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Incredible prediction power of SM…

2Working well for >15th order of magnitude…



Scalability of SM

3Working all fine up to ~10 TeV



What’s not satisfactory?

• Theoretical calculations agree well with data in general.

➡ There are still many unexplainable facts.

✓ Need to avoid high-level of fine tuning. 
→


✓ Existence of dark matter.

✓ No unification of the forces.
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Figure 6.8: Two-loop renormaliza-
tion group evolution of the inverse
gauge couplings α−1

a (Q) in the Stan-
dard Model (dashed lines) and the
MSSM (solid lines). In the MSSM
case, the sparticle masses are treated
as a common threshold varied be-
tween 500 GeV and 1.5 TeV, and
α3(mZ) is varied between 0.117 and
0.121.
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This unification is of course not perfect; α3 tends to be slightly smaller than the common value of
α1(MU ) = α2(MU ) at the point where they meet, which is often taken to be the definition of MU .
However, this small difference can easily be ascribed to threshold corrections due to whatever new
particles exist near MU . Note that MU decreases slightly as the superpartner masses are raised. While
the apparent approximate unification of gauge couplings at MU might be just an accident, it may also
be taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

6.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ϵ. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ϵ, but can be multiplied by factors
up to 1/ϵn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
corrections involving the finite parts of one-loop graphs and by the divergent parts of two-loop graphs.
Instead, one may use the slightly different scheme known as regularization by dimensional reduction,
or DRED, which does respect supersymmetry [109]. In the DRED method, all momentum integrals
are still performed in d = 4 − 2ϵ dimensions, but the vector index µ on the gauge boson fields Aa

µ

now runs over all 4 dimensions to maintain the match with the gaugino degrees of freedom. Running
couplings are then renormalized using DRED with modified minimal subtraction (DR) rather than
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• Theoretical calculations agree well with data in general.

➡ There are still many unexplainable facts.

✓ Need to avoid high-level of fine tuning. 
→


✓ Existence of dark matter.

✓ No unification of the forces.

What’s not satisfactory?
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Figure 6.8: Two-loop renormaliza-
tion group evolution of the inverse
gauge couplings α−1

a (Q) in the Stan-
dard Model (dashed lines) and the
MSSM (solid lines). In the MSSM
case, the sparticle masses are treated
as a common threshold varied be-
tween 500 GeV and 1.5 TeV, and
α3(mZ) is varied between 0.117 and
0.121.
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This unification is of course not perfect; α3 tends to be slightly smaller than the common value of
α1(MU ) = α2(MU ) at the point where they meet, which is often taken to be the definition of MU .
However, this small difference can easily be ascribed to threshold corrections due to whatever new
particles exist near MU . Note that MU decreases slightly as the superpartner masses are raised. While
the apparent approximate unification of gauge couplings at MU might be just an accident, it may also
be taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

6.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ϵ. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ϵ, but can be multiplied by factors
up to 1/ϵn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
corrections involving the finite parts of one-loop graphs and by the divergent parts of two-loop graphs.
Instead, one may use the slightly different scheme known as regularization by dimensional reduction,
or DRED, which does respect supersymmetry [109]. In the DRED method, all momentum integrals
are still performed in d = 4 − 2ϵ dimensions, but the vector index µ on the gauge boson fields Aa
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now runs over all 4 dimensions to maintain the match with the gaugino degrees of freedom. Running
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CHAPTER 1. INTRODUCTION 2

Table 1.1: Summary of the mass of quarks.

Generation Name Mass

1
up (u) 1.7-3.3 MeV

down (d) 4.1-5.8 MeV

2
charm (c) 1.18-1.34 GeV

strange (s) 70-120 MeV

3
top (t) 172.0 ± 0.9 ± 1.3 GeV

bottom (b) 4.19+0.18
−0.06 GeV

we describe the fine tuning problem and the supersymmetric particle characteristics which are
thought to be largely affected by the top quark.

Fine tuning problem

The recently discovered Higgs boson has a mass around 125 GeV [1, 2]. This fact points out
that there is an unnatural fine tuning to make the mass of the Higgs boson being around the
electroweak scale, O(100 GeV). Below, we will explain the fine tuning of the Higgs mass.

The physical (or observed) mass of the Higgs boson receives higher order contributions.
When the original mass is written as m, the physical mass, mphys, can be written with a
higher order correction from fermions (δmfermion), gauge bosons (δmgauge) and the Higgs boson
(δmHiggs) as

m2
phys = m2 + δm2

fermion + δm2
gauge + δm2

Higgs. (1.1)

The contribution from fermions with one-loop diagram (e.g. Figure 1.1) can be written as

δm2
fermion = −

!

all fermions

1
8π2

Y 2
f Λ2, (1.2)

where Yf is the Yukawa coupling constant for each fermion, and Λ is the cut-off scale for the

H0

f

f̄

H0

Figure 1.1: The Feynman diagram of fermion one-loop contribution to the Higgs boson.

higher order correction typically set as the Plank scale or the GUT scale, O(1015-19 GeV). As

What we can do at LHC. 
- Finding deviations from SM predictions. 

(Probes: Higgs, Top, Di-boson etc.) 
-Can access to heavier particles.



Standard Model physics
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Electroweak Z production

• Searching for Zjj production @ 13 TeV (3.2/fb)

➡ Sensitive to aTGC (no interpretation included in paper…).


• Large mis-modelling observed at a high Mjj region.

➡ Same feature seen in all available MC samples.


• Cross section matches with NLO prediction.

➡ Leading uncertainty by signal modelling.

7
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Fig. 4. (a) Comparison in the EW-enriched region of the sum of EW-Z j j and m jj -reweighted QCD-Z j j templates to the data (minus the non-Z j j backgrounds). The normal-
isation of the templates is adjusted to the results of the fit (see text for details). The EW-Z j j MC sample comes from the Powheg event generator and the QCD-Z j j MC 
sample comes from the Alpgen event generator. (b) The ratio of the sum of the EW-Z j j and m jj -reweighted QCD-Z j j templates to the background-subtracted data in the 
EW-enriched region, for three different QCD-Z j j MC predictions. The normalisation of the templates is adjusted to the results of the fit. Error bars represent the statistical 
uncertainties in the data and combined QCD-Z j j plus EW-Z j j MC samples added in quadrature. The hatched band represents experimental systematic uncertainties in the 
m jj distribution.

Table 4
Systematic uncertainties contributing to the measurement of the EW-Z j j cross-sections for m jj > 250 GeV and 
m jj > 1 TeV. Uncertainties are grouped into EW-Z j j signal modelling, QCD-Z j j background modelling, QCD-EW 
interference, non-Z j j backgrounds, and experimental sources.

Source Relative systematic uncertainty [%]

σ
m jj>250 GeV
EW σ

m jj>1 TeV
EW

EW-Z jj signal modelling (QCD scales, PDF and UEPS) ± 7.4 ± 1.7
EW-Z jj template statistical uncertainty ± 0.5 ± 0.04

EW-Z jj contamination in QCD-enriched region −0.1 −0.2
QCD-Z jj modelling (m jj shape constraint / third-jet veto) ± 11 ± 11
Stat. uncertainty in QCD control region constraint ± 6.2 ± 6.4
QCD-Z jj signal modelling (QCD scales, PDF and UEPS) ± 4.5 ± 6.5
QCD-Z jj template statistical uncertainty ± 2.5 ± 3.5

QCD-EW interference ± 1.3 ± 1.5

t̄t and single-top background modelling ± 1.0 ± 1.2
Diboson background modelling ± 0.1 ± 0.1

Jet energy resolution ± 2.3 ± 1.1
Jet energy scale +5.3/−4.1 +3.5/−4.2
Lepton identification, momentum scale, trigger, pile-up +1.3/−2.5 +3.2/−1.5
Luminosity ± 2.1 ± 2.1

Total ± 17 ± 16

compared to the average of the two, taken as the central value. Un-
certainties in the EW-Z j j templates due to variations of the QCD 
scales, of the PDFs, and of the UEPS model are also included as are 
statistical uncertainties in the templates themselves.

Following the extraction of the EW-Z j j cross-section in the EW-
enriched regions, the normalisations of the EW-Z j j MC samples are 
modified to agree with the measurements and the potential EW 
contamination of the QCD-enriched region is recalculated, which 
leads to a modification of the QCD-Z j j correction factors. The 
EW-Z j j cross-section measurement is repeated with these mod-
ified QCD-Z j j templates and the change in the resultant cross-
sections is assigned as a systematic uncertainty associated with 
the EW-Z j j contamination of the QCD-enriched region.

As discussed in Section 6.1, the use of a QCD-enriched region 
provides a way to correct for QCD-Z j j modelling issues and also 
constrains theoretical and experimental uncertainties associated 
with observables constructed from the two leading jets. Neverthe-

less, the largest contribution to the total uncertainty arises from 
modelling uncertainties associated with propagation of the m jj
correction factors for QCD-Z j j in the QCD-enriched region into the 
EW-enriched region, and these correction factors depend on the 
modelling of the additional jet activity in the QCD-Z j j MC samples 
used in the measurement. The uncertainty is assessed by repeat-
ing the EW-Z j j cross-section measurement with m jj -reweighted 
QCD-Z j j MC templates from Alpgen, MG5_aMC, and Sherpa, and 
assigning the variation of the measured cross-sections from the 
central EW-Z j j result as a systematic uncertainty. Statistical un-
certainties from data and simulation in the m jj correction factors 
derived in the QCD-enriched region are also propagated through 
to the measured EW-Z j j cross-section as a systematic uncertainty. 
Uncertainties associated with QCD renormalisation and factori-
sation scales, PDF error sets, and UEPS modelling are assessed 
by studying the change in the extracted EW-Z j j cross-sections 
when repeating the measurement procedure, including rederiving 
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Fig. 1. Examples of leading-order Feynman diagrams for the two production mech-
anisms for a leptonically decaying Z boson and at least two jets (Z j j) in proton–
proton collisions: (a) QCD radiation from the incoming partons (QCD-Z j j) and 
(b) t-channel exchange of an EW gauge boson (EW-Z j j).

to be studied. The increased 
√

s allows exploration of higher dijet 
masses, where the EW-Z j j contribution to the total Z j j rate be-
comes more pronounced.

2. ATLAS detector

The ATLAS detector is described in detail in Refs. [7,8]. It con-
sists of an inner detector for tracking, surrounded by a thin super-
conducting solenoid, electromagnetic and hadronic calorimeters, 
and a muon spectrometer incorporating three large superconduct-
ing toroidal magnet systems. The inner detector is immersed in a 
2 T axial magnetic field and provides charged-particle tracking in 
the range |η| < 2.5.

The calorimeters cover the pseudorapidity range |η| < 4.9. 
Electromagnetic calorimetry is provided by barrel and end-cap 
lead/liquid-argon (LAr) calorimeters in the region |η| < 3.2. Within 
|η| < 2.47 the calorimeter is finely segmented in the lateral di-
rection of the showers, allowing measurement of the energy 
and position of electrons, and providing electron identification 
in conjunction with the inner detector. Hadronic calorimetry 
is provided by the steel/scintillator-tile calorimeter, segmented 
into three barrel structures within |η| < 1.7, and two hadronic 
end-cap calorimeters. A copper/LAr hadronic calorimeter covers 
the 1.5 < |η| < 3.2 region, and a forward copper/tungsten/LAr 
calorimeter with electromagnetic-shower identification capabilities 
covers the 3.1 < |η| < 4.9 region.

The muon spectrometer comprises separate trigger and high-
precision tracking chambers. The tracking chambers cover the re-
gion |η| < 2.7 with three layers of monitored drift tubes, comple-
mented by cathode strip chambers in part of the forward region, 
where the hit rate is highest. The muon trigger system covers the 
range |η| < 2.4 with resistive plate chambers in the barrel region, 
and thin gap chambers in the end-cap regions.

A two-level trigger system is used to select events of inter-
est [9]. The Level-1 trigger is implemented in hardware and uses 
a subset of the detector information to reduce the event rate to 
around 100 kHz. This is followed by the software-based high-level 
trigger system which reduces the event rate to about 1 kHz.

3. Monte Carlo samples

The production of EW-Z j j events was simulated at next-
to-leading-order (NLO) accuracy in perturbative QCD using the
Powheg-box v1 Monte Carlo (MC) event generator [4,5,10] and, 
alternatively, at leading-order (LO) accuracy in perturbative QCD 
using the Sherpa 2.2.0 event generator [11]. For modelling of the 
parton shower, fragmentation, hadronisation and underlying event 
(UEPS), Powheg-box was interfaced to Pythia 8 [12] with a ded-
icated set of parton-shower-generator parameters (tune) denoted
AZNLO [13] and the CT10 NLO parton distribution function (PDF) 
set [14]. The renormalisation and factorisation scales were set to 

the Z boson mass. Sherpa predictions used the Comix [15] and
OpenLoops [16] matrix element event generators, and the CKKW 
method was used to combine the various final-state topologies 
from the matrix element and match them to the parton shower 
[17]. The matrix elements were merged with the Sherpa parton 
shower [18] using the ME+PS@LO prescription [19,20], and using
Sherpa’s native dynamical scale-setting algorithm to set the renor-
malisation and factorisation scales. Sherpa predictions used the
NNPDF30NNLO PDF set [21].

The production of QCD-Z j j events was simulated using three 
event generators, Sherpa 2.2.1, Alpgen 2.14 [22] and
MadGraph5_aMC@NLO 2.2.2 [23]. Sherpa provides Z + n-parton 
predictions calculated for up to two partons at NLO accuracy and 
up to four partons at LO accuracy in perturbative QCD. Sherpa
predictions used the NNPDF30NLO PDF set together with the tun-
ing of the UEPS parameters developed by the Sherpa authors using 
the ME+PS@NLO prescription [19,20]. Alpgen is an LO event gener-
ator which uses explicit matrix elements for up to five partons and 
was interfaced to Pythia 6.426 [24] using the Perugia2011C tune 
[25] and the CTEQ6L1 PDF set [26]. Only matrix elements for light-
flavour production in Alpgen are included, with heavy-flavour con-
tributions modelled by the parton shower. MadGraph5_aMC@NLO 
2.2.2 (MG5_aMC) uses explicit matrix elements for up to four par-
tons at LO, and was interfaced to Pythia 8 with the A14 tune [27]
and using the NNPDF23LO PDF set [28]. For reconstruction-level 
studies, total Z boson production rates predicted by all three event 
generators used to produce QCD-Z j j predictions are normalised 
using the next-to-next-to-leading-order (NNLO) predictions calcu-
lated with the FEWZ 3.1 program [29–31] using the CT10 NNLO
PDF set [14]. However, when comparing particle-level theoretical 
predictions to detector-corrected measurements, the normalisation 
of quoted predictions is provided by the event generator in ques-
tion rather than an external NNLO prediction.

The production of a pair of EW vector bosons (diboson), where 
one decays leptonically and the other hadronically, or where both 
decay leptonically and are produced in association with two or 
more jets, through W Z or Z Z production with at least one 
Z boson decaying to leptons, was simulated separately using
Sherpa 2.1.1 and the CT10 NLO PDF set.

The largest background to the selected Z j j samples arises from 
tt̄ and single-top (W t) production. These were generated using
Powheg-box v2 and Pythia 6.428 with the Perugia2012 tune [25], 
and normalised using the cross-section calculated at NNLO+NNLL 
(next-to-next-to-leading log) accuracy using the Top++2.0 pro-
gram [32].

All the above MC samples were fully simulated through the
Geant 4 [33] simulation of the ATLAS detector [34]. The effect of 
additional pp interactions (pile-up) in the same or nearby bunch 
crossings was also simulated, using Pythia v8.186 with the A2 tune 
[35] and the MSTW2008LO PDF set [36]. The MC samples were 
reweighted so that the distribution of the average number of pile-
up interactions per bunch crossing matches that observed in data. 
For the data considered in this Letter, the average number of inter-
actions is 13.7.

4. Event preselection

The Z bosons are measured in their dielectron and dimuon de-
cay modes. Candidate events are selected using triggers requiring 
at least one identified electron or muon with transverse momen-
tum thresholds of pT = 24 GeV and 20 GeV respectively, with 
additional isolation requirements imposed in these triggers. At 
higher transverse momenta, the efficiency of selecting candidate 
events is improved through the use of additional electron and 
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Table 3
Measured and predicted inclusive Z j j production cross-sections in the six fiducial regions defined in Table 1. For the measured cross-sections, the 
first uncertainty given is statistical, the second is systematic and the third is due to the luminosity determination. For the predictions, the statistical 
uncertainty is added in quadrature to the systematic uncertainties arising from the PDFs and factorisation and renormalisation scale variations.

Fiducial region Inclusive Z jj cross-sections [pb]

Measured Prediction

value ± stat. ± syst. ± lumi. Sherpa (QCD-Z jj) MG5_aMC (QCD-Z jj) Alpgen (QCD-Z jj)

+Powheg (EW-Z jj) +Powheg (EW-Z jj) +Powheg (EW-Z jj)

Baseline 13.9 ± 0.1 ± 1.1 ± 0.3 13.5± 1.9 15.2 ±2.2 11.7±1.7

High-pT 4.77 ± 0.05 ± 0.27 ± 0.10 4.7± 0.8 5.5 ±0.9 4.2±0.7

EW-enriched 2.77 ± 0.04 ± 0.13 ± 0.06 2.7± 0.2 3.6 ±0.3 2.4±0.2

QCD-enriched 1.34 ± 0.02 ± 0.17 ± 0.03 1.5± 0.4 1.4 ±0.3 1.1±0.3

High-mass 0.30 ± 0.01 ± 0.03 ± 0.01 0.46± 0.11 0.40 ±0.09 0.27±0.06

EW-enriched (m jj > 1 TeV) 0.118 ± 0.008 ± 0.006 ± 0.002 0.156± 0.019 0.185 ±0.023 0.120±0.015

Fig. 2. Detector-level comparisons of the dijet invariant mass distribution between data and simulation in (a) the EW-enriched region and (b) the QCD-enriched region, for the 
dielectron and dimuon channel combined. Uncertainties shown on the data are statistical only. The EW-Z j j simulation sample comes from the Powheg event generator and 
the QCD-Z j j MC sample comes from the Sherpa event generator. The lower panels show the ratio of simulation to data for three QCD-Z j j models, from Alpgen, MG5_aMC, 
and Sherpa. The hatched band centred at unity represents the size of statistical and experimental systematic uncertainties added in quadrature.

that in the EW-enriched region the EW-Z j j component becomes 
prominent at large values of m jj . However, Fig. 2(b) demonstrates 
that the shape of the m jj distribution for QCD-Z j j production is 
poorly modelled in simulation. The same trend is seen for all three 
QCD-Z j j event generators listed in Section 3. Alpgen provides the 
best description of the data over the whole m jj range. In com-
parison, MG5_aMC and Sherpa overestimate the data by 80% and 
120% respectively, for m jj = 2 TeV, well outside the uncertainties 
on these predictions described in Table 3. These discrepancies have 
been observed previously in Z j j [2,48] and Wj j [49–51] produc-
tion at high dijet invariant mass and at high jet rapidities. For the 
purpose of extracting the cross-section for EW-Z j j production, this 
mismodelling of QCD-Z j j is corrected for using a data-driven ap-
proach, as discussed in the following.

6.1. Corrections for mismodelling of QCD-Z j j production and fitting 
procedure

The normalisation of the QCD-Z j j background is extracted from 
a fit of the QCD-Z j j and EW-Z j j m jj simulated distributions to 
the data in the EW-enriched region, after subtraction of non-Z j j
and diboson background, using a log-likelihood maximisation [52]. 
Following the procedure adopted in Ref. [2], the data in the QCD-

enriched region are used to evaluate detector-level shape correc-
tion factors for the QCD-Z j j MC predictions bin-by-bin in m jj . 
These data-to-simulation ratio correction factors are applied to the 
simulation-predicted shape in m jj of the QCD-Z j j contribution in 
the EW-enriched region. This procedure is motivated by two ob-
servations:

(a) the QCD-enriched region and EW-enriched region are designed 
to be kinematically very similar, differing only with regard to 
the presence/absence of jets reconstructed within the rapidity 
interval bounded by the dijet system,

(b) the contribution of EW-Z j j to the region of high m jj is sup-
pressed in the QCD-enriched region (4.4% for m jj > 1 TeV) rel-
ative to that in the EW-enriched region (26.1% for m jj > 1 TeV) 
(also illustrated in Fig. 2); the impact of the residual EW-Z j j
contamination in the QCD-enriched region is assigned as a 
component of the systematic uncertainty in the QCD-Z j j back-
ground.

The shape correction factors in m jj obtained using the three 
different QCD-Z j j MC samples are shown in Fig. 3(a). These are 
derived as the ratio of the data to simulation in bins of m jj af-
ter normalisation of the total yield in simulation to that observed 
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Table 5
Measured and predicted EW-Z j j production cross-sections in the EW-enriched fiducial regions with and 
without an additional kinematic requirement of m jj > 1 TeV. For the measured cross-sections, the first 
uncertainty given is statistical, the second is systematic and the third is due to the luminosity determi-
nation. For the predictions, the quoted uncertainty represents the statistical uncertainty, plus systematic 
uncertainties from the PDFs and factorisation and renormalisation scale variations, all added in quadra-
ture.

Fiducial region EW-Z jj cross-sections [fb]

Measured Powheg+Pythia

EW-enriched, m jj > 250 GeV 119 ± 16 ± 20 ± 2 125.2 ±3.4

EW-enriched, m jj > 1 TeV 34.2 ± 5.8 ± 5.5 ± 0.7 38.5 ±1.5

7. Summary

Fiducial cross-sections for the electroweak production of two 
jets in association with a leptonically decaying Z boson in proton–
proton collisions are measured at a centre-of-mass energy of 
13 TeV, using data corresponding to an integrated luminosity of 
3.2 fb−1 recorded with the ATLAS detector at the Large Hadron 
Collider. The EW-Z j j cross-section is extracted in a fiducial region 
chosen to enhance the EW contribution relative to the dominant 
QCD-Z j j process, which is constrained using a data-driven ap-
proach. The measured fiducial EW cross-section is σ Zjj

EW = 119 ±
16 (stat.)± 20 (syst.)± 2 (lumi.) fb for dijet invariant mass greater 
than 250 GeV, and 34.2 ± 5.8 (stat.) ± 5.5 (syst.) ± 0.7 (lumi.) fb 
for dijet invariant mass greater than 1 TeV. A comparison with pre-
viously published measurements at 

√
s = 8 TeV is presented, with 

measured EW-Z j j cross-sections at 
√

s = 13 TeV found to be 2.2 
(3.2) times as large as those measured at 

√
s = 8 TeV in the low 

(high) dijet mass EW-enriched regions. Relative to measurements 
at 

√
s = 8 TeV, the increased 

√
s allows a region of higher dijet 

mass to be explored, in which the EW-Z j j signal is more promi-
nent. The Standard Model predictions are in agreement with the 
EW-Z j j measurements.

The inclusive Z j j cross-section is also measured in six differ-
ent fiducial regions with varying contributions from EW-Z j j and 
QCD-Z j j production. At higher dijet invariant masses (> 1 TeV), 
particularly crucial for precision measurements of EW-Z j j produc-
tion and for searches for new phenomena in vector-boson fusion 
topologies, predictions from Sherpa (QCD-Z j j) + Powheg (EW-Z j j) 
and MG5_aMC (QCD-Z j j) + Powheg (EW-Z j j) are found to sig-
nificantly overestimate the observed Z j j production rates in data.
Alpgen (QCD-Z j j) + Powheg (EW-Z j j) provides a better descrip-
tion of the m jj shape.
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ZZ production cross-section

• Analysis of ZZ→4 leptons @ 13 TeV (36.1/fb)

➡ Sensitive to aTGC.


• Cross-section consistent with SM. 
(2.5σ off for the 4e channel? Not seen in H→ZZ→4e.)
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1 Introduction

The study of the production of Z boson pairs in proton–proton (pp) interactions at the Large Hadron
Collider (LHC) [1] tests the electroweak sector of the Standard Model (SM) at the highest available
energies. Example Feynman diagrams of ZZ production at the LHC are shown in Figure 1. In pp
collisions at a center-of-mass energy of

p
s = 13 TeV, ZZ production is dominated by quark–antiquark

(qq) interactions, with an O(10%) contribution from loop-induced gluon–gluon (gg) interactions [2, 3].
The production of ZZ in association with two electroweakly produced jets, denoted EW-ZZ j j, includes
the rare ZZ weak-boson scattering process. Study of ZZ production in association with jets is an important
step in searching for ZZ weak-boson scattering, which has so far not been experimentally observed by
itself.
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Figure 1: Examples of leading-order SM Feynman diagrams for ZZ production in proton–proton collisions: (a)
qq-initiated, (b) gg-initiated, (c) electroweak ZZ j j production, (d) electroweak ZZ j j production via weak-boson
scattering.

The SM ZZ production can also proceed via a Higgs boson propagator, although this contribution is
expected to be suppressed in the region where both Z bosons are produced nearly on-shell, as is the case
in this analysis. Non-Higgs-mediated ZZ production is an important background in studies of the Higgs
boson properties [4–7]. It is also a major background in searches for new physics processes producing
pairs of Z bosons at high invariant mass [8–11] and it is sensitive to anomalous triple gauge couplings
(aTGCs) of neutral gauge bosons, which are not allowed in the SM [12]. The SM does not have tree-level
vertices coupling three neutral gauge bosons (ZZZ, ZZ�), because these would violate the underlying
SU(2)L ⇥ U(1)Y symmetry. However, these couplings exist in some extensions of the SM, enhancing the
ZZ production cross section in regions where the energy scale of the interaction is high.

An example Feynman diagram of ZZ production via aTGC is shown in Figure 2.
Integrated and di↵erential ZZ production cross sections were previously measured at

p
s = 7 and 8 TeV

by the ATLAS and CMS collaborations [13–16] and found to be consistent with SM predictions. The
integrated pp ! ZZ ! `+`�`0+`0� cross section at

p
s = 13 TeV was recently measured by the ATLAS

[17] and CMS [18] collaborations, each analyzing data corresponding to an integrated luminosity of about
3 fb�1. Searches for aTGCs were previously performed at lower center-of-mass energies by ATLAS [15],
CMS [14, 19], D0 [20], and by the LEP experiments [21]. This paper represents an extension of the

2

Z/�⇤

q

q

Z

Z

Figure 2: Example Feynman diagram of ZZ production containing an aTGC vertex, here indicated by a red dot,
which is forbidden in the SM.

ATLAS measurement, using a total of 36.1 ± 1.1 fb�1 of data collected with the ATLAS detector in the
years 2015 and 2016.

In this analysis, candidate events are reconstructed in the fully leptonic ZZ ! `+`�`0+`0� decay channel
where ` and `0 can be an electron or a muon. Throughout this analysis, “Z boson” refers to the superposi-
tion of a Z boson and a virtual photon in the mass range from 66 GeV to 116 GeV, as these are not strictly
distinguishable when decaying to charged leptons. A fiducial phase space is defined, reflecting both the
acceptance of the ATLAS detector [22, 23] and the selections imposed on the reconstructed leptons in
this analysis. Both the integrated and di↵erential cross sections are measured, the latter with respect to
20 di↵erent observables. Ten of these directly measure the jet activity in the events. The observed event
yields are unfolded to the fiducial phase space using simulated samples to model the detector e↵ects.
The integrated cross sections are inclusive with respect to jet production. For easier comparison to other
measurements, the integrated fiducial cross sections determined in di↵erent leptonic channels are com-
bined and extrapolated to a total phase space and to all Z boson decay modes. A search for aTGCs is
performed by looking for deviations of the data from the SM predictions at high values of the transverse
momentum of the leading-pT Z boson, which is one of the observables most sensitive to the energy scale
of the interaction.1

Di↵erential fiducial cross sections are measured with respect to the following observables:

• Transverse momentum of the four-lepton system, pT, 4`;

• Absolute rapidity of the four-lepton system, |y4`|;
• Separation in azimuthal angle between the two Z boson candidates, ��

�
Z1,Z2

�
, defined such that it

lies in the interval [0, ⇡];

• Absolute di↵erence in rapidity between the two Z boson candidates, |�y �Z1,Z2
� |;

• Transverse momentum of the leading-pT and the subleading-pT Z boson candidates, pT,Z1
and

pT,Z2
;

• Transverse momentum of each of the four leptons;

• Number of jets with pT > 30 GeV and |⌘| < 4.5;

• Number of jets with pT > 30 GeV and |⌘| < 2.4;

• Number of jets with pT > 60 GeV and |⌘| < 4.5;

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the center of the detector and
the z-axis along the beam pipe. The x-axis points to the center of the LHC ring, and the y-axis points upward. Cylindrical
coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity is
defined in terms of the polar angle ✓ as ⌘ = � ln[tan(✓/2)]. Transverse momentum pT is the projection of momentum onto the
transverse plane.

3

Forbidden in SM
Channel Measurement [fb] Prediction [fb]

4e 13.7+1.1
�1.0
⇥ ± 0.9 (stat.) ±0.4 (syst.) +0.5

�0.4 (lumi.)
⇤

10.9+0.5
�0.4

2e2µ 20.9+1.4
�1.3
⇥ ± 1.0 (stat.) ±0.6 (syst.) +0.7

�0.6 (lumi.)
⇤

21.2+0.9
�0.8

4µ 11.5+0.9
�0.9
⇥ ± 0.7 (stat.) ±0.4 (syst.) ±0.4 (lumi.)

⇤
10.9+0.5

�0.4

Combined 46.2+2.5
�2.3
⇥ ± 1.5 (stat.) +1.2

�1.1(syst.) +1.6
�1.4 (lumi.)

⇤
42.9+1.9

�1.5

Table 5: Measured and predicted integrated fiducial cross sections. The prediction is based on an NNLO calculation
from Matrix [2] with the gg-initiated contribution multiplied by a global NLO correction factor of 1.67 [3]. A global
NLO EW correction factor of 0.95 [55, 56] is applied, except to the gg-initiated loop-induced contribution, and the
contribution of around 2.5% from EW-ZZ j j generated with Sherpa is added. For the prediction, the QCD scale
uncertainty is shown.

theoryσ/dataσ
0.6 0.8 1 1.2 1.4 1.6 1.8

Measurement

Tot. uncertainty

Stat. uncertainty

NNLO + corrections

σ 1±

σ 2±Combined

4µ

2 µe2

4e

 ATLAS

-1 = 13 TeV, 36.1 fbs

Fiducial
 4l→ ZZ →pp 

Figure 5: Comparison of measured integrated fiducial cross sections to a SM prediction based on an NNLO cal-
culation from Matrix with the gg-initiated contribution multiplied by a global NLO correction factor of 1.67. A
global NLO EW correction factor of 0.95 is applied, except to the gg-initiated loop-induced contribution, and the
contribution of around 2.5% from EW-ZZ j j generated with Sherpa is added. For the prediction, the QCD scale
uncertainty is shown as one- and two-standard-deviation bands.

8.1 Extrapolation to total phase space and all Z boson decay modes

Extrapolation of the cross section is performed to a total phase space for Z bosons with masses in the
range from 66 GeV to 116 GeV and any SM decay. The total phase space is the same as the fiducial phase
space (Section 4.1), except that no pT, ⌘, and �R requirements are applied to the leptons. The ratio of the
fiducial to total phase-space cross section is determined using the Matrix setup described in Section 3
and found to be AZZ = 0.58 ± 0.01, where the uncertainty includes the following contributions. A similar
value is found when the calculation is repeated with the nominal Sherpa setup, and the di↵erence between
these (1.0% of the nominal value) is included in the uncertainty of AZZ . Other included uncertainties are
derived from PDF variations (0.4%, calculated with MCFM) and QCD scale variations (0.8%).
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The study of the production of Z boson pairs in proton–proton (pp) interactions at the Large Hadron
Collider (LHC) [1] tests the electroweak sector of the Standard Model (SM) at the highest available
energies. Example Feynman diagrams of ZZ production at the LHC are shown in Figure 1. In pp
collisions at a center-of-mass energy of

p
s = 13 TeV, ZZ production is dominated by quark–antiquark

(qq) interactions, with an O(10%) contribution from loop-induced gluon–gluon (gg) interactions [2, 3].
The production of ZZ in association with two electroweakly produced jets, denoted EW-ZZ j j, includes
the rare ZZ weak-boson scattering process. Study of ZZ production in association with jets is an important
step in searching for ZZ weak-boson scattering, which has so far not been experimentally observed by
itself.
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Figure 1: Examples of leading-order SM Feynman diagrams for ZZ production in proton–proton collisions: (a)
qq-initiated, (b) gg-initiated, (c) electroweak ZZ j j production, (d) electroweak ZZ j j production via weak-boson
scattering.

The SM ZZ production can also proceed via a Higgs boson propagator, although this contribution is
expected to be suppressed in the region where both Z bosons are produced nearly on-shell, as is the case
in this analysis. Non-Higgs-mediated ZZ production is an important background in studies of the Higgs
boson properties [4–7]. It is also a major background in searches for new physics processes producing
pairs of Z bosons at high invariant mass [8–11] and it is sensitive to anomalous triple gauge couplings
(aTGCs) of neutral gauge bosons, which are not allowed in the SM [12]. The SM does not have tree-level
vertices coupling three neutral gauge bosons (ZZZ, ZZ�), because these would violate the underlying
SU(2)L ⇥ U(1)Y symmetry. However, these couplings exist in some extensions of the SM, enhancing the
ZZ production cross section in regions where the energy scale of the interaction is high.

An example Feynman diagram of ZZ production via aTGC is shown in Figure 2.
Integrated and di↵erential ZZ production cross sections were previously measured at

p
s = 7 and 8 TeV

by the ATLAS and CMS collaborations [13–16] and found to be consistent with SM predictions. The
integrated pp ! ZZ ! `+`�`0+`0� cross section at

p
s = 13 TeV was recently measured by the ATLAS

[17] and CMS [18] collaborations, each analyzing data corresponding to an integrated luminosity of about
3 fb�1. Searches for aTGCs were previously performed at lower center-of-mass energies by ATLAS [15],
CMS [14, 19], D0 [20], and by the LEP experiments [21]. This paper represents an extension of the

2

q-initiated g-initiated



Interpretation for aTGC in the ZZ analysis

• Parameters for aTGC were constraint by fitting pT,Z.

• No deviation from SM.

➡ Much tighter limits than Run1.
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p
T, Z

1

range [GeV] 0–295 295–415 415–555 555–3000

Data 998 16 3 0

Total SM prediction 950 ± 40 10.6 ± 0.9 2.50 ± 0.33 1.18 ± 0.21

SM ZZ ! `+`�`0+`0� 930 ± 40 10.0 ± 0.9 2.34 ± 0.33 1.10 ± 0.21
Triboson, tt̄Z, ZZ ! ⌧+⌧�[`+`�, ⌧+⌧�] 9.2 ± 2.8 0.43 ± 0.13 0.15 ± 0.05 0.078 ± 0.028
Misid. lepton background 12 ± 8 0.17 ± 0.11 < 0.1 < 0.1

Table 6: Observed and predicted yields in bins of the transverse momentum of the leading-pT Z boson candidate.
All statistical and systematic uncertainties are included in the prediction uncertainties, including the uncertainty
associated with the combination of NNLO QCD and NLO EW corrections for the SM ZZ ! `+`�`0+`0� process.
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Figure 16: Data and SM predictions as a function of the transverse momentum of the leading-pT Z boson candidate.
Also shown is the SM plus aTGC signal prediction with f �4 = 3.8 ⇥ 10�4 as well as with f �4 = 3.8 ⇥ 10�4 and
f Z
4 = 3.3 ⇥ 10�4. In both cases all other aTGC coupling strengths are set to zero. The shaded band shows the total

SM prediction uncertainty including the statistical and all systematic uncertainties. For better visualization, the last
bin is shown using a di↵erent x-axis scale. The scale change is indicated by the dashed vertical line.

expected confidence intervals and their one- and two-standard-deviation confidence bands are established
using many independent sets of randomly generated pseudodata following a Poisson distribution whose
expectation value is the SM prediction in each bin.

Confidence intervals are set for each coupling strength individually, setting all others to zero, using
2500 sets of pseudodata. The expected and observed 95% CL intervals are listed in Table 7. The one-
dimensional confidence intervals are more stringent than those derived in previous measurements by the
ATLAS and CMS collaborations [14, 15, 19] and at the Tevatron and LEP colliders [20, 21]. In addition,
two-dimensional 95% CL intervals are obtained by allowing pairs of aTGC parameters to vary simultan-
eously, while setting the others to zero, using 26000 sets of pseudodata. They are shown in Figure 17. No
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Plots taken from a CMS site (here)

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC


Tri-boson analysis

• Search for Tri-boson production @ 8 TeV

➡ WWγ, WZγ in particular.

➡ Sensitive to aQGC.


• Di- and single-lepton final state 
were investigated.

➡ eνμνγ, eνjjγ, μνjjγ

➡ Dominant BG:

✓ ttγ, Zγ, WZγ,,,
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Fig. 1 Examples of Feynman diagrams of WV γ production at the LHC. In a the quartic vertex is shown, while b, c depict the production from
radiative processes

This paper is structured as follows. The ATLAS detec-
tor and the data employed in this analysis are described
in Sect. 2. Section 3 details the Monte Carlo simulations
used. The reconstruction of the detector information is out-
lined in Sect. 4. The analysis of the fully leptonic final state
is described in Sect. 5 followed by the description of the
semileptonic analysis in Sect. 6. In Sect. 7 the fiducial region
of the cross-section measurement is defined and the determi-
nation of the production cross-section in the eνµνγ final state
is described. The derivation of upper limits on the WV γ pro-
duction cross-section is also presented. Section 8 discusses
the cross-section exclusion limits in the fiducial region opti-
mised for new physics beyond the SM and the interpretation
of the results in the framework of aQGCs. A summary of the
results is given in Sect. 9.

2 ATLAS detector and data sample

The ATLAS experiment [2] at the LHC is a multipurpose par-
ticle detector with a forward-backward symmetric cylindrical
geometry and a near 4π coverage in solid angle.1 It consists of
an inner tracking detector surrounded by a thin superconduct-
ing solenoid providing a 2 T axial magnetic field, electromag-
netic and hadronic calorimeters, and a muon spectrometer.
The inner tracking detector covers the pseudorapidity range
|η| < 2.5 and consists of silicon pixel, silicon microstrip,
and transition radiation tracking detectors. Lead/liquid-argon
(LAr) sampling calorimeters provide electromagnetic energy
measurements with high granularity in the η–φ plane and
a threefold segmentation in the radial direction. The first
of the three layers of the LAr calorimeter has the smallest

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the
z-axis along the beam line. The x-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Cylindrical coordinates
(r,φ) are used in the transverse plane, φ being the azimuthal angle

around the z-axis. The rapidity (y) is defined as y = 1
2 ln

!
E+pz
E−pz

"
,

where pz is the z-component of the momentum and E is the energy
of the object. The pseudorapidity (η) is defined in terms of the polar
angle θ as η = − ln tan(θ/2). Angular distance is measured in units of
'R ≡

#
('η)2 + ('φ)2.

η-segmentation to discriminate between single photon show-
ers and two overlapping showers coming from the decays of
neutral hadrons. A hadronic (steel/scintillator-tile) calorime-
ter covers the central pseudorapidity range. The endcap and
forward regions are instrumented with LAr calorimeters for
the energy measurement of electromagnetic and hadronic
showers up to |η| = 4.9. The muon spectrometer encom-
passes the calorimeters and includes a system of precision
tracking chambers as well as fast detectors for triggering. It
comprises three large air-core toroidal superconducting mag-
nets with eight coils each. The field integral of the toroids
ranges between 2.0 and 6.0 Tm across most of the detec-
tor. A three-level trigger system is used to select events for
read-out and storage. The first-level trigger is implemented
in hardware and uses a subset of the detector information
to reduce the accepted rate to 75 KHz. This is followed by
two software-based trigger levels that together reduce the
accepted event rate to 400 Hz on average.

This analysis uses data recorded at a centre-of-mass
energy of 8 TeV, corresponding to an integrated luminosity
of 20.2 ± 0.4 fb−1 [19] after applying basic data quality cri-
teria to ensure the full functionality of all detector subcom-
ponents. Only events that have at least three reconstructed
tracks [20] with pT > 500 MeV associated with the pri-
mary vertex are considered for analysis. The primary vertex
is defined as the vertex whose associated tracks have the
largest sum of squared transverse momenta. Furthermore,
events are discarded if they contain jets that are likely to be
mismeasured.

Dedicated triggers are used for each final state. The events
of the fully leptonic analysis are triggered by requiring three
particles in the event: a muon with a transverse momentum
(pT) of at least 18 GeV and two clusters of energy deposits
in the electromagnetic calorimeter with a transverse energy
(ET) of at least 10 GeV. The efficiency of this trigger for the
selection of the signal described in Sect. 5 corresponds to
0.82 ± 0.01(stat.). For the semileptonic final states, a com-
bination of single-lepton triggers [21] is used to maintain
a high efficiency over a wide range of lepton transverse
momenta. The eν j jγ final state is triggered by either requir-
ing an isolated electron with pT > 24 GeV or an electron with
pT > 60 GeV and no requirement on isolation. The lepton

123

Eur. Phys. J. C (2017) 77 :646 Page 7 of 30 646

Ev
en

ts

-110

1

10

210

310
Data

γWW
γtt

from jetsγFake
Other backgrounds
Total uncertainty

-4= -1876 TeV4Λ /M,0f

ATLAS
-1 = 8 TeV, 20.2 fbs

 signal regionγνµνe

 [GeV]γ
TE

20 40 60 80 100 120

D
at

a/
Pr

ed
.

0
1
2
3

Fig. 3 Observed and expected transverse energy distribution of the
photon with the highest ET in the eνµνγ signal region. The data
are shown together with the predicted signal and backgrounds. Also
indicated is the expected event yield for a reference model describing
aQGCs with fM,0/#

4 = −1876 TeV−4 (see Sect. 8). The last bin con-
tains all overflow events. The lower panel shows the ratio of the observed
number of events to the sum of expected signal and background events
as well as the corresponding uncertainties

total uncertainty. The dominant uncertainty in Neνµνγ
obs origi-

nates from the limited number of data events and contributes
a relative uncertainty of 60%.

Figure 3 shows the transverse energy distribution of the
photon with the highest ET in the signal region. The data are
shown together with the expected signal from the MC pre-
diction and the results from the background estimation. Also
shown is the predicted event yield for a reference point in the
parameter space of aQGCs discussed in Sect. 8. The lower
panel of the figure shows the ratio of the number of observed
events to the sum of the expected signal and background
events.

6 Analysis of semileptonic final states

In the semileptonic analysis, WV γ production with one lep-
tonically decaying W boson and one hadronically decay-
ing W or Z boson is studied. The event selection requires
one lepton, at least two jets, at least one photon, and miss-
ing transverse momentum. The analysis is performed sepa-
rately in the electron and the muon channels. The transverse
momentum of the reconstructed electron or muon is required
to be larger than 25 GeV. Events containing additional recon-
structed electrons or muons with pT > 7 GeV are discarded.
Photons are required to have ET > 15 GeV. Jets are required
to have pT > 25 GeV and to be within the volume of the

tracking detector, |η| < 2.5, to ensure that jets originating
from heavy-flavour quarks can be identified. In addition, the
two jets with the highest transverse momenta are required
to be close together with |%η j j | < 1.2 and %R j j < 3.0
to reject backgrounds from Wγ + jets events. The missing
transverse momentum and the transverse mass of the event
are both required to exceed 30 GeV. In events containing
electrons, the invariant mass of the electron–photon pair is
required to differ from the value of the Z boson mass by at
least 10 GeV to suppress backgrounds from events containing
leptonically decaying Z bosons. To reduce background con-
tributions from processes including top quarks, mainly t t̄γ ,
events containing jets that are identified as originating from
the decay of a b-hadron are rejected. The b-jet identification
is performed using the MV1 algorithm [71] based on an arti-
ficial neural network with an efficiency of 85% and a light-
quark-jet and gluon-jet misidentification rate of 10%. Finally,
the invariant mass of the two jets with the highest transverse
momenta in the event is required to be close to the mass of
the decaying W or Z boson, i.e. 70 GeV < m j j < 100 GeV.
These selection requirements are optimised to yield the best
sensitivity to the signal and define the signal region. The
expected number of signal events is 14 ± 2 (18 ± 2) in the
electron (muon) channel, as computed with the VBFNLO
program and corrected for acceptance and efficiency effects
(described in Sect. 7 along with the corresponding uncertain-
ties). A total of 490 (599) events are observed in the electron
(muon) channel.

The background processes of the semileptonic analysis
are listed in Table 2. The dominant contribution arises from
Wγ + jets production, as it has the same final state as the
signal. The contribution from t t̄γ , Zγ + jets as well as from
WV γ processes containing τ leptons (WV γ → τν j jγ ) pro-
cesses, is estimated using MC simulation. The uncertainties
in these background contributions given in Table 2 solely
include statistical uncertainties and the uncertainties of the
theoretical prediction, that are of the same size. The rela-
tive uncertainties of the theoretical predictions range from
4 to 22% [6,40]; the uncertainties associated with the com-
putation of the WV γ process are described in Sect. 7. The
experimental uncertainties are only included in the uncer-
tainty of the total background estimation in Table 2, as they
are correlated for the individual background components.

Events containing misidentified objects constitute an
important source of background in this analysis as well.
When electrons are misidentified as photons (fake γ from e),
Z → ee production in association with jets and t t̄ events
can mimic the signal. As in the fully leptonic analysis, this
background is estimated using MC simulation which is cor-
rected to match the misidentification rate measured in data.
The uncertainty of this correction is small compared to the
statistical uncertainty and the uncertainties from the theoret-
ical calculation. The latter uncertainty is estimated to be 5%
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Tri-boson analysis

• Set an upper limit on the fiducial cross-section. 
(Not enough precision to determine cross-section… only 1.4σ.)


• Limit on effective Lagrangian parameters of aQGC.

➡ Set a limit for these 14 parameters.


➡ Results all consistent to be zero.
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cence intervals on aQGCs are derived in a fiducial region opti-
mised for a search for new physics beyond the SM. This fidu-
cial region differs from the fiducial region defined in Sect. 7
by an increased photon ET requirement.

The aQGCs are introduced by extending the SM Lagran-
gian density function (LSM) with terms containing operators
(Ox ) of energy-dimension eight as this is the lowest dimen-
sion that describes quartic gauge boson couplings without
exhibiting triple gauge-boson vertices [79]. The operators
consist of different combinations of the SM fields and their
coefficients are written as the ratio of a coupling parameter
( fx ) to the fourth power of the energy scale (!) at which the
new physics beyond the SM would occur. Thus, the effec-
tive Lagrangian density (Leff) for WV γ production can be
written as:

Leff = LSM +
7!

j=0

fM, j

!4 OM, j +
!

j=0,1,2,5,6,7

fT, j
!4 OT, j , (3)

as there are 14 different operators that describe anomalous
WWZγ and WWγ γ couplings. The indices T and M of the
coupling parameter indicate two different classes of aQGC
operators: operators containing only field strength tensors
(T ) and operators containing field strength tensors and the
covariant derivative of the Higgs field (M). The SM predic-
tion of each of the coupling parameters is zero. The reference
models in Figures 3 and 5 depict values that are excluded by
previous analyses.

The effective field theory is not a complete model and
violates unitarity at sufficiently high energy scales. This vio-
lation can be avoided by multiplying the coupling parameters
with a dipole form factor of the form:

1

(1 + ŝ/!2
FF)

2
, (4)

as described in Ref. [80]. Here, ŝ corresponds to the squared
invariant mass of the produced bosons and !FF is the energy
scale of the form factor. The latter corresponds to the energy
regime above which the contributions of the anomalous cou-
plings are largely suppressed. For triboson processes there is
no theoretical algorithm to compute the appropriate value for
!FF to avoid unitarity violation. Therefore, the confidence
intervals in this analysis are derived using three different val-
ues of !FF: 0.5, 1 TeV and infinity. The latter corresponds to
the non-unitarised case, which is evaluated to allow for the
comparison with other analyses.

For the determination of the confidence intervals, only
one coupling parameter is varied at a time and all others are
set to zero. The expected number of events as a function
of the varied parameter is described by a quadratic function
and the predictions of the VBFNLO program corrected to

Table 5 Numbers of observed events (Nobs) and predicted background
events (Nbg) for the different final states with the respective photon ET
threshold optimised for maximal aQGC sensitivity. Also given are the
correction factors ϵ to correct from reconstruction level to particle level
and Cp2p to correct from parton level to particle level

Table 6 Observed and expected cross-section upper limits at 95% CL
using the CLs method for the different final states with the photon ET
threshold optimised for maximal aQGC sensitivity. The expected cross-
section limits are computed assuming the absence of WV γ production.
The last column shows the theory prediction for the SM signal cross-
section computed with the VBFNLO program and corrected to particle
level. The ℓν j jγ cross-section corresponds to the average cross-section
per lepton flavour in the semileptonic analysis and all events of the
eν j jγ and µν j jγ final states are employed for the determination of
this limit

particle level are used for the determination of this func-
tion. Confidence intervals at 95% CL are computed using
a maximum profile-likelihood ratio test statistic as done in
Ref. [69].

The aQGCs would modify WV γ production at high val-
ues of ŝ such that the sensitivity to aQGCs can be improved
by raising the threshold of the transverse energy of the pho-
ton. As the event count in the signal region decreases with
an increasing Eγ

T threshold, the expected background con-
tribution from the other processes is extrapolated from the
results obtained in Sects. 5 and 6 with Eγ

T > 15 GeV. To
this end, the Eγ

T distribution of the total background predic-
tion is fitted using an exponential function (the sum of two
exponential functions) in the fully leptonic (semileptonic)
analysis and the total background yield is derived from the
fit. The optimal value of the Eγ

T threshold is determined by
varying the threshold, computing the expected confidence
intervals for all 14 parameters and choosing the threshold
that yields the smallest expected intervals for each final state
individually. This optimisation yields the best sensitivity for
the requirement Eγ

T > 120 GeV in the fully leptonic analysis
and for Eγ

T > 200 GeV in both channels of the semileptonic
analysis.
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Table 7 Observed and expected confidence intervals at 95% CL on the different anomalous quartic gauge couplings for the combined WV γ
analysis for three different values of the form factor scale "FF

The number of observed events and the expected num-
ber of background events above the optimised Eγ

T threshold
are given in Table 5. The uncertainty in the background esti-
mation includes the uncertainty in the original background
estimation and an additional uncertainty due to the extrapo-
lation procedure, which is dominant. The latter is evaluated
by varying the fit range as well as evaluating the impact of
the uncertainty of the fit parameters on the background esti-
mation. Due to the higher Eγ

T threshold, the factors ϵ and
Cp2p are recomputed using the SM signal samples and are
also listed in Table 5. As an additional source of systematic
uncertainty, ϵ and Cp2p are evaluated using the aQGC sim-
ulated samples, and their maximal deviations from the SM
predictions are considered to account for their dependence
on the aQGC coupling. This uncertainty is the dominant one
for Cp2p in the fully leptonic analysis.

The upper limits on the WV γ production cross-section in
the high-ET photon fiducial region are computed using the
CLs formalism at 95% CL. The results are given in Table 6
together with limits expected in absence ofWV γ production.
In addition, the theory prediction for the SM signal cross-
section computed with the VBFNLO program and corrected
to particle level is reported. The cross-section uncertainties
are evaluated as described in Sect. 7.1 and range up to 22%.

For the computation of the confidence intervals, the
eνµνγ , eν j jγ andµν j jγ final states are combined. The test
statistic is computed from the product of the likelihood func-
tions of the individual final states. This combination improves

]-4Unitarised Anomalous Coupling [TeV
-60 -40 -20 0 20 40 60

310×
4Λ /T,7f
4Λ /T,6f
4Λ /T,5f
4Λ /T,2f

4Λ /T,1f
4Λ /T,0f
4Λ /M,7f
4Λ /M,6f
4Λ /M,5f
4Λ /M,4f
4Λ /M,3f
4Λ /M,2f
4Λ /M,1f
4Λ /M,0f

 = 1 TeVFFΛ
ATLAS -1 = 8 TeV, 20.2 fbs

Confidence Intervals at 95% CL Observed Expected

Fig. 6 Observed and expected confidence intervals at 95% CL on the
different anomalous quartic gauge couplings for the combined WV γ
analysis. The couplings are unitarised using a dipole form factor with
a form factor energy scale of "FF = 1 TeV

the confidence intervals by up to 11% compared to the results
obtained with the eνµνγ final state only. The results are given
in Table 7. In Fig. 6 the expected and observed confidence
intervals using the form factor scale "FF = 1 TeV are shown.
The non-unitarised couplings have also been studied by other
analyses (e.g. [5–13,17]) and found to be consistent with the
SM prediction of zero as confirmed by this analysis.
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Table 4 Observed and expected cross-section upper limits at 95% CL
for the different final states using the CLs method. The expected cross-
section limits are computed assuming no signal is present. The last
column shows the theory prediction for the signal cross-section (σtheo)

computed with the VBFNLO program and corrected to particle level.
The ℓν j jγ cross-section corresponds to the average cross-section per
lepton flavour in the semileptonic analysis and all events of the eν j jγ
and µν j jγ final states are employed for the determination of this limit

tion scales (µR and µF) by a factor of two (varied indepen-
dently with the constraint 0.5 ≤ µF/µR ≤ 2), uncertain-
ties due to the choice of PDF set and value of the strong
coupling constant αS as well as uncertainties due to the
choice of isolation fraction requirement evaluated by chang-
ing the criterion by ± 0.25. No additional uncertainty related
to the scale introduced by restricting the jet multiplicity in
the fully leptonic analysis is taken into account. This uncer-
tainty has been shown to be of the same order as the already
included scale uncertainty by studying W -boson pair produc-
tion [76]. Accordingly, no additional uncertainty is consid-
ered here as the experimental uncertainties are comparatively
large and its inclusion would not change the results of this
analysis.

7.2 Cross-section determination

The observed production cross-section is determined from
the number of signal events in the signal region, Nobs,
and the integrated luminosity of the data set, L int, accord-
ing to σfid = Nobs/(ϵL int), where the correction factor, ϵ,
accounts for the different geometrical acceptance and selec-
tion efficiencies of the signal region defined using recon-
structed objects and the fiducial region defined at particle
level. The correction factor is evaluated using the SHERPA
signal simulation and amounts to 0.30± 0.02 for the eνµνγ

final state and to 0.28 ± 0.02 (0.40 ± 0.03) for the elec-
tron (muon) channel of the semileptonic analysis. The larger
ranges in pseudorapidity of the leptons and photons in the
fiducial region compared to the signal region contribute about
11% to ϵ. The uncertainties of ϵ include the experimental
uncertainties associated with the signal, a statistical compo-
nent, and a systematic component evaluated as the differ-
ence between the corrections estimated with the SHERPA
and the MadGraph signal sample to account for differences
in the parton shower modelling and the description of the
underlying event. The latter yields the largest contribution
to the total uncertainty with the second largest contribu-

tion being the uncertainty associated with the jet energy
scale.

For the fully leptonic analysis, the fiducial cross-section
computed using Neνµνγ

obs from Sect. 5 is

σ
eνµνγ
fid = 1.5 ± 0.9(stat.)± 0.5(syst.) fb,

where the uncertainties are symmetrised and the luminosity
uncertainty is included as part of the systematic uncertainty.
The observed (expected) significance of this cross-section is
determined by evaluating the p value of the background-only
hypothesis at 95% confidence level, CL, and corresponds to
1.4σ sigma (1.6σ ). The p value is calculated using a maxi-
mum likelihood ratio as the test statistic. This determination
of the eνµνγ production cross-section is in agreement with
the theory prediction from Table 4 corresponding to 2.0 fb.
The cross-section is not determined in the semileptonic final
states due to its smaller significance.

Upper limits on the production cross-sections are com-
puted for the eνµνγ , eν j jγ and µν j jγ final states and for
the average cross-section per lepton flavour (ℓν j jγ ) in the
semileptonic final states. They are determined at 95% CL
using the CLs technique [77]. For the combination of the
semileptonic final states, the product of the likelihood func-
tions of the eν j jγ andµν j jγ final states is used as the ℓν j jγ
likelihood function in the CLs method. The expected limits
in the absence of a signal are computed using an Asimov data
set [78], which provides an analytical approximation of the
distribution of expected limits based on a χ2-distribution of
the test statistics. The observed and expected limits are listed
in Table 4. The observed limits are between 1.8 and 4.1 times
larger than the SM cross-section. The observed upper limit
on the ℓν j jγ production cross-section is the most stringent
limit reported to date.

8 Search for new physics beyond the Standard Model

In addition to the results derived in the previous chapter,
exclusion limits on the production cross-section and confi-
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SM short summary

• Today only talked about an EW sector (VBF, VBS).

➡ Very important to understand the gauge structure.

➡ More results anticipated with using all available statistics.


• SM analyses include very wide…

➡ Quark PDF measurement by W or Z cross section.

➡ Gluon PDF measurement by jet cross section.

➡ W mass measurement

➡ Soft-QCD

➡ B-physics

➡ and so on.


• Visit our public result page for more reference.s 
(https://twiki.cern.ch/twiki/bin/view/AtlasPublic)
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Top quark physics
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Top physics in a nutshell

• Top: special particle in particle physics.

➡ Heaviest mass: big contribution for theoretical predictions.

➡ Decays before the hadronization: probe of the bare quark. 


• LHC: top quark factory.

➡ Produce ~10 top pair in one second (0.003Hz@Tevatron).

➡ ATLAS recoded ~70M ttbar pairs.

✓ Allow us to perform precise measurements.
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Importance of the top mass

• We seems to be at critical area 
in terms of the vacuum stability.

➡ Very precise top mass needed.

15

102 104 106 108 1010 1012 1014 1016 1018 1020

0.0

0.2

0.4

0.6

0.8

1.0

RGE scale m in GeV

SM
co
up
lin
gs

g1

g2

g3yt

l
yb

102 104 106 108 1010 1012 1014 1016 1018 1020

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

RGE scale m in GeV

H
ig

gs
qu

ar
tic

co
up

lin
g
l

3s bands in
Mt = 173.1 ± 0.6 GeV HgrayL
a3HMZL = 0.1184 ± 0.0007HredL
Mh = 125.7 ± 0.3 GeV HblueL

Mt = 171.3 GeV

asHMZL = 0.1163

asHMZL = 0.1205

Mt = 174.9 GeV

Figure 1: Left: SM RG evolution of the gauge couplings g1 =
p

5/3g0, g2 = g, g3 = gs, of the
top and bottom Yukawa couplings (yt, yb), and of the Higgs quartic coupling �. All couplings are
defined in the MS scheme. The thickness indicates the ±1� uncertainty. Right: RG evolution of
� varying Mt, Mh and ↵s by ±3�.

the Yukawa sector and can be considered the first complete NNLO evaluation of ��(µ).

We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4t g
2
s + 30y6t terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

✓

Mt [GeV]� 173.1

0.7

◆

� 0.5

✓

↵s(MZ)� 0.1184

0.0007

◆

± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane (upper left) and in the �–yt plane, in terms of parameter renormalized at the Planck
scale (upper right). Bottom: Zoom in the region of the preferred experimental range of Mh and
Mt (the gray areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to ↵s(MZ) = 0.1184 ± 0.0007, and the grading of the colors indicates the size of the theoretical
error. The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

determined at hadron colliders su↵ers from O(⇤QCD) non-perturbative uncertainties [41]. A

possibility to overcome this problem and, at the same time, to improve the experimental

error on Mt, would be a direct determination of the MS top-quark running mass from ex-

periments, for instance from the tt̄ cross-section at a future e+e� collider operating above

the tt̄ threshold. In this respect, such a collider could become crucial for establishing the

structure of the vacuum and the ultimate fate of our universe.

As far as the RG equations are concerned, the error of ±0.2 GeV is a conservative

estimate, based on the parametric size of the missing terms. The smallness of this error,

compared to the uncertainty due to threshold corrections, can be understood by the smallness

of all the couplings at high scales: four-loop terms in the RG equations do not compete with

finite tree-loop corrections close to the electroweak scale, where the strong and the top-quark

Yukawa coupling are large.

The LHC will be able to measure the Higgs mass with an accuracy of about 100–200

MeV, which is far better than the theoretical error with which we are able to determine the

condition of absolute stability.
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periments, for instance from the tt̄ cross-section at a future e+e� collider operating above
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estimate, based on the parametric size of the missing terms. The smallness of this error,

compared to the uncertainty due to threshold corrections, can be understood by the smallness
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finite tree-loop corrections close to the electroweak scale, where the strong and the top-quark
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MeV, which is far better than the theoretical error with which we are able to determine the
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• Latest Tevatron top mass: 174.30 ± 0.65 GeV (arXiv:1608.01881)

• ATLAS and CMS updated results with 8 and 13 TeV data.

• Central values by LHC 

get smaller.

➡ ATLAS: 172.51 ± 0.50 GeV

➡ CMS: 172.44 ± 0.48 GeV


• Difference between LHC 
and Tevatron would be 
more significant once 
we combine LHC results?


• Let’s see…

Top quark mass

16

Tevatron



Top pole mass

• Extract mtpole by fitting 
lepton kinematics in data.

➡ Lepton pT, Dilepton pT, mass, 

scalar sum pT and sum E.

• mtpole = 173.2 ± 0.9(stat.) ± 0.8(syst.) ± 1.2(theo.) GeV 

➡ Theory uncert. would be largely reduced by NNLO calculations.
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Fig. 19 Measurements of the top quark mass using predictions derived
from MCFM with the CT14, MMHT, NNPDF 3.0, HERAPDF 2.0,
ABM 11 and NNPDF 3.0_nojet PDF sets. The central factorisation and
renormalisation scales are set to µF = µR = mt/2. The results from
fitting templates of the single lepton pℓ

T and dilepton peµT ,meµ, peT+ pµT

and Ee + Eµ distributions one at a time, and of a combined fit to these
five distributions plus the |ηℓ|, |yeµ| and #φ

eµ distributions together,
are shown. For comparison, the world-average of mass measurements
from reconstruction of the top quark decay products and its uncertainty
[121] is shown by the cyan band

173.1± 1.2 GeV, corresponding to a shift of −0.1 GeV with
respect to the eight-distribution result. Finally, the individual
measurements from the five directly-sensitive distributions
were combined using the HAverager program [125,126].
Correlated statistical and systematic uncertainties were taken
into account using nuisance parameters, but post-fit corre-
lations between these nuisance parameters were neglected,
unlike in the simultaneous fit approach with xFitter. The
average of the five measurements is 173.4 ± 1.6 GeV with
a χ

2 of 6.4/4, in reasonable agreement with the result from
the simultaneous fit of the five distributions. No additional
uncertainty was included as a result of these tests.

The combined-fit χ
2 values in Table 16 are smallest for

the HERAPDF 2.0 and NNPDF 3.0_nojet PDF sets, which
do not include the constraints on the gluon PDF from LHC
and Tevatron jet data in the region relevant for t t̄ production.
However, the mt values resulting from the NNPDF 3.0 and
NNPDF 3.0_nojet PDFs are close, indicating that the results
are not sensitive to whether the jet data are included or not.
Amongst the ‘global fit’ PDF sets incorporating a larger set of
experimental data, the smallest χ

2 values result from the fit
with NNPDF 3.0, though the values from the other PDFs are
also reasonable. The results using NNPDF 3.0 were therefore
used to define the central mt value from the combined fit
to all eight distributions, and an additional uncertainty of
0.3 GeV, corresponding to half the difference of the envelope
encompassing all the other PDFs, was added in quadrature
to the PDF uncertainty from NNPDF 3.0 alone. The effect of
the uncertainty in the value of αS was found to be 0.01 GeV.
The residual dependence of the measured differential cross-
sections on the top quark mass assumed in the simulation
(see Sect. 5.1) is very small. A ±5 GeV variation around the

baseline value of mt = 172.5 GeV was assumed, giving a
0.1 GeV change on the result of the combined fit.

The choice of a fixed central scale, µF = µR = mt/2
is expected to provide a good description of the inclusive t t̄
cross-section and differential distributions in the kinematic
regions dominated by top quarks with relatively low pT.
However, dynamical scales, which vary as a function of the
top quark kinematics, are expected to be more appropriate
for modelling the regions with high pT [107]. Two alterna-
tive dynamical central scale choices for the t t̄ production
process were explored to test the sensitivity of the results to
this choice:

• µF = µR = HT /4 where HT is defined as
!
mt

2 + pT(t)
2

+
!
mt

2 + pT(t̄)
2 and pT(t) and pT(t̄) are the transverse

momentum of the top quark and antiquark, corresponding
to one of the dynamical scales suggested in Ref. [107].

• µF = µR = ET /2 where ET is defined as!
mt

2 + pT(t t̄)
2 and pT(t t̄) is the pT of the t t̄ sys-

tem, analogously to a scale
!
m2

W + pT(W )
2 used in the

description of jet production in association with W bosons
[127,128].

In both cases, the central scale for the top quark decay pro-
cess t → bℓν + X was fixed at mt/2. The corresponding
predictions for the top quark pT spectrum from MCFM with
NNPDF 3.0 and these scale choices are shown in Fig. 20, and
compared to the ATLAS

√
s = 8 TeV measurement using t t̄

events with a lepton and at least four jets [20]. Unlike the pre-
dictions of Powheg+Pythia6 used in Sect. 8.3, the MCFM
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Fig. 5 Results of pseudo-experiment studies on simulated events for
the extraction of the normalised differential cross-section distributions
for a pℓ

T, b peµT , c |ηℓ| and d |yeµ|, shown as relative deviations
(σ − σref )/σref from the reference cross-section values in the base-
line Powheg+Pythia6 CT10 sample with mt = 172.5 GeV. The black
points show the mean deviations from the reference when fitting pseudo-
data samples generated with the baseline simulation sample, with error
bars indicating the uncertainties due to the limited number of simulated

events. The cyan bands indicate the expected statistical uncertainties for
a single sample corresponding to the data integrated luminosity. The
open red points show the mean deviations from the reference values
when fitting pseudo-experiments generated from alternative simulation
samples with mt = 165 GeV (a, b) or with the HERAPDF 1.5 PDF (c,
d), with error bars due to the limited size of these alternative samples.
The red dotted lines show the true deviations from the reference in the
alternative samples

the expected statistical uncertainties in data, measured by the
RMS widths and shown by the cyan bands. Similar results
were obtained for the other normalised differential cross-
section distributions, and for the absolute distributions. The
pull distributions (i.e. the distributions of deviations divided
by the estimated statistical uncertainty from each pseudo-
experiment) were also found to have widths within a few
percent of unity. The χ

2 values for the compatibility of each
measured distribution with the reference were also calculated
for each pseudo-experiment and the distribution of the corre-
sponding p-values across all pseudo-experiments was found
to be uniform between zero and one. These tests confirm that
the analysis procedure is unbiased and correctly estimates
the statistical uncertainties in each bin of each distribution.

Additional pseudo-experiments were performed to test
the ability of the analysis procedure to reconstruct distri-
butions different from the reference, taking the values of
Gi

eµ, Ci
b, Ni,bkg

1 and Ni,bkg
2 from the baseline samples. Tests

were conducted using simulated Powheg+Pythia6 and

MC@NLO+Herwig t t̄ samples with different top mass
values, a Powheg+Pythia6 sample generated using the
HERAPDF 1.5 [84,85] PDF set instead of CT10, and a
Powheg+Pythia6 sample reweighted to reproduce the top
quark pT distribution calculated at NNLO from Ref. [25].
In all cases, the analysis procedure recovered the true dis-
tributions from the alternative samples within the statistical
precision of the test, demonstrating the adequacy of the bin-
by-bin correction procedure without the need for iteration
or a more sophisticated matrix-based unfolding technique.
Some examples are shown by the red points and dotted lines
in Fig. 5, for an alternative sample withmt = 165 GeV for pℓ

T

and peµT , and for HERAPDF 1.5 for |ηℓ| and |yeµ|, both sim-
ulation samples having about twice the statistics of the data.
These figures also demonstrate the sensitivities of some of
the measured distributions to mt and different PDFs.

For the single-lepton distributions pℓ
T and |ηℓ|, which have

two entries per event, the formalism of Eq. (1) and the pseudo-
experiments generated by fluctuating each bin independently
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Other top quark properties

• Many properties have already measured.

➡ Charge

➡ Decay modes

➡ Charge asymmetry

➡ Polarization

➡ Spin correlations

➡ etc…


• All consistent with SM.

➡ Some results are interpreted 

to constraints on BSM.

➡ e.g. ttbar resonance, FCNC, 

       stop production…
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Process Yield
tt̄ 54000 + 3400

� 3600

Z/�⇤+jets 2800± 300
tV (single top) 2600± 180

tt̄V 80± 11
WW , WZ , ZZ 180± 65

Fake leptons 780± 780
Total non-tt̄ 6400± 860

Expected 60000 + 3500
� 3700

Observed 60424

t̃1
¯̃t1 7100± 1100

(m
t̃1
= 180 GeV, m

�̃

0
1
= 1 GeV)

TABLE I. Observed dilepton yield in data and the expected
SUSY and tt̄ signals and background contributions. Systematic
uncertainties due to theoretical cross sections and systematic un-
certainties evaluated for data-driven backgrounds are included in
the uncertainties.

likelihood fit is used to extract the spin correlation from
the �� distribution in data. This is done by defining a
coefficient fSM that measures the degree of spin correla-
tion relative to the SM prediction. The fit includes a linear
superposition of the �� distribution from SM tt̄ MC sim-
ulation with coefficient fSM, and from the tt̄ simulation
without spin correlation with coefficient (1 � fSM). The
e+e�, µ+µ� and e±µ⌥ channels are fitted simultaneously
with a common value of fSM, leaving the tt̄ normaliza-
tion free with a fixed background normalization. The tt̄
normalization obtained by the fit agrees with the theoret-
ical prediction of the production cross section [71] within
the uncertainties. Negative values of fSM correspond to an
anti-correlation of the top and antitop quark spins. A value
of fSM = 0 implies that the spins are uncorrelated and val-
ues of fSM > 1 indicate a degree of tt̄ spin correlation
larger than predicted by the SM.

Systematic uncertainties are evaluated by applying the fit
procedure to pseudo-experiments created from simulated
samples modified to reflect the systematic variations. The
fit of fSM is repeated to determine the effect of each sys-
tematic uncertainty using the nominal templates. The dif-
ference between the means of Gaussian fits to the results
from many pseudo-experiments using nominal and modi-
fied pseudo-data is taken as the systematic uncertainty on
fSM [102].

The various systematic uncertainties are estimated in the
same way as in Ref. [42] with the following exceptions:
since this analysis employs b-tagging, the associated un-
certainty is estimated by varying the relative normaliza-
tions of simulated b-jet, c-jet and light-jet samples. The
uncertainty due the choice of generator is determined by
comparing the default to an alternative tt̄ sample generated
with the POWHEG-BOX generator interfaced with PYTHIA.
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FIG. 1. Reconstructed �� distribution for the sum of the
three dilepton channels. The prediction for background (blue
histogram) plus SM tt̄ production (solid black histogram) and
background plus tt̄ prediction with no spin correlation (dashed
black histogram) is compared to the data and to the result of
the fit to the data (red dashed histogram) with the orange band
representing the total systematic uncertainty on fSM. Both the
SM tt̄ and the no spin correlation tt̄ predictions are normalized
to the NNLO cross section including next-to-next-to-leading-
logarithm corrections [71, 72] (the theory uncertainty of 7% on
this cross section is not displayed). The prediction for t̃1¯̃t1 pro-
duction (m

t̃1
= 180 GeV and m

�̃

0
1

= 1 GeV) normalized to
the NLO cross section including next-to-leading-logarithm cor-
rections [101] plus SM tt̄ production plus background is also
shown (solid green histogram). The lower plot shows those dis-
tributions (except for background only) divided by the SM tt̄ plus
background prediction.

The uncertainty due to the parton shower and hadroniza-
tion model is determined by comparing two tt̄ samples
generated by ALPGEN, one interfaced with PYTHIA and
the other one interfaced with HERWIG. The uncertainty on
the amount of initial- and final-state radiation (ISR/FSR) in
the simulated tt̄ sample is assessed by comparing ALPGEN
events, showered with PYTHIA, with varied amounts of
ISR and FSR. As in Ref. [42], the size of the variation is
compatible with the recent measurements of additional jet
activity in tt̄ events [103]. The Wt normalization is var-
ied within the theoretical uncertainties of the cross-section
calculation [86], and the sensitivity to the interference be-
tween Wt production and tt̄ production at NLO is stud-
ied by comparing the predictions of POWHEG-BOX with
the diagram-removal (baseline) and diagram-subtraction
schemes [85, 104]. As in Ref. [42], the uncertainty due
to the top quark mass is evaluated but not included in the
systematic uncertainties, since it would have no significant
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Mass measurement

• Important ingredient of the EW global fitting.

➡ Some results with 2015+2016 data.

✓ ATLAS(4l,γγ): 124.98 ± 0.28 GeV, ATLAS-CONF-2017-046

✓ CMS(4l): 125.26 ± 0.21 GeV, JHEP11 (2017) 047


• Limiting factor:

➡ 4 leptons: data statistics.

➡ 2 photons: experimental uncert. (photon energy calibration).

20

to derive them. No significant deviations from the pre-fit input values of the most significant nuisance
parameters are observed after the fit.

The di�erence between the masses measured in the H ! Z Z⇤ ! 4` and H ! �� channels, obtained
using a dedicated test statistic and the asymptotic approximation, is measured to be

�mH = 0.23 ± 0.42 (stat) ± 0.36 (syst) GeV = 0.23 ± 0.55 GeV.

The combined mass measured is in excellent agreement with, and has similar precision to, the value that
was measured with a combined fit to the ATLAS and CMS Run 1 data [6]:

mH = 125.09 ± 0.21 (stat) ± 0.11 (syst) GeV = 125.09 ± 0.24 GeV

The results from each of the individual channels and their combination, along with the LHC Run 1 result,
are summarized in Figure 12.

 [GeV]
H

m

124 124.5 125 125.5 126 126.5

Total Stat. Syst.
 PreliminaryATLAS

-1 = 13 TeV, 36.1 fbs

��Total      Stat.   Syst.

Combined  0.21) GeV± 0.19 ± 0.28 ( ±124.98 

γγ→H  0.36) GeV± 0.21 ± 0.42 ( ±125.11 

l4→ZZ*→H  0.05) GeV± 0.37 ± 0.37 ( ±124.88 

LHC Run 1  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

Figure 12: Summary of the Higgs boson mass measurements from the individual and combined analyses performed
here, compared to the combined Run 1 measurement by ATLAS and CMS [6]. The systematic (magenta-shaded
bands), statistical (yellow-shaded bands), and total (black error bars) uncertainties are indicated. The (red) vertical
line and corresponding (gray) shaded column indicate the central value and the total uncertainty of the combined
measurement, respectively.

9 Conclusion

A measurement of the mass of the Higgs boson, improved with respect to the previous one obtained with
ATLAS Run 1 data, has been derived from a combined fit to the invariant mass spectra of the decay channels
H ! Z Z⇤ ! 4` and H ! ��. The results use the pp collision data sample recorded by the ATLAS
experiment at the CERN Large Hadron Collider at a centre-of-mass energy of

p
s=13 TeV, corresponding

to an integrated luminosity of 36.1 fb�1. The measurements are based on the latest calibrations for muons,
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Huge 
improvement 
is expected 
just by using 

full Run2 data.



Coupling

• Higgs has variety of coupling constants.

➡ Leptons, quarks, weak bosons, Higgs itself…


• Why can Higgs differentiate particles?


• Most of the SM parameters are 
its coupling constants which we 
need to "measure" by experiments.
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e,u,d...

e,u,d...

H

Ye,u,d...



Coupling (top)

• Measured by the ttH production.

• Small cross-section ~ 507 fb.

➡ Variety of final states.

✓ (top decay)×(Higgs decay).


➡ Need to combine results of analyses.

✓ Example of multi-lepton analyses.
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(henceforth V) boson. Additional backgrounds arise from tt̄ production with leptons from heavy-flavour
hadron decays and additional jets (non-prompt leptons), other processes where the electron charge is
incorrectly assigned and where jets are incorrectly identified as ⌧ candidates. Backgrounds are estimated
with a combination of simulation and data-driven techniques (labelled as “Pre-Fit”), and then a global fit
to the data, in all final states, is used to extract the best estimate for the tt̄H production rate and adjust the
background predictions (labelled as “Post-Fit”).
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Figure 1: Example of tree-level Feynman diagrams for the production of the Higgs boson in association with a pair
of top quarks. Higgs boson decays to (left) WW/Z Z or (right) ⌧⌧ are shown.

The article is organised as follows. Section 2 introduces the ATLAS detector; Section 3 describes the Monte
Carlo (MC) simulation samples as well as the recorded data used for this analysis. The reconstruction and
identification of the physics objects are discussed in Section 4. The event selection and classification are
explained in Section 5. Section 6 describes the methods used to estimate the backgrounds. The theoretical
and experimental uncertainties are discussed in Section 7. The results are presented in Section 8, and
the combination with the three other ATLAS searches for tt̄H production mentioned above is reported in
Section 9.

2 ATLAS detector

The ATLAS experiment [43] at the LHC is a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and a near 4⇡ coverage in solid angle.1 It consists of an inner tracking
detector surrounded by a superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
and hadron calorimeters, and a muon spectrometer. The inner tracking detector, covering the pseu-
dorapidity range |⌘ | < 2.5, consists of silicon pixel and silicon micro-strip tracking detectors inside a
transition-radiation tracker that covers up to |⌘ | = 2.0. It includes, for the

p
s = 13 TeV running period,

a newly installed innermost pixel layer, the Insertable B-Layer [44]. Lead/liquid-argon (LAr) sampling
calorimeters provide electromagnetic (EM) energy measurements for |⌘ | < 2.5 with high granularity
1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector

and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of
�R ⌘

p
(�⌘)2 + (��)2.

3

Table 2: Loose (L), loose and isolated (L†), loose, isolated and pass the non-prompt BDT (L*), tight (T) and very
tight (T*) light lepton definitions. Selections for the tighter leptons are applied in addition to the looser ones. For
the muons, the L*, T and T* lepton definitions are identical.

e µ
L L† L* T T* L L† L*/T/T*

Isolation No Yes No Yes
Non-prompt lepton BDT No Yes No Yes
Identification Loose Tight Loose
Charge misassignment veto No Yes No
Transverse impact parameter significance, |d0 |/�d0 < 5 < 3
Longitudinal impact parameter, |z0 sin ✓ | < 0.5 mm

states will be termed channel and certain channels are further split into categories to gain in significance.
Categories include both signal and control regions. Additional control regions used for the estimates of
the non-prompt backgrounds are discussed in Section 6.

The seven channels are:

• two same-charge light leptons and no hadronically-decaying ⌧ lepton candidates (2`SS);

• three light leptons and no hadronically-decaying ⌧ lepton candidates (3`);

• four light leptons (4`);

• one light lepton and two opposite-charge hadronically-decaying ⌧ lepton candidates (1`+2⌧had);

• two same-charge light leptons and one hadronically-decaying ⌧ lepton candidate (2`SS+1⌧had);

• two opposite-charge light leptons and one hadronically-decaying ⌧ lepton candidate (2`OS+1⌧had);

• three light leptons and one hadronically-decaying ⌧ lepton candidate (3`+1⌧had).

1ℓ+2τhad

4ℓ2ℓSS+1τhad 2ℓOS+1τhad 3ℓ+1τhad

2ℓSS 3ℓ

Number of light leptons

N
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be
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Figure 3: The channels used in the analysis organised according to the number of selected light leptons and ⌧had
candidates. The selection requirements for each channel are in Table 3.
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(henceforth V) boson. Additional backgrounds arise from tt̄ production with leptons from heavy-flavour
hadron decays and additional jets (non-prompt leptons), other processes where the electron charge is
incorrectly assigned and where jets are incorrectly identified as ⌧ candidates. Backgrounds are estimated
with a combination of simulation and data-driven techniques (labelled as “Pre-Fit”), and then a global fit
to the data, in all final states, is used to extract the best estimate for the tt̄H production rate and adjust the
background predictions (labelled as “Post-Fit”).
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Figure 1: Example of tree-level Feynman diagrams for the production of the Higgs boson in association with a pair
of top quarks. Higgs boson decays to (left) WW/Z Z or (right) ⌧⌧ are shown.

The article is organised as follows. Section 2 introduces the ATLAS detector; Section 3 describes the Monte
Carlo (MC) simulation samples as well as the recorded data used for this analysis. The reconstruction and
identification of the physics objects are discussed in Section 4. The event selection and classification are
explained in Section 5. Section 6 describes the methods used to estimate the backgrounds. The theoretical
and experimental uncertainties are discussed in Section 7. The results are presented in Section 8, and
the combination with the three other ATLAS searches for tt̄H production mentioned above is reported in
Section 9.

2 ATLAS detector

The ATLAS experiment [43] at the LHC is a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and a near 4⇡ coverage in solid angle.1 It consists of an inner tracking
detector surrounded by a superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
and hadron calorimeters, and a muon spectrometer. The inner tracking detector, covering the pseu-
dorapidity range |⌘ | < 2.5, consists of silicon pixel and silicon micro-strip tracking detectors inside a
transition-radiation tracker that covers up to |⌘ | = 2.0. It includes, for the

p
s = 13 TeV running period,

a newly installed innermost pixel layer, the Insertable B-Layer [44]. Lead/liquid-argon (LAr) sampling
calorimeters provide electromagnetic (EM) energy measurements for |⌘ | < 2.5 with high granularity
1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector

and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of
�R ⌘

p
(�⌘)2 + (��)2.
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Coupling (top)

• Evidence of the top Yukawa coupling.

➡ 4.1 (2.8) observed (expected) significance.
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is separated into two components to show the uncertainty due to the acceptance and the one due to the
cross section. The uncertainties in the non-prompt light-lepton estimates, the fake ⌧had estimates and the
charge missassignment have large statistical components due to the data statistics. The large impact of the
luminosity uncertainty is due to its e�ect on both signal and simulated background predictions. Although
the individual groups are initially largely uncorrelated, a small correlation is introduced from the fit to
data.
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Figure 9: The impact of systematic uncertainties on the fitted signal-strength parameter µ̂ for the combined fit of all
channels. The systematic uncertainties are listed in decreasing order of their impact on µ̂ on the y-axis, and only
the fifteen most important ones are displayed. The filled blue boxes show the variations of µ̂ with respect to the
central value, �µ, referring to the upper x-axis, when fixing the corresponding individual nuisance parameter, ✓, to
its post-fit value ✓̂ modified upwards or downwards by its post-fit uncertainty, and repeating the fit. The empty blue
boxes represent the corresponding pre-fit impact. The black points, which refer to the lower x-axis, show the fitted
values and uncertainties of the nuisance parameters, with respect to their pre-fit values, ✓0, and uncertainties, �✓.
The black lines show the post-fit uncertainties of the nuisance parameters, relative to their nominal uncertainties,
which are indicated by the dashed line.

Fig. 10 and Table 10 (bottom part) show a comparison to data of the yields after the predictions were
adjusted by the fit in the twelve signal and control regions. Figs. 11 and 12 show the distributions of the
discriminating variables used by the fit in the eight signal regions. Distributions are shown both before
and after the fit to the data. An excess of events over the expected Standard Model background processes is
found with an observed (expected) significance of 4.1 (2.8) standard deviations. The observed (expected)
best-fit value of µ is 1.6 +0.3

�0.3 (stat) +0.4
�0.3 (syst) =1.6 +0.5

�0.4 (1.00 +0.3
�0.3 (stat) +0.3

�0.3 (syst) =1.00 +0.4
�0.4). The best-fit

value of µ for each individual channel and the combination of all channels are shown in Fig. 13 and Table 13.
The individual channel results are extracted from the full fit but with a separate parameter of interest for each

29

Figure 15: Summary of the measurements of µ from individual analyses and the combined result. “ML” refers to
the multileptonic decay channels discussed in Section 8. The best-fit values of µ for the individual analyses are
extracted independently, and systematic uncertainty nuisance parameters are only correlated for the combination.
As no events are observed in the H ! 4` analysis, a 68% confidence level (CL) upper limit on µ, computed using
the CLs method [107], is reported.

to avoid constraining this systematic uncertainty in the signal regions; this gives a conservative
estimate of the impact. The H ! �� and H ! 4` analyses use a di�erent calibration for the
flavour-tagging e�ciencies and mistag rates compared to the H ! bb̄ and multilepton analyses.
Due to this, the flavour-tagging uncertainties are correlated between H ! �� and H ! 4` and
between H ! bb̄ and multilepton analyses, but are uncorrelated between the two pairs. The
flavour-tagging uncertainties are constrained significantly by the H ! bb̄ analysis, due to its large
samples of b- and c-jets, which carries over to the multilepton analysis.

Other experimental systematic uncertainties such as luminosity, pile-up e�ects, lepton identifica-
tion, isolation, and trigger e�ciencies are treated as correlated, except for statistical uncertainties
associated with e�ciency measurements for di�erent working points.

None of the NPs in the fit are strongly constrained by more than one analysis, and the value of µ obtained
from the combined fit is robust to the choice of correlation scheme. The best-fit value of the tt̄H signal
strength, as determined from the combined likelihood function, is

µ = 1.17 ± 0.19 (stat) +0.27
�0.23 (syst)

The background-only hypothesis (µ = 0) is excluded at 4.2�, with an expectation of 3.8� in the case of a
SM signal. This constitutes evidence for tt̄H production.

The values of µ obtained in each analysis, and the result of the combination, are shown in Fig. 15 and
Table 14. The compatibility of the signal-strength parameters of the individual analyses with the combined
value of µ is 38%. The impact of various uncertainties on the combination is shown in Table 15. The
leading systematic uncertainties are those associated with the tt̄H signal modelling and cross section and
the tt̄ background modelling in the H ! bb̄ analysis. The cross section for tt̄H production corresponding
to the best-fit value of µ is 590 +160

�150 fb, as compared to the the SM prediction of �(tt̄H) = 507 +35
�50 fb.
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Improvement of theory prediction 
should benefit sensitivity.



Coupling (bottom)

• Measured by H→bb.

➡ Good: Largest branching ratio.

➡ Bad: Huge QCD multi-jet background.


• Very hard to use Higgs produced by ggH and VBF.

➡ Targeting ZH or WH productions.


• Various studies to improve dijet mass resolution.

➡ Likelihood fit. Improved resolution by up to ~40%.
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events. Parameterised tagging is used for the V + cc, V + cl, V + ll and WW samples, which simulate
small background contributions (< 2% of the total background). For all other samples, direct tagging is
applied.

In addition to the JES correction, two more corrections are applied to b-tagged jets. The muon-in-jet
correction is applied when a medium quality muon with pT > 5 GeV is found within �R = 0.4 of a jet,
to account for the presence of b- and c-hadron decays into muons which do not deposit their full energy
in the calorimeter. Unlike in the lepton selection introduced previously, no isolation criteria are applied.
When more than one muon is found, the one closest to the jet axis is chosen. The muon four-momentum
is added to that of the jet, and the energy deposited by the muon in the calorimeter is removed. To
further improve the jet response, a second correction, denoted PtReco, is applied as a function of jet pT.
This correction is based on the residual di↵erence in jet response expected from the signal simulation
between the reconstructed b-jets (with all corrections previously applied) and the corresponding truth jets
(formed by clustering final-state particles taken from the Monte Carlo truth record, including muons and
neutrinos). This correction increases the energy of jets with pT ⇠ 20 GeV by 12% and the energy of those
with pT > 100 GeV by 1%. A larger correction is applied in case a muon or electron is identified within
�R = 0.4 of the jet axis, to account for the missing neutrino energy.

In the 2-lepton channel, where the ZH ! ``bb̄ event kinematics can be fully reconstructed, a per-event
kinematic likelihood fit, described in more detail in Ref. [18], is used to improve the estimate of the
energy of the two b-jets, in place of the PtReco correction. These corrections result in an improved mbb
mass distribution in the region of the Higgs boson signal, as illustrated in Figure 1; the central value is
moved closer to its nominal value, and the resolution is improved by up to about 40%.
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Figure 1: Comparison of the mbb distributions as additional corrections are applied to the jet energy scale, shown
for simulated events in the 2-lepton channel in the 2-jet and pZ

T > 150 GeV region. A fit to a Bukin function [91]
is superimposed on each distribution, and the resolution values and improvements are reported in the legend.

The presence of neutrinos can be inferred by measuring the momentum imbalance in the event. This is
measured by the missing transverse momentum Emiss

T , defined as the negative vector sum of the transverse

9
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Figure 7: The mbb distributions in the 0-lepton (left), 1-lepton (middle) and 2-lepton (right) channels for 2-b-tag
events, in the 2-jet categories for pV

T > 200 GeV. The background contributions after the global likelihood fit are
shown as filled histograms. The Higgs boson signal (mH = 125 GeV) is shown as a filled histogram on top of
the fitted backgrounds normalised to the signal yield extracted from data (µ = 1.30), and unstacked as an unfilled
histogram, scaled by the factor indicated in the legend. The dashed histogram shows the total background as
expected from the pre-fit MC simulation. The size of the combined statistical and systematic uncertainty for the
sum of the fitted signal and background is indicated by the hatched band. The ratio of the data to the sum of the
fitted signal and background is shown in the lower panel.
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Coupling (bottom)

• Found an evidence of the bottom Yukawa coupling.

➡ 3.6 (4.0) observed (expected) significance. 

(c.f. CMS 3.8σ for both observed and expected.)
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Table 11: Breakdown of the contributions to the uncertainties in µ̂. The sum in quadrature of the systematic uncer-
tainties attached to the categories di↵ers from the total systematic uncertainty due to correlations. The b-tagging
extrapolation uncertainty refers to the extrapolation of the b-jet calibration above pT = 300 GeV.

Source of uncertainty �µ
Total 0.39
Statistical 0.24
Systematic 0.31
Experimental uncertainties
Jets 0.03
Emiss

T 0.03
Leptons 0.01

b-tagging
b-jets 0.09
c-jets 0.04
light jets 0.04
extrapolation 0.01

Pile-up 0.01
Luminosity 0.04
Theoretical and modelling uncertainties
Signal 0.17

Floating normalisations 0.07
Z + jets 0.07
W + jets 0.07
tt 0.07
Single top quark 0.08
Diboson 0.02
Multijet 0.02

MC statistical 0.13

8.4 Combination with Run 1 data

The statistical analysis of the 13 TeV data is combined with the results of the data recorded at 7 TeV and
8 TeV, reported in Ref. [18]. No change is implemented in the analysis of the 7 TeV and 8 TeV data, but
several studies were carried out on the correlation and compatibility of the 13 TeV results and the 7 TeV
and 8 TeV results. Studies on the correlation of the experimental systematic uncertainties between the
7 TeV, 8 TeV and 13 TeV analyses were performed for the dominant uncertainties.

The changes in the detector layout (inclusion of the IBL), in the tagging discriminating variable, in the
used working points, in the b-tagging calibration analyses, and in the way the discriminating variable is
used in the analysis support the choice of assuming a negligible correlation in the experimental systematic
uncertainties a↵ecting the b-tagging across datasets. Nevertheless, even correlating the leading systematic
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Figure 4: The fitted values of the Higgs boson signal strength parameter µ for mH = 125 GeV for the 0-, 1- and
2-lepton channels and their combination. The individual µ values for the lepton channels are obtained from a
simultaneous fit with the signal strength parameter for each of the lepton channels floating independently. The
compatibility of the individual signal strengths is 10%.
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Figure 5: The fitted values of the Higgs boson signal strength parameter µ for mH = 125 GeV for the WH and ZH
processes and their combination. The individual µ values for the (W/Z)H processes are obtained from a simultan-
eous fit with the signal strength for each of the WH and ZH processes floating independently. The compatibility of
the individual signal strengths is 75%.

35

=125 GeVH for mbb
VH
µBest fit 

1− 0 1 2 3 4 5 6 7 8

Comb.

2L  

1L  

0L  

0.36−
+0.421.20    , 0.23−

+0.24                                0.28−
+0.34                                                 (                 )         

0.64−
+0.781.90    , 0.49−

+0.51                                0.42−
+0.59                                                 (                 )         

0.59−
+0.691.43    , 0.38−

+0.40                                0.45−
+0.56                                                 (                 )         

0.51−
+0.530.45    , 0.37−

+0.39                                0.34−
+0.36                                                 (                 )         

( Tot. ) ( Stat., Syst. )Total Stat.
ATLAS VH, H(bb) -1=13 TeV, 36.1 fbs

Figure 4: The fitted values of the Higgs boson signal strength parameter µ for mH = 125 GeV for the 0-, 1- and
2-lepton channels and their combination. The individual µ values for the lepton channels are obtained from a
simultaneous fit with the signal strength parameter for each of the lepton channels floating independently. The
compatibility of the individual signal strengths is 10%.

=125 GeVH for mbb
VH
µBest fit 

1− 0 1 2 3 4 5 6 7 8

Comb.

ZH  

WH  

0.36−
+0.421.20    , 0.23−

+0.24                                0.28−
+0.34                                                 (                 )         

0.45−
+0.501.12    , 0.33−

+0.34                                0.30−
+0.37                                                 (                 )         

0.59−
+0.681.35    , 0.38−

+0.40                                0.45−
+0.55                                                 (                 )         

( Tot. ) ( Stat., Syst. )
Total Stat.

ATLAS VH, H(bb) -1=13 TeV, 36.1 fbs

Figure 5: The fitted values of the Higgs boson signal strength parameter µ for mH = 125 GeV for the WH and ZH
processes and their combination. The individual µ values for the (W/Z)H processes are obtained from a simultan-
eous fit with the signal strength for each of the WH and ZH processes floating independently. The compatibility of
the individual signal strengths is 75%.

35

=125 GeVH for mbb
VH
µBest fit 

2− 0 2 4 6 8

Comb.

13 TeV

8 TeV

7 TeV

0.26−
+0.280.90    , 0.18−

+0.18                                0.19−
+0.21                                                 (                 )         

0.36−
+0.421.20    , 0.23−

+0.24                                0.28−
+0.34                                                 (                 )         

0.40−
+0.430.65    , 0.32−

+0.33                                0.24−
+0.28                                                 (                 )         

1.46−
+1.50-1.61    , 1.13−

+1.22                                0.92−
+0.87                                                 (                 )         

( Tot. ) ( Stat., Syst. )
Total Stat.

ATLAS VH, H(bb) =7 TeV, 8 TeV, and 13 TeVs
-1, and 36.1 fb-1, 20.3 fb-1L dt=4.7 fb∫
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Figure 1: The c-jet tagging e�ciency (coloured scale) as a function of the b-jet (x-axis) and l-jet (y-axis) rejection
as obtained from simulated tt̄ events. The cross denotes the choice of the selection criterion used in this analysis.
The solid and dotted black lines indicate the contours in the rejection space for the fixed c-tagging e�ciency of the
criterion used in this analysis and two alternative fixed c-tagging e�ciency criteria respectively.

measurements are applied to data. Selected jets must have pT > 20 GeV and |⌘ | < 2.5. Events are required
to contain at least two jets. If a muon is found within a jet, its momentum is added to the selected jet. An
overlap removal procedure is applied to resolve cases in which the same physical object is reconstructed
multiple times, e.g. an electron also reconstructed as a jet.

In simulated events, jets are labelled according to the presence of a heavy-flavor hadron with pT > 5 GeV
within a cone around the jet axis of size �R = 0.3. If a b-hadron is found the jet is labelled as a b-jet.
If no b-hadron is found, but a c-hadron is present, then the jet is labelled as a c-jet. Otherwise the jet is
labelled as a light flavor (u, d, s quarks and gluon) jet (l-jet).

Flavor tagging algorithms exploit the di�erent lifetimes of b, c and light flavor hadrons. A c-tagging
algorithm is used to identify c-jets. These jets are particularly challenging to tag with high e�ciency
because c-hadrons have shorter lifetimes and decay to a lower number of charged particles than b-hadrons.
Two multivariate discriminants are trained: the first separates c-jets from l-jets, while the second separates
c-jets from b-jets. The inputs to these discriminants are the same variables used for b-tagging [63, 64].
Selection criteria are applied in the two-dimensional multivariate discriminant space as shown in Fig. 1,
to obtain an e�ciency of 41% for c-jets and rejection factors (inverse e�ciencies) of 4 and 20 for b-jets
and l-jets respectively. The e�ciencies are calibrated to data using b-quarks from t ! Wb and c-quarks
from W ! cs, cd with identical methods to those used for b-tagging algorithms [63]. To reduce statistical
uncertainties in the simulation, rather than imposing a direct requirement on the c-tagging discriminants,
the events are weighted according to the tagging e�ciencies of their jets, parameterized as a function of
jet flavor, pT, ⌘ and the angular separation between jets.

Data are analyzed in four categories with di�erent expected signal purities. The invariant mass of
the dijet system, mcc̄, constructed using the two highest pT jets, is the discriminating variable in each
category. These categories are defined based on the transverse momentum of the reconstructed Z boson,
pZ

T (75 GeV < pZ
T < 150 GeV and pZ

T > 150 GeV) and the number of c-tags amongst the leading jets
(either one or two). The lower requirement on pZ

T exploits the harder pZ
T distribution in ZH production

4

Coupling (charm)

• Search for ZH→llcc with 2015+2016 data.

➡ Previously Yc was inspected by H→J/ψγ (Phys. Rev. Lett. 114, 121801).

➡ Now, c-jets from Higgs decay were trying to be identified.


• Selections:

➡ Well identified Z boson 

(81<mll [GeV]<101).

➡ At least two jets.

➡ c-tagging (efficiency: 41%).

✓ b-jet rejection ~ 4.

✓ l-jet rejection ~ 20.
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Coupling (charm)

• Upper limit: σ×BR < 2.7(obs.), 3.9+2.1-1.1(exp.) pb.

➡ SM prediction: 25.5 fb.


• μ < 110 (obs.), 150 (+80-40).

• Can be improved by better 

c-jet efficiency calibration? 
(and worth pursuing!!)
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Figure 2: Observed and predicted mcc̄ distributions in the four analysis categories. The expected signal (pre-fit) is
scaled by a factor of 100. The backgrounds are shown corrected to the results of the fit to the data. The predicted
background from the simulation is shown as red dashed histograms. The ratios of the data to the fitted background are
shown in the lower panels. The error bands indicate the quadratic sum of the statistical and systematic uncertainties
in the background prediction. Arrows denote where the central value of a data point lies above or below the visible
range.

To conclude, a search for the decay of the Higgs boson to charm quarks has been performed using 36.1 fb�1

of data collected with the ATLAS detector in pp collisions at
p

s = 13 TeV at the LHC. No significant
excess of ZH(cc̄) production is observed with respect to the SM background expectation. The observed
upper limit on �(pp ! ZH) ⇥ B(H ! cc̄) is 2.7 pb at the 95% C.L. The corresponding expected upper
limit is 3.9+2.1

�1.1 pb. This is the most stringent limit to date in direct searches for the decay of the Higgs
boson to charm quarks.

7

than in the main Z + jets background. To reject background events, the angular separation between the two
jets constituting the dijet system, �Rcc̄, is required to be less than 2.2. This requirement is tightened to
1.5 (1.3) for events satisfying 150 < pZ

T < 200 GeV (pZ
T > 200 GeV). The signal acceptance ranges from

0.5% to 3.4% depending on the category. A joint binned maximum profile likelihood fit to mcc̄ in the four
categories is used to extract the signal yield and estimate the normalization of the Z+jets background. The
fit is performed using 15 uniform width bins in each category in the range of 50 GeV < mcc̄ < 200 GeV.
The parameter of interest, µ, common to all categories, is the signal strength, defined as the ratio of the
measured signal yield to the prediction from the SM.

Systematic uncertainties a�ecting the signal and background predictions include theoretical uncertainties
in the signal and background modeling and experimental uncertainties. They are summarized in Table 2,
which shows their relative impact on the fitted value of µ. Uncertainties in the mcc̄ shape of the simulated
backgrounds are assessed by comparisons between nominal and alternative MC generators as indicated in
Table 1.

The systematic uncertainties are incorporated within the statistical model through nuisance parameters
that modify the shape and/or normalization of the expected distributions. The statistical model includes
additional terms which parametrize the constraints from auxiliary measurements on the uncertainties of
these parameters. The e�ects of statistical uncertainties in the simulation samples are accounted for by
the statistical model. The Z+jets background is normalised from the data through the inclusion of an
unconstrained normalization parameter for each analysis category. The normalization parameters range
between 1.13 and 1.30. All other background normalization factors are correlated between categories
with acceptance uncertainties typically of the order of 10% to account for relative variations between
categories.

The dominant contributions to the uncertainty in µ are the e�ciency of the tagging algorithms, the jet
energy scale and resolution, and the modeling of the backgrounds. The largest uncertainty is due to
the normalization of the Z+jets background. The typical size of the relative uncertainty on the tagging
e�ciency is 20% for c-jets, 5% for b-jets, and 20% for l-jets.

Source �/�tot
Statistical 49%
Floating Z + jets Normalization 31%

Systematic 87%
Flavor Tagging 73%
Background Modeling 47%
Lepton, Jet and Luminosity 28%
Signal Modeling 28%
MC statistical 6%

Table 2: Breakdown of the relative contributions to the total uncertainty in µ. The statistical uncertainty includes
the contribution from the floating Z+jets normalization parameters, the contribution from which is also shown
separately. The total systematic uncertainty and its components are shown. The sum in quadrature of the individual
components di�ers from the total uncertainty due to correlations between the components.

The fitted signal and background yields are listed in Table 3. The most significant background source is
Z+jets production. The mcc̄ distributions in all signal categories are shown in Fig. 2 with the background
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Coupling (light quarks)

• Couplings of H and light quarks.

➡ Studied by Higgs to meson + photon decays.

✓ s-quark: φ, 

✓ u-,d-quark: ρ, 


• Focusing on large BR channels. 

➡ H→φγ→KKγ: BR(φ→KK)=50%

➡ H→ργ→ππγ: BR(ρ→ππ)~100%


• Production is dominated by indirect production, but still being 
sensitive to light quark Yukawa couplings.
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1 Introduction

Following the observation [1, 2] of a Higgs boson, H, with a mass of approximately 125 GeV [3] by the
ATLAS and CMS collaborations at the Large Hadron Collider (LHC), the properties of its interactions with
the electroweak gauge bosons have been measured extensively [4–6]. The coupling of the Higgs boson to
leptons has been established through the observation of the H ! ⌧+⌧� channel [4, 7, 8], while in the quark
sector indirect evidence is available for the coupling of the Higgs boson to the top-quark [4] and evidence for
the Higgs boson decays into bb̄ has been recently presented [9, 10]. Despite this progress, the Higgs boson
interaction with the fermions of the first and second generations is still to be confirmed experimentally.
In the Standard Model (SM), Higgs boson interactions to fermions are implemented through Yukawa
couplings, while a wealth of beyond-the-SM theories predict substantial modifications. Such scenarios
include the Minimal Flavour Violation framework [11], the Froggatt–Nielsen mechanism [12], the Higgs-
dependent Yukawa couplings model [13], the Randall–Sundrum family of models [14], and the possibility
of the Higgs boson being a composite pseudo-Goldstone boson [15]. An overview of relevant models of
new physics is provided in Ref. [16].

The rare decays of the Higgs boson into a heavy quarkonium state, J/ or ⌥(nS) with n = 1, 2, 3,
and a photon have been suggested for probing the charm- and bottom-quark couplings to the Higgs
boson [17–20] and have already been searched for by the ATLAS Collaboration [21], resulting in 95%
confidence level (CL) upper limits of 1.5 ⇥ 10�3 and (1.3, 1.9, 1.3) ⇥ 10�3 on the branching fractions,
respectively. The H ! J/ � decay mode has also been searched for by the CMS Collaboration [22],
yielding the same upper limit. The corresponding SM predictions for these branching fractions [23] are
B (H ! J/ �) = (2.95 ± 0.17) ⇥ 10�6 and B (H ! ⌥(nS)�) =

⇣
4.6+1.7

�1.2, 2.3
+0.8
�1.0, 2.1

+0.8
�1.1

⌘
⇥ 10�9. The

prospects for observing and studying exclusive Higgs boson decays into a meson and a photon with an
upgraded High Luminosity LHC [16] or a future hadron collider [24] have also been studied.

Currently, the light (u, d, s) quark couplings to the Higgs boson are loosely constrained by existing data
on the total Higgs boson width, while the large multijet background at the LHC inhibits the study of
such couplings with inclusive H ! qq̄ decays. Rare exclusive decays of the Higgs boson into a light
meson, M , and a photon, �, have been suggested as a probe of the couplings of the Higgs boson to
light quarks and would allow a search for potential deviations from the SM prediction [23, 25, 26].
Specifically, the observation of the Higgs boson decay to a � or ⇢(770) (denoted as ⇢ in the following)
meson and a photon would provide sensitivity to its couplings to the strange-quark, and the up- and
down-quarks, respectively. The expected SM branching fractions are B (H ! ��) = (2.31± 0.11)⇥ 10�6

and B (H ! ⇢�) = (1.68 ± 0.08) ⇥ 10�5 [23]. The decay amplitude receives two main contributions that
interfere destructively. The first is referred to as “direct” and proceeds through the H ! qq̄ coupling,
where subsequently a photon is emitted before the qq̄ hadronises exclusively to M . The second is referred
to as “indirect” and proceeds via the H ! �� coupling followed by the fragmentation �⇤ ! M . In the
SM, owing to the smallness of the light-quark Yukawa couplings, the latter amplitude dominates, despite
being loop induced. As a result, the expected branching fraction predominantly arises from the “indirect”
process, while the Higgs boson couplings to the light quarks are probed by searching for modifications of
this branching fraction due to changes in the “direct” amplitude.

This paper describes a search for Higgs boson decays into the exclusive final states �� and ⇢�. The decay
� ! K+K� is used to reconstruct the � meson, and the decay ⇢ ! ⇡+⇡� is used to reconstruct the ⇢
meson. The presented search uses approximately 13 times more integrated luminosity than the first search
for H ! �� decays [27], which led to a 95% CL upper limit of B (H ! ��) < 1.4 ⇥ 10�3, assuming SM
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indirect (via H→γγ)

h

γ

h

γ

h

γ

γ/Z

Figure 2: Direct (left and center) and indirect (right) contributions to the h → V γ
decay amplitude. The crossed circle in the third diagram denotes the off-shell h → γγ∗

and h → γZ∗ amplitudes, which in the SM arise first at one-loop order.

of an off-shell photon or Z boson produced in a h → γγ∗/γZ∗ transition [10]. We refer to
this as the “indirect” contribution. It involves the hadronic matrix element of a local current
and thus can be expressed in terms of the decay constant fV of the vector meson. The direct
contribution is sensitive to the Yukawa coupling of the Higgs boson to the quarks which make
up the vector meson. We shall find that in the SM the direct and indirect contributions to
the h → V γ decay amplitude interfere destructively. They are of similar size for V = Υ,
while the direct contributions are smaller than the indirect ones by factors of about 0.06 for
V = J/ψ, 0.002 for V = φ, and few times 10−5 for V = ρ0 and ω. The sensitivity to the
Yukawa couplings thus crucially relies on the precision with which the indirect contributions
can be calculated. We will come back to this point below.

The most general parametrization of the h → V γ decay amplitude is

iA(h → V γ) = −
efV
2

!

"

ε∗V · ε∗γ −
q · ε∗V k · ε∗γ

k · q

#

F V
1 − iϵµναβ

kµqνε∗αV ε
∗β
γ

k · q
F V
2

$

, (5)

where both the final-state meson and the photon are transversely polarized. From (5), the
decay rate is obtained as

Γ(h → V γ) =
αf 2

V
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&
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&

&F V
2

&

&

2
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. (6)

Here α = 1/137.036 is the fine-structure constant evaluated at q2 = 0 [22], as appropriate
for a real photon. We choose to normalize the decay amplitude in (5) to the vector-meson
decay constant fV , which is defined in terms of a matrix element of a local vector current.
Since we consider neutral, flavor-diagonal mesons, the definition of the decay constants (and
of other hadronic matrix elements) is complicated by the effects of flavor mixing. In complete
generality, such a neutral meson V can be regarded as a superposition of flavor states |qq̄⟩.
We can thus define flavor-dependent decay constants f q

V via

⟨V (k, ε)| q̄γµq |0⟩ = −if q
VmV ε

∗µ ; q = u, d, s, . . . . (7)

A certain combination of these flavor-specific decay constants can be measured in the leptonic
decay V → e+e−. The corresponding decay amplitude involves the matrix element of the
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Figure 2: The (a) mK+K� and (b) m⇡+⇡� distributions for �� and ⇢� candidates, respectively. The candidates fulfil
the complete event selection (see text), apart from requirements on mK+K� or m⇡+⇡� . These requirements are marked
on the figures with dashed lines topped with arrows indicating the included area. The signal and background models
are discussed in the text.

5 Background

For both the �� and ⇢� final states, the main sources of background in the searches are events involving
inclusive photon + jet or multijet processes where an M candidate is reconstructed from ID tracks
originating from a jet.

From the selection criteria discussed earlier, the shape of this background exhibits a turn-on structure in the
mM� distribution around 100 GeV, in the region of the Z boson signal, and a smoothly falling background
in the region of the Higgs boson signal. Given the complex shape of this background, these processes are
modelled in an inclusive fashion with a non-parametric data-driven approach using templates to describe
the relevant distributions. The background normalisation and shape are simultaneously extracted from
a fit to the data. A similar procedure was used in the earlier search for Higgs and Z boson decays into
�� [27] and the search for Higgs and Z boson decays into J/ � and ⌥(nS) � described in Ref. [21].

5.1 Background modelling

The background modelling procedure for each final state exploits a sample of approximately 54 000 K+K��
and 220 000 ⇡+⇡�� candidate events in data. These events pass all the kinematic selection requirements
described previously, except that the photon and M candidates are not required to satisfy the nominal
isolation requirements, and a looser pM

T > 35 GeV requirement is imposed. This selection defines the
background-dominated “generation region” (GR). From these events, pdfs are constructed to describe the
distributions of the relevant kinematic and isolation variables and their most important correlations. In
this way, in the absence of appropriate simulations, pseudocandidate events are generated, from which the
background shape in the discriminating variable is derived.

This ensemble of pseudocandidate events is produced by randomly sampling the distributions of the
relevant kinematic and isolation variables, which are estimated from the data in the GR. Each pseudocan-
didate event is described by M and � four-momentum vectors and the associated M and photon isolation

8

Coupling (light quarks)

• Triggered by the dedicated di-track + photon trigger.

• Reconstructing mass:

➡ To identify φ and ρ, and to reconstruct Higgs.


• Set upper limits on BR with 95% CL.

➡ BR(H→φγ)[10-4] = 4.2+1.8-1.2 (exp.), 4.8 (obs.)

➡ BR(H→ργ)[10-4] = 8.4+4.1-2.4 (exp.), 8.8 (obs.)
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Figure 5: The (a) mK+K�� and (b) m⇡+⇡�� distributions of the selected �� and ⇢� candidates, respectively, along with
the results of the maximum-likelihood fits with a background-only model. The Higgs and Z boson contributions
for the branching fraction values corresponding to the observed 95% CL upper limits are also shown. Below the
figures the ratio of the data to the background-only fit is shown.

fraction are also estimated for the Higgs boson decays, yielding 25.3 fb for the H ! �� decay, and 45.5 fb
for the H ! ⇢� decay.

The systematic uncertainties described in Section 6 result in a 14% deterioration of the post-fit expected
95% CL upper limit on the branching fraction in the H ! �� and Z ! �� analyses, compared to the
result including only statistical uncertainties. For the ⇢� analysis the systematic uncertainties result in a
2.3% increase in the post-fit expected upper limit for the Higgs boson decay, while for the Z boson decay
the upper limit deteriorates by 29%.

Table 3: Expected and observed branching fraction upper limits at 95% CL for the �� and ⇢� analyses. The ±1�
intervals of the expected limits are also given.

Branching Fraction Limit (95% CL) Expected Observed
B (H ! ��) [ 10�4 ] 4.2+1.8

�1.2 4.8
B (Z ! ��) [ 10�6 ] 1.3+0.6

�0.4 0.9
B (H ! ⇢�) [ 10�4 ] 8.4+4.1

�2.4 8.8
B (Z ! ⇢�) [ 10�6 ] 33+13

�9 25

8 Summary

A search for the decays of Higgs and Z bosons into �� and ⇢� has been performed with
p

s = 13 TeV
pp collision data samples collected with the ATLAS detector at the LHC corresponding to integrated
luminosities of up to 35.6 fb�1. The � and ⇢ mesons are reconstructed via their dominant decays into

13



Coupling (tau)

• H->tautau

➡ CMS: 4.9σ (4.7σ) observed (expected) @ 2015+2016 data


• Observation level in an individual experiment.

➡ Next steps: differential cross-section etc..


• Limiting factor: signal modelling, MC statistics.
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16 9 Results

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

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

The systematic uncertainties are represented by nuisance parameters that are varied in the fit
according to their probability density functions. A log-normal probability density function
is assumed for the nuisance parameters affecting the event yields of the various background
contributions, whereas systematic uncertainties that affect the shape of the distributions are
represented by nuisance parameters whose variation results in a continuous perturbation of the
spectrum [68] and which are assumed to have a Gaussian probability density function. Overall,
the statistical uncertainty in the observed event yields is the dominant source of uncertainty for
all combined results.
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Coupling (mu)

• Search for H->mumu.

• Results:

➡ μ = −0.1±1.4

➡ 2.8 (2.9) at the 95% C.L. (Run1 & 2)


• Future analysis:

➡ FSR recovery: improved mμμ reso.

➡ Background modelling uncertainties 

will become more relevant.

➡ Make use of spin information 

to separate Z and H.

31

the ggF and VBF processes were generated with POWHEG-

BOX v2 [19] at next-to-leading order (NLO) in quantum
chromodynamics (QCD) using the CT10 [20] parton
distribution function (PDF) set and PYTHIA8 [21] for parton
showering and hadronization. PYTHIA8 was also used to
model H → μμ events produced in association with a W
or Z boson (VH). The hadronization and underlying-
event parameters were set according to the AZNLO tune
based on the Z boson pT distribution measurement in
7 TeV pp collisions [22]. The simulated Higgs boson pT
spectrum for the ggF process is tuned to match the HRES

prediction [23,24].
The signal samples are normalized to the predicted cross

sections times branching ratio. The production cross
sections of the Higgs boson at

ffiffiffi
s

p
¼ 13 TeV are reported

in Refs. [11,25,26]. The cross section for the ggF process is
calculated at next-to-next-to-next-to-leading-order QCD
[27] and NLO electroweak accuracies [28,29]. Both the
VBF and VH cross sections are computed with next-to-
next-to-leading-order QCD [30] and NLO electroweak
precision [31–33]. The branching ratio for the H → μμ
decay is calculated using HDECAY [34] at NLO in QCD.
Drell-Yan background events were generated with

MADGRAPH5 [35] with the NNPDF23LO [36] PDF set
interfaced to PYTHIA8. The tt̄ and single-top quark samples
were generatedwith POWHEG-BOX v2 using the CT10 PDF set
interfaced to PYTHIA6 [37] for parton showering and hadro-
nization. The diboson processes (WW, WZ, and ZZ) were
generated with SHERPA v2.1 [38] with the CT10 PDF set.
All simulated samples were processed through the full

ATLAS detector simulation [39] based on GEANT4 [40].
The effects arising from multiple pp collisions in the same
or neighboring bunch crossings (pileup) were included in
the MC simulation. Events are reweighted such that the
distribution of the average number of interactions per bunch
crossing matches that observed in data. Simulated events
are corrected to reflect the muon momentum scale and
resolution and the muon trigger and identification efficien-
cies measured in data.
Events are required to contain at least one reconstructed

pp collision vertex candidate with at least two associated
ID tracks, each with pT > 0.4 GeV. The vertex with the
largest sum of p2

T of tracks is considered to be the primary
vertex. Dimuon events are selected by requiring two
opposite-charge muons. Muons are reconstructed by com-
bining tracks in the ID with tracks in the MS. Candidate
muons are required to satisfy the “medium” criteria defined
in Ref. [41] and required to have pT > 15 GeV and
jηj < 2.5. Muons are matched to the primary vertex by
requiring the longitudinal impact parameter z0 to satisfy
jz0 sinðθÞj < 0.5 mm, where θ is the polar angle of the
track. The significance of the transverse impact parameter
d0 calculated with respect to the measured beam line
position is required to satisfy jd0j=σðd0Þ < 3, where
σðd0Þ is the uncertainty in d0. Furthermore, the “loose”

isolation criteria described in Ref. [41] are applied to
suppress muons from b-hadron decays. Jets are recon-
structed using the anti-kt algorithm [42] with a radius
parameter of R ¼ 0.4. Candidate jets must have jηj < 4.5,
and the jet pT must be larger than 25 (30) GeV for jηj < 2.5
(2.5 < jηj < 4.5). To suppress pileup contributions, an
additional requirement using the track and vertex informa-
tion inside a jet [43] is imposed on jets with jηj < 2.4 and
pT < 60 GeV. Top quark production is the second largest
background with neutrinos and b hadrons in the final states.
Jets containing b hadrons with jηj < 2.5 are identified as
b-tagged jets using a multivariate b-tagging algorithm that
provides a 60% efficiency and a rejection factor of more
than 1000 for light-flavor jets [44]. Neutrinos escape from
the detector and lead to missing transverse momentum
Emiss
T . The Emiss

T is defined as the magnitude of the negative
vectorial sum of the transverse momenta of the selected and
calibrated physics objects (including muons and jets) and
the ID tracks not associated with any physics object (soft
term) [45]. To reduce the top quark contribution, events are
required to have Emiss

T < 80 GeV and no b-tagged jets.
To ensure a high trigger efficiency, the leading muon

must have pT > 27 GeV. These criteria form the prese-
lection, and events passing the preselection with
110 GeV < mμμ < 160 GeV constitute the inclusive signal
region. The signal efficiency is 57% (59%) for the ggF
(VBF) process. The mμμ distributions for data and MC
events in the inclusive signal region are shown in Fig. 1.
The VBF categories are only considered for events

containing at least two jets. To optimize the selections,
several kinematic variables that are sensitive to the
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FIG. 1. Observed and simulated mμμ distributions in the
inclusive signal region. The expected signals are scaled by a
factor of 100. The total background prediction is normalized to
the observed data yield, while the relative fractions between the
different processes are fixed to the SM predictions. The error
band only reflects the statistical and experimental uncertainties in
the MC background prediction, while the theoretical uncertainties
are not included.
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convolved with a GS, and an exponential function divided
by a cubic function,

PBðmμμÞ ¼ f × ½BWðmBW;ΓBWÞ ⊗ GSðσBGSÞ%ðmμμÞ
þ ð1 − fÞ × eA·mμμ=m3

μμ;

where f is the fraction of the BW component when each
component is normalized to unity. The σBGS parameter in
each category is fixed to the corresponding average mμμ
resolution as determined from MC Drell-Yan events. For
all the categories, the BW parameters are fixed to mBW ¼
91.2 GeV and ΓBW ¼ 2.49 GeV [50]. The parameters f
and A are unconstrained and uncorrelated between differ-
ent categories.
A binned maximum-likelihood fit to the observed mμμ

distributions in the range 110–160 GeV is performed
using the sum of the signal and background models
(“Sþ Bmodel”). The fit is done simultaneously in all
the categories. In addition to the background model
parameters (f and A) described earlier, the background
normalization in each category is a free parameter in the fit.
The product of the H → μμ signal strength μS and the
expected signal yield gives the signal normalization in each
category.
The expected signal yields used in the fit are subject to

experimental and theoretical uncertainties. The systematic
uncertainties in the expected signal are correlated between
all the categories.
The uncertainty in the combined 2015 and 2016 inte-

grated luminosity is 3.2%, derived, following a methodol-
ogy similar to that detailed in Ref. [51], from a preliminary
calibration of the luminosity scale using x–y beam-
separation scans performed in August 2015 and May
2016. Other sources of experimental uncertainty include
the muon reconstruction and identification efficiencies, the
efficiencies due to the trigger, isolation, and impact
parameter requirements, the muon momentum scale and
resolution, the determination of the Emiss

T soft term, the b-
tagging efficiency, the pileup modeling, as well as the jet
energy scale and resolution. The total experimental uncer-
tainty in the predicted signal yield in each ggF category is
between 4% and 6%, dominated by the luminosity, muon,
jet, and pileup contributions. The experimental uncertainty
increases to 15% in the VBF categories, due to larger
contributions from the jet energy scale and resolution
uncertainties. The effects of the experimental uncertainties
in the predicted signal mμμ shapes are found to be minor
and are therefore neglected in this search.
The theoretical uncertainties in the production cross

section of the Higgs boson and the H → μμ decay
branching ratio are set according to Refs. [25,26]. The
uncertainty in the signal acceptance in the ggF categories,
due to the modeling of the Higgs boson pT spectrum, is
estimated by varying the QCD scales used in the HRES

program. The acceptance uncertainties of ggF signal events

in the VBF categories are estimated using the method
described in Ref. [15]. The uncertainties associated with the
modeling of multiparton interactions are estimated by
turning them off in the event generation, according to
the recommendations in Ref. [11]. The uncertainty in the
ggF signal prediction ranges from 15% to 25%, dominated
by the uncertainties due to omitted high-order effects. The
total theoretical uncertainty in the VBF signal yield in each
category is typically around 5%.
Any systematic bias in the background model when

describing the underlying mμμ spectrum might result in
spurious signal events in themeasurement. In each category,
the number of spurious signal events (Nspur) is estimated by
fitting the parameterized Sþ B model to the simulated
backgroundmμμ distribution in the range 110–160GeV. The
mμμ spectra are obtained from large Drell-Yan MC samples,
which were produced with POWHEG-BOX v2[19] and
MADGRAPH5 [35] for the ggF and VBF categories, respec-
tively, and correspond to an equivalent integrated luminosity
of about 5 ab−1. Values ofNspur are derived for three nearby
Higgs boson masses (120, 125, and 130 GeV), and from
these the largest value between the yields and their statistical
uncertainties is taken as theNspur value for a certain category.
A detailed discussion about how Nspur is used in the fitting
procedure is given in Ref. [52]. The background modeling
uncertainty is treated as uncorrelated among all the catego-
ries. This uncertainty varies from8% to 50%of the statistical
uncertainties of the background, depending on the selection
category. The impact of the backgroundmismodeling on the
expected upper limit on the signal strength is about 2%.
The observed mμμ spectrum is compared to the back-

ground-only fit in Fig. 2 for the VBF tight category. The
Sþ B model is fitted to the observed mμμ spectra in eight
signal categories simultaneously, and the measured overall
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Search to Measurement

• Some analyses are moving forward to measure cross-section.

➡ Big difference from μ(=σ/σSM) 

or κ measurement.

✓ No dependence on 

the SM assumption.

✓ To be a good input for 

more general interpretation.

• Several steps…

➡ Inclusive cross-section.

➡ Differential cross-section.

➡ Simplified Template XS (STXS).
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Simplified template cross section (STXS)

• Proposed by LHC Higgs Cross Section Working Group.

➡ Each bin designed to maximise experimental sensitivity 

and minimising the dependence on theoretical uncertainties. 


• So far not enough statistics to explore all bins…

➡ Would be very interesting with full Run2 data analyses.
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438 III.2.1. Overview
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Figure 217: Schematic overview of the simplified template cross section framework.

precise form of the categorization. Typically, a subset of the experimental event categories is designed to
enrich events of a given Higgs boson production mode, usually making use of specific event topologies.
This is what eventually allows the splitting of the production modes in the global fit. Another subset of
event categories is defined to increase the sensitivity of the analysis by splitting events according to their
expected signal-to-background ratio and/or invariant-mass resolution. In other cases, the categories are
motivated by the analysis itself, e.g. as a consequence of the backgrounds being estimated specifically
for certain classes of events. While these are some of the primary motivations, in the future the details of
the event categorization can also be optimized in order to give good sensitivity to the simplified template
cross sections to be measured.

The centre of Figure 217 shows a sketch of the simplified template cross sections, which are
determined from the experimental categories by a global fit that combines all decay channels and which
represent the main results of the experimental measurements. They are cross sections per production
mode, split into mutually exclusive kinematic bins for each of the main production modes. In addition,
the different Higgs boson decays are treated by fitting the partial decay widths. Note that as usual,
without additional assumptions on the total width, only ratios of partial widths and ratios of simplified
template cross sections are experimentally accessible.

The measured simplified template cross sections together with the partial decay widths then serve
as input for subsequent interpretations, as illustrated on the right of Figure 217. Such interpretations
could for example be the determination of signal strength modifiers or coupling scale factors  (pro-
viding compatibility with earlier results), EFT coefficients, tests of specific BSM models, and so forth.
For this purpose, the experimental results should quote the full covariance among the different bins. By
aiming to minimize the theory dependence that is folded into the first step of determining the simpli-
fied template cross sections from the event categories, this theory dependence is shifted into the second

Run1-like 
category

STXS bins

Interpretation



Global Electroweak Standard Model Fit

• χ2/ndf = 17.8/14 (corresponding p-value = 0.22)

34
In general SM working fine. 

Let’s see how this will be changed by coming results!!

Special low-μ run  
to improve this.

Direct measurement, 
and pole mass

Improved by 
more data…



Summary

• No significant deviations from SM have been observed.

• Current situation in LHC analyses.

➡ Physics with σ=O(102) fb is getting within our reach.

➡ Some Higgs analyses are already in a "measurement" stage.


• LHC experiments are now in data accumulating stage.

➡ No dramatic increase of energy and luminosity.

✓ Need >year order time scale for double luminosity.


➡ We have some time to think a sophisticated analysis and also 
interesting interpretations.


•Many analyses are in pipeline for internal reviewing.

➡ Let’s see in winter conferences:)
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