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The Higgs sector is special

5

The particle and its theory are unlike anything we have seen in nature

➡ Α potential V(φ) ~ –μ2(φφ†) + λ(φφ†)2 

          before the discovery was limited to being  
        theorists’ “toy model” (φ4)

➡ Mass of fermions from Yukawa interactions 
       couplings spanning 5 orders of magnitude 

➡ A fundamental scalar φ (spin 0) 
       all other particles are spin 1 or 1/2

I 
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➡ Is the Higgs boson fundamental or composite? 
➡ If fundamental, is it “minimal”?  
➡ Are Yukawa interactions responsible for masses  

     of all generations? 
➡ Is the associated potential really φ4?  
➡ Is it a portal to new physics?  
➡ … … …

The Higgs sector needs stress-testing

6

I 
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Run-I summary in a single figure

7

What do we know today? Broad picture looks standard-model like

Coupling to electroweak and 3rd generation looks standard 
➤ we see expected rate of decays to ZZ and WW (and 

some evidence of VBF/VH) 
➤ observation consistent with σ(gluon fusion) means top-

coupling is probably standard 
➤ fact that all cross sections look right also means b-

coupling is probably standard 
(because it dominates in denominator of branching 
ratios) 

➤ reasonable evidence that coupling to tau is standard 
(direct observation) 

To see the data, as is, with very non-standard (t,b,τ,W,Z) 
couplings would require some degree of conspiracy.

3
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Figure 8: Best fit values of the �(gg ! H ! ZZ) cross section and of ratios of cross sections and branching
fractions, as obtained from the generic parameterisation with nine parameters and tabulated in Table 9 for the
combination of the ATLAS and CMS measurements. Also shown are the results from each experiment. The values
involving cross sections are given for

p
s = 8 TeV, assuming the SM values for �i(7 TeV)/�i(8 TeV). The error

bars indicate the 1� (thick lines) and 2� (thin lines) intervals. The fit results are normalised to the SM predictions
for the various parameters and the shaded bands indicate the theoretical uncertainties in these predictions.

24

➡ Higgs discovery with bosonic decays  
➡ mH=125.09 GeV with 0.2% precision  
➡ JPC = 0+ favoured  
➡ Narrow width (ΓH < 20 MeV @ 95%CL) 
➡ Broad picture looks SM like 

What we know after Run-I :

➡ Slight excess in σttH 

➡  Slight deficit in Bbb  
➡ Couplings known at 10-30% precision 

… but :

I 
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Run-II results

8

I 

Great start of Run-II :  focus on production side, cross sections, fermion 
couplings 

Most precise mass measurement: 
mH = 125.26 ± 0.20(stat.)± 0.08(sys.) GeV 

0.17% precision  
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Precision Higgs boson physics II

top-Higgs Yukawa coupling 

Observation of the 2nd generation Higgs coupling  

High precision coupling measurements 

Cross sections measurements
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top-Higgs Yukawa coupling

10

In SM the top-Higgs Yukawa coupling is strongest one (Yt ∝ mtop/ν ≈ 1)  
The top-Higgs vertex (●) is only directly accessible when H is produced 
in association with one or more top quarks
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Figure 4: Leading-order Feynman diagrams of the Higgs boson production in association with a single top quark:
(a,b) tHq and (c,d) tHW .
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Figure 5: Leading-order Feynman diagrams of Higgs boson decays (a) to W and Z bosons and (b) to fermions.
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Figure 6: Leading-order Feynman diagrams of Higgs boson decays to a pair of photons.

2.2. Signal Monte Carlo simulation

All analyses use MC samples to model the Higgs boson production and decay kinematics, and to estimate
acceptance and selection e�ciency. Table 3 summarises the event generators used by ATLAS and CMS
for the

p
s = 8 TeV data analyses.

The main features of the signal simulation are recalled here; for more details, the reader is referred to the
individual publications:

• for ggF and VBF both experiments use P����� [30–34] for the event generation, interfaced either
to P�����8 [35] (ATLAS) or P�����6.4 [36] (CMS) for the simulation of the parton shower, of the
hadronisation, and of the underlying event, referred to in the following as UEPS (underlying event
and parton shower).

• in the case of W H and Z H production, both experiments use leading-order (LO) event generators
for all quark-initiated processes, namely P�����8 in ATLAS and P�����6.4 in CMS. A prominent
exception is the more sensitive H ! bb decay channel, for which ATLAS uses P�����/P�����8,
while CMS uses P�����/H�����++ [37]. The ggZ H production process is also important to
consider, even though it contributes only approximately 8% to the total Z H production cross

7

0.019 pb @ 8 TeV 
0.074 pb @ 13 TeVσ(pp →tH){

Probes the relative sign of Yt

●

The comparison of the precise direct measurement of Yt with the one from 
the loop-induced ggH  (which in the SM is also dominated by the Yt)  can 
constrain contributions from new physics in the gluon fusion loop
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Figure 1: Leading-order Feynman diagrams for Higgs boson production via the (a) ggF and (b) VBF production
processes.
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Figure 2: Leading-order Feynman diagrams of Higgs boson production via the (a) qq̄ ! V H and (b,c) gg ! Z H
production processes.
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Figure 3: Leading-order Feynman diagrams of Higgs boson production via the qq̄/gg ! tt̄H and qq̄/gg ! bbH
processes.

The W H and Z H production processes are collectively referred to as the V H process. Other less important
production processes in the SM that are not directly searched for, but are considered in the combination, are
qq, gg ! bbH (bbH), also shown in Fig. 3, and the production in association with a single top quark (tH)
shown in Fig. 4. The latter proceeds through either the qb! tHq (tHq) (Figs. 4a and 4b) or gb! tHW
(tHW ) (Figs. 4c and 4d) process. The tH process is expected to have a negligible contribution in the SM
but may become important in some BSM scenarios.

Leading-order Feynman diagrams of the Higgs boson decays considered in the combination are shown in
Figs. 5 and 6. The decays to W and Z bosons (Fig. 5a) and to fermions (Fig. 5b) proceed through tree-level
processes whereas the H ! �� decay is mediated by W -boson or heavy quark loops (Fig. 6).

The theoretical calculations of the SM Higgs boson production cross sections and decay branching ratios
have been reviewed and compiled by the LHC Higgs Cross Section Working Group in Refs. [25–27] and are
summarised with their overall uncertainties in Tables 1 and 2 for a Higgs boson mass mH = 125.09 GeV.
The SM predictions of the branching ratios for H ! gg, cc and Z� are included for completeness. Though
they are not explicitly searched for, they impact the combination through their contributions to the Higgs
boson width and, at a small level, through their expected yield in certain categories.

5

0.133 pb @ 8 TeV 
0.507 pb @ 13 TeVσ(pp →ttH){

●

Probes the modulus of Yt

II 

~1/96th of ggH  production ~1/15th of ttH  production
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Evidence for ttH production with 13 TeV data

11

A combination of ATLAS and CMS ttH results would likely be 
incompatible with μ = 0 but there is not yet a single analysis with a 
strong and unambiguous ttH signal

II II 
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7he first meeting at which the /arge +adron Collider �/+C� was officially 
discussed tooN place in 0arch ����, almost a Tuarter of a century before 
the first beams circulated in the machine. )ollowing the outcome of the 
���� European 6trategy for 3article 3hysics, CERN launched a )uture 
Circular Collider �)CC� project to help assess what tool should come ne[t 
after the /+C to continue its journey to the heart of matter. 7he )CC, 
which is among a handful of other high-energy colliders currently under 
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different collider modes could be realised� an e+e– collider that would improve 
by orders of magnitude the measurement precision on the +iggs boson and 
other 6tandard 0odel particles� an electron²proton collider that would 
probe the proton’s substructure with unmatchable precision� and a ��� 7e9 
proton²proton collider with a discovery potential more than five times greater 
than the /+C. 7his month’s cover feature describes the enormous physics 
potential of such a facility, in particular its ability to measure in detail the 
properties of the +iggs boson. :e also describe the history of darN matter, 
the search for which is another Ney goal of the /+C and future colliders, and 
describe how E6A’s Euclid probe will unearth the true nature of the ́ darN 
energyµ that is driving the accelerating e[pansion of the universe. 6ticNing 
with the darNness theme, we interview theorist EriN 9erlinde, who argues that 
darN matter is not real.  
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News

The ATLAS 
experiment has 
released several 
new results in its 

search for supersymmetry (SUSY) using 
the full 13 TeV LHC data set from 2015 and 
2016, obtaining sensitivity for certain new 
particles with masses exceeding 2 TeV. 

SUSY is one of the most studied 
extensions of the Standard Model (SM) 
and, if realised in nature, it would introduce 
partners for all the SM particles. Under 
the assumption of R-parity conservation, 
SUSY particles would be pair-produced 
and the lightest SUSY particle (LSP) 
would be stable. The strongly produced 
partners of the gluon and quarks, the 
gluino and sTuarNs, would decay to final 
states containing energetic jets, possibly 
leptons, and two LSPs. If the LSP is only 
weakly interacting, which would make it a 
dark-matter candidate, it would escape the 
detector unseen, resulting in a signature 
with missing transverse momentum.

A recent ATLAS analysis [1] searched 
for this signature, while a second [2] targets 
models where each gluino decays via 
the partner of the top quark (the “stop”), 
producing events with many jets originating 
from a b quark (b jets). Both analyses 
find consistency with 60 e[pectations, 
excluding squarks and gluinos from the 
first two generations at ��� confidence 
level up to masses of � 7e9 �see figure�. 
3air-produced stops could decay to final 
states containing up to six jets, including 
two b jets, or through the emission of a 
Higgs or Z boson. Two dedicated ATLAS 
searches >�, �@ find no evidence for these 

processes, excluding stop masses up 
to ��� *e9. 

SUSY might alternatively be manifested 
in more complicated ways. R-parity violating 
(RPV) SUSY features an LSP that can 
decay and hence evade missing transverse 
momentum-based searches. Moreover, 
SUSY particles could be long-lived or 
metastable, leading to unconventional 
detector signatures. Two dedicated searches 
[5, 6] for the production of gluino pairs and 
stop pairs decaying via RPV couplings 
have recently been studied by ATLAS, both 

looNing for final states with multiple jets 
but little missing transverse momentum. In 
the absence of deviations from background 
predictions, strong exclusion limits are 
extracted that complement those of R-parity 
conserving scenarios.

The production of metastable SUSY 
particles could give rise to decay vertices 
that are separated by from the proton–proton 
collision point in a measurable way. An 
ATLAS search [7] based on a dedicated 
tracking and vertexing algorithm has now 
ruled out large regions of the parameter 
space of such models. A second search [8] 
exploited the new layer of the ATLAS pixel 
tracking detector to identify short track 
segments produced by particles decaying 
close to the LHC beam pipe, yielding 
sensitivity to non-prompt decays of SUSY 
charginos with lifetimes of the order of 
a nanosecond. The result constrains an 
important class of SUSY models where the 
dark-matter candidate is the partner of the 
W boson.

The ATLAS SUSY search programme 
with the new data set is in full swing, with 
many more signatures being investigated 
to close in on models of electroweak-scale 
supersymmetry. 

 O Further reading 
[1] ATLAS Collab. 2017 ATLAS-CONF-2017-022.
[2] ATLAS Collab. 2017 ATLAS-CONF-2017-021.
[3] ATLAS Collab. 2017 ATLAS-CONF-2017-020.
[4] ATLAS Collab. 2017 ATLAS-CONF-2017-019.
[5] ATLAS Collab. 2017 ATLAS-CONF-2017-013.
[6] ATLAS Collab. 2017 ATLAS-CONF-2017-025.
[7] ATLAS Collab. 2017 ATLAS-CONF-2017-026.
[8] ATLAS Collab. 2017 ATLAS-CONF-2017-017.

ATLAS pushes SUSY beyond 2 TeV 
L H C  E X P E R I M E N T S

Exclusion limits (95% C.L.) for a SUSY 
model with production of squarks and 
gluinos and subsequent decays to quarks 
and massless neutralinos. The dashed line 
and yellow band indicate the expected 
sensitivity and one standard-deviation 
range of the search, respectively, while the 
solid red line represents the exclusion based 
on the observed data yields. The x axis 
represents the mass of the gluino while the 
y axis is the mass of the squark.
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The discovery of the 
Higgs boson in 2012, a 
fundamentally new type 
of scalar particle, has 
provided the particle-physics 

community with a new tool with which to 
search for new physics beyond the Standard 
Model (SM). Originally discovered via its 
decay into two photons or four leptons, the 
SM Higgs boson is also predicted to interact 
with fermions with coupling strengths 
proportional to the fermion masses. The 
top quark, being the heaviest elementary 
fermion known, has the largest coupling to 

the Higgs boson. Precise measurements of 
such processes therefore provide a sensitive 
means to search for new physics. 

The top-Higgs coupling is crucial for the 
production of Higgs bosons at the LHC, 
since the process with the largest production 
cross-section (gluon–gluon fusion) proceeds 
via a virtual top-quark loop. In this sense, 
Higgs production itself provides indirect 
evidence for the top-Higgs coupling. Direct 
experimental access to the top-Higgs 
coupling, on the other hand, comes from the 
study of the associated production of a Higgs 
boson and a top-quark pair. This production 

mode, while proceeding at a rate about 100 
times smaller than gluon fusion, provides a 
highly distinctive signature in the detector, 
which includes leptons and/or jets from the 
decay of the two top quarks.

Combined ATLAS and CMS results on 
ttH production based on the LHC’s Run 1 
data set showed an intriguing excess: the 
measured rate was above the SM prediction 
with a statistical significance corresponding 
to 2.3m. With the increase of the LHC 
energy from 8 to 13 TeV for Run 2, the ttH 
production cross-section is expected to 
increase by a factor four – putting the 

CMS inches to the top of the Higgs-coupling mountain

s
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D-Beam, a new spin-off company from the 
University of Liverpool and the Cockcroft 
Institute in the UK provides a range of 
reliable and cost-efficient beam diagnostics 
for use at accelerator and clinical facilities, 
light sources, and reactors for applications 
in research, healthcare, security, 
environment and manufacturing.

Beam diagnostics is a highly specialised area 
where it takes many years to develop a new 
sensor technology. The first advantage of 
D-Beam is the availability of a broad range of 
cutting edge beam diagnostics solutions that 
are not currently offered by any other company.

Secondly, we have the required skilled experts 
to optimise a given diagnostics technology 
platform towards your specific applications. 

Custom-designed Radiators
We offer radiators for high current/high  
energy beam applications, as well as highly 
sensitive radiators for low intensity beams 
where a small number of particles need to be 
detected. Our radiators can be used for single 
particle detection as well as for beam loss 
monitoring applications. They are based on 
the generation of scintillation and Cherenkov 
radiation in different types of optical fibres  
and cutting edge photo detectors.

Light Transport Systems
A major challenge in radiation-intense 
environments is the signal transfer from 
the source to the (often expensive and not 
radiation-hard) detection system. Lens-based 
light transport systems suffer from aberrations, 
misalignment and radiation damage. D-Beam 
offers optical fibre based light transport  
systems that can replace conventional  
lens-based systems.

Amongst others, we are experienced in the 
development, optimisation and experimental 
exploitation of synchrotron radiation-based 
profile monitors, novel micro mirror array-based 
beam halo monitors for the measurements with 
high dynamic range, and advanced sensor 
technologies, such as silicon photomultipliers.

Beam Loss Monitors (BLM) 
Based on Fibres
D-Beam offers BLMs based on fibres with 
unique features compared to the commonly 
used BLMs. The fibre-based BLM gathers the 
information from the entire beam line you are 
interested in, and not only one point. 

Due to the large number of monitors necessary 
to cover all beam modules in latest generation 
large scale accelerators, it is desirable to  
find a solution which minimises also the overall 
costs of the system. The use of optical fibres  
in different configurations allows covering  
larger segments of the machines. This allows  
to find new sources or losses and to protect  
the equipment.

Our systems provide a resolution of around  
10 cm, which gives an accurate determination 
of the loss position. Due to their intrinsic  
design advantages our systems are  
completely insensitive to magnetic fields  
and neutron radiation. 

Self-mixing Sensor
We offer a compact laser  
diode based sensor for detecting  
a small displacement and measuring the 
vibration with an accuracy of better than  
300 nm. This easy-to-use sensor can be easily 
used for many purposes including cryogenic 
chamber vibration detection or referencing the 
displacement of wired or translational stages 
for diagnostics. Moreover, it can also be used 
for velocity measurements of gas-jets and fluid 
targets. Our sensor provides a reliable, low  
cost and robust solution that can be used in 
even the harshest environments.

D-Beam offers easy-to-use and user  
friendly diagnostics for charged particle 
beams. This includes custom-build diagnostics 
for your specific needs. We have a wide range 
of numerical and analytical tools for modelling 
and optimising our products for even the most 
challenging projects. We have established 
a collaborative network with universities, 
research centres and industry partners from  
all over the world.

Further information can be found at  
www.d-beam.co.uk

Alexandra Alexandrova 
Email: a.alexandrova@d-beam.co.uk 
Telephone: +44(0)1925 864 430 or 
+44(0)7449 618 935

Prof. Carsten P. Welsch 
Email: carsten.welsch@cockcroft.ac.uk 
Telephone: +44(0)1925-864 352 
Or +44(0)7973 247 982 
Fax: +44(0)1925 864 037

D-Beam 
Keckwick lane, Daresbury laboratory 
Daresbury, Warrington, WA4 4AD 
United Kingdom

WWW.
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News

The study of the anisotropic 
Áow in heavy-ion collisions 
at the /+C, which measures 
the momentum anisotropy 
of the final-state particles, 

has been effective in characterising the 
e[treme states of matter produced in such 
collisions. 0uch evidence of collective 
anisotropic Áow and the production of a 
TuarN²gluon plasma �4*3� in heavy-ion 
collisions has already been reported. 
+owever, A/,CE recently devised a new 
techniTue to test for the collective nature of 
the Áow using measurements of differential 
transverse-momentum correlators, 32. 
7hese Tuantities measure the degree 
of correlation between the momenta of 
produced particles and are used to probe the 
evolution of the 4*3 fireball produced in 
heavy-ion collisions. )or specific dynamic 
processes, one can derive how the shape 
and strength of momentum correlations 
is related to those of particle-number 
correlations. 

Collective-Áow models posit that the 
enormous energy density achieved in 
heavy-ion collisions generates large 
pressure gradients that drive the e[pansion 
of the 4*3 fireball. ,n non-central 
collisions, the nuclear overlap region is 
anisotropic and appro[imately almond 
shaped, with the longer a[is oriented 
perpendicular to the reaction plane 

formed by the impact parameter and the 
beam direction. 7his produces pressure 
gradients that are largest in the reaction 
plane. 3article production thus becomes an 
anisotropic and collective process mostly 
determined by the orientation relative to 
the reaction plane. 7he anisotropy in the 
transverse plane is Tuantified in terms 
of )ourier coefficients �vn�, whose values 
depend on the initial spatial anisotropy of 
the fireball as well as pressure gradients. 
,f the geometry of the system and the 
pressure gradients dominate correlations of 
produced particles, one e[pects a specific 

scaling relation between vn>32@ coefficients 
of momentum correlations and the regular 
Áow coefficients vn. 7he presence of other 
sources of particle correlation, generically 
called non-Áow, are e[pected to breaN this 
simple scaling, however. 

A/,CE has now found that the scaling 
relation between vn>32@ and regular vn 
coefficients is well verified for particle 
pairs with a minimum separation of �.� 
unit of rapidity �figure, right panel�, but 
breaNs down for shorter intervals �left 
panel� where non-Áow effects such as 
resonance decays and jet fragmentation 
play an important role. 7he observed 
scaling at rapidity greater than �.� thus 
confirms that collective Áow determined 
by the geometry of the collision system 
dominates the correlation dynamics in 
heavy-ion collisions at the /+C. A/,CE 
also observed, in the five per cent most 
central collisions, that the third-order 
coefficients v3>32@ are larger than the 
second-order coefficients, v2>32@. 6uch 
coefficient hierarchy is also observed in 
particle-number correlations but only for 
the two per cent most central collisions. 
7he observable 32 thus provides better 
sensitivity to initial state Áuctuations that 
engender finite third-harmonic values. 

 O Further reading 
ALICE Collaboration 2017 arXiv:1702.02665.

ALICE reveals dominance of collective flow 

limited by poor Nnowledge of the antiproton 
production cross-sections, however, and 
no data are available so far on antiproton 
production in proton²helium collisions.

7he /+Cb’s recently installed internal 
gas target ́ 602*µ �6ystem for 0easuring 
2verlap with *as� provides the uniTue 
possibility to study fi[ed-target proton 
collisions at the unprecedented energy 
offered by the /+C, with the forward 
geometry of the /+Cb detector well suited 
for this configuration. 7he 602* device 
allows a tiny amount of a noble gas to be 
injected inside the /+C beam pipe near 
the /+Cb verte[ detector region. 7he 
gas pressure is less than a billionth of 
atmospheric pressure so as not to perturb 
/+C operations, but this is sufficient to 
observe hundreds of millions of beam²gas 

collisions per hour. %y operating 602* 
with helium, /+Cb physicists were able 
to mimic cosmic collisions between 
�.� 7e9 protons and at-rest helium nuclei 
² a configuration that closely matches the 
energy scale of the antiproton production 
observed by space-borne e[periments. 
'ata-taNing was carried out during 0ay 
���� and lasted just a few hours.

/+Cb’s advanced particle-identification 
capabilities were used to determine the yields 
of antiprotons, among other charged particles, 
in the momentum range ��²��� *e9. A novel 
method has been developed to precisely 
determine the amount of gas in the target� 
events are counted where a single electron 
elastically scattered off the beam is projected 
inside the detector acceptance. 2wing to 
their distinct signature, these events could 

be isolated from the much more abundant 
interactions with the helium nuclei. 7he 
cross-section for proton²electron elastic 
scattering is very well Nnown and allows the 
density of atomic electrons to be computed. 

7he result for the antiproton production 
has been compared to the most popular 
cosmic-ray models describing soft 
hadronic collisions, revealing significant 
disagreements with their predictions. 7he 
accuracy of the /+Cb measurement is 
below ��� for most of the accessible phase 
space, and is expected to contribute to the 
continuous progress in turning high-energy 
astroparticle physics into a high-precision 
science. 

 O Further reading 
LHCb Collaboration LHCb-CONF-2017-002.

)low coefficients for two rapidity ranges 
plotted as a function of centrality �top�, with 
ratios of the coefficients from e[perimental 
data and corresponding flow ansat] values 
�bottom�.
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In an effort to improve 
our understanding of 
cosmic rays, the LHCb 
collaboration has generated 

high-energy collisions between protons 
and helium nuclei similar to those that 
take place when cosmic rays strike the 
interstellar medium. Such collisions are 
expected to produce a certain number 
of antiprotons, and are currently one of 
the possible explanations for the small 
fraction of antiprotons (about one per 
10,000 protons) observed in cosmic rays 
outside of the EarthϞs atmosphere. %y 
measuring the antimatter component of 
cosmic rays, we can potentially unveil new 
high-energy phenomena, notably a possible 
contribution from the annihilation or decay 
of dark-matter particles. 

In the last few years, space-borne detectors 
devoted to the study of cosmic rays have 
dramatically improved our knowledge of the 
antimatter component. Data from the Alpha 
Magnetic Spectrometer (AMS-02), which is 
attached to the International Space Station 
and operated from a control centre at CERN, 
published last year are currently the most 
precise and provide the antiproton over proton 
fraction up to an antiproton energy of 350 GeV 
(CERN Courier December 2016 p26). The 
interpretation of these data is currently 

LHCb brings 
cosmic collisions 
down to Earth

(Top) A fully reconstructed proton–helium collision event in the LHCb detector, with the 
particle identified as an antiproton shown in pink. �%ottom� An event with a single electron 
elastic scattering.

ttH analyses in the crosshairs of the CMS 
collaboration in its search for new physics.

Compared to the first evidence for +iggs 
production in 2012, namely Higgs-boson 
decays into clean final states containing two 
photons or four leptons, the ttH process is 
much more rare, and the expected signal 
yields in these modes are just a few events. For 
this reason, searches for ttH production have 
been driven by the higher sensitivity achieved 
in Higgs decay modes with larger branching 
fractions, such as H A bb, H A WW, and 
H A oo. The search in the H A bb final 
state is challenging because of the large 
background from the production of top-quark 
pairs in association with jets, and the results 
are currently limited by systematic and 
theoretical uncertainties.

A compromise between expected signal 
yield and background uncertainty can 
be obtained from final states containing 
leptons. Such analyses target Higgs decays 

to WW*, ZZ* and oo pairs, and make use 
of events with two same-sign leptons or 
more than three light leptons produced in 
association with b-quark jets from top-quark 
decays. Multivariate techniques allow 
the bacNground due to jets misidentified 
as leptons to be reduced, while similar 
algorithms provide discrimination against 
irreducible background from tt + W and 
tt + Z production. Events with reconstructed 

hadronic o-lepton decays are studied 
separately. 

The latest results of ttH searches at CMS 
�see figure� show that we are on the verge of 
measuring this crucial process with sufficient 
precision to confirm or disprove the previous 
observed excess. With a larger data set it 
should be possible to have clear evidence for 
ttH production by the end of Run 2.

 O Further reading 
CMS Collaboration 2017 CMS-PAS-HIG-17-003.
CMS Collaboration 2017 CMS-PAS-HIG-17-004.
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– The top section summarises the ATLAS and 
CMS combined analysis of the Run 1 data, 
which e[hibit a �.� standard�deviation 
excess above the SM prediction, while the 
lower section shows the latest CMS results 
from 5un �. 5esults that include the full ���� 
data, presented for the first time in 0arch, 
are indicated in orange. 
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The study of the anisotropic 
Áow in heavy-ion collisions 
at the /+C, which measures 
the momentum anisotropy 
of the final-state particles, 

has been effective in characterising the 
e[treme states of matter produced in such 
collisions. 0uch evidence of collective 
anisotropic Áow and the production of a 
TuarN²gluon plasma �4*3� in heavy-ion 
collisions has already been reported. 
+owever, A/,CE recently devised a new 
techniTue to test for the collective nature of 
the Áow using measurements of differential 
transverse-momentum correlators, 32. 
7hese Tuantities measure the degree 
of correlation between the momenta of 
produced particles and are used to probe the 
evolution of the 4*3 fireball produced in 
heavy-ion collisions. )or specific dynamic 
processes, one can derive how the shape 
and strength of momentum correlations 
is related to those of particle-number 
correlations. 

Collective-Áow models posit that the 
enormous energy density achieved in 
heavy-ion collisions generates large 
pressure gradients that drive the e[pansion 
of the 4*3 fireball. ,n non-central 
collisions, the nuclear overlap region is 
anisotropic and appro[imately almond 
shaped, with the longer a[is oriented 
perpendicular to the reaction plane 

formed by the impact parameter and the 
beam direction. 7his produces pressure 
gradients that are largest in the reaction 
plane. 3article production thus becomes an 
anisotropic and collective process mostly 
determined by the orientation relative to 
the reaction plane. 7he anisotropy in the 
transverse plane is Tuantified in terms 
of )ourier coefficients �vn�, whose values 
depend on the initial spatial anisotropy of 
the fireball as well as pressure gradients. 
,f the geometry of the system and the 
pressure gradients dominate correlations of 
produced particles, one e[pects a specific 

scaling relation between vn>32@ coefficients 
of momentum correlations and the regular 
Áow coefficients vn. 7he presence of other 
sources of particle correlation, generically 
called non-Áow, are e[pected to breaN this 
simple scaling, however. 

A/,CE has now found that the scaling 
relation between vn>32@ and regular vn 
coefficients is well verified for particle 
pairs with a minimum separation of �.� 
unit of rapidity �figure, right panel�, but 
breaNs down for shorter intervals �left 
panel� where non-Áow effects such as 
resonance decays and jet fragmentation 
play an important role. 7he observed 
scaling at rapidity greater than �.� thus 
confirms that collective Áow determined 
by the geometry of the collision system 
dominates the correlation dynamics in 
heavy-ion collisions at the /+C. A/,CE 
also observed, in the five per cent most 
central collisions, that the third-order 
coefficients v3>32@ are larger than the 
second-order coefficients, v2>32@. 6uch 
coefficient hierarchy is also observed in 
particle-number correlations but only for 
the two per cent most central collisions. 
7he observable 32 thus provides better 
sensitivity to initial state Áuctuations that 
engender finite third-harmonic values. 

 O Further reading 
ALICE Collaboration 2017 arXiv:1702.02665.

ALICE reveals dominance of collective flow 

limited by poor Nnowledge of the antiproton 
production cross-sections, however, and 
no data are available so far on antiproton 
production in proton²helium collisions.

7he /+Cb’s recently installed internal 
gas target ́ 602*µ �6ystem for 0easuring 
2verlap with *as� provides the uniTue 
possibility to study fi[ed-target proton 
collisions at the unprecedented energy 
offered by the /+C, with the forward 
geometry of the /+Cb detector well suited 
for this configuration. 7he 602* device 
allows a tiny amount of a noble gas to be 
injected inside the /+C beam pipe near 
the /+Cb verte[ detector region. 7he 
gas pressure is less than a billionth of 
atmospheric pressure so as not to perturb 
/+C operations, but this is sufficient to 
observe hundreds of millions of beam²gas 

collisions per hour. %y operating 602* 
with helium, /+Cb physicists were able 
to mimic cosmic collisions between 
�.� 7e9 protons and at-rest helium nuclei 
² a configuration that closely matches the 
energy scale of the antiproton production 
observed by space-borne e[periments. 
'ata-taNing was carried out during 0ay 
���� and lasted just a few hours.

/+Cb’s advanced particle-identification 
capabilities were used to determine the yields 
of antiprotons, among other charged particles, 
in the momentum range ��²��� *e9. A novel 
method has been developed to precisely 
determine the amount of gas in the target� 
events are counted where a single electron 
elastically scattered off the beam is projected 
inside the detector acceptance. 2wing to 
their distinct signature, these events could 

be isolated from the much more abundant 
interactions with the helium nuclei. 7he 
cross-section for proton²electron elastic 
scattering is very well Nnown and allows the 
density of atomic electrons to be computed. 

7he result for the antiproton production 
has been compared to the most popular 
cosmic-ray models describing soft 
hadronic collisions, revealing significant 
disagreements with their predictions. 7he 
accuracy of the /+Cb measurement is 
below ��� for most of the accessible phase 
space, and is expected to contribute to the 
continuous progress in turning high-energy 
astroparticle physics into a high-precision 
science. 

 O Further reading 
LHCb Collaboration LHCb-CONF-2017-002.

)low coefficients for two rapidity ranges 
plotted as a function of centrality �top�, with 
ratios of the coefficients from e[perimental 
data and corresponding flow ansat] values 
�bottom�.
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In an effort to improve 
our understanding of 
cosmic rays, the LHCb 
collaboration has generated 

high-energy collisions between protons 
and helium nuclei similar to those that 
take place when cosmic rays strike the 
interstellar medium. Such collisions are 
expected to produce a certain number 
of antiprotons, and are currently one of 
the possible explanations for the small 
fraction of antiprotons (about one per 
10,000 protons) observed in cosmic rays 
outside of the EarthϞs atmosphere. %y 
measuring the antimatter component of 
cosmic rays, we can potentially unveil new 
high-energy phenomena, notably a possible 
contribution from the annihilation or decay 
of dark-matter particles. 

In the last few years, space-borne detectors 
devoted to the study of cosmic rays have 
dramatically improved our knowledge of the 
antimatter component. Data from the Alpha 
Magnetic Spectrometer (AMS-02), which is 
attached to the International Space Station 
and operated from a control centre at CERN, 
published last year are currently the most 
precise and provide the antiproton over proton 
fraction up to an antiproton energy of 350 GeV 
(CERN Courier December 2016 p26). The 
interpretation of these data is currently 

LHCb brings 
cosmic collisions 
down to Earth

(Top) A fully reconstructed proton–helium collision event in the LHCb detector, with the 
particle identified as an antiproton shown in pink. �%ottom� An event with a single electron 
elastic scattering.

ttH analyses in the crosshairs of the CMS 
collaboration in its search for new physics.

Compared to the first evidence for +iggs 
production in 2012, namely Higgs-boson 
decays into clean final states containing two 
photons or four leptons, the ttH process is 
much more rare, and the expected signal 
yields in these modes are just a few events. For 
this reason, searches for ttH production have 
been driven by the higher sensitivity achieved 
in Higgs decay modes with larger branching 
fractions, such as H A bb, H A WW, and 
H A oo. The search in the H A bb final 
state is challenging because of the large 
background from the production of top-quark 
pairs in association with jets, and the results 
are currently limited by systematic and 
theoretical uncertainties.

A compromise between expected signal 
yield and background uncertainty can 
be obtained from final states containing 
leptons. Such analyses target Higgs decays 

to WW*, ZZ* and oo pairs, and make use 
of events with two same-sign leptons or 
more than three light leptons produced in 
association with b-quark jets from top-quark 
decays. Multivariate techniques allow 
the bacNground due to jets misidentified 
as leptons to be reduced, while similar 
algorithms provide discrimination against 
irreducible background from tt + W and 
tt + Z production. Events with reconstructed 

hadronic o-lepton decays are studied 
separately. 

The latest results of ttH searches at CMS 
�see figure� show that we are on the verge of 
measuring this crucial process with sufficient 
precision to confirm or disprove the previous 
observed excess. With a larger data set it 
should be possible to have clear evidence for 
ttH production by the end of Run 2.

 O Further reading 
CMS Collaboration 2017 CMS-PAS-HIG-17-003.
CMS Collaboration 2017 CMS-PAS-HIG-17-004.
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– The top section summarises the ATLAS and 
CMS combined analysis of the Run 1 data, 
which e[hibit a �.� standard�deviation 
excess above the SM prediction, while the 
lower section shows the latest CMS results 
from 5un �. 5esults that include the full ���� 
data, presented for the first time in 0arch, 
are indicated in orange. 
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ttH with H→bb

12

II 

Overcome large background from tt+jets,  especially tt+≥1b, and 
associated large theory uncertainties on its modelling 

ttH, H�bb 

•  Main challenge: overcome large background from  
tt + jets, and especially tt + bb, and associated large 
theory uncertainties on its modelling. 

Moriond EWK, 2017 G. Petrucciani (CERN) 7 

σ(tt) = 830 pb 
σ(tt + b-jets) ~ O(10) pb 

  
σ(ttH) × BR(bb) = 0.3 pb  

•  Very similar analyses in ATLAS & CMS, both in 
overall strategy and in sensitivity: 
–  ATLAS-CONF-2016-080  (Aug 2016, L = 13.2 fb−1) 
–  CMS PAS HIG-16-038  (Nov 2016, L = 12.9 fb−1) 

Sensitivity on μ: ~1·SM, limited by systematics  
dominated by those on tt+≥1b background 

II 

 stat. ≤ syst.

Improve the background modelling  
Interaction with theory & MC expertsHOPES
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ttH in multilepton
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Multilepton: more data, improved handling of reducible backgrounds, better 

Main ttW/ttZ irreducible backgrounds from NLO 
QCD+EWK cross section (YR4) + NLO QCD+PS 
MC (uncertainties ~10%)

II 

BDT classifier used for signal extraction

ttW measurements (assuming μ(ttH) = 1)  
μ(ttV)  = 1.3 ± 0.6  :  CMS 5fb-1        7 TeV        PRL 110 (2013) 172002  
μ(ttW) = 1.7 ± 0.5  :  ATLAS 20fb-1  8 TeV       JHEP 11 (2015) 172 

μ(ttW) = 1.9 ± 0.6  :  CMS 20fb-1     8 TeV        JHEP 01 (2016) 096 

μ(ttW) = 2.5 ± 1.4  :  ATLAS 3fb-1  13 TeV       EPJC77 (2017) 40 

μ(ttW) = 1.6 ± 0.5  :  CMS 13fb-1   13 TeV       CMS-PAS-TOP-16-017 

Maybe the ttW NLO cross section prediction does not capture all that we can see? 

HOPES Improved handling of reducible backgrounds  
validation of ttV in data. 

Cross-check fit with free floating ttW and ttZ  
Combined μ(ttH) = 1.3 ± 0.5
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ttH with H→ZZ→4l or H→  

14

II γγ
The cleanest Higgs decays, and will provide the best observation for ttH  
Main challenge:  small signal yield  σ×BR:  ~0.14 fb(4l)  ~1 fb(γγ)  

HOPES Observe by the end of Run-III  
an unambiguous ttH signal 

4l : CMS started to target a dedicated category 

signal fraction
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Observation of the 2nd generation Higgs coupling
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Search for H ! bb
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G. Gaycken Toward the observation of 2nd and 3rd generation BEH couplings with 13 TeV data La Thuile, March 19, 2017 3

Despite being the dominant decay mode,  Higgs 
coupling to bb is not yet observed 

Used production mechanisms

 + associated production with single-top two-tops (previously discussed) 

 Main challenges: b-tag (eff, misID), Emiss
T, back. modelling (Z+HF),trigger, … 

HOPES
Observation

II 
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VBF(+γ), H→bb

17

II 

A channel that currently lag in sensitivity but it will catch up the main VH 
channel → trigger is critical 
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13TeV Observed
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Lowest rate analysis attempted 
photon as a tag

Result H(! bb̄) + �jj Z(! bb̄) + �jj

Expected significance 0.4 1.3
Expected p-value 0.4 0.1
Observed p-value 0.9 0.4
Expected limit 6.0 +2.3

�1.7 1.8 +0.7
�0.5

Observed limit 4.0 2.0
Observed signal strength µ �3.9 +2.8

�2.7 0.3 ±0.8

II 

µ : 1.3+1.2-1.1 
significance : 1.2σ
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Higgs boson coupling measurements

18

II II 

Theory uncertainties give a sizeable 
contribution to the expected total 
uncertainty and even dominate the 
uncertainty in some cases.
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Standard Model

ATLAS Simulation Preliminary
 = 14 TeVs

Figure 2: 68% CL expected likelihood contours for V and F in a minimal coupling fit at 14 TeV for an
assumed integrated luminosity of 300 fb�1and 3000 fb�1.

300 fb�1 this is an improvement of up to a factor of 2.
When the assumption on the total width is removed and no other assumption is made, only ratios of

coupling scale factors can be determined at the LHC. In this case�·B (i! H ! f ) for all signal channels
is a function of products of ratios �XY = X/Y of coupling scale factors giving the proportionality
� · B (i ! H ! f ) ⇠ �2

iY · 2YY0 · �2
f Y , where YY0 = Y · Y0/H is a suitable chosen overall scale

parameter common to all signal channels and �iY and � f Y are the coupling scale factor ratios involving
the initial and final state particles, respectively. In addition to avoiding the assumption on the total width,
ratios of coupling scale factors also have the advantage that many experimental and theoretical systematic
uncertainties cancel (such as the uncertainty on the integrated luminosity).

The expected precision on ratios of coupling parameters is given in Table 5 for selected bechmark
parametrizations. The first five benchmarks are targeted at specific aspects of the SM: benchmark model
Nr. 10 for the ratio of fermion and gauge boson couplings, Nr. 11 for the ratio of W and Z couplings,
Nr. 12 for the ratio of down- and up-type fermion couplings, and Nr. 13 for the ratio of lepton and

8

Extrapolation based on old analyses, Run-II analyses are doing better than the ones used  

SM. The cross section measurements of the dominant production mode, gg ! H, reach an ultimate
experimental precision of ⇠4%, which is close to the limit given by the assumed luminosity uncertainty
of 3%1. This will provide a stringent constraint on possible beyond-SM (BSM) contributions to the
gg! H process, that is dominated in the SM by loop diagrams via top and bottom quarks. The rare tt̄H
production cross-section should be measured with an ultimate precision of about ⇠10% and accordingly
enable precise measurements of the top Yukawa-coupling (not including the tt̄H,H ! bb̄ channel in
this projection). For illustration and in addition to the dominant qq ! ZH process, the precision on the
gg ! ZH contribution is shown which becomes relevant at high pT (H) [14] in the VH ! bb̄ channel.
No special selection is made to enhance this production mode in the H ! bb̄ analysis so the sensitivity is
low. However, a dedicated analysis might allow to search for new physics in the gg ! ZH loop process
at the HL-LHC.
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Figure 1: Relative uncertainty on the signal strength µ for all Higgs final states considered in this note in
the di↵erent experimental categories used in the combination, assuming a SM Higgs boson with a mass
of 125 GeV expected with 300 fb�1 and 3000 fb�1of 14 TeV LHC data. The uncertainty pertains to the
number of events passing the experimental selection, not to the particular Higgs boson process targeted.
The hashed areas indicate the increase of the estimated error due to current theory systematic uncertain-
ties. The abbreviation “(comb.)” indicates that the precision on µ is obtained from the combination of
the measurements from the di↵erent experimental sub-categories for the same final state, while “(incl.)”
indicates that the measurement from the inclusive analysis was used. The left side shows only the com-
bined signal strength in the considered final states, while the right side also shows the signal strength in
the main experimental sub-categories within each final state.

Additional information about the Higgs boson coupling properties can be gained through the search

1A luminosity uncertainty of 3% is assumed for both the 300 fb�1 and 3000 fb�1 scenarios, which has been agreed to by
the ATLAS and CMS experiments for projections.
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Higgs boson cross sections measurements

19

II 

The theoretical uncertainty on the differential gluon fusion cross section is 
taken at NLO 
The statistical uncertainty of the measurement ranges from 10-29% (4-9%) 
for 300 (3000) fb-1 

II 

… fiducial, differential, simplified …



 Rare processesIII

Yukawa coupling to 2nd generation fermions 

HH production
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21

Main channel to measure Yukawa coupling to 2nd generation fermions  
BRH →μμ = 0.021% :  ~100 events produced during RUN-I w.r.t. 3.4k events at LHC

175 fb-1  :  excluded SM

450 fb-1  :  reach 3σ significance

1200 fb-1 : reach 5σ significance

300 fb-1  : 20% on Kμ 

3000fb-1 : 5% on Kμ

175 fb-1

450 fb-1 1200 fb-1

III 

HOPES Observation
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K. Nikolopoulos Sep 25th, 2015Probing the Higgs Yukawa couplings at the LHC

Charm Tagging

25

ATL-PHYS-PUB-2015-001

To resolve the two contributions improved c-tagging is needed 
→ ideally completely separate b- and c-jets
Future H→ccbar searches will benefit from dedicated c-tagging (ATL-PHYS-PUB-2015-001), already 
applied in ATLAS s-charm search. [Phys.Rev.Lett. 114 (2015) 161801]

However: 
- complicated analysis with large QCD backgrounds 
- signal sits on top of large (×20)  h→bbbar “background”
- sensitivity to systematics of b/c-tagging efficiency
- need dedicated simulations for decay and production

ATL-PHYS-PUB-2015-001

K. Nikolopoulos Sep 25th, 2015Probing the Higgs Yukawa couplings at the LHC

h/Z→J/ψγ and h/Z→Y(ns)γ: in the future

35

This is a nice and, relatively, clean final state.
Fun and interesting thing to do!

Drawbacks:
1) Small branching ratio, a handful of events expected even at HL-LHC

2) At SM sensitivity significant contribution from non-resonant h→µµγ ~3×h→J/ψγ and Z→µµγ
3) This channel is also affected by potential “anomalies” in the h→γγ loop
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J/ � Final state
Expected Background Signal

Inclusive QCD Other Backgrounds
Mass Range [GeV] Z ! µ+µ�� H�⇤� ! µ+µ��

80-100 115-135 Z H
Cut Based Analysis 7800±500 3500±400 780 ±100 15.1 ±1.4 62±3 3.1±0.1

Multivariate Analysis 1700±200 13.7 ±1.3 2.8±0.1

Table 1: The expected background yield for the two mµ+µ�� ranges of interest in the data sample of 3000 fb�1

collected at
p
s = 14 TeV. The expected Higgs and Z boson yields, obtained assuming SM branching ratios, are

also shown.

The theoretical uncertainties associated with the Higgs and Z boson signal yields are assessed following
Refs. [21, 31, 32]. The detector-related systematic uncertainties associated with lepton and the photon re-
construction are assumed to be equal to those in Ref. [5] as they a↵ect the analysis in a similar way. The
systematic uncertainty on the background shape in this projection is assumed to follow two di↵erent scen-
arios: 5% and 2% uncertainty. This systematic uncertainty, which is expected to be reducible using the
wealth of data at 3000 fb�1, arises from the limited knowledge of the shape of the inclusive background
but also covers possible di↵erences in the background shape due to changes in background kinematics
when moving from

p
s = 8 TeV to

p
s = 14 TeV. In the following the conservative 5% approach is used

for all of the results.

3 Results

To extract a limit on the branching ratioB (H ! J/ �) andB (Z ! J/ �), unbinned maximum-likelihood
fits are performed to the predicted HL-HLC datasets for two di↵erent integrated luminosity scenarios:
300 fb�1 and 3000 fb�1. For the Higgs analysis, results are given for both the multivariate and the cut
based analysis.

The probability density functions for the signal (H ! J/ � and Z ! J/ �) and the background pro-
cesses (inclusive QCD and exclusive H , Z ! µ+µ� � production) used in the fit are taken from Ref. [5].
The normalization of these background components and their systematic uncertainties are included in
the fit as nuisance parameters and are profiled. A multi-observable model, using mµ+µ�� and p

µ+µ��
T as

discriminating variables, is used to extract the results.

The expected 95% CL upper limits on the branching ratio for the Higgs and Z boson are presented in
Table 2. The fit result is shown in Fig. 1 for both the 300 fb�1 and 3000 fb�1 scenarios. The expected
Higgs and Z boson signals are also shown in the figure, assuming SM branching ratios enhanced by factors
of 100 and 10, respectively. In Table 3, the same results for the projection of the expected H , Z ! J/ �
branching ratio limits to 3000 fb�1 are presented for the alternative background normalisation uncertainty
scenario (2%).

For the Higgs boson decay search, expected 95% CL upper limits on the cross section times branching
fraction� (pp ! H)⇥B (H ! Q �) are also provided. The result of the two dimensional fit

⇣
mµ+µ� , pµ+µ��

T

⌘

for the 300 fb�1 and 3000 fb�1 datasets are presented in Table 4 for the multivariate and the cut based ana-
lyses.

4

3000 fb-1 @ 14 TeV
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The results presented in Tables 2 and 4 demonstrate that the introduction of a simple multivariate analysis
provides a 20% improvement in the expected limits.

Expected branching ratio limit at 95% CL
B (H ! J/ �) [ 10�6 ] B (Z ! J/ �) [ 10�7 ]

Cut Based Multivariate Analysis Cut Based
300 fb�1 185+81

�52 153+69
�43 7.0+2.7

�2.0
3000 fb�1 55+24

�15 44+19
�12 4.4+1.9

�1.1

Standard Model expectation
B (H ! J/ �) [ 10�6 ] B (Z ! J/ �) [ 10�7 ]

2.9 ± 0.2 0.80 ± 0.05

Table 2: The expected branching ratio limit at 95% CL for 300 fb�1 and 3000 fb�1 scenarios. The Standard Model
expectations are also reported for comparison.

Expected branching ratio limit at 95% CL
Bkgd. Syst. Unc. Scenario 2%

B (H ! J/ �) [ 10�6 ] Median 1� 2�
Cut Based Analysis 52 +21

�14
+51
�24

Multivariate Analysis 43 +18
�12

+43
�20

B (Z ! J/ �) [ 10�7 ] Median 1� 2�
Cut Based Analysis 4.3 +1.7

�1.2
+3.7
�2.0

Table 3: Comparison of the expected branching ratio limit at 95% CL for 3000 fb�1, assuming the alternative back-
ground systematic uncertainty scenario.

Expected � ⇥ B limit at 95% CL
� (pp ! H) ⇥ B (H ! J/ � ) [fb]
Cut Based Multivariate Analysis

300 fb�1 10.4+2.9
�4.5 8.6+2.4

�3.7
3000 fb�1 3.1+0.9

�1.3 2.5+0.7
�1.0

Table 4: The expected limits at 95% CL on the Higgs cross section times branching fraction for 300 fb�1 and
3000 fb�1 scenarios.
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Figure 1: mµ+µ�� (upper plots) and p
µ+µ��
T (lower plots) projections of the simultaneous fit. The pseudo-data

correspond to the expected event yields for 300 fb�1 (a) and 3000 fb�1 (b). In the figure, for reference only, the
Higgs and Z signal are shown assuming SM branching ratio enhanced by factors of 100 and 10, respectively.

5

charm-Higgs Yukawa coupling

22

 Hcc coupling : another test to measure coupling to 2nd generation fermions

 What about H→cc : BRH→cc=2.9⨉10-2 
Huge QCD background + signal sits on top of large 
(×20) H→bb “background” but a dedicated c-tagging 
exist and is already applied some searches 

Main focus on H→J/ψγ: BRH→J/ψγ=(2.9 ± 0.2)⨉10-6 
This is a nice and, relatively, clean final state but small branching ratio and 
significant contribution from non-resonant H→µµγ and Z→µµγ 

III 

K. Nikolopoulos Sep 25th, 2015Probing the Higgs Yukawa couplings at the LHC

h/Z→J/ψγ and h/Z→Y(ns)γ: in the future

35

This is a nice and, relatively, clean final state.
Fun and interesting thing to do!

Drawbacks:
1) Small branching ratio, a handful of events expected even at HL-LHC

2) At SM sensitivity significant contribution from non-resonant h→µµγ ~3×h→J/ψγ and Z→µµγ
3) This channel is also affected by potential “anomalies” in the h→γγ loop
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J/ � Final state
Expected Background Signal

Inclusive QCD Other Backgrounds
Mass Range [GeV] Z ! µ+µ�� H�⇤� ! µ+µ��

80-100 115-135 Z H
Cut Based Analysis 7800±500 3500±400 780 ±100 15.1 ±1.4 62±3 3.1±0.1

Multivariate Analysis 1700±200 13.7 ±1.3 2.8±0.1

Table 1: The expected background yield for the two mµ+µ�� ranges of interest in the data sample of 3000 fb�1

collected at
p
s = 14 TeV. The expected Higgs and Z boson yields, obtained assuming SM branching ratios, are

also shown.

The theoretical uncertainties associated with the Higgs and Z boson signal yields are assessed following
Refs. [21, 31, 32]. The detector-related systematic uncertainties associated with lepton and the photon re-
construction are assumed to be equal to those in Ref. [5] as they a↵ect the analysis in a similar way. The
systematic uncertainty on the background shape in this projection is assumed to follow two di↵erent scen-
arios: 5% and 2% uncertainty. This systematic uncertainty, which is expected to be reducible using the
wealth of data at 3000 fb�1, arises from the limited knowledge of the shape of the inclusive background
but also covers possible di↵erences in the background shape due to changes in background kinematics
when moving from

p
s = 8 TeV to

p
s = 14 TeV. In the following the conservative 5% approach is used

for all of the results.

3 Results

To extract a limit on the branching ratioB (H ! J/ �) andB (Z ! J/ �), unbinned maximum-likelihood
fits are performed to the predicted HL-HLC datasets for two di↵erent integrated luminosity scenarios:
300 fb�1 and 3000 fb�1. For the Higgs analysis, results are given for both the multivariate and the cut
based analysis.

The probability density functions for the signal (H ! J/ � and Z ! J/ �) and the background pro-
cesses (inclusive QCD and exclusive H , Z ! µ+µ� � production) used in the fit are taken from Ref. [5].
The normalization of these background components and their systematic uncertainties are included in
the fit as nuisance parameters and are profiled. A multi-observable model, using mµ+µ�� and p

µ+µ��
T as

discriminating variables, is used to extract the results.

The expected 95% CL upper limits on the branching ratio for the Higgs and Z boson are presented in
Table 2. The fit result is shown in Fig. 1 for both the 300 fb�1 and 3000 fb�1 scenarios. The expected
Higgs and Z boson signals are also shown in the figure, assuming SM branching ratios enhanced by factors
of 100 and 10, respectively. In Table 3, the same results for the projection of the expected H , Z ! J/ �
branching ratio limits to 3000 fb�1 are presented for the alternative background normalisation uncertainty
scenario (2%).

For the Higgs boson decay search, expected 95% CL upper limits on the cross section times branching
fraction� (pp ! H)⇥B (H ! Q �) are also provided. The result of the two dimensional fit

⇣
mµ+µ� , pµ+µ��

T

⌘

for the 300 fb�1 and 3000 fb�1 datasets are presented in Table 4 for the multivariate and the cut based ana-
lyses.
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The results presented in Tables 2 and 4 demonstrate that the introduction of a simple multivariate analysis
provides a 20% improvement in the expected limits.

Expected branching ratio limit at 95% CL
B (H ! J/ �) [ 10�6 ] B (Z ! J/ �) [ 10�7 ]

Cut Based Multivariate Analysis Cut Based
300 fb�1 185+81

�52 153+69
�43 7.0+2.7

�2.0
3000 fb�1 55+24

�15 44+19
�12 4.4+1.9

�1.1

Standard Model expectation
B (H ! J/ �) [ 10�6 ] B (Z ! J/ �) [ 10�7 ]

2.9 ± 0.2 0.80 ± 0.05

Table 2: The expected branching ratio limit at 95% CL for 300 fb�1 and 3000 fb�1 scenarios. The Standard Model
expectations are also reported for comparison.

Expected branching ratio limit at 95% CL
Bkgd. Syst. Unc. Scenario 2%

B (H ! J/ �) [ 10�6 ] Median 1� 2�
Cut Based Analysis 52 +21

�14
+51
�24

Multivariate Analysis 43 +18
�12

+43
�20

B (Z ! J/ �) [ 10�7 ] Median 1� 2�
Cut Based Analysis 4.3 +1.7

�1.2
+3.7
�2.0

Table 3: Comparison of the expected branching ratio limit at 95% CL for 3000 fb�1, assuming the alternative back-
ground systematic uncertainty scenario.

Expected � ⇥ B limit at 95% CL
� (pp ! H) ⇥ B (H ! J/ � ) [fb]
Cut Based Multivariate Analysis

300 fb�1 10.4+2.9
�4.5 8.6+2.4

�3.7
3000 fb�1 3.1+0.9

�1.3 2.5+0.7
�1.0

Table 4: The expected limits at 95% CL on the Higgs cross section times branching fraction for 300 fb�1 and
3000 fb�1 scenarios.
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Figure 1: mµ+µ�� (upper plots) and p
µ+µ��
T (lower plots) projections of the simultaneous fit. The pseudo-data

correspond to the expected event yields for 300 fb�1 (a) and 3000 fb�1 (b). In the figure, for reference only, the
Higgs and Z signal are shown assuming SM branching ratio enhanced by factors of 100 and 10, respectively.
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HOPES Improve c-tagging
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HH production 

23

The principal way to extract  the Higgs boson trilinear coupling (𝝺HHH) to 
probe EWSB and measure the shape of the Higgs potential 
Problem : to measure nH coupling need to measure (n-1)H production
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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2 Phenomenology53

In the Standard Model (SM), after the EWSB, the Higgs potential can be written with the fol-
lowing formula:

V(h) =
1
2

m2
hh2 + lhhhvh3 +

1
4

lhhhhh4 (1)

which is a two parameter model. One of them is the Higgs boson vacuum expectation value
(v), determined by the Fermi constant (GF), v = (

p
2GF)�1/2 ' 246 GeV. The other is the Higgs

boson mass mh that is measured to be 125.09 ± 0.24 GeV in the most precise and recent results
combining the ATLAS and CMS Run-I 4` and gg final states [4]. In the SM, the trilinear Higgs
self-coupling, lhhh is not an independent parameter, but it is a function of v and mh:

lhhh ⌘ lSM
hhh =

m2
h

2v2 ' 0.129. (2)

At LHC lhhh is only accessible and can be measured in Higgs boson pair production, pp ! hh.54

The gluon fusion process is the dominant h pair production process and its cross section is55

about one order of magnitude larger than the second largest process which is vector boson fu-56

sion. Two diagrams are involved in the gg ! hh production (see Figure 1). In both diagrams

Ytg

g h

h

t
h

g

g h

h

t

λHHH SM LO diagrams

Yt

hhh

Figure 1: The Higgs boson pair production diagrams contributing to the gluon fusion process
at LO are shown.

57

(box and triangle) the h pair production is mediated by loops of heavy quarks which in the SM58

are mainly top quarks. Bottom quark loops contribute to the total cross section with less than59

1% at LO. The triangle and box diagrams interfere and the interference of the two amplitudes60

depend by the value of lhhh, providing a way to measure it. The gluon fusion process cross sec-61

tion is known at NNLO in QCD using the infinite top quark mass approximation and perform-62

ing the NNLL threshold resummation [5, 6]. The numerical value of the cross section for the63

LHC centre of mass energies of 13 TeV at mh = 125.09 GeV is sSM
hh (13TeV) = 37.9 fb +4.3

�6.0%(scale64

unc.) ±2.1%(PDF unc.) ±3.1%(PDF+aS unc.). It is calculated using the new PDF4LHC rec-65

ommendations for LHC Run-II [7] and the renormalisation and factorisation scales is equal to66

mhh/2.67

Due to the small cross sections decay channels in which one Higgs boson goes to bb should68

be chosen (BR(h !bb) = 0.577). The Table 1 shows some interested decay channels for the h69

pair production, their relative branching ratio, and the inclusive expected number of events at70

13 TeV for two benchmark integrate luminosity (L) scenari, 5 fb�1 and 300 fb�1. The symbol `71

refers to an electron or a muon.72

Phenomenological studies showed that the bbtt channel is one of the most promising, having73

a quite high BR (7.3%) and a relatively small contamination.74

Finally to be underline that many model of physics Beyond the Standard Model (BSM) predict a75

value of production cross section of Higgs boson pair production, shh, that significantly differs76

from SM prediction. In particular, shh can be enhanced for two reasons.77

σgg→HH = 33.49+4.3
-6.0 (scale) ± 2.1 (PDF) ± 2.3 (𝛼s) fb 

[13 TeV, NNLO + NNLL with top mass effects, HXSWG, arXiv:1610.07922]H

H

H
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HH production at 14 TeV LHC at (N)LO in QCD
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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

s =14 TeV LHC as a function of the
self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.
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Corrections due to the exchange of new heavy states can be parametrized by low-
energy effective Lagrangian EFT.  
Enhancements in the cross-section can happen : [10-1,104]×σ(pp→ HH)SM  
Signal shape can be significantly different from SM 

III 
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 HH production : which final state?

24
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6−10

5−10

4−10

3−10

2−10

1−10

1

bb WW gg ττ ZZ γγ

γγ

ZZ

ττ

gg

WW

bb
hh production and decays are 
decoupled effects 
□ assume SM BRs in the analyses  

Require one h→bb or h→WW 
decay to keep BR sufficiently 
high 

Tradeoff between BR and 
background contamination in the 
choice of final state 
□ various channels are 

complementary 
□ different sensitivities in different 

mass ranges

4

BR hh→xxyy 
(mh = 125 GeV)

rarer
rarer

33.6%

0.26%

24.8%

7.3%

0.1%

How looking for HH?

bbbb 
large branching ratio,  
large QCD and tt bkg 

bbWW 
large branching ratio,  
large tt contamination

bbττ 
tradeoff between purity  
and branching ratio 

bbγγ 
high purity,  
low branching ratio 

Tradeoff between BR and background contamination! 
 various channels are complementary  
 different sensitivities in different mass ranges

III 
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 HH production : Run-II results overview

25
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 HH production : prospects

26

Measurement of σHH and determination of λHHH are one of the main points 
of the physics programme at the HL-LHC (3 ab-1 of data) 
Two alternative approaches to estimate the sensitivity to HH production

parametric simulation of upgraded detector 
response

Diagrams contributing to 

the SM HH production

.

Experimental uncertainty on SM 
HH production

Projection of the sensitivity to the SM ggàHH production at 3 ab-1, based on 13 TeV 

preliminary analyses performed with data collected in 2015. The uncertainty on the signal 

modifier μ=σHH/σSMHH is provided assuming different scenarios on the systematic uncertainties. 

1.6σ

0.39σ

0.45σ

0.39σ

Significance
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HHHλ/HHHλ
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Non-resonant HH prediction
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ATLAS

Simulation Preliminary

-1=14 TeV, 3000 fbs

Figure 3: Expected 95% CL upper limit on the cross-section �(HH ! bb̄��) with 3000 fb�1 of data and neglecting
systematic uncertainties, as a function of the Higgs self-coupling constant � in units of �S M . The ±1� and ±2�
uncertainty bands are shown in green and yellow. The cross-section exclusion limit grows less stringent in the range
3 < �/�S M < 5 due to the shift of the number of expected HH events towards lower values where the cross section
is decreased.

7 Conclusion

This note presents preliminary studies of a search for pair production of SM Higgs bosons decaying into
two photons and two b-jets in the high luminosity LHC context. The expected number of signal and
background events have been estimated from simulated truth level information after applying smearing
functions to mimic the ATLAS detector response in the HL-LHC environment.

Using a cut-based analysis the estimated number of signal events is 9.544 ± 0.029, to be compared to a
background level of 90.9 ± 2.0 events. The combination of these numbers gives an expected significance
of 1.05� for 3000 fb�1. At 95% CL, the Higgs boson self-coupling is expected to be constrained to
�0.8 < �/�S M < 7.7. This is not enough on its own to claim evidence for the observation of Higgs pair
production, or to determine whether the Higgs self-coupling strength is close to its SM expectation. This
channel is expected to be combined with similar measurements for di-Higgs boson production in other
decay channels such as HH ! bb̄bb̄ and HH ! bb̄⌧⌧ and to be part of a combination of ATLAS and
CMS results.

10

extrapolation of results from 13 TeV ~3fb-1 to HL-LHC 
(conservative: used results not optimal for high 
luminosity)

Observe HH production with combination of 
final states and experimentsHOPES

III 

Analyses are evolving quickly, and we expect to do better!



 BSM Higgs boson searches IV

Exotic Higgs boson decays 

Invisible Higgs boson decays 

Additional Higgs-like particles
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Exotic decays

28

Lepton Flavour Violating decays (h→μ𝛕) are not allowed in SM 
     exception can occur in case it is a theory valid only to a finite mass scale 
     LFV decays can occur in 2HDM, and others… 

Yukawa Couplings Yμ𝛕 and Y𝛕μ

97% C.L. :

By the end of Run-III (300/fb)  
BR < 0.1% will be probed   
 

IV 

WISHES
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The mystery of dark matter

29

Dark matter exists  
It is most likely a neutral, weakly-interacting, massive particle (WIMP)  
Two ways to detect it at LHC: 

For mDM < mh/2 

profiting of VBF and VH production modes

Higgs bosons invisible decays 

q

q
_

Z*
Z

h

l+
l-
𝝌

𝝌
_

For every mDM value

X is a mediator here example of a spin-1 mediator

Mono-mania

q

q
_

q

X
𝝌
_

𝝌

g

IV 
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Figure 6: ATLAS expected upper limit at 95% CL on the WIMP-nucleon scattering cross section in a
Higgs portal model as a function of the mass of the dark matter particle, shown separately for a scalar,
Majorana fermion, or vector boson WIMP, with 3000 fb�1 of data at

p
s = 14 TeV and including

all systematic uncertainties. The hashed bands indicate the uncertainty resulting from the form factor
fN . Excluded and allowed regions from direct detection experiments at the confidence levels indicated
are also shown [75–82]. These are spin-independent results obtained directly from searches for nuclei
recoils from elastic scattering of WIMPs, rather than being inferred indirectly through Higgs boson
exchange in the Higgs portal model.

16

Dark matter : prospects 

30

Kinematical threshold  
mDM = mH/2 = 62.5 GeV  

IV 

The Higgs to invisible BR is interpreted to WIMP constraint assuming that 
H→invisible goes to WIMPs all the time (Higgs-portal model)

Models for the Higgs potential also solve the 
dark matter problemWISHES

7+8+13 TeV  
CMS combination

300 3000 
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X→HH

31

The resonant HH production (X→HH)  is not predicted in the SM  
any observation would be a sing of new Physics

MSSM/2HDM: additional Higgs doublet gives CP-even scalar H 
    probe the low mH- low tanβ region of the MSSM plane where BR (H→hh) is sizable  

Singlet model: additional Higgs singlet S gives an extra scalar H  
    sizable BR beyond 2xmtop, non negligible width at high mH 

Warped Extra Dimensions: spin-2 (KK-graviton) and spin-0 (radion) 
resonances  
    different phenomenology if SM particles are allowed (bulk RS) or not (RS1 model) to 
     propagate in the extra-dimensional bulk  

           Luca Cadamuro (LLR)                                25/11/2016       HH review for ATLAS and CMS 3

MSSM/2HDM: additional Higgs doublet gives CP-even scalar H 
□ probe the low mH - low tanβ region of the MSSM plane where BR (H→hh) is sizable 

Singlet model: additional Higgs singlet S gives an extra scalar H 
□ sizable BR beyond 2xmtop, non negligible width at high mH 

Warped Extra Dimensions: spin-2 (KK-graviton) and spin-0 (radion) 
resonances 
□ different phenomenology if SM particles are allowed (bulk RS) or not (RS1 model) to 

propagate in the extra-dimensional bulk

250 MX [GeV]1000 2000400 600 800
MSSM/2HDM Singlet model WED

3000

Resonant production Resonant HH production not predicted in the SM 
Any observation would be a sign of new Physics

Why looking for HH?

the Higgs trilinear coupling

• Precision measurements of Higgs boson physics give us insights into the 
nature of electroweak symmetry breaking. 

• new Physics might affect the trilinear Higgs coupling: 
• new resonances, new particles in loops, modified couplings 

• trilinear coupling could be measured at LHC from Higgs pair 
production 

2

SM production: very low cross-
section because of large 

interference

BSM production:  new 
couplings (hhtt, ggh, 
gghh) or resonances

IV 
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Search for additional Higgs bosons :  H → ττIV 

One of the most sensitive channels for constraining extended Higgs sectors 

Cross sections limits 

gg(φ → ττ) 

bb(φ → ττ) 

Model dependent limits 
Sensitivity at high mA still dominated by statistics  

  

WISHES
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Search for additional Higgs bosons : H → ZZ

34

Regions allowed at 95%CL by very constraining 
precision Higgs coupling measurements 

5σ discovery reach in direct searches at the LHC 
for a 300 GeV H decaying via H→ZZ→4l for the 
Type II 2HDM, this probes significant additional 
parameter space

arXiv:1308.0052

Type-II model  includes supersymmetry 

Potential to exclude or discover heavy (scalar/pseudo-scalar) 
neutral Higgs bosons in the context of 2HDM
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FCNC in t →qH
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In SM FCNC processes are forbidden at tree level and strongly suppressed at 
higher order due to GIM mechanism : BRt→cH~3×10-15  

BRt→cH up to 10-5 in various BSM models (and up to 1.5×10-3 in 2HDM type III) 

Higgs-induced flavour-changing neutral 
currents (FCNC) can be probed with rare 
top decays 

Evolution of CLs as a function of BR for 
the expectation in the absence of signal
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Conclusions

The Higgs boson is the first fundamental scalar that we have 
discover with only <0.1% of the final HL-LHC integrate luminosity 

In the next years the Higgs physics program will be super dense  
-> precision measurements  
-> rare processes  
-> BSM searches in the scalar sector 
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