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Outline
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Introduction

Golden channels and coupling to bosons
•H→ZZ, H→𝛄𝛄, H→WW

Yukawa couplings
•bottom, taus, muons

The big picture
•Overview of couplings and signal strengths for production 
and decay mode

Summary and conclusions
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Where are we?
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The existence of (at least one) Higgs boson well established
No deviations from SM so far
A few exceptions aside, we are not yet at the level of precision 
we need to probe small deviations from the SM and narrow 
down NP. For precision Higgs coupling we need HL/HE-LHC
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Strategy
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CMS extrapolation scenarios:

•S1: Systematic uncertainties 
constant, unchanged detector 
performances

•S2: Theoretical uncertainties 
scaled by 0.5, experimental 
uncertainties scaled by 
luminosity (until a floor)

•S1/S2+: Includes higher PU 
and detector upgrades effects

ATLAS extrapolation scenarios:

•Includes programmed 
detector upgrades, with 
extended η coverage of the 
tracker up to |η|<4.0 
(“reference” scenario)

•PU and upgrades taken into 
account for projections

•Theoretical uncertainties 
scaled by 1, 0.5 or 0
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Golden channels: ZZ
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Main contributor to the H mass 
measurement at LHC-Run2
Upgraded detectors bring significant 
improvements:
• Increased CMS/ATLAS tracker 
acceptances up to |η|<4, new EM trigger, 
improved μ triggers, higher reco efficiency 
and momentum resolution in Phase2

Strong sensitivity to ggH, and good (but 
limited) sensitivity to VBF and VH

CMS-TDR-17-001

CMS-TDR-17-003

ATL-PHYS-PUB-2016-008
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ZZ: signal strengths
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•Expected uncertainties below 
15% (5% for gluon fusion) with 
3 ab-1 for the signal strengths 
measurement
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ZZ: Differential distributions
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Measured in a fiducial phase space close to experiment  
acceptance
Statistical uncertainties are still dominating at high pT even at 3 ab-1 (4-9%)
Improved signal modelling needed before 300 fb-1

Some sensitivity to the shape at low (high) pT: 
gives sensitivity to kb, kc (kt)
Important to extend coverage (bins, range, variables) in the future
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Anomalous ZZ couplings
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Expected 95% CL limits
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O(1%) precision on anomalous HVV couplings at HL-LHC 
Different notations in CMS and ATLAS. Both probe tensor-structure and the CP 
violation in the H→VV coupling: 
fa3 = fraction of CP violation; fg3 (fg4) = fraction of CP-even(odd) contributions
Significant improvement when including production-level information (HIG-17-011)

CMS-FTR-16-002

ATL-PHYS-PUB-2013-013

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

2 2 Phenomenology of anomalous H boson interactions

2 Phenomenology of anomalous H boson interactions

We assume that the H boson couples to two gauge bosons VV, such as ZZ, Zg, gg, WW, or
gg, which in turn couple to quarks or leptons [19–34]. Three general tensor structures that are
allowed by Lorentz symmetry are tested. Each term includes a form factor Fi(q2

1, q2
2), where

q1 and q2 are the four-momenta of the two difermion states, such as e+e� and µ+µ� in the
H ! e+e�µ+µ� decay. The H boson coupling to fermions is assumed not to be mediated
through a new heavy state V0, generating the so-called contact terms [35, 36]. We therefore
study the process H ! VV ! 4f and the equivalent processes in production, rather than
H ! VV0 ! 4f or equivalent processes. Nonetheless, those contact terms are equivalent to the
anomalous HVV couplings already tested using the fL1 and f Zg

L1 parameters [13]. It is assumed
that all lepton and quark couplings to vector bosons follow the SM predictions. Relaxing this re-
quirement would be equivalent to allowing the contact terms to vary with flavor, which would
result in too many unconstrained parameters to be tested with the present amount of data.
Only the lowest order operators, or lowest order terms in the (q2

j /L2) form-factor expansion,
are tested, where L is the energy scale of new physics.

Anomalous interactions of a spin-zero H boson with two spin-one gauge bosons VV, such as
ZZ, Zg, gg, WW, and gg, are parameterized with a scattering amplitude that includes three
tensor structures with expansion of coefficients up to (q2/L2):

A(HVV) ⇠
"

aVV
1 +

kVV
1 q2

1 + kVV
2 q2

2�
LVV

1
�2

#
m2

V1e⇤V1e⇤V2 + aVV
2 f ⇤(1)µn f ⇤(2),µn + aVV

3 f ⇤(1)µn f̃ ⇤(2),µn, (1)

where qi, eVi, and mV1 are the four-momentum, polarization vector, and pole mass of a gauge
boson, f (i)µn = e

µ
Viq

n
i � en

Viq
µ
i , and f̃ (i)µn = 1

2 eµnrs f (i),rs [13, 33].

In Eq. (1), the only leading tree-level contributions are aZZ
1 6= 0 and aWW

1 6= 0, and we assume
custodial symmetry, so that aZZ

1 = aWW
1 . The rest of the couplings are considered anomalous

contributions. Tiny anomalous terms arise in the SM due to loop effects, and new, beyond stan-
dard model (BSM) contributions could make them larger. The SM values of those couplings
are not yet accessible experimentally. Considerations of gauge invariance and symmetry be-
tween two identical bosons require kZZ

1 = kZZ
2 = � exp(ifZZ

L1), kgg
1,2 = k

gg
1,2 = kZg

1 = 0, and
kZg

2 = � exp(ifZg
L1), where fVV

L1 is the phase of the corresponding coupling. The aZg
2,3 and agg

2,3
terms were tested in the Run 1 analysis [13], but have tighter constraints from on-shell pho-
ton measurements in H ! Zg and gg. We therefore do not repeat those measurements. The
HWW couplings appear in VBF and WH production. We relate those couplings to the HZZ
measurements assuming aWW

i = aZZ
i and drop the ZZ labels in what follows. Four anomalous

couplings are left to be tested: a2, a3, k2/L2
1, and kZg

2 /
⇣

LZg
1

⌘2
. The generic notation ai refers to

all four of these couplings, as well as the SM coupling a1.

Equation (1) describes both the H ! VV decay and the production of the H boson via either
VBF or VH. All three of these processes are considered, which are illustrated in Fig. 1. While q2

i
in the H ! VV process does not exceed (100 GeV)2 due to the kinematic bound, in associated
production no such bound exists. In the present analysis it is assumed that the q2

i range is not
restricted within the allowed phase space.

The effective fractional cross sections fai and phases fai are defined as follows:

fai = |ai|2si

.
Â |aj|2sj, and fai = arg (ai/a1) . (2)
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Golden channels: 𝛄𝛄

9

Resolution mostly driven by 
photon energy and vertexing 
resolutions
For the projections assumed 
reduced photon ID, vertex 
efficiency
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𝛄𝛄: cross section
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Fiducial cross-section 
measurement to be dominated by 
systematic uncertainties already at 
300fb-1

Relative expected uncertainty (%)
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𝛄𝛄: couplings
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•Similar expected 
sensitivities 
between the two 
experiments

•Precision higher 
than 5-10%
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(VBF)H→WW
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Even in worst case 
scenario we should  
be able to observe 
H→WW production
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η acceptance important 
for signal efficiency (VBF 
topology)
•82% efficiency in |η|<4.0
•26% in |η|<2.7 

ATL-PHYS-PUB-2016-0168
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Yukawa couplings: bottom
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µBest fit 
1− 0 1 2 3

 0.6± = 1.8 µ

  2 lept.

 0.6± =  1.9 µ

1 lept.

 0.5± = 0.0 µ

  0 lept.

 0.7± =  1.7 µ

WH(bb)

 0.5± =  0.9 µ

  ZH(bb)

 (13 TeV)-135.9 fb

 0.4 ± = 1.2 µ Combined

CMS
 b b→ VH; H →pp 

arXiv: 1709.07497 

Projections from Run1 legacy from ATLAS: from 3.9σ (300fb-1) to 
8.8σ (3000fb-1). 15% uncertainty on the signal strength
With current statistics, first evidence for (V)H→bb from  
CMS (3.3σ, arXiv: 1709.07497) and ATLAS (3.5σ, arXiv:1708.03299)
5-10% uncertainty from CMS projections from Run1
ggH→bb could probe high pT region, can be within reach
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Yukawa couplings: taus

14
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Reasonable separation of the H and Z peaks
Mass resolution at HL-LHC almost the same 
as in Run2, even when factoring in ageing of 
the detectors (1ab-1)
Precision at the 5-8% level (3 ab-1)

 (GeV)ττVisible m
0 20 40 60 80 100 120 140

a.
u.

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

0.2
0.22

ττ→ channel, VBF Hhτe

Run 2, 13 TeV

Phase-2, 14 TeV, 0 PU

Phase-2, 14 TeV, 200 PU

CMS Phase-2
Simulation Preliminary

14 TeV, 0 PU

CMS-FTR-16-002

CMS-TDR-17-002

ATL-PHYS-PUB-2013-007



Giacomo Ortona                                                                                                                                                                                      HL/HE-LHC Workshop - CERN - 01/11/2017/ 20

Yukawa couplings: muons

15
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4 ITk Performance and Physics Benchmark Studies
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Figure 4.38: Signal resolution for H ! µµ signal events, the Run 2 resolution is compared to the
HL-LHC with pile-up conditions corresponding to hµi =200.

mechanisms: Vector Boson Fusion, Higgs-strahlung, and associated production with tt̄, be-
ing more than an order magnitude smaller [39, 40]. For centre-of-mass energies of 14 TeV,
the production cross section of pairs of 125 GeV Higgs bosons is estimated to be 40.8 fb at
next-to-next-to-leading order in QCD (with an uncertainty of ±8.5% from QCD scale un-
certainties, and ±7% from PDF+aS uncertainties) [41, 42]. Example Feynman diagrams of
this process at leading order in Quantum Chromodynamics are shown in Figure 4.39. The
diagram which exhibits lHHH dependence (Figure 4.39(a)) interferes destructively with the
box diagram that is independent of lHHH (Figure 4.39(b)), thus a small increase in the value
of lHHH decreases the expected HH production cross section, and modifies the distribu-
tions of event kinematics.

The low SM non-resonant HH production cross section means that it is necessary to con-
sider final states where at least one of the two Higgs bosons decays into a final state with
a large branching ratio. The decay channel with largest branching ratio is H ! bb̄. Thus
the high-performance b-tagging capability of the proposed upgraded tracker is of critical
importance for these analyses. The SM non-resonant HH production process is dominated
by gluon-gluon fusion, leading to centrally produced Higgs bosons, hence the extended
forward tracking capability of the ITk is not expected to lead to large improvements in
sensitivity.

HH ! bb̄bb̄

The HH decay channel with the largest branching ratio (33.3%) is HH ! bb̄bb̄. Projec-
tions for this channel have been made, extrapolating from the ATLAS Run 2 analysis [43],
to estimate the sensitivity to Higgs-boson pair production with the full HL-LHC dataset of
3000 fb�1. This extrapolation assumes similar detector performance to Run 2 for jet recon-
struction and b-jet identification; as such it gives a pessimistic estimate of the sensitivity

82

30% mass 
resolution 

improvement in 
Phase 2

2 OS sign isolated muons, resonant peak at the Higgs 
mass, very clear signature
BR(H→μμ)=0.022. Only visible at HL-LHC
CMS and ATLAS projections from Run1:  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With Phase2 detector:  
mass resolution <1%,  
uncertainty on  
H→μμ coupling <5%



Giacomo Ortona                                                                                                                                                                                      HL/HE-LHC Workshop - CERN - 01/11/2017/ 20

Higgs to invisible

16

•Tight constraints could be set on NP and Higgs properties 
from H→invisible branching fraction (constrained to the 
~10% level)
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The big picture: μ
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CMS-FTR-16-002

ATL-PHYS-PUB-2014-016
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The big picture: couplings

18

•Expected sensitivity on coupling  
modifiers ≲5% in all channels 
for 3 ab-1

CMS-FTR-16-002

ATL-PHYS-PUB-2014-016
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6.5. Physics projections 119
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Figure 6.24: The di-muon invariant mass distribution for H ! µ+µ� decays for muons in the
central region, simulated with the Phase-2 detector.

of the second generation, however, will require the large data sets of the HL-LHC. The most
promising channel to provide direct evidence of Higgs decays to second generation fermions
is H ! µ+µ� with a SM branching fraction of 2.2 ⇥ 10�4.

H ! µ+µ� decays can be completely reconstructed and identified as a mass peak on top of the
large background from Drell–Yan di-muon production. The di-muon invariant mass resolution
is critical to maximizing the sensitivity.

Events containing two oppositely-charged muon candidates passing a loose muon selection
with pT greater than 20 GeV and |h| less than 2.4 are selected. Selected events are classified into
six categories, based on the |h| of each muon candidate. Following the Run-1 H ! µ+µ� anal-
ysis [88], the three |h| regions considered are the barrel (B), |h| < 0.8, the overlap region (O),
0.8 < |h| < 1.6, and the endcap (E), 1.6 < |h| < 2.4. The relative dimuon invariant mass reso-
lution for each category is extracted by fitting the H ! µ+µ� invariant mass spectrum in the
range 122.5–127.5 GeV with a Gaussian, for instance obtaining 0.65% in the BB category, 0.76%
in the BO category, and 0.86% in the OO category. Figure 6.24 shows the fit to the di-muon in-
variant mass distribution for H ! µ+µ� decays, for muons in the BB category. The upgraded
Phase-2 detector achieves about 65% better invariant mass resolution, owing to the reduced
material budget and improved spatial resolution of the upgraded tracker. With this detector
performance, the prospects for Higgs coupling measurements by CMS show an uncertainty of
about 5% for couplings to muons [13].

6.5.4 Higgs boson pair production: HH ! bbbb

Higgs boson pair production is the most direct way to study the scalar potential of the SM
Higgs boson and the nature of electroweak symmetry breaking. The observation of this process
is an important objective of the HL-LHC program. Higgs pair production can occur through
its trilinear self-coupling or through a box diagram. In the SM the two processes interfere de-
structively, resulting in a near minimal Higgs boson pair production cross section. If the Higgs
boson trilinear self-coupling were zero the production cross section would be twice the SM
prediction. The cross section for production of Higgs boson pairs via gluon fusion at a centre-
of-mass energy of 14 TeV has been calculated at next-to-next-to-leading-order to be 40 fb [89].
A large amount of integrated luminosity is required in order to observe this extremely rare
process. Projections for the HL-LHC indicate that SM di-Higgs production can be observed by
CMS with a significance of 1.9 standard deviations with a data set corresponding to an inte-
grated luminosity of 3000 fb�1 [13].

CMS-FTR-16-002

ATL-PHYS-PUB-2014-016

[S1,S2]
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Projections and studies were 
performed by the ATLAS and CMS 
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extrapolations or parametrised 
simulation
Potential to reach the percentage 
level in precision on the Higgs 
coupling modifiers and signal 
strengths

Covering most of the Higgs production and decay channels
Latest projections confirm previous assumptions (Snowmass)
Recent improvement in Run2 analyses not yet propagated to 
HL-LHC projections
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Anomalous ZZ couplings
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Recent CMS results (HIG-17-011) 
show that exploiting the production-

level information can significantly 
improve the sensitivity to anomalous 

couplings towards 3000fb-1

arXiv:1707.00541
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2 2 Phenomenology of anomalous H boson interactions

2 Phenomenology of anomalous H boson interactions

We assume that the H boson couples to two gauge bosons VV, such as ZZ, Zg, gg, WW, or
gg, which in turn couple to quarks or leptons [19–34]. Three general tensor structures that are
allowed by Lorentz symmetry are tested. Each term includes a form factor Fi(q2

1, q2
2), where

q1 and q2 are the four-momenta of the two difermion states, such as e+e� and µ+µ� in the
H ! e+e�µ+µ� decay. The H boson coupling to fermions is assumed not to be mediated
through a new heavy state V0, generating the so-called contact terms [35, 36]. We therefore
study the process H ! VV ! 4f and the equivalent processes in production, rather than
H ! VV0 ! 4f or equivalent processes. Nonetheless, those contact terms are equivalent to the
anomalous HVV couplings already tested using the fL1 and f Zg

L1 parameters [13]. It is assumed
that all lepton and quark couplings to vector bosons follow the SM predictions. Relaxing this re-
quirement would be equivalent to allowing the contact terms to vary with flavor, which would
result in too many unconstrained parameters to be tested with the present amount of data.
Only the lowest order operators, or lowest order terms in the (q2

j /L2) form-factor expansion,
are tested, where L is the energy scale of new physics.

Anomalous interactions of a spin-zero H boson with two spin-one gauge bosons VV, such as
ZZ, Zg, gg, WW, and gg, are parameterized with a scattering amplitude that includes three
tensor structures with expansion of coefficients up to (q2/L2):

A(HVV) ⇠
"

aVV
1 +

kVV
1 q2

1 + kVV
2 q2

2�
LVV

1
�2

#
m2

V1e⇤V1e⇤V2 + aVV
2 f ⇤(1)µn f ⇤(2),µn + aVV

3 f ⇤(1)µn f̃ ⇤(2),µn, (1)

where qi, eVi, and mV1 are the four-momentum, polarization vector, and pole mass of a gauge
boson, f (i)µn = e

µ
Viq

n
i � en

Viq
µ
i , and f̃ (i)µn = 1

2 eµnrs f (i),rs [13, 33].

In Eq. (1), the only leading tree-level contributions are aZZ
1 6= 0 and aWW

1 6= 0, and we assume
custodial symmetry, so that aZZ

1 = aWW
1 . The rest of the couplings are considered anomalous

contributions. Tiny anomalous terms arise in the SM due to loop effects, and new, beyond stan-
dard model (BSM) contributions could make them larger. The SM values of those couplings
are not yet accessible experimentally. Considerations of gauge invariance and symmetry be-
tween two identical bosons require kZZ

1 = kZZ
2 = � exp(ifZZ

L1), kgg
1,2 = k

gg
1,2 = kZg

1 = 0, and
kZg

2 = � exp(ifZg
L1), where fVV

L1 is the phase of the corresponding coupling. The aZg
2,3 and agg

2,3
terms were tested in the Run 1 analysis [13], but have tighter constraints from on-shell pho-
ton measurements in H ! Zg and gg. We therefore do not repeat those measurements. The
HWW couplings appear in VBF and WH production. We relate those couplings to the HZZ
measurements assuming aWW

i = aZZ
i and drop the ZZ labels in what follows. Four anomalous

couplings are left to be tested: a2, a3, k2/L2
1, and kZg

2 /
⇣

LZg
1

⌘2
. The generic notation ai refers to

all four of these couplings, as well as the SM coupling a1.

Equation (1) describes both the H ! VV decay and the production of the H boson via either
VBF or VH. All three of these processes are considered, which are illustrated in Fig. 1. While q2

i
in the H ! VV process does not exceed (100 GeV)2 due to the kinematic bound, in associated
production no such bound exists. In the present analysis it is assumed that the q2

i range is not
restricted within the allowed phase space.

The effective fractional cross sections fai and phases fai are defined as follows:

fai = |ai|2si

.
Â |aj|2sj, and fai = arg (ai/a1) . (2)
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•Top Yukawa coupling can be 
measured from:  
ttH-like categories in H->gg, H-
>ZZ, H->mm

•And searches for ttH 
production, with different H 
decays

D'

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
Ev

en
t f

ra
ct

io
n 

/ 0
.1

0

0.02

0.04

0.06

0.08

0.1

0.12 ATLAS Simulation
Hu, 4j2b→=14 TeV, ts

FCNC tHu
ttbar
ST t-chan
ST Wt-chan
ST s-chan
ttH
WH

D'

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

Ev
en

t f
ra

ct
io

n 
/ 0

.1

0

0.02

0.04

0.06

0.08

0.1

0.12 ATLAS Simulation
5j2b≥Hu, →=14 TeV, ts

FCNC tHu
ttbar
ST t-chan
ST Wt-chan
ST s-chan
ttH
WH

D'

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

Ev
en

t f
ra

ct
io

n 
/ 0

.1

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35 ATLAS Simulation
Hu, 3j3b→=14 TeV, ts FCNC tHu

ttbar
ST t-chan
ST Wt-chan
ST s-chan
ttH
WH

D'

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

Ev
en

t f
ra

ct
io

n 
/ 0

.1

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14 ATLAS Simulation
Hu, 4j3b→=14 TeV, ts FCNC tHu

ttbar
ST t-chan
ST Wt-chan
ST s-chan
ttH
WH

D'

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

Ev
en

t f
ra

ct
io

n 
/ 0

.1

0

0.02

0.04

0.06

0.08

0.1

0.12
ATLAS Simulation

Hu, 5j3b→=14 TeV, ts
FCNC tHu
ttbar
ST t-chan
ST Wt-chan
ST s-chan
ttH
WH

D'

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

Ev
en

t f
ra

ct
io

n 
/ 0

.1

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16
ATLAS Simulation

6j3b≥Hu, →=14 TeV, ts
FCNC tHu
ttbar
ST t-chan
ST Wt-chan
ST s-chan
ttH
WH

•tHq production can probe FCNC 
down to BR(t->Hq~10-4)
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Yukawa couplings: charm
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•ATLAS H->j/psi

•Very difficult to see it even at HL-LHC
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ZZ: Higgs off-shell
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•(Explain assumptions, RB*, mu->width etc.)
•If off-shell and on-shell couplings are the same, it is 
possible to translate the off-shell production in a 
measurement on the width

•With 3 ab-1: 30-50% uncertainty:
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