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This conference was …

• Pioneering — the first virtual of the large HEP conferences
• Rich — a showcase for first rate research under difficult circumstances
• Important — huge thanks to the organisers for bringing the community together

Disclaimer: I apologise for not adding names on these slides. I have used so many talks/posters for the material 
presented here that I rather choose to sincerely thank ALL speakers and poster presenters!



We are celebrating 10 years of 
physics and technological prowess
– The Higgs boson exists

– There is — so far — no proof of physics beyond 
the SM up to the TeV scale

– Numerous discoveries within the SM were made 
involving rare processes, flavour, spectroscopy,            
high-density strong matter

– Accelerators, detectors, computing & analysis 
performed beyond expectations

– The LHC has prompted prodigious progress in 
particle theory

Michelangelo Mangano, CERN Courier March/April 2020
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High-multiplicity collision event seen in ALICE

Remember
The First Year: 2009/10

√s = 0.9, 7 TeV (35 pb–1)
2.76 TeV/NN (9 µb–1)

First candidate collisions in 
CMS 23 Nov 2009
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The First Year: 2009/10
√s = 0.9, 7 TeV (35 pb–1)

2.76 TeV/NN (9 µb–1)
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Figure 5: σ(pp → HbX) as a function of η for the microbias (×) and triggered (•) samples,
shown displaced from the bin center and the average (+). The data are shown as points with
error bars, the MCFM prediction as a dashed line, and the FONLL prediction as a thick solid line.
The thin upper and lower lines indicate the theoretical uncertainties on the FONLL prediction.
The systematic uncertainties in the data are not included.

provides internal consistency to our results as B(b → D0Xµ−ν) was also measured at
LEP. The measured value changes if the b-hadron fractions differ. Fractions have also
been measured at the Tevatron, albeit with large uncertainties [9]. The largest change
with respect to LEP is that the b-baryon percentage rises from (9.1±1.5)% to (21.4±6.8)%.
If the Tevatron fractions are used, our result changes to (89.6±6.4±15.5) µb.

6 Conclusions

The cross-section to produce b-flavoured hadrons is measured to be

σ(pp → HbX) = (75.3± 5.4± 13.0) µb (3)

in the pseudorapidity interval 2 < η < 6 over the entire range of pT assuming the LEP
fractions for fragmentation into b-flavoured hadrons. For extrapolation to the full η region,
theories predict factors of 3.73 (MCFM), and 3.61 (FONLL), while PYTHIA 6.4 gives
3.77. Using a factor of 3.77 for our extrapolation, we find a total bb cross-section of

σ(pp → bbX) = (284± 20± 49) µb (4)

based on the LEP fragmentation results; using the Tevatron fragmentation fractions the
result increases by 19%. The quoted systematic uncertainty does not include any contri-
bution relating to the extrapolation over the η range where LHCb has no sensitivity.

The production of b-flavoured hadrons has been measured in pp collisions in 1.8 and
1.96 TeV collisions at the Tevatron. The earlier measurements at 1.8 TeV appeared to be

9

σ pp → bb+X = 75 ± 14 µb

Charged particle multiplicity at 900 GeV
Long-range correlations in pp

Jet quenching in 
PbPb collisions

bb production cross section

Remember

“Ridge”

ATLAS: arXiv:1011.6182, 
November 2010
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The LHC is an everything factory

Broad physics potential by probing with high-precision Higgs and other Standard Model processes, 
detecting very rare processes, and exploring new physics via direct and indirect measurements 
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Particle Produced in 140 fb–1 pp at √s = 13 TeV
Higgs boson 7.8 million
Top quark 275 million (115 million tt)

Z boson 8 billion (® ℓℓ, 270 million per flavour)

W boson 26 billion (® ℓ𝜈, 2.8 billion per flavour)

Bottom quark ~160 trillion (significantly reduced by acceptance)

Now — after an outstanding Run 2 — the LHC experiments have in 
their hands the richest hadron collision data sample ever recorded

LHC Run-2 (2015–2018)
√s = 13 TeV (140 fb–1) 

5 TeV/NN (2.3 nb–1)
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Precision calibration of data

The results presented this week rely on excellent detector and reconstruction performance, exploiting more 
and more low-level machine learning algorithms, but most importantly on the meticulous calibration of 
the algorithms with data  

Crucial is also precise luminosity measurement: ~1.7% for ATLAS and CMS for all Run-2

b-jet tagging efficiency calibration

M.	Dordevic	(Vinca	Ins)tute,	UB)	 8	

•  Jet	response,	<pTRECO>/<pTptcl>,	
correc)ons	in	bins	of	pTjet,|ηjet|	

•  Stable	in	the	barrel	(BB)	region	
•  N.	had.	resp.		0.6,	15%	of	pTptcl	

•  Stronger	depend.	in	EC	and	HF	
•  EC2->	calorimeter	degrada)on	

26	May	2020,	LHCP2020	

Jet	energy	correc)ons:	performance	

•  Data-to-simula)on	comparison	for	the	
jet	response	dependence	on	the	jet	pT	

•  Combina)on	of	γ	+	jet,	Z	+	jet	&	Mul)jet	(2016)	

•  Yellow	band	indicates	absolute	scale	uncertainty		
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Charged performance

Very good discrimination power over wide kinematic ranges for hadrons:

Kaons: Protons:
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[LHCB-FIGURE-����-��� in preparation]

Alex Seuthe — May ��, ���� — PID performance in Run � at LHCb �� / ��

Kaon PID efficiency in LHCbJet energy scale calibration
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Harvest of cross section 
measurements confirms 
the predictive power of the 
Standard Model

Also huge progress on 
theoretical calculations 
(NNLO QCD revolution, NLO 
EW corrections, towards full 
DY NNLO QCD-EW)

Many more detailed fiducial 
and differential cross section 
measurements˘
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Theory prediction

Theory so far agrees with all measured cross sections — Across widely different processes
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Theory prediction

ATLAS & CMS explore ever rarer processes — New probes for anomalous couplings or new particles
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Involves (among others) quartic gauge coupling vertex

CMS observes massive triboson production

2 The ATLAS Collaboration / Physics Letters B 798 (2019) 134913

Fig. 1. Representative Feynman diagrams at LO for the production of three massive vector bosons, including diagrams sensitive to triple and quartic gauge couplings.

pseudorapidity range |η| < 4.9. The MS provides muon triggering 
capability for |η| < 2.4 and muon identification and measurement 
for |η| < 2.7. A two-level trigger system [15], using custom hard-
ware followed by a software-based trigger level, is used to reduce 
the event rate to an average of around 1 kHz for offline storage.

The data used were collected between 2015 and 2017 in pp
collisions at 

√
s = 13 TeV. Only events recorded with a fully oper-

ational detector and stable beams are included. Candidate events 
are selected by single isolated-lepton (e or µ) triggers with trans-
verse momentum thresholds varying from pT = 20 GeV to 26 GeV
(depending on the lepton flavour and run period) or single-lepton 
triggers with thresholds of pT = 50 GeV for muons and pT =
60 GeV for electrons. Due to the presence of two, three or four lep-
tons in the final state, these single-lepton triggers are fully efficient 
for the triboson signals in the signal regions defined in Sections 4
and 5. The resulting total integrated luminosity is 79.8 fb−1.

Signal and background processes were simulated with several 
Monte Carlo (MC) event generators, while the ATLAS detector re-
sponse was modelled [16] with Geant4 [17]. The effect of multiple 
pp interactions in the same and neighbouring bunch crossings 
(pile-up) was included by overlaying minimum-bias events sim-
ulated with Pythia 8.186 [18] interfaced to EvtGen 1.2.0 [19], 
referred to as Pythia 8.1 in the following, and using the A3 [20]
set of tuned MC parameters, on each generated event in all sam-
ples. Triboson signal events [21] were generated using Sherpa
2.2.2 [22–24] with the NNPDF3.0NNLO [25] parton distribution 
function (PDF) set, where all three bosons are on-mass-shell, using 
a factorised approach [26]. Events with an off-mass-shell boson 
through W H → W V V ∗ and Z H → Z V V ∗ were generated using
Powheg-Box 2 [27–32] interfaced to Pythia 8.1 for the W W W
analysis, while for the W V Z analysis only Pythia 8.1 was used. 
The generator was interfaced to the CT10 [33] (NNPDF2.3LO [34]) 
PDF and the AZNLO [35] (A14 [36]) set of tuned MC parameters 
for the W W W (W V Z ) analysis. Both on-mass-shell and off-mass-
shell processes were generated at next-to-leading order (NLO) QCD 
accuracy [37–40] and are included in the signal definition. The 
expected cross sections for W W W and W W Z production are 
0.50 pb and 0.29 pb, respectively, with an uncertainty of ∼10 %, 
evaluated by varying parameters in the simulation related to the 
renormalisation and factorisation scales, parton shower and PDF 
sets.

Diboson (W W , W Z , Z Z ) [26], W /Z + γ [21] and single boson 
(W /Z+jets) [41] production, as well as electroweak production of 
W ±W ± + 2 jets, W Z + 2 jets, and Z Z + 2 jets, were modelled us-
ing Sherpa 2.2.2 with the NNPDF3.0NNLO PDF set. In order to im-
prove the agreement between the simulated and observed jet mul-
tiplicity distributions for the W Z → #ν## and Z Z → #### events, 
a jet-multiplicity based reweighting was applied to the simulated 
W Z and Z Z samples. Top-quark pair events (tt̄) were gener-
ated using Powheg-Box 2 [42] interfaced to Pythia 8.230 [43]

being the azimuthal angle around the beam pipe. The pseudorapidity is defined in 
terms of the polar angle θ as η = − ln tan(θ/2). Angular distance is measured in 
units of &R =

√
(&η)2 + (&φ)2.

and EvtGen 1.6.0. The NNPDF3.0NLO PDF set was used for the 
matrix-element calculation, while the NNPDF2.3LO PDF set was 
used for the showering with the A14 set of tuned parameters. 
Other background processes containing top quarks were gener-
ated with MadGraph5_aMC@NLO [44] interfaced to Pythia 8, 
at LO (tt̄γ , t Z , tt̄W W , and tt̄tt̄) or at NLO (tt̄W , tt̄ Z , and 
tt̄ H), with MadGraph5_aMC@NLO interfaced to Herwig [45] (tW Z
and tW H) or with Powheg-Box 2 [46] interfaced to Pythia 6 
(tW ).

3. Object definitions and selection criteria

Selected events are required to contain at least one recon-
structed primary vertex. If more than one vertex is found, the 
vertex with the largest p2

T sum of associated ID tracks is selected 
as the primary vertex.

Electrons are reconstructed as energy clusters in the EM 
calorimeter that are matched to tracks found in the ID. Muons are 
reconstructed by combining tracks reconstructed in the ID with 
tracks or track segments found in the MS. Leptons need to satisfy 
pT > 15 GeV and have |η| < 2.47 for electrons (electrons within 
the transition region between the barrel and endcap calorimeters, 
1.37 < |η| < 1.52, are excluded) and |η| < 2.5 for muons. Leptons 
are required to be consistent with originating from the primary 
vertex by imposing requirements on the transverse impact param-
eter, d0, its uncertainty, σd0 , the longitudinal impact parameter, 
z0, and the polar angle θ . These requirements are |d0|/σd0 < 5
and |z0 × sin θ | < 0.5 mm for electrons, and |d0|/σd0 < 3 and 
|z0 × sin θ | < 0.5 mm for muons. Electrons have to satisfy the 
likelihood-based “Tight” quality definition which results in efficien-
cies of 58% at ET = 4.5 GeV to 88% at ET = 100 GeV [47]. For the 
W W W (W V Z ) analysis, muons are required to pass the “Medi-
um” (“Loose”) identification criteria which results in efficiencies of 
approximately 96% (98%) for muons from a Z → µµ sample [48].

To reject jets misidentified as leptons or leptons from hadron 
decays (including b- and c-hadron decays), referred to as “non-
prompt” leptons in the following, leptons are required to be iso-
lated from other particles in both the calorimeters and the ID. 
The lepton isolation cone size is at most &R = 0.2, except for the 
muon isolation in the ID, where it is at most &R = 0.3. Electrons 
are required to pass the “Fix (Loose)” isolation requirement [49]
and muons are required to pass the “Gradient” (“FixedCutLoose”) 
isolation requirement [48] for the W W W (W V Z ) analysis. The 
identification and isolation requirements for muons are more re-
strictive in the W W W analysis because a larger contamination 
from non-prompt leptons is expected. The electron Fix (Loose) iso-
lation requirement results in an efficiency above 95% [47]. The 
muon isolation efficiency is above 90% (99%) for the Gradient iso-
lation criteria for muons with pT of 25 GeV (60 GeV), and the 
FixedCutLoose efficiency is above 95% [48].

A dedicated boosted decision tree (BDT), termed “non-prompt 
lepton BDT” [50], is used to reject leptons likely to originate 
from heavy-flavour decays. In addition, electrons have to pass the 
“charge misidentification suppression BDT” [49] to reject electrons 
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Fig. 1. Representative Feynman diagrams at LO for the production of three massive vector bosons, including diagrams sensitive to triple and quartic gauge couplings.
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strictive in the W W W analysis because a larger contamination 
from non-prompt leptons is expected. The electron Fix (Loose) iso-
lation requirement results in an efficiency above 95% [47]. The 
muon isolation efficiency is above 90% (99%) for the Gradient iso-
lation criteria for muons with pT of 25 GeV (60 GeV), and the 
FixedCutLoose efficiency is above 95% [48].

A dedicated boosted decision tree (BDT), termed “non-prompt 
lepton BDT” [50], is used to reject leptons likely to originate 
from heavy-flavour decays. In addition, electrons have to pass the 
“charge misidentification suppression BDT” [49] to reject electrons 
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ATLAS & CMS explore ever rarer processes — New probes for anomalous couplings or new particles

Involves (among others) quartic gauge coupling vertex

CMS observes massive triboson production

CMS PAS SMP-19-014

2 The ATLAS Collaboration / Physics Letters B 798 (2019) 134913

Fig. 1. Representative Feynman diagrams at LO for the production of three massive vector bosons, including diagrams sensitive to triple and quartic gauge couplings.

pseudorapidity range |η| < 4.9. The MS provides muon triggering 
capability for |η| < 2.4 and muon identification and measurement 
for |η| < 2.7. A two-level trigger system [15], using custom hard-
ware followed by a software-based trigger level, is used to reduce 
the event rate to an average of around 1 kHz for offline storage.

The data used were collected between 2015 and 2017 in pp
collisions at 

√
s = 13 TeV. Only events recorded with a fully oper-

ational detector and stable beams are included. Candidate events 
are selected by single isolated-lepton (e or µ) triggers with trans-
verse momentum thresholds varying from pT = 20 GeV to 26 GeV
(depending on the lepton flavour and run period) or single-lepton 
triggers with thresholds of pT = 50 GeV for muons and pT =
60 GeV for electrons. Due to the presence of two, three or four lep-
tons in the final state, these single-lepton triggers are fully efficient 
for the triboson signals in the signal regions defined in Sections 4
and 5. The resulting total integrated luminosity is 79.8 fb−1.

Signal and background processes were simulated with several 
Monte Carlo (MC) event generators, while the ATLAS detector re-
sponse was modelled [16] with Geant4 [17]. The effect of multiple 
pp interactions in the same and neighbouring bunch crossings 
(pile-up) was included by overlaying minimum-bias events sim-
ulated with Pythia 8.186 [18] interfaced to EvtGen 1.2.0 [19], 
referred to as Pythia 8.1 in the following, and using the A3 [20]
set of tuned MC parameters, on each generated event in all sam-
ples. Triboson signal events [21] were generated using Sherpa
2.2.2 [22–24] with the NNPDF3.0NNLO [25] parton distribution 
function (PDF) set, where all three bosons are on-mass-shell, using 
a factorised approach [26]. Events with an off-mass-shell boson 
through W H → W V V ∗ and Z H → Z V V ∗ were generated using
Powheg-Box 2 [27–32] interfaced to Pythia 8.1 for the W W W
analysis, while for the W V Z analysis only Pythia 8.1 was used. 
The generator was interfaced to the CT10 [33] (NNPDF2.3LO [34]) 
PDF and the AZNLO [35] (A14 [36]) set of tuned MC parameters 
for the W W W (W V Z ) analysis. Both on-mass-shell and off-mass-
shell processes were generated at next-to-leading order (NLO) QCD 
accuracy [37–40] and are included in the signal definition. The 
expected cross sections for W W W and W W Z production are 
0.50 pb and 0.29 pb, respectively, with an uncertainty of ∼10 %, 
evaluated by varying parameters in the simulation related to the 
renormalisation and factorisation scales, parton shower and PDF 
sets.

Diboson (W W , W Z , Z Z ) [26], W /Z + γ [21] and single boson 
(W /Z+jets) [41] production, as well as electroweak production of 
W ±W ± + 2 jets, W Z + 2 jets, and Z Z + 2 jets, were modelled us-
ing Sherpa 2.2.2 with the NNPDF3.0NNLO PDF set. In order to im-
prove the agreement between the simulated and observed jet mul-
tiplicity distributions for the W Z → #ν## and Z Z → #### events, 
a jet-multiplicity based reweighting was applied to the simulated 
W Z and Z Z samples. Top-quark pair events (tt̄) were gener-
ated using Powheg-Box 2 [42] interfaced to Pythia 8.230 [43]

being the azimuthal angle around the beam pipe. The pseudorapidity is defined in 
terms of the polar angle θ as η = − ln tan(θ/2). Angular distance is measured in 
units of &R =

√
(&η)2 + (&φ)2.

and EvtGen 1.6.0. The NNPDF3.0NLO PDF set was used for the 
matrix-element calculation, while the NNPDF2.3LO PDF set was 
used for the showering with the A14 set of tuned parameters. 
Other background processes containing top quarks were gener-
ated with MadGraph5_aMC@NLO [44] interfaced to Pythia 8, 
at LO (tt̄γ , t Z , tt̄W W , and tt̄tt̄) or at NLO (tt̄W , tt̄ Z , and 
tt̄ H), with MadGraph5_aMC@NLO interfaced to Herwig [45] (tW Z
and tW H) or with Powheg-Box 2 [46] interfaced to Pythia 6 
(tW ).

3. Object definitions and selection criteria

Selected events are required to contain at least one recon-
structed primary vertex. If more than one vertex is found, the 
vertex with the largest p2

T sum of associated ID tracks is selected 
as the primary vertex.

Electrons are reconstructed as energy clusters in the EM 
calorimeter that are matched to tracks found in the ID. Muons are 
reconstructed by combining tracks reconstructed in the ID with 
tracks or track segments found in the MS. Leptons need to satisfy 
pT > 15 GeV and have |η| < 2.47 for electrons (electrons within 
the transition region between the barrel and endcap calorimeters, 
1.37 < |η| < 1.52, are excluded) and |η| < 2.5 for muons. Leptons 
are required to be consistent with originating from the primary 
vertex by imposing requirements on the transverse impact param-
eter, d0, its uncertainty, σd0 , the longitudinal impact parameter, 
z0, and the polar angle θ . These requirements are |d0|/σd0 < 5
and |z0 × sin θ | < 0.5 mm for electrons, and |d0|/σd0 < 3 and 
|z0 × sin θ | < 0.5 mm for muons. Electrons have to satisfy the 
likelihood-based “Tight” quality definition which results in efficien-
cies of 58% at ET = 4.5 GeV to 88% at ET = 100 GeV [47]. For the 
W W W (W V Z ) analysis, muons are required to pass the “Medi-
um” (“Loose”) identification criteria which results in efficiencies of 
approximately 96% (98%) for muons from a Z → µµ sample [48].

To reject jets misidentified as leptons or leptons from hadron 
decays (including b- and c-hadron decays), referred to as “non-
prompt” leptons in the following, leptons are required to be iso-
lated from other particles in both the calorimeters and the ID. 
The lepton isolation cone size is at most &R = 0.2, except for the 
muon isolation in the ID, where it is at most &R = 0.3. Electrons 
are required to pass the “Fix (Loose)” isolation requirement [49]
and muons are required to pass the “Gradient” (“FixedCutLoose”) 
isolation requirement [48] for the W W W (W V Z ) analysis. The 
identification and isolation requirements for muons are more re-
strictive in the W W W analysis because a larger contamination 
from non-prompt leptons is expected. The electron Fix (Loose) iso-
lation requirement results in an efficiency above 95% [47]. The 
muon isolation efficiency is above 90% (99%) for the Gradient iso-
lation criteria for muons with pT of 25 GeV (60 GeV), and the 
FixedCutLoose efficiency is above 95% [48].

A dedicated boosted decision tree (BDT), termed “non-prompt 
lepton BDT” [50], is used to reject leptons likely to originate 
from heavy-flavour decays. In addition, electrons have to pass the 
“charge misidentification suppression BDT” [49] to reject electrons 

2 The ATLAS Collaboration / Physics Letters B 798 (2019) 134913

Fig. 1. Representative Feynman diagrams at LO for the production of three massive vector bosons, including diagrams sensitive to triple and quartic gauge couplings.

pseudorapidity range |η| < 4.9. The MS provides muon triggering 
capability for |η| < 2.4 and muon identification and measurement 
for |η| < 2.7. A two-level trigger system [15], using custom hard-
ware followed by a software-based trigger level, is used to reduce 
the event rate to an average of around 1 kHz for offline storage.

The data used were collected between 2015 and 2017 in pp
collisions at 

√
s = 13 TeV. Only events recorded with a fully oper-

ational detector and stable beams are included. Candidate events 
are selected by single isolated-lepton (e or µ) triggers with trans-
verse momentum thresholds varying from pT = 20 GeV to 26 GeV
(depending on the lepton flavour and run period) or single-lepton 
triggers with thresholds of pT = 50 GeV for muons and pT =
60 GeV for electrons. Due to the presence of two, three or four lep-
tons in the final state, these single-lepton triggers are fully efficient 
for the triboson signals in the signal regions defined in Sections 4
and 5. The resulting total integrated luminosity is 79.8 fb−1.

Signal and background processes were simulated with several 
Monte Carlo (MC) event generators, while the ATLAS detector re-
sponse was modelled [16] with Geant4 [17]. The effect of multiple 
pp interactions in the same and neighbouring bunch crossings 
(pile-up) was included by overlaying minimum-bias events sim-
ulated with Pythia 8.186 [18] interfaced to EvtGen 1.2.0 [19], 
referred to as Pythia 8.1 in the following, and using the A3 [20]
set of tuned MC parameters, on each generated event in all sam-
ples. Triboson signal events [21] were generated using Sherpa
2.2.2 [22–24] with the NNPDF3.0NNLO [25] parton distribution 
function (PDF) set, where all three bosons are on-mass-shell, using 
a factorised approach [26]. Events with an off-mass-shell boson 
through W H → W V V ∗ and Z H → Z V V ∗ were generated using
Powheg-Box 2 [27–32] interfaced to Pythia 8.1 for the W W W
analysis, while for the W V Z analysis only Pythia 8.1 was used. 
The generator was interfaced to the CT10 [33] (NNPDF2.3LO [34]) 
PDF and the AZNLO [35] (A14 [36]) set of tuned MC parameters 
for the W W W (W V Z ) analysis. Both on-mass-shell and off-mass-
shell processes were generated at next-to-leading order (NLO) QCD 
accuracy [37–40] and are included in the signal definition. The 
expected cross sections for W W W and W W Z production are 
0.50 pb and 0.29 pb, respectively, with an uncertainty of ∼10 %, 
evaluated by varying parameters in the simulation related to the 
renormalisation and factorisation scales, parton shower and PDF 
sets.

Diboson (W W , W Z , Z Z ) [26], W /Z + γ [21] and single boson 
(W /Z+jets) [41] production, as well as electroweak production of 
W ±W ± + 2 jets, W Z + 2 jets, and Z Z + 2 jets, were modelled us-
ing Sherpa 2.2.2 with the NNPDF3.0NNLO PDF set. In order to im-
prove the agreement between the simulated and observed jet mul-
tiplicity distributions for the W Z → #ν## and Z Z → #### events, 
a jet-multiplicity based reweighting was applied to the simulated 
W Z and Z Z samples. Top-quark pair events (tt̄) were gener-
ated using Powheg-Box 2 [42] interfaced to Pythia 8.230 [43]

being the azimuthal angle around the beam pipe. The pseudorapidity is defined in 
terms of the polar angle θ as η = − ln tan(θ/2). Angular distance is measured in 
units of &R =

√
(&η)2 + (&φ)2.

and EvtGen 1.6.0. The NNPDF3.0NLO PDF set was used for the 
matrix-element calculation, while the NNPDF2.3LO PDF set was 
used for the showering with the A14 set of tuned parameters. 
Other background processes containing top quarks were gener-
ated with MadGraph5_aMC@NLO [44] interfaced to Pythia 8, 
at LO (tt̄γ , t Z , tt̄W W , and tt̄tt̄) or at NLO (tt̄W , tt̄ Z , and 
tt̄ H), with MadGraph5_aMC@NLO interfaced to Herwig [45] (tW Z
and tW H) or with Powheg-Box 2 [46] interfaced to Pythia 6 
(tW ).

3. Object definitions and selection criteria

Selected events are required to contain at least one recon-
structed primary vertex. If more than one vertex is found, the 
vertex with the largest p2

T sum of associated ID tracks is selected 
as the primary vertex.

Electrons are reconstructed as energy clusters in the EM 
calorimeter that are matched to tracks found in the ID. Muons are 
reconstructed by combining tracks reconstructed in the ID with 
tracks or track segments found in the MS. Leptons need to satisfy 
pT > 15 GeV and have |η| < 2.47 for electrons (electrons within 
the transition region between the barrel and endcap calorimeters, 
1.37 < |η| < 1.52, are excluded) and |η| < 2.5 for muons. Leptons 
are required to be consistent with originating from the primary 
vertex by imposing requirements on the transverse impact param-
eter, d0, its uncertainty, σd0 , the longitudinal impact parameter, 
z0, and the polar angle θ . These requirements are |d0|/σd0 < 5
and |z0 × sin θ | < 0.5 mm for electrons, and |d0|/σd0 < 3 and 
|z0 × sin θ | < 0.5 mm for muons. Electrons have to satisfy the 
likelihood-based “Tight” quality definition which results in efficien-
cies of 58% at ET = 4.5 GeV to 88% at ET = 100 GeV [47]. For the 
W W W (W V Z ) analysis, muons are required to pass the “Medi-
um” (“Loose”) identification criteria which results in efficiencies of 
approximately 96% (98%) for muons from a Z → µµ sample [48].

To reject jets misidentified as leptons or leptons from hadron 
decays (including b- and c-hadron decays), referred to as “non-
prompt” leptons in the following, leptons are required to be iso-
lated from other particles in both the calorimeters and the ID. 
The lepton isolation cone size is at most &R = 0.2, except for the 
muon isolation in the ID, where it is at most &R = 0.3. Electrons 
are required to pass the “Fix (Loose)” isolation requirement [49]
and muons are required to pass the “Gradient” (“FixedCutLoose”) 
isolation requirement [48] for the W W W (W V Z ) analysis. The 
identification and isolation requirements for muons are more re-
strictive in the W W W analysis because a larger contamination 
from non-prompt leptons is expected. The electron Fix (Loose) iso-
lation requirement results in an efficiency above 95% [47]. The 
muon isolation efficiency is above 90% (99%) for the Gradient iso-
lation criteria for muons with pT of 25 GeV (60 GeV), and the 
FixedCutLoose efficiency is above 95% [48].

A dedicated boosted decision tree (BDT), termed “non-prompt 
lepton BDT” [50], is used to reject leptons likely to originate 
from heavy-flavour decays. In addition, electrons have to pass the 
“charge misidentification suppression BDT” [49] to reject electrons 
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Somewhere here at 12 fb we 
expect 4-top production, a 
spectacularly massive state 
of almost 700 GeV 

ATLAS & CMS explore ever rarer processes — New probes for anomalous couplings or new particles
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ATLAS & CMS explore ever rarer processes — New probes for anomalous couplings or new particles

𝜎 𝑡𝑡𝑡𝑡 = 24)*+, -b

Obs. (exp) significance: 4.4σ (2.4σ) 

Fitted 4-top signal

Large ttW contribution: 
1.6 ± 0.3 times SM 
(consistent with excess 
seen in ATLAS ttH-
multilepton analysis) 

For triboson and 4-top measurements 
with many leptons and jets as well as 
MET, good physics modelling and 
control of fake leptons crucial: among 
the big analysis challenges for the 
coming years!

ATLAS finds strong evidence for 4-top 
production 

ATLAS-CONF-2020-013
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ATLAS DRAFT

1 Motivation175

The top quark is the heaviest known elementary particle of the Standard Model (SM). With a coupling to176

the Higgs boson close to unity, it plays a special role in many hypothecal models beyond the Standard177

Model (BSM). Studying its production and properties is therefore particularly interesting.178

Because of the large top quark mass, the production of four top quarks (tt̄tt̄) is one of the more spectacular179

mechanisms accessible at the LHC. It is a rare process predicted by the SM that has not been measured up180

to now. Many BSM scenarios lead to an enhancement of the tt̄tt̄ cross section (�t t̄t t̄). Among them we181

can mention gluino pair production in supersymmetry theories [1, 2], pair production of scalar gluons [3,182

4], or the production of a heavy pseudoscalar or scalar boson in association with a tt̄ pair in Type II183

two-Higgs-doublet models (2HDM) [5–7].184

The latest SM prediction for the four top quark production cross section has been computed at Next-185

to-Leading Order (NLO) in QCD and electroweak couplings [8] and gives: �t t̄t t̄ = 11.97+18%
�21% fb�1 at186 p

s = 13 TeV. The quoted uncertainties include both the parton distribution function (PDF) uncertainties187

and the scale uncertainties.188

Examples of Feynman diagrams for the QCD production of four top quarks are shown in Figure 1, while189

Figure 2 shows representative LO diagrams including electroweak production.190

Figure 1: Examples of Feynman diagrams for the QCD production of four top quarks at LO.
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Figure 2: Representative Feynman diagrams for tt̄tt̄ production at LO in the SM.
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Hadron colliders enable high-precision — See W & top mass, sin2θW, W, Z, top cross sections, flavour, etc. 
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Longstanding 2.7s LEP puzzle of R = B(W → τν)/B W → μν = 1.070 ± 0.026
— Driven (a.o.) by high B(W → τν) and low B W → μν measurements from L3 (R[L3] = 1.19 ± 0.05)

ATLAS used top-pair events as clean probe for W’s to measure the ratio of prompt to softer delayed muons from tau decays

Result 0.992 ± 0.013 is twice more precise than LEP 
and in agreement with lepton universality

… as are LEP ττ, τ → µνν, τ → eνν measurements within 
0.14% precision (but at lower energy, off-shell W)

0.98 1 1.02 1.04 1.06 1.08 1.1
)νµ→)/BR(Wντ→)=BR(Wµ/τR(
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The Higgs boson    
The LHC’s magnum opus
Discovery allows to access new sector of SM Lagrangian: 

• Yukawa couplings
• Gauge–scalar boson interactions
• Higgs potential (incl. self coupling)
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Run 2 provided proof & measurements of           
Higgs couplings to 3rd generation fermions,             
with results on full Run-2 dataset being released

Also progress on probing Higgs dynamics,           
rare decays, CP violation, dark matter

H
f

f

f

f

Yukawa force between elementary particles: 
new form of interaction — not a gauge force, 
non-universal, driving the fate of the universe

yij𝜓i,L ϕ𝜓j,R

Just think what happens had the electron the mass of a muon 
(answer here: R. Cahn, Rev. Mod. Phys. 68, 951)

Uncertainties 3~12%
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Run 2 provided proof & measurements of           
Higgs couplings to 3rd generation fermions,             
with results on full Run-2 dataset being released

Also progress on probing Higgs dynamics,           
rare decays, CP violation, dark matter
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Probe high pT
Higgs production
µ = 3.7± 1.2 ± ~0.9

40 60 80 100 120 140 160 180 200
 [GeV]bbm

0

5

10

15

20

25

30

35

40

Ev
en

ts
 / 

10
 G

eV
 (W

ei
gh

te
d,

 B
-s

ub
tra

ct
ed

)

Data 
=1.17)µ (b b®VH, H 

Diboson
B-only uncertainty

ATLAS Preliminary
 -1 = 13 TeV, 139 fbs

0+1+2 leptons
2+3 jets, 2 b-tags
Dijet mass analysis
Weighted by Higgs S/B Observation of ZH prod., 

strong evidence for WHµ(VH) =

1.17 +0.25
–0.23

ATLAS-CONF-2020-006 CMS-PAS-HIG-19-003

Sensitive to several 
production modes 

and new physicsUncertainties 3~12%
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Candidate event in which a Higgs boson produced at large 
transverse momentum decays into a collimated bottom-quark pair

Striking example of the power of our detectors, also exploited in many high-
mass searches: analysis of jet substructure by combining precise vertexing, 
tracking and calorimeter information measured in a dense environment
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ATLAS and CMS 
move towards 
predefined less 
model-dependent 
fiducial cross-
section (STXS) 
measurements and 
effective field theory 
interpretations
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CP-even operators

Probing Higgs properties in four-lepton channel 
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CMS & ATLAS looked for CP-odd contribution (𝛼) in Higgs–top coupling using ttH(® 𝛾𝛾) 
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6.6σ ttH(® 𝛾𝛾) signal !

arXiv: 2004.04545

|𝛼| < 43o

(95% CL)

CP-odd: |𝛼| = 90o excl. at 3.9σ

ATLAS & CMS explore ever rarer processes — JCP(H) = 0++ established, but CP-odd admixture possible

H® 𝛾𝛾 will remain 
most powerful 
channel for many 
studies during Run-3 
and HL-LHC 

Matter–antimatter asymmetry of universe remains a mystery. SM far insufficient, lepton sector 
(“baryogenesis via leptogenesis”) offers elegant but speculative solution ® must look further 
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New CMS study indirectly determines Yt = 𝜅t from top-
pair kinematics in the dilepton final state sensitive to 
virtual Higgs boson exchange (part of EW corrections)

Result: Yt = 1.16  

Top Yukawa coupling

Combined fit of Higgs couplings constrains 𝜅t coupling modifier to 11%, ttH alone to about 15% 2

Figure 1: Sample diagrams for weak contributions to gluon-induced and quark-induced top
quark pair production, where G stands for neutral gauge bosons, Higgs boson and pseudo-
Goldstone bosons.
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Figure 2: Effect of the weak corrections on tt differential kinematic distributions for different
values of Yt, after reweighting of simulated events.

crepancy in top quark pT distributions observed in Ref. [13]). We target events in the dilepton
final state, for which this type of measurement has not yet been performed. While this decay
channel has a smaller branching fraction than the lepton+jets channel studied in Ref. [11], it has
much lower backgrounds due to the distinguishing presence of two final-state high-pT leptons.
However, two neutrinos are also expected in this final state, which escape detection and pose
challenges in kinematic reconstruction. For this reason, we do not perform a full kinematic
reconstruction as was done in the previous measurement in the lepton+jets channel. This mea-
surement also utilizes the full data set of 137 fb�1 collected during Run 2 at the LHC from 2016
to 2018, allowing us to achieve comparable precision from a decay channel with a much lower
branching rate.

In this note, we will first discuss the data and MC samples (Section 2), followed by the methods
for event selection (Section 3) and reconstruction (Section 4). We then present an outline of the
measurement technique (Section 5) and the contributing uncertainty sources (Section 6), and
conclude with the results of the measurement (Section 7).

2 Simulation of top quark pair production and backgrounds
The production of tt events is simulated at the matrix-element (ME) level with NLO QCD preci-
sion, using the POWHEG generator [14–17]. This calculation is performed with the renormaliza-

tion and factorization scales, µr and µf, set to the transverse top quark mass, mT =
q

m
2
t + p

2
T,

where pT is the transverse momentum of the top quark. The default value of mt is set to
172.5 GeV in all simulations. The matrix-element calculations obtained from POWHEG are com-
bined with parton shower (PS) simulation from PYTHIA8 [18–20], using the underlying-event

Γ = γ, Z, H Γ

6

constraint can be satisfied, pairings with a solution to the p
miss
T constraint are more likely to

be correct. This information is used as part of the pairing procedure, which proceeds in three
steps.

1. The mass constraint is checked for both possible pairings. If only one pairing is found to
satisfy the mass constraint, that pairing is used. If both pairings fail to satisfy the mass
constraint, the event is discarded. If both pairings satisfy the mass constraint, we check
the p

miss
T constraint.

2. If only one pairing allows for the p
miss
T constraint while the other does not, the pairing

yielding an exact solution to the p
miss
T constraint is used.

3. If the neutrino kinematics do not suggest a clear pairing, the b-jets, b1 and b2, are paired
with the leptons (`, ¯̀) by minimizing the quantity

S1(2) = DR(b1(2), `) + DR(b2(1), ¯̀)

among the two possible pairings, where DR(b, `)2 = (hb � h`)
2 + (jb � j`)

2.

After these steps, we obtain the correct b jet pairing in simulation in 82% of the events for which
both b jets originating from top quark decays are correctly identified.

The sensitivity of our chosen kinematic variables to Yt, before and after reconstruction, is shown
in Fig. 3. We see that, in the chosen proxy variables, not much sensitivity is lost in the recon-
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Figure 3: The ratio of reconstructed kinematic distributions with weak corrections (evaluated
for various values of Yt) to the SM kinematic distribution is shown, demonstrating the sensi-
tivity of these distributions to the Yukawa coupling. The upper figures show the information
at generator level, while the lower figures are obtained from reconstructed events.

Simulation of Mbl spectrum versus Yt

14

0 0.5 1 1.5 2 2.5 3

tY
0

1

2

3

4

5

6L
 ln

 
Δ

-2
 

68% CL

95% CL

CMS
Preliminary

 (13 TeV)-1137 fb
Data

SM expected

Simulated

Figure 8: The result of a likelihood scan, performed by fixing the value of Yt at values over
the interval [0, 3]. Expected curves from fits on simulated data are shown produced at the SM
value Yt = 1.0 (red, dashed) and at the final best-fit value of Yt = 1.16 (blue, dashed).

shown in Fig. 8. We also show the agreement of data and simulation after performing the fit in
Fig. 9. The maximum of the likelihood occurs at a configuration with good agreement between
data and simulation. The shape templates for the four uncertainties with the greatest effect on
the fit are shown in Fig. 10.

This result is in agreement with the previously obtained measurement in the lepton+jets final
state in Ref. [11], while obtaining a slight increase in sensitivity. Using a different decay channel
and a larger data set provides a measurement complementary to the previous result.

8 Summary
A measurement of the Higgs Yukawa coupling to the top quark is presented, based on data
from proton-proton collisions at the CMS experiment, deriving a best fit value of Yt = 1.16+0.24

�0.35
and a 95% confidence interval (CI) of Yt 2 [0, 1.62]. Data at a center-of-mass energy 13 TeV is
analyzed from the full LHC Run 2, collected from 2016–2018, yielding an integrated luminosity
of 137 fb�1. This measurement uses the effects of virtual Higgs boson exchange on tt kinematic
properties to extract information about the coupling from kinematic distributions. Although
the sensitivity is lower compared to constraints obtained from studying processes involving
Higgs boson production in Refs. [7] and [9], this measurement avoids dependence on other
Yukawa coupling values through additional branching assumptions, making it a compelling
orthogonal measurement. This measurement also achieves a slightly higher precision than
the only other Yt measurement that does not make additional branching fraction assumptions,
performed in the search for production of four top quarks. The four top quark search places a
95% CI of Yt < 1.7 [10] while this measurement achieves a 95% CI of Yt < 1.62.

8. Summary 15
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Precision obtained depends crucially on control of Z ® 𝜈𝜈 and W ® ℓ𝜈 backgrounds (theory input and very large MC statistics needed)

B(H ® invisible) < 0.13 at 95% CL

Higgs as probe of Dark Matter — DM massive, could (should?) couple to Higgs boson
ΩB ~ΩDM may 
suggest other than 
gravity interaction

Invisible Higgs decays 
can be probed by 
associated production 
(VBF, VH, …)

Sensitivity to WIMP mass < mH / 2, complementary to direct dark matter searches 
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The scalar sector is directly 
connected with profound 
questions: naturalness, vacuum 
stability & energy, flavour

The Higgs boson discovery allows 
us to directly study this sector, 
requiring a broad experimental 
programme that will extend over 
decades 

And the Higgs boson does more …
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Strong production

Same-sign WW selection greatly reduces background from 
strong production and removes s-channel Higgs process:

mH must not be 
too large (which 
is fulfilled)

Higgs boson moderates high-energy longitudinal vector boson scattering

Unitarity: if only Z and W are exchanged, the amplitude 
of (longitudinal) WLWL scattering violates unitarity

H
H

Look for EW production (and VBS) at high dijet mass

Observation of EW production during Run 2:
• WW+jj (CMS, 2017, ATLAS 2019)

• WZ+jj, ZZ+jj (ATLAS 2018, 2019)

QGC vertex
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New electroweak production results on Wγjj and ZZjj from CMS

Electroweak Wγjj processes:2

Figure 1: Representative diagrams for `ngjj production at the LHC: EW production (left), EW
production with triple gauge boson coupling (middle left) and with quartic gauge boson cou-
pling (middle right), and QCD-induced processes (right).

a pseudorapidity of |h| = 5. Muons are detected in gas-ionization chambers embedded in the
steel flux-return yoke outside the solenoid.

Events of interest are selected using a two-tiered trigger system [15]. The first level (L1), com-
posed of custom hardware processors, uses information from the calorimeters and muon de-
tectors to select events at a rate of around 100 kHz within a time interval of less than 4 µs. The
second level consists of a farm of processors running a version of the full event reconstruction
software optimized for fast processing, and reduces the event rate to around 1 kHz before data
storage.

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [11].

3 Signal and background simulation
The signal and background processes are simulated using the Monte Carlo (MC) generator
MADGRAPH5 aMC@NLO 2.4.2 and 2.6.0 [16]. The EW Wgjj signal is simulated at leading order
(LO) and the main background, QCD Wg, is simulated with zero and one jets at next-to-leading
order (NLO) with the FxFx merging scheme [17]. The interference between the EW and QCD
processes is 1–3% in the signal region and is treated as a systematic uncertainty. Other back-
ground contributions that are considered include diboson processes (WW, WZ, ZZ) simulated
with PYTHIA 8 [18], single top processes simulated with POWHEG 2.0 [19], and ttg simulated
using MADGRAPH 5 interfaced to PYTHIA 8 with the FxFx scheme. NLO QCD cross sections
are used to normalize these simulated samples.

The PYTHIA 8.212 package, with the CUETP8M1 [20, 21] tune, is used for parton showering,
hadronization, and the underlying event simulation. The NNPDF 3.0 [22] set is considered as
the default set of parton distribution functions. All simulated events are processed through a
GEANT4 [23] simulation of the CMS detector. The tag-and-probe technique [24] is used to cor-
rect the differences between data and simulation in the trigger efficiency, as well as the recon-
struction and selection efficiencies. Additional proton-proton interactions (pileup) are super-
imposed over the hard scattering interaction with a distribution of primary vertices matching
that obtained from the collision data.

4 Event reconstruction
The particle-flow (PF) algorithm [25] aims to reconstruct and identify each individual particle
in an event, with an optimized combination of information from the various elements of the
CMS detector. The energy of photons is obtained from the ECAL measurement. The energy of

12

Figure 4 shows the post-fit results.

11 Limits on anomalous quartic gauge couplings
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Figure 5: The mWg distribution of events satisfying the aQGC region selection, which is used
to set constraints on the anomalous coupling parameters. The orange line represents a nonzero
FT,0 setting. All events with mWg > 990 GeV are included in the last bin.

The effects of BSM physics can be modeled in a generic way through a collection of linearly in-
dependent higher dimensional operators in effective field theory [14]. Reference [45] proposes
nine independent charge-conjugate and parity-conserving dimension-eight effective operators
by assuming the SU(2)⇥U(1) symmetry of the EW gauge field, and includes a Higgs doublet
to incorporate the presence of a SM Higgs boson. A contribution from aQGCs would enhance
the production of events with large Wg mass. The operators affecting the Wgjj channel can be
divided into two categories. The operators LM,0–LM,7 contain an SU(2) field strength, the U(1)
field strength, and the covariant derivative of the Higgs doublet. The operators LT,0–LT,2 and
LT,5–LT,7, contain only the two field strengths. The coefficient of the operator LX,Y is denoted
by FX,Y/L4, where L is the unknown scale of BSM physics.

A simulation is performed that includes the effects of the aQGCs in addition to the SM EW Wg
process, as well as any interference between the two. We use the mWg distribution to extract
limits on the aQGC parameters. To obtain a continuous prediction for the signal as a function
of the anomalous coupling, a quadratic fit is performed to the SM+aQGC yield as a function
of the aQGC coefficient, separately in each mWg bin in the aQGC region, which is defined
based on the common selection in Section 5, and further requiring mjj > 800 GeV, |Dhjj| > 2.5,
mWg > 150 GeV, and p

g
T > 100 GeV.

5.8σ (4.8σ exp.) after 
combining with 8 TeV

In agreement with SM

region is optimised to suppress the reducible backgrounds coming from processes with di�erent final
states. Multivariate discriminants (MDs) are used to further separate the EW signal from the remaining
backgrounds, including both the reducible ones and the irreducible non-EW Z Z j j process, which contains
two strong interactions at the lowest order in perturbation theory and is referred to as QCD VV j j production.
Figure 1 depicts the typical diagrams for both the EW VBS and QCD Z Z j j processes. These MDs exploit
the characteristics of VBS production, such as a large separation in rapidity between the two jets (�y( j j))
as well as a significant invariant mass of the jet pair (mj j). The production of Z Z j j in which one or both
Z bosons decay into electrons or muons via ⌧-leptons is considered as signal, but it makes a negligible
contribution to the selected event sample.
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Figure 1: Typical diagrams for the production of Z Z j j, including the relevant EW VBS diagrams (first row) and
QCD diagrams (second row).

2 Experimental apparatus

The ATLAS experiment [15–17] at the LHC uses a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4⇡ coverage in solid angle. 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). The
angular distance between two physics objects is measured in units of �R ⌘

p
(�⌘)2 + (��)2. The ATLAS

detector consists of an inner tracking detector (ID) surrounded by a thin superconducting solenoid providing
a 2 T axial magnetic field, electromagnetic (EM) and hadron calorimeters, and a muon spectrometer
(MS). The ID covers the pseudorapidity range |⌘ | < 2.5. It consists of silicon pixel, silicon microstrip,
and transition radiation tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters provide EM
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for EM and hadronic energy measurements up to |⌘ | = 4.9. The MS surrounds the calorimeters and is
based on three large air-core toroidal superconducting magnets with eight coils each. The field integral
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region is optimised to suppress the reducible backgrounds coming from processes with di�erent final
states. Multivariate discriminants (MDs) are used to further separate the EW signal from the remaining
backgrounds, including both the reducible ones and the irreducible non-EW Z Z j j process, which contains
two strong interactions at the lowest order in perturbation theory and is referred to as QCD VV j j production.
Figure 1 depicts the typical diagrams for both the EW VBS and QCD Z Z j j processes. These MDs exploit
the characteristics of VBS production, such as a large separation in rapidity between the two jets (�y( j j))
as well as a significant invariant mass of the jet pair (mj j). The production of Z Z j j in which one or both
Z bosons decay into electrons or muons via ⌧-leptons is considered as signal, but it makes a negligible
contribution to the selected event sample.
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Figure 1: Typical diagrams for the production of Z Z j j, including the relevant EW VBS diagrams (first row) and
QCD diagrams (second row).

2 Experimental apparatus

The ATLAS experiment [15–17] at the LHC uses a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4⇡ coverage in solid angle. 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). The
angular distance between two physics objects is measured in units of �R ⌘
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a 2 T axial magnetic field, electromagnetic (EM) and hadron calorimeters, and a muon spectrometer
(MS). The ID covers the pseudorapidity range |⌘ | < 2.5. It consists of silicon pixel, silicon microstrip,
and transition radiation tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters provide EM
energy measurements with high granularity. A steel/scintillator-tile hadron calorimeter covers the central
pseudorapidity range (|⌘ | < 1.7). The endcap and forward regions are instrumented with LAr calorimeters
for EM and hadronic energy measurements up to |⌘ | = 4.9. The MS surrounds the calorimeters and is
based on three large air-core toroidal superconducting magnets with eight coils each. The field integral
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Figure 2: Distributions of the matrix-element discriminant with fit normalizations for events
satisfying the ZZjj inclusive selection. Points represent the data, filled histograms the fitted
signal and background contributions. The gray bands represent the uncertainties obtained
from the fit covariance matrix. In the bottom panel, points show the ratio of the number of
events in the data to the total number of background events, with the red line indicating the ra-
tio of the fitted total distribution to its background-only component. The observed significance
is indicated on the bottom panel.

the EW+QCD production. The fiducial volume is almost identical to the selections imposed
at the reconstruction level, and is detailed in Table 2. The generator-level lepton momenta
are corrected by adding the momenta of generator-level photons within DR(`, g) < 0.1. The
kinematic selection of the Z bosons and the final ZZjj candidate proceeds as the reconstruction-
level selection.

Table 3 reports the SM cross sections in the ZZjj fiducial regions and the fitted values of the
measured cross sections. The measured (expected) EW signal strength in the ZZjj inclusive
region is µEW = 1.21+0.47

�0.40 (1.00+0.43
�0.36) and the background-only hypothesis is excluded with a

significance of 4.0 standard deviations (3.5 standard deviations expected). In the same region
the measured (expected) EW+QCD signal strength is µEW+QCD = 0.99+0.13

�0.12 (1.00+0.13
�0.12).

8 Limits on anomalous quartic gauge couplings
The ZZjj channel is particularly sensitive to the operators T0, T1, and T2, as well as the neutral
current operators T8 and T9 [16]. The mZZ distribution is used to constrain the aQGC coupling
parameters fTi/L4. The expected yield enhancement exhibits a quadratic dependence on the
anomalous couplings, and a parabolic function is fitted to the per-mass bin yields, allowing
for an interpolation between the discrete coupling parameters of the simulated aQGC signals.
The statistical analysis employs the same methodology used for the signal strength, includ-
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Figure 1: Representative diagrams for `ngjj production at the LHC: EW production (left), EW
production with triple gauge boson coupling (middle left) and with quartic gauge boson cou-
pling (middle right), and QCD-induced processes (right).

a pseudorapidity of |h| = 5. Muons are detected in gas-ionization chambers embedded in the
steel flux-return yoke outside the solenoid.

Events of interest are selected using a two-tiered trigger system [15]. The first level (L1), com-
posed of custom hardware processors, uses information from the calorimeters and muon de-
tectors to select events at a rate of around 100 kHz within a time interval of less than 4 µs. The
second level consists of a farm of processors running a version of the full event reconstruction
software optimized for fast processing, and reduces the event rate to around 1 kHz before data
storage.

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [11].

3 Signal and background simulation
The signal and background processes are simulated using the Monte Carlo (MC) generator
MADGRAPH5 aMC@NLO 2.4.2 and 2.6.0 [16]. The EW Wgjj signal is simulated at leading order
(LO) and the main background, QCD Wg, is simulated with zero and one jets at next-to-leading
order (NLO) with the FxFx merging scheme [17]. The interference between the EW and QCD
processes is 1–3% in the signal region and is treated as a systematic uncertainty. Other back-
ground contributions that are considered include diboson processes (WW, WZ, ZZ) simulated
with PYTHIA 8 [18], single top processes simulated with POWHEG 2.0 [19], and ttg simulated
using MADGRAPH 5 interfaced to PYTHIA 8 with the FxFx scheme. NLO QCD cross sections
are used to normalize these simulated samples.

The PYTHIA 8.212 package, with the CUETP8M1 [20, 21] tune, is used for parton showering,
hadronization, and the underlying event simulation. The NNPDF 3.0 [22] set is considered as
the default set of parton distribution functions. All simulated events are processed through a
GEANT4 [23] simulation of the CMS detector. The tag-and-probe technique [24] is used to cor-
rect the differences between data and simulation in the trigger efficiency, as well as the recon-
struction and selection efficiencies. Additional proton-proton interactions (pileup) are super-
imposed over the hard scattering interaction with a distribution of primary vertices matching
that obtained from the collision data.

4 Event reconstruction
The particle-flow (PF) algorithm [25] aims to reconstruct and identify each individual particle
in an event, with an optimized combination of information from the various elements of the
CMS detector. The energy of photons is obtained from the ECAL measurement. The energy of

12

Figure 4 shows the post-fit results.
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Figure 5: The mWg distribution of events satisfying the aQGC region selection, which is used
to set constraints on the anomalous coupling parameters. The orange line represents a nonzero
FT,0 setting. All events with mWg > 990 GeV are included in the last bin.

The effects of BSM physics can be modeled in a generic way through a collection of linearly in-
dependent higher dimensional operators in effective field theory [14]. Reference [45] proposes
nine independent charge-conjugate and parity-conserving dimension-eight effective operators
by assuming the SU(2)⇥U(1) symmetry of the EW gauge field, and includes a Higgs doublet
to incorporate the presence of a SM Higgs boson. A contribution from aQGCs would enhance
the production of events with large Wg mass. The operators affecting the Wgjj channel can be
divided into two categories. The operators LM,0–LM,7 contain an SU(2) field strength, the U(1)
field strength, and the covariant derivative of the Higgs doublet. The operators LT,0–LT,2 and
LT,5–LT,7, contain only the two field strengths. The coefficient of the operator LX,Y is denoted
by FX,Y/L4, where L is the unknown scale of BSM physics.

A simulation is performed that includes the effects of the aQGCs in addition to the SM EW Wg
process, as well as any interference between the two. We use the mWg distribution to extract
limits on the aQGC parameters. To obtain a continuous prediction for the signal as a function
of the anomalous coupling, a quadratic fit is performed to the SM+aQGC yield as a function
of the aQGC coefficient, separately in each mWg bin in the aQGC region, which is defined
based on the common selection in Section 5, and further requiring mjj > 800 GeV, |Dhjj| > 2.5,
mWg > 150 GeV, and p

g
T > 100 GeV.
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In agreement with SM

region is optimised to suppress the reducible backgrounds coming from processes with di�erent final
states. Multivariate discriminants (MDs) are used to further separate the EW signal from the remaining
backgrounds, including both the reducible ones and the irreducible non-EW Z Z j j process, which contains
two strong interactions at the lowest order in perturbation theory and is referred to as QCD VV j j production.
Figure 1 depicts the typical diagrams for both the EW VBS and QCD Z Z j j processes. These MDs exploit
the characteristics of VBS production, such as a large separation in rapidity between the two jets (�y( j j))
as well as a significant invariant mass of the jet pair (mj j). The production of Z Z j j in which one or both
Z bosons decay into electrons or muons via ⌧-leptons is considered as signal, but it makes a negligible
contribution to the selected event sample.
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Figure 1: Typical diagrams for the production of Z Z j j, including the relevant EW VBS diagrams (first row) and
QCD diagrams (second row).

2 Experimental apparatus

The ATLAS experiment [15–17] at the LHC uses a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4⇡ coverage in solid angle. 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). The
angular distance between two physics objects is measured in units of �R ⌘

p
(�⌘)2 + (��)2. The ATLAS

detector consists of an inner tracking detector (ID) surrounded by a thin superconducting solenoid providing
a 2 T axial magnetic field, electromagnetic (EM) and hadron calorimeters, and a muon spectrometer
(MS). The ID covers the pseudorapidity range |⌘ | < 2.5. It consists of silicon pixel, silicon microstrip,
and transition radiation tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters provide EM
energy measurements with high granularity. A steel/scintillator-tile hadron calorimeter covers the central
pseudorapidity range (|⌘ | < 1.7). The endcap and forward regions are instrumented with LAr calorimeters
for EM and hadronic energy measurements up to |⌘ | = 4.9. The MS surrounds the calorimeters and is
based on three large air-core toroidal superconducting magnets with eight coils each. The field integral
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region is optimised to suppress the reducible backgrounds coming from processes with di�erent final
states. Multivariate discriminants (MDs) are used to further separate the EW signal from the remaining
backgrounds, including both the reducible ones and the irreducible non-EW Z Z j j process, which contains
two strong interactions at the lowest order in perturbation theory and is referred to as QCD VV j j production.
Figure 1 depicts the typical diagrams for both the EW VBS and QCD Z Z j j processes. These MDs exploit
the characteristics of VBS production, such as a large separation in rapidity between the two jets (�y( j j))
as well as a significant invariant mass of the jet pair (mj j). The production of Z Z j j in which one or both
Z bosons decay into electrons or muons via ⌧-leptons is considered as signal, but it makes a negligible
contribution to the selected event sample.
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2 Experimental apparatus

The ATLAS experiment [15–17] at the LHC uses a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4⇡ coverage in solid angle. 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). The
angular distance between two physics objects is measured in units of �R ⌘
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detector consists of an inner tracking detector (ID) surrounded by a thin superconducting solenoid providing
a 2 T axial magnetic field, electromagnetic (EM) and hadron calorimeters, and a muon spectrometer
(MS). The ID covers the pseudorapidity range |⌘ | < 2.5. It consists of silicon pixel, silicon microstrip,
and transition radiation tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters provide EM
energy measurements with high granularity. A steel/scintillator-tile hadron calorimeter covers the central
pseudorapidity range (|⌘ | < 1.7). The endcap and forward regions are instrumented with LAr calorimeters
for EM and hadronic energy measurements up to |⌘ | = 4.9. The MS surrounds the calorimeters and is
based on three large air-core toroidal superconducting magnets with eight coils each. The field integral
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Figure 2: Distributions of the matrix-element discriminant with fit normalizations for events
satisfying the ZZjj inclusive selection. Points represent the data, filled histograms the fitted
signal and background contributions. The gray bands represent the uncertainties obtained
from the fit covariance matrix. In the bottom panel, points show the ratio of the number of
events in the data to the total number of background events, with the red line indicating the ra-
tio of the fitted total distribution to its background-only component. The observed significance
is indicated on the bottom panel.

the EW+QCD production. The fiducial volume is almost identical to the selections imposed
at the reconstruction level, and is detailed in Table 2. The generator-level lepton momenta
are corrected by adding the momenta of generator-level photons within DR(`, g) < 0.1. The
kinematic selection of the Z bosons and the final ZZjj candidate proceeds as the reconstruction-
level selection.

Table 3 reports the SM cross sections in the ZZjj fiducial regions and the fitted values of the
measured cross sections. The measured (expected) EW signal strength in the ZZjj inclusive
region is µEW = 1.21+0.47

�0.40 (1.00+0.43
�0.36) and the background-only hypothesis is excluded with a

significance of 4.0 standard deviations (3.5 standard deviations expected). In the same region
the measured (expected) EW+QCD signal strength is µEW+QCD = 0.99+0.13

�0.12 (1.00+0.13
�0.12).

8 Limits on anomalous quartic gauge couplings
The ZZjj channel is particularly sensitive to the operators T0, T1, and T2, as well as the neutral
current operators T8 and T9 [16]. The mZZ distribution is used to constrain the aQGC coupling
parameters fTi/L4. The expected yield enhancement exhibits a quadratic dependence on the
anomalous couplings, and a parabolic function is fitted to the per-mass bin yields, allowing
for an interpolation between the discrete coupling parameters of the simulated aQGC signals.
The statistical analysis employs the same methodology used for the signal strength, includ-
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Figure 1: Representative diagrams for `ngjj production at the LHC: EW production (left), EW
production with triple gauge boson coupling (middle left) and with quartic gauge boson cou-
pling (middle right), and QCD-induced processes (right).

a pseudorapidity of |h| = 5. Muons are detected in gas-ionization chambers embedded in the
steel flux-return yoke outside the solenoid.

Events of interest are selected using a two-tiered trigger system [15]. The first level (L1), com-
posed of custom hardware processors, uses information from the calorimeters and muon de-
tectors to select events at a rate of around 100 kHz within a time interval of less than 4 µs. The
second level consists of a farm of processors running a version of the full event reconstruction
software optimized for fast processing, and reduces the event rate to around 1 kHz before data
storage.

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [11].

3 Signal and background simulation
The signal and background processes are simulated using the Monte Carlo (MC) generator
MADGRAPH5 aMC@NLO 2.4.2 and 2.6.0 [16]. The EW Wgjj signal is simulated at leading order
(LO) and the main background, QCD Wg, is simulated with zero and one jets at next-to-leading
order (NLO) with the FxFx merging scheme [17]. The interference between the EW and QCD
processes is 1–3% in the signal region and is treated as a systematic uncertainty. Other back-
ground contributions that are considered include diboson processes (WW, WZ, ZZ) simulated
with PYTHIA 8 [18], single top processes simulated with POWHEG 2.0 [19], and ttg simulated
using MADGRAPH 5 interfaced to PYTHIA 8 with the FxFx scheme. NLO QCD cross sections
are used to normalize these simulated samples.

The PYTHIA 8.212 package, with the CUETP8M1 [20, 21] tune, is used for parton showering,
hadronization, and the underlying event simulation. The NNPDF 3.0 [22] set is considered as
the default set of parton distribution functions. All simulated events are processed through a
GEANT4 [23] simulation of the CMS detector. The tag-and-probe technique [24] is used to cor-
rect the differences between data and simulation in the trigger efficiency, as well as the recon-
struction and selection efficiencies. Additional proton-proton interactions (pileup) are super-
imposed over the hard scattering interaction with a distribution of primary vertices matching
that obtained from the collision data.

4 Event reconstruction
The particle-flow (PF) algorithm [25] aims to reconstruct and identify each individual particle
in an event, with an optimized combination of information from the various elements of the
CMS detector. The energy of photons is obtained from the ECAL measurement. The energy of
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Figure 4 shows the post-fit results.
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Figure 5: The mWg distribution of events satisfying the aQGC region selection, which is used
to set constraints on the anomalous coupling parameters. The orange line represents a nonzero
FT,0 setting. All events with mWg > 990 GeV are included in the last bin.

The effects of BSM physics can be modeled in a generic way through a collection of linearly in-
dependent higher dimensional operators in effective field theory [14]. Reference [45] proposes
nine independent charge-conjugate and parity-conserving dimension-eight effective operators
by assuming the SU(2)⇥U(1) symmetry of the EW gauge field, and includes a Higgs doublet
to incorporate the presence of a SM Higgs boson. A contribution from aQGCs would enhance
the production of events with large Wg mass. The operators affecting the Wgjj channel can be
divided into two categories. The operators LM,0–LM,7 contain an SU(2) field strength, the U(1)
field strength, and the covariant derivative of the Higgs doublet. The operators LT,0–LT,2 and
LT,5–LT,7, contain only the two field strengths. The coefficient of the operator LX,Y is denoted
by FX,Y/L4, where L is the unknown scale of BSM physics.

A simulation is performed that includes the effects of the aQGCs in addition to the SM EW Wg
process, as well as any interference between the two. We use the mWg distribution to extract
limits on the aQGC parameters. To obtain a continuous prediction for the signal as a function
of the anomalous coupling, a quadratic fit is performed to the SM+aQGC yield as a function
of the aQGC coefficient, separately in each mWg bin in the aQGC region, which is defined
based on the common selection in Section 5, and further requiring mjj > 800 GeV, |Dhjj| > 2.5,
mWg > 150 GeV, and p

g
T > 100 GeV.
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region is optimised to suppress the reducible backgrounds coming from processes with di�erent final
states. Multivariate discriminants (MDs) are used to further separate the EW signal from the remaining
backgrounds, including both the reducible ones and the irreducible non-EW Z Z j j process, which contains
two strong interactions at the lowest order in perturbation theory and is referred to as QCD VV j j production.
Figure 1 depicts the typical diagrams for both the EW VBS and QCD Z Z j j processes. These MDs exploit
the characteristics of VBS production, such as a large separation in rapidity between the two jets (�y( j j))
as well as a significant invariant mass of the jet pair (mj j). The production of Z Z j j in which one or both
Z bosons decay into electrons or muons via ⌧-leptons is considered as signal, but it makes a negligible
contribution to the selected event sample.
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Figure 1: Typical diagrams for the production of Z Z j j, including the relevant EW VBS diagrams (first row) and
QCD diagrams (second row).

2 Experimental apparatus

The ATLAS experiment [15–17] at the LHC uses a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4⇡ coverage in solid angle. 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). The
angular distance between two physics objects is measured in units of �R ⌘

p
(�⌘)2 + (��)2. The ATLAS

detector consists of an inner tracking detector (ID) surrounded by a thin superconducting solenoid providing
a 2 T axial magnetic field, electromagnetic (EM) and hadron calorimeters, and a muon spectrometer
(MS). The ID covers the pseudorapidity range |⌘ | < 2.5. It consists of silicon pixel, silicon microstrip,
and transition radiation tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters provide EM
energy measurements with high granularity. A steel/scintillator-tile hadron calorimeter covers the central
pseudorapidity range (|⌘ | < 1.7). The endcap and forward regions are instrumented with LAr calorimeters
for EM and hadronic energy measurements up to |⌘ | = 4.9. The MS surrounds the calorimeters and is
based on three large air-core toroidal superconducting magnets with eight coils each. The field integral
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region is optimised to suppress the reducible backgrounds coming from processes with di�erent final
states. Multivariate discriminants (MDs) are used to further separate the EW signal from the remaining
backgrounds, including both the reducible ones and the irreducible non-EW Z Z j j process, which contains
two strong interactions at the lowest order in perturbation theory and is referred to as QCD VV j j production.
Figure 1 depicts the typical diagrams for both the EW VBS and QCD Z Z j j processes. These MDs exploit
the characteristics of VBS production, such as a large separation in rapidity between the two jets (�y( j j))
as well as a significant invariant mass of the jet pair (mj j). The production of Z Z j j in which one or both
Z bosons decay into electrons or muons via ⌧-leptons is considered as signal, but it makes a negligible
contribution to the selected event sample.
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Figure 1: Typical diagrams for the production of Z Z j j, including the relevant EW VBS diagrams (first row) and
QCD diagrams (second row).

2 Experimental apparatus

The ATLAS experiment [15–17] at the LHC uses a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4⇡ coverage in solid angle. 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). The
angular distance between two physics objects is measured in units of �R ⌘

p
(�⌘)2 + (��)2. The ATLAS

detector consists of an inner tracking detector (ID) surrounded by a thin superconducting solenoid providing
a 2 T axial magnetic field, electromagnetic (EM) and hadron calorimeters, and a muon spectrometer
(MS). The ID covers the pseudorapidity range |⌘ | < 2.5. It consists of silicon pixel, silicon microstrip,
and transition radiation tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters provide EM
energy measurements with high granularity. A steel/scintillator-tile hadron calorimeter covers the central
pseudorapidity range (|⌘ | < 1.7). The endcap and forward regions are instrumented with LAr calorimeters
for EM and hadronic energy measurements up to |⌘ | = 4.9. The MS surrounds the calorimeters and is
based on three large air-core toroidal superconducting magnets with eight coils each. The field integral
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Electroweak ZZjj processes:
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Figure 2: Distributions of the matrix-element discriminant with fit normalizations for events
satisfying the ZZjj inclusive selection. Points represent the data, filled histograms the fitted
signal and background contributions. The gray bands represent the uncertainties obtained
from the fit covariance matrix. In the bottom panel, points show the ratio of the number of
events in the data to the total number of background events, with the red line indicating the ra-
tio of the fitted total distribution to its background-only component. The observed significance
is indicated on the bottom panel.

the EW+QCD production. The fiducial volume is almost identical to the selections imposed
at the reconstruction level, and is detailed in Table 2. The generator-level lepton momenta
are corrected by adding the momenta of generator-level photons within DR(`, g) < 0.1. The
kinematic selection of the Z bosons and the final ZZjj candidate proceeds as the reconstruction-
level selection.

Table 3 reports the SM cross sections in the ZZjj fiducial regions and the fitted values of the
measured cross sections. The measured (expected) EW signal strength in the ZZjj inclusive
region is µEW = 1.21+0.47

�0.40 (1.00+0.43
�0.36) and the background-only hypothesis is excluded with a

significance of 4.0 standard deviations (3.5 standard deviations expected). In the same region
the measured (expected) EW+QCD signal strength is µEW+QCD = 0.99+0.13

�0.12 (1.00+0.13
�0.12).

8 Limits on anomalous quartic gauge couplings
The ZZjj channel is particularly sensitive to the operators T0, T1, and T2, as well as the neutral
current operators T8 and T9 [16]. The mZZ distribution is used to constrain the aQGC coupling
parameters fTi/L4. The expected yield enhancement exhibits a quadratic dependence on the
anomalous couplings, and a parabolic function is fitted to the per-mass bin yields, allowing
for an interpolation between the discrete coupling parameters of the simulated aQGC signals.
The statistical analysis employs the same methodology used for the signal strength, includ-
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Very rare but clean mode using 
Z decays to charged leptons

Run 2 has seen the observation of electroweak qq ® qqVV (and VVV) processes 

Probing Higgs moderation requires higher-mass studies (® Run 3) and eventually     
the isolation of the longitudinally polarised component at large Δϕ(jj) ® HL-LHC

Also more theoretical work needed for precise predictions of these complex processes
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VBF + Z analysis, pre- and post-fit m(jj) background modelling [ CERN-EP-2020-045 ]
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Flavour physics & 
spectroscopy

LHCb’s dipole magnet at 2018 detector opening

Success of SM flavour structure is since long a 
source of discomfort for BSM physics, as are 
the anomalies a source of excitement 
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CKM — LHCb is greatly contributing to CKM metrology, in particular through a large set of γ measurements
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LHCb also seriously contributes to direct |Vcb| and |Vub| determinations, where longstanding tensions between 
exclusive and inclusive results exist 

New |Vcb| measurement from Bs ® Ds(*)µν decay rate vs recoil (novel approach to estimate recoil momentum)

LHCb*: |Vub/Vcb|

HFLAV combination of exclusive results

*from partial rate of Λb → pμν normalized to Λb → Λcμν,
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CLN:  
BGL: 

•First measurement of with  decays

•Novel method (use of ) can be applied more 
broadly, esp. to measure  in  decays.

|Vcb | = (41.4 ± 0.6 ± 0.9 ± 1.2) × 10−3

|Vcb | = (42.3 ± 0.8 ± 0.9 ± 1.2) × 10−3

|Vcb | B0
s

p⊥
|Vcb | B0,+

Mark Whitehead, Fri 17:30, plenary
Mirco Dorigo, Thu 15:25, Flavour

LHCb result consistent with 
incl. and excl. average

Dependence on theoretical 
form factor

Also measured recoil shape

LHCb arXiv:2001.03225
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Time-dependent CP violation in Bs system and rare decays

Phase ϕs precisely predicted in SM                     
— platin channel to look for new physics
New CMS result on 2017+2018 data (96 fb–1) using 11 
physics-par. fit (incl. direct CPV parameter |λ | and Δms)     
and combination with Run-1 [ CMS-PAS-BPH-20-001 ]

Rare decays are powerful tools to look for new physics 
(loop amplitudes, small BSM contributions could be measurable)

New LHCb search for FCNC process 𝐾78 → 𝜇𝜇 [ arXiv:2001.10354 ]

SM BR: (5.2 ± 1.5) ×10–12, uncertainty due to 𝐾78 → 𝜋𝜋 → 𝛾𝛾 → 𝜇𝜇
[ corresponding 𝐾<8 decay already measured in agreement with SM: 6.8 ×10–9 ]

Some tensions among parameters to be understood
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Status of anomalies 

Status of flavour anomalies:

𝑅G(∗) =
𝐵(𝐵 → 𝐷 ∗ 𝜏𝜈)
𝐵(𝐵 → 𝐷 ∗ ℓ𝜈)

Possible new physics in charged 
current in tree diagram

Tension reduced after 2019 Belle result [1904.08794]

in agreement with SM

Remaining tension (HFLAV): 3.1σ
Corresponding 𝑅K/M|O/P ~2σ above SM [LHCb: 1711.05623]

𝑅Q(∗) =
𝐵(𝐵 → 𝐾 ∗ 𝜇𝜇)
𝐵(𝐵 → 𝐾 ∗ 𝑒𝑒)

≅ 1 Experiments measure double 
ratio involving J/𝜓

𝑅Q: LHCb most precise, Run-2 ~SM, 
combination with Run-1: 2.5σ < SM

𝑅Q∗: LHCb (most precise) low (2.3~2.5σ) at low q 2

New results by LHCb:

𝑅TQ =
𝐵(ΛV8 → 𝑝𝐾)𝜇𝜇)
𝐵(ΛV8 → 𝑝𝐾)𝑒𝑒)

≅ 1

LHCb measures double ratios to J/𝜓

Result: 𝑹𝒑𝑲 = 𝟎. 𝟖𝟔)𝟎.𝟏𝟏+𝟎.𝟏𝟒 ± 𝟎. 𝟎𝟓
in agreement with SM (but also lower)

[SM]

[SM]

]2c) [GeV/-e+e-pK(m
5 5.5 6

310´

2 c
C

an
di

da
te

s p
er

 5
0 

M
eV

/

0
5

10
15
20
25
30
35
40
45 -e+e-pK ® 0

bL
Combinatorial

-e+e0p-pK ® 0
bL

y/J-pK ® 0
bL

-e+e-K+K ® 0
sB

-e+e
*0

K ® 
0

B

LHCb

Observation > 7σ 

arXiv:1912.08139

𝐵 → 𝐾∗𝜇𝜇 angular analysis
New result from LHCb with 4.7 fb–1 (Run 1 + 2016 data)

0 5 10 15
]4c/2 [GeV2q

1-

0.5-

0

0.5

15'P

(1
S)

y/J

(2
S)

y

LHCb Run 1 + 2016
SM from DHMV

Full fit to all angular 
observables

Global fit by LHCb to 
SM model varying 
Re(C9) only gives 3.3σ 
discrepancy

arXiv:2003.04831



34

Status of anomalies 

Status of flavour anomalies:

𝑅G(∗) =
𝐵(𝐵 → 𝐷 ∗ 𝜏𝜈)
𝐵(𝐵 → 𝐷 ∗ ℓ𝜈)

Possible new physics in charged 
current in tree diagram

Tension reduced after 2019 Belle result [1904.08794]

in agreement with SM

Remaining tension (HFLAV): 3.1σ
Corresponding 𝑅K/M|O/P ~2σ above SM [LHCb: 1711.05623]

𝑅Q(∗) =
𝐵(𝐵 → 𝐾 ∗ 𝜇𝜇)
𝐵(𝐵 → 𝐾 ∗ 𝑒𝑒)

≅ 1 Experiments measure double 
ratio involving J/𝜓

𝑅Q: LHCb most precise, Run-2 ~SM, 
combination with Run-1: 2.5σ < SM

𝑅Q∗: LHCb (most precise) low (2.3~2.3σ) at low q 2

New results by LHCb:

𝑅TQ =
𝐵(ΛV8 → 𝑝𝐾)𝜇𝜇)
𝐵(ΛV8 → 𝑝𝐾)𝑒𝑒)

≅ 1

LHCb measures double ratios to J/𝜓

Result: 𝑹𝒑𝑲 = 𝟎. 𝟖𝟔)𝟎.𝟏𝟏+𝟎.𝟏𝟒 ± 𝟎. 𝟎𝟓
in agreement with SM (but also lower)
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𝐵 → 𝐾∗𝜇𝜇 angular analysis
New result from LHCb with 4.7 fb–1 (Run 1 + 2016 data)
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Only one firm conclusion here:

More data needed
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New decays and states!

Observation of 𝐵78 → 𝑋(3872)(→ 𝐽/𝜓𝜋𝜋)𝜙 decay
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This differs from ψ 2𝑆 for which 𝐵j8/𝐵+ ratio is 0.87

Observation of excited ΩV)(𝑠𝑠𝑏) states in decay to ΞV8(𝑢𝑠𝑏)𝐾_

ΩV) (6.0 GeV) discovered by CDF in 2009, ΞV8 → Ξq+(→ 𝑝𝐾)𝜋+)𝜋)
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Heavy Ion Physics
High-density strong Matter

… and physics of strong electromagnetic fields !
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Understanding of Heavy Ion collisions has hugely evolved since start of LHC

3/20Fabrizio Grosa03/03/2020

Strangeness enhancement in small systems
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ALI−PREL−321075

An enhanced production of strange and multi-
strange hadrons was also observed in high-
multiplicity pp collisions compared to low 
multiplicity collisions 
➡ If a fraction of charm quarks hadronises via 

recombination also in small systems, the 
abundance of charm hadrons with strange-
quark content compared to the non-strange 
charm hadrons could be larger in high 
multiplicity pp / p-Pb collisions 

➡ If the trend of light-flavour particles is due to 
canonical suppression should we observe the 
same also for charm hadrons?

Seminal plot from ALICE with rich physics

• Hadron / pion ratio smoothly evolves across   
multiplicity reaching thermal values in Pb-Pb

• Rise of strangeness (the stranger the steeper)

• No √s dependence

• Low multiplicity pp data described by Pythia (but 
remains constant towards higher Nch)   

• Increase of ratio could indicate thermal production        
of strangeness independent of size of system

• High-multiplicity pp ~ same hadro-chemistry as            
fully thermalized system

• Is it possible to understand behavior of large systems 
from parton (re-)scattering in small systems?

• Theoretical models allow quantitative description
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Understanding of Heavy Ion collisions has hugely evolved since start of LHC

3/20Fabrizio Grosa03/03/2020

Strangeness enhancement in small systems
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➡ If the trend of light-flavour particles is due to 
canonical suppression should we observe the 
same also for charm hadrons?

Seminal plot from ALICE with rich physics

• Hadron / pion ratio smoothly evolves across   
multiplicity reaching thermal values in Pb-Pb

• Rise of strangeness (the stranger the steeper)

• No √s dependence

• Low multiplicity pp data described by Pythia (but 
remains constant towards higher Nch)   

• Increase of ratio could indicate thermal production        
of strangeness independent of size of system

• High-multiplicity pp ~ same hadro-chemistry as            
fully thermalized system (hydrodynamics)

• Is it possible to understand behavior of large systems 
from parton (re-)scattering in small systems?

• Theoretical models allow quantitative description
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than the Xe-Xe data, but they are compatible for
Nch < 200. An ordering of v2 > v3 > v4 is observed in
large systems except for the very high multiplicities, where
v2 ≈ v3. At low multiplicity, the magnitudes of vn are
similar to those measured in pp and p-Pb collisions. The
measurements from large systems are compared with
calculations using impact-parameter Glasma (IP-Glasma)
initial conditions, MUSIC hydrodynamic model, and the
ultrarelativistic quantum molecular dynamics (UrQMD)
model for hadronic rescatterings [31,54]. The calculations
qualitatively describe all the vn measurements except for
Nch < 200 where they overestimate the v2.

In small collision systems, all the vn coefficients exhibit
a weak dependence on multiplicity. The trend and magni-
tudes, particularly for v2, cannot be explained solely by
model calculations without collective effects. This can be
demonstrated by the comparison with predictions from
PYTHIA 8 [53], computed with a similar multiplicity
definition as the experimental results from pp collisions.
The ordering of vn in pp collisions for all multiplicities is
the same as in large collision systems (v2 > v3 > v4)
and is not described by PYTHIA 8 where v2 > v4 > v3
for Nch > 30. These observations suggest the presence of
effects other than just nonflow correlations at multiplicities
larger than about 2–3 times the minimum bias value of
hNchi ≈ 10 in pp and hNchi ≈ 24 in p-Pb collisions. In
p-Pb collisions, these conclusions are further supported by
the qualitative agreement with the IP-Glasma+MUSIC

+UrQMD calculations. Nevertheless, the hydrodynamic
model reveals a strong decrease of v2 with multiplicity
in pp collisions, which is in stark contrast with the data. A
further nonflow suppression with a larger jΔηj separation in
the experimental results of p-Pb collisions, or improve-
ments in the phenomenological description, might help to
reach a quantitative agreement.
Figure 1(d) shows measurements of v2fkg using cumu-

lants with a number k ¼ 4, 6 and 8 particles. Measurements
of v2f4g with the three-subevent method, and of v2f6g and
v2f8g in Pb-Pb collisions with the two-subevent method,
are also presented. Compared to v2f2g, multiparticle
cumulants are less influenced by nonflow effects, since
the latter usually involve only a few particles. No further
nonflow suppression was observed by increasing the jΔηj
separation between the subevents in the multiparticle
cumulant measurements. In Xe-Xe and Pb-Pb collisions,
characteristic patterns of long-range multiparticle correla-
tions, such as consistent results from the standard and
subevent methods (v2f4g≈v2f4g3−sub, v2f6g≈v2f6g2−sub,
and v2f8g ≈ v2f8g2−sub), and compatible measurements of
v2 with multiparticle cumulants (v2f4g ≈ v2f6g ≈ v2f8g)
are found, signaling a negligible contribution from nonflow
correlations and the dominance of collective effects.
Moreover, a good agreement of v2f4g between data and
calculations from the IP-Glasma+MUSIC+UrQMD [31,54]
model is found for Pb-Pb collisions down to Nch ≈ 200.
The same model prediction, which does not include
any tuning of its parameters to other collision systems,
underestimates the v2f4g from Xe-Xe collisions by about
15%–20%.
In p-Pb collisions, a further nonflow suppression with

the three-subevent method leads to a decrease of the
cumulant c2f4g > c2f4g3−sub, which, due to the relation
v2f4g ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−c2f4g4

p
, corresponds up to a 2σ increase

v2f4g < v2f4g3−sub. The three-subevent method allows
for a measurement of a real-valued v2f4g3−sub at a lower
Nch than the standard v2f4g measurement, making it
possible to study collectivity at even lower multiplicities.
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FIG. 1. Multiplicity dependence of vnfkg for pp, p-Pb, Xe-Xe,
and Pb-Pb collisions. Statistical uncertainties are shown as
vertical lines and systematic uncertainties as filled boxes. Data
are compared with PYTHIA 8.210 Monash 2013 [53] simulations
(solid lines) of pp collisions at
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parameter-Glasma, MUSIC, and ultrarelativistic quantum molecu-
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of pp, p-Pb, Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
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with a pseudorapidity separation jΔηj > 1.4, 1.0 and 1.0,
respectively. (d) v2 measured using multiparticle cumulants, with
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two-subevent method for higher order cumulants in Pb-Pb
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and is not described by PYTHIA 8 where v2 > v4 > v3
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larger than about 2–3 times the minimum bias value of
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p-Pb collisions, these conclusions are further supported by
the qualitative agreement with the IP-Glasma+MUSIC

+UrQMD calculations. Nevertheless, the hydrodynamic
model reveals a strong decrease of v2 with multiplicity
in pp collisions, which is in stark contrast with the data. A
further nonflow suppression with a larger jΔηj separation in
the experimental results of p-Pb collisions, or improve-
ments in the phenomenological description, might help to
reach a quantitative agreement.
Figure 1(d) shows measurements of v2fkg using cumu-

lants with a number k ¼ 4, 6 and 8 particles. Measurements
of v2f4g with the three-subevent method, and of v2f6g and
v2f8g in Pb-Pb collisions with the two-subevent method,
are also presented. Compared to v2f2g, multiparticle
cumulants are less influenced by nonflow effects, since
the latter usually involve only a few particles. No further
nonflow suppression was observed by increasing the jΔηj
separation between the subevents in the multiparticle
cumulant measurements. In Xe-Xe and Pb-Pb collisions,
characteristic patterns of long-range multiparticle correla-
tions, such as consistent results from the standard and
subevent methods (v2f4g≈v2f4g3−sub, v2f6g≈v2f6g2−sub,
and v2f8g ≈ v2f8g2−sub), and compatible measurements of
v2 with multiparticle cumulants (v2f4g ≈ v2f6g ≈ v2f8g)
are found, signaling a negligible contribution from nonflow
correlations and the dominance of collective effects.
Moreover, a good agreement of v2f4g between data and
calculations from the IP-Glasma+MUSIC+UrQMD [31,54]
model is found for Pb-Pb collisions down to Nch ≈ 200.
The same model prediction, which does not include
any tuning of its parameters to other collision systems,
underestimates the v2f4g from Xe-Xe collisions by about
15%–20%.
In p-Pb collisions, a further nonflow suppression with

the three-subevent method leads to a decrease of the
cumulant c2f4g > c2f4g3−sub, which, due to the relation
v2f4g ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−c2f4g4

p
, corresponds up to a 2σ increase

v2f4g < v2f4g3−sub. The three-subevent method allows
for a measurement of a real-valued v2f4g3−sub at a lower
Nch than the standard v2f4g measurement, making it
possible to study collectivity at even lower multiplicities.
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FIG. 1. Multiplicity dependence of vnfkg for pp, p-Pb, Xe-Xe,
and Pb-Pb collisions. Statistical uncertainties are shown as
vertical lines and systematic uncertainties as filled boxes. Data
are compared with PYTHIA 8.210 Monash 2013 [53] simulations
(solid lines) of pp collisions at
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of pp, p-Pb, Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, and Xe-Xe
collisions at
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p ¼ 5.44 TeV (filled bands). The width of the
band represents the statistical uncertainty of the model. (a), (b),
and (c): v2, v3, and v4 measured using two-particle cumulants
with a pseudorapidity separation jΔηj > 1.4, 1.0 and 1.0,
respectively. (d) v2 measured using multiparticle cumulants, with
the three-subevent method for the four-particle cumulant, and
two-subevent method for higher order cumulants in Pb-Pb
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True collectivity (flow) in small systems established: revealed by applying techniques   
from heavy ion physics to pp (and p-Pb)

Theoretical analysis of precise Pb-Pb flow data shows that shear viscosity of QGP is        
10 × lower than for any other form of matter ® almost perfect fluid [ S. Bass et al, Nature Phys 15, 1113 (2019) ] 

ALICE PRL 123, 142301 (2019) 

ALICE
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Hard probes — Suppression of strongly interacting probes in Pb-Pb collisions uniformly observed

LHCP 2020 ATLAS highlights 20

Heavy ion results
Suppression for several 
probes in PbPb collisions  
compared to pp have been 
published

In general there is a broad 
consistency between 
strongly interacting probes

On the contrary W and Z 
bosons are produced 
unsuppressed

Colourless probes not suppressed 
® Useful as reference and for measurement of nuclear PDFs

Jet suppression in 
QGP up to TeV scale. 
No R dependence

RAA = Pb-Pb cross section / scaled pp cross section 
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Quarkonia — Suppression versus recombination in deconfined medium (QGP)

Colour screening at high temperature dissociates (“melts”) quarkonia in QGP 

But, quarkonia also regenerated in QGP by re-combination of heavy QQ pairs 

LHCP2020, Overview of heavy flavour and quarkonia 6

Charmonium recombination

Effects of recombination: 

• overall enhancement of the RAA at low pT

   

RAA = 1 → No medium modification

c c

RAA = 1 no medium modification

Colour screening 
dissociation

Regeneration

– Balanced effects at low pT
Reproduced by theoretical models

LHCP2020, Overview of heavy flavour and quarkonia 8

cb b

 

• Dissociation: 
• Bottomonia melt inside the medium 

(colour screening)

 

Bottomonium suppression in PbPb collisions
Bottomonia less affected by recombination due to lower b-bbar cross section!
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High data statistics allows to look for new probes 
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Top pair production in Pb-Pb collisions
® Decays before QGP creation, reconstructed m(tt) carries 

information on time structure of medium [arXiv:1711.03105]

Significance: 4.0σ observed (6.0σ exp.) [w/ b-tag]

Light (anti)nuclei production and absorption
® Ratio of (anti)deuteron, (anti)triton, (anti)3He production 

to protons increases smoothly across colliding systems

arXiv:2003.03184

Measurement of low-pT d cross section in p-Pb
® Novel method exploits detector as absorber. Measurement 

relevant for antinuclei production from cosmic rays

arXiv:2005.11122

Allows to test coalescence and 
statistical hadronization models

_



Observation of light-by-light scattering in 5.02 TeV 
ultraperipheral Pb-Pb collisions taken in 2018
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ATLAS

 = 5.02 TeVNNsPb+Pb 

-1Data 2018, 1.7 nb
)gg ® ggSignal (

gg ®CEP gg 
 ee® gg

Sys. unc.Look for low-energy back-to-back photon pair 
with no additional activity in detector
59 gg ® gg events observed for 12 ± 3 
expected background (8.2σ)

This opened the 
door to new studies 
and searches using 
the interaction of 
quasi-real photons 
in Pb-Pb collisions

Field strength of up to 1025 V/m 
reached in UPC Pb-Pb collisions

Photon flux / nucleus ~ Z2

arXiv:1904.03536
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This week: measurement of light-by-light scattering 
in 5.02 TeV ultraperipheral Pb-Pb collisions taken in 
2015 + 2018

Measurement of differential cross sections and constraints on 
ALP-photon coupling versus ALP mass

ATLAS-CONF-2020-010 
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Event display of 4.8 TeV top-pair event in ATLAS [ arXiv:2005.05138 ]

Broad and deep searches continue, many exploiting the detectors in new ingenious ways
not always envisioned by their designers, but possible thanks to system redundancy 

Searches for New Physics
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Searches for heavy resonances decaying via pairs of W, Z, H bosons or top quarks benefit 
from significantly improved boson and top tagging algorithms using machine learning

Backgrounds derived from data using smooth functions — requires faithful description
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Searches for heavy resonances decaying via pairs of W, Z, H bosons or top quarks benefit 
from significantly improved boson and top tagging algorithms using machine learning

Backgrounds derived from data using smooth functions — requires faithful description

VV ® qqqq resonance search
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Searches for Supersymmetry are significantly improving sensitivity in difficult areas of 
compressed spectra, and deepen quest for R-parity violating scenarios
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1 Introduction20

Extending the Standard Model (SM) of particle physics with supersymmetry (SUSY) [1–6] can introduce21

processes that violate baryon number (B) and lepton number (L), such as in rapid proton decay. As such22

processes have not been observed it is common to introduce the ad hoc requirement of conservation of23

R-parity [7], defined as R = (�1)3(B�L)+2s, where s is spin. By definition SM particles have R = 1 and24

their SUSY partners have R = �1, and R-parity conservation (RPC) requires the lightest SUSY particle25

(LSP) to be stable. In RPC scenarios, a stable LSP must necessarily be neutral in electric and color charge26

to be compatible with astrophysical data [8, 9].27

Theories predicting R-parity violation (RPV) [10, 11] are viable if the B � L violating interactions have28

small couplings and violate only one of B or L at tree level, thus preventing rapid proton decay. The29

benchmark model for this search is a minimal supersymmetric standard model (MSSM) [12, 13] extension30

that adds a gauged U(1)B�L [14–18] to the SU(3)C ⇥ SU(2)L ⇥ U(1)Y of the SM and includes three31

generations of right-handed neutrino supermultiplets. The third generation right-handed sneutrino has the32

correct quantum numbers to spontaneously break the B � L symmetry, and its vacuum expectation value33

(VEV) only introduces L violation at tree level. The size of the RPV coupling is directly related to the34

right-handed sneutrino VEV, and therefore to the neutrino sector, and is kept small by the light neutrino35

masses. However, the RPV coupling would allow for the decay of the LSP, which may then have electric36

and color charges.37

This B � L RPV model allows for unique signatures [19, 20] that are forbidden under the assumption38

of R-parity conservation. In a scan of simulated MSSM parameters [21, 22] it was seen that two likely39

LSP candidates with moderate production cross-sections at the LHC are the wino-type chargino ( �̃±1 ) and40

wino-type neutralino ( �̃0
1 ) [23, 24], the SUSY partners of the electroweak gauge fields of the W bosons.41

Both LSP candidates are nearly mass degenerate with one another in all simulations and therefore both42

decay via RPV couplings [23]. The RPV coupling is large enough in the majority of simulations such that43

both will decay promptly [24]. The chargino can decay to either a Higgs boson and a charged lepton (H`),44

a Z boson and a charged lepton (Z`), or a W boson and a neutrino (W⌫), while the neutralino can decay45

to either H⌫, Z⌫, or W`, as shown in Figure 1. The relative branching fractions of both the boson type46

and the lepton flavor depend on tan�, the ratio of the VEV of the two Higgs fields, and the neutrino mass47

hierarchy.48
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Figure 1: Diagrams of the considered signal processes involving pair production of top squarks t̃: (a) with the decay
into a b-quark and the lightest chargino �̃+ (t̃ ! b̄ �̃+) with the subsequent decay of the chargino �̃+ ! b̄b̄s̄ via
a virtual top squark, and (b), for mt̃ � m�̃0

1,2 , �̃
± � mtop including the decay into a top-quark and the two lightest

neutralinos �̃0
1,2 with the subsequent decay �̃0

1,2 ! tbs. Where not explicitly shown, the anti-squarks (t̃⇤) decay into
the charge-conjugate final states of those indicated for the corresponding squarks.

detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic54

and hadron calorimeters, and a muon spectrometer. The inner tracking detector covers the pseudorapidity55

range |⌘ | < 2.5. An additional innermost layer of the silicon pixel tracker, the insertable B-layer [11],56

was installed before 2015 at an average radial distance of 3.3 cm from the beam line to improve track57

reconstruction and flavor identification of quark-initiated jets. It consists of silicon pixel, silicon microstrip,58

and transition radiation tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters provide59

electromagnetic energy measurements with high granularity. A hadron (steel/scintillator-tile) calorimeter60

covers the central pseudorapidity range (|⌘ | < 1.7). The end-cap and forward regions are instrumented with61

LAr calorimeters for both EM and hadronic energy measurements up to |⌘ | = 4.9. The muon spectrometer62

surrounds the calorimeters and is based on three large air-core toroidal superconducting magnets with eight63

coils each. The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector.64

The muon spectrometer includes a system of precision tracking chambers and fast detectors for triggering.65

A two-level trigger system is used to select events. The first-level trigger is implemented in hardware and66

uses a subset of the detector information to reduce the accepted rate to at most nearly 100 kHz. This is67

followed by a software-based High Level Trigger (HLT) that reduces the accepted event rate to 1 kHz on68

average depending on the data-taking conditions.69

3 Event reconstruction70

Events are required to have a primary vertex reconstructed from at least two tracks with transverse71

momentum pT > 500 MeV. When several vertices are found in a given bunch crossing, the vertex with the72

largest summed p
2
T of the associated tracks is selected.73

is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of �R ⌘
p
(�⌘)2 + (��)2.

13th May 2020 – 00:17 3

Look for many jets & 
b-jets, no leptons:

ATLAS-COONF-2020-016

Look for Z+lepton
(3ℓ) resonance:
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Searches for Supersymmetry state-of-the-art sensitivity and limits for gluino, top squark and 
electroweak pair production

200 400 600 800 1000 1200 1400

 [GeV]t~m

0

200

400

600

800

1000 [G
eV

]
10 c~

m

CMS Preliminary

1
0c~ t® t~,  t~t~ ®pp May 2020

 (13 TeV)-1137 fb

0
1c~

 + 
m

t

 = 
m

t~m

Expected
Observed

)miss
T1908.04722, 0-lep (H

)T21909.03460, 0-lep (M
1912.08887, 1-lep (stop)
SUS-19-011, 2-lep (stop)

800 1000 1200 1400 1600 1800 2000 2200 2400

 [GeV]g~m

0

200

400

600

800

1000

1200

1400

1600

1800

2000

 [G
eV

]
10 c~

m

CMS Preliminary

1
0c~q q® g~,  g~g~ ®pp May 2020

 (13 TeV)-1137 fb
Expected
Observed

-1), 36 fbmiss
T1704.07781 (H

)miss
T1908.04722, 0-lep (H

)T21909.03460 (M

g̃

g̃
p

p

�̃0
1

q

q

�̃0
1

q

q

t̃

t̃
p

p

�̃0
1

t

�̃0
1

t

Gluino-pair 
production

Stop-pair production

100 200 300 400 500 600 700 800
 ) [GeV]0

2c
~, ±

1c
~m( 

0

50

100

150

200

250

300

350

400

 ) 
[G

eV
]

0 1c~
m

( 

Expected limits
Observed limits

WW      2l
arXiv:1403.5294

arXiv:1908.08215

  via -
1c
~ +1c

~

WZ       2l, 3l
arXiv:1806.02293

arXiv:1911.12606

ATLAS-CONF-2020-015

, 3lggWh  lbb, 
arXiv:2004.10894

arxiv:1909.09226

ATLAS-CONF-2020-015

  via0
2c
~ ±1c

~

All limits at 95% CL PreliminaryATLAS -1=8,13 TeV, 20.3-139 fbs May 2020

 ) ]
2
0c~, 

1
±c~ ) + m( 

1
0c~ [ m( 2

1 ) = n~/ Lt
~/ Ll

~m( 

 )0
1c~

 ) 
= 

m( 

0
2c~

m( 

 ) 
+ 

m( Z
 )

0
1c~

 ) 
= 

m( 

0
2c~

m( 

 ) 
+ 

m( h
 )

0
1c~

 ) 
= 

m( 

0
2c~

m( 

�̃±
1

�̃0
2

W

Zp

p

�̃0
1

`

⌫

�̃0
1

`

`

Electroweak-ino pair production



49

Dark sector and long-lived particle searches
V.A. MitsouLHCP2020
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Number of new experiments around LHC and SPS proposed or 
approved to look for long-lived neutral particles (eg, heavy neutral 
leptons (“sterile neutrinos”), dark photons, dark scalars, axion-like particles)
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Dark matter searches at the LHC — Direct through recoil (incl. SUSY), indirect through mediator

If produced at the LHC, DM 
interactions will be mediated by 
particles that can also be directly 
searched for — complementarity
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vector mediator 
models
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Phys. Lett. B 788 (2019) 316
1- 36.1 fb

ATLAS-CONF-2018-052
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Phys. Lett. B 795 (2019) 56
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Phys. Lett. B 795 (2019) 56
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HL-LHC Civil Engineering
US/UW57 cavern with entrance to UR55 and UA57 galleries at Point 5 (CMS)51

The next steps



Accelerators LHC Injector Upgrade (LIU): Linac 4, PSB, SPS
For improved beam brightness and reliability

LHC: consolidation of interconnections & diode boxes
Two 11 T dipoles at P7 to make room for collimator
Unclear whether will be installed

Civil engineering for HL-LHC
New Linac 4 Inspecting & cleaning a diode enclosure

ALICE ATLAS

CMS LHCb

Upgrades during LS2: improve Run-3 physics and prepare for HL-LHC

Main theme: refine trigger selection
In view of Run-3 and the HL-LHC

LAr upgrade for better L1Calo granularity
Exploited by more powerful L1 trigger boards

Muon New Small Wheel (NSW), …
Improved fake muon rejection at trigger level

Main theme: trigger-less readout
50-100 times min bias, 50 kHz readout (was 1 kHz)

New Pixel Inner (ITS2) and Fwd muon 
tracker (MFT) — 13B pixels
Pioneers monolithic MAPS (CMOS) technology

GEM-based TPC readout + Fast Interaction 
Trigger, new Online-Offline computing system, …

Many upgrades already during Run-2 
New Pixel, DCDC, L1 trigger, PPS, HCAL elec.

Finalise this work during LS2
Plus for HL-LHC: new beampipe, civil eng.,   
muon electronics & GEMs, beam & Fwd systems

Additional consolidation tasks

Main theme: 5 times luminosity and pileup
Maintain performance of detector — update ~all systems
– New tracking detectors: pixel, strips, outer (SciFi)
– New RICH optical system and photo detectors

40 MHz all-software trigger (current HW: 1.1 MHz)
New RICH, calorimeter, muon readout (L0 trigger removal)
HLT1 (first level) reconstruction on GPUs
Surface data centre for event filter and building
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Run 3 will be a game changer for ALICE (×50 of Run 1+2) and LHCb (×5)

For ATLAS and CMS, the LS2 upgrades prepare for the game changing HL-LHC

Precision QCD Measurements
William Barter 

On behalf of the ALICE, ATLAS, CMS, and LHCb collaborations

Imperial College London 
26/05/20
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Upgrades during LS2: improve Run-3 physics and prepare for HL-LHC

We have heard this week that much of this work is affected by the necessary      
COVID-19 measures. In addition to the restrictions at CERN, the international 
experiments depend on the situation at production sites and travel of experts

There will be delays. Reassessment of schedule performed over the summer

As soon as possible experts restarted urgent work wearing their protective equipment and keeping distance

Photos shown by Matt Charles (LHCb) and Miguel Jimenez (LHC & Injectors)
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14 TeV proton–proton centre-of-mass energy is better !

Miguel Jimenez confirmed on Monday that the 
additional time needed by the experiments due 
to COVID-19 will be used for magnet training
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HL-LHC: monumental upgrades of LHC, ATLAS & CMS, proposals by ALICE & LHCb
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Table 1.1: Comparison of the nominal LHC parameters with those of three possible HL-LHC schemes.
The levelled luminosity is assumed for µ ' 140. The levelling time assumes no emittance growth.

Parameter Nominal LHC Nominal HL-LHC 25ns
[Design Report] [standard] [BCMS] [8b4e]

Beam energy in collision [ TeV] 7 7 7 7
Number of protons per bunch [⇥10

11] 1.15 2.2 2.2 2.3
nb 2808 2748 2604 1968
Number of collisions in IP1 and IP5 2808 2736 2592 1960
Beam current [A] 0.58 1.09 1.03 0.82
crossing angle [µrad] 285 590 590 554
beam separation [�] 9.4 12.5 12.5 12.5
�⇤ [m] 0.55 0.15 0.15 0.15
✏n [µm] 3.75 2.50 2.50 2.2
✏L [eVs] 2.5 2.5 2.5 2.5
Levelled luminosity [⇥10

34
cm

�2
s
�1] - 5.32 5.02 5.03

Events / crossing 27 140 140 140
Levelling time [hours] - 8.3 7.6 9.5

Table 1.2: Comparison between the planned HL-LHC nominal and ultimate luminosity parameters.

Linst

R
L per year

Configuration [1034cm�2
s
�1] hµi [fb�1]

Baseline 5 140 250
Ultimate 7.5 200 >300

cope with pile-up up to hµi ' 200 2, the ultimate HL-LHC scenario shown in Fig. 1.2b could495

be realised. Table 1.2 presents a comparison between the two configurations. After the Long496

Shutdown 4 (2030) the instantaneous levelled luminosity could reach L = 7.5 ⇥ 10
34
cm

�2
s
�1,

resulting to more than 300 fb�1 per year and up to 4000 fb�1 at the end of the HL-LHC lifetime.497

1.2 Physics Drivers for the HL-LHC Upgrades498

The Phase-II TDAQ upgrade must support the broad ATLAS physics programme for the HL-499

LHC; this programme has been presented and discussed in detail in several documents, here500

listed in chronological order: (i) the Phase-II Upgrade Letter of Intent [1.4], dating from 2012, (ii)501

the two reports submitted to the European Committee for Future Accelerators (ECFA) [1.5][1.6],502

published in 2013 and 2014 respectively, and (iii) the Scoping Document [1.1] released in late503

2015. Table 1.3 presents the wide spectrum of physics goals and a representation of analy-504

ses that will be carried out by ATLAS to exploit the full potential of the HL-LHC. Also given505

are the corresponding trigger signatures. These goals include unveiling the paradigm of elec-506

troweak symmetry breaking through precision measurements of the properties of the Higgs bo-507

son, improved measurements of all relevant Standard Model parameters including the study of508

rare Standard Model processes, searches for Beyond the Standard Model (BSM) signatures and509

flavour physics. The trigger has to address also specific challenges of the heavy-ion physics510

2A benchmark scenario with a hµi of approximately 200 is obtained by assuming nb = 2808 and a peak instan-
taneous luminosity of L = 7.5⇥ 1034 cm�2s�1. For more details, see the HL-LHC Technical Design Report [1.2].

8 1 An Introduction to the TDAQ Phase-II Programme

Upgrade of several components of  
the LHC and injector 

New super-conducting triplet: lower β* 

Injector upgrade 

Increased beam charge 

Luminosity levelling 

High availability 

Aim at 3000 events/fb (4000 events/fb)

maximizing luminosity 
luminosity for round beams: 
 

maximize 
total beam  

current 

maximize  
brightness 

(injectors &  
beam-beam limit) 

maximize energy 
& minimize E* 

compensate reduction 
factor R 

 
crossing angle 

 hourglass effect 

HL-LHC:
ATLAS & CMS Phase-II  
upgrades entering 
construction phase

No time to summarise
the many innovating and 
challenging projects here

Simulated VBF Higgs event with 200 pileup 
interactions in CMS

With 3 ab–1: 190 million H and 120 
thousand HH (ggF) produced (SM)



• Many, many, many other beautiful results (among these, the suit of new and 
ingenious long-lived particle searches, an utterly creative field as we heard today)

• Further progress on theoretical calculations and modelling is critical for 
exploiting the physics of Run-3 and the HL-LHC

• SMEFT, SMEFT, SMEFT: theorists and experimentalists are moving to a 
global and coherent BSM interpretation framework of measurements and 
searches — this is an excellent development

• The importance of outreach for particle physics: go and speak to policy 
makers, your colleagues at universities and labs, and the public about this 
exciting and important science!

Among the many things I did not discuss

Before concluding…

3

Searches for long-lived particles 

May 30, 2020LHCP2020 : BHAWNA GOMBER

✫ Challenging from the experimental point of view 
✫ Non-standard reconstruction

✫ Displacements, timing and ionization

✫ Dedicated triggers

✫ Non-standard background 
is a challenge

✫ Detector noise, cosmic 
rays, reco failures

✫ Should be estimated from 
data



Conclusions

A decade after the start, the LHC and its experiments have exceeded all performance promises 
and transformed particle physics

We have discovered many new tools to approach the big questions: 
• Nature of dark matter and energy
• Hierarchy of scales and stability of the scalar sector
• Matter-antimatter asymmetry in Universe
• Strong CP problem

to which — unfortunately — direct experimental probes are yet elusive 

But there is huge progress on ”answerable questions” through measurement (G. Salam, LHCP 2018)

We live in data-driven times, experiment must guide us to the next stage. The LHC and its 
experiments represent the flagship of particle physics at the energy frontier for the decade to come 
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The unprecedented COVID-19 crisis hits our societies hard with human suffering 
and huge societal as well as economic challenges

In this situation, we are extremely grateful to Giovanni, Roberto and all                     
the LHCP 2020 Organisers as well as CERN for allowing this important                      
conference with many fascinating talks and posters to happen


