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LHC Run-2 Highlight 17/18
2 2 Analysis overview

and vector boson fusion (VBF), final states with H ! tt decays contain only two charged
leptons, defining the LL

0 channels. All six t-pair final states are studied: LL
0 = µth, eth, thth,

eµ, µµ, and ee.
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Figure 1: Leading-order Feynman diagrams for Higgs boson production through gluon-gluon
fusion (left), vector boson fusion (middle), and the associated production with a W or a Z boson
(right).

Sensitivity to the associated production with a W or a Z boson is achieved by requiring one or
two additional electrons or muons compatible with leptonic decays of the W or Z boson. The
four most sensitive final states are retained in the ` + Lth channels aiming at the associated
production with a W boson, ` + Lth = µ + µth, e + µth/µ + eth, µ + thth, and e + thth. In
the `` + LL

0 channels that target the associated production with a Z boson decaying to ``, the
t-pair final states µth, eth, eµ, and thth are considered, leading to eight channels in total. The
ee and µµ t-pair final states are excluded because the corresponding events are already used
in the search for H ! ZZ ! 4` [11].

To maximize the sensitivity of the analysis in the LL
0 channels, events are classified in categories

according to the number of jets in the final state, excluding the jets corresponding to the L and
L
0 leptons. The events are further classified according to a number of kinematic quantities that

exhibit different distributions for signal and background events (see section 6). In particular,
the contribution of the VBF production process is enhanced for events with two or more jets
by requiring a large rapidity gap between the two jets with the highest transverse momentum.
For the remaining events with at least one jet, requiring a large pT of the reconstructed Higgs
boson candidate increases the sensitivity to Higgs boson production through gluon fusion. A
complete listing of all lepton final states and event categories is given in appendix B.

With the exception of the ` + Lth, ee, and µµ channels, the signal is extracted from the distribu-
tion of the invariant mass of the t-lepton pair, mtt, calculated from the L and L

0 four-momenta
and the missing transverse energy vector. In the ` + Lth channels, the signal extraction is in-
stead based on the invariant mass, mvis, of the visible Lth decay products because the missing
transverse energy does not entirely arise from the neutrinos produced in the decay of the two t
leptons. In the ee and µµ channels, a discriminating variable combining a number of kinematic
quantities and other observables, including mtt, is used.

The background composition depends on the channel and, in particular, on the number of
electrons and muons in the final state. The Drell–Yan production of a Z boson decaying into
a pair of t leptons constitutes the main irreducible background in all LL

0 channels. Another
source of background with the same leptonic final state is the production of top-quark pairs
(tt), which is most important in the eµ channel. Reducible background contributions include
QCD multijet production that is particularly relevant in the thth channel and W(! `n) + jets
production with a jet misidentified as a th in the `th channels. In the ` + Lth and `` + LL

0

b̅
b
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16 9 Results

Figures 6–17 show the distributions observed in all channels and categories of this analysis,
together with the expected background and signal distributions. The choice of the binning
is driven by the statistical precision of the background and data templates, leading to wider
bins in the poorly-populated VBF category. The most sensitive category, VBF, is shown first
and is followed by the boosted and 0-jet categories. The signal prediction for a Higgs boson
with mH = 125.09 GeV is normalized to its best fit cross section times branching fraction. The
background distributions are adjusted to the results of the global maximum likelihood fit.
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Figure 6: Observed and predicted 2D distributions in the VBF category of the thth decay chan-
nel. The normalization of the predicted background distributions corresponds to the result of
the global fit. The signal distribution is normalized to its best fit signal strength. The back-
ground histograms are stacked. The “Others” background contribution includes events from
diboson and single top quark production, as well as Higgs boson decays to a pair of W bosons.
The background uncertainty band accounts for all sources of background uncertainty, system-
atic as well as statistical, after the global fit. The signal is shown both as a stacked filled his-
togram and an open overlaid histogram.

The 2D distributions of the final discriminating variables obtained for each category and each
channel in the signal regions, along with the control regions, are combined in a binned like-
lihood involving the expected and observed numbers of events in each bin. The expected
number of signal events is the one predicted for the production of a SM Higgs boson of mass
mH = 125.09 GeV decaying into a pair of t leptons, multiplied by a signal strength modifier µ
treated as a free parameter in the fit.

The systematic uncertainties are represented by nuisance parameters that are varied in the fit
according to their probability density functions. A log-normal probability density function
is assumed for the nuisance parameters affecting the event yields of the various background
contributions, whereas systematic uncertainties that affect the shape of the distributions are
represented by nuisance parameters whose variation results in a continuous perturbation of the
spectrum [68] and which are assumed to have a Gaussian probability density function. Overall,
the statistical uncertainty in the observed event yields is the dominant source of uncertainty for
all combined results.
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Figure 1: Leading-order Feynman diagrams for Higgs boson production through gluon-gluon
fusion (left), vector boson fusion (middle), and the associated production with a W or a Z boson
(right).

Sensitivity to the associated production with a W or a Z boson is achieved by requiring one or
two additional electrons or muons compatible with leptonic decays of the W or Z boson. The
four most sensitive final states are retained in the ` + Lth channels aiming at the associated
production with a W boson, ` + Lth = µ + µth, e + µth/µ + eth, µ + thth, and e + thth. In
the `` + LL

0 channels that target the associated production with a Z boson decaying to ``, the
t-pair final states µth, eth, eµ, and thth are considered, leading to eight channels in total. The
ee and µµ t-pair final states are excluded because the corresponding events are already used
in the search for H ! ZZ ! 4` [11].

To maximize the sensitivity of the analysis in the LL
0 channels, events are classified in categories

according to the number of jets in the final state, excluding the jets corresponding to the L and
L
0 leptons. The events are further classified according to a number of kinematic quantities that

exhibit different distributions for signal and background events (see section 6). In particular,
the contribution of the VBF production process is enhanced for events with two or more jets
by requiring a large rapidity gap between the two jets with the highest transverse momentum.
For the remaining events with at least one jet, requiring a large pT of the reconstructed Higgs
boson candidate increases the sensitivity to Higgs boson production through gluon fusion. A
complete listing of all lepton final states and event categories is given in appendix B.

With the exception of the ` + Lth, ee, and µµ channels, the signal is extracted from the distribu-
tion of the invariant mass of the t-lepton pair, mtt, calculated from the L and L

0 four-momenta
and the missing transverse energy vector. In the ` + Lth channels, the signal extraction is in-
stead based on the invariant mass, mvis, of the visible Lth decay products because the missing
transverse energy does not entirely arise from the neutrinos produced in the decay of the two t
leptons. In the ee and µµ channels, a discriminating variable combining a number of kinematic
quantities and other observables, including mtt, is used.

The background composition depends on the channel and, in particular, on the number of
electrons and muons in the final state. The Drell–Yan production of a Z boson decaying into
a pair of t leptons constitutes the main irreducible background in all LL

0 channels. Another
source of background with the same leptonic final state is the production of top-quark pairs
(tt), which is most important in the eµ channel. Reducible background contributions include
QCD multijet production that is particularly relevant in the thth channel and W(! `n) + jets
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Higgs Boson Production at LHC

> In SM, top-Higgs Yukawa coupling strongest (YT ≈ 1)

t, b, ???
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Figure 2: Distributions in the discriminating observables used for the signal extraction in the
1` + 2th category (top left) and in different subcategories of the 2`ss category (top right and
bottom row), compared to the SM expectation for the ttH signal and for background processes.
A BDT trained to separate the ttH signal from the tt+jets background is used in the 1` + 2th
category, while a DMVA variable, combining the outputs of two BDTs trained to discriminate the
ttH signal from the ttV and tt+jets backgrounds respectively, is used in the 2`ss subcategories.
The distributions expected for signal and background processes are shown for the values of
nuisance parameters obtained from the combined ML fit and µ = µ̂ = 1.23, corresponding to
the best-fit value from the ML fit.
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STATUS OF LHC 
➤Run 2 proton physics run just ended 
marking the conclusion of an extremely 
successful data taking period.


➤Heavy ion running is in progress. A long 
shutdown awaits from December until 
2021. 


➤Latest big results of 2018? Observation of 
Higgs coupling to third generation quarks

�2

End of Protons Physics Run II
• The last proton beams of LHC Run 2 were dumped Wednesday Oct 24 at 6 AM CET, 

marking the end of a very successful data taking period. 

• In the coming weeks, the LHC will be accelerating and colliding heavy ions
• In December LHC will be shut down until 2021.
Narain,  Oct 2018 5

ttH Production at CMS
• Tree level measurement of top quark Yukawa couplings
• Using Higgs decays to  b-bar, t+t-, gg, WW* and ZZ*          

(various quark and multi-lepton channels)
• Hadronic t decays, th, are used

• A total of 88 different event topologies, consisting of leptons, 
photons and jets, are combined to get the result

• Use of Deep Neural Nets is pervasive 

• Main systematic uncertainties are
• Experimental:  lepton-id & b jet efficiencies; th and jet energy scales
• Theory on background calculations: modelling uncertainties in tt

production in association with a W or Z or a pair of b or c jets
• Theory on signal calculations: effect of higher order corrections on 

ttH cross sections and uncertainty in proton PDFs
• The gg and ZZ* states limited by statistics; Hà bb and 

Hàleptons by systematics

Narain,  Oct 2018 16

Observation of ttH Production
• Combining Run1 & Run2 

• Some theory & background uncertainties are correlated
• Experimental uncertainties are largely uncorrelated

Narain,  Oct 2018 17

Phys. Rev. Lett. 120, 231801 –
Published 4 June 2018

Significance:  5.2" Observered
(4.2 " expected)

Best fit value of signal strength modifier 
for (upper section) the five individual decay 
channels considered, 
(middle section) the combined result for 
7+8 TeV alone and for 13TeV alone, and 
(lower section) the overall combined result. 

Enormous success of 
the LHC program in the 
amount and quality of 

measurements 
performed way beyond 

expectations

Direct observation of Higgs-fermion couplings
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The High-Luminosity LHC
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·x 10 integrated luminosity (x 100 w.r.t 2016) 

·Better detectors with larger acceptance, better triggers 

· Improved analysis and theory

Full exploitation of the LHC at the highest luminosity

new interaction  
region layout

new injector  
chain

2 x 1034 2 x 1034 5 x 1034
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The High-Luminosity LHC
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LS2 Run 3 LS3 Run 4 LS4 Run 5

ATLAS  
and CMS

2 x 1034 
300 fb-1

Detector 
Upgrade

5-7 x 1034 

~1000 fb-1
5-7 x 1034 
3000 fb-1

LHCb Detector 
Upgrade

2 x 1033 

20 fb-1
2 x 1033 

50 fb-1
Detector 

Upgrade II
2 x 1034 

300 fb-1

                          2019  2020  2021  2022  2023  2024  2025  2026  2027  2028  2029  2030  2031  2032  2033 2034

High-Luminosity LHCLHC

·x 10 integrated luminosity (x 100 w.r.t 2016) 

·Better detectors with larger acceptance, better triggers 

· Improved analysis and theory

Full exploitation of the LHC at the highest luminosity
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Tracking  
up to |η|< 3.8

High granularity  
endcap calorimeter

Muons up to η<3.0 
Improved triggering MIP Timing Layer 

(Barrel and Endcap)

Trigger/DAQ HLT: 7.5 kHz

Full 40 MHz readout into CPU farm

Fast tracking and  
vertexing

Expect to collect 50 fb-1 until end of Run 4 

New DAQ, Trigger (x50)

Fwd Muon
ååå

Detector Upgrades

Muons up to |η|<4.0 
Improved triggering

Calorimeters 
High grain timing detector Tracking  

up to |η|<4

Trigger/DAQ HLT: 10 kHz



    Andreas B. Meyer                                               Physics at the High-Luminosity LHC                                                       Terascale & Tuesday Seminar, Hamburg, 27 Nov 2018                                 !8

Chapter 2

Overview of the Phase-2 Tracker Upgrade

2.1 Limitations of the present tracker
The present strip tracker was designed to operate with high efficiency at an instantaneous lu-
minosity of 1.0 ⇥ 1034 cm�2s�1, with an average pileup of 20–30 collisions per bunch crossing,
and up to an integrated luminosity of 500 fb�1. The tracker is indeed performing very well
at current instantaneous luminosities that are well above the design value. Performance will
however degrade due to radiation damage beyond 500 fb�1. The original pixel detector has al-
ready been replaced with a new device, the “Phase-1” pixel detector [17], during the extended
year-end technical stop (EYETS) 2016/2017. As the instantaneous luminosity exceeded the
original design value and is projected to increase further prior to LS3, this upgrade was needed
to address dynamic inefficiencies in the readout chip at high rates. One quarter of the layout of
the Phase-1 tracker is shown in Fig. 2.1. The radial region below 200 mm is equipped with pix-
elated detectors. Beyond 200 mm, the present tracker features single-sided strip modules and
double-sided modules composed of two back-to-back silicon strip detectors with a stereo angle
of 100 mrad. Double-sided modules provide coarse measurements of the z and r coordinates
in the barrel and endcaps, respectively. The tracking system was designed to provide coverage
up to a pseudorapidity of |h| ⇡ 2.4.

Before the start of the HL-LHC both the strip tracker and the Phase-1 pixel detector will have
to be replaced due to the significant damage and performance degradation they would suffer
during operation at the HL-LHC, and to cope with the more demanding operational conditions.
The performance degradation has been studied extensively and is documented in the Technical
Proposal for the CMS Phase-2 Upgrade [13, 18].
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Figure 2.1: Sketch of one quarter of the Phase-1 CMS tracking system in r-z view. The pixel
detector is shown in green, while single-sided and double-sided strip modules are depicted as
red and blue segments, respectively.
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Acceptance: |η| < 2.5

Example: Inner Track Detectors

CMS Run-2
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Figure 2.3: Sketch of one quarter of the tracker layout in r-z view. In the Inner Tracker the
green lines correspond to pixel modules made of two readout chips and the yellow lines to
pixel modules with four readout chips. In the Outer Tracker the blue and red lines represent
the two types of modules described in the text.

Figure 2.4: Average number of module layers traversed by particles, including both the Inner
Tracker (red) and the Outer Tracker (blue) modules, as well as the complete tracker (black). Par-
ticle trajectories are approximated by straight lines, using a flat distribution of primary vertices
within |z0| < 70 mm, and multiple scattering is not included.

The following section summarizes the main concepts and features of the upgraded tracking
system. One quarter of the Phase-2 tracker layout can be seen in Fig. 2.3. Figure 2.4 shows
the average number of active layers that are traversed by particles originating from the lumi-
nous region, for the complete tracker as well as for the Inner Tracker and the Outer Tracker
separately.

The number of layers has been optimised to ensure robust tracking, i.e. basically unaffected
performance when one detecting layer is lost in some parts of the rapidity acceptance. The six
layers of the Outer Tracker are the minimum required to ensure robust track finding at the L1
trigger in the rapidity acceptance of |h| < 2.4, as discussed in more details in Section 3.1.

!9

Much larger acceptance: |η| < 4 
less detector material and better resolution

Example: Inner Track Detectors

CMS HL-LHC
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Detector Performance
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Figure 36: The number of PU tracks incorrectly associated with the hard primary vertex in tt
(left) and Z ! µµ (right) events as a function of the PU density, shown with (4D vertex) and
without (3D vertex) precision timing. Taken from Ref. [4].
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Figure 37: The number of PU tracks in Z ! µµ events incorrectly associated with the hard pri-
mary vertex as a function of PU density, shown without and with precision timing for several
different acceptance scenarios, considering tracks within the full Tracker acceptance (left) and
just in the central part (right) of the detector. Taken from Ref. [4].

2. Object performance 17

Figure 30: The secondary vertex tagging misidentification probability as a function of the b-
tagging efficiency, for light and charm jets for |h| < 1.5 (left) and for 1.5 < |h| < 3.0 (right).
Results with and without precision timing are compared to the 0 PU case. Taken from Ref. [4].

Figure 31: The efficiency of b jet tagging (left) and the the light jet misidentification probability
(right) are shown as a function of PU density, with and without the MTD, assuming a timing
resolution of 30 ps. The efficiency is computed on tt events for a fixed misidentification prob-
ability on QCD multijet events of light parton jets (udsg) of 0.01. The misidentification proba-
bility is shown for a fixed b jet identification efficiency of 0.70. Linear fits are superimposed for
the barrel and endcap pseudorapidity regions. Taken from Ref. [4].

B-tagging with and w/o timing detector 

Suppression of PU-tracks 
using timing detector 

Generally similar or better performance under harsher conditions 

Phase II 
ITk Upgrade

Swagato 
Banerjee

Impact parameter resolutions

16

Improved pT resolution in central part w.r.t current detector, but 
degraded in forward due to reduced lever-arm in magnetic field

ATL-TDR-025

PT resolution ATL-TDR-025

4 ITk Performance and Physics Benchmark Studies
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Figure 4.38: Signal resolution for H ! µµ signal events, the Run 2 resolution is compared to the
HL-LHC with pile-up conditions corresponding to hµi =200.

mechanisms: Vector Boson Fusion, Higgs-strahlung, and associated production with tt̄, be-
ing more than an order magnitude smaller [39, 40]. For centre-of-mass energies of 14 TeV,
the production cross section of pairs of 125 GeV Higgs bosons is estimated to be 40.8 fb at
next-to-next-to-leading order in QCD (with an uncertainty of ±8.5% from QCD scale un-
certainties, and ±7% from PDF+aS uncertainties) [41, 42]. Example Feynman diagrams of
this process at leading order in Quantum Chromodynamics are shown in Figure 4.39. The
diagram which exhibits lHHH dependence (Figure 4.39(a)) interferes destructively with the
box diagram that is independent of lHHH (Figure 4.39(b)), thus a small increase in the value
of lHHH decreases the expected HH production cross section, and modifies the distribu-
tions of event kinematics.

The low SM non-resonant HH production cross section means that it is necessary to con-
sider final states where at least one of the two Higgs bosons decays into a final state with
a large branching ratio. The decay channel with largest branching ratio is H ! bb̄. Thus
the high-performance b-tagging capability of the proposed upgraded tracker is of critical
importance for these analyses. The SM non-resonant HH production process is dominated
by gluon-gluon fusion, leading to centrally produced Higgs bosons, hence the extended
forward tracking capability of the ITk is not expected to lead to large improvements in
sensitivity.

HH ! bb̄bb̄

The HH decay channel with the largest branching ratio (33.3%) is HH ! bb̄bb̄. Projec-
tions for this channel have been made, extrapolating from the ATLAS Run 2 analysis [43],
to estimate the sensitivity to Higgs-boson pair production with the full HL-LHC dataset of
3000 fb�1. This extrapolation assumes similar detector performance to Run 2 for jet recon-
struction and b-jet identification; as such it gives a pessimistic estimate of the sensitivity

82

H → µµ 

Mass Resolution

CMS-TDR-17-006
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·Standard Model 
·Ultimate precision measurements and constraints 

·Higgs 
·Precise determination of H(125) properties 

·Search for new phenomena in the Higgs sector 

·Direct Searches 
·Supersymmetry 

·Long-lived particles 

·Dark Matter 

·Heavy Resonances 

·Flavour 
·CKM metrology and QCD spectroscopy 

·Rare decays → flavour anomalies ? 

·Heavy Ions  
·Precision study of material properties of QCD media 

·Study HI-like behaviour in small systems (pp and pA)

HL-LHC Physics

!11

Low-PT/high-PT 
complementarity 

No-lose theorem ?

Higgs factory: 
150 million H and 120 k HH

Novel approaches, 
better detectors: 
stringent tests of 
BSM scenarios

3 billion top / exp.

Precise differential  
measurements
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Workshop on Physics at HL-LHC and Perspectives for HE-LHC

·Review, extend and refine our understanding           
of the HL-LHC physics potential 

·Discuss new ideas and reassess prospects,            
in light of increased precision and new methods 

·Begin a study of physics at the HE-LHC,                      
a possible pp collider with energy of ~27 TeV 

·Working Group Report, “YR2018”, is imminent 

·Two 10-page executive summaries                     
(one on HL-LHC and one on HE-LHC)                     
to be submitted to the European Strategy                  
in December 2018

!12

October 2017 
Kick-off meeting

June 2018 
Plenary meeting

1 March 2019 
Jamboree

December 2018 
Submission of reports

http://lpcc.web.cern.ch/hlhe-lhc-physics-workshop

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/UpgradePhysicsStudies
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR/index.html

https://indico.cern.ch/event/647676/
https://indico.cern.ch/event/686494/
http://lpcc.web.cern.ch/hlhe-lhc-physics-workshop
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/UpgradePhysicsStudies
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR/index.html
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HL-LHC Projected Uncertainties

·Effort to make realistic projections,                                                    
→ assumptions affect conclusions 

·Systematic uncertainties                                                                  
will be limiting factor                                                                          
for more and more measurements 

·ATLAS and CMS common approach 
·Statistical uncertainties scale as 1/√L 

·Theory: assume reduction by factor 2     

·Experimental systematics scale as 1/√L → until “floor” 

· “Floor” values for all physics objects estimated and agreed 

·Keeping “Run-2” and “stat-only” for comparison
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Figure 4: Expected 95% C.L. upper limit on the cross-section �
⇣
HH! bb̄bb̄

⌘
/�SM , as a function of the integrated

luminosity of the search. The red line shows the upper limit when evaluated without systematic uncertainties, while
the green line assumes that the systematic uncertainties remain as they were in 2016. The lower panel shows the
ratio between these two limits. The extrapolated sensitivity is shown using a jet pT threshold of 30 GeV.

Table 1: Summary of changes induced in the 95% C.L. exclusion limit (expressed in units of signal strength,
µ = �/�SM) when the named systematic uncertainties are ignored in the analysis. All other systematic uncertainties
are included.

Source �µ

Luminosity 0.05
Jet Energy 0.09
b-tagging 0.34
Theoretical 0.10
Multijet 1.85
tt̄ 2.83

6.1 Impact of Reducing Background Modelling Uncertainties

The impact of potential reductions in the background modelling uncertainties is shown in Figure 5.

The multijet background modelling uncertainties were determined in 2016 by examining the agreement
between the background model and data in control regions. The uncertainties were essentially limited
by the statistical precision of these comparisons. As more data is accumulated, the statistical precision
of these comparisons will increase and a reduction in the modelling uncertainties should be possible. A

10

HH → 4b

ATL-PHYS-PUB-2016-024

“Run-2”

stat-only

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-024


Standard Model

Ultimate Precision Measurements
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Ultimate Precision PDF

·Parton density distributions based on 
ultimate precision differential cross sections                   

·Projection using pseudo-data of Z(pt), high-
mass DY, top quark pair, W+charm, direct 
photon, inclusive jets

!15

 6

HL-LHC constraints on PDFs

Forward W+charm Top quark pair production

HL-LHC measurements will be specially useful to constrain the gluon and 
quark flavour separation in the large-x region, including strangeness

Juan Rojo                                                                                           Higgs @ HL/HE WG meeting, 22/10/2018

HL-LHC constraints on PDFs

Juan Rojo                                                                                           Higgs @ HL/HE WG meeting, 22/10/2018

Reduction in PDF uncertainties as compared to PDF4LHC15

Factor 2–5 expected improvementExample W+charm
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Figure 4.4. The cross sections for high–mass supersymmetric particle production at
p
s = 14 TeV,

comparing the predictions of the PDF4LHC15 baseline with those of the HL–LHC PDF sets in the
conservative (A) and optimistic (C) scenarios, normalised to the central value of PDF4LHC15. We
show the results corresponding to gluino pair production (left) and squark–gluino production (right).
The cross sections have been evaluated with Pythia8.235 using leading–order matrix elements and the
SLHA2 benchmark point as model input.

where PDF uncertainties often represent the dominant source of theoretical uncertainty. With
this motivation, to illustrate the benefits that HL–LHC measurements will provide for BSM
searches we consider here high–mass supersymmetric (SUSY) particle production at

p
s = 14

TeV, where the HL–LHC reach extends to sparticles masses up to around M ' 3 TeV. While
we use SUSY production as a benchmark process, our results also apply to the production of
other heavy particles predicted in di↵erent BSM scenarios.

In Fig. 4.4 we show the comparison between the PDF4LHC15 predictions with the cor-
responding results from the profiled PDF sets with HL–LHC pseudo–data, normalised to the
central value of the PDF4LHC15 baseline. As in Fig. 4.3, we provide results for scenarios A and
C, the conservative and optimistic ones respectively. Specifically, we show the cross sections for
gluino–gluino and squark–gluino production at

p
s = 14 TeV – similar conclusions are derived

from squark–squark and squark–antisquark production. The theoretical calculations have been
obtained using leading order (LO) matrix elements with Pythia8.235 [76] and assuming the
SLHA2 benchmark point [77], for a range of sparticle masses within the HL–LHC reach. For
simplicity, underlying event and multiple interactions have been switched o↵ in the calculation.
Again, we are not interested here in providing state–of–the–art predictions for the event rates,
which can be found elsewhere [78].

From the comparisons in Fig. 4.4, we can see that the constraints on the PDFs expected from
the HL–LHC data permit a significant reduction of the uncertainties in the high–mass SUSY
cross sections. The size of this reduction is consistent with the corresponding results at the
level of luminosities, reported in Fig. 4.2 and Table 4.2, recalling that gluino–gluino and gluino–
squark production are driven by the gluon–gluon and gluon–quark initial states respectively [5].
For instance, for gluino pair–production with Meg = 3 TeV, the PDF uncertainties are reduced
from ' 60% to ' 20% in the optimistic scenario. A somewhat milder reduction is found for the
squark–gluino cross sections. For squark–squark and squark–antisquark production, driven by
the quark–quark and quark–antiquark initial states respectively, a PDF uncertainty reduction
by around a factor two at high masses is found, consistently with Table 4.2.

To summarise, the initial phenomenological study presented in this section nicely illustrates
the internal coherence of the HL–LHC physics program: high precision SM measurements will
lead to a much improved understanding of the quark and gluon structure of protons, which in
turn will benefit many other important analyses, from the characterisation of the Higgs sector
to the searches of new heavy particles.

24

Strong impact on high mass searches
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arXiv:1810.03639

https://arxiv.org/abs/1810.03639
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·Run-2 example:  σfid(Z/γ* → ℓℓ) = 502.2 ± 0.3 (stat) ± 1.7 (syst) ± 9.0 (lumi) pb  

·Systematic uncertainties  
·Lepton ID: 0.3% 

·Lepton isolation: 0.15% 

·Signal modelling: 0.2% 

· Integrated luminosity: ~2% 

·HL-LHC 
· Improved luminosity detectors (being designed) 

·Further refined Van-der-Meer analysis 

·Additional low-PU runs for cross section measurements                                                                                                    
(no uncertainty due to low-to-high PU extrapolation) 

·Once measured at (sub-)percent level, Z production rate can help luminosity measurement             
→ test and prove in Run-3
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Figure 13: The transverse mass distribution for W+ ! µ+⌫ candidates (left) and W� ! µ�⌫̄ candidates (right).
The simulated samples are normalized to the data luminosity. The multijet background shape is taken from a data
control sample and normalized to the estimated yield of multijet events. The sum of all expected background and
signal contributions is shown as a solid line with a hashed band detailing the statistical uncertainty and labelled
“total (stat)”. The legend lists only background sources with a visible contribution.
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Figure 14: The dilepton invariant mass distributions for Z/�⇤ ! µ+µ� candidates. The simulated samples are nor-
malized to the data luminosity. The multijet background shape is taken from a data control sample and normalized
to the estimated yield of multijet events. The sum of all expected background and signal contributions is shown as
a solid line with a hashed band detailing the statistical uncertainty and labelled “total (stat)”. The legend lists only
background sources with a visible contribution.
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Ultimate Precision Cross Sections

!16

arXiv:1612.03016

Target luminosity uncertainty YR2018: 1%

arXiv:1806.02184

Luminosity is single  
dominant uncertainty

Run 1 data

https://arxiv.org/abs/1612.03016
https://arxiv.org/abs/1806.02184
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Figure 5: Statistical and PDF uncertainty components as a function of integrated luminosity, for fully combined
measurements at

p
s = 14 TeV. The CT10 PDF set is used.

Table 3 and Figure 6 compares the uncertainties obtained for di�erent PDF sets. The CT10 and CT14 sets
display similar uncertainty correlations, leading to similar improvement under combination of categories,
and yielding comparable final uncertainties. The MMHT2014 uncertainties are about 30% lower. The
three projected HL-LHC PDF sets give very similar uncertainties; scenario 2 is the most conservative and
shown here. Compared to CT10 and CT14, a reduction in PDF uncertainty of about a factor of two is
obtained in this case. Results for scenarios 1 and 3 are given in the appendix.

The LHeC projection results from a QCD fit to 1 ab�1 of ep scattering pseudodata, with Ee = 60 GeV
and Ep = 7 TeV. Such a sample could be collected in about five years, synchronously with the HL-LHC
operation. In this configuration, the neutral- and charged-current DIS samples are su�cient to disentangle
the first and second generation parton densities without ambiguity, and reduce the PDF uncertainty below
2 MeV, a factor 5–6 compared to present knowledge. Also in this case the mW measurement will benefit
from the large W boson samples collected at the LHC, and from the anti-correlation between central and
forward categories. In this context, PDF uncertainties would still be sub-leading with 1 fb�1 of low pile-up
data.

4 Conclusion

Given the high W boson production cross section and the importance of an optimal reconstruction
of missing transverse momentum in this channel, low-pile-up runs are an important tool for precision
measurements of the W boson properties. With hµi ⇠ 2, a sample of 200 pb�1can be collected in about
one week, corresponding to about 2 · 106

W boson events at
p

s = 14 TeV, 3 · 106 events at
p

s = 27 TeV,
and a statistical sensitivity on mW below 10 MeV. If five to ten weeks can be spent collecting such data in
the course of the HL- and HE-LHC, a statistical precision of about 3 MeV can be reached. Experimental
systematic uncertainties are not discussed in this note, but their e�ect is largely of statistical nature; with
adequate e�orts and exploiting the full available data sample, their impact can be maintained at a level
similar to the statistical uncertainty.

9

Ultimate Precision W Mass

·mtop, mW and mH connected via loop 
corrections → constrain and test SM 

·Current dominant uncertainty: PDF 

·Low PU: high-resolution missing energy 

·Extended η-range: measurements in 
central and forward regions are anti-
correlated. 

·Low-PU run (µ~2) at HL-LHC: 

·200 pb-1, |η|<2.4:   2x106 evts.   16 MeV 

·200 pb-1, |η|<4:                           12 MeV 

·1      fb-1, |η|<4:                             9 MeV 

·                        + ultimate  PDF: 5 MeV

!17Josh McFayden    |   HL/HE-LHC WS  |  18/10/2018 

! W-mass is a key parameter of the standard  
model, and we need to invest effort in its  
measurement with the objective of reaching  
ΔmW ~ 5 MeV 

! i.e. below the precision of the indirect determination

! Uncertainty breakdown for ATLAS 7 TeV measurement:

�2

Motivation and recap
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ATL-PHYS-PUB-2018-026

•  Sensitive to Higgs mass through EWK loop corrections 

3 

Top quark production   

•  Major source of background for many searches   

•  New physics may preferentially couple/decay to top 

M. Aldaya SM@LHC, 11.04.13 

  Top quarks: key to QCD, electroweak (EWK) and new physics 

•  Large mass  large coupling to Higgs (y ~ 1)   

•  Decays before hadronising: “bare” quark 
δmW ∝ mt

2 

δmW∝ ln(mH) 

  LHC is a ‘top factory’: several million tt events produced at 7 & 8 TeV !!  

 Tool for precise tests of Standard Model (SM), sensitive probe to New Physics 

•  Great opportunity to study the details of tt production mechanisms 
•  In particular, through top-quark kinematic distributions    

•  Production of tt in association with QCD jets or additional particles  
could reveal new physics ; background to ttH and BSM searches 

•  Theory predictions & models need to be tuned & tested with measurements  

•  Sensitive to Higgs mass through EWK loop corrections 
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arXiv:1701.07240 Run 1 data

±19 MeV

±700 MeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-026
https://arxiv.org/abs/1701.07240
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Ultimate Precision Top Mass

·More statistics → samples and calibration 

·Better systematics (both theory and experiment) 

·Combination of different methods

!18

 

J/ψ: δmtop ~ 0.5 GeV

better already now

CMS-PAS-FTR-16-006

mpole from σ(tt)
2ndary vertex

single top
ℓ+jets

t → bW → J/ψ Xℓν

arXiv:1807.06617

CMS-TOP-18-004
J/ψ

Jan Kieseler

J/Psi from B decays in top events

8

•High statistics 
•Excellent resolution, even at 

200 PU 
• Full analysis on HL-LHC 

simulation ongoing 
performed by the ATLAS 
team members 
‣ nothing public yet

TDR-17-001

CONF-NOTE-2015-40

ttbar events only

29 / 54

Jan Kieseler

Starting Point

7

• J/Psi mostly limited by 
statistics 

•Good starting point for HL-LHC studies
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Preliminary Projection

 (8 TeV)-119.7 fb

Run I , 14 TeV-10.3 ab , 14 TeV-13 ab

, JHEP 12(2016)123ΨJ/
), JHEP 08(2016) 029t (tσ

sec. vtx, PRD 93(2016)2006 
single t, PAS-TOP-15-001
l+jets, PRD 93(2016)2004

PAS FTR-16-006

CONF-NOTE-2015-40

28 / 54

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-026/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-16-006/index.html
https://arxiv.org/abs/1807.06617
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Higgs Production and Decay

Institute of Experimental Particle Physics (IEKP)19
 

“Money plot”

● Six all tree level couplings.
● All loops resolved.
●                .
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Within measurement accuracy 

unique scaling as expected within 

the SM.

JHEP 08 (2016) 045
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·“κ-model”: Fit of scale-factors κ to the data  
assuming SM processes

Run 1 data

γ

γ γ

γ
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t
t

W
W

W

Institute of Experimental Particle Physics (IEKP)15
 

Coupling Estimates

● Determine couplings from production mode and decay channel:

● Direct measurement not possible since     appear in nominator and denominator of

production: production: Decay to    or    :

● Coupling to gluon can be    or effective (*).

● Coupling to    can be effective or a mixture of          .
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2 2 Analysis overview

and vector boson fusion (VBF), final states with H ! tt decays contain only two charged
leptons, defining the LL

0 channels. All six t-pair final states are studied: LL
0 = µth, eth, thth,

eµ, µµ, and ee.

q

g

g

H

W/Z

W/Z

q

q

q

H

q

W�/Z�

q

q̄

W/Z

H

Figure 1: Leading-order Feynman diagrams for Higgs boson production through gluon-gluon
fusion (left), vector boson fusion (middle), and the associated production with a W or a Z boson
(right).

Sensitivity to the associated production with a W or a Z boson is achieved by requiring one or
two additional electrons or muons compatible with leptonic decays of the W or Z boson. The
four most sensitive final states are retained in the ` + Lth channels aiming at the associated
production with a W boson, ` + Lth = µ + µth, e + µth/µ + eth, µ + thth, and e + thth. In
the `` + LL

0 channels that target the associated production with a Z boson decaying to ``, the
t-pair final states µth, eth, eµ, and thth are considered, leading to eight channels in total. The
ee and µµ t-pair final states are excluded because the corresponding events are already used
in the search for H ! ZZ ! 4` [11].

To maximize the sensitivity of the analysis in the LL
0 channels, events are classified in categories

according to the number of jets in the final state, excluding the jets corresponding to the L and
L
0 leptons. The events are further classified according to a number of kinematic quantities that

exhibit different distributions for signal and background events (see section 6). In particular,
the contribution of the VBF production process is enhanced for events with two or more jets
by requiring a large rapidity gap between the two jets with the highest transverse momentum.
For the remaining events with at least one jet, requiring a large pT of the reconstructed Higgs
boson candidate increases the sensitivity to Higgs boson production through gluon fusion. A
complete listing of all lepton final states and event categories is given in appendix B.

With the exception of the ` + Lth, ee, and µµ channels, the signal is extracted from the distribu-
tion of the invariant mass of the t-lepton pair, mtt, calculated from the L and L

0 four-momenta
and the missing transverse energy vector. In the ` + Lth channels, the signal extraction is in-
stead based on the invariant mass, mvis, of the visible Lth decay products because the missing
transverse energy does not entirely arise from the neutrinos produced in the decay of the two t
leptons. In the ee and µµ channels, a discriminating variable combining a number of kinematic
quantities and other observables, including mtt, is used.

The background composition depends on the channel and, in particular, on the number of
electrons and muons in the final state. The Drell–Yan production of a Z boson decaying into
a pair of t leptons constitutes the main irreducible background in all LL

0 channels. Another
source of background with the same leptonic final state is the production of top-quark pairs
(tt), which is most important in the eµ channel. Reducible background contributions include
QCD multijet production that is particularly relevant in the thth channel and W(! `n) + jets
production with a jet misidentified as a th in the `th channels. In the ` + Lth and `` + LL

0

VH: 4.5%

H

W/Z
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Sensitivity to the associated production with a W or a Z boson is achieved by requiring one or
two additional electrons or muons compatible with leptonic decays of the W or Z boson. The
four most sensitive final states are retained in the ` + Lth channels aiming at the associated
production with a W boson, ` + Lth = µ + µth, e + µth/µ + eth, µ + thth, and e + thth. In
the `` + LL

0 channels that target the associated production with a Z boson decaying to ``, the
t-pair final states µth, eth, eµ, and thth are considered, leading to eight channels in total. The
ee and µµ t-pair final states are excluded because the corresponding events are already used
in the search for H ! ZZ ! 4` [11].

To maximize the sensitivity of the analysis in the LL
0 channels, events are classified in categories

according to the number of jets in the final state, excluding the jets corresponding to the L and
L
0 leptons. The events are further classified according to a number of kinematic quantities that

exhibit different distributions for signal and background events (see section 6). In particular,
the contribution of the VBF production process is enhanced for events with two or more jets
by requiring a large rapidity gap between the two jets with the highest transverse momentum.
For the remaining events with at least one jet, requiring a large pT of the reconstructed Higgs
boson candidate increases the sensitivity to Higgs boson production through gluon fusion. A
complete listing of all lepton final states and event categories is given in appendix B.

With the exception of the ` + Lth, ee, and µµ channels, the signal is extracted from the distribu-
tion of the invariant mass of the t-lepton pair, mtt, calculated from the L and L

0 four-momenta
and the missing transverse energy vector. In the ` + Lth channels, the signal extraction is in-
stead based on the invariant mass, mvis, of the visible Lth decay products because the missing
transverse energy does not entirely arise from the neutrinos produced in the decay of the two t
leptons. In the ee and µµ channels, a discriminating variable combining a number of kinematic
quantities and other observables, including mtt, is used.

The background composition depends on the channel and, in particular, on the number of
electrons and muons in the final state. The Drell–Yan production of a Z boson decaying into
a pair of t leptons constitutes the main irreducible background in all LL

0 channels. Another
source of background with the same leptonic final state is the production of top-quark pairs
(tt), which is most important in the eµ channel. Reducible background contributions include
QCD multijet production that is particularly relevant in the thth channel and W(! `n) + jets
production with a jet misidentified as a th in the `th channels. In the ` + Lth and `` + LL

0

VBF: 7.5%
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exhibit different distributions for signal and background events (see section 6). In particular,
the contribution of the VBF production process is enhanced for events with two or more jets
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tion of the invariant mass of the t-lepton pair, mtt, calculated from the L and L

0 four-momenta
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a pair of t leptons constitutes the main irreducible background in all LL

0 channels. Another
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H
t,b, … ?
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ttH: 0.6%Johannes Hauk (DESY) |  ttH at CMS  |  16.03.2016  |  Page 3

Higgs Boson Production at LHC

> In SM, top-Higgs Yukawa coupling strongest (YT ≈ 1)

t, b, ???

t

t

H
_
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Figure 6: Invariant mass distribution of selected signal and background candidates, scaled to 3000 fb�1, for the
reference detector scenario, assuming hµi = 200.

Table 5: Expected signal and background yields and signal significance in a ±1.5�G invariant-mass window around
mµµ = 125 GeV for each category, where �G is the resolution of the core of the invariant mass distribution of
signal events. The last rows shows the total signal and background yields, the average invariant mass resolution, and
the sum in quadrature of the significance of each category. The projections correspond to an integrated luminosityR
Ldt = 3000 fb�1 for a center-of-mass energy

p
s=14 TeV for the reference detector scenario.

Category S VBF B FWHM �G S/
p
S + B

[GeV] [GeV]
VBF-like 386 197 19430 4.37 1.88 2.75
low pT, central 921 11 350500 3.21 1.37 1.55
med pT, central 2210 84 300500 3.08 1.32 4.01
hi pT, central 1810 242 211800 3.50 1.56 3.91
low pT, non central 2460 28 1740500 4.11 1.79 1.86
med pT, non central 5860 230 1483600 4.24 1.80 4.80
hi pT, non central 4380 588 829000 4.70 1.92 4.80
Total 18020 1380 4935500 3.93 1.69 9.53
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Higgs Measurements

!21

Signal strength uncertainties: most channels ~3%, bb ~5%, µµ ~10% 

S. Braibant - 04/04/2018           Higgs Prospects Couplings                 HL/HL-LHC workshop - FNAL 

H ➝ ZZ*
Main contributor to the H mass measurement at 
Run2

Upgraded detectors bring significant improvements:


Increased CMS/ATLAS tracker acceptances up 
to |η|<4, new EM trigger, improved µ  triggers, 
h igher reco efficiency and momentum 
resolution in Phase2


Resolution of the four-muon invariant mass as a 
function of the pseudorapidity of the most forward 
muon 
No worsening of the mass resolution due to the 
pileup increase is observed

13
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At 3000 fb�1 the systematic uncertainties generally dominate in both S1 and S2. In S2 the sig-197

nal theory uncertainty is the largest, or joint-largest, component for all parameters except µµµ,198

which remains limited by statistics due to the small H ! µµ branching fraction. The µµµ uncer-199

tainty at 3000 fb�1 using the Run 2 dimuon mass resolution instead of the Phase-2 expectation200

is 14%.201

Figures 18 and 19 in Appendix A give the evolution of the uncertainty components for each202

parameter in S1 and S2. This shows that for many parameters the experimental component203

reduces continuously with integrated luminosity. This is due to the expected data providing204

a stronger constraint on some of the systematic uncertainties than that which comes from the205

external measurements.206

Expected uncertainty
0 0.1 0.2 0.3 0.4

µµµ

ττµ

bbµ

ZZµ

WWµ

γγµ

0.42 (Stat); 0.42 (S2); 0.43 (S1)

0.05 (Stat); 0.07 (S2); 0.09 (S1)

0.07 (Stat); 0.10 (S2); 0.12 (S1)

0.05 (Stat); 0.06 (S2); 0.09 (S1)

0.03 (Stat); 0.05 (S2); 0.07 (S1)

0.04 (Stat); 0.06 (S2); 0.08 (S1)

 (13 TeV)-1300 fb

CMS
Projection

w/ Run 2 syst. uncert. (S1)
w/ YR18 syst. uncert. (S2)
w/ Stat. uncert. only

Expected uncertainty
0 0.1 0.2 0.3 0.4

µµµ

ττµ

bbµ

ZZµ

WWµ

γγµ

0.09 (Stat); 0.10 (S2); 0.13 (S1)

0.02 (Stat); 0.03 (S2); 0.04 (S1)

0.02 (Stat); 0.05 (S2); 0.07 (S1)

0.02 (Stat); 0.03 (S2); 0.05 (S1)

0.01 (Stat); 0.03 (S2); 0.04 (S1)

0.01 (Stat); 0.03 (S2); 0.05 (S1)

 (13 TeV)-13000 fb

CMS
Projection

w/ Run 2 syst. uncert. (S1)
w/ YR18 syst. uncert. (S2)
w/ Stat. uncert. only

Figure 1: Summary plot showing the total expected ±1s uncertainties in S1 (with Run 2 sys-
tematic uncertainties [30]) and S2 (with YR18 systematic uncertainties) on the per-decay-mode
signal strength parameters for 300 fb�1 (left) and 3000 fb�1 (right). The statistical-only compo-
nent of the uncertainty is also shown.

Another important aspect of the projected measurements is how the correlations between the207

measured parameters are expected to evolve. Correlations arise when analysis channels are208

sensitive to more than one production or decay mode and the chosen fit observables do not209

fully distinguish between these. In addition, correlations may arise when the same systematic210

uncertainties apply to multiple production or decay modes. Figure 2 shows the correlation211

coefficients between the signal strength parameters in S2 for 300 fb�1 and 3000 fb�1. At 300 fb�1
212

the correlations are small, at most +0.2, since the statistical uncertainties are relatively large and213

each decay channel is measured in dedicated analyses with low contamination from other final214

states. At 3000 fb�1 the correlations increase up to +0.44, and is largest between modes where215

the sensitivity is dominated by gluon-fusion production. This reflects the impact of the theory216

uncertainties affecting the SM prediction of the gluon-fusion production rate.217

3.1.2 Signal strength per-production mode218

The expected ±1s uncertainties on the per-production-mode signal strength parameters in S1219

and S2 for 300 fb�1 and 3000 fb�1 are summarised in Fig. 3 with numerical values given in220

CMS FTR-18-011

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-006
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-011/index.html
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Higgs Couplings
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Combination of ATLAS and CMS underway

10

on GH/GSM
H is 0.05 in S1 and 0.04 in S2, equivalent to 0.16 and 0.21 MeV respectively, assuming246

the SM width of 4.1 MeV. The main contribution is the statistical uncertainty, followed by the247

experimental one.248

Expected uncertainty
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Figure 5: Summary plot showing the total expected ±1s uncertainties in S1 (with Run 2 sys-
tematic uncertainties [30]) and S2 (with YR18 systematic uncertainties) on the coupling mod-
ifier parameters for 300 fb�1 (left) and 3000 fb�1 (right). The statistical-only component of the
uncertainty is also shown.

Figure 6 gives the correlation coefficients for the coupling modifiers for S2 at 300 fb�1 and249

3000 fb�1. In contrast to the per-decay signal strength correlations in Fig. 2 the correlations250

here are larger, up to +0.74. One reason for this is that the normalisation of any signal process251

depends on the total width of the Higgs boson, which in turn depends on the values of the other252

coupling modifiers. The largest correlations involve kb, as this gives the largest contribution to253

the total width in the SM. Therefore improving the measurement of the H ! bb process will254

improve the sensitivity of many of the other coupling modifiers at the HL-LHC.255

Projections have also been determined for an alternative parametrisation, based on ratios of256

the coupling modifiers (lij = ki/kj). A reference combined coupling modifier is defined which257

scales the yield of a specific production and decay process. This is chosen to be kgZ = kgkZ/kH,258

where kH = Âj Bj

SMk2
j
. The results of this projection are given in Appendix B.259

3.2 ttH production with H ! bb260

This section focuses on the analysis targeting ttH production with the H ! bb decay channel261

and the single- and dilepton decay channels of the tt system using 35.9 fb�1 of data collected at262 p
s = 13 TeV [27]. In order to identify the signal against the background of tt+jets production,263

the analysis relies on dedicated multivariate techniques, including boosted decision trees and264

deep neural networks, that combine the information of several discriminating variables. The265

output of a matrix element method is also utilised. An excess of events above the background-266

only hypothesis with an observed (expected) significance of 1.6 (2.2) standard deviations is267

κ: 2-4%, κµ ~5% 
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Figure 1: Summary plot showing the total expected ±1s uncertainties in S1 (with Run 2 sys-
tematic uncertainties [30]) and S2 (with YR18 systematic uncertainties) on the per-decay-mode
signal strength parameters for 300 fb�1 (left) and 3000 fb�1 (right). The statistical-only compo-
nent of the uncertainty is also shown.

Another important aspect of the projected measurements is how the correlations between the207

measured parameters are expected to evolve. Correlations arise when analysis channels are208

sensitive to more than one production or decay mode and the chosen fit observables do not209

fully distinguish between these. In addition, correlations may arise when the same systematic210

uncertainties apply to multiple production or decay modes. Figure 2 shows the correlation211

coefficients between the signal strength parameters in S2 for 300 fb�1 and 3000 fb�1. At 300 fb�1
212

the correlations are small, at most +0.2, since the statistical uncertainties are relatively large and213

each decay channel is measured in dedicated analyses with low contamination from other final214

states. At 3000 fb�1 the correlations increase up to +0.44, and is largest between modes where215

the sensitivity is dominated by gluon-fusion production. This reflects the impact of the theory216

uncertainties affecting the SM prediction of the gluon-fusion production rate.217

3.1.2 Signal strength per-production mode218

The expected ±1s uncertainties on the per-production-mode signal strength parameters in S1219

and S2 for 300 fb�1 and 3000 fb�1 are summarised in Fig. 3 with numerical values given in220

CMS FTR-18-011
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ttH → bb

· For 3ab-1 CMS expects δµ  ~ 7% 

·tt+HF background constrained by data 

·dominant uncertainty: signal theory 

· For ATLAS/CMS combination:                  
CMS tt+HF uncertainty set to 10%                
no significant impact on κ-results

!23

3. Production and decay rate signal strengths and coupling modifiers 13
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Figure 7: Expected uncertainties on the ttH signal strength as a function of the integrated lu-
minosity under the S1 (left, with Run 2 systematic uncertainties [27]) and S2 (right, with YR18
systematic uncertainties) scenarios. Shown are the total uncertainty (black) and contributions
of different groups of uncertainties. Results with 35.9 fb�1 are intended for comparison with
the projections to higher luminosities and differ in parts from [27] for consistency with the pro-
jected results: uncertainties due to the limited number of MC events have been omitted and
theory systematic uncertainties have been halved in case of the scenario S2.

Table 5: Breakdown of the contributions to the expected uncertainties on the ttH signal-strength
µ at different luminosities for S1 (with Run 2 systematic uncertainties [27]) and S2 (with YR18
systematic uncertainties). The uncertainties are given in percent relative to µ = 1. Results with
35.9 fb�1 are intended for comparison with the projections to higher luminosities and differ
in parts from [27] for consistency with the projected results: uncertainties due to the limited
number of MC events have been omitted and theory systematic uncertainties have been halved
in case of the scenario S2.

S1 S2
Source 35.9 fb�1 300 fb�1 3000 fb�1 35.9 fb�1 300 fb�1 3000 fb�1

Total 48.7 20.4 11.1 46.1 17.6 7.3
Stat 26.7 9.3 2.9 26.7 9.3 2.9
SigTh 10.8 9.3 8.7 5.0 4.5 4.4
BkgTh 28.6 10.3 4.1 25.6 9.6 3.5

Add. tt+HF XS 14.6 2.6 0.8 16.5 4.1 0.7
Exp 17.4 8.7 4.2 16.6 6.7 2.6

Luminosity 1.6 1.8 1.8 0.5 0.7 0.8
B tagging 12.0 6.1 2.8 10.8 4.4 1.6
JES 10.9 4.5 1.6 11.3 4.4 1.6
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Figure 12: Comparison between data and predic-
tion for the Higgs-boson candidate mass from
the reconstruction BDT trained without variables
involving the Higgs-boson candidate (a) in the
dilepton SR�4j

1 and (b) in the single-lepton SR�6j
1 ,

and (c) for the boosted Higgs-boson candidate in
SRboosted, after the combined dilepton and single-
lepton fit to the data. The tt̄H signal yield (solid
red) is normalized to the fitted µ after the fit. The
dashed red line shows the tt̄H signal distribution
normalized to the total background yield. The
dashed black line shows the pre-fit total back-
ground prediction.
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HL-HE-LHC WS , April 2018 Jezequel S. (LAPP) 12

3. DiHiggs @ HL-LHC

 → sSM

gg→HH=39 f (±6 %)

→ 120 k HH evts 

lHHH kt
t

t

Targets : 
First observation of HH production

Measure lHHH ( and kt coupling)

ATLAS TDR Pixel

Strong dependance on p
T
(4jets) trigger threshold

Precision limited by QCD multijet uncertainty 
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CMS Phase-2 Simulation Preliminary  (14 TeV)-13 ab

HH

·HL-LHC ultimate goal: observation of trilinear coupling  

·120k HH events expected 

·High backgrounds (bbbb, bbττ) or small BR (bbγγ)  

·Additional constraints on κλ, e.g. from differential 
measurements of single Higgs

!24

Caterina Vernieri (FNAL) HL/HE LHC Meeting, 4-6 April 2018, FNAL

Why di-Higgs

3

Modified in many BSM scenarios 

Better than 20% precision on λHHH  [1305.6397] to see a deviation from SM (or less [1505.05488] in NMSSM)

Anomalous Higgs boson couplings  
Strong effect on cross-section and m(hh) shape 
EFT approach parametrizes new physics (dim 6 operators) 
modifications to κλ=λ/λSM and κt = yt/yt,SM 
 three new interactions: c2, c2g, cg 

ArXiv:1610.07922 
JHEP04(2016)126

κλκt κt

κt

c2
c2g cg

36 Chapter 1. Higgs boson pair production

The separate contribution of each diagram is illustrated in Figure 1.10. It should be
noted that the contribution from the triangle diagram cannot be isolated by setting to
zero the other couplings, as its amplitude squared depends quadratically on yt . However,
as already illustrated in Figure 1.9, it mostly contributes to the low mHH region. The
diagram involving the ⁄HHH and cg couplings contributes as well to the low mHH region
while those diagrams involving c2 and c2g have significant impact to the high mHH region,
the latter extending significantly beyond 1 TeV. As already observed in the simple case
discussed in the previous section, these five contributions have a non trivial interference
that can produce a large variety of HH signal topologies.
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Figure 1.10 – Comparison of the mHH distributions for di�erent combinations of the
BSM couplings. All the couplings not explicitly indicated in the legend are set to
zero.

Exploring all the possible combinations of the five couplings is clearly not feasible for
an experimental search in terms of complexity of the combinations and computing time.
An approach discussed in Ref. [59] consists in defining “shape benchmarks”, combinations
of the five EFT parameters which topologies are representative for large regions of the five-
dimensional parameter space. The shape benchmarks are defined by scanning a sample
of 1507 points generated in a five-dimensional grid and by regrouping those with similar
kinematic properties. The latter are completely described at LO by two parameters that
are taken as mHH and and the absolute value of the cosine of the polar angle of one Higgs
boson with respect to the beam axis, | cos ◊

ú
|, as discussed in more detail in Section 5.2 of

Chapter 5. The similarity between two shapes is quantified through a metric defined from
a binned likelihood ratio test statistics. Twelve shape benchmarks are defined with this
procedure, and their corresponding shapes are shown in Figure 1.11. The corresponding

L.Cadamuro’s thesis

HH→bbττ

HH→bbγγ

Being updated for YR2018: 
expect 2-3σ significance per experiment

DiHiggs Production 
• σ~ 39.5 fb@14TeV  → HL-LHC 

benchmark 
• Access the H self-coupling λ

• Low cross section:  

destructive interference

• Expanding list of final states w. 

Run2 & extrapolated to HL-LHC 
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6. Constraints on anomalous HZZ couplings and the Higgs boson width using on-shell and
off-shell measurements 23

Figure 15: Projected simultaneous fit for kb and kc, assuming the branching fractions to be
determined by the couplings (left) and the branching fractions implemented as nuisance pa-
rameters with no prior constraint (right), under S1 (top) and S2 (bottom). The one standard
deviation contour is drawn for the combination (H ! gg and H ! ZZ), the H ! gg chan-
nel, and the H ! ZZ channel in black, red, and blue, respectively. For the combination the
two standard deviation contour is drawn as a black dashed line, and the shading indicates the
negative log-likelihood, with the scale shown on the right hand side of the plots.

Differential Higgs Measurements

·pT(Higgs) distribution:  

· t(t)H: sensitive to self-coupling κλ  

· ggH: sensitive to interference                
between quark loops → κb and κc 

!25
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Figure 6: The expected differential ttH + tH cross sections times branching ratio, along with
their respective uncertainties, in bins of p

H
T . These are for the fiducial region of phase space

defined in the bottom left of the plot. The error bars on the black points include the statistical
uncertainty, the experimental systematic uncertainties and the theoretical uncertainties related
to the ggH and VH yields. The theoretical uncertainties in the inclusive ttH + tH cross section
and those effecting the shape of the ttH + tH p

H

T
spectrum, originating from the uncertainty in

the QCD scales, are shown by the shaded yellow regions. Contributions from the individual
hadronic and leptonic channels are shown in red and purple respectively. The cross section
for the p

H
T = [350,•] GeV bin is scaled by the width of the previous bin. Additionally, the

expected differential ttH + tH cross sections for anomalous values of the Higgs boson self-
coupling (kl = 10 and kl = -5) are shown by the horizontal dashed lines.
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2 2 Analysis overview

and vector boson fusion (VBF), final states with H ! tt decays contain only two charged
leptons, defining the LL

0 channels. All six t-pair final states are studied: LL
0 = µth, eth, thth,

eµ, µµ, and ee.

q

g

g

H

W/Z

W/Z

q

q

q

H

q

W�/Z�

q

q̄

W/Z

H

Figure 1: Leading-order Feynman diagrams for Higgs boson production through gluon-gluon
fusion (left), vector boson fusion (middle), and the associated production with a W or a Z boson
(right).

Sensitivity to the associated production with a W or a Z boson is achieved by requiring one or
two additional electrons or muons compatible with leptonic decays of the W or Z boson. The
four most sensitive final states are retained in the ` + Lth channels aiming at the associated
production with a W boson, ` + Lth = µ + µth, e + µth/µ + eth, µ + thth, and e + thth. In
the `` + LL

0 channels that target the associated production with a Z boson decaying to ``, the
t-pair final states µth, eth, eµ, and thth are considered, leading to eight channels in total. The
ee and µµ t-pair final states are excluded because the corresponding events are already used
in the search for H ! ZZ ! 4` [11].

To maximize the sensitivity of the analysis in the LL
0 channels, events are classified in categories

according to the number of jets in the final state, excluding the jets corresponding to the L and
L
0 leptons. The events are further classified according to a number of kinematic quantities that

exhibit different distributions for signal and background events (see section 6). In particular,
the contribution of the VBF production process is enhanced for events with two or more jets
by requiring a large rapidity gap between the two jets with the highest transverse momentum.
For the remaining events with at least one jet, requiring a large pT of the reconstructed Higgs
boson candidate increases the sensitivity to Higgs boson production through gluon fusion. A
complete listing of all lepton final states and event categories is given in appendix B.

With the exception of the ` + Lth, ee, and µµ channels, the signal is extracted from the distribu-
tion of the invariant mass of the t-lepton pair, mtt, calculated from the L and L

0 four-momenta
and the missing transverse energy vector. In the ` + Lth channels, the signal extraction is in-
stead based on the invariant mass, mvis, of the visible Lth decay products because the missing
transverse energy does not entirely arise from the neutrinos produced in the decay of the two t
leptons. In the ee and µµ channels, a discriminating variable combining a number of kinematic
quantities and other observables, including mtt, is used.

The background composition depends on the channel and, in particular, on the number of
electrons and muons in the final state. The Drell–Yan production of a Z boson decaying into
a pair of t leptons constitutes the main irreducible background in all LL

0 channels. Another
source of background with the same leptonic final state is the production of top-quark pairs
(tt), which is most important in the eµ channel. Reducible background contributions include
QCD multijet production that is particularly relevant in the thth channel and W(! `n) + jets
production with a jet misidentified as a th in the `th channels. In the ` + Lth and `` + LL

0

H
t, b, c
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1. Introduction 1

1 Introduction1

In the standard model (SM) of particle physics [1–6], electroweak symmetry breaking (EWSB)2

is realised through the addition of a complex scalar doublet field, which, after EWSB, yields3

a physical, neutral, scalar particle, a Higgs boson (H). Since the discovery of the Higgs boson4

by the ATLAS and CMS Collaborations [7–9], several experimental measurements have been5

designed to test its compatibility with SM predictions. Despite the precision already achieved6

in measurements of the Higgs boson couplings to SM particles in the first two runs of the7

LHC [10–12], constraints on the Higgs boson self-coupling obtained from searches for double8

Higgs boson production [13, 14], remain limited.9

An alternative approach to probing the Higgs boson self-coupling, exploiting radiative correc-10

tions to inclusive and differential Higgs boson production rates has been suggested in refer-11

ences [15–20]. At next-to-leading order (NLO), single-Higgs boson production includes pro-12

cesses with access to the Higgs boson trilinear coupling, l3, such as that shown in Fig. 1. The13

contributions from the Higgs boson self-coupling are sizeable for Higgs boson production in14

association with a pair of top quarks (ttH), a single top-quark (tH) or a massive vector boson15

(VH, V=W or Z). The effect is larger in these production modes due to the large mass of the V16

boson or top quark, providing a larger coupling to the virtual Higgs boson. Conversely, cor-17

rections to the dominant gluon-fusion (ggH) and vector-boson fusion (qqH) production modes18

are much smaller. Differential cross section measurements, in particular as a function of the19

Higgs boson transverse momentum p
H
T , allow one to disentangle the effects of modified Higgs20

boson self-coupling values from other effects such as the presence of anomalous top–Higgs21

couplings.22

H

tg

g t

Figure 1: Example of a NLO Feynman diagram for ttH production which includes the Higgs
boson self-coupling.

The dependence of the single-Higgs boson differential cross section is parameterised as a func-23

tion of kl = l3/lSM
3 , by considering NLO terms arising from the Higgs boson self-coupling such24

as the one in Fig. 1. This dependance is sensitive to both the production mode and kinematics25

of the Higgs boson. Scaling functions, µij(kl), are calculated using an electroweak reweighting26

tool [21] which determines the cross section, relative to the SM prediction, in a specific bin, i, of27

p
H
T , for each production mode, j. The kl-dependent modifications are largest for ttH produc-28

tion, at threshold (low p
H
T ). A 20% enhancement to the ttH production rate for p

H
T 2 [0,45] GeV,29

is predicted for kl ⇠ 10. Further details on extracting µij(kl) relevant for this analysis, and the30

electroweak reweighting tool is provided in Section 3.31

This note describes a strategy for measuring the p
H
T differential cross section of a Higgs bo-32

son produced in association with at least one top quark and decaying to photons (ttH + tH,33

H ! gg), at the High-Luminosity LHC (HL-LHC) with the CMS Phase-2 detector, for a centre-34

HH
H

t

t

g

g

κλ = [-4.1,14.1]  
@ 95%CL

t(t)H → γγ 

With 3000 fb-1 constrain κc and κλ  
to a few times SM
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Higgs and Charm

·BR(H → cc): ~3% 

·ATLAS: ZH →ℓℓcc  
·Run-2: µ < 110 x SM @ 95CL 

·HL-LHC: µ < 6.3 x SM @ 95CL  

·LHCb:   
·H → cc (Run-1): µ < 7900 x SM                                          

·For 300 fb-1 expect better than 7 x SM 

·Refined multi-class flavour separation 
algorithms promise further improvements

!26
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Figure 8.3: (left) From a b-jet and c-jet enriched data sample of Ref. [432], the 2-D SV-tagger
BDT response per-jet observed in data (annotation added here to show roughly where jets of
each type are found). (right) From Ref. [444], the SV-tagger BDT that separates b and c for the
sub-leading versus leading jet for V H(bb̄, cc̄) assuming SM-like Yukawa couplings.

experiments. Their measurements of the W mass are however limited by theoretical uncertainties
in the modelling of W and Z boson production in pp collisions.

In Ref. [443] it was pointed out that a measurement of the W mass with the LHCb experiment
would be highly desirable due to the complementary lepton acceptance 2 < ⌘ < 5, which implies
a partial anti-correlation between the PDF uncertainties as compared to the central-rapidity
ATLAS and CMS experiments. It was estimated that the O(107) W events of the Run 2 dataset
could yield a mW measurement with a statistical precision of around 10 MeV. A measurement at
forward rapidities presents several additional advantages. For example heavy-flavour annihilation
contributions to W and Z production are substantially smaller than at central rapidities. The
boson pT spectra tend to be softer which implies a more direct relation between mW and the
charged lepton pT spectrum. While the large rapidity W and Z bosons carry high intrinsic
physics value, they are produced with a smaller cross section compared to the central experiments.

The Upgrade II samples will permit a statistical precision of a few MeV and can impose
tight in situ constraints on the systematic uncertainties associated to the W production model.
The upgraded ECAL will allow a similarly precise measurement with orthogonal experimental
uncertainties using W ! e⌫ decays. These capabilities will be crucial in the realisation of the
ultimate precision on mW with the LHC.

8.5 Measurement of Higgs decays to cc̄

In Run 1, LHCb developed a powerful heavy-flavour jet-tagging procedure [432] that leveraged
the world-leading performance of the VELO. This method employed two Boosted Decision
Trees (BDTs): one to separate heavy-flavour jets from those initiated by light partons, and
one to separate beauty jets from charm jets. The e�ciency for identifying b-jets and c-jets is
roughly 65% and 25%, respectively, with ⇡ 0.3% probability for misidentifying a light-parton
jet as originating from heavy flavour. More importantly for H ! cc̄ sensitivity, there is clear
separation between b-jets and c-jets in the 2-D BDT plane (see Fig. 8.3). This jet-tagging
algorithm was used to study Wb and Wc [426], Wbb̄ and Wcc̄ [415] production, and to make
the first observation of top-quark production in the forward region [414], all using Run 1 data,
and for a study of top-quark production using Run 2 data [416]. A similar measurement of Zc
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·Triple and quartic gauge couplings  

·Electroweak WW and WZ scattering              
observed in Run-2 

·WW, WZ, ZZ studied for YR2018 

Vector Boson Scattering
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CMS-FTR-18-005
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Same-sign W
±
W

±
jj production at the LHC

W
±
W

±
jj VBS: no s-channel diagrams

q

q

q
0

W
±

W
±

q
0

H
0

q

q

q
0

W
±

W
±

q
0

q

q

q
0

W
±

W
±

q
0

lowest order: W±
W

± + 2 jets, there is no SM inclusive W
±
W

± production!

Event selection according to signature:

! exactly 2 same-sign leptons, p`
T
> 25 GeV (e±e±, e±µ±, and µ

±
µ
±)

! E
miss
T > 40 GeV

! � 2 jets with
p
jet
T

> 30 GeV
jet

jet

�y

l
±

l
±

⌫

⌫
Anja Vest, TU Dresden 21

TGC H,Z,γ 

δσ ~ 3%  
and < 10% in Run 3

ATL-PHYS-PUB-2018-023

Ev
en

ts
 / 

Bi
n

0

200

400

600

800

1000

1200 EWK
QCD

ATLAS Simulation Preliminary
-1 = 14 TeV, 3000 fbs

 4l+jj→ZZjj 

 [GeV]jjm
500 1000 1500 2000 2500 3000

EW
K 

/ Q
C

D

0

0.5

1

(a)

Ev
en

ts
 / 

Bi
n

0

100

200

300

400

500

600

700

800
EWK
QCD

ATLAS Simulation Preliminary
-1 = 14 TeV, 3000 fbs

 4l+jj→ZZjj 

 [GeV]ZZm
100 200 300 400 500 600 700 800 900 1000

EW
K 

/ Q
C

D

0

0.5

1

(b)

Ev
en

ts
 / 

Bi
n

0

100

200

300

400

500

600 EWK
QCD

ATLAS Simulation Preliminary
-1 = 14 TeV, 3000 fbs

 4l+jj→ZZjj 

(ZZ)|φΔ|
0 0.5 1 1.5 2 2.5 3 3.5 4

EW
K 

/ Q
C

D

0

0.5

1

(c)

Ev
en

ts
 / 

Bi
n

0

200

400

600

800

1000

1200
EWK
QCD

ATLAS Simulation Preliminary
-1 = 14 TeV, 3000 fbs

 4l+jj→ZZjj 

ZZ centrality
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

EW
K 

/ Q
C

D

0

0.5

1

(d)

Figure 1: Detector-level distributions of EW and QCD processes after event selections for (a) mj j , (b) mZZ ,
(c) |��(Z Z)|, (d) centrality of the Z Z system, normalized to 3000 fb�1.
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Vector boson scattering at the LHC
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Longitudinal Vector Boson Scattering

!28

 

·Unitarization of VLVL → VLVL cross section at TeV scale:   
Scalar Higgs and/or new physics to cancel divergence 

·Direct test of EW-symmetry breaking mechanism 

·HL-LHC improved forward detectors and acceptance

Vector boson scattering at the LHC
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9 Kinematic distributions sensitive to aQGCs

In the reference [3], the variables
Õ|plepT | and |��(W,Z)| are shown to be sensitive on aQGC with the WZ

final states. The distributions of these observables are shown in Figures 23 with 3000 fb�1.

The sensitive region to aQGC lays at high
Õ|plepT |, typically above 500 GeV: extrapolating from the less

than one signal event expected in [3] leads to less than 30 events at the end of Run3, while around 220 are
expected with 3000 fb�1. Similarly, from 2 events above |�(W,Z)| equal 2.4, around 75 signal events are
expected at the end of Run3, while about 950 are expected with 3000 fb�1. Additionnal distributions are
given in Appendix B.
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tttt Production

· SM cross section: σtttt = 12 fb 

· Off-shell Higgs-induced contribution  

· Evidence expected during Run-3 

· Measurement of ~10-20% during HL-LHC  

· 4-top highly relevant in many BSM scenarios 

· 2HDM+a: phenomenology depending on     
mH, mA, ma,  and A-a mixing angle θ 

!29
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FIG. 1. Illustrative Feynman diagrams of tt̄tt̄ productions.

and R� based on Eqs. 4 and 5, respectively. Below
we show that the tt̄tt̄ production is a powerful tool to
constrain the top Yukawa coupling.

Figure 1 displays the representative Feynman diagrams
of the tt̄tt̄ production, which occurs either through the
gluon mediation, the electroweak gauge-boson mediation,
or the Higgs boson mediation in the SM. We name
the corresponding matrix elements as Mg, MZ/� , and
MH . There are two advantages of the Higgs-induced
tt̄tt̄ production: i) no dependence on the Higgs boson
width; ii) the cross section proportional to the top quark
Yukawa coupling to the fourth power, i.e.

�(tt̄tt̄)H / 
4
t
�
SM(tt̄tt̄)H , (6)

where �
SM(tt̄tt̄)H denotes the SM production cross

section. The not-so-small interferences among the three
kinds of Feynman diagrams are also accounted. Since
the QCD and electroweak gauge interactions of top
quarks have been well established, we consider only the
top Yukawa coupling might di↵er from the SM value
throughout this work. As a result, the cross section of
tt̄tt̄ production is

�(tt̄tt̄) = �
SM(tt̄tt̄)g+Z/� + 

2
t
�
SM
int + 

4
t
�
SM(tt̄tt̄)H , (7)

where

�
SM(tt̄tt̄)g+Z/� /

��Mg +MZ/�

��2 ,
�
SM(tt̄tt̄)H / |MH |2 ,

�
SM(tt̄tt̄)int / Mg+Z/�M†

H
+M†

g+Z/�
MH . (8)

We use MadEvent [5] to calculate the leading order cross
section of tt̄tt̄ production in the SM. The numerical
results are summarized as follows:

8 TeV 14 TeV

�
SM(tt̄tt̄)g+Z/� : 1.193 fb, 12.390 fb,

�
SM(tt̄tt̄)H : 0.166 fb, 1.477 fb,

�
SM(tt̄tt̄)int : �0.229 fb, �2.060 fb. (9)

The numerical results shown above are checked with
CalcHEP [6]. A high integrated luminosity is needed to
reach a 5� discovery of the rare tt̄tt̄ production. However,
null searching results in the low luminosity operation
of the LHC are also useful because they can be used
to constrain the top Yukawa coupling. For example, a
95% CL bound, �(tt̄tt̄)  23 fb, is reported recently by

the ATLAS [7] and the CMS collaborations [8] at the
8 TeV LHC. That yields a bound of t  3.49. The t

bound, though loose, is robust in the sense that it does
not depend on how the Higgs boson decays.
Next we examine how well the top-quark Yukawa

coupling could be measured in the tt̄tt̄ production at
the future LHC. A special signature of the tt̄tt̄ events is
the same-sign charged leptons (SSL) from the two same-
sign top quarks. The ATLAS and CMS collaborations
have extensively studied the same sign lepton pair signal
at the LHC [9, 10]. The other two top quarks are
demanded to decay hadronically in order to maximize
the production rate. Therefore, the topology of the
signal event consists of two same-sign charged leptons,
four b-quarks, four light-flavor quarks, and two invisible
neutrinos. In practice it is challenging to identify four
b-jets. Instead, we demand at least 5 jets are tagged and
three of them are identified as b-jets. The two invisible
neutrinos appear as a missing transverse momentum ( 6ET )
in the detector. Thus, the collider signature of interests
to us is two same-sign leptons, at least five jets and three
of them tagged as b-jets, and a large 6ET .
The SM backgrounds for same-sign leptons can be

divided into three categories: i) prompt same-sign lepton
pair from SM rare process, including di-boson and
W

±
W

±
jj; ii) fake lepton, which comes from heavy quark

jet, namely b-decays, and the dominant one is the tt̄+X

events [11]; iii) charge misidentification. As pointed out
by the CMS collaboration [10], the background from
charge mis-identification is generally much smaller and
stays below the few-percent level. We thus ignore this
type of backgrounds in our simulation and focus on those
non-prompt backgrounds tt̄ + X and rare SM processes
contributions. For four top quark production process
another feature worthy being specified is that multiple
b-jets decay from top quark appear in the final state.
Same-sign lepton plus multiple b-jets has a significant
discrimination with the backgrounds. Another SM
process can contribute the same-sign lepton are the di-
boson production, however, it can be highly suppressed
by the request of tagging multiple jets in the final state.
Therefore, the major backgrounds are from the tt̄ + X

and W
±
W

±
jj channels.

Both the signal and background events are generated
at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K-factor, e.g., KF = 1.27
for the tt̄tt̄ production [12], KF = 1.4 for the t̄t

production [13, 14], KF = 1.22 for the t̄tW
+ channel

and KF = 1.27 for the t̄tW
� channel [15], KF = 1.49

for the t̄tZ production [16–21], and KF = 0.9 for
the W

±
W

±
jj channel [22, 23]. We use Pythia [24]

to generate parton showering and hadronization e↵ects.
The Delphes package [25] is used to simulate detector
smearing e↵ects in accord to a fairly standard Gaussian-
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and R� based on Eqs. 4 and 5, respectively. Below
we show that the tt̄tt̄ production is a powerful tool to
constrain the top Yukawa coupling.

Figure 1 displays the representative Feynman diagrams
of the tt̄tt̄ production, which occurs either through the
gluon mediation, the electroweak gauge-boson mediation,
or the Higgs boson mediation in the SM. We name
the corresponding matrix elements as Mg, MZ/� , and
MH . There are two advantages of the Higgs-induced
tt̄tt̄ production: i) no dependence on the Higgs boson
width; ii) the cross section proportional to the top quark
Yukawa coupling to the fourth power, i.e.

�(tt̄tt̄)H / 
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SM(tt̄tt̄)H , (6)

where �
SM(tt̄tt̄)H denotes the SM production cross

section. The not-so-small interferences among the three
kinds of Feynman diagrams are also accounted. Since
the QCD and electroweak gauge interactions of top
quarks have been well established, we consider only the
top Yukawa coupling might di↵er from the SM value
throughout this work. As a result, the cross section of
tt̄tt̄ production is
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We use MadEvent [5] to calculate the leading order cross
section of tt̄tt̄ production in the SM. The numerical
results are summarized as follows:
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SM(tt̄tt̄)g+Z/� : 1.193 fb, 12.390 fb,
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SM(tt̄tt̄)H : 0.166 fb, 1.477 fb,
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SM(tt̄tt̄)int : �0.229 fb, �2.060 fb. (9)

The numerical results shown above are checked with
CalcHEP [6]. A high integrated luminosity is needed to
reach a 5� discovery of the rare tt̄tt̄ production. However,
null searching results in the low luminosity operation
of the LHC are also useful because they can be used
to constrain the top Yukawa coupling. For example, a
95% CL bound, �(tt̄tt̄)  23 fb, is reported recently by

the ATLAS [7] and the CMS collaborations [8] at the
8 TeV LHC. That yields a bound of t  3.49. The t

bound, though loose, is robust in the sense that it does
not depend on how the Higgs boson decays.
Next we examine how well the top-quark Yukawa

coupling could be measured in the tt̄tt̄ production at
the future LHC. A special signature of the tt̄tt̄ events is
the same-sign charged leptons (SSL) from the two same-
sign top quarks. The ATLAS and CMS collaborations
have extensively studied the same sign lepton pair signal
at the LHC [9, 10]. The other two top quarks are
demanded to decay hadronically in order to maximize
the production rate. Therefore, the topology of the
signal event consists of two same-sign charged leptons,
four b-quarks, four light-flavor quarks, and two invisible
neutrinos. In practice it is challenging to identify four
b-jets. Instead, we demand at least 5 jets are tagged and
three of them are identified as b-jets. The two invisible
neutrinos appear as a missing transverse momentum ( 6ET )
in the detector. Thus, the collider signature of interests
to us is two same-sign leptons, at least five jets and three
of them tagged as b-jets, and a large 6ET .
The SM backgrounds for same-sign leptons can be

divided into three categories: i) prompt same-sign lepton
pair from SM rare process, including di-boson and
W
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±
jj; ii) fake lepton, which comes from heavy quark

jet, namely b-decays, and the dominant one is the tt̄+X

events [11]; iii) charge misidentification. As pointed out
by the CMS collaboration [10], the background from
charge mis-identification is generally much smaller and
stays below the few-percent level. We thus ignore this
type of backgrounds in our simulation and focus on those
non-prompt backgrounds tt̄ + X and rare SM processes
contributions. For four top quark production process
another feature worthy being specified is that multiple
b-jets decay from top quark appear in the final state.
Same-sign lepton plus multiple b-jets has a significant
discrimination with the backgrounds. Another SM
process can contribute the same-sign lepton are the di-
boson production, however, it can be highly suppressed
by the request of tagging multiple jets in the final state.
Therefore, the major backgrounds are from the tt̄ + X

and W
±
W

±
jj channels.

Both the signal and background events are generated
at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K-factor, e.g., KF = 1.27
for the tt̄tt̄ production [12], KF = 1.4 for the t̄t

production [13, 14], KF = 1.22 for the t̄tW
+ channel

and KF = 1.27 for the t̄tW
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for the t̄tZ production [16–21], and KF = 0.9 for
the W
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jj channel [22, 23]. We use Pythia [24]
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Figure 6: Exclusion limits at 95% CL for Same-Sign and Multi-lep SRs in terms of excluded cross-section (�) over
the cross-section predicted by the model (�theory). Limits are derived from the analysis of 3000 fb�1 of 14 TeV
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a band around each exclusion line.

12

g

g

g

�

�

g

Figure 27: Diagram 27

A/H/a

g

g

t̄

t

t̄

t

Figure 28: Diagram 23 bis

14

Figure 1: Schematic representation of the dominant production and decay modes for the 2HDM+a model in the
four top quarks final state.
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Figure 2: Production cross section for the four top quarks final states in the 2HDM+a model for scenario 1 (left)
and scenario 2 (right), as a function of light pseudoscalar mass and the mixing angle, respectively.

In the present data-taking period (Run-2), the LHC delivered ⇠160 fb�1 of proton-proton collisions with
an instantaneous luminosity of ⇠2⇥1034 cm�2s�1 and an average number of collisions per bunch crossing
of hµi ⇠ 35. A second long shutdown (LS2) will follow, during which the injection chain is foreseen to be
modified to allow for a higher instantaneous luminosity. The average number of proton-proton collisions
per bunch crossing is expected to be hµi ⇠ 60 and the data collected up to the next long shutdown (LS3)
will amount to ⇠300 fb�1. An increase of the centre-of-mass-energy to 14 TeV is possible and is assumed
to happen for this study. During LS3, the accelerator is foreseen to be upgraded to the High-Luminosity
LHC (HL–LHC) which will be able to achieve luminosities of ⇠7.5⇥1034 cm�2s�1. The HL–LHC is
expected to deliver an average number of pile up interactions per bunch crossing of hµi ⇠ 200 and the
data collected will amount to ⇠3000 fb�1.

3

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-027
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BSM Searches in the Higgs Sector
· CP even established, but CP odd 

admixture not excluded 

· HVV in production and decay 

· Hff in decay:  
· require fermion with observable       

polarisation: H → ττ  

· No projections available yet

!30

• Test for anomalous couplings:

Anomalous Couplings

14

SM

CMS-PAS-FTR-16-002

• Statistically limited. 1% reach @ 3000 fb-1 (based on Run1 methods)
• Interference contribution becomes more dominant at smaller values of fai cos (fai)

ATL-PHYS-PUB-2013-023
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8Scattering amplitude describing the interaction between a spin-
zero H boson and two spin-one gauge bosons VV (ZZ, Zγ, γγ, 
WW, gg):  

Anomalous Couplings

4

CP odd

SM

· Invisible Higgs decays:                                            
unseen SM (e.g. neutrino) or BSM (e.g. DM)                              
Binv < 4% (20%) HL-LHC (Run2) @95 CL 

· Exotic decays:                                                       
H→BSM or forbidden SM decays (for κV≤1)                                                  
BBSM < 6% (34%) HL-LHC (Run2) @95 CL 

· Rare SM decays: e.g. H→J/psi γ                               
B(H→J/\psiγ) < 44 x 10-6  @ 95 CL   (20 x SM) 

6. Constraints on anomalous HZZ couplings and the Higgs boson width using on-shell and
off-shell measurements 25

found to have a negligible effect on the results for fa3 cos (fa3) using either on-shell and off-
shell events combined or only on-shell events, so only scenario S1 is shown. In the case of GH
limits, theoretical systematic uncertainties are dominant over experimental ones. The dominant
theoretical systematic effect comes from the uncertainty in the NLO EW correction on the qq !
4` simulation above the 2mZ threshold, but this uncertainty is also expected to be constrained
from data with an integrated luminosity of 3000 fb�1. Limits on GH are also given for an
approximate S2 in which the experimental uncertainties are not reduced, while the theoretical
uncertainties are halved with respect to S1. The 10% additional uncertainty applied on the
QCD NNLO K factor on the gg background process is kept the same in this approximated S2
in order to remain conservative on the understanding of these corrections for this background
component. It is also noted that the uncertainties on the signal and background QCD NNLO K
factors are smaller in the Run 2 analysis [47] than in previous projections using Run 1 data [48].

Table 10: Summary of the 95% CL intervals for fa3 cos (fa3), under the assumption GH = GSM
H ,

and for GH under the assumption fai = 0 for projections at 3000 fb�1. Constraints on
fa3 cos (fa3) are multiplied by 104. Values are given for scenarios S1 (with Run 2 systematic
uncertainties [47]) and the approximate S2 scenario, as described in the text.

Parameter Scenario Projected 95% CL interval
fa3 cos (fa3) ⇥ 104 S1, only on-shell [�1.8, 1.8]
fa3 cos (fa3) ⇥ 104 S1, on-shell and off-shell [�1.6, 1.6]

GH ( MeV) S1 [2.0, 6.1]
GH ( MeV) S2 [2.0, 6.0]
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Figure 17: Likelihood scans for projections on fa3 cos (fa3) (left) and GH (right) at 3000 fb�1.
On the left plot, the scans are shown using either the combination of on-shell and off-shell
events (red) or only on-shell events (blue). The dashed lines represent the effect of removing
all systematic uncertainties. In the right plot, scenarios S2 (solid magenta) and S1 (dotted red)
are compared to the case where all systematic uncertainties (dashed black) are removed. The
dashed horizontal lines indicate the 68% and 95% CLs. The fa3 cos (fa3) scans assume GH =
GSM

H , and the GH scans assume fai = 0.

CMS-FTR-18-016

CMS-FTR-18-011

ATL-PHYS-PUB-2015-043

CMS-FTR-18-011

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-016/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-011/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-043
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-011/index.html


Direct Searches

Supersymmetry, Long-Lived Particles, Dark Matter, Heavy Resonances
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Supersymmetry

!33

·Strong SUSY (σ≳1 pb at m = 500 GeV): many scenarios up to 1 TeV already excluded 

·Electroweak SUSY (σ < 0.1 pb at m = 500 GeV): could still be light

EWK SUSY

Strong SUSY

2

p

p τ̃
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τ̃
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Figure 1: Diagram for the et pair production.

ing operational conditions at the HL-LHC [49–53]. The upgrade of the first level hardware
trigger (L1) will allow for an increase of L1 rate and latency to about 750 kHz and 12.5 µs, re-
spectively, and the high-level software trigger (HLT) is expected to reduce the rate by about a
factor of 100 to 7.5 kHz. The entire pixel and strip tracker detectors will be replaced to increase
the granularity, reduce the material budget in the tracking volume, improve the radiation hard-
ness, and extend the geometrical coverage and provide efficient tracking up to pseudorapidities
of about |h| = 4. The muon system will be enhanced by upgrading the electronics of the ex-
isting cathode strip chambers (CSC), resistive plate chambers (RPC) and drift tubes (DT). New
muon detectors based on improved RPC and gas electron multiplier (GEM) technologies will
be installed to add redundancy, increase the geometrical coverage up to about |h| = 2.8, and
improve the trigger and reconstruction performance in the forward region. The barrel electro-
magnetic calorimeter (ECAL) will feature the upgraded front-end electronics that will be able
to exploit the information from single crystals at the L1 trigger level, to accommodate trigger
latency and bandwidth requirements, and to provide 160 MHz sampling allowing high preci-
sion timing capability for photons. The hadronic calorimeter (HCAL), consisting in the barrel
region of brass absorber plates and plastic scintillator layers, will be read out by silicon pho-
tomultipliers (SiPMs). The endcap electromagnetic and hadron calorimeters will be replaced
with a new combined sampling calorimeter (HGCal) that will provide highly segmented spa-
tial information in both transverse and longitudinal directions, as well as high-precision tim-
ing information. Finally, the addition of a new timing detector for minimum ionizing particles
(MTD) in both barrel and endcap region is envisaged to provide capability for 4-dimensional
reconstruction of interaction vertices that will allow to significantly offset the CMS performance
degradation due to high PU rates.

A detailed overview of the CMS detector upgrade program is presented in Ref. [49–53], while
the expected performance of the reconstruction algorithms and the mitigation of pileup, i.e.,
additional proton-proton collisions within the same or neighboring bunch crossings, is sum-
marized in Ref. [54].

3 Object reconstruction and simulated samples

The event reconstruction uses a particle-flow (PF) algorithm [55], combining information from
the tracker, calorimeter, and muon systems to identify charged and neutral hadrons, photons,
electrons, and muons in an event. Candidate events are expected to contain at least two lep-
tons: either two th candidates, or one th and one muon or electron from t lepton decays. In
order to pass the selection, electrons (muons) are required to have a transverse momentum
pT > 30 GeV and pseudorapidity |h| < 1.6(2.4). Dedicated lepton identification criteria are
applied, providing 50% to 90% efficiency for muons and 25% to 80% efficiency for electrons,
depending on the lepton pT and h. Both muons and electrons are required to be isolated. The
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Figure 1: Diagrams depicting (left) �̃±1 �̃
0
1 production and (right) �̃±1 �̃

0
2 production.

Figure 2: Schematic illustration of a pp ! �̃±1 �̃
0
1 + jet event in the HL-LHC ATLAS detector, with a long-lived

chargino. Particles produced in pile-up pp interactions are not shown. The �̃+1 decays into a low-momentum pion
and a �̃0

1 after leaving hits in the five pixel layers (indicated by red makers).

mass splittings down to 2.5 GeV for m( �̃0
1 ) = 100 GeV. Scenarios with direct �̃±1 pair production are also

considered.

2 ATLAS Detector

The proposal for the upgraded ATLAS detector [18] which will operate at the HL-LHC includes a new all-
silicon inner tracking detector, the Inner Tracker (ITk) [19, 20], composed of five layers of pixel detectors
and four layers of double-sided silicon strip sensors, allowing for the reconstruction of the trajectory of
charged particles within a pseudorapidity range |⌘ | < 4. The inner tracker is immersed in a 2 T axial
magnetic field, enabling the momentum measurement of the charged particles travelling through the inner
tracker. The electromagnetic and hadronic calorimeters [21, 22] are located outside of the solenoid and
provide high granularity energy measurements within |⌘ | < 4.9. Beyond the calorimeters lies the muon
spectrometer [23], consisting of a set of superconducting torodial magnets and three layers of gaseous
chambers, allowing for the trajectories of muons to be measured up to |⌘ | < 2.7. In addition to this fast
detectors are also installed in the muon spectrometer for triggering purposes, with a range up to |⌘ | < 2.4.
The on-line trigger system will also be replaced by a new system, which will be capable of processing
the rate increase anticipated at the HL-LHC. Both searches plan to use an E

miss
T requirement to accepting
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The proposal for the upgraded ATLAS detector [18] which will operate at the HL-LHC includes a new all-
silicon inner tracking detector, the Inner Tracker (ITk) [19, 20], composed of five layers of pixel detectors
and four layers of double-sided silicon strip sensors, allowing for the reconstruction of the trajectory of
charged particles within a pseudorapidity range |⌘ | < 4. The inner tracker is immersed in a 2 T axial
magnetic field, enabling the momentum measurement of the charged particles travelling through the inner
tracker. The electromagnetic and hadronic calorimeters [21, 22] are located outside of the solenoid and
provide high granularity energy measurements within |⌘ | < 4.9. Beyond the calorimeters lies the muon
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· Stau pairs:  

· Final state: τhτh or ℓτh + MET 

· 2016 data: no sensitivity 

· HL-LHC excl. limit: 650 GeV 

·Electroweakinos: 
· degenerate mass scenarios       

→ compressed spectra             
and/or long lifetimes 

· Use ISR jet for triggering 

· Disappearing tracks 

10

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]

3−10

2−10

1−10

1

 [GeV]τ∼m
200 400 600 800

 [G
eV

]
LS

P
m

50

100

150

200

250

300
Expected exclusion   Expected discovery  

 (YR18 syst. uncert.)
Lτ
∼  = m

Rτ
∼ , mτ∼τ∼ →pp 

 Phase-2 SimulationCMS  (14 TeV)-13 ab

Figure 5: The expected upper limits at the 95% CL and the 5s discovery potential for the com-
bination of the results of the thth and `th channels.

!34

Electroweak SUSY

�̃±
1p

p

�̃0
1

�̃0
1

⇡±

j

Figure 1: Diagrams depicting (left) �̃±1 �̃
0
1 production and (right) �̃±1 �̃

0
2 production.

Figure 2: Schematic illustration of a pp ! �̃±1 �̃
0
1 + jet event in the HL-LHC ATLAS detector, with a long-lived

chargino. Particles produced in pile-up pp interactions are not shown. The �̃+1 decays into a low-momentum pion
and a �̃0

1 after leaving hits in the five pixel layers (indicated by red makers).

mass splittings down to 2.5 GeV for m( �̃0
1 ) = 100 GeV. Scenarios with direct �̃±1 pair production are also

considered.

2 ATLAS Detector

The proposal for the upgraded ATLAS detector [18] which will operate at the HL-LHC includes a new all-
silicon inner tracking detector, the Inner Tracker (ITk) [19, 20], composed of five layers of pixel detectors
and four layers of double-sided silicon strip sensors, allowing for the reconstruction of the trajectory of
charged particles within a pseudorapidity range |⌘ | < 4. The inner tracker is immersed in a 2 T axial
magnetic field, enabling the momentum measurement of the charged particles travelling through the inner
tracker. The electromagnetic and hadronic calorimeters [21, 22] are located outside of the solenoid and
provide high granularity energy measurements within |⌘ | < 4.9. Beyond the calorimeters lies the muon
spectrometer [23], consisting of a set of superconducting torodial magnets and three layers of gaseous
chambers, allowing for the trajectories of muons to be measured up to |⌘ | < 2.7. In addition to this fast
detectors are also installed in the muon spectrometer for triggering purposes, with a range up to |⌘ | < 2.4.
The on-line trigger system will also be replaced by a new system, which will be capable of processing
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The proposal for the upgraded ATLAS detector [18] which will operate at the HL-LHC includes a new all-
silicon inner tracking detector, the Inner Tracker (ITk) [19, 20], composed of five layers of pixel detectors
and four layers of double-sided silicon strip sensors, allowing for the reconstruction of the trajectory of
charged particles within a pseudorapidity range |⌘ | < 4. The inner tracker is immersed in a 2 T axial
magnetic field, enabling the momentum measurement of the charged particles travelling through the inner
tracker. The electromagnetic and hadronic calorimeters [21, 22] are located outside of the solenoid and
provide high granularity energy measurements within |⌘ | < 4.9. Beyond the calorimeters lies the muon
spectrometer [23], consisting of a set of superconducting torodial magnets and three layers of gaseous
chambers, allowing for the trajectories of muons to be measured up to |⌘ | < 2.7. In addition to this fast
detectors are also installed in the muon spectrometer for triggering purposes, with a range up to |⌘ | < 2.4.
The on-line trigger system will also be replaced by a new system, which will be capable of processing
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discovery potential of the analysis would allow for the discovery of wino-like (higgsino-like) charginos of
mass 100 GeV with lifetimes between 20 ps and 700 ns (30 ps and 250 ns), or for a lifetime of 1 ns would
allow the discovery of wino-like (higgsino-like) charginos of mass up to 800 GeV (600 GeV). Comparing
the results to the theoretical prediction from Ref.[30], would allow for the exclusion at 95% CL of the
theory with masses up to 850 GeV for the pure wino scenario and 250 GeV for the pure higgsino scenario.
The discovery potential would be up to 450 GeV for the pure wino scenario and 150 GeV for the pure
higgsino scenario.

200 400 600 800 1000 1200 1400
) [GeV]±

1
χ∼m(

1

10

210

310

410

510

610

710

 [p
s]

τ

)expσ1 ±Expected Limit (
 discoveryσ5

Theory
Run 2 Limit (arXiv:1712.02118)

 > 0µ = 5, β production, tan0

1
χ∼ ±

1
χ∼, 

±

1
χ∼ ±

1
χ∼ Pure Wino

Disappearing Track Analysis

All limits at 95% CL
 = 200µ, -1=14 TeV, 3000 fbs

ATLAS Simulation Preliminary

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

1
χ∼m(

1

10

210

310

410

510

610

710

 [p
s]

τ

)expσ1 ±Expected Limit (
 discoveryσ5

Theory
Run 2 Limit (ATL-PHYS-PUB-2017-019)

 > 0µ = 5, β production, tan0

1
χ∼ ±

1
χ∼, 

±

1
χ∼ ±

1
χ∼, ±

1
χ∼ 0

2
χ∼ Pure Higgsino

Disappearing Track Analysis

All limits at 95% CL
 = 200µ, -1=14 TeV, 3000 fbs

ATLAS Simulation Preliminary

Figure 5: Expected exclusion limits at 95% CL from the disappearing track search using 3000 fb�1of 14 TeV proton-
proton collision data as a function of the �̃±1 mass and lifetime. Simplified models including both �̃± �̃⌥ and �̃± �̃0

are considered assuming pure-wino scenarios (left) and pure-higgsino scenarios (right). The yellow band shows the
1� region of the distribution of the expected limits. The median of the expected limits is shown by a dashed line.
The red line presents the current limits from the Run 2 analysis and the hashed region is used to show the direction
of the exclusion. The expected limits with the upgraded ATLAS detector would extend these limits significantly. In
the pure-wino scenario, the chargino lifetime as a function of the chargino mass calculated at the two loop level [48]
is shown by the dashed grey line. In the pure-higgsino scenario the mass-lifetime relation is shown by the dashed
grey line and is calculated at the one loop level [30]. The relationship between the masses of the chargino and the
two lightest neutralinos in this scenario is m( �̃±1 ) = 1

2 (m( �̃0
1 ) + m( �̃0

2 )).

The background yields for the dilepton SRs (split into the respective m`` intervals) are presented in Table
4. The main background in each SR is dependent upon the m`` interval under consideration, with tt̄ the
main background for the lowest m`` interval, the intermediate m`` selections dominated by Z+jets events,
and the larger m`` intervals dominated by diboson production. The tt̄ and diboson yields include the
component from misidentified leptons. For the lowest m`` bin the component of tt̄ from misidentified
leptons is 40%, while it is 15% in the highest m`` bin.

Figure 6 shows the 95% CL expected exclusion limits in the m( �̃0
2 ), �m( �̃0

2, �̃
0
1 ) plane. With 3000 fb�1,

�̃0
2 masses up to 350 GeV could be excluded, as well as �m( �̃0

2, �̃
0
1 ) between 2 and 20 GeV for m( �̃0

2 ) =
150 GeV. In the figure the blue curve presents the 5� discovery potential of the search. To calculate the
discovery potential a single-bin discovery test is performed by integrating over all of the m`` bins from 1
to the chosen m`` upper limit for a given SR selection (aside from 3 < m`` < 3.2 GeV).

Figure 7 presents the 95% expected exclusion limits in the �̃0
1,�m( �̃±1 , �̃0

1 ) mass plane, from both the
disappearing track and dilepton searches. The yellow contour shows the expected exclusion limit from the
disappearing track search, with the possibility to exclude m( �̃±1 ) up to 600 GeV for �m( �̃±1 , �̃0

1 ) < 0.2 GeV,

10

ATL-PHYS-PUB-2018-031

Li
fe

tim
e 
τ [

ps
]  

Mass m(χ1±) [GeV]

CMS-FTR-18-010

2

p

p τ̃
+

τ̃
−

τ
−

χ̃
0
1

χ̃
0
1

τ
+

Figure 1: Diagram for the et pair production.

ing operational conditions at the HL-LHC [49–53]. The upgrade of the first level hardware
trigger (L1) will allow for an increase of L1 rate and latency to about 750 kHz and 12.5 µs, re-
spectively, and the high-level software trigger (HLT) is expected to reduce the rate by about a
factor of 100 to 7.5 kHz. The entire pixel and strip tracker detectors will be replaced to increase
the granularity, reduce the material budget in the tracking volume, improve the radiation hard-
ness, and extend the geometrical coverage and provide efficient tracking up to pseudorapidities
of about |h| = 4. The muon system will be enhanced by upgrading the electronics of the ex-
isting cathode strip chambers (CSC), resistive plate chambers (RPC) and drift tubes (DT). New
muon detectors based on improved RPC and gas electron multiplier (GEM) technologies will
be installed to add redundancy, increase the geometrical coverage up to about |h| = 2.8, and
improve the trigger and reconstruction performance in the forward region. The barrel electro-
magnetic calorimeter (ECAL) will feature the upgraded front-end electronics that will be able
to exploit the information from single crystals at the L1 trigger level, to accommodate trigger
latency and bandwidth requirements, and to provide 160 MHz sampling allowing high preci-
sion timing capability for photons. The hadronic calorimeter (HCAL), consisting in the barrel
region of brass absorber plates and plastic scintillator layers, will be read out by silicon pho-
tomultipliers (SiPMs). The endcap electromagnetic and hadron calorimeters will be replaced
with a new combined sampling calorimeter (HGCal) that will provide highly segmented spa-
tial information in both transverse and longitudinal directions, as well as high-precision tim-
ing information. Finally, the addition of a new timing detector for minimum ionizing particles
(MTD) in both barrel and endcap region is envisaged to provide capability for 4-dimensional
reconstruction of interaction vertices that will allow to significantly offset the CMS performance
degradation due to high PU rates.

A detailed overview of the CMS detector upgrade program is presented in Ref. [49–53], while
the expected performance of the reconstruction algorithms and the mitigation of pileup, i.e.,
additional proton-proton collisions within the same or neighboring bunch crossings, is sum-
marized in Ref. [54].

3 Object reconstruction and simulated samples

The event reconstruction uses a particle-flow (PF) algorithm [55], combining information from
the tracker, calorimeter, and muon systems to identify charged and neutral hadrons, photons,
electrons, and muons in an event. Candidate events are expected to contain at least two lep-
tons: either two th candidates, or one th and one muon or electron from t lepton decays. In
order to pass the selection, electrons (muons) are required to have a transverse momentum
pT > 30 GeV and pseudorapidity |h| < 1.6(2.4). Dedicated lepton identification criteria are
applied, providing 50% to 90% efficiency for muons and 25% to 80% efficiency for electrons,
depending on the lepton pT and h. Both muons and electrons are required to be isolated. The

τ+~

τ-~

τ+

τ-
�̃±
1p

p

�̃0
1

�̃0
1

⇡±

j

Figure 1: Diagrams depicting (left) �̃±1 �̃
0
1 production and (right) �̃±1 �̃

0
2 production.

Figure 2: Schematic illustration of a pp ! �̃±1 �̃
0
1 + jet event in the HL-LHC ATLAS detector, with a long-lived

chargino. Particles produced in pile-up pp interactions are not shown. The �̃+1 decays into a low-momentum pion
and a �̃0

1 after leaving hits in the five pixel layers (indicated by red makers).

mass splittings down to 2.5 GeV for m( �̃0
1 ) = 100 GeV. Scenarios with direct �̃±1 pair production are also

considered.

2 ATLAS Detector

The proposal for the upgraded ATLAS detector [18] which will operate at the HL-LHC includes a new all-
silicon inner tracking detector, the Inner Tracker (ITk) [19, 20], composed of five layers of pixel detectors
and four layers of double-sided silicon strip sensors, allowing for the reconstruction of the trajectory of
charged particles within a pseudorapidity range |⌘ | < 4. The inner tracker is immersed in a 2 T axial
magnetic field, enabling the momentum measurement of the charged particles travelling through the inner
tracker. The electromagnetic and hadronic calorimeters [21, 22] are located outside of the solenoid and
provide high granularity energy measurements within |⌘ | < 4.9. Beyond the calorimeters lies the muon
spectrometer [23], consisting of a set of superconducting torodial magnets and three layers of gaseous
chambers, allowing for the trajectories of muons to be measured up to |⌘ | < 2.7. In addition to this fast
detectors are also installed in the muon spectrometer for triggering purposes, with a range up to |⌘ | < 2.4.
The on-line trigger system will also be replaced by a new system, which will be capable of processing
the rate increase anticipated at the HL-LHC. Both searches plan to use an E

miss
T requirement to accepting
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silicon inner tracking detector, the Inner Tracker (ITk) [19, 20], composed of five layers of pixel detectors
and four layers of double-sided silicon strip sensors, allowing for the reconstruction of the trajectory of
charged particles within a pseudorapidity range |⌘ | < 4. The inner tracker is immersed in a 2 T axial
magnetic field, enabling the momentum measurement of the charged particles travelling through the inner
tracker. The electromagnetic and hadronic calorimeters [21, 22] are located outside of the solenoid and
provide high granularity energy measurements within |⌘ | < 4.9. Beyond the calorimeters lies the muon
spectrometer [23], consisting of a set of superconducting torodial magnets and three layers of gaseous
chambers, allowing for the trajectories of muons to be measured up to |⌘ | < 2.7. In addition to this fast
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Sensitivity to new scenarios

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-031/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-010/index.html
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Long-Lived Particles

!35

· Various scenarios: mass degeneracy,                      
small couplings, heavy mediators, 

· Direct detection or collateral event features                  
→ creative use of experiments 

· Dedicated LHC experiments                                        
Codex-b, Mathusla, MilliQan, FaserLong-lived particles  

30/10/2017 Monica D'Onofrio, HL/HE-LHC Workshop 16 

}  Particles decaying non-promptly are one of the major 
targets of HL-LHC experiments   

}  Great discovery potential: many NP models predict LLPs  
}  small couplings: RPV decays, dark sector coupling  
}  small mass-splittings: degenerate next-LSP  
}  heavy messengers, split SUSY, hidden valley      Special Signatures from LLP 
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Issues and opportunities with LLP signatures: 

• Non-standard objects, custom trigger/reconstruction/simulation 

• Need to maintain dedicated detector capabilities 

Potential gains from HL-LHC from high luminosity, track-trigger, fast timing, 

better directionality. 

 

Variety of dedicated techniques to 
cover whole range of lifetimes (cW) 

Synergy among ATLAS, CMS 
and LHCb experiments 
•  Target complementary 

lifetimes and mass ranges 
•  Use different ‘signatures’ 

A few examples here, more  
in dedicated talks 

BSM parallel session: 
ATLAS talk: S. Pagan Riso 
CMS talk: J. Alimena;  LHCb talk: C.  Sierra 
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Fig. 89: Current limits (grey fills), current LHCb limits (black band), and proposed future experimental reach
(coloured bands) on A0 parameter space. The arrows indicate the available mass range from light meson decays
into e+e��.

5.5 Prospects for dark-photon at the HL-LHCb [LHCb]
Author(s): P. Ilten, X. Cid et al, LHCb

A compelling scenario in the search for for dark forces and other portals between the visible
and dark sectors is that of the dark photon A0. In this case, a new U(1) dark force, analogous to the
electromagnetic (EM) force, can be introduced into the SM, where the dark photon is the corresponding
force mediator which couples to dark matter (or matter) carrying dark charge. The A0 can kinetically mix
with the photon, allowing the A0 to be observed in the spectra of final states produced by the EM current.
This mixing can be thought of as a low-energy consequence of a loop process, potentially involving very
high mass particles, that connects the visible and dark sectors.

The study of the A0 model is based on two free parameters: the mixing term "2 and the invariant
mass of the A0, m

A
0 . "2 can be interpreted as the ratio of the dark force strength to the EM force strength.

Note that for smaller values of "2 the dark photon can be long-lived and fly away from its production
vertex. Fig. 89 shows the "2 � m

A
0 parameter space with current limits (grey fills), current LHCb limits

(black bands) [235], and prospects on the LHCb future reach (coloured bands). The coloured light (dark)
bands correspond to discovery reach assuming 50 (300) fb�1 datasets. These are the expected integrated
luminosities at LHCb at the end of Run 4 and Run 5 of the LHC, respectively. These discovery reaches
assume increased pileup within LHCb will not have a significant effect on the dark photon reconstruction.

There are at least two complementary ways for LHCb to explore large portions of unconstrained A0

parameter space. They address different regions of this space. The first involves prompt and displaced
resonance searches using D⇤0

! D0e+e� decays [236] (green bands in Fig. 89). The second, an
inclusive dimuon search [237] (blue bands in Fig. 89) where, once again, the dimuon can be prompt or
displaced. In both cases the lepton pair is produced from an EM current which kinetically mixes with the
A0, producing a sharp resonance at the A0 mass. In the first case, the A0 is detected in its decay to an e+e�

pair and in the second to a µ+µ� pair. The advantage of these approaches is that they do not require
the calculation of absolute efficiencies. In both cases, the signal can be normalized to the di-lepton mass
sidebands about the A0 resonance, where dark photon mixing with the SM virtual photon is negligible.
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Significant benefits from improved detectors

cτγD: 1m           10m

2

efficiency than the SA algorithm, for highly displaced muons (see Fig. 8.12 of the Muon TDR
[2]). The DSA algorithm improves the transverse impact parameter (d0) and the transverse
momentum (pT) resolution for displaced muons compared to the SA muon algorithm [7].

4 Signal model
In Dark SUSY models, in addition to supersymmetric fields, a dark sector of fermions and
gauge fields is introduced. The gauge boson corresponding to the additional UD(1) symmetry
is called the dark photon (gD) [3, 4], which can have a kinetic mixing with the SM photon. The
dark photon acquires a mass after UD(1) symmetry breaking. In such models, the dark photon
couples to SM charged particles in the same way as a photon, except that the couplings are
scaled by a parameter e that gives the strength of the kinetic mixing. The dark photon lifetime
is proportional to 1/e2, and since e can be very small, the dark photon lifetime can be long. If
this is the case and if the dark photon has non-zero momentum, it can have a macroscopically
long decay length.

Dark photons can be produced in cascade decays of the SM Higgs boson that would first decay
to a pair of MSSM-like lightest neutralinos (n1), each of which, in Dark SUSY models, can decay
further to a dark sector neutralino (nD) and the dark photon, as shown in Fig. 1.

For the branching fraction BR(H ! 2gD + X), where X denotes the particles produced in the
decay of the SM Higgs boson apart from the dark photons, 20% is used. This value is in agree-
ment with recent Run-2 studies [8] and taking into account the upper limit on invisible/non-
conventional decays of the SM Higgs boson [9]. We assume neutralino masses m(n1) = 50 GeV
and m(nD) = 1 GeV, and explore the search sensitivity for dark photon masses and lifetimes
in the following ranges: m(gD) = (1, 5, 10, 20, 30) GeV and ct = (10, 102, 103, 5 ⇥ 103, 104) mm.
Final states with two and four muons are included in the analysis. In the former case, one dark
photon decays to a pair of muons while the other dark photon decays to some other fermions
(2-muon final state). In the latter case, both dark photons decay to muon pairs (4-muon final
state). Both decay chains are shown in Fig. 1. The assumed Higgs production cross section via
gluon-gluon fusion is 49.97 pb [10].

(a) (b)

Figure 1: Feynman diagram of the decay of SM Higgs boson to a final state containing two
or more muons in Dark SUSY models [11]. (a) Decay chain leading to a final state containing
exactly two muons. (b) Decay chain leading to a final state containing exactly four muons.

The branching ratio of dark photons decaying to muons as a function of the dark photon mass

Dark photons:  
γD→µµ 

theory (m(γD)=20 GeV)

Dark Photons

 3

A Model of Dark Particle Physics?

How rich is the dark sector of matter?
Mike Williams 9

dark
higgs?

dark
quarks?

dark
leptons?

dark
forces?

Dark
nucleons

and nuclei?

SMSM

SMSM

A’

See Okun, 1982; Galison, Manohar, 1984; Holdom, 1986;  etc.; Arkani-Hamed, Finkbeiner, Slatyer,Weiner, 2008; Pospelov, Ritz, 2008; etc.

MIT

Mike Williams Massachusetts Institute of Technology

Associate Professor 77 Massachusetts Ave, 26-437

Department of Physics Cambridge, MA 02139-4307

mwill@mit.edu 617 253-4816

To members of the award committee,

This letter is in support of the application of Maria Patsyuk, who has applied for
the Leona Woods distinguished postdoctoral lectureship award. I am the founder and
leader of the LHCb group at MIT, a member of both the LHCb Collaboration and
Editorial boards, and the founder and leader of the MIT GlueX group. I have known
Maria since 2015, when she started working as a postdoc in my GlueX group.

The Detection of Internally Reflected Cherenkov light (DIRC) detector was a revo-
lutionary particle-identification system employed by the BaBar experiment at SLAC.
A novel upgrade to this system known as the Focusing DIRC (FDIRC) was designed
to maintain the amazing DIRC performance but with a greatly reduced number of
PMTs required—thus also greatly reducing the cost of such a system. Unfortunately,
the SuperB experiment in which the FDIRC was meant to be installed was canceled;
however, the DIRC and FDIRC concepts live on, as they have now been adopted by
many existing and future experiments.

My group at MIT led the design R&D for a DIRC-type detector planned for use at
Je↵erson Lab. Since joining our group, Maria as been the leader of our DIRC e↵orts.
She has done amazing work on developing its simulation in Geant, on designing a
laser-based calibration system, and designing and prototyping a method for preserving
as much Cherenkov light as possible using silicon cookies to join the PMTs to the
quartz exit window from the DIRC optical box. Maria does excellent work, and is
able to lead e↵orts like this largely independently. This is quite impressive for a junior
postdoctoral researcher.

Maria has also been working with Prof. Or Hen on developing a novel program
to study short-range correlations in nucleons using nuclear targets at GlueX—and on
similar projects in Russia. She is becoming a true leader in that area of nuclear physics,
which is even more impressive given her hardware commitments.

In summary, Maria Patsyuk is an excellent young physicist. I highly recommend
Maria for this lectureship award. She has done excellent work as a postdoctoral re-
searcher, and I have no doubt that she has a bright career ahead of her. Please do not
hesitate to contact me with any questions or if any further information is required.

↵0 = "2↵
Sincerely,

Associate Professor of Physics

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-002/index.html
https://arxiv.org/abs/1808.08865
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Dark Matter …
·… is known to exist:                                       

→ reveal its elementary nature at the LHC ? 

·Simplified models for comparison                
with direct detection experiments
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on the expected luminosity is found to have the smallest e�ect. The expected mass limit at 95% CL is
4.6 TeV while the discovery reach (based on 5� significance) is 4.0 TeV. For the current analysis the e�ect
of possible improvements in the systematic uncertainties is estimated by reducing by half the uncertainties.
This has the e�ect of increasing the exclusion limit (discovery reach) by 80 (50) GeV.
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Figure 5: Expected 95% CLs upper limits on the signal cross-section as a function of the mass of the mediator for the
non-resonant model assuming m� = 1 GeV, a = 0.5 and g� = 1 using a BDT analysis. The MC statistical uncertainty
is not considered but the full set of systematics, extrapolated from the 13 TeVanalysis is considered.

The expectations for the equivalent of Run-3 integrated luminosity (300 fb�1) is checked, obtaining an
exclusion limit (discovery reach) of 3.7 TeV (3.2 TeV).

The expected mass limit at 95% CL obtained with the cut-based analysis, assuming an integrated luminosity
of 3000 fb�1 and including same systematic uncertainties, is 3.2 TeV. As anticipated at the beginning of
the section, this limit is significantly lower than what is obtained with the BDT-based analysis.

7 Conclusion

The expected sensitivity of a search for events with one top quark and large missing transverse momentum
is estimated in pp collisions at a centre-of-mass energy of

p
s = 14 TeV with the ATLAS detector at the

HL-LHC. A non-resonant production of an exotic state V , decaying to a pair of invisible dark-matter
particles � �̄, in association with a right-handed top quark is considered. Only the topologies where the W
boson from the top quark decays into an electron or a muon and a neutrino are considered. The number of
signal and background events are estimated from simulated truth particle-level information after applying
smearing functions to mimic an upgraded ATLAS detector response in the HL-LHC environment. The
expected exclusion limit at 95% CL on the mass of the exotic state V is, in the absence of MC statistical
uncertainty but considering systematic uncertainties, 4.6 TeV using a multivariate analysis based on a
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-007/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-024
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11 Searches for New Physics at 13 TeV
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Heavy Resonances
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Figure 7 shows the expected discovery significance for the resonant search. In addition to the expected
values, dashed curves shows the expected values for a future W/Z-tagger which has a 50% increase in
signal e�ciency and a further factor of 2 in background rejection. These values are representative of
improvements seen in a recent diboson resonance search in the fully-hadronic VV ! qqqq analysis[49] by
using track-caloclusters[49] as opposed to locally-calibrated topologically-clustered calorimeter jets. Other
possible improvements in W/Z-tagging in the HL-LHC era can originate from usage of more advanced
machine-learning techniques to discriminate against the background contribution and better understanding
of jet substructure variables with measurements at higher integrated luminosities.

mass [TeV]
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

W
Z)

 [p
b]

→
W

'
→

(p
p

σ

5−10

4−10

3−10

2−10

1−10

1

10

210

310
ATLAS Simulation

=14 TeVs
 WZ→ HVT W' qq

-1Expected 95% CL Limit 300fb
-1Expected 95% CL Limit 3000fb

)σ 1± (-1Expected Limit 3000fb

)σ 2± (-1Expected Limit 3000fb

HVT Model A

(a)

mass [TeV]
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

W
W

) [
pb

]
→

Z'
→

(p
p

σ

5−10

4−10

3−10

2−10

1−10

1

10

210

310
ATLAS Simulation

=14 TeVs
 WW→ HVT Z' qq

-1Expected 95% CL Limit 300fb
-1Expected 95% CL Limit 3000fb

)σ 1± (-1Expected Limit 3000fb

)σ 2± (-1Expected Limit 3000fb

HVT Model A

(b)

mass [TeV]
0.5 1 1.5 2 2.5 3

W
W

) [
pb

]
→S

→
(p

p
σ

5−10

4−10

3−10

2−10

1−10

1

10

210

310
ATLAS Simulation

=14 TeVs
 WW→ggF S 

-1Expected 95% CL Limit 300fb

-1Expected 95% CL Limit 3000fb

)σ 1± (-1Expected Limit 3000fb

)σ 2± (-1Expected Limit 3000fb

(c)

mass [TeV]
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

W
W

) [
pb

]
→

R
S

G
→

(p
p

σ

5−10

4−10

3−10

2−10

1−10

1

10

210

310
ATLAS Simulation

=14 TeVs
 WW→ 

KK
ggF G

-1Expected 95% CL Limit 300fb
-1Expected 95% CL Limit 3000fb

)σ 1± (-1Expected Limit 3000fb

)σ 2± (-1Expected Limit 3000fb

 k/M=0.5RSG

(d)

Figure 5: 95% Upper limit for the HVT W 0 (top left), HVT Z 0 (top right), Scalar (bottom left), and Graviton (bottom
right) via ggF/qq̄ production.

6.3 VBS search

For the VBS search, the statistical analysis is done on the signal strength of the SM VBS (WW/W Z ! `⌫qq)
processes.

The expected significance for the SM VBS process is 5.7� at 300 fb�1. The expected cross-section
uncertainties are 18% at 300 fb�1 and 6.5% at 3000 fb�1. The e�ects of unfolding were not considered for
the cross-section estimates.
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·Heavy Vector Triplet (HVT) model:        
composite Higgs and three additional               
vector bosons Z’ and W’±                                                      

Z’ and W’±  → WW, WZ or ZZ 

·Randall-Sundrum-Gluino:                          
RSG → tt                             

Mass reach: exclusion up to 5-6 TeV at HL-LHC — (~10-11 TeV for HE-LHC)
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Figure 3: The distributions of mtt in events with (top) zero or (bottom) one t-tagged jets for (left)
single-electron or (right) single-muon samples. The statistical uncertainties are scaled down by
the square root of the projected luminosity. Variable sized bins are used for each category so
that the statistical uncertainty on the total background in each bin is less than 10%. The bin
contents of the distributions are divided by their bin width. The overflow events are added to
the last bin and its content is also divided by the width of the last bin.

8. Results 11

8 Results214

We use the Theta package [41] to derive the expected cross section limits at 95% confidence level215

(CL) on the production of an RSG decaying to tt. The limits are computed using the asymptotic216

CLs approach. A binned likelihood fit to the distributions of the reconstructed mtt is performed217

in both the single-lepton and fully hadronic final states. The systematic uncertainties are in-218

cluded as nuisance parameters with log-normal probability density functions. The results are219

limited by the statistical uncertainties in the background estimates. These uncertainties are220

scaled down by the projected integrated luminosity and are treated using the Barlow–Beeston221

light method [42, 43]. The expected limits at 95% CL and the discovery potential at 3s and222

5s significance for resonance masses from 2 to 12 TeV and two different projected integrated223

luminosities for the combined single-lepton and fully hadronic final states are listed in Table 3.224

The production of an RSG with a mass up to 6.6 TeV is excluded at 95% CL for a projected in-225

tegrated luminosity of 3 ab�1, as shown in Fig. 7. An RSG with a mass up to 5.7 TeV could be226

discovered at 5s significance.227
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Figure 7: 95% CL expected upper limits (left) and 3s and 5s discovery reaches (right) for an
RSG decaying to tt at 300 fb�1 (top) and 3 ab�1 (bottom) for the combined single-lepton and
fully hadronic final states. The LO signal theory cross sections are scaled to NLO using a k

factor of 1.3 [44].

Figure 8 shows a comparison of the expected limits for RSG with corresponding results us-228

ing exclusively the statistical uncertainties. Figure 8 also shows a comparison of the expected229

sensitivity contribution from each final state.230

The expected limits at 95% CL and the discovery potential at
p

s = 27 TeV for resonance masses231

from 4 to 12 TeV and a projected integrated luminosity of 15 ab�1 for the combined single-232

CMS-FTR-18-009

Z’ → WW

G → tt

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-022
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-009/index.html
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Figure 5: Invariant mass distributions with the fit projection overlayed, corresponding to an
integrated luminosity of 3000 fb�1. The left plot shows the central barrel region, |h f | < 0.7 and
the right plot is for to 0.7 < |h f | < 1.4.
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Figure 6: The binned maximum likelihood fit to the background-subtracted decay time distri-
bution for the Phase-II scenario. The effective lifetime from the fit is 1.61 ±0.05 ps.

effective lifetime is the statistical only. Based on the Run-II analysis, it can be noted that the total240

uncertainty on the B
0
s effective lifetime is currently dominated by the statistical uncertainty.241

We have also re-performed the pseudo-experiments without any systematics included. The242

results show that the sensitivities of the B
0 branching ratios and of the range of the signifi-243

cance of B
0 observation do not change significantly. Therefore, it can be concluded that they244

are dominated by the statistics of the total uncertainties. On the contrary, the sensitivity of245

the B
0
s branching ratio reduces significantly that it is mostly driven by the systematic (⇠75%)246
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Flavor Constraints on New Physics Zoltan Ligeti
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Figure 9: Constraints on r̄ � h̄ , allowing NP in the Bd,s mixing amplitudes (left) and the expectation using
50 ab�1 Belle II and 50 fb�1 LHCb data (right) [69]. Colored regions show 95% CL, as in Fig. 2.
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Figure 10: Constraints on the hd �sd parameters (left) and those estimated to be achievable using 50 ab�1

Belle II and 50 fb�1 LHCb data (right) [69]. Colored regions show 2s limits with the colors indicating CL
as shown, while the dashed curves show 3s limits.

achievable with 50 ab�1 Belle II and 50 fb�1 LHCb data (right) [69]. Figure 10 shows that in the
future the bounds on the “MFV-like regions", where NP flavor is aligned with the SM (2qd ' 0
mod p), will be comparable to generic values of the NP phase, unlike in the past. Figure 11 shows
that the bounds on NP in Bs mixing, which were significantly weaker than those in the Bd sector
until recent LHCb measurements, are now comparable, and will comparably improve in the future.

As an example, if NP modifies the SM operator describing Bq mixing by adding to it a term

C2
q

L2 (b̄LgµqL)
2 , (3.4)

then one finds

hq '
|Cq|2

|V ⇤
tbVtq|2

✓
4.5TeV

L

◆2

. (3.5)
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·New physics reach of flavour up to 100 TeV  

· If/when SM is falsified, is there a chance to understand the new physics?

ATLAS and CMS can help 
in a few channels

B0(s)→ µµ

Spectroscopy

A much sharper picture to emerge

D0 mixing CPV

today
NP models

w/300 fb-1

LHCb

Sensitivity to lepton 
Flavor Violation in tau 
decays

CERN-LHCC-2017-003

In several areas LHCb (also  
Belle) are w/o cross check

expectation using 50ab-1 Belle II  
and 50fb-1 LHCb data

Classical CKM metrology

Bs→φφ 

b ! s`+`� transitions: angular analyses
• Give access to many di↵erent observables sensitive to NP

• The systematic experimental uncertainties are orthogonal to those
a↵ecting BR measurements

• These observables provide complementary constraints to the BRs in
global fits
� Possibility to construct observables with reduced form-factor dependence

(e.g. P
0
5)
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LHCb [JHEP 02 (2016) 104], CMS [PLB 753 (2016) 424], BaBar [PRD 93 (2016)
052015], CDF [PRL 108 (2012) 081807] and Belle [PRL 103 (2009) 171801]

P. Álvarez Cartelle (ICL) Rare decays and LFU @ LHCb 10/23

10
/20

P5’ from B→K*µµ 

CMS-FTR-18-013

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-013/index.html
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Flavour Anomalies: low pT

!40

New modes and kinematic distributions to distinguish among NP scenarios!

LHCb can measure many different channels

Homework: Prospects for kinematic distributions (e.g. D⇤/⌧ polarization)

J. Martin Camalich (CERN) Summary Flavor Pysics (WG4) 1st of November 2017 4 / 22

Future of ratios

• continuous improvement on R(X) in coming years
I LHCb: rich program of initial states

better R(J/ ), R(D)? ⇤b ! ⇤
(⇤)
c ⌧ ⌫̄? R(Ds)?

I Belle II: O(0.01) projections on R(D(⇤))
more results of Belle dataset: inclusive B ! Xc⌧ ⌫̄? additional R(D) modes?

A. J. Schwartz High Luminosity LHC Workshop Belle II Physics program 22

B® D(*)tn @ Belle II
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Careful scaling from Belle ® Belle II: 

Type II 2HDM 
tanb/MH = 0.5

[A. J. Schwartz’ talk]

• polarizations/asymmetries in final states can help discriminate operators
[1206.3760, 1302.7031, 1602.07671, . . . ]

I new e�cient reweighting tools can help fit these [HAMMER; Ligeti, Papucci, Robinson,
1610.02045]

• not the focus here see B. Hamilton’s talk

LQ and B-physics anomalies 
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With lower precision BELLE, CMS, ATLAS 

Possible explanation are LQ-like mediators. TeV scale and 3rd generation favored.  
LQ couple to leptons and quarks, with a coupling l  

Z´ and B-physics anomalies 
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LQ and B-physics anomalies 
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With lower precision BELLE, CMS, ATLAS 

Possible explanation are LQ-like mediators. TeV scale and 3rd generation favored.  
LQ couple to leptons and quarks, with a coupling l  

·Tension in current measurements  

·R(K*), b → sµµ: 2-3σ below expectation 

·R(D*), b → cτν: 3-4σ above expectation 

·P5’ from B→K*µµ:  LHCb also in tension 

·LHCb will measure several more channels,            
also with BS, Λb and Bc

M
ea

su
re

d
M

ea
su

re
d

Measured

B factory data

B factory data
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·R(K*) b → sℓℓ 
· Theoretically very clean 

· Could be explained by LQ or flavour violating Z’ 

· Z’→ µµ already excluded 

Z 0 with Minimal Flavor Violation

assume that flavor diagonal and flavor violating couplings are related

gqq
L = g⇤ , gbs

L = VtbV ⇤
tsg⇤

Greljo, Marzocca 1704.09015

also WA, Straub 1411.3161

already ruled out
by di-muon resonance searches

+ searches for qqµµ contact interactions

! couplings to light quarks need to be suppressed

Wolfgang Altmannshofer (UC) High pT Implications of b ! s`` Anomalies April 5, 2018 9 / 17

!41

Simplified Models

possible tree level explanations:

Z 0 Bosons
Lepto-Quarks

upper bounds on flavor violating couplings from Bs mixing imply
upper bounds on the particle masses

mZ 0 . gµ ⇥ 8TeV
mLQ . 20 � 40TeV (depending on the lepto-quark representation)

! a weakly coupled Z 0 is likely in reach of HE LHC

Wolfgang Altmannshofer (UC) High pT Implications of b ! s`` Anomalies April 5, 2018 8 / 17

LQ could explain R(D*) and R(K*)  
No-lose theorem ?

Flavour Anomalies: high pT

LQ and B-physics anomalies 
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With lower precision BELLE, CMS, ATLAS 

Possible explanation are LQ-like mediators. TeV scale and 3rd generation favored.  
LQ couple to leptons and quarks, with a coupling l  

LQ

·R(D) and R(D*): b→ cℓν 
·Good fits for W’ vector, scalar or vector LQ 

·Full range of LQ searches

LQ and B-physics anomalies 

3 

W
it

h 
m

at
er

ia
l f

ro
m

 t
al

k 
by

 G
.Is

id
or

i a
t 

CM
S 

w
ee

k 
D

ec
 6

th
 2

01
7 

With lower precision BELLE, CMS, ATLAS 

Possible explanation are LQ-like mediators. TeV scale and 3rd generation favored.  
LQ couple to leptons and quarks, with a coupling l  

arXiv:1704.09015

EFT 
excluded
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Figure 3: Expected upper limits on the LQ pair production cross section at the 95% CL for an
LQ decaying exclusively to top quarks and muons (left) or t leptons (right) as a function of
the LQ mass and for different integrated luminosities in the ”YR18 syst.” (solid) and ”stat.
only” (dotted) scenarios. All results were obtained with templates for

p
s = 13 TeV that were

scaled to
p

s = 14 TeV. The LQ pair production cross section was calculated at NLO [35], its
uncertainty takes into account PDF and scale variations.
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Figure 4: Expected significances (left) and expected upper limits on the LQ pair-production
cross section at the 95% CL (right) as a function of the LQ mass and the branching fraction at
3000 fb�1 in the ”YR18 syst.” and the ”stat. only” scenarios. Color-coded lines represent lines
of a constant expected significance or cross section limit, respectively. The red lines indicate the
5s discovery level (left) and the mass exclusion limit (right).

integrated luminosity of 3000 fb�1 in the two different scenarios. These results were obtained
from the combination of the LQ ! tµ and LQ ! tt analyses. For all values of B, LQ masses
up to approximately 1200 GeV and 1400 GeV are expected to be in reach for a discovery at the
5s level and a 95% CL exclusion, respectively.

5 Summary
Projections for searches for pair production of scalar leptoquarks decaying into top quarks
and muons or t leptons at the high-luminosity LHC have been presented. They are based
on published analyses of the dataset recorded by the CMS experiment in 2016. The effect of

LQ→ tµ or tτ 

µ

τ 

LQ

Z’

Z’ expected 
from low pT

CMS-FTR-18-008

Run 2 data

https://arxiv.org/abs/1704.09015
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-008/index.html


Heavy Ion Physics

Precise Differential Measurements
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Figure 6: Compilation of exclusion limits obtained by di�erent experiments (see text). ATLAS 2016 represents
the exclusion limit derived from the recent LbyL cross section measured in Pb+Pb collisions by ATLAS. In light
grey, ATLAS 10 nb�1 is shown corresponding to the analysis described in this document. A more complete version
of the existing constraints on ALPs masses versus coupling, including the constraints in the sub meV range from
astrophysical observations and from dedicated experiments such as CAST can be found in Ref. [24].

7 Conclusion

Several processes involving �� interactions in ultra-peripheral collisions of lead nuclei at 5.02 TeV are
studied using the simulation of future upgrade of the ATLAS detector. The expected integrated luminosity
of 10 nb�1 leads to improvements in precision for measurements which su�er from lack of statistics in
2015 lead-lead collisions (e.g. light-by-light scattering). Also a potential of observing axion-like particles
is discussed with axion masses covering the region of 7-140 GeV. Expected limits on the axion production
cross section and coupling are provided.

References

[1] C. A. Bertulani, S. R. Klein and J. Nystrand, Physics of ultra-peripheral nuclear collisions,
Ann. Rev. Nucl. Part. Sci. 55 (2005) 271, arXiv: nucl-ex/0502005 [nucl-ex].

[2] ATLAS Collaboration, Measurement of high-mass dimuon pairs from ultraperipheral lead-lead
collisions at psNN = 5.02 TeV with the ATLAS detector at the LHC,
ATLAS-CONF-2016-025 (2016), ���: http://cds.cern.ch/record/2157689.

9

Heavy Ion Physics  
·Determine material properties of QCD media 

·Study HI-like behaviour also in pp and pA                        
(Flow behaviour, long-range correlations, nPDF) 

·Future HI running (Run-3 and Run-4):  
·Factor ~20 (100) more data for CMS, ATLAS (Alice) 

·Precise differential measurements
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5. B+, B0 and Bs mesons in pPb 7
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Figure 4: Current uncertainties on the RAA of Bs in 2015 PbPb collisions [12] (left) and projection
using 10 nb�1 of PbPb data at psNN = 5.02 TeV (right). The B+and nonprompt J/y uncertainties
from current measurements [11, 32] and their projection in 10 nb�1 of PbPb data [1] are also
shown.

expected raw yield in each pT interval is obtained using an unbinned maximum likelihood fit.188
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Figure 5: Expected pK+p� invariant mass spectrum in pp (4 < pT < 5 GeV/c, left) and PbPb
(10 < pT < 20 GeV/c, centrality range 0–30%, right) collisions. The red line represents the signal
on top of the background and the blue line represents the background. The signal fit function
is double Gaussian and the background fit function is the 2nd-order Chebychev polynomial
function.

5 B+, B0 and Bs mesons in pPb189

Reduction of the measured yield of high-T hadrons is observed in heavy-ion collisions, which190

is considered as consequence of parton energy loss in quark gluon plasma. However, other191

phenomena can affect the yield of heavy-flavor particles, independently of the presence of a192
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5. Projections for tt differential cross sections in pPb collisions at
p

sNN = 8.16 TeV 7

tion, a central PDF is given along with error sets, each of which corresponds to an eigenvector177

of the covariance matrix in parameter space.178

Lepton transverse momentum [GeV]
40 60 80 100 120 140 160 180 200

]-1
 [G

eV
T

dN
/d

p

0

50

100

150

200

250 Pseudo-data

 Powheg (EPPS16)t t→pPb

Simulation CMS =8.16 TeV)s, -1pPb (2000pb

Lepton rapidity
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

dN
/d

y

0

500

1000

1500

2000

2500

3000

3500

4000 Pseudo-data

 Powheg (EPPS16)t t→pPb

Simulation CMS =8.16 TeV)s, -1pPb (2000pb

Figure 4: Differential tt production cross section in the visible phase space as a function of
the charged lepton pT (left) and rapidity (right). The statistical uncertainty in the pseudo-
data is estimated through the application of the sPlot technique [38]. The uncertainty in the
POWHEG+PYTHIA [34–37] prediction is shown as a band corresponding to the 68% CL variation
envelope of the EPPS16 [28] nPDF eigenvalues.
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Figure 5: Ratio between the pseudo-data used in the study and the POWHEG+PYTHIA [34–
37] prediction employing the EPPS16 [28] nPDFs, whose uncertainty is displayed as a band
following the convention in Fig. 4.
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differential tt  
in pPb

Strangeness  
enhancement ?

Exclusion limits on Axion-like particle (ALP) masses  
vs coupling from light-by-light scattering in UPC ATL-PHYS-PUB-2018-018

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-024/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-027/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-018
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Summary

·HL-LHC: superior detectors, refined analyses, advanced theory  
·Recent detailed update and extension of HL-LHC projections 

·3000 fb-1 of extremely rich and exciting physics 
·Standard Model: Ultimate Precision 

·Higgs: Full factory mode  

·Direct searches: Discover new physics or close a few chapters 

·Flavour: High/low pT complementarity 

·Heavy Ion: precise differential measurements

!44

Expect to exceed expectations


