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Abstract

A study is presented on the ATLAS experimental prospects for measuring Higgs boson
signal strengths, and determining couplings to individual fermions and bosons, using 14 TeV
proton-proton collisions at the LHC with 300 fb−1 and at the HL-LHC with 3000 fb−1.
This document is released coincident with the 2014 ECFA HL-LHC workshop and contains
updates since the 2013 workshop for the H → Zγ and VH/ttH → γγ channels. In addition,
the prospects for the VH → bb̄ channel have now been included in the combination of
channels.
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1 Introduction

One of the main opportunities of an upgrade of the LHC to deliver high luminosity, the High-Luminosity
LHC (HL-LHC), is to enable precise measurements of the Higgs boson properties. In the Standard Model
(SM), all properties of the Higgs boson are defined once its mass is known. However, this model has
many open questions such as the hierarchy problem and the nature of dark matter. Many alternative the-
ories addressing these issues make different predictions for the properties of one or more Higgs bosons.
Precise measurements in the Higgs sector are therefore a high priority in the future programme of particle
physics. The ATLAS Collaboration presented a preliminary set of studies for the update of the European
Strategy for Particle Physics [1] that are included in the Physics Briefing Book [2]; they are also included
in the physics case in the ATLAS Phase-II upgrade Letter of Intent [3]. A more comprehensive study
of the projected precision of measurements of the Higgs boson production cross section times branching
ratios and Higgs boson couplings was presented at the ECFA HL-LHC workshop in 2013 [4].

The present LHC programme is expected to deliver a total integrated luminosity of about 300 fb−1 by
the year 2022. The peak instantaneous luminosity will be in the range from 2 to 3× 1034 cm−2 s−1. The
luminosity will decrease from the peak value during a fill, so this sample is assumed to have a typical
average number of pile-up events per bunch crossing, which is denoted here by µpu, of 50–60. The HL-
LHC will deliver a total luminosity of about 3000 fb−1, at a peak levelled luminosity of 5× 1034 cm−2 s−1,
with a value of µpu = 140.

The detector design for the high luminosity phase is not yet completely defined, and it will take years
to adapt and optimise the event reconstruction software to the high-pile-up conditions. The goal is that
the performance of the new detector in the harsh conditions of the high-luminosity phase will not be
worse than the performance of the current detector with µpu ≈ 20. For the studies used in this note, the
particle-level quantities were modified by applying efficiency and resolution (“smearing”) functions to
physics objects [5]. The assumptions regarding the performance are described in Ref. [6].

This note presents an update of the combination in Ref. [4]. The projections for some decay channels,
H → Zγ [7] and VH/ttH → γγ [8], have been revised. In addition, the prospects for the VH →

bb̄ channel have been explored [9]. The measurements of the cross sections times branching ratio are
expressed in terms of the ratio to the SM expectation, µ = σ/σSM. The expected precision is given as
the relative uncertainty in the signal strength, ∆µ/µ. These measurements are then interpreted in terms
of the Higgs boson couplings to elementary particles.

2 Input channels

This note presents the prospects for a combination of the H → µµ, H → ττ, H → ZZ, H → WW,
and H → γγ (0/1/2-jets categories) channels as presented in Ref. [4], the updates of H → Zγ and
VH/ttH → γγ categories presented in Refs. [7] and [8], respectively, and the recent study of VH → bb̄
prospects documented in Ref. [9]. The theory uncertainties in all channels have been updated as best as
possible to reflect the current estimates [10–12]. The uncertainty on the Higgs boson branching ratios
from the future precision on the Higgs mass measurement is not accounted for but is expected to be very
small.

The HL-LHC projections for the H → ττ channel are taken from Ref. [4], as the more detailed
analysis in Ref. [13] covers only the H → ττ → `νν τhad.ν decay mode assuming µpu = 140 and a total
luminosity of about 3000 fb−1.

The precision on the signal strengths expected for each of these categories is presented in Fig. 1 and
in Table 1. For the most precise categories, in the diboson final states, experimental uncertainties of
∼5% are reachable with 3000 fb−1. Table 2 illustrates the precision reachable for different production
modes from combining different final states under the assumption of Higgs branching ratios as in the
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SM. The cross section measurements of the dominant production mode, gg → H, reach an ultimate
experimental precision of ∼4%, which is close to the limit given by the assumed luminosity uncertainty
of 3%1. This will provide a stringent constraint on possible beyond-SM (BSM) contributions to the
gg→ H process, that is dominated in the SM by loop diagrams via top and bottom quarks. The rare tt̄H
production cross-section should be measured with an ultimate precision of about ∼10% and accordingly
enable precise measurements of the top Yukawa-coupling (not including the tt̄H,H → bb̄ channel in
this projection). For illustration and in addition to the dominant qq → ZH process, the precision on the
gg → ZH contribution is shown which becomes relevant at high pT (H) [14] in the VH → bb̄ channel.
No special selection is made to enhance this production mode in the H → bb̄ analysis so the sensitivity is
low. However, a dedicated analysis might allow to search for new physics in the gg → ZH loop process
at the HL-LHC.
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Figure 1: Relative uncertainty on the signal strength µ for all Higgs final states considered in this note in
the different experimental categories used in the combination, assuming a SM Higgs boson with a mass
of 125 GeV expected with 300 fb−1 and 3000 fb−1of 14 TeV LHC data. The uncertainty pertains to the
number of events passing the experimental selection, not to the particular Higgs boson process targeted.
The hashed areas indicate the increase of the estimated error due to current theory systematic uncertain-
ties. The abbreviation “(comb.)” indicates that the precision on µ is obtained from the combination of
the measurements from the different experimental sub-categories for the same final state, while “(incl.)”
indicates that the measurement from the inclusive analysis was used. The left side shows only the com-
bined signal strength in the considered final states, while the right side also shows the signal strength in
the main experimental sub-categories within each final state.

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

1A luminosity uncertainty of 3% is assumed for both the 300 fb−1 and 3000 fb−1 scenarios, which has been agreed to by
the ATLAS and CMS experiments for projections.
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∆µ/µ 300 fb−1

All unc. No theory unc.
H → γγ (comb.) 0.13 0.09

(0j) 0.19 0.12
(1j) 0.27 0.14

(VBF-like) 0.47 0.43
(WH-like) 0.48 0.48
(ZH-like) 0.85 0.85
(ttH-like) 0.38 0.36

H → ZZ (comb.) 0.11 0.07
(VH-like) 0.35 0.34
(ttH-like) 0.49 0.48

(VBF-like) 0.36 0.33
(ggF-like) 0.12 0.07

H → WW (comb.) 0.13 0.08
(0j) 0.18 0.09
(1j) 0.30 0.18

(VBF-like) 0.21 0.20
H → Zγ (incl.) 0.46 0.44

H → bb̄ (comb.) 0.26 0.26
(WH-like) 0.57 0.56
(ZH-like) 0.29 0.29

H → ττ (VBF-like) 0.21 0.18
H → µµ (comb.) 0.39 0.38

(incl.) 0.47 0.45
(ttH-like) 0.74 0.72

3000 fb−1

All unc. No theory unc.
0.09 0.04
0.16 0.05
0.23 0.05
0.22 0.15
0.19 0.17
0.28 0.27
0.17 0.12
0.09 0.04
0.13 0.12
0.20 0.16
0.21 0.16
0.11 0.04
0.11 0.05
0.16 0.05
0.26 0.10
0.15 0.09
0.30 0.27
0.14 0.12
0.37 0.36
0.14 0.13
0.19 0.15
0.16 0.12
0.18 0.14
0.27 0.23

Table 1: Relative uncertainty on the signal strength µ for the combination of Higgs analyses at 14 TeV,
with 300 fb−1 (left) and 3000 fb−1 (right), assuming a SM Higgs boson with a mass of 125 GeV and
assuming production cross sections as in the SM. For both 300 and 3000 fb−1 the first column shows
the results including current theory systematic uncertainties, while the second column shows the uncer-
tainties obtained using only the statistical and experimental systematic uncertainties. The abbreviation
“(comb.)” indicates that the precision on µ is obtained from the combination of the measurements from
the different experimental sub-categories for the same final state, while “(incl.)” indicates that the mea-
surement from the inclusive analysis was used.
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∆µ/µ 300 fb−1

All unc. No theory unc.
gg→ H 0.12 0.06

VBF 0.18 0.15
WH 0.41 0.41

qqZH 0.80 0.79
ggZH 3.71 3.62

ttH 0.32 0.30

3000 fb−1

All unc. No theory unc.
0.11 0.04
0.15 0.09
0.18 0.18
0.28 0.27
1.47 1.38
0.16 0.10

Table 2: Relative uncertainty on the signal strength µ for different production modes using the combi-
nation of Higgs final states at 14 TeV, with 300 fb−1 (left) and 3000 fb−1 (right), assuming a SM Higgs
boson with a mass of 125 GeV and branching ratios as in the SM. For both 300 and 3000 fb−1 the first
column shows the results including current theory systematic uncertainties, while the second column
shows the uncertainties obtained using only the statistical and experimental systematic uncertainties.

for invisible Higgs decays [4, 15] and measurements of the off-shell Higgs production in WW and ZZ
final states at invariant masses above the WW and ZZ on-shell production threshold [16–19]. Currently,
no experimental projections of off-shell measurements at the HL-LHC exist. However, they should help
to significantly enhance the knowledge about the total width [20].

3 Higgs boson couplings

The statistical treatment of the input channels used to extract information about the Higgs boson cou-
plings is described in Refs. [4, 21–26].

The inclusive signal theory uncertainties for missing higher orders (QCD scale variations), PDF + αS ,
and branching ratios (BR) are included as given in Refs. [10–12]. The correlations in the BR uncertainties
for the different final states [10] are accounted for. For the (anti-)correlated uncertainty contributions for
different jet multiplicities and Higgs pT in the gg → H and VH → bb̄ processes, the same numbers as
for the 7 and 8 TeV analysis are used [10, 27–29]. All common signal theory uncertainties are treated
as being 100% correlated between all channels. For the luminosity an uncertainty of 3% is assumed.
Other systematic uncertainties are considered to be analysis-specific and treated as uncorrelated between
channels. In the following, two sets of results are presented: using the current theory uncertainties as
summarized above or assuming no theory uncertainties, which is the expected experimental limit for a
measurement. The true situation is therefore expected to lie between these extremes.

Following the approach recommended in Ref. [10], the leading-order tree-level motivated κ-framework
is used to project the measurements of Higgs coupling scale factors at the HL-LHC. As this framework
does not take into account higher order electroweak corrections beyond the SM, it is not deemed suit-
able for precision measurements. Instead an effective field theory (EFT) approach is currently seen as
the most promising way for future Higgs precision measurements, as it allows to consistently calculate
higher order corrections and also includes CP-odd couplings in a natural extension. Unfortunately such
an EFT machinery is not available yet. However, the main degrees of freedom which are mainly con-
strained from Higgs measurements in such an EFT will be similar to the degrees of freedom present in
the leading-order κ-framework, so the precision projections presented here for the HL-LHC should stay
approximately valid.
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3.1 Coupling fit framework

The measurements of coupling scale factors are implemented using a leading-order tree-level motivated
framework [10]. This framework is based on the following assumptions:

• The signals observed in the different search channels originate from a single resonance. A mass of
125 GeV is assumed here.

• The width of the Higgs boson is narrow, justifying the use of the zero-width approximation. Hence
the predicted rate for a given channel can be decomposed in the following way:

σ · B (i→ H → f ) =
σi · Γ f

ΓH
(1)

where σi is the production cross section through the initial state i, B and Γ f are the branching ratio
and partial decay width into the final state f , respectively, and ΓH is the total width of the Higgs
boson.

• Only modifications of coupling strengths are considered, while the tensor structure of the La-
grangian is assumed to be the same as that in the SM. This assumes in particular that the observed
state is a CP-even scalar, which can be tested using the measurements discussed in Ref. [30].

The coupling scale factors κ j are defined in such a way that the cross sections σ j and the partial decay
widths Γ j associated with the SM particle j scale with κ2

j compared to the SM prediction [10]. With this
notation, and with κ2

H being the scale factor for the total Higgs boson width ΓH , the signal strength for
the gg→ H → γγ process, for example, can be expressed as:

σ · B (gg→ H → γγ)
σSM(gg→ H) · BSM(H → γγ)

=
κ2
g · κ

2
γ

κ2
H

(2)

In some of the fits, κH and the effective scale factors κγ, κ(Zγ), and κg for the loop-induced H → γγ,
H → Zγ, and gg → H processes are expressed as a function of the more fundamental factors κW , κZ , κt,
κb, κτ, and κµ. Only the dominant fermion contributions are indicated here for simplicity, but other terms
are included as well. The relevant relationships are:

κ2
g(κb, κt) =

κ2
t · σ

tt
ggH + κ2

b · σ
bb
ggH + κtκb · σ

tb
ggH

σtt
ggH + σbb

ggH + σtb
ggH

κ2
γ(κb, κt, κτ, κW) =

∑
i, j κiκ j · Γ

i j
γγ∑

i, j Γ
i j
γγ

(3)

κ2
(Zγ)(κb, κt, κτ, κW) =

∑
i, j κiκ j · Γ

i j
Zγ∑

i, j Γ
i j
Zγ

κ2
H =

∑
j j=WW, ZZ, bb̄, τ−τ+,

γγ, Zγ, gg, tt̄, cc̄, ss̄, µ−µ+

κ2
jΓ

SM
j j

ΓSM
H

where σi j
ggH , Γ

i j
γγ, Γ

i j
Zγ and ΓSM

f f are theoretically predicted [10]. Unless dedicated fit parameters κγ, κ(Zγ),
or κg are assigned to these effective coupling scale factors, the relations above are used in the fits.
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3.2 Coupling fit results

The Higgs boson coupling scale factors are determined from a combined fit to all channels reported in
Table 1, where the product σ · B (i → H → f ) of cross section and branching ratio for all contribut-
ing Higgs signal channels is expressed as function of the coupling scale factors κi. Depending on the
assumptions involved, different benchmark parametrizations are used following the recommendations in
Ref. [10]. The benchmark parametrizations fall into two overall categories depending on assumptions
on the total width. Some parametrizations make no assumptions on the total width, allowing only mea-
surements of ratios λi j = κi/κ j of coupling scale factors. Others do make some assumptions, allowing
absolute couplings κi to be extracted.

A detailed discussion of the treatment of the total width can be found in Ref. [10]. The total width
is expected to be further constrained through measurements of the off-shell Higgs boson couplings [20],
but these are unlikely to be sufficiently precise to replace such assumptions. Even in the absence of new
decay modes, the Higgs total width can still differ from the SM expectation if any of its couplings to SM
particles differ from their expected values.

The precision on a given coupling parameter is specific to the particular parametrization in which it
is probed; general parametrizations with more parameters and fewer simplifying assumptions generally
result in the parameters being determined with larger uncertainties.

A minimal coupling fit is shown in the parametrization with one universal coupling to vector bosons,
κV = κZ = κW , and one universal coupling to fermions, κF = κt = κb = κτ = κµ. Such a measurement
is most sensitive to different deviations from the SM between the Higgs boson gauge- and Yukawa-
coupling sectors. In this parametrization, the H → γγ and gg → H loops and the total Higgs boson
width depend only on κF and κV , with no contributions from BSM physics. Experimental precisions
of ∼1.7% on κV and ∼3.2% on κF are expected with 3000 fb−1 (∼3.3% and ∼5.1% with current theory
uncertainties). This is a significant reduction compared to the 300 fb−1 expectations, which are ∼2.5%
on κV and ∼7.1% on κF (∼4.3% and ∼8.8% with current theory uncertainties). The results are shown in
Fig. 2 and in model Nr. 2 in Table 3.

Some extensions of this minimal coupling fit, which all assume no BSM Higgs decay modes, are
shown in models Nr. 3–8 in Table 3. In model Nr. 3, the assumption on identical scaling between the
W and Z bosons is removed to probe custodial symmetry. In model Nr. 4, a common scaling for vector
bosons is kept but with separate couplings to up-type and down-type fermions. Similarly model Nr. 5 has
separate couplings to quarks and leptons. Model Nr. 6 has separate couplings to quarks, the τ lepton, and
the muon in order to probe differences between second and third-generation fermion couplings. In model
Nr. 7 the assumption on identical scaling between the different gauge and Yukawa couplings is removed,
while the assumption on no BSM particles contributing to the loops is kept. Finally, in model Nr. 8
the assumption on BSM particles in loops is removed in order to allow contributions from new physics,
which results in a fit also including the effective coupling scale factors κg, κγ, and κ(Zγ). In general in these
extended models the couplings to W and Z, as well as the loop-induced couplings to photons and gluons,
are expected to be measured with ∼4–5% experimental precision assuming 3000 fb−1, while the fermion
couplings have precisions of ∼7–10%. Compared to the expectation for 300 fb−1 this is an improvement
of up to a factor of 2, but with the statistically-limited precision on the muon coupling improving by the
expected factor of ∼3. The measurement precision for the Zγ coupling improves by a factor of 1.5, being
partially limited by experimental systematics with 3000 fb−1.

Table 4 describes the expected precision for a coupling parametrization to probe loop-induced Higgs
couplings κg, κγ, and κZγ and invisible or undetectable Higgs decays through their branching ratio BRi,u.
All other couplings to massive particles that do not proceed via a loop in lowest order are assumed to be
equal to their SM values. Within this model, this assumption which allows to probe BRi,u. A 95% CL
upper limit of 10% on BRi,u is attainable with 3000 fb−1 when including only experimental uncertainties,
and 14% when current theory uncertainties are taken into account. Compared to the expectation for
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Nr. Coupling 300 fb−1 3000 fb−1

Theory unc.: Theory unc.:
All Half None All Half None

1 κ 4.2% 3.0% 2.4% 3.2% 2.2% 1.7%
κV = κZ = κW 4.3% 3.0% 2.5% 3.3% 2.2% 1.7%

2 κF = κt = κb = κτ = κµ 8.8% 7.5% 7.1% 5.1% 3.8% 3.2%
κZ 4.7% 3.7% 3.3% 3.3% 2.3% 1.9%

3 κW 4.9% 3.6% 3.1% 3.6% 2.4% 1.8%
κF 9.3% 7.9% 7.3% 5.4% 4.0% 3.4%
κV 5.9% 5.4% 5.3% 3.7% 3.2% 3.0%

4 κu 8.9% 7.7% 7.2% 5.4% 4.0% 3.4%
κd 12% 12% 12% 6.7% 6.2% 6.1%
κV 4.3% 3.1% 2.5% 3.3% 2.2% 1.7%

5 κq 11% 8.7% 7.8% 6.6% 4.5% 3.6%
κl 10% 9.6% 9.3% 6.0% 5.3% 5.1%
κV 4.3% 3.1% 2.5% 3.3% 2.2% 1.7%

6 κq 11% 9.0% 8.1% 6.7% 4.7% 3.8%
κτ 12% 11% 11% 9.2% 8.4% 8.1%
κµ 20% 20% 19% 6.9% 6.3% 6.1%
κZ 8.1% 7.9% 7.8% 4.3% 3.9% 3.8%
κW 8.5% 8.2% 8.1% 4.8% 4.1% 3.9%

7 κt 14% 12% 11% 8.2% 6.1% 5.3%
κb 23% 22% 22% 12% 11% 10%
κτ 14% 13% 13% 9.8% 9.0% 8.7%
κµ 21% 21% 21% 7.3% 7.1% 7.0%
κZ 8.1% 7.9% 7.9% 4.4% 4.0% 3.8%
κW 9.0% 8.7% 8.6% 5.1% 4.5% 4.2%
κt 22% 21% 20% 11% 8.5% 7.6%
κb 23% 22% 22% 12% 11% 10%

8 κτ 14% 14% 13% 9.7% 9.0% 8.8%
κµ 21% 21% 21% 7.5% 7.2% 7.1%
κg 14% 12% 11% 9.1% 6.5% 5.3%
κγ 9.3% 9.0% 8.9% 4.9% 4.3% 4.1%
κZγ 24% 24% 24% 14% 14% 14%

Table 3: Expected precision on Higgs coupling scale factors with 300 or 3000 fb−1 of
√

s = 14 TeV
data for selected parametrizations, assuming no decay modes beyond those in the SM. With SM decay
modes only, the Higgs total width can still differ from the SM value if any of its couplings to SM particles
differ from the expected values. The coupling scale factor κ represents all SM particles, κV represents
the gauge bosons W and Z, κF represents all fermions, κu represents all up-type fermions, κd represents
all down-type fermions, κq represents all quarks, and κl represents all leptons. The results are reported
for 3 different assumptions on the theory uncertainties: the current size, half of the current size, and no
theory uncertainties.
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Figure 2: 68% CL expected likelihood contours for κV and κF in a minimal coupling fit at 14 TeV for an
assumed integrated luminosity of 300 fb−1and 3000 fb−1.

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

coupling scale factors can be determined at the LHC. In this caseσ·B (i→ H → f ) for all signal channels
is a function of products of ratios λXY = κX/κY of coupling scale factors giving the proportionality
σ · B (i → H → f ) ∼ λ2

iY · κ
2
YY′ · λ

2
f Y , where κYY′ = κY · κY′/κH is a suitable chosen overall scale

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

The expected precision on ratios of coupling parameters is given in Table 5 for selected bechmark
parametrizations. The first five benchmarks are targeted at specific aspects of the SM: benchmark model
Nr. 10 for the ratio of fermion and gauge boson couplings, Nr. 11 for the ratio of W and Z couplings,
Nr. 12 for the ratio of down- and up-type fermion couplings, and Nr. 13 for the ratio of lepton and
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Nr. Parameter 300 fb−1 3000 fb−1

Theory unc.: Theory unc.:
All Half None All Half None

κg 8.9% 7.1% 6.3% 6.7% 4.1% 2.8%
9 κγ 4.9% 4.8% 4.7% 2.1% 1.8% 1.7%

κZγ 23% 23% 23% 14% 14% 14%
BRi,u <22% <20% <20% <14% <11% <10%

Table 4: Expected precision on the loop-induced Higgs couplings κg, κγ, and κZγ, along with the expected
95% CL upper limit on the branching ratio for invisible or undetectable Higgs decays, BRi,u, with 300
and 3000 fb−1 at

√
s = 14 TeV. Other couplings to massive particles are assumed to be equal to their SM

values, but no other assumptions are made relating to the Higgs total width.

quark couplings, and Nr. 14 for the ratio of second- and third-generation lepton couplings. At 3000 fb−1

experimental uncertainties between ∼1.5% and ∼10% are possible for these ratios, which will test the SM
to a high degree of precision. In many cases an improvement of a factor of 2 compared to the expectation
for 300 fb−1 is obtained, as some experimental systematic uncertainties do not scale down with the
luminosity increase. When the current theory uncertainties are taken into account, these precisions on
the ratios are only slightly degraded.

A fully generic benchmark parametrization is also used that does not need any assumptions beyond
those in Sec. 3.1 and making no assumption on new particles contributing through loops. The experi-
mental precision on the ratios of coupling scale factors is summarized in Fig. 3 and in model Nr. 15 in
Table 5. For the majority of these coupling ratios, the precision without theory uncertainties is signif-
icantly improved by more than a factor of 2 with 3000 fb−1 compared to 300 fb−1. For 3000 fb−1 the
precision ranges from ∼2% for the best-determined coupling scale factor ratio between the electroweak
bosons to ∼5–8% for the ratios involving gluons and the second- and third-generation fermions (∼3-10%
including current theory uncertainties). The coupling ratio involving the very small loop-induced Zγ
coupling is determined at the 14% level with 3000 fb−1.

The ratio of the photon and Z boson couplings, λγZ , is particularly important to look for indications
of new charged particles contributing in the H → γγ loop in comparison to H → ZZ decays. The
experimental precision on λγZ will improve by about a factor of 3 from 5.1% with 300 fb−1 to 1.8% with
3000 fb−1; with theory uncertainties, an improvement of a factor of about 2 is attained. The ratio of the
top quark and gluon couplings, λtg, is similarly crucial for possible new colored particles contributing
through the gluon fusion loop as compared to ttH. Without theory uncertainties, it will be measured to
15% precision with 300 fb−1 and improves by a factor of 3 to 5.0% with 3000 fb−1. The improvement is
a factor of ∼1.5 with theory uncertainties.

Differential measurements of Higgs production, for example of the Higgs boson transverse momen-
tum and rapidity [31,32], are not included here and will further decrease the uncertainties in the coupling
measurements. The ttH process is expected to be measured in additional decay channels to those stud-
ied here. These and other improvements are expected to further improve the Higgs coupling precision
attained in the future.
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Nr. Coupling 300 fb−1 3000 fb−1

ratio Theory unc.: Theory unc.:
All Half None All Half None

10 κVV 7.3% 6.7% 6.5% 4.0% 3.2% 2.9%
λFV 7.8% 7.4% 7.2% 3.6% 3.1% 2.9%
κZZ 9.8% 9.1% 8.9% 5.1% 4.3% 3.9%

11 λWZ 4.3% 4.0% 3.9% 2.3% 1.8% 1.6%
λFZ 9.2% 8.5% 8.3% 4.4% 3.7% 3.5%
κuu 14% 11% 9.7% 8.7% 5.7% 4.2%

12 λVu 9.4% 8.3% 7.9% 5.1% 3.8% 3.2%
λdu 9.7% 8.2% 7.7% 6.0% 4.6% 4.0%
κqq 14% 11% 9.9% 8.1% 5.6% 4.5%

13 λVq 9.6% 8.5% 8.1% 5.2% 3.9% 3.4%
λlq 12% 10% 9.4% 7.3% 6.0% 5.4%
κττ 21% 19% 19% 17% 15% 15%

14 λVτ 11% 11% 11% 8.5% 7.8% 7.6%
λqτ 12% 10% 9.8% 9.3% 7.9% 7.4%
λµτ 22% 22% 22% 11% 9.8% 9.6%
κgZ 6.4% 4.4% 3.5% 5.7% 3.3% 2.0%
λWZ 5.2% 4.8% 4.6% 3.1% 2.4% 2.1%
λtg 17% 16% 15% 9.4% 6.4% 5.0%
λbZ 18% 17% 17% 9.8% 8.1% 7.4%

15 λτZ 12% 12% 11% 8.9% 8.1% 7.8%
λµZ 20% 20% 20% 6.3% 6.2% 6.1%
λgZ 13% 11% 10% 8.7% 5.8% 4.5%
λγZ 5.5% 5.2% 5.1% 2.6% 2.0% 1.8%
λ(Zγ)Z 23% 23% 23% 14% 14% 14%
κγγ 14% 13% 12% 6.8% 5.5% 5.0%
λZγ 5.5% 5.2% 5.1% 2.5% 2.0% 1.8%
λWγ 5.9% 5.7% 5.6% 2.7% 2.4% 2.2%
λtγ 21% 20% 20% 10% 8.0% 7.0%
λbγ 18% 17% 17% 9.5% 8.0% 7.4%

16 λτγ 13% 12% 12% 8.7% 8.1% 7.9%
λµγ 20% 20% 20% 6.5% 6.2% 6.1%
λgγ 13% 12% 11% 8.5% 5.9% 4.6%
λ(Zγ)γ 23% 23% 23% 14% 14% 14%

Table 5: Expected precision on ratios of Higgs coupling scale factors with 300 or 3000 fb−1 of
√

s =

14 TeV data, for selected benchmark parametrizations without assumptions on the Higgs total width. The
results are reported for 3 different assumption on theory uncertainties: the current size, half of the current
size and no theory uncertainties.

10



)
Yκ
Xκ

(∆=XYλ∆

0 0.05 0.1 0.15 0.2 0.25

)Zγ(Zλ

Zγλ

gZλ

Zµλ

Zτλ

bZλ

tgλ

WZλ

gZκ

ATLAS Simulation Preliminary
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

Figure 3: Relative uncertainty expected for the determination of coupling scale factor ratios λXY in a
generic fit without assumptions, assuming a SM Higgs boson with a mass of 125 GeV and with 300 fb−1

or 3000 fb−1 of 14 TeV LHC data. The hashed areas indicate the increase of the estimated error due to
current theory systematic uncertainties. The numerical values can be found in model Nr. 15 in Table 5.
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3.3 Mass dependence of couplings

To test the predicted relationship between the Higgs boson couplings and the SM particle masses, “re-
duced” coupling scale factors yi are defined2 as in Eqns. (16) and (18) in Ref. [33]:

yV,i =

√
κV,i

gV,i

2v
=
√
κV,i

mV,i

v
(4)

for the weak bosons V=W and Z (indexed by i), and

yF,i = κF,i
gF,i
√

2
= κF,i

mF,i

v
(5)

for the fermions F=µ, τ, b, and t (indexed by i), and where gV,i and gF,i denote the absolute gauge
couplings to various bosons and Yukawa couplings to various fermions, respectively. The fit results for
a model assuming no new Higgs decay modes, with loop-induced couplings resolved in terms of the
couplings to particles running in the loops (see Table 3, model Nr. 7), are used. Figure 4 shows the
reduced coupling scale factors yi as a function of the mass of particle i.

3.4 Theory uncertainties

As seen from the expected precision of coupling parameter measurements in Tables 3–5, the current
Higgs boson signal theory uncertainties [10–12] give a sizeable contribution to the expected total uncer-
tainty and even dominate the uncertainty in some cases. This section provides estimates of how much
each source of theory uncertainty would have to be reduced to be small compared to the expected exper-
imental uncertainties. In this context “small” is arbitrarily defined for each theory systematic uncertainty
as 30% of the expected total experimental uncertainty, which would lead to an increase of the total
uncertainty by ∼10% due to this source3.

This estimation of the size of theory uncertainties is only approximate and is intended as a guideline
to indicate where improvements are definitely needed, rather than as a precise prediction. In some cases
such as the jet-bin and pT uncertainties for the gg→ H process, the values of the uncertainties are specific
to the analysis selection, but are treated as 100% correlated between the different analyses since this is
the best approximation currently possible. However, this allows the high-statistics fits in the HL-LHC
scenarios to reduce the input theory uncertainty by up to a factor of 2 by exploiting the consistency of
the signal strength between different experimental analyses, categories, and bins in distributions. These
reduction factors are overstated as they originate from an insufficiently detailed model of the underlying
theory uncertainties and their correlatations in different phase space regions. More detailed correlation
models and improved analysis, which allow for better cancellation of systematic uncertainties in some
measurements, will need to be developed in the future either to address this issue or to demonstrate where
measured data can be used to reduce the Higgs boson signal theory uncertainties. The deduced theory
uncertainties given here are corrected as best as possible to compensate for these excessive reductions in
uncertainty.

Table 6 shows the deduced sizes of different Higgs boson signal theoretical uncertainties given the
measurements presented in the generic model 15 in Table 5, which uses as few theory assumptions as
possible at the LHC. Models 2 and 8 from Table 3 were also examined, but no stronger constraints were
found.

In general, both the inclusive and differential signal theory uncertainties on the gg → H process
are found to be the most limiting for future measurements. To a lesser degree, the uncertainties on the

2The definition of the reduced vector boson coupling, yV,i, has been changed with respect to the one used in Ref. [4].
3As the theory uncertainties are uncorrelated to the experimental uncertainties, a sum in quadrature with the experimental

uncertainties is valid to very good approximation.
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√
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v for weak bosons

and yF,i = κF,i
gF,i
√

2
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v for fermions as a function of the particle mass, assuming 300 fb−1 or

3000 fb−1 of 14 TeV data and a SM Higgs boson with a mass of 125 GeV. The corresponding uncertainties
on the coupling scale factors can be found in model Nr. 7 in Table 3. The diagonal, dashed line indicates
the predicted mass dependence for the SM Higgs boson.
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Scenario Status Deduced size of uncertainty to increase total uncertainty
2014 by .10% for 300 fb−1 by .10% for 3000 fb−1

Theory uncertainty (%) [10–12] κgZ λgZ λγZ κgZ λγZ λgZ λτZ λtg

gg→ H
PDF 8 2 - - 1.3 - - - -
incl. QCD scale (MHOU) 7 2 - - 1.1 - - - -
pT shape and 0j→ 1j mig. 10–20 - 3.5–7 - - 1.5–3 - - -
1j→ 2j mig. 13–28 - - 6.5–14 - 3.3–7 - - -
1j→ VBF 2j mig. 18–58 - - - - - 6–19 - -
VBF 2j→ VBF 3j mig. 12–38 - - - - - - 6–19 -

VBF
PDF 3.3 - - - - - 2.8 - -

tt̄H
PDF 9 - - - - - - - 3
incl. QCD scale (MHOU) 8 - - - - - - - 2

Table 6: Estimation of the deduced size of theory uncertainties, in percent (%), for different Higgs
coupling measurements in the generic Model 15 from Table 5, requiring that each source of theory
systematic uncertainty affects the measurement by less than 30% of the total experimental uncertainty
and hence increase the total uncertainty by less than 10%. A dash “-” indicates that the theory uncertainty
from existing calculations [10–12] is already sufficiently small to fulfill the condition above for some
measurements. The same applies to theory uncertainties not mentioned in the table for any measurement.
The impact of the jet-bin and pT related uncertainties in gg → H depends on analysis selections and
hence no single number can be quoted. Therefore the range of uncertainty values used in the different
analysis is shown.

tt̄H and VBF production also contribute. Other uncertainties, such as the parametric mb or H → γγ and
H → Zγ theory uncertainties entering the branching ratio calculation, increase the total uncertainty on the
measurements by only 5–10% and are hence already below the goal of an increase by 10%. Therefore
they are not explicitly mentioned in Table 6. However, there are several of these smaller sources so
improved calculations in these areas will help to improve the ultimate precision of future LHC Higgs
measurements.

In some cases where the experimental uncertainty is very small, such as κgZ = κg ·κZ/κH , the inclusive
missing higher order uncertainty (MHOU) on gg→ H, estimated from QCD scale variations, would need
to be reduced by up to a factor of ∼6 in order to increase the total uncertainty by less than the goal of
∼10%. Such a reduction seems very ambitious so this uncertainty may remain significant for Higgs
measurements at the HL-LHC.

Finally, it should be noted that the κ-framework is itself an approximation as discussed in the begin-
ning of Sec. 3. Currently there are no theory uncertainties assigned for these approximations, although
they could become significant at the HL-LHC.

4 Conclusions

Several new Higgs boson production and decay modes can be observed by the ATLAS detector with
3000 fb−1 at the HL-LHC compared to a sample of 300 fb−1 that will be accumulated before the Phase-II
upgrades, and the precision of all channels can be improved. Compared to previous studies, analyses in
the H → Zγ and VH/ttH → γγ channels have been refined, and the VH → bb̄ channel has now been
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explored. The projected measurements of cross section times branching ratio using the combination of
all channels studied are used to derive the expected precision on Higgs boson couplings to fermions
and bosons, and on the ratios of couplings, in a variety of parametrizations. The expected limit on
the Higgs inviisible branching ratio is also determined. With 3000 fb−1 of data, in many cases the
expected precision is improved by a significant amount compared to 300 fb−1. The improvements at
high luminosity are as large as a factor of 2–3, particularly without the inclusion of theoretical systematic
uncertainties which are expected to be improved in the future.
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A Ratio of Higgs couplings vs. mass

To test the predicted relationship between the Higgs boson couplings and the SM particle masses, “re-
duced” coupling scale factors yi have been defined in Sec. 3.3. In this appendix, the ratios of these
reduced coupling scaled factors to the photon coupling are probed using the fit results for a fully generic
model without assumptions (model Nr. 16 of Table 5). The fit parameters are ratios of couplings to κγ,
with κγκγ/κH as the overall scale parameter. Hence the fitted coupling scale factor ratios are λµγ = κµ/κγ,
λτγ = κτ/κγ, λtγ = κt/κγ, λWγ = κW/κγ, λZγ = κZ/κγ, λgγ = κg/κγ, λ(Zγ)γ = κ(Zγ)/κγ, and κγγ = κγκγ/κH .

Figure 5 shows the ratios yV,i/
√
κγ for weak bosons and yF,i/κγ for fermions, calculated from the

ratios λiγ = κi/κγ, as a function of the mass for particle i. For completeness, the uncertainty on the
gluon-coupling ratio measurement κg/κγ, which can be used as an indirect measurement of the top-
coupling through the gg → H process, is also shown next to the expected measurement for yt/κγ which
uses the direct ttH process. The uncertainty on the coupling ratio κ(Zγ)/κγ is not shown.

B Vector boson and fermion couplings
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Figure 5: Fit results for ratios of reduced coupling scaled factors to the photon coupling, yV,i/
√
κγ for

weak bosons and yF,i/κγ for fermions, as a function of the mass of particle i, assuming 300 fb−1 and
3000 fb−1 at 14 TeV and a SM Higgs boson with a mass of 125 GeV. For completeness, the uncertainty
on the gluon-coupling ratio measurement κg/κγ, which can be used as an indirect measurement of the
top-coupling through the gg → H process, is also shown next to the expected measurement for yt/κγ
which uses the direct ttH process. The uncertainty on the coupling ratio κ(Zγ)/κγ is not shown. The
relative uncertainties on the corresponding ratios of couplings can be found in model Nr. 16 in Table 5.
The diagonal, solid line indicates the predicted mass dependence for the SM Higgs boson.
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