The current constraints on the EWPO are

shown in Fig. 3.4. All measurements agree within the current precision.

Higgs Branchings

3.2. FUTURE PROSPECTS
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Fig. 3.5: Number of Z bosons and W +W �
boson pairs at past and future e+e�

colliders. The

numbers are summed over experiments (four for LEP, two for FCC-ee and CEPC and one for

the other colliders). For LEP the number of W pairs shown includes all energies p
s & 2MW .

Table 3.3: Values for 1s sensitivity on the S and T parameters. In all cases the value shown

is after combination with HL-LHC. For ILC and CLIC the projections are shown with and

without dedicated running at the Z-pole. All other oblique parameters are set to zero. The

intrinsic theory uncertainty is also set to zero.
Current HL-LHC

ILC250 CEPC FCC-ee
CLIC380

(& ILC91)

(& CLIC91)

S 0.13 0.053 0.012 0.009 0.0068 0.0038 0.032 0.011

T 0.08 0.041 0.014 0.013 0.0072 0.0022 0.023 0.012

S and T parameters for the different colliders.
In addition to measurements that probe the electroweak sector of the SM, there are also

several approaches at low-energy which provide interesting and complementary information.

The forward-backward asymmetry Ab
FB for the production of b quarks measured at zero polari-

sation disagrees with the SM prediction by 2.3s [33]. There is also a long-standing discrepancy

of about 3s between the value for the weak mixing angle, sin2qW measured at LEP/SLC, and

that measured in neutrino deep-inelastic scattering by the NuTeV experiment [40]. The dis-

crepancy may well be due to nuclear effects in the latter measurement [41]. The DUNE [42]

experiment, primarily designed to measure the neutrino oscillations, plans to measure sin2qW

with a precision of about 1% using its near detector. This should clarify the discrepancy further

and serve as a complementary probe for the Z-boson to neutrinos at low energies p
s ⌧ MZ .

The electron-ion collider (EIC [43]), planned in the US, also plans to measure the dependence

of sin2qW on Q2 in the range Q2 ⇠ 10�70 GeV2 using polarised electrons scattered off unpo-

larised deuterons with a precision better than 1%.

Z-boson and WW from ee

5.3. HEAVY SECTOR (SHORT-, MID- AND LONG-TERM) 77
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Fig. 5.8: Upper panel: experimental results for RK as function of the di-lepton invariant mass
squared, q2. Lower panel: status of RD(⇤) measurements; the SM predictions are in tension with
the experimental world average at the 3.08 s level [326].

The HL-LHC, combining ATLAS, CMS and LHCb Upgrade II, has the potential to dis-
tinguish between some well-motivated new physics scenarios. The increasing precision of ob-
servables from measurements of statistically limited FCNC processes will provide significant
improvements in terms of the reach to the energy scale of new-physics. As an example, the
plot in Fig. 5.9 shows the potential sensitivity to the Wilson coefficients C9 (vector current)
and C9 = �C10 (pure left-handed current), for definitions see, e.g., [328]. These fit results take
as inputs the measurements of the branching ratio of the Bs ! µ+µ� decay and the angular
observables from the decay B0 ! K⇤0µ+µ� in the low-q2 region. The reach for generic new
physics at tree-level is found to exceed 100 TeV, and in terms of the constraints on new-physics
contributions to the C9 and C10 Wilson coefficients the study shows an approximate gain of
about a factor of two compared to the constraints prior to HL-LHC.

RK



Beyond Colliders



Selected Fix-Target Experiments: NA62

NA62 rare Kaon decay: K± → π±νν 
– 2017 analysis: SES 3.89 x 10-11  
– observe 2 events

NA62 REPORT 

NA62 STATUS (I)
‣ 2018 data reprocessing started  

‣ Priority is data after adding collimator  
‣ Slim persistency : output reduced to 3 times smaller  
‣ Now enough space space in EOS for current dataset and users 

‣ Progress in L0TP and HASC 
‣ L0TP firmware logic issues, observed in 100% intensity, is being addressed 
‣ HASC “duplication” 
‣  proven to be effective  

               as photon veto 
‣ duplicate it in a  

               position symmetrical 

               wrt beam axis to  

               increase !0 rejection

NA62 DATA TAKING 

NA62 DATA
2016-2018 : 2.2 x 1018 protons on target  
6x 1012 K+ decays in the sensitive volume (before quality cut)

Results on K+→!+""  (2107 data) presented at   

KAON2019 : The International Conference  
on Kaon Physics 2019, Perugia, Italy, 
https://indico.cern.ch/event/769729/contributions/3510938/ 

 CERN EP SEMINAR:  

 https://indico.cern.ch/event/846814/

NA62 data samples

NA62 Runs

810/09/2019 Giuseppe Ruggiero - Kaon 2019* Including periods of beam off

𝐏𝐫
𝐨ܜ
𝐨𝐧

ܛ
𝐨𝐧

𝐚ܜ
𝐫𝐠
𝐞ܜ

2014-15 (16) Pilot run, Commissioning runs

2016 Physics run (45 days*)
2017 Physics run (160 days*)
2018 Physics run (217 days*) 

𝐃𝐚ܜ𝐞40% 55% 65%Intensity:
of nominal

3

2017 DATA ANALYSIS

2017 DATA ANALYSIS

▸ S.E.S:  
▸ (3.89 ± 0.21) x 10-11 

‣ SM K+→π+ν ̄ν expected events  
‣ 2.16±0.12stat+sys±0.26ext. 

‣ Background  
‣ 1.5 ± 0.2 stat ± 0.2 sys  

‣ K decays 0.59 ± 0.06 stat  ± 0.06 sys 
‣ Upstream 0.9 ± 0.2 stat ± 0.2 sys 

3710/09/2019 Giuseppe Ruggiero - Kaon 2019

NA62 Preliminary

Box Opened
2 events observed in signal region

‣ Box Opened 

‣ Upper limits 

4

@ 
@

– expect 2.16±0.12±0.26 events 
Background 

– 1.5±0.2±0.2 events 
Results from 2018 data still to be released. 
More sophisticated data analysis techniques 
being investigated.

4th GTK has been added to 
reduce backgrounds further. 
SPSC looking forward to 2018 
(and 2021) results.



Selected Beam Dump Experiment: NA64
NA64 e-beam dump experiment 

– active target 
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Compared to the analysis of Ref. [38], a number of
improvements, in particular, in the track reconstruction
were made in the 2018 run to increase the overall efficiency.
Also, the zero-degree calorimeter HCAL0 was used to
reject events accompanied by hard neutrals from the
upstream e− interactions; see Fig. 1.
In order to avoid biases in the determination of selection

criteria for signal events, a blind analysis was performed.
Candidate events were requested to have the missing
energy Emiss ¼ E0 − EECAL > 50 GeV. The signal box
(EECAL < 50 GeV; EHCAL < 1 GeV) was defined based
on the energy spectrum calculations for A0s emitted by e"

from the electromagnetic (e-m) shower generated by the
primary e−s in the target [48,49]. A Geant4 [50,51] based
Monte Carlo (MC) simulation used to study the detector
performance, signal acceptance, and background level,
as well as the analysis procedure including selection of
cuts and estimate of the sensitivity are described in detail
in Ref. [38].
The left panel in Fig. 2 shows the distribution of

≃3 × 104 events from the reaction e−Z → anything in
the ðEECAL;EHCALÞ plane measured with loose selection

criteria requiring mainly the presence of a beam e−

identified with the SR tag. Events from area I originate
from the QED dimuon production, dominated by the
reaction e−Z → e−Zγ; γ → μþμ− with a hard bremsstrah-
lung photon conversion on a target nucleus and charac-
terized by the energy of ≃10 GeV deposited by the dimuon
pair in the HCAL. This rare process was used as a
benchmark allowing us to verify the reliability of the
MC simulation, correct the signal acceptance, cross-check
systematic uncertainties, and background estimate [38].
Region II shows the SM events from the hadron electro-
production in the target that satisfy the energy conservation
EECAL þ EHCAL ≃ 100 GeVwithin the energy resolution of
the detectors.
Finally, the following selection criteria were chosen to

maximize the acceptance for signal events and to minimize
background. (i) The incoming particle track should have
the momentum 100" 3 GeV and a small angle with
respect to the beam axis to reject large angle tracks from
the upstream e− interactions. (ii) The energy deposited in
the SRD detector should be within the SR range emitted
by e−s and in time with the trigger. (iii) The lateral and

FIG. 1. Schematic illustration of the setup to search for A0 → invisible decays of the bremsstrahlung A0s produced in the reaction
eZ → eZA0 of 100 GeV e− incident on the active ECAL target.
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FIG. 2. The left panel shows the measured distribution of events in the (EECAL; EHCAL) plane from the combined run data at the earlier
phase of the analysis. The right panel shows the same distribution after applying all selection criteria. The shaded area is the signal box,
which contains no events. The size of the signal box along the EHCAL axis is increased by a factor of 5 for illustration purposes. The side
bands A and C are the ones used for the background estimate inside the signal region.
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longitudinal shape of the shower in the ECAL should be
consistent with the one expected for the signal shower [48].
(iv) There should be no multiple hits activity in the straw-
tube chambers, which was an effective cut against hadron
electroproduction in the beam material upstream of the
dump, and no activity in VETO. Only ≃1.6 × 104 events
passed these criteria from combined runs.
There are several background sources shown in Table I

that may fake the signal: (i) loss of dimuons due to
statistical fluctuations of the signal or muon decays,
(ii) decays in flight of mistakenly SRD tagged π, K (iii) the
energy loss from the e− hadronic interactions in the beam
line due to the insufficient downstream detector coverage,
and (iv) punch-through of leading neutral hadrons ðn;K0

LÞ
produced in the e− interactions in the target. The back-
grounds (i) and (ii) were simulated with the full statistics of
the data. The background estimate in the case (iii) was
mainly obtained from data by the extrapolation of events
from the sideband C (EECAL > 50 GeV; EHCAL < 1 GeV)
shown in the right panel of Fig. 2 into the signal region and
assessing the systematic errors by varying the fit functions
selected as described in Ref. [38]. The shape of the
extrapolation functions was taken from the analysis of a
much larger data sample of events from case (iv), and cross-
checked with simulations of the e− hadronic interactions
in the dump. For case (iv), events from the region A
(EECAL < 50 GeV; EHCAL > 1 GeV) of Fig. 2, which are
pure neutral hadronic secondaries produced in the ECAL,
were used. The background (iv) was extracted from the
data themselves by using the longitudinal segmentation of
HCAL for the conservative punch-through probability
estimate. After determining all the selection criteria and
background levels, we unblind the data. No event in the
signal box was found, as shown in Fig. 2, allowing us to
obtain the mA0 -dependent upper limits on the mixing
strength.
In the final combined statistical analysis, runs I–III were

analyzed simultaneously using the multibin limit setting
technique [38] based on the RooStats package [52]. First,
the background estimate, efficiencies, and their corrections
and uncertainties were used to optimize the main cut
defining the signal box, by comparing sensitivities, defined
as an average expected limit calculated using the profile
likelihood method. The calculations were done with

uncertainties used as nuisance parameters, assuming their
log-normal distributions [53]. For this optimization, the
most important inputs were the expected values from the
background extrapolation into the signal region from
the data samples of runs I–III with their errors estimated
from the variation of the extrapolation functions. The
optimal cut was found to be weakly dependent on the A0

mass choice and can be safely set to EECAL ≲ 50 GeV for
the whole mass range.
The combined 90% confidence level (C.L.) upper

limits for ϵ were determined by using the modified
frequentist approach for confidence levels, taking the
profile likelihood as a test statistic in the asymptotic
approximation [54–56]. The total number of expected
signal events in the signal box was the sum of expected
events from the three runs,

NA0 ¼
X3

i¼1

Ni
A0 ¼

X3

i¼1

niEOTϵ
i
A0niA0ðϵ; mA0 ;ΔEeÞ; ð3Þ

where ϵiA0 is the signal efficiency in run i, and
niA0ðϵ; mA0 ;ΔEA0Þ is the signal yield per EOT generated
in the energy range ΔEe. Each ith entry in this sum was
calculated with simulations of signal events and processing
them through the reconstruction program with the same
selection criteria and efficiency corrections as for the data
sample from run i. The combined 90% C.L. exclusion
limits on the mixing strength as a function of the A0 mass,
calculated by taken into account the expected backgrounds
and estimated systematic errors, can be seen in Fig. 3. The
derived bounds are currently the best for the mass range
0.001≲mA0 ≲ 0.2 GeV obtained from direct searches of
A0 → invisible decays [17].

TABLE I. Expected background for 2.84 × 1011 EOT.

Background source Background, nb

(i) Dimuons 0.024$ 0.007
(ii) π, K → eν, Ke3 decays 0.02$ 0.01
(iii) e− hadron interactions in the beam line 0.43$ 0.16
(iv) e− hadron interactions in the target <0.044
(v) Punch-through γ’s, cracks, holes <0.01

Total nb (conservatively) 0.53$ 0.17

FIG. 3. The NA64 90% C.L. exclusion region in the (mA0 , ϵ)
plane. Constraints from the E787 and E949 [32,33], BABAR [39],
and recent NA62 [40] experiments, as well as the muon αμ
favored area are also shown. For more limits from indirect
searches and planned measurements see, e.g., Refs. [12–14].
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A search for sub-GeV dark matter production mediated by a new vector boson A0, called a dark photon,
is performed by the NA64 experiment in missing energy events from 100 GeV electron interactions in an
active beam dump at the CERN SPS. From the analysis of the data collected in the years 2016, 2017, and
2018 with 2.84 × 1011 electrons on target no evidence of such a process has been found. The most stringent
constraints on the A0 mixing strength with photons and the parameter space for the scalar and fermionic
dark matter in the mass range ≲0.2 GeV are derived, thus demonstrating the power of the active beam
dump approach for the dark matter search.
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The idea that in addition to gravity a new force between
the dark and visible matter transmitted by a vector boson,
A0, called dark photon, might exist is quite exciting [1–4].
The A0 can have a mass in the sub-GeV mass range, and
couple to the standard model (SM) via kinetic mixing with

the ordinary photon, described by the term ðϵ=2ÞF0
μνFμν

and parametrized by the mixing strength ϵ. An example of
the Lagrangian of the SM extended by the dark sector (DS)
is given by

L ¼ LSM −
1

4
F0
μνF0μν þ ϵ

2
F0
μνFμν þ

m2
A0

2
A0
μA0μ

þ iχ̄γμ∂μχ −mχ χ̄χ − eDχ̄γμA0
μχ; ð1Þ

where the massive A0
μ field is associated with the sponta-

neously broken UDð1Þ gauge group, F0
μν ¼ ∂μA0

ν − ∂νA0
μ,

and mA0 , mχ are, respectively, the masses of the A0 and dark
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couple to the standard model (SM) via kinetic mixing with
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the Lagrangian of the SM extended by the dark sector (DS)
is given by

L ¼ LSM −
1

4
F0
μνF0μν þ ϵ

2
F0
μνFμν þ

m2
A0

2
A0
μA0μ

þ iχ̄γμ∂μχ −mχ χ̄χ − eDχ̄γμA0
μχ; ð1Þ

where the massive A0
μ field is associated with the sponta-

neously broken UDð1Þ gauge group, F0
μν ¼ ∂μA0

ν − ∂νA0
μ,

and mA0 , mχ are, respectively, the masses of the A0 and dark

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW LETTERS 123, 121801 (2019)
Editors' Suggestion

0031-9007=19=123(12)=121801(7) 121801-1 Published by the American Physical Society

NA64 meeting with SPSC referees,  CERN,  October 14, 2019

12.

Limits on  a- > γγ  and long-lived A� (preliminary) 

Complementarity to the short-lived
A�-> ee search 

NA64	

a→γγ A’→ee

preliminary results on a→γγ and A’→ee

7

NA64 meeting with SPSC referees,  CERN,  October 14, 2019

12.

Limits on  a- > γγ  and long-lived A� (preliminary) 

Complementarity to the short-lived
A�-> ee search 

NA64	

NA64

new search for A’→ee and a→γγ   
with existing “invisible channel” data

6

NA64 meeting with SPSC referees,  CERN,  October 14, 2019

9.

NA64 METHOD 

Searching for ALPs a->γγ, A�->ee, A�->χχ1->χee in A�->inv data  

Recent claim that (g-2)µ
explanation with A� can 
still  survive if A�->χ+χ1->χee
(semi-visible A�)

Signature: 
•   No activity in the first module HCAL0 
•   Presence or absence of energy deposition
     in HCAL1+HCAL2
•  Others event selection criteria are the same 
    as for the A�-> invisible search  

e+

e-

They also plan to use the 
data to look for A’ → χχ1 → 

χ e+e–, which offers a 
workaround to explain gμ–2

publication of full invisible dataset: PRL editors’ suggestion

2

Compared to the analysis of Ref. [38], a number of
improvements, in particular, in the track reconstruction
were made in the 2018 run to increase the overall efficiency.
Also, the zero-degree calorimeter HCAL0 was used to
reject events accompanied by hard neutrals from the
upstream e− interactions; see Fig. 1.
In order to avoid biases in the determination of selection

criteria for signal events, a blind analysis was performed.
Candidate events were requested to have the missing
energy Emiss ¼ E0 − EECAL > 50 GeV. The signal box
(EECAL < 50 GeV; EHCAL < 1 GeV) was defined based
on the energy spectrum calculations for A0s emitted by e"

from the electromagnetic (e-m) shower generated by the
primary e−s in the target [48,49]. A Geant4 [50,51] based
Monte Carlo (MC) simulation used to study the detector
performance, signal acceptance, and background level,
as well as the analysis procedure including selection of
cuts and estimate of the sensitivity are described in detail
in Ref. [38].
The left panel in Fig. 2 shows the distribution of

≃3 × 104 events from the reaction e−Z → anything in
the ðEECAL;EHCALÞ plane measured with loose selection

criteria requiring mainly the presence of a beam e−

identified with the SR tag. Events from area I originate
from the QED dimuon production, dominated by the
reaction e−Z → e−Zγ; γ → μþμ− with a hard bremsstrah-
lung photon conversion on a target nucleus and charac-
terized by the energy of ≃10 GeV deposited by the dimuon
pair in the HCAL. This rare process was used as a
benchmark allowing us to verify the reliability of the
MC simulation, correct the signal acceptance, cross-check
systematic uncertainties, and background estimate [38].
Region II shows the SM events from the hadron electro-
production in the target that satisfy the energy conservation
EECAL þ EHCAL ≃ 100 GeVwithin the energy resolution of
the detectors.
Finally, the following selection criteria were chosen to

maximize the acceptance for signal events and to minimize
background. (i) The incoming particle track should have
the momentum 100" 3 GeV and a small angle with
respect to the beam axis to reject large angle tracks from
the upstream e− interactions. (ii) The energy deposited in
the SRD detector should be within the SR range emitted
by e−s and in time with the trigger. (iii) The lateral and

FIG. 1. Schematic illustration of the setup to search for A0 → invisible decays of the bremsstrahlung A0s produced in the reaction
eZ → eZA0 of 100 GeV e− incident on the active ECAL target.
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FIG. 2. The left panel shows the measured distribution of events in the (EECAL; EHCAL) plane from the combined run data at the earlier
phase of the analysis. The right panel shows the same distribution after applying all selection criteria. The shaded area is the signal box,
which contains no events. The size of the signal box along the EHCAL axis is increased by a factor of 5 for illustration purposes. The side
bands A and C are the ones used for the background estimate inside the signal region.
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longitudinal shape of the shower in the ECAL should be
consistent with the one expected for the signal shower [48].
(iv) There should be no multiple hits activity in the straw-
tube chambers, which was an effective cut against hadron
electroproduction in the beam material upstream of the
dump, and no activity in VETO. Only ≃1.6 × 104 events
passed these criteria from combined runs.
There are several background sources shown in Table I

that may fake the signal: (i) loss of dimuons due to
statistical fluctuations of the signal or muon decays,
(ii) decays in flight of mistakenly SRD tagged π, K (iii) the
energy loss from the e− hadronic interactions in the beam
line due to the insufficient downstream detector coverage,
and (iv) punch-through of leading neutral hadrons ðn;K0

LÞ
produced in the e− interactions in the target. The back-
grounds (i) and (ii) were simulated with the full statistics of
the data. The background estimate in the case (iii) was
mainly obtained from data by the extrapolation of events
from the sideband C (EECAL > 50 GeV; EHCAL < 1 GeV)
shown in the right panel of Fig. 2 into the signal region and
assessing the systematic errors by varying the fit functions
selected as described in Ref. [38]. The shape of the
extrapolation functions was taken from the analysis of a
much larger data sample of events from case (iv), and cross-
checked with simulations of the e− hadronic interactions
in the dump. For case (iv), events from the region A
(EECAL < 50 GeV; EHCAL > 1 GeV) of Fig. 2, which are
pure neutral hadronic secondaries produced in the ECAL,
were used. The background (iv) was extracted from the
data themselves by using the longitudinal segmentation of
HCAL for the conservative punch-through probability
estimate. After determining all the selection criteria and
background levels, we unblind the data. No event in the
signal box was found, as shown in Fig. 2, allowing us to
obtain the mA0 -dependent upper limits on the mixing
strength.
In the final combined statistical analysis, runs I–III were

analyzed simultaneously using the multibin limit setting
technique [38] based on the RooStats package [52]. First,
the background estimate, efficiencies, and their corrections
and uncertainties were used to optimize the main cut
defining the signal box, by comparing sensitivities, defined
as an average expected limit calculated using the profile
likelihood method. The calculations were done with

uncertainties used as nuisance parameters, assuming their
log-normal distributions [53]. For this optimization, the
most important inputs were the expected values from the
background extrapolation into the signal region from
the data samples of runs I–III with their errors estimated
from the variation of the extrapolation functions. The
optimal cut was found to be weakly dependent on the A0

mass choice and can be safely set to EECAL ≲ 50 GeV for
the whole mass range.
The combined 90% confidence level (C.L.) upper

limits for ϵ were determined by using the modified
frequentist approach for confidence levels, taking the
profile likelihood as a test statistic in the asymptotic
approximation [54–56]. The total number of expected
signal events in the signal box was the sum of expected
events from the three runs,

NA0 ¼
X3

i¼1

Ni
A0 ¼

X3

i¼1

niEOTϵ
i
A0niA0ðϵ; mA0 ;ΔEeÞ; ð3Þ

where ϵiA0 is the signal efficiency in run i, and
niA0ðϵ; mA0 ;ΔEA0Þ is the signal yield per EOT generated
in the energy range ΔEe. Each ith entry in this sum was
calculated with simulations of signal events and processing
them through the reconstruction program with the same
selection criteria and efficiency corrections as for the data
sample from run i. The combined 90% C.L. exclusion
limits on the mixing strength as a function of the A0 mass,
calculated by taken into account the expected backgrounds
and estimated systematic errors, can be seen in Fig. 3. The
derived bounds are currently the best for the mass range
0.001≲mA0 ≲ 0.2 GeV obtained from direct searches of
A0 → invisible decays [17].

TABLE I. Expected background for 2.84 × 1011 EOT.

Background source Background, nb

(i) Dimuons 0.024$ 0.007
(ii) π, K → eν, Ke3 decays 0.02$ 0.01
(iii) e− hadron interactions in the beam line 0.43$ 0.16
(iv) e− hadron interactions in the target <0.044
(v) Punch-through γ’s, cracks, holes <0.01

Total nb (conservatively) 0.53$ 0.17

FIG. 3. The NA64 90% C.L. exclusion region in the (mA0 , ϵ)
plane. Constraints from the E787 and E949 [32,33], BABAR [39],
and recent NA62 [40] experiments, as well as the muon αμ
favored area are also shown. For more limits from indirect
searches and planned measurements see, e.g., Refs. [12–14].
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A search for sub-GeV dark matter production mediated by a new vector boson A0, called a dark photon,
is performed by the NA64 experiment in missing energy events from 100 GeV electron interactions in an
active beam dump at the CERN SPS. From the analysis of the data collected in the years 2016, 2017, and
2018 with 2.84 × 1011 electrons on target no evidence of such a process has been found. The most stringent
constraints on the A0 mixing strength with photons and the parameter space for the scalar and fermionic
dark matter in the mass range ≲0.2 GeV are derived, thus demonstrating the power of the active beam
dump approach for the dark matter search.
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The idea that in addition to gravity a new force between
the dark and visible matter transmitted by a vector boson,
A0, called dark photon, might exist is quite exciting [1–4].
The A0 can have a mass in the sub-GeV mass range, and
couple to the standard model (SM) via kinetic mixing with

the ordinary photon, described by the term ðϵ=2ÞF0
μνFμν

and parametrized by the mixing strength ϵ. An example of
the Lagrangian of the SM extended by the dark sector (DS)
is given by

L ¼ LSM −
1

4
F0
μνF0μν þ ϵ

2
F0
μνFμν þ

m2
A0

2
A0
μA0μ

þ iχ̄γμ∂μχ −mχ χ̄χ − eDχ̄γμA0
μχ; ð1Þ

where the massive A0
μ field is associated with the sponta-

neously broken UDð1Þ gauge group, F0
μν ¼ ∂μA0

ν − ∂νA0
μ,

and mA0 , mχ are, respectively, the masses of the A0 and dark
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Eventually plan to run with µ to 
explore second generation.



AD Experiments

Suite of experiments 
– AeGIS 
– ALPHA and APHA-g 
– ATRAP 
– Asacusa 
– Base 
– GBAR 

with many beautiful results on a precision comparison 
of matter and anti-matter. 

Led to SPSC call for new experiments or extensions of 
ongoing experiments for the era of Run 3. 

– including PUMA experiment 

ELENA being commissioned

Search for Dark Matter in a hypothesised 
interaction with anti-matter using the BASE 

experiment. 

310 | Nature | Vol 575 | 14 November 2019

Article

Direct limits on the interaction of 

antiprotons with axion-like dark matter

C. Smorra1 *, Y. V. Stadnik2,3 , P. E. Blessing1,4 , M. Bohman1,5 , M. J. Borchert1,6 , J. A. Devlin
1,7 ,  

S. Erlewein1,5,7 , J. A. Harrington1,5 , T. Higuchi1,8,12 , A. Mooser1,5 , G. Schneider1,9 , M. Wiesinger1,5 , 

E. Wursten1,7 , K. Blaum5 , Y. Matsuda8 , C. Ospelkaus5,10 , W. Quint4 , J. Walz2,9 , Y. Yamazaki1 ,  

D. Budker2,11  & S. Ulmer1 *

Astrophysical observations indicate that there is roughly !ve times more dark matter 

in the Universe than ordinary baryonic matter1 , and an even larger amount of the 

Universe’s energy content is attributed to dark energy2 . However, the microscopic 

properties of these dark components remain unknown. Moreover, even ordinary 

matter—which accounts for !ve per cent of the energy density of the Universe—has yet 

to be understood, given that the standard model of particle physics lacks any 

consistent explanation for the predominance of matter over antimatter3 . Here we 

present a direct search for interactions of antimatter with dark matter and place direct 

constraints on the interaction of ultralight axion-like particles (dark-matter 

candidates) with antiprotons. If antiprotons have a stronger coupling to these 

particles than protons do, such a matter–antimatter asymmetric coupling could 

provide a link between dark matter and the baryon asymmetry in the Universe. We 

analyse spin-#ip resonance data in the frequency domain acquired with a single 

antiproton in a Penning trap4  to search for spin-precession e$ects from ultralight 

axions, which have a characteristic frequency governed by the mass of the underlying 

particle. Our analysis constrains the axion–antiproton interaction parameter to 

values greater than 0.1 to 0.6 gigaelectronvolts in the mass range from 2 × 10−23  to 

4 × 10−17  electronvolts, improving the sensitivity by up to !ve orders of magnitude 

compared with astrophysical antiproton bounds. In addition, we derive limits on six 

combinations of previously unconstrained Lorentz- and CPT-violating terms of the 

non-minimal standard model extension5 .

Various experiments aim at the detection of axions and axion-like 

particles to identify the microscopic nature of dark matter6,7 . Axions 

are light spinless bosons (axion mass, ma ≪ 1 eV c−2 ; c, speed of light), 

which were originally proposed to resolve the strong charge–parity 

(CP) problem of quantum chromodynamics8  and were later identi-

fied as excellent dark-matter candidates. Although limits have been 

placed on their interaction strengths with photons, electrons, gluons 

and nucleons7,9 , direct information on the strength of their interaction 

with antimatter is lacking. In the standard model, interactions have 

equal couplings to conjugate fermion–antifermion pairs because the 

combined charge-, parity- and time-reversal (CPT) invariance is a fun-

damental symmetry. CPT invariance has been tested with high sensitiv-

ity in recent precision measurements on antihydrogen, antiprotonic 

helium and antiprotons4,10–14 ; so far, no indications of a violation have 

been found. By contrast, the non-observation of primordial antimatter 

and the matter excess in our Universe are tremendous challenges for 

the standard model because the tiny amount of CP violation contained 

in the standard model predicts eight orders of magnitude less matter 

content than what we actually observe3 . However, the discovery of an 

asymmetric coupling of dark-matter particles to fermions and antifer-

mions may provide an important clue and improve our understanding 

of dark matter and the baryon asymmetry. Such an asymmetric cou-

pling may in principle arise for axion-like particles if the underlying 

theory is non-local15 . Here we test for possible signatures of such a 

coupling in the spin transitions of a single antiproton.

The canonical axion and axion-like particles (collectively referred 

to as ‘axions’ hereafter) can be hypothetically produced in the early 

Universe by non-thermal mechanisms, such as ‘vacuum misalign-

ment’16 . Subsequently, they form the coherently oscillating classical 

field a ≈ a0cos(ωat), where the angular frequency is given by ωa ≈ mac
2 /ħ 

(ħ, reduced Planck constant). The axion field carries an energy density 

of ρ m a
≈

/2

a
a

2 0
2 , which may comprise the entire local cold dark-matter 

energy density17 , ρ
≈ 0.4 GeV cm

DM
local

−3. Assuming that axions account 

for the main part of the observed dark matter, a lower mass bound of 
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Computing



LHC Computing – towards a change of paradigm
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Computing infrastructure so far has been largely based 
exclusively on X86 architecture using CPUs.  
GPUs are gaining a lot of popularity as co-processors due to 
the success of Machine Learning and „Artificial Intelligence“. 

– ALICE will employ a GPU based Online/Offline system (O2) 
– CMS is porting part of their trigger software to run on GPU 
   processors 
– LHCb is exploring GPUs for their online data reduction 
– ATLAS is developing algorithms to run on GPUs 

High Performance Computers (HPC) often employ GPU 
architectures to achieve record breaking results (towards exa-
scale). 

How to maintain a single high-level 
code base? 
– Vendor-based languages (CUDA,…) 
– Open-source based environments (Kokkos, Alpaka, SYCL)

This will require a fundamental re-write/optimisation 
of the LHC software 

At this time largely still an exploratory approach.



Conclusions

• HL-LHC will be the focus of Particles Physics for many years 

• There needs to be room for new ideas 

• Detectors and Instrumentation are driving progress 

• smaller, less material, integrated electronics, radiation hard 

• What will be the role of quantum sensors in Particle Physics?


