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•

Great to be in Heidelberg ! 
QM’96: my first conference 

Great to be at a CKM workshop !



There has never been a more exciting time  
for “high-pT  flavour physics”

Constraining BSM … but no clear sign, yet

A flood of first observations  
in the last year, months or even weeks
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Anomalies come and go (or stay?)

!4

CKM2005 – 3.7σ between b→ cc̄s and s-penguins
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Anomalies come and go (or stay?)
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CKM2016 – 2.4σ excess for LFV H → τμ
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Anomalies come and go (or stay?)
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CKM2018 – ~4σ LFU violation in B → D(*)ℓν 
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How will  
these look  

like in  
2 or 10 years?

 More data will help clarifying !
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•

•

High-pT dataset at the LHC
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•Run-1 : 7 and 8 TeV 
• 2010–2012: 20 fb–1 

○ discovery of Higgs boson 

○ exploring new physics 

•

ATLAS

CMS

135th LHCC open session - 12th Sept. 2018

OUTLINE �2
‣ Operations 
‣ ATLAS performance during 2018 data-taking 

‣ Physics and performance 
‣ Recent 13 TeV results with 36 fb-1 and 80 fb-1 

‣ Upgrade activities 
‣ Phase I upgrade 
‣ TDAQ, LAr electronics, NSW, FTK 

‣ Phase II upgrade 
‣ Status of TDRs

2026

2015

2016

2017

2018

2019 2020

2021

2022

2023

2024 2025

80 fb-1

150 fb-1

LS2

LS3

300 fb-1

run 2

run 3

•

•Run-2 : 13 TeV 
• 2015–2016: 36 fb–1 

○ most measurements  

• +2017: 80 fb–1 
○ some early searches + observation 

• +2018: ~130 fb–1

© E. Kuwertz
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LHC after the Higgs discovery
•Closer look at Higgs boson and Yukawa sector

!8

LHC AFTER HIGGS DISCOVERY
• Intense scrutiny of Higgs and Yukawa sector 


• While keeping a wide open eye on new phenomena

 2

Higgs properties 
Higgs self interaction

Higgs coupling to bosons and fermions

CKM matrix and CP Violation

New light and heavy particles

Lepton flavour universality violation


Leptoquarks

SUSY


Long-lived particles

Dark matter

Precision Electroweak and 
QCD

The Higgs boson in the SM
• The Higgs boson discovery  in 2012

• Opened the way to the exploration of the 
sector of the SM Lagrangian that is 
responsible for EW symmetry breaking!

• Two types of tree-level couplings to other SM 
particles, which determine all Higgs Boson 
production and decay modes

to Bosons

to Fermions

Giacinto Piacquadio - ICHEP 2018 3

The Higgs boson in the SM
• The Higgs boson discovery  in 2012

• Opened the way to the exploration of the 
sector of the SM Lagrangian that is 
responsible for EW symmetry breaking!

• Two types of tree-level couplings to other SM 
particles, which determine all Higgs Boson 
production and decay modes

to Bosons

to Fermions
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Precision electroweak 
and QCD

Higgs coupling to bosons 
Higgs self interaction

Higgs coupling to fermions 
CKM matrix and CP violation 
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Status after Run-1
•Higgs couplings 

• to bosons: established 
• to fermions: indirect

!9
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Figure 19. Best fit values as a function of particle mass for the combination of ATLAS and CMS
data in the case of the parameterisation described in the text, with parameters defined as κF · mF /v
for the fermions, and as

√
κV · mV /v for the weak vector bosons, where v = 246GeV is the vacuum

expectation value of the Higgs field. The dashed (blue) line indicates the predicted dependence on
the particle mass in the case of the SM Higgs boson. The solid (red) line indicates the best fit result
to the [M, ϵ] phenomenological model of ref. [129] with the corresponding 68% and 95% CL bands.

6.4 Fermion and vector boson couplings

The last and most constrained parameterisation studied in this section is motivated by

the intrinsic difference between the Higgs boson couplings to weak vector bosons, which

originate from the breaking of the EW symmetry, and the Yukawa couplings to the fermions.

Similarly to section 6.2, it is assumed in this section that there are no new particles in the

loops (ggF production process andH → γγ decay mode) and that there are no BSM decays,

i.e. BBSM = 0. Vector and fermion coupling modifiers, κV and κF , are defined such that

κZ = κW = κV and κt = κτ = κb = κF . These definitions can be applied either globally,

yielding two parameters, or separately for each of the five decay channels, yielding ten

parameters κfV and κfF (following the notation related to Higgs boson decays used for the

signal strength parameterisation). Two fits are performed: a two-parameter fit as a function

of κV and κF , and a ten-parameter fit as a function of κfV and κfF for each decay channel.

As explained in section 2.4 and shown explicitly in table 4, the Higgs boson production

cross sections and partial decay widths are only sensitive to products of coupling modifiers

and not to their absolute sign. Any sensitivity to the relative sign between κV and κF

– 49 –

6

ttH Observation and Contribution to Combination

ggH analyses are sensitive to top coupling 
assuming no BSM contributions in the loop

Recent paper on ttH production allows us 
to isolate loop contribution in the ratio:

kt/kg
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ttH Observation and Contribution to Combination

ggH analyses are sensitive to top coupling 
assuming no BSM contributions in the loop

Recent paper on ttH production allows us 
to isolate loop contribution in the ratio:

kt/kg

g

g

H

ggF

t, b, etc…

ttH

g

g
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• Assuming no new physics 
in the loops

JHEP 08 (2016) 045

•Important to study all possible decay channels



•

• Standard Model

• Searches

• Interpretation

• Higgs • Top

Is it all

like ?
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Higgs boson production and decay

!11

Chapter I.9. Summary 275
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Figure 178: The SM Higgs boson production cross sections as a function of the LHC centre of mass energy.
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Figure 179: The SM Higgs boson branching ratios as a function of the Higgs boson mass.

Higgs boson production at the LHC
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[LHC Higgs X-sec WG] Production modes

~4M

~300k

~200k

~40k• Significant increase in production 
rate due to higher center-of-mass  
energy from LHC Run-1 to Run-2!  
  

2.3x

3.8x

Higgs bosons  
produced in Run 2 
(2015-2017)

 6 Giacinto Piacquadio - ICHEP 2018

Production  
modes

Higgs bosons 
produced in Run-2 

~4M 

~300k 

~200k 

~40k 

•

24 I.3.1. Update of branching ratios and decay width for the Standard Model Higgs boson
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Figure 9: Higgs boson branching ratios and their uncertainties for the mass range around 125 GeV.

While about half of this shift is due to the change in ↵s, the remaining part comes from improvements
in HDECAY, in particular from the inclusion of charm-quark-loop contributions and NLO quark-mass
effects. The partial widths for the other bosonic decay modes change at the level of one per mille or
below. The total width increases by approximately 0.5%. Correspondingly, the relative increase for the
central value of the H ! bb BR is approximately 1%. The relative decrease in the other fermionic
modes is below 1%. For H ! gg, the relative decrease of the BR is approximately 4%. The relative
decrease of the other bosonic BRs is below 1%, only.

The error estimates on the BRs also change as discussed in the following: The total error on
the H ! bb BR decreases to below 2% due to the reduced errors on ↵s and the bottom quark mass
and the reduced THU. Since the error on H ! bb is a major source of uncertainty for all the other
BRs, their error is reduced by more than 2% due to this improvement alone. In addition, the other
fermionic modes benefit from the reduced THU after the inclusion of the full EW corrections, such that
the corresponding errors are reduced roughly by a factor of 2 to below 2.5% for the leptonic final states
and to below 7% for H ! cc. Also the error estimates for the bosonic decay modes are decreased,
mainly due to the improvements in H ! bb. In particular, the error for the decay into massive vector
bosons is approximately 2%, i.e. half as big as before. The errors on the partial widths are discussed in
Section I.3.1.c.

The BRs for the fermionic decay modes are shown in Tables 174–175. The BRs for the bosonic
decay modes together with the total width are given in Tables 176–178. Besides the BRs, the tables list
also the corresponding theoretical uncertainties (THU) and parametric uncertainties resulting from the
quark masses (PU(mq)) and the strong coupling (PU(↵s)). The PUs from the different quark masses
have been added in quadrature. The BRs (including the full uncertainty) are also presented graphically
in Figure 9 for the mass region around the Higgs boson resonance.

Finally, Tables 179–181 list the BRs for the most relevant Higgs boson decays into four-fermion
final states. The right-most column in the tables shows the total relative uncertainty of these BRs in
per cent, obtained by adding the PUs in quadrature and combining them linearly with the THU. The
uncertainty is practically equal for all H ! 4f BRs and the same for those for H ! WW/ZZ. Note that
the charge-conjugate final state is not included for H ! `+nlqq.

1610.07922
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Higgs boson couplings to fermions
•Indirect probe (loop diagrams) 

•Direct probe (tree-level diagrams)

!12

H ! ⌧⌧

H ! bb̄

Higgs boson coupling to fermions

Direct probe (tree-level diagrams)

Indirect probe (through loop diagrams)

gg ! H

Leptons

t,b
t,b

t,b

 

H ! ��

+ + …

Down-type quarks

Up-type quarks

3rd gen. 2nd gen.
H ! µµ

tt̄H
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H ! µµ
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LHC AFTER HIGGS DISCOVERY
• Intense scrutiny of Higgs and Yukawa sector 


• While keeping a wide open eye on new phenomena

 2

Higgs properties 
Higgs self interaction

Higgs coupling to bosons and fermions

CKM matrix and CP Violation

New light and heavy particles

Lepton flavour universality violation


Leptoquarks

SUSY


Long-lived particles

Dark matter

Precision Electroweak and 
QCD
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Measuring ttH production

Higher σ x BR

Higher purity

H ! bb̄

H ! �� H ! ⌧⌧
(multi-leptons)

H ! ZZ
⇤ ! 4` H ! WW

⇤ ! `⌫`⌫

 24 Giacinto Piacquadio - ICHEP 2018

Higgs and top quarks – ttH̄

!13

Search for ttHMark Owen

ttH Production & Decay

4

• Largest branching ratio, 58%.
• Final state with multiple b-quarks - challenging to 

reconstruct Higgs.
• Large background from ttbar + jets.
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4 b-tags: pairing ambiguities
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4

• Largest branching ratio, 58%.
• Final state with multiple b-quarks - challenging to 

reconstruct Higgs.
• Large background from ttbar + jets.
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Search for ttHMark Owen

ttH Production & Decay

4

• Largest branching ratio, 58%.
• Final state with multiple b-quarks - challenging to 

reconstruct Higgs.
• Large background from ttbar + jets.

• Significant branching ratio, Br(H→WW) = 22%.
• Leptonic decays of W / Z bosons and tau decays 

can give distinct multi-lepton signatures, but 
difficult to reconstruct Higgs.
• Main background from ttbar+W/Z and non-

prompt leptons.
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Figure 2: Weighted diphoton invariant mass spectrum in the tt̄H-sensitive BDT bins observed in 79.8 fb�1 of
13 TeV data. Events are weighted by ln(1 + S90/B90), where S90 (B90) for each BDT bin is the expected tt̄H 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 bin.

signal-plus-background and background-only curves shown here are obtained from the weighted sum of
the individual curves in each BDT bin. The expected and observed event yields are presented in Table 1
and shown in Figure 3. In Figure 3, a tt̄H signal strength µ = �/�SM of 1.4 is assumed. The total
number of fitted tt̄H signal events in the mass range 105 GeV < m�� < 160 GeV is 36+12

�11. For 13 TeV data
corresponding to an integrated luminosity of 79.8 fb�1, the expected significance of the tt̄H signal in the
H ! �� channel is 3.7 standard deviations. The significance of the observed tt̄H signal is 4.1 standard
deviations. The expected significance in the Had (Lep) region is 2.7 (2.5) standard deviations, while the
observed significance in the Had (Lep) region is 3.8 (1.9) standard deviations.

3 H ! ZZ
⇤ ! 4`

In the H ! Z Z
⇤ ! 4` analysis, using the same data as in the H ! �� analysis, events with at least

four isolated leptons (four electrons, four muons, or two electrons and two muons) corresponding to two
same-flavour opposite-charge pairs are selected. The four-lepton invariant mass is required to be in a
window of 115 GeV < m4` < 130 GeV. To search for tt̄H events, at least one jet is required, with
pT > 30 GeV and containing a b-hadron identified using a b-tagging algorithm with an e�ciency of
70%. The event selection is described in more detail in Ref. [5]. The current analysis improves the
expected tt̄H significance by defining two signal regions, and by applying a BDT in one of them. A ‘Had’

5

PLB 784 (2018) 173 1804.02716

ATLAS 4.1σ (3.7σ exp.) 

CMS 1.4σ (1.5σ exp.) 

135th LHCC open session - 12th Sept. 2018
            

HIGGS PRODUCTION AND COUPLINGS �11

ATLAS-CONF-2018-031

Observed major Higgs production modes

H→ZZ      
H→WW  

Coupling measurements

ATLAS-CONF-2018-031

ATLAS-CONF-2018-018  
arXiv:1808.09054

Interaction with gauge bosons

Interaction with fermions
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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.

4.1σ (2.8σ exp.) 

3.2σ (2.8σ exp.) 

JHEP 08 (2018) 066
PRD 97 (2018) 072003
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Figure 7: Final discriminant shapes in the single-lepton (SL) channel after the fit to data: DNN
discriminant in the jet-process categories with �6 jets-ttH (upper left); 5 jets-tt+bb (upper right);
4 jets-tt+lf (lower left); and �6 jets-tt+cc (lower right). The hatched uncertainty bands include
the total uncertainty after the fit to data. The distributions observed in data (markers) are
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Higgs and top quarks – ttH̄
•Combination of channels and runs

!14

SM
ttHσ/ttHσ

1− 0 1 2 3 4

Total Stat. Syst. SMATLAS

-1 = 13 TeV, 36.1 - 79.8 fbs

             Total       Stat.    Syst.

Combined   )
0.19

0.21
  ± 0.18 , ±   ( 0.26

0.28  ±  1.32 

H (ZZ)tt < 1.77 at 68% CL

)γγH (tt   )0.17
0.23  ±  , 0.38

0.42  ±   ( 0.42
0.48  ±  1.39 

H (multilepton)tt   )0.27
0.30  ±  , 0.29

0.30  ±   ( 0.40
0.42  ±  1.56 

)bH (btt  0.53 )±  , 0.28
0.29  ±   ( 0.60

0.61  ±  0.79 

Figure 5: Combined tt̄H production cross section, as well as cross sections measured in the individual analyses,
divided by the SM prediction. The �� and Z Z

⇤ ! 4` analyses use 13 TeV data corresponding to an integrated
luminosity of 79.8 fb�1, and the multilepton and bb̄ analyses use data corresponding to an integrated luminosity
of 36.1 fb�1. The black lines show the total uncertainties, and the bands indicate the statistical and systematic
uncertainties. The red vertical line indicates the SM cross-section prediction, and the grey band represents the
PDF+↵S uncertainties and the uncertainties due to missing higher-order corrections.
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reconstructed photons in combination with reconstructed
electrons or muons, jets, and tagged b jets [13]. The signal
yield is extracted from a fit to the diphoton invariant mass
spectrum. Events with combinations of jets and tagged b
jets and with two same-sign leptons, three leptons, or four
leptons are used to search for tt̄H production in the
H → τþτ−, WW", or ZZ" decay modes [10,14], where
in this case “lepton” refers to an electron, muon, or τh
candidate (the asterisk denotes an off-shell particle). The
searches in the different decay channels are statistically
independent from each other. Analogous searches have
been performed with the 7 and 8 TeV data [15].
The presence of a tt̄H signal is assessed by performing a

simultaneous fit to the data from the different decay modes
and also from the different c.m. energies as described
below. A detailed description of the statistical methods can
be found in Ref. [42]. The test statistic q is defined as the
negative of twice the logarithm of the profile likelihood
ratio [42]. Systematic uncertainties are incorporated
through the use of nuisance parameters treated according
to the frequentist paradigm. The ratio between the nor-
malization of the tt̄H production process and its SM
expectation [35], defined as the signal strength modifier
μtt̄H, is a freely floating parameter in the fit. The SM
expectation is evaluated assuming the combined ATLAS

and CMS value for the mass of the Higgs boson, which is
125.09 GeV [43]. We consider the five Higgs boson decay
modes with the largest expected event yields, namely,
H → WW", ZZ", γγ, τþτ−, and bb̄. Other Higgs boson
decay modes and production processes, including pp →
tH þ X (or t̄H þ X), with X a light flavor quark or W
boson, are treated as backgrounds and normalized using the
predicted SM cross sections, subject to the corresponding
uncertainties.
The measured values of the five independent signal

strength modifiers, corresponding to the five decay chan-
nels considered, are shown in the upper section of Fig. 2
along with their 1 and 2 standard deviation confidence
intervals obtained in the asymptotic approximation [44].
Numerical values are given in Table I. The individual
measurements are seen to be consistent with each other
within the uncertainties.
We also perform a combined fit, using a single signal

strength modifier μtt̄H, that simultaneously scales the tt̄H
production cross sections of the five decay channels
considered, with all Higgs boson branching fractions fixed
to their SM values [35]. Besides the five decay modes

TABLE I. Best fit value, with its uncertainty, of the tt̄H signal
strength modifier μtt̄H, for the five individual decay channels
considered, the combined result for 7þ 8 TeV alone and for
13 TeV alone, and the overall combined result. The total
uncertainties are decomposed into their statistical, experimental
systematic, background theory systematic, and signal theory
components. The numbers in parentheses are those expected
for μtt̄H ¼ 1.

Uncertainty

Parameter Best fit Statistical
Experi-
mental

Background
theory

Signal
theory

μWW"

tt̄H

1.97þ0.71
−0.64

þ0.42
−0.41

þ0.46
−0.42

þ0.21
−0.21

þ0.25
−0.12

ð þ0.57
−0.54 Þ ð þ0.39

−0.38 Þ ð þ0.36
−0.34 Þ ð þ0.17

−0.17 Þ ðþ0.12
−0.03 Þ

μZZ
"

tt̄H

0.00þ1.30
−0.00

þ1.28
−0.00

þ0.20
−0.00

þ0.04
−0.00

þ0.09
−0.00

ð þ2.89
−0.99 Þ ð þ2.82

−0.99 Þ ð þ0.51
−0.00 Þ ð þ0.15

−0.00 Þ ð þ0.27
−0.00 Þ

μγγtt̄H
2.27þ0.86

−0.74
þ0.80
−0.72

þ0.15
−0.09

þ0.02
−0.01

þ0.29
−0.13

ð þ0.73
−0.64 Þ ð þ0.71

−0.64 Þ ð þ0.09
−0.04 Þ ð þ0.01

−0.00 Þ ð þ0.13
−0.05 Þ

μτ
þτ−
tt̄H

0.28þ1.09
−0.96

þ0.86
−0.77

þ0.64
−0.53

þ0.10
−0.09

þ0.20
−0.19

ð þ1.00
−0.89 Þ ð þ0.83

−0.76 Þ ð þ0.54
−0.47 Þ ð þ0.09

−0.08 Þ ð þ0.14
−0.01 Þ

μbb̄tt̄H
0.82þ0.44

−0.42
þ0.23
−0.23

þ0.24
−0.23

þ0.27
−0.27

þ0.11
−0.03

ð þ0.44
−0.42 Þ ð þ0.23

−0.22 Þ ð þ0.24
−0.23 Þ ð þ0.26

−0.27 Þ ð þ0.11
−0.04 Þ

μ7þ8 TeV
tt̄H

2.59þ1.01
−0.88

þ0.54
−0.53

þ0.53
−0.49

þ0.55
−0.49

þ0.37
−0.13

ð þ0.87
−0.79 Þ ð þ0.51

−0.49 Þ ð þ0.48
−0.44 Þ ð þ0.50

−0.44 Þ ð þ0.14
−0.02 Þ

μ13 TeV
tt̄H

1.14þ0.31
−0.27

þ0.17
−0.16

þ0.17
−0.17

þ0.13
−0.12

þ0.14
−0.06

ð þ0.29
−0.26 Þ ð þ0.16

−0.16 Þ ð þ0.17
−0.16 Þ ð þ0.13

−0.12 Þ ð þ0.11
−0.05 Þ

μtt̄H
1.26þ0.31

−0.26
þ0.16
−0.16

þ0.17
−0.15

þ0.14
−0.13

þ0.15
−0.07

ð þ0.28
−0.25 Þ ð þ0.15

−0.15 Þ ð þ0.16
−0.15 Þ ð þ0.13

−0.12 Þ ð þ0.11
−0.05 Þ

1− 0 1 2 3 4 5 6 7

Htt
µ

Combined

13 TeV

7+8 TeV

)bH(btt

)-τ+τH(tt

)γγH(tt

H(ZZ*)tt

H(WW*)tt

 (13 TeV)-1 (8 TeV) + 35.9 fb-1 (7 TeV) + 19.7 fb-15.1 fb

CMS Observed

 syst)⊕ (stat σ1±
 (syst)σ1±

 syst)⊕ (stat σ2±

FIG. 2. Best fit value of the tt̄H signal strength modifier μtt̄H,
with its 1 and 2 standard deviation confidence intervals (σ), for
(upper section) the five individual decay channels considered,
(middle section) the combined result for 7þ 8 TeV alone and for
13 TeV alone, and (lower section) the overall combined result.
The Higgs boson mass is taken to be 125.09 GeV. For the
H → ZZ" decay mode, μtt̄H is constrained to be positive to
prevent the corresponding event yield from becoming negative.
The SM expectation is shown as a dashed vertical line.

PHYSICAL REVIEW LETTERS 120, 231801 (2018)

231801-3

PRL 120 (2018) 231801

1.14 

1.26

+0.31 
–0.27

+0.31 
–0.26

•                   Observation of ttH̄ production !

ATLAS (up to 80 fb–1) 
Run-2: 5.8σ (4.9σ exp.)  
Run-1 + Run-2: 6.3σ (5.1σ exp.) 

CMS 
Run-1 + Run-2: 5.2σ (4.2σ exp.) 
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Higgs and top quarks – tH
•Single top + Higgs 

• very small production cross 
section in SM 

• but enhanced ~10x if sign(κt/κV) 
opposite to SM → σtH > σttH̄ 
possible 

• can be used to constrain 
relative sign of κt and κV

!15

• Very small production cross section  
in SM (t-channel = ~71 fb)

• But enhanced by factor x ~10 if  
sign(κt/κV) opposite to SM ⇒ σtH > σttH

• So can be used with present Run-2 
dataset to constraint relative sign  
of κt and κV.  

Single top + Higgs

+�tH /

2

/ t / V [B. Stieger, ICHEP2018 talk]

 27 Giacinto Piacquadio - ICHEP 2018

tH	and	MH	cross	sec0ons	versus	couplings
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•

•New Run-2 combination 
• data favors sign(κt/κV)=1 at 1.5σ 
• assuming SM ttH̄ yield and SM tH 

acceptance 
• CMS: μtH < 26.5 (13.6 expected) 

CMS PAS HIG-18-009

Likelihood	vs.	κt
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Higgs and beauty quarks
•H → bb, in earlier searches 

• LEP: mH > 114.4 GeV 
• Tevatron: mH = 125 GeV @  2.8σ 

•LHC Run-1 
• combined 2.6σ (3.7σ expected) 

•LHC Run-2 
• improved b-tagging 
• ATLAS and CMS pixel detector 

upgrades 
• deep learning algorithms

!16

Compact Muon Solenoid
• Multipurpose detector at the LHC: silicon tracking, electromagnetic & hadronic

calorimeters, a 3.8 T superconducting solenoid, & muon tracking chambers

• Pixel detector upgraded for 2017 data taking
– Large impact on b-tagging performance (as discussed later)

28/08/2018 Luca Perrozzi - LPCC Seminar - Observation of Hbb with CMS 6

ATLAS Insertable B-Layer

CMS Pixel detector upgrades
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Higgs and beauty quarks
•Observation of H → bb, 

• mainly in WH and ZH channels 
• can reconstruct the mbb7 peak  

•Observation of associated production 
• WH and ZH most sensitive channels

!17

VH, H → bb
• VH production most sensitive mode for H → bb at the LHC

• 3 channels (0-, 1-, 2 charged leptons from V= W/Z boson)

• Select 2 b-tagged jets and pT(V) > 75 or 150 GeV

• Main discriminant variables m(bb), pT(V) and ΔR(bb)  
(combined into a Boosted Decision Tree)
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Figure 3: Best-fit value of the H ! bb signal strength with its 1s systematic (red) and total
(blue) uncertainties for the five individual production modes considered, as well as the overall
combined result. The vertical dashed line indicates the standard model expectation. All results
are extracted from a single fit combining all input analyses, with mH = 125.09 GeV.

observed (expected) significance of 4.8 (4.9) standard deviations at mH = 125.09 GeV, and the
signal strength is µ = 1.01 ± 0.22. Combining this result with previous measurements by the
CMS Collaboration of the H ! bb decay in events where the Higgs boson is produced through
gluon fusion, vector boson fusion, or in association with top quarks, the observed (expected)
significance increases to 5.6 (5.5) standard deviations and the signal strength is µ = 1.04 ± 0.20.
This constitutes the observation of the H ! bb decay by the CMS Collaboration.
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Interpretation of pT (Higgs)
•Shape & normalisation of pT(H) 

• can give constraints on κt, κb, κc and cg (eff. ggH coupling) 

•Additional handle to constrain Higgs couplings

!18

Grazzini et al. ‘17
  Grazzini et al. ‘18

Bishara et al. ‘17
2

momenta pT . mh/2. This partly compensates for the
quadratic mass suppression m2

Q/m
2
h appearing in (1). As

a result of the logarithmic sensitivity and of the 2
Q de-

pendence in quark-initiated production, one expects de-
viations of several percent in the pT spectra in Higgs
production for O(1) modifications of Q. In the SM,
the light-quark e↵ects are small. Specifically, in compar-
ison to the Higgs e↵ective field theory (HEFT) predic-
tion, in gg ! hj the bottom contribution has an e↵ect
of around �5% on the di↵erential distributions while the
impact of the charm quark is at the level of �1%. Like-
wise, the combined gQ ! hQ, QQ̄ ! hg channels (with
Q = b, c) lead to a shift of roughly 2%. Precision mea-
surements of the Higgs distributions for moderate pT
values combined with precision calculations of these ob-
servables are thus needed to probe O(1) deviations in yb
and yc. Achieving such an accuracy is both a theoretical
and experimental challenge, but it seems possible in view
of foreseen advances in higher-order calculations and the
large statistics expected at future LHC runs.

Theoretical framework. Our goal is to explore
the sensitivity of the Higgs-boson (pT,h) and leading-
jet (pT,j) transverse momentum distributions in inclusive
Higgs production to simultaneous modifications of the
light Yukawa couplings. We consider final states where
the Higgs boson decays into a pair of gauge bosons. To
avoid sensitivity to the modification of the branching ra-
tios, we normalise the distributions to the inclusive cross
section. The e↵ect on branching ratios can be included in
the context of a global analysis, jointly with the method
proposed here.

The gg ! hj channel was analysed in depth in the
HEFT framework where one integrates out the domi-
nant top-quark loops and neglects the contributions from
lighter quarks. While in this approximation the two
spectra and the total cross section were studied exten-
sively, the e↵ect of lighter quarks is not yet known with
the same precision for pT . mh/2. Within the SM,
the LO distribution for this process was derived long
ago [17, 19], and the next-to-leading-order (NLO) cor-
rections to the total cross section were calculated in [20–
24]. In the context of analytic resummations of the Su-
dakov logarithms ln (pT /mh), the inclusion of mass cor-
rections to the HEFT were studied both for the pT,h

and pT,j distributions [25–27]. More recently, the first
resummations of some of the leading logarithms (1) were
accomplished both in the abelian [28] and in the high-
energy [29] limit. The reactions gQ ! hQ, QQ̄ ! hg
were computed at NLO [30, 31] in the five-flavour scheme
that we employ here, and the resummation of the loga-
rithms ln (pT,h/mh) in QQ̄ ! h was also performed up to
next-to-next-to-leading-logarithmic (NNLL) order [32].

In the case of gg ! hj, we generate the LO spectra
with MG5aMC@NLO [33]. We also include NLO corrections
to the spectrum in the HEFT [34–36] using MCFM [37].
The total cross sections for inclusive Higgs production
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Figure 1: The normalised pT,h spectrum of inclusive Higgs
production at

p
s = 8TeV divided by the SM prediction for

di↵erent values of c. Only c is modified, while the remain-
ing Yukawa couplings are kept at their SM values.

are obtained from HIGLU [38], taking into account the
NNLO corrections in the HEFT [39–41]. Sudakov loga-
rithms ln (pT /mh) are resummed up to NNLL order both
for pT,h [42–44] and pT,j [45–47], treating mass correc-
tions following [27]. The latter e↵ects will be significant,
once the spectra have been precisely measured down to
pT values of O(5GeV). The gQ ! hQ, QQ̄ ! hg contri-
butions to the distributions are calculated at NLO with
MG5aMC@NLO [48] and cross-checked against MCFM. The ob-
tained events are showered with PYTHIA 8.2 [49] and jets
are reconstructed with the anti-kt algorithm [50] as im-
plemented in FastJet [51] using R = 0.4 as a radius
parameter.
Our default choice for the renormalisation (µR), fac-

torisation (µF ) and the resummation (QR, for gg ! hj)
scales is mh/2. Perturbative uncertainties are estimated
by varying µR, µF by a factor of two in either direc-
tion while keeping 1/2  µR/µF  2. In addition, for
the gg ! hj channel, we vary QR by a factor of two
while keeping µR = µF = mh/2. The final total theo-
retical errors are then obtained by combining the scale
uncertainties in quadrature with a ±2% relative error as-
sociated with PDFs and ↵s for the normalised distribu-
tions. We stress that the normalised distributions used
in this study are less sensitive to PDFs and ↵s varia-
tions, therefore the above ±2% relative uncertainty is a
realistic estimate. We obtain the relative uncertainty in
the SM and then assume that it does not depend on Q.
While this is correct for the gQ ! hQ, QQ̄ ! hg chan-
nels, for the gg ! hj production a good assessment of
the theory uncertainties in the large-Q regime requires
the resummation of the logarithms in (1). First steps in
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Higgs and charm quarks
•First direct search of H→ cc ̄ 

• use of charm tagging algorithms 
• two ΒDTs, separating c- from light and c- from b-jets 
• uncertainties: tagging, jet energy, background modelling  
• μ < 110 (μ = –69 ± 101) , tough channel!
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Radiative Higgs decays to mesons
•Search for H → M+γ 

• M = ρ → ππ, φ → ΚΚ, ψ(nS) → μμ, Y(nS) → μμ 
• H → qq̄ and H → γγ* amplitudes 
• gives direct access to u, d, s, c Yukawa
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Summary 16
16

�

M

p

p

ATLAS is pioneering the study of rare exclusive radiative Higgs boson decays at the
LHC, leading to new constraints on the light and charm quark Yukawa couplings!

Analogous searches for rare Z boson decays also pursued as potential new angle to
study QCD and “stepping stone” on path towards SM Higgs sensitivity

Limits imply constraints on charm and light quark Yukawa couplings
complementary to other studies (e.g. H ! cc̄ and p

H

T / y
H distributions)

Latest analyses now able to exclude H ! M � branching fractions at 10�4 level

Highlights include improvement in B (H ! J/ �) by factor 4⇥ and world’s first
information on the decays H !  (2S) � and H ! ⇢ �

These experimental studies and the associated theoretical work represent an
important emerging subfield of Higgs physics!

H ! M � Decays - Motivation 2
16

H ! M � decays provide a clean probe of the
charm and light quark Yukawa couplings at the LHC

M is a vector (JPC = 1��) light meson or quarkonium
state such as J/ , (2S),⌥(nS), �(1020), ⇢(770)

Interference between direct (H ! qq̄) and indirect
(H ! ��⇤) contributions

Direct amplitude (upper) provides sensitivity to the
magnitude and sign of the Hqq̄ couplings (e.g.
M = J/ sensitive to Hcc̄ coupling)

Indirect amplitude (lower) makes dominant contribution
to decay width, but not sensitive to Yukawa couplings

B (H ! J/ �) = (2.99 ± 0.16) ⇥ 10�6
†

B (H !  (2S) �) = (1.03 ± 0.06) ⇥ 10�6
†

B (H ! ⌥(1S) �) = (5.2+2.0
�1.7) ⇥ 10�9

†

B (H ! ��) = (2.3 ± 0.1) ⇥ 10�6
‡

B (H ! ⇢ �) = (1.7 ± 0.1) ⇥ 10�5
‡

H

�

M

H

M

�

† Phys. Rev. D 90, 113010 (2014) (arXiv:1407.6695) ‡ JHEP 1508 (2015) 012 (arXiv:1505.03870)
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H/Z ! �/⇢ � Decays - Results (arXiv:1712.02758)
13
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Invariant mass
distributions of
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K
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and ⇡+⇡��
(right)
candidates !
Limit on
B(H ! � �)
improved by
almost 2⇥ w.r.t.
earlier ATLAS
search
(arXiv:1607.03400)
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�4.4)⇥ 10�4 19.8⇥ 10�4

B (Z ! J/ �) (1.1+0.5
�0.3)⇥ 10�6 2.3⇥ 10�6
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World’s first limit on H/Z !  (2S) � decays!
Limit on B(H ! J/ �) improved by factor ⇡ 4⇥ w.r.t. Run 1 result!

Results 
• first constraint on light-quark Yukawa : μΗ→ργ < 52 
• first limit on H → ψ(2S)γ decays 
• cancellations in H → Y(nS)γ :  yb / ybSM < O(10)

H→φγ
H→ργ H→ψγ

JHEP 07 (2018) 127

1807.00802

1807.00802

ATLAS
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Higgs and fermions
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Channel μ Significance Reference Experiment

ttH̄
1.26 +0.31 –0.26 5.2 (4.2) PRL 120 (2018) 231801 CMS
1.32 +0.28 –0.26 6.3 (5.1) PLB 784 (2018) 173 ATLAS

tH+X < 26
κt ∈ (–0.9,–0.5) 

or (1.0, 2.1)
CMS PAS HIG-18-009 CMS

H → bb, 
1.01 + 0.20 –0.19 5.4 (5.5) 1808.08238 ATLAS

1.04 ± 0.20 5.6 (5.5) 1808.08242 CMS

H → Υ(1,2,3S) (< 94, < 420, <630) x 103 1807.00802 ATLAS

H → cc ̄ < 110    (-69 ± 101) PRL 120 (2018) 211802 ATLAS

H → ψ(nS)γ < 120 J/ψ      < 1900 ψ(2S) 1807.00802 ATLAS

H → φγ 

Η → ργ

< 210 
<52

JHEP 07 (2018) 127 ATLAS

H → ττ
1.09 +0.27 –0.26 5.9 (5.9) PLB 779 (2018) 283 CMS
1.09 +0.36 –0.30 6.4 (5.4) ATLAS-CONF-2018-021 ATLAS

H → μμ
< 2.92   (1.0 ± 1.0) 0.9 (1.0) 1807.06325 CMS

< 2.1    (0.1 +1.0 –1.1) ATLAS-CONF-2018-026 ATLAS

H → μτ < 0.25%
JHEP 06 (2018) 001 CMS

Η → eτ < 0.61%

• t

• b

• c

• uds

• τ

• μ

The very colorful table of Higgs and fermions
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LHC after the Higgs discovery
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LHC AFTER HIGGS DISCOVERY
• Intense scrutiny of Higgs and Yukawa sector 


• While keeping a wide open eye on new phenomena

 2

Higgs properties 
Higgs self interaction

Higgs coupling to bosons and fermions

CKM matrix and CP Violation

New light and heavy particles

Lepton flavour universality violation


Leptoquarks

SUSY


Long-lived particles

Dark matter

Precision Electroweak and 
QCDPrecision electroweak 

and QCD

Higgs coupling to bosons 
Higgs self interaction

Higgs coupling to fermions 
CKM matrix and CP violation 

•

The Higgs boson in the SM

• Higgs boson can also interact with itself,  
through quartic term in Higgs potential

•  Very suppressed in SM!

• Can be probed through Di-Higgs production.
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Higgs self interaction can be probed through di-Higgs production 

The Higgs boson in the SM

• Higgs boson can also interact with itself,  
through quartic term in Higgs potential

•  Very suppressed in SM!

• Can be probed through Di-Higgs production.
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Di-Higgs production
•Sensitive to Higgs self-coupling 

• σ(gg → HH) / σ(gg → H) ~ 1/1500 
• and to BSM physics

!23

Where to look  
for Di-Higgs  
production?

Di-Higgs production

+

�(gg ! h) = 48.5 pb

~1/1500

[Higgs Xsec WG Report 4, ]

SM

bbbb bbWW bbττ bbγγ
34% 25% 7% 0.26%
δ WWγγ

0.1%
Higher σ x BR

Higher purity

hh decay branching ratios

 35 Giacinto Piacquadio - ICHEP 2018

�(gg ! hh) = (33.4± 5.9) fb

•Strategy 
• several possible channels
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Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production proportional to (a)-(b) the
square of the heavy-quark Yukawa coupling, and to (c) the product of the latter with the Higgs boson self-coupling.
Here, t and � are the SM coupling multipliers of, respectively, the heavy-quark Yukawa coupling and the Higgs
boson self-coupling. The diagram (d) illustrates the production of a Higgs boson pair via the decay of an intermediate
resonance (X) produced through a heavy-quark loop.

of up to 36.1 fb�1(with one exception discussed below), derived following a methodology similar to that
detailed in Ref. [20]. The three most sensitive search channels are used: HH ! bb̄bb̄, HH ! bb̄⌧+⌧�

and HH ! bb̄b��, with analysis strategies detailed in Refs. [21–23] and summarised below.

• In the search for HH ! bb̄bb̄, two di�erent analyses are performed, referred to as “resolved
analysis” and “boosted analysis”. The resolved analysis is based on jets reconstructed using the anti-
kt algorithm [24] with a radius parameter value of R = 0.4. Two Higgs boson candidates are formed
from the four jets for which the probabilities of containing a b-hadron (b-tagging) are highest. During
the 2016 data-taking, an ine�ciency in the vertex reconstruction a�ected the trigger-level b-tagging
algorithm, preventing the acquisition of a fraction of the data. Therefore, the resolved analysis is
performed with a reduced amount of data, corresponding to an integrated luminosity of 27.5 fb�1,
and the datasets collected in 2015 and 2016 are treated independently. The boosted analysis is
based on jets reconstructed using the anti-kt algorithm with R = 1.0, each jet fully contains the
decay products of one Higgs boson and is required to have a b-tagged track-jet associated to it and
a jet mass compatible with mH . The boosted analysis is performed on the full 2015+2016 dataset,
corresponding to an integrated luminosity of 36.1 fb�1. In both analyses, the predominant multi-jet
background is estimated with a data-driven method. A data sample containing fewer b-tagged jets
than in the nominal selection is used to estimate the shape of the multi-jet background. This data
sample is re-weighted with a set of correction factors, which are derived in dedicated sideband
regions and take into account the kinematic di�erences between events containing the nominal
number of b-tagged jets and those with fewer b-tagged jets. The normalisations of the multi-jet
and tt backgrounds are determined simultaneously from fits to sensitive variables in the sideband
region and used in a profile-likelihood fit of the invariant mass of the two Higgs boson candidates
to extract the signal.

• In the search for HH ! bb̄⌧+⌧�, the selected final states consist of either one electron/muon and
a narrow jet coming from a hadronically decaying ⌧-lepton (referred to as ⌧had-vis) or two ⌧had-vis
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background is estimated with a data-driven method. A data sample containing fewer b-tagged jets
than in the nominal selection is used to estimate the shape of the multi-jet background. This data
sample is re-weighted with a set of correction factors, which are derived in dedicated sideband
regions and take into account the kinematic di�erences between events containing the nominal
number of b-tagged jets and those with fewer b-tagged jets. The normalisations of the multi-jet
and tt backgrounds are determined simultaneously from fits to sensitive variables in the sideband
region and used in a profile-likelihood fit of the invariant mass of the two Higgs boson candidates
to extract the signal.

• In the search for HH ! bb̄⌧+⌧�, the selected final states consist of either one electron/muon and
a narrow jet coming from a hadronically decaying ⌧-lepton (referred to as ⌧had-vis) or two ⌧had-vis
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square of the heavy-quark Yukawa coupling, and to (c) the product of the latter with the Higgs boson self-coupling.
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Figure 1: 95% CL exclusion limits on the SM nonresonant Higgs boson pair production cross
section for different channels. The inner (green) band and the outer (yellow) bands indicate
the regions containing 68 and 95%, respectively, of the distribution of limits expected under the
background-only hypothesis.

most sensitive bins of the BDT and the overall background normalization in the bbbb channel,
the t energy scale effects in the bbtt analysis, and the uncertainty in the bbgg signal shape.
These effects are as large as 10% (5%) for the bbbb and bbtt (bbgg) uncertainties. Due to its
lower overall sensitivity, the systematic uncertainties affecting the bbVV analysis have little
impact on the combined result.

With all the correlations across channels taken into account, the expected and observed lim-
its on the nonresonant HH production signal strength are shown in Fig. 1 for the individual
channels and their combination. A scan is performed for different values of the kl parameter.
The value of kl affects both the expected cross section and the HH decay kinematics. For each
value, these differences are fully simulated and considered in the scan. Resulting limits are
reported in Fig. 2. The exclusion limit as a function of kl closely follows the features of the HH
production cross section [46], which are dominated by the interference between the HH pro-
duction via trilinear Higgs coupling and the emission of an HH pair from a top quark loop. The
minimum at kl = 2.46 corresponds to the maximum negative interference between the two di-
agrams. The maximum at kl ⇡ 5 is due to the softness of the mHH spectrum for such values of
the trilinear coupling. The production cross section is higher for kl < 0, which results in more
restrictive limits on the negative side of the scan. This is reflected in the observed exclusion
limit as well, where the significance of the small observed excess is relatively less important
in the more sensitive small kl region than at large values of kl. When fixing all the other EFT
couplings to their SM values, the kl parameter is observed (expected) to be constrained to the
range �11.8 < kl < 18.8 (�7.1 < kl < 13.6) at the 95% CL. The observed exclusions for the
different EFT benchmarks [14] are in the range of 100-3000 fb. A small observed excess, similar
to that observed at the SM value, is present across most of the phase space with the exception
of the more boosted topologies.

The resonant search is performed in the range of masses from 250 GeV to 3 TeV. No signifi-
cant excess is found across the whole range. The results of the combined search for the spin-0
narrow width resonance hypothesis, performed in the region where there are at least two con-
tributing channels, is reported in Fig. 3 together with the results of each individual channel.

In summary, a combination of searches for resonant and nonresonant Higgs boson pair pro-
duction has been presented. The combination includes four different final states, bbbb, bbVV,
bbtt, and bbgg using a data sample collected in proton-proton collisions at

p
s = 13 TeV that

corresponds to an integrated luminosity of 35.9 fb�1. The results are found to be statistically

Di-Higgs production

• CMS μcomb  < 22 (13 exp.)  and  ATLAS μcomb < 6.7 (10.4 exp.) 
• already below ~10 x SM  
• goal: reach SM sensitivity with HL-LHC (3 ab–1) 

•Extracting constraints on trilinear Higgs coupling 
• –5.0 < λHHH/λSMHHH < 12.1 @ 95% C.L.
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CMS PAS-HIG-17-030

approximation is found to be in agreement with pseudo-experiments at a level of 10% for all results on
the individual HH ! bb̄�� channel presented here, while an agreement at the level of 5% is obtained for
the results on the combination of the three channels.

All the signal regions considered in the simultaneous fit either are orthogonal by construction or have
negligible overlap. The instrumental systematic uncertainties, as well as the 2.1% uncertainty on the
integrated luminosity [20], are correlated across all search channels. On the other hand, given the
di�erent final states, the uncertainties in the modelling of the SM backgrounds and the acceptance of the
HH signals are treated as uncorrelated across the search channels.

The 95% CL upper limits on the signal strength in units of the SM non-resonant gg ! HH cross-sections
are shown in Figure 2, for the individual search channels, as well as their combination. In order to show
the impact of the systematic uncertainties, combined expected limits with only statistical uncertainties are
also reported. The observed (expected) combined limit with all statistical and systematic uncertainties is,
respectively, 0.22 pb (0.35 pb), corresponding to 6.7 (10.4) times the SM prediction, taking into account
all correlations between the three individual channels. With respect to the published results of the searches
for HH ! bb̄�� and HH ! bb̄⌧+⌧�, theoretical uncertainties on the total signal cross-section are not
considered and, in the case of HH ! bb̄�� only, the asymptotic approximation is used instead of pseudo-
experiments. The combined observed upper limit on the non-resonant HH production is stronger than
expected, but within the 2� uncertainty band. All three search channels have a deficit of data with respect
to the background-only prediction. In particular, in the HH ! bb̄bb̄ search, the non-resonant signal shape
has its maximum around 400 GeV, with a slowly-falling reconstructed mHH spectrum towards high mass
and, in several bins, the number of observed events is below the prediction, see Ref. [21] for details.
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Figure 2: Upper limits at 95% CL on the cross-section of the ggF non-resonant Higgs boson pair production from
the HH ! bb̄bb̄, HH ! bb̄⌧+⌧� and HH ! bb̄�� searches, and their statistical combination. The column "obs."
represents the observed limits, "exp." the expected limits with all statistical and systematic uncertainties, and "exp.
stat." the expected limits obtained with statistical uncertainties only.

After setting all couplings except the Higgs boson self-coupling �HHH to their SM values, a �-scan is
performed. This scale factor a�ects both the production cross-section and the kinematic distributions of
the Higgs boson pairs, by modifying the amplitude of the interference among the three HH production
diagrams.
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Top-quark production
•Top-quark pairs via strong interaction 

•Single-top quarks via weak interaction
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determine the calibration of the jet-energy scale, and measuring the b-tagging efficiency.
As far as top quark physics is concerned, first measurements will include the tt̄ cross
section in the various channels and the determination of the top mass [121].
In the “discovery phase” of the LHC millions of tt̄ pairs will be produced already with
10fb−1 of integrated luminosity (c.f. table 1). For most top-quark observables, statistical
uncertainties will then be below the percent level; i.e., the measurements will eventually
be systematics dominated.
In the following subsections we shall discuss tt̄ production mostly from the perspective
of considering the top quark to be a signal. Production of tt̄ pairs is, on the other hand,
also an important background to the search for new particles, including the searches for
the SM and/or non-standard Higgs bosons and for signals of supersymmetry. Obviously,
both roles the top quark plays at the Tevatron and at the LHC require accurate predictions
of tt̄ production and decay.
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Figure 2: Lowest order Feynman diagrams for tt̄ production by the strong interactions:
gg→ tt̄ (a) and qq̄→ tt̄ (b).

4.1. Status of theory
Because mt ≫ ΛQCD, top-quark production and decay processes are hard scattering reac-
tions which can be computed in (QCD) perturbation theory. The tt̄ production processes
are depicted to lowest-order QCD in figure 2. At next-to-leading order (NLO) in the
QCD coupling αs, also qg and q̄g scatterings produce tt̄ pairs. To arbitrary order in QCD
perturbation theory, the total tt̄ cross section for

pp̄, pp → tt̄ + X (4.2)

is given as a convolution of the cross sections for the partonic subprocesses and the parton
distribution functions (PDF) – up to terms which are suppressed with some power of the
hadronic center-of-mass energy

√
s (so-called higher twist terms):

σtt̄h1h2(s,mt) =∑
i, j

Z 1

0
dx1dx2 f h1i (x1,µF) f h2j (x2,µF) σ̂i j(ŝ,mt,αs(µR),µR,µF) . (4.3)

Here i, j = g,q, q̄, and h1,h2 = p, p̄. The PDF f hi (x,µF) is the probability density of
finding parton i with longitudinal momentum fraction x in hadron h at the factorization
scale µF . This scale, which is arbitrary in principle, is usually set equal to a typical scale
of the problem, e.g. mt , in order to avoid large logarithms in perturbation theory. The
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5. Single-top-quark production
In the hadronic production of single (anti)top quarks the weak interactions are involved
in an essential way. Therefore, these reactions provide, besides top-quark decay, another
important opportunity to study the charged weak current interactions of this quark. In the
SM there are three main hadronic production modes, namely top-quark production via the
exchange of a virtualW boson in the t-channel and in the s-channel, and the associated
production of a t quark and realW boson:

q(q̄)b→ q′ (q̄′) t , qq̄′ → b̄ t , bg→W− t . (5.1)

These reactions are depicted to lowest order in the gauge couplings in figure 8. The cross
sections of these processes are proportional to |Vtb|2. Thus, single-top-quark production
provides a means of directly measuring the strength of the Wtb vertex. Moreover, the
reactions (5.1) are a source of highly polarized top quarks, which allow for dedicated in-
vestigations of the structure of the charged weak current interactions of this quark. Exotic
t and t̄ production processes involving new particles/interactions are also conceivable; for
instance, the associated production of a top quark and charged Higgs boson, or enhanced
production of single top quarks by sizeable flavour-changing neutral currents.
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Figure 8: Lowest order Feynman diagrams for single-top-quark production processes: t
channel (a), s channel (b), and associated tW production (c,d).

Thus, there are interesting physics issues associated with the hadronic production of single
top quarks. However, their observation is much more challenging than detecting tt̄ pairs.
This is partly due to smaller cross sections, but mainly due to the fact that the final-state
signatures suffer from larger backgrounds (see below). Although a few thousand single t
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At LHC (13 TeV): σttN̄NLO = 830 pb ± 4% 

σtNNLO = 213 pb ± 1% σWtaNNLO = 70 pb ± 5% σsaNNLO = 11 pb ± 4%

Only 1 in 108 collisions produces a top-quark pair
                  108 collisions produced a top-quark pair
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Figure 8: The measured fiducial cross-sections normalised to their corresponding NLO SM predictions [10], for
the five individual channels, the single-lepton and dilepton channels, as well as the combination of all channels.
The statistical uncertainties are shown with blue bars, while the total uncertainties are shown with red bars. The
NLO prediction for the inclusive fiducial cross-section is represented by the dashed vertical line, and the theoretical
uncertainties are represented by the orange bands.

section with this group of uncertainties included or excluded from the fit with corresponding nuisance598

parameters fixed to their fitted values. In the single-lepton channel, the jet-related and background599

modelling systematic uncertainties are dominant, followed by the PPT and signal modelling systematic600

uncertainties. In the dilepton channel, the data statistical uncertainty is the leading contribution, followed601

by the signal and background modelling systematic uncertainties. The luminosity and pileup uncertainties602

are also important in this channel.603
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Figure 10: The normalised di�erential cross-sections as a function of the (a) photon pT, (b) photon |⌘ |, (c) minimum
�R(�, `), (d) |�⌘(`, `) | and (e) ��(`, `) in the dilepton channel. The unfolded distributions are compared to the
predictions of the MG5_�MC+P����� 8 together with the up and down variations of the P����� 8 A14 tune
parameters, the MG5_�MC+Herwig 7, and the P�����+P����� 8 tt̄ where photon radiation is modelled in the
parton shower. The top ratio-panel shows the ratios of all the predictions over data. The bottom ratio-panel shows
the ratios of the alternative predictions and data over the nominal prediction. Overflows are included in the last bin.
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candidates, and separately for leptons arising from heavy flavor hadrons and other sources. Therefore,411

four scale factors in total are determined. The scale factors are applied to all MC simulation events with412

fewer than four prompt leptons according to the number, flavor and origin of the fake leptons. It is verified413

that the scale factors for di�erent generators used in the simulation are consistent with each other.414

Figure 9 shows the data compared to the expected distributions for all four signal regions combined,415

showing good agreement between data and expectation.416
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Figure 9: Distributions, for all tetralepton signal regions combined, of (a) the number of jets, (b) the invariant mass
of the OSSF lepton pair closest to the Z boson mass, mZ1 , (c) the �⌘ for that pair of leptons and (d) the azimuthal
angle �� between the remaining two leptons. The background denoted ‘Other’ contains SM processes with small
cross sections producing four prompt leptons. The distributions are shown before the fit. The shaded band represents
the total uncertainty. The first and last bin include the underflow and overflow, respectively.
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Figure 11: Data compared to the fit that extracts �t t̄Z and �t t̄W in the (a) trilepton and (b) tetralepton signal
regions targeting the tt̄Z process. Yields for the control regions used to extract the normalization of the W Z and
Z Z backgrounds are also shown. The ‘Other’ background summarizes all small SM backgrounds described in
Section 3. The shaded band represents the total uncertainty.
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uncertainty.
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Single top + Ζ, γ
•Evidence for tZ 

• observed 4.2σ / 3.7σ 

•Evidence for tγ 
• observed 4.4σ
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Production of four top quarks
•SM ttt̄t ̄ 

• sensitive to NP and top Yukawa 
• σttt̄t ̄/σtt ̄= 10–5 

•Results 
• 2.8σ (1.0σ exp)  SS, 3ℓ, 2ℓ, 1ℓ                        1.6σ (1.0σ exp)  SS, 3ℓ
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Anomalous Couplings 
• Probe Wtb vertex structure 
• SM: Left-Handed vector coupling  
• BSM: RH vector, RH/LH tensor

ttW, ttZ 
• QCD/QED at high mass  
• Probe top coupling to Z  
• Background to ttH

tttt  
• QCD at very high mass 
• High-mass scalars: H/A(tt) 
• Top-Higgs yukawa (yt4)
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Effective Field Theories 
• Comprehensive effort ongoing 

towards constraining EFT 
using the top quark (F. Maltoni) 

• Today: individual constraints 
based on ttW/Z, tttt, FCNC
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Figure 1: Leading-order diagrams for (a) vector-like top quark pair production, and (b) four-top production from
the contact interaction model.

where tR is the right handed top spinor and the �µ are the Dirac matrices. Direct constraints limit any
contact interaction between left-handed top quarks to be too small to be to be observed at the LHC. A
model with two universal extra dimensions under the real projective plane geometry (2UED/RPP) [34] is
also considered. In this model, the compactification of the extra dimensions leads to discretization of the
momenta along their directions. The model is parameterized by the radii R4 and R5 of the extra dimen-
sions or, equivalently, by mKK = 1/R4 and ⇠ = R4/R5. This model predicts the pair production of tier2
(1,1) Kaluza–Klein (KK) excitations of the photon (A(1,1)

µ ) with a leading-order mass of
p

1 + ⇠2 mKK
that decay to tt̄ with an unknown branching fraction, assumed here to be 100%.

Leading-order Feynman diagrams for the production in pp collisions of some of the signals searched for
in this analysis are presented in figure 1.

Previous searches by the ATLAS collaboration using an integrated luminosity of 20.3 fb�1 of pp collisions
at a centre-of-mass energy

p
s = 8 TeV [35], and the CMS collaboration using an integrated luminosity

19.5 fb�1 of pp collisions at
p

s = 8 TeV [36] and 2.3 fb�1 at 13 TeV [37], did not observe a significant
excess of same-sign dilepton production. However, in the ATLAS search, a modest excess was observed,
reaching 2.5 standard deviations in the set of signal regions defined for searching for four-top-quark
production. The ATLAS result was used to set limits at 95% confidence level on various models, including
on VLQ and four-top-quark production. The CMS result was also used to set limits on various models,
including on SM four-top-quark production. The upper limit on the four-top-quark production cross
section, set by CMS, was 49 fb. In separate analyses the CMS collaboration used the same-sign lepton
signature as part of a search for T5/3 quarks [38], ruling out left-handed (right-handed) T5/3 quarks with
mass below 0.94 (0.96) TeV, and as part of a broader search for vector-like T quarks [39], ruling out such
quarks with mass less than 0.69 TeV. Other searches by the ATLAS collaboration using pp collisions atp

s = 8 and 13 TeV [40, 41] with similar final states to those reported here were interpreted in the context
of supersymmetric models. The present analysis uses an analysis strategy that is similar to the

p
s = 8

TeV ATLAS analysis, using a data set recorded at
p

s = 13 TeV with an integrated luminosity of 3.2
fb�1. This allows for a check of the modest excess observed at 8 TeV. Because of the increased cross
sections, the sensitivity of the search was improved from the 8 TeV search, despite the smaller integrated
luminosity of the data set.

2 A tier of the Kaluza–Klein towers is labeled by two integers, corresponding to the two extra dimensions.

3

FCNC 
• Suppressed in SM 

due to GIM mechanism 
• Can be enhanced in BSM

1

1 Introduction

In the standard model (SM), flavour changing neutral currents (FCNC) are forbidden at tree
level and highly suppressed at higher order, resulting in a SM branching fraction for a top
quark decaying into a charm or up quark and a Z boson of the order of 10�14 [1, 2]. Several
extensions of the SM enhance the FCNC branching fractions and can be probed at the LHC
[1]; the new couplings can also provide for flavour changing single top quark production in
association with a Z boson. Previous searches have been performed at the Fermilab Tevatron
by the CDF [3] and D0 [4] collaborations, and at the LHC by the ATLAS [5, 6] and CMS [7–9]
collaborations.

The analysis uses proton collision data coming from the 2016 data taking period, corresponding
to an integrated luminosity of 35.9 fb�1 at a centre-of-mass energy of 13 TeV collected by the
CMS detector [10]. The analysis focusses on the experimental search for evidence of a FCNC
vertex (referred to as tZq) with a top quark, a Z boson, and a quark q that is either up or charm.
Such a vertex can lead, for example, to the single top quark production diagrams in Figure 1
(with subprocess q ! tZ) and to top quark pair production with FCNC decay (with subprocess
t ! Zq) as shown in Figure 2. All these diagrams result in a final state with one jet originating
from a b quark (b jet), a W boson, a Z boson, and (in the case of FCNC top quark decay) a jet
originating from the up or charm quark. The present search requires that both W and Z bosons
decay leptonically to final-state electrons or muons, resulting in three leptons in the final state.

Figure 1: Single top quark event Feynman diagrams at leading order. The vertex labelled tZq
is the sought-for FCNC interaction.

Figure 2: Top quark pair Feynman diagram at leading order. The vertex labelled tZq is the
sought-for FCNC interaction.

Background SM processes that may result in reconstructed final states mimicking such signals
include direct WZ production in association with jets; Drell–Yan (DY) dilepton production in
association with jets; tt̄Z; tt̄W; and single top quark production with a Z boson radiated from a
flavour-conserving tt̄Z vertex, referred to as SM tZq.

As an aid in classifying events as signal or background, two multivariate discriminants based
on Boosted Decision Trees (BDT) are employed, one targeting the single top quark production
signal and, the other the top quark decay signal. The levels of backgrounds are estimated with

SM tttt
• σtttt,SM ≈ 10-5 x σtt,SM @ 13 TeV
• Sensitive to new physics (e.g. high 

mass scalars), top Yukawa coupling
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CKM Vtx

•Vtb from single top 
• t-, Wt-, s-channel @ 7, 8, 13 TeV 
• assuming |Vtb| ≫ |Vtd|, |Vts| 

•CMS 
• |Vtb| = 0.998 ± 0.038 ± 0.016  
• 7+8 TeV t-channel 

•LHCtopWG 
• |Vtb| = 1.02 ± 0.08 ± 0.04 
• 8 TeV Wt-channel 

•PDG ’18 
• |Vtb| = 1.019 ± 0.025 
• assumes correlated error

!30

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
|tbVLV|f

ATLAS+CMS Preliminary
LHCtopWG

  from single top quark production
theoσ

measσ
| =  tbVLV|f

MSTW2008nnlo: NLO+NNLL theoσ
PRD 83 (2011) 091503, PRD 82 (2010) 054018,       
PRD 81 (2010) 054028       

 PDF⊕: scale theoσΔ
 = 172.5 GeVtopm

May 2018

 including top-quark mass uncertainty1 

: NLO PDF4LHC11 theoσ 2 

    NPPS205 (2010) 10, CPC191 (2015) 74
 including beam energy uncertainty3 

total  theo

 (theo)± (meas) ±| tbVLV|f
t-channel:

Wt:

s-channel:

 1ATLAS 7 TeV
 )1−PRD 90 (2014) 112006  (4.59 fb

 0.02± 0.06 ±1.02 
 1,2ATLAS 8 TeV

 )1−EPJC 77 (2017) 531  (20.2 fb
 0.024± 0.042 ±1.028 

CMS 7 TeV
 )1−JHEP 12 (2012) 035  (1.17 - 1.56 fb

 0.017± 0.046 ±1.020 

CMS 8 TeV
 )1−JHEP 06 (2014) 090  (19.7 fb

 0.016± 0.045 ±0.979 

CMS combination 7+8 TeV
JHEP 06 (2014) 090

 0.016± 0.038 ±0.998 
 2CMS 13 TeV

 )1−PLB 772 (2017) 752  (2.3 fb
 0.02± 0.07 ±1.05 

 2ATLAS 13 TeV
 )1−JHEP 04 (2017) 086  (3.2 fb

 0.02± 0.09 ±1.07 

ATLAS 7 TeV
 )1−PLB 716 (2012) 142  (2.05 fb

 0.03±  0.18−
 0.15+1.03 

CMS 7 TeV
 )1−PRL 110 (2013) 022003  (4.9 fb  0.04− 0.13  −

 0.03+ 0.16  +1.01 
 1,3ATLAS 8 TeV

 )1−JHEP 01 (2016) 064  (20.3 fb
 0.03± 0.10 ±1.01 

 1CMS 8 TeV
 )1−PRL 112 (2014) 231802  (12.2 fb

 0.04± 0.12 ±1.03 
 1,3LHC combination 8 TeV

CMS-PAS-TOP-15-019
ATLAS-CONF-2016-023,

LHCtopWG  0.04± 0.08 ±1.02 

 2ATLAS 13 TeV
 )1−EPJC 78 (2018) 186  (3.2 fb

 0.04± 0.24 ±1.14 

 3ATLAS 8 TeV
 )1−PLB 756 (2016) 228  (20.3 fb

 0.04±  0.20−
 0.18+0.93 

… there is much more than |Vtb| in these measurements
Also:  
studies of light-quark tagging and |Vtd| from Wt asymmetry Faroughy et al. ’18 

Alvarez et al. ’17 
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LFV Higgs decays
•Search for LFV Higgs decay τ-channels (τμ, τe) 

• decays are forbidden in the SM 
• can occur in many NP scenarios  
• would allow τ → ℓ  via a virtual Higgs  
• arise at tree level from the flavour violating Yukawa Yℓ  ℓ  ,                   

where the two leptons have different flavours 

•Previous direct searches  
• CMS : 2.4σ excess in the H → μτ channel  
• ATLAS : no excess observed

!32

PLB 749 (2015) 337

JHEP 11 (2015) 211 EPJC 77 (2017) 70

344 CMS Collaboration / Physics Letters B 749 (2015) 337–362

Table 6
Event yields in the signal region, 100 < Mcol < 150 GeV after fitting for signal and background. The expected contributions are normalized to an integrated luminosity of 
19.7 fb−1. The LFV Higgs boson signal is the expected yield for B(H → µτ ) = 0.84% with the SM Higgs boson cross section.

Sample H → µτh H → µτe

0-Jet 1-Jet 2-Jet 0-Jet 1-Jet 2-Jet

Misidentified leptons 1770 ± 530 377 ± 114 1.8 ± 1.0 42 ± 17 16 ± 7 1.1 ± 0.7
Z → ττ 187 ± 10 59 ± 4 0.4 ± 0.2 65 ± 3 39 ± 2 1.3 ± 0.2
ZZ,WW 46 ± 8 15 ± 3 0.2 ± 0.2 41 ± 7 22 ± 4 0.7 ± 0.2
Wγ – – – 2 ± 2 2 ± 2 –
Z → ee or µµ 110 ± 23 20 ± 7 0.1 ± 0.1 1.6 ± 0.7 1.8 ± 0.8 –
tt 2.2 ± 0.6 24 ± 3 0.9 ± 0.5 4.8 ± 0.7 30 ± 3 1.8 ± 0.4
tt 2.2 ± 1.1 13 ± 3 0.5 ± 0.5 1.9 ± 0.2 6.8 ± 0.8 0.2 ± 0.1
SM H background 7.1 ± 1.3 5.3 ± 0.8 1.6 ± 0.5 1.9 ± 0.3 1.6 ± 0.2 0.6 ± 0.1
Sum of backgrounds 2125 ± 530 513 ± 114 5.4 ± 1.4 160 ± 19 118 ± 9 5.6 ± 0.9

LFV Higgs boson signal 66 ± 18 30 ± 8 2.9 ± 1.1 23 ± 6 13 ± 3 1.2 ± 0.3
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7. Results

The Mcol distributions after the fit for signal and background 
contributions are shown in Fig. 3 and the event yields in the mass 
range 100 < Mcol < 150 GeV are shown in Table 6. The differ-
ent channels and categories are combined to set a 95% CL upper 
limit on the branching fraction of LFV H decay in the µτ channel, 
B(H → µτ ).

The observed and the median expected 95% CL upper limits on 
the B(H → µτ ) for the H mass at 125 GeV are given for each cat-
egory in Table 7. Combining all the channels, an expected upper 
limit of B(H → µτ ) < (0.75 ± 0.38)% is obtained. The observed 
upper limit is B(H → µτ ) < 1.51% which is above the expected 
limit due to an excess of the observed number of events above 
the background prediction. The fit can then be used to estimate 
the branching fraction if this excess were to be interpreted as a 
signal. The best fit values for the branching fractions are given 
in Table 7. The limits and best fit branching fractions are also 
summarized graphically in Fig. 4. The combined categories give 
a best fit of B(H → µτ ) = (0.84+0.39

−0.37)%. The combined excess is 
2.4 standard deviations which corresponds to a p-value of 0.010 
at MH = 125 GeV. The observed and expected Mcol distributions 
combined for all channels and categories are shown in Fig. 5. The 
distributions are weighted in each channel and category by the 
S/(S +B) ratio, where S and B are respectively the signal and back-
ground yields corresponding to the result of the global fit. The 
values for S and B are obtained in the 100 < Mcol < 150 GeV re-
gion.

8. Limits on lepton-flavour-violating couplings

The constraint on B(H → µτ ) can be interpreted in terms of 
LFV Yukawa couplings [4]. The LFV decays H → eµ, eτ , µτ arise 
at tree level from the assumed flavour-violating Yukawa interac-
tions, Yℓαℓβ where ℓα, ℓβ denote the leptons, ℓα, ℓβ = e, µ, τ and 
ℓα ≠ ℓβ . The decay width &(H → ℓαℓβ) in terms of the Yukawa 
couplings is given by:

&(H → ℓαℓβ) = mH

8π

(
|Yℓβℓα |2 + |Yℓαℓβ |2

)
,

and the branching fraction by:

B(H → ℓαℓβ) = &(H → ℓαℓβ)

&(H → ℓαℓβ) + &S M
.

The SM H decay width is assumed to be &SM = 4.1 MeV [66] for 
MH = 125 GeV. The 95% CL constraint on the Yukawa couplings de-

Table 7
The expected upper limits, observed upper limits and best fit values for the branch-
ing fractions for different jet categories for the H → µτ process. The one standard-
deviation probability intervals around the expected limits are shown in parentheses.

0-Jet 
(%)

1-Jet 
(%)

2-Jet
(%)

Expected Limits
µτe <1.32 (± 0.67) <1.66 (± 0.85) <3.77 (± 1.92)
µτh <2.34 (± 1.19) <2.07 (± 1.06) <2.31 (± 1.18)

µτ <0.75 (± 0.38 )

Observed limits
µτe <2.04 <2.38 <3.84
µτh <2.61 <2.22 <3.68

µτ <1.51

Best fit branching fractions
µτe 0.87+0.66

−0.62 0.81+0.85
−0.78 0.05+1.58

−0.97

µτh 0.41+1.20
−1.22 0.21+1.03

−1.09 1.48+1.16
−0.93

µτ 0.84+0.39
−0.37

rived from B(H → µτ ) < 1.51% and the expression for the branch-
ing fraction above is:
√

|Yµτ |2 + |Yτµ|2 < 3.6 × 10−3.

Fig. 6 compares this result to the constraints from previous indirect 
measurements.

9. Summary

The first direct search for lepton-flavour-violating decays of a 
Higgs boson to a µ–τ pair, based on the full 8 TeV data set col-
lected by CMS in 2012 is presented. It improves upon previously 
published indirect limits [4,26] by an order of magnitude. A slight 
excess of events with a significance of 2.4 σ is observed, corre-
sponding to a p-value of 0.010. The best fit branching fraction is 
B(H → µτ ) = (0.84+0.39

−0.37)%. A constraint of B(H → µτ ) < 1.51%
at 95% confidence level is set. The limit is used to constrain the 
Yukawa couplings, 

√
|Yµτ |2 + |Yτµ|2 < 3.6 × 10−3. It improves the 

current bound by an order of magnitude.
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LFV Higgs decays
•CMS update with 36 fb–1 and BDT discr. 

• excludes BF of best fit for 2.4σ excess 

•New limits 
• B(H → μτ) <  1.43% (1.03%)         0.25% (0.25%) 
• Β(Η → eτ)  <  1.04% (1.21%)          0.61% (0.37%)
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Table 6 Results of the search
for the LFV H → eτ and
H → µτ decays. The limits are
computed under the assumption
that either Br(H → µτ ) = 0 or
Br(H → eτ ) = 0. The expected
and observed 95% confidence
level (CL) upper limits and the
best fit values for the branching
ratios for the individual
categories and their
combination. The µτhad channel
is from Ref. [22]

Channel Category Expected limit (%) Observed limit (%) Best fit Br (%)

SR1 2.81+1.06
−0.79 3.0 0.33+1.48

−1.59

H → eτhad SR2 2.95+1.16
−0.82 2.24 −1.33+1.56

−1.80

Combined 2.07+0.82
−0.58 1.81 −0.47+1.08

−1.18

SRnoJets 1.66+0.72
−0.46 1.45 −0.45+0.89

−0.97

H → eτlep SRwithJets 3.33+1.60
−0.93 3.99 0.74+1.59

−1.62

Combined 1.48+0.60
−0.42 1.36 −0.26+0.79

−0.82

H → eτ Combined 1.21+0.49
−0.34 1.04 −0.34+0.64

−0.66

SR1 1.60+0.64
−0.45 1.55 −0.07+0.81

−0.86

H → µτhad SR2 1.75+0.71
−0.49 3.51 1.94+0.92

−0.89

Combined 1.24+0.50
−0.35 1.85 0.77+0.62

−0.62

SRnoJets 2.03+0.93
−0.57 2.38 0.31+1.06

−0.99

H → µτlep SRwithJets 3.57+1.74
−1.00 2.85 −1.03+1.66

−1.82

Combined 1.73+0.74
−0.49 1.79 0.03+0.88

−0.86

H → µτ Combined 1.01+0.40
−0.29 1.43 0.53+0.51

−0.51
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Fig. 5 Upper limits on LFV decays of the Higgs boson in the H → eτ hypothesis (left) and H → µτ hypothesis (right). The limits are computed
under the assumption that either Br(H → µτ ) = 0 or Br(H → eτ ) = 0. The µτhad channel is from Ref. [22]

Table 7 Summary of the
Z → µτhad event selection
criteria used to define the signal
and control regions (see text)

Cut SR1 SR2 WCR TCR

pT(µ) > 30 GeV > 30 GeV > 30 GeV > 30 GeV

pT(τhad) > 30 GeV > 30 GeV > 30 GeV > 30 GeV

|η(µ) −η(τhad)| < 2 < 2 < 2 < 2

m
µ,Emiss

T
T > 30 and < 75 GeV < 30 GeV > 60 GeV –

m
τhad,Emiss

T
T < 20 GeV < 45 GeV > 40 GeV –

Njet – – – > 1

Nb−jet 0 0 0 > 0
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Figure 4. Distribution of the BDT discriminator for the H → µτ process in the BDT fit analysis,
in the individual channels and categories compared to the signal and background estimation. The
background is normalized to the best fit values from the signal plus background fit while the
simulated signal corresponds to B(H → µτ) = 5%. The bottom panel in each plot shows the
fractional difference between the observed data and the fitted background. The left column of plots
corresponds to the H → µτh categories, from 0-jets (first row) to 2-jets VBF (fourth row). The
right one to their H → µτe counterparts.
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LHC FCNC Summary plots

• Added new ATLAS result that will be released for Top & 
updated a few references.
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all other processes are zero
Each limit assumes that
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Top FCNC
•Flavour changing neutral currents and top quarks 

• suppressed in SM, access to BSM physics in the loops 
• search for t → (γ, g, Ζ, H) + (u, c)
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Top FCNC
•New results for this week 

• t → H(bb7)q    or    t → H(ττ)q 
• full combination of 2015–2016 dataset for t → Hq 

•Results 
• B(t → Hc) < 11 (8.3) x 10–4       and        B (t→Hu) < 12 (8.3) x 10–4
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Figure 14: 95% CL upper limits (a) on the plane of B(t ! Hu) versus B(t ! Hc) and (b) on the plane of |�tuH |
versus |�tcH | for the combination of the searches. The observed limits (solid lines) are compared to the expected
(median) limits under the background-only hypothesis (dotted lines). The surrounding shaded bands correspond to
the 68% and 95% CL intervals around the expected limits, denoted by ±1� and ±2�, respectively.

11 Conclusion745

A search for flavour-changing neutral current decays of a top quark into an up-type quark (q = u, c) and746

the Standard Model Higgs boson, t ! Hq, is presented. The search is based on a dataset of pp collisions747

at
p

s = 13 TeV recorded in 2015 and 2016 with the ATLAS detector at the CERN Large Hadron Collider748

and corresponds to an integrated luminosity of 36.1 fb�1. Two analyses are performed searching for749

tt̄ ! WbHq production, and targeting the H ! bb̄ and H ! ⌧+⌧� decay modes, respectively. The750

tqH(bb̄) search selects events with one isolated light lepton from the W ! `⌫ decay, and multiple jets,751

with several of them being identified with high purity as originating from the hadronisation of b-quarks.752

The tqH(⌧⌧) search selects events with either one or two hadronically decaying ⌧-lepton candidates, as753

well as multiple jets. Both searches employ multivariate techniques to discriminate between the signal754

and the background on the basis of their di�erent kinematics. No significant excess of events above755

the background expectation is found, and 95% CL upper limits on the t ! Hq branching ratios are756

derived. The combination of these searches with ATLAS searches in diphoton and multilepton final states757

significantly improves the sensitivity, yielding observed (expected) 95% CL upper limits on the t ! Hc758

and t ! Hu branching ratios of 1.1 ⇥ 10�3 (8.3 ⇥ 10�4) and 1.2 ⇥ 10�3 (8.3 ⇥ 10�4) respectively. The759

corresponding combined observed (expected) upper limits on the |�tcH | and |�tuH | couplings are 0.064760

(0.055) and 0.064 (0.055) respectively. These are the most restrictive direct bounds on tqH (q = u, c)761

interactions measured so far.762
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Motivation
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Anomalous Couplings 
• Probe Wtb vertex structure 
• SM: Left-Handed vector coupling  
• BSM: RH vector, RH/LH tensor

ttW, ttZ 
• QCD/QED at high mass  
• Probe top coupling to Z  
• Background to ttH

tttt  
• QCD at very high mass 
• High-mass scalars: H/A(tt) 
• Top-Higgs yukawa (yt4)
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Effective Field Theories 
• Comprehensive effort ongoing 

towards constraining EFT 
using the top quark (F. Maltoni) 

• Today: individual constraints 
based on ttW/Z, tttt, FCNC
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Figure 1: Leading-order diagrams for (a) vector-like top quark pair production, and (b) four-top production from
the contact interaction model.

where tR is the right handed top spinor and the �µ are the Dirac matrices. Direct constraints limit any
contact interaction between left-handed top quarks to be too small to be to be observed at the LHC. A
model with two universal extra dimensions under the real projective plane geometry (2UED/RPP) [34] is
also considered. In this model, the compactification of the extra dimensions leads to discretization of the
momenta along their directions. The model is parameterized by the radii R4 and R5 of the extra dimen-
sions or, equivalently, by mKK = 1/R4 and ⇠ = R4/R5. This model predicts the pair production of tier2
(1,1) Kaluza–Klein (KK) excitations of the photon (A(1,1)

µ ) with a leading-order mass of
p

1 + ⇠2 mKK
that decay to tt̄ with an unknown branching fraction, assumed here to be 100%.

Leading-order Feynman diagrams for the production in pp collisions of some of the signals searched for
in this analysis are presented in figure 1.

Previous searches by the ATLAS collaboration using an integrated luminosity of 20.3 fb�1 of pp collisions
at a centre-of-mass energy

p
s = 8 TeV [35], and the CMS collaboration using an integrated luminosity

19.5 fb�1 of pp collisions at
p

s = 8 TeV [36] and 2.3 fb�1 at 13 TeV [37], did not observe a significant
excess of same-sign dilepton production. However, in the ATLAS search, a modest excess was observed,
reaching 2.5 standard deviations in the set of signal regions defined for searching for four-top-quark
production. The ATLAS result was used to set limits at 95% confidence level on various models, including
on VLQ and four-top-quark production. The CMS result was also used to set limits on various models,
including on SM four-top-quark production. The upper limit on the four-top-quark production cross
section, set by CMS, was 49 fb. In separate analyses the CMS collaboration used the same-sign lepton
signature as part of a search for T5/3 quarks [38], ruling out left-handed (right-handed) T5/3 quarks with
mass below 0.94 (0.96) TeV, and as part of a broader search for vector-like T quarks [39], ruling out such
quarks with mass less than 0.69 TeV. Other searches by the ATLAS collaboration using pp collisions atp

s = 8 and 13 TeV [40, 41] with similar final states to those reported here were interpreted in the context
of supersymmetric models. The present analysis uses an analysis strategy that is similar to the

p
s = 8

TeV ATLAS analysis, using a data set recorded at
p

s = 13 TeV with an integrated luminosity of 3.2
fb�1. This allows for a check of the modest excess observed at 8 TeV. Because of the increased cross
sections, the sensitivity of the search was improved from the 8 TeV search, despite the smaller integrated
luminosity of the data set.

2 A tier of the Kaluza–Klein towers is labeled by two integers, corresponding to the two extra dimensions.

3

FCNC 
• Suppressed in SM 

due to GIM mechanism 
• Can be enhanced in BSM

1

1 Introduction

In the standard model (SM), flavour changing neutral currents (FCNC) are forbidden at tree
level and highly suppressed at higher order, resulting in a SM branching fraction for a top
quark decaying into a charm or up quark and a Z boson of the order of 10�14 [1, 2]. Several
extensions of the SM enhance the FCNC branching fractions and can be probed at the LHC
[1]; the new couplings can also provide for flavour changing single top quark production in
association with a Z boson. Previous searches have been performed at the Fermilab Tevatron
by the CDF [3] and D0 [4] collaborations, and at the LHC by the ATLAS [5, 6] and CMS [7–9]
collaborations.

The analysis uses proton collision data coming from the 2016 data taking period, corresponding
to an integrated luminosity of 35.9 fb�1 at a centre-of-mass energy of 13 TeV collected by the
CMS detector [10]. The analysis focusses on the experimental search for evidence of a FCNC
vertex (referred to as tZq) with a top quark, a Z boson, and a quark q that is either up or charm.
Such a vertex can lead, for example, to the single top quark production diagrams in Figure 1
(with subprocess q ! tZ) and to top quark pair production with FCNC decay (with subprocess
t ! Zq) as shown in Figure 2. All these diagrams result in a final state with one jet originating
from a b quark (b jet), a W boson, a Z boson, and (in the case of FCNC top quark decay) a jet
originating from the up or charm quark. The present search requires that both W and Z bosons
decay leptonically to final-state electrons or muons, resulting in three leptons in the final state.

Figure 1: Single top quark event Feynman diagrams at leading order. The vertex labelled tZq
is the sought-for FCNC interaction.

Figure 2: Top quark pair Feynman diagram at leading order. The vertex labelled tZq is the
sought-for FCNC interaction.

Background SM processes that may result in reconstructed final states mimicking such signals
include direct WZ production in association with jets; Drell–Yan (DY) dilepton production in
association with jets; tt̄Z; tt̄W; and single top quark production with a Z boson radiated from a
flavour-conserving tt̄Z vertex, referred to as SM tZq.

As an aid in classifying events as signal or background, two multivariate discriminants based
on Boosted Decision Trees (BDT) are employed, one targeting the single top quark production
signal and, the other the top quark decay signal. The levels of backgrounds are estimated with

SM tttt
• σtttt,SM ≈ 10-5 x σtt,SM @ 13 TeV
• Sensitive to new physics (e.g. high 

mass scalars), top Yukawa coupling
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Vector-like quarks
•Vector-like partners of 3rd generation quarks 

• color-triplet spin-1/2 
• couple preferentially to 3rd generation  

•New combination of all channels 
• decays of T(+2/3), B(-1/3) to W, Z, H bosons 

•Singlet exclusion limits 
• mT  < 1.31 TeV  
• mB  < 1.22 TeV 

•Weak isospin (T, B) doublet 
• mT  and mB  < 1.37 TeV excluded

!36
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Figure 3: Observed (solid line) and expected (dashed line) 95% CL upper limits on the BB̄ cross-section versus
mass for the combination and the standalone analyses in black and colored lines, respectively. The (a) singlet and
(b) (T, B) doublet scenarios [8] are displayed. The shaded bands correspond to ±1 and ±2 standard deviations
around the combined expected limit. The rapidly falling thin red line and band show the theory prediction and
corresponding uncertainty [13], respectively.
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Figure 5. Expected and observed exclusion limits at 95% confidence level on the Yukawa coupling
λ at the LQ-lepton-quark vertex, as a function of the LQ mass. A unit branching fraction β of
the LQ to a τ lepton and a bottom quark is assumed. The orange vertical line indicates the limit
obtained from a search for pair-produced LQs decaying to ℓτhbb [37]. The left-hand side of the
dotted (solid) line shows the expected (observed) exclusion region for the present analysis. The gray
band shows ±1 standard deviations of the expected exclusion limit. The region with diagonal blue
shading shows the parameter space preferred by one of the models proposed to explain anomalies
observed in B physics [36].

λ = 1, third-generation scalar leptoquarks with mass below 740GeV are excluded at 95%

confidence level. Mass limits are also placed as a function of λ. For values of λ > 1.4, the

mass limit obtained by this analysis exceeds that of the search considering pair production

and provides the best upper limit. For λ = 2.5, leptoquarks are excluded in the mass range

up to 1050GeV. This is the first time that limits have been presented in the λ versus mass

plane, allowing the results to be considered in the preferred parameter space of models that

invoke third-generation leptoquarks to explain anomalies observed in B hadron decays.

These results thus demonstrate the important potential of single leptoquark production

studies to complement pair production constraints on such models, as additional data

become available.
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•Rescue of leptoquarks? 
• Could preferentially couple to 3rd 

generation leptons and quarks 
• final states with t, b, τ, ν 

•Recent results 
• LQ LQ → ℓτjj 
• single LQ → ℓτ(τ)b   

Implications of B-anomalies (I)
•RD(*) and RK(*) anomalies 

• challenging Lepton Flavour Universality
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Figure 6: Top: Expected and observed 95% CL limits on the gauge coupling strength g as
a function of m(Z0). The dashed black curve is the expected upper limit, with one and two
standard-deviation bands shown in green and yellow, respectively. The solid black curve is the
observed upper limit. The B(Z0 ! µµ) = 1/3 is used to derive the upper limits. The hatched
area shows the region where the narrow width approximation is no longer valid. Bottom:
comparison with other experiments sensitive to the same parameter space, with shaded regions
being excluded as described in the text. These three constraints are adapted from Ref. [11].
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Implications of B-anomalies (II)
•Search for Z’ boson below the Z mass 

• can result from additional U(1)’ symmetry (here: Lμ  – Lτ) 
• search for Z’ → μμ within Ζ → 4μ
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Figure 1: Leading-order Feynman diagrams for the signal process (left) and the dominant back-
ground process (right).

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated parti-
cles with transverve momentum pT between 1 and 10 GeV and |h| < 1.4, the track resolutions
are typically 1.5% in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact param-
eter [21]. Muons are measured in the pseudorapidity range |h| < 2.4, with detection planes
made using three technologies: drift tubes, cathode strip chambers, and resistive plate cham-
bers. Matching muons to tracks measured in the silicon tracker results in a relative transverse
momentum resolution for muons with 20 < pT < 100 GeV of 1.3–2.0% in the barrel (|h| < 0.9)
and better than 6% in the endcaps (|h| > 0.9).

The first level of the CMS trigger system [22], composed of custom hardware processors, uses
information from the calorimeters and muon detectors to select the most interesting events
in a fixed time interval of less than 4 µs. The high-level trigger (HLT) processor farm further
decreases the event rate from around 100 kHz to less than 1 kHz, before data storage.

3 Data and simulated samples

This analysis makes use of pp collision data recorded by the CMS detector in 2016 and 2017,
corresponding to an integrated luminosity of 77.3 fb�1. Collision events are selected by high-
level trigger algorithms that require the presence of one, two, or three muons passing loose
identification and isolation requirements. The overall trigger efficiency for simulated signal
events that pass the full selection chain of this analysis (described in Section 4) is larger than
99%. The trigger efficiency is measured in data with a method based on the “tag-and-probe”
technique [23] using a sample of 4µ events collected by the single-muon triggers. Muons pass-
ing the single-muon triggers are used as tags and the other three muons are used as probes.
The efficiency in data is found to be in agreement with the expectation from simulation.

Monte Carlo simulation samples for the Z0 signal and for the background coming from the
production of Z ! g⇤µµ ! 4µ via qq annihilation or gluon fusion are used to estimate back-
ground rate, optimize the event selection, and evaluate the acceptance and systematic uncer-
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Figure 4: Distributions of the reconstructed m(Z0
1) and m(Z0

2) observables and a comparison to
the predicted qq/gg ! 4µ background. The variable bin width has been chosen according to
the expected mass resolution. The blue histogram represents the expected SM 4µ background
distributions and the gray band shows the systematic uncertainty in its prediction. For illustra-
tion, three Z0 signal hypotheses with different masses and coupling strengths are also shown
by colored lines.

Upper limits are also derived on the gauge coupling strength g and compared to other exper-
imental constraints, shown in Fig. 6. These limits assume the B(Z0 ! µµ) is equal to 1/3 as
in the minimal Lµ � Lt model with equal left- and right-handed coupling strengths, and the
additional constraints are adapted from Ref. [11]. The mass of the dark matter candidate in
the model from Ref. [11] is assumed to be much larger than the largest Z0 mass considered
and the gauge coupling strengths to other particles, such as b- and s-quarks, are taken to be
much smaller than the coupling strength to leptons so that B(Z0 ! µµ) is constant. The nat-
ural width of the Z0 is also assumed to be less than the detector resolution, which is a valid
approximation in the minimal Lµ � Lt model when g2/4p < 0.01. The shaded yellow region
shows constraints derived in Ref. [11] from the ATLAS B(Z ! 4µ) measurement at

p
s = 7 and

8 TeV [18]. The shaded red region is excluded by the measurement of the so-called neutrino tri-
dent cross section by the CCFR Collaboration [62, 63]. The green region is excluded by a global
analysis of Bs mixing measurements performed in Ref. [11]. The region in between those two
constraints and for m(Z0) > 10 GeV is a candidate region to explain the LHCb B decay anoma-
lies. It is important to note that in order to explain these anomalies, additional assumptions
on the couplings of the Z0 boson to b- and s-quarks are required, and the constraints from Bs
mixing measurements are therefore not generally applicable to the minimal Lµ � Lt model. It
can be seen that this search is able to exclude a significant portion of the previously allowed
parameter space.

8 Summary

The first dedicated search at the LHC for a Z0 gauge boson resulting from an Lµ � Lt U(1)
local gauge symmetry has been presented. Events containing four muons with an invariant
mass near the standard model Z boson mass are analyzed, and the selection is further opti-
mized to be sensitive to the events that may contain Z ! Z0µµ ! 4µ decays. A data sample
of proton-proton collisions at a center-of-mass energy of 13 TeV is used, corresponding to an

135th LHCC open session - 12th Sept. 2018
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9 Results

The full BDT shape is used as input for a binned maximum-likelihood fit used to test for the presence
of signal events. The fit is performed using the profile likelihood technique [71], where systematic
uncertainties are encoded as nuisance parameters and are allowed to vary in the fit according to log-
normal (for normalisation uncertainties) or Gaussian (for shape uncertainties) probability density penalty
functions. For each systematic uncertainty, the components (shape or normalisation) corresponding to a
negligible (<0.1%) background variation are dropped.

The data is found to be compatible with the absence of the signal. A background-only fit has been
performed on data and is displayed in Figures 3 and 4 and in Table 3. The fit constrains the uncertainties
on the background pulling slightly up the non-prompt background, decreasing the W Z yield by 20 % and
increasing the Z Z yield by 20 %. The amount of data in the last two bins of the BDT distribution is
slightly larger than the prediction (by a factor 1.2 – 1.4 prior to the background-only fit), well within the
uncertainties (0.90� significance).
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Figure 3: (a) BDT discriminant distribution before the fit (pre-fit) with the signal including and excluding ⌧ leptons
(Signal ⌧-veto) in the cLFV vertex overlaid. The signals are normalised according to Equation (2), with branching
ratios B(t ! `±`0⌥q) = 3 ⇥ 10�4 and B(t ! eµq) = 1 ⇥ 10�4. All sources of systematic uncertainty (described in
Section 8) are included. (b) BDT discriminant distribution after a background-only fit (post-fit). Data (black points)
are compared to the sum of backgrounds in the upper panel, while the ratio is shown in the lower panel.
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•Search for LFV in top quark decays 
• LFV probed in decays of μ, τ, B, Z, H … 
• never searched for in top quarks 
• indirect limit B(t → eμq) < 10–3

!39

B(t ! ``0q) = 3⇥ 10�4

B(t ! eµq) = 1⇥ 10�4

•First top result with 2017 data 
• Data compatible with absence of signal 
• B(t → ℓℓ’q) < 1.9 (1.4) x 10–5 

• B(t → eμq) < 6.6 (4.8) x 10–6 

•New search: tt ̄→ (ℓℓ’q)(ℓνb) 
• ℓ={e,μ}, q={u,c} 
• SR: eeμ, eμμ, Z boson veto 
• BDT trained → shape fit

ATLAS-CONF-2018-044

Davidson et al. ’15 

Implications of B-anomalies (III)

135th LHCC open session - 12th Sept. 2018
            

HIGGS PRODUCTION AND COUPLINGS �11

ATLAS-CONF-2018-031

Observed major Higgs production modes

H→ZZ      
H→WW  

Coupling measurements

ATLAS-CONF-2018-031

ATLAS-CONF-2018-018  
arXiv:1808.09054

Interaction with gauge bosons

Interaction with fermions
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Interpretation of top physics results
•Precision measurements and explicit models 

• e.g. asymmetries

!41

CKM 2014
Kevin Kröninger ATLAS-D Physics Meeting (04. – 07.09.2018) 2

Motivation
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Gena Kukartsev 19 of 46Searches for New Physics in Top Production at the LHC

Atlas: Heavy Down-type Quark (SS)
JHEP 1204 (2012) 069, arXiv:1202.5520

Atlas, 7 TeV, 1.04 fb-1

b'b'  tW→ tW

Two same-sign leptons

Mass limit 450 GeV

ATLAS, 7 TeV, 1.04 fb-1

CKM 2012
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Interpretation of top physics results
•Extracting limits on anomalous couplings 

• e.g. Wtb

!42

CKM 2016

8 6 Search for Anomalous Contributions to the Wtb Vertex

6 Search for Anomalous Contributions to the Wtb Vertex
6.1 Anomalous Wtb vertex structure modelling

The single top quark t-channel is sensitive to the possible deviations from the SM predictions
in the structure of the Wtb vertex. The most general, lowest dimension, CP conserving La-
grangian for the Wtb vertex has the following form [38, 39]:

L = �
g
p

2
b̄gµ

⇣
f L
V PL + f R

V PR

⌘
tW�

µ �
g
p

2
b̄

isµn∂nW�
µ

MW

⇣
f L
T PL + f R

T PR

⌘
t + h.c. (1)

where PL,R = 1⌥g5
2 , sµn = i

2 (gµgn � gngµ); form factor f L
V ( f R

V ) represents left (right) vector
coupling, f L

T ( f R
T ) represents left (right) tensor coupling. The SM has the following set of cou-

pling values: f L
V = Vtb, f R

V = f L
T = f R

T = 0, where Vtb is the CKM-matrix element. The same
analysis scheme as in Ref. [40, 41] is used to look for possible deviations from SM: two of the
four couplings are considered simultaneously (where one is always the left-vector coupling)
and, accordingly, there are three scenarios: ( f L

V , f R
V ), ( f L

V , f L
T ) and ( f L

V , f R
T ). For each scenario

the other two couplings are set to zero. The third scenario where the left vector and right tensor
operators are both in the Wtb vertex is not considered in this study.

The kinematics and angular distributions significantly change in the presence of anomalous
Wtb couplings, both in the production and in the decay of the top quark. Therefore it is impor-
tant to correctly model the kinematics of the processes with anomalous couplings in the Wtb
vertex. The anomalous Wtb couplings modelling is briefly described below. The technique is
similar for both scenarios and is described here only for the ( f L

V , f R
V ) scenario.

For the ( f L
V , f R

V ) scenario, single top quark t-channel production cross-section is described by
the expression:

s =
⇣
( f L

V)
2Ap + ( f R

V )
2Bp

⌘
Br(t ! l, n, b) (2)

and the branching fraction is of the following form: Br(t ! l, n, b) =
�
( f L

V)
2Ad + ( f R

V )
2Bd

�
/wtot,

where Ap, Bp (Ad, Bd) are some kinematic functions in the top quark production (decay) and w
is the width of top quark. Thus the full expression for the cross-section is the following:

s( f L
V , f R

V ) = m(1000) + n(arti f icial) + k(0100) (3)

where m =
�

f L
V
�4

· w1000/wtot, n =
�

f L
V
�2 � f R

V
�2

· wart�0100/wtot, k =
�

f R
V
�4

· w0100/wtot. The
notation (1000), (artificial), (0100) corresponds to the kinematic terms factorized with the cou-
pling value. The event samples which corresponds to the kinematic terms are simulated in
CompHEP. The numbers in (1000), (0100) and (0010) notations are the coupling values in the
order ( f L

V , f R
V , f L

T , f R
T ). For example, the SM sample corresponds to f L

V = Vtb ⇡ 1, f R
V = 0 values

of the parameters and (1000) notation. The (artificial) event sample is simulated with the left
vector coupling in the production and the right vector coupling in the decay of the top quark
and vice versa. The full width as a function of f L

V , f R
V , f L

T , f R
T is given by [42]. All signal samples

are simulated at the NLO precision with the technique from Ref. [11]

6.2 Exclusion limits on anomalous couplings

Following the strategy described in Sec. 4 in addition to the SM BNN, aWtb BNN is trained to
distinguish the possible right vector structure and left vector structure in the t-channel single
top quark events. The set of variables chosen for the BNN aWtb ( f L

V , f R
V ) is presented in Ta-

ble 3. Fig. 5 shows the agreement between the data and simulation. The SM and aWtb BNN

12 8 Conclusion

Figure 6: Exclusion limits in two-dimensions on ( f L
V , f R

V )-couplings at 68% and 95% C.L. for
the observed and expected limits.
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Effective Field Theory interpretation
•No direct evidence for NP 

• add all “possible” operators to SM Lagrangian 
• respect SM symmetries (results in d > 4) 

•

!43
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The idea of an EFT fit
Building an EFT
• Add all “possible” operators to SM Lagrangian
• Respect SM symmetries (results in d>4)
• Lowest order for top-quark physics is d=6

ℒ = ℒ𝑆𝑀 +
𝑑

𝐶𝑖
𝑑

Λ𝑑−4 𝑂𝑖
𝑑 + ℎ. 𝑐.

Effective Lagrangian

SM Lagrangian
(complex)

Wilson coefficient Dimension

New-physics scale Operator
CERN-LPCC-2018-01
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Constraining new physics with EFT
•Example 

• dσ/dΔφ  
• constrain top chromo-

magnetic dipole moment 
• -0.06 < CtG/Λ2 < 0.41 

•Global fits: EFTFitter 
• combination 
• include correlations 
• consistent treatment of backgnd
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The idea of an EFT fit
Impact on observables
• Example: Single-top t-channel cross section at 8 TeV (with C real)

σ = σ𝑆𝑀 +
𝐶𝜑𝑄
Λ2 σ𝜑𝑄 +

𝐶𝑡𝑊
Λ2 σ𝑡𝑊 +

𝐶𝜑𝑄2

Λ4 σ𝜑𝑄
2 +

𝐶𝑡𝑊2

Λ4 σ𝑡𝑊
2 +

𝐶𝜑𝑄𝐶𝑡𝑊
Λ4 σ𝜑𝑄σ𝑡𝑊

σt 8TeV
Kevin Kröninger ATLAS-D Physics Meeting (04. – 07.09.2018) 11

Towards a global fit
Strategy for a global fit
• Collect all relevant experimental measurements and interpret

in terms of an EFT
• Motivation:

• Maximize sensitivity
• Include correlations among processes and uncertainties
• Consistent treatment of background processes

t-channel x-sec
at 8 TeV

+ total x-sec at 7  
and 13 TeV

+ differential x-sec
+ W-helicity

+ 7 TeV + 13 TeV + differential + W helicity 

C. Grunwald

Castro et al. ‘16
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Conclusion
•New first time results 

• observation of Yukawa coupling with third generation: t, b, τ 

•What’s next 
• Run-2 data doubles/quadruplicates  
• improved couplings, FCNC/LFV test and BSM sensitivity 
• only < 3% of the final LHC data analysed → much more to come! 

•Future directions 
• HE-LHC @ 27 TeV 
• FCC-hh @ 100 TeV 
• more options on the horizon: CEPC, CLIC, ILC, FCC-xx, …
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Higgs and tau leptons
• All τ leptonic and hadronic decay modes considered 
• now observed in each experiment separately 
• main discriminant: mττ, crucial to distinguish H→ ττ and Z→ ττ
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Measurement of H → ττ 
• All τ leptonic and hadronic decay modes considered (τlep τlep, τlep τhad, τhad τhad) 

• Categories target VBF production and Gluon Fusion in the “boosted” regime. 

• Main discriminant variables: mττ,  crucial to distinguish H → ττ from large Z → ττ background

[Phys. Lett. B 779 (2018) 283]

CMS (6 of 9 categories) ATLAS (1 of 13 categories)

• Normalization of Z → ττ  
estimated from data,  
shapes from (corrected)  
simulation.

• Observation of H → ττ by  
each experiment alone!

• CMS: recent analysis of  
VH, H → ττ [CMS-PAS-HIG-18-007]

ATLASCMS

Significance: 6.4σ (5.4σ) observed (exp.) 

1.09+0.18
�0.17(stat)

+0.27
�0.22(syst)

+0.16
�0.11(th)1.09+0.15

�0.15(stat)
+0.16
�0.15(syst)

+0.10
�0.08(th)

+0.13
�0.12(MCstat)

Significance: 5.9σ (5.9σ) observed (exp.) 

[ATLAS-CONF-2018-021]

*
* *

*Run-1+Run-2

µ⌧⌧

Z. Zinonos

A. Mohammadi

 19 Giacinto Piacquadio - ICHEP 2018

CMS PLB 779 (2018) 283
ATLAS-CONF-2018-021
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Higgs and muons
•H→ μμ 

• events with two isolated OS muons, pT(μ1) 
> 25 GeV 

• categories according to ημ , pT(μ) and BDT 
enhancing VBF  

• fit to mμμ distribution in each category 
• background from sidebands using analytic 

function 

•Getting close to SM sensitivity!

!48

ATLAS-CONF-2018-026CMS PAS HIG-17-019

H → μμ
• Events with two isolated opposite-sign muons selected, triggered by leading muon (pT>~25 GeV)

• Categorization based on muon centrality (η), [pTμμ], and BDT that enhances VBF contribution

VBF Higgs

• Fit to mμμ  
distribution  
in each category

• Background  
determined  
from  
sidebands 
using analytic  
function

Drell-Yan Z  
background

ATLAS (80fb-1)CMS (36fb-1)

• Both experiments getting close to SM sensitivity!

µµµ

µµµ < 2.6 (2.1 exp) µµµ < 2.1 (2.0 exp)95% CL

NEW

[ATLAS-CONF-2018-026]

[CMS-PAS-HIG-17-019]

H. Li

R. Gerosa
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ttH̄ evidence and observation 
•Run-1 7 and 8 TeV 

• ATLAS 2.7σ (1.6σ exp.)    
• CMS    3.6σ (1.3σ exp.) 

•Run-2 13 TeV 36/fb (2015-16) 
• ATLAS 4.2σ (3.8σ exp.)  
• CMS     3.2σ (2.8σ exp.) 

•Run-2 13 TeV up to 80/fb (2015-17) 
• ATLAS 5.8σ (4.9σ exp.) 

•Combination Run-1 + Run-2 
• ATLAS 6.3σ (5.1σ exp.)  
• CMS     5.2σ (4.2σ exp.)
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