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Introduction
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The Higgs boson

● Origin of mass
● Electroweak 

symmetry breaking
● Potential link to 

new physics



waarom Higgs? zoektocht En nu? vragen

”Er zijn electromagnetische

golven om ons heen die stemmen

en plaatjes bevatten”

”Er is een Higgs veld waardoor

deeltjes een massa kunnen

krijgen”
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CERN

Lydia Brenner 10



waarom Higgs? zoektocht En nu? vragen

De CMS en Atlas detectors

CMS (Compact Muon Solenoid)

Diameter 15 m ; Lengte 21 m;

Gewicht 14000ton

ATLAS (A ToroidaL ApparatuS)

Diameter 25 m; Lengte 46 m;

Gewicht 7000 ton

Hoeveel kilometer kabel zit er in

Atlas?
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De Atlas detector

Atlas heeft 3000 km kabels

Hoe ver kan je komen met 3000 km vanaf Nederland?

A Tot Amsterdam

B Tot Cern

C Tot Marokko

D Tot New York

E De aarde rond
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Tracks identificeren

100 miljoen kanalen
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Tracks identificeren
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Tracks identificeren

Identificeren van deeltjes

- Geladen deeltjes � ionisatie � tracks / sporen

- Fotonen/elektronen � remstraling � energie in calorimeter

- Hadronen � energieverlies in calorimeter

- Muonen � minimaal ioniserend � verlaten detector

M.C. van Woerden (CERN) Reconstructie en identificatie van deeltjes November 25, 2014 25 / 32
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Tracks identificeren

Foton

Electron

Muon

Proton

Neutron

Neutrino
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Tracks identificerenDeeltjessignatuur in ATLAS

M.C. van Woerden (CERN) Reconstructie en identificatie van deeltjes November 25, 2014 29 / 32
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Higgs identificeren
Wat maakt tracking moeilijk?

3D;

Meetonzekerheid;

Magnetisch veld;

Veel hits tegelijkertijd;

Deeltjes verliezen onderweg

energie;

Spontaan nieuwe deeltjes

(� � e+e�
).

Oplossing: probeer en verbeter in stapjes (iteratief).

M.C. van Woerden (CERN) Reconstructie en identificatie van deeltjes November 25, 2014 16 / 32
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Ontdekking van een nieuw deeltje

https://twiki.cern.ch/twiki/pub/AtlasProtected/HiggsWorkingGroup/

WW-FixedScale.gif
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Ontdekking van een nieuw deeltje

h!ZZ!4 leptonen h!WW(*)!lυlυ h!γγ 

Invariant mass 

Discovery channels 

Lydia Brenner 20



Higgs timeline at the LHC
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Run 1 Run 2

Higgs boson searches
Observation of 3rd 
generation Yukawa 
couplings

- H-t, H-b

2017

139 fb–1

Higgs boson observation

21 fb–1

L. Brenner Lomonosov XIX



Towards precision physics
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Run 1 Run 2
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Introduction

● Mass and width

● Coupling properties
○ Fermion interactions

● Inclusive/differential 

cross-sections
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● Quantum numbers
○ Spin/CP

● Self coupling
○ HH production

● Rare / Exotic / Invisible decays

The Higgs boson landscape

Particle Produced in 139 fb-1 at √s=13 TeV

Higgs Boson 7.7 million

Top quark 275 million

Z Boson 2.8 billion

W Boson 12 billion

New

New

New

New



Higgs Boson mass
One free parameter in the 
Standard Model: mH

Among the most precise 
EWK parameters

- 240 MeV precision

9

PLB 784(2018)345

L. Brenner Lomonosov XIX

https://arxiv.org/abs/1806.00242


Total cross section measurement
Obtained from H→ZZ→4l, H → 𝜸𝜸, and their combination. 

10

ATLAS-CONF-2019-032

√s=13 TeV

Use SM BRs as input

L. Brenner Lomonosov XIX

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-032/


Second generation fermion couplings: H→𝜇𝜇

13

ATLAS-CONF-2019-028

Identifying and measuring 𝜇 
is not the problem, difficulties are

- Small BR (2x10⁻⁴)
- Large backgrounds (Z/𝛾*, diboson, top)

L. Brenner Lomonosov XIX

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-028/


Differential cross section measurement
Finer granular measurements for specific observables

Measure a large numbers of distributions (pT𝜸𝜸, pT4l, |Y𝜸𝜸|, Njets, pT
j1, mjj, ∆φjj) 

and compare with various predictions

17

These measurements allow to 
constrain 

- Couplings not directly 
accessible (e.g charm-H 
interaction)

- Wilson coefficients of an 
effective Lagrangian

ATLAS-CONF-2019-029

L. Brenner Lomonosov XIX

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-029/


Introduction
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ttH

VH

ggF

VBF
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Mijn onderzoek - productie van Higgs

1 Introduction

Higgs boson production in association with two jets has emerged as a promising channel
for Higgs boson discovery [1, 2, 3, 4] and for the study of Higgs boson properties [5, 6] at
the CERN Large Hadron Collider (LHC). Interest has concentrated on vector-boson-fusion
(VBF), i.e. the weak process qq � qqH which is mediated by t channel exchange of a W
or Z, with the Higgs boson being radiated o� this weak boson. The VBF production cross
section measures the strength of the WWH and ZZH couplings, which, at tree level, require
a vacuum expectation value for the scalar field. Hence the VBF channel is a sensitive probe
of the Higgs mechanism as the source of electroweak symmetry breaking.

Another prominent source of Hjj events are second order real emission corrections to
the gluon fusion process. Such corrections were first considered in Ref. [7, 8] in the large top
mass limit and have subsequently been evaluated for arbitrary quark masses in the loops
which induce the e�ective coupling of the Higgs boson to gluons [9]. Some representative
Feynman graphs are shown in Fig. 1. In the mt � � limit, also the NLO QCD corrections
have recently been calculated [10].
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q q
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t
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g

g

H, A

g

g

Figure 1: Feynman graphs contributing to pp � Hjj.

For a SM Higgs boson, the generic Hjj cross section from gluon fusion can somewhat
exceed the VBF cross section of a few pb [9]. This raises the question whether gluon fusion
induced Hjj events can be used as a source of information for measuring Higgs boson
properties. For the VBF process, the most promising Higgs signal arises for Higgs boson
masses around W -pair threshold in the channel pp � HjjX, H � W+W � � l+l�p/T [2, 4].
This prompts us to investigate the gluon fusion contribution to this channel for a Higgs
boson mass of mH = 160 GeV. We analyze potential background processes, in particular
the production of top-quark pairs in association with additional jets, QCD induced WWjj
events and VBF processes, and we show in a parton level analysis that the gluon fusion
induced Higgs production can be isolated as a highly significant signal with 30 fb�1 of LHC
data and with a signal to background ratio of about one to four.

The resulting signal is large enough to derive Higgs boson properties from distributions.
In this paper we focus on the CP properties of the Yukawa couplings to fermions, which are
given by

LY = yfH�̄f�f + iỹfA�̄f�5�f , (1)

1
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Introduction
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H𝜏𝜏

Hbb

HWW

H𝛾𝛾

HZZ
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Mijn onderzoek - Wat onderzoeken?

eig
en

 ko
pie

Figure 4: ��jj distribution for a pure CP-even coupling (left) and a pure CP-odd coupling
(right) for an integrated luminosity of 300fb�1 using the analysis cuts proposed in [10].
The authors have studied the case of a Higgs mass of 160 GeV, but for a mass of 125 GeV
the conclusions do not change significantly. From top to bottom: ggF signal, EW-WW+2
jets (dominated by VBF Higgs production), top pair, tt̄+1 jet, tt̄+2 jets, QCD-WW+2
jets backgrounds. Mixed CP states would have an intermediate modulation.

10.6 Experimental challenges

The analysis of the Hjj final state produced via ggF can be challenging since, while for the
VBF production case one can require two forward jets and the additional requirement to
reject events with jets in the central region of the detector (central jet veto) would reject
QCD and tt̄ backgrounds, the ggF Hjj signal would have central jets and therefore the
central jet veto cannot be applied. The challenge of the analysis will be to:

• Keep a high signal e�ciency, while rejecting the QCD induced WW+2 jets and
top-quark backgrounds;

• Extract the modeling of shapes and normalization of the above mentioned back-
grounds from data.

Reduction of the large QCD-WW background while keeping the signal rate large

The experience I have developed while analysing the H � WW+2 jets state produced via
VBF will be extremely useful for the ggF analysis: with the present selection used in ATLAS
in the VBF channel, the amount of ggF signal is about 1/4 of the VBF signal, but not
using the central jet veto cut and some hard cuts on the jet invariant mass, the ggF signal
could be brought at the same level of the VBF. A cut on the distance in the �-� plane
between the two leptons �Rll < 1.1 [10] would instead reduce the backgrounds. Further
improvements would be achieved by using multivariate analyses that use also correlations
among topological variables: I have been the first to publish a multivariate analysis in
ATLAS within the Higgs group and to demonstrate its solidity.

10

•  The*SM*CP*even*Higgs*shows*a*modula3on*in*∆Φjj**

*the*backgrounds*and*the*VBF*process*are*flat*

•  In*the*cases*for*CP*Odd*or*CP*mixed*stated*show*a*different*

modula3on*

•  Higgs*plus*two*jet*produc3on*via*gluon*fusion*as*a*signal*at*the*CERN*LHC*

–*G.*Klämke*and*D.*ZepperfeldhXp://arxiv.org/pdf/hepZph/0703202.pdf*

Search*for*CP*viola3on*in*the*ggF+jets*channel*

CP*Even*(SM*Higgs)* CP*Odd*

ggF*

EWZWW*+2j*

(Dominated*by*VBF*

Higgs*produc3on)*

Top*background*

*QCDZWW+2j*

Lydia*Brenner*
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Mijn onderzoek - Resultaten vorige run
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Mijn onderzoek - Wat nu?
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Simulatie hogere energie

8 F. Demartin et al.: Higgs characterisation at NLO in QCD: CP properties of the top-quark Yukawa interaction
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Fig. 4. Same as fig. 2, but for �� and �� distributions between the two tagging jets. For ��, the distribution with the
additional � jet ordering is also shown by a dashed line for the 0± case.

mjj > 250 GeV 500 GeV 500 GeV
+ jet veto

0+ 22.7 % 6.6 % 5.0 %
LHC 8 TeV 0� 21.4 % 5.7 % 4.5 %

0± 21.5 % 6.2 % 4.6 %

0+ 26.3 % 9.0 % 6.4 %
LHC 13 TeV 0� 25.4 % 8.6 % 6.2 %

0± 25.6 % 8.6 % 6.2 %

Table 7. Selection e�ciencies after each requirement from left
to right for pp � X0jj. The jet veto is defined in (14).

the forward and backward tagging jets,

min
�
�(j1), �(j2)

�
< �(jveto) < max

�
�(j1), �(j2)

�
. (14)

Table 7 collects the selection e�ciencies on the NLO+PS sam-
ples after mjj > 250 GeV and 500 GeV cuts, and mjj >
500 GeV plus the central jet veto, with respect to the accep-
tance cuts only. As already seen in fig. 1, the e�ciencies are
very similar among the di�erent scenarios. The additional jet
veto could be useful to enhance the sensitivity to CP-mixing,
especially for the 13-TeV run. Indeed we have checked that the
size of the variation in the ��jj distribution in fig. 4 becomes
slightly larger. The related jet binning uncertainties have been
discussed in detail in ref. [90].

Finally, we discuss the theoretical uncertainties for the CP-
sensitive observables. Figure 5 displays, from left to right, nor-
malised distributions of the pT of the di-jet system (which is

equivalent to pT (X0) only at LO), the pseudorapidity and the
azimuthal di�erence between the two tagging jets for pp �
X0 + 2 jets in GF (solid lines) at the 13-TeV LHC. The ac-
ceptance cuts and the invariant mass cut mjj > 500 GeV are
imposed. The middle panels show the scale and PDF+�s un-
certainties for each scenario, while the bottom ones give the
ratio of NLO+PS to LO+PS results with the total theoreti-
cal uncertainties. The total uncertainty is defined as the linear
sum of the scale and PDF+�s uncertainties. The scale uncer-
tainty is dominant, as observed in table 6, and the both scale
and PDF+�s uncertainties change very mildly over the phase
space. In all cases NLO corrections are relevant and cannot be
described by an overall K factor.

In the main panel, we also draw a comparison with the VBF
contributions (dashed lines). The pT (j1, j2) and ��(j1, j2) dis-
tributions show that in the SM VBF case the Higgs boson is
produced more centrally while the tagging jets are more for-
ward than in GF production. For the three HD VBF cases,
conversely, the jets are more central. We recall that the type
of operators are the same both for the GF and the HD VBF,
i.e. the dimension-five operators X0Vµ�V µ� and X0Vµ�

�V µ� .

We track down the slight di�erence between GF and HD
VBF in ��jj to the presence of the mass of the t-channel vector
boson, i.e. massless gluons vs. massive weak bosons. On the
other hand, the slightly weaker modulation for ��jj in GF is
due to the presence of the gg and qg initiated contributions [18,
21]. We note that the interference between GF and VBF can
be safely neglected [91,92].
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Combination
Extracting more information by combining decay channels

20

ATLAS-CONF-2019-005

Higgs to Vector-boson coupling scaling factor (𝝹V)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005/


Combination: Reinterpretations
Additional Higgs field → 5 Higgs bosons

Map couplings to 
new parameters

21

Run 1 
limit

HL-LHC prediction 
after Run 1

2 New free parameters
- tan 𝛃: ratio of the two vacuum 
expectation values
- 𝛂: mixing angle between two 
neutral CP even Higgs states

ATLAS-CONF-2019-005

L. Brenner 
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Vragen?

”Zijn we nu klaar?”

Met veel dank aan Ivo van Vulpen en Marco van Woerden!
Lydia Brenner 26
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