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! LHC has entered the TeV scale sensitivity range



Status of LHC measurements

! early stage: constraints can be avoided in non-minimal scenarios
e.g. [Costa, MŸhlleitner, Sampaio, Santos `15] scenarios for run-2

CxSM.B1 CxSM.B2 CxSM.B3 CxSM.B4 CxSM.B5

! mh 1 (GeV) 125.1 125.1 57.83 86.79 33.17
mh 2 (GeV) 260.6 228 125.1 125.1 64.99

! mh 3 (GeV) 449.6 311.3 299 291.8 125.1
! " 1 ! 0.04375 0.05125 ! 1.102 ! 1.075 1.211
! " 2 0.4151 ! 0.4969 1.136 0.8628 ! 1.319
! " 3 ! 0.6983 ! 0.5059 ! 0.02393 ! 0.0184 1.118

! vS (GeV) 185.3 52.3 376.9 241.9 483.2
vA (GeV) 371.3 201.6 236.3 286.1 857.8

# 1.148 1.018 0.869 0.764 0.5086
$2 ! 0.9988 1.158 ! 0.4875 ! 0.4971 0.01418
d2 1.819 3.46 0.6656 0.9855 0.003885

m2 (GeV2) 5.118" 104 ! 5.597" 104 2.189" 104 1.173" 104 ! 2.229" 104

b2 (GeV2) ! 3.193" 104 ! 5.147" 104 ! 3.484" 104 ! 3.811" 104 1362
b1 (GeV2) 9.434" 104 5.864" 104 1.623" 104 1.599" 104 3674
a1 (GeV3) ! 1.236" 107 ! 2.169" 106 ! 4.325" 106 ! 2.735" 106 ! 1.255" 106

µC
h 1

/µ T
h 1

0.0127 0.0407 0.365 0.117 0.687
µh 1 0.836 0.771 0.0362 0.0958 0.00767

%1 # %(gg $ h1) 36.1 [pb] 33.3 [pb] 6.42 [pb] 8.03 [pb] 4.61 [pb]
%1 " BR( h1 $ W W ) 7.55 [pb] 6.96 [pb] 0.345 [fb] 10.3 [fb] < 0.01 [fb]
%1 " BR( h1 $ ZZ ) 944 [fb] 871 [fb] 0.106 [fb] 2.44 [fb] < 0.01 [fb]
%1 " BR( h1 $ bb) 21.3 [pb] 19.6 [pb] 5.48 [pb] 6.6 [pb] 4.01 [pb]
%1 " BR( h1 $ &&) 2.29 [pb] 2.11 [pb] 501 [fb] 659 [fb] 323 [fb]
%1 " BR( h1 $ '' ) 83.7 [fb] 77.2 [fb] 2.87 [fb] 9.13 [fb] 0.617 [fb]

µC
h 2

/µ T
h 2

0.0958 0 0.0128 0.0104 0.353
µh 2 0.0752 0.0759 0.782 0.785 0.0106

BR( h2 $ X SM ) % 87.9 100 96.2 100 100
%2 # %(gg $ h2) 1.01 [pb] 1.11 [pb] 35.1 [pb] 33.9 [pb] 1.51 [pb]

%2 " BR( h2 $ W W ) 618 [fb] 784 [fb] 7.06 [pb] 7.09 [pb] 0.185 [fb]
%2 " BR( h2 $ ZZ ) 265 [fb] 319 [fb] 883 [fb] 887 [fb] 0.0553 [fb]
%2 " BR( h2 $ bb) 0.83 [fb] 1.66 [fb] 19.9 [pb] 20 [pb] 1.27 [pb]
%2 " BR( h2 $ &&) 0.103 [fb] 0.201 [fb] 2.14 [pb] 2.15 [pb] 120 [fb]
%2 " BR( h2 $ '' ) 0.0189 [fb] 0.0373 [fb] 78.3 [fb] 78.6 [fb] 0.873 [fb]
BR( h2 $ h1h1) % 12.1 0 3.82 0 0

%2 " BR( h2 $ h1h1) 122 [fb] 0 1.34 [pb] 0 0
%2 " BR( h2 $ h1h1 $ bbbb) 42.5 [fb] 0 977 [fb] 0 0
%2 " BR( h2 $ h1h1 $ bb&&) 9.13 [fb] 0 179 [fb] 0 0

%2 " BR( h2 $ h1h1 $ bbW W) 30.1 [fb] 0 0.123 [fb] 0 0
%2 " BR( h2 $ h1h1 $ bb'' ) 0.334 [fb] 0 1.02 [fb] 0 0
%2 " BR( h2 $ h1h1 $ &&&&) 0.491 [fb] 0 8.16 [fb] 0 0

Table 4: Benchmark points for the CxSM broken phase:The parameters of the theory that we take as input
values are denoted with a star (! ). The cross sections are for

!
s " 13 TeV.

state, so that Higgs-to-Higgs decays present an interesting discovery option for the heavy
Higgs states. Furthermore, large production cross sections have been required for the new
light scalar h1 so that it will be visible in its direct decays in addition to chain production
from heavier scalars.

¥ CxSM.B4: This scenario di! ers from the previous one in the largerh1 mass so that the
channel h2 # h1 + h1 is kinematically closed. At the same time the direct h1 production
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direct vs indirect precision?
energy coverage?

Higgs properties are central to 
BSM and a clear deliverable of 

any future collider

Effective Field Theory

[BuchmŸller, Wyler `87]  
[Hagiwara, Peccei, Zeppenfeld, Hikasa `87] 
[Giudice, Grojean, Pomarol, Rattazzi `07] 
[Grzadkowski, Iskrzynski, Misiak, Rosiek `10]

L = L SM +
!

i

ci

! 2 Oi

59 B-conserving operators ⊗ ßavor ⊗ h.c., d=6
2499 parameters (reduces to 76 with Nf=1)

! Conclusions for HEP ? No guaranteed discoveries. Best case(s)?
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Higgs mass

measurements (which are dominated by leptonic decays of theZ). This allows
more of the total data set to be used to constraincW W . The overall e! ect of
beam polarizations on the determination of Higgs boson couplings can be found
in Table 4 of [20].

¥ The decaysh ! !! and h ! Z ! are loop-induced in the SM, but receive
corrections at the tree level from dimension-6 operators. Thus," !! and " Z !

are very sensitive to the operator coe# cients cW W , cW B and cBB , the same
set of operators that determine"A , "AZ , "Z and "W . The measurements of
BRZZ /BR !! and BR! Z /BR !! from the HL-LHC turn out to be very helpful,
providing tight constraints on two linear combinations ofcW W , cW B and cBB ,
even though the projected accuracy for theZ ! decay is only 31% [24]. It will
be interesting to study whether any observable at ILC can measure thehZ !
coupling directly to still better accuracy.

¥ The Triple Gauge Couplings (TGCs) measured ine+ e! ! W + W ! play a very
important role in Þxing three of the 17 relevant EFT coe# cients. So it is impor-
tant that ILC will dramatically improve the measurement of TGCs over what
has been accomplished at LEP2 and LHC. We will discuss this measurement in
Section 8 below.

¥ The rightmost diagram in Figure 7 is induced by contact interactions from
dimension-6 operator coe# cients that correct the Z-lepton vertices measured
from precision electroweak observables. These parameters appear in#Zh with
very large coe# cients, of order 2s/m 2

Z " 15 (60) at
#

s = 250 (500) GeV. It
turns out that the constraints on these coe# cients is improved over that from
the current precision electroweak measurements by the comparison of Higgs
cross sections at 250 and 500 GeV.¦ Alternatively, the EFT Þt would be assisted
by improvement of precision electroweak measurements, either by directe+ e!

running at the Z pole or by measurements of the polarization asymmetry of the
radiative return processe+ e! ! Z ! . This is another topic that needs further
investigation.

4.4 Measurement of the Higgs boson mass and CP

The uncertainty in the Higgs boson mass ($mh) is a source of systematic error for
predictions of Higgs boson couplings. In most cases,$mh " 0.2% would be already
su# cient, but this is not true for h ! ZZ " or h ! WW" . It has been pointed out
in [31] that

$W = 6.9 á$mh, $Z = 7.7 á$mh, (11)

¦ The Þt described here uses only the current uncertainties in precision electroweak measurements,
except for an improvement in the uncertainty in ! W to 0.1% expected from ILC measurements of
Þnal states ine+ e! ! W + W ! .

20

[Almeida, Lee, Pokorski, Wells `13]

26

 [GeV]Hm
123 124 125 126 127 128 1290.5!

9

Total Stat. Syst.CMS and ATLAS
 Run 1LHC       Total      Stat.    Syst.

l+4!! CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

!! CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4"ZZ"H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4"ZZ"H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

!!"H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

!!"H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 

Figure 14: Taken from [3].

G. Characterizing the Higgs boson

Understanding the properties of the SM-like Higgs boson and the symmetry structure of the Higgs Lagrangian is
the Þrst task when we want to interpret LHC Higgs measurements in terms of a quantum Þeld theory...

1. Mass and Lifetime

The mass of the Higgs boson was the only unknown parameter of the SM prior to its discovery. Electroweak
symmetry breaking puts the Higgs mass at the centre of the reliability of the electroweak series expansion. The Higgs
mass is constrained by unitarity requirements of electroweak boson scattering (and to lesser extent by fermion-vector
boson scattering) [33, 94Ð96], which signalise a bad perturbative series convergence for large Higgs masses [97]. This
is supported by the fact that for Higgs masses of! 350 GeV in the SM h " V V " 4! decays exceed prompt fermion
decays, which are formally of lower order in the electroweak series expansion. The Higgs in the context of the SM
was excluded at LEP for mh > 114.4 GeV at 95% conÞdence level [98]. It is worth mentioning that most of the
Monte Carlo tools relevant for Higgs and electroweak physics at the LHC rely on! h /m h # 1 [99Ð102]. The naive
Breit-Wigner hypothesis that is typically employed in these simulations cannot be supported when the width becomes
large [97, 103].

The Higgs mass crucially impacts signal yields. Hence, studying the observed signal rates as a function of the Higgs
boson mass can be used to constrain the Higgs mass, as done in a combined Þt of ATLAS and CMS data [3] for 7
and 8 TeV data. The combination of ATLAS and CMS measurements in theH " "" and H " ZZ " 4! gives the
currently best measurement on the Higgs mass in the Standard Model, Fig. 14,

mH = 125.09± 0.21 (stat.) ± 0.11 (syst.) GeV. (72)

The Higgs width is a crucial parameter for BSM searches. For instance, it can be related to dark matter through
scalar extensions as described above. With a SM value of! 4 MeV for the 125 GeV Higgs boson, the width has is
much smaller than experimental resolution of about 1 GeV and line-shape analyses similar to theZ boson are not
immediately promising at the LHC.

A range of proposals have been advertised to circumvent this limitation through on-shell interference e" ects [104Ð
109] which crucially rely on improved experimental systematics, or through correlating di" erent regions of phase
space [110Ð113]. At hadron colliders such methods are typically highly model-dependent [114Ð120] and the extraction
of physics information related to the Higgs bosonÕs lifetime are based on (often implicit) assumptions.

2. Spin

The Þrst steps after the Higgs boson discovery were to establish the discoveryÕs spin quantum number, or constrain
the spin-associated interaction terms of an e" ective Lagrangian. The e" ective interactions that were used to constrain

! Higgs mass precision can be limitation of coupling fit precision
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measurements (which are dominated by leptonic decays of theZ). This allows
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[Almeida, Lee, Pokorski, Wells `13]

Figure 4: (left) recoil mass spectrum againstZ ! µ+ µ! for signal e+ e! ! Zh and SM
background at 250 GeV [26]; (right) missing mass spectrum for the signale+ 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 áBRAA . (10)

As seen above,BRZZ is only measured to 6.7%, so if only the Þrst half of (8) is used,
all Higgs boson couplings (except! Z ) would have an uncertainty greater than 3%.
BRW W is 10 times larger thanBRZZ 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 BRW W (using the second half of (8)) is
crucial for measurement of! h and of all ! A with A #= Z . The expected precisions
for Higgs boson couplings in the! formalism are given in Table1. We see that,
at

$
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 signiÞcantly by the fact that the
Þt makes use of the expected measurement ofBRZZ /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 Þt. This Þt includes not only the basic observables above but
also additional observables of the reactione+ e! ! Zh, as well as observables of
electroweak precision physics ande+ e! ! W + W ! . These latter measurements can

15

! through leptonic recoil in Z→! +! -  
the Higgs mass can be constrained 
to 14 MeV   

! impact on Z/W couplings ∼0.1%

[LCC Physics Working Group `18]

[Yan et al. `16]
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G. Characterizing the Higgs boson

Understanding the properties of the SM-like Higgs boson and the symmetry structure of the Higgs Lagrangian is
the Þrst task when we want to interpret LHC Higgs measurements in terms of a quantum Þeld theory...

1. Mass and Lifetime

The mass of the Higgs boson was the only unknown parameter of the SM prior to its discovery. Electroweak
symmetry breaking puts the Higgs mass at the centre of the reliability of the electroweak series expansion. The Higgs
mass is constrained by unitarity requirements of electroweak boson scattering (and to lesser extent by fermion-vector
boson scattering) [33, 94Ð96], which signalise a bad perturbative series convergence for large Higgs masses [97]. This
is supported by the fact that for Higgs masses of! 350 GeV in the SM h " V V " 4! decays exceed prompt fermion
decays, which are formally of lower order in the electroweak series expansion. The Higgs in the context of the SM
was excluded at LEP for mh > 114.4 GeV at 95% conÞdence level [98]. It is worth mentioning that most of the
Monte Carlo tools relevant for Higgs and electroweak physics at the LHC rely on! h /m h # 1 [99Ð102]. The naive
Breit-Wigner hypothesis that is typically employed in these simulations cannot be supported when the width becomes
large [97, 103].

The Higgs mass crucially impacts signal yields. Hence, studying the observed signal rates as a function of the Higgs
boson mass can be used to constrain the Higgs mass, as done in a combined Þt of ATLAS and CMS data [3] for 7
and 8 TeV data. The combination of ATLAS and CMS measurements in theH " "" and H " ZZ " 4! gives the
currently best measurement on the Higgs mass in the Standard Model, Fig. 14,

mH = 125.09± 0.21 (stat.) ± 0.11 (syst.) GeV. (72)

The Higgs width is a crucial parameter for BSM searches. For instance, it can be related to dark matter through
scalar extensions as described above. With a SM value of! 4 MeV for the 125 GeV Higgs boson, the width has is
much smaller than experimental resolution of about 1 GeV and line-shape analyses similar to theZ boson are not
immediately promising at the LHC.

A range of proposals have been advertised to circumvent this limitation through on-shell interference e" ects [104Ð
109] which crucially rely on improved experimental systematics, or through correlating di" erent regions of phase
space [110Ð113]. At hadron colliders such methods are typically highly model-dependent [114Ð120] and the extraction
of physics information related to the Higgs bosonÕs lifetime are based on (often implicit) assumptions.

2. Spin

The Þrst steps after the Higgs boson discovery were to establish the discoveryÕs spin quantum number, or constrain
the spin-associated interaction terms of an e" ective Lagrangian. The e" ective interactions that were used to constrain
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Status of LHC measurements

! everything is consistent with the SM Higgs hypothesis (so far) 
but what are the implications for new physics/future colliders?
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Figure 21: Contribution to Higgs boson production from gluon fusion (LHS) and total Higgs production cross section
(RHS)[148].This Þgure includes all known higher order corrections.

Figure 22: Theoretical prediction for Higgs cross section.

II. EXPERIMENTAL RESULTS

A. Gluon Fusion

The dominant production production mechanism for the Higgs boson is gluon fusion, shown in Fig. 21. Gluon
fusion, with the subsequent decays,H ! !! , H ! WW , H ! ZZ and H ! " " , is one of the most important
channels for Higgs studies.

The primary production mechanism for a Higgs boson in hadronic collisions is through the couplings to heavy
fermions, gg ! H, which is shown on the LHS of Fig. 21. This process is dominated by the top quark loop and the
loop with a bottom quark contributes roughly �5% to the SM cross section. The QCD corrections to the rate are
large and are known toN3LO order and increase the rate from the LO prediction by more than a factor of 2, as seen
in Fig. 22. The e↵ects of a Þnite top mass are included numerically. The NNLO rate can be further improved by the
resummation of soft gluon e↵ects. The electroweak corrections also play an important role and are known at 2-loop
order and increase the rate by⇠ 5%. It is not obvious how to combine the QCD and EW corrections and they are
usually assumed to factorize. The gluon fusion rate increases signiÞcantly with beam energy, as demonstrated in the
RHS of Fig. 21. This Þgure includes all known higher order corrections and the width of the curves represents an
estimate of the uncertainties. The measured Higgs total cross sections from ATLAS (in theZZ and !! channels) and
CMS are shown in Fig. 23 and are in reasonable agreement with theory.

In the heavy quark limit, the lowest order cross section is independent of the top quark mass and becomes a
constant,

ö#0(gg ! h) ⇠ $2
s

576%v2 . (110)

The heavy fermions do not decouple at high energy and the gluon fusion rate essentially counts the number of SM-like
chiral quarks. The observed Higgs rate immediately rules out the possibility of a 4th generation of SM chiral fermions.
Put list of tools and Higher order corrections here.

At LO, the Higgs boson has nopT and a transverse momentum spectrum for the Higgs is Þrst generated by the
process,gg ! gH, which is an NLO contribution to the gluon fusion process[149]. NLO, NNLO, and N3LO radiative

[HXSWG `16]
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tøtZ cross sections, performed in Þducial regions of acceptance that make them suitable for a realistic
experimental analysis. As we shall discuss here, the theoretical understanding of these processes,
including NLO QCD [ 31, 32, 33] and EW [34, 35] corrections, and including the current knowledge of
PDFs, allows already today to support an intrinsic overall theoretical accuracy at the percent level.
This precision will certainly be consolidated, and further improved, by future developments. Today,
this allows to start probing the experimental prospects of the 100 TeV collider, to put in perspective the
role of precision Higgs measurements at a such a facility, and to provide useful performance benchmarks
for the design of the future detectors. In this Section we shall motivate such accuracy claim. What will
be learned, can also contribute to improve the expectations for future runs of the LHC, by improving
the predictions for the relative size of thetøtH signal and its irreducible tøtZ background.

2.1. Total rates and ratios

The main observation motivating the interest in the study of the tøtH/t øtZ ratio is the close analogy
between the two processes. At leading order (LO) they are both dominated by thegg initial state, with
the H or Z bosons emitted o! the top quark. The qøq-initiated processes, which at the 100 (13) TeV
amount for <! 10% (<! 30%) of the total rates, only di! er in the possibility to radiate the Z boson from
the light-quark initial state. The di ! erence induced by this e! ect, as we shall see, is not large, and is
greatly reduced at 100 TeV. At NLO, renormalization, factorization and cancellation of collinear and
soft singularities will be highly correlated between the two processes, since the relevant diagrams have
the same structure, due to the identity of the tree-level diagrams. This justiÞes correlating, in the
estimate of the renormalization and factorization scale uncertainties, the scale choices made fortøtH
and tøtZ . The uncertainties due to the mass of the top quark are also obviously fully correlated between
numerator and denominator. Furthermore, due to the closeness in mass of the Higgs andZ bosons
and the ensuing similar size of the values ofx probed by the two processes, and given that the choice
of PDFs to be used in numerator and denominator in the scan over PDF sets must be synchronized,
we expect a signiÞcant reduction in the PDF systematics for the ratio. Finally, the similar production
kinematics (although not identical, as we shall show in the next Section), should guarantee a further
reduction in the modeling of the Þnal-state structure, like shower-induced higher-order corrections,
underlying-event e! ects, hadronization, etc.

The above qualitative arguments are fully supported by the actual calculations. All results are
obtained using the MadGraph5 aMC@NLO code [36], which includes both NLO QCD and EW
corrections. The default parameter set used in this study is:

Parameter value Parameter value
Gµ 1.1987498350461625á10! 5 nlf 5
mt 173.3 yt 173.3

mW 80.419 mZ 91.188
mH 125.0 ! ! 1 128.930

MSTW2008 NLO [37] is the default PDF set and µR = µF = µ0 =
!

f " Þnal states mT,f / 2 is the default
for the central choice of renormalization and factorization scales, wheremT,f is the transverse mass
of the Þnal particle f . This scale choice interpolates between the dynamical scales that were shown in
Ref. [31] to minimize the pT dependence of the NLO/LO ratios for the top and Higgs spectra.

" (tøtH )[pb] " (tøtZ )[pb] " (tøtH )
" (tøtZ )

13 TeV 0.475+5 .79%+3 .33%
! 9.04%! 3.08% 0.785+9 .81%+3 .27%

! 11.2%! 3.12% 0.606+2 .45%+0 .525%
! 3.66%! 0.319%

100 TeV 33.9+7 .06%+2 .17%
! 8.29%! 2.18% 57.9+8 .93%+2 .24%

! 9.46%! 2.43% 0.585+1 .29%+0 .314%
! 2.02%! 0.147%

Table 1: Total cross sections " (tøtH ) and " (tøtZ ) and the ratios " (tøtH )/ " (tøtZ ) with
NLO QCD corrections at 13 TeV and 100 TeV. Results are presented together with the
renormalization/factorization scale and PDF+ ! S uncertainties.

[Mangano, Plehn, Reimitz, Schell, Shao`15] 
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Fig. 55: Relative uncertainty on the signal strengthµt øtH projected in the plane! t andR! at a 100 TeV hadron
collider with 20 ab! 1 for the Higgs decay modesH ! bøb (red band). The yellow (green, blue) vertical band
denotes the limit0.927" ! t " 1.051( 0.952" ! t " 1.038, 0.962" ! t " 1.031) corresponding to the1" signal
uncertainty with the integrated luminosity of 10 ab! 1 (20 ab! 1, 30 ab! 1).

measured at a 5" conÞdence level with an integrated luminosity of 8.95 fb! 1. We thus expect thetøtt øt
production to be discovered soon after the operation of the 100 TeV machine. The great potential enables
us to discuss the precision of measuring the top Yukawa coupling in thetøtt øt production. We estimate the
signal statistical ßuctuation as

! NS =
!

NS + NB , (32)

assuming that the events number satisÞes the Gaussian distribution. The signal uncertainty is! NS =
0.0095NS for L = 10 ab! 1, ! NS = 0 .0067NS for L = 20 ab! 1, and! NS = 0 .0055NS for L =
30 ab! 1, respectively. We interpret the uncertainty of the signal event as the uncertainty of the top
Yukawa coupling, i.e.

! NS = #! t

"
2" SM(tøtt øt)int + 4 " SM(tøtt øt)H

#
# L + O(#! 2

t ), (33)

where#! t $ ! t %1 and the SM cross sections refer to the values after all the cuts shown in the last column
in Table23. It yields a precision of! t measurement as follows:0.927 " ! t " 1.051for L = 10 ab! 1,
0.952" ! t " 1.038for L = 20 ab! 1, and0.962" ! t " 1.031for L = 30 ab! 1, respectively.

Figure55 displays the correlation betweenR! and! t imposed by the projectedµbøb
tøtH measure-

ment [133]; see the red band. The expectations of the! t measurement in thetøtt øt production are also
plotted where the yellow (green, blue) contour region denotes the uncertainty of! t with L = 10 ab! 1

(20 ab! 1, 30 ab! 1), respectively. Combining both thetøtH and tøtt øt productions imposes a tight
bound on the Higgs boson width; for example,0.85 " SM

H " " H " 1.12 " SM
H for L = 10 ab! 1,

0.89 " SM
H " " H " 1.09 " SM

H for for L = 20 ab! 1, and0.91 " SM
H " " H " 1.08 " SM

H for L = 30 ab! 1,
respectively.

4.6 Rare SM Exclusive Higgs decays

The measurement of the rare exclusive decaysH ! V$, whereV denotes a vector meson, would allow
a unique probe of the Higgs coupling to light quarks. While the absolute value of the bottom-quark
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where! t ! yHtt /y SM
Htt and! b ! yHbb/y SM

Hbb are the Higgs coupling scaling factors. The signal strength
µbøb

tøtH , deÞned as

µbb
tøtH =

! 2
t ! 2

b

R!
with R! !

! H

! SM
H

, (24)

is expected to be measured with1% precision,µbøb
tøtH = 1 .00 ± 0.01 [133]. Since the! t , ! b and ! H

parameters are independent inµbøb
tøtH , one cannot determine them from thetøtH production alone. Bounds

on the! t , ! b andR! can be derived from a global analysis of various Higgs production channels. The
bottom Yukawa coupling would be measured precisely at electron-positron colliders. Once! b is known,
a correlation between! t andR! is obtained as following

! 2
t

R!
= µtøtH . (25)

If the top-quark Yukawa coupling could be directly measured in a single channel, then one can probeR!

from Eq.25.

In the SM thetøtt øt production occurs either through a gluon mediator [160] or by an off-shell Higgs
mediator; see Fig.53for the representative Feynman diagrams. Interferences between the QCD diagrams
(tøtt øtg) and the Higgs diagrams (tøtt øtH ) are absent at the tree level. We thus name the cross section of the
QCD induced channel as" (tøtt øt)g and the cross section of the Higgs induced channel as" (tøtt øt)H . There
are two advantages of the Higgs-inducedtøtt øt production: i) no dependence on the Higgs boson width;
ii) the cross section proportional to the top quark Yukawa coupling to the fourth power, i.e.

" (tøtt øt)H " ! 4
t " SM(tøtt øt)H , (26)

where" SM(tøtt øt)H denotes the SM production cross section. The not-so-small interferences among the
three kinds of Feynman diagrams are also accounted. Since the QCD and electroweak gauge interactions
of top quarks have been well established, we consider only the top Yukawa coupling might differ from
the SM value throughout this section. As a result, the cross section oftøtt øt production is

" (tøtt øt) = " SM(tøtt øt)g+ Z/ ! + ! 2
t " SM(tøtt øt)int + ! 4

t " SM(tøtt øt)H , (27)

where

" SM(tøtt øt)g+ Z/ ! "
!
!M g + M Z/ !

!
!2 ,

" SM(tøtt øt)H " |M H |2 ,

" SM(tøtt øt)int " M g+ Z/ ! M  
H + M  

g+ Z/ ! M H . (28)

We use MadEvent [161] to calculate the leading order cross section oftøtt øt production in the SM. The
numerical results are summarized as follows:
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Fig. 53: Representative Feynman diagrams of thetøtt øt production through the QCD interaction and the Higgs
boson mediation.
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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 ofmH = 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 inTable 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 inFigure 3for a Higgs boson mass of
126GeV [21].

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

"
s# 350GeV, the Higgsstrahlung process (e+ e! $ ZH)

has the largest cross section, but the WW-fusion process
(e+ e! $ H! e! e) is also signiÞcant. 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 (

"
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 signiÞcant. 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 preciseO(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! $ HH! e! e, provide access to the top Yukawa
coupling and the Higgs trilinear self-coupling. Feynman dia-
grams for these processes are shown inFigure 5. In all cases,
the Higgs production cross sections can be increased with
polarised electron (and positron) beams as discussed inSec-
tion 3.2.
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cross section Higgs production processes at CLIC; Hig-
gsstrahlung (a), WW-fusion (b) and ZZ-fusion (c).

a)
Z

e!

e+

t

H

t

b)
W

W
H

e!

e+

! e

H

H

! e

Fig. 5: Feynman diagrams of the leading-order processes at
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the Higgs boson trilinear self-coupling! .

Table 1lists the expected numbers of ZH, H! e! e 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

"
s%. 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 H! e! e events at

"
s >
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! Precision environment of a lepton colliders allows to pin down 
gauge-Higgs sector at the per mille level in case of the Z

[Durieux, Grojean, Gu, Wang `17]

see also [LCC working group `18], [CEPC working group `17]
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Figure 7: One-sigma precision reach of future lepton colliders on our e! ective-Þeld-theory
parameters. All results but the light-shaded columns include the14TeV LHC (with
3000 fb! 1) and LEP measurements. LHC constraints also include measurements carried
out at 8TeV. Note that, without run above the tøth threshold, circular colliders alone do not
constrain the øcgg and ! yt e! ective-Þeld-theory parameter individually. The combination
with LHC measurements however resolves this ßat direction. The horizontal blue lines on
each column correspond to the constraints obtained when one single parameter is kept at
the time, assuming all others vanish. The red stars correspond to the constraints assuming
vanishing aTGCs. The GDPs of future lepton colliders are shown on the right panel. See
main text for comparisons with the LHC GDPs.

! yt . The resulting bounds on! yt are then even substantially better than that set by the
LHC alone.

The twelve-parameter GDPs for the combination of future lepton collider, LHC3000 fb! 1

and LEP measurements are displayed on the right panel ofFig. 7. Corresponding nu-
merical values are 0.0077, 0.0054, 0.0049, 0.0058 for CEPC, FCC-ee, ILC and CLIC,
respectively. Varying prospective constraints on the charm Yukawa measurement compli-
cate the comparison with the high-luminosity LHC. The ATLAS collaboration estimated
the h ! J/" # branching fraction could be constrained to be smaller than15 times its
standard model value with3 ab! 1 at 14TeV [80]. Such a constraint would translate into
a one-sigma precision reach on! yc of order one. To broadly cover the range spent by
other studies [81Ð85], we vary the expected precision reach on! yc in the 0.01" 10 range.
The combination of LHC 300 fb! 1 (3000 fb! 1) and LEP measurements only then leads to
GDPs in the 0.065" 0.116 (0.039" 0.069) interval, one order of magnitude worst than
when future lepton collider measurements are included. On the other hand, with! yc set
to zero, the eleven-parameter GDP for the combination of LHC300 fb! 1 (3000 fb! 1) and
LEP measurements only is of0.078 (0.044). In comparison, when future lepton collider
measurements are also included, the corresponding eleven-parameter GDP are 0.0073,
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! Precision environment of a lepton colliders allows to pin down 
gauge-Higgs sector at the per mille level in case of the Z

[Durieux, Grojean, Gu, Wang `17]

! CLIC energy coverage beneficial to pin down high energy 
behavior of electroweak sector e.g.
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A E ! ective-Þeld-theory parameter deÞnitions

We deÞne here our e" ective-Þeld-theory parameters which are closely related to that
of the Higgs basis [39]. As explained in Section 2, our framework is based on that of
Ref. [16, 23] where electroweak precision observables are assumed to be standard-model
like, and where fermion dipole as well as CP-odd operators are discarded. The assumption
of ßavor universality for Yukawa operators is however relaxed and we include possible
modiÞcations of that of the top, charm, bottom, tau, and muon. The expression of our
twelve e" ective-Þeld-theory parameters in the SILHÕ basis of dimension-six operators is
provided at the end of this section.

The relevant terms in the potential are

L ! L hV V + L hff + L tgc , (A.1)

where the coupling of Higgs boson to a pair of SM gauge bosons are given by

L hV V =
h
v

!

(1 + ! cW )
g2v2

2
W +

µ W !
µ + (1 + ! cZ )

(g2 + g"2)v2

4
ZµZµ

+ cW W
g2

2
W +

µ! W !
µ! + cW ! g2(W !

µ " ! W +
µ! + h .c.)

+ cgg
g2

s

4
Ga

µ! Ga
µ! + c""

e2

4
Aµ! Aµ! + cZ "

e
"

g2 + g"2

2
Zµ! Aµ!

+ cZZ
g2 + g"2

4
Zµ! Zµ! + cZ ! g2Zµ" ! Zµ! + c" ! gg"Zµ" ! Aµ!

"

. (A.2)

Not all the couplings in Eq. (A.2) are independent. In particular, imposing gauge invari-
ance, we rewrite the following couplings as

! cW = ! cZ + 4! m ,

cW W = cZZ + 2s2
#W

cZ " + s4
#W

c"" ,

cW ! =
1

g2 # g"2

#
g2cZ ! + g"2cZZ # e2s2

#W
c"" # (g2 # g"2)s2

#W
cZ "

$
,

c" ! =
1

g2 # g"2

#
2g2cZ ! + ( g2 + g"2)cZZ # e2c"" # (g2 # g"2)cZ "

$
, (A.3)
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! dimension 6 deformations of  the Higgs potential                                          

! S = 0 .00 ! S = 0 .01 ! S = 0 .015 ! S = 0 .02 ! S = 0 .025

rB = 0 .5 2.7% 3.4% 4.1% 4.9% 5.8%

rB = 1 .0 3.4% 3.9% 4.6% 5.3% 6.1%

rB = 1 .5 3.9% 4.4% 5.0% 5.7% 6.4%

rB = 2 .0 4.4% 4.8% 5.4% 6.0% 6.8%

rB = 3 .0 5.2% 5.6% 6.0% 6.6% 7.3%

Table 30: Impact of the systematic uncertainties on the precision on the trilinear Higgs coupling. The precision on
! 3 is shown for different values of the systematic uncertainty on the signal,! S , and of the rescaling factor for the
total background rater B . The ÒMediumÓ detector performance scenario and an integrated luminosity of30 ab! 1

have been assumed.

main limitation in the extraction of! 3. At present, as already discussed, the computation of the signal
has a! 10%uncertainty due to the use of the inÞnite top mass approximation. It is highly probable that
Þnite-mass computations will become available in the near future. The remaining uncertainty from scale
variation at NNLL order is still! 5%, while the pdf error is! 3%. Without further improvements on
these two issues, the systematic uncertainty will be the main limiting factor in the determination of! 3

and the maximal precision would be limited to"! 3/ ! 3 ! 10%.

5.2.3 TheHH ! bøbbøb channel

In the analysis of thebøb## Þnal state presented in the previous subsection, a large fraction of the double
Higgs production cross section was sacriÞced in order to select a clean Þnal state, for which the back-
ground levels can be easily kept under control. In this subsection a different strategy is considered which
makes use of the Þnal state with the largest branching ratio, namelybøbbøb. The total cross section for
this Þnal state is580 fb at a hadronic100 TeV collider, which is two order of magnitude larger than
thebøb## one. The level of backgrounds one needs to cope with, however, is much larger thus severely
complicating the signal extraction.

One of the possible advantages of thebøbbøb Þnal state is the fact that it provides a reasonable
number of events in the tail at large invariant masses of the Higgs pair. This, in principle, allows one to
analyse the high-energy kinematic regime much better than other Þnal states with smaller cross sections.
As we discussed before, the tail of themhh distribution is not particularly sensitive to the change of the
trilinear Higgs coupling, which mostly affects the kinematic distribution at threshold. However it can be
more sensitive to other new-physics effects, such as deviations induced by dimension-6 and dimension-8
effective operators that induce a contact interaction between the Higgs and the gluons (see for instance
the discussion in Ref. [189]). The analysis of these effects, although interesting and worth studying
further, goes beyond the scope of the present report. In the following we will concentrate only on the
SM case and on the extraction of the Higgs trilinear coupling and we will discuss an analysis based on a
recent feasibility study at the14TeV LHC [218],9 with suitable modiÞcations for the100TeV case.

5.2.3.1 Monte Carlo samples generation

Higgs pair production in the gluon-fusion channel is simulated at LO thorughMadGraph5_aMC@NLO[134,
211] by using the recently developed functionalities for loop-induced processes [221]. The calculation
is performed in thenf = 4 scheme and the renormalization and factorization scales are taken to be
µF = µR = HT / 2. The NNPDF 3.0nf = 4 LO set [111] is adopted with$s(m2

Z ) = 0 .118, interfaced
via LHAPDF6[124]. To achieve the correct higher-order value of the integrated cross-section, the LO
signal sample is rescaled to match the NNLO+NNLL inclusive calculation [202, 207]. Parton level

9Other studies of Higgs pair production in the same Þnal state at the LHC can be found in Refs. [219,220].
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Fig. 60: Diagrams contributing to the Higgs pair production process through gluon fusion (an additional diagram
obtained by crossing the box one is not shown).

channel a statistical precision of the order of1 ! 2% is expected on the SM signal cross section, while
the Higgs trilinear coupling could be determined with a precision of order3 ! 4%. These numbers have
to be compared with the precision expected at a possible future high-energy lepton collider, at which the
Higgs trilinear coupling is expected to be measurable with a precision" 16%for a COM energy" 1 TeV
and2 ab! 1 integrated luminosity [197Ð199]. A better precision, of around12%, is only achievable with
a 3 TeV collider and2 ab! 1 integrated luminosity [200,201]. Other Þnal states, namelybøbbøb and Þnal
states containing leptons, can also lead to a measurement of the SM signal, although in these cases the
expected signiÞcance is lower than in thebøb!! channel.

Finally, the Higgs quartic self-coupling can be probed through the triple Higgs production channel.
In this case the most promising Þnal state seems to bebøbbøb!! , whose cross section is however small. This
channel could allow an order-one determination of the SM production rate and could constrain the quartic
coupling in the range" 4 # [! 4, +16].

5.2 Double Higgs production from gluon fusion

We start the presentation of the analyses of the various Higgs pair production channels by considering the
gluon-fusion process, which, as we saw, provides the dominant contribution to the total rate. At100TeV,
the gluon fusion cross section computed at NNLL (matched to NNLO) accuracy is1750fb [29]. At
present, this result is affected by a signiÞcant uncertainty (of the order of10%) due to the fact that the
NLO and NNLO contributions are only known in the inÞnite top mass limit. A discussion of the current
status of the computations and of the sources of uncertainties will be provided in Subsection5.2.1.

In the SM the gluon fusion process receives contributions from two types of diagrams (see Fig.60).
The box-type diagrams, which depend on the top Yukawa couplings, and the triangle-type one, which
in addition to the top Yukawa also includes the trilinear Higgs self-interaction. In the SM a partial
cancellation between these two kinds of diagrams is present, which leads to a" 50%suppression of the
total cross section. The behavior of the box and the triangle diagrams at high

$
ös = mhh % mt , mh is

quite different however. The corresponding amplitudes scale as

A ! "
#s

4$
y2

t , A " " " 3
#s

4$
y2

t
m2

h

ös

!
log

m2
t

ös
+ i$

" 2

. (43)

From these equations it is apparent that, due to the presence of the off-shell Higgs propagator, the tri-
angle diagram is suppressed for highös. This implies that the Higgs trilinear coupling affects themhh

distribution mostly at threshold, while the tail at large invariant mass is mostly determined by the box
contribution.

The shape of the Higgs pair invariant mass distribution for the SM signal is shown in Fig.61[202].
The central line corresponds to the choiceµF = µR = M hh / 2 for the factorization and renormalization
scales, and the band illustrates the scale uncertainty, evaluated by varying independently the above scales
in the rangeµ0/ 2 & µR, µF & 2µ0 with the constraint1/ 2 & µR/µ F < 2, whereµ0 is the central scale.
The lower panel shows the ratio with respect to the central value, and it can be seen that the scale
uncertainty is roughly constant in the whole range, being of the order of± 5%. One can see that the
peak of the distribution is atmhh " 400GeV and some suppression is present close to threshold. The
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FIG. 2: Leading-order parton level distributions of the dih iggs invariant mass mhh and maximum transverse momentum
max pT,h for pp ! hhj at

"
s = 100 TeV for pT,j # 80 GeV and |" j | $ 4.5, for ! = 0 , ! SM and 2! SM . We also include the

! / ! SM = 1 case for
"

s = 14 TeV for comparison.

at
!

s = 100 TeV in order to provide a reliable estimate of
the sensitivity which a very high energy hadron collider
would have to variations in the trilinear Higgs coupling.
We also consider the related same process accompanied
by a high transverse momentum jet, which, as argued
in [10], accesses new regions of phase space as well as
o! ering a powerful means to further suppress background
processes at the LHC.

We Þnd that previous studies have substantially over-
estimated the performance of a 100 TeV proton-proton
collider to measure the Higgs trilinear coupling. For a
3/ab data sample, we Þnd a sensitivity to the trilinear
coupling of order 30%, which is comparable to a mea-
surement at the ILC. For a data set of 30/ab we Þnd an
O(10%) sensitivity subject to the details of background
systematics.

This work is organised as follows: In Section II we
review the kinematic Higgs distributions at 100 TeV, be-

fore presenting details of our analysis and simulations in
Sec. III. In particular, we discusshh " bøb!! production
in Sec. III A, and investigate hh + jet in Sec. III B. We
present a combination of the results of these channels in
Sec. III B, before we conclude with a brief discussion and
comments on future studies in Sec. IV.

II. KINEMATICS

We generate signal events at leading order in
the Les Houches Event File format [27] using
a combination of the Vbfnlo [28] and Fey-
nArts/FormCalc/LoopTools [29] frameworks.
We normalise to the NLO cross section by multiplying a
phase-space independentK -factor of 1.65 [30, 31].

Our leading order results for " = (0 , 1, 2) " SM are
#sig = (1676.9, 860.6, 415.5) fb respectively. These are to
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Fig. 59: Dependence of total cross sections on the Higgs trilinear coupling at14 TeV. From ref. [196].

process precision on! SM 68%CL interval on Higgs self-couplings

HH ! bb"" 3% #3 " [0.97, 1.03]

HH ! bbbb 5% #3 " [0.9, 1.5]

HH ! bb4$ O(25%) #3 " [0.6, 1.4]

HH ! bb$+ $! O(15%) #3 " [0.8, 1.2]

HH ! bb$+ $! " # #

HHH ! bøbbøb"" O(100%) #4 " [# 4, +16]

Table 26: Expected precision (at68%CL) on the SM cross section and68%CL interval on the Higgs trilinear and
quartic self-couplings (in SM units). All the numbers are obtained for an integrated luminosity of30 ab! 1 and do
not take into account possible systematic errors.

modes, in association with a gauge boson or withtj , play a secondary role, since their cross section is at
most$ 8 fb. Finally, triple Higgs production has a cross section around5 fb.

As we already mentioned, the main aim of the analyses reported in this section is to determine the
precision with which the SM production rates and the Higgs self-couplings can be measured. It is thus
important to analyze the dependence of the cross section on the Higgs self-couplings. The production
rates for the Higgs pair production channels are shown in Fig.59 as a function of the trilinear Higgs
coupling#3. Although the plot shows the rates for the14 TeV LHC, it is approximately valid also at
100TeV. One can see that for#3 $ 1, i.e. for values close to the SM one, a signiÞcant reduction in the
cross section is present in the gluon-fusion and VBF channels and, even more, in theHHtj channel.
This feature decreases the signal signiÞcance for the SM case. However, it allows one to more easily
differentiate scenarios with a modiÞed trilinear coupling (especially if#3 < 1), since in these cases a
large increase in the cross section is present.

In the following we will present a few analyses focused on the most important multi-Higgs pro-
duction channels. Here we summarize the main results. In particular, the expected precisions on the
extraction of the SM signal cross section and the Higgs self-couplings are listed in Table26.

Due to the sizable cross section, the gluon-fusion mode lends itself to the exploitation of several
Þnal states. As at the14 TeV LHC, thebøb"" Þnal state remains the ÒgoldenÓ channel, since it retains
a signiÞcant signal rate and allows one to efÞciently keep the backgrounds under control. From this
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Figure 3: The average expected relative uncertainty in the di-Higgs cross section measurement
is shown as a function of the relative improvement in the photon (left) and b-tagging (right) se-
lection efÞciency over the current performance estimate under the HL-LHC pileup conditions.
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Figure 4: The average expected relative uncertainty in the di-Higgs cross section measurement
is shown as a function of the integrated luminosity (left) and the relative contribution of the
non-resonant background.

4 bb!! Þnal state

4.1 Object selection and performance

The signal events of interest contain two high pT taus and two high pT jets originating from
b quarks. Di-tau Þnal states ! µ! h, and ! h! h, where h denotes hadronic tau decays, and µ de-
notes tau decays to muons, are considered. The jets are reconstructed using the anti-kT algo-
rithm with the resolution parameter equal to 0.4. The jets are corrected for pileup effects using
the FastJet technique [24, 25, 27]. Jet pileup identiÞcation is developed in Delphes using the
track related and jet shape variables [24]. The efÞciency of the jet pileup identiÞcation is 0.95
with a pileup jet rate of 0.20. The Emiss

T resolution is critical for the di-tau mass reconstruction.
Without pileup mitigation the resolution is on average 50 GeV with 140 pileup interactions.
With pileup identiÞcation the Emiss

T resolution in Delphes is reduced to about 25 GeV. The ef-
Þciency of selecting jets originating from b quarks and tau hadronic decays are parameterized
in Delphes. To further reduce background events with light jets mimicking hadronic tau de-
cays it is required that jets originating from hadronic tau decays contain an isolated track. With
the upgraded Phase-II detector and this selection, a tau identiÞcation efÞciency of about 55%
is possible while keeping miss-tag rates for light-jets to be less than 0.5%. The working point
used for b-tagging has an average efÞciency of 0.68 with 0.1 and 0.01 mistag rates from c-quarks

2 3 bb!! Þnal state

and energy ßow, and to preserve the detector performance under this environment.

As part of a comprehensive strategy to address these issues, CMS has released a technical
proposal for the Phase-II upgrade [15] program. The expected performance of this detector at
HL-LHC is assumed for these studies and is discussed in the following sections. The impact
of some of the individual components of the Phase-II upgrade on the results are highlighted
where it is appropriate. In addition, the bb!! results are also shown assuming the detector
performance of the so called Phase-I CMS upgrade [16] detector after an assumed integrated
luminosity of 1000 fb ! 1, conÞguration hereafter denoted as ÒPhase-I agedÓ.

At present, the Phase-II detector simulation includes the upgraded outer tracker, muon sys-
tems, and calorimetry. The pixel detector upgrade, however, is still not Þnalized so the simu-
lation contains the Phase-I pixel detector in the barrel and an extended version of the current
pixel detector in the forward detector to provide tracking at higher " . The primary and sec-
ondary vertex reconstruction and identiÞcation performance will certainly be better than what
is assumed in these studies and should be viewed as a conservative estimate.

2 Experimental setup and signal simulation

It is crucial that the Phase-II detector can cope with the challenging environment of HL-LHC,
as pileup mitigation, b-tagging, tau-tagging, photon identiÞcation efÞciencies, and mass reso-
lutions are fundamental to perform measurements on Higgs boson pair production. Triggers
are assumed to be 100% efÞcient in these studies. The DELPHES fast simulation framework [17]
is used for bbWW results to model the Phase-II detector. The parameterized performance of the
Phase-II detector in Delphes is taken from the corresponding GEANT-based [18] full simula-
tion samples. The bb!! analysis uses Monte Carlo (MC) generator information with smearing
functions to model the performance of the detector. A combination of the two approaches
mentioned above is used for the bb## Þnal state.

Only the dominant gluon fusion inclusive production mode is produced in the signal gener-
ation. The samples are generated with MADGRAPH 5.2 [19], at leading order (LO), using the
results from [20], interfaced with PYTHIA 6.4 [21] for parton showering and fragmentation. The
generator is also interfaced with TAUOLA [22] for the simulation of the tau lepton decays. The
pileup events are simulated in the Delphes samples by randomly placing minimum-bias inter-
actions along the beam axis according to a longitudinal spread taken from the full simulation
samples.

3 bb!! Þnal state

3.1 Object selection and performance

The signal events of interest contain two high transverse momentum ( pT) photons and two
high pT jets originating from b quarks. The photons are rejected if an electron is reconstructed
within a distance ! R =

"
(! " )2 + ( ! $)2 (where the $ is azimuthal angle in radians and " is the

pseudorapidity) of 0.1 to the photon. A pT and " dependent efÞciency is applied to the photons
to model the identiÞcation and isolation efÞciency. The efÞciency is about 80% in the barrel,
and about 55% in the endcap. The lower efÞciency in the endcap is primarily due to the electron
veto requirement. The processes involving jets faking photons are among the dominant back-
grounds. The rate to misidentify photons, typically referred to as the fake rate, is about 1 # 10! 4

for gluon jets and about 5 # 10! 4 for quark jets. The rate to misidentify electrons as photons

LHC blind spots: HH @ 100 TeV
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Figure 3: The average expected relative uncertainty in the di-Higgs cross section measurement
is shown as a function of the relative improvement in the photon (left) and b-tagging (right) se-
lection efÞciency over the current performance estimate under the HL-LHC pileup conditions.
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Figure 4: The average expected relative uncertainty in the di-Higgs cross section measurement
is shown as a function of the integrated luminosity (left) and the relative contribution of the
non-resonant background.

4 bb!! Þnal state

4.1 Object selection and performance

The signal events of interest contain two high pT taus and two high pT jets originating from
b quarks. Di-tau Þnal states ! µ! h, and ! h! h, where h denotes hadronic tau decays, and µ de-
notes tau decays to muons, are considered. The jets are reconstructed using the anti-kT algo-
rithm with the resolution parameter equal to 0.4. The jets are corrected for pileup effects using
the FastJet technique [24, 25, 27]. Jet pileup identiÞcation is developed in Delphes using the
track related and jet shape variables [24]. The efÞciency of the jet pileup identiÞcation is 0.95
with a pileup jet rate of 0.20. The Emiss

T resolution is critical for the di-tau mass reconstruction.
Without pileup mitigation the resolution is on average 50 GeV with 140 pileup interactions.
With pileup identiÞcation the Emiss

T resolution in Delphes is reduced to about 25 GeV. The ef-
Þciency of selecting jets originating from b quarks and tau hadronic decays are parameterized
in Delphes. To further reduce background events with light jets mimicking hadronic tau de-
cays it is required that jets originating from hadronic tau decays contain an isolated track. With
the upgraded Phase-II detector and this selection, a tau identiÞcation efÞciency of about 55%
is possible while keeping miss-tag rates for light-jets to be less than 0.5%. The working point
used for b-tagging has an average efÞciency of 0.68 with 0.1 and 0.01 mistag rates from c-quarks

2 3 bb!! Þnal state

and energy ßow, and to preserve the detector performance under this environment.

As part of a comprehensive strategy to address these issues, CMS has released a technical
proposal for the Phase-II upgrade [15] program. The expected performance of this detector at
HL-LHC is assumed for these studies and is discussed in the following sections. The impact
of some of the individual components of the Phase-II upgrade on the results are highlighted
where it is appropriate. In addition, the bb!! results are also shown assuming the detector
performance of the so called Phase-I CMS upgrade [16] detector after an assumed integrated
luminosity of 1000 fb ! 1, conÞguration hereafter denoted as ÒPhase-I agedÓ.

At present, the Phase-II detector simulation includes the upgraded outer tracker, muon sys-
tems, and calorimetry. The pixel detector upgrade, however, is still not Þnalized so the simu-
lation contains the Phase-I pixel detector in the barrel and an extended version of the current
pixel detector in the forward detector to provide tracking at higher " . The primary and sec-
ondary vertex reconstruction and identiÞcation performance will certainly be better than what
is assumed in these studies and should be viewed as a conservative estimate.

2 Experimental setup and signal simulation

It is crucial that the Phase-II detector can cope with the challenging environment of HL-LHC,
as pileup mitigation, b-tagging, tau-tagging, photon identiÞcation efÞciencies, and mass reso-
lutions are fundamental to perform measurements on Higgs boson pair production. Triggers
are assumed to be 100% efÞcient in these studies. The DELPHES fast simulation framework [17]
is used for bbWW results to model the Phase-II detector. The parameterized performance of the
Phase-II detector in Delphes is taken from the corresponding GEANT-based [18] full simula-
tion samples. The bb!! analysis uses Monte Carlo (MC) generator information with smearing
functions to model the performance of the detector. A combination of the two approaches
mentioned above is used for the bb## Þnal state.

Only the dominant gluon fusion inclusive production mode is produced in the signal gener-
ation. The samples are generated with MADGRAPH 5.2 [19], at leading order (LO), using the
results from [20], interfaced with PYTHIA 6.4 [21] for parton showering and fragmentation. The
generator is also interfaced with TAUOLA [22] for the simulation of the tau lepton decays. The
pileup events are simulated in the Delphes samples by randomly placing minimum-bias inter-
actions along the beam axis according to a longitudinal spread taken from the full simulation
samples.

3 bb!! Þnal state

3.1 Object selection and performance

The signal events of interest contain two high transverse momentum ( pT) photons and two
high pT jets originating from b quarks. The photons are rejected if an electron is reconstructed
within a distance ! R =

"
(! " )2 + ( ! $)2 (where the $ is azimuthal angle in radians and " is the

pseudorapidity) of 0.1 to the photon. A pT and " dependent efÞciency is applied to the photons
to model the identiÞcation and isolation efÞciency. The efÞciency is about 80% in the barrel,
and about 55% in the endcap. The lower efÞciency in the endcap is primarily due to the electron
veto requirement. The processes involving jets faking photons are among the dominant back-
grounds. The rate to misidentify photons, typically referred to as the fake rate, is about 1 # 10! 4

for gluon jets and about 5 # 10! 4 for quark jets. The rate to misidentify electrons as photons

LHC blind spots: HH @ 100 TeV
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LHC blind spots: HH @ e+ e-

this yields:

! " / " = 40% at
!

s= 1.4TeV,

! " / " = 22% at
!

s= 3TeV.

The statistical precision on" improves to 26% for unpo-
larised beams and to 19% forP(e" ) = " 80% when com-
bining both energy stages. These results will be improved
further using template Þts 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
!

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 inSection 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" # H! e! e
events at high energy. For this purpose, the analysis described
in Section 6.1has been modiÞed. After the preselection, a
single BDT is used at each energy to select H# bb decays.
In contrast to the coupling measurement, the ßavour tagging
information is included in the BDT classiÞer.
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Fig. 26: Reconstructed di-jet invariant mass distribution of
selected H# bb events at

!
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
!

s=
1.4TeV is shown inFigure 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" # Z! e! e;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 Þt using e+ e" # H! e! e;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:

! (mH) = 47MeV at 1.4TeV,

! (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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The expected statistical uncertainties given in the previous
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certainty. The obtained results therefore illustrate the level

34

! direct probe of Higgs self 

interactions possible for higher 

energies[CLIC`16]

WBF-type production

Using the Þt described in the Þnal column of Table2, including all cross sections
and branching fractions that will be measured at the ILC at 250 and 500 GeV, the
errors reported in (77) improve to

A [< A 2 > ]1/ 2 A [< A 2 > ]1/ 2

cH 0.65 (cHL + c!
HL ) 0.014

(8cW W ) 0.039 cHE 0.009
(! 4.15cH + 15.1(8cW W )) 2.8 62.1(cHL + c!

HL ) ! 53.5cHE 0.85
(79)

and the uncertainty in !" becomes

[
!
(!" )2

"
]1/ 2 = 2.4% . (80)

At this point, the e! ects of other EFT coe" cients contribute only a 5% systematic
error to the determination of the parameterc6, and so this parameter can be deter-
mined from the measurement of thee+ e" " Zhh cross section with high precision in
a model-independent way.

As an aside, we note that the full Þts to Higgs observables give quite an impressive
improvement in the uncertainties in the parameterscHE , cHL , and c!

HL from the
original precision electroweak determination. In precision electroweak observables,
the cHL and related parameters alter theW and Z couplings with coe" cients that
are of order 1. In the EFT formalism, these same parameters appear as contact
interactions in the Higgs reactions, with coe" cients that are enhanced by factors
of order s/m 2

Z . Then the sensitivity to these factors is much stronger. The EFT
formalism implies that the measurement of Higgs reactions can provide more powerful
tests of deviations of the predictions of precision electroweak analysis than precision
electroweak measurements themselves.

9 Conclusions

In this paper, we have assembled a complete formalism, valid at the tree level and
to linear order in the coe" cients of dimension-6 operators, describing the possible new
physics perturbations of the Standard Model predictions for precision electroweak ob-
servables,e+ e" " W + W " , and Higgs boson production and decay reactions. This
formalism requires a Þt to 14 variables for the determination of the triple Higgs cou-
pling and an additional 7 variables for a general analysis of Higgs decays to Standard
Model particles. However, it provides a completely model-independent description of
the e! ects of new physics that arises at mass scales much larger than the mass of the
Higgs boson.

It is challenging to Þt this large number of parameters with high precision and with
systematic understanding of the constraints. However, futuree+ e" colliders will be up
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! recent EFT fit to Zh(h) production show sensitivity to e+e-→Zhh 

! 5% EFT systematics,

self-coupling extraction becomes possible at 500 GeV at ∼14%
[Barklow, Fujii, Jung, Peskin, Tian `17]

with kinetic mixing beyond the Þrst vertex are of orderc2
I and can be ignored. The

diagrams in the third row involve the contact interactions proportional to (cHL ! c!
HL )

and cHE . In all, there are many opportunities for EFT coe! cients other than c6 to
inßuence the value of this cross section.

The amplitude for e+ e" " Zhh depends on the initial beam polarization and on
the Þnal polarization state of theZ . We compute the cross section at

#
s = 500 GeV

for deÞnite choices of the initial beam polarization and summed overZ helicities. For
a fully polarized initial state e"

L e+
R , we Þnd

! / (SM ) = 1 + 2 "gL + 1.40#Z + 1.02#ZZ + 18.6$Z + 24.8$AZ

+0.56#h ! 1.58%h + 108.3(cHL + c!
HL )

! 3.9"mh + 3.5"mZ . (72)

For a fully polarized initial state e"
Re+

L , we Þnd

! / (SM ) = 1 + 2 "gR + 1.40#Z + 1.02#ZZ + 18.6$Z ! 28.7$AZ

+0.56#h ! 1.58%h ! 125.5cHE

! 3.9"mh + 3.5"mZ . (73)

For an unpolarizede+ e" initial state, we Þnd

! / (SM ) = 1 + 1 .15"gL + 0.85"gR + 1.40#Z + 1.02#ZZ + 18.6$Z + 2.0$AZ

+0.56#h ! 1.58%h + 62.1(cHL + c!
HL ) ! 53.5cHE

! 3.9"mh + 3.5"mZ . (74)

These equations are rewritten with some convenient rearrangement of terms in Ap-
pendix A.

We Þnd the dependence on EFT parameters shown in this equation to be quite
surprising. It is well known that the dependence of thee+ e" " Zhh cross section on
the triple Higgs coupling is weak. Here, that dependence appears in the coe! cient of
#h = c6 + á á á. The relation

! / (SM ) = 1 + 0 .56c6 + á á á (75)

agrees with [12] and earlier studies. What is remarkable is that the dependence on
other parameters is much larger. We might pay particular attention to the dependence
on cH and cW W , the two parameters that are only Þxed by single-Higgs production
processes. The parametercH appears in#Z , #ZZ , #h, and %h. The parametercW W

appears in$Z and $AZ ; we omit a further dependence from the independently con-
strained "gL.R . The sum of these terms gives (in the unpolarized case)

! / (SM ) = 1 ! 4.15cH + 15.1(8cW W ) + á á á (76)
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Summary

! community is active in making the case for the next generation of 

colliders

! (HL-)LHC input to strategy is crucial

constrain blind 
directions vice versa

complementarity 
in searches for light 

resonances/dark matter

identify BSM parameter 
space after LHC

! FCC(hh)/É although at an 

early stage in planning 

clearly has the highest 

energy reach
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Figure 12 : Model dependent exclusion (a) and discovery (b) limits for the 14 TeV LHC (hatched in
black and purple) and a 100 TeV hadron collider (colored) derived with the BDT analysis presented
in Section 4.3. The smaller bound can be reached with0.3 and 3ab! 1 while the large bound can
be reached with 3 and 30ab! 1 at the LHC and a future pp-collider, respectively. The low tan !
region (red) is covered by the top associated heavy Higgs production with decays to top pairs.
While the contribution from the H/Ab øb vertex dominates the decays for largetan ! we neglected
its sub-leading contribution in the analysis covering small tan ! . The intermediate tan ! region
(orange) is covered by the bottom associated heavy Higgs production with decays to a top pair. The
large tan ! region (blue) is covered by the bottom associated heavy Higgs production with decays
to " lepton pairs. The latter two analyses are discussed in [15], and we revisit some aspects of the
analysis in Appendix B.

associated heavy Higgs production can exclude the lowertan ! range up to 15 and 18 TeV
for 3 and 30ab! 1, respectively. The discovery reach extends to 10 and 15 TeV for the same
luminosities. Of course, large uncertainties regarding detector properties, backgrounds, and
BDT performance at 100 TeV make these limits approximate. The complementary bottom
associated heavy Higgs production mode can be used to exclude the intermediatetan !
region up to 4 and 8 GeV for3 and 30ab! 1, respectively. Finally the associated heavy Higgs
production with two bottom quarks and decays to a " lepton pair covers the largetan !
range. Together, these channels cover the wholetan ! range up to ! 10 TeV.

Combining the dominance of the three-top channel over the four-top channel in Figure11
with the larger cross-section of the three-top channel compared to the four-top channel
observed in Figure6, the H (A)W ± b channel provides the main contribution to the limits
presented in Figure12.

6 Summary and Outlook

Heavy Higgs bosons decaying predominantly intotøt Þnal states pose an exceptional challenge
to searches at hadron colliders, particularly whenbøb associated production is negligible. This
makes it di! cult to probe a variety of motivated theories with heavy Higgs bosons decaying

Ð 15 Ð

[Craig, Hajer, Li, Liu, Zhang `16]


