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• Notes for reviewers 

• The workshop is a UK national workshop to discuss UK input to the European Strategy 
Update.


• I will be presenting “Higgs Properties”


• there is another presentation on “Higgs Couplings” that will cover couplings to 
leptons, bosons and triple-Higgs-couplings


• I will cover measurements of mass, width, spin, CP and rare decays


• Measurements at HL-LHC, HE-LHC and future ee, pp & ep machines 


• Previous presentations have already presented the future collider options and 
discussed some aspects of Higgs boson theory



Disclaimers
• (Proto-)experiments have not investigated every their potential to measure every 

Higgs property. Many studies are still underway. 

• LHC: 
➡ Generally results include an estimate of systematic effects 
➡ Most HL-LHC results presented are for one-experiment, expect √2 improvements 

for ATLAS+CMS. 
➡ ATLAS+CMS will extrapolate current Run 2 results for a Yellow Report at the end 

of this year 
➡ I didn’t find any projections for HE-LHC 

• Future experiments: ILC, CLIC, FCCxy 
➡ Most important is the projectiles, energy & luminosity 
➡ some are generator-level studies  
➡ systematic effects generally not estimated: statistical errors only 
➡ I’ve not looked for CEPC projections



What we want to know!

Is our 125 GeV Higgs boson the Standard Model Higgs boson?

If not, what is it?



Mass 

Width 

Spin / CP 

Rares decay 

Differential Cross Sections



Figure 3: Cross sections for the three major Higgs production processes as a function of
center of mass energy, from [2].
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Fig. 3: Cross section as a function of centre-of-mass energy
for the main Higgs production processes at an e+e� collider
for a Higgs mass of mH = 126GeV. The values shown cor-
respond to unpolarised beams and do not include the effect
of beamstrahlung.

sections and integrated luminosities for the three stages are
summarised in Table 1.

3 Overview of Higgs Production at CLIC

A high-energy e+e� collider such as CLIC provides an ex-
perimental environment that allows the study of Higgs bo-
son properties with high precision. The evolution of the leading-
order e+e� Higgs production cross sections with centre-of-
mass energy, as computed using the WHIZARD 1.95 [20]
program, is shown in Figure 3 for a Higgs boson mass of
126GeV [21].

The Feynman diagrams for the three highest cross section
Higgs production processes at CLIC are shown in Figure 4.
At

p
s⇡ 350GeV, the Higgsstrahlung process (e+e�!ZH)

has the largest cross section, but the WW-fusion process
(e+e� ! Hnene ) is also significant. The combined study
of these two processes probes the Higgs boson properties
(width and branching ratios) in a model-independent man-
ner. In the higher energy stages of CLIC operation (

p
s =

1.4TeV and 3TeV), Higgs production is dominated by the
WW-fusion process, with the ZZ-fusion process (e+e� !
He+e�) also becoming significant. Here the increased WW-
fusion cross section, combined with the high luminosity of

measurements of top quark properties as a probe for BSM physics, and
the next stage at 1.5 TeV, has recently been adopted and will be used
for future studies [19].

CLIC, results in large data samples, allowing precise O(1%)
measurements of the couplings of the Higgs boson to both
fermions and gauge bosons. In addition to the main Higgs
production channels, rarer processes such as e+e� ! ttH
and e+e� ! HHnene , provide access to the top Yukawa
coupling and the Higgs trilinear self-coupling. Feynman dia-
grams for these processes are shown in Figure 5. In all cases,
the Higgs production cross sections can be increased with
polarised electron (and positron) beams as discussed in Sec-
tion 3.2.
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Fig. 4: Leading-order Feynman diagrams of the highest
cross section Higgs production processes at CLIC; Hig-
gsstrahlung (a), WW-fusion (b) and ZZ-fusion (c).
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Fig. 5: Feynman diagrams of the leading-order processes at
CLIC involving (a) the top Yukawa coupling gHtt , and (b)
the Higgs boson trilinear self-coupling l .

Table 1 lists the expected numbers of ZH, Hnene and He+e�

events for the three main CLIC centre-of-mass energy stages.
These numbers account for the effect of beamstrahlung and
initial state radiation (ISR), which result in a tail in the dis-
tribution of the effective centre-of-mass energy

p
s0. The im-

pact of beamstrahlung on the expected numbers of events is
mostly small. For example, it results in an approximately
10% reduction in the numbers of Hnene events at

p
s >

5

Higgs boson cross sections: e+e−



Higgs boson cross sections: pp

ep→HXν, HXe 

LHC, HL-LHC, HE-LHC, FCC-pp Higgs Production
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Higgs boson mass 

Compare Higgs boson mass to the couplings to W and Z: 
check for consistency in the Standard Model

�(gHWW ) = 6.9�mH ; �(gHZZ) = 7.7�mH

arXiv:1311.6721

https://arxiv.org/pdf/1311.6721.pdf


Figure 4: (left) recoil mass spectrum against Z ! µ+µ� for signal e+e� ! Zh and SM
background at 250 GeV [26]; (right) missing mass spectrum for the signal e+e� ! ⌫⌫h, h !
bb and the SM background at 250 GeV [27,28].

All the other couplings (A) or partial decay widths (�AA), e.g. A = b, c, g, ⌧, µ, �,
are then determined as

2
A
/ �AA = �h · BRAA. (10)

As seen above, BRZZ is only measured to 6.7%, so if only the first half of (8) is used,
all Higgs boson couplings (except Z) would have an uncertainty greater than 3%.
BRWW is 10 times larger than BRZZ and so can be measured much more precisely.
For this reason, it is well recognized that in the  formalism the measurement of the
WW fusion cross section �⌫⌫h along with BRWW (using the second half of (8)) is
crucial for measurement of �h and of all A with A 6= Z. The expected precisions
for Higgs boson couplings in the  formalism are given in Table 1. We see that,
at

p
s = 250 GeV, Z is determined very precisely, with accuracy of 0.38%, but

most other A are determined to no better than ⇠ 2% (limited by �⌫⌫h and BRZZ

measurements). An exception is �, which is helped significantly by the fact that the
fit makes use of the expected measurement of BRZZ/BR�� at the HL-LHC.

4.3 Expected precisions for Higgs boson couplings in the EFT formalism

In the EFT formalism, Higgs-Z interaction consists of two distinct Lorentz struc-
tures, shown in (4). As explained in the previous section, (9) is violated by the ⇣Z
terms. Thus, the  formalism is not model-independent, and it is not as general as
the EFT formalism.

However, the EFT formalism allows Higgs boson couplings to be extracted via
a much larger global fit. This fit includes not only the basic observables above but
also additional observables of the reaction e+e� ! Zh, as well as observables of
electroweak precision physics and e+e� ! W+W�. These latter measurements can
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Higgs boson mass 
@ lepton collider
ILC250: Reconstruct recoil mass from ZH  

with 2 ab−1:  mH  = ±14 MeV 

this yields:

Dl/l = 40% at
p

s = 1.4TeV ,

Dl/l = 22% at
p

s = 3TeV .

The statistical precision on l improves to 26% for unpo-
larised beams and to 19% for P(e�) = �80% when com-
bining both energy stages. These results will be improved
further using template fits to the BDT output distributions
as the different diagrams contributing to double Higgs pro-
duction lead to different event topologies.

10 Higgs Mass

At a centre-of-mass energy of
p

s = 350GeV, the Higgs bo-
son mass can be measured in the e+e� ! ZH process. The
Higgs boson mass can be extracted from the four-momentum
recoiling against in Z boson using Z ! e+e� or Z ! µ+µ�

events as described in Section 5. Due to the small branching
ratios for leptonic Z boson decay channels and the impact of
the CLIC beamstrahlung spectrum, the achievable precision
is limited to 110MeV.

In a different approach, the Higgs mass is reconstructed from
the measured four-vectors of its decay products. The best
precision is expected using H ! bb decays in e+e�!Hnene
events at high energy. For this purpose, the analysis described
in Section 6.1 has been modified. After the preselection, a
single BDT is used at each energy to select H ! bb decays.
In contrast to the coupling measurement, the flavour tagging
information is included in the BDT classifier.
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Fig. 25: Cross section for the e+e� ! HHnene process as a
function of the ratio l/l SM at

p
s = 1.4TeV and 3TeV.
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Fig. 26: Reconstructed di-jet invariant mass distribution of
selected H ! bb events at

p
s= 1.4TeV, showing the signal

and backgrounds as stacked histograms. The distributions
are normalised to an integrated luminosity of 1.5ab�1.

The invariant mass distribution for selected events at
p

s =
1.4TeV is shown in Figure 26. The Higgs mass is extracted
in the range 105GeV < mbb < 145GeV where good purity
of the signal channel is achieved. At the nominal Z boson
mass, a second peak from e+e� ! Znene ;Z ! bb events
is visible. These events can be used to calibrate the jet en-
ergy scale for the precision measurement of the Higgs boson
mass.

A template fit using e+e� ! Hnene ;H ! bb event sam-
ples generated using slightly shifted values for the Higgs
mass parameter is performed. The Higgs mass and produc-
tion cross section are extracted simultaneously. The follow-
ing statistical precisions on the Higgs mass are achieved:

D(mH) = 47MeV at 1.4TeV ,

D(mH) = 44MeV at 3TeV .

A combination of both energy stages would lead to a preci-
sion of 32MeV.

11 Systematic Uncertainties

The complete Higgs physics potential of a CLIC collider im-
plemented in three energy stages is described in this paper.
The expected statistical uncertainties given in the previous
sections do not include potential sources of systematic un-
certainty. The obtained results therefore illustrate the level
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CLIC: Measure Higgs mass directly from H→bb̅:
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Figure 3: Recoil mass distribution for the process: e+e� ! Zh followed by Z ! µ+µ�

decay for mh = 125GeV with 250 fb
�1

at
p
s = 250GeV, based on Ref. [15].

Finally, measurement of the decay of the Z to e
+
e
� or µ+

µ
� gives a very precise

determination of the mass of the Higgs boson. The mass of a particle recoiling against
a lepton pair is given by

M
2
X = (pCM � (p`+ + p`�))

2
, (1)

where pCM is the 4-momentum of the annihilating electron-positron system. The
expected recoil mass distribution for a mh = 125GeV Higgs boson with 250 fb�1 at
p
s = 250GeV is shown in Fig. 3. This measurement allows us to determine the Higgs

mass to better than 30MeV and the cross section to a sub-% level [2]. The precision
of the cross section can be further improved by adding events with decay of the Z to
quarks.

2.3 Higgs boson coupling measurement

To compare Higgs boson rate measurements to the Standard Model expectations,
it is important to note that what is actually measured is the rate for a production
and decay process. This is proportional to the cross section for Higgs production
multiplied by the branching ratio (BR), which is related to the partial width into the
observed channel through the familiar formula

BR(h ! AA) = �(h ! AA)/�h , (2)
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➡Recoil method provides unique opportunity for decay-mode independent 
measurement of HZ coupling
๏ Higgs events are tagged Higgs decay mode independent
๏ expected precision 0.7% on ZH cross section 
๏ using only leptonic Z decays and only a measurement at 240 GeV so far 

Higgs coupling to Z bosons: FCC-ee
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Higgs boson width

Does the Higgs boson decay as predicted?



ΓH at LHC ATL-PHYS-PUB-2015-024

At high-mass, off-shell Higgs production and non-resonant gg︎→VV 
background (box diagram) sizeable and negative interference

ΓH= 4.2+1.5−2.1 MeV (stat+sys) 
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Figure 2. The NNLO ZZ (black) and WW (red) invariant mass distributions in gg → V V for
µH = 125GeV.

mass distribution is shown in Fig. 2. It confirms that, above the peak, the distribution is

decreasing until the effects of the V V threshold become effective with a visible increase

followed by a plateau, by another jump at the tt̄-threshold, beyond which the signal distri-

bution decreases almost linearly (on a logarithmic scale). For gg → H → γγ the effect is

drastically reduced and confined to the region Mγγ between 157GeV and 168GeV, where

the distribution is already five orders of magnitude below the peak.

What is the net effect on the total cross-section? We show it for ZZ in Table 1 where

the contribution above the ZZ -threshold amounts to 7.6%. We have checked that the effect

does not depend on the propagator function, complex-pole propagator or Breit-Wigner

distribution. The size of the effect is related to the shape of the distribution function. The

complex-mass scheme can be translated into a more familiar language by introducing the

Bar-scheme [54]. Performing the well-known transformation

M
2
H = µ2

H + γ2H , µH ΓH = MH γH . (2.10)

– 5 –
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Offshell couplings

�

� Off-shell to on-shell cross section ratio ~ 8% in the SM
� In the high mass region off-shell Higgs production and 

non resonant gg�VV background (box diagram)

� Interference sizable and negative in SM
� Similar for qq�VV+2j and VBF production 
� Possible to obtain a sample with an arbitrary value of 
�offshell combining the SM expectations for   
gg�(H*) �ZZ  gg�H*�ZZ and  gg�ZZ

� LO (gg2VV/MCFM) generator 
used for run1 results

� Large k-factors (when known) at NNLO

• Direct constraints from m4ℓ, mγγ mass shape & cτ measurements: 
challenging even at HL-LHC 

• Indirect constraint from interference between Higgs production 
and backgrounds:  
➡between gg→H→γγ* and gg→γγ*  (statistics dominated) 

➡high-mass gg→H→VV  and gg→VV

ATLAS projection for 3000 fb−1 at HL-LHC  [GeV]
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Figure 1: (a) Di↵erential cross-sections generated with MCFM at
p

s=14 TeV for the gg-initiated processes in
the 2e2µ channel at the matrix element level. (b) Comparison of the Higgs boson signal with the interference
contribution.

scales are fixed at mZZ
2 . In order to ensure consistency with the baseline sample generated at

p
s=8 TeV

in Ref. [3], the same kinematic cuts are applied at generator level. In addition, the qq ! Z Z sample
has been generated with POWHEG-BOX, [6], at

p
s=14 TeV. These samples are used to reweight the

baseline 8 TeV samples as detailed in the next Section.

Figure 1 illustrates the m4l distribution generated with MCFM for the various gg-initiated processes in the
2e2µ channel at

p
s=14 TeV as well as the contribution of the negative signal-background interference.

3 Outline of the method

In order to extract the upper limit on the o↵-shell signal strength for the HL-LHC scenario, the matrix
element (ME) based kinematic discriminant defined in Refs. [7][8] and already exploited in the previous
publication [3] is used.

The workflow of the analysis is described below:

• The distributions of the ME-based kinematic discriminant at
p

s=8 TeV for gg-initiated samples,
namely signal (S), background (B) and SBI including detector simulation, used in the published
analysis in Ref. [8], are scaled to 14 TeV. The scaling is a function of the four-lepton invariant
mass computed using the 14 TeV MCFM samples. This is done in order to take into account the
increased parton luminosities ratio between 14 TeV and 8 TeV as function of the invariant mass
of the Z Z system. The weights are defined as: w(m4l ) = �14TeV (m4l )

�8TeV (m4l ) . Similarly, the ME-based

3
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ΓH at Lepton Collider

Use e+e−→ZH, reconstruct Z→µ+µ−, e+e−:                   
reconstruct recoil mass(independent of Higgs final state) 

arXiv:1608.07538

CLIC350: ∆(ΓH) = 6.7%
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Fig. 8: Reconstructed recoil mass distributions of e+e� ! ZH events at
p

s = 350GeV, where ZH ! µ+µ�X (a) and
ZH ! e+e�X with bremsstrahlung recovery (b). All distributions are normalised to an integrated luminosity of 500fb�1.

Channel Quantity Precision

µ+µ�X
mH 122 MeV

s(ZH) 4.72 %

e+e�X
mH 278 MeV

s(ZH) 7.21 %
e+e�X mH 359 MeV

+ bremsstrahlung recovery s(ZH) 6.60 %

Table 5: Summary of measurement precisions from the lep-
tonic recoil mass analyses in the µ+µ�X and e+e�X chan-
nels for an integrated luminosity of 500fb�1 at 350GeV.

four jets and the reconstruction of the Z boson is compli-
cated by ambiguities in associations of particles with jets
and the three-fold ambiguity in associating four jets with
the hadronic decays of the Z and H. For this reason, it is
much more difficult to construct a selection based only on
the reconstructed Z ! qq decay that has a selection effi-
ciency independent of the Higgs decay mode. The strategy
adopted is to first reject events consistent with a number
of clear background topologies using the information from
the whole event; and then to identify e+e� ! (Z ! qq)H
events solely based on the properties from the candidate
Z ! qq decay.

The (Z ! qq)H event selection proceeds in three separate
stages. In the first stage, to allow for possible BSM invisible
Higgs decay modes, events are divided into candidate visible
Higgs decays and candidate invisible Higgs decays, in both
cases produced along with a Z ! qq. Events are categorised

as potential visible Higgs decays if they are not compatible
with a clear two-jet topology:

– log10(y23)>�2.0 or log10(y34)>�3.0 .

All other events are considered as candidates for an invis-
ible Higgs decay analysis, based on that described in Sec-
tion 5.1.3, although with looser requirements to make the
overall analysis more inclusive.

Preselection cuts then reduce the backgrounds from large
cross section processes such as e+e� ! qq and e+e� ! qqqq.
The preselection variables are formed by forcing each event
into three, four and five jets. In each case, the best candidate
for being a hadronically decaying Z boson is chosen as the
jet pair giving the di-jet invariant mass (mqq ) closest to mZ,
considering only jets with more than three charged particles.
The invariant mass of the system recoiling against the Z bo-
son candidate, mrec, is calculated assuming Erec =

p
s�Eqq

and prec = �pqq . In addition, the invariant mass of all the
visible particles not originating from the candidate Z ! qq
decay, mvis, is calculated. It is important to note that mvis
is only used to reject specific background topologies in the
preselection and is not used in the main selection as it de-
pends strongly on the type of Higgs decay. The preselection
cuts are:

– 70GeV<mqq < 110GeV and 80GeV<mrec < 200GeV;

– the background from e+e� ! qq is suppressed by remov-
ing events with overall pT < 20GeV and either |cosqmis|>
0.90 or log10(y34) > �2.5, where qmis is the polar angle
of the missing momentum vector;

– events with little missing transverse momentum (pT <
20GeV) are forced into four jets and are rejected if the
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Fig. 9: Reconstructed di-jet invariant mass versus reconstructed recoil mass distributions for ZH ! qqX candidate events
at

p
s = 350GeV, showing ZH signal events (a) and all background processes (b). In both cases the plots show all events

passing the preselection.

To identify candidate invisible Higgs decays, a loose prese-
lection is imposed requiring: i) a clear two-jet topology, de-
fined by log10(y23)<�2.0 and log10(y34)<�3.0, using the
minimal kt distances discussed in Section 4.2; ii) a di-jet in-
variant mass consistent with mZ, 84GeV < mqq < 104GeV;
and iii) the reconstructed momentum of the candidate Z bo-
son pointing away from the beam direction, |cosqZ | < 0.7.
After the preselection, a BDT multivariate analysis tech-
nique is applied using the TMVA package [47] to further
separate the invisible Higgs signal from the SM background.
In addition to mqq , |cosqZ | and log10(y23), four other dis-
criminating variables are employed: mrec, the recoil mass of
the invisible system recoiling against the observed Z boson;
|cosqq |, the decay angle of one of the quarks in the Z rest
frame, relative to the direction of flight of the Z boson; pT,
the magnitude of the transverse momentum of the Z boson;
and Evis, the visible energy in the event. As an example, Fig-
ure 10 shows the recoil mass distribution for the simulated
invisible Higgs decays and the total SM background. The
reconstructed recoil mass for events with invisible Higgs de-
cays peaks near mH. The cut applied on the BDT output is
chosen to minimise the statistical uncertainty on the cross
section for invisible Higgs decays.

In the case where the branching ratio to BSM invisible final
states is zero (or very small), the uncertainty on the invisible
branching ratio is determined by the statistical fluctuations
on the background after the event selection:

DBR(H ! invis.) =
p

b
s(100%)

,

 [GeV]recm
80 100 120 140 160 180 200

Ev
en

ts
 / 

4 
G

eV

0

1000

2000

3000

4000

5000
signal (100 % BR)
background

 invis.→ZH; H = 350 GeVsCLICdp 

Fig. 10: Reconstructed recoil mass distributions of e+e� !
ZH events at

p
s = 350GeV, showing the H ! invis. signal,

assuming BR(H ! invis.) = 100%, and SM backgrounds as
stacked histograms. The distributions are normalised to an
integrated luminosity of 500fb�1.

where b is the expected number of selected SM background
events and s(100%) is the expected number of selected Higgs-
strahlung events assuming all Higgs bosons decay invisi-
bly, i.e. BR(H ! invis.) = 100%. Table 7 summarises the
invisible Higgs decay event selection; the dominant back-
ground processes arise from the final states qqln and qqnn.
The resulting one sigma uncertainty on BR(H ! invis.) is

14

e+e−→ZH, Z→qq̅ , H→ invisible

CLIC350: Γinvis/ΓH < 0.01 at 90% C.L.

ILC500: Γinvis/ΓH < 0.003 at 95% C.L.ILC250: ∆(ΓH) = 3.9 - 2.5% (depending on fit model) 
ILC500: ∆(ΓH) = 1.7 - 2.6% (depending on fit model)

arXiv:1710.07621

http://arxiv.org/608.07538
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Rare Higgs Branching Ratios

Does the Higgs boson decay to second generation fermions?



Higgs Hadronic BRs at CLIC

Process s /fb eBDT, classified as NBDT, classified as
Hnn Hqq Hnn Hqq

e+e� ! Hnn;H ! bb 28.9 55 % 0 % 8000 0
e+e� ! Hnn;H ! cc 1.46 51 % 0 % 372 0
e+e� ! Hnn;H ! gg 4.37 58 % 0 % 1270 0
e+e� ! Hnn;H ! other 16.8 6.1 % 0 % 513 0
e+e� ! Hqq;H ! bb 52.3 0 % 42 % 0 11100
e+e� ! Hqq;H ! cc 2.64 0 % 33 % 0 434
e+e� ! Hqq;H ! gg 7.92 0 % 37 % 0 1480
e+e� ! Hqq;H ! other 30.5 0.12 % 13 % 20 1920

e+e� ! qqnn 325 1.3 % 0 % 2110 0
e+e� ! qq ln 5910 0.07 % 0.002 % 2090 60
e+e� ! qq ll 1700 0.012 % 0.01 % 104 89
e+e� ! qqqq 5530 0.001 % 0.36 % 30 9990
e+e� ! qq 24400 0.01 % 0.093 % 1230 11400

Table 9: Summary of the expected numbers of events for the different Higgs and non-Higgs final states passing the hadronic
Higgs decay signal selection for 500fb�1 at

p
s = 350GeV (unpolarised beams). No preselection is applied in this analysis.
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Fig. 11: bb likelihood versus cc likelihood distributions for e+e� ! ZH events at
p

s = 350GeV, for (a) all events and for
the different event classes: (b) H ! bb, (c) H ! cc, (d) H ! gg, background from (e) other Higgs decays and (f) non-Higgs
SM background. All distributions are normalised to an integrated luminosity of 500fb�1.
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Table 9: Summary of the expected numbers of events for the different Higgs and non-Higgs final states passing the hadronic
Higgs decay signal selection for 500fb�1 at

p
s = 350GeV (unpolarised beams). No preselection is applied in this analysis.
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Fig. 11: bb likelihood versus cc likelihood distributions for e+e� ! ZH events at
p

s = 350GeV, for (a) all events and for
the different event classes: (b) H ! bb, (c) H ! cc, (d) H ! gg, background from (e) other Higgs decays and (f) non-Higgs
SM background. All distributions are normalised to an integrated luminosity of 500fb�1.
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Fig. 12: Reconstructed Higgs candidate transverse mo-
mentum distributions for selected Hnn events at

p
s =

350GeV, showing the contributions from Higgsstrahlung,
WW-fusion and non-Higgs background. The distributions
are normalised to an integrated luminosity of 500fb�1.

a bb likelihood and a cc likelihood:

bb likelihood =
b1b2

b1b2 +(1�b1)(1�b2)
,

cc likelihood =
c1c2

c1c2 +(1� c1)(1� c2)
,

where b1 and b2 (c1 and c2) are the b-tag (c-tag) values ob-
tained for the two jets forming the Higgs candidate.

The resulting two-dimensional distributions of the bb and
cc likelihoods in Hqq events are shown in Figure 11, where
separation between the different event categories can be seen.
These distributions form the templates used to determine the
contribution of the different signal categories for the Hqq fi-
nal states.

Signal and background templates are also obtained for the
Hnn final state. As Hnn has roughly equal contributions
from the Higgsstrahlung and the WW-fusion process, sepa-
ration into the two production processes is required, in addi-
tion to separation into the different signal and background fi-
nal states. This is achieved by adding the transverse momen-
tum of the Higgs candidate to the templates as a third dimen-
sion. This exploits the fact that the transverse momentum of
the Higgs candidate is substantially different for Higgsstrah-
lung and WW-fusion events, as illustrated in Figure 12 for
events with a high bb likelihood, which provides a high sig-
nal purity.

Contributions from events with H ! bb, H ! cc and H !
gg decays, separated by production mode, are extracted in a

Decay Statistical uncertainty
Higgsstrahlung WW-fusion

H ! bb 0.86 % 1.9 %
H ! cc 14 % 26 %
H ! gg 6.1 % 10 %

Table 10: Summary of statistical uncertainties for events
with a H ! bb, H ! cc or H ! gg decay, where the
Higgs boson is produced by Higgsstrahlung or WW-fusion,
at
p

s = 350GeV derived from the template fit as described
in the text. All numbers correspond to an integrated lumi-
nosity of 500fb�1.

template fit maximizing the combined likelihood of the Hqq
and Hnn templates. It is assumed that the contributions from
other Higgs decay modes are determined from independent
measurements and therefore these contributions are fixed in
the fit.

The results of the above analysis are summarised in Table 10,
giving the statistical uncertainties of the various s ⇥BR mea-
surements. Since the parameters in this analysis are deter-
mined in a combined extraction from overlapping distribu-
tions, the results are correlated. In particular the Higgsstrah-
lung and WW-fusion results for the same final states show
sizeable anti-correlations, as large as �38% for the cases of
H ! cc and H ! gg. These correlations are taken into ac-
count in the global fits described in Section 12.

5.2.2 H ! t+t�

Because of the neutrino(s) produced in t decays, the signa-
ture for H ! t+t� is less distinct than that for other de-
cay modes. The invariant mass of the visible decay products
of the t+t� system will be less than mH, and it is difficult
to identify H ! t+t� decays from the WW-fusion process
or from Higgsstrahlung events where Z ! nn. For this rea-
son, the product of s(ZH)⇥BR(H ! t+t�) is only deter-
mined for the case of hadronic Z decays at

p
s = 350GeV.

In this analysis only hadronic t decays are considered, so
the experimental signature is two hadronic jets from Z !
qq and two isolated low-multiplicity narrow jets from the
two tau decays [52]. Candidate t leptons are identified us-
ing the TAUFINDER algorithm [53], which is a seeded-cone
based jet-clustering algorithm. The algorithm was optimised
to distinguish the tau lepton decay products from hadronic
gluon or quark jets. Tau cones are seeded from single tracks
(pT > 5GeV). The seeds are used to define narrow cones
of 0.05 rad. The cones are required to contain either one or
three charged particles (from one- and three-prong tau de-
cays) and further rejection of background from hadronic jets
is implemented using cuts on isolation-related variables. Tau

18

Also with:  

➡ HZ→2 jets + 2 ℓ,  
➡ ννH→E̸ + 2 jets

With 500/fb at 350 GeV

arXiv:1608.07538

•Aim: resolve H→2 jets signal into H→bb̅, H→cc̅ and H→gg  

•Fit to multivariate-derived templates using flavour tagging info e.g. at 350 GeV, HZ→4 jets

http://arxiv.org/608.07538


H→cc̅  Search at LHCb
Search for VH, V→ℓ, H →bb̅, cc̅  in forward production (2 < η < 5) 
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Figure 7: Observed and expected CLs and 95% CL upper limit for the H
0 ! bb̄. The 0.05 CLs

level is indicated by the red horizontal line.

The expected upper limit on the W/Z +H
0(cc) production, where the Higgs has a mass

of 125 GeV, with two c quarks and one lepton from W/Z in the LHCb acceptance
(2 < ⌘ < 5), obtained using the 8 TeV dataset at 95% (90%) CL is 7900 (6200) times the
SM expectation, while the observed upper limit is 6400 (4900) times the SM expectation.
In terms of production cross section, the observed limit is

�(pp ! W/Z +H
0)B(H0 ! cc̄) < 9.4 (7.2) pb, at 95 (90)% CL and at 8TeV.

7 Prospects and conclusions

This paper presents a search for a Higgs boson with a mass of 125 GeV, produced in
association with a Z or W boson and decaying to a bb or cc pair. For this, the LHCb
proton–proton collision data taken at

p
s = 8 TeV is used, corresponding to an integrated

luminosity of 1.98± 0.2 fb�1.
No evidence is found and upper limits are set on both �(pp ! W/Z+H

0)⇥B(H0 ! bb̄)
and �(pp ! W/Z+H

0)⇥B(H0 ! cc̄) using the CLs method. For the former, the expected
upper limit on the product of cross section times branching fraction at 95% CL is 84
times the SM prediction, while the observed limit is 50 times the SM prediction. For the
latter, the expected (observed) limit is 7900 (6400) times the SM prediction. In terms of
production cross section in the LHCb acceptance, with two heavy quarks from H

0 and
one lepton from W/Z in range 2 < ⌘ < 5, this becomes

�(pp ! W/Z +H
0)⇥ B(H ! bb̄) < 1.6 pb at 95% CL,

�(pp ! W/Z +H
0)⇥ B(H ! cc̄) < 9.4 pb at 95% CL.
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Figure 8: Observed and expected CLs and 95% CL upper limit for the H
0 ! cc̄. The 0.05 CLs

level is indicated by the red horizontal line.

The limit on H
0 ! bb is significantly higher than those of ATLAS and CMS, but the best

Higgs limit thus far in the forward region. As for H0 ! cc, this is the first experimental
direct bound to date for this decay mode.

The data taken by LHCb during the Runs II, III and IV of the LHC, with an integrated
luminosity expected to be ⇠ 50 fb�1 [53], will improve the search for the Higgs boson in
the forward direction. Furthermore, the change in the proton–proton collision energy will
increase the fraction of H0 decaying within the detector, in addition to the rise in the
production cross sections (around a factor of ⇠ 7 increase for the associated production
in the SM, combining both e↵ects). Preliminary studies show that the upgrade of the
LHCb detector [53], expected to take place between Runs II and III of the LHC will help
to improve the LHCb capabilities in this channel. Plans also exist to improve the c and b

tagging algorithms, crucial in particular for the H0 ! cc decay mode. A High–Luminosity
upgrade of LHCb, which could run after Run IV, would significantly increase the integrated
luminosity recorded by the detector and would also be very beneficial for this analysis.
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Very rough information projection: LHCb could reach 5 × SM with 300 fb−1 

LHCb-CONF-2016-006

https://indico.fnal.gov/event/16151/session/0/contribution/4/material/slides/0.pdf

With 1.92 fb−1,  H →bb̅ < 50 × SM ;  H →cc̅ < 7900 × SM, (95% CL)

https://cds.cern.ch/record/2209531?ln=en
http://www.apple.com


H→J/ψ γ at ATLAS
ATL-PHYS-PUB-2015-043
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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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Expected limits at 95% CL (using multivariate analysis): 

➡                   BR(H→J/ψ γ): (44+19−12) ⨉ 10−6  

➡σ(gg→H) × BR(H→J/ψ γ):  (3.1+0.9−1.3) fb 

(no background systematics considered)

m(µ+µ−γ) 

• Sensitive to Higgs coupling to charm quark 

➡SM expectation: BR(H→J/ψ γ) = (2.9 ± 0.2) ⨉ 10−6 

➡use J/ψ →µ+µ−  decay mode 

➡Z→J/ψ γ as a cross check 

• Using multivariate analysis, events in                                   
m(µ+µ−γ) ∈ 115-135 GeV:  ~3 signal, 1700 background

arXiv:1712.02758 
Channel Final 

state
Exp. SM × 
10-6

Run2 
limit  

H→ ργ π+π− γ 16.8 ± 0.8 880

H→ ϕγ K+K− γ 2.31 ± 0.11 480

Also possible for lighter vectors:

https://cds.cern.ch/record/2054550
https://arxiv.org/abs/1712.02758
http://arxiv


H→ µ+µ− at HL-LHC

•SM prediction is BR(H→µµ)= 2.19 × 10−4 

•Run 1 limit is 2.8 × SM 

•ATLAS production with 3000 fb−1:  

‣Observation at ~7σ   
‣uncertainty of 20-25 % on signal strength
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Figure 4.11: Invariant mass distribution of selected signal and background candidates, scaled to
3000 fb�1, and assuming hµi = 200.

The events not passing the VBF-enriched category are further classified as either “central”
or “non-central” depending on whether both muons have |h| < 1 or not. These two sub-
samples are further split in three di-muon transverse momentum categories based on the
following binning: pµµ

T < 15 GeV, 15 < pµµ
T < 50, and pµµ

T > 50 GeV to exploit the fact that
signal events have on average larger pT than Z/g⇤ background events.

The final results are obtained from a simultaneous fit to the invariant mass distributions of
the seven event categories for 110 GeV < mµµ < 160 GeV. The signal S and background B
yields in each category, as well as the background shape parameters (except for the Z line
shape ones), are free parameters in the fit. Figure 4.11 shows the expected invariant mass
distribution of selected signal and background candidates. The resolution on the di-muon
invariant mass is expected to improve by 25% compared to the Run-2 detector because of
the superior performance of the ITk.

The final results are obtained from two fits to the di-muon invariant mass distribution
110 GeV < mµµ < 160 GeV:

1. an inclusive fit to all selected events, without categories, in which there is a single
parameter of interest, the signal strength µ = S/SSM, where SSM is the expected SM
signal yield and S is the signal yield;

2. a simultaneous fit to the selected events classified in the seven categories, using for
each one its own signal and background model, with a single parameter, µ.
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/TDR17001Preliminary
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H→ µ+µ− at CLIC

Very clean, narrow signal!

 arXiv:1608.07538

Process s/fb epresel eBDT NBDT

e+e� ! Hne ne ; H ! µ+µ� 0.16 64 % 41 % 84

e+e� ! ne ne µ+µ� 6.6 33 % 41 % 1797
e±g ! e±µ+µ� 1210 6.9 % 0.16 % 262
g g ! nµ nµ µ+µ� 413 4.3 % 0.50 % 176

Table 26: The signal and most important background pro-
cesses in the H ! µ+µ� analysis at

p
s= 3TeV with the cor-

responding cross sections. The numbers of selected events
assume an integrated luminosity of 2ab�1 and �80% polar-
isation of the electron beam. All other processes contribute
of the order of 10 events to the final event selection. The
cross sections are calculated for events with invariant mass
of the di-muon system between 100GeV and 140GeV.

as shown in Figure 19. Using a large MC sample, the sig-
nal and background shapes are extracted. The signal is de-
scribed by a Gaussian distribution with asymmetric expo-
nential tails. The combined background is parameterised as
the sum of an exponential and a constant function. To as-
sess the expected statistical precision, a large number of trial
samples are generated from the expected reconstructed mass
distributions of signal and background and are then fitted to
the signal and background components. For P(e�)=�80%,
the expected relative uncertainty on the s(e+e�!Hnene)⇥
BR(H ! µ+µ�) is 27%, corresponding to a significance of
3.7, at 1.4TeV, and 19%, corresponding to a significance
of 5.2, at 3TeV. The corresponding uncertainties for unpo-
larised beams are:

D [s(Hnene)⇥BR(H ! µ+µ�)]

s(Hnene)⇥BR(H ! µ+µ�)
= 38% at 1.4TeV ,

D [s(Hnene)⇥BR(H ! µ+µ�)]

s(Hnene)⇥BR(H ! µ+µ�)
= 25% at 3TeV .

7 ZZ-fusion

Higgs boson production through the t-channel fusion of two
Z bosons, e+e� ! He+e�, is analogous to the WW-fusion
process but gives access to gHZZ and gHbb using a comple-
mentary technique. At

p
s = 1.4TeV, ZZ-fusion is the sub-

leading Higgs production process, with a cross section of
around 25fb, which is 10 % of that for the WW-fusion pro-
cess. The potential for the measurement of the ZZ-fusion
process has been investigated at

p
s = 1.4TeV using the

CLIC_ILD detector.

The characteristic signature of the ZZ-fusion process is two
scattered beam electrons reconstructed in the forward re-
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Fig. 19: Reconstructed di-muon invariant mass distribution
of selected H ! µ+µ� events at

p
s = 3TeV. The simulated

data are shown as dots while the solid line represents the
fit function described in the text. The dotted line shows the
background contribution of the fit function. The distribution
is normalised to an integrated luminosity of 2ab�1, assum-
ing �80% electron polarisation.

gions of the detector, plus the Higgs boson decay products.
Here, the scattered beam electrons are required to be fully
reconstructed, and the final state H ! bb is considered.

Events are clustered into a four-jet topology using a kt exclu-
sive clustering algorithm with R= 1.0. For a well-reconstructed
signal event, two of the resulting ‘jets’ are expected to be the
reconstructed electrons, and the remaining two jets originate
from the Higgs decay to bb. The event selection requires
two oppositely-charged electron candidates, separated by |Dh |>
1, each with E > 100GeV. This preselection preserves 27 %
of the e+e� ! He+e� ! bbe+e� signal (3.6 fb), with the
lost events almost entirely due to the scattered electrons falling
outside the detector acceptance, as shown in Figure 20. Af-
ter the preselection, the SM background consists mainly of
events that have two real electrons and a qq pair, either from
the continuum or from the decay of Z bosons. Although the
preselection suppresses 98 % of the e+e� ! qqe+e� back-
ground, the accepted cross section is 48fb, which is thirteen
times larger than that for the remaining signal. A further re-
quirement that one of the two jets associated with the Higgs
decay has a b-tag value > 0.4 preserves 80 % of the remain-
ing signal and rejects 80 % of the remaining background.

A relative likelihood classifier L1, which treats ZZ-fusion
events with H ! bb as signal and H ! WW⇤ and H ! ZZ⇤

as background, is used to reduce contributions from other
Higgs decays. Seven variables are used to construct the like-
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reconstructed, and the final state H ! bb is considered.

Events are clustered into a four-jet topology using a kt exclu-
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signal event, two of the resulting ‘jets’ are expected to be the
reconstructed electrons, and the remaining two jets originate
from the Higgs decay to bb. The event selection requires
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times larger than that for the remaining signal. A further re-
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H → ZƔ → llƔ
• BR(H → Zɣ*) ~ 1.5e-03,  
• irreducible: Zɣ

Simple cut and count strategy:

• 75 < mZ1 < 105.    
• pT(l) > 20 GeV,    |η(l)| < 4.0 
• pT(ɣ) > 15 GeV,    |η(ɣ)| < 4.0 
• 122.5 < mllɣ  < 127.5 GeV

δμ/μ ≈ 1 % stat. precision 
can be achieved up to pT(H)  = 200 GeV
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ℓ = e/μ
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H → μμ
• Very small BR(H → μμ) ~ 2.18e-04, 

      → %-level precision out of reach at FCC-ee

Analysis cuts

• pT(μ) > 20 GeV,    |η(μ)| < 4.0
• |mμμ - mH| < 1 GeV

δμ/μ ≈ 1 % stat. precision 
can be achieved up to pT(H)  = 300 GeV
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Spin & CP

Only pseudoscalar in there?

Many places to look … several different 
parameterisations of CP used



CP Studies at HL-LHC

SM tree processes loop CP-even 
contributions

CP-odd 
contributions (BSM)

{ { {

�ai = arg
�

ai

a1

�
fai =
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•Fit fraction of event (fai) and phases (ϕi) to observed decay:

•H→ZZ→4ℓ used to reconstruct the full angular decay structure. 

•Sensitive to non-SM (CP = 0+) contributions.



CP Studies at HL-LHC

Loop-induced CP-even contribution

ATL-PHYS-PUB-2013-013

Percent-level sensitivity, but still statistics limited

Expected 95% CL limits
0.2− 0.15− 0.1− 0.05− 0 0.05 0.1 0.15 0.2

Projection CMS
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Higgs Boson anomalous couplings
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1 Introduction

The invariant amplitude describing the interaction of a spin-0 particle and and two spin-one gauge bosons
can be presented through the polarisation vectors of the gauge bosons ✏1 and ✏2:

A(H ! VV) ⇠ (a1M2
Hgµ⌫ + a2(q1 + q2)µ(q1 + q2)⌫ + a3✏µ⌫↵�q↵1 q�2)✏⇤µ1 ✏

⇤⌫
2 . (1)

Here the q1 and q2 are the four momenta of the gauge bosons. Two out of the three couplings a1, a2 and
a3 can in general be complex numbers. The couplings a1 and a2 describe the tree-level and loop-induced
interaction of a CP-even particle with two gauge bosons. The coupling a3 describes the corresponding
interactions of a CP-odd particle. The CP-conserving tree-level Standard Model is given by a1 = 1 and
a2 = a3 = 0. The CP violation in the Higgs sector can be generated requiring the simultaneous presence
of the a3 and either a1 or a2. The observation of a significant a2 in HZZ decay, on the other hand, will
demonstrate the presence of higher order loop processes beyond those predicted by the Standard Model.

The first experimental constraint on the contribution of the a3 coupling was published in the Ref. [1].
In this analysis a parametrisation where three independent tensor couplings are represented by two cross
section fractions fa3 and fa2 and two phases �a3 and �a2 was used. The corresponding definitions were:

fai =
|ai|2�i

|a1|2�1 + |ai|2�i
; �ai = arg

 
ai

a1

!
, (2)

where �i are the e↵ective cross sections of the processes H ! ZZ⇤ ! 4` corresponding to ai =

1 and a j,i = 0. The fractions fai may be interpreted as fractions of event yields corresponding to
each anomalous coupling independently, while the experimental measurement of �ai would provide the
information about the complex structure of couplings, and provide sensitivity to interferences of di↵erent
amplitudes when used in conjunction with fai .

An alternative approach to study the tensor structure of the amplitude (1) is the direct experimental
measurement of couplings a1, a2 and a3, or their ratios. This approach is free of assumptions on the size
of the interference e↵ects and its results can be expressed in terms of ( fai , �ai) parametrisation.

Another form of the amplitude (1) can be found in Refs. [2] and [3]. Here four couplings g1, g2, g3
and g4 are introduced with the following momentum-dependent relation to a1, a2 and a3:

a1 = g1
m2

V

m2
H
+

s
m2

H

✓
2g2 + g3

s
⇤2

◆
; a2 = �

✓
2g2 + g3

s
⇤2

◆
; a3 = �2g4, (3)

where mV is the mass of the gauge boson, s = q1q2 and ⇤ is the new physics scale. Up to the normalisa-
tion factor, the Standard Model at tree-level corresponds to g1 = 1 and g2 = g3 = g4 = 0.

The couplings g1, g2 and g3 correspond to the interaction with the CP-even and g4 to the interaction
with the CP-odd boson respectively. The term corresponding to g3 is expected to be small [3] and thus
set to zero in this study and excluded from the following discussion. The coupling notation g1, g2 and g4
is used throughout the rest of this note. Similarly to the ( fai , �ai) parametrisation proposed in the Ref. [1],
the ( fgi , �gi) parametrisation introduced in the Ref. [3] is used:

fgi =
|gi|2�i

|g1|2�1 + |g2|2�2 + |g4|2�4
; �gi = arg

 
gi

g1

!
. (4)

In the current analysis g2 and g4 are measured separately, assuming the simultaneous presence of
only g1 and of the coupling under study, this corresponds to set g2 = 0 (g4 = 0) in the expression of fg4

( fg2 ) in (4). It should be noted that with these assumptions the fg4 is equivalent to the fa3 and thus the
direct comparison of respective experimental limits is possible.

2

1 Introduction

The invariant amplitude describing the interaction of a spin-0 particle and and two spin-one gauge bosons
can be presented through the polarisation vectors of the gauge bosons ✏1 and ✏2:

A(H ! VV) ⇠ (a1M2
Hgµ⌫ + a2(q1 + q2)µ(q1 + q2)⌫ + a3✏µ⌫↵�q↵1 q�2)✏⇤µ1 ✏

⇤⌫
2 . (1)

Here the q1 and q2 are the four momenta of the gauge bosons. Two out of the three couplings a1, a2 and
a3 can in general be complex numbers. The couplings a1 and a2 describe the tree-level and loop-induced
interaction of a CP-even particle with two gauge bosons. The coupling a3 describes the corresponding
interactions of a CP-odd particle. The CP-conserving tree-level Standard Model is given by a1 = 1 and
a2 = a3 = 0. The CP violation in the Higgs sector can be generated requiring the simultaneous presence
of the a3 and either a1 or a2. The observation of a significant a2 in HZZ decay, on the other hand, will
demonstrate the presence of higher order loop processes beyond those predicted by the Standard Model.

The first experimental constraint on the contribution of the a3 coupling was published in the Ref. [1].
In this analysis a parametrisation where three independent tensor couplings are represented by two cross
section fractions fa3 and fa2 and two phases �a3 and �a2 was used. The corresponding definitions were:

fai =
|ai|2�i

|a1|2�1 + |ai|2�i
; �ai = arg

 
ai

a1

!
, (2)

where �i are the e↵ective cross sections of the processes H ! ZZ⇤ ! 4` corresponding to ai =

1 and a j,i = 0. The fractions fai may be interpreted as fractions of event yields corresponding to
each anomalous coupling independently, while the experimental measurement of �ai would provide the
information about the complex structure of couplings, and provide sensitivity to interferences of di↵erent
amplitudes when used in conjunction with fai .

An alternative approach to study the tensor structure of the amplitude (1) is the direct experimental
measurement of couplings a1, a2 and a3, or their ratios. This approach is free of assumptions on the size
of the interference e↵ects and its results can be expressed in terms of ( fai , �ai) parametrisation.

Another form of the amplitude (1) can be found in Refs. [2] and [3]. Here four couplings g1, g2, g3
and g4 are introduced with the following momentum-dependent relation to a1, a2 and a3:

a1 = g1
m2

V

m2
H
+

s
m2

H

✓
2g2 + g3

s
⇤2

◆
; a2 = �

✓
2g2 + g3

s
⇤2

◆
; a3 = �2g4, (3)

where mV is the mass of the gauge boson, s = q1q2 and ⇤ is the new physics scale. Up to the normalisa-
tion factor, the Standard Model at tree-level corresponds to g1 = 1 and g2 = g3 = g4 = 0.

The couplings g1, g2 and g3 correspond to the interaction with the CP-even and g4 to the interaction
with the CP-odd boson respectively. The term corresponding to g3 is expected to be small [3] and thus
set to zero in this study and excluded from the following discussion. The coupling notation g1, g2 and g4
is used throughout the rest of this note. Similarly to the ( fai , �ai) parametrisation proposed in the Ref. [1],
the ( fgi , �gi) parametrisation introduced in the Ref. [3] is used:

fgi =
|gi|2�i

|g1|2�1 + |g2|2�2 + |g4|2�4
; �gi = arg

 
gi

g1

!
. (4)

In the current analysis g2 and g4 are measured separately, assuming the simultaneous presence of
only g1 and of the coupling under study, this corresponds to set g2 = 0 (g4 = 0) in the expression of fg4

( fg2 ) in (4). It should be noted that with these assumptions the fg4 is equivalent to the fa3 and thus the
direct comparison of respective experimental limits is possible.

2

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-013/
https://cds.cern.ch/record/2266165


CP Studies at ILC250

arXiv:1710.07621

where �W and �Z are the relative errors for g(hWW ) and g(hZZ) respectively. At the
250 GeV ILC, the Higgs boson mass can be measured very precisely, with an accuracy
of 14 MeV using the leptonic recoil channel as shown in Fig. 4 (left). This results
in systematic errors for �W and �Z of 0.1%. The study of the new beam parameters
discussed in Section 2, which would increase the beamstrahlung e↵ect significantly,
should pay attention to this issue.

At the 250 GeV ILC, Higgs CP properties can be probed via the h⌧⌧ coupling,

�Lh⌧⌧ = �⌧y⌧p
2
h⌧+(cos�+ i sin��5)⌧

� (12)

and the hV V coupling

�LhZZ =
1

2

b̃

v
hZµ⌫Z̃

µ⌫ . (13)

The CP phase � in (12) can be measured with an accuracy of 3.8� [32], and b̃ in (13)
can be measured with an accuracy of 0.5% [30]. The observation of even a small
admixture of CP-odd coupling for the Higgs boson would indicate physics beyond
the Standard Model, and might give a clue to the CP violation required in models of
electroweak baryogenesis.

5 Comparison of the ILC capabilities for the Higgs boson to
the predictions of new physics models

Now that we have presented the expectations for the accuracy of ILC measure-
ments of the Higgs boson couplings, it is important to ask whether these expectations
are strong enough to search for new physics beyond the reach of direct searches at
the LHC. We will discuss that point in this section. First, we will survey models of
new physics that a↵ect the Higgs boson, review the diversity of models under consid-
eration, and present the e↵ects on the Higgs couplings predicted in the various types
of models. Then we will present a representative sample of specific model points that
demonstrate the power of the ILC measurements.

5.1 Models of electroweak symmetry breaking and the Higgs field

Our present understanding of the breaking of the SU(2)⇥U(1) gauge symmetry of
the SM is crude and unsatisfactory. This point is, suprisingly, more easily grasped by
condensed matter physicists than by particle physicists. Condensed matter physicists
are familiar with the history of superconductivity, for which the basic understanding
developed in two stages. In 1950, Landau and Ginzburg wrote a phenomenologi-
cal theory of superconductivity that was, in fact, the model for the theory of the
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CP phase: ϕ=0 in the SM 
ϕ measured to 3.8° at ILC250
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250 GeV ILC, the Higgs boson mass can be measured very precisely, with an accuracy
of 14 MeV using the leptonic recoil channel as shown in Fig. 4 (left). This results
in systematic errors for �W and �Z of 0.1%. The study of the new beam parameters
discussed in Section 2, which would increase the beamstrahlung e↵ect significantly,
should pay attention to this issue.

At the 250 GeV ILC, Higgs CP properties can be probed via the h⌧⌧ coupling,

�Lh⌧⌧ = �⌧y⌧p
2
h⌧+(cos�+ i sin��5)⌧

� (12)

and the hV V coupling

�LhZZ =
1

2

b̃

v
hZµ⌫Z̃

µ⌫ . (13)

The CP phase � in (12) can be measured with an accuracy of 3.8� [32], and b̃ in (13)
can be measured with an accuracy of 0.5% [30]. The observation of even a small
admixture of CP-odd coupling for the Higgs boson would indicate physics beyond
the Standard Model, and might give a clue to the CP violation required in models of
electroweak baryogenesis.

5 Comparison of the ILC capabilities for the Higgs boson to
the predictions of new physics models

Now that we have presented the expectations for the accuracy of ILC measure-
ments of the Higgs boson couplings, it is important to ask whether these expectations
are strong enough to search for new physics beyond the reach of direct searches at
the LHC. We will discuss that point in this section. First, we will survey models of
new physics that a↵ect the Higgs boson, review the diversity of models under consid-
eration, and present the e↵ects on the Higgs couplings predicted in the various types
of models. Then we will present a representative sample of specific model points that
demonstrate the power of the ILC measurements.

5.1 Models of electroweak symmetry breaking and the Higgs field

Our present understanding of the breaking of the SU(2)⇥U(1) gauge symmetry of
the SM is crude and unsatisfactory. This point is, suprisingly, more easily grasped by
condensed matter physicists than by particle physicists. Condensed matter physicists
are familiar with the history of superconductivity, for which the basic understanding
developed in two stages. In 1950, Landau and Ginzburg wrote a phenomenologi-
cal theory of superconductivity that was, in fact, the model for the theory of the
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where �W and �Z are the relative errors for g(hWW ) and g(hZZ) respectively. At the
250 GeV ILC, the Higgs boson mass can be measured very precisely, with an accuracy
of 14 MeV using the leptonic recoil channel as shown in Fig. 4 (left). This results
in systematic errors for �W and �Z of 0.1%. The study of the new beam parameters
discussed in Section 2, which would increase the beamstrahlung e↵ect significantly,
should pay attention to this issue.
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The CP phase � in (12) can be measured with an accuracy of 3.8� [32], and b̃ in (13)
can be measured with an accuracy of 0.5% [30]. The observation of even a small
admixture of CP-odd coupling for the Higgs boson would indicate physics beyond
the Standard Model, and might give a clue to the CP violation required in models of
electroweak baryogenesis.

5 Comparison of the ILC capabilities for the Higgs boson to
the predictions of new physics models

Now that we have presented the expectations for the accuracy of ILC measure-
ments of the Higgs boson couplings, it is important to ask whether these expectations
are strong enough to search for new physics beyond the reach of direct searches at
the LHC. We will discuss that point in this section. First, we will survey models of
new physics that a↵ect the Higgs boson, review the diversity of models under consid-
eration, and present the e↵ects on the Higgs couplings predicted in the various types
of models. Then we will present a representative sample of specific model points that
demonstrate the power of the ILC measurements.

5.1 Models of electroweak symmetry breaking and the Higgs field

Our present understanding of the breaking of the SU(2)⇥U(1) gauge symmetry of
the SM is crude and unsatisfactory. This point is, suprisingly, more easily grasped by
condensed matter physicists than by particle physicists. Condensed matter physicists
are familiar with the history of superconductivity, for which the basic understanding
developed in two stages. In 1950, Landau and Ginzburg wrote a phenomenologi-
cal theory of superconductivity that was, in fact, the model for the theory of the
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LHeC provides access to CP structure of WWH  and ttH coupling
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Figure 5.32: Illustrating the SM distribution in azimuthal angle and deviations therefrom
which are due to anomalous HWW couplings.

• Since ep cross sections are much smaller than those in pp, even at maximum luminosity
there shall be no pile-up of events which deteriorates the event selection, resolution
and missing energy reconstruction in pp.

The final state has missing transverse energy (MET) and three jets J1, J2 and J3, of
which two (say J2 and J3) are tagged as b-jets. It can be shown [620] that in the limit when
there is practically no energy transfer to the W boson and the final states are very forward,
the CP -conserving (CP -violating) coupling � (�0) contributes to the matrix element for this
process a term of the form which goes through zero when the missing transverse momentum
is perpendicular to the pT of the jet:

M ⇠ +� 6~pT .~p
J1
T

fM ⇠ ��0
6~pT .~p

J1
T . (5.15)

This explains the general trend illustrated in Figure 5.32, for an exact calculation of
the 2 ! 3 process eq ! ⌫eq0H at the parton level, with parton density functions from the
CTEQ-6L1 set [146]. In the case considered, 140 GeV electrons collide with 7 TeV protons
and the Higgs boson mass is set to 120 GeV.

The analysis is based on the kinematic cuts and e�ciencies adopted in [614]. The az-
imuthal distribution has been simulated in 10 equidistant bins and the signal and SM back-
grounds have been calculated in each bin using the same formulae used to create Figure 5.32,
followed by a detailed simulation of fragmentation, jet identification and detector e↵ects. In
addition, the number of expected background events has been varied according to the values
reported in Sect. 5.5.3. Assuming statistical errors dependent on the integrated luminosity
L, the sensitivity, for a given L, of the experiment to �,�0 is determined with a log-likelihood
analysis. The results are shown in Figure 5.33, where a 95% exclusion limit is indicated for
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The LHeC provides the unique opportunity to select experimentally the HWW coupling
in Higgs production via weak boson fusion, in contrast to WBF production at the LHC
where the contributions from the HZZ and HWW couplings can not be disentangled.
Hence the LHeC could probe the HWW coupling without any assumption on the HZZ
coupling. This is of particular interest since these couplings could receive sizeable anomalous
contributions from physics beyond the Standard Model. This possibility is further explored
in the following.

5.5.4 Probing anomalous HWW couplings at the LHeC

A measurement of the HWW vertex provides insights into the nature of the coupling of a
scalar field to a heavy vector boson. Parameterising the H(k)�W+

µ (p)�W�
⌫ (q) vertex in

the form i�µ⌫(p, q) ✏µ(p) ✏⇤⌫(q), any deviations from the simple SM formula �µ⌫
(SM)(p, q) =

gMW gµ⌫ at a level incompatible with SM loop corrections would immediately indicate the
presence of new physics. Following Ref. [620], these deviations can be parameterised using
two dimension-5 operators

�(BSM)
µ⌫ (p, q) =

�g

MW
[� (p.q gµ⌫ � p⌫qµ) + i�0 ✏µ⌫⇢�p

⇢q�] (5.14)

where � and �0 are, respectively, e↵ective coupling strengths for the CP -conserving and the
CP -violating parts.

An unambiguous determination of the CP property of the Higgs boson, particularly to
test if it is a CP eigenstate, should optimally employ its coupling to the heavy fermions,
mainly viaHtt̄ production [621]. Similarly one may use theHV V coupling which is expected
to be more easily accessible. The above parameterisation of anomalous HWW and similar
couplings illustrates the important point that the CP properties of the Higgs boson are
rather di�cult to measure directly. Information on the couplings � and �0 to any degree of
certainty can throw light on the CP property of the Higgs. Several suggestions have been
made on how this can be done at colliders, using angular correlations between the final state
particles as well as other kinematic quantities [622,623]. An additional complication arises,
however, because most of the observables studied so far in the context of the LEP, Tevatron
and LHC machines are dependent on more than one of these couplings [624], barring the
case of HZZ coupling. At the e+e� colliders the Higgstrahlung process and at the LHC
the decay H ! ZZ(⇤) o↵er the chance to study the same quite cleanly. If the ’hints’ for a
light Higgs should be confirmed, the H ! ZZ⇤ would o↵er a chance to establish the CP
property of the Higgs if it is a CP eigenstate and possibility to explore the anomalous HZZ
coupling [625,626]; the case for the HWW vertex may be less clear though. Further, even
at the ILC, a determination of an anomalous HWW vertex will still be contaminated by
the HZZ vertex [627].

An ep collider has a unique advantage in the fact that the HWW vertex gives rise
to the process e + p ! ⌫e + X + H(bb̄) through the single Feynman diagram shown in
Figure 5.25(left), with no ”pollution” from the HZZ coupling. Other advantages, with
respect to the pp environment, include:

• Very good signal to background ratio, see Sect. 5.5.3.

• The Higgs boson signal does not have contamination from other production mecha-
nisms, such as gluon-gluon fusion.

• As opposed to the LHC, at LHeC the forward and backward directions can be disentan-
gled because the direction of the missing neutrino and the struck quark, respectively,
is well defined, a feature which could be exploited in further studies.
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Introduction: Differential cross sections

3

• Transverse momentum pTH  

• Sensitivity to modifications of effective Higgs 
Yukawa couplings  

• Sensitivity to finite top mass effects 

H

yf 

yf = f · ySM
f

2

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

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

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

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

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

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

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

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

p
s = 8TeV divided by the SM prediction for

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

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

torisation (µF ) and the resummation (QR, for gg ! hj)
scales is mh/2. Perturbative uncertainties are estimated
by varying µR, µF by a factor of two in either direc-
tion while keeping 1/2  µR/µF  2. In addition, for
the gg ! hj channel, we vary QR by a factor of two
while keeping µR = µF = mh/2. The final total theo-
retical errors are then obtained by combining the scale
uncertainties in quadrature with a ±2% relative error as-
sociated with PDFs and ↵s for the normalised distribu-
tions. We stress that the normalised distributions used
in this study are less sensitive to PDFs and ↵s varia-
tions, therefore the above ±2% relative uncertainty is a
realistic estimate. We obtain the relative uncertainty in
the SM and then assume that it does not depend on Q.
While this is correct for the gQ ! hQ, QQ̄ ! hg chan-
nels, for the gg ! hj production a good assessment of
the theory uncertainties in the large-Q regime requires
the resummation of the logarithms in (1). First steps in
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Figure 1: Higgs transverse-momentum spectrum in the SM (black, solid) compared to (a) separate variations and
(b) mixed contribution of the dimension-six operator for 0 GeV pT  400 GeV. The lower frame shows the ratio
with respect to the SM prediction. The shaded lighter and darker grey bands in the ratio indicates the uncertainty
due to scale variations in NLL+NLO and NNLL+NNLO case respectively. See text for more details.

The spectra presented in Figure 1 (b) correspond to switching on all three SMEFT operators. We choose
scenarios with increased top-quark Yukawa coupling (up to ct = 1.5), as hinted by the excess on the tt̄H rate over
the SM prediction reported in ATLAS and CMS [23, 24]. As it was noticed also in the NLL+NLO case most of
the scenarios distort the shape of the spectra beyond the scale uncertainty, but the further reduction of the scale
uncertainty in the NNLL+NNLO case allows also for a better discrimination between di↵erent scenarios. 5

5 Conclusions

If New Physics will not be accessible at the LHC through direct searches, e.g., with the discovery of new resonances,
it will be crucial to fully exploit the data to study possible (small) deviations from the SM predictions. The formalism
that can be used for this purpose is SMEFT, which parametrises high-scale BSM e↵ects through appropriate higher-
dimensional operators. Bounds on the corresponding Wilson coe�cients of these operators can be set by comparing
to the experimental data.

In this note we have presented an extension of the recently published NLL+NLO calculations of the Higgs pT

spectra augmented with SMEFT operators [1] to NNLL+NNLO level of accuracy. We start with state-of-the-art
SM predictions and scale them by relative SMEFT/SM e↵ects at NLL+NLO (i.e. the ratios plotted in the lower
panels of the Figures).

We found that variations of di↵erent SMEFT operators manifest themselves in di↵erent regions of the Higgs pT
spectrum: a modification of the bottom Yukawa coupling (O3) induces e↵ects almost exclusively at small pT , while
a direct coupling of the Higgs boson to gluons (O1) changes the shape of the distribution in the high-pT tail and
the top Yukawa coupling primary a↵ects the normalisation. We notice from the presented spectra that the shape of
the transverse momentum distribution depends on the mass of the particle that mediates the Higgs-gluon coupling.
The lower the mass of that particle, the softer is the resulting spectrum, and thus the enhancement of bottom
loop leads to the softest spectrum, while an enhancement of the point-like coupling (corresponding to infinite mass
particles in the loop) to the hardest one.

Finally we mention the limitation of our study. The NNLL+NNLO SM predictions are known only in the heavy
top limit, with just approximate inclusion of top mass e↵ects, and thus the approach involving a scaling of the

5For more discussion on the SMEFT operators impact on the spectra refer to [1].
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• Lots still to learn about the Higgs boson: All possible future colliders will 
tell us much more about Higgs properties! 

• If you (only) want measure Higgs properties & couplings soon, an e+e− 
collider is the best option. 

• √s = 250 GeV (ILC250, FCCee):             ZH production        ⇒  good  

• √s = 380 GeV (CLIC380, FCCee): adds WW→νν̅H production ⇒ better 

• √s > 550 - 600 GeV (ILC upgrade?, CLIC1500)                                                    
                   adds tt̅H and ZHH production ⇒ best

Personal Conclusions
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Model bb cc gg WW ⌧⌧ ZZ �� µµ
1 MSSM [38] +4.8 -0.8 - 0.8 -0.2 +0.4 -0.5 +0.1 +0.3
2 Type II 2HD [39] +10.1 -0.2 -0.2 0.0 +9.8 0.0 +0.1 +9.8
3 Type X 2HD [39] -0.2 -0.2 -0.2 0.0 +7.8 0.0 0.0 +7.8
4 Type Y 2HD [39] +10.1 -0.2 -0.2 0.0 -0.2 0.0 0.1 -0.2
5 Composite Higgs [40] -6.4 -6.4 -6.4 -2.1 -6.4 -2.1 -2.1 -6.4
6 Little Higgs w. T-parity [41] 0.0 0.0 -6.1 -2.5 0.0 -2.5 -1.5 0.0
7 Little Higgs w. T-parity [42] -7.8 -4.6 -3.5 -1.5 -7.8 -1.5 -1.0 -7.8
8 Higgs-Radion [43] -1.5 - 1.5 +10. -1.5 -1.5 -1.5 -1.0 -1.5
9 Higgs Singlet [44] -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5

Table 3: Percent deviations from SM for Higgs boson couplings to SM states in various new
physics models. These model points are unlikely to be discoverable at 14 TeV LHC through
new particle searches even after the high luminosity era (3 ab�1 of integrated luminosity).
From [20].

and one to down fermions only), and type X and Y models (with more complicated
discrete symmetries that protect flavor observables) [39].

5.2 Comparisons of models to the ILC potential

All of these ideas lead to models with deviations from the SM expectations of the
couplings of the 125 GeV Higgs boson to SM states. Table 3 collects a set of models
of new physics based on the ideas described in the previous section and on several
additional ideas of interest to theorists. For each model, we chose a representative
parameter point for which the predicted new particles would be beyond the reach of
the 14 TeV LHC with the full projected data set. The deviations of Higgs couplings
from the SM expectations at these representative model points are listed in the Table.
(For details, see [20] as well as the papers cited in Table 3.) These examples illustrate
diverse possibilities for models with significant deviations of the Higgs couplings from
the SM expectation that would be allowed even if the LHC and other experiments are
not able to discover the corresponding new physics beyond the SM. We should make
clear that the quantitative statements to follow refer to these particular models at the
specific parameter points shown in the Table. Figure 9 shows graphically the ability
of ILC measurements to distinguish the Higgs boson couplings in the models in the
Table from the SM expectations and from the expectations of other models. Each
square shows relative goodness of fit for the two models in units of �. The top figure
is based on the covariance matrix from the 250 GeV stage of the ILC, corresponding
to the second column of Table 1. The bottom figure reflects the full ILC program with
500 GeV running, corresponding to the fourth column of Table 1. It is noteworthy
that, once it is known that the Higgs boson couplings deviate significantly from the
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NEW LUMINOSITY PLOT

5

➤ High integrated 
luminosity at the needed 
Ecm


➤ Clean environment

➤ precise knowledge of the 

center-of-mass energy 
and of the luminosity 


➤ precise detectors 
offering plenty of 
redundancy (and more 
than one) 

LEP$×$105$!$

Patrizia Azzi, FCC week 2018 

https://indico.cern.ch/event/656491/contributions/2940765/attachments/1632617/2603510/FCCeeSummary_Amsterdam.pdf
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Indirect constraint on ΓH from offshell production

)(

� σoffshell~ gg
2gV

2 does not depend on the total width ΓH, σonshell does
� In terms of coupling modifiers

� Under the assumption of equal on-peak and off-peak coupling modifiers, limit on 3offshell can be 
reinterpreted, combined with 3onshell , as limit on ΓH
� Strong assumption , kg(s) sensitive to possible new physics at higher mass scales
� New physics which modify off-shell signal strength do not change bkg predictions

� Latest experimental results (WW+ZZ in Run1 for ATLAS and CMS, 4l Run2 CMS) :

� For HL-LHC most of the consideration done for 3offshell valid here as well
� In this interpretation, the uncertainty on 3off-shell dominates
� ~ 5% precision achievable for 3onshell ZZ

� Estimate using 4l alone by ATLAS (10% syst on RB
H*) 

Γ�2,"*1)"-#*")�
�������������	#����#���#*()-#(*,

4l: ΓH < 41 MeV @ 95%CL 
(<32 MeV exp.)

CMS Run2 ,12.9 fb-1 CMS PAS HIG-16-033

ΓH < 22.7 MeV @ 95%CL 
(<33 MeV exp.)

��	���Run1 ���"����"�"� %*()-&�/-!++-

ΓH < 13MeV @ 95%CL 
(<26MeV exp.)

�
�� ��)������(0�%*().&�(-)
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7. LHCb : H→bb and H→cc 

Search for leptonic W/Z+ H→ bb/cc final states (Forward production)

LHCb angular acceptance → Challenging for integrated cross 

sections and uncertainties 

First publication H→cc from LHCb → Possible reach 5 xSM @ 300 fb-1

Extrapolation H → J/Y g @ HL-LHC : 15 xSM @ 3000 fb-1  (ATLAS)

ZH→ cc @ Run-2 (arxiv:1802.04329): m < 110 (150+80
-40

)  @ 95 % C.L. (ATLAS)

LHCb-CONF-2016-006 
Run-1 , 1.92 fb-1

m(cc)<7900 
      @ 95 % C. L.

LHC: H→cc̅


