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CMS M&O UK


Focus on:


• Standard Model measurements


• Top physics


• B-physics


• Higgs (125 GeV)


Emphasis on areas with significant UK involvement/
leadership
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Overview



UK in CMS

• Only 4% of the collaboration but lead critical aspects of detector design, driven by physics goals —> 
mission-critical operational responsibilities, over full lifetime of experiment. 


• Continually held significant roles in detector operations, upgrade and Physics. 


• System managers - currently L1 Trigger project, formerly HGCAL, ECAL


• Coordination areas - Currently Trigger co-ordination, formerly (in last 3 yrs) Run coordination


• Physics groups - Currently SUSY group convener, LHC Higgs WG convener, formerly Exotics

• Subgroup leadership; lead majority of analysis sub-groups (L3) in which we participate 


• MB, XEB members - Diversity office chair, engagement office, formerly CB secretary/deputy, spokersperson 
advisors


• Numerous L2 positions - L1 trigger, tracker, data preparation, computing


• Significant M&O responsibilities in ECAL, L1 Trigger, and Tracker.

• Phenomenology - dark matter model building, interpretations, global fits of SUSY and Dark matter models
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• Have been instrumental in L1 project in all 
areas (software, firmware, hardware) since 
design stage and throughout Phase 1.  

• e.g UK team designed and implemented 
brand new online software framework 
for entire L1 trigger. (SWATCH) 

• Provided on-call support for Layer 
2(algo layer, UK project) of calorimeter 
trigger throughout Run 2, will need to 
continue during LS2 and Run 3. Critical 
system for running of CMS. 

• Ran yearly workshops to train new UK 
PhD students and postdocs in 
operations/debugging issues.
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CMS Operations: L1 Trigger



• UK led the design and construction of the ECAL 
Endcaps (EE)

• UK responsible for EE HV system operation and 
maintenance. Must provide 24/7 round-the-clock 
on-call support during data-taking.

• Has to continue during Run 3
• Students on LTA encouraged to contribute

• UK heavily involved in EE performance 
optimisation during Run 2, and preparation for Run 
3 including crystal evolution and trigger 
performance studies.

• In particular focus now on understanding and 
treating effects of large response losses including 
predictions for Run 3.
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CMS Operations: ECAL



• Since design stage UK has held responsibility for 
Tracker readout. Maintained 24/7 on-call coverage 
since Run 1 and must continue to Run 3.

• Long held expertise in APV readout front-
end chip has helped mitigate operational 
issues. Need to maintain expertise during 
Run 3.

• Maintenance (hardware, firmware, software) of 
the 500 Tracker FEDs

• Currently providing Detector-On-Call (DOCs) as 
well as LS2 support for P5 activities.
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CMS Operations: Tracker
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Physics (CMS+ATLAS) 
Standard Model, Top, Higgs (125 GeV), B-physics
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ATLAS CONF Note

ATLAS-CONF-2019-004
18th March 2019

Measurement of Higgs boson production in

association with a t t pair in the diphoton decay

channel using 139 fb
�1

of LHC data collected atp
s = 13 TeV by the ATLAS experiment

The ATLAS Collaboration

The measurement of Higgs boson production in association with a top quark-antiquark pair
in the diphoton decay channel (H ! ��) is presented, based on the analysis of 139 fb�1

of proton-proton collision data with center-of-mass energy
p

s = 13 TeV recorded with the
ATLAS detector at the Large Hadron Collider. The analysis is performed using a simultaneous
fit in seven signal-enriched event categories. The tt̄H process is observed in the diphoton
decay mode with a significance of 4.9 standard deviations relative to the background-only
hypothesis. The expected significance is 4.2 standard deviations. The tt̄H cross-section times
the H ! �� branching ratio is measured to be �t t̄H ⇥ B�� = 1.59+0.43

�0.39 fb, in agreement with
the Standard Model prediction.

© 2019 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Summary of Standard Model measurements

• Probing over 14 orders of magnitude in 
cross section 

• Measured SM processes at different COM 
energies: 2.76 TeV, 5 TeV, 7 TeV, 8 TeV, 13 TeV 

• High-precision measurements of key EWK 
parameters (W mass measured to 0.02%, 
weak mixing angle to 0.15%) 

• Diboson processes in precision era 

• Starting to probe rare processes (Vector 
boson scattering VBS and vector boson 
fusion VBF) 

• Inclusive to differential measurements 

• Probing regions of phase space also useful 
for searches beyond SM
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Summary of Standard Model measurements : UK effort

Triboson WVV 
(STDM-2017-22)Precision WW 

(STDM-2017-24) 
Same-sign WW VBS 

(STDM-2017-06)

ZZ 
(STDM-2017-03)

W, Z cross sections 
at 2.76 TeV 

(STDM-2018-06)

4-lepton mass 
(STDM-2017-09)

Jet shapes  
(STDM-2017-34)
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ATLAS CONF Note

ATLAS-CONF-2019-004
18th March 2019

Measurement of Higgs boson production in

association with a t t pair in the diphoton decay

channel using 139 fb
�1

of LHC data collected atp
s = 13 TeV by the ATLAS experiment

The ATLAS Collaboration

The measurement of Higgs boson production in association with a top quark-antiquark pair
in the diphoton decay channel (H ! ��) is presented, based on the analysis of 139 fb�1

of proton-proton collision data with center-of-mass energy
p

s = 13 TeV recorded with the
ATLAS detector at the Large Hadron Collider. The analysis is performed using a simultaneous
fit in seven signal-enriched event categories. The tt̄H process is observed in the diphoton
decay mode with a significance of 4.9 standard deviations relative to the background-only
hypothesis. The expected significance is 4.2 standard deviations. The tt̄H cross-section times
the H ! �� branching ratio is measured to be �t t̄H ⇥ B�� = 1.59+0.43

�0.39 fb, in agreement with
the Standard Model prediction.

© 2019 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Summary of Top results
Full Run 2 : L ~ 140 fb-1 
• ~120M tt pairs 
• ~30M single tops 
• ~120k ttZ, tZ..

Large dataset in Run2 and beyond allows 

- ultimate precision (top mass known to 0.5 GeV (< 0.3% precision) )  

- study properties and coupling 

- probe low cross section processes (tt+X,t +X, 4-tops)

first differential cross 
section

Observation

first differential cross 
section



!11

Summary of Top results : UK effort

differential tt cross 
section

ttV in multilepton final 
state

spin correlation at 
13 TeV charge asymmetry 
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Figure 11: Summary of the best-fit B(t ! Hc) for the individual searches as well as their combination, assuming
B(t ! Hu) = 0.
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Figure 12: Summary of the best-fit B(t ! Hu) for the individual searches as well as their combination, assuming
B(t ! Hc) = 0.

ratio limits obtained in the two-dimensional scan and those reported in Table 3, result from slightly di�erent
choices in the tqH(ML) search regarding the final discriminant, which in the two-dimensional case should
be common to both signals, and its binning. The corresponding upper limits on the couplings in the |�tuH |

versus |�tcH | plane are shown in Figure 15(b).
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FCNC  in t—>Hq 
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Measurement of Higgs boson production in
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channel using 139 fb
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of LHC data collected atp
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The ATLAS Collaboration

The measurement of Higgs boson production in association with a top quark-antiquark pair
in the diphoton decay channel (H ! ��) is presented, based on the analysis of 139 fb�1

of proton-proton collision data with center-of-mass energy
p

s = 13 TeV recorded with the
ATLAS detector at the Large Hadron Collider. The analysis is performed using a simultaneous
fit in seven signal-enriched event categories. The tt̄H process is observed in the diphoton
decay mode with a significance of 4.9 standard deviations relative to the background-only
hypothesis. The expected significance is 4.2 standard deviations. The tt̄H cross-section times
the H ! �� branching ratio is measured to be �t t̄H ⇥ B�� = 1.59+0.43

�0.39 fb, in agreement with
the Standard Model prediction.

© 2019 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Figure 13: Comparison of the unfolded �� distribution with theoretical predictions for the inclusive selection; (a)
normalized cross-section, (b) ratio as compared with P����� + P�����8. Each prediction is discussed in the text.
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top quark polarization and spin 
correlations at 13 TeV  

(CMS-TOP-18-006)

8.2 Coefficients 33

SM
SM spin correlation fraction f

0.5 1 1.5 2

 (13 TeV)-135.9 fb

Standard model

 (theo)± (syst) ± (stat) ± SMf

kkC  0.01± 0.09 ± 0.07 ±0.90 

rrC  0.12± 0.32 ± 0.32 ±1.13 

nnC  0.01± 0.05 ± 0.04 ±1.01 

kr C+ rkC  0.01± 0.26 ± 0.17 ±0.94 

D  0.01± 0.04 ± 0.03 ±0.98 

lab
ϕcosA  0.07± 0.19 ± 0.07 ±0.74 

|
ll
φΔ|A  0.11± 0.08 ± 0.03 ±1.05 

CMS
Data

Figure 15: Measured values of fSM, the strength of the measured spin correlations relative to the
SM prediction. The inner vertical bars give the statistical uncertainty, the middle bars the total
experimental uncertainty (statistical and systematic), and the outer bars the total uncertainty.
The numerical measured values with their uncertainties are given on the right.

Summary of Top results : UK effort
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Figure 4: The predicted SM value of s(pp ! tttt) [2], calculated at LO and scaled to the
12.0+2.2

�2.5 fb cross section obtained in Ref. [1], as a function of |yt/y
SM
t | (dashed line), compared

with the observed value of s(pp ! tttt) (solid line), and with the observed 95% CL upper
limit (hatched line).

Figure 5: Cross section limits, as a function of boson mass, for heavy scalar (left) and pseu-
doscalar (right) bosons, produced in association with one or two top quarks. The bosons sub-
sequently decay to top quark pairs. The theoretical cross sections are shown with solid red
lines.

Search for 4-tops (tttt) at 13 TeV 
(CMS-TOP-18-003)

Differential tt cross section 
 CMS-PAS-TOP-16-014
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Figure 4: Normalized pmiss
T and pW

T differential tt cross sections, compared to different tt sim-
ulations in the left plots, and compared to the POWHEG+PYTHIA8 simulation after varying the
shower scales, and hdamp parameter, within their uncertainties in the right plots. The vertical
bars on the data represent the statistical and systematic uncertainties added in quadrature. The
lower plots show the ratio of the predictions to the data.
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Summary of Higgs results

Discovery era Precision era

ROBERTO SALERNO �14

mH  the single parameter that completely determined SM the Higgs sector

~200 MeV precision, measurements dominated by statistical uncertainties  
Among the most precise EWK parameters

THE HIGGS BOSON MASS

“Mass Peaks”                   “Mass Measurements”   
using high resolution channels (4l+!!) 

   The H
 Profile                

JHEP 11(2017)047  
PLB 784(2018)345

mH ± tot  (± stat ± syst)
         4l+!! (Run1+ 36/fb Run2) 124.97 ± 0.24 (± 0.16 ± 0.18) GeV 
         4l (36/fb Run2) 125.26 ± 0.21 (± 0.20 ± 0.08) GeV 
   LHC 4l+!! (Run1) 125.09 ± 0.24 ( ± 0.21 ± 0.21) GeV 
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Higgs mass, ~200 MeV precision, 
dominated by statistical uncertainty

Width: (CMS) 0.08 < ΓH < 9.16 MeV (SM: 4.1 MeV)

Higgs profile 
3rd-generation 

Couplings to 3-rd generation (top, b, tau)

Discovery—> properties

ROBERTO SALERNO �23

 3rd-GENERATION FERMION COUPLING : t-H 

   D
iscovery→

Properties    

PRL 120(2018)231801  
PLB 784(2018)173

Direct observation in 2018!  
From the combination of various final states

LHCP - May 23rd, 2019L. Cadamuro (UF) Higgs couplings and properties

The ttH observation
■ ttH production observed by both experiments about one year ago with Run1 + partial 

Run2 dataset combination
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PRL 120 (2018) 231801 
PLB 784 (2018) 173
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• Direct observation in 2018!

Coupling to fermions: ttH

Marco Delmastro Higgs couplings and properties 11

Probing Higgs Couplings at the LHC �4
The Higgs boson at the LHC.

Higgs boson production
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Probing Higgs Couplings at the LHC �4
The Higgs boson at the LHC.
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arXiv:1804.02610 

CMS (Run 1 + 36 fb-1 Run 2): 5.2 σ (4.2 σ exp)

arXiv:1806.00425 

ATLAS:  (Run 1 + 36-80 fb-1 Run 2): 6.3 σ (5.1 σ exp)

Only directly accessible when H is produced in association with 1 or >1 top quarks

signal strength
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Figure 1: Example tree-level Feynman diagrams for the pp ! ttH production process, with g a
gluon, q a quark, t a top quark, and H a Higgs boson. For the present study, we consider Higgs
boson decays to a pair of W bosons, Z bosons, photons, t leptons, or bottom quark jets.

the pseudorapidity coverage provided by the barrel and endcap detectors. Muons are detected
in gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid. A
detailed description of the CMS detector can be found in Ref. [5].

Events of interest are selected using a two-tiered trigger system [25] based on custom hardware
processors and a farm of commercial processors running a version of the full reconstruction
software optimized for speed. Offline, a particle-flow algorithm [26] is used to reconstruct and
identify each particle in an event based on a combination of information from the various CMS
subdetectors. Additional identification criteria are employed to improve purities and define
the final samples of candidate electrons, muons, hadronically decaying t leptons (th) [27, 28],
and photons. Jets are reconstructed from particle-flow candidates using the anti-kT clustering
algorithm [29] implemented in the FASTJET package [30]. Multivariate algorithms [31, 32] are
used to identify (tag) jets arising from the hadronization of bottom quarks (b jets) and discrim-
inate against gluon and light flavor quark jets. The algorithms utilize observables related to
the long lifetimes of hadrons containing b quarks and the relatively larger particle multiplicity
and mass of b jets compared to light flavor quark jets. The th identification is based on the
reconstruction of the hadronic t decay modes t� ! h�nt, h�p0nt, h�p0p0nt, and h�h+h�nt

(plus the charge conjugate reactions), where h± denotes either a charged pion or kaon. More
details about the reconstruction procedures are given in Refs. [10–15].

The 13 TeV data employed for the current study were collected in 2016 and correspond to
an integrated luminosity of up to 35.9 fb�1 [33]. The 7 and 8 TeV data, collected in 2011 and
2012, correspond to integrated luminosities of up to 5.1 and 19.7 fb�1 [34], respectively. The
13 TeV analyses are improved relative to the 7 and 8 TeV studies in that they employ triggers
with higher efficiencies, contain improvements in the reconstruction and background-rejection
methods, and use more precise theory calculations to describe the signal and the background
processes. For the 7, 8 and 13 TeV data, the theoretical calculations of Ref. [35] for Higgs boson
production cross sections and branching fractions are used to normalize the expected signal
yields.

The event samples are divided into exclusive categories depending on the multiplicity and
kinematic properties of reconstructed electrons, muons, th candidates, photons, jets, and tagged
b jets in an event. Samples of simulated events based on Monte Carlo event generators, with
simulation of the detector response based on the GEANT4 [36] suite of programs, are used to
evaluate the detector acceptance and optimize the event selection for each category. In the anal-
ysis of data, the background is, in general, evaluated from data control regions. When this is
not feasible, either because the background process has a very small cross section or a control
region depleted of signal events cannot be identified, the background is evaluated from sim-
ulation with a systematic uncertainty assigned to account for the known model dependence.
Multivariate algorithms [37–41] based on deep neural networks, boosted decision trees, and
matrix element calculations are used to reduce backgrounds.

Adding more (full Run2) data direct observation in most of the final states

Rare decays/production

• Observation of 2nd generation fermions

• Constraining invisible decays

• self-coupling

• decays to mesons

• Mass

• Width

• Couplings

• Inclusive/differential 

cross sections

• Quantum numbers

• Combination



H → tau tau at 13 TeV, 36 fb-1 
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Obs (exp) significance of 4.4σ (4.1σ) 
Combined with Run 1, 6.4σ 
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Figure 5: Weighted diphoton invariant mass spectrum for the sum of all BDT categories observed in 139 fb�1 of 13
TeV data. Events are weighted by ln(1 + S90/B90), where S90 (B90) for each BDT category is the expected signal
(background) in the smallest m�� window containing 90% of the expected signal. The error bars represent 68%
confidence intervals of the weighted sums. The solid red curve shows the fitted signal-plus-background model with
the Higgs boson mass constrained to 125.09±0.24 GeV. The non-resonant and total background components of the fit
are shown with the dotted blue curve and dashed green curve. Both the signal-plus-background and background-only
curves shown here are obtained from the weighted sum of the individual curves in each BDT category.

Table 3: Observed number of events in the di�erent categories for the cross section times branching ratio measurement,
using 13 TeV data corresponding to an integrated luminosity of 139 fb�1(“Data”). The observed yields are compared
with the sum of expected tt̄H signal, background from non-tt̄H Higgs boson production, and other background
sources. The numbers are counted in the smallest m�� window containing 90% of the expected signal. The
background yield is extracted from the fit with freely floating signal. The BDT bins are labeled such that the category
with the highest signal purity in each of the “Had” and “Lep” regions is labeled as category 1, while that with the
lowest signal purity is labeled with the largest number.

Category tt̄H Signal non-tt̄H Higgs Continuum Background Total (Expected) Data
tt̄H “Lep” Category 1 7.9 ± 1.5 0.42 ± 0.12 4.6 ± 0.9 12.9 ± 1.8 15
tt̄H “Lep” Category 2 3.9 ± 0.6 0.43 ± 0.15 7.5 ± 1.2 11.8 ± 1.3 11
tt̄H “Lep” Category 3 1.45 ± 0.24 0.49 ± 0.19 7.5 ± 1.2 9.5 ± 1.2 6
tt̄H “Had” Category 1 6.9 ± 1.6 0.8 ± 0.5 4.5 ± 0.9 12.2 ± 1.9 15
tt̄H “Had” Category 2 5.6 ± 1.0 1.1 ± 0.8 16.5 ± 1.7 23.2 ± 2.3 31
tt̄H “Had” Category 3 7.7 ± 1.3 3.1 ± 2.2 56.0 ± 3.0 67 ± 4 82
tt̄H “Had” Category 4 4.9 ± 0.8 5 ± 4 101 ± 4 111 ± 6 105
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ttH 
(ATLAS-CONF-2019-004)

ttH process is observed in the diphoton 
decay mode with a significance of 4.9

H → ee, H → eµ,  
(ATLAS-CONF-2019-037)

No significant signals are observed 
Result is improvement of > factor of 5 w.r.t previous

H—>inv combination 
arXiv:1904.05105

Combined H—>inv branching fraction < 0.26 
(observed at 95%CL)

VH, H—>WW 
arXiv:1903.10052

VH, H—>bb 
(arXiv:1903.04618)
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Measurement of Higgs boson production in

association with a t t pair in the diphoton decay

channel using 139 fb
�1

of LHC data collected atp
s = 13 TeV by the ATLAS experiment

The ATLAS Collaboration

The measurement of Higgs boson production in association with a top quark-antiquark pair
in the diphoton decay channel (H ! ��) is presented, based on the analysis of 139 fb�1

of proton-proton collision data with center-of-mass energy
p

s = 13 TeV recorded with the
ATLAS detector at the Large Hadron Collider. The analysis is performed using a simultaneous
fit in seven signal-enriched event categories. The tt̄H process is observed in the diphoton
decay mode with a significance of 4.9 standard deviations relative to the background-only
hypothesis. The expected significance is 4.2 standard deviations. The tt̄H cross-section times
the H ! �� branching ratio is measured to be �t t̄H ⇥ B�� = 1.59+0.43

�0.39 fb, in agreement with
the Standard Model prediction.

© 2019 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Observed and expected upper limits on (s/sSM)B(H ! inv) at 95% CL are presented in Fig. 9
(left). Limits are computed for the combination of all data sets, as well as for partial combi-
nations based either on 7+8 or 13 TeV data. The relative contributions from different Higgs
production mechanisms are constrained to their SM values within the theoretical uncertainties.
The combination yields an observed (expected) upper limit of B(H ! inv) < 0.19 (0.15) at 95%
CL. The corresponding profile likelihood ratios as a function of B(H ! inv) are shown in Fig. 9
(right). The measured value of the invisible branching fraction and an approximate 68% CL in-
terval, obtained from the profile likelihood, are B(H ! inv) = 0.05 ± 0.03 (stat) ± 0.07 (syst).
The systematic uncertainties with the highest impact in the B(H ! inv) measurement are the
theoretical uncertainties affecting the Z(nn)/W(`n) and ZZ/WW ratios in the VBF and Z(``)H
channels, respectively, as well as the uncertainties in the lepton and photon reconstruction and
identification efficiencies, jet energy scale, and veto efficiency of th candidates.
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Figure 9: On the left, observed and expected 95% CL upper limits on (s/sSM)B(H ! inv) for
partial combinations based either on 7+8 or 13 TeV data as well as their combination, assuming
SM production cross sections for the Higgs boson with mass of 125.09 GeV. On the right, the
corresponding profile likelihood ratios as a function of B(H ! inv) are presented. The solid
curves represent the observations in data, while the dashed lines represent the expected result
obtained from the background-only hypothesis.

The relative sensitivity of each search considered in the combination depends on the assumed
SM production rates. The cross sections for the ggH, VBF and VH production modes are
parametrized in terms of coupling strength modifiers kV and kF, which directly scale the cou-
pling of the Higgs boson to vector bosons and fermions, respectively [69]. The contribution
from the gg ! ZH production is scaled to account for the interference between the tH and
ZH diagrams, as described in Ref. [34]. In this context, SM production rates are obtained for
kV = kF = 1. Figure 10 (left) shows the observed 95% CL upper limits on (s/sSM)B(H ! inv)
evaluated as a function of kV and kF. The LHC best estimates for kV and kF from Ref. [4] are
superimposed, along with the 68% and 95% CL limit contours. Within the 95% CL region, the
observed (expected) upper limit on B(H ! inv) varies between 0.14 (0.11) and 0.24 (0.19).

The upper limit on B(H ! inv), obtained from the combination of
p

s = 7, 8, and 13 TeV
searches, is interpreted in the context of Higgs-portal models of DM interactions, in which a
stable DM particle couples to the SM Higgs boson. Direct-detection experiments are sensitive
to the interaction between a DM particle and an atomic nucleus, which may be mediated by
the exchange of a Higgs boson, producing nuclear recoil signatures that can be interpreted in

VBF H—>inv and combination
CMS-HIG-17-023 

Combined Run 1 + Run 2 B(H → 
inv) of 0.19 (0.15) at 95% CL 

CMS-PAS-HIG-18-018



!16

Summary of B-physics: UK effort

Bs0 → μ+ μ− and B0 → μ+ μ− 
arXiv:1812.03017  
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Bs→ J/ψ(μμ) φ(K+K-) 
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Olya Igonkina Moriond EW 2019

Bs→J/ψφ results
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ATLAS Run 1 and Run 2 combination

Uncertainties on φs, ΔΓs, Γs and helicity function parameters
are very similar to that of LHCb!

60 ifb of 2018 data are still to be added

Figure 9: Likelihood 68% confidence level contours in the �s – ��splane, including results from LHCb (green) and
CMS (red) using 7 TeV and 8 TeV data. The brown contour shows the ATLAS result for 13 TeV combined with
7 TeV and 8 TeV. In all contours the statistical and systematic uncertainties are combined in quadrature.

9 Summary

A measurement of the time-dependent CP asymmetry parameters in B0
s ! J/ (µ+µ�)�(K+K�

) decays
from a 80.5 fb�1 data sample of pp collisions collected with the ATLAS detector during the 13 TeV LHC
run is presented. The values from the 13 TeV analysis are consistent with those obtained in the previous
analysis using 7 TeV and 8 TeV ATLAS data [9]. The two measurements are statistically combined leading
to the following results:

�s = �0.076 ± 0.034 (stat.) ± 0.019 (syst.) rad
��s = 0.068 ± 0.004 (stat.) ± 0.003 (syst.) ps�1

�s = 0.669 ± 0.001 (stat.) ± 0.001 (syst.) ps�1

|Ak(0)|2 = 0.220 ± 0.002 (stat.) ± 0.002 (syst.)
|A0(0)|2 = 0.517 ± 0.001 (stat.) ± 0.004 (syst.)
|AS(0)|2 = 0.043 ± 0.004 (stat.) ± 0.004 (syst.)

�? = 3.075 ± 0.096 (stat.) ± 0.091 (syst.) rad
�k = 3.295 ± 0.079 (stat.) ± 0.202 (syst.) rad

�? � �S = �0.216 ± 0.037 (stat.) ± 0.010 (syst.) rad

The new ATLAS result is consistent with previous Run-1 results from LHCb [8] and CMS [10], using the
B0
s ! J/ � decay, and with the SM. The ATLAS result presented in this paper gives the most stringent

measurement on parameters �s, ��s, �s and the helicity functions parameters of the B0
s ! J/ � decay

from a single measurement.
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Measurement of Higgs boson production in

association with a t t pair in the diphoton decay

channel using 139 fb
�1

of LHC data collected atp
s = 13 TeV by the ATLAS experiment

The ATLAS Collaboration

The measurement of Higgs boson production in association with a top quark-antiquark pair
in the diphoton decay channel (H ! ��) is presented, based on the analysis of 139 fb�1

of proton-proton collision data with center-of-mass energy
p

s = 13 TeV recorded with the
ATLAS detector at the Large Hadron Collider. The analysis is performed using a simultaneous
fit in seven signal-enriched event categories. The tt̄H process is observed in the diphoton
decay mode with a significance of 4.9 standard deviations relative to the background-only
hypothesis. The expected significance is 4.2 standard deviations. The tt̄H cross-section times
the H ! �� branching ratio is measured to be �t t̄H ⇥ B�� = 1.59+0.43

�0.39 fb, in agreement with
the Standard Model prediction.

© 2019 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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A measurement of the time-dependent CP asymmetry parameters in B0
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from a 80.5 fb�1 data sample of pp collisions collected with the ATLAS detector during the 13 TeV LHC
run is presented. The values from the 13 TeV analysis are consistent with those obtained in the previous
analysis using 7 TeV and 8 TeV ATLAS data [9]. The two measurements are statistically combined leading
to the following results:
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�s = 0.669 ± 0.001 (stat.) ± 0.001 (syst.) ps�1

|Ak(0)|2 = 0.220 ± 0.002 (stat.) ± 0.002 (syst.)
|A0(0)|2 = 0.517 ± 0.001 (stat.) ± 0.004 (syst.)
|AS(0)|2 = 0.043 ± 0.004 (stat.) ± 0.004 (syst.)

�? = 3.075 ± 0.096 (stat.) ± 0.091 (syst.) rad
�k = 3.295 ± 0.079 (stat.) ± 0.202 (syst.) rad
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The new ATLAS result is consistent with previous Run-1 results from LHCb [8] and CMS [10], using the
B0
s ! J/ � decay, and with the SM. The ATLAS result presented in this paper gives the most stringent
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of LHC data collected atp
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The ATLAS Collaboration

The measurement of Higgs boson production in association with a top quark-antiquark pair
in the diphoton decay channel (H ! ��) is presented, based on the analysis of 139 fb�1

of proton-proton collision data with center-of-mass energy
p

s = 13 TeV recorded with the
ATLAS detector at the Large Hadron Collider. The analysis is performed using a simultaneous
fit in seven signal-enriched event categories. The tt̄H process is observed in the diphoton
decay mode with a significance of 4.9 standard deviations relative to the background-only
hypothesis. The expected significance is 4.2 standard deviations. The tt̄H cross-section times
the H ! �� branching ratio is measured to be �t t̄H ⇥ B�� = 1.59+0.43

�0.39 fb, in agreement with
the Standard Model prediction.

© 2019 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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4-Top Search 

17Nicholas Wardle

TOP-18-003
Search for 4-top production in lepton (SS+ML) 
final states with full Run-2 dataset
• BDT & Cut-based approaches 
• 2.6σ (2.7σ) significance for SM 4-top 

production  

7. Results and interpretation 11

Figure 2: Distributions in Njets and Nb in ttW (upper) and ttZ (lower) control regions, before
fitting to data. The hatched area represents the uncertainty in the SM background prediction,
while the solid line represents the overlaid tttt signal, assuming the SM cross section from
Ref. [27]. The lower panels show the ratios of the observed event yield to the total background
prediction. Bins without a data point have no observed events.

Figure 3: Observed yields in the control and signal regions for the cut-based (left) and BDT
(right) analyses, compared to the post-fit predictions for signal and background processes. The
hatched areas represent the total post-fit uncertainties in the signal and background predic-
tions. The lower panels show the ratios of the observed event yield and the total prediction of
signal and background.

• 4-top cross section can be used to constrain magnitude and CP 
properties of top yukawa coupling to Higgs.


• Small SM cross-section, sensitive to enhancements from BSM 
particles


• Use full Run-2 data, 2 approaches : cut-based (classify events 
based on # jets and # of b-jets) and BDT


• Both give consistent results, compatible with NLO SM predictions

Significance of 2.6σ (2.7σ) 
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8 Summary
The standard model (SM) production of tttt has been studied using data from

p
s = 13 TeV

proton-proton collisions collected with the CMS detector during Run 2 of the LHC (2016-2018),
corresponding to an integrated luminosity of 137 fb�1. The final state with two same-sign lep-
tons or at least three leptons is analyzed with two strategies, the first relying on a cut-based cat-
egorization in lepton and jet multiplicity and jet flavor, the second taking advantage of a mul-
tivariate approach to distinguish the tttt from its many backgrounds. The multivariate strat-
egy yields an observed (expected) significance of 2.6 (2.7) standard deviations relative to the
background-only hypothesis, and a measured value for the tttt cross section of 12.6+5.8

�5.2 fb, in
agreement with the standard model prediction of 12.0+2.2

�2.5 fb [1]. The cut-based strategy yields
an observed (expected) significance of 1.7 (2.5) standard deviations relative to the background-
only hypothesis, and a measured value for the tttt cross section of 9.4+6.2

�5.6 fb, in agreement with
the BDT result. The results of the BDT analysis are also used to constrain the top quark Yukawa
coupling with respect to its SM value, based on the |yt| dependence of s(pp ! tttt) calculated
at leading order in Ref. [2], resulting in a 95% confidence level limit of |yt/y

SM
t | < 1.7. Ad-

ditionally, in Type II two-Higgs-double models, the analysis provides exclusions in the mass
ranges of 350-470 GeV and 350-550 GeV for heavy scalar and pseudoscalar bosons, respectively.
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Figure 4: The predicted SM value of s(pp ! tttt) [2], calculated at LO and scaled to the
12.0+2.2

�2.5 fb cross section obtained in Ref. [1], as a function of |yt/y
SM
t | (dashed line), compared

with the observed value of s(pp ! tttt) (solid line), and with the observed 95% CL upper
limit (hatched line).

Figure 5: Cross section limits, as a function of boson mass, for heavy scalar (left) and pseu-
doscalar (right) bosons, produced in association with one or two top quarks. The bosons sub-
sequently decay to top quark pairs. The theoretical cross sections are shown with solid red
lines.
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8 Summary
The standard model (SM) production of tttt has been studied using data from

p
s = 13 TeV

proton-proton collisions collected with the CMS detector during Run 2 of the LHC (2016-2018),
corresponding to an integrated luminosity of 137 fb�1. The final state with two same-sign lep-
tons or at least three leptons is analyzed with two strategies, the first relying on a cut-based cat-
egorization in lepton and jet multiplicity and jet flavor, the second taking advantage of a mul-
tivariate approach to distinguish the tttt from its many backgrounds. The multivariate strat-
egy yields an observed (expected) significance of 2.6 (2.7) standard deviations relative to the
background-only hypothesis, and a measured value for the tttt cross section of 12.6+5.8

�5.2 fb, in
agreement with the standard model prediction of 12.0+2.2

�2.5 fb [1]. The cut-based strategy yields
an observed (expected) significance of 1.7 (2.5) standard deviations relative to the background-
only hypothesis, and a measured value for the tttt cross section of 9.4+6.2

�5.6 fb, in agreement with
the BDT result. The results of the BDT analysis are also used to constrain the top quark Yukawa
coupling with respect to its SM value, based on the |yt| dependence of s(pp ! tttt) calculated
at leading order in Ref. [2], resulting in a 95% confidence level limit of |yt/y

SM
t | < 1.7. Ad-

ditionally, in Type II two-Higgs-double models, the analysis provides exclusions in the mass
ranges of 350-470 GeV and 350-550 GeV for heavy scalar and pseudoscalar bosons, respectively.
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ATLAS-CONF-2019-028 H → μμ

Rare decay that offers best possibility to measure Higgs coupling to 2nd-generation fermions

Physics beyond SM could enhance branching ratio, SM branching ratio : 2.18 x 10-4

Challenging measurement; 


- small coupling 

- large backgrounds (Z/gamma*, diboson, top)

-  small S/(S+B) ~0.2%)

• Boosted Decision Trees (BDT) used for discrimination between signal and background

• Events classified into 12 mutually exclusive categories

• BDT uses 14 variables and trained using data events in a sideband region (50% events 

training, 25% for validation, 25% testing)
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Figure 1: The distributions of the 14 variables used in the VBF BDT for nj � 2 events for H ! µµ signal MC
(red), data sideband (black) and background MC sideband and center (defined as 120-130 GeV mass range). The
background MC includes DY from full simulation, tt̄, diboson, single top-quark events.
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Figure 1: The distributions of the 14 variables used in the VBF BDT for nj � 2 events for H ! µµ signal MC
(red), data sideband (black) and background MC sideband and center (defined as 120-130 GeV mass range). The
background MC includes DY from full simulation, tt̄, diboson, single top-quark events.
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Figure 1: The distributions of the 14 variables used in the VBF BDT for nj � 2 events for H ! µµ signal MC
(red), data sideband (black) and background MC sideband and center (defined as 120-130 GeV mass range). The
background MC includes DY from full simulation, tt̄, diboson, single top-quark events.

8

A
T

L
A

S
-C

O
N

F
-2

0
1

9
-0

0
4

1
9

M
a

r
c
h

2
0

1
9

ATLAS CONF Note

ATLAS-CONF-2019-004
18th March 2019

Measurement of Higgs boson production in

association with a t t pair in the diphoton decay

channel using 139 fb
�1

of LHC data collected atp
s = 13 TeV by the ATLAS experiment

The ATLAS Collaboration

The measurement of Higgs boson production in association with a top quark-antiquark pair
in the diphoton decay channel (H ! ��) is presented, based on the analysis of 139 fb�1

of proton-proton collision data with center-of-mass energy
p

s = 13 TeV recorded with the
ATLAS detector at the Large Hadron Collider. The analysis is performed using a simultaneous
fit in seven signal-enriched event categories. The tt̄H process is observed in the diphoton
decay mode with a significance of 4.9 standard deviations relative to the background-only
hypothesis. The expected significance is 4.2 standard deviations. The tt̄H cross-section times
the H ! �� branching ratio is measured to be �t t̄H ⇥ B�� = 1.59+0.43

�0.39 fb, in agreement with
the Standard Model prediction.

© 2019 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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• Perform fit to invariant mass spectrum, use analytical models to describe mass 
spectrum for signal and background

Expected sensitivity: 1.5σ, observed 0.8σ, σ(obs) / σ(SM) = 0.5 ± 0.7

50% improvement in expected sensitivity w.r.t previous ATLAS result, ~ half from larger 
dataset, half from improvements in analysis techniques

ATLAS-CONF-2019-028
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ATLAS CONF Note

ATLAS-CONF-2019-004
18th March 2019

Measurement of Higgs boson production in

association with a t t pair in the diphoton decay

channel using 139 fb
�1

of LHC data collected atp
s = 13 TeV by the ATLAS experiment

The ATLAS Collaboration

The measurement of Higgs boson production in association with a top quark-antiquark pair
in the diphoton decay channel (H ! ��) is presented, based on the analysis of 139 fb�1

of proton-proton collision data with center-of-mass energy
p

s = 13 TeV recorded with the
ATLAS detector at the Large Hadron Collider. The analysis is performed using a simultaneous
fit in seven signal-enriched event categories. The tt̄H process is observed in the diphoton
decay mode with a significance of 4.9 standard deviations relative to the background-only
hypothesis. The expected significance is 4.2 standard deviations. The tt̄H cross-section times
the H ! �� branching ratio is measured to be �t t̄H ⇥ B�� = 1.59+0.43

�0.39 fb, in agreement with
the Standard Model prediction.

© 2019 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

H → μμ
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HIG-18-029

Use simplified template cross section (STXS) framework:

- minimize theory dependence 

- enable use of advanced analysis techniques to 

optimise sensitivity 

- increase reinterpretability 

First CMS measurement of STXS stage 1 regions in 
diphoton channel, covering ggH and VBF production 
modes (VH and ttH have limited sensitivity for stage 1) 
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Figure 219: Stage 1 binning for gluon fusion production.

– The Nj � 2 with VBF topology bin is split further into an exclusive 2-jet-like and inclusive 3-
jet-like bin. The split is implemented by a cut on pHjj

T = |~pH
T + ~pj1

T + ~pj2
T | at 25 GeV. See the

corresponding discussion for VBF for more details. This split is explicitly included here since it
induces nontrivial theory uncertainties in the gluon-fusion contribution.

– The Nj = 1 and Nj � 2 bins are further split into pH
T bins.

– 0 GeV < pH
T < 60 GeV: The boson channels have most sensitivity in the low pH

T region. The
upper cut is chosen as low as possible to give a more even split of events but at the same time
high enough that no resummation effects are expected. The cut should also be sufficiently
high that the jet pT cut introduces a negligible bias.

– 60 GeV < pH
T < 120 GeV: This is the resulting intermediate bin between the low and high

pH
T regions. The lower cut here is high enough that this bin can be safely treated as a hard

H + j system in the theoretical description.
– 120 GeV < pH

T < 200 GeV: The boosted selection in H ! ⌧⌧ contributes to the high pH
T

region. Defining a separate bin avoids large extrapolations for the H ! ⌧⌧ contribution.
For Nj = 2, this bin likely provides a substantial part of the gluon-fusion contribution in the
hadronic V H selection.

– pH
T > 200 GeV: Beyond the top-quark mass, the top-quark loop gets resolved and top-quark

mass effects become relevant. Splitting off the high-pH
T region ensures the usability of the

heavy-top expansion for the lower-pH
T bins. At the same time, the high pH

T bin in principle
offers the possibility to distinguish a pointlike ggH vertex induced by heavier BSM particles
in the loop from the resolved top-quark loop.

At intermediate stages, all lower three pH
T bins, or any two adjacent bins, can be merged. Alterna-

tively or in addition the Nj = 1 and Nj � 2 bins can be merged by individual analyses as needed, and
potentially also when the combination is performed at an intermediate stage.

444 III.2.4. Bin definitions for the different production modes
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Figure 220: Stage 1 binning for vector boson fusion production.

III.2.4.a.iii Stage 2
In stage 2, the high pH

T bin should be split further, in particular if evidence for new heavy particles arises.
In addition, the low pH

T region can be split further to reduce any theory dependence there. If desired by
the analyses, another possible option is to further split the Nj � 2 bin into Nj = 2 and Nj � 3.

III.2.4.b Bins for VBF production
At higher order, VBF production and V H production with hadronically decaying V become ambiguous.
Hence, what we refer to as VBF in this section, is defined as as electroweak qq0H production, which
includes both VBF and V H with hadronic V decays.

III.2.4.b.i Stage 0
Inclusive vector boson fusion cross section within |YH | < 2.5. Should the measurements start to have
acceptance beyond 2.5, an additional bin for |YH | > 2.5 can be included.

III.2.4.b.ii Stage 1
Stage 1 refines the binning for |YH | < 2.5. The stage 1 binning is depicted in Figure 220 and summarized
as follows:

– VBF events are split by pj1
T , the transverse momentum of the highest-pT jet. The lower pj1

T region
is expected to be dominated by SM-like events, while the high-pj1

T region is sensitive to potential
BSM contributions, including events with typical VBF topology as well as boosted V (! jj)H
events where the V is reconstructed as one jet. The suggested cut is at 200 GeV, to keep the
fraction of SM events in the BSM bin small. Note that events with Nj = 0, corresponding to
pj1
T < 30 GeV, is included in the pj1

T < 200 GeV bin.
– The pj1

T < 200 GeV bin is split further:
– Typical VBF topology: The adopted VBF topology cuts are mjj > 400 GeV, �⌘jj > 2.8

(and without any additional rapidity cuts on the signal jets). This should provide a good inter-
mediate compromise among the various VBF selection cuts employed by different channels.
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Figure 8: Data points (black) and signal plus background model fit for the sum of all categories
is shown. Each category is weighted by S/(S + B), where S and B are the numbers of expected
signal and background events, respectively, in a ±1se f f mass window centered on mH. The
one standard deviation (green) and two standard deviation (yellow) bands include the uncer-
tainties in the background component of the fit. The solid red line shows the contribution from
the total signal, plus the background contribution. The dashed red line shows the contribution
from the background component of the fit. The bottom plot shows the residuals after subtrac-
tion of this background component.

- high resolution channel with small branching ratio

- background rejection using diphoton BDT

H → γγ 
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Cross sections normalized to SM predictions: ggF =  1.15+0.15 and VBF = 0.8+0.4 
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Figure 219: Stage 1 binning for gluon fusion production.

– The Nj � 2 with VBF topology bin is split further into an exclusive 2-jet-like and inclusive 3-
jet-like bin. The split is implemented by a cut on pHjj

T = |~pH
T + ~pj1

T + ~pj2
T | at 25 GeV. See the

corresponding discussion for VBF for more details. This split is explicitly included here since it
induces nontrivial theory uncertainties in the gluon-fusion contribution.

– The Nj = 1 and Nj � 2 bins are further split into pH
T bins.

– 0 GeV < pH
T < 60 GeV: The boson channels have most sensitivity in the low pH

T region. The
upper cut is chosen as low as possible to give a more even split of events but at the same time
high enough that no resummation effects are expected. The cut should also be sufficiently
high that the jet pT cut introduces a negligible bias.

– 60 GeV < pH
T < 120 GeV: This is the resulting intermediate bin between the low and high

pH
T regions. The lower cut here is high enough that this bin can be safely treated as a hard

H + j system in the theoretical description.
– 120 GeV < pH

T < 200 GeV: The boosted selection in H ! ⌧⌧ contributes to the high pH
T

region. Defining a separate bin avoids large extrapolations for the H ! ⌧⌧ contribution.
For Nj = 2, this bin likely provides a substantial part of the gluon-fusion contribution in the
hadronic V H selection.

– pH
T > 200 GeV: Beyond the top-quark mass, the top-quark loop gets resolved and top-quark

mass effects become relevant. Splitting off the high-pH
T region ensures the usability of the

heavy-top expansion for the lower-pH
T bins. At the same time, the high pH

T bin in principle
offers the possibility to distinguish a pointlike ggH vertex induced by heavier BSM particles
in the loop from the resolved top-quark loop.

At intermediate stages, all lower three pH
T bins, or any two adjacent bins, can be merged. Alterna-

tively or in addition the Nj = 1 and Nj � 2 bins can be merged by individual analyses as needed, and
potentially also when the combination is performed at an intermediate stage.
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Figure 220: Stage 1 binning for vector boson fusion production.

III.2.4.a.iii Stage 2
In stage 2, the high pH

T bin should be split further, in particular if evidence for new heavy particles arises.
In addition, the low pH

T region can be split further to reduce any theory dependence there. If desired by
the analyses, another possible option is to further split the Nj � 2 bin into Nj = 2 and Nj � 3.

III.2.4.b Bins for VBF production
At higher order, VBF production and V H production with hadronically decaying V become ambiguous.
Hence, what we refer to as VBF in this section, is defined as as electroweak qq0H production, which
includes both VBF and V H with hadronic V decays.

III.2.4.b.i Stage 0
Inclusive vector boson fusion cross section within |YH | < 2.5. Should the measurements start to have
acceptance beyond 2.5, an additional bin for |YH | > 2.5 can be included.

III.2.4.b.ii Stage 1
Stage 1 refines the binning for |YH | < 2.5. The stage 1 binning is depicted in Figure 220 and summarized
as follows:

– VBF events are split by pj1
T , the transverse momentum of the highest-pT jet. The lower pj1

T region
is expected to be dominated by SM-like events, while the high-pj1

T region is sensitive to potential
BSM contributions, including events with typical VBF topology as well as boosted V (! jj)H
events where the V is reconstructed as one jet. The suggested cut is at 200 GeV, to keep the
fraction of SM events in the BSM bin small. Note that events with Nj = 0, corresponding to
pj1
T < 30 GeV, is included in the pj1

T < 200 GeV bin.
– The pj1

T < 200 GeV bin is split further:
– Typical VBF topology: The adopted VBF topology cuts are mjj > 400 GeV, �⌘jj > 2.8

(and without any additional rapidity cuts on the signal jets). This should provide a good inter-
mediate compromise among the various VBF selection cuts employed by different channels.

Two fits are performed with different grouping, a 7 parameter fit and 13 parameter fit. 


Motivated by aiming for maximum granularity while maintaining uncertainties at ~+/- 100% SM prediction

H → γγ 



!24

Charge Asymmetry in top-antitop eventsATLAS-CONF-2019-026

Top Physics: Precision Cross Section Measurements

Use high statistics sample to measure asymmetry in top-antitop system using 
resolved and boosted top-quark decays in lepton+jets events

Asymmetry at LHC from higher order QCD effects from qqbar and qg initial states
Measurement consistent with predictions from NNLO QCD with NLO EW corrections
Significance of non-zero asymmetry at 4s level, first evidence at LHC
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Significance of non-zero asymmetry at 4s level, first evidence at LHC

24

!"##̅ =
& ∆ ( > 0 − & ∆ ( < 0
& ∆ ( > 0 + & ∆ ( < 0 = 0.0060 ± 0.00112343 ± 0.0010252

Inclusive
0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

CA NNLO QCD + NLO EW

Powheg+Pythia8

Data (stat./total)

ATLAS Preliminary
-1 = 13 TeV, 139 fbs

<500 [500,750] [750,1000] [1000,1500] > 1500

  [GeV]ttm

0.03-

0.02-

0.01-

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07CA NNLO QCD + NLO EW

Powheg+Pythia8

Data (stat./total)

ATLAS Preliminary
-1 = 13 TeV, 139 fbs

Full Run-2

ATLAS-CONF-2019-026

Significance of non-zero asymmetry at 4σ level 

✦top-antitop is symmetric at leading-order (LO) under charge conjugation

✦Asymmetry from interference of higher orders in qq ̄ and qg initial states (gg symmetric to all orders)

✦Top quarks preferentially produced in direction of incoming quark, more forward top quarks, more 

central top antiquarks.  

 Exploits large dataset in 2 ways: reducing statistical uncertainty and constraining large uncertainties in-situ.

Consistent with predictions from NNLO in QCD and NLO in electroweak
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ATLAS CONF Note

ATLAS-CONF-2019-004
18th March 2019

Measurement of Higgs boson production in

association with a t t pair in the diphoton decay

channel using 139 fb
�1

of LHC data collected atp
s = 13 TeV by the ATLAS experiment

The ATLAS Collaboration

The measurement of Higgs boson production in association with a top quark-antiquark pair
in the diphoton decay channel (H ! ��) is presented, based on the analysis of 139 fb�1

of proton-proton collision data with center-of-mass energy
p

s = 13 TeV recorded with the
ATLAS detector at the Large Hadron Collider. The analysis is performed using a simultaneous
fit in seven signal-enriched event categories. The tt̄H process is observed in the diphoton
decay mode with a significance of 4.9 standard deviations relative to the background-only
hypothesis. The expected significance is 4.2 standard deviations. The tt̄H cross-section times
the H ! �� branching ratio is measured to be �t t̄H ⇥ B�� = 1.59+0.43

�0.39 fb, in agreement with
the Standard Model prediction.

© 2019 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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ATLAS-CONF-2019-004
18th March 2019

Measurement of Higgs boson production in

association with a t t pair in the diphoton decay

channel using 139 fb
�1

of LHC data collected atp
s = 13 TeV by the ATLAS experiment

The ATLAS Collaboration

The measurement of Higgs boson production in association with a top quark-antiquark pair
in the diphoton decay channel (H ! ��) is presented, based on the analysis of 139 fb�1

of proton-proton collision data with center-of-mass energy
p

s = 13 TeV recorded with the
ATLAS detector at the Large Hadron Collider. The analysis is performed using a simultaneous
fit in seven signal-enriched event categories. The tt̄H process is observed in the diphoton
decay mode with a significance of 4.9 standard deviations relative to the background-only
hypothesis. The expected significance is 4.2 standard deviations. The tt̄H cross-section times
the H ! �� branching ratio is measured to be �t t̄H ⇥ B�� = 1.59+0.43

�0.39 fb, in agreement with
the Standard Model prediction.

© 2019 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

Triple gauge boson production (WVV)

Rare SM process, tests the non-Abelian gauge structure of SM.


Deviations from SM could point to new physics at higher energy scale
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Figure 5: Impact of systematic uncertainties on the fitted signal-strength parameter µ for the combined WVV fit to
data. The systematic uncertainties are listed in decreasing order of their post-fit impact in the fit, and only the 15
most important are displayed. The e�ect of varying each nuisance parameter ✓ is shown, where ✓0 is the pre-fit value,
✓̂ is the post-fit value, and �✓ and �✓̂ are the pre- and post-fit uncertainties, respectively.

Table 5: Observed and expected significances with respect to the SM background-only hypothesis for the four WVV

channels entering the fit.

Decay channel Significance
Observed Expected

WWW combined 3.2� 2.4�
WWW ! `⌫`⌫qq 4.0� 1.7�
WWW ! `⌫`⌫`⌫ 1.0� 2.0�

WV Z combined 3.2� 2.0�
WV Z ! `⌫qq`` 0.5� 1.0�
WV Z ! `⌫`⌫``/qq```` 3.5� 1.8�

WVV combined 4.1� 3.1�

14

data-driven background evaluations a�ecting the WWW channels, from theoretical uncertainties related
to renormalisation and factorisation scale variations and experimental uncertainties. The impact of each
systematic uncertainty on the result is assessed and the ranking for the nuisance parameters with the largest
contribution to the uncertainty in µWVV is shown in Figure 5.

Table 4: Summary of the e�ects of the most important groups of systematic uncertainties on µWVV . Uncertainties
related to data-driven background evaluations a�ecting the WWW channels (data-driven); theoretical uncertainties
related to renormalisation and factorisation scale variations, mostly in the diboson background, evaluated using
simulations (theory); experimental uncertainties in the signal and background evaluations (instrumental); the statistical
uncertainty of simulated events (MC stat. uncertainty); and modelling uncertainty evaluated by comparing di�erent
event generators (generators).

Uncertainty source �µWVV

Data-driven +0.14 –0.14
Theory +0.15 –0.13
Instrumental +0.12 –0.09
MC stat. uncertainty +0.06 –0.04
Generators +0.04 –0.03

Total systematic uncertainty +0.30 –0.27

Additional fits are performed separately in the WWW and the WV Z channels. For these fits the other
signal strength is fixed to its SM expectation. For the fits of the WWW channels, the W Z control region
defined in Section 4 is used in the fit. The inclusion of the W Z control region helps constraining the
overall normalisation of the W Z+jets background, which in the combined fit is constrained by the WV Z

three-lepton signal regions. The tt̄Z control region is used in the WV Z fit, however, it is not used in the
WWW fit. The observed (expected) significance is 3.2� (2.4�) for WWW production and 3.2� (2.0�) for
WV Z production.

Table 5 and Figure 6(a) summarise the observed and expected significances with respect to the background-
only hypothesis and the observed best-fit values of the signal strength for the individual and combined
fits. The measured signal strengths from the individual fits are converted to inclusive cross-section
measurements using the signal samples described in Section 2 and the central values of the theoretical
predictions. All uncertainties determined in the fit are included in the conversion, except for the
normalisation uncertainty in the signal prediction. The results are: �WWW = 0.65+0.16

�0.15 (stat.) +0.16
�0.14 (syst.)

pb and �WWZ = 0.55 ± 0.14 (stat.) +0.15
�0.13 (syst.) pb. For the �WWZ extraction, the W Z Z normalisation

is fixed to the SM expectation. The cross section of the latter is not reported, since there is not enough
sensitivity to this channel to quote a separate cross-section value.

Figure 6(b) shows the data, background and signal yields, where the discriminant bins in all signal regions
are combined into bins of log10(S/B), S being the expected signal yield and B the background yield. The
background and signal yields are shown after the global signal-plus-background fit to the data.

13

data-driven background evaluations a�ecting the WWW channels, from theoretical uncertainties related
to renormalisation and factorisation scale variations and experimental uncertainties. The impact of each
systematic uncertainty on the result is assessed and the ranking for the nuisance parameters with the largest
contribution to the uncertainty in µWVV is shown in Figure 5.

Table 4: Summary of the e�ects of the most important groups of systematic uncertainties on µWVV . Uncertainties
related to data-driven background evaluations a�ecting the WWW channels (data-driven); theoretical uncertainties
related to renormalisation and factorisation scale variations, mostly in the diboson background, evaluated using
simulations (theory); experimental uncertainties in the signal and background evaluations (instrumental); the statistical
uncertainty of simulated events (MC stat. uncertainty); and modelling uncertainty evaluated by comparing di�erent
event generators (generators).

Uncertainty source �µWVV

Data-driven +0.14 –0.14
Theory +0.15 –0.13
Instrumental +0.12 –0.09
MC stat. uncertainty +0.06 –0.04
Generators +0.04 –0.03

Total systematic uncertainty +0.30 –0.27

Additional fits are performed separately in the WWW and the WV Z channels. For these fits the other
signal strength is fixed to its SM expectation. For the fits of the WWW channels, the W Z control region
defined in Section 4 is used in the fit. The inclusion of the W Z control region helps constraining the
overall normalisation of the W Z+jets background, which in the combined fit is constrained by the WV Z

three-lepton signal regions. The tt̄Z control region is used in the WV Z fit, however, it is not used in the
WWW fit. The observed (expected) significance is 3.2� (2.4�) for WWW production and 3.2� (2.0�) for
WV Z production.

Table 5 and Figure 6(a) summarise the observed and expected significances with respect to the background-
only hypothesis and the observed best-fit values of the signal strength for the individual and combined
fits. The measured signal strengths from the individual fits are converted to inclusive cross-section
measurements using the signal samples described in Section 2 and the central values of the theoretical
predictions. All uncertainties determined in the fit are included in the conversion, except for the
normalisation uncertainty in the signal prediction. The results are: �WWW = 0.65+0.16

�0.15 (stat.) +0.16
�0.14 (syst.)

pb and �WWZ = 0.55 ± 0.14 (stat.) +0.15
�0.13 (syst.) pb. For the �WWZ extraction, the W Z Z normalisation

is fixed to the SM expectation. The cross section of the latter is not reported, since there is not enough
sensitivity to this channel to quote a separate cross-section value.
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Summary

UK in CMS :  
๏We lead critical aspects of the detector design, driven by our physics goals. 
Significant M&O responsibilities in Trigger, Tracker, ECAL, as well as computing.

๏Becoming increasingly challenging to maintain operational expertise in these 
critical areas

Physics (ATLAS + CMS) 
๏ UK involvement in many interesting and wide ranging areas of physics 
exploitation of LHC data. 

๏ Leading many interesting analyses in Standard Model, Top, Higgs, and B-
physics, also leading as conveners of SM, Top B-physics and LHC Higgs WG. 
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